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Preface

There are more than 120 species of Plasmodium, but only five naturally infect
humans. P. malariae, P. ovale, P. vivax and occasionally P. knowlesi cause
cyclical fevers, anemia and splenomegaly the classic triad associated with
the clinical syndrome of malaria. The fifth organism, P. falciparum is lethal
because it can achieve high parasitemias and additionally bind to endothelial
cells and disrupt organ function. P. falciparum was the first species for which
continuous in vitro cultivation was developed by William Trager and James
Jensen in 1976. This milestone in malariology launched an intense study
of biochemistry of parasites, identification of vaccine candidates and drug
targets and most recently completion of the P. falciparum genome. However,
despite rapid increases in knowledge, malaria continues to kill more than
a million people each year and to cause symptomatic disease in a further 300
million individuals.

Specific antimicrobial treatment for malaria was available hundreds of
years before Alphonse Laveran first described the etiologic agent in 1880.
P.G. Bray et al. begin this volume with an account of the history and biologic
chemistry of the widely used and highly effective quinoline and artemisinin
drug classes. P. falciparum has evolved resistance to most classes of antimalar-
ials, which worsens clinical outcomes particularly in the most vulnerable pop-
ulations of women and children. A.-C. Uhlemann and S. Krishna describe the
mechanisms of drug resistance with special attention to the hotbed of drug re-
sistance in southeast Asia, while C.V. Plowe outlines strategies for monitoring
and deterrence of drug resistance, chiefly in Africa.

There can be almost a trillion P. falciparum parasites in an infected in-
dividual equivalent to tens of milligrams of protein, distinguishing malaria
from bacterial infections where millions of bacteria produce nanograms of
protein. M.P. Grobusch and P.G. Kremsner describe the diversity of syndromes
seen in uncomplicated malaria, while T. Planche et al. describe the metabolic
consequences of severe malaria. D.J. Roberts et al. highlight the pathogenesis
of severe anemia. P. falciparum exports adhesive ligands to the exterior of
the host erythocyte, a property associated with organ dysfunction affecting
lungs, kidneys, liver and brain. P.E. Duffy and M. Fried explain how these
mechanisms affect P. falciparum sequestration resulting in placental malaria.

The several-fold rise in P. falciparum numbers every 2 days in unrestricted
infections requires many unique metabolic adaptations to the hemoglobin
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rich erythrocyte. S.S. Oh and A.H. Chisti highlight host invasion receptors
and parasite ligands necessary for merozoite invasion of the erythrocyte.
Subsisting almost entirely on glycolysis, the intraerythrocytic parasite still
requires function from its single acristate mitochondrion. In close appo-
sition to the mitochondrion is the unique plant-derived plastid organelle.
A.B. Vaidya and M.W. Mather and S. Sato and R.J.M. Wilson describe the ge-
nomic framework for understanding plastid and mitochondrial physiology.
This has already been exploited by identifying new drug targets and addi-
tional unique vulnerable pathways are also being studied as future targets.
D.E. Goldberg catalogues the specific, efficient hemoglobin proteases that pro-
vide amino acids and space for the development of the Plasmodium parasite.
P.F. Scholl et al. detail the intersection of host and parasite iron pathways that,
for the parasite, center on heme crystal formation called hemozoin. K. Kirk et
al. review a “permeomic” description of membrane transport proteins criti-
cal to nutrient support of development, and that also affect antimalarial drug
action and resistance.

During the rapid asexual haploid replication that causes symptoms in pa-
tients, less than a thousandth of the total number of parasites differentiate
into the sexual gametocytes, which in turn are taken up in the bloodmeal of
the female Anopheles mosquito. From a few hundred gametes in a bloodmeal,
a handful of zygotes mature to ookinetes. J.M. Vinetz details ookinete biology
as it traverses from the gut to the outside of the stomach to form the oocyst.
The oocysts, in a few days time release thousands of sporozoites that migrate
to the salivary glands in preparation for inoculation. K.D. Vernick et al. ex-
plain the molecular genetics of mosquito-specific resistance to Plasmodium
survival in the vector. Finally a few hundred infectious sporozoites are in-
jected into the human bloodstream where only a couple will invade liver cells
within 90 min. After 7–10 days the asymptomatic intrahepatic Plasmodium
has rapidly multiplied to several thousand schizonts, and soon releases infec-
tious merozoites to begin a cycle that has persisted in humans for millennia.
P.L. Blair and D.J. Carruci in a tour de force of mass spectrometry credential
the existence of protein products in the sporozoite and hepatic stages, which
have proved very difficult to cultivate.

There is much that is new, exciting and potentially of clinical relevance
since malaria parasites were first cultured. Some of these advances have been
superbly captured in the chapters presented in this volume. The editors par-
ticularly wish to thank Mrs. Rina Patel, whose assistance in preparing this
volume has been invaluable, and Gary Knight, whose photos on malaria are
well known, for publishing one here.

June 2005 David Sullivan and Sanjeev Krishna
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Abstract Plasmodium falciparum is the most important parasitic pathogen in humans,
causing hundreds of millions of malaria infections and millions of deaths each year. At
present there is no effective malaria vaccine and malaria therapy is totally reliant on the
use of drugs. New drugs are urgently needed because of the rapid evolution and spread
of parasite resistance to the current therapies. Drug resistance is one of the major
factors contributing to the resurgence of malaria, especially resistance to the most
affordable drugs such as chloroquine. We need to fully understand the antimalarial
mode of action of the existing drugs and the way that the parasite becomes resistant
to them in order to design and develop the new therapies that are so urgently needed.
In respect of the quinolines and artemisinins, great progress has been made recently
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in studying the mechanisms of drug action and drug resistance in malaria parasites.
Here we summarize from a historical, biological and chemical, perspective the exciting
new advances that have been made in the study of these important antimalarial drugs.

Abbreviations
AQ Amodiaquine
CQ Chloroquine
DHA Dihydroartemisinin
FP Ferriprotoporphyrin IX (haematin)
HZ Haemozoin
MDR Multi-drug resistance
MnIITPP Manganese tetraphenyl porphyrin
MMV Malaria for Medicines Venture
PVM Parasitophorous vacuolar membrane
PPM Parasite plasma membrane
SAR Structure activity relationships
SERCA Sarco/endoplasmic reticulum Ca2+-ATPase
TCTP Translationally controlled tumour protein

1
Introduction

Chemotherapeutic strategies for the treatment of Plasmodium falciparum
malaria have largely relied upon drugs derived from two traditional herbal
remedies. Quinine, extracted from Cinchona bark, has provided the basis
for the development of synthetic quinoline-containing drugs such as chloro-
quine (CQ), amodiaquine (AQ) and mefloquine. (Foley and Tilley 1998). More
recently, the discovery of artemisinin, extracted from the plant Artemisia an-
nua, prompted the design of structural mimics containing a trioxane motif.
(Meshnick et al. 1996; Borstnik et al. 2002; Tang et al. 2004) In this chapter,
we compare and contrast the quinolines and artemisinins in terms of phar-
macological target discovery, mechanism of action and parasite resistance.

It has been known for over 100 years that malaria parasites are susceptible
to quinine at the time only when they degrade haemoglobin and produce
malarial pigment (Slater 1992) These observations can be extended to all
the quinoline-containing drugs and to artemisinins, and subsequent work
has amply demonstrated that the processes of haemoglobin ingestion and
digestion provide important targets for these classes of antimalarials. For
these reasons we begin our review with a summary of the feeding process in
P. falciparum.
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2
The Digestive Apparatus of P. falciparum

P. falciparum undergoes cycles of erythrocytic schizogony, which produce
the main clinical features of the disease. During an erythrocytic cycle ap-
proximately 80% of the host-cell haemoglobin is ingested and is degraded
by the developing trophozoite. As the parasite develops, host cell cyto-
plasm is taken up through the endolysosomal system. A mouth-like structure
termed the cytostome is formed from a localized invagination of the para-
sitophorous vacuolar membrane (PVM) and the parasite plasma membrane
(PPM) (Fig. 1). Double-membrane transport vesicles containing host cell cy-
toplasm are pinched off from the cytostome, (Yayon and Ginsburg 1983). The

Fig. 1 Schematic showing the parasite feeding apparatus. Host cell cytoplasm is in-
gested by the cytostome and packaged in double membrane transport vesicles. The
inner membrane is derived from the parasitophorous vacuolar membrane (PVM) and
the outer membrane is derived from the parasite plasma membrane (PPM). Degrada-
tion of haemoglobin may start in the transport vesicles and be completed in the diges-
tive vacuole. FP is deposited on the remains of the PVM which may act as a template
for crystal formation. The vesicles fuse with the digestive vacuole and the immature
crystals, residual membranes and haemoglobin are delivered to the digestive vacuole
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outer membrane of the transport vesicle is formed from the PPM and the inner
membrane is formed from the PVM. These vesicles ultimately fuse with the
digestive vacuole releasing the PVM-derived vesicle and its contents into the
digestive vacuole. During digestion in the endolysosomal system, the protein
part of the haemoglobin is broken down, initially into large peptides and later
into smaller peptides. This occurs as a result of the concerted action of groups
of aspartic and cysteine protease enzymes and a metalloprotease. Digestion is
thought to occur in the DV and the process may be initiated in the transport
vesicles (Fig. 1). Small peptides are exported from the endolysosomal system,
and hydrolysis to free amino acids takes place in the parasite cytoplasm by
the action of a cytosolic aminopeptidase.

The ingestion and digestion of most of the host cell haemoglobin is a vast
and energetically expensive process for the parasite, involving extensive re-
cycling of its plasma membrane and parasitophorous vacuolar membrane,
as well as the generation of a substantial proton gradient that is required for
optimum activity of the protease enzymes. Another problem for the parasite
is the remaining haem (ferriprotoporphyrin IX, FP) that is released upon
digestion of the globin chains. Free FP causes lethal changes to membranes
and proteins and its efficient disposal is of critical importance to the parasite.
FP is not destroyed enzymatically (as it is in mammalian cells) but instead

Fig. 2 The haemoglobin degradation pathway and generation of haemozoin. As the
parasite matures within its host erythrocyte it digests a large proportion of the host
cells’ haemoglobin. A number of protease enzymes are involved in this digestion
process including aspartic protease (aspartic haemoglobinase I or plasmepsin I),
an enzyme that initiates haemoglobin degradation, whilst a second aspartic pro-
tease (plasmepsin II) cleaves acid denatured haemoglobin. This initial process cleaves
haemoglobin to give both FP and globin. The third class of enzymes involved is the
cysteine proteases, or falcipains, enzymes that do not recognize haemoglobin or FP,
but readily cleave the denatured globin releasing a number of small peptides and
amino acids
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is converted into a crystalline substance called haemozoin (HZ) or malarial
pigment that is harmless to the parasite The process of HZ formation is of
great interest to malariologists, not least because it is thought to be the target
of some of the quinoline antimalarials. (Fig. 2).

3
Haemozoin

Until the 1990s, HZ was generally believed to be a hemoprotein but Fitch and
Kanjananggulpan and Slater and co-workers reported that malarial pigment
consisted only of FP and essentially resembled β-FP (Fitch and Kanjanang-
gulpan 1987; Slater et al. 1991), a synthetic FP product that exhibits greatly
reduced solubility compared to FP. These authors showed that the infrared
spectra of HZ and β-FP, are identical, exhibiting sharp peaks around 1664 and
1211 cm–1 (Slater et al. 1991, 1992). These peaks are characteristic of a car-
boxylate group being coordinated to the iron centre of FP. Further evidence
for this iron–carboxylate bond came from the extended X-ray absorption fine
structure spectrum indicating the presence of an oxygen atom in the coor-
dination sphere of the iron ion and a carbon atom an appropriate distance
away (Slater et al. 1991) These authors also proposed that HZ is polymeric in
structure, although no direct evidence for this last proposal was presented.
The main thrust of Slater et al. (1991)—that the propionate side chain of
one FP coordinates to the iron centre of its neighbour—has been confirmed,
but the structure of HZ is not polymeric. In fact, the chemical structure was
subsequently shown to be dimeric: one propionate group of each FP moiety
coordinates to the iron centre of its partner in the dimer (Pagola et al. 2000).
The second propionate group of each FP is hydrogen bonded to a dimer in
the neighbouring unit cell.

The exact mechanism of HZ formation is not known (Egan et al. 2001).
It is unlikely that the pigment crystals are formed simply by precipitation
since they are chemically distinct from the water-soluble species. Direct ob-
servation of HZ formation within the parasite is extraordinarily difficult and
studies to date have been confined to observing the process of β-FP formation
in vitro. These studies have largely been conducted using FP in acetate solu-
tion, sometimes supplemented with biological material in the form of parasite
membrane extract, lipids, purified HZ, parasite proteins or synthetic peptides
(for a comprehensive review see Egan 2002). Whilst high concentrations of
actetate are clearly non-physiological, such studies can potentially shed some
light on the chemical mechanism of HZ formation: it is likely that the forma-
tion of synthetic HZ from acetate solution occurs via rapid precipitation of
amorphous FP, which is slowly converted to β-FP (synthetic HZ) by acetate
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assisted dissolution and re-precipitation (Egan 2002). The rate of nucleation
and growth and the crystal morphology are susceptible to manipulation of
the reaction conditions (buffer strength, temperature and stirring rate). It
was proposed that high concentrations of acetate increase the solubility of FP
by forming a negatively charged FP-actetate complex, thus acting as a phase
transfer catalyst. A number of studies have shown that β-FP formation can
be promoted by lipids and membranes (Bendrat et al. 1995; Fitch et al. 1999,
2000). Intriguingly, it has been suggested that lipids and membranes could
play a similar role to acetate in the solubilization of FP for the synthesis of
HZ (Hempelmann and Egan 2002; Egan et al. 2001; Egan 2002). Based on the
very high affinity of FP for membranes, we recently proposed a hypothesis for
the formation of HZ in the parasite. We proposed that the FP (released from
the digestion of haemoglobin) partitions into the PVM membrane enclosed
within the endocytic vesicles (Fig. 1; Hempelmann et al. 2003). This has sev-
eral consequences. Firstly, the PVM acts as a local ‘sink’ for FP and protects
the membranes of the surrounding endocytic vesicles from the damaging
effects of FP. Secondly, the hydrophobic environment of the PVM provides
conditions that favour the formation of the iron–carboxylate bond of the β-FP
dimer (Egan et al. 2001): Formation of this bond in aqueous solutions has high
activation energy, requiring non-physiological conditions of temperature or
ionic strength in order to grow HZ crystals in vitro (Egan 2002). Thirdly, the
PVM provides a ‘scaffold’ or template for the growing HZ crystals.

Other investigators believe that the transport vesicles are for delivery only
and that haemoglobin digestion is confined to the central food vacuole (Yayon
and Ginsburg 1983, 1984). There is no definitive evidence to support either
case and it is important to emphasize that the PVM remnants are present at
the site of haemoglobin digestion and may play the same important role in
HZ production, regardless of which hypothesis is correct.

4
Quinolines

4.1
Mode of Action of Quinoline-Containing Drugs

Following the isolation of quinine (3) from the bark of the Cinchona tree by
Pelletier and Caventou in 1820, this compound was used for the treatment
of malaria until the 1930s (Foley and Tilley 1998). Since then chloroquine,
(1) and other synthetic quinoline antimalarials [AQ (2) and mefloquine (4);
Fig. 3] have been mainstays of malaria chemotherapy for much of the past
50 years (Foley and Tilley 1998; O’Neill et al. 1998). The key to the success
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Fig. 3 Quinoline antimalarials: structures of chloroquine (1), amodiaquine (2), qui-
nine (3) and mefloquine (4)

of the most important synthetic quinoline, CQ has been the excellent clinical
efficacy, limited host toxicity, ease of use and simple, cost-effective synthesis.
However, the value of synthetic quinoline based antimalarials has been seri-
ously eroded in recent years, mainly as a result of the development and spread
of parasite resistance (Winstanley et al. 2002; Warhurst 2001) Although much
of the current effort is directed towards the identification of novel chemother-
apeutic targets, we still do not fully understand the mode of action of and the
mechanism of resistance to both the 4-aminoquinolines (CQ) and the quino-
line methanols (quinine, mefloquine), knowledge that would greatly assist
the design of novel, potent and inexpensive quinoline antimalarials.

The exact mode of action of CQ remains to be elucidated but most investi-
gators now accept that a critical step in this process is the binding of the drug
to FP. The antimalarial activity of CQ stems directly from its highly selective
uptake and concentration in malaria-infected erythrocytes (Homewood et al.
1972; Diribe and Warhurst 1985; Fitch et al. 1974; Verdier et al. 1985; Hawley
et al. 1998). This could be due in part to a proton trapping mechanism: CQ is
a weak base that in its uncharged form will diffuse freely into acidic compart-
ments where it binds to protons and becomes trapped (Homewood et al. 1972;
Yayon et al. 1985). However, CQ accumulation by malaria parasites is at least
20-fold higher than its accumulation by mammalian cells which also possess
large acidic lysosomes (Hawley et al. 1996) and we have shown that the rate
and extent of CQ uptake is largely determined by the concentration of free FP
in the parasite (Bray et al. 1998, 1999). The steps following the initial bind-
ing of CQ to FP and ultimately leading to parasite death are less clear. Fitch
and colleagues have proposed that CQ–FP complex accumulates in parasite
membranes, ultimately destroying the membranes by a lipid peroxidation
mechanism and killing the parasite by lysis (Fitch 1982). Other investigators
believe that CQ works by inhibiting the formation of HZ crystals, and that
this leads to the build up of toxic concentrations of free FP within the parasite
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(Goldberg and Slater 1992; Slater and Cerami 1992; Sullivan 2002). The way
in which free FP is supposed to kill parasites is not always explicitly stated but
it could involve inhibition of parasite feeding by inhibiting critical parasite
enzymes such as digestive vacuole proteases (van DerJagt et al. 1987). Further
complications arise upon consideration that inhibition of HZ crystal forma-
tion can be mediated by at least two distinct mechanisms: substrate depletion
caused by CQ binding (Dorn et al. 1998a, 1998b) or by direct binding to and
capping of the HZ crystal by CQ (Sullivan 2002). It is not known which of
these mechanisms (if any) is operating in the parasite.

Many studies have shown that CQ and similar drugs inhibit the forma-
tion of HZ crystals in vitro and it has been shown that CQ can bind directly
to HZ (Sullivan 2002). However, there is no direct evidence that inhibition
of HZ formation is actually responsible for killing the parasite. Most inves-
tigators would agree that parasites are killed by a build-up of toxic FP or
FP–CQ complex. However, none of the studies published so far are able to
discriminate between a direct build-up of CQ–FP complex and a build-up
of FP/FP–CQ complex as a secondary effect following the inhibition of HZ
formation. Nonetheless, the haemoglobin degradation pathway in P. falci-
parum is a specialized parasite process with a proven history as an exploitable
therapeutic target. Unlike parasite encoded enzymes that are currently under
investigation, the parasite has difficulty in developing resistance to drugs that
bind FP (compare the speed of resistance development to CQ with that for
the antifolates or atovaquone; McKeage and Scott 2003). This is because the
CQ-resistant parasite is apparently unable to alter the quantity or nature of
the FP target (Zhang et al. 1999). Furthermore, in view of the ease of develop-
ing new derivatives that avoid the CQ resistance mechanism (see below), the
development of new 4-aminoquinoline derivatives remains a valid strategy.

Other quinoline-containing drugs are thought to act in a similar way to CQ
in that they all bind to FP (Mungthin et al. 1998; Sullivan 2002; Foley and Tilley
1998). However, their effects on the feeding process seem to be subtly differ-
ent. For instance, it has been shown that CQ and other 4-aminoquinolines
cause a build up of undigested haemoglobin in the parasite (Yayon et al. 1984)
whereas quinine and mefloquine do not (Famin and Ginsburg 2002). It was
suggested that whereas CQ and AQ inhibit the digestion of haemoglobin,
mefloquine and quinine inhibit the ingestion of host cell haemoglobin, pos-
sibly by interfering with the endocytic process.

Since the interaction with haematin (ferriprotoporphyrin IX, FP) in the di-
gestive vacuole of the parasite appears to be key to the mechanism of action of
4-aminoquinolines (Foley and Tilley 1998), several studies have attempted to
probe the effect of chemical substitution on this interaction. Vippagunta and
co-workers employed isothermal titration calorimetry studies to derive asso-
ciation constants for CQ–FP binding at neutral pH (Vippagunta et al. 2000).
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From this work it was shown that CQ binds to two µ-oxo dimers in a sand-
wich arrangement originally proposed by Moreau (Moreau et al. 1982, 1985).
Importantly, these studies demonstrate that CQ–FP binding is independent of
ionic strength suggesting that an interaction between the charged side-chain
terminal nitrogen of CQ with the carboxylates of FP may not play a major role
in complex formation. From this study the importance of the chlorine atom at
the 7-position of the quinoline ring was underlined. Remarkably, Vippagunta
et al. were not able to measure any significant interaction between FP µ-oxo
dimer and the 6-chloro analogue of CQ (Vippagunta et al. 1999). This result in-
dicates that the 7-chloro substituent in CQ is a critical structural determinant
in its binding affinity to FP µ-oxo dimer. Molecular modelling experiments
reinforced the view that the enthalpically favourable π–π interaction observed
in the CQ–FP µ-oxo dimer complex derives from a favourable alignment of
the out-of-plane π-electron density in CQ and FP dimers at the points of inter-
molecular contact. For 4-aminoquinolines related to CQ, these data suggests
that electron-withdrawing functional groups at the 7-position of the quino-
line ring are required for activity against both FP crystallization and parasite
growth and that chlorine substitution at position 7 is optimal. Kashula, Egan
and co-workers who used 40% DMSO/water, conditions that maintain FP in
a monomeric state, backed up this observation regarding the 7-position of
the quinoline nucleus (Kaschula et al. 2002). Stoichiometries of CQ binding
to FP were recorded to be 1:1 in these studies and it was shown that complex-
ation with FP monomer correlated with the electron withdrawing capacity of
the atom at the 7-position (using Hammett constants). A direct relationship
between antimalarial activity normalized for pH trapping and antimalarial
activity was also clearly demonstrated in this study (Kaschula et al. 2002).

Since it is still not clear whether CQ interacts primarily with FP monomers,
µ-oxo dimers or other forms of FP in the food vacuole, for simplicity we
recently carried out modelling studies on a 1:1 complex of CQ–FP in line with
our previous work (O’Neill et al. 1997). We also note that other works have
suggested that CQ may inhibit HZ formation by blocking the growing face
of the HZ crystal by a capping effect (Buller et al. 2002; Chong and Sullivan
2003). In this case and in the case of interactions with a monomer, since the
bonding interactions are co-facial, we would anticipate that the interaction
energies involved in complexation may be similar.

From our earlier work (O’Neill et al. 1997) (we suggested that the principle
bonding interactions between FP and CQ (and AQ) wereπ–π stacking interac-
tions of the quinoline ring over the porphyrin with a possible additional weak
electrostatic interaction between the protonated ammonium function and the
carboxylate groups of FP. We could find no evidence, in this earlier work, to
support an H-bonding interaction between the protonated nitrogen of CQ or
AQ and the carboxylates of the FP side chain. In comparison to CQ, shorter
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2-carbon chain analogues of CQ (vide infra) have a significantly reduced dis-
tance for the protonated charged ammonium nitrogen to the carboxylates in
the FP-drug complex (<2.80 Å). As shown in Fig. 4, modelling suggests that
for a synthetic analogue F2Bu, the principal interactions are π–π stacking of
the quinoline ring with an additional potential for an interaction of the pro-
tonated ammonium function with the FP carboxylates (F2Bu, 2.6 Å for NH to
O in FP) (Stocks et al. 2002; Fig. 4). With further appropriate isothermal titra-
tion calorimetry experiments on these short chain analogues, it remains to be
seen whether the principal interactions in the FP–drug complex are the same
as those in the CQ–FP complex with an absence of electrostatic interactions
as suggested in these modelling studies. Nuclear magnetic resonance (NMR)
studies of aqueous solutions of FP µ-oxo dimers with CQ, quinine and quini-
dine have recently been performed (Leed et al. 2002). Based on the influence
of paramagnetic Fe(III) on the relaxation rate of nearby protons of the drug
in the complex, it has been possible to measure precise atomic distances in
the complex. This information was then used in distant restraint molecular
modelling to provide solution structures for unprotonated, protonated and
diprotonated complexes of CQ with the FP-µ-oxo dimer. The results suggest
a role for the aliphatic side chain of CQ in stabilizing the complex and that
the positioning of the quinoline ring over the face of the iron porphyrin was
towards the edge of the tetrapyrrole ring rather than above the ferric iron cen-
tre (Moreau et al. 1982, 1985). This is in line with the known and favourable
edge-to-face arrangement for π–π stacking interactions. The same approach

Fig.4a–c Molecularmodellingof theFP–quinolinedrug interaction.Thefiguredepicts
a low-energy complex of haem [Fe(III)FPIX] (in vacuo) with a synthetic quinoline
F2TB and clearly shows the π–π-stacking interaction between the porphyrin ring of
FP and the quinoline ring and an electrostatic interaction between the carboxylic acid
group and the protonated amino side chain of the drug. The space-filling model for
the complex is shown on the right. c Carbon atoms are represented in grey. Hydrogens
are white, nitrogens are blue, oxygens light red, chlorine green and iron dark red
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was also applied to FP µ-oxo dimers and quinine and quinidine but will not
be discussed here and the reader is referred to the original publication (Leed
et al. 2002).

4.2
Resistance to Quinoline-Containing Drugs

One of the most striking characteristics of CQ is its capacity to concentrate
in the digestive vacuole of the trophozoite. It is here that it forms complexes
with FP and inhibits haemoglobin degradation (see above). It has long been
known that CQ-resistant isolates exhibit reduced accumulation of CQ when
compared with their CQ-sensitive counterparts (Fitch, 1969, 1970; Verdier et
al. 1984, 1985). More recently, we have shown that reduced CQ accumulation is
manifest as a reduced apparent affinity of CQ-FP binding in the food vacuole
ofCQ-resistant isolates (Bray et al. 1998). It is evident thatCQ-resistant isolates
haveevolvedamechanism(most likelya transporterorchange inpHgradient)
to reduce the access of CQ to FP (Bray et al. 1998). Another well documented
property of CQ-resistant isolates is the ability of verapamil to stimulate the
accumulation of CQ, make the parasite sensitive to CQ and effectively ‘reverse’
the resistant phenotype (Martin et al. 1987; Krogstad et al. 1987; Bray and
Ward 1998). Verapamil was shown to act by increasing the access of CQ to the
FP receptor (Bray et al. 1998). The verapamil effect is widely accepted as an
essential phenotypic marker of CQ resistance. Recent groundbreaking work
from the Wellems and Fidock laboratories has identified PfCRT (Fidock et al.
2000) an integral digestive vacuole membrane protein that appears to be the
determinant of CQ-resistance. Specific polymorphisms of this gene are found
in all natural isolates from clinical CQ treatment failures (Wernsdorfer and
Noedl 2003) and in vitro in isolates with a CQ-resistant phenotype. Allelic
exchangeexperimentshaveproven that the characteristicphenotypicmarkers
of CQ resistance (reduced CQ sensitivity, reduced CQ uptake and verapamil
effect) can be unambiguously attributed to these specific amino acid changes
in PfCRT (Fidock et al. 2000; Sidhu et al. 2002). Being situated on the digestive
vacuole membrane, PfCRT is in the right place to influence the access of CQ to
FP but at the moment there is no definitive evidence to support any particular
mechanism. Two main theories have been proposed: an indirect mechanism
in which PfCRT is involved in vacuolar pH homeostasis and a mechanism
in which mutant PfCRT directly transports CQ out of the digestive vacuole.
The pH hypothesis proposes that reduced vacuolar CQ accumulation arises
as a consequence of a primary effect of the PfCRT mutations in reducing the
resting pH of the digestive vacuole (Ursos and Roepe 2002). In a mechanistic
explanation the authors suggested that reduced vacuolar pH increases the
rate of aggregation of FP as it is released from haemoglobin, reducing the
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amount that is available to bind CQ. However, this scenario would reduce the
number of binding sites rather than reducing the apparent affinity of binding
and therefore is not consistent with the experimental observations (Bray et al.
1998). Neither is it consistent with the complex patterns of cross-resistance
that are observed between CQ and other quinoline antimalarials. Quinoline
drugs which are all weak bases and all bind to FP should be influenced in the
same qualitative way as CQ by a gross change in vacuolar pH (Cooper et al.
2002). By contrast, the transport hypothesis is consistent with the available
data. For instance, it is easy to envisage subtle changes in drug structure
conferring very different affinities for a drug transporter and very different
patterns of sensitivity. The transporter hypothesis is also consistent with
the reduced apparent affinity of FP binding that is observed in CQ-resistant
isolates. Thus it is likely that mutant PfCRT is acting as a drug transporter
although formal proof will require further experiments.

The original observations of CQ-resistance reversal were reminiscent of
the verapamil reversal of multi-drug resistance (MDR) in certain cancer cell
lines (Martin et al 1987; Ambudkar et al. 1999). In this case, the MDR phe-
nomenon is attributable to massive amplification of the mdr1 gene. This
leads to overexpression of the protein product, P-glycoprotein, on the plasma
membrane of the cell. P-glycoprotein is a primary active transporter of the
ATP-binding cassette superfamily. It is polyspecific, being capable of pump-
ing a broad range of hydrophobic, amphiphilic drugs and xenobiotics out of
the cell (Ambudkar et al. 1999). A search for P-glycoprotein orthologues in
P. falciparum identified Pgh1, an integral digestive vacuole membrane protein
of the ATP-binding cassette superfamily (Wilson et al. 1989). Specific amino
acid changes in Pgh1 undeniably do modulate the susceptibility of parasites
to CQ (Reed et al. 2000) but overall, it would be fair to say that this protein
probably plays only a minor role in determining parasite resistance to this
drug. However, it is becoming abundantly clear that Pgh1 is very important in
determining the response of parasites to mefloquine and other quinolines as
well as to artemisinins (Reed et al. 2000). Allelic exchange experiments have
shown that mutations in Pgh1 can confer resistance to mefloquine, quinine
and the structurally related drug halofantrine (Reed et al. 2000). The same
mutations were also able to influence the level of susceptibility to artemisinin
and CQ (Reed et al. 2000). More recently, it has been shown that a reduced
response of clinical isolates to mefloquine and to artemisinin is strongly cor-
related to the copy number of the PfMDR1 gene and to expression of Pgh1
(Uhlemann et al. 2004; see the chapter by A.-C. Uhlemann and S. Krishna,
this volume).

Amodiaquine (2) is a 4-aminoquinoline antimalarial that is effective
against many CQ-resistant strains of P. falciparum. However, clinical use
has been severely restricted because of associations with hepatotoxicity and
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agranulocytosis when used in prophylaxis (Jewell et al. 1995). The AQ side-
chain contains a 4-aminophenol group; a structural alert for toxicity, because
of metabolic oxidation to quinoneimines. We have shown that AQ does
indeed readily undergo oxidation to a quinoneimine. (Naisbitt et al. 1998;
Tingle et al. 1995).

Figure 5 summarizes the different classes of 4-aminoquinoline that have
been investigated over the past 15 years (O’Neill et al. 1998). Because AQ
retains antimalarial activity against CQ-resistant parasites our initial studies
involved the design and synthesis of fluoroamodiaquine (4a) as a safer alter-
native to AQ (O’Neill et al. 1994). This analogue cannot form toxic metabolites
by P450-mediated processes and retains substantial antimalarial activity ver-
sus CQ-resistant parasites. Lead optimization of (4a) produced a new lead,
compound (4b) which is about half as active as AQ against CQ-resistant strains
in vitro, but shows equivalent oral in vivo potency versus P. berghei. Concern
about cost led to the consideration of three other series of synthetically more
accessible analogues—the tebuquine series (5) (O’Neill et al. 1996, 1997) the
bis-Mannich series (6) (Barlin et al. 1993; Kotecka et al. 1997) and the 5’-alkyl
series class of 4-aminoquinoline (7) (Raynes et al. 1999). Compounds in the
tebuquine and bis-Mannich series have now been shown to have unacceptable
toxicity profiles and extremely long half-lives (Ruscoe et al. 1998). Recently,
Delarue et al. have prepared some 4’-dehyroxy analogues, some of which have
very good activity profiles and are less toxic than AQ. (Delarue et al. 2001).

Studies on 4-aminoquinoline structure–activity relationships (SAR)
have revealed that 2-carbon side-chain CQ analogues retain activity against
CQ-resistant Plasmodium (De et al. 1997; Ridley et al. 1996). Our own
efforts (Stocks et al. 2002) were directed towards compounds less likely
to undergo metabolic N-terminal dealkylation, a process that produces
N-desalkyl metabolites that are considerably less potent against CQ-resistant
strains. Some of these 2-C analogues, e.g., (9), display good antiparasitic
profiles. Other notable work in the CQ–SAR field has involved the preparation
of bisquinoline dimers, some of which possess excellent activity against
CQ-resistant parasites (Vennerstrom et al. 1998). Unfortunately, the best
candidates (example WR-268, 668) to emerge from this series of analogues
were shown to be photosensitizing.

From our SAR studies in the AQ series, it is clear that the presence of
a 4-arylamino moiety provides analogues with superior activity against CQ-
resistant strains and that the presence of an aromatic hydroxyl function ap-
pears to be important for additional levels of antiparasitic activity. We rea-
soned that interchange of the 3’-Mannich side chain with the 4’-OH function
would provide a new template, chemically incapable of forming potentially
toxic quinoneimine metabolites. Furthermore, these compounds should be
as cheap to prepare as AQ on an industrial scale. Our initial studies show that
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Fig.5 Summary of 4-aminoquinoline analogues studied in the last 15 years. As shown,
chloroquine (CQ) and amodiaquine (AQ) analogues have been designed to maximize
antimalarial activity versus resistant strains. In the case of AQ, analogues have also
been designed to reduce potential toxicity based on the proposed mechanism of AQ
toxicity

some of the isomeric series of AQ analogues presented in Fig. 5 have potent ac-
tivity against CQ resistant parasites in vitro and oral activity in rodent models
of malaria. Isoquine ISQ-1 (Fig. 5 10a, R1,R2=ethyl), the direct isomer of AQ,
has emerged as the lead candidate and is currently in pre-clinical evaluation in
a partnership between the Malaria for Medicines Venture (MMV) and Glaxo
Smithkline Pharmaceuticals (O’Neill et al. 2003) Further optimization of the
4-arylamino template is ongoing but it is likely that any new 4-aminoquinoline
candidates will be combined with a peroxide-based antimalarial to delay par-
asite resistance acquisition and prolong the therapeutic life-span of the novel
drug entity. Figure 6 summarizes the main SAR observations for (a) CQ and
(b) AQ analogues.

To conclude, 4-aminoquinoline-based drug development projects con-
tinue; at least three projects are approaching evaluation in man, including
short chainCQanalogues,metabolically stableAQanaloguesandaza-acridine
derivatives (pyronaridine). It is anticipated that successful developmentof any
of these candidates will provide the same sort of therapeutic benefits provided
by CQ in its early pre-resistance days.
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Fig. 6a,b Summary of important SAR observations in the chloroquine and amodi-
aquine classes

5
Artemisinins

Artemisinin (11a) (qinghaosu) is an unusual 1,2,4-trioxane that has been used
in China for the treatment of MDR P. falciparum malaria but its therapeutic
value is limitedby its lowsolubility inbothoil andwater (Fig. 7).Consequently,
in the search for more effective and soluble drugs, Chinese researchers pre-
pared a number of derivatives of the parent drug. (Klayman 1985; Butler and
Wu1992)Reductionof artemisininproducesdihydroartemisinin (11b),which
has in turn led to the preparation of a series of semisynthetic first-generation
analogues which include artemether (11c, R=–Me) and arteether (11d,
R=–Et) (Fig. 7) (Butler and Wu 1992). Both of these compounds are more
potent than artemisinin but have short plasma half-lives and produce fatal
central nervous system (CNS) toxicity in chronically dosed rats and dogs
(Brewer et al. 1994). Although neurotoxicity is an issue in animal models,
recent studies by White and co-workers have shown a lack of neuronal death
in patients who had received high doses of artemether by intramuscular
injection (Hien et al. 2003). In spite of these observations, there are no

Fig. 7 Structures of artemisinin and the first-generation ‘semi-synthetic peroxides’
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comparative data on oral dosing with first generation alkyl ether pro-drugs
(i.e., artemether, arteether) of the neurotoxic dihydroartemisinin.

For treatment of advanced cases of P. falciparum malaria, a water-soluble
derivative of artemisinin is desirable. A water-soluble derivative can be in-
jected intravenously (i.v.), (Lin et al. 1989). The sodium salt of artesunic
acid (4e) is such a water-soluble derivative, capable of rapidly diminishing
parasitaemia and restoring consciousness of comatose cerebral malaria pa-
tients (Lin et al. 1989). Due to the high recrudescence rate, however, sodium
artesunate (4e) is normally administered in combination therapy, most of-
ten with mefloquine for treatment of uncomplicated malaria (Barradell and
Fitton1995). Of the first-generation derivatives, sodium artesunate (4e) is
currently the drug of choice, but the combination of artemether and lumen-
fantrine produced by Novartis is being implemented as part of the artemisinin
combination therapy and is likely to see more widespread use.

5.1
Mechanism of Activation

5.1.1
Carbon Radicals, Open Hydroperoxides and High-Valent Iron-Oxo Species:
Reactive Species Implicated in the Mechanism of Action of the Artemisinins

The key pharmacophore in artemisinin is the 1,2,4-trioxane unit and, in
particular, the endoperoxide bond is crucial for expression of antiparasitic
activity. Reduction of the peroxide bridge of artemisinin to give the ana-
logue deoxoartemisinin results in a complete abolition of antimalarial ac-
tivity (Klayman 1985; O’Neill and Posner 2004). Based on the seminal work
of Posner and co-workers in the early 1990s, the free-radical chemistry of
artemisinin is now very well defined and has been shown to involve an ini-
tial chemical decomposition induced by haem Fe(II) (reduced haemin) or
other sources of ferrous iron within the malaria parasite to produce ini-
tially an oxy radical that subsequently rearranges into one or both of two
distinctive carbon-centred radical species (Posner and Oh 1992; Posner et
al. 1994; Posner and O’Neill 2004). Figure 8 summarizes the main radical
pathways available for artemisinin following endoperoxide-mediated bioac-
tivation. Since artemisinin is an unsymmetrical endoperoxide, the oxygen
atoms of the peroxide linkage can associate with reducing ferrous ions in two
ways. Association of Fe(II) with oxygen-1 provides an oxy radical that goes on
to produce a primary carbon-centred radical (12a). A surrogate marker for
the intermediacy of this radical species is the ring-contracted tetrahydrofuran
product 12b. Alternatively, association with oxygen 2 provides an oxy radical
species, that, via a 1,5-H shift, can produce a secondary carbon-centred radi-
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Fig. 8a,b Homolytic and heterolytic mechanisms of bioactivation of the endoperoxide
bridge of artemisinin and derivatives

cal (12c). Again, like the previous route, a stable end-product, hydroxydeoxo
artemisinin (12d) functions as a surrogate marker for this secondary carbon
centred radical species.

There is evidence to support the roles of each individual carbon radical
species as the mediators of antimalarial activity and this subject remains
an area of intense debate (Posner and Meshnick 2001; Haynes et al. 2003b;
O’Neill and Posner 2004; Haynes 2001; Olliaro et al. 2001b). It has been
proposed that final alkylation by these reactive carbon radical intermediates
of biomacromolecules such as haem, specific proteins and other targets, result
in the death of malaria parasites.

The secondary C-radical intermediate (12c) has also been implicated as the
precursor to a high-valent iron oxo species (12e), and several experimental
results support the intermediacy of such a potentially toxic species (Posner et
al. 1995, 1996) Although Varotsis has provided Raman spectroscopic support
for the generation of a high-valent iron-oxo species during ferrous-mediated
endoperoxide decay (Kapetanaki and Varotsis 2000, 2001) the groups of Meu-
nier (Robert and Meunier 1998) and Jefford (Jefford 2001; Jefford et al. 1996)
have contested this chemical mechanism.

Definitive evidence for the generation of carbon radical intermediates
during ferrous-mediated endoperoxide degradation of both artemisinin (Wu
et al. 1998) and arteflene (O’Neill et al. 2000) has been provided by elec-
troparamagnetic resonance spin-trapping techniques (Butler et al. 1998). For
artemisinin, both the primary and secondary carbon centered radicals have
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been efficiently spin-trapped post iron-mediated activation (O’Neill et al.
2000; Wu et al. 1998).

An alternative view to the iron-induced homolytic endoperoxide cleav-
age hypothesis is that artemisinin acts as a masked source of hydroperox-
ide (Scheme 2, b). (Haynes et al. 1999; Haynes and Vonwiller 1996a, 1996b)
Following specific non-covalent interactions with a given target protein, het-
erolytic cleavage of the endoperoxide bridge and formation of an unsaturated
hydroperoxide is followed by capture by water (or other nucleophile). This
process provides a reactive hydroperoxide capable of irreversibly modifying
protein residues by direct oxidation.

Fenton like degradation of this hydroperoxide may produce the hydroxyl
radical, a species that can go on to oxidize target amino acid residues: this
alternative pathway provides a mechanism of producing a whole host of re-
active oxygen species that may have an equally important role to play in the
antimalarial activity of these compounds. It has been proposed that the het-
erolytic step is aided by the non-endoperoxide bridging oxygen of the trioxane
ring, where the carbocation can be stabilized by resonance (Haynes et al. 1999;
Olliaro et al. 2001a). Haynes and co-workers have provided direct chemical ev-
idence for this mechanism of bioactivation by demonstrating that artemisinin
can mediate N-oxidation of tertiary alkylamine derivatives via the intermedi-
acy of such a ring opened peroxide form of artemisinin (Haynes et al. 1999).

It is clear from the above discussion that artemisinin and endoperoxide-
based drugs have the ability to generate a range of different reactive inter-
mediates, and many of these have been proposed as the mediators of the
phenomenal antimalarial activity of this class of drug.

5.2
The Biological Target(s) of Artemisinin Derivatives

Like the quinolines many hypotheses to explain mechanism of artemisinin
action have been proposed. Proposed targets of these species are discussed
and will conclude with the most recent studies by Eckstein-Ludwig who
suggest that artemisinin derivatives target PfATPase6, the sarco/endoplasmic
reticulum Ca2+-ATPase (SERCA) of the parasite. Since the O–O bond appears
to be crucial, the haemoglobin degradation pathway of malaria parasites
would appear to offer the next clue as to the mechanism of action of the
artemisinin class of endoperoxide. Since the original proposal by Meshnick
and co-workers (Meshnick et al. 1991) it is still believed by many researchers
in the field that haem liberated in this proteolysis process (ferrous haem
is produced from 1 electron reduction of oxidized ferric FP) is the species
responsible for the bioactivation of the endoperoxide bridge to potentially
toxic free radicals in the food vacuole of the parasite (see above).
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Fig. 9 Proposed chemical mechanism for artemisinin mediated lipid peroxidation of
membranes

Consistent with this proposal, biomimetic studies by Berman and Adams
have clearly demonstrated that artemisinin can effect a sixfold increase in
haem-mediated lipid membrane damage (Berman and Adams 1997). Of im-
portance to this observation are the findings of Fitch and colleagues who
have recently demonstrated that unsaturated lipids co-precipitate with FP in
the parasite’s acidic food vacuole and also dissolve sufficient monomeric FP
to allow efficient crystallization (Fitch et al. 1999). A possible mechanism
of artemisinin induced lipid peroxidation is depicted in Fig. 9 and provides
downstream access to typical reactive oxygen species such as oxyl radicals and
the superoxide anion. Interaction of lipid solubilized haem with artemisinin
followed by ferrous-mediated generation of oxyl and carbon radicals places
these reactive intermediates in the vicinity of target allylic hydrogens of un-
saturated lipid bilayers. Hydrogen abstraction and allylic carbon radical for-
mation with subsequent triplet ground state oxygen capture results ultimately
in the formation of lipid hydroperoxides. The explicit mechanism depicted
in Fig. 9 is supported by the work of Berman and Adams (1997) and others
and it was proposed that the damage caused to the parasite’s food vacuole
membrane leads to vacuolar rupture and parasite autodigestion. The bio-
logical significance of hydroperoxides in relation to biological hydroxylation
and autoxidation of, for example, lipids and membrane bilayers, is well estab-
lished. The generation of unsaturated lipid hydroperoxides provides a means
of initiation of such processes.

In contrast to these proposals, other workers in the field have suggested that
membrane bound haem may have a role to play in reducing the effectiveness
of endoperoxides such as dihydroartemisinin (Vattanaviboon et al. 2002)
Further work is required to clarify the role of vacuolar membrane bound
haem in the mechanism of action of endoperoxide antimalarials.
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Although the above scheme would appear to be chemically plausible, sev-
eral workers have proposed that parasite death in the presence of artemisinin
is probably not due to non-specific or random cell damage caused by freely
diffusing oxygen radical species, but might involve specific radicals and tar-
gets some of which are described below (Robert and Meunier 1998; Robert
et al. 2002).

When artemisinin or other active trioxanes were incubated at pharmaco-
logically relevant concentrations within human red blood cells infected by
P. falciparum, a haem-catalysed cleavage of the peroxide bond was reported
to be responsible for the alkylation of haem (Zhang et al. 1992) and a small
number of specific parasite proteins, (Yang et al. 1993, 1994) one of which
has a molecular size similar to that of a histidine-rich protein (42 kDa). An-
other possible target protein is the P. falciparum translationally controlled
tumour protein (TCTP). In vitro, dihydroartemisinin reacts covalently with
recombinant TCTP in the presence of haemin. The association between drug
and protein increases with increasing drug concentrations until it reaches
a stoichiometry of 1 drug molecule/TCTP molecule. The function of TCTP is
unknown and thus the role of haemin-mediated artemisinin alkylation in the
mode of action of this drug awaits further biochemical definition (Bhisutthib-
han et al. 1998; Bhisutthibhan and Meshnick 2001). Artemisinin may also be
involved in the specific inhibition of malarial cysteine protease activity (Hong
et al. 1994; Pandey et al. 1999).

5.2.1
Haem and Haem Model Alkylation

Alkylation of haem by artemisinin was first reported by Meshnick after
identification of haem-drug adducts by mass spectrometry, but no struc-
tures were proposed for the resulting covalent adducts (Hong et al. 1994;
Zhang et al. 1992). Because of the variety of possible alkylation sites on iron
protoporphyrin-IX, Meunier studied the alkylating activity of artemisinin
with manganese(II) tetraphenylporphyrin, a synthetic metalloporphyrin hav-
ing a fourth-order symmetry and only the eight equivalent β-pyrrolic posi-
tions as possible alkylation sites. By reacting manganese tetraphenyl por-
phyrin (MnIITPP) with artemisinin (or artemether and several related syn-
thetic trioxanes) in dichloromethane, a chlorin-type adduct was formed by
reaction of the macrocycle with an alkyl radical generated by reductive acti-
vation of the drug endoperoxide (Robert et al. 1997).

Further studies involved the investigation of the reactivity of artemisinin
toward the pharmacologically more relevant iron(II) containing model of
ferriprotoporphyrin IX (Robert et al. 2001). For this purpose, iron(III)
protoporphyrin-IX dimethylester was exposed to artemisinin in the presence
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Fig. 10 Alkylation of a haem model (the ester of FP) by a primary carbon centred
radical derived from bioactivation of artemisinin

of a hydroquinone derivative (or a thiol), as reducing agent, to generate the
requisite iron(II) haem species. Haem was readily converted in high yield to
haem–artemisinin adducts (Fig. 10; Cazelles et al. 2001). After demetallation
of this mixture of three adducts to facilitate the NMR characterization,
indications were that the α, β and δ meso carbons were alkylated; such results
prompted Meunier to suggest that the low and transient concentration of
free haem generated by haemoglobin degradation in vivo may be responsible
for the reductive activation of the endoperoxide function of active trioxanes.
This pathway generates alkylating species, such as the primary carbon radical
(12a), which are likely to disrupt vital biochemical processes of the parasite
via alkylation of biomolecules located in the close vicinity of the free haem
(Robert and Meunier 1998). This proposal is based on the assumption that
the primary C-radical has sufficient life-time to migrate from the face of the
porphyrin metallocycle and subsequently to interact with its biological target
(Olliaro et al. 2001a).

Although it is clear in model systems that artemisinin can efficiently alky-
late haem-based models, the role of this event in the mechanism of action
of artemisinin has been questioned. For example, it has been proposed that
the formation of haem–artemisinin adducts of the type described could re-
sult in the prevention of haem crystallization to non-toxic HZ. The resultant
build up of redox active alkylated porphyrins could in theory lead to para-
site death by a mechanism similar to that proposed for the quinoline-based
antimalarials. However, Haynes and co-workers have ruled out this potential
mechanism by demonstrating clearly that although artemisinin (11a) and di-
hydroartemisinin (11b) have the ability to inhibit beta-FP formation in vitro,
the closely related and antimalarially potent C-10 deoxo artemisinin (11f)
(Fig. 7) has no effect on crystallization (Haynes et al. 2003c) Thus, it was
proposed that the observed inhibitory activities in the haem polymerization
inhibitory assay (HPIA) for11a and11b are a reactivity or property not related
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to the inherent antimalarial mode of action of this class of drugs (Haynes et al.
2003c).

It should be emphasized that virtually all of the above discussion is based
on biomimetic chemistry where the Fe(II) source varies from salts such FeSO4

to the more reactive FeCl2.4H2O as well as haem mimetics (TPP) and ester FP
variants (O’Neill and Posner 2004). When haem models are used, since por-
phyrin alkylation is a favoured process, end-product distributions of products
can be very different from when a free ferrous ion source is employed. Fur-
thermore, solvent has been shown to have a profound effect on the products
obtained in iron-mediated endoperoxide degradation. Thus all of these stud-
ies are truly only approximate models of the actual events within the malaria
parasites (Posner and Meshnick 2001; Wu 2002). Future work is needed to
correlate the results of biomimetic chemistry with the actual situation within
the parasite.

5.2.2
Enzymes as Targets

As described earlier, erythrocytic malaria parasites degrade haemoglobin
to acquire amino acids for protein synthesis. Falcipain 2 (FP-2; Dua et al.
2000) is a papain family cysteine protease that appears to act in concert
with other enzymes including two aspartic proteases (Banerjee et al. 2003;
Boss et al. 2003) to degrade haemoglobin. Incubation of erythrocytic para-
sites with inhibitors of FP-2 blocks haemoglobin degradation and parasite
development. Pandey has demonstrated that, in purified digestive vacuoles
from P. yoelii, cysteine protease activity can be inhibited by artemisinin in
a similar manner to the potent cysteine protease inhibitor E-64 (Pandey et
al. 1999). Inhibition of falcipain-mediated cleavage of the fluorogenic peptide
substrate Z-Phe-Arg-AMC was also demonstrated in a continuous fluoromet-
ric assay, and surprisingly protease inhibition was increased in the presence
of haem (surprising in the sense that strong arguments have been made that
the haem-generated radical species cannot escape the porphyrin macrocycle
and hit biological targets, post-reductive endoperoxide cleavage).

To fully validate falcipain 2 and 3 as targets for endoperoxide drugs, it is
essential that these studies be expanded to human forms of the parasite. In
addition, it would be of great interest to compare the efficiency of falcipain
inhibition with the known antimalarial activities of a series of artemisinin
analogues of varying potency.

Krishna and co-workers (Eckstein-Ludwig et al. 2003) have very recently
provided compelling evidence that artemisinins act by inhibiting PfATPase6,
the Sarco/Endoplasmic reticulum Ca2+-ATPase (SERCA) orthologue of P. fal-
ciparum. When expressed in Xenopus oocytes, Ca2+-ATPase activity of PfAT-
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Pase6 is inhibited by artemisinin with similar potency to thapsigargin (an-
other sesquiterpene lactone and highly specific SERCA inhibitor), but not by
quinine or CQ. As predicted from this observation, thapsigargin antagonizes
the parasiticidal activity of artemisinin. Desoxyartemisinin is ineffective as an
antimalarial andwasshownnot to inhibitPfATPase6activity.Chelationof iron
by desferrioxamine abrogates the antiparasitic activity of artemisinins and
correspondingly attenuates inhibition of PfATPase6. Single-cell imaging of
living parasites with BODIPY-thapsigargin demonstrates cytosolic labelling
that is competed by an excess of artemisinin. Furthermore, similar labelling is
observed with a novel fluorescent artemisinin derivative. These studies sup-
port PfATPase6 as a target of artemisinins operating via an Fe2+-dependent
activation mechanism. This information may allow, for the first time, rational
biological target-guided drug design efforts to be carried out.

5.3
Semi-synthetic and Synthetic Endoperoxide Analogues

The first generation C-10-acetal derivatives artemether (11c) and arteether
(11d) both have a short half life as a consequence of cytochrome P450 catal-
ysed transformation to dihydroartemisinin (DHA) (11b) which in turn is an
efficient substrate for Phase II clearance through glucuronidation (Grace et
al. 1998; Idowu et al. 1997; Maggs et al. 1997). In addition to metabolism,
other first generation analogues such as artesunate are chemically unstable
and hydrolyse rapidly to DHA in plasma [studies by Teja-Isavadharm indicate
the half-life or artesunate (t1/2) is as short as 0.41±0.34 h in man following oral
administration; Teja-Isavadharm et al. 2001; Barradell and Fitton 1995). Based
on these observations, medicinal chemists have made significant efforts to de-
sign more potent and stable analogues of the first-generation semi-synthetic
derivatives. The metabolically more robust C-10 carba analogues 13a and C-
10-aryl analogues of DHA 13b have been the focus of medicinal chemists for
10 years (Haynes 2001). Of note are the C-10 alkyl deoxo analogues prepared
by Haynes et al. (2000), Posner et al. (1999), O’Neill et al. (1999, 2001b), Jung
(Jung and Lee 1998) and Ziffer (Ma et al. 1999; Pu and Ziffer 1995) and the
C-10 aryl or heteroaromatic derivatives 13c prepared by the groups of Haynes
(Haynes et al. 2003a) and Posner (Posner et al. 2003; Fig. 5). Equally impres-
sive are the C-14 modified analogues 13d prepared by the Avery (Vroman et
al. 1999) and Jung groups (Jung et al. 2001).

Recently a C-10 carba analogue (TDR 40292) 13e has been compared with
artemether. This compound cannot form DHA as a metabolite and contains
a side chain that can be formulated as a water-soluble salt (Hindley et al.
2002). In addition, this compound has superior activity to artemether and
artesunate, both in vitro and in vivo. From initial pharmacokinetic data,
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13d has a higher volume of distribution than artemether and is considerably
more orally bioavailable (16% versus 1.5% for artemether) (O’Neill et al.
unpublished results). (For studies on the bioavailability of artemether in man
see Silamut et al. 2003).

A particularly important factor in the design of any new peroxide analogue
is the concern about potential neurotoxicity. Any analogue with a higher
logP than artemether (3.3–3.5) is likely to cross the blood–brain barrier
(Haynes, 2001). Haynes and co-workers have prepared new analogues with
reduced neurotoxicity by applying the ADME paradigm for enhancing ef-
ficacy through increased drug absorption (coupled with a reduction in the
ability of the new analogue to cross the blood–brain barrier). Artemisone
(undergoing development by Bayer) is an analogue with much improved
properties and represents the success of the ADME approach to drug design
(http://www.mmv.org/pages/page_main.htm).

Analternative approach topreventing the formationofdihydroartemisinin
by simple P450 metabolism is to replace the methyl function in artemether
with an aryl function (O’Neill et al. 2001a). Phenoxy analogues of DHA
can easily be prepared in a one-step synthesis from dihydroartemisinin. In
addition to having superior in vivo activity to artesunate and artemether,
analogues substituted with a p-fluoro (13f, R=p-F) or trifluoromethyl group
(13 g, R=p-CF3) resist metabolism to DHA. In order to improve water
solubility, a novel meta carboxylic acid phenoxy derivative (13i, R=m-CO2H)
has recently been prepared as a metabolically more robust alternative to
artesunate and artelinic acid.

With an ever increasing number of artemisinin analogues prepared by
semi-syntheses and elegant total synthesis Avery (Avery et al. 1989; Vroman et
al. 1999) has developed predictive 3-D quantitative SAR (CoMFA) analyses for
the artemisinin class of antimalarial (Avery et al. 1994, 2002). This information
coupled with the ADME approach described above should permit highly
potent and orally bioavailable semi-synthetic analogues to be designed by
a truly rational approach (Haynes, 2001).

The disadvantage of all of the semi-synthetic compounds is that their
production requires 11a as starting material. Artemisinin is extracted from
the plant Artemisinia annua in low yield (0.01–0.8% yield) (Klayman et al.,
1984; Liu et al. 2003; Abdin et al., 2003). To circumvent this problem, a number
of groups have produced totally synthetic peroxide analogues, some of which
demonstrate remarkable antimalarial activity (Borstnik et al. 2002; Tang et al.
2004). These include the synthetic 1,2,4-trioxane, fenozan B0–7 (14) (Peters
et al. 1993a, 1993b; Jefford et al. 1995, 2001) the dispiro tetraoxanes (15, 16)
(Vennerstrom et al. 2000) and the endoperoxide analogues such as arteflene
(17) (Hofheinz et al. 1994) a synthetic analogue of the naturally occurring
yingzhaozu A (18) (Zhou and Xu 1994). More recently, tetraoxane (19) with
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Fig. 11 Selected second-generation artemisinin derivatives

an IC50 as low as 3 nM has been discovered (artemisinin IC50=10 nM) and
analogues in this class have been shown to be effective when given orally in
mice infected with P. berghei with no observable toxic side-effects (Fig. 11;
Kim et al. 2003).

Other synthetic candidates worthy of mention include the C-3 aryl triox-
anes (20a, R=F and 20b, R=–COOH) and the endoperoxide analogue (21)
(Posner et al. 1998; Korshin et al. 2002). These latter compounds have oral
activity (ED50) as low as 0.5 mg/kg in mice infected with P. berghei (Bachi et
al. 2003).

The most significant recent discovery in this area is the discovery that easily
synthesized ozonides (1,2,4-trioxolanes) substituted with an adamantane ring
(22a–c) are not only chemically stable but are active against P. falciparum
in the low nanomolar range. These compounds are orally active in mice
and have a prolonged duration of action when compared with previously
available synthetic and semi-synthetic derivatives. This research is supported
by the MMV and a 2-year objective is to progress this project from preclinical
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Fig. 12 Synthetic peroxide analogues

development to phase 1 clinical trials. Ranbaxy (an Indian pharmaceutical
company) is in partnership with MMV to move the project forward. This
project was the MMV project of the year in 2001, and excellent progress
has been made since then. Water-soluble compounds that retain good oral
activity in the P. berghei mouse model have been identified (Vennerstrom et al.
2004). These compounds have longer-lasting activity than current artemisinin
derivatives, suggesting that treatment courses of 3 days or less are feasible
(see:http://www.mmv.org/pages/page_main.htm).

The final class of analogue of note are the quinoline-peroxide hybrids
known as trioxaquines (23) (Fig. 12). These compounds have been designed
in order to offset parasite resistance development and to aid parasitized
erythrocyte penetration (Dechy-Cabaret et al. 2000, 2001). It is proposed
that these hybrids may have the capacity to hit the parasite by two different
mechanisms (namely, free radical mediated damage and interference with FP
crystallization and detoxication).

6
Summary

In this chapter we have attempted to describe the exciting new advances in
our knowledge of the mechanism of action and parasite resistance of two of
the most important groups of semisynthetic antimalarials. Clearly we have
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come a long way since the days of traditional herbal remedies but we are up
against a sophisticated foe and we must not allow the drug resistant parasites
to gain the upper hand. With that in mind we have presented some of the
most exciting recent work on the design and synthesis of analogues of both
quinoline and artemisinin/simplified cyclic peroxides. New design strategies
encompassing hybrid drugs and identification of chemically and metaboli-
cally stable artemisinin derivatives have been explored. These efforts have
produced promising candidates, some of which are undergoing preclinical
evaluation at present.
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Abstract The emergence and spread of drug-resistant parasites poses a major problem
for management of Plasmodium falciparum malaria in endemic areas. Nowhere is this
more apparent than in southeast Asia, where multi-drug resistance to chloroquine and
sulfadoxine–pyrimethamine was exacerbated when mefloquine monotherapy began
failing in the 1980s. A better understanding of mechanisms of (multi-) drug resistance
is urgently warranted to monitor and guide antimalarial chemotherapy regimens more
efficiently. Here we review recent advances on identification of molecular markers that
can be employed in predicting in vitro and in vivo resistance in southeast Asia. Exam-
ples include amplification of PfMDR1 (P. falciparum multi-drug resistant gene 1) and
mefloquine, K76T PfCRT and chloroquine, as well as mutations in the dihydroperoate
synthase and dihydrofolate reductase genes and the antifolate class of drugs.

Abbreviations
As Artesunate
CQ Chloroquine
DHFR Dihydrofolate reductase
DHPS Dihydroperoate synthase
Mfq Mefloquine
PfCRT P. falciparum chloroquine resistance transporter gene
PfMDR1 P. falciparum multi-drug resistance gene 1
PfATP6 P. falciparum ATPase 6 gene
SNP Single nucleotide polymorphism
SERCA Sarcoplasmic-endoplasmic reticulum Ca2+ ATPase
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1
Background

Malaria kills between 0.5 and 2.5 million individuals each year, despite
decades of attempts to reduce this mortality. These include the use of im-
pregnated bednets (Luxemberger et al. 1994), improvements in treatment by
limiting the use of ineffective drugs (Attaran et al. 2004), using combination
chemotherapy regimens (Kremsner and Krishna 2004), and developing new
drugs. Using existing drugs more effectively [such as rectal artesunate (As)
in the initial management of children with malaria unable to receive medi-
cal care immediately; Krishna et al. 2001] may also help to reduce malaria-
attributablemortality.However, these advancesbecomeseverely limitedwhen
drug resistance in parasites is established rapidly and disseminated widely.
Drug resistance often offsets any improvements in mortality, and is now
worsening global outcomes from malaria significantly (Trape et al. 1998;
Zucker et al. 2003).

Chloroquine (CQ) resistance in Plasmodium falciparum was first noticed
in the late 1950s in non-immune migrant workers in hyperendemic areas
along the Thai–Cambodian border, and was followed by resistance in at least
three further geographically separate regions (two in Africa and one in Brazil)
(Wellems and Plowe 2001; Wootton et al. 2002; Joy et al. 2003). This marked
the beginning of an era of rapid evolution from mono- to multi-drug resis-
tant parasites. Within 20 years CQ resistance has spread to, or developed in,
most of the world. These findings should have stopped use of the cheapest
antimalarials (4-aminoquinolines) well before now, although they continue
to be used inappropriately in many areas (Attaran et al. 2004).

Southeast Asia has continued to be the graveyard of many new anti-
malarials that have become ineffective (Chongsuphajaisiddhi and Sabchareon
1981; Nosten et al. 1991a, 1991b). In 1973, CQ was replaced by sulphadoxine-
pyrimethamine (SP) as first-line treatment in Thailand and Cambodia. After
only a few years of extensive use, failing efficacy necessitated increasing doses
of SP, and then a change to quinine (combined eventually with tetracycline)
as first-line treatment (White 1992).

Then followed the promising introduction of mefloquine (Mfq) as a single-
dose treatment in 1980. Cure rates climbed once again to over 95%, but in the
early 1990s the failure rate of Mfq mono-therapy had become approximately
50% at Myanmar and Cambodian borders of Thailand (WHO1997b). Similar
patterns of resistance soon emerged in adjacent countries.

Since As has been added to Mfq in a 3-day combination regimen a high
cure rate (>95%) has been restored, and maintained (Nosten et al. 2000).
Other artemisinin-containing combinations therapies are being inten-
sively investigated in areas of multidrug resistance, such as in Vietnam.
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Dihydroartemisinin–piperaquine, for example, may be as effective as Mfq
given with As, but with the added virtue of greater affordability, providing
dosing is optimized (Tran et al. 2004).

The need to monitor antimalarial drug resistance in parasites is obvious
from the speed with which it can become established. Several molecular
markers of drug resistance have already been developed to monitor changes in
drugsusceptibilities. For example,discoveryofpointmutations in the targeted
enzymes of parasites resistant to antifolate therapy has been successfully
applied to assess in vitro sensitivity to these drugs (Plowe et al. 1995). It
took several decades of meticulous work to identify the K76T mutation in the
P. falciparum CQ resistance transporter gene (PfCRT) as being responsible for
resistance to 4-aminoquinolines (Wellems 1991; Fidock et al. 2000; Djimde
et al. 2001). The high pre-existing frequency of atovaquone resistance is also
attributed to a single nucleotide change in the parasite’s mitochondrial bc1

complex (Srivastava et al. 1999). All of these single nucleotide polymorphisms
(SNPs) detect parasites that are resistant to antifolates, aminoquinolines or
atovaquone with high sensitivity when applied to cultured parasites, but their
value in predicting treatment outcomes in vivo has not always been fully
explored.

Here we discuss how recent molecular advances in diagnosis of multidrug
resistant parasites may guide changes in our treatment and resistance mon-
itoring strategies. Amplification of P. falciparum multi-drug resistant gene 1
(PfMDR1) has recently proved to be a powerful tool in predicting outcome
after Mfq therapy (Price, Uhlemann et al. 2004). Furthermore, the discov-
ery that artemisinins target P. falciparum ATPase 6 gene (PfATP6), a parasite
calcium-ATPase similar to mammalian sarcoplasmic-endoplasmic reticulum
Ca2+ ATPase (SERCAs; Eckstein-Ludwig et al. 2003), gives us the chance, for
the first time, to monitor changes in this target prospectively and to relate
these to shifts in susceptibility to artemisinins. Such monitoring is critical for
what is currently our best class of antimalarial.

2
Molecular Aspects of Resistance to CQ and DHFR Inhibitors

CQ was the best treatment for malaria for decades. It was effective for uncom-
plicated as well as severe malaria (Krishna and White 1996). CQ can be given
in three doses once a day by several routes, and is very cheap. But resistance
makes it virtually useless in most places. In Southeast Asia CQ is now reserved
to treat vivax, malariae or ovale malaria, although it is inappropriately used
in many sub-Saharan regions. Initially, it was suspected that SNPs in PfMDR1
were associated with CQ resistance (Foote et al. 1989; Adagu et al. 1996). How-
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ever, recently resistance in vitro and in vivo is attributable to PfCRT, a putative
transporter that modulates intraparasitic drug concentrations. Interestingly,
mutations in PfCRT orthologues in P. vivax and P. chabaudi are not associated
with the phenotype of CQ resistance (Nomura et al. 2001; Hunt et al. 2004).

Studies to identifyPfCRT beganwith the creationof agenetic crossbetween
a CQ-resistant and -sensitive isolate, and have continued using transfection
to dissect the contribution of SNPs in PfCRT as well as in PfMDR1 to the
CQ-resistance phenotype. After decades of painstaking laboratory research,
an SNP in PfCRT (encoding a K76T change) in a laboratory cross was found to
segregate with resistance to CQ (Wellems et al. 1991; Fidock et al. 2000). This
SNP was also observed in parasites from patients in Mali who failed treatment
with CQ (Djimde et al. 2001).

Transfection experiments have confirmed K76T as the single most impor-
tant amino acid exchange causing CQ resistance (Sidhu et al. 2002). Thus
other SNPs in PfCRT as well as the N86Y change in PfMDR1 may only serve
as bystander mutations, or as modulators of the primary cause of CQ resis-
tance. Indeed, PfMDR1 N86Y has been a controversial molecular marker of
CQ resistance for years (Foote et al. 1990; Adagu and Warhurst 1999; Reed et
al. 2000; Djimde et al. 2001; Tinto et al. 2003), perhaps through co-selection
with K76T in PfCRT (Babiker et al. 2001; Tinto et al. 2003). PfMDR1 encodes
a P-glycoprotein called Pgh-1 (‘P’ glycoprotein homologue-1), which belongs
to the large and diverse family of ABC transporters (Cowman et al. 1991).
Many orthologues in different organisms including mammals are associated
with multi-drug resistance to an array of structurally unrelated substrates
(Marzolini et al. 2004).

Current studies in Southeast Asia on the role of the N86Y mutation are
taking place in the genetic context of parasites that are unlikely to be under
drug pressure from CQ, as this has long been replaced as first-line treatment
for P. falciparum. The main drug pressure on falciparum is now from to Mfq,
which has an elimination half-time of about 2 weeks (Nosten et al. 2000; Price,
Uhlemann et al. 2004). Despite this, the frequencies of K76T in Thailand,
Cambodia and some parts of Laos are 100% (Anderson 2003; Berens et al.
2003; Price, Uhlemann et al. 2004). Higher frequencies of wild-type PfCRT
at about 40% were only observed at the Burma–Bangladesh border and in
Southern Laos and Vietnam (Anderson 2003).

The antifolates have failed more rapidly than CQ as antimalarials.
Pyrimethamine and sulfadoxine target two enzymes in the folate synthesis
pathway of P. falciparum, the dihydroperoate synthase (DHPS) and dihy-
drofolate reductase (DHFR), respectively. When given in combination they
act synergistically by disrupting folate synthesis, which eventually kills the
parasite. Resistance to this combination has also already evolved worldwide.
Experiments in P. chabaudi suggested that amplification and rearrangement
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Table 1 Important polymorphisms in drug resistance to antimalarials

Gene Position Wild type Mutant

DHPS 436 Ser Ala
437 Ala Gly
540 Lys Gln
581 Ala Gly
613 Ala Ser/Thr

DHFR 16 Ala Val
51 Asn Ile
59 Cys Arg

108 Ser Asn/Thr
164 Ile Leu

PfCRT 76 Lys Thr
PfMDR1 86 Asn Tyr

184 Tyr Phe
1034 Ser Cys
1042 Asn Asp
1246 Asp Tyr

of the DHFR (TS) gene increases expression and might explain resistance
to pyrimethamine (Cowman and Lew 1989, 1990). It is now clear that a few
point mutations are sufficient to confer resistance directly (Table 1), S108N
being the most important one (Yuvaniyama et al. 2003). The observed fitness
advantage of mutant dhfr and dhps alleles has allowed for rapid selection of
resistant parasites under continued drug pressure (see chapter by C. Plowe,
this volume). Recent studies suggest a single origin of resistance dhfr alleles
(Anderson 2003; Nair et al. 2003). The highest frequencies of up to four
mutations were observed along the Thai–Burmese border. In contrast in some
parts of Laos a significant proportion of dhfr (>35%) and dhps (>70%) alleles
remained wild-type (Anderson 2003; Berens et al. 2003; Nair et al. 2003).

The more rapid emergence of resistance to antifolates compared with much
slower emergence of resistance to 4-aminoquinolines in similar geographic
areas suggests there may be differences in the molecular mechanisms of
resistance. Antifolates select for mutations in their targets, whereas the use
of CQ has selected for changes in a transporter protein, which is believed to
modulate uptake of CQ. This latter mechanism may have arisen because of the
nature of the target for CQ (the process of haem crystallization, see chapter
by Scholl et al. and Bray et al., this volume).
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3
Molecular Aspects of Resistance to Mfq and Artemisinins

Mfq belongs to the class of antimalarials that includes halofantrine and lume-
fantrine. It was introduced as first-line treatment after quinine, for uncom-
plicated malaria in Thailand. Amplification of the gene copy number for
PfMDR1 is associated with Mfq but not CQ resistance (Cowman et al. 1994;
Price et al. 1999). This amplification is associated with increased expression
of mRNA for PfMDR1 when examined in laboratory-adapted isolates (Foote
et al. 1989; Wilson et al. 1989). However, technical difficulties in assessing
PfMDR1 copy number limited this assay in clinical studies to small sample
sizes, and required labour intensive techniques such as ratiometric PCR-based
assays (Price et al. 1997a). More extensive sequencing studies identified non-
synonymous point mutations causing changes in amino acid residues in five
positions (Table 1; Foote et al. 1990).

More recently, PfMDR1 copy number has become recognized as the best
overall predictor of therapeutic failure after Mfq treatment given either alone
or in combination with As (Fig. 1) (Price, Uhlemann et al. 2004). Further-
more, increased copy number is strongly associated with high IC50 values
of structurally related antimalarials: quinine and halofantrine, as well as to
the unrelated sesquiterpene lactones As and dihydroartemisinin. Analysis of
SNPs revealed that point mutations in PfMDR1 (nucleotide positions 86, 1034
and 1042) previously identified as being associated with Mfq resistance are
only surrogate markers of copy number (Fig. 2). The N1246Y SNP was not
detected in 147 samples and thus may not have relevance in Southeast Asia
(Berens et al. 2003; Ngo et al. 2003). A smaller study also used real-time PCR
(without multiplexing, i.e., without the experimental and reference genes as-
sayed in the same reaction mixture), and observed that increased gene copy
number (three or more) was associated with more resistance to artemisinins
and Mfq (Pickard et al. 2003).

In Southeast Asia, under years of Mfq pressure there was probably a sig-
nificant decrease in frequency of N86Y despite the very high frequency of the
K76T mutation in PfCRT, in effect dissociating the frequency (about 90%)
with which mutations in these two transporters are seen in the African con-
text (Grobusch et al. 1998; Mawili-Mboumba et al. 2002). This observation
highlights the possibility of ‘interacting’ mutations in different drug trans-
porters in conferring resistance to antimalarials. Such interactions are made
more plausible by the localization of PfCRT and PfMDR1 to the parasite’s food
vacuole in separate studies (Cowman et al. 1991; Fidock et al. 2000).

Artemisinin-based combination treatment regimens have been systemat-
ically introduced in Southeast Asia over the past decade (Price et al. 1997b;
Adjuik et al. 2004; Tran et al. 2004). They are highly efficacious, well tolerated,
and may provide theoretical protection against the emergence of resistance
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Fig. 1a,b Cumulative percentage of patients free from malaria after treatment with (a)
mefloquine monotherapy or (b) mefloquine and 3 days’ artesunate (1 copy in black, 2
copies in blue, 3 copies in red)
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Fig. 2 Distribution of Mfq IC50 by copy number (triangles) and codon mutations
(diamonds)

as well as reduced transmissibility by preventing gametocyte development.
These features (combined with high treatment efficacy, the principal reason
why they are used) may have led to a reduction in incidence of falciparum
malaria in areas of Southeast Asia, where malaria transmission is relatively
low, although it has not conferred similar benefit in areas of high transmission
(Adjuik et al. 2004). The effects of artemisinin combinations on the incidence
and on the emergence of drug resistance in areas of higher transmission
requires further study.

A target of the artemisinin derivatives has recently been shown to be
PfATP6, a Ca2+ ATPase. Full-length sequencing of isolates with relatively high
As IC50 values identified an amino acid (N89Y) polymorphism in the M1–M2
region of the ATPase. This polymorphism was studied further in more than
100 Thai isolates encompassing a wide range (0.26–23.5 ng/ml) of IC50 values.
There was no linkage between the presence of this polymorphism and higher
IC50 values for As (Price, Uhlemann et al. 2004). This finding leaves PfMDR1
copy number as the main modulator of sensitivity to artemisinins in vitro
although it should be stressed that there is no clinical evidence of resistance
to artemisinins.

The fact that sensitivities to both Mfq and As are modulated by a com-
mon molecular mechanism may seem worrying. Paradoxically, however, if
PfMDR1 expression increases the export of antimalarials such as artemisinin,
then this could reduce the chances of selection for artemisinin-resistant vari-
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ants of pfATP6 by maintaining a low selection pressure on this target. At
first sight, Mfq and As targets appear to be localized to different sides of
a common membrane: Mfq may interfere with haemoglobin digestion in the
food vacuole and As acts on PfATP6 which is (membranes) in the parasite
cytosol. Nevertheless, many details are still missing about the membrane con-
nections (both functional and direct) between SERCA-type structures in the
parasite cytosol and the membrane components of the food vacuole. These
observations clearly point to hypotheses that are amenable to experimental
verification.

4
Molecular and In Vitro Techniques to Assess Resistance

Clinical studies are the best way to monitor drug resistance in a given area,
because results are the most influential on drug policies. However, they are
difficult to conduct, expensiveandrequire follow-upperiodsof at least 28days,
or longer if long half-life drugs such as Mfq are used. They are also confounded
by high rates of reinfection during longer follow-up periods. To complement
findings from in vivo studies, in vitro sensitivity testing of parasites has
evolved into an important tool despite results being difficult to interpret for
some drugs (see chapter by C. Plowe, this volume).

For example, the serum concentrations of folate can affect interpretation of
IC50 values to antifolates (Wang et al. 1997), and quinine IC50 values are influ-
enced by protein binding (Silamut et al. 1985). IC50 values determined against
fresh parasite isolates for artemisinins may vary by about 100-fold. In Thai-
land As IC50 values range between 0.18 and 23.47 ng/ml (130-fold) between
isolates (Price, Uhlemann et al. 2004), perhaps reflecting decomposition of
artemisinins by variable amounts of free Fe2+ and/or variable genotypes in
culture conditions (Kamchonwongpaisan et al. 1994).

Further problems associated with on-site in vitro tests are the need for
a relatively sophisticated infrastructure, the dependence on time of transport
to the study unit and sufficiently high parasitaemia not to require amplifica-
tion of numbers by short-term cultures. The schizont maturation test used to
be the main test, but results can be influenced strongly by the experience of the
microscopist. Furthermore, recent studies using test plates bought from the
World Health Organization were inaccurate because plates had been incor-
rectly dosed (Schwenke et al. 2001; Borrmann et al. 2002). As an alternative,
the isotope incorporation assay with tritiated hypoxanthine gives reliable and
standardized results (Desjardins et al. 1979), but relies on radioactive mate-
rial and cannot therefore always be used in field studies. New tests have been
developed, for example, the ELISA-based (Histidine Rich Protein2; Hrp2), but
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these are costly limiting their routine use (Noedl et al. 2002). A colorimet-
ric microtest using double-site enzyme-linked lactate dehydrogenase enzyme
immunodetection appears easy to perform, fast and reliable (Moreno et al.
2001). Genotyping for point mutations in resistance-associated genes has now
become an essential tool in surveillance of resistance. Assays use PCR and
restriction enzyme digest (RFLP) and are relatively easy to perform (Adagu
and Warhurst 1999). Only minimal amounts of blood are needed, which can
be spotted onto filter paper, allowing for easy storage and transport. Even
though RFLP methods are easy to perform they require several steps includ-
ing nested PCR and gel electrophoresis. Allele-specific fluorescence primer
strategies using real-time machines may appear more expensive, but they
require less starting material and time making them potentially more useful.

5
Clinical Significance

In Thailand, PfMDR1 copy number is the best overall predictor of treatment
failure after Mfq (sensitivity 81%, specificity 71% and positive predictive value
46%) or Mfq given with As (sensitivity 77%, specificity 65% and positive
predictive value 58%). In multivariable analysis, PfMDR1 copy number was
a better predictor of failure than several clinical predictors that had been
identified in this population (such as age, parasitaemia, vomiting of drug and
mixed infections) (Price, Uhlemann et al. 2004). Genetic analysis also suggests
that when combination therapy with Mfq and As fails, this is due to resistance
to the Mfq and not the artemisinin component. Increased copy number in field
isolates is not seen with mutant PfMDR1-86 (N86Y), and only occasionally
occurs with mutations at positions 1034 and 1042. The low prevalence of N86Y
in PfMDR1 makes it a reasonable marker for Mfq sensitivity in our study, but
use of SNP alone would give an unacceptably low specificity for detecting Mfq
resistance.

It may be some time before findings from studies such as these can be
replicated in other geographical areas, or that such assays can be applied
prospectively toguide treatmentofpatientsat riskof failure,but theirpotential
for increasing understanding of treatment failure is obvious.

In the African context, 76T is strongly associated with treatment outcome,
but specificity may be compromised, probably mainly due to the contribution
of host immunity to parasite clearance (Djimde et al. 2001). Since 76T is at
fixation in many areas in Southeast Asia it is not a suitable molecular marker
for CQ response as shown in two recent chemotherapy trials in Laos (Pillai et
al. 2001; Berens et al. 2003).
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Resistance to anti-malarials has clearly arisen independently in many trop-
ical foci and has been spread by migration of populations (Wootton et al. 2002;
Nair et al. 2003). In areas of Africa, where Mfq has not been used extensively
resistance does not seem to have spread or widely occurred yet with the pos-
sible exception of some cases reporting resistance after quinine and Mfq use
(Wichmann et al. 2003).

A novel approach to identify candidate resistance genes uses a genome-
wide association screen. Parasites obtained from the field are systematically
searched for genetic markers in statistical association with drug resistant phe-
notypes. Flanking neutral polymorphism will be observed in high frequency
but with low variability in strong linkage disequilibrium to yet unknown
target genes (Anderson 2004).

6
Conclusions

Recent advances in molecular biology have provided us with tools to study
prospectively the emergence of drug-resistance to some of our most impor-
tant antimalarial regimens. This should improve our understanding of how to
monitor and perhaps to limit the spread of resistant parasites. It has already
given us the tools to assess the best treatment options in areas where clinical
drug resistance is not yet manifest. Two different molecular mechanisms of
drug resistance have been discussed: SNPs in the actual drug target as for SP
and atovaquone leading to a rapid evolvement of resistance; and mutations
or amplification of uptake modulating transporters as for PfCRT and CQ or
PfMDR1 and Mfq/As. Furthermore, previous resistance to one drug may pro-
vide protective molecular mechanisms against the development of resistance
against another unrelated compound.
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Abstract Despite the initiation in 1998 by the World Health Organization of a campaign
to ‘Roll Back Malaria’, the rates of disease and death caused by Plasmodium falciparum
malaria in sub-Saharan Africa are growing. Drug resistance has been implicated as
one of the main factors in this disturbing trend. The efforts of international agencies,
governments, public health officials, advocacy groups and researchers to devise effec-
tive strategies to deter the spread of drug resistant malaria and to ameliorate its heavy
burden on the people of Africa have not succeeded. This review will not attempt to
describe the regional distribution of drug resistant malaria in Africa in detail, mainly
because information on resistance is limited and has been collected using different
methods, making it difficult to interpret. Instead, the problems of defining and moni-
toring resistance and antimalarial drug treatment outcomes will be discussed in hopes
of clarifying the issues and identifying ways to move forward in a more coordinated
fashion. Strategies to improve measurement of resistance and treatment outcomes,
collection and use of information on resistance, and potential approaches to deter and
reduce the impact of resistance, will all be considered. The epidemiological setting
and the goals of monitoring determine how antimalarial treatment responses should
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be measured. Longitudinal studies, with incidence of uncomplicated malaria episodes
as the primary endpoint, provide the best information on which to base treatment
policy changes, while simpler standard in vivo efficacy studies are better suited for
ongoing efficacy monitoring. In the absence of an ideal antimalarial combination
regimen, different treatment alternatives are appropriate in different settings. But
where chloroquine has failed, policy changes are long overdue and action must be
taken now.

Abbreviations
DHFR Dihydrofolate reductase
GRI Genotype resistance index
GFI Genotype failure index
mono-DEC Monodesethylchloroquine

1
The Scope of the Problem

Malaria kills about two million Africans every year, and is the leading cause
of disease and death among children and pregnant women in many sub-
Saharan African countries. In 1997, at an international workshop convened
in Dakar, Sénégal, representatives of funding agencies, public health officials,
and scientists from the USA, Europe and Africa addressed the question of
how best to bring their combined resources to bear on this enormous and
intractable public health problem. The consensus was that existing modalities
for the treatment, control and prevention of malaria must be utilized better.
However, theparticipantsalsoconcluded thatamoresubstantial andenduring
amelioration of the damage caused by malaria would require new tools, most
notably effective and inexpensive vaccines. Significant progress has been
made toward developing vaccines to prevent malaria infection, disease and
transmission, but it will still be many years before an affordable, effective
malaria vaccine will be deployed in Africa.

Until a vaccine is available, case management with prompt and effective
treatment will remain the mainstay of malaria control (Winstanley 2000),
and even if a successful vaccine is developed, drug treatment of malaria will
remain a critical pillar of public health in Africa. Because antimalarial drugs
will continue to be a primary tool for preventing disease and death, drug
resistance will continue to be a major impediment to malaria control on the
continent.

Chloroquine is the most important and successful drug ever used against
falciparum malaria because of its low cost, low toxicity and high efficacy
against susceptible parasites (Wellems et al. 2001). However, resistance has
developed, and chloroquine-resistant falciparum malaria has caused large
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increases in morbidity and mortality in parts of Africa. The introduction
of chloroquine resistance into Kinshasa, Zaire was associated with malaria
changing from a relatively infrequent admitting diagnosis to the most com-
mon diagnosis of pediatric hospital admissions (Greenberg et al. 1989). In
Sénégal, as chloroquine resistant falciparum malaria increased over a period
of 12 years in different communities it was associated with dramatic increases
in malaria-attributable deaths in those communities (Trape et al. 1998). While
it is impossible to establish a definite and linear cause-and-effect relationship
between the introduction and rise of chloroquine resistance and measures
of morbidity and mortality in these ecological studies, it is also difficult to
imagine that as chloroquine efficacy falls from nearly 100% to less than 25%
in some areas, the result could be anything other than an increase in disease
and death caused by malaria. The high-risk groups are relatively non-immune
infants and young children in areas of high transmission and persons of all
ages in areas with low or epidemic transmission.

In African countries where chloroquine has failed, it has usually been re-
placed with the antifolate combination sulfadoxine–pyrimethamine. P. falci-
parum resistance to sulfadoxine–pyrimethamine has emerged at various rates
in different transmission settings in Africa (Mutabingwa et al. 2001b; Plowe
et al. 2004; Roper et al. 2003), and the impact of resistance to sulfadoxine–
pyrimethamine is less well documented than that of chloroquine. However,
high rates of sulfadoxine–pyrimethamine resistance have been observed in
some areas in Africa (Mutabingwa et al. 2001b; Roper et al. 2003) and this de-
velopment is likely to be accompanied by increases in malaria morbidity and
mortality similar to those observed in areas with high chloroquine resistance.

Other antimalarial drugs, usually given in combination in the hope of
deterring resistance, have only recently been deployed in Africa in limited
areas. The consequences of the eventual failure of these therapies, while not
yet known, are predictably dire based on the history of chloroquine and
sulfadoxine–pyrimethamine in Africa and of antimalarial combinations in
other parts of the world (Nosten et al. 1991).

2
Drug Resistance Versus Therapeutic Efficacy

In discussing drug resistance, it is important to distinguish between classifi-
cations of drug-resistant and -sensitive parasites by assays performed in vitro,
and those applied to in vivo assessments of antimalarial treatment. In vitro
assays are performed under different conditions in different laboratories, and
standardized definitions of sensitive versus resistant parasites are not avail-
able or agreed upon for all drugs. Even in the case of chloroquine, there is
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some disagreement as to whether parasites should be classified as strictly sen-
sitive versus resistant in vitro or if there are intermediate ranges of resistance
that are meaningful to clinical outcomes. In vitro assays for sulfadoxine–
pyrimethamine are notoriously difficult to perform reproducibly. In addition,
because the tests must be conducted under nonphysiological conditions, ex-
trapolating from the in vitro results to in vivo treatment outcomes is difficult.
For example, decreases in susceptibility can be induced to the artemisinin
derivatives in vitro, but these do not reflect true resistance in the sense of
being associated with decreased clinical efficacy because in vivo parasito-
logical resistance to the artemisinin derivatives has not been documented
(Meshnick 2002).

In vivo outcome assessments are similarly plagued by differences in def-
inition. Traditionally, in vivo resistance has been measured by inspecting
peripheral blood smears for the presence or absence of malaria parasites
at intervals following treatment (WHO 1973). However, in 1996 the World
Health Organization recommended that in vivo outcome definitions also con-
sider the host response, including fever (WHO 1996). Using this approach,
an individual found to be parasitemic but afebrile 4–14 days after treatment
would be regarded as having had an adequate clinical response. Currently,
the WHO is re-defining antimalarial treatment outcomes to incorporate both
parasitological and clinical responses. Table 1 provides the older, standard
definitions of parasitological resistance, and the latest definition of therapeu-
tic and parasitological outcomes (WHO 2002) are shown in Table 2. The new
definitions include a treatment response category called Adequate Clinical
and Parasitological Response, which is essentially identical to the traditional
sensitive in vivo outcome. This reversion to requiring that detectable para-
sites be eliminated before an individual can be considered to be adequately
treated was based on the recognition that asymptomatic infections, even in
areas with high rates of reinfection, are deleterious, and can lead to increased

Table 1 Parasitological resistance outcomes

RIII No reduction in parasitemia,
or reduction to ≥25% of day 0 level, by day 3

RII Reduction in parasitemia to <25% of day 0
level by day 3 without clearance by day 7,
leading to re-treatment or followed by persistent parasitemia

RI Initial clearance of parasites
with subsequent positive thick smear by day 14 or 28

Sensitive Clearance of parasite by day 6 with no recurrence
of parasitemia, without previously meeting criteria
for RI, RII or RIII
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rates of anemia (Plowe et al. 2004) and even mortality (Zucker et al. 1996).
Thedefinitionsof invivoparasitological resistanceand therapeutic efficacy

have flaws. Criteria for both high-level parasitological resistance (RIII) and
early treatment failure are met if the level of parasite density 3 days after
treatment is 25% or more than the parasite density at the time of treatment.
However, among semi-immune populations with high initial parasitemias,
a substantial proportion of untreated individuals will go on to clear their
infections if rescue therapy is not given, indicating that that both the old and
current definitions of resistance and efficacy yield a substantial number of
‘false positive’ RIII and early treatment failure outcomes. These definitions
are thus likely to overestimate ‘true’ parasitological resistance (Plowe et al.
2001; White 2002).

The difficulty in reconciling parasitological and therapeutic outcomes is
that post-treatment parasite survival and clinical outcomes depend not only
on the ability of malaria parasites to cope with the drug, but also on other
factors that can affect the growth of parasites following treatment and the
clinical response. Host immunity is probably the most important of these
(Djimde et al. 2001a; White 2002) but several other factors can contribute
both to parasitological and clinical outcomes.

3
Factors Affecting Treatment Outcome

It has long been known that the level of host immunity acquired through long-
term exposure to infection affects the response to drug treatment (Mayxay et
al. 2001; White 2002). In Bandiagara, Mali, a site where malaria vaccines are
being tested, the median age of persons presenting to clinic with symptomatic
uncomplicated falciparum malaria is 10 years (Djimde et al. 2001a). In this
setting of moderate malaria transmission, immunity as reflected by age plays
a critical role in the host’s ability to clear chloroquine-resistant parasites when
treated with chloroquine: persons aged less than 10 years cleared chloroquine-
resistant parasites at a rate half that of persons aged 10 years or older. The age
pattern of the ability to clear chloroquine-resistant parasites mirrors exactly
the acquisition of clinical immunity (Fig. 1). Infants aged less than 1 year
who are still protected by maternal antibodies or other mechanisms that
prevent disease in young infants are able to clear resistant parasites; children
aged between 2 and 4 years, the group at highest risk of severe malaria,
lose this ability; and then a resumption and retention of the ability to clear
chloroquine-resistant parasites in later childhood through to adulthood is
observed (Djimde et al. 2003). In contrast, in Blantyre, Malawi, where the
median age of persons presenting to clinic with uncomplicated falciparum
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Table 2 New World Health Organization classification of response to antimalarial
treatment

Intense transmission area Low to moderate transmission area

Early treatment failure
Development of danger signs of severe
malaria on day 1, day 2 or day 3, in the
presence of parasitemia

Development of danger signs of severe
malaria on day 1, day 2 or day 3, in the
presence of parasitemia

Parasitemia on day 2 higher than day 0
count irrespective of axillary
temperature

Parasitemia on day 2 higher than day 0
count irrespective of axillary
temperature

Parasitemia on day 3 with axillary
temperature ≥37.5°C

Parasitemia on day 3 with axillary
temperature ≥37.5°C

Parasitemia on day 3 ≥25% of count
on day 0

Parasitemia on day 3 ≥25% of count
on day 0

Late treatment failure

Late clinical failure Late clinical failure
Development of danger signs or severe
malaria after day 3 in the presence
of parasitemia, without previously
meeting any of the criteria of early
treatment failure

Development of danger signs or severe
malaria after day 3 in the presence
of parasitemia, without previously
meeting any of the criteria of early
treatment failure

Presence of parasitemia and axillary
temperature ≥37.5°C on any day
from day 4 to day 14, without previously
meeting any of the criteria of early
treatment failure

Presence of parasitemia and axillary
temperature≥37.5°C (orhistoryof fever)
on any day from day 4 to day 28, without
previously meeting any of the criteria
of early treatment failure

Late parasitological failure Late parasitological failure
Presence of parasitemia on day 14 and
axillary temperature <37.5°C,
without previously meeting any
of the criteria of early treatment failure
or late clinical failure

Presence of parasitemia on any day
from day 7 to day 28 and axillary
temperature <37.5°C, without previously
meeting any of the criteria of early
treatment failure or late clinical failure

Adequate clinical and parasitological response
Absence of parasitemia on day 14
irrespective of axillary temperature
without previously meeting any
of the criteria of early treatment failure
or late clinical failure or late treatment
failure

Absence of parasitemia on day 28
irrespective of axillary temperature
without previously meeting any
of the criteria of early treatment failure
or late clinical failure or late treatment
failure
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Fig. 1 Relationship between age and clearance of resistant parasites after chloroquine
treatment in Bandiagara, Mali. Clearance of chloroquine resistant parasites is strongly
associated with age in a pattern that closely follows perinatal and acquired clinical
immunity. (Reproduced with permission from Djimde et al. 2003)

malaria was only 2.4 years (Kublin et al. 2002), and in studies that excluded
all but the youngest children (Mayor et al. 2001), no association was observed
between age and response to sulfadoxine–pyrimethamine or chloroquine
treatment, respectively.

Other host factors that are associated with lowered immunity have been
implicated in responses to antimalarial treatment and prophylaxis, including
malnutrition (Wolday et al. 1995) and infection with HIV (Parise et al. 1998).
Given the very high rates of malnutrition and AIDS in much of Africa, if
these are determined to be significant factors in response to malaria treat-
ment, the public health impact will be massive (Bloland 2001). Antimalarial
treatment failures can even be iatrogenic, e.g. folate supplements given to
pregnant women have been shown to decrease the efficacy of sulfadoxine-
pyrimethamine (van Hensbroek et al. 1995).

Age itself, irrespectiveofprior exposure tomalaria,mayassistwith acquisi-
tion of the ability to clear parasites following treatment: adult transmigrants
from a malaria-free area of Indonesia to a malaria-endemic area acquired
immunity significantly more rapidly than did children (Baird et al. 1993).
Other forms of innate immunity may assist with clearing resistant parasites,
for example HLA types shown to protect from severe malaria might also
aid in clearing parasites after treatment (Hill et al. 1991). In addition, other
host genetic factors such as sickle cell trait (Miller et al. 1976), hemoglobin C
(Agarwal et al. 2000; Modiano et al. 2001), thalassemias (Miller et al. 1976) and
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glucose-6-phosphase dehydrogenase deficiency (Ruwende et al. 1995) have all
been associated with protection from malaria disease and could contribute to
parasite clearance.

The bioavailability of a drug formulation and its pharmacokinetics are
also likely to be important in antimalarial treatment outcomes. Chloroquine
and its principal active metabolite, monodesethylchloroquine (mono-DEC)
have comparable activity against chloroquine-sensitive P. falciparum, but
mono-DEC, which is detected in the plasma in variable ratios to chloroquine
among individuals, shows a much greater loss of activity against chloroquine-
resistant P. falciparum than chloroquine (Hellgren et al. 1989). Mono-DEC is
not used in the standard in vitro assays for chloroquine resistance, and given
its potentially important in vivo role, it is difficult to interpret differences in
IC50 among P. falciparum strains that fall within the resistant range, and to
determine the relevance of these differences to in vivo efficacy (Wellems et al.
2001). Proguanil provides an example of how differences in host metabolism
can affect treatment response: a relatively high proportion of East Africans
have an impaired ability to metabolize proguanil to its active dihydrofolate
reductase (DHFR)-inhibiting metabolite cycloguanil (Watkins et al. 1990).

At the community and regional level, how drugs are distributed and used,
e.g., restricting use to dispensation in clinics only following microscopically
confirmed diagnosis versus making drugs widely available through programs
of home-based therapy by mothers, affect not only individual treatment re-
sponse but the development and spread of drug resistance. Drug usage pat-
terns and adherence to correct dosing regimens are major determinants of
drug pressure and thus of resistance, raising a dilemma in Africa where access
to diagnostic facilities and trained health workers is limited. Restriction of
drug use has been employed in more economically developed areas but is
unlikely to be a viable strategy in most of Africa until primary health care
infrastructures are improved. Two recent reviews discuss how such programs
and practices affect resistance (Bloland et al. 1999, 2001).

4
Mechanisms of Resistance

The molecular mechanisms of resistance to antimalarial drugs are described
in detail in other reviews in this series and will only be briefly summarized
here. Chloroquine resistance in P. falciparum is conferred by mutations in
PfCRT, a transporter protein that has been localized to the parasite digestive
vacuole (Fidock et al. 2000). A single Lys→Thr mutation at codon 76 (K76T),
always occurring on a variable background of other PfCRT mutations, is
the key determinant of chloroquine resistance, as shown in laboratory-based
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studies of chloroquine-sensitive and resistant parasites (Fidock et al. 2000),
genetic transformation experiments (Fidock et al. 2000; Sidhu et al. 2002) and
a series of field surveys described in a recent review (Wellems et al. 2001).

Polymorphisms in PfMDR1 encoding the P. falciparum P-glycoprotein ho-
mologue 1, modulate chloroquine resistance in mutant PfCRT-harboring par-
asites in vitro (Reed et al. 2000), although their role in chloroquine resistance
in vivo, if any, remains unclear (Djimde et al. 2001a). As noted above, the
relevance of variations of IC50 within the chloroquine-resistant range cannot
necessarily be extrapolated to parasite response in vivo, and field studies of
the association between these mutations and chloroquine treatment response
have been contradictory. PfMDR1 mutations and other parasite genetic fac-
tors may play a secondary role in chloroquine treatment outcomes, but these
appear to be neither necessary nor sufficient to cause chloroquine treatment
failure, and multivariate analyses have failed to detect statistical interactions
between mutations in PfCRT and PfMDR1 (Djimde et al. 2001a; Jelinek et al.
2002), i.e., the presence of mutations in both genes was not more strongly
associated with treatment failure than the presence of PfCRT T76 alone.

Pyrimethamine and cycloguanil (the active metabolite of proguanil) bind
and inhibit DHFR, and the sulfa and sulfone drugs inhibit dihydropteroate
synthase (DHPS) (Foote et al. 1994). In vitro resistance of P. falciparum to
pyrimethamine and to cycloguanil is due to specific point mutations in P. fal-
ciparum DHFR (Cowman et al. 1988; Foote et al. 1990; Peterson et al. 1988,
1990; Zolg et al. 1989). Mutations in DHPS are similarly associated with in
vitro resistance to the sulfa drugs and sulfones (Brooks et al. 1994). Both the
DHFR and DHPS mutations occur in a progressive, step-wise fashion, with
higher levels of in vitro resistance occurring in the presence of multiple mu-
tations. It is worth noting that a DHFR mutation at codon 164 and a DHPS
mutation at codon 581 appear to be the last steps in high-level resistance to
the antifolates. Fortunately, the former has yet to be definitively documented
in Africa and the latter is rare there.

Mutations and/or changes in copy number of PfMDR1, or in the expression
of the protein it encodes, Pgh1, have been implicated in resistance to quinine
(Duraisingh et al. 2000; Zalis et al. 1998), mefloquine (Price et al. 1999; Reed et
al. 2000; Wilson et al. 1993), halofantrine (Peel et al. 1994; Wilson et al. 1993)
and to changes in susceptibility to the artemisinin derivatives (Duraisingh
et al. 2000; Reed et al. 2000; Walker et al. 2000). However, other studies have
failed to find these associations in some cases (Lim et al. 1996; Ritchie et al.
1996) and the role of PfMDR1 in resistance remains a subject of debate and
continued research. Recent genome-wide scanning methods are identifying
new transporter genes that may be involved with resistance to quinine and
other drugs (Mu et al. 2003) and it is likely that we still have much to learn
about transporters and drug resistance in P. falciparum.
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Resistance to atovaquone when used as a single agent is conferred by muta-
tions in cytochrome b, although this resistance does not appear to be a factor
when atovaquone is used in combination with proguanil in the drug Malarone.
A pair of DHFR mutations, each rare in nature, is associated with resistance to
cycloguanil, the active metabolite of proguanil, but the relevance to potential
in vivo atovaquone–proguanil resistance is unclear, in that proguanil appears
to act directly against the parasite independently of its metabolite’s inhibition
of DHFR (Fidock et al. 1997), probably through acting on a mitochondrial
pathway (Fidock et al. 1998; Srivastava et al. 1999).

To date, the only drugs for which molecular markers have been consistently
and strongly associated with treatment failures are chloroquine, mefloquine
(see chapter by P.G. Bray et al. and Uhlemann and Krishna, this volume) and
sulfadoxine–pyrimethamine (Plowe 2003).

5
The Spread of Drug Resistance in Africa

Chloroquine resistant P. falciparum malaria arrived later in Africa than it did
in Asia and South America. Several hypotheses for the later arrival have been
put forth, but with the identification of the key molecular determinant of
chloroquine resistance it appears that chloroquine-resistant genotypes arose
independently in a limited number of foci, none of them in Africa, and spread
contiguously and slowly to the continent, arriving in East Africa in the late
1970s (Wellems et al. 2001).

The primary force behind the spread of drug resistance, once it arrives
or arises, is drug pressure on the parasite. The relatively slow spread of
chloroquine resistance in Africa compared to South East Asia and parts of
South America may be explained by models predicting that resistance can
only arise and be sustained when a threshold of drug use relative to the
overall parasite population in an area is met, particularly if the resistance
comes at a cost to parasite survival (Koella et al. 2003). This line of thinking
may at first seem counter-intuitive, in that there is much more malaria in
Africa than elsewhere and therefore more antimalarial use. However, because
high transmission results in semi-immunity, the vast majority of P. falciparum
infections in Africa are asymptomatic and therefore less likely to come under
drug pressure, compared to low transmission areas where infection nearly
always leads to disease and therefore to treatment (Luxemburger et al. 1996).
Thus in Africa there is always a large reservoir of parasites that are not
under drug pressure, permitting more fit, less resistant parasites to regain the
upper hand and overall predominance in the population. This phenomenon
may explain not only the slow spread of chloroquine resistance in Africa
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but also the slower development of resistance to sulfadoxine-pyrimethamine
resistance in some areas than had been predicted (Plowe et al. 2004).

The pace and patterns of how drug-resistant malaria spreads is no doubt
more complex than this. The disparate experiences in Africa and Asia suggest
that resistance should take hold most slowly in areas of highest transmis-
sion, but within Africa, this model is challenged (Mackinnon 1997; Paul et al.
1995). Chloroquine resistance has remained at relatively low and stable levels
in many parts of West Africa where transmission is lower than it is in parts of
East Africa where chloroquine has failed. The relative availability of drugs and
cultural tendencies to use traditional versus modern pharmaceutical treat-
ments also impacts on the amount of drug pressure applied to the overall
parasite population in an area, helping to explain regional variations in de-
velopment and rates of resistance. Mathematical modeling may help to clarify
this picture (Hastings 1997, 1998), but such models will need to incorporate
all of the known factors impacting drug pressure, malaria transmission and
parasite genetic population dynamics. This will be challenging.

6
Measuring Resistance and Treatment Outcomes

Current in vivo methods for measuring antimalarial drug efficacy in high-
transmission areas use a 14-day follow-up period, reflecting a compromise
between missing late treatment failures occurring after 14 days and mis-
classifying reinfections as treatment failures. Predictably, when follow-up is
extended to 28 days or longer, more cases of apparent resistance or treat-
ment failure are found (Dorsey et al. 2002; Plowe et al. 2004; White 2002). In
high transmission areas, some of these recurrent infections are reinfections,
not true recrudescence due to treatment failure. Genotyping post-treatment
infections can help to distinguish between reinfections and recrudescence
(Cattamanchi et al. 2003; Viriyakosol et al. 1995), but it is impossible to rule
out the possibility that apparent new infections actually represent minor sub-
populations of the original infections that rose above the threshold of PCR
detection after the majority of susceptible parasites were destroyed. Efficacy
studies with long follow-up periods and genotyping to distinguish reinfection
and recrudescence are also expensive, impractical for most groups conduct-
ing drug resistance surveillance, and in some cases may be of questionable
relevance to public health policymakers, who are less interested in know-
ing rates of asymptomatic parasitemia several weeks after treatment than
they are in knowing rates of acute recovery from illness and the incidence of
uncomplicated malaria treatment episodes, anemia and severe malaria.
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These limitations of standard in vivo studies have led some to advocate
longitudinal studies of drug efficacy. In addition to measuring efficacy of in-
dividual treatments at 14 or 28 days, longitudinal studies measure sustained
efficacy with repeated use of the same regimen over time. The primary out-
come of interest, the incidence of uncomplicated malaria treatment episodes,
as well as the secondary outcomes of incidence of anemia and severe malaria,
are highly relevant to public health policy-makers, as they reflect not only the
burden of disease but also the utilization of health resources.

Longitudinal studies also permit assessment of how pharmacokinetic
properties of drugs affect the incidence of treatment episodes. The first
such longitudinal trial of antimalarial drug efficacy was a double-blinded,
placebo controlled trial of sulfadoxine–pyrimethamine and chlorproguanil–
dapsone in Kenya and Malawi. These otherwise similar antifolate combi-
nations are distinguished by the much shorter half-life of chlorproguanil–
dapsone, which was thought to make it less prone to development of resis-
tance, at a cost of losing the post-treatment prophylactic effect offered by
longer-acting sulfadoxine-pyrimethamine. Chlorproguanil-dapsone is also
more efficacious than sulfadoxine–pyrimethamine in Africa, where it has
been shown to clear infections resistant to sulfadoxine–pyrimethamine (Mu-
tabingwa et al. 2001a).

This first longitudinal study randomized children to receive one drug or
the other for all uncomplicated falciparum malaria episodes over the course of
a year, and compared the cumulative number of treatment episodes and rates
of treatment failure and anemia (Sulo et al. 2002). In Malawi, chlorproguanil–
dapsone had an efficacy of 95% compared to only 80% for sulfadoxine–
pyrimethamine (p<0.01). Yet there were no differences between the treat-
ment groups in the incidence of uncomplicated malaria episodes, anemia or
severe malaria, indicating that the better efficacy of chlorproguanil-dapsone’s
short half-life was offset by its lacking the long prophylactic effect offered by
sulfadoxine–pyrimethamine.

Although invivostudiesprovide the informationneeded tomakeevidence-
based malaria treatment policies, standard in vivo studies are expensive and
time-consuming, and longitudinal clinical efficacy trials are even more so.
Longitudinal studies are probably most appropriately done when a country
or a region is considering changing its first-line antimalarial, as they provide
the most comprehensive evaluation of how a drug will perform over time.
Standard in vivo efficacy studies will continue to be the gold standard for
monitoring efficacy of drugs currently in use.

In vitro methods for measuring drug resistance (Nguyen-Dinh et al. 1980)
have very limited suitability for surveillance because they require that venous
blood with a high parasite density be quickly frozen or transported cold to
a laboratory for parasite cultivation, the methods are laborious, and failure
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to establish primary parasite growth is frequent. However, they remain im-
portant for confirming and characterizing resistance and for investigating the
molecular and cellular mechanisms of resistance.

Although molecular markers for chloroquine and sulfadoxine–pyri-
methamine resistance have been advocated as tools for surveillance of
resistance for several years, they are still rarely used for this purpose. This is
in large part because the prevalence rates of molecular markers for resistance
are invariably higher than the prevalence of in vivo drug resistance, almost
certainly due to the assistance of the host immune response in clearing
parasites following treatment.

To overcome this problem, a simple model was developed that calculates
ratios between prevalence rates of the chloroquine-resistant PfCRT genotype
and therapeutic and parasitological outcomes of in vivo studies (Djimde et al.
2001b). At four sites in Mali over 3 years, a genotype-resistance index (GRI)
for each site was calculated by dividing the prevalence of the chloroquine-
resistant genotype (PfCRT 76T) by the prevalence of in vivo chloroquine
resistance (RI, RII and RIII) at that site. A genotype-failure index (GFI)
was similarly calculated as the ratio of resistant genotype to chloroquine
therapeutic failure (early and late treatment failures) at each site. The GRIs
and GFIs increased dramatically with age, presumably reflecting acquired
immunity and a higher proportion of older persons who cleared parasites
with the chloroquine-resistant genotype when treated with chloroquine. After
controlling for age, both GRIs and GFIs were reasonably stable over geography
and time, ranging from1.6 to2.8at all studysitesover the3-yearperiod,during
which time chloroquine resistance was increasing. This model suggests that
if GRIs and GFIs remain stable over time even as rates of resistance and
treatment failurechange,once these indicesareestablished,molecular surveys
could be used as a tool for surveillance to predict in vivo treatment outcomes.
The methods are simple: collection of filter-paper blood spots from the same
digital punctures used to make malaria smears for diagnosis; drying and
transporting the samples at room temperature; and performing simple allele-
specific molecular assays. Many laboratories in Africa have had the capacity to
perform these assays for several years, and could serve as central laboratories
for regional surveillance networks.

Molecular markers will not supplant in vivo surveys for resistance, but
they may help to focus limited resources available for in vivo studies to ar-
eas where molecular surveys indicate rising rates of resistance markers, and
they can also be used to monitor the rates of resistance once a drug has
been withdrawn from use (Kublin et al. 2003). GRI and GFI models have
thus far been established only for chloroquine, but in principle they should
be equally useful for the DHFR and DHPS mutations that serve as mark-
ers for sulfadoxine-pyrimethamine resistance (Kublin et al. 2002). Molecular
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markers for resistance to other antimalarial drugs are not yet well established
enough to permit molecular monitoring as a practical tool for surveillance of
resistance.

The GRI/GFI model remains to be validated in other settings with wide
variations in malaria transmission, and for other drugs such as sulfadoxine–
pyrimethamine, and it is not useful where resistance rates are already high, as
the prevalence of the molecular markers approaches or reaches 100% in these
settings (Dorsey et al. 2001; Pillai et al. 2001). Nevertheless, this approach
may provide a way to extend the coverage of drug resistance monitoring
beyond a few sentinel sites in areas where chloroquine and sulfadoxine-
pyrimethamine are being used.

The new WHO protocol for monitoring antimalarial therapeutic efficacy
(WHO 2002) (Table 2) provide revised definitions of clinical and therapeutic
failure that can provide the basis for further assessment of the GRI/GFI model.
To assure standardized validation of the model, the measures of failure used in
thedenominator forGFIs should includeearly treatment failure, late treatment
failure and late parasitological failure. Since these incorporate the classical
RI, RII and RIII levels of resistance and the category of Adequate Clinical and
Parasitological Response is virtually identical to the definition of sensitive in
vivo outcome, calculation of GRIs is no longer necessary and GFIs using the
new definitions should be used.

7
Deterring Resistance

Combinations of antimalarial drugs targeting different pathways, especially
combinations including the rapidly acting and highly efficacious artemisinin
derivatives, are being strongly advocated as a strategy for improving efficacy
and deterring drug resistant malaria in Africa (White et al. 1999). This strat-
egy holds great promise, not only because the rapid reduction of parasite
biomass by artemisinin derivatives is expected to protect other drugs used in
combination with them, but because this class of drugs reduces gametocyte
production and therefore the transmission of resistant parasites (Price et al.
1996). Nevertheless, several obstacles to successful implementation of com-
bination antimalarial therapy remain; these have been discussed in detail in
a recent review (Bloland et al. 2000). As the deployment of these combinations
is progressing, it is unfortunately predictable, based on experiences with suc-
cessful interventions including insecticide-impregnated bednets, childhood
vaccines and antiretroviral drugs for HIV, that it will likely take years for these
drugs to become available to the majority of Africans, especially those living
in areas with little or no primary health care infrastructure.
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Onenovel approach todeterring resistancewas suggestedbya recent report
from Malawi. In 1993, Malawi became the first sub-Saharan African coun-
try to switch from chloroquine to sulfadoxine–pyrimethamine as the first-
line antimalarial nationwide (Bloland et al. 1993). Since 1993 sulfadoxine–
pyrimethamine has been the only treatment for uncomplicated malaria avail-
able in government health facilities, where is it is dispensed without prescrip-
tion. Chloroquine is available only by prescription, a national information
campaign was largely successful in convincing health practitioners and the
public to accept sulfadoxine–pyrimethamine as the standard treatment for
malaria, and chloroquine use was greatly curtailed if not eliminated entirely.

Malawi has thus served as a sentinel site for changing from chloro-
quine to sulfadoxine–pyrimethamine in Africa. Contrary to predictions that
sulfadoxine–pyrimethamine would fail there within 5 years, adequate clini-
cal responses to sulfadoxine–pyrimethamine have been stable at about 80%
from 1998 through 2002 in a prospective study that started 5 years after it
was introduced (Plowe et al. 2004). Moreover, most of the treatment fail-
ures were early treatment failures based solely on parasitological measure-
ments, a substantial proportion of which are likely to be ‘false positive’ treat-
ment failures, as discussed above. These results demonstrate that the pat-
terns of emergence of resistance in one setting, e.g., Southeast Asia, where
sulfadoxine-pyrimethamine failedmuchmore rapidly, cannotbeextrapolated
to other very different epidemiologic settings. The relatively stable efficacy
of sulfadoxine–pyrimethamine in Malawi, combined with the results of the
previously cited longitudinal comparison with chlorproguanil-dapsone (Sulo
et al. 2002), suggest that African countries with very low chloroquine efficacy,
reasonably high sulfadoxine–pyrimethamine efficacy, and no other imme-
diately available alternatives may benefit from interim use of sulfadoxine–
pyrimethamine, either alone or in combination with other currently available
and affordable drugs (see Sect. 8), while awaiting implementation of superior
antimalarial regimens.

This relatively good news of stable clinical efficacy in Malawi is mitigated
by the finding that parasitological resistance at 14 and 28 days post-treatment
and therapeutic failuresat 28dayspost-treatmentwereall increasingmodestly
but significantly throughout this period. In addition, children with adequate
clinical responses but RI parasitological resistant outcomes (i.e., infection but
no fever) at 28 days had an increased risk of anemia (Plowe et al. 2004).

The cessation of chloroquine use in Malawi was followed by a dramatic
reemergence and predominance of chloroquine-sensitive P. falciparum.
The prevalence of the chloroquine-resistant PfCRT 76T genotype decreased
steadily from 85% in 1992 to 13% in 2000 in Blantyre, a large city in central
Malawi, and in 2001 and 2002 no mutant PfCRT could be found in the
area by two independent groups. In 2001, chloroquine cleared 100% of
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63 asymptomatic P. falciparum infections, and no isolates were resistant
to chloroquine in vitro (Kublin et al. 2003). Another study conducted in
a district further north in Malawi found a 17% prevalence of PfCRT 76T in
1998 and only 2% in 2000 (Mita et al. 2003). The striking disappearance of
chloroquine-resistant P. falciparum in Malawi at a time when the prevalence
of 76T remained over 90% in neighboring Zambia, where it was still the first
line drug, is most likely attributable to a cost to parasite fitness caused by the
chloroquine resistance-conferring PfCRT mutations resulting in selection for
parasites with wild type PfCRT in the absence of chloroquine drug pressure.

If controlled trials of chloroquine efficacy in areas where chloroquine
use has been substantially reduced for a period of years confirm a return of
chloroquine’s clinical efficacy, countries now using chloroquine may be able to
consider withdrawing chloroquine and switching to other drugs on an interim
basis, knowing that they may be able to later reintroduce chloroquine, which
is unparalleled in its safety and low cost. To preserve chloroquine efficacy
it will almost certainly be reintroduced as a component of a combination
therapy, ideally with a drug with a similar elimination half-life.

8
Changing Antimalarial Drugs

A full discussion of the scientific, political, economic and social aspects of
when and how African countries should make policy decisions on changing
first line antimalarial drugs is beyond the scope of this review, and these topics
are covered in other recent reviews (Bloland et al. 1999; Bloland 2001). How-
ever, in light of the current strong support from some quarters for widespread
implementation of artemisinin-derivative based combination therapy (White
et al. 1999) across Africa and recent criticisms of the global health communi-
ty’s progress in achieving this (Attaran et al. 2004), some discussion of how
drug resistant malaria is defined and monitored is warranted to illuminate
this contentious topic. Some of the obstacles that need to be overcome to im-
plement combination therapy successfully in Africa, as has been done in parts
of South East Asia, were reviewed in detail by Bloland and Ettling (Bloland
et al. 2000), who point out the importance of elimination half-lives when
drugs are used in combination. Combinations with mismatched half-lives
may be highly efficacious when measured in single-treatment in vivo efficacy
studies, but the rapid elimination of one drug will leave the longer-acting
drug unprotected, thwarting the goal of deterring development of resistance
in areas where reinfection is likely during the period of elimination of the
longer-acting drug.
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The longitudinal study of chloroproguanil-dapsone versus sulfadoxine-
pyrimethamine described above in Section 6 (Sulo et al. 2002) demonstrates
another important point that is under-appreciated in the current movement
toward high-efficacy, short-acting combination antimalarial drug therapy
across Africa. In that study, children treated for all episodes of malaria over
the course of a year with sulfadoxine-pyrimethamine had no more episodes
of uncomplicated malaria, anemia or severe malaria than those treated for
all malaria episodes with chlorproguanil-dapsone, despite the latter’s much
higher efficacy. Clearly, radical cure, which can be achieved with short-acting,
highly efficacious combinations, should be the goal in low transmission set-
tings where the risk of reinfection is low, but this study demonstrates that
over time, children in areas of high transmission may do as well or better with
a longer acting drug with mediocre efficacy than with a highly curative but
short acting drug. The larger point is that one drug or drug combination is
not ideal for all settings, and that transmission dynamics and other factors
must be considered in choosing optimal antimalarial drug regimens.

Until recently, the WHO recommended that when treatment failure rates
(Early and Late Treatment Failures; Table 2) reached 25%, countries should
change their first line antimalarial drug. Since post-treatment parasitemia was
not considered to be treatment failure unless accompanied with documented
fever, this meant that many cases of RI level resistance under the classic def-
inition of resistance were classified as Adequate Clinical Response, and the
threshold for recommendedchangedidnotoccuruntil clinical resistance rates
were very high. Compounded by the fact that many African countries have
not made changes despite far exceeding these failure rates, these recommen-
dations have resulted in a large proportion of the sub-Saharan African popu-
lation being treated for falciparum malaria with a drug, namely chloroquine,
that no longer works in many settings. Currently, the WHO is considering
lowering the threshold for recommending a change of first line antimalarial
drug to 15% or fewer treatment failures (both early and late). This change
arose from a sense that despite the poor compliance with the current recom-
mendations for changing drugs, the malaria situation in Africa is becoming
increasingly intolerable, and that bold action must be taken to stimulate all
of the partners in the malaria control community to work together to reduce
malaria-attributable disease and death. As these new recommendations are
put in place, it will be important to use carefully defined and standardized
methods for monitoring malaria treatment outcomes.

An ideal antimalarial drug for most settings in Africa might be an
artemesinin-based combination with two additional long-acting drugs with
similar elimination half lives. The artemisinin derivative would rapidly
reduce parasite biomass, greatly reducing the probability of survival of
resistant parasites, and would block transmission via gametocytes. The
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other two drugs would offer both extended prophylaxis, reducing incidence
of subsequent episodes of malaria and other complications, and also offer
some degree of protection for each other against emergence or development
of resistance due to either recrudescent or new infections. Inclusion of two
long-acting agents in an artemisinin-based combination would likely result
in reduced incidence of clinical malaria episodes and anemia, similar to
intermittent presumptive treatment regimens giving in pregnancy and being
considered for infancy and childhood in Africa (Schellenberg et al. 2001).

Such an ideal combination therapy at the right price and in a dosing regi-
men that maximizes adherence is not available now and may not be for years,
if ever. What, then, should African countries with intolerably low chloroquine
efficacy rates who are still using chloroquine do in the meantime? Based on
the weight of the available evidence as well as on theoretical considerations
of the benefits of artemisinin-based combination therapy, those countries
that can afford these drugs now (e.g. countries with Global Fund grants),
preferably combinations with a long-acting drug offering prophylactic ben-
efit, should use them to replace chloroquine. Countries that will not soon
have access to highly effective combinations therapies but where sulfadoxine-
pyrimethamine remains highly efficacious should consider switching from
chloroquine to sulfadoxine-pyrimethamine as an interim measure that can
be implemented immediately while continuing to seek the means to obtain
superior drug combinations. Alternatively, the combination of amodiaquine-
sulfadoxine-pyrimethamine has been shown to be highly effective even where
sulfadoxine-pyrimethamine efficacy is compromised, and this inexpensive
combination offers another promising option that is available now (Dorsey et
al. 2002). What is indisputable is that no country still using chloroquine in the
face of high rates of resistance should continue to use this drug, and that many
countries should have switched to sulfadoxine-pyrimethamine several years
ago. When chloroquine is withdrawn, its use should be curtailed as strictly
as possible, given the evidence that chloroquine sensitive P. falciparum may
reemerge after several years of its withdrawal (Kublin et al. 2003).

9
Conclusions

The key message of this review is that a “one size fits all” approach is in-
appropriate both for monitoring antimalarial drug resistance in Africa and
for formulating antimalarial treatment and prophylaxis policies on the con-
tinent. While strictly standardized definitions and protocols for monitoring
resistance should be a high priority, the application and interpretation of these
methods must consider the related factors of malaria epidemiology, transmis-
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sion intensity and host immunity in the area where treatment outcomes are
measured. For example, in areas of very high transmission, Adequate Clinical
Response may still be the best indicator to use to set thresholds for changing
antimalarial drugs; in areas of low to moderate transmission where the ben-
efits of radical cure are more evident, Adequate Clinical and Parasitological
Response may be the most appropriate indicator.

It is tempting to argue, as some have done, that artemisinin-based com-
bination therapy resulting in radical cure should be used throughout the
sub-Saharan African region. However, a close consideration of the data sug-
gests that highly efficacious combination therapy with short half-life agents
or combination therapy with drugs with mismatched elimination times may
be the best currently available choice in lower transmission settings, where
radical cure or rapid reduction in parasite biomass is likely to deter the emer-
gence of resistance. On the other hand, drugs or drug combinations with
a prolonged prophylactic effect, even if they have a somewhat lower efficacy,
may provide the most public health benefit over time in higher transmission
settings.

Non-pharmacologic interventions such as the use of insecticide-impreg-
nated bednets may change transmission patterns dramatically in an area,
impacting malaria epidemiology and immunity, and therefore affecting the
rationale for choosing methods for monitoring treatment outcomes and for
antimalarial treatment and prophylaxis policies. Ultimately, the goal of an-
timalarial therapy should not be just to employ the most effective drug as
determined in standard in vivo studies that measure efficacy in a single treat-
ment episode, but to reduce the incidence of uncomplicated malaria, anemia,
severe malaria, and ultimately malaria mortality when the drug is used to
treat consecutive malaria episodes over time. Longitudinal studies may be
required to provide the information necessary to make these region-specific
choices.

The view that drug resistance monitoring and antimalarial treatment
policies must be tailored to different settings across Africa should not be
interpreted as pessimism or obstructionism. In fact, with their combined
resources, expertise and dedication, international agencies, donors, health
officials, drug-resistance monitoring networks, advocacy groups and scien-
tists are up to the task of working together toward a rational, region-specific
approach to achieve the goals of reducing malaria disease and deaths in
Africa. The key to success will be cooperation and coordination among these
partners, who all share the same objectives.

Acknowledgements Thanks to Terrie E. Taylor and Pascal Ringwald for critical reading
of the manuscript.
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Abstract All symptoms and signs of uncomplicated malaria are non-specific, as shared
with other febrile conditions, and can occur early or later in the course of the disease. In
endemic areas, the presence of hepatosplenomegaly, thrombocytopenia and anaemia
is clearly associated with malaria, particularly in children. Fever, cephalgias, fatigue,
malaise, and musculoskeletal pain constitute the most frequent clinical features in
malaria. Following single exposure to Plasmodium falciparum infection, the patient
will either die in the acute attack or survive with the development of some immunity.
Elderly individuals are prone to a more severe course of disease. The non-fatal P. vivax
and P. ovale cause similar initial illnesses, with bouts of fever relapsing periodically,
but irregularly over a period of up to 5 years. Renal involvement of a moderate
degree is more common in mild falciparum malaria than initially suspected. The
liver is also afflicted in mild disease, but organ damage is limited and fully reversible
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after parasitological cure. Whereas the cardiotoxic adverse effects of antimalarial
chemotherapeutics are well known, clinically relevant cardiac involvement in humans
is rare in severe disease and even rarer in uncomplicated falciparum malaria. Co-
infection can aggravate malaria. There is a growing body of evidence that there is
significant interaction in terms of mutual aggravation of the course of disease between
HIV and malaria, particularly in pregnant women. Children with a high level of
exposure to P. falciparum have a lower risk of developing atopic disorders.

Abbreviations
CD Complex of differentiation
CI Confidence interval
ECG Electrocardiogram
HDL High-density lipoprotein
HIV Human immunodeficiency virus
MTCT Mother-to-child transmission
OR Odds ratio
PM Placental malaria
VL Viral load

1
The Clinical Features of Uncomplicated Malaria

There are four principal Plasmodium spp. causing malaria in humans; P. fal-
ciparum, P. vivax, P. ovale, and P. malariae (Singh 2004). Recently, the simian
parasite P. knowlesi was also identified as a causative agent of human malaria
in the forests of Malaysian Borneo. Infection with each species causes initially
similar illness. However, the benign tertian (P. vivax and P. ovale) and quar-
tan malaria (P. malariae) very rarely lead to serious illness or life-threatening
complications (although they can cause debilitating disease) whereas falci-
parum malaria may progress towards severe disease in those not partially
protected by acquired immunity or if not treated promptly (for severe disease
manifestations in falciparum malaria, see chapters by T. Planche et al. and
D. Roberts et al., this volume).

Followinganexoerythrocytic, hepaticdevelopmentphaseof aminimumof
about 6 days after inoculation in falciparum malaria, 9 days in benign tertian
and 15 days in quartan malaria, parasitaemia and disease will develop (the
basics of malaria biology are well described in detail in standard textbook
chapters on malaria such as that by White 2003). An average incubation
period of about 2 weeks between infection and the onset of disease might
be considered as a rule of thumb in vivax and falciparum malaria, but much
longer incubation periods may occur (Grobusch et al. 2000), particularly in
the now rare P. vivax hibernans strains from East Asia, and can be found in
parts of the Korean peninsula (Ree 2000).
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A non-immune individual is infected with about 100 sporozoites on av-
erage, of which one or two will be able to invade hepatocytes; post-hepatic
infection will become symptomatic in almost all cases. Left untreated, par-
asites multiply in red blood cells at a rate of about a 10-fold increase every
2 days, leading to a high parasitaemia within a few days and associated clin-
ical complications such as anaemia, metabolic derangements (acidosis and
hypoglycaemia) and severe organ impairment (renal or cerebral malaria or
pulmonary oedema). The complications may lead to death, which may occur
within a week after the onset of disease. However, death will not occur within
a day or two after the start of disease. Therefore, the initiation of prompt and
effective chemotherapy is the cornerstone of therapeutic intervention.

In general, the onset of malaria might be gradual or fulminant with all
four species. All symptoms and signs can occur early or later in the course of
the disease. The clinical picture is not uniform and might contain the diverse
signs and symptoms in varying proportions. A typical or ‘classical’ malaria
fever paroxysm is a well-described entity, with a ‘cold stage’ of sharply rising
body temperature often leading to frank rigors, a ‘hot stage’ with flushes,
tachycardia that is sustained for a few hours, followed by a defervescence
stage of sharply falling body temperature, profuse sweats or diaphoresis and
often symptomatic orthostatic hypotension. Fever as the (non-specific) lead
symptom is often irregular at onset, which appears to apply in particular
to falciparum malaria. Partially immune individuals develop an individual
parasitic threshold, or pyrogenic density, and with parasite loads below this
threshold, which might roughly be around 1,000 parasites/µl, patients will
remain afebrile. Non-immune individuals will develop febrile disease at very
low parasite counts (~ 10/µl). In children, as in adults, a regular ‘typical’ fever
pattern seems to occur more frequently in non-falciparum malaria (Steele
1996). In all four species, fever patterns might be very irregular at the begin-
ning prior to synchronization, and again this tends to be most pronounced
in falciparum malaria. However, fever in malaria patients follows a circadian
rhythm. In a study enrolling 66 children with malaria and fever, 50% had fever
at 6 p.m., whereas only 14% had fever at 6 a.m. on the first day of admission
(Lell et al. 2000). The use of common antipyretics such as paracetamol cannot
reduce fever in all types of malaria (however, Krishna et al. have shown that it
can in uncomplicated malaria; Brandts et al. 1997), and fever may be an impor-
tant innate defence mechanism (Krishna 1995a, 1995b). This is extrapolated
by the findings of parasite growth inhibition by elevated temperatures in vitro
(Long et al. 2001). In endemic areas, the presence of hepatosplenomegaly,
thrombocytopenia and anaemia in both febrile and afebrile individuals, par-
ticularly children, is clearly associated with malaria (Stein et al. 1985; Olaleye
et al. 1998; Schellenberg et al. 1999; Norhayati et al. 2001, D’Acremont et al.
2002). Apart from fever as the lead symptom, cephalgias, fatigue and malaise,
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musculoskeletal pain, nausea and vomiting constitute the most frequently
encountered, though non-specific, symptoms in malaria. In children, abdom-
inal pain and vomiting occur more frequently than in adults. Table 1 lists
the main clinical features of malaria as encountered in children compared
to the findings in semi-immune and non-immune adults. In semi-immune
patients who have experienced several episodes of malaria earlier in life,
the onset and progression of disease are often delayed and unprepossessing.
Non-immune Europeans appear frequently to exhibit watery, rarely bloody
diarrhoea, whereas black Africans more frequently manifest symptoms of
the upper gastrointestinal tract with nausea and vomiting. However, data to
underpin this clinical observation are lacking. Jelinek et al. (2002) found that
49/790 (6.2%) of adult semi-immune patients with P. falciparum parasitaemia
were asymptomatic at the time of diagnosis in a large study cohort from Eu-
rope, whereas all 869 non-immune Europeans were symptomatic at time point
of presentation. Of 660 cases of P. falciparum infection observed in a longitu-
dinal study in Gabon, 77% were symptomatic at the time they were identified,
and only 7% were preceded by an asymptomatic phase of more than 4 days.
In those, sickle cell trait, glucose-6-phosphate dehydrogenase deficiency, and
mutation in the promoter region of tumour necrosis factor were significantly
associated with asymptomatic P. falciparum infection (Missinou et al. 2003).

Table 1 Main clinical features of uncomplicated malaria at time point of diagnosis as
encountered in children compared to the findings in semi-immune and non-immune
adultsa (data from Kremsner et al. 1994; Metzger et al. 1995b; Radloff et al. 1996;
Brandts et al. 1997; Kun et al. 1998; Jelinek et al. 2002; Borrmann et al. 2003)

Sign or symptom Semi-immune Non-immune African
adultsb adultsc childrend

Fever 76% 81% 91%
Headache 49% 50% 68%
Fatigue 24% 35% 50%
Abdominal pain n.s.e n.s. 40%
Myalgia, arthralgia 17% 23% 22%
Nausea, vomiting 12% 12% 26%
Diarrhoea 10% 14% 7%

a Multiple entries are possible.
b From various endemic areas (n = 790).
c Predominantly of German origin (n = 869).
d From Central Africa (Gabon), age range from 3 to 15 years, (n = 484).
e Not specified.
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Although suggestive of malaria, signs and symptoms might be caused by an
underlying or concomitant febrile condition. Depending on the area visited,
a large range of infectious diseases might have to be included in the list of
differential diagnoses, as well as other non-infectious causes that may explain
some aspects of the clinical presentation (autoimmune disorders, neoplasms
etc., all of which might present with fever).

The further course of disease depends on the malaria immune status of the
patient as well as on the time point of the initiation of therapy. If treatment
starts early, a full recovery in terms of clinical and parasitological cure can
be achieved within a few days. Four to six days may have to be considered
as the critical threshold period between onset of illness and initiation of
therapy after which a serious disease progression may be expected in the non-
immune malaria patient left untreated. The transition from uncomplicated
disease to a life-threatening complicated condition often occurs discretely. In
adults, a slight decrease in urinary output or an initially discrete cognitive
impairment and behaviour alteration might herald disease progress. The
initial phase of disease is often described as resembling a flu-like illness,
but one distinct difference is the absence of a ‘sore throat’ in malaria. Dry
cough might occur, but otherwise upper/lower respiratory tract involvement
is rare in uncomplicated malaria. However, by the time additional laboratory
tests will have been performed, the result of a thick smear should already be
available to verify a diagnosis of malaria.

A typical laboratory constellation would include moderately raised
C-reactive protein and procalcitonin levels, an often profound thrombo-
cytopenia (Ladhani et al. 2002; Hänscheid et al. 2003; Moulin et al. 2003;
Erhart et al. 2004) with normal or slightly lowered leukocyte counts. A low
haptoglobin level and a raised lactate dehydrogenase level as indicators for
haemolysis are typical for early, uncomplicated malaria. It is remarkable
that the often pronounced thrombocytopenia does not lead to a higher
bleeding tendency, as long as no additional factors become involved, such
as a large-scale activation of the coagulation cascade through the intrinsic
pathway, or disseminated intravascular haemolysis that occurs in a very
small proportion of complicated falciparum malaria cases (Clemens et
al. 1994). Thrombocytopenia complicates infection with all four malaria
species and is not directly linked to disease severity. It is mainly caused
by increased splenic clearance (Skudowitz 1973); excessive splenic platelet
pooling and a shortened platelet life-span (Karanikas et al. 2004). Study
results regarding the role of platelet-bound antibodies as contributors to
malarial thrombocytopenia are controversial (White 2003). Interestingly, in
a series of seven patients with uncomplicated malaria, scintigraphy results
indicated that the sequestration of thrombocytes appears to be rather diffuse
throughout the reticulo-endothelial system than merely splenic (Karanikas
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et al. 2004). After parasitological cure, reconstitution is usually swift, and
frequently a short-lasting overshooting thrombophilia can be observed.

Depending on the duration of illness and the haemoglobin level at onset of
malaria, anaemia might be profound and may lead, in the case of falciparum
malaria, to grave problems particularly in pregnant women and young chil-
dren. In this context it seems interesting that non-immune adults with malaria
rarely suffer from anaemia. In contrast, non-immune children and especially
infants are very susceptible to developing anaemia. This might merely reflect
the difference in the number of erythrocytes in adults and children, while the
parasite inoculum and the presumed rates of parasite multiplication in both
liver and bloodstream are the same in adults as in children. Liver and kidney
function tests are initially often unaffected. Later during disease a discrete rise
in transaminases and, depending on the hydration status, a rise of retention
parameters can be seen.

Interestingly, the plasma lipid profile of malaria patients displays a partic-
ular abnormal pattern (Lambrecht et al. 1978; Nilsson-Ehle and Nilsson-Ehle
1990; Kittl et al. 1992; Faucher et al. 2002; Grobusch et al. 2003a). Performed
on a fasting blood sample, it is characterized by low total cholesterol, very
low high-density lipoprotein (HDL)-cholesterol, apolipoprotein A1 below de-
tection levels, and a raised triglyceride level. Plasma lipid alterations are
transient and largely limited to the parasitaemic phase. Temporary HDL de-
pletion has been observed in over 90% in some studies. A decrease in HDL
cholesterol levels as part of the acute phase reaction, diminished hepatic
synthesis due to liver involvement, and direct and parasite–lipoprotein in-
teractions, have been suggested as possible reasons. Although there is little
immediate clinical relevance of this phenomenon, it might offer some deeper
insight into the parasite–host interplay. For example, the increasingly com-
plex role of haemozoin formation and its potential for interference with host
metabolism might offer a hitherto unnoticed link here, as changes in the
host’s lipid metabolism might be directly due to processes involved in haemo-
zoin formation. Schwarzer et al. (2003) pointed out that haemozoin formation
in the parasitized erythrocytes and its long-term stability appear to consti-
tute two functionally synergistic phenomena in P. falciparum malaria. The
first one is due to the absence of haem-catabolizing enzymes in the parasite
and is a prerequisite for the formation of a series of a whole range of lipid
derivatives by haem catalysis. The second is due to the host phagocytes’ in-
ability to detoxify haemozoin, and to the very long persistence of haemozoin
in macrophages (Metzger et al. 1995a). Therefore, phagocytosed haemozoin
may ship vast amounts of diverse and complex bioactive lipid derivatives into
host macrophages. Further studies are needed to elucidate whether this mech-
anism is the driving force behind the lipid metabolism changes observed in
falciparum malaria in man (a detailed overview of the current knowledge on
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haemozoin formation and metabolism is provided in the chapters by Scholl
et al., this volume).

Malaria attacks may recrudesce over the next few weeks but die out in
the absence of reinfection. The non-fatal P. vivax and P. ovale cause similar
initial illnesses, with bouts of fever relapsing periodically but irregularly over
a period of up to 5 years. These are true recrudescences and not simple re-
lapses produced by merozoites developing from hypnozoites in hepatocytes.
The relapse pattern is largely determined by geographic origin of infection,
as is strain variability particularly of P. vivax, where hypnozoites may resist
eradication attempts with the 8-aminoquinoline primaquine. Although ‘be-
nign’ in nature in terms of self-termination, complications similar to those in
severe falciparum malaria and afflicting all major organ systems have been
described in very rare cases (including pulmonary oedema and acute renal
failure) and appear to occur more frequently in vivax than in ovale malaria
(Carlini et al. 1999; Modebe and Jain 1999; Mendis et al. 2001; Tanios et al.
2001; Beg et al. 2002; Koibuchi et al. 2003; Prakash et al. 2003). Splenic rup-
ture due to mechanical tear of the enlarged spleen might occur in all human
malarias (Facer and Rouse 1991). Following single exposure to the non-fatal
P. malariae infection, and an incubation period that may extend to several
weeks, the patient develops a recurrent fever which occurs at increasing in-
tervals. There may be considerable anaemia, and enlargement of liver and
spleen. If left untreated, sometimes recrudescences may occur for more than
30 years, often being iatrogenic following interventions interfering with im-
mune function (Tsuchida et al. 1982; Vinetz et al. 1998; Chadee et al. 2000).
As in falciparum malaria, there are no relapses due to hypnozoite activation
from hepatocytes. The attack severity diminishes as time goes by.

Mixed infections can occur and are probably often underestimated. In
most co-infections involving P. falciparum, the other species are suppressed,
which might delay the onset of symptoms of non-falciparum malaria for
weeks (Looareesuwan et al. 1987; Mason and McKenzie 1999). Conversely, it
is possible that P. vivax suppresses P. falciparum (Mayxay et al. 2001), thus
leading to a reduction of disease severity and transmissibility (White 2003).

As adult morbidity and mortality data are lacking for almost the whole
of sub-Saharan Africa (Kaufmann et al. 1997), only very limited data on the
current situation are available on illnesses and deaths attributable to malaria
in the elderly in the world’s region with the highest malaria endemicity. As
an aggravated course of malaria has been demonstrated in the elderly not
exposed before, and therefore lacking immunity, a worsened outcome could
be expected in those elderly populations where malaria is of only moderate
to low endemicity. In a rural area of Burkina Faso, an area of seasonal malaria
transmission, Sankoh et al. (2003) analysed the mortality patterns in adults
and older people (≥60 years) based on a demographic surveillance system
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in a population of 39 villages. Whereas the crude all-cause mortality rate per
1,000 adults was 7.3 in the population overall, and 55.8 in the elderly, malaria
and diarrhoea (as recorded through verbal autopsy) accounted for 21% of the
total deaths in adults and 22% in the elderly. Meaningful data interpretation
is difficult because the data are crude, and are based on retrospective analysis
only. However, one might assume that the benefit of sustained and frequently
boosted partial immunity is at least counterbalanced by a generally more
fragile health status and co-morbidity, together with a decline in the immune
system’s capacity to control infectious diseases. It has been hypothesized
that defects in acquired humoral and T-cell mediated immunity exist and that
increased susceptibility to infection may result from defects in the constitutive
functioning of macrophages and granulocytes (Khanna and Markham 1999).
There is also some evidence for an age-related shift towards a type 2 cytokine
profile (Sandmand et al. 2002).

In a transmigrant population in Irian Jaya, Indonesia, Baird et al. (1998)
noticed that in a cohort of people with relatively few infants or people of
advanced age, the risk of progression from mild to severe falciparum malaria
increased with age. More detailed data exist on the manifestations of imported
malaria in the elderly as summed up by Schwartz et al. (2001) and Mühlberger
et al. (2003). Several smaller studies on non-immune patients suggest that the
proportionofmoresevereoreven fatal cases riseswithage. Inacross-sectional
study from Israel, Schwartz et al. (2001) assessed, amongst other factors,
the influence of age on clinical manifestations of P. falciparum malaria in
non-immune patients. In most reports a distinction has been made between
individuals younger or older than 40 years, but none between those younger
or older than 59 years, which appears to be a more reasonable age divide
given the average health status of individuals from affluent, non-tropical
countries. In their own cohort of 135 falciparum malaria patients, Schwartz
et al. found that 95% of the patients younger than 40 years escaped with
uncomplicated malaria, whereas this rate dropped to 82% in those individuals
aged 40 years or more (odds ratio, 4.29). The mean age of the patients with
mild disease was 35±12 (SD) vs. 43±17 (SD) years for patients with severe
disease. In addition, all deaths attributable to complications were notified in
theolder agegroup.With regard to risk, sexdifferenceswerenot recorded.The
positive correlation between age and disease severity seemed to be unrelated
to prophylaxis.

In a cohort of 1181 patients with falciparum malaria imported to Europe
analysed by Mühlberger et al. (2003), 78 (6%) were aged over 60 years. The
frequency of hospital admission was found to increase with each decade of
life [odds ratio (OR), 1.21; 95% confidence interval (CI), 1.06–1.39], and the
risk of progression towards severe disease was found to increase by approxi-
mately 30% per decade of life (OR, 1.32; 95% CI, 1.14–1.53). However, when
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elderly patientswere comparedwith younger ones, the elevated risk for elderly
patients was non-significant for both aspects.

In summary, all data taken together suggest strongly that the risk of pro-
gression beyond moderate levels of illness is elevated in the elderly malaria
patient, a clinical finding which is underpinned by immunological studies
indicating that a senile decline in humoral and cellular immune function may
be the leading underlying cause.

2
The Kidney in Uncomplicated Malaria

P. falciparum and P. malariae infections are clearly associated with renal
disease. Moderate proteinuria is a common finding (Ehrich and Horstmann
1985) and usually resolves following parasite eradication. In severe disease,
a nephrotic syndrome, and less frequently, acute renal failure may develop as
a consequence, and arises from a combination of impaired microcirculation
due to parasite obstruction of the microvasculature, hypovolaemia, haemoly-
sis, and intravascular coagulation. In a proportion of cases, quartan malaria is
associated with nephrotic syndrome as a life-threatening complication in chil-
dren in endemic areas. A membranoproliferative type of glomerulonephritis
with focal and segmental glomerulosclerosis is themost common typeof renal
damage (Van Velthuysen and Florquin 2000). A combination of endothelial
damage and immune complex deposition is observed, but it has been found
that immune complexes containing malarial antigens represent only a frac-
tion of the glomerular immune deposits. Polyclonal B-cell activation may
contribute to quartan malaria nephritis (Van Velthuysen and Florquin 2000).

Ahmad et al. (1989) assessed renal function in 75 children from India with
uncomplicated falciparum or vivax malaria alongside 10 healthy controls.
Of the 75 children, 36 showed renal impairment with a decreased endoge-
nous creatinine clearance (<65 ml/min/m2). In P. falciparum infections, renal
impairment was twice as frequent as in vivax cases, and reduction in endoge-
nous creatinine clearance was significantly greater. Renal impairment was
positively correlated with parasite load as assessed on peripheral blood film.
Renal impairment was transient, with the endogenous creatinine clearance
returning to normal values within 14 days in all those individuals available
for follow-up.

Weber et al. (1999) studied renal function in 80 Gambian children with
cerebral malaria and a similarly large group of children with mild malaria. The
authors found that renal involvement is common in children with malaria in
this part of Africa, with pre-renal, glomerular, and tubulo-interstitial factors
contributing. Although more pronounced in children with cerebral malaria,
renal dysfunction was found to be mild and fully reversible.
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In a study performed in Ghana (Burchard et al. 2003), cystatin C as a novel
and sensitive indicator of renal dysfunction was investigated in a cohort
of 78 children with uncomplicated falciparum malaria, alongside measure-
ments of albumin, IgG and α1 microglobulin excretion. Eighty-five per cent
of the children had proteinuria of glomerular and tubular patterns, indicat-
ing that transient, moderate glomerulonephritis and tubular damage occurs
frequently in falciparum malaria, but without leading to complicated disease
in the majority of cases. Subclinical impairment of the glomerular filtration
rate (GFR) was found by elevated cystatin C plasma concentrations in 17% of
the children. Correspondingly, Günther et al. (2002) found in a series of 108
adults with falciparum malaria imported to Germany that 55% had a reduced
GFR as indicated by elevated cystatin C levels. The proportion of patients
with malaria and at least transient and moderately impaired renal function
has been underestimated in the past.

Most lesions remain subclinical and resolve soon after successful anti-
malarial treatment in children in endemic areas. Non-immune adults seem
to carry the highest risk of progression towards renal complications in falci-
parum malaria.

3
The Liver in Uncomplicated Malaria

The liver is afflicted not only in severe malaria but also in mild cases, and this
is reflected by the rise in transaminases and a varying degree of hepatomegaly
in acute malaria. However, the changes are reversible, and transaminases and
organ size revert to normal limits shortly after parasitological cure. Whereas
the initial hepatic development and the stage of hypnozoite dormancy in
the benign tertian malarias do not lead to traceable signs, liver pathology in
the systemic phase of illness is explained by an increased hepatic blood flow
whereas it is reduced in severe disease (Pukrittayakamee 1992), and parasite
sequestration in the microvasculature (Molyneux et al. 1989; White 2003). The
metabolic functions seem to be largely undisturbed in uncomplicated cases.
Hyperbilirubinaemia in mild cases and frank jaundice in complicated disease
appear to have haemolytic, hepatic, and cholestatic components (Wilairatana
et al. 1994; White 2003).

4
The Heart in Uncomplicated Malaria

Whereas the cardiotoxic adverse effects of antimalarial chemotherapeutics
are well known, clinically relevant cardiac involvement in humans is rare in
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severe disease (Bethell et al. 1996) and even rarer in uncomplicated falci-
parum malaria, particularly if the patient has no underlying cardiac illness.
Günther et al. (2003) summed up the scarce available data from case reports
and smaller studies, and present the cardiological features of 161 malaria pa-
tients treated in Berlin, Germany. Whereas electrocardiogram (ECG) changes
were common and observed in 23/161 (14%) of patients, myocardial dam-
age as indicated by an elevated troponin T level was present only in a single
individual, whereas creatine kinase muscle–brain levels were normal in all
patients. The ECG changes were due to delayed conduction of various kinds
in eight patients, and in 15 patients there were non-specific T segment or T
wave alterations. A proportion of those could theoretically reflect early signs
of myocardial cell damage, as the electrophysiology of cardiomyocytes can
be altered before myocytolysis occurs, and as non-specific ECG abnormali-
ties can be found when the affected area of the myocardium is large enough.
Only very few studies have used echocardiographic methods to assess car-
diac function and morphology in malaria patients presenting without cardiac
symptoms. In a series of 22 such patients without a previous history of car-
diac disease, two patients with pericardial effusion and one patient with left
ventricular hypokinesia were detected, but all patients made an uneventful
recovery following malaria therapy and required no cardiological interven-
tion (Franzen et al. 1992). In summary, clinically relevant cardiac involvement
appears to be a rare feature in otherwise uncomplicated falciparum malaria.

5
The Role of the Spleen in Limiting the Progression of Disease

Although still poorly understood in its full complexity, it is evident that the
spleen plays an essential role in limiting the acute expansion of the infection
notonlyby removingparasitizederythrocytesbut alsobymodulatingparasite
antigen expression on the surface of infected erythrocytes, as well as by
enhancing cellular and humoral immune responses of the host (Garnham
1970; David et al. 1983; Chotivanich et al. 2002). The important role of the
spleen becomes dramatically evident in patients enduring a malaria episode
following splenectomy (Israeli et al. 1987; Ho et al. 1992; Pongponratn et al.
2000; Grobusch et al. 2003b).

6
Malaria and Concomitant Infection

In a series of studies from Thailand, helminth-infected patients appear to
be protected up to a certain level from cerebral malaria. Helminth-infected
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patients with mild malaria were also more likely to harbour peripheral game-
tocytes and there was an increased number of mixed P. falciparum/P. vivax
infections in Ascaris-infected patients. The incidence of falciparum malaria
was higher in helminth-infected subjects. Nacher (2002) sums up these strik-
ing findings with the multiple hypotheses that P. falciparum may benefit from
helminth-infected hosts, that co-infected hosts may benefit from helminth in-
fection by having attenuated courses of malaria, and that, in turn, helminths
benefit in terms of protecting their habitat by protecting their hosts.

Coinfection with bacteria or viruses in otherwise uncomplicated disease
can aggravate the course of malaria, and vice versa (Ghoshal et al. 2001). It is of
interest that not only falciparum malaria but also benign tertian malaria can
be significantly aggravated by the presence of additional pathogens (Flatau
et al. 2000). Wongsrichanalai et al. (2003) pointed out that the timely recog-
nition of dual infections is complicated by their often similar presentations,
which applies particularly to the period immediately after onset in which
administration of chemotherapeutic agents, if applicable, is most likely to be
successful in terms of early and uncomplicated termination of illness. It is
well known that patients with severe malaria are prone to secondary bacte-
rial infections, particularly non-typhoidal salmonellosis (Mabey et al. 1987).
Invasive bacterial disease itself appears to play a role in the progression to-
wards a more severe course of malaria (Berkley et al. 1999). In a study of 299
Malawian children with typhoidal Salmonella spp. bacteraemia was found to
be significantly associated with malarial parasitaemia in children older than
6 months (Graham et al. 2000). Most of the literature is, however, anecdo-
tal, and clinical studies of co-infection in otherwise uncomplicated malarial
illness are lacking.

7
Malaria and Tuberculosis

An interaction between these two conditions may be likely, but to the best
of our knowledge the question of to what extent tuberculosis and malaria
interact has so far not been addressed in clinical studies. In a seroepidemio-
logical survey from Nigeria, serum samples from 197 patients with malaria,
hepatitis B, or tuberculosis and from 166 healthy controls were screened in
order to determine any disease interactions. With one patient being human
immunodeficiency virus (HIV)-1 seropositive, a statistical association was
found between the presence of malaria antibody titres and a diagnosis of
tuberculosis (P<0.05) (Adebajo et al. 1994). However, the significance of this
finding remains unclear.
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8
Malaria and HIV

Most of the studies carried out so far on the possible interplay between malaria
and HIV have focussed on HIV-1 in relation to uncomplicated falciparum
malaria. Early studies investigating a co-morbid influence of HIV and malaria
were performed in settings of higher overall population CD4+ cell counts; later
studies have shown that in settings of lower CD4+ cell counts malaria and HIV
do interact.

In several early cross-sectional studies from Africa, no association was
found between HIV-1 infection and falciparum malaria in either paediatric
or adult patients (Muller et al. 1990; Allen et al. 1991; Nwanyanwu et al. 1997).
In contrast, the risk of malaria in HIV-1 infected patients in a cohort of adults
from Uganda was significantly raised (Whitworth et al. 2000). In the same
cohort as well as in the placebo arm of a vaccination study, the rate of malaria
was inversely correlated with CD4+ cell counts (French et al. 2001).

A major complication of malaria in African children is anaemia, and in
a study from Kenya, van Eijk and co-workers (2002) found that HIV-infected
infants with malaria parasitaemia had lower mean haemoglobin levels com-
pared with HIV-uninfected infants, or HIV-infected infants without malaria.
These results suggested that HIV-infected infants are even more vulnerable
to the deleterious effects of malaria on haemoglobin levels than their peers
who are unafflicted by HIV infection.

Two cross-sectional studies on pregnant women in Malawi found higher
prevalences of malaria parasitaemia at the first prenatal visit amongst HIV-1
infectedwomencompared to seronegativewomen (32vs. 19%; and54vs. 42%)
(Verhoeff et al. 1999; Steketee et al. 1996). In a study by van Eijk et al. (2003) in
Kenya, HIV-seropositive pregnant women (no distinction was made between
HIV-1 and -2) were more likely than uninfected women to be parasitaemic,
to have higher parasite densities, and to be febrile when parasitaemic, and
placental infections were more likely to be chronic. Moreover, the typical
pregnancy-specific pattern of malaria vanished in seropositive women, and
primigravidae had a risk similar to that of multigravidae (Mount 2004). In
a study from Malawi, it was shown that HIV impairs antimalarial immunity
and, in particular, responses to placental type variant surface antigens with
the impairment being greatest in the most immunosupressed women. One
recent study investigated the effects of placental malaria on mother-to-child
HIV transmission (MTCT) in a prospective community-randomized trial in
Uganda (Brahmbhatt et al. 2003). In the 746 HIV-1-positive mother–infant
pairs, the MTCT rate was 20.4%, and placental malaria was more common
in HIV-positive than in HIV-negative women. The risk for MTCT after mul-
tivariate adjustment for viral load (VL) rose to 2.89 in association with pla-
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cental malaria (PM), and to 2.85 in association with VL. Conflicting evidence
arises from a study by Inion et al. (2003) who found no correlation between
PM and peripartum transmission in a smaller cohort of 372 infants born to
HIV-positive mothers in Mombasa, Kenya (2.9% MTCT in PM-positive vs.
5.6% in PM-negative mothers; P=0.509). However, differences in sample size
and method of analysis limit the direct comparability of these initial studies
regarding this issue.

The epicenter of HIV-2 prevalence lies in West Africa, with a peak preva-
lence of 8–10% in Guinea-Bissau (Reeves and Doms 2002). HIV-2 seems to be
less virulent than HIV-1, infection leads to progression to AIDS after longer
latent periods with lower plasma viral loads, slower decline in CD4+ cell
counts, and lower heterosexual and vertical transmission rates (Schim van
der Loeff and Aaby 1999; Hightower and Kallas 2003). Few studies have been
carried out specifically investigating interactions between HIV-2 and malaria.
Whereas we know little about a possible increase in frequency and severity
of malaria in HIV-2 infected individuals, there is little evidence for major in-
teraction between these two conditions from two studies carried out in rural
Guinea–Bissau investigating HIV-2 provirus load and immune stimulation in
co-infected individuals (Ariyoshi et al. 1996; N’Gom et al. 1997).

Knowledge about the response to antimalarial therapy in HIV-positive
individuals is limited. However, no statistically significant differences were
found in the response to antimalarial chemotherapy between HIV-1-positive
and HIV-negative children in a large (587 children) prospective, longitudinal
cohort study in Kinshasa, Zaire (Greenberg et al. 1991).

With increasing efforts to introduce highly active antiretroviral therapy
into those regions in the developing world most in need, early indications of
possible interactions between antiretroviral therapy and its influence on the
course of malaria episodes deserves attention. Nathoo and colleagues (2003)
found that antiretroviral drugs decrease CD36 surface concentrations in vivo.
Subsequently, they demonstrated in vitro that protease inhibitors impaired
CD36-mediated cytoadherence and non-opsonic phagocytosis of parasitized
erythrocytes by human macrophages. As binding of CD36 has been postulated
to contribute to disease severity, it remains to be shown in further studies
whether this interaction might alter malarial co-infection towards milder
disease. In contrast, antiretroviral therapy might decrease phagocytosis of
parasitized erythrocytes resulting in higher parasite densities and possibly
more severe infection (Rogerson 2003).

Lawn (2004) reviewed the impact of co-infectiony on the pathogenesis of
HIV-1 infection and came to the general conclusion that the immunologic im-
pact of recurrent co-infections has the potential to increase viral replication,
viral genotypic heterogeneity and CD4+ lymphocyte loss, thus accelerating
the immunologic decline. With respect to malaria, this view is underpinned by
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a study by Hoffman et al. (1999) conducted in Malawi in which plasma HIV-1
viral loads were found to be greater in those individuals with symptomatic
falciparum malaria compared to controls, and that VL decreased following
malaria treatment.Theseclinicalfindingshavenowbeenreinforcedbyvarious
in vitro studies of the immunologic interplay of both infections (Lawn 2004).

In stark contrast, there is some interest predominantly by Chinese re-
searchers inexploringvivaxmalaria as supportive treatment inHIV-1 infected
patients. This pursuit is based on the assumption that the high levels of cy-
tokine activation as induced in malaria may lead to changes of T-lymphocyte
subsets and phenotypes which might be beneficial for HIV-positive individ-
uals in terms of at least transitory CD4+ cell level increases (Chen et al. 2003).
For reasons of scientific appropriateness and the unproven benefit of immune-
based therapy for HIV, this issue is highly controversial (Nierengarten 2003).

Little is known up to now about the altered disease course of benign
tertian and quartan malaria in HIV-positive individuals. Certainly, the effects
of interacting co-infections are even more discrete and difficult to assess than
with falciparum malaria.

In conclusion, recent studies reveal details of a very delicate and multi-
faceted interplay between malaria and HIV, a picture that might become
even more complicated through the impact of antiretroviral therapy being
introduced in areas where both entities frequently coincide.

9
Malaria and Atopy

A recent study from Gabon (van den Biggelaar et al. 2004) established a di-
rect link between anthelminthic treatment of chronically infected children
and increased atopic activity, thus indicating that helminths suppress aller-
gic reactions. Looking at the mutual relationship between malaria and atopy,
Lell et al. (2001) performed skin-prick tests with mite antigen in 91 children
from Gabon who had been closely followed for an average of 5 years and in
whom the exact incidence of malaria attacks was known. Survival analysis
yielded a statistically significant lower risk of an atopic skin reaction in those
children with a higher incidence of malaria attacks. The authors concluded
that a low exposure to malaria parasites contributes to the development of
an imbalanced immune system with a subsequent higher reactivity to al-
lergens, and that high exposure to parasite antigens might counterbalance
pro-inflammatory immune reactions, amongst other mechanisms involving
increased interleukin-10 production, and thus protect against allergic dis-
eases. In their comprehensive review on the complex relationship of exposure
to parasites and subsequent remodelling of an individual’s immune system



98 M. P. Grobusch · P. G. Kremsner

with decreased susceptibility to allergens, Yazdanbakhsh et al. (2002) point
out that the induction of a robust anti-inflammatory regulatory network by
persistent immune challenge offers a unifying explanation for the observed
inverse association of many infections with allergic disorders, as instead of
Th-1 vs. Th-2, it may be the pro- vs. anti-inflammatory axis with a robust
regulatory T-cell network that has to be considered central to the balance and
to the prevention of either Th-1 and/or Th-2 diseases.

10
Conclusion

To date, a vast body of knowledge has been accumulated on uncomplicated
malaria. Still, many secrets remain to be unveiled, and many puzzling ques-
tions are waiting for an answer, as highlighted in this text.

However, the most important area of future research is the transition be-
tween an uncomplicated disease episode and a life-threatening condition.
Huge efforts in all the relevant fields of epidemiology, pathophysiology, im-
munology, molecular biology and genetics ought to be made to achieve a more
profound insight into the mechanisms underlying the progression of the dis-
ease. This will facilitate preventative measures where and whenever possible
and lead to optimal care for the individual malaria patient.
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Abstract Metabolic complications of malaria are increasingly recognized as contribut-
ing to severe and fatal malaria. Disorders of carbohydrate metabolism, including hy-
poglycaemia and lactic acidosis, are amongst the most important markers of disease
severity both in adults and children infected with Plasmodium falciparum. Amino acid
and lipid metabolism are also altered by malaria. In adults, hypoglycaemia is associ-
ated with increased glucose turnover and quinine-induced hyperinsulinaemia, which
causes increased peripheral uptake of glucose. Hypoglycaemia in children results from
a combination of decreased production and/or increased peripheral uptake of glucose,
due to increased anaerobic glycolysis. Patients with severe malaria should be mon-
itored frequently for hypoglycaemia and treated rapidly with intravenous glucose if
hypoglycaemia is detected. The most common aetiology of hyperlactataemia in severe
malaria is probably increased anaerobic glucose metabolism, caused by generalized
microvascular sequestration of parasitized erythrocytes that reduces blood flow to
tissues. Several potential treatments for hyperlactataemia have been investigated, but
their effect on mortality from severe malaria has not been determined.
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1
Introduction

In humans, Plasmodium falciparum is the most frequent and important cause
of lethal malaria. P. falciparum parasitaemia encompasses a wide variety
of clinical states that range from asymptomatic carriage to life-threatening
complications (Newton and Krishna 1998; White and Ho 1992). Coma and
anaemia have been recognized for centuries as frequent complications of
severe malaria. However, only in the last 20 years or so have prospective
studies examined the relative contributions to mortality of these and other
complications. Table 1 summarizes the results of the largest of these studies.
Despite inherent demographic variability, these reports illustrate two com-
mon themes. First, outcome can be predicted with high accuracy (area under
the receiver/operator characteristic curve=0.86) from knowing only a few
clinical indices and second, most of these indices are either metabolic in ori-
gin or result from metabolic derangements (Marsh et al. 1995; Planche et al.
2003). Current definitions of severe malaria have incorporated many of the
findings of these prospective studies.

Severe malaria manifests differently in adults and children. In adult
malaria, renal failure, pulmonary oedema, coma and hyperlactataemia
are common life-threatening complications, whereas severe anaemia is

Table 1 Clinical predictors of outcome in malaria

Adults Children

Reference Day
et al. 2000b

Allen
et al. 1996

Marsh
et al. 1995

Planche
et al. 2003

Number
of cases

346 489 1844 854

Country Vietnam Papua New
Guinea

Kenya Ghana

Selection ‘Unwell’
admissions

All
admissions

All
admissions

‘Unwell’
admissions

Independent
predictors

Bilirubin,
base deficit,
blood
pressure

Hyper-
lactataemia,
creatinine,
bicarbonate

Blantyre
coma score,
respiratory
distress,
jaundice,
hypogly-
caemia

Blantyre
coma score,
hyperlac-
tataemia,
body mass
index

AUCROC 0.83 Not reported 0.86

AUCROC, area under the receiver/operator not reported characteristics curve.
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relatively uncommon. However, in children, severe anaemia, coma and
hyperlactataemia are common but pulmonary oedema and renal failure are
rare. Table 2 compares the clinical characteristics of severe malaria in large
studies of infected adults and children.

2
Pathogenesis

There are several theories of the pathogenesis of severe malaria. The first
states that severe malaria develops as a result of the obstruction or reduction
of blood flow caused by the sequestration of parasitized red blood cells in
capillary beds. The second suggests that a harmful substance or substances
(toxins, either parasite or host derived) are released and these lead to the
development of severe malaria. Finally, there is the possibility that severe
malaria may result from a combination of the above theories or that there
may be a number of unrelated causes for the diverse manifestations of severe
malaria.

2.1
Mechanical Theories

First proposed in the mid-nineteenth century (Delafield 1872), this theory
states that the principal manifestations of severe malaria are caused by se-
questration of parasitized erythrocytes within small vessels. This results in
reduced blood flow, hypoxia and altered metabolism of cells distal to the ob-
struction. Accordingly, microcirculatory obstruction in the splanchnic bed
could impair hepatic glucose output and lactate clearance, contributing to
hypoglycaemia and lactic acidosis. However, there is no reliable method for
quantifying the number of sequestered parasites in vascular beds. Nor is there
a strong correlation between the occurrence of cerebral malaria in infected
patients and the presence or extent of microcirculatory sequestration iden-
tified post-mortem in their brains (Silamut et al. 1999; Taylor et al. 2004).
Nevertheless, this does not exclude mechanical obstruction being an early
event in the clinical and metabolic derangements of severe malaria, since its
resolution ante-mortem could result from specific anti-malarial therapy, gen-
eral supportive care (e.g. rehydration) or host factors. Some cases may also
have been misdiagnosed as cerebral malaria (Taylor et al. 2004).

2.2
Toxin Theories

The notion that manifestations of severe malaria are due to circulating toxins
elaborated by the parasite or the host originated in the early twentieth century
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Table 3 Proposed toxins or mediators causing severe malaria

Toxin Reference

Kinins Maegraith and Fletcher 1972
Endotoxins Clark 1978
Reactive oxygen species Clark et al. 1986
Nitric oxide Clark et al. 1992
Cytokines (particularly tumour necrosis factor) Clark et al. 1987

(Gaskell and Miller 1920), and continues to be debated. In most cases, the
involvement of toxins (summarized in Table 3) in the aetiopathology of severe
malaria in humans has been based on experiments conducted in animal
models of malaria or on extrapolations from other clinical conditions, with
elaborate theoretical justifications. However, to date, there is no clear evidence
for an aetiological role for any toxin in the pathogenesis of human malaria
caused by P. falciparum. In fact:

– Steroids worsen outcome in cerebral malaria (Warrell et al. 1982).

– Anti-tumour necrosis factor monoclonal antibody did not improve sur-
vival from cerebral malaria despite its ability to reduce fever (van Hens-
broek et al. 1996b) and increased the incidence of delayed neurological
sequelae.

– Endotoxin levels do not correlate with disease severity (Aung-Kyaw-Zaw
et al. 1988; Usawattanakul et al. 1985).

– Concentrations of nitrates in plasma, urine or cerebrospinal fluid do not
correlate with disease severity. However, there is some in vitro evidence
that patients with the nitric oxide synthetase 2 gene (NOS2) Lambaréné
mutation (which isprotectiveagainst severemalaria)havehigher leucocyte
NO production in response to stimulation (Kun et al. 2001).

In a heavy infection a 2% peripheral parasitaemia represents about 40 ml
of parasitized red cells in the total blood volume of 6 l in adults (even more if
sequestered parasites are counted) and contributes tens of grams of malaria
parasite material to the circulation. Thus, substances produced by P. falci-
parum are unlikely to cause disease in the same manner as ‘classical’ bacterial
toxins that exert their pathological effects in microgram quantities.

Survival of hospitalized patients with severe malaria has not improved
in the last 50 years, despite the advent of new antiparasitic drugs, such as
artemether (Hien et al. 1996; van Hensbroek et al. 1996a), or agents designed
to modulate the immune response (Warrell et al. 1982), such as steroids or
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anti-tumour necrosis factor therapy (van Hensbroek et al. 1996b). Because
most deaths from P. falciparum in hospitalized children occur within the first
24 h, it is possible that interventions aimed at mitigating specific metabolic
complications early during the infection might reduce mortality. These com-
plications and their treatment are discussed below.

3
Hypoglycaemia

3.1
Epidemiology and Aetiopathology

Hypoglycaemia, defined as a blood glucose concentration ≤2.2 mmol/l, has
been known for almost 80 years to be a complication of P. falciparum infection
(Fitz-Hugh 1944; Peterson 1926). However, the first prospective assessment of
the frequency and clinical course of malaria-associated hypoglycaemia was
conducted only about 20 years ago, in Thai adults (White et al. 1983). In this
study, 12 of 151 subjects with cerebral malaria had hypoglycaemia and the
case fatality rate of these patients was significantly higher than of those who
were normoglycaemic. Plasma insulin and C peptide levels were inappropri-
ately high during episodes of hypoglycaemia. Measured quinine and insulin
concentrations were positively correlated. Quinine infusions in normal vol-
unteers also increased plasma insulin concentrations that resulted in falls in
fasting blood glucose levels (White et al. 1983). Pregnant women in Thailand
and Sudan are prone to hypoglycaemia without associated hyperinsulinaemia
(White et al. 1983; Saeed et al. 1990). [6,6-2H2] glucose turnover studies in
pregnant Vietnamese women with uncomplicated malaria and pregnant and
non-pregnant controls showed that duration of fasting is a determinant of the
fall in blood glucose (van Thien et al. 2004).

Hypoglycaemia is present at the time of hospital admission in 4.5%–30%
of children with severe malaria in sub-Saharan Africa (Krishna et al. 1994b;
Marsh et al. 1995; Planche et al. 2003; Taylor et al. 1988; White et al. 1987).
The risk of iatrogenic hypoglycaemia from quinine administration is ap-
proximately 5%–15% of quinine treated children who are normoglycaemic
on admission (Agbenyega et al. 2000; English et al. 1998; van Hensbroek et
al. 1996a). Children with hypoglycaemia on admission are at highest risk of
a subsequent episode of post-admission hypoglycaemia, despite receiving (in
most studies) infusions of glucose (~3 mg/kg/min; English et al. 1998; Krishna
et al. 2001; Taylor et al. 1988).

On admission, hypoglycaemia was more common in African children (Tay-
lor et al. 1988) than Thai adults (White et al. 1987) but it is often not due to
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quinine-induced hyperinsulinaemia. In a study of 47 Gambian children with
severe malaria who were treated with chloroquine, 15 (32%) had hypogly-
caemia, and the case fatality rate of hypoglycaemia was higher than in those
children without this complication (33% vs. 3%, P=0.02; White et al. 1987).
Most hypoglycaemic episodes in these children occurred on admission and
insulin concentrations were appropriately low (White et al. 1987). Blood glu-
cose concentrations in 95 Malawian children with malaria were negatively
correlated with plasma concentrations of the gluconeogenic substrates lac-
tate and alanine, but not with the duration of symptoms or with fasting (Taylor
et al. 1988). In this study, quinine was infused with a 5% glucose solution. Pre-
treatment hypoglycaemia occurred in 17 patients (18%) and was associated
with a higher case fatality rate (37% vs. 4%, P<0.0001), an increased risk of
recurrent episodes of post-admission hypoglycaemia (37% vs. 0%, P<0.0001
and an increased risk of neurological sequelae (26% vs. 4%, P<0.001).

Hypoglycaemia may be caused by impaired hepatic production of glucose
via gluconeogenesis or glycogenolysis, by increased glucose uptake by peri-
pheral tissues or a combination of these mechanisms. Isotopic tracer studies
in severe malaria indicate that glucose turnover is increased in adults (Davis
et al. 1993, 2002) and children (Agbenyega et al. 2000; Dekker et al. 1997a,
1997b, 1996; Singh et al. 1998) with severe malaria. Glucose turnover rates
in children with severe malaria are approximately five times higher than in
adults with severe malaria (Agbenyega et al. 2000). The blood glucose level at
the time of admission is negatively correlated with glucose turnover (r=0.88,
n=18, P<0.001; Davis et al. 1993) in adults but not in children (Agbenyega et
al. 2000; Dekker et al. 1997a, 1997b, 1996; Singh et al. 1998).

Glucose turnover was measured in seven Vietnamese adults with cerebral
malaria using an infusion of [6,6 2H2] glucose and the contribution of glu-
coneogenesis was estimated by ingestion of 2H2O and measurement of [2H]
enrichment at the C5 position. In this study glycogenolysis did not contribute
to glucose production and hepatic glucose output was solely due to gluconeo-
genesis (vanThienet al. 2001).Conversionofgalactose (Pukrittayakameeet al.
1992) or glycerol (Pukrittayakamee et al. 1994) to glucose was not significantly
impaired in such patients. However liver blood flow, measured by clearance
of indocyanine green, was reduced in acute, severe malaria and inversely cor-
related with the plasma lactate concentration (r=0.53, P<0.05). Similarly, the
conversion of alanine to glucose was also impaired in severe malaria in adults
and is associated with reduced liver blood flow (Pukrittayakamee et al. 2002).

In 20 Kenyan children with uncomplicated malaria, basal glucose produc-
tion did not correlate with plasma levels of alanine or lactate, but correlated
positively with plasma glucose concentration (Dekker et al. 1996). In uncom-
plicated malaria, most (51%–93%) glucose is reported to be derived from
gluconeogenesis and glucose turnover increases with an infusion of alanine
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(Dekker et al. 1997a). Thus, in uncomplicated childhood malaria, endogenous
glucose production is an important determinant of plasma glucose; however,
hypoglycaemia does not occur in these children. In contrast, in severe child-
hood malaria, hypoglycaemia is associated with increased plasma levels of
alanine, lactate and glycerol (English et al. 1998), implying that substrate
availability is not rate limiting for gluconeogenesis. There was no relationship
between glucose turnover and plasma insulin or glucose levels in 21 Ghana-
ian children with severe malaria (Agbenyega et al. 2000). Children treated
with quinine had higher glucose turnover rates than children treated with
artesunate (64 vs. 49 µmol/kg/min, P<0.05; Agbenyega et al. 2000). Glucose
turnover was correlated positively with lactate turnover, suggesting that glu-
cose was mainly consumed by anaerobic glycolysis.

Hyperinsulinaemia causes increased peripheral uptake of glucose in adults
with P. falciparum infection, so hypoglycaemia is associated with increased
glucose turnover. In contrast, glucose turnover and plasma glucose concen-
tration in infected children are not correlated.

A recent microarray hybridization study using the animal model of
P. berghei-infected mice, showed increased transcription of genes of the
host glycolytic pathway (Sexton et al. 2004). Interestingly, the expression of
genes encoding components of the Kreb’s cycle was not upregulated, whereas
pyruvate dehydrogenase kinase (which inhibits the pyruvate dehydrogense
complex and consequently mitochondrial removal of lactate) and lactate
dehydrogenase were upregulated. These findings imply a potential role
for altered gene expression in the perturbations of glucose metabolism
associated with this model of severe malaria.

3.2
Therapy

The standard treatment of hypoglycaemia is with intravenous glucose given
at 0.5 g/kg (e.g. 25% glucose infusion at 2 mL/kg). Hypoglycaemia should be
prevented with a glucose infusion and detected early by regular monitoring
of blood glucose, measuring blood glucose every 4 hours, or more frequently
if there is any clinical deterioration. Blood glucose monitoring can usually be
discontinued when the patient is no longer receiving intravenous quinine.

Analysis of glucose kinetics in children with severe malaria receiving qui-
nine indicate that children who are hypoglycaemic on admission to hospital
may require larger amounts of glucose than are conventionally used (up to
6 mg/kg/min) to prevent hypoglycaemia (Agbenyega et al. 2000).
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4
Hyperlactataemia and Acidosis

Lactic acidosis defined by a blood lactate ≥5 mmol/l, metabolic acidosis
or a surrogate marker of these, such as tachypnoea are among the most
important independent predictors of death in children or adults with severe
malaria (Allen et al. 1996; Day et al. 2000b; Krishna et al. 1994b; Marsh et al.
1995; Planche et al. 2003; Waller et al. 1995; White et al. 1985). Hyperlactatemia
and metabolic acidosis are closely related physiologically (Day et al. 2000b;
English et al. 1997b; Stacpoole 1993).

4.1
Hyperlactataemia

4.1.1
Epidemiology

Hyperlacatataemia is a common complication of severe malaria in both adults
and children. Twenty to thirty-five per cent of cases of severe malaria may be
complicated by lactic acidosis and the case fatality rate is 12%–30% (Allen et
al. 1996; Day et al. 2000b; Planche et al. 2003; Waller et al. 1995). In childhood
malaria lactic acidosis occurs usually between the ages of 2 and 5 years (Allen
et al. 1996; Planche et al. 2003; Waller et al. 1995).

4.1.2
Lactate Metabolism

Lactate dehydrogenase (LDH) catalyses the reversible formation and removal
of L–lactate in all cells (Eq. 1):

CH3COCOO− + NAHDH + H+

(Pyruvate)

LDH←→ CH3CH(OH)COO− + NAD+

(Lactate)
(1)

When Eq. 1 is solved for lactate (Eq. 2), it becomes apparent that the
immediate determinants of the intracellular concentration of lactate are the
concentrationsofpyruvateandprotons (H+)andtheratioof reduced:oxidized
nicotinamide adenine dinucleotide (NAD):

[Lactate] = keq × [Pyruvate]× [NADH]
[NAD+]

× [H+] (2)

Consequently, conditions that give rise to increased levels of pyruvate
or to an increased ratio of NADH/NAD+ favour the formation of lactate.
The normally high NADH/NAD+ ratio strongly favours lactate formation. In
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healthy humans at rest who are post-prandial, the whole blood venous lactate
concentration is 1 mmol/l (1 m Eq/l; 9 mg/dl) and the pyruvate concentration
is 0.1 mmol/l, so the [lactate]/[pyruvate] ratio in the basal state is ~10. The
basal concentrations of lactate and pyruvate in arterial blood typically are
lower than those in venous blood, while the basal levels of these metabolites
in cerebrospinal fluid are similar to those of venous blood.

Lactate is derived exclusively from reduction of pyruvate in the cytoplasm
(Eq. 1). In turn, by far the quantitatively most important source of pyruvate
is the anaerobic catabolism of glucose by the Embden–Meyerhof pathway
of glycolysis. All cells are capable of generating lactate and protons through
glycolysis and ATP hydrolysis, respectively. Although the maximum rates
by which these ions are generated by individual tissues is not known, it
has been estimated that basal rates of lactate and H+ production are each
1300 mmol/70 kg male/24 h (~0.8 mmol/kg/h).

The metabolic fate of pyruvate determines the manner by which lactate is
catabolized. Pyruvate may be transaminated in the cytoplasm to alanine or
may undergo reactions catalysed in the mitochondria leading to its conversion
to glucose or combustion to CO2 and water. Pyruvate enters mitochondria via
the monocarboxylate transport system and may then undergo either of two
irreversible reactions: carboxylation to oxaloacetate by pyruvate carboxylase
or decarboxylation to acetyl coenzyme A (acetyl CoA) by the pyruvate dehy-
drogenase complex (PDC) (Fig. 1).

Pyruvate may be reduced to lactate in the cytoplasm or may be transported
into the mitochondria for anabolic reactions, such as gluconeogenesis and li-
pogenesis, or for oxidation to acetyl CoA by the PDC. Reducing equivalents
(NADH, FADH2) are generated by reactions catalysed by the PDC and the
tricarboxylic acid (TCA) cycle and donate electrons (e) that enter the respi-
ratory chain at NADH ubiquinone oxidoreductase (complex I) or at succinate
ubiquinone oxidoreductase (complex II). Cytochrome c oxidase (complex
IV) catalyses the reduction of molecular oxygen to water and ATP synthase
(complex V) generates ATP from ADP.

Under aerobic conditions, PDC catalyses the rate-determining reaction for
the oxidative removal of glucose, pyruvate and lactate and helps to sustain
the TCA cycle through provision of acetyl CoA (Stacpoole 2004). Reducing
equivalents (NADH, FADH2) are generated by reactions catalysed by the PDC
and by various dehydrogenases in the TCA cycle and provide electrons to
the respiratory chain for eventual reduction of molecular oxygen to water
and synthesis of ATP. Furthermore, normal functioning of the TCA cycle and
respiratory chain is essential for generation of bicarbonate and removal of
hydrogen ions. Thus, the PDC participates, albeit indirectly, in cellular acid
base homeostasis. The PDC undergoes rapid post-translational changes in
catalytic activity by reversible phosphorylation, which renders the complex
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Fig. 1 Pyruvate enters mitochondria via the monocarboxylate transport system and
may then undergo either of two irreversible reactions: carboxylation to oxaloacetate
by pyruvate carboxylase or decarboxylation to acetyl coenzyme A (acetyl CoA) by the
pyruvate dehydrogenase complex

inactive. Phosphorylation is mediated by pyruvate dehydrogenase kinase and
dephosphorylation is catalysed by pyruvate dehydrogenase phosphatase.

4.2
Etiology of Hyperlactataemia

Hyperlacataemia results from increased lactate production, decreased lactate
clearance, or both. Stable isotope lactate turnover studies conducted in 14
adults in Vietnam (Davis et al. 2002) and in 19 children in Ghana (Agbenyega
et al. 2000)with severemalariahave shownconsistent results. Lactate turnover
is elevated in severe disease and plasma lactate concentrations correlate pos-
itively with lactate turnover, implying that hyperlactataemia is primarily the
result of increased lactate production rather than decreased removal. Glucose
and lactate turnover rates are also positively correlated, suggesting that lac-
tate production results from increased anaerobic glycolysis. In both of these
studies lactate turnover correlated positively with recovery time from coma,
which is consistent with the hypothesis that microvascular obstruction is the
underlying mechanism behind both hyperlactataemia and coma in malaria.
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Several underlying mechanisms for hyperlactataemia in severe malaria
have been proposed, some of which are unlikely to contribute significantly to
hyperlactataemia. These are described in detail below.

4.2.1
Lactate Production by Parasites

P. falciparum possesses cytochromes, but is not thought to contain them in
a functionally organized respiratory chain capable of undertaking oxidative
phosphorylation. Hence, when parasites reside in host erythrocytes (which
lack mitochondria), their sole energy source is considered to be anaero-
bic glycolysis (Mi-Ichi et al. 2003). Parasitized red cells make 20–50 times
more lactate than uninfected cells (Vander Jagt et al. 1990). In theory this
would roughly double red cell lactate production in a person with 2% par-
asitaemia. However, this would be unlikely to contribute to the high lactate
levels seen in severe malaria, which may occasionally be over 10-fold higher
than resting lactate concentrations. Infected red cells produce both d and
l-lactate, but concentrations of venous blood d-lactate concentrations are
usually low (P. Holloway and S. Krishna unpublished results). This finding
does not support the production of lactate by parasites as an important cause
of hyperlactataemia in infected hosts.

4.2.2
Convulsions

The intense muscular contractions associated with convulsions may cause
a transient lactic acidosis (Orringer et al. 1977). Although convulsions are
common in malaria, neither a history of convulsions prior to admission nor
convulsions observed in hospital are related to hyperlactataemia (English et
al. 1997b; Planche et al. 2003) or increased lactate/pyruvate ratios (Day et al.
2000b). But they are related to larger falls in lactate post-admission (Krishna
1994).

4.2.3
Muscle Damage

Muscle damage, leading to increased proteolysis and conversion of alanine
to pyruvate has been proposed as a cause of hyperlactataemia (Davis et al.
1996). However, increased protein breakdown is unlikely to be a major factor
in malaria-associated lactic acidosis. Although rhabdomyolysis can occur as
muscle damage continues during the first few days of infection the level of
blood lactate rapidly declines during this period (Davis et al. 1996). Further-
more, increased production of lactate per se would not be expected to alter
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significantly the lactate/pyruvate ratio, which is raised in severe malaria (Day
et al. 2000b).

4.2.4
Decreased Liver Clearance

Decreased liver blood flow and decreased hepatic clearance of lactate and
alanine have been reported in severe malaria (Molyneux et al. 1989; Pukrit-
tayakamee et al. 1994, 2002) and could contribute to hyperlactataemia. How-
ever, data from lactate turnover studies in severe malaria demonstrate that
increased lactate production, rather than decreased lactate clearance, is the
major contributor to hyperlactataemia (Agbenyega et al. 2000; Davis et al.
2002). Thus decreased hepatic clearance is likely to be of secondary impor-
tance.

4.2.5
Chronic Salicylate Toxicity

Acute salicylate poisoning may uncouple oxidative phosphorylation and pre-
cipitate lactic acidosis (Stacpoole 1993). Salicylate toxicity has been associated
with hyperlactataemia and hypoglycaemia in a group of Kenyan children with
severe malaria (English et al. 1996). There are great variations in prescrib-
ing practice between countries, for example in Kumasi, Ghana none of 50
children presenting with severe malaria had detectable salicylate in plasma
(T. Agbenyega, S. Krishna and T. Planche, unpublished results). Although
chronic salicylate toxicity may be more prevalent in some geographical areas,
salicylates are not widely used in children and are unlikely to be a major cause
of hyperlactataemia in malaria worldwide.

4.2.6
Thiamine Deficiency

Thiamine (vitamin B1), as the pyrophosphate derivative, is a cofactor of
the PDC and is required specifically for the decarboxylation of pyruvate
(Stacpoole 2004). Chronic thiamine deficiency (beriberi) is associated with
lactic acidosis, hypoglycaemia and impaired consciousness. Low blood thi-
amine levels were detected in 12 of 23 Thai adults (54%) with severe malaria
(Krishna et al. 1999). Populations from this region in southeast Asia typically
consume a diet of polished rice and fish paste, which contains thiaminase,
and thiamine deficiency is common. As with salicylate toxicity, thiamine
deficiency is of undertermined importance worldwide as a cause of hyperlac-
tataemia and studies of its prevalence in other geographic areas are awaited.
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4.2.7
Increased Resting Energy Expenditure

In a study of 19 Gambian children with uncomplicated malaria, resting energy
expenditure was about 30% greater than in uninfected control subjects (Stet-
tler et al. 1992), but fell quickly after the initiation of antimalarial treatment.
The increase in resting energy expenditure was positively correlated with oral
temperature. Fever and malaria infection, therefore, may increase resting en-
ergy expenditure and tissue oxygen requirements. However, this study did
not measure lactate levels and there is no direct evidence for a correlation
between lactate and resting energy expenditure.

4.2.8
Anaemia

Severe anaemia (haemoglobin ≤50 g/l) is common in children and decreases
the oxygen delivery capacity of blood. Compensatory changes in the oxygen-
dissociation curve of haemoglobin may occur with increased red cell pro-
duction of 2,3-diphosphoglycerate (Bohr effect) (Jones and MacGregor 1954),
though this responsemaybebluntedbyacidosis (Krishnaetal. 1983).Anaemia
per se has a low case fatality rate and is a poor independent predictor of death
in children with malaria (Allen et al. 1996; Marsh et al. 1995; Planche et al.
2003; Waller et al. 1995), but it may contribute to raised lactate levels.

Blood lactate levels are highly correlated with the degree of anaemia in
infected children (English et al. 1997b; Planche et al. 2003), but not in adults
(Day et al. 2000b). A Kenyan study of nine children with severe malaria
associated anaemia (English et al. 1997a) showed that the seven cases who
had both anaemia and hyperlactataemia had a mean 25% increase in oxygen
consumption measured during the course of a blood transfusion. The increase
in oxygen consumption was positively correlated with the admission lactate
concentration but not with the admission haemoglobin level. The rise in
oxygen consumption may reflect the repayment of an ‘oxygen debt’ that
accumulated due to tissue hypoxia. However, due to lack of a control group
(no transfusion) in this study it is impossible to determine whether increased
oxygen consumption was due primarily to the transfusion or to successful
antimalarial treatment. Indeed, the fact that increased oxygen consumption
was related to baseline lactate but not to the degree of anaemia makes it less
likely the ‘oxygen debt’ was due to anaemia itself.
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4.2.9
Sequestration

P. falciparum is the only malaria parasite infecting humans that causes the
sequestration of infected erythrocytes, which occurs in post-capillary venules
and capillaries (Silamut et al. 1999). Sequestration may result in decreased
blood flow, local competition between host and parasite for nutrients or lo-
cal release of cytokines or other inflammatory mediators. Parasites adhere
to a number of vascular receptors and red cell surface molecules. The most
important parasite ligands are a family of proteins called P. falciparum ery-
throcyte protein 1 (Su et al. 1995). Intracellular adhesion molecule, vascular
cell adhesion molecule, E-selectin, thrombospondin, CD36 and chondroitin
sulphate A are also reported to be important receptors for cytoadherence
(Fried and Duffy 1996; Silamut et al. 1999; Turner et al. 1994). Both ring stage
parasites and more mature phases may sequester (Silamut et al. 1999). The ad-
hesion ligand on ring stage infected cells is not known. Blood concentrations
of endothelial microparticles (EMPs) are elevated in patients with cerebral
malaria but not in those with malarial anaemia without cerebral symptoms
(Combes et al. 2004).CirculatingEMPsare elevated in several other conditions
associated with vascular endothelial damage (Combes et al. 1999). These data
imply, but do not prove a causal role for circulating EMPs in the pathobiology
of cerebral malaria.

Large studies in Thai and Vietnamese adults have found greater numbers
of sequestered parasitized red cells in the brains of patients who died from
cerebral malaria than in those who died with malaria from other causes, such
as renal failure (Silamut et al. 1999; Turner et al. 1994), implying that seques-
tration is related to the development of cerebral manifestations of disease.
Because sequestration is not present in all patients who die with a diagnosis
cerebral malaria, it has been suggested that simple mechanical obstruction of
the microvasculature may be insufficient to explain the symptoms of severe
malaria (Clark and Cowden 2003). However, the clinical diagnosis of cerebral
malaria is the presence of coma in a patient with malaria where other causes
of coma have been clinically eliminated, which may result from a number of
other clinically undetected causes of coma such as hypoglycaemia. Further-
more, treatment may have cleared previously sequestered parasites from the
brain of some patients who subsequently died. A recent post-mortem study
of 31 children from Malawi who died with a pre-mortem diagnosis of cerebral
malaria (Taylor et al. 2004) showed that seven patients [23%; 95% confidence
interval (CI), 10%–41%] died of causes other than malaria. All children dying
with post-mortem confirmed malaria had evidence of cerebral sequestration.
The alternative causes of death in children with a coincidental parasitaemia
included Reye’s syndrome, intracerebral haemorrhage, meningitis, liver fail-
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ure and pneumonia. Clearly an important corollary of these findings is that
one would expect occasionally to find cases defined pre-mortem as ‘cerebral
malaria’ without evidence of sequestration as they may have died of another
cause with a coincidental parasitaemia.

Decreased oxygen availability inhibits the mitochondrial removal of lactate
as well as increasing its production. Thus, hypoxia, in theory, is a condition
in which the resulting metabolic acidosis may reflects both overproduction
and underutilization of lactate and protons (Stacpoole 1993). Therefore, it
may not be surprising that the resulting hypoxia would shift the intracellular
milieu to a more reduced state, increase the NADH/NAD+ ratio and favour
a high lactate/pyruvate ratio. Blood lactate concentrations correlate positively
with very high lactate/pyruvate ratios (about 30) in severe malaria (Day et
al. 2000a; Krishna et al. 1994a), and which are higher than those reported in
patients with sepsis (Dugas et al. 2000; Levy et al. 1997, 1999, 2000; Suistomaa
et al. 2000) but similar to ratios measured in patients with congenital lactic
acidosis due to defects in respiratory chain enzyme complexes (Robinson
2001)

Coma recovery times are related to lactate turnover (Agbenyega et al.
2000; Davis et al. 2002). Direct measures of tissue blood flows are technically
difficult as blood flow increases with fever and anaemia and appropriate
corrections need to be made. There is also the possibility of shunting which
makes microvascular obstruction difficult to detect with currently available
methods. Direct measures of cerebral blood flow in a study of Thai adults
using a modification of the Kety–Schmidt method showing reduced cerebral
blood flow in cases of cerebral malaria compared to convalescence (Warrell
et al. 1988). A study of Kenyan children using trans-cranial Doppler failed to
detect a generalized fall in cerebral blood flow compared with convalescence
(Newton et al. 1996), though there were differences between blood flows in the
right and left cerebral arteries in over half the children. One further cerebral
blood flow study was too small to be interpretable (n=4) (Clavier et al. 1999).
Measures of forearm blood flow in Thai adults (n=12) showed no consistent
changes in blood flow (Krishna et al. 1994a).

4.2.10
Rheological Factors

Red cell deformability is decreased in both infected and uninfected red cells in
malaria and is associatedwithdisease severity andhyperlacataemia (Dondorp
et al. 1999, 2002, 2004). Rosetting, in which mature parasitized red cells
become surrounded by non-parasitized erythrocytes, has been associated
with a poor outcome (Treutiger et al. 1992). Rosetting may increase blood
viscosity, and could contribute to microvascular obstruction and poor tissue
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perfusion in malaria. In vitro models (Shelby et al. 2003; Taylor-Robinson
2004) using artificial microcapillaries confirm the importance of red cell
deformability in determining blood flow through the microcirculation.

4.2.11
Circulatory Failure

It has been suggested recently that severe malaria may be the result of shock
(Maitlandetal. 2003a, 2003b). Shock isdefinedas ‘aclinical state inwhich there
is inadequate tissue perfusion to meet metabolic demands’ (Logan 1998). If
circulatory failure were responsible for poor tissue perfusion in malaria, then
resuscitation with the appropriate intravenous fluids could be a cheap, simple
and attractive adjunctive therapy to improve survival. However, hypotension
is rare (Day et al. 1996) in adults with severe malaria, in whom cardiac output
(Day et al. 1996), intravascular circulating volume (Davis et al. 1992; Sitprija et
al. 1967), and total body water (Feldman and Murphy 1945; Flynn et al. 1967;
Malloy et al. 1967) are normal or slightly elevated. The renal failure observed
in severe adult malaria is not related to hypovolaemia or hypotension (Davis
et al. 1992; Day et al. 1996; Sitprija et al. 1967). Thus there is little evidence that
circulatory failure contributes importantly in malaria infected adults to poor
tissue oxygenation and, hence, to overproduction of lactate and hydrogen
ions by underoxygenated tissues.

The relationship between circulatory failure and lactic acidosis in children
with severe malaria is less clear. Hypotension is a very late sign of circula-
tory collapse in children with trauma or sepsis in profound shock. Though
hypotension is rare in children with severe malaria this is not evidence of
the absence of circulatory failure. In sepsis, systems to diagnose shock exist
using a number of validated clinical and laboratory criteria (Association 1997;
Sáez-Llorens and McCracken 1993).

Most children with severe malaria have many of the non-specific signs of
circulatory failure. For example, a recent Kenyan study found that 212 of 372
(57%) children with severe malaria had ‘shock’ as defined by two or more of
these signs including: tachycardia, fever, hypotension, acidosis, tachypnoea,
hypoxia, poor renal output, hypoglycaemia (Maitland et al. 2003a). Children
who went on to die had a greater number of these signs than survivors. This
was proposed as evidence of circulatory failure in malaria. Signs validated in
sepsis to diagnose shock may not apply in severe malaria. For example, if one
applied these defining criteria to a series of cases of heart failure or even acute
urinary retention these signs would be detected frequently and give the false
impression that the symptoms seen in those conditions are also due to shock
and will therefore respond to fluid therapy. There are many physiological
differences between sepsis and malaria and these are shown in Table 4.
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Table 4 Comparison of common clinical features of severe malaria and septic shock

Severe malaria Septic shock

Histology
Sequestration Yes No
Amount of infected material 10s of grams Micrograms
Metabolism Lactate/
pyruvate ratio

∼30 ∼20

Hypoglycaemia Common Rare
Haemodynamics
Hypotension Rare Common
Capillary permeability + +++
Plasma volume Normal Reduced
Total body water Normal/reduced Normal/elevated
Extra-cellular water Normal/reduced Normal/elevated
Changes in fluids No change in ECW ECW elevated for days
Mixed venous O2 Very low Low
Haematology
Leucocytosis
(WBC >11/µl)

Rare Very common

Anaemia (Hb <100 g/l) Common Uncommon
Thrombocytopoenia
(platelets <140/µl)

Very common Rare

Measurements of total body water are normal in children with malaria
(Planche et al. 2004) and there is no evidence of capillary leak (Hero et al. 1997)
or rise in extracellular water in childhood malaria (Planche et al. 2004) that is
seen in childhood septic shock. Though no direct comparison has been made,
vital signs in children treated with relatively conservative fluid replacement
regimens (Planche et al. 2004) return to normal values as quickly as those
children in other studies using aggressive fluid resuscitation (Maitland et al.
2003b). In childhood malaria, objective measures of fluid volume status and
cardiovascular physiology are needed to demonstrate circulatory failure.

4.2.12
Summary

In summary, the causesofhyperlacataemia in severemalaria aremultifactoral.
Based on the findings from studies of lactate kinetics and the presumed conse-
quences of microcirculatory obstruction by parasitized red blood cells, most
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cases of malaria-associated hyperlactataemia reflect a condition whereby the
rate of lactate production by the host outstrips the rate of clearance.

4.3
Metabolic Acidosis

Metabolic acidosis is common in severe malaria (Taylor et al. 1993), although
it hasbeendefineddifferentlyby studies.Degreeof acidosis is positively corre-
lated with hyperlactataemia, a decreased blood concentration of bicarbonate
and a high anion gap (Day et al. 2000b; English et al. 1997b). The serum anion
gap is defined by concentration of sodium minus the sum of both chloride
and bicarbonate and is 10–12 mEq/l.

A large study of Vietnamese adults with severe malaria showed that aci-
dosis (standardized base deficit >3.3 mEq/l) was more specific than hyper-
lactataemia in predicting a fatal outcome (Day et al. 2000b). In this study,
however, over a quarter of the patients had renal failure and the main predic-
tors of acidosis were the concentration of blood lactate and plasma creatinine.
Renal insufficiency causes acidosis by failure to excrete inorganic acids and
thus may figure prominently in the pathogenesis of this complication of severe
malaria in southeast Asian adults.

Renal insufficiency is extremely rare inchildrenwith severemalaria (Marsh
et al. 1995; Newton and Krishna 1998). A study of 132 children with malaria
and acidosis found that acidosis was related to the plasma concentrations of
creatinine and urea, to the blood level of lactate and to age (English et al.
1997b). However, renal impairment was not marked, since the mean (95% CI)
plasma creatinine was only 97(80–114) µmol/l (normal range, 33–61 µmol/l)
in the most severely acidotic group and would not account for the observed
magnitude of acidosis or the raised anion gap.

4.4
Clinical Course and Treatment

Most deaths from severe malaria occur within 24 h after admission to hospital
(Krishna et al. 1994b; Marsh et al. 1995; Waller et al. 1995). If hyperlactataemia
is present at the time of admission, it usually resolves within a few hours of
instituting conservative fluid resuscitation and anti-malarial chemotherapy
(Agbenyega et al. 2000, 2003; Krishna et al. 1994a). Whilst blood lactate is an
independent predictor of mortality in malaria (Allen et al. 1996; Krishna et
al. 1994b; Waller et al. 1995), a prolonged hyperlactaemia (≥4 h) that occurs
in a small proportion of cases is an even better indicator of a fatal outcome
(Krishna et al. 1994a). It follows that interventions that decrease circulating
lactate may improve survival by ‘buying time’ until anti-malarials can exert
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their full parasite killing effect. Some of the proposed interventions to improve
outcome in malaria are summarized below.

4.4.1
Aggressive Intravenous Infusion of Fluids

The treatment of circulatory failure in sepsis in adults and children has been
revolutionized by the use of aggressive fluid resuscitation to treat shock and
improve tissue perfusion (Pathan et al. 2003; Rivers et al. 2001, 2004; Welch
and Nadel 2003). Were it possible to reproduce this success in severe malaria
then tens of thousands of lives might be saved worldwide. However, for the
reasons outlined above it is unlikely that circulatory failure plays an important
part in the pathophysiology or outcome of severe malaria. Moreover, there
are inherent risks with aggressive fluid resuscitation (Maitland et al. 2004;
Newton et al. 1997) that are potentially dangerous in settings in which neither
mechanical ventilation nor monitoring of infusion rates or serial measure-
ment of plasma electrolyte concentrations are routine. In adults with severe
malaria there is unlikely to be any benefit from aggressive fluid management
unless hypotension is present (Davis et al. 1992; Day et al. 1996, 2000b). In
infected children, in whom hypotension is a less reliable sign of circulatory
failure, the situation is less clear. There is no validated evidence of circulatory
failure in children with severe malaria (except perhaps immediately before
death) and there are potential risks inherent in administering fluid boluses
of 20–40 ml/kg to severely ill children whose haemodynamic status cannot
be monitored appropriately. Therefore, aggressive fluid resusitation in these
patients is probably unwarranted on present evidence.

4.4.2
N-Acetyl Cysteine

N-Acetyl cysteine (NAC) is the acetylated precursor of both l-cysteine and
glutathione. It has been used as a mucolytic agent and an antidote for para-
cetamol overdose (Zimet 1988). Recently NAC has been used for a number
of other conditions, such as contrast nephropathy (Kelly 1998). The oral
bioavailability of NAC is less than 10% (Olsson et al. 1988) and it is usually
given as an infusion in emergency settings. Intravenous preparations of NAC
have a shelf life of about 3 years. NAC is safe and well tolerated, although
anaphylactic reactions have been reported infrequently (Tenenbein 1984).

NAC has been shown to lower blood lactate levels faster than placebo in
Thai adultswith severemalaria (Treeprasertsuk et al. 2003;Watt et al. 2002). Its
lactate lowering mechanism of action is unknown and its impact on survival
has not been tested. The usefulness of NAC is mitigated by the need to infuse
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it over 20 h and by its cost which is currently about US$ 70 for a 10 kg child
(BMA and RPS 2004).

4.4.3
Dichloroacetate

Dichloroacetate (DCA) is an inhibitor of pyruvate dehydrogenase kinase,
which reversibly phosphorylates, and inhibits, the activity of the PDC
(Stacpoole 1989). Animal experiments indicate that DCA activates the PDC
in virtually all tissues within minutes of its parenteral administration and
readily crosses the blood–brain barrier. Sodium DCA is inexpensive to
manufacture, is stable in solution at room temperature and is safe when
administered to children or adults with lactic acidosis (Stacpoole et al.
1998). It has been used extensively in malaria as an investigational drug.
DCA lowers lactate more rapidly than placebo in Thai adults (Krishna et
al. 1994a, 1996, 2001) and Ghanaian children (Agbenyega et al. 2000, 2003;
Krishna et al. 1995) with malaria associated hyperlactataemia. Population
pharmacokinetic studies have shown little intersubject variability of phar-
macokinetic parameters after intravenous administration of DCA in severe
malaria (Agbenyega et al. 2003; Krishna et al. 1994a, 1995, 1996, 2001). In
a study of Thai adults single intravenous dose of 46 mg/kg was as effective
in lowering circulating lacate concentrations as were two doses (Krishna
et al. 1996). DCA has been used with both quinine (Agbenyega et al. 2003;
Krishna et al. 1994a, 1995, 1996, 2001) and artesunate (Agbenyega et al. 2000).
A large study of Ghanaian children with malaria associated hyperlactataemia
(n=124) showed no pharmacokinetic interaction between quinine and DCA
and no unexpected adverse events with DCA when administered as a single
10-min infusion of 50 ml/kg body weight (Agbenyega et al. 2003). DCA has
been shown to improve outcome in a P. berghei infected rodent model of
malaria (Holloway et al. 1995) and magnetic resonance imaging studies in
P. berghei infected mice showed lower brain lactate levels in animals that
received DCA (Rae et al. 2000).

In summary, DCA lowers blood lactates in malaria infected humans and
animals more rapidly than placebo and improves survival in a rodent model.
DCA has been used with both quinine and artesunate and there have been no
adverse events attributable to this drug when used in severe malaria. However,
the impact of DCA on survival in malaria has not been investigated.
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5
Amino Acid Metabolism

Plasma alanine levels are elevated in severe malaria (English et al. 1997b).
Pyruvate and alanine are in equilibrium and their interconversion is catalysed
in the cytoplasm by alanine aminotransferase. Elevated plasma alanine levels
probably result from the increased availability of pyruvate derived from an
increased rate of glycolysis and a decreased rate of hepatic gluconeogenesis.
Glutamine is a non-essential amino acid, but becomes particularly important
in times of metabolic stress, such as during trauma or sepsis (Castell et
al. 1994). Low levels of plasma glutamine have been found in a number of
critical illnesses and are related to a poor outcome (Oudemans-van Straaten
et al. 2001). Glutamine supplementation may improve survival in premature
infants (Neu et al. 1997) and critically ill adults (Griffiths 1997).

Plasma glutamine levels are reported to be low in children with moderate
malaria (Cowan et al. 1999) but are normal in children with severe malaria
(Planche et al. 2002). However, glutamine supplementation is unlikely to be
of benefit in patients with severe malaria as plasma glutamine levels in severe
malaria are not decreased.

6
Lipid Metabolism

Hypocholesterolaemia is present in P. falciparum-infected adults and children
in Gabon (Baptista et al. 1996; Cuisinier-Raynal et al. 1990; Djoumessi 1989;
Faucher et al. 2002; Mohanty et al. 1992; Ngou-Milama et al. 1995). In these
patients the high-density lipoprotein cholesterol is low while the low-density
lipoprotein concentration is normal (Faucher et al. 2002). There appears to
be no relationship between cholesterol and disease severity (Baptista et al.
1996).

Hypertriglyceridaemia has been observed in Gabonese children (Faucher
et al. 2002) and in Indian adults (Mohanty et al. 1992) with acute malaria, but
again is unrelated to disease severity (Baptista et al. 1996). Triglyceride levels
return to normal within 2 weeks of antimalarial treatment.

Long-chain nonesterified (free) fatty acids are taken up by the liver in
proportion to their concentration in the blood. Mitochondrial β-oxidation
of free fatty acids provides reducing equivalents for the stimulation of hep-
atic gluconeogenesis (Chen et al. 1999). Stable isotope ([6,6-2H2] glucose)
turnover studies in adults with uncomplicated malaria showed that glucose
production and gluconeogenesis were higher in patients with malaria than in
uninfected subjects (Van Thien et al. 2004). However, Acipimox, an inhibitor
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of lipolysis, did not decrease the rate of gluconeogenesis in infected patients
despite causing a fall in plasma free fatty acid concentrations.

The causes for the observed changes in plasma lipid concentrations in
P. falciparum malaria are obscure. However, it is not uncommon to have
transient increases in circulating lipids, particularly triglycerides, from in-
fection by bacteria, viruses and protozoa (Edwards and Stacpoole 1999). The
hypertriglyceridemic response to infection is associated with an increase in
circulating concentrations of very low-density lipoproteins (VLDL) that are
the principal triglyceride-rich lipoproteins in the post-absorptive state. Ex-
perimental studies indicate that infection-induced hypertriglyceridemia is
probably due to both an increase in the hepatic secretion of VLDL and to a de-
crease in triglyceride clearance from the circulation. This latter effect may
be mediated by a decrease in the sensitivity of peripheral tissues to insulin,
since systemic infection is a known cause of insulin resistance. Cytokines and
endotoxin influence the synthesis and degradation of VLDL and may thus
play a central role in infection-induced dyslipidaemia.

It is possible that the lipid abnormalities induced by infectious diseases are
beneficial to the host (Edwards and Stacpoole 1999). This intriguing notion
has been explored most fully in studies demonstrating that all the major
human lipoprotein subclasses can bind endotoxin, block endotoxin-mediated
activation of human monocytes and prevent release of various cytokines from
these cells. Lipoproteins may also bind and neutralize viruses and may cause
lysis of Trypanosoma brucei (Vanhamme et al. 2003). It is unknown whether
circulating lipoproteins exert protective effects against the biochemical or
clinical complications of P. falciparum infection.

7
Conclusion

Metabolic disturbances play a major role in deaths from malaria. There are
between 1 and 2 million deaths annually from malaria (Breman 2001), making
malaria one of the most common causes of fatal metabolic disease worldwide.
The identification of hypoglycaemia as a life-threatening complication of
severe malaria has led to its widespread recognition and to straightforward
measures to prevent or to treat it. Hyperlactataemia is also an attractive
metabolic target for intervention because of its independent association with
mortality in severe malaria. A few investigational drugs for malaria associated
lactic acidosis have been developed, but randomized controlled trials of these
agents are required to determine their impact on survival.
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1
Introduction

Malaria is a major public health problem in tropical areas and it is estimated
that it is responsible for 1–3 million deaths annually and 300–500 million in-
fections. The vast majority of morbidity and mortality from malaria is caused
by infection with Plasmodium falciparum, although P. vivax, P. ovale and
P. malariae also are responsible for human infections. A significant propor-
tion of the mortality and morbidity is due to anaemia. The salient features
that make this clinical problem a major public health concern are the very
large numbers of children affected and the difficulty of satisfactory treatment
by blood transfusion outside specialist centres. These concerns have been
enhanced by recent data from primate studies, which suggest that monkeys
vaccinated with erythrocytic-stage antigens and that have acquired protec-
tion from acute infection may succumb to severe anaemia during a subacute
or chronic phase of infection (Egan et al. 2002). However, ever since the first
descriptions of malaria by Greek and Roman authors the study of malarial
anaemia has been relatively neglected compared with those of other syn-
dromes of severe malaria.

2
Prevalence and Aetiology of Anaemia in the Developing World

It is difficult to be sure how many children in the developing world suffer from
anaemia. A precise synthesis of the numerous surveys of the prevalence of
anaemiaacross thedevelopingworld is impossible.Different studieshaveused
different definitions, demographic design and methodology. Nevertheless,
using the World Health Organization definitions of anaemia (Table 1), it is
quite clear that the overall prevalence is very high and in many parts of the
world the majority of young children are anaemic (Table 2).
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Table 1 World Health Organization Criteria for haemoglobin concentrations below
which anaemia is considered to be present in populations at sea level (from World
Health Organization 1972)

Age Haemoglobin concentration (g/dl)

Children (6 months–6 years) 11
Children (6–14 years) 12
Adult males 13
Adult females (non-pregnant) 12
Adult females (pregnant) 11

Table 2 Prevalence (%) of anaemia (World Health Organization criteria) in different
populations (from Weatherall and Ledingham 1987)

Geographic area Preschool
children

Non-pregnant
women

Pregnant
women

Adult
men

Latin America
(seven countries)

– 17 24 4

Chile 35 – – –
Nigeria 63 46 52 36
Northern India 90 84 80 48
Southern India 76 81 88 56
Burma 3–27 5–15 82 1–5
Philippines 42 37 72 7

It is equally difficult to determine the relative importance of different
causes of anaemia in many tropical populations. Clinical studies that have
examined the aetiology of severe anaemia in children presenting to hospital
have concluded that acute or chronic malaria infection is a major precipi-
tating factor in children with severe anaemia causing admission to hospital
(Newton et al. 1997). Many community surveys have concentrated only on one
mechanism of anaemia, for example iron or folate deficiency. These studies
serve to emphasise the multifactorial aetiology of anaemia. Nevertheless, it is
clear that iron deficiency, which affects at least 20% of the world’s population,
is a major factor in the seasonal surge of anaemia in the tropical rainy season
in many, but not all, regions and that the numerous other diseases that exac-
erbate anaemia are often operating in the setting of low or inadequate body
iron stores.

The iron and folate stores of the newborn reflect the respective maternal
stores and folate content of breast milk, which may be reduced by maternal
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deficiency and maternal malaria. After weaning, iron deficiency is common
in those communities eating mainly cereals, legumes and/or vegetables. The
iron content of these diets is low and non-haem iron intake is further dimin-
ished by the presence of fibre, polyphenols and phosphates. In many regions,
iron stores are reduced by blood losses following hookworm or schistosomal
infection.

In many populations anaemia may be associated with folate deficiency.
The dietary intake of folate is highly variable and depends not only on
the presence of green leafed vegetables in the diet but also on methods of
food preparation. Moreover, chronic illness may reduce intake further due
to anorexia and/or malabsorption. Finally, the demand for folate may be in-
creased by chronic haemolysis due to thalassaemia or sickle cell disease or
indeed malaria. Nutritional vitamin B12 deficiency is rare in children, with the
notable exception of breast fed children born to mothers with sprue. Com-
mon haemoglobinopathies provide a further cause of anaemia after the first
6 months of life.

The aetiology of anaemia in children in developing countries is therefore
multifactorial; children have low haematinic reserves and increased demand
for haematinics, and they are drawn into a vicious circle of infection, reduced
immunity and malnutrition, particularly in the rainy season. In malaria en-
demic areas, anaemia secondary to acute and/or chronic malaria infection is
superimposed on this complex epidemiological background.

Therefore, to obtain a true picture of the cause of anaemia it is necessary to
use data from longitudinal studies carried out over a considerable period. For
example, studies in The Gambia have stated that mean haemoglobin levels in
childrenvary significantly at different timesof theyear; anaemia is muchmore
common in the rainy season when malaria transmission is its highest (Brew-
ster and Greenwood 1993) (Fig. 1). However, the rains also have profound
effects on sanitation measures and at this time the water supply frequently be-
comes contaminated, with a concomitant increase in water-borne diarrhoeal
disease. Such illnesses are accompanied by malabsorption and compounded
by an impoverished food supply as food stores reach a nadir. So the seasonal
increase in anaemia in malaria endemic areas arises on a background of low
or frankly deficient stores of haematinics and/or other micronutrients. Recent
studies have shown that a low baseline haemoglobin level (average 9.7 g/dl)
at the start of the season for malaria transmission is a major risk factor for
developing severe malarial anaemia (Dicko et al. 2004).

The exact role of borderline stores of haematinics, other nutrients and
malaria per se in malarial anaemia would be expected to vary from region
to region. Reliable determination of contribution of these individual fac-
tors to anaemia requires intervention studies rather than descriptive surveys.
However, there has been considerable debate over the risk that iron sup-
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Fig.1 Number of admissions to a children’s ward in a hospital where malaria transmis-
sion is confined to the rainy season. The peaks of severe malarial anaemia correspond
to seasonal epidemics of fever and cerebral malaria. Gastroenteritis and malnutrition
peak incidence occurs in the early part of the rainy season, consistent with a multifac-
torial aetiology of the anaemia. (Redrawn from Brewster and Greenwood 1993)

plementation may improve anaemia but increase the prevalence of malaria
disease or precipitate clinical episodes. In Tanzania, Menendez and Alonso
and their colleagues have shown that iron supplementation and anti-malaria
prophylaxis prevented 30% and 60%, respectively of all cases of moderate
anaemia presenting during the malaria transmission season (Menendez et
al. 1997). However, after the end of the intervention period, children who
had received malaria chemoprophylaxis had approximately double the rates
of severe anaemia and malaria compared to non-chemoprophylaxis groups.
This study suggested that iron supplementation of infants could prevent iron-
deficiency anaemia, even in malaria-endemic areas. Here, malaria chemopro-
phylaxis during the first year of life was more effective in prevention of malaria
and anaemia, but apparently impaired the development of natural immunity.
This trial provoked considerable interest in using chemoprophylaxis and iron
supplementation to prevent malarial anaemia in early childhood. A recent
meta-analysis of many different trials suggested that individuals with severe
anaemia below 7 g/dl should receive malaria chemoprophylaxis as well as iron
supplementation. Individuals with mild to moderate anaemia will not have
an adverse effect of malaria disease with iron supplementation.

Menendez and colleagues performed another trial, giving sulphadoxine-
pyrimethamine or placebo at the same time as routine vaccinations delivered
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through WHO’s Expanded Program on Immunization (EPI). All children re-
ceived iron supplementation between 2 and 6 months of age. This simple
intervention reduced severe anaemia by 50% compared to the placebo group,
while serological responses to EPI vaccines were not affected by the interven-
tion (Schellenberg et al. 2001).

There is now widespread interest in repeating these trials elsewhere, using
such powerful longitudinal studies to understand the other significant factors
that contribute to anaemia and so define strategies to prevent anaemia in
children living in areas with different patterns of malaria endemicity.

3
Features of Malarial Anaemia

3.1
The Spectrum of Disease Caused by Malarial Infection

The signs and symptoms of malaria infection in humans are caused by the
asexual blood stage of the parasite. Infection with these stages may result in
a wide range of outcomes and pathologies. Indeed, the spectrum of severity
ranges from asymptomatic infection to rapidly progressive, fatal illness. The
clinical presentation of malaria infection is also wide and influenced by age,
immune status, genotype and pregnancy status of the host and by the species,
genotype and, perhaps, the geographical origin of the parasite. In endemic
areas many infections present as an uncomplicated febrile illness. In more
severe forms of the disease children may present with prostration or inability
to take oral fluids, or in younger children inability to suckle. Alternatively, they
may exhibit a number of syndrome(s) of severe disease including anaemia,
coma, respiratory distress and hypoglycaemia, and may also have a high rate
of bacteraemia (Marsh et al. 1995; Berkley et al. 1999). The salient features
and pathophysiology of many of these syndromes are described elsewhere in
this book (see the chapters on uncomplicated malaria by M.P. Grobusch and
P.G. Kremsner, severe malaria by T. Planche et al. and placental malaria by
P.E. Duffy and M. Fried, this volume).

In most age groups, anaemia is frequently accompanied by more than
one syndrome of severe disease. This was clearly illustrated in the studies of
Marsh and colleagues (Fig. 2). This large series also demonstrates how the
already substantial case fatality rate of 15%–20% for severe malaria in African
children rises significantly when multiple syndromes of severe disease are
present (Fig. 2; Marsh et al. 1995).

The age distribution of anaemia and other syndromes of severe disease
are a consistent but puzzling feature of the epidemiology of clinical malaria.



The Clinical and Pathophysiological Features of Malarial Anaemia 143

Fig. 2 The spectrum of clinical malaria in Kilifi, Kenya. The spectrum of clinical
malaria in a malaria endemic area from a series of 1,800 children admitted to hospital.
The areas of the circles in this Venn diagram are roughly proportional to the number
of children in each group. The case fatality rate is given as a percentage. (Adapted from
Marsh et al. 1995)

Children born in endemic areas are protected from severe malaria in the first
6 months of life by the passive transfer of maternal immunoglobulins and
by foetal haemoglobin. Beyond infancy, the presentation of disease changes
from severe anaemia in children aged between 1 and 3 years in areas of
high transmission to cerebral malaria in older children in areas of lower
transmission (Snow et al. 1997). As transmission intensity declines, severe
malaria is most frequently found in older age groups. For example, in Papua
New Guinea, malaria presents with multi-system disease in older children
and young adults (Table 3).

The reasons for this pattern are unknown but it is often suggested that
age-specific or cross-reactive responses activated during infection in older
children may predispose to or precipitate strong pro-inflammatory reactions
that have been implicated in the pathogenesis of cerebral malaria. It is also
conceivable that anaemia may in some way confer protection from other
syndromes of severe disease (see Sect. 6 for further discussion).
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Table3 The presenting features of malaria in African children and Papua New Guinean
adults admitted to hospital, by WHO Criteria for Severe Falciparum Malaria (adapted
from Newton and Krishna 1996)

African children Non-immune adults
Marsh et al. 1995 Lalloo et al. 1996
Prevalence (%) Prevalence (%)

Defining criteria
Coma 10.0 17.1
Severe anaemia 17.6 10.0
Respiratory distress 13.7 –
Hypoglycaemia 13.2 5.7
Circulatory collapse 0.4 0
Renal failure 0.1 22.9
Spontaneous bleeding 0.1 0.1
Haemoglobinaemia 0.1 0.1
Acidosis 63.6 NA
Repeated convulsions 18.3 0.3

Supporting criteria
Impaired consciousness 8.2 37.1
Jaundice 4.7 45.7
Prostration 12.2 –
Hyperpyrexia 10.6 20
Hyperparasitaemia 8.9 40

NA, not applicable. The distribution of overlapping syndromes for children with se-
vere malaria in African children and the case fatality rates are given in Fig. 1. The case
fatality rates for severely ill non-immunes depend on the available supporting facilities.

3.2
The Clinical Features of Malarial Anaemia

The blood stage of falciparum malaria may cause life-threatening anaemia;
ahaemoglobin levelof less than5g/dl is considered to represent severedisease.
Children with anaemia may present with malaise, fatigue and dyspnoea or
respiratorydistress, definedby tachypnoea,deepgaspingbreathingandbyuse
of the secondary muscles of respiration. In acute malaria respiratory distress
usually represents metabolic acidosis, but in an ill child acute respiratory
infection must be carefully excluded (Krishna et al. 1994; Marsh et al. 1995;
English et al. 1997).

Acidosis is largely due to excessive lactic acid and other anions. Salicylate
toxicity and dehydration may also play a role in studies from East Africa
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(Maitland et al. 2003), but others have recently shown insignificant depletion
of total water in children presenting with severe malaria (Planche et al. 2004;
for a review see chapter by T. Planche et al., this volume). However, the
majority of children presenting with respiratory distress are severely anaemic,
have a metabolic acidosis secondary to reduced oxygen carrying capacity and
respond to rapid transfusion of fresh blood (for review see English et al. 1996).
A minority of those with respiratory distress do not respond to appropriate
resuscitation; they probably represent a heterogeneous clinical group and may
have renal failure, systemic bacterial infection or a more profound syndrome
of systemic disturbance due to malaria parasites.

3.3
Haemolytic Syndromes Including Blackwater Fever

No discussion of the pathology of malarial anaemia is complete without con-
sideration of ‘Blackwater Fever’. The sudden appearance of haemoglobin in
theurine indicatingsevere intravascularhaemolysis leading tohaemoglobine-
mia and haemoglobinuria received particular attention in early studies of
anaemia in expatriates living in endemic areas (Stephens 1937). There was
an association between Blackwater Fever and the irregular use of quinine for
chemoprophylaxis. This drug can act as a hapten and stimulate production
of a drug-dependent complement-fixing antibody. Recent studies of sudden
intravascular haemolysis have shown it is rare in Africa, but more common
in Southeast Asia and Papua New Guinea, where some cases are associated
with glucose-6-phosphate dehydrogenase deficiency and treatment with vari-
ety of drugs including quinine, mefloquine and artesunate (Price et al. 1999).
However, in the majority of cases the cause of sudden haemolysis cannot be
identified.

3.4
The Haematological Features of Malaria Infection

The anaemia of falciparum malaria is typically normocytic and nor-
mochromic, with a notable absence of reticulocytes, although microcytosis
and hypochromia may be present due to the very high frequency of alpha
and beta thalassaemia traits and/or iron deficiency in many endemic areas
(Newton et al. 1997; Yeats et al. 1999).

The anaemia of malaria may be accompanied by changes in the white cell
and platelet counts and in clotting parameters but these changes are not in
themselves diagnostic nor guide management. Malaria is accompanied by
a modest leucocytosis, although leucopoenia may also occur. Occasionally,
leukemoid reactions have been observed. Leucocytosis has been associated
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with severe disease (Molyneux et al. 1989; Ladhani et al. 2002). A high neu-
trophil count may also suggest intercurrent bacterial infection. Monocytosis
and increased numbers of circulating lymphocytes are also seen in acute in-
fection although the significance of these changes is not established (Abdalla
1988). However, malarial pigment is often seen in neutrophils and in mono-
cytes and has been associated with severe disease and unfavourable outcome
(Amodu et al. 1998).

Thrombocytopoenia is almost invariable in malaria and so may be helpful
as a sensitive, but non-specific, marker of active infection. However, severe
thrombocytopoenia (<50×109/l) is rare. Increased removal of platelets may
follow absorption of immune complexes, but there is no evidence for platelet-
specific alloantibodies (Kelton et al. 1983). By analogy with erythropoiesis,
there may be a defect in thrombopoiesis but this has not been established.
Thrombocytopoenia is not associated with disease severity, although some-
what paradoxically platelets have been shown to contribute to disease pathol-
ogy in animal and in human malaria (Lou et al. 2001). Moreover, in human
infections, platelets may form clumps with infected erythrocytes (Pain et al.
2001). One explanation of this paradox could be that low levels of platelets
might not only be a marker of parasite burden but also be protective from
severe disease.

Disordered coagulation with clinical evidence of bleeding is seen in less
that 5% of non-immune adults contracting malaria and presenting with severe
disease. Patients may present with bleeding at injection sites, gums or epis-
taxis. Abnormalities of laboratory tests of haemostasis, suggesting activation
of the coagulation cascades, occur in acute infection. However, histological
evidence of intravascular fibrin deposition is notably absent in those dying
from severe malaria (MacPherson et al. 1985). Factor XIII, normally respon-
sible for cross-linking fibrin, is inactivated during malaria infection, and
these data may explain low levels of fibrin deposition in the face of increased
procoagulant activity (Holst et al. 1999).

The bone marrow is typically hypercellular. The most striking findings
are of grossly abnormal development of erythroid precursors, or dyserythro-
poiesis. The developing erythroid cells typically demonstrate cytoplasmic and
nuclear bridging and irregular nuclear outline (Abdalla et al. 1980; Abdalla
and Wickramasinghe 1988). These changes are probably central to the patho-
physiology of malarial anaemia and are discussed in detail below. Children
who present with either acute or chronic malaria have significant suppression
of reticulocytes (Casals-Pascual and Roberts, unpublished results). However,
it has been firmly established that the proportion of abnormal erythroid
precursors and the degree of dyserythropoiesis are much greater in chronic
compared to acute infection (Abdalla et al. 1980). These data suggest that
the inhibition and abnormal maturation of erythroid precursors may have
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somewhat different aetiologies in acute and chronic infection and/or that the
factors that suppress erythropoiesis in acute malaria cause different morpho-
logical and functional abnormalities in chronic infection. There is no lack
of candidates for factors that suppress bone marrow function during acute
infection (see Sects. 4.7 and 4.8) but understanding their relative significance
and the functional abnormalities they provoke requires detailed studies of
bone marrow function in children presenting with anaemia at different stages
of malaria infection.

The role of haematinic deficiency in children presenting with malaria and
anaemia may be difficult to assess. First, the diagnosis of iron deficiency is
complicated by the increase in serum ferritin as an acute phase reactant.
Second, even in apparently iron replete patients, the demand for iron by the
erythron can exceed the available supply. In such circumstances, the only di-
agnostic test of iron deficiency may be the response to iron supplementation.
In this context, the studies that show an increase in haemoglobin level after
iron supplementation during convalescence from an acute attack of malaria
can be interpreted as correcting not only low absolute iron stores but also
bypassing functional iron deficiency (Finch 1982). The relative importance
of absolute and functional iron deficiency have not been defined. Neverthe-
less, many hospitals give a course of iron supplementation after an episode of
acute malaria, although no general guidelines have been established. Chronic
haemolysis may increase folate requirements, but frank deficiency is un-
common in children presenting with acute malaria, at least in East Africa
(Newton et al. 1997). Folate deficiency may be more common in West Africa
and protocols for folate supplementation after malaria must reflect local ex-
perience.

3.5
Malarial Anaemia in Pregnancy

Pregnancy is accompanied by a series of physiological changes that predispose
not only to anaemia but also to malaria. The total blood volume increases
during pregnancy but there is a disproportionate increase in plasma volume
with a commensurate decrease in the normal haemoglobin level. Moreover,
the demand for both iron and folate increases as the foetus grows and often
precipitates frank folateor irondeficiency, particularly inmultigravidwomen.

During and after pregnancy women are more susceptible to malaria in-
fection and its consequences. Occult malaria infection, often without fever,
may cause anaemia and placental dysfunction This effect is greatest in primi-
gravidae and has been attributed to the adhesion of parasitized erythrocytes
to chondroitin sulfate A and hyaluronic acid in the placenta (Fried and Duffy
1996; Beeson et al. 2000). Foetal growth is impaired and babies born to
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women with placental malaria are on average 100 g lighter than controls born
to women without malaria. The subsequent contribution of malaria to infant
mortality is substantial (Guyatt and Snow 2001). Furthermore, the increase
in haematopoiesis demanded by haemolysis during malaria infection may
precipitate frank folate deficiency. Finally, women who are not immune to
malaria are more likely to develop hypoglycaemia and pulmonary oedema
during pregnancy.

The increase in maternal and foetal morbidity and mortality secondary
to malaria may be prevented by routine haematinic supplementation and
by intermittent treatment with anti-malarials during the second and third
trimesters with Fansidar (sulphadoxine–pyrimethamine). These simple, suc-
cessful strategies are threatened by the spread of drug resistant malaria par-
asites; devising successful and safe alternatives is a major challenge.

3.6
Anaemia and P. vivax, P. ovale and P. malariae Infection

In P. vivax and P. ovale malaria, high parasitaemias are rare as invasion of
erythrocytes is limited to reticulocytes. The parasites rarely sequester in the
peripheral circulation or cause organ-specific syndromes, but may occasion-
ally cause severe haemolysis and pulmonary oedema. Mortality is limited
to occasional deaths from splenic rupture and from intercurrent illnesses in
already weakened individuals.

Nevertheless P. vivax malaria has been clearly associated with anaemia
during pregnancy and with low birth weight of children of affected mothers.
Here cytokines or other inflammatory mediators appear to cause placental
dysfunction (Nosten et al. 1999). P. malariae infection is also rarely fatal but
is distinguished by the persistence of blood stage parasites for up to 40 years.
It can however cause a progressive and fatal nephrotic syndrome.

4
The Pathophysiology of Malarial Anaemia

Thepathophysiologyof severe anaemia is complexand is a relativelyneglected
subject of study. In principle, all anaemias are caused by disturbance of the
balance of red cell production and loss and malaria is no exception

4.1
Loss of Infected Erythrocytes

Destruction of red blood cells is inevitable as parasites complete their 48-h
growth cycle and lyse their temporary host cell. It is noteworthy that some
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parasites may be removed from erythrocytes as immature ring forms by
phagocytic cells, leaving the red blood cells with residual parasite antigens to
continue to circulate, albeit with reduced survival (Angus et al. 1997). These
observations were made in patients receiving artemisinin treatment and the
general significance of these interesting observations remains to be estab-
lished. Infected erythrocytes may also be phagocytosed by macrophages fol-
lowing opsonization by immunoglobulins and/or complement components
(Groux and Gysin 1990; Scholander et al. 1998). Other signals for recogni-
tion of infected erythrocytes by macrophages and other effector cells are
less well defined, but may include abnormally rigid membranes, exposure
of phosphatidylserine and other altered host antigens (Dondorp et al. 1999;
McGilvray et al. 2000; Waitumbi et al. 2000). Infected erythrocytes may also be
destroyed by antibody-dependent cytotoxicity and by NK cells, although the
precise mechanisms are unclear. These effector mechanisms destroy erythro-
cytes and thus may control peripheral parasitaemia and therefore, indirectly,
ameliorate anaemia.

4.2
Loss of Uninfected Erythrocytes

Several studies have shown that survival of uninfected erythrocytes in malaria
infection is reduced due not only to changes to the uninfected erythrocytes
themselves but also to the activity and number of phagocytes. Undoubt-
edly, the signals for recognition of uninfected erythrocytes for removal by
macrophages are enhanced. Uninfected erythrocytes bind increased amounts
of immunoglobulin and/or complement as detected in the direct antiglobulin
test (DAT or Coomb’s Test). The increased frequency of positive DAT tests
was documented in clinical studies in the 1970s and thereafter confirmed by
others in East Africa (Facer et al. 1979; Facer 1980; Abdalla et al. 1983). How-
ever, these studies were of insufficient power to detect an association between
a positive DAT and severe anaemia.

More recently quantitative studies of immunoglobulin (Ig)G and comple-
ment regulatory proteins CR1, CD55, and CD59 on the surface of red blood
cells from patients with severe anaemia and controls have shown that red cells
from these patients were not only more susceptible to phagocytosis but also
showed increased surface IgG and deficiencies in CR1 and CD55 compared
with controls. These changes could contribute to the accelerated destruc-
tion of red cells in these patients by mechanisms such as phagocytosis or
complement-mediated lysis (Waitumbi et al. 2000).

The specificity of the immunoglobulins on the surface of the red cells has
remained controversial. Careful studies by Facer and our own work in Kenya
suggest that these antibodies do not have a particular specificity, but are
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more likely to represent immune complexes absorbed onto the surface of red
blood cells. Immune complexes are bound to the surface of red blood cells
by complement receptor 1 (CD35) and also other receptors; this pathway for
clearance of immune complexes by erythrocytes probably represents a phys-
iological mechanism to limit systemic complement activation (Ahvazi et al.;
Rowe et al. 1997)

4.3
Role of the Spleen

Some degree of splenomegaly is a normal feature of malarial infection, and
the prevalence of splenomegaly in regions of malarial transmission is used
as a major indicator of the level of malarial endemicity. The importance of
the spleen in host defence against malaria has been demonstrated in exper-
imental systems and non-immune individuals and are more susceptible to
severe infection post-splenctomy. However, splenectomy does not abrogate
the protective, acquired immune responses in those living in endemic areas
(for review see Looareesuwan et al. 1993)

The phenomenon of parasitic sequestration, discussed earlier, is thought
to have evolved primarily as an immune evasion strategy whereby the mature
parasite can avoid passing through the spleen (Allred 1995).

Active erythrophagocytosis is a conspicuous feature within the bone mar-
row during P. vivax and P. falciparum malaria (Wickramasinghe et al. 1987,
1989), and it is highly probable that this also occurs within the spleen. Several
studies have attempted to define the pathophysiological changes in the spleen
during acute malaria. In animal models, malaria is accompanied by increased
intravascular clearance of infected or rigid, heat-treated cells by the spleen
(Wyler 1983), alterations in the splenic microcirculation (Weiss et al. 1986),
and myelomonocytic recruitment to the spleen and liver (Lee et al. 1986). In
studies of human malaria it has been found that increased splenic clearance
of heat damaged red cells occurs during acute attacks (Looareesuwan et al.
1987).

Both clinical and experimental studies suggest that cytokines may be re-
sponsible for activating macrophages during malaria infection. Children with
acute P. falciparum malaria have high circulating levels of interferon (IFN)-γ
and tumour necrosis factor (TNF)-α(Kwiatkowski et al. 1990), a synergis-
tic combination of cytokines that activate macrophages. Transgenic mice that
constitutively overexpress human TNF are anaemic and show enhanced clear-
ance of autologous erythrocytes, which is presumed (although not proven)
to be due to erythrophagocytosis (Taverne et al. 1994). When infected with
P. yoelii or P. berghei, transgenic mice suppress parasite density much more
effectively than their littermates.
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Changes to the uninfected red blood cells during infection also contribute
to their own enhanced clearance by phagocytes. Uninfected red cells in chil-
dren and adults with severe disease are less deformable and this is a significant
predictor of the severity of anaemia and indeed outcome, consistent with the
notion that these cells are being removed by the spleen (Dondorp et al. 1999).
It has also been found that IgG-sensitized red cells are rapidly removed from
the circulation by the spleen and that unusually rapid clearance persists well
into the convalescent phase (Lee et al. 1989).

Thus, all the available evidence points to increased reticuloendothelial
clearance in P. falciparum malaria, persisting long after recovery. These
changes are presumably a host defence mechanism, maximising the clear-
ance of parasitized erythrocytes.

4.4
The Role of Ineffective Erythropoiesis in Severe Malarial Anaemia

Reticulocytopoeniahasbeenconfirmed innumerous clinical studiesofmalar-
ial anaemia (Vryonis 1939; Thonnard-Neumann; 1944; Srichaikul et al. 1967;
Dormer et al. 1983). The implication that erythropoiesis is ineffective has be-
come accepted by clinical scientists and by biologists modelling erythrocyte
loss in acute malaria as a typical but somewhat unremarkable feature of the
haematological response to malaria infection.

However, in general haematological practice, reticulocytopoenia in the
face of rapid haemolysis is unusual. Increases in red cell clearance are nor-
mally compensated for by a swift and effective increase in red cell production.
In auto-immune haemolytic anaemia it is commonplace for the relative retic-
ulocyte count to rise from 1.5% to >20%, and thus the absolute reticulocyte
count to rise from 1010 to 2×1011/l as the appropriate bone marrow response
in the presence of severe intravascular or extravascular haemolysis.

It is therefore surprising that many studies of erythropoiesis in malaria
have concluded that there is no statistical and therefore biological relation-
ship between reduced red cell production and degree of anaemia during acute
malarial infection. These conclusions may be based on erroneous compar-
isons. The degree of reticulocytopoenia in malarial anaemia of 3%–4% should
be compared not with the reticulocyte counts seen in normal non-anaemic
healthy controls, but in subjects with a similar degree of anaemia due to
intra- or extra-vascular haemolysis, where the reticulocyte count rises up to
10 times normal. This perspective of normal erythrocyte homeostasis sug-
gests that destruction and ineffective production have at least an equal role
in causing malarial anaemia.
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4.5
Normal Erythropoiesis

The least mature committed erythroid progenitor is known as a primitive
erythroid burst-forming unit or pBFU-E. These colonies derive from single
cells and have in vitro a burst-like appearance because cells from the first few
divisions migrate or burst, into clumps, prior to forming a colony composed
of multiple subclusters of erythroid cells. BFU-Es mature and lose their ability
to divide and migrate in vitro but increase their sensitivity to erythropoietin
(Epo) until the stage where they are known as erythroid colony-forming
units (CFU-E). Haematopoietic differentiation also requires the appropriate
microenvironment. The bone marrow cells that play a key role in determining
the fate of haematopoietic stem cells and their progeny include amongst
others: macrophages, endothelial cells, stromal reticular cells and adipocytes.
Our understanding of how this normal process of development is disturbed
in those suffering from malarial anaemia is far from complete.

4.6
Previous Studies of Ineffective Erythropoiesis

The histopathological study of the bone marrow of children with malarial
anaemia shows erythroid hyperplasia with increased numbers of erythroid
precursors (Fig. 3). However, the maturation is abnormal by light and electron
microscopy. Abdalla and Weatherall described the hallmark characteristics
of such abnormal maturation, namely cytoplasmic and nuclear bridging and
irregular nuclear outline (Abdalla et al. 1980; Abdalla and Wickramasinghe

a b

Fig. 3 Histopathology of bone marrow from a child dying with severe malarial
anaemia. a A low-power view of a bone marrow trephine sample taken from a child
dying from severe malaria and anaemia. The marrow is hypercellular and shows
plentiful erythroid precursors, although reticulocytopoenia during acute infection
indicated that erythropoiesis is ineffective. b A high-power view of the same section
showing marked dyserythropoiesis, including multinucleate erythroid precursors and
cytoplasmic bridging (arrowed)
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1988). They later confirmed that the distribution of the erythroid progenitors
through the cell cycle is abnormal in malarial anaemia with an increased
proportion of cells in the G2 phase compared with normal controls (Abdalla
et al. 1984) Horstmann and colleagues confirmed these findings using the
same criteria as Abdalla: they studied six patients with falciparum malaria
before and after treatment (Dormer et al. 1983).

Ineffective erythropoieis also contributes to anaemia in animal models
of malaria. A recent study has shown that vaccinated Aotus monkeys, after
a challenge infection, may develop moderate to severe anaemia following
rapid clearance of uninfected erythrocytes but with low reticulocyte counts
indicating bone marrow dysfunction (Egan et al. 2002). Erythropoiesis is
disrupted in mice during malaria infection. Mice infected with P. berghei
show reduced bone marrow cellularity, erythroblasts, BFU-E and CFU-E as
early as 24 h post-infection (Maggio-Price et al. 1985). The cellularity and
CFU-Scontentof the femoralmarrowofBALB/cmice infectedwithP. chabaudi
adami decreases as the parasitaemia increases (Silverman et al. 1987).

4.7
Modulation of Erythropoiesis by Cytokines

Given the importance of Epo to erythropoiesis, attention has been focussed
on the levels of this crucial cytokine in malarial infection. Serum Epo was ap-
propriately raised in a single study of African children suffering from malarial
anaemia (Kurtzhals et al. 1997; Newton et al. 1997). However, other studies in
adults from Thailand and Sudan have suggested that the Epo concentration,
although raised, was inappropriate for the degree of anaemia (Burgmann et
al. 1996; el Hassan et al. 1997). It is possible that ineffective or inadequate
Epo synthesis does contribute to malarial anaemia. Reduced production of
Epo may be secondary to inflammatory mediators such as TNF-α, the level
of which is known to be raised in acute malaria (Tonelli et al. 2001). Without
further studies of the level of Epo in African children, the significance of these
studies in adults is unclear.

The prime candidates for the host factors mediating dyserythropoiesis
are imbalances of TNF-α, IFN-γ and interleukin (IL)-10. The concentrations
of TNF-α and IFN-γ have been correlated with the severity of the disease
(Kurtzhals et al. 1998; Othoro et al. 1999; Zamai et al. 2000). While low
concentrations of TNF-α (<1 ng/ml) stimulate erythropoiesis, higher levels
of TNF-α have been shown to suppress erythropoiesis (Zamai et al. 2000).
Furthermore, it is possible that high levels of these inflammatory cytokines
may contribute to reduced and abnormal production of erythrocytes, and
also to increased erythrophagocytosis.
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Recent evidence has suggested that the release of macrophage inhibitory
factor (MIF) inhibits the growth of early erythroid and myeloid progenitors
during murine malaria infection (Martiney et al. 2000). However, the role of
MIF in human malaria infection has not been established

The possibility has been raised that high levels of the Th2 type cytokine,
IL-10, might prevent the development of severe malarial anaemia. Low
levels of IL-10 have been described in African children with severe malarial
anaemia (Kurtzhals et al. 1998). However, other studies and our own results
do not confirm these findings. Similarly, defective IL-12 production has been
shown experimentally to be associated with increased severity of malaria in
a rodent model and low IL-12 levels have been associated with severe malaria
in African children (Mohan and Stevenson 1998, 1998; Luty et al. 2000;
Perkins et al. 2000).

4.8
Modulation of Erythropoiesis by Infected Erythrocytes and Their Products

The hypothesis that parasite products directly stimulate the production of
inflammatory cytokines, including TNF-α, has been widely promoted. In
humans, peripheral blood mononuclear cells do secrete TNF-α and other cy-
tokines when incubated with intact or lysed parasite cells or malaria pigment
in vitro (Kwiatkowski et al. 1989; Pichyangkul et al. 1994). However, inter-
pretation of the older literature on this topic has been severely compromised
by the finding that malarial cultures have been contaminated worldwide by
mycoplasma species (Turrini 1997; Rowe et al. 1998).

There is also substantial evidence that lysate of infected erythrocytes
may directly modulate the function of host cells. During its blood stage,
the malaria parasite proteolyses host haemoglobin in an acidic vacuole to
obtain amino acids, releasing haem as a by-product, which is autoxidized to
potentially toxic haematin [aquaferriprotoporphyrin IX, H2O-Fe(III)PPIX].
β-haematin forms as a crystalline cyclic dimer of Fe(III)PPIX and is
complexed with protein and lipid products as malarial pigment or haemo-
zoin. Arese and colleagues showed that the function of monocytes and
of monocyte-derived macrophages is severely inhibited after ingestion
of malaria pigment or haemozoin. These cells were unable to repeat
phagocytosis and to generate oxidative burst when appropriately stimulated
(Schwarzer et al. 1992). Membrane-bound protein kinase C and NADPH
oxidase, and thus the oxidative burst, were severely impaired (Schwarzer
et al. 1993, 1996). Furthermore, after phagocytosis of haemozoin human
and murine myeloid cells were unable to kill ingested fungi, bacteria and
tumour cells (Fiori et al. 1993) and to respond to IFN-γ stimulation, but
instead responded by increased release of IL-1β and TNF-α (Pichyangkul
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et al. 1994), macrophage inflammatory protein (MIP)-1α and MIP-1β
(Sherry et al. 1995).

The haemozoin crystal of haem moieties may be complexed with biolog-
ically active compounds. The oxidation of membrane lipids catalysed by the
ferric haem produces the lipoperoxides (Schwarzer et al. 1996, 1999). A key
feature in lipid peroxidation is the breakdown of polyunsaturated fatty acids
to yield a broad array of smaller fragments, 3 to 9 carbons in length, includ-
ing aldehydes, such as 4-hydroxy-2-alkenals (HNE). HNE or hydroxynoenal is
known to be the major aldehyde formed during lipid peroxidation of omega-6
polyunsaturated fatty acids, such as linoleic and arachidonic acid. HNE ac-
cumulates in membranes at concentrations of 10 µM–5 µM in response to
oxidative insults.

There is accumulating evidence that HNE and other lipoperoxides in-
cluding 15-hydroxy-arachidonic acid [15 (R,S) HETE] may play a role in the
pathophysiology of malaria. Arese and colleagues showed that protein ki-
nase C was inhibited at >1 µM in haemozoin-fed monocytes (Schwarzer et
al. 1996). Most recently they have shown that HNE and HETE are generated
in parasitized erythrocytes and that the toxicity of haemozoin was reduced
after removal of lipids. HNE also inhibits the up-regulation of surface ex-
pression of intercellular adhesion molecule (ICAM)-1, vascular cell adhesion
molecule (VCAM)-1 and E-selectin following TNF-stimulation (Minekura et
al. 2001). Moreover, endoperoxides produced in pigment-containing mono-
cytes or macrophages may impair erythroid growth (Giribaldi et al. 2004).
These data suggest one possible mechanism for inhibition of erythropoiesis
by haemozoin, although many other potential routes of oxidative damage ex-
ist and the role of haemozoin itself as an inhibitor of erythropoiesis remains
to be established.

4.9
Modulation of Erythropoiesis by Intercurrent Infection

In children presenting with acute malaria bacteraemia is associated not only
with anaemia but also with excess mortality (Berkley et al. 1999). Parvovirus
B19 may cause a transient reticulocytopoenia and thus severe and sudden
anaemia in those suffering from a haemolytic anaemia or foetal anaemia and
intrauterine death (Brown 2000). Most children in Africa have serological
evidence of infection early in life. However, acute infection with this virus is
uncommon in those presenting with severe malarial anaemia (Newton et al.
1997; Yeats et al. 1999).
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4.10
Summary

Anaemia in falciparum malaria is clearly multifactorial. Considering the dy-
namics of erythropoiesis there is a powerful argument that erythrocyte de-
struction and ineffective erythropoiesis play equal parts in the aetiology of
malarial anaemia. The causes of ineffective erythropoiesis are themselves
manifold and may include not only host cytokines but also inflammatory
mediators produced directly or indirectly by parasite products.

5
Treatment

Malaria requires urgent effective chemotherapy to prevent progression of
disease and this may be the most crucial public health intervention to re-
duce global mortality from malaria. The drug treatment of malaria must
take account of the expected pattern of drug resistance in the area where
infection was contracted, the severity of clinical disease and the species of
parasite. The spread of drug resistant parasites and the optimal use of af-
fordable, effective drugs are of continual concern and these have recently
been reviewed (Winstanley 2001; Wongsrichanalai et al. 2002). In severely ill
patients, good nursing care is vital. Monitoring and treatment of fits and hypo-
glycaemia is essential and anti-pyretics should be given (Njuguna and Newton
2004), although it has been shown that paracetamol may prolong the parasite
clearance time (see the chapter by M.P. Grobusch and P.G. Kremsner, this
volume).

Certainly, blood transfusion is in principle a straightforward solution to
the treatment of severe malarial anaemia, although controversy exists over
the trigger for transfusion and the rate of administration of blood. The stan-
dard regimes of cautious and slow delivery of blood have been challenged
by the demonstration that rapid initial flow rates may correct lactic acidosis
and hypovolaemia (Maitland et al. 2003). However, the fluid management of
severe malaria is controversial and Planche and colleagues have recently pub-
lished convincing evidence that significant volume depletion is uncommon in
severely ill children in Gabon (Planche et al. 2004). At present fluid manage-
ment must depend on careful clinical assessment of each case. There remains
general agreement that in non-immunes and in pregnant women blood trans-
fusion must be accompanied by careful haemodynamic monitoring to avoid
precipitating or exacerbating pulmonary oedema.

No formal controlled trials for the transfusion of patients with malaria
have been performed. Whatever clinical guidelines emerge, in reality blood
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transfusion in the heartland of malaria endemic areas is beset by many prac-
tical and theoretical problems. First, the absence of well-characterized donor
panels (and thus systematic blood collection) frequently jeopardizes the sup-
ply of blood. Secondly, even when standard screening for HIV is in place,
the residual risk of HIV transmission in the serological window of infectivity
remains at 1 in 2000 (Fleming 1997). At a practical level, positive indirect
antiglobulin tests in acute infection may make the exclusion of alloantibodies
difficult. Depending on the clinical urgency and transfusion history the least
serologically incompatible blood may have to be given.

One therapeutic option available in North America and in Europe for
the urgent treatment of non-immune patients with severe disease would be
an exchange blood transfusion. This procedure removes non-sequestered,
infected erythrocytes and possibly circulating ‘toxins’. In the absence of evi-
dence from trials for the use of exchange transfusion in malaria, some have
suggested that this treatment could be given for hyperparasitaemia (>20%) in
severely ill non-immune patients by CDC criteria (Newton and Krishna 1998;
Riddle et al. 2002).

6
Relation of Anaemia to Parasite Virulence

The clinical features of malarial anaemia can be readily described, and the
pathophysiology of this condition is steadily being revealed. However, a real
appreciation of the role and significance of malarial anaemia in the overall
dynamic host–parasite relationships is far from clear.

At first sight, malarial anaemia appears to be potentially harmful to the
host and offers little or no advantages to the parasite. However, it is con-
ceivable that anaemia may limit host pathology and also be of some benefit
for the transmission and thus survival of the parasite. The overall picture of
disordered physiology in malarial anaemia suggests that poor erythropoietic
response in the face of haemolytic anaemia leads to a fall in the haemoglobin
concentration. Anaemia limits the total parasite burden in two ways. First,
most malaria parasites, including P. falciparum, have a higher growth rate
in reticulocytes or young erythrocytes than in normocytes or older ery-
throcytes. It is true that this reticulocyte preference is not as marked for
P. falciparum as it is for P. vivax, but it does exist. Reducing or limiting the
rise in the proportion of reticulocytes in the blood will therefore reduce the
parasite growth rate. Second, reducing the number of total erythrocytes in
the circulation would limit the total parasite burden. These two factors are
therefore likely to reduce the number of parasitized erythrocytes, the num-
ber of adherent and sequestered parasitized erythrocytes and also the total
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quantity of toxic parasite products released into the circulation after rupture
of schizonts.

There is little direct evident to support such a relationship between suscep-
tibility to malarial anaemia and resulting protection from cerebral malaria
or other end-organ damage. One piece of circumstantial evidence from clin-
ical malaria is the clear separation of age-related susceptibility to difference
syndromes of malarial infection. Over a wide range of transmission rates, the
incidence of malarial anaemia peaks at a younger age than the incidence of
cerebral malaria. The difference is most obvious at lower transmission rates,
i.e., low entomological inoculation rates (EIR). At the highest EIRs, of sev-
eral hundred infective mosquito bites each year, the predominant syndrome
of severe malaria is malarial anaemia (Snow et al. 1997). This age-specific
incidence of syndromes of severe disease is not understood. One possible
explanation is that younger children are susceptible to anaemia, but those
developing anaemia are less likely to suffer from cerebral malaria.

This hypothesis cannot of course be tested experimentally in human infec-
tions but would be supported by recent data from Stevenson and colleagues
studying P. chabaudi infections in mice. In this model, anaemia of the murine
host, is associated with inadequate reticulocytosis and suppressed prolifer-
ation, differentiation and maturation of erythroid precursors (Chang et al.
2004). They were able to demonstrate that Epo-induced reticulocytosis was
important for recovery from malarial anaemia and survival of mice. How-
ever, pre-treatment of mice with Epo, resulting in a significant reticulocytosis
during the pre-patent period of erythrocytic growth, increased the rates of
parasite growth and increased mortality in otherwise resistant mice (Chang
et al. 2004). These observations are consistent with the mathematical model of
Hetzel and Anderson, suggesting that the growth rates during the initial phase
of infection depend on the number and type of host erythrocytes (Hetzel and
Anderson 1996). Therefore, in this model of mouse malaria, anaemia can be
a protective factor for outcome in malaria.

Similar observations cannot be made in humans. However, it may be
possible to gain indirect supporting evidence for anaemia as a protective
factor for other syndromes of severe malaria when the mechanism of sup-
pression of erythropoiesis is more fully understood. One would hypothesize
that a group of human polymorphisms, that reduce the erythropoietic re-
sponse during malaria infection, confer susceptibility to malarial anaemia
but give protection from cerebral malaria. At present, the only polymor-
phisms with this characteristic appears to be Melanisian ovalocytosis (Allen
et al. 1998), although the relationship of this trait to altered erythropoiesis
is not obvious. Other candidate loci and polymorphisms of this type may be
revealed as the cellular and molecular pathogenesis of anaemia is described
(see Fig. 4).
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Fig. 4 Schematic diagram of the pathogenesis of malarial anaemia. Malaria parasites
multiply by invasion of uninfected erythrocytes. Not only lysis of infected erythrocytes
(a) but also splenic clearance of infected (b) and uninfected erythrocytes contribute
to haemolysis during infection. Pigment-containing macrophages may release inflam-
matory cytokines and other biologically active mediators (c). It is also possible that
malarial pigment or other parasite products have a direct inhibitory effect on erythro-
poiesis (e). Inhibition of erythropoiesis may be at one or more sites in the growth and
differentiation of haematopoietic progenitor cells (f ), through erythroblasts, early and
late normoblasts (g), to reticulocytes (h). Both indirect and direct effects may cause
bone marrow suppression and result in inadequate reticulocyte counts for the degree
of anaemia

Until recently, anaemia had no significance for the biology of the malaria
parasite during infection. However, some elegant studies now suggest that ga-
metocytogenesis or the switch to the development of sexual forms of the par-
asite from asexual erythrocytic parasites may be influenced by host anaemia.
In two models of malaria infection, with avian malarial parasite P. gallinacium
and the murine malarial parasite P. vinckei, Brey and colleagues showed that
the gametocyte sex ratio was strongly associated with the presence of reticu-
locytes (Paul et al. 2000). Moreover, male to female ratio could be increased
by stimulating erythropoietic activity, by phlebotomy, hypoxia or addition of
exogenous Epo. All of these manipulations reduce the infectivity of feeding
mosquitoes to malaria infection, suggesting that the sex ratio of gametocytes
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is not only determined by the environment with the host during the course
of infection, but is optimized during natural infection to maintain maximum
infectivity for feeding mosquitoes. Similar mechanisms may exist to regulate
the development of gametocytes in human infections (Paul et al. 2002).

In summary, the blunted erythropoietic response that contributes to
anaemia and significant morbidity and mortality may ameliorate other
manifestations of severe disease. Furthermore, the erythropoietic re-
sponse influences the sex ratio of gametocytes, in avian, murine and—by
extrapolation—probably in human infections.

7
Future Directions and Conclusion

After many years of relative obscurity, the study of the clinical, experimental
and animal models of malarial anaemia is attracting renewed interest. This is
primarily fuelled by the realization that the problem of malarial anaemia will
be with us for some time to come and may even increase in relative importance
as drug resistance increases and if vaccines giving partial immunity but not
complete immunity promote chronic infections. In addition, safe treatment
of severe malaria remains problematic in the absence of a ready supply of safe
blood. At the same time, the research infrastructure in Africa has improved
for linked epidemiological–clinical studies and, more generally, the tools to
study molecular and cellular pathology have become much more powerful

Several clinical questions remain unanswered. What is the natural history
of severe malarial anaemia? In particular, what is the role of pre-existing
anaemia, pre-existing malaria infection and micronutrient status for the de-
velopment of severe anaemia? Can some immune responses give specific pro-
tection and what are they? Do children who appear to recover from an episode
of severe malarial anaemia suffer medium- and/or long-term malaria-specific
or other morbidity and mortality? Several centres now have well-developed
facilities for the longitudinal study of large numbers of children to answer
these questions.

The relative roles of ineffective erythropoiesis and increased red cell clear-
ance and the specific mechanisms that underline these processes have not
been defined. Experimental studies suggest the cytokines including MIF and
parasite products (including GPI and haemozoin) may influence erythro-
poiesis. However, further linked clinical and experimental studies are needed
to determine if these factors are significant during the development of severe
anaemia in children with malaria. These studies will require, not only the
measurement of the levels of these putative endogenous and exogenous ‘tox-
ins’, but a more precise definition of the cellular and molecular basis of their
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effect. Ideally, one should not only be able to establish an association between
the levels of these factors and outcome but also show that the putative molec-
ular and cellular pathology caused by these toxins developing erythroid cells
in vitro is present in bone marrow samples taken from children with malaria.

Genomics and genetic epidemiology may be able to establish the signifi-
cance of particular pathogenic mechanisms. Modern genomic techniques, in
particular the ability to study the transcription of several thousand genes in
a chosen tissue using micro-arrays enhances the descriptive power by several
orders of magnitude compared to existing techniques measuring change of
a handful of variables.

Schofield and colleagues have used this technology to outline the transcrip-
tional profile of genes in the brain and spleen of mice infected with P. berghei
ANKA. In murine splenocytes, enzymes of the glycolytic pathway and IFN-
inducible genes were up regulated while genes associated with erythropoiesis
were suppressed (Sexton et al. 2004). Significant up-regulation of genes as-
sociated with proteosome, cytokines including MIP-1, C-C chemoreceptor 5,
chemokine receptor CXCR3, collagen genes, anti-oxidative genes and a wide
variety of genes expressed in the immune system was seen. Obviously, the
equivalent human studies, comparative studies in both human and animal
hosts and the respective in vitro studies with these technologies are awaited
with great interest.

In clinical studies, further refinement of the pathways of inhibition of ery-
thropoiesis and/or enhanced clearance of erythrocytes will point to candidate
genes and their functional polymorphisms. The robust association of these
polymorphisms with protection or susceptibility to malarial anaemia may
be a reliable method to distinguish the biological significance of putative
pathogenic mechanisms.

Finally, we must ask what is the purpose of ever more powerful descriptive
studies? Some have suggested that descriptive studies are low priority in
the race to define new vaccines and find new drugs. However, for malarial
anaemia, it is becoming increasingly plain that these descriptive studies are
the necessary prelude to the development of novel preventative or therapeutic
strategies as the fundamental mechanisms of disease are so poorly defined.
Given the technological armoury at our disposal, it provides to be a fascinating
and fruitful time for the study of this important manifestation of malaria.
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Abstract Women become more susceptible to Plasmodium falciparum malaria during
pregnancy, and the risk of disease and death is high for both the mother and her fetus.
In low transmission areas, women of all parities are at risk for severe syndromes like
cerebral malaria, and maternal and fetal mortality are high. In high transmission areas,
where women are most susceptible during their first pregnancies, severe syndromes
like cerebral malaria are uncommon, but severe maternal anemia and low birth weight
are frequent sequelae and account for an enormous loss of life. P. falciparum-infected
red cells sequester in the intervillous space of the placenta, where they adhere to
chondroitin sulfate A but not to receptors like CD36 that commonly support adhesion
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of parasites infecting nonpregnant hosts. Poor pregnancy outcomes due to malaria
are related to the macrophage-rich infiltrates and pro-inflammatory cytokines such
as tumor necrosis factor-α that accumulate in the intervillous space. Women who
acquire antibodies against chrondroitin sulfate A (CSA)-binding parasites are less
likely to have placental malaria, and are more likely to deliver healthy babies. In
areas of stable transmission, women acquire antibodies against CSA-binding parasites
over successive pregnancies, explaining the high susceptibility to malaria during first
pregnancy, and suggesting that a vaccine to prevent pregnancy malaria should target
placental parasites. Prevention and treatment of malaria are essential components of
antenatal care in endemic areas, but require special considerations during pregnancy.
Recrudescence after drug treatment is more common during pregnancy, and the
spread of drug-resistant parasites has eroded the usefulness of the few drugs known
to be safe for the woman and her fetus. Determining the safety and effectiveness of
newer antimalarials in pregnant women is an urgent priority. A vaccine that prevents
pregnancy malaria due to P. falciparum could be delivered before first pregnancy, and
would have an enormous impact on mother–child health in tropical areas.

Abbreviations
LBW Low birth weight
IUGR Intrauterine growth retardation
PTD Preterm delivery
IE’s Parasite-infected erythrocytes
CSA Chrondroitin sulfate A
CQ Chloroquine
SP Sulfadoxine–pyrimethamine

1
Introduction

Pregnant women are uniquely susceptible to Plasmodium falciparum malaria.
The pathogenesis, epidemiology, clinical sequelae, prevention, and treatment
of malaria all have unique features during pregnancy. For example, the issues
of teratogenicity or embryotoxicity complicate the effort to identify new treat-
ments and prophylaxis strategies for pregnant women against drug-resistant
parasites. Conversely, a new understanding of the pathogenesis of pregnancy
malaria suggests that vaccines or anti-adhesion treatments against pregnancy
malaria are feasible. This chapter will discuss the distinct features of malaria
in pregnancy, new knowledge regarding pathogenesis, the status of available
treatments, and research priorities for the future.

Pregnancy malaria has many names, including maternal malaria,
pregnancy-associated malaria, or malaria of, in or during pregnancy.
Placental malaria refers to the accumulation of parasites, inflammatory cells
and pigment in the placenta that occurs during P. falciparum infection (of
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the four human malaria parasite species, only P. falciparum can adhere to
endothelium and sequester in deep vascular beds).

2
Epidemiology

In general, pregnancy malaria due to P. falciparum has two distinct clinical
presentations based on malaria epidemiology: one for women in areas of
unstable or low transmission (less than one infected mosquito bite per preg-
nancy) who have little or no immunity; and one for women residing in areas
of stable transmission who have acquired substantial immunity. Women with
little or no immunity are highly likely to develop severe syndromes like cere-
bral malaria and respiratory distress syndrome, and are at high risk of death
unless effective therapy is provided promptly. Women with high pre-existing
immunity are unlikely to develop cerebral malaria or respiratory distress
syndrome during pregnancy malaria. However, these women have increased
susceptibility to parasitemia and febrile episodes during pregnancy, and com-
monly suffer severe anemia and low birth weight (LBW; <2,500 g) deliveries
that predispose to maternal and neonatal death, respectively. The scope of
the problem in high transmission is further demonstrated by the prevalence
of parasitemia in pregnant mothers, which among primigravidas in high
transmission areas can exceed 80% in the second trimester (Brabin 1983).

2.1
Pregnancy Malaria in Areas of Low, Unstable or Epidemic Malaria, Where Immunity
Is Low

For many centuries, malaria was known to be more severe in pregnant victims
(Duffy and Desowitz 2001), although few studies have examined outcomes
in cohorts of women with low immunity. The modern literature on severe
malaria in pregnant women begins with the detailed studies of Wickrama-
suriya (1935, 1936) during the 1934–35 epidemic in Ceylon (Sri Lanka). Cere-
bral malaria was relatively frequent (4.8%) among infected pregnant women,
and, compared to other adult cases, pregnancy increased the case fatality
rate of cerebral malaria threefold to 89.5% (Wickramasuriya 1936). Malaria
during pregnancy commonly caused severe anemia, cachexia, and anasarca
(a severe, generalized form of edema), and the majority of women with this
complex of symptoms died during or shortly after labor. Wickramasuriya
observed that pregnancy malaria was often complicated by (or predisposed
to) eclampsia, cardiac failure, and puerperal sepsis, contributing to the high
mortality rate. Overall, the case fatality rate observed by Wickramasuriya in
358 pregnant women with malaria was 13.1% (Wickramasuriya 1936).
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More recent studies have also highlighted the risks of severe disease and
death in pregnant women. In an area of Thailand with low malaria transmis-
sion, the riskof severemalaria is threefoldgreater inpregnant versusnonpreg-
nant women (Luxemburger et al. 1997), but mortality is prevented by early
detection and prompt treatment (Nosten and McGready 2003). In Gujarat, In-
dia, fatal complications of pregnancy malaria included cerebral malaria, post-
partum hemorrhage, acute pulmonary edema, and hypoglycemia (Maitra et
al. 1993).

In Africa, severe syndromes are common among pregnant women in areas
of unstable or epidemic malaria transmission. In a highland area of Rwanda,
malaria-related maternal deaths increased fivefold and total maternal mor-
tality tripled during the epidemic year of 1998 (Hammerich et al. 2002).
Pregnant women were estimated to be at 1.6–4.9 times higher risk of admis-
sion for malaria than other adults in this area of Rwanda. In Ethiopia, women
hospitalized for malaria are significantly more likely to be pregnant in areas of
unstable malaria transmission, but not in areas of stable transmission (New-
man et al. 2003). In a highland area of northern Tanzania with low malaria
transmission, 44% of maternal deaths in 1995–96 were due to cerebral malaria,
and half of these died postpartum (Hinderaker et al. 2003). The postpartum
period has been noted in several studies to be a particularly high-risk period
for maternal mortality related to malaria (Duffy and Desowitz 2001).

Separate from maternal mortality, fetal wastage and neonatal death are also
frequent. Wickramasuriya in Ceylon reported the combined rate of neonatal
and fetal deaths to be 66.9% in cases of pregnancy malaria (Wickramasuriya
1936). InSouthVietnam, 135of 1,255 (10.4%)parturients admitted toaSaigon
hospital from July to September 1950 were malaria infected. Of the infected
women, 63 (48%) delivered premature babies that had a 36.6% mortality rate,
and 10 (8%) ended in abortion (van Hung 1951).

Despite early detectionandprompt treatment inThailand,malariaor other
febrile conditions occurring in the week before delivery increased the risk of
neonatal death 2.5-fold, exclusive of the effect of malaria-related anemia, LBW
or premature delivery to predispose to neonatal mortality (Luxemburger et al.
1997). In Gujarat, India, fetal loss among 445 pregnant women with malaria
was 31.1%, twice the rate in the general population (Maitra et al. 1993). In
a low transmission area of northern Tanzania, malaria was a cause in 20
of 60 stillbirths (33.3%) and 21 of 67 neonatal deaths (31.3%) (Hinderaker
et al. 2003). In Ethiopia, women with placental parasitemia had a sevenfold
increased riskof stillbirth (19.1%)compared toaparasitemicwomen(2.7%) in
areas of unstable malaria transmission, but not in areas of stable transmission
(Newman et al. 2003).
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2.2
Pregnancy Malaria in Areas of High Stable Transmission Where Immunity Is High

In areas of high and stable malaria transmission, pregnancy malaria is a major
cause of severe maternal anemia and LBW babies. Pregnant women in high
transmission areas are less likely to develop other severe malaria syndromes,
presumably because their acquired immunity prevents disease. In high trans-
mission areas, malaria has an unusual epidemiology—susceptibility is great-
est in first pregnancies, and diminishes over successive pregnancies (Cannon
1958; McGregor 1984). This is unlike women with little or no immunity, in
whom susceptibility is similar regardless of parity (Duffy and Desowitz 2001;
McGregor 1984; Newman et al. 2003).

The pathogenesis of anemia in pregnant women is multifactorial, making it
difficult to estimate the total contribution of malaria to severe anemia. Mater-
nal hemoglobin levels are substantially lower in pregnant African women in
endemic areas compared to nonendemic areas. However, the level of malaria
transmission in endemic areas is not strongly related to maternal hemoglobin
levels (Guyatt and Snow 2001). In high transmission areas where malaria sus-
ceptibility is greatest during first pregnancies, the risk of severe anemia is at
least 50% higher in primigravidae than multigravidae (Brabin and Rogerson
2001). Cross-sectional studies throughout Africa yield a combined estimate
that 7.3% of severe anemia cases in women of all parities result from malaria
(Guyatt and Snow 2001). In a meta-analysis of four chemoprophylaxis studies
(Garner and Gulmezoglu 2003), drugs given to prevent malaria in pregnant
women substantially reduced the relative risk of severe maternal anemia to
0.62 [95% confidence interval (CI), 0.50–0.78], with the benefits primarily
limited to women of low parity.

Severe maternal anemia increases the risk for maternal mortality, partic-
ularly in women who suffer postpartum hemorrhage. Malaria and anemia
may conspire to increase mortality: severe anemia increases the risk of pro-
longed labor and operative or Cesarean deliveries (Malhotra et al. 2002), and
the risk of postpartum hemorrhage is increased in malarious areas of Papua
New Guinea (Piper et al. 2001). Anemia-related maternal mortality is largely
preventable through proper antenatal and obstetric care. Maternal case fa-
tality rates therefore vary substantially, from <1% to >50% (Brabin et al.
2001), based on the availability of proper facilities. The overall relative risk of
mortality in women with severe anemia has been estimated at 3.51 (95% CI,
2.05–6.00) (Brabin et al. 2001), but this will be higher in areas with limited
health care resources. In west Africa, anemia may be responsible for 20% of
maternal deaths (van den Broek 1996).

In high transmission areas, pregnancy malaria also causes disease and
deathof the fetus. LBWhas longbeenknown tobeaconsequenceofpregnancy
malaria (Duffy and Desowitz 2001), including among immune populations in
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areas of stable transmission (Archibald 1956; Bruce-Chwatt 1952). The preva-
lence of LBW in primiparae varies with intensity of malaria transmission,
ranging from 10% in low transmission areas to over 50% in high transmis-
sion areas (Brabin and Rogerson 2001). The true impact of pregnancy malaria
on LBW may be much greater, because other factors that contribute to LBW
are themselves caused by or related to malaria, such as maternal anemia and
first births in areas of stable transmission. For example, in rural Malawi,
primiparity, severe anemia, and malaria at delivery were all independent risk
factors for intrauterine growth retardation (IUGR)(Verhoeff et al. 2001).

LBW may result from IUGR or preterm delivery (PTD), and malaria has
been associated with both IUGR and PTD in high transmission areas. LBW
increases mortality during the neonatal period and infancy. Based on its
prevalence and the associated risk of mortality, malaria-induced LBW is esti-
mated to kill 62,000–363,000 newborns in Africa each year, or 3–17 deaths per
1,000 live births (Murphy and Breman 2001). In a study from Malawi, PTD
accounted for 65% of perinatal mortality and 68% of neonatal mortality, or
42.5 and 25.2 deaths per 1000 live births, respectively (Kulmala et al. 2000).

In Zaire, evidence of active parasitemia or chronic placental malaria were
related to different patterns of IUGR, and together increased the prevalence
of LBW fourfold, to 25.9% (Meuris et al. 1993). The timing of malaria during
pregnancy determined the relative contribution of IUGR and PTD to LBW
in Malawi: malaria during the antenatal period was associated with IUGR,
whereas placental malaria at delivery was associated with PTD (Sullivan et
al. 1999). IUGR tends to be more common than PTD in high transmission
areas (Brabin and Rogerson 2001), possibly due to the greater frequency of
antenatal infections that cause IUGR, and immunity preventing the malaria
fevers that induce PTD.

2.3
Pregnancy Malaria and the Nonfalciparum Malaria Parasites

Pregnant women can be infected by any of the four human malaria para-
site species. Susceptibility to P. ovale or P. malariae does not increase during
pregnancy (Diagne et al. 1997). Susceptibility to P. vivax increases during
pregnancy. Paradoxically, the risk of P. vivax parasitemia is greatest in first
pregnancy, while the poor outcomes related to P. vivax malaria are greatest
in later pregnancies (Nosten et al. 1999a; Singh et al. 1998, 1999). The ba-
sis for the P. vivax epidemiology is unknown. P. vivax exclusively invades
reticulocytes, and susceptibility to vivax malaria could increase due to the
reticulocytosis of pregnancy and diminish as women develop progressive mi-
cronutrient deficiencies (Duffy 2001). More research is needed to understand
the pathogenesis and epidemiology of pregnancy malaria due to P. vivax.
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All the malaria parasites can precipitate poor pregnancy outcomes. In
Vietnamese women with presumably low immunity, abortion and premature
delivery were caused by the different parasite species (P. falciparum, P. vivax,
and P. malariae) roughly in proportion to the prevalence of the parasites in
peripheral blood (van Hung 1951). P. vivax is related to maternal anemia and
LBW newborns, although these sequelae are less severe in women infected
with P. vivax than in those infected with P. falciparum (Nosten et al. 1999a;
Singh et al. 1998). Programs to improve pregnancy outcomes in endemic
areas must include strategies to prevent and treat infection with any malaria
parasite species.

3
Parasite Adhesion and Sequestration in the Placenta

P. falciparum parasites that infect the human placenta differ from other para-
sites.Parasite-infectederythrocytes (IEs) that sequester in theplacentaadhere
to chondroitin sulfate A (CSA) but not to receptors like CD36 or intercellu-
lar adhesion molecule (ICAM)-1 that support binding of IEs collected from
nonpregnant donors. Unlike many other isolates, placental IEs do not rosette
(aggregate uninfected red cells) and agglutinate poorly in the presence of
immune sera. Thus, adhesion to CSA and possibly other novel receptors in
the placenta selects for a distinct form of parasite that causes pregnancy
malaria.

P. falciparum IEs sequester in deep vascular beds, and this property of
the parasite has long been thought to account for parasite virulence (Laveran
1882). For example, the mass of IEs sequestered in brain vessels is increased
in fatal cases of cerebral malaria compared to other fatal malaria cases (Pong-
ponratn et al. 1991). Similarly, IEs sequester in abundance in the placenta,
and the accumulation of parasites and inflammatory cells in the placenta is
related to poor pregnancy outcomes (Duffy 2001).

The earliest histologic studies of cerebral malaria demonstrated that IEs
sequestering in the brain were adhering to vascular walls (Marchiafava and
Bignami 1894), and electron microscopic (EM) studies subsequently demon-
strated that electron-dense ‘knobs’ on the IE surface served as points of at-
tachment to cerebral endothelium (MacPherson et al. 1985). In the placenta,
IEs accumulate throughout the maternal vascular spaces (called intervillous
spaces), and the initial EM studies of infected placentas found few IEs ad-
hering to the cellular syncytium (called syncytiotrophoblast) that lines the
wall of the intervillous spaces (Bray and Sinden 1979). Placental IEs displayed
surface knobs typical of adherent parasites, but on the basis of the EM studies,
sequestration in the placenta was attributed to rheologic properties of the IE
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and ‘sluggish’ blood flow in the placenta, and not specific adhesion (Bray and
Sinden 1979).

This view was radically altered by adhesion studies using freshly collected
samples of placental IEs. In a seminal study from Kenya, IEs extracted from
infected placentas specifically adhered to the glycosaminoglycan CSA, but
not to CD36 (Fried and Duffy 1996). IEs collected from nonpregnant adults
in the same area commonly bound to CD36, but did not bind to CSA. In ex
vivo assays using placental cryosections, placental IEs bound to the surface
of syncytiotrophoblast (Fig. 1), and this binding was inhibited by more than
95% by soluble CSA or by pre-treatment of the placental cryosection with
chondroitinases (Fried and Duffy 1996). Adhesion to CSA has been observed
in IEs collected from placentas or pregnant women at several geographically
distant sites, including Kenya, Thailand, Malawi, and Cameroon (Beeson et al.

Fig. 1 Placental IEs adhere to syncytiotrophoblast in an ex vivo assay. IEs (black ar-
rowheads) collected from an infected placenta are allowed to bind to a cryosection
of uninfected placenta tissue. IEs bind specifically along the surface of the syncy-
tiotrophoblast (white arrow), and this binding is inhibited by soluble CSA or by
pre-treatment of the tissue with chondroitinase AC
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1999;FriedandDuffy1996; , 1998;Maubert et al. 2000).The results suggest that
pregnant women throughout the world are infected with a distinct adhesive
form of the malaria parasite, selected by adhesion to CSA in the placenta.

Placental or CSA-binding IEs have additional distinct features. Unlike par-
asites collected from many nonpregnant individuals, placental IEs do not
form rosettes with uninfected red cells (Maubert et al. 1998; Rogerson et al.
2000). Placental IEs also agglutinate only poorly in the presence of immune
sera collected in endemic areas (Beeson et al. 1999; Fried and Duffy 1998).
CSA-binding IEs may adsorb IgM to their surface (Creasey et al. 2003). These
various distinct features of placental IEs may contribute to their sequestration
in the placenta, or possibly to their evasion of antibodies formed against other
parasites that rosette or agglutinate.

Research is underway to identify additional receptors for IE adhesion in
the placenta. Hyaluronic acid (HA), a nonsulfated GAG, supported binding
of 12 of 15 placental IE samples in Malawi (Beeson et al. 2000), but none of
four isolates from Kenya (Fried et al. 2000). Detailed studies have highlighted
several factors that can influence IE binding to HA preparations, including
CSA contamination of commercial HA preparations (Fried et al. 2000;
Valiyaveettil et al. 2001) and the length of HA molecules (Beeson and Brown
2004). Hypothetically, antibodies adsorbed to the IE surface may also play
a role in parasite adhesion, either by attaching to Ig receptors on the surface of
syncytiotrophoblast (Flick et al. 2001) or ‘cross-linking with syncytial knots’
(Creasey et al. 2003). Laboratory parasites selected to bind CSA will adsorb
IgM on the IE surface (Creasey et al. 2003), and IgG is frequently detected
on the surface of placental IEs (Flick et al. 2001), but these studies have made
conflicting claims that have not yet been resolved. Of note, no Ig receptors
have been detected on the surface of syncytiotrophoblast: the neonatal Fc re-
ceptor that mediates transplacental antibody transfer localizes to intracellular
vesicles in syncytiotrophoblast, and binds IgG at acidic but not neutral pH
(Simister 2003). Additional studies are required to determine the contribution
of receptors other than CSA to IE adhesion and sequestration in the placenta.

Placental parasites clearly display a distinct repertoire of surface proteins,
and serologic studies suggest that the CSA-binding protein(s) of P. falciparum
are conserved worldwide (Fried et al. 1998b). Until recently, only two proteins,
calledPfEMP1andrifin,wereknowntobedisplayedon the IEsurface.PfEMP1
and rifin are variant antigens encoded by multicopy gene families: PfEMP1
by the ~60-member var gene family, and rifin by the ~150-member rif gene
family. PfEMP1 has previously been shown to bind endothelial receptors in
vitro (Baruch et al. 1996), and therefore efforts to identify CSA-binding IE
surface proteins have focused on this molecule. Recently completed proteomic
studies suggest that additional parasite proteins encoded by single copy genes
may be expressed on the IE surface (Florens et al. 2004; Fried et al. 2004), but
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these await further characterization to understand their function, such as
a role in adhesion.

PfEMP1 is a large antigen comprising multiple extracellular domains,
with substantial sequence diversity among the alleles in the prototype 3D7
strain (Gardner et al. 2002), and also with extensive diversity between
isolates. However, some PfEMP1 variants appear to be present in many
parasite isolates, and their sequence is highly conserved (Fried and Duffy
2002; Rowe et al. 2002; Salanti et al. 2002), a property consistent with the
conserved serologic reactivity of the CSA-binding protein. The extensive
variation in PfEMP1 is a formidable obstacle for designing reagents that can
be used for differential expression studies in field isolates (Taylor et al. 2000),
including PCR primers, microarray probes or antibodies. Efforts to identify
the PfEMP1 of placental parasites have used degenerate or specific primers
to amplify transcripts from either CSA-binding laboratory isolates or from
placental parasite samples, and these have yielded several candidate surface
proteins or CSA-binding molecules.

Thefirst transcript identifiedby this approach, calledvarCS2,wasamplified
with degenerate primers from ITG strain parasites selected to bind CSA.
Recombinant forms of two extracellular domains (CIDRα and DBLγ domains)
encoded by varCS2 elicited antibodies that inhibited adhesion of parasites to
CSA (Reeder et al. 1999), and bound to CSA and other sulfated glycans in
soluble binding assays (Reeder et al. 2000). However, detailed studies of this
gene in laboratory isolates (Duffy et al. 2002) and placental samples (Fried
and Duffy 2002; Fried et al. 2004) indicate that it is transcribed or expressed
at low or undetectable levels that do not increase in CSA-binding parasites.

The second candidate var transcript, called FCR3varCSA, was amplified
with degenerate primers from FCR3 strain parasites selected to bind CSA
(Buffet et al. 1999). FCR3varCSA is highly homologous to var alleles identi-
fied in other parasites (Fried and Duffy 2002; Rowe et al. 2002), and together
these are referred to as var1csa (Salanti et al. 2003). Recombinant forms of
the DBLγ domain from FCR3varCSA support binding of soluble CSA (Buf-
fet et al. 1999), and elicit monoclonal antibodies that reacted with ~50% of
IEs in cryosections of six infected placentas collected in Cameroon (Lekana
Douki et al. 2002). However, studies of laboratory isolates (Duffy et al. 2002;
Kyes et al. 2003) and field isolates (Fried and Duffy 2002; Fried et al. 2004;
Winter et al. 2003) indicate that transcription or expression of FCR3varCSA
or var1csa is not upregulated in CSA-binding or placental parasites. Fur-
ther, although serologic recognition of the target protein is expected to in-
crease over successive pregnancies, sera collected from pregnant women in
endemic areas do not react with recombinant DBLγ domains (Winter et al.
2004) or other FCR3varCSA domains (Jensen et al. 2003) in a parity-specific
fashion.
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A third var gene implicated in pregnancy malaria, called var2csa, has
been identified by quantitative RT–PCR from NF54 strain parasites using
specific primers against all possible 3D7 strain var genes (Salanti et al. 2003).
Transcription of var2csa is upregulated in parasites selected to bind CSA, and
is increased in placental parasites compared to parasites infecting children
(Salanti et al. 2003). Further studies are needed to better understand whether
var2csa (Salanti et al. 2003) or other novel IE surface proteins (Florens et al.
2004; Fried et al. 2004) play a role in pregnancy malaria.

Tandem mass spectrometry has recently been used to define the IE surface
proteins of placental or CSA-binding parasites (Fried et al. 2004). In these
studies, no single PfEMP1 was shared between all (or even most) of the
isolates tested. Proteins encoded by var1csa and var2csa were detected in
IEs that did not bind to CSA, and were not detected in placental parasites.
Peptides encoded by varCS2 were not detected in any samples. Two novel
PfEMP1 forms, encoded by PF07_0051 and PFI0005w, were detected in four
and two of six placental parasite samples, respectively. Further work is needed
to determine whether these novel variants react with sera in a parity-specific
fashion, elicit antibodies against placental IEs, and possibly bind to CSA, as
would be expected of the IE surface proteins involved in placental malaria
(Fried et al. 2004).

4
Parasite-Specific Immune Responses

AdistinctCSA-binding formofP. falciparum sequesters in thehumanplacenta
(Fried and Duffy 1996). In endemic areas, women do not display immune
responses specific for CSA-binding parasites prior to their first pregnancy,
but develop specific humoral and cellular responses against these parasites
over successive pregnancies. Antibody responses against CSA-binding para-
sites have been associated with reduced likelihood of placental malaria and
improved fetal and maternal outcomes. These findings explain the parity-
specific epidemiology of malaria, in which the high susceptibility during first
pregnancies diminishes in subsequent pregnancies as women acquire specific
immunity against placental parasites.

In endemic areas, antibodies develop over successive pregnancies that
inhibit IE adhesion to the placental receptor CSA (Fried et al. 1998b) or that
react with the surface of CSA-binding IEs in flow cytometry assays (Ricke et al.
2000). Antibodies acquired by Asian women inhibit the adhesion of placental
IEs collected in Africa, and antibodies acquired by African women react with
IEs collected frompregnantwomen inAsia, suggesting that surfaceantigensof
placental IEs are conserved around the world (Fried et al. 1998b). Serum levels
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of the antibody that inhibits placental parasite bindingare related to resistance
to placental malaria (Fried et al. 1998b), as well as increased birth weight and
gestational age of the newborn (Duffy and Fried 2003). In a high transmission
area, Kenyan secundigravidae with serum antiadhesion antibodies delivered
babies that were on average 398 g heavier and 2 weeks more mature than
babies born to secundigravidas without antibodies (Duffy and Fried 2003;
Staalsoe et al. 2004). In an area of seasonal transmission, the subset of Kenyan
women with chronic placental malaria had higher hemoglobins (by 17 g/l) and
delivered heavier babies (by 260 g) if their antisera reacted to CSA-binding
parasites in flow cytometry assays (Staalsoe et al. 2004).

Cellular immune responses against CSA-binding parasites are also ac-
quired over successive pregnancies, but it is unknown whether cellular re-
sponses correlate with resistance. Immune cells collected 3 months postpar-
tum from multigravid Cameroonian women had significantly higher prolifer-
ative and interleukin (IL)-4 responses to CSA-binding parasites (but not other
parasites) than those collected from primigravid women (Fievet et al. 2002).
Interestingly, proliferative responses to CSA-binding parasites (but not other
parasites) were significantly higher in 3-month postpartum samples than
samples collected at delivery. The lower responses at delivery could reflect
pregnancy-related immunomodulation (Fievet et al. 2002), but this explana-
tion is unsatisfying because responses to a non-CSA-binding parasite were
not lower at delivery. Alternatively, active infection with CSA-binding para-
sites (as often occurs at delivery) may suppress specific immune responses
to homologous parasites; this would explain why responses against CSA-
binding parasites but not non-CSA-binding parasites are lower at the time of
delivery than in the postpartum period. IFNγ responses of immune cells col-
lected from placentas of multigravid women are higher in uninfected women
than infected women (Moore et al. 1999), but further studies are needed to
determine whether these responses target the unique antigens of placental
parasites.

The epidemiology of malaria in pregnant women infected with the human
immunodeficiency virus (HIV) suggests that HIV delays but does not pre-
vent the acquisition of immunity (Duffy 2001). Studies in Malawi and Kenya
have shown that both HIV-infected and uninfected women acquire resistance
over successivepregnancies, butHIV-infectedwomenacquire resistancemore
slowly (vanEijk et al. 2003;Verhoeff et al. 1999).A study fromRwanda suggests
that the susceptibility of HIV-infected women persists through the postpar-
tum period (Ladner et al. 2002). By impairing humoral immune responses to
novel antigens, HIV could delay the acquisition of specific immunity against
placental parasites (Duffy 2001), and HIV-infected parturients in Kenya and
Malawi had lower levels of antibody directed against placental parasites (and
other parasites) than uninfected parturients, although the difference did not
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achieve significance (Staalsoe et al. 2004). Further studies are required to ex-
amine this question that has important implications for risk of transmission
to the newborn. The frequency of congenital malaria remains controver-
sial but may be increased in women who have heavier burdens of placental
parasitemia (Redd et al. 1996). The effect of placental malaria on perinatal
mother-to-child transmission (MTCT) of HIV is also controversial: one study
found no effect of placental malaria on MTCT (Inion et al. 2003), one found an
increased risk associated with placental malaria (Brahmbhatt et al. 2003), and
a third study found the risk of MTCT depended on placental parasite density
with low parasite density reducing risk and high parasite density increasing
risk (Ayisi 2004).

Taken together, the studies of placental parasites and acquired immune
responses suggest a model to explain malaria susceptibility and resistance in
pregnant women. Women lack immunity to placental IEs before their first
pregnancy. This would account for the susceptibility of primigravid women
to malaria (Fried and Duffy 1996). Exposure during first and subsequent
pregnancies elicits specific immunity that confers protection to multigravid
women. Antibodies and possibly cellular responses against placental parasites
prevent infection (Fried et al. 1998b) and the poor pregnancy outcomes asso-
ciated with malaria (Duffy and Fried 2003; Staalsoe et al. 2004). This model
of protective immunity suggests that a vaccine against placental parasites
could be delivered before a woman’s first pregnancy, and exposure during
pregnancy would boost her protective responses and prevent poor outcomes
for both mother and fetus.

5
Immunopathology

The inflammatory infiltrate and pro-inflammatory cytokines elicited by pla-
cental malaria have been associated with poor fetal and maternal outcomes.
After P. falciparum parasites accumulate in the placenta, a massive cellular
infiltrate may appear in the intervillous spaces (Garnham 1938), with elevated
numbers of monocytes/macrophages (Fig. 2) and lymphocytes and the selec-
tive absence of natural killer (NK) cells (Ordi et al. 2001; Rasheed et al. 1992).
Elevated levels of β and α chemokines in malaria-infected placentas are likely
to play a role in attracting and activating leukocyte populations. Placental
macrophage activity, and the inflammatory mediators tumor necrosis factor
(TNF)-α, interferon (IFN)-γ and IL-8, are related to LBW and severe maternal
anemia.
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Fig. 2 Macrophages are a prominent feature of a placental bloodsmear obtained
from an infected woman in Kenya. Large, distorted macrophages containing pigment
(large arrows) are common in the cellular infiltrate that occurs after sequestration
of IEs (arrowheads) in the placenta. An intact IE (small arrow) has been ingested by
a macrophage

Theearliestpathologic studiesofP. falciparum-infectedplacentasobserved
the accumulation of phagocytic cells containing parasite ‘pigment’ (Bignami
1898; Sereni 1902). Also called hemozoin, pigment is the heme crystal pro-
duced by intraerythrocytic malaria parasites as they digest hemoglobin. The
accumulation of inflammatory cells occurs following sequestration of para-
sites in the placenta (Garnham 1938, and has been related to the poor preg-
nancy outcomes induced by malaria (Duffy 2001; Leopardi et al. 1996). Pla-
cental macrophages are associated with severe maternal anemia (Jilly 1969)
and LBW (Leopardi et al. 1996; Ordi et al. 1998) in malaria-infected women.
Hemozoin is a marker of placental malaria, but is not associated with poor
birth outcomes (Sullivan et al. 2000).

Healthy pregnancy is characterized by a bias toward anti-inflammatory
or Type 2 cytokines in mice (Wegmann et al., 1993) and humans (Fried et
al., 1998a; Marzi et al., 1996). Exposure to malaria during pregnancy elicits
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inflammatory cytokines in the placenta, including TNF-α, IFN-γ, and IL-
2 (Fried et al., 1998a). TNF-α (Fried et al., 1998a; Rogerson et al., 2003),
IFN-γ (Fried et al. 1998a), and IL-8 (Moormann et al. 1999) have been related
to severe maternal anemia and LBW deliveries in malaria-exposed women.
Histologic (Moormann et al. 1999) and tissue explant studies (Suguitan et al.
2003) suggest that infiltrating macrophages may be the source of TNF-α and
IL-8, while the chorionic villi of the placenta may in part contribute to IFN-γ
during pregnancy malaria. Chemokines, including α and β chemokines, are
elevated during placental malaria (Abrams et al. 2003; Suguitan et al. 2003),
and the infiltrating macrophages express CC chemokine receptor 5 (Tkachuk
et al. 2001), and these are likely to enhance the inflammatory infiltrate.

In areas of stable transmission, the relationship between inflammatory cy-
tokines and poor pregnancy outcomes appears to be strongest among primi-
gravid women (Fried et al. 1998a) who suffer disproportionately from malaria
and malaria-related complications. This may be due to the chronicity of in-
fection and the prolonged cytokine responses observed in this parity group
(Fried et al. 1998a). The mass of placental parasites and macrophages that
accumulate in the placenta could theoretically impair the transplacental ex-
change of oxygen and nutrients, but studies to test this hypothesis have failed
to yield confirmatory evidence (Duffy 2001).

Fig. 3 A model of protective immunity against P. falciparum during pregnancy. Par-
asites that adhere to the placental receptor CSA are selected for growth during preg-
nancy, and antibodies against these parasites are acquired over successive pregnancies.
Primigravid women lack immunity to CSA-binding parasites, and suffer heavy pla-
cental infections and inflammation, leading to maternal anemia and low birth weight
deliveries. In multigravid women, antibodies against placental parasites limit the in-
fection and the inflammatory response, thereby preventing poor pregnancy outcomes
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The available evidence suggests that primigravid women lack specific im-
munity against the CSA-binding forms of P. falciparum that are selected for
adhesion in the placenta. In the absence of specific immunity, these para-
sites accumulate in large numbers in the placenta, inducing an infiltrate of
inflammatory cells whose accumulation may be accelerated by expression
of chemokines. The inflammatory cells may reduce parasite multiplication,
but are inefficient for clearing the parasite, allowing a prolonged inflamma-
tory response associated with poor pregnancy outcomes including LBW and
maternal anemia. The acquisition of specific immunity against CSA-binding
parasites may facilitate the clearance of parasites prior to the influx of inflam-
matory cells, thereby avoiding the cascade of events leading to disease and
death (Fig. 3).

6
Drugs to Prevent Pregnancy Malaria

Two chemotherapeutic approaches have been successfully used to protect
women from the consequences of pregnancy malaria. Chemoprophylaxis en-
tails continuous provision of antimalarials during pregnancy in order to
prevent parasitemia. Intermittent presumptive treatment (IPT) provides full
treatment doses at specific times during pregnancy in order to reduce dis-
ease. Both strategies are effective in areas where parasites remain sensitive to
the drugs, but drug-resistant parasites are spreading rapidly throughout the
world. New drugs are urgently needed to prevent and treat malaria in preg-
nant women, but safety issues including teratogenicity and embryotoxicity
are paramount.

6.1
Chemoprophylaxis and Pregnancy Outcome

Malaria chemoprophylaxis for pregnant women aims to reduce the risks of
LBW and severe maternal anemia. Several drug combinations are effective
for chemoprophylaxis during pregnancy, although the rapid development of
drug resistance has undermined the usefulness of some.

The selection of prophylactic drugs for pregnant women is a challenge.
Drugs such as amodiaquine cannot be used as prophylaxis for safety rea-
sons, while the safety of several newer drugs in pregnant women is unknown.
The success of prophylaxis in pregnant women is measured as reduced par-
asitemia, increased maternal hemoglobin level, increased birth weight and
reduced rate of LBW. The improvement in birth weight is perhaps the most
important measure of benefit due to its impact on mortality during infancy.
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In a high transmission area in Tanzania, chloroquine (CQ) prophylaxis
was inferior to proguanil prophylaxis for reducing clinical malaria episodes
in pregnant women (Mutabingwa et al. 1993a), and those receiving CQ alone
had the highest rates of placental malaria and LBW (Mutabingwa et al. 1993b).
The benefits of prophylaxis were greatest in primigravid women. The stud-
ies confirmed the emergence of CQ-resistant parasites in the study area,
and established proguanil as a suitable agent for prophylaxis in areas of CQ
resistance (Mutabingwa et al. 1993a). In Cameroon, CQ continues to be rec-
ommended as the drug of choice for prophylaxis in pregnant women, despite
the emergence of CQ-resistant parasites. In an evaluation of CQ prophylaxis,
the rate of anemia was 20.7% in the treatment group compared to 32% in the
untreated group, and the rates did not vary significantly with parity [relative
risk, (RR) for treated group: 0.57 in primigravidas, 0.67 in multigravidas]
(Salihu et al. 2002).

In The Gambia, chemoprophylaxis with pyrimethamine/dapsone (Mal-
oprim®) provided significant benefits, primarily to primigravid women
(Greenwood et al. 1992) and grandemultigravid (parity >7) women (Green-
wood et al. 1989; Menendez et al. 1994). Compared to those receiving
placebo, primigravidas receiving pyrimethamine/dapsone had lower rates of
parasitemia and LBW deliveries, as well as higher hematocrits. Although the
rate of parasitemia was reduced in multigravid women, birth weights and ma-
ternal anemia rates were not significantly different. Pyrimethamine/dapsone
chemoprophylaxis reduced the mortality of infants born to primigravid
women by 18%, and that of infants born to multigravid women by 5%,
although this benefit was only significant for first pregnancies (Greenwood
et al. 1992). In Malawi, mefloquine prophylaxis during pregnancy also
significantly reduced the frequency of LBW, and this effect was again most
pronounced in first pregnancies (Steketee et al. 1996a, 1996c).

Chemoprophylaxis during first pregnancy did not reduce immunity in sub-
sequent pregnancies. Secundigravid women in The Gambia who had received
pyrimethamine/dapsone during their first pregnancy did not differ from un-
treated women according to the prevalence of peripheral or placental malaria
or birth weight. Because most trial participants started their prophylaxis dur-
ing the third trimester of their first pregnancy, the results do not exclude the
possibility that prophylaxis provided throughout pregnancy may hinder the
acquisition of natural immunity (Greenwood et al. 1994).

6.2
Intermittent Presumptive Treatment

During intermittent presumptive treatment (IPT), women periodically take
full treatment doses of antimalarial drug, without regard to presence or ab-
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sence of parasitemia. The goal of IPT is to reduce severe disease or chronic
illness without affecting the acquisition of protective immunity. The World
Health Organization currently recommends that women should receive IPT
at two scheduled visits after the first trimester (www.who.org).

Several studies examined the effect of IPT using sulfadoxine–
pyrimethamine (SP) to reduce maternal parasitemia, LBW, and mater-
nal anemia, with varying results. In a study of 575 women in Malawi,
primigravidas and multigravidas who received two or three doses of SP
delivered significantly heavier babies compared to mothers who received
one dose of SP, although parasite densities and hemoglobin levels did
not differ between groups (Verhoeff et al. 1998). In studies in Kenya and
Malawi, IPT with either two doses or monthly doses of SP reduced maternal
parasitemia (Parise et al. 1998; Schultz et al. 1994). Compared to fever case
management, IPT yielded heavier babies, but did not reduce rates of severe
anemia, premature deliveries, abortion or stillbirth (Parise et al. 1998). In
Kenya, primigravidas receiving IPT with SP had significantly lower rates of
parasitemia and severe maternal anemia, although women receiving one,
two or three doses of SP achieved similar benefits (Shulman et al. 1999).
None of these studies detected an adverse effect of SP on the mother or the
newborn.

SP resistance has emerged quickly in areas where it has been intro-
duced as first-line therapy, and therefore combinations of SP with artesunate
may prolong their effectiveness. Gambian women who received one dose of
artesunate–SP during the third trimester delivered babies that were signif-
icantly heavier than babies of unprotected women, indicating effectiveness,
and the rates of abortion, stillbirth and infant death were similar, indicating
safety (Deen et al. 2001).

Although the different studies yielded varying magnitudes of results, all
studies have observed benefits of IPT. Pregnant women with placental para-
sitemia commonly lack symptoms, and have low or undetectable peripheral
parasite densities. These women are unlikely to seek treatment, and this may
explain the advantage of IPT over treatment for symptomatic malaria in preg-
nant women. Similar to the benefits of chemoprophylaxis, the benefits of IPT
are greatest in primigravid women.

7
Drugs to Treat Pregnancy Malaria

The drugs traditionally used to treat pregnancy malaria are losing their ef-
ficacy, and experience in pregnant women with newer antimalarial drugs is
limited. Pregnant women are more likely to fail treatment than nonpregnant



Malaria in the Pregnant Woman 187

women (Keuter et al. 1990), but the urgent need to provide more effective
treatments to pregnant women is hindered by safety concerns.

Intravenous quinine is the mainstay of therapy for severe or complicated
malaria in pregnant women (Looareesuwan et al. 1985). Traditionally, CQ was
the mainstay of therapy for uncomplicated malaria in pregnant women. In
areas of CQ resistance, SP or amodiaquine are recommended for nonpregnant
individuals (Keuter et al. 1990; Winstanley 2003), but amodiaquine is not rec-
ommended in pregnant women due to a lack of safety data (Taylor and White
2004). In areas with chloroquine and SP resistance, artesunate combinations
(McGready et al. 2003) or oral quinine in combination with clindamycin (Mc-
Greadyet al. 2001b)havebeenshowntobeeffective foroutpatient treatmentof
pregnant women. Quinine is generally well tolerated, although hypoglycemia
is a potentially fatal side effect (Kochar et al. 1995; McGready et al. 2001b),
and has been reported after oral administration (Taylor and White 2004).

8
Drug Safety During Pregnancy

Drug availability is an urgent issue for pregnant women exposed to malaria.
Parasites that are resistant to traditional drugs are spreading rapidly, but there
is not enough experience with most new drugs to know whether they are safe
in pregnant women (Table 1).

Numerous studies have examined the safety of CQ, SP and mefloquine
given to pregnant women at treatment or prophylaxis dosages. CQ is con-
sidered safe during all three trimesters, although mild side effects (itching,
dizziness, and gastrointestinal discomfort) are frequent in pregnant women
after treatment or prophylactic doses (Steketee et al. 1996b). Treatment with
SP is thought to be safe during the last two trimesters (Keuter et al. 1990;
Taylor and White 2004). SP is an antifolate, and the use of antifolates during
the first trimester increases the risks of neural tube defects, cardiovascular
defects, oral clefts, and urinary tract defects, and the use of folate supplements
reduces the risks (Hernandez-Diaz et al. 2000).

Among 4,187 women in Malawi, the rate of stillbirths (3.9%) and abortions
(1.2%) were similar in groups that received mefloquine or CQ as treatment or
prophylaxis (Steketee et al. 1996b). Among 208 women in Thailand, stillbirths
were more frequent among those treated with mefloquine (4.5%) than those
treated with quinine (1.6%), but the rates of other severe outcomes (abortion,
LBW, congenital malformation, neurologic deficits) were similar (Nosten et al.
1999b). Among 53 female US military personnel in Somalia who inadvertantly
used mefloquine early in pregnancy, there were 17 elective abortions, 12
spontaneous abortions, one molar pregnancy, and 23 live births (Smoak et al.
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1997), suggesting that mefloquine may be embryotoxic and teratogenic when
used just prior to or during the first trimester (Taylor and White 2004).

Quinine at treatment dosage is generally safe in pregnant women, although
it causes hypoglycemia in 50% of pregnant women with severe malaria com-
pared to 10% of nonpregnant patients (Kochar et al. 1995; Looareesuwan et al.
1985). Quinine is commonly administrated with tetracyclines in nonpregnant
patients, but tetracycline is contraindicated during pregnancy. The combina-
tion of quinine and clindamycin is safe to use in pregnant women (McGready
et al. 2001b). Atovaquone/proguanil is used for both treatment and prophy-
laxis, and no adverse outcomes in pregnant women have been reported in
a preliminary study in Thailand, but further evaluation is needed (McGready
et al. 2003).

Pregnant women with acute malaria who were treated with artesunate
or artemether had rates of abortion, stillbirth and congenital abnormalities
that were comparable to rates in the local population (Deen et al. 2001; Mc-
Gready et al. 2001a). Artemisinins appear to be effective in the treatment of
quinine-resistant parasites, and unlike quinine do not cause hypoglycemia
(Taylor and White 2004). Halofantrine, amodiaquine and the combination of
artemether/lumefantrine cannot currently be recommended for use in preg-
nant women due to a lack of information on their safety (Taylor and White
2004).

The inexorable spread of drug-resistant parasites has rendered traditional
antimalarials useless in many areas. Conversely, experience with newer drugs
in pregnant women is limited, and therefore concerns about their safety re-
main. The use of insect repellents, such as DEET (N,N-diethyl-M-toluamide),
is therefore an attractive alternative for preventing malaria. In a trial at the
Thai–Burmeseborder,womenwhoappliedDEETdaily experiencedbirth out-
comes similar to other women, measured by gestational age, birth weight, and
neurological parameters, including child development during the first year of
life (McGready et al. 2001c). The safety of DEET during the first trimester has
not been studied. Insecticide-treated bed nets (ITNs) offer another means
of protecting pregnant women. Studies of ITNs in Ghana and coastal Kenya
did not detect benefits for mothers using ITNs, whereas birth weight was
increased (77–130 g) in western Kenya and Gambia, and the incidence of
anemia and parasitemia was reduced among women in Thailand, Tanzania,
and western Kenya (Browne et al. 2001; D’Alessandro et al. 1996; Dolan et
al. 1993; Marchant et al. 2002; Shulman et al. 1998; ter Kuile et al. 2003). In
western Kenya, women (gravida one to four) using ITNs had a 24.1% rate of
poor fetal outcomes (abortion, stillbirth, LBW due to PTD or IUGR) versus
32.1% in women without ITNs (ter Kuile et al. 2003). In The Gambia, rates of
abortions or stillbirths were similar in women who did or did not use ITNs
(D’Alessandro et al. 1996).
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In Asia, P. falciparum parasites have become increasingly resistant to qui-
nine, and therefore artemisinin derivatives have been evaluated in pregnant
women. In a prospective study from Thailand, parasites reappeared after
treatment in 6.8% of women receiving artesunate alone as primary treatment,
15.9% in women receiving artesunate as a re-treatment, and 37% in women
receiving quinine as a re-treatment (McGready et al. 2001a). The rate of abor-
tions, stillbirths and congenital abnormalities was similar among women who
received artemisinins and the general population (McGready et al. 2001a).

Artesunate combined with mefloquine cleared fever and parasites more
rapidly than quinine in a study of 50 Thai women (Bounyasong 2001), however
mefloquine has been linked to the risk of stillbirth (McGready et al. 2003).

Atovaquone-proguanil (MalaroneTM) is a new antimalarial drug, but may
rapidly select for resistant parasites (Nosten and McGready 2001), and there-
fore has been studied in combination with artemisinins (McGready et al.
2003). Proguanil is thought to be safe during pregnancy (Mutabingwa et al.
1993a), and fetal toxicity due to atovaquone in rabbits was observed only
at doses that caused maternal toxicity (McGready et al. 2003). Atovaquone-
proguanil in combination with artesunate was well-tolerated by Thai women
who received it during the second or third trimester. No premature deliveries
or congenital abnormalities were observed, and birth weights were similar to
women who received other standard therapies (McGready et al. 2003). The
cure rate was 100%, but the plasma concentrations of both atovaquone and
proguanil were lower in pregnant women compared to other adults with un-
complicated malaria, warranting additional pharmacokinetics studies with
higher doses of atovaquone-proguanil (McGready et al. 2003).

Other drugs that have been evaluated in pregnant women include clin-
damycin and dapsone-chlorproguanil (LapDapTM). Clindamycin in combi-
nation with quinine achieved 100% cure rates in pregnant women with un-
complicated malaria in southeast Asia, and has therefore been recommended
as a backup to artesunate combinations for the treatment of quinine-resistant
parasites (McGready et al. 2001b). Dapsone-chlorproguanil initially cleared
parasites in 81 pregnant women in Kenya, but parasitemia reappeared in 67%
of primigravidas within 28 days of treatment. Pregnancy outcomes were not
reported in this study, so the safety of dapsone-chlorproguanil in pregnant
women remains unclear (Keuter et al. 1990).

9
Areas for Future Research

Today, the most urgent issue requiring research is the availability of safe, ef-
fective and affordable drugs to prevent and treat pregnancy malaria. Research
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priorities should reflect this. Several new antimalarial drugs are known to be
effective in other populations, and research should focus first on determining
whether these drugs are safe and effective in pregnant women. Progress
has been made in this area, particularly in Thailand, where multidrug-
resistant parasites are widespread. However, drug-resistant parasites are
rapidly spreading throughout Africa, and drugs that are effective for pre-
vention are a necessary element of antenatal health care throughout most of
the continent.

Barring the eradication of malaria, the long-term solution to pregnancy
malaria will require vaccines. Studies performed in several countries support
a model of protective immunity—pregnant women who acquire antibodies
against placental parasites are resistant to infection and disease. This knowl-
edge will guide the identification of the antigens required for a pregnancy
malaria vaccine, but several questions remain. Are antibodies sufficient for
protection? We need a better understanding of cellular immune responses
against placental parasites. Are there receptors other than CSA that support
parasite sequestration in the placenta? Vaccines may need to target more than
one parasite subpopulation. How many IE surface antigens mediate binding
to CSA, or elicit protective antibodies? The best vaccine may comprise several
surface antigens of placental parasites.

Research into pregnancy malaria will also yield important insights that
illuminate other research areas, such as the normal physiology of pregnancy
or general immunity against blood stage parasites. Parasites multiply to abun-
dance in the placenta despite high titer antibodies against many antigens of
blood stage parasites. What does this tell us about developing vaccines that
are intended to control blood stage malaria in children? In high transmis-
sion areas, placental malaria causes severe maternal anemia and poor fetal
outcomes, although the infection generally causes only low peripheral par-
asitemia in the mother and no infection of the fetus. What are the roles of
the placenta in sustaining the health of the mother and fetus, and how can
placental malaria shed light on other important diseases of pregnancy, such
as eclampsia?

Pregnancy malaria is an enormous public health problem in the tropical
world. Research should emphasize the development and delivery of drugs
and vaccines that prevent and treat infection. Basic research is needed to
understand protective immunity and to identify targets for new therapies.
Translational research and clinical trials are needed to deliver the products
that women desperately need. Research into the host–parasite interactions
that underlie pregnancy malaria will also yield insights into the remarkable
processes of placentation, pregnancy, parturition, and human development
in utero and during early life.
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Abstract The clinical manifestations of Plasmodium falciparum malaria are directly
linked to the blood stage of the parasite life cycle. At the blood stage, the circulating
merozoites invade erythrocytes via a specific invasion pathway often identified with its
dependence or independence on sialic acid residues of the host receptor. The invasion
process involves multiple receptor–ligand interactions that mediate a complex series
of events in a period of approximately 1 min. Although the mechanism by which
merozoites invade erythrocytes is not fully understood, recent advances have put
a new perspective on the importance of developing a multivalent blood stage-malaria
vaccine. In this review, we highlight the role of currently identified host invasion
receptors in blood-stage malaria.

Abbreviations
CSP Circumsporozoite protein
TRAP Thrombospondin-related anonymous protein
MTIP Myosin A tail domain interacting protein
PfEMP1 P. falciparum-encoded proteins, erythrocyte membrane protein 1
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RBP Reticulocyte-binding protein
DARC Duffy antigen/receptor for chemokines
SAD Sialic acid-dependent
SAID Sialic acid-independent
GP(A,B,C,D) Glycophorin A,B,C,D
DBL Duffy binding-like
EBL Erythrocyte-binding ligand
SAO Southeast Asian/Melanesian ovalocytosis
MSP1 Merozoite surface protein 1

1
Introduction

Malaria is a public health problem today in more than 90 countries inhabited
by 40% of the world population (WHO 2004). In any given year, there are
300 million to 500 million clinical cases of malaria, and mortality due to the
disease is estimated to be over one million deaths. The majority of deaths
are in young children living in sub-Saharan Africa, typically under the age of
5 years. Statistically, at least one African child is killed by malaria every 30 s,
a death toll that far exceeds the mortality rate of other childhood diseases
in the region (WHO 2001). Many children who survive an episode of severe
malaria suffer from brain damage and cognitive disability (Holding and Snow
2001). Pregnant women living in endemic areas and nonimmune travelers
entering the region are also at high risk. Moreover, the economic and social
burden of malaria is enormously high for the endemic countries, which in
turn has devastating consequence on the global economy (Gallup and Sachs
2001; Sachs and Malaney 2002).

The causative agent for malaria is single-celled protozoan parasites of the
genus Plasmodium. Although malaria parasites undergo a complex life cycle,
the clinical manifestation of the disease is only associated with the blood stage
where haploid parasites are asexually propagated within host erythrocytes.
An indispensable step of this bloodstream cycle is the invasion of erythrocytes
by a free-living extracellular merozoite stage. There has been a great interest to
uncover ligand–receptor interactions between the parasite and host that oc-
cur during merozoite invasion. These interactions are thought to mediate the
attachment and reorientation of merozoites on the erythrocyte surface and
participate in transmembrane signal transduction that could up- or downreg-
ulate specific molecular events in the invasion process. Despite much effort
in the past two decades, the molecular mechanism by which merozoites in-
teract with erythrocytes during invasion is not well understood. Nonetheless,
significant progress has been made towards the functional identification of
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Plasmodium proteins localized to the merozoite surface, rhoptries, and mi-
cronemes that bind to erythrocytes. Many of these parasite ligands have been
the subject of recent reviews (Cowman et al. 2000; Preiser et al. 2000; Chitnis
2001). This article highlights the role of currently identified host receptors in
merozoite invasion of human erythrocytes.

2
Life Cycle

The malaria parasite is commonly transmitted to a human host from an in-
fected female mosquito of the genus Anopheles upon taking a blood meal.
There are four malaria species that typically infect humans: P. vivax, P. falci-
parum, P. malariae, and P. ovale. P. knowlesi, primarily a species of monkeys,
has recently been implicated in a large human outbreak in Malaysia (Singh
et al. 2004). Infection by P. vivax and P. falciparum are most common and
the falciparum malaria is most deadly. Malaria parasites undergo a series of
morphological and biochemical changes throughout their complex life cycle
in both human and mosquito hosts (Wilson 1990; Gratzer and Dluzewski
1993; Ghosh et al. 2000; Sinden and Billingsley 2001; Bannister and Mitchell
2003; Cooke et al. 2004). Inoculation of malaria sporozoites into a human
host occurs with an infectious mosquito bite which allows the sporozoites to
travel from the mosquito salivary glands to the human bloodstream to invade
hepatocytes (see illustration in Bannister and Mitchell 2003).

Sporozoite surface proteins such as circumsporozoite protein (CSP) and
thrombospondin-related anonymous protein (TRAP) are thought to be in-
volved in the specific recognition and entry into hepatocytes by sporozoites
(Mota and Rodriguez 2002; Kappe et al. 2003). Sporozoite activation induced
by migration through host cells is an essential step for hepatocyte infection
(Mota et al. 2002). Evidence suggests the myosin A tail domain interacting
protein (MTIP)/myosin A complex interacts with the actin/TRAP complex in
the sporozoite plasma membrane to provide the crucial gliding motility of
sporozoites during host cell invasion (Bergman et al. 2003; Kappe et al. 2004).
A similar mechanism has been suggested for motility and invasion of other
apicomplexans such as Toxoplasma and Crytosporidium (Meissner et al. 2002;
Sibley 2004).

The malaria parasites multiply in hepatocytes for a certain period
(1–2 weeks depending on the parasite species) undergoing asexual exoery-
throcytic schizogony. During the liver stage, an exoerythrocytic schizont
develops into more than 10,000 merozoites, which are released into the
bloodstream to invade erythrocytes. The merozoites then develop into young
intraerythrocytic parasites (ring stage) that mature to trophozoites and
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schizonts within the erythrocyte in the next 48–72 h depending on the species
(asexual erythrocytic schizogony). Interestingly, in the case of P. falciparum,
mature parasites (trophozoites and schizonts) are sequestered in the post-
capillary venules by attaching to host endothelial receptors, a process known
as cytoadherence (Pasloske and Howard 1994; Oh et al. 1997; Sherman et al.
2003; Cooke et al. 2004). Sequestration is thought to be an important survival
strategy for blood-stage P. falciparum as it prevents parasite circulation to the
spleen. Two P. falciparum-encoded proteins, erythrocyte membrane protein 1
(PfEMP1) and knob-associated histidine-rich protein embedded into the host
erythrocyte membrane during parasite maturation, play an essential role in
cytoadherence and thereby in the pathogenesis of blood-stage P. falciparum
(Crabb et al. 1997; Waller et al. 1999; Oh et al. 2000; Voigt et al. 2000). Each ery-
throcytic schizont produces approximately 10–30 merozoites, which are then
released into circulation upon erythrocyte membrane rupture. The released
merozoites invade other erythrocytes to continue with asexual amplification.

Less than 1% of the merozoites differentiate in erythrocytes into sexual
forms, macrogametocytes (female) and microgametocytes (male). These un-
dergo gametogenesis in the Anopheles mosquito midgut following ingestion,
in which a macrogamete is fertilized by an exflagellating microgamete to
form a zygote. Within 24 h, the zygote differentiates into an ookinete, which
penetrates the midgut wall and develops into an oocyst. Thousands of new
sporozoites produced from the oocyst, migrate to the salivary glands to invade
gland epithelium, and ultimately inoculate into another human host during
the next blood meal, thereby repeating the life cycle.

3
Merozoite Invasion

The landmark video recording (Dvorak et al. 1975) and two ultrastructural
studies (Bannister et al. 1975; Aikawa et al. 1978) of simian malarial para-
site P. knowlesi invading erythrocytes have shown that invasion is a stepwise
process requiring an attachment of the apical end of the merozoite to the
erythrocyte followed by a deformation of the erythrocyte (Fig. 1). The actual
penetration of the merozoite into the erythrocyte only takes about 30–60 s
to complete. The internalized merozoites are transformed into the young
ring stage in the next 10–15 min, which is accompanied by a second wave
of erythrocyte deformation. Based on the account provided by these stud-
ies, merozoite invasion is thought to proceed through the following major
events: (a) initial weak attachment of the merozoite to the erythrocyte surface
following random collision; (b) reorientation of the merozoite to bring the
apical end of the parasite in contact with the erythrocyte membrane forming
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Fig.1a–f Merozoite invasion of erythrocytes. The diagram depicts major morphologi-
cal changes occur during the invasion of erythrocytes by malaria merozoites: (a) initial
weak attachment; (b) reorientation; (c) tight junction formation; (d, e) secretion of
apical organelle contents and invagination; (f) closing of the invasion pit and isolation
within parasitophorous vacuole (green)

a distinctive tight junction between the two cells; (c) secretion of the contents
of apical organelles such as the rhoptries and micronemes; (d) invagination of
the erythrocyte forming an invasive pit with the tight junction moving along
the surface of merozoite as it penetrates into the erythrocyte; (e) closing of
the invasion pit on the erythrocyte membrane and isolation of the parasite
within parasitophorous vacuole in the erythrocyte cytoplasm.

Similar lines of evidence obtained with human malaria parasite P. falci-
parum, rodent malaria parasite P. berghei, and avian malaria parasite P. gal-
linaceum have suggested that erythrocyte invasion involves an analogous
course of events in all Plasmodium species (Ladda et al. 1969; Langreth et al.
1978; Bannister and Dluzewski 1990; Gratzer and Dluzewski 1993). However,
the molecular requirements that warrant a successful entry of merozoites into
erythrocytes are distinct amongst Plasmodium species (Table 1). For exam-
ple, P. vivax exclusively invades reticulocytes, the young subpopulation that
is typically present in less than 3% or 4% of total erythrocytes (Mons 1990;
Galinski et al. 1992), whereas P. falciparum is able to invade reticulocytes as
well as normocytes, the mature erythrocytes (Pasvol et al. 1980). A similar
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type of host cell selection during invasion has been observed among rodent
malaria parasites. In laboratory mice, P. berghei (lethal) and P. yoelii 17X
(nonlethal) preferentially invade reticulocytes, whereas, some P. yoelii lines
such as 17XL (lethal) and YM (lethal) are capable of invading both normo-
cytes and reticulocytes (Jarra and Brown 1989; Shear 1993; Hood et al. 1996).
P. vinckei (lethal) has no absolute preference (Zuckerman 1958). P. chabaudi
(nonlethal) invades predominantly normocytes, but will also invade reticu-
locytes when the reticulocyte level is elevated in mice under stress conditions
(Carter and Walliker 1975). In fact, a reticulocyte-binding protein (RBP) com-
plex (PvRBP-1 and Pv-RBP-2) localized to the rhoptries in P. vivax has been
suggested to be involved in reticulocyte selection during invasion (Galinski
et al. 1992; Cantor et al. 2001). Currently, a number of RBP homologs have
been identified in P. yoelii (Py235) (Ogun and Holder 1996; Ogun et al. 2000;
Khan et al. 2001) and P. falciparum (PfNBP1, PfRBP2-Ha, PfRBP2-Hb, PfRH3,
PfRH4) (Rayner et al. 2000, 2001; Taylor et al. 2001; Triglia et al. 2001; Kaneko
et al. 2002), although ambiguity remains about their in vivo function. The
erythrocyte receptor for any of these proteins is not yet known. A recent
study has suggested that Py235 is also involved in the sporozoite invasion
of hepatocytes in P. yoelii (Preiser et al. 2002). In P. falciparum, mounting
evidence now suggests that there is strain variability in the field (Okoyeh et
al. 1999; Baum et al. 2003) as well as in the culture (Hadley et al. 1987; Dolan
et al. 1990; Binks and Conway 1999; Mayer et al. 2002; Duraisingh et al. 2003;
Mayer et al. 2004) that distinguishes the parasite invasion phenotype on the
basis of specific ligand–receptor requirements for invading erythrocytes.

Persistent interactions between the malaria parasite and human host over
the course of human history have selected erythrocyte polymorphisms that
have provided some protection against malaria infection (Nagel and Roth
1989; Fortin et al. 2002; Zimmerman et al. 2003). In particular, a number
of unique genetic mutations of erythrocyte surface proteins such as Duffy
antigen, glycophorins, and band 3 are known to resist erythrocyte invasion
by malaria parasites. Indeed, the Duffy antigen, glycophorins, and band 3
along with a number of other hypothetical antigens have been implicated
as erythrocyte receptors for merozoite invasion. Interactions of these host
receptors with the parasite counterparts (ligands) may mediate the attach-
ment of merozoites on the erythrocyte surface or activate a transmembrane
signaling mechanism that could regulate the secretion of apical organelle
contents, the movement of merozoite into the erythrocyte invagination, and
the development of the intracellular parasite upon internalization.
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4
Duffy Blood Group Antigen

Over 95% of West Africans (Bray 1958) and about 70% of African–Americans
(Young et al. 1955) are resistant to erythrocytic infection by P. vivax, whereas
they are completely vulnerable to blood-stage infection by other species of
human malaria parasites. Seminal work by Miller and coworkers (Miller et al.
1975, 1976; Mason et al. 1977) has led to the discovery of Duffy blood group
antigen or Duffy antigen/receptor for chemokines (DARC) as the first host
receptor identified for the invasion of malaria parasites into erythrocytes.
P. vivax and P. knowlesi, the latter a simian malaria species that can infect
human cells, require DARC for invading human erythrocytes, as the Duffy-
negative Fy(a−b−) erythrocyte phenotype is refractory to invasion by either
of the two Plasmodium species. An ultrastructural study using P. knowlesi
merozoites treated with cytochalasin B, which allows merozoites to attach
to erythrocytes to form the tight junction but prohibits merozoites from
penetrating intoerythrocytes,has shownthat theDuffy-negativeerythrocytes
and the attached merozoites are unable to form the tight junction necessary
for invasion to proceed to completion (Miller et al. 1979).

Human DARC is a 36-kDa acidic glycoprotein (336 amino acids) pre-
dicted to have seven α-helical transmembrane domains with an extracellular
N-terminal domain of 60 amino acids having two N-glycosylation sites at
residues 17 and 28 (Chaudhuri et al. 1989, 1993). The function of DARC in
erythrocytes and other cells is not well understood, although it has been
reported as a scavenger for interleukin-8 (Darbonne et al. 1991; Horuk et
al. 1993). The DARC protein appears to be nonessential for erythrocyte sur-
vival, as individuals with the Duffy-negative Fy(a−b−) phenotype are healthy
(Buchanan et al. 1976; Mallinson et al. 1995). Similarly, Duffy gene knock-
out in a murine model showed no apparent phenotype suggesting DARC is
functionally a redundant protein (Luo et al. 2000).

The malaria parasites’ (both P. vivax and P. knowlesi) binding domain has
been identified to 35 residues in the N terminus between Ala8 and Asp43
of DARC (Chitnis et al. 1996). In both P. vivax and P. knowlesi, the Duffy-
binding protein was identified as the parasite ligand interacting with DARC
(Haynes et al. 1988; Miller et al. 1988; Wertheimer and Barnwell 1989). The
erythrocyte-binding domain is located within the N-terminal cysteine-rich
region (region II) of the Duffy-binding protein (Chitnis and Miller 1994;
Ranjan and Chitnis 1999).

The Duffy-negative Fy(a−b−) phenotype, defined by a homozygous FYB
allele, is prevalent among individuals living in West Africa where P. vivax has
disappeared (Sanger et al. 1955), but is uncommon in Southeast Asia where
P. vivax is endemic (Chandanayingyong et al. 1979; Breguet et al. 1982).
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Most Duffy-negative Fy(a−b−) individuals in West Africa carry a silent FY*B
allele as a result of a single nucleotide polymorphism (T46C) in the GATA
box of the DARC promoter region (Tournamille et al. 1995). This mutation
impairs the promoter activity specifically in erythroid cells, which supports
the hypothesis that Duffy-negative phenotype prevalent in those of West
African descent is restricted to erythrocytes as an adaptive response to resist
malaria. Interestingly, the same point mutation identified in a population
from Papua New Guinea has been linked to a new FY*A allele (Zimmerman
et al. 1999). Individuals with this new allele are heterozygous (FY*A/FY*Anull)
and have 50% less DARC on their erythrocyte surface. Although it is uncertain
whether the heterozygous individuals are less susceptible to P. vivax infection,
a significant reduction in the binding of P. vivax Duffy-binding protein to
erythrocytes has been noted (Michon et al. 2001). It has been reported that
the Duffy-negative Fy(a−b−) phenotype found in Southeast Asia individuals
is linked to FYA/FYA and FYA/FYB alleles based on gene typing by polymerase
chain reaction–restriction fragment length polymorphism analysis (Shimizu
et al. 2000). Although the sample size was small, the results show a discrepancy
between the genotype predicted by phenotypes and that deduced by DNA
analysis, suggesting a possible existence of cryptic FYA and FYB alleles in the
Fy(a−b−) individuals studied (Shimizu et al. 2000). It is not known whether
this particular Fy(a−b−) phenotype among southeast Asians is resistant to
P. vivax infection.

A recent study using the DARC knockout mouse model has shown that
DARC is an essential host receptor for invading normocytes by a murine
malaria parasite line P. yoelii 17X (Swardson-Olver et al. 2002). The same
study, however, has shown that DARC does not play any role during infection
of P. yoelii 17X in reticulocytes (Swardson-Olver et al. 2002). In P. vivax,
there is apparently another interaction that is required to select reticulocytes
as the primary invasion site in the blood-stage infection. This interaction
presumably involves the RBP complex identified in the parasite (Galinski et
al. 1992) and an unidentified receptor(s) on the reticulocytes.

5
Glycophorins

Earlier investigations on the mechanism of P. falciparum infection suggested
that there are two distinct erythrocyte invasion pathways involving either
a sialic acid-dependent (SAD) or sialic acid-independent (SAID) mechanism
(Mitchell et al. 1986; Dolan et al. 1990). Evidence for the existence of the SAD
invasion pathway comes from the studies where neuraminidase-treated ery-
throcytes lacking sialic acid (N-acetylneuraminic acid) residues on the cell
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surface were found to be significantly resistant to invasion by certain P. falci-
parum strains such as FCR-3, Dd2, W2-mef, Camp, and FVO (Mitchell et al.
1986; Dolan et al. 1990; Soubes et al. 1997). In contrast, there are P. falciparum
strains such as 3D7, 7G8, FCB-1, HB3, and Thai-2 that show no significant
difference in their capacity to invade sialic acid-depleted and wild-type ery-
throcytes, thus implying the existence of SAID invasion pathway (Mitchell et
al. 1986; Dolan et al. 1990; Binks and Conway 1999).

Erythrocyte glycophorins have long been considered as potential host
receptors in P. falciparum merozoite invasion of erythrocytes (Pasvol 1984;
Perkins 1984; Pasvol et al. 1989). Indeed, in the SAD invasion pathway, the
sialic acid moiety on erythrocyte glycophorin A (GPA) was first identified
as the invasion receptor binding the P. falciparum merozoite ligand EBA-175
(175-kDa erythrocyte-binding antigen) (Camus and Hadley 1985; Orlandi
et al. 1992; Sim et al. 1994). O-linked tetrasaccharides in the extracellular
region of GPA serve as the binding site for EBA-175 (Orlandi et al. 1992;
Sim et al. 1994). The GPA peptide backbone, presumably providing a unique
conformation of the sialic acid residues, also appears to be important for the
binding of EBA-175 to GPA (Sim et al. 1994). EBA-175, a microneme protein,
belongs to a family of Plasmodium ebl genes that encode erythrocyte-binding
ligands characterized by a 5’ cysteine-rich motif called Duffy binding-like
(DBL) domain or region II and a second cysteine motif at the 3’ end (Adams
et al. 2001). Like the P. vivax Duffy-binding protein, the C terminus (F2
domain) of the N-terminal cysteine-rich region (region II) of P. falciparum
EBA-175 was identified as the GPA-binding site (Sim et al. 1994).

P. falciparum BAEBL (also known as EBP-2 and EBA-140), another member
of the ebl family, is expressed in micronemes and has been shown to interact
with erythrocyte GPC by a SAD mechanism (Mayer et al. 2001; Narum et al.
2002; Lobo et al. 2003; Maier et al. 2003). The BAEBL-binding site in GPC
appears to be restricted to amino acid residues 14–22 within exon 2, at least
in the case of the 3D7 strain of P. falciparum (Lobo et al. 2003). However,
evidence suggests that host receptor specificity for BAEBL could change in
different P. falciparum lines due to polymorphism in the DBL domain (region
II) of BAEBL that interacts with erythrocytes (Mayer et al. 2002). Antibodies
against the region II/F2 domain of BAEBL inhibited P. falciparum invasion
into erythrocytes (Maier et al. 2003), underscoring the importance of the DBL
domain in the SAD invasion mechanism.

Nonetheless, human En (a-) erythrocytes lacking GPA and MkMk erythro-
cytes lacking both GPA and GPB confer only partial resistance to P. falciparum
invasion (Miller et al. 1977; Pasvol et al. 1982; Hadley et al. 1987). Several re-
cent studies have suggested that the SAD invasion pathway principally relying
on host receptors GPA, GPC, and perhaps GPB is dispensable in P. falciparum.
When the Dd2 line exhibiting a SAD invasion phenotype was propagated
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in neuraminidase-treated erythrocytes where the sialic acid residues were
removed from the cell surface, the parasite switched to a new Dd2/Nm line
having a SAID invasion phenotype (Dolan et al. 1990). Disrupting the C-
terminal region of EBA-175 in the Dd2/Nm clone by gene targeting had no
effect on erythrocyte invasion (Kaneko et al. 2000). A similar truncation of
EBA-175 switched the SAD W2-mef line to a SAID invasion phenotype (Reed
et al. 2000). Moreover, lacking the expression of either EBA-175 (Duraisingh et
al. 2003) or BAEBL (Maier et al. 2003) had little effect on erythrocyte invasion
in both W2-mef (SAD) and 3D7 (SAID) strains.

Interestingly, in the P. falciparum EBA-175 knockout study (Duraisingh
et al. 2003), the wild-type W2-mef line invaded trypsin-treated erythro-
cytes (which have no intact GPA on the cell surface) as efficiently as EBA-
175 knockout lines generated in both W2-mef and 3D7 strains. However,
both EBA-175 knockout/W2-mef and EBA-175 knockout/3D7 lines invaded
chymotrypsin-treated erythrocytes inefficiently as compared to their parent
wild-type clones. The authors have subscribed to the theory that the inef-
ficiency of invasion in the EBA-175 knockout lines is due to the loss of the
GPA-EBA-175 interaction, as they believe GPA is chymotrypsin resistant. In
contrast, several experiments have shown that treating intact human ery-
throcytes with chymotrypsin results in the fragmentation of GPA (Dzandu
et al. 1985; Roggwiller et al. 1996; Goel et al. 2003). Therefore, the erythro-
cyte invasion data reported in the EBA-175 knockout study (Duraisingh et al.
2003) could be interpreted somewhat differently in that there is an alternate
host receptor interacting with EBA-175, most likely by a SAID mechanism.
In fact, the conclusion of the study (Duraisingh et al. 2003) that EBA-175
is functional in both SAD and SAID invasion pathways has similar implica-
tions. A majority of P. falciparum field isolates (12 out of 15 isolates) from
different regions of India were shown to use the SAID invasion pathway
(Okoyeh et al. 1999). There was also a considerable use of the SAID invasion
pathway (up to 40%) by P. falciparum isolated from patients in a Gambian
study (Baum et al. 2003). Despite its importance in P. falciparum pathogen-
esis, the SAID invasion pathway has remained elusive at the molecular level
(Soubes et al. 1999).

In fact, there is mounting evidence suggesting that segments of regions II
and III–V of EBA-175 interact with erythrocytes by a SAID mechanism (Sim
et al. 1990, 1994; Kain et al. 1993; Jakobsen et al. 1998; Narum et al. 2000; Ro-
driguez et al. 2000). Although it has been reported that a biotinylated peptide
(residues 1085–1096) derived from EBA-175 bound to desialylated GPA and
GPB (Jakobsen et al. 1998), in light of the EBA-175 knockout study (Durais-
ingh et al. 2003), it is unlikely that the peptide backbone of GPA is involved
in the SAID interaction of EBA-175 with erythrocytes. The involvement of
GPB in binding EBA-175 to erythrocytes was ruled out in an earlier study
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(Dolan et al. 1994), because native EBA-175 from a SAD strain (FCR3/A2)
of P. falciparum bound to trypsin-treated GPB-deficient erythrocytes (which
lack both GPB and GPA) at a level comparable to trypsin-treated wild-type
erythrocytes (which lackonlyGPA).TheP. falciparummerozoiteproteinbind-
ing to GPB, a trypsin resistant, chymotrypsin sensitive, and neuraminidase
sensitive (Furthmayr 1978; Reid and Lomas-Francis 1997) sialoglycoprotein,
is currently unknown (Dolan et al. 1994). Furthermore, the alternate host
receptor for EBA-175 remains to be identified.

6
Band 3

The naturally occurring mutations in human genes encoding erythrocyte
membrane proteins have been valuable in understanding host receptor re-
quirements for malaria parasite invasion. For example, the successful inva-
sion of human En (a-) and MkMk erythrocytes that are completely deficient
in either GPA or both GPA and GPB, by a SAD P. falciparum strain (Camp)
argues that GPA alone is not sufficient as the host receptor for parasite inva-
sion into erythrocytes (Miller et al. 1977; Hadley et al. 1987). Further findings
that erythrocytes lacking GPC and GPD (Pasvol et al. 1984; Chishti et al.
1996) are partially resistant to P. falciparum invasion support the notion that
one or more key receptors exist on the erythrocyte membrane in addition
to glycophorins. On the other hand, largely due to the paucity of homozy-
gous mutations in the AE1 gene that encodes erythroid band 3, the role of
band 3 in the invasion process has remained ambiguous. Perhaps, an excep-
tion is southeast Asian/Melanesian ovalocytosis (SAO) where a deletion of
27 base pairs (AE1∆27) in the band 3 gene that encode nine amino acids
at the boundary of cytoplasmic and membrane domains has been linked to
P. falciparum resistance (Jarolim et al. 1991). The prevalence of the AE1∆27
mutation has been reported in Malaysia, Philippines, Papua New Guinea, In-
donesia, Mauritius, and South Africa (Jarolim et al. 1991; Tanner et al. 1991;
Ravindranath et al. 1994; Takeshima et al. 1994; Mgone et al. 1996). Although
the AE1∆27 trait is thought to be lethal when homozygous, the heterozygous
mutation causes significant structural changes in both normal and mutant
band 3 in SAO membranes, altering functional and hematological properties
of heterozygous SAO mutant erythrocytes (Chambers et al. 1999; Kuma et al.
2002). An added complexity in the heterozygous SAO mutation is that these
ovalocytes have increased membrane rigidity, leaving open the possibility
that altered membrane properties of the SAO erythrocytes, rather than the
band 3 receptor per se, could be the cause of resistance to malaria infection
(Mohandas et al. 1992; Liu et al. 1995).
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Nevertheless, there has been circumstantial evidence suggesting a possible
involvement of erythroid band 3 in the malaria parasite invasion of erythro-
cytes. Notably: (a) a monoclonal antibody binding to rhesus erythrocytes
blocked P. knowlesi invasion and immunoprecipitated band 3 from rhesus
erythrocyte ghosts solubilized in Triton X-100 (Miller et al. 1983); (b) human
erythrocyte membrane fraction enriched in band 3 and incorporated into li-
posomes inhibited P. falciparum invasion of human erythrocytes (Okoye and
Bennett 1985); (c) a monoclonal antibody against the extracellular epitopes of
band 3 inhibited P. falciparum invasion of human erythrocytes (Clough et al.
1995); (d) metabolically radiolabeled P. falciparum proteins associated with
band 3-enriched erythrocyte membrane components (Jones and Edmundson
1991); (e) proteolytic degradation of band 3 by a serine protease during the
invasion of erythrocytes by P. falciparum as well as rodent P. chabaudi has
been demonstrated (McPherson et al. 1993; Roggwiller et al. 1996).

Earlier, we observed (unpublished data) that band 3 (−/−) mouse ery-
throcytes were completely resistant to P. falciparum (3D7 strain) invasion
in culture when band 3 (+/−) and wild-type mouse erythrocytes obtained
showed a typical invasion profile known for mouse erythrocytes (Klotz et al.
1987). Similarly, band 3 (−/−) mice were refractory to blood-stage infection
by rodent malaria P. yoelii 17XL whereas band 3 (+/−) and wild-type mice
became infected at a comparable rate (our unpublished data). These band 3
(−/−) mouse erythrocytes display a secondary loss of GPA and protein 4.2
in the erythrocyte membrane as a consequence of the targeted disruption
of the erythroid band 3 (AE1) gene (Southgate et al. 1996; Hassoun et al.
1998). Protein 4.2 (−/−) mice (Peters et al. 1999) showed a normal course
of P. yoelii 17XL infection similar to the wild-type (our unpublished data).
These observations argue that band 3 could be a crucial host receptor either
independently or in conjunction with GPA in erythrocyte invasion by P. fal-
ciparum. However, possible indirect effects such as apparent fragility of band
3 (−/−) erythrocytes arising from the loss of band 3 and GPA complex in the
erythrocyte membrane could not be ruled out as an alternate cause and made
the interpretation of our data complicated.

Using more direct molecular and biochemical approaches, we have re-
cently shown that two nonglycosylated regions of human erythroid band 3,
presumably together, function as a host invasion receptor for P. falciparum
merozoite (3D7 strain) interacting with the parasite ligand, merozoite sur-
face protein 1 (MSP1) (Goel et al. 2003). The band 3 peptides termed 5ABC
and 6A representing two nonglycosylated regions of human erythroid band 3
(amino acids 720–761 and 807–826, respectively) blocked P. falciparum (3D7
strain) invasion into erythrocytes in vitro (Goel et al. 2003). A significant
part of each peptide represents a putative ectoplasmic region based on recent
band 3 topology models (Crandall and Sherman 1994; Popov et al. 1997; Fu-
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jinaga et al. 1999). Other parts of the band 3 ectodomains had no effect on
blocking P. falciparum invasion in culture (Goel et al. 2003). Subsequently, it
was shown that both native and recombinant forms of the 42-kDa processing
product of MSP1 (MSP142) derived from the 3D7 strain of P. falciparum in-
teracted specifically with these two regions (5ABC and 6A) of band 3 (Goel et
al. 2003). Further evidence showing direct binding of MSP142 and band 3 is
as follows (Goel et al. 2003): (a) native MSP142 bound to trypsin-treated ery-
throcytes (having unmodified band 3, but no intact GPA on the cell surface)
and neuraminidase-treated erythrocytes (no sialic acid residues), but not to
chymotrypsin-treated erythrocytes (having cleaved and/or truncated band
3 and GPA fragments in the erythrocyte membrane); (b) MSP142 bound to
wild-type human and mouse erythrocytes, but not to band 3 (−/−) mouse ery-
throcytes lacking band 3 and GPA (Southgate et al. 1996; Hassoun et al. 1998)
as assessed by immunofluorescence assays; (c) the binding of native MSP142

to erythrocytes was completely abrogated when soluble 5ABC segment of
band 3 was present in the assay mixture. In fact, the conserved C-terminal
secondary processing product of MSP142 known as MSP119 was the domain
responsible for binding to the nonglycosylated segment of band 3 receptor
on the erythrocyte surface (Goel et al. 2003). Taken together, these findings
establish that band 3 is the first identified host receptor for P. falciparum
merozoites in the SAID invasion pathway.

It was reported that the same region (amino acids 720–761 and 807–
826) of band 3 also interacted specifically with a number of unidentified
P. falciparum merozoite proteins in addition to MSP142 (Goel et al. 2003).
Subsequent screening of a P. falciparum (3D7 strain) cDNA library in a yeast
two-hybrid system showed that the 5ABC domain of band 3 used as bait
interacts with two regions of merozoite surface protein 9 (MSP9) termed
MSP9/∆1a and MSP9/∆2 (Li et al. 2004). Moreover, native MSP9 as well as
recombinant MSP9/∆1a and MSP9/∆2 interacted with 5ABC as well as intact
erythrocytes in solution assays. When soluble 5ABC was added to the assay
mixture, the binding of MSP9 to erythrocytes was significantly decreased.
Recombinant MSP9/∆1a and MSP9/∆2 present in the culture medium blocked
erythrocyte invasion by P. falciparum (3D7) presumably by binding to the
5ABC domain of band 3 on the erythrocyte surface (Li et al. 2004). Earlier, it
was suggested that P. falciparum MSP9 may interact with erythrocyte band
3 (Kushwaha et al. 2002), although the study used a mixture of erythrocyte
membrane proteins solubilized with a mild non-ionic detergent as the source
of band 3, which leaves open the possibility of indirect binding via proteins
present in the detergent-solubilized fraction.

Furthermore, native MSP9 and MSP142, which interact with the band 3
receptor 5ABC, were found to exist as a stable complex in both the culture
supernatant and the solubilized parasite lysate (Li et al. 2004). This interesting
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Fig. 2 The interaction of a malaria parasite co-ligand complex with host erythrocyte
band 3. Model I: MSP142 and MSP9 in a single co-ligand complex interact simulta-
neously with the 5ABC domain of the same band 3 molecule. The co-ligand complex
could also contain other unidentified parasite proteins. Model II: only one of the two
co-ligands interacts with a single 5ABC domain of band 3. Upon equilibrium, each
MSP142 and MSP9 in a single co-ligand complex binds to a different 5ABC domain
within the band 3 dimer or tetramer in the erythrocyte membrane

finding illustrates a new concept that merozoites exploit a complex of co-
ligands on their surface to interact specifically with a single erythrocyte
receptor as part of the complex erythrocyte invasion mechanism. Native band
3 exists mainly as homo-dimers and tetramers in the normal erythrocyte
membrane (Yu and Steck 1975; Casey and Reithmeier 1991; Vince et al. 1997;
Colfen et al. 1998; Zhang et al. 2000). The existence of parasite co-ligands
is postulated either to provide redundancy in the merozoite-band 3 binding
process or to allow merozoites to engage into a more stable host-parasite
interaction by anchoring co-ligands to adjacent 5ABC domains in the band 3
homo-dimer or tetramer on the erythrocyte surface (Li et al. 2004) (Fig. 2).

Considering well-established evidence that band 3 and GPA are in close
proximity forming a complex in the erythrocyte membrane (Nigg et al. 1980;
Bruce et al. 1995; Hassoun et al. 1998; Poole 2000; Auffray et al. 2001), it is
interesting to speculate here that the receptor function of band 3 and GPA is
mediated by a macro-molecular protein complex in the host cell membrane.
This speculation is particularly interesting in view of reported cases where
the P. falciparum invasion phenotype is switched from SAD to SAID due to
clonal selection, known alterations in the host membrane proteins, and the
adaptive responses due to targeted gene disruption interventions (Mitchell et
al. 1986; Hadley et al. 1987; Dolan et al. 1990; Soubes et al. 1997; Kaneko et
al. 2000; Reed et al. 2000; Duraisingh et al. 2003; Gilberger et al. 2003a, 2003b;
Maier et al. 2003). Consistent with this view are several studies suggesting that
regions II and III–V of EBA-175 might be participating in the SAID invasion
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pathway (Sim et al. 1990, 1994; Kain et al. 1993; Jakobsen et al. 1998; Narum
et al. 2000; Rodriguez et al. 2000).

Whether the two host receptors band 3 and GPA complement each other to
accommodate both SAID and SAD invasion pathways in a cooperative man-
ner or function independently to provide two unique invasion pathways is not
clear at present. It is pertinent to note that a key limitation for resolving the
individual contributions of band 3 and GPA is the lack of naturally occurring
and/or genetically altered erythrocytes that retain a normal complement of
GPA without any detectable band 3 in the plasma membrane. Nonetheless, the
available experimental data guide us to propose an invasion pathway model
(Fig. 3) to entertain the following argument. In both SAID and SAD inva-
sion pathways, band 3 could function as a crucial erythrocyte receptor for
P. falciparum invasion. In the SAID pathway, band 3 might be an indepen-
dent receptor (yellow arrows) or complements with GPA to take part in the
SAD pathway (orange arrow). In the latter invasion pathway, the dominant
GPA-EBA-175 interaction could be coupled with the band 3-MSP1/MSP9 in-
teraction (gray arrows) at a certain stage of the invasion process or remain
independent (black arrow). The formation of a macromolecular complex that
includes band 3, MSP1/MSP9, GPA, and EBA-175 by direct or indirect inter-
actions is an attractive theory, simply because such a protein complex could
provide a mechanism allowing firm attachment between merozoites and ery-
throcytes, regardless of the invasion phenotype. In this cooperative invasion
model, inclusion of a third component regulating the preference of first at-
tachment to either band 3 or GPA that in turn determines the parasite invasion
phenotype would need to be invoked. Hypothetically, the cytoplasmic tail of
EBA-175, as reported in a recent study (Gilberger et al. 2003a), could play
the role of such a molecular switch together with another component (called
a putative adaptor protein in the study) interacting with the switch. In the
same study (Gilberger et al. 2003a), truncation of the cytoplasmic domain of
EBA-175 switched the P. falciparum W2-mef line from the SAD to SAID inva-
sion phenotype. The same truncation in the 3D7 (SAID) parent line did not
have an appreciable effect. More importantly, when the cytoplasmic domain
of EBA-175 was substituted by the cytoplasmic domain of the sporozoite pro-
tein TRAP that had no obvious homology to EBA-175, there was no change of
the invasion phenotype in the W2-mef line and the mutant parasite invaded
erythrocytes at a rate comparable to the control (Gilberger et al. 2003a). Ap-
parently, the tertiary structure of the two cytoplasmic domains provided an
equivalent function in erythrocyte invasion. Based on these results, we specu-
late that the cytoplasmic tail of EBA-175 could be functioning as the molecular
switch in the cooperative receptor invasion model (Fig. 3).

On the other hand, it remains possible that the band 3-MSP1/MSP9 inter-
action is responsible for the initial attachment of merozoites to erythrocytes.
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Fig. 3 Cooperative invasion receptor model. The proposed model illustrates that band
3 and GPA present as a complex in the erythrocyte membrane could be complimentary
to each other in their function as a host invasion receptor for P. falciparum merozoites
favoring either sialic acid-independent or -dependent invasion pathway

Presumably, the initial attachment is a critical event requiring both the selec-
tivity of the interaction and efficiency of the invasion process at the cellular
level. Band 3 and MSP1 especially appear to satisfy the intricate require-
ments of the initial attachment process at the molecular level, since they are
respectively the most abundant protein on the erythrocyte and merozoite
surface, highly conserved throughout the respective species especially at the
presumed binding interface, and yet interacting with a remarkable specificity
(Goel et al. 2003).

Since EBA-175 is localized to the micronemes, it is plausible that the
GPA–EBA-175 interaction might occur about the time of formation of the
irreversible tight junction between the apical end of merozoite and erythro-
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cyte followed by secretion of the contents from apical organelles. However,
the mechanism by which EBA-175 is secreted and the precise timing of the
translocation of the protein during invasion process are unclear. Sialic acid
moieties conjugated to GPA are the main determinants of the negative surface
charge of erythrocytes (Eylar et al. 1962), and presumably prevent erythrocyte
aggregation (Rogers et al. 1992). In considering the physical configuration of
the erythrocyte surface, it can be argued that GPA might be involved in an
earlier stage of merozoite attachment rather than in the formation of tight
junction where many of erythrocyte membrane components are thought to
have been extensively rearranged, altered, or removed during the course of
junction formation (Bannister and Dluzewski 1990). It is noteworthy here that
the apical end of merozoite is positively charged, and therefore this positive
charge at the apical end might be playing an important role in the invasion of
negatively charged erythrocytes by merozoites (Akaki et al. 2002). Similarly,
the timing of the GPC–BAEBL interaction during invasion is unknown, and
therefore its potential role in the attachment process remains uncertain.

7
Hypothetical Receptors

Several hypothetical host receptors have been proposed primarily based on
their sensitivity to a set of enzymes including neuraminidase, trypsin, and
chymotrypsin. The classical case is receptor X which has been defined as
a host receptor resistant to neuraminidase and sensitive to trypsin treatment
on the intact erythrocyte surface (Mitchell et al. 1986; Hadley et al. 1987; Dolan
et al. 1994). At the molecular level, the putative receptor X may be a single
molecule or a group of different host proteins since this assignment was pro-
posed on the basis of different receptor requirements observed among several
P. falciparum lines. The P. falciparum merozoite ligand interacting with the
putative receptor X is also unknown. More recently, it has been suggested that
the P. falciparum RBP homolog 1 (PfRH1; also known as PfNBP-1) binds to
erythrocytes via a putative receptor Y which is a neuraminidase-sensitive and
trypsin-resistant host protein (Rayner et al. 2001). Another hypothetical re-
ceptor Z, which is resistant to both neuraminidase and trypsin and sensitive to
chymotrypsin, has been proposed as the erythrocyte protein binding protein
for P. falciparum PfRH2b (also known as PfNBP-2b) (Duraisingh et al. 2003).
Similarly, a hypothetical erythrocyte sialoglycoprotein termed receptor E has
been proposed to interact with P. falciparum JESEBL (also known as EBA-
181) (Gilberger et al. 2003b). Receptor E has been characterized as resistant
to trypsin but sensitive to chymotrypsin and neuraminidase. However, the
elimination of JESEBL expression by targeted gene disruption in the P. falci-
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parum W2-mef strain (SAD invasion phenotype) did not affect erythrocyte
invasion efficiency by this knockout line; on the other hand, the same gene
knockout in the P. falciparum 3D7 line (SAID invasion phenotype) appeared
to be deleterious (Gilberger et al. 2003a). These results appear to be somewhat
inconsistent with the biochemically determined requirements of receptor E
for JESEBL, making the interpretation of the data complicated.

8
Conclusions

It is now widely believed that malaria parasites, particularly P. falciparum,
have evolved to possess a repertoire of proteins that may be used to inter-
act with host erythrocytes during invasion. Not surprisingly, these parasite
proteins are anchoredby avariety of erythrocyte components includingmem-
braneproteins andoligosaccharides.Todate, only a fewspecifichost receptor–
parasite ligand interactions have been definitively identified in a number of
Plasmodium species (Table 1). Some interactions such as band 3-MSP1 and
band 3-MSP9 in P. falciparum seem to be redundant, and others might be
playing distinct roles in the invasion process. Recently, a new paradigm has
emerged that merozoites exploit a specific complex of co-ligands on their
surface to target a single erythrocyte receptor. Furthermore, mounting evi-
dence now suggests that not all P. falciparum strains rely on the same set of
receptor–ligand interactions and that many are able to switch their invasion
phenotype by changing the repertoire of interactions depending upon the se-
lective pressure of the environment. This complexity of interactions is thought
to promote redundancy in the mechanism that would allow malaria parasites
to invade erythrocytes successfully at any given time regardless of the host
environment. Such a fail-proof strategy may be rationalized by considering
several host factors that could otherwise profoundly alter the invasion pro-
cess: (a) host cell polymorphisms—redundancy in the invasion mechanism
would allow parasites to overcome host resistance due to erythrocyte poly-
morphisms; (b) host immunity—similarly, redundant invasion mechanism
would allow parasites to utilize different ligands in different strains during
their interaction with a host receptor; this would help to evade the host
immune system by diffusing previously acquired immunity to blood-stage
malaria; (c) stress of circulating conditions—redundant interactions provide
efficiency required for the merozoite attachment and penetration process
which is normally completed in less then 1 min under the stress of circulating
conditions.

Recent advances in the identification and characterization of host invasion
receptors and parasite ligands have provided new concepts in host–parasite
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interactions, and have undoubtedly underscored the importance and urgency
of developing a multivalent malaria vaccine with a new perspective. The avail-
ability of the genome sequence of several Plasmodium species clearly offers
new opportunities and challenges. Notwithstanding the potential impact of
these studies in malaria vaccine development, future studies that would de-
cipher Plasmodium invasion phenotypes at the molecular level and uncover
the mechanism regulating the timing of invasion events would also be of
significant general interest.
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Abstract Mitochondria in Plasmodium parasites have many characteristics that dis-
tinguish them from mammalian mitochondria. Selective targeting of malaria parasite
mitochondrial physiology has been exploited in successful antimalarial chemotherapy.
At present, our understanding of the functions served by the parasite mitochondrion
is somewhat limited, but the availability of the genomic sequences makes it possible to
develop a framework of possible mitochondrial functions by providing information
on genes encoding mitochondrially targeted proteins. This review aims to provide
an overview of mitochondrial physiology in this post-genomic era. Although in many
cases direct experimental proof for their mitochondrial functions may not be available
at present, descriptions of these potential mitochondrial proteins can provide a basis
for experimental approaches.
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1
Introduction

The mitochondrion in Plasmodium parasites was deemed unusual on the
basis of its acristate and ‘empty’ appearance in electron micrographs long
before any significant biochemical studies were carried out (Aikawa 1971).
The discovery of the Plasmodium mitochondrial DNA as the smallest such
genome known with a bizarre ribosomal RNA gene arrangement further bol-
stered this view (Feagin et al. 1992; Vaidya et al. 1989, 1993a). This discovery
also gave impetus to reassess the nature of a 35-kb circular DNA molecule
present in malaria parasites that was believed to be the mitochondrial DNA.
This reassessment has led to an important insight that malaria parasites (as
well as most apicomplexan protozoa) possess both a mitochondrial as well as
a plastid genome residing in separate organelles (Wilson et al. 1996). Both the
mitochondrion and the plastid in malaria parasites are unconventional but
essential for parasite physiology, and are targets for antimalarial drugs. Com-
pletion of the genomic sequence for Plasmodium falciparum has now opened
up opportunities to explore proteins encoded in the nucleus and targeted to
these organelles with a hope to gain better insight into their contribution to
the parasite physiology (Gardner et al. 2002). In this review we aim to provide
a view of the malaria parasite mitochondrion that is informed by bioinfor-
matic examination of the parasite genome that permits an initial framework
of the organellar physiology. While this framework, as schematically shown
in Fig. 1, may not be yet fully supported by experimental proofs, it does aim
to formulate testable hypotheses.

2
The Mitochondrial Genome of Malaria Parasites

At 6 kb in length, the Plasmodium mtDNA is the smallest such genome known
among eukaryotes, encoding only three proteins (cytochrome b, and subunits
I and III of cytochrome c oxidase) and ribosomal RNA encoded by fragmented
genes distributed on both strands in scrambled arrangements (Feagin et al.
1992; Vaidya et al. 1989, 1993a). In light of the recently completed Cryp-
tosporidium genome sequence revealing an absence of mtDNA (Abrahamsen
et al. 2004; Xu et al. 2004), we could argue that the Phylum Apicomplexa is
in a flux with reference to its mitochondrial genome: the minimalist mtDNA
present in most members of the phylum is disposable in at least one genus. In-
terestingly, Cryptosporidium appears to maintain a vestigial organelle resem-
bling a mitochondrion, presumably for some essential metabolic processes
such as assembly of iron–sulfur clusters required for many redox proteins
(LaGier et al. 2003; Riordan et al. 2003; Roberts et al. 2004).
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Fig. 1 A framework of mitochondrial physiology in malaria parasites. Components
of the electron transport chain (described in Table 2) responsible for the generation
of a proton electrochemical gradient are shown on the left of the figure. The mtDNA
encodes only three proteins of the electron transport chain; the rest of the proteins
need to be imported. Other processes relegated to the mitochondrion are shown in
red

Anunusual aspect of themalariaparasitemtDNAis its presence asmultiple
copies arranged in head-to-tail tandem arrays (Vaidya and Arasu 1987). This
was the first example of such an arrangement for mtDNA. The number of
copies appears to vary in different Plasmodium species, from about 30 in
P. falciparum to about 100 in P. yoelii. The mtDNA does not encode any tRNA,
requiring importation of the entire set of tRNA from the cytoplasm. Overall,
the mtDNA is highly conserved with single nucleotide polymorphisms that
can be used for establishing geographical relationships among Plasmodium
species (Joy et al. 2003; McIntosh et al. 1998). Indeed, complete sequencing of
the mtDNA from 100 P. falciparum isolates has provided intriguing data as to
the evolutionary age of this parasite (Joy et al. 2003). The mtDNA is inherited
through the female gamete during mating in the mosquito, which provides
excellent markers for determining maternal lineage of progeny arising from
genetic crosses between malaria parasite clones (Vaidya et al. 1993b).
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3
The Challenge of Identifying Nuclearly Encoded Mitochondrial Proteins

Since the mtDNA encodes only three proteins of the mitochondrial electron
transport chain, a large number of proteins encoded in the nuclear chro-
mosomes will clearly need to be imported into parasite mitochondrion. We
have made a preliminary examination of the P. falciparum genomic data to
generate initial sets of likely and potential mitochondrial proteins (Gardner
et al. 2002). Initially, we populated the list of potential mitochondrial proteins
using the MitoProt II algorithm (Claros and Vincens 1996), which gives rea-
sonably good predictions in other eukaryotes with a small number of false
positives and negatives. This initial list gratifyingly included known mito-
chondrial proteins, such as heat shock protein 60, and many proteins that
are normally mitochondrial in other organisms, such as subunits of electron
transfer complexes and of the putative F-type ATP synthase. As with the P. fal-
ciparum genome as a whole, the number of hypothetical gene products (319)
in our list outnumbered those with known or putative assignments (215). We
placed the hypothetical proteins into a separate list, and culled the remainder
to remove those proteins that are known or predicted to belong in other com-
partments. This eliminated about 48% of the remaining candidates; many of
these apparent false positives were putative plastid proteins or likely cyto-
plasmic ribosomal proteins. To complete our working list of mitochondrial
proteins, we included additional putative mitochondrial protein homologs
that were in the database annotations or were reported in the literature, giv-
ing a total of 178 likely mitochondrial proteins. This list should be considered
a conservative minimal catalogue of mitochondrial proteins. The list is likely
to expand as proteomic data on mitochondria from other eukaryotes are used
as a reference to conduct comparative genomic analysis.

Bender et al. recently developed a neural-network based program, PlasMit,
specifically for predicting the mitochondrially targeted proteins of P. falci-
parum (Bender et al. 2003). They trained the neural nets using two sets of
proteins that they regarded as highly likely to be targeted either to the mi-
tochondrion or to another cellular compartment (unfortunately, there is no
set of experimentally verified mitochondrial proteins in P. falciparum large
enough to serve this purpose). Using its stringent criteria, PlasMit predicts
285 mitochondrial proteins, including hypothetical gene products. However,
examination of the annotated members of this set indicates that at least 48%
are probably false positives, a result similar to that given by the traditional
MitoProt algorithm. From our working list of putative mitochondrial proteins
generated by manual inspections informed by biochemical understanding of
mitochondrial physiology in other organisms, 62% are predicted by Mito-
Prot whereas 17% are predicted by PlasMit under stringent criteria and 65%
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under nonstringent criteria. Thus, automatic predictions appear to generate
unacceptable levels of false positives as well as negatives.

An experimental approach to determine mitochondrial targeting of pro-
teins is to tag them with green fluorescent protein (GFP, or its other spectral
variants) in transfection studies. The tagging is accomplished by fusing the
GFP gene to the entire coding region of the protein of interest or to the putative
targeting signal of the protein. Targeting of GFP fused to some of the predicted
signal sequences to the malaria mitochondrion has been observed (Sato et
al. 2003, 2004; Tonkin et al. 2004). The use of a strong promoter in some of
these experiments, however, may compromise correct targeting as sometimes
seen in other systems. Indeed, the simple act of tagging with even a small
epitope has been reported to mistarget authentic mitochondrial proteins in
Saccharomyces cerevisiae (Sickmann et al. 2003). Clearly, proteomic analysis
of isolated Plasmodium mitochondria will be necessary to fully resolve these
issues. The challenge of preparing mitochondria in acceptable purity from
malaria parasites will need to be solved for this purpose.

The broad distribution of our working list of predicted mitochondrial pro-
teins among cellular processes is shown in Fig. 2. Metabolism and translation
appear to make up the bulk of the mitochondrial processes. Given the appar-
ent lack of carbon flux through the putative tricarboxylic acid (TCA) cycle,
the TCA cycle-like enzymes were assigned to anabolic, rather than catabolic,
metabolism (see below). The subunits of the apparent F1Fo ATP synthase
were placed in the ambiguous group, as the function of the ATP synthase
is presently uncertain (see below). In the following sections, we will discuss
several of the mitochondrial processes and pathways of interest.

Fig. 2 Distribution among various cellular processes of 178 putative mitochondrial
proteins
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4
TCA Cycle Enzymes and Their Potential Roles

The TCA cycle in conjunction with oxidative phosphorylation is the central
energy-yielding metabolic pathway in most aerobic organisms, and is usually
localized to the mitochondrion in eukaryotes. The pathway also serves to
provide intermediates to anabolic and anaplerotic pathways. Nevertheless,
a number of prokaryotes and simple eukaryotes do not contain a complete
TCA cycle. The existence of a conventional TCA cycle in malaria parasites
has periodically been in dispute for a variety of reasons: there have been
conflicting reports of the presence or absence of the activities of the various
enzymes of the cycle in the blood stage forms of the parasites; ATP is derived
virtually completely via glycolysis in erythrocytic stages; and the malaria
genome project has revealed potential gene products corresponding to all of
the enzymes required to constitute the TCA cycle (see Table 1), if expressed
in the same compartment at the same time. There are also reports that some
potential TCA cycle enzymes are localized in the cytoplasm rather than the
mitochondrion (aconitase, Loyevsky et al. 2001; malate dehydrogenase, Lang-
Unnasch 1995). The key point arguing against the presence of a canonical TCA
cycle in erythrocytic stages of P. falciparum is the fact that essentially all of
glucose consumed by the parasite is converted to lactate, depriving the TCA
cycle of its key substrate, pyruvate. Furthermore, there is good evidence that
the pyruvate dehydrogenase complex, which is the normal source of the input
metabolite acetyl-coenzyme A for the TCA cycle, is localized to the apicoplast
rather than the mitochondrion (Ralph et al. 2004). It should be remembered,
however, that the TCA cycle may assume a more conventional role in other
stages of the parasite life cycle, biochemical data for which are absent at this
point.

Comparative and phylogenetic analyses indicate that some of the malarial
enzymes are not closely related to the corresponding mitochondrial enzyme
isoforms found in other eukaryotes. These include fumarate hydratase (class
I) and malate-quinone oxidoreductase, which are otherwise known only in
prokaryotes. The parasite malate dehydrogenase is also an isoform found
predominantly in bacteria and archaea. The isocitrate dehydrogenase appears
tobe theNADP+-dependent isoform(ChanandSim2003;Wrenger andMuller
2003), which in most other eukaryotes is not the isoform that participates in
the TCA cycle, even though it is often located in mitochondria, its chief
function being to assist in maintaining redox balance.

One hypothesis that is consistent with the apparent lack of carbon flux
through the TCA cycle in erythrocytic stages is that the cycle, or portions
thereof, serves primarily to generate essential metabolic intermediates, such
as succinyl-CoA for the biosynthesis of heme, as alluded to in Fig. 1.
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Table 1 Potential TCA-cycle enzymes in P. falciparum

Enzyme PlasmoDB
ID

Length (aa) MitoP
scorea

PlasMit
predictionb

Citrate synthase PF10_0218 563 0.9 +/−
Aconitase/IRP PF13_0229 909 0.95 +
Isocitrate
dehydrogenase

PF13_0242 468 0.9 +

α-Ketoglutarate
dehydrogenase
E1 subunit PF08_0045 1038 0.95 −
E2 subunit PF13_0121 421 0.94 +/−
Succinyl-CoA
synthase
SCSa PF11_0097 327 0.09 +
SCSb PF14_0295 462 0.9 +/−
Succinate
dehydrogenase
SDHa PF10_0334 631 0.91 +
SDHb PFL0630w 321 0.13 +
Fumarate
hydratase

PFI1340w 681 0.8 −

Malate
dehydrogenasec

PFF0895w 313 0.07 −

Malate quinone
oxidoreductase

PFF0815w 521 0.3 +

aPredicted probability that the protein is likely targeted to the mitochondrion.
b+, Indicates mitochondrial localization prediction under stringent criteria; +/−
indicates mitochondrial localization prediction under relaxed criteria; −, indicates
mitochondrial localization not predicted.
cMalate dehydrogenase is localized to the cytosol.

5
The Mitochondrial Electron Transport Chain

In most eukaryotes, the electron transport chain is a key part of the cell’s
energy transduction machinery, transferring the reducing equivalents from
catabolic metabolism to oxygen in a series of energy-conserving steps that
establish a transmembrane proton gradient across the mitochondrial inner
membrane. The proton gradient is used to power the production of the ma-
jority of ATP in metabolically active cells, as well as to assist mitochon-
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drial transport and other processes. In metazoans, the electron transport
chain is composed of four integral membrane enzyme complexes in the mito-
chondrial inner membrane, NADH-ubiquinone oxidoreductase (complex I),
succinate-ubiquinone oxidoreductase (complex II), ubiquinol-cytochrome c
oxidodreductase (complex III), and cytochrome c oxidase (complex IV), plus
ubiquinone (Coenzyme Q) and cytochrome c, which function as electron
carriers completing the electron circuit between the complexes. Complexes
I, III, and IV catalyze energy-conserving steps, coupling electron transfer to
transmembrane proton translocation. While the mitochondrion is not a sig-
nificant source of ATP biosynthesis in Plasmodium, the electron transport is
still essential, probably for at least two reasons: (1) to provide an electron sink
for ubiquinone-dependent dehydrogenases required for cellular metabolism,
such as dihydroorotate dehydrogenase (Gutteridge et al. 1979), succinate de-
hydrogenase, and glycerol-3-phosphate dehydrogenase and (2) to energize
the transmembrane proton gradient required for the transport of metabolites
and proteins across the mitochondrial membranes. In addition to the dehy-
drogenases mentioned above, genomic data indicate the presence of a novel
malate-quinone oxidoreductase, previously unknown in eukaryotes, which
may replace NAD-dependent malate dehydrogenase in the mitochondrion,
although its physiological importance has yet to be investigated. A compari-
son of mammalian and Plasmodium enzymes involved in electron transport
chain is given in Table 2.

ThePlasmodium electron transport chaindiffers fromthe classical chain in
lacking a complex I; however, a single subunit, nonenergy-conserving NADH
dehydrogenase is present, which is homologous to peripheral membrane
NADH dehydrogenases found in yeast, plants, and many bacteria, but not
in animals (Luttik et al. 1998; Yagi et al. 2001). P. falciparum may also lack
an integral membrane complex II as homologues of the membrane anchor
subunits of complex II are not evident in the genome, but it does express
a peripheral membrane succinate dehydrogenase (Suraveratum et al. 2000;
Takeo et al. 2000).

The ‘business’ subunits of Plasmodium complex III (cytochrome b, cy-
tochrome c1, and the Rieske iron sulfur protein) are homologous to their
corresponding mammalian orthologs, and the complex is inhibited by clas-
sical complex III inhibitors, such as myxothiazol and antimycin A, which
are ubiquinol/ubiquinone antagonists. As we have previously noted, there
are differences in the ubiquinol (‘Qo’) binding region of cytochrome b of
the Plasmodium complex III versus the mammalian cytochrome b (Vaidya
et al. 1993a). These unique structural features are the basis for the selective
toxicity of the potent antimalarial drug, atovaquone (Srivastava et al. 1997,
1999). The development and mode of action of atovaquone have been re-
viewed elsewhere (Vaidya 1998, 2004). The mammalian complex III contains
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Table 2 Comparison of mitochondrial electron transport chain enzymes in mammals
and Plasmodium

Enzyme Mammalian Plasmodium Comments

NADH
dehydrogenase

42–44
subunits

Single
subunit

The single subunit enzyme
of malaria parasites does not
have an ortholog in mammals;
many plants, fungi and bacteria
have orthologs

Succinate
dehydrogenase

4 subunits 2 subunits Membrane anchoring subunits
not detected in
the parasite genome

Dihydroorotate
dehydrogenase

Single
subunit

Single
subunit

Differential susceptibility
of the mammalian and parasite
enzymes to inhibitors
(Baldwin et al. 2002),
suggesting a therapeutic window

Malate
dehydrogenase

Single
subunit

Single
subunit

Cytosolic localization in
the parasite; mitochondrial
isozyme likely replaced
by malate quinone
oxidoreductase (see below)

Glycerol
3-phosphate
dehydrogenase

Single
subunit

Single
subunit

Ubiquinone is
the electron acceptor

Malate
quinone
oxidoreductase

Absent Single
subunit

First eukaryote to possess this
otherwise prokaryotic enzyme.
Not seen in mammals

Ubiquinone
cytochrome c
oxidoreductase

11 subunits 7 subunits Subtle structural difference
of cytochrome b is the likely
reason for this enzyme being
a validated antimalarial target

Cytochrome c
oxidase

13 subunits 5 subunits Appears to have significantly
streamlined subunit composition.
Subunit II is encoded by two genes

F1Fo ATP
synthase

9 subunits 7 subunits Subunits a and b of the Fo
segment cannot be detected
in the genome.
Functionality is questioned

eight additional subunits in addition to the three containing the cofactors and
ubiquinone/ubiquinol binding sites, whereas the yeast complex and several
plant complexes have seven such subunits. Putative homologs for subunit I
(MPPβ/core 1; PFI1625c), subunit II (MPPα/core 2; PFE1155c), subunit VII



242 A. B. Vaidya · M. W. Mather

(QPc; PF10_0120), and subunit VIII (hinge protein; PF14_0248) have been
identified in the Pf genome database. The Plasmodium complex III, then,
probably has a subunit composition similar to or slightly simpler than the
complexes from yeast and plants, with some of the smaller subunits unde-
tected in the genome database due to their short length and/or relatively low
degree of conservation. There appears to be only one set of genes coding for
putative Complex III ‘core’ 1 and 2 subunits and for the mitochondrial pro-
cessing peptidase α and β subunits. Thus, the processing peptidase probably
serves dual functions both as a processing enzyme and as the ‘core’ subunits of
complex III, as reported for plants and some other lower eukaryotes (Brumme
et al. 1998).

Complex IV, or cytochrome c oxidase, is the terminal enzyme complex of
the mitochondrial electron transport chain, in which the electrons are finally
donated to dioxygen in a strongly exergonic reaction producing water. The
complexusespartof theenergyof this reaction to ‘pump’up to twoprotonsper
pair of electrons across the plane of the inner membrane, helping to establish
the electrochemical proton gradient. The mammalian complex consists of 13
subunits, while simpler eukaryotes generally have fewer subunits (e.g., nine
in yeast, six in Dictyostelium). Subunits I and II contain the active centers for
electron transfer as well as oxygen binding and reduction. In most organisms,
theyare encodedby themtDNA,alongwith subunit III. The remaining smaller
subunits, someofwhichhave regulatory functions, are encoded in thenucleus.
In Plasmodium, subunits I and III are encoded by the mtDNA, but the subunit
II gene has been transferred to the nucleus and split into two parts in the
process (PF13_0327, PF14_0288). Until now, this was observed only in the
Chlamydomonad algae family (Perez-Martinez et al. 2001), which suggests
the possibility that the cytochrome c oxidase subunit II originated in the
mitochondrion of the algal endosymbiont, rather than in the ancestral protist
mitochondrion. Only two additional putative oxidase subunits were detected
in the genome (PFI1365w, PFI1375w), apparent orthologs of mammalian
subunits Vb and VIb. Thus, Plasmodium cytochrome c oxidase appears to
have the most streamlined subunit composition among the eukaryotes.

6
The Mystery of F1Fo-ATP Synthase

F1Fo-ATP synthase (Complex V) completes the process of oxidative phospho-
rylation by using the energy stored in the transmembrane proton gradient to
drive the endergonic synthesis of ATP from ADP and inorganic phosphate.
The ATP synthase/ATPase functions as a reversible protonic motor (Boyer
2001); if the proton gradient has been depleted and ATP is available, it will
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use energy from the hydrolysis of ATP to translocate protons from the mito-
chondrial matrix across the inner membrane, regenerating the gradient. An
F1Fo-ATP synthase is a component of the inner membrane of mitochondria in
all cases that have been characterized, and is also found in chloroplasts and in
bacteria. The F1 sector of the complex is detachable from the membrane under
relatively mild conditions and consists of α (three copies), β (three copies), γ,
δ, ε, and oligomycin sensitivity conferring protein (OSCP) subunits. The Fo

subcomplex is integral to the membrane, where it acts as a proton channel
consisting of three subunits: a, b, and ~12 copies of c.

The P. falciparum genome contains putative subunits corresponding to all
of the expectedATPsynthase subunits, except for theFo aandbsubunits. Since
a small portion of the P. falciparum genome was refractory to sequencing, it
is possible that these subunits are encoded in the unsequenced DNA regions.
This is unlikely, however, due to the similar inability to detect a or b subunit
homology in the genome of any other Plasmodium species, including P. yoelii,
which was sequenced at an average coverage of five times (Carlton et al.
2002); nor could they be detected in the large body of genomic/cDNA/EST
data from a number of other Plasmodium species. Subunit a is essential
for F1Fo ATP synthase function. Protons from the matrix channel through
a to the c subunits, the latter forming a ring that rotates in the membrane.
This rotational movement of the c subunit ring is linked to the central stalk
of the F1 portion of the enzyme, and ultimately to the synthesis of ATP at
the active site in one of the β subunits. We are not aware of any report of
the confirmed absence of these subunits in any species. Thus, the apparent
absence of these subunits is puzzling. One possibility is that the functions
of the missing subunits may be served by recruitment of novel polypeptides.
It is also possible that the ATP synthase subunits may serve unconventional
functions. Seeking the solution to this mystery will be a very worthwhile
endeavor.

7
Replication, Transcription, and Translation of mtDNA

Except for the fragmented rRNA molecules, all of the components neces-
sary for replication, transcription and translation of mtDNA will need to be
encoded in the nucleus for transport to the mitochondrion. Based on mor-
phological and electrophoretic properties of mtDNA, Preiser et al. proposed
a rolling circle mode of replication with extensive gene conversion and recom-
bination for the parasite mtDNA (Preiser et al. 1996). This would require par-
ticipation of a large number of proteins such as those involved in the complex
process of recombination, in addition to the usual DNA replication and repair
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enzymes. At present, little is known about these proteins in malaria parasites.
The genome sequence failed to reveal the presence of DNA polymerase γ, the
canonical mitochondrial DNA polymerase. However, there are two genes en-
coding proteins with homology to DNA polymerase I. PF14_0112, currently
annotated as POM1, encodes a 2,016 amino acid open reading frame (ORF)
with homology to DNA polymerase I at its C terminus, which is preceded by
regions with homology to a 3′→5′ exonuclease and a DNA helicase/primase.
The predicted protein also has an apicoplast targeting signal at its N terminus,
and the protein appears to be post-translationally processed (Michael Barrett
et al. personal communication). PFF1225c encodes a1, 444-amino acid ORF
with a DNA polymerase domain located at the C-terminal region. Further
investigations on these gene products will be informative as to their functions
and localization.

The mtDNA is transcribed in a complex manner, generating almost 20
discrete stable RNA molecules (Feagin et al. 1992; Ji et al. 1996; Suplick et al.
1990). Three of these are mRNAs encoding the proteins, whereas the rest are
fragments of rRNA or apparent precursors from which these rRNA fragments
are generated. An RNA polymerase with similarity to bacteriophage T3/T7
RNA polymerase has been identified, encoded by the PF11_0264 gene (Li et
al. 2001). This protein of 1,531 amino acids is likely to be the polymerase
that transcribes the parasite mtDNA. Other components of the mitochondrial
transcription machinery have not yet been identified.

The mitochondrial ribosomes in malaria parasites have a highly unusual
organization: multiple rRNA fragments will need to interact in trans to form
the core small and large subunit rRNA structures, which will in turn interact
with imported ribosomal proteins to form functional ribosomes (Feagin et
al. 1992; Vaidya et al. 1993a). At present, little is known about the compo-
nents and the process underlying the assembly of these bizarre ribosomes.
Through a bioinformatics approach, a number of nuclearly encoded putative
mitochondrial ribosomal proteins have been identified, and the N-terminal
signal of one has been experimentally shown to target a fused GFP to the mi-
tochondrion (Perrault and Vaidya, unpublished data). The parasite mtDNA
does not encode any tRNAs or tRNA synthetases, all of which will need to be
imported. Genomic sequences do not reveal any tRNA genes other than those
for cytoplasmic protein synthesis, thus tRNAs will require dual targeting in
malaria parasites. Indeed, there do not appear to be sufficient tRNA syn-
thetase genes to independently serve the three compartments–the cytoplasm,
the mitochondrion and the apicoplast–in which protein synthesis occurs in
malaria parasites. Hence some of the tRNA synthetases will have dual or
triple targeting. A similar situation is likely to exist for a number of different
components required for protein synthesis.
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8
Metabolic Functions of the Mitochondrion

Although the mitochondrion does not appear to be a source of ATP in erythro-
cytic stages of malaria parasites, it does serve essential functions in several
metabolic processes. A major function proposed originally by Gutteridge et
al. (1979) is in de novo pyrimidine biosynthesis by serving as the electron
sink for dihydroorotate dehydrogenase, which is present within the mitochon-
drion and uses ubiquinone as the electron acceptor. Since malaria parasites
are incapable of pyrimidine salvage and rely solely on de novo synthesis,
interference with mitochondrial functions will have a deleterious effect by
limiting the pyrimidine supply. Indeed, mitochondrial electron transport is
a validated target for antimalarial drugs such as atovaquone (Fry and Pudney
1992; Srivastava et al. 1997).

Heme biosynthesis in many eukaryotes is initiated within the mitochon-
drion, and malaria parasites encode δ-aminolevulinate synthase, the rate
limiting enzyme in heme synthesis, targeted to the mitochondrion (Sato et
al. 2004). Whereas in most other organisms several of the subsequent steps in
heme biosynthesis occur in the cytosol, in malaria parasites these steps appear
to be relegated to the apicoplast (Dhanasekaran et al. 2004; Foth and McFad-
den 2003; Sato et al. 2004; Wilson 2002). Ferrochelatase and heme lyases,
the last set of enzymes in hemoprotein assembly, are usually located within
the mitochondrion. A recent report, however, suggests apicoplast localization
of the parasite-encoded ferrochelatase (Varadharajan et al. 2004). Malaria
parasites possess a-, b- and c-type cytochromes (present in the respiratory
chain) and possibly also a cytochrome P450 (as inferred from the presence of
a gene encoding cytochrome P450 reductase, although a conventional P450
monooxygenase cannot be detected). Thus, the mitochondrion will be critical
in assembly of these proteins.

Iron-sulfur [Fe–S] clusters are components of many proteins in which they
participate in a variety of different ways, such as electron transfer reactions,
gene regulation and sensing of environmental signals (Beinert 2000). Malaria
parasites also possess many [Fe–S] proteins. Biogenesis of [Fe–S] clusters
is a complex process requiring participation of several enzymes and chap-
erones, often present within the mitochondria (Lill and Kispal 2000). Indeed,
many amitochondriate protozoa appear to possess vestigial mitochondrion-
like organelles to which components of [Fe–S] assembly are localized (Seeber
2002). In P. falciparum, components for [Fe–S] cluster generation have been
identified to be targeted to the apicoplast (Ellis et al. 2001; Seeber 2002). How-
ever, the genomic sequence also reveals another set of genes that may encode
[Fe–S] cluster generating proteins that may be targeted to the mitochondrion.
For example, elemental sulfur needed for [Fe–S] clusters is generated by cys-



246 A. B. Vaidya · M. W. Mather

teine desufurase; the P. falciparum genome has one gene that may target the
protein to the apicoplast (PF07_0068) and another that may be specific for the
mitochondrion (MAL7P1.150), both present on chromosome 7.

Close collaboration between the mitochondrion, apicoplast and the cyto-
plasm would clearly require the activity of a number of transporters for the
exchange of metabolites and precursors. Since almost all of the proteins nec-
essary for mitochondrial functions are imported from the cytoplasm, protein
transporters located within the outer and inner mitochondrial membranes
(TOMs and TIMs) will clearly be required, and the genome reveals several
candidate components of these complexes. In other eukaryotes, mitochondria
play a significant role in calcium homeostasis. And one can envision a similar
role for the organelle in malaria parasites as well. Appropriate import of other
cations, such as Cu and Fe, as well as their appropriate assembly into metallo-
proteins, are also likely to be critical features of the mitochondrial physiology
in malaria parasites. At present, the identity of proteins that carry out metal
transport in mitochondria is not clear.

9
Perspectives

The mitochondrion of malaria parasites clearly has unconventional features.
The genome has revealed sequences that are likely to be critical for mito-
chondrial contributions to the parasite physiology. That the mitochondrial
physiology is a validated target for antimalarial chemotherapy has been amply
proven by the action of atovaquone. The novel features of the mitochondrially
targeted sequences need closer examination, which may provide leads for
development of antimalarial compounds as well as a better understanding of
a minimalist mitochondrion.
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Abstract Determined efforts are being made to explore the non-photosynthetic plastid
organelle of Plasmodium falciparum as a target for drug development. Certain antibi-
otics that block organellar protein synthesis are already in clinical use as antimalarials.
However, all the indications are that these should be used only in combination with
conventional antimalarials. The use of antibiotics such as doxycycline and clindamycin
may reduce the development of drug resistant parasites and such means to avoid drug
resistance should be explored hand-in-hand with drug development. Genomic infor-
mation predicts that fatty acid type II (FAS II) and isoprenoid biosynthetic pathways
are localized to the plastid. However, clinical trials with fosmidomycin (a specific in-
hibitor of DOXP reductase in the non-mevalonate pathway for isoprenoids) suggest it
too should only be used in drug combinations. Prospects for more potent antimalar-
ial compounds have emerged from studies of several of the enzymes involved in the
FAS II pathway. Lead antibiotics such as thiolactomycin (an inhibitor of β-ketoacyl-
ACP synthase) and triclosan (a specific inhibitor of enoyl-ACP reductase) have led to
structurally similar, active compounds that rapidly kill ring- and trophozoite-stage
parasites. The FAS II pathway is of particular interest to the pharma-industry.
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Abbreviations
ACC Acetyl-CoA carboxylase
FA Fatty acid
FAS Fatty acid synthesis
KAS β-Ketoacyl-ACP synthase
KAR β-Ketoacyl-ACP reductase
HAD β-Hydroxyacyl-ACP reductase
ENR Enoyl-ACP reductase
PDF Peptide deformylase
TLM Thiolactomycin
TC Triclosan
PBGS or ALAD Porphobilinogen synthase

1
Introduction

The plastid organelle of Plasmodium falciparum offers a promising target for
inhibitors. The organelle is essential, its biochemistry is prokaryotic, and it
is evidently accessible to antimicrobial agents. These few introductory words
sum up a decade or more of research—for extensive reviews see Ralph et al.
2001; Roos et al. 2002; Wilson 2002; Foth and McFadden 2003; Seeber 2003;
Ralph et al. 2004. Yet we are still far from understanding the function of
the organelle and a long way from finding ideal, practically useful inhibitory
drugs. This article appraises the present situation and indicates some of the
problems the plastid presents as a therapeutic target.

The plastid of Plasmodium is a semi-autonomous organelle carrying
a small 35-kb genome. The genome’s highly restricted coding capacity
(Wilson et al. 1996) clearly indicates that imported proteins encoded in the
nucleus are essential for the organelle’s primary functions. A large number of
these proteins have now been predicted from their genomic sequence. As with
other secondary plastids, nucleus-encoded plastid proteins of Plasmodium
begin with an N-terminal leader sequence encoding a bipartite targeting
signal (Waller et al. 1998). For many proteins of unknown function, this
N-terminal extension is the only means of predicting a plastidic association.
The number of proteins imported from the cytosol into the Plasmodium
plastid remains uncertain, but the predictive algorithm known as PlasmoAP
(Foth et al. 2003) gave a figure of ~500 (corresponding to ~10% of the coding
capacity of the genome). This number is likely to be modified as predicted
leader sequences are tested, and still other proteins whose properties lie
outside the parameters set for the algorithm, are discovered.

A recent global transcriptional analysis pointed to some 150 genes whose
products are predicted to be imported into the organelle. The amount of
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mRNA from these genes reached maximal levels as the parasite developed
from the late trophozoite to early schizont stage in the erythrocytic cycle
(Bozdech et al. 2003). By this time the plastid has grown from a small ovoid
body to a large tubular (ultimately branched) structure, resembling the mi-
tochondrion in gross appearance but distinct from it (Fig. 1). Up-regulation
of transcription of the plastid’s 35-kb genome is co-ordinated with that of the
plastid-associated nuclear genes, though how this is mediated is not clear.

Fig. 1A,B Plastids (green) in living P. falciparum parasites transfected with the plas-
mid pSSPF2Pf ACP-GFP (Sato and Wilson 2003). Nucleus (blue) stained with Hoechst
33342. The parasites are in various stages of development and show plastids that
grow from a small ovoid body to a large elongated tubular structure. Fluorescent
image captured using a DeltaVision microscope system (Applied Precision). Scale
bar, 10 µm. B The plastid (red) is distinct from the mitochondrion (green). A living
P. falciparum schizont doubly transfected with plasmids pSSPF2Pf ACP-DsRed and
pSSPF2Pf Hsp60-GFP (Sato and Wilson 2003). Nucleus (blue) stained with Hoechst
33342. Scale bar, 5 µm
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Proteins predicted to be imported into the plastid range from subunits for
DNA gyrase, to ribosomal proteins and enzymes for anabolic processes (see
Appendix). Up to now, the import of very few of these has been verified in
P. falciparum by transfection technology with fluorescent reporters (Waller
et al. 1998), or detected by their enzymatic activity in extracts of parasites
(for IspC see Wiesner et al. 2000; for ENR see Surolia and Surolia 2001). The
Appendix shows that a wide range of proteins can be considered as potential
targets for inhibitors. Selecting the best options is the issue that has to be
addressed in the development of novel antimalarial compounds.

Although the plastid organelle has changed radically from its ancient free-
living cyanobacterial state, one approach is to look for Plasmodium genes
whose bacterial orthologues have already been identified as essential by mi-
crobiologists. This approach for the discovery of new antibacterials was re-
cently reviewed (Miesel et al. 2003). Many of the categories of essential genes
found for Bacillus subtilis by Kobayashi et al. (2003) are represented in the
Appendix of predicted plastid proteins of Plasmodium. However, the number
of Plasmodium proteins identified in most of the categories remains meagre.
Only four pathways have substantial representation: protein synthesis, fatty
acid (FA) biosynthesis (FAS II), isoprenoid biosynthesis (non-mevalonate
pathway), and haem biosynthesis. Whilst DNA replication and RNA synthesis
also undoubtedly occur, Roos et al. (2002) expressed the opinion that other
major pathways are not likely to have been overlooked.

An important ancillary question is to find ways to minimize the selection
of resistant parasites should inhibitors of the plastid be used extensively in
the future. One strategy (though a costly one) is to introduce a cocktail of in-
hibitors simultaneously (White 1999). This requires that independent targets
are found lying at different points in the same pathway, or that synergistic
inhibitors are found that block coupled parts of the organelle’s biosynthetic
machinery. It is encouraging that plastidic candidates for both of these crite-
ria have been found. Nevertheless, very little attention has been paid to the
problem of drug resistance for compounds that have emerged as potential
lead inhibitors of the plastid. As most of these compounds are based on an-
timicrobials with known activities, e.g., clindamycin, the issue is an important
one; the introduction of new antimalarials that might have wide spectrum an-
tibiotic activity has obvious dangers. In some cases, earlier experience with
the use of these lead compounds as antimicrobials has already indicated how
drug resistance can develop.
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2
Plastid Inhibitors

Potential inhibitors of the Plasmodium plastid can be divided conveniently
into two groups—(a) those suppressing the expression of proteins encoded on
the plastid genome by affecting its replication, transcription and translation;
and (b) those blocking the functions of imported proteins involved with
plastidic anabolism.

2.1
Group A

2.1.1
DNA Replication

Inhibitors of DNA gyrase, such as ciprofloxacin, can specifically block DNA
replication in the plastid of P. falciparum by selective linearization of the 35-kb
circular genome (Weissig et al. 1997). However, clinical trials with norfloxacin
and ciprofloxacin have shown no substantial benefit to patients with malaria
in Thailand, Africa or India (Watt et al. 1991; McClean et al. 1992; Tripathi
et al. 1993) and novobiocin is no longer used to treat microbial infections
in humans because of side effects. The more potent cyclothialidines have
problems with cellular uptake or efflux. Grepafloxacin and norfloxacin were
the most effective of a range of fluoroquinolones cytotoxic for the parasite
in vitro and future developments with new antibiotics of this type against
hepatic stages might be of interest (Mahmoudi et al. 2003).

2.1.2
Transcription

Rifampicin, the inhibitor of multi-subunit prokaryotic RNA polymerases
(RNAP) acted slowly and did not produce radical cures of patients infected
with P. vivax (Pukrittayakamee et al. 1994). However, this antibiotic was well
tolerated and has been used successfully in drug combinations (Goerg et al.
1999). Rifampicin is not recommended for use with quinine because it induces
more rapid turnover to the less active 3-hydroxyquinine (Pukrittayakamee et
al. 2003). We are not aware of any antimalarial work with the remarkable new
small molecule inhibitors of RNAP that have become available in recent years
(see Darst 2004).
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2.1.3
Protein Synthesis

Minocycline reduced the level of transcripts of two mitochondrial genes as
well those of the plastidic rpoB/C genes but not for two nucleus-encoded genes
(Lin et al. 2002). This result suggests that at least some tetracycline related
antibiotics can target both the mitochondrion and plastid in P. falciparum.

Discovery of a gene specifying the peptide elongation factor EF1A (previ-
ously known as EF-Tu) on the plastid genome of P. falciparum initiated early
trials with a range of antibiotics that block the elongation cycle (Fig. 2). Sev-
eral of these antibiotics had antimalarial activity to varying degrees (Clough
and Wilson 2001), but whether they inhibited EF1A in the mitochondrion or
plastid, or both, is often difficult to determine. Usually an opinion has been in-
ferred from rather circumstantial evidence. These interpretational difficulties
stem in part from the unknown structure and incomplete sequence informa-
tion available for mitochondrial rRNAs of P. falciparum (Feagin 1997), as well
as from the lack of purified organelles, and the absence of assays to detect
translated organellar products.

Several crystal structures of bacterial EF1A in complex with antibiotic
inhibitors have been obtained in recent years (Anderson et al. 2003). These

Fig. 2 Representation of the plastidic elongation cycle showing points targeted by
antibiotics with known antimalarial activity
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structures are being used to study details of the effects of inhibitors on factor–
ribosome interactions. As indicated in Fig. 2, cyclic thiopeptides such as
amythiamicin and GE2270 prevent aminoacylated tRNA forming a ternary
complex with EF1A–GTP. A computer-modelled 3D structure of EF1A from
P. falciparum suggested that the plastidic translational machinery might be
affected by these same two inhibitors (Sato et al. 2000). In cultures of P. fal-
ciparum, the IC50 for amythiamicin was 10 nM (Clough et al. 1999). Unpub-
lished studies with smaller synthetic derivatives of promothiocin A, a related
thiopeptide antibiotic (Bagley et al. 2000), found that inhibition could be
achieved, albeit at a lower level, without cyclization of the inhibitor (C.J.
Moody and B. Clough, personal communication).

Kirromycin is a narrow spectrum, non-toxic antibiotic that prevents re-
lease of EF1A from the ribosome after GTP hydrolysis (Vogeley et al. 2003).
Aurodox, the methyl derivative of kirromycin, had an IC50 of 50 µM for
P. falciparum in vitro (Strath et al. 1993). Binding of kirromycin to a recom-
binant version of Plasmodium EF1A was demonstrated in vitro (Clough et al.
1999) despite the fact that the protein has the A387S substitution correlated
with drug resistance in B. subtilis (see Mesters et al. 1994). Kirromycin acted
relatively rapidly, reducing the incorporation of radioactive tracers within
5–10 h of treating P. falciparum in vitro. This swift effect brought the speci-
ficity of its inhibitory action into question.

By contrast with the above the slow acting antibiotic clindamycin, that
blocks formation of the peptide bond, has been used successfully in combi-
nation with other antimalarials e.g., quinine or atovaquone, to treat uncom-
plicated malaria in the clinic (Adehossi et al. 2003; Lell and Kremsner 2002).
The recovery from laboratory cultures of spontaneous mutants of Toxoplasma
gondii highly resistant to clindamycin (Camps et al. 2002) was pointed out as
a contrary sign (Foth and McFadden 2003). However, the isolation of these
mutants required stringent conditions and repeated attempts. The mutants
carried a G1857U transversion in domain V of the plastidic 23S rRNA, the
known binding site for clindamycin. At lower concentrations of the antibi-
otic, inhibition of parasite growth only took place in division cycles after
invasion of fresh cells—the so-called delayed death phenotype (Fichera and
Roos 1997). In T. gondii, it was noted that parasites undergoing delayed death
following exposure to clindamycin form multi-nucleated cells blocked in late
endodyogeny (the stage when daughter cells are separated from the mother
cell by the enveloping growth of its plasma membrane). One possible ex-
planation for the antimalarial activity of clindamycin is that interruption of
protein synthesis in the plastid blocks production of the Clp protein encoded
on the 35-kb genome. This chaperone is thought to be involved in the import
of cytosolic proteins that in this case would include the enzymes required for
FA biosynthesis (see below). The products of the FAS II pathway might be
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required for parasite membrane formation following replication or invasion
of new cells. However, this explanation has to be set against the observation
that T. gondii can grow and divide several times without a plastid and only
requires one upon invasion of a fresh cell (He et al. 2001a, 2001b).

The clindamycin-resistant T. gondii referred to above showed some cross-
resistance to doxycycline and azithromycin, antibiotics that have been used
successfully either alone as prophylactics (Anderson et al. 1998) or in com-
bination with standard antimalarial drugs (Yeo et al. 1997). ‘Cures’ were
effected in a small group of patients with acute infections of P. vivax when
treated with 1.2 g azithromycin for 7 days. However, this did not prevent re-
lapses from hypnozoites (Ranque et al. 2002). Ohrt et al. (2002) reported that
phase II dose-ranging studies with azithromycin in combination with other
antimalarials are in progress.

We found no effect on the growth of Plasmodium cultures with viomycin.
However, another classical small molecule inhibitor of EF-G, namely fusidic
acid, was reported at an early date to have antimalarial activity (Black et
al. 1985). No further work seems to have built upon this observation. More
complex thiopeptide inhibitors of translocation such as thiostrepton and mi-
crococcinpreventoscillating conformationsof the ribosome that are triggered
by binding GTP. The specificity of these antibiotics for the plastid of P. falci-
parum has been associated with the presence of preferred nucleotides in the
sequence of the plastidic 23S rRNA (Clough et al. 1997; Rogers et al. 1997;
Conn et al. 1999). Inhibition tests in vitro showed micrococcin was the more
potent with an IC50 of 35 nM (Rogers et al. 1998). Unfortunately this antibiotic
seems virtually unobtainable for further experimental work.

The plastidic ribosomal proteins and rRNAs of P. falciparum are highly
divergent in sequence from those of bacteria, algae and higher plants, and few
details are known about their fine structure. Hence the multiple interactive
sites of the ribosomal proteins (mostly imported from the cytosol) might
provide novel targets additional to the conformational and active sites of the
ribosomal complex that all the antibiotics referred to above are directed.

2.1.4
Peptide Deformylase

Like their ancient prokaryotic ancestors, the plastid and mitochondrial or-
ganelles of eukaryotic cells modify the first methionine of newly synthesized
proteins with an N-formyl group prior to incorporation into a polypeptide.
In plastids, but apparently not in the mitochondrial organelles of mammalian
cells (Nguyen et al. 2003) deformylation catalysed by peptide deformylase
(PDF) is necessary before the N-terminus of the nascent protein is processed
with methionine aminopeptidase (Giglione and Meinnel 2001). The genome
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of P. falciparum encodes one gene specifying a PDF (class 1B) with a pre-
dicted plastid-targeting sequence at its N terminus. Like the Escherichia coli
enzyme, native peptide deformylase of P. falciparum has a highly unstable
Fe2+ in its active site, but recombinant versions stabilized by replacing Fe2+

with Co2+ have been made and scrutinized for inhibitors (Bracchi-Richard et
al. 2001). Differences found in and around the enzyme’s active site explain its
decreased affinity (~100-fold) for substrates and inhibitors, compared with
PDF from E. coli (Kumar et al. 2002). A recent crystal structure shows the PDF
of P. falciparum complexed with a synthetic inhibitor (Robien et al. 2004).
Such structural studies could provide co-ordinates for designing Plasmod-
ium-specific inhibitors; PDF is a metallo-protease, a group of enzymes for
which there is an excellent track record in the design of mechanism-based
inhibitors. The need for such an approach is evident from the finding that
cultures of erythrocytes infected with P. falciparum are rather insensitive to
Actinonin, a typical inhibitor of PDF (IC50=3 µM) (Wiesner et al. 2001). Other
new potent derivatives of N-formyl hydroxamic acids have been developed
(Hackbarth et al. 2002;Waller andClements 2002) andshouldbe testedagainst
the PDF of P. falciparum or used for structural studies.

2.2
Group B

2.2.1
FA Synthesis

A set of enzymes that form a complete biosynthetic pathway for FAs
from acetyl-CoA are encoded in the nuclear genome of P. falciparum.
Acetyl-CoA carboxylase (ACC) that catalyses carboxylation of acetyl-
CoA to produce malonyl-CoA is the first enzyme in this pathway (see
http://sites.huji.ac.il/malaria/maps/facidsynthesispath.html). Like other
eukaryotes, apicomplexan ACC has both acetyl-CoA carboxyltransferase and
biotin carboxylase activities and contains a biotin-carboxyl-carrier protein
domain (Zuther et al. 1999). Two genes specifying different ACCs have been
cloned from T. gondii. The polypeptide encoded by one of them (ACC1)
has a functional plastid-targeting sequence at its N-terminus (Jelenska et
al. 2001). A DNA fragment encoding an orthologue of TgACC1 has been
cloned from two Plasmodium species, P. falciparum and P. knowlesi, whereas
Cryptosporidium parvum, the exceptional apicomplexan parasite that is
supposed to have lost its plastid, seems to lack the gene for ACC1. Instead it
only has a gene specifying an orthologue of the cytosolic TgACC2. Although
the plastidic ACC of most plant species consists of four different subunits
like those of bacteria, grasses are an exception. They have a multi-domain
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plastidic ACC that resembles apicomplexan ACC1. Aryloxyphenoxypropi-
onate derivatives are strong inhibitors of the multi-domain plastidic ACC
of grasses, though these compounds have no effect on other multi-domain
ACCs, including those of humans. These herbicides effectively suppressed
growth of T. gondii, despite the fact that the cytosolic TgACC2 is resistant to
these inhibitors (Jelenska et al. 2002). Clodinafop was the most effective of the
herbicides tested against T. gondii in vitro (IC70=10 µM). These herbicides
might control the growth of other apicomplexan parasites with an ACC1
orthologue in the plastid, although the danger of mutations has been pointed
out (Seeber 2003).

Using acetyl-CoA and malonyl-CoA as substrates, P. falciparum synthe-
sizes FAs with a type II ‘fatty acid synthase’ system (FAS II). FAS II consists
of six separate enzymes: acetyltransferase, malonyltransferase, β-ketoacyl-
ACP synthase (KAS), β-ketoacyl-ACP reductase (KAR), β-hydroxyacyl-ACP
dehydratase (HAD) and enoyl-ACP reductase (ENR). By contrast, animals in-
cluding humans have a type I fatty acid synthase (FAS I). This is a homodimer
of a multi-functional polypeptide carrying all six activities plus thioesterase
activity. The plastid-lacking C. parvum has a FAS I that is probably located in
the cytosol (Zhu et al. 2000). Other coccidians (T. gondii and Eimeria tenella)
also have been reported to possess a FAS I of extraordinarily large size (over
10,000 amino acid residues) besides the plastid-localizing FAS II (Crawford
et al. 2003; Molecular Parasitology Meeting, Woodshole, Abstract). However,
the gene specifying FAS I apparently is missing from P. falciparum. As there
seems to be only one Plasmodium gene specifying (FAS II) KAR, and it has
a putative plastid-targeting sequence at the N-terminus (Pillai et al. 2003), FA
synthesis in P. falciparum is inferred to take place solely through FAS II in the
plastid.

The KAS enzymes of FAS II are susceptible to thiolactomycin (TLM), an
antibiotic that binds to the active site, mimicking the substrate malonyl-
ACP. TLM targets KAS I and KAS II enzymes (encoded by fabB and fabF,
respectively in E. coli) being specific for mid to longer FA chains and is far less
effective against the short chain-specific KAS III enzyme (encoded by fabH).
These observations suggested that KAS I/II of P. falciparum rather than KAS
III would be the likely target of TLM.

TLM inhibits P. falciparum in blood cultures (Waller et al. 1998), parasites
in the early ring stages being most susceptible, thereafter steadily becoming
less so. Analogues of TLM showed increasing activity as the length of the side
chain increased (Waller et al. 2003). This is probably because TLM does not
fully occupy a hydrophobic side pocket at the active site of Pf KAS I/II (Price
et al. 2001). As TLM inhibits KAS enzymes in FAS II with minimal effects
on FAS I, this inhibitor seems a suitable lead compound for further drug
development. Moreover, TLM binds to multiple essential residues that form
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the active site, so resistant mutants are unlikely to arise. Attempts to make
mycobacteria resistant to TLM largely failed, though it could be achieved
either by over-expression of KAS I or through the activation of a non-specific
efflux pump (Campbell and Cronan 2001). Prigge et al. (2003) reported that
two 1,2-dithiole-3-one compounds that have a structural similarity to TLM,
inhibit Pf KASIII (IC50<10 µM) as much as 100 times more effectively than
TLM.

HAD (FabZ) of P. falciparum also has been expressed in active recombinant
form (Sharma et al. 2003) and used for the design of inhibitors. Two small
molecule inhibitors (NAS91 and NAS21)–the first for HAD of any species–
killed the parasites within a single growth cycle in cultures of erythrocytes
(IC50=7.4 and 100 µM, respectively). Both inhibitors were less effective in vivo
(5- and 50-fold, respectively) and further development is indicated, including
the use of high throughput screens.

ENR is the FAS II component that is specifically inhibited by Triclosan (TC).
Although this compound has been in widespread use for some two decades
as an antimicrobial and E. coli can acquire resistance by over-expressing ENR
or carrying missense mutations (Heath et al. 1998), field isolates of resistant
bacteria have never been recorded (Surolia and Surolia 2002). TC is a potent
inhibitor of Plasmodium ENR (IC50=0.7–7.0 µM) (McLeod et al. 2001; Surolia
and Surilia 2002; Perozzo et al. 2002). Like TLM, TC acts on the ring and
young trophozoite stages and not on schizonts (Waller et al. 2003). The action
of TC is rapid and it can cure mice in experimental infections. The ENR
of P. falciparum has an extensive loop at the active site by comparison with
other known orthologues. However, a crystal structure of the ternary complex
with NAD+ and TC revealed that the mode of TC binding is very similar to
other ENRs (Perozzo et al. 2002). Comparing the structure of 20 synthesized
analogues (of which two were active), critical groups in both rings of TC
were identified. Two pyrazole compounds, found in a high-throughput screen
with the ENR of Mycobacterium tuberculosis, inhibited the activity of purified
Pf ENR as well as the growth of P. falciparum in blood cultures (Kuo et al.
2003). Potency (IC50=~20 µM) was similar in both situations suggesting good
cellular uptake of the inhibitors.

FAS II seems the most attractive of the Plasmodium spp. plastidic pathways
for drug discovery at the present time. It has yielded several sequential targets
as well as lead compounds with promising activity. The pharma-industry
is well acquainted with this pathway and is actively interested in it for the
development of new antimicrobials.
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2.2.2
Isoprenoid Biosynthesis

Unlike humans, Plasmodium spp. synthesize isoprenoids via 1-deoxy-d-
xylulose 5-phosphate (DOXP) (Jomaa et al. 1999). This non-mevalonate
pathway is absent from mammals but is found in several species of bacteria
and plant plastids. It has attracted interest in the search for selective plastidic
inhibitors of P. falciparum. Localization experiments with the N-terminus
of Plasmodium DOXP reductoisomerase indicated that it is targeted to
the plastid (Jomaa et al. 1999). The activity of the second enzyme in the
pathway—DOXP reductoisomerase, is detectable in extracts of the parasite
by radiometric assay (Wiesner et al. 2000). Another enzyme that operates
later in the pathway, namely 2C-methyl-d-erythritol-2,4-cyclodiphosphate
synthase, has been expressed as a recombinant protein (Rohdich et al. 2001).

It is known that DOXP reductoisomerase is inhibited specifically by fos-
midomycin. This antibiotic has been evaluated pharmacologically and used
in phase II clinical trials as an antimicrobial agent (Kuemmerle et al. 1985).
The serum half-life of fosmidomycin in humans is about 2 h and it is excreted
without being metabolized. Malaria parasites exposed to the antibiotic show
arrested development in the late schizont stage. This resembles the rapid ef-
fect of TC but is unlike the slow acting effect of antibiotics that interfere with
intrinsic plastid processes such as DNA replication (ciprofloxacin) or protein
synthesis (clindamycin).

The short half-life of fosmidomycin indicates that multiple doses (seven
daily doses in non-immunes) would be required to prevent the survival and
recrudescence of very young ring stages present at the first administration
of the inhibitor. Clinical trials have been carried out on malarial patients in
Gabon (Missinou et al. 2002) and Thailand (Lell et al. 2003). After treatment
for 5–7 days, parasites were cleared rapidly and symptoms such as fever
were resolved. But the antibiotic was only partially effective as it did not
prevent recrudescence (50% of cases) or gametocytaemia. The viability of
such gametocytes is a contra-indication as they could enable the spread of
drug resistance. Studies of the effect of derivatives of fosmidomycin on murine
malaria showed that a bis-(4-methoxyphenyl) ester derivative was the most
active compound for oral administration. But it was not clear whether the
increased efficacy was due to improved absorption, a longer half-life, or some
other factor (Reichenberg et al. 2001).

Like other antibiotics that have been catalogued, fosmidomycin and its
derivatives should be used only as part of a combination therapy, prefer-
ably with another compound with similar pharmacokinetics (White 1999).
Studies with cultures of erythrocytes infected with P. falciparum revealed
synergy between fosmidomycin and clindamycin, or its natural precursor
lincomycin, but not with other commonly used antimalarials (atovaquone,
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quinine, artemisinin and proguanil) (Wiesner et al. 2002). Both fosmidomycin
and clindamycin are available in water-soluble form and clinical studies have
shown that the combination is well tolerated and clears parasitaemias in
African children (Wiesner et al. 2003; Borrmann et al. 2004).

2.2.3
Haem Biosynthesis

Plasmodium species that have been investigated have a complete set of genes
specifying enzymes required for haem biosynthesis. The intracellular distri-
bution of these intrinsic enzymes is peculiar and unique and implies that
both the mitochondrion and plastid take part in haem biosynthesis (Sato et
al. 2004). Studies with the inhibitor succinylacetone have shown that the par-
asite depends on haem synthesized de novo (Surolia and Padmanaban 1992),
hence disruption of this metabolism is worthy of consideration.

We are currently examining this possibility for the second enzyme in the
pathway, namely porphobilinogen synthase (PBGS or ALAD). The N-terminal
targeting sequence of Plasmodium PBGS localizes it to the plastid (Sato et al.
2004) and the enzyme has plant-like features that clearly distinguish it from
the host’s enzyme (Sato et al. 2000; Sato and Wilson 2002). Recombinant
versions of PBGS from P. falciparum have been characterized enzymatically
(Dhanasekeran et al. 2003; Sato et al. 2004) and the active site loop is being
examined in detail to ascertain whether differences from the host enzyme
might be used to advantage in the development of inhibitors.

Fromanextensive setof experiments,Padmanabanandhisgroupproposed
that the malaria parasite imports and utilizes for its own purposes erythro-
cytic enzymes for haem biosynthesis (Padmanaban 2003). They claim that
the intrinsic PBGS is utilized only for a minor ‘plastidic pathway’, whereas the
bulk of haem is synthesized in the mitochondrion largely utilizing extrinsic
enzymes imported from the host cell (Dhanasekeran et al. 2003). By contrast,
we proposed that as the parasite has all the genes required for a complete
pathway and some of the intrinsic enzymes are localized in the plastid, haem
production in the mitochondrion depends on substrates generated in the
plastid. Hopefully, these discrepancies will be resolved with further work.

3
Conclusion

The formidable problems of developing and marketing new antimalarials that
block the functions of the Plasmodium plastid were spelled out by Beeson et
al. (2001). However, progress has been made in finding important pathways
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and selecting targets. Whilst there is a world of difference between a lead
compound and a drug, high-resolution structural information is presently
being gathered to tailor the construction of specific inhibitory ligands for
plastidic enzymes of P. falciparum. Both synthetic and combinatorial chem-
istry is being used to direct the search from initial leads to smaller libraries
of compounds. Screens, such as the use of other microorganisms and the
development of high throughput assays, should not be forgotten, especially in
the search for natural products with activities in the nmol range For example,
an approach taken with T. gondii to produce a stable transfectant expressing
a bright yellow fluorescent tandem protein offers a simple system for monitor-
ing growth in microwell culture plates without manipulation (Gubbels et al.
2003). A similar system might be devised with a suitably chosen fluorophore
for intra-erythrocytic P. falciparum. Transcription profiling with microarrays
(Bozdech et al. 2003) might offer a new approach to monitoring the mode of
action and effects of plastidic inhibitors.

In an earlier review, McFadden and Roos (1999) ended by posing eight
questions for future research. On nearly every point we have come a long way
towards an answer. However, at the biological level it remains unresolved why
antiplastidic compounds result in either slow or rapid parasite death. Some
options are discussed by Surolia et al. (2002). Although we still know almost
nothing about how the life cycle of Plasmodium is maintained by plastidic
processes nor how these are regulated, steady progress is being made in the
evaluation and the development of novel plastidic inhibitors for P. falciparum.
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Appendix

A.1
Proteins Predicted to Be Imported into the Plastid of P. falciparuma

– DNA metabolism
– bDNA gyrase
– 5′-3′ Exonuclease, N-teminal resolvase-like domain
– DNA ligase 1
– b,cPOM1 (PREX—plastid replication/repair enzyme complex)
– TatD-like deoxyribonuclease
– bSingle strand binding protein
– AP endonuclease (DNA-apurinic or apyrimidinic lyase)
– A/G-specific adenine glycosylase
– UMP/CMP kinase
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– RNA metabolism
– bDNA-directed RNA polymerase, alpha chain
– Pseudouridine synthetase
– Pseudouridylate synthase
– Queuine tRNA ribosyltransferase
– N2, N2 dimethylguanosine tRNA methyltransferase
– tRNA ∆2-isopentenylpyrophosphatetransferase
– ADP-ribosylation factor
– Dimethyladenosine transferase
– ATP-dependent helicase
– DEAD-box helicase

– Protein synthesis
– btRNA synthetase (A, C, D, E, F, G, H, I, L, K, M, N, P, Q, R, T, S, V, W, Y)
– bGlutamyl–tRNA amidotransferase
– bMethionyl-tRNA formyltransferase
– b,c30S Ribosomal subunit (S6, 9,10, 14)
– b,c50S Ribosomal subunit (L1, 2, 7/12, 10, 14, 15, 18, 27–29, 35)
– Ribosome releasing factor
– bPeptide chain release factor
– bElongation factors EF1B and EF2
– bTranslation initiation factor IF-1
– Peptide deformylase (PDF)
– Met-10+ like protein

– Fatty acid synthesis
– Phosphoenolpyruvate/phosphate translocator
– Pyruvate kinase
– bPyruvate dehydrogenase E1 component (α and β subunits)
– Lipoamide dehydrogenase
– Dihydrolipamide acetyl transferase
– Lipoate synthase
– Lipoate protein lygase
– Acetyl-CoA synthetase
– Dephospho-CoA kinase
– b,cBiotin carboxylase subunit of acetyl-CoA carboxylase
– b,cAcyl carrier protein (ACP)
– bHolo-ACP synthase
– bMalonyl-CoA–ACP transacyclase (FabD or MCAT)
– bβ-Ketoacyl-ACP synthase III (FabH or KAS III )
– bβ-Ketoacyl-ACP reductase (FabG or KAR)
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– β-Hydroxyacyl-ACP dehydratase (FabZ or HAD)
– Enoylacyl-ACP reductase (FabI or ENR)
– bβ-Ketoacyl-ACP synthase I/II (FabB/F or KAS I/II)
– Aldo-keto reductase

– Glycerolipid synthesis
– Glycerol-3-phosphate acyltransferase
– Diacylglycerol kinase
– Phospholipid or glycerol acyltransferase
– Stearoyl-CoA desaturase (acyl-CoA desaturase)
– Phosphotidylcholine-sterol acyltransferase

– Isoprenoid biosynthesis
– Triose or hexose phosphate/phosphate translocator
– bTriose phosphate isomerase
– b1-Deoxy-d-xylulose-5-phosphate synthase
– b,c1-Deoxy-d-xylulose-5-phosphate reductoisomerase (IspC)
– b4-Diphosphocytidyl-2C-methyl-d-erythritol kinase (IspE)
– b2C-Methyl-d-erythritol-2,4-cyclodiphosphate synthase (IspF)
– GcpE (IspG)
– LytB (IspH)

– Haem biosynthesis
– cPorphobininogen synthase (PBGS)
– cHydroxymethylbilane synthase (HMBS)
– Uroporphyrinogen decarboxylase (UroD)

– Redox-associated proteins
– Ferredoxin
– cFerredoxin-NADP+ reductase
– Antioxidant protein
– Glutathione peroxidase
– b,cCysteine desulfurase (SufS)

– Proteases
– Aspartyl (acid) protease
– Leucine aminopeptidase
– bMethione aminopeptidase
– M1 family aminopeptidase
– cM16 Metalloendopeptidase
– bO-Sialoglycoprotein endopeptidase
– Peptidase
– Serine protease (subtilisin family)
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– ATP-dependent Clp protease
– ATP-dependent Clp protease, proteolytic subunit
– Alpha/beta hydrolase

– Chaperones
– cCpn60 (‘mitochondrial precursor’)
– Heat shock protein DnaJ homolog Pfj2
– Heat shock protein 101
– DnaJ

– Various
– bGTP-binding protein
– Guanidine nucleotide exchange factor
– TetQ family GTPase
– Phosphatase 1 regulatory subunit
– Pyridine nucleotide transhydrogenase
– Glutamate dehydrogenase
– Glyoxalase 1
– Methylase like protein
– Rho GTPase activating protein
– Glucosamine-fructose-6-phosphate aminotransferase
– Aspartate carbamoyl transferase
– UBA/THIF-type NAD/FAD binding protein
– PDZ-domain protein
– Ubiquitin protein ligase
– Tmp21
– Nucleotide binding protein
– Ribose-phosphate pyrophosphokinase
– Serine/threonine protein kinase
– DHHC-type zinc finger protein
– Glucose inhibited division protein A
– ABC-transporter
– ATP-dependent transporter subunit

– Unknown ORFs
– ~350

a Note that the localization of only a small number of the plastid ORFs pre-
dicted from PlasmoDB has been confirmed at present; others are likely to
have escaped detection and yet others will have been identified by investiga-
tors currently at work. Accordingly, this list is only a provisional guide.
b Essential in B. subtilis (Kobayashi et al. 2003).
c Plastid localization confirmed in P. falciparum.
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Abstract Hemoglobin degradation by Plasmodium is a massive catabolic process
within the parasite food vacuole that is important for the organism’s survival in its
host erythrocyte. A proteolytic pathway is responsible for generating amino acids from
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hemoglobin. Each of the enzymes involved has its own peculiarities to be exploited for
development of antimalarial agents that will starve the parasite or result in build-up
of toxic intermediates. There are a number of unanswered questions concerning the
cell biology, biochemistry and metabolic roles of this crucial pathway.

Abbreviations
RBC Red blood cell
HAP Histo-aspartic protease
MPP Mitochondrial processing peptidase
ER Endoplasmic reticulum

1
Introduction

Malaria parasites in the bloodstream reside within host erythrocytes (red
blood cells; RBCs). About 95% of the soluble RBC protein is hemoglobin,
which is present at a concentration of 340 mg/ml. This serves as a rich nutri-
ent source for parasite metabolism. An estimated 75% of the hemoglobin is
consumed by Plasmodium falciparum during its brief intraerythrocytic stay
[1–3]. Thus, hemoglobin degradation is a massive and rapid catabolic process.
A number of the enzymes involved have been studied in detail and have some
unusual features. A description of these enzymes, their roles in hemoglobin
degradation, their biosynthesis and targeting, forms the basis for this review.

1.1
Purpose of Hemoglobin Degradation

Plasmodium parasites utilize hemoglobin as an amino acid source for pro-
tein synthesis. The evidence for this is that amino acids from radiolabeled
hemoglobin get incorporated into parasite proteins [4, 5], and that despite
limited ability for de novo amino acid synthesis, P. falciparum can survive
in medium supplying just five amino acids that are in limited supply or
absent from hemoglobin [6, 7]. Use of amino acids for growth appears to
be important, because parasites grown in the five amino acid medium are
more sensitive to hemoglobin degradation inhibitors than those grown in full
medium [7].

Amino acids can also be used as an energy source, though the metabolic
significance of this is unknown. Hemoglobin degradation appears to have
nonanabolic roles as well. A significant portion of amino acids released from
hemoglobin is excreted by the intraerythrocytic parasite [8,9], and it has been
proposed that theparasite ismakingroomfor itself in itshost cell [9,10],or that
it is controlling RBC osmotic stability [11]. Even in medium containing all 20
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Fig. 1 Transmission electron micrograph of a P. falciparum trophozoite within an
erythrocyte. At the top of the field, a cytostome is seen ingesting hemoglobin for
delivery to the food vacuole, which is already filled with hemozoin crystals

amino acids, hemoglobin degradation inhibitors are effective, suggesting that
exogenous amino acid supplementation cannot fully override hemoglobin
proteolysis blockade.

1.2
Site of Degradation

Plasmodium ingests hemoglobin from the host cell through an opening called
the cytostome, an invagination of the parasitophorous vacuolar and parasite
plasma membranes. Hemoglobin (and other RBC content) is transported to
the acidic food vacuole for degradation (Fig. 1). Little is known about the cell
biology of hemoglobin ingestion. It has been hypothesized that hemoglobin
degradation may start in transport vesicles before delivery to the vacuole [12].
There is no solid evidence to support this interesting possibility. Clearly the
food vacuole is a major site of hemoglobin degradation. Its function has been
reviewed in detail [13].

1.3
Degradation Pathway

A multitude of proteases have been localized to the food vacuole and proposed
to play a role in hemoglobin degradation. These include a group of aspartic
proteases called plasmepsins, a group of cysteine proteases called falcipains,
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Fig. 2 Proposed hemoglobin degradation pathway. Hgb, hemoglobin; PM, plasmepsin

a metalloprotease called falcilysin, and at least one dipeptidylpeptidase I.
Aminopeptidases are thought to be involved, but their site of action has
not been established. There is evidence (discussed below) that the degrada-
tive enzymes function in a semi-ordered pathway (Fig. 2), with plasmepsins
making the initial cleavage in intact hemoglobin, followed by secondary cleav-
ages by plasmepsins and falcipains. Falcilysin appears to recognize only short
peptides generated by upstream enzymes, while the dipeptidylpeptidases and
aminopeptidases are presumed to function most efficiently in terminal degra-
dation/amino acid release. An alternative view of the pathway has falcipains
participating in the initial cleavage (see Sect. 3). It is clear that inhibitors of
multiple classes of protease involved in hemoglobin degradation kill the par-
asites in culture and/or in animal models and therefore merit development as
antimalarial drug targets.

Early in the degradative pathway, heme is released and is detoxified by
assembly in a crystalline array called hemozoin. Antimalarial 4-amino-
quinolines appear to function by disrupting this sequestration, leading to an
accumulation of toxic heme products. This topic is discussed in the chapter
by Bray et al. and Scholl et al., this volume.

2
Plasmepsins

2.1
Genomics

The plasmepsins are a group of aspartic proteases whose members were first
discovered and purified by following their hemoglobinase activities [7, 14].
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P. falciparum has 10 plasmepsins in its genome [15]. Other human and ani-
mal parasite species have orthologs of IV–X [16]. In P. falciparum or a near
ancestor, IV appears to have undergone multiple gene duplications, giving
rise to I, II and HAP (histo-aspartic protease, formerly plasmepsin III, see
below). Plasmepsins I, II, IV and HAP genes are clustered on chromosome
14 and encode proteins that have 60%–70% amino acid identity. In contrast,
these sequences are quite distant from those of the other (non-Plasmodium)
plasmepsins (10%–20% identity).

2.2
Temporal and Spatial Location

Plasmepsins I, II, IV and HAP are all expressed in intraerythrocytic parasites
and are located in the food vacuole [17]. Transcripts for plasmepsins I and IV
are detected early in intraerythrocytic development (ring stage) while those
for plasmepsin II and HAP are detected later (trophozoite stage) [18, 19].
Protein levels and even plasmepsin biosynthesis persist over a wider swathe
of the intraerythrocytic cycle [17, 18]. How these expression patterns relate to
function of the different plasmepsins has not been established. Plasmepsins
II and IV have been shown to cleave spectrin in vitro and could therefore play
an additional role later in intraerythrocytic development [20, 21]. The other
six plasmepsins are expressed in other stages or are located in other parts of
the parasite.

2.3
Specificity

All four food vacuole plasmepsins have some capacity to cleave native
hemoglobin in vitro, though plasmepsin I may be the best under the
conditions studied [17, 22]. It needs to be pointed out that crude gel assays
do not allow real quantification or kinetic determination of hemoglobin
cleavage. Specificity of native hemoglobin cleavage by plasmepsin I has
been studied in detail [14, 22]. Initial cleavage occurs between 33Phe and
34Leu on the alpha chain of hemoglobin. Following this cleavage several
other cleavages can occur. In ‘less native’ alpha globin preparations, initial
cleavage at multiple sites occurs, giving rise to the model that the initial
33–34 cleavage in intact hemoglobin unravels the hemoglobin molecule so
that other sites become accessible. Plasmepsin II is also capable of cleaving
at the alpha 33–34 peptide bond but its secondary cleavage sites differ from
those of plasmepsin I [22]. Plasmepsin IV has also been shown to make an
early cleavage at 33–34 [21].

A number of techniques has been used to study the cleavage of synthetic
peptides by plasmepsins. Using chromogenic substrates substituted with
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a series of residues one position at a time, plasmepsin II was found to prefer
hydrophobic residues at P3, P2 and P3’ [23] (nonprime numbering starts N
terminal to the cleavage and counts upstream; prime side numbering starts C
terminal to the cleavage and proceeds downstream). Proline was preferred at
P4 and alanine at P2’. In these studies, basic amino acids were not tolerated
in P3. This finding is inconsistent with the fact that there is an arginine at P3
of the initial cleavage site of hemoglobin. Also, fluorogenic peptides with P3
arginine are cleaved well [24]. This suggests that neighboring amino acids
can influence specificity in native substrate hemoglobin, and that higher
order structural features may shape specificity.

Combinatorial peptide inhibitor libraries have also been used to probe
plasmepsin II specificity, and a preference for P2 branched amino acids fits
nicely with the hemoglobin cleavage data [25]. Random peptide libraries
have been used to probe prime side specificity [26]. The data reveal a strong
preference for leucine in P1’, as is found with native hemoglobin as substrate.
P1’ specificity could not be assessed in the chromogenic substrate assays
because this residue is fixed as a nitrophenol reporter moiety.

Plasmepsins I, IV, as well as the IV orthologs from P. vivax and P. malariae
have been studied using chromogenic substrates [27]. These studies empha-
size differences at the P2 position. Interestingly, when recombinant plas-
mepsin II was made with nine amino acid substitutions to recapitulate the
plasmepsin I active site surface, the specificity for hemoglobin, peptides and
inhibitors remained the same as for plasmepsin II [26]. This suggested that
active site geometry is more important than amino acid functionality in ex-
plaining differences in specificity between these homologous enzymes, and
may be influenced by distal amino acids.

2.4
Structure and Mechanism

Plasmepsins are made in the cell as inactive proenzymes. A convertase cleaves
them to generate the mature enzyme (see below). Recombinant proplas-
mepsins II and IV and to a limited extent proHAP are able to autoactivate
by cleaving themselves fortuitously at a site near the natural cleavage site
[21, 24, 28, 29]. Recombinant proplasmepsin I can autoactivate if a construct
with a mutation in the propiece is made [30]. The structure of autoactivated
recombinant P. falciparum plasmepsin II has been solved [31]. More recently
a structure of P. vivax plasmepsin IV has been elucidated and is quite similar
[32]. The corresponding proenzyme structures have also been determined
[32, 33]. A structure of P. falciparum plasmepsin IV has been deposited in the
protein database but an analysis has not been published.
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The plasmepsin II structure reveals a typical two-lobe eukaryotic aspar-
tic protease fold [31]. Indeed the plasmepsins are about 30% identical to
mammalian aspartic proteases such as cathepsin D and renin. The inhibitor
pepstatin sits in the active site of plasmepsin II and mammalian homologs
similarly, but both ends of the molecule show conformational differences
when comparing host and parasite enzymes. The thermodynamics of pep-
statin binding also differ [34]. These results suggest that selective inhibitors
are feasible, and indeed this has been confirmed experimentally (see Sect. 2.5).

The plasmepsins mentioned above are dimeric in the crystalline state
and have extensive subunit interfaces [35]. It appears that these enzymes are
dimeric in solution as well and that dimerization is important for activity and
specificity [36]. This feature may be exploitable for development of selective
chemotherapy.

Theplasmepsins appear to functionas typical aspartic proteases, using two
aspartates for acid-base catalytic activation of a water molecule to promote
peptide bond hydrolysis. This may also be the case for HAP, the paralog
that has a histidine in place of the first catalytic aspartate [17]. Studies with
peptide substrates show that HAP has kinetics that are similar to those of
other plasmepsins and that it is potently inhibited by pepstatin, a transition-
state mimic that forms hydrogen bonds with both aspartates in its action on
aspartic proteases.

The proforms of the plasmepsins are quite unusual [32, 33]. The propiece
forces open the active site and distorts it so that catalytic activity is prevented.
Upon maturation (see below), extensive N-terminal refolding and rotation
bring the catalytic machinery to the appropriate geometry for substrate hy-
drolysis to occur.

2.5
Inhibitors

A variety of inhibitors have been developed to target the plasmepsins. A com-
prehensive discussion of these compounds and of drug development efforts
is beyond the scope of this review and is covered elsewhere [37, 38]. Some
general comments will be made here. Many of the compounds generated so
far are quite potent against isolated enzymes and some are quite selective for
parasite over host enzymes, but they have insufficient activity against cul-
tured parasites. The most active agents have mid to high nanomolar culture
potencies[30, 37, 39, 40] and attempts to improve their potency have not yet
been successful. Two reasonable explanations for this are that inhibitors have
poor bioavailability or that they are potent against only a subset of nonessen-
tial plasmepsins. Most rational and combinatorial drug efforts have focused
on plasmepsin II because it has been the plasmepsin for which substantial
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quantities of recombinant enzyme can be generated and for which a crystal
structure has been determined. Unfortunately, drug studies and recent gene
knockout experiments suggest that plasmepsin II is not an essential gene,
nor are the other food vacuole plasmepsins [41, 42]. Indeed it is possible that
the redundant function of plasmepsins is extensive enough that an inhibitor
must block most or all of the food vacuole plasmepsins to kill parasites. An
attempt to develop adaptive inhibitors that bind the conserved portions of
the plasmepsin active site and can rotate an asymmetric functional group
to interact well with the unconserved part of the substrate binding pocket,
appears promising [29].

3
Falcipains

3.1
Genomics

The falcipains are papain family cysteine proteases initially identified by their
role in hemoglobin degradation [22, 43, 44]. P. falciparum has four falcipain
genes, 1, 2, 3 and 2’—a gene that is 99% identical to 2 in the mature protein
but is quite divergent in the propiece. All except falcipain-1 are clustered on
chromosome 11. Falcipains-2 and 3 share 53% identity, while falcipain-1 is
more distantly related [45]. Rodent falcipain homologs have been character-
ized [46–48], though a comprehensive evolutionary analysis has not yet been
carried out.

3.2
Temporal and Spatial Location

Falcipains-2 and 3 are expressed in intraerythrocytic trophozoites and sch-
izonts [45,49]. Falcipain-3 may turn on slightly later than 2. Antisera to
falcipain-2 have localized this protein to the food vacuole as well as to re-
gions outside the food vacuole [49,50]. A role in cleavage of ankyrin during
host cell exit has been proposed [50,51]. Falcipain-1 appears to be located in
an apical organelle of late-stage parasites and may play a role in invasion [52].

3.3
Specificity

Falcipains-2 and 3 prefer leucine at the P2 position of synthetic peptide sub-
strates [45,49]. Falcipain-3 catalysis is enhanced by valine at P3. It is the
subject of some debate whether the falcipains are capable of cleaving native
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hemoglobin. Little hemoglobin cleavage is detected unless a reducing agent is
added to the reaction [53].Reducingagentsdenaturehemoglobin [54], though
under mild reducing conditions where hemoglobin denaturation cannot be
detected spectrophotometrically, some hemoglobin cleavage is seen [53]. The
possibility of undetectedpartial denaturationhasnotbeenexcluded. Whether
or not the falcipains have a small amount of native hemoglobin-degrading ac-
tivity, they clearly work much better on denatured substrate [22, 53]. Falcipain
inhibitor treatment of cultured parasites leads to hemoglobin accumulation
in the food vacuole after prolonged incubation; this has been argued as being
in favor of an initial role for falcipains in hemoglobin degradation [43, 55]. An
alternative interpretation is that this is an indirect effect since shorter treat-
ment does not yield hemoglobin accumulation but does allow heme release
from hemoglobin, an action that is blocked by plasmepsin inhibitors [56–58].
A possible mechanism for the indirect effect of falcipain inhibitors has been
proposed. Accumulation of peptide fragments from the action of upstream
enzymes (plasmepsins) leads to the osmotic swelling of the food vacuole seen
with cysteine protease inhibitor treatment, leading to food vacuole dysfunc-
tion and hemoglobin accumulation [59].

3.4
Structure and Mechanism

No crystal structure has been determined for the falcipains, though homol-
ogy modeling based on other cysteine proteases such as papain has been
performed [60]. The enzymes are blocked by standard cysteine protease in-
hibitors and appear to have a typical papain-family thiol protease mechanism
of action.

3.5
Inhibitors

A variety of potent falcipain inhibitors in different classes have been iden-
tified and/or developed. These efforts are reviewed in detail elsewhere [61].
A few general comments will be made here. Many are potent against cultured
parasites and some work in rodent malaria models. There is synergism with
plasmepsin inhibitors in the test tube, in culture and in the rodent model [22,
62, 63]. Certain falcipain inhibitors show substantial promise and are under
development by the Medicines for Malaria Venture [64]. It is still unclear
which of the falcipains need to be inhibited to kill the parasite. A gene disrup-
tion of falcipain-2 grows normally, but is more sensitive to aspartic protease
inhibitors [65].
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4
Falcilysin

4.1
Genomics

Falcilysin is an M16 family metalloprotease identified in a search for a food
vacuole activity that could cleave hemoglobin fragments at polar residues
[66]. It is a single copy gene on falciparum chromosome 14. There are a num-
ber of other metalloproteases in the falciparum genome, all quite distantly
related [67]. There are several other M16 family members; one is an apicoplast
enzyme [68] and several others appear to have mitochondrial targeting se-
quences. Falcilysin may be the only food vacuole metalloprotease, though the
possibility that others reside there has not been excluded.

4.2
Temporal and Spatial Location

Falcilysin is expressed in trophozoites and schizonts, similar to other globi-
nases [69]. Immunolocalization studies show that the enzyme is in the food
vacuole [70]. It is also located in endoplasmic reticulum (ER)-like membranes.
Whether it has a separate function there has not been established (see next
section).

4.3
Specificity

Falcilysin does not degrade native or denatured hemoglobin but recognizes
hemoglobin peptides of 10–20 amino acids [66]. Its specificity has been stud-
ied in detail using a random peptide library. These experiments have shown
that the enzyme has quite different specificities at acidic and neutral pH [70].
With some substrates the enzyme appears to be a neutral-to-alkaline protease,
while with others it is clearly an acidic protease. This finding makes a second
function outside the food vacuole seem entirely possible.

4.4
Structure and Mechanism

The crystal structure of falcilysin has not yet been solved. The structure of one
M16 family member that has 20% identity with falcilysin, mitochondrial pro-
cessing peptidase (MPP), is known but is a dimeric enzyme with its catalytic
pocket at the subunit interface [71]. This is unlikely to be the case for fal-
cilysin, which has poor homology with MPP in the dimer interface sequence
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and is a larger protein with its catalytic residues near the N terminus. The
function of the rest of the molecule is unknown. How falcilysin achieves its
dual pH-dependent specificity remains to be determined.

4.5
Inhibitors

Metal chelators block the activity of falcilysin. No selective agents have yet
been identified. A preliminary attempt to disrupt the falcilysin gene by ho-
mologous recombination using positive/negative selection was unsuccessful.
This raises the possibility that falcilysin is essential for parasite viability and
therefore that the enzyme may be a good drug target.

5
Other Proteases

The P. falciparum genome contains several genes encoding proteases that
may be located in the food vacuole and that may have a role in hemoglobin
degradation [67]. There are three dipeptidyl peptidase-1 homologs, at least
one of which is in the food vacuole. There are oligopeptidases that might
function in the food vacuole—in other systems these can be degradative
enzymes. There is a number of aminopeptidases [67, 72, 73]; one has been
localized, in part, to a rim around the food vacuole [74].

Extracts of food vacuoles were capable of breaking down hemoglobin into
small peptides [75]. No free amino acids were detected. This raised the possi-
bility that the food vacuole generates peptides and exports them for terminal
degradation by cytosolic aminopeptidases. An alternative explanation is that
the food vacuole does generate amino acids in vivo but that the downstream
enzymes were not active in the food vacuole extracts under the conditions
used. This is not an entirely academic issue because in the first case, pep-
tide transporters would be required at the food vacuole membrane, while
in the latter case, amino acid transporters would be needed. Both classes of
transporter exist in the genome and could be interesting drug targets.

6
Biosynthesis

Biosynthesis of the plasmepsins has been studied most extensively. The plas-
mepsins are synthesized in the ER as type II integral membrane proteins,
anchored by a hydrophobic stretch in the proregion [18]. Antibody [7] and
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green fluorescent protein tagging [76] studies have revealed that the pro-
plasmepsins go through the secretory pathway to the surface of the parasite,
perhaps directly to the cytostome. From there, the proplasmepsins are in-
ternalized along with their eventual substrate hemoglobin. Targeting signals
have not yet been identified. At some point in the delivery pathway, most
likely upon reaching the food vacuole, the plasmepsins are cleaved from the
membrane by an acid convertase, resulting in activation [18, 76, 77]. Cleav-
age occurs after a conserved Pro-Gly motif in the proregion and is mediated
by an ALLN-sensitive enzyme with acid pH-optimal activity [18, 77]. This
processing protease has not yet been isolated.

Falcipains also have substantial propieces and are activated by cleavage
[45, 49]. Their biosynthesis has not been extensively studied. Recombinant
falcipains-2 and 3 can be generated by activation of the proenzymes, and
mature profalcipain-2 can be folded without the prodomain by inclusion in
cis or in trans of a small chaperone peptide found as an N-terminal extension
to the mature protease [78, 79].

Falcilysin does not have a propiece, but rather is synthesized as the mature
form [69]. It is a peripheral membrane protein and might be targeted by
association with another protein. Its trafficking is brefeldin A-insensitive.

7
Unanswered Questions

A number of issues remain to be answered in the field. Among them are the
following:

– Why does the parasite degrade hemoglobin? For nutrients? For osmolar
balance? To make room in its host cell?

– How does the cytostome form and function in hemoglobin ingestion?

– How does a protease recognize and cleave a specific peptide bond in a large,
folded protein substrate? Specifically, how do the plasmepsins recognize
the B helix on the alpha chain of hemoglobin and access a peptide bond
that is wound up in the helix?

– Does having a substantial complement of proteases improve the efficiency
of degradation compared with having fewer, less specific proteases?

– What are the proteases involved in downstream steps of proteolysis?

– Does the food vacuole generate free amino acids or does it export peptides
for terminal degradation in the cytosol?

– How are the hemoglobin-degrading enzymes targeted to the food vacuole?
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– What is the proplasmepsin maturase that activates the hemoglobin degra-
dation pathway?

– How can we better exploit the eccentricities of this pathway to design
potent and selective inhibitors?

It isworthcontinuedeffort tounderstandthis importantmetabolicprocess.
Biochemical, genetic and chemical studies have the potential to lead us to
new antimalarial chemotherapies based on interference with the hemoglobin
degradation pathway.
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Abstract Iron metabolism is essential for cell function and potentially toxic because
iron can catalyze oxygen radical production. Malaria-attributable anemia and iron
deficiency anemia coincide as being treatable diseases in the developing world. In
absolute amounts, more than 95% of Plasmodium metal biochemistry occurs in the
acidic digestive vacuole where heme released from hemoglobin catabolism forms
heme crystals. The antimalarial quinolines interfere with crystallization. Despite the
completion of the Plasmodium genome, many ‘gene gaps’ exist in components of the
metal pathways described in mammalian or yeast cells. Present evidence suggests
that parasite bioavailable iron originates from a labile erythrocyte cytosolic pool
rather than from abundant heme iron. Indeed the parasite has to make its own heme
within two separate organelles, the mitochondrion and the apicomplast. Paradoxically,
despite the abundance of iron within the erythrocyte, iron chelators are cytocidal
to the Plasmodium parasite. Hemozoin has become a sensitive biomarker for laser
desorption mass spectrometry detection of Plasmodium infection in both mice and
humans.
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Abbreviations
DMT Divalent metal-ion transporters
ZnPPIX Zinc protoporphyrin IX
HRP II Histidine-rich protien II
VEPL Vacuole enriched parasite lysates
DFO Desferrioxamine
LDMS Laser desorption mass spectrometry
MALDI Matrix-assisted laser desorption ionization

1
Human Host Iron Metabolism

Iron is an essential participant in metabolic reactions in all living cells because
as a transition metal it can undergo changes in electron oxidation states and
therefore can both oxidize and reduce molecules. Inorganic iron is the second
most abundant metal in the Earth’s crust, yet from a biologic perspective is
difficult to extract from its insoluble oxides. Likewise in humans 95% percent
of the 3 g of iron is highly concentrated in erythrocytes or macrophages,
with minute amounts bioavailable in tissues. Daily absorption and excretion
is one-thousandth of the total pool (Fairbanks and Beutler 1995b; Hentze
et al. 2004). Similarly, the intraerythrocytic Plasmodium parasite exists in
the erythrocyte with 100 fg (20 mM) of iron per cell, but utilizes less than
one-one-thousandth of this iron pool (Egan et al. 2002).

Iron exists only transiently as a free cation because it is carefully
chaperoned to proteins that bind or incorporate it. Iron proteins comprise
the heme proteins such as hemoglobin, myoglobin, catalase and cytochromes
or iron flavoproteins such as xanthine oxidase, succinate dehydrogenase and
NAD dehydrogenase (Hentze et al. 2004). Iron is essential for mitochondrial
and chloroplast function as the electron transport chain, iron sulfur clusters
and nearly half of the enzymes of the tricarboxylic acid cycle require iron.
Because iron can also damage membranes and proteins with the production
of oxygen radicals, its intracellular concentration is closely regulated with an
array of storage and transport proteins that are transcriptionally regulated in
eukaryotes. An iron responsive element and iron regulatory protein interact
in the absence or presence of bioavailable iron to tightly regulate genes
like ferritin, transferrin, aconitases, heme synthesis enzymes and the iron
transporters such as divalent metal-ion transporters (DMT) or ferroportins
(Hentze et al. 2004).

The human host of the malaria parasite has approximately 2,500 mg (fe-
male) to 3,500 mg (male) of total iron as depicted in Fig. 1. Hemoglobin
contains approximately 1,700 mg (female)–2,400 mg (male) or about 65%
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Fig. 1 Human iron compartments

of the iron total. The reticuloendothelial macrophages, predominately in the
liver and spleen, contain approximately 600 mg in ferritin and hemosiderin;
the bone marrow approximately 300 mg, the liver parenchyma approximately
1,000 mg and muscle and other cells approximately 400 mg. Only 3–4 mg
circulate in a plasma labile pool bound to transferrin. This labile pool, also
subject to diurnal variation, turns over seven to eight times a day resulting
in approximately 20 mg that is loaded and delivered principally to the bone
marrow for hemoglobin synthesis. While total dietary iron intake is about
10–15 mg, only 1 mg (10%) is absorbed through the intestine. One milligram
is also excreted in sweat, urine or feces each day. Thus the majority of the
daily hemopoietic iron requirements originates mainly from macrophage re-
cycling of heme iron and also from ferritin store transfer. The spleen and
liver reticuloendothelial cells normally digest phagocytosed erythrocytes at
a rate sufficient to release 20% of the heme iron in a few hours with 20%–70%
recycled back to hemoglobin in a few days (Fairbanks and Beutler 1995b;
Hentze et al. 2004).

In the past 15 years, many aspects of the molecular iron metabolism in
mammals have been elucidated. The majority of intestinal iron absorption is
by heme endocytosis or transport into intestinal epithelial cells, called entero-
cytes where heme oxygenase degrades heme to release iron. The mechanism
of heme transport across membranes is a large unanswered question. An al-
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ternative enterocyte pathway, that is upregulated in iron deficiency, is direct
iron cation transport by DMT-1 (Gushin et al. 1997). The enterocyte exports
iron to the plasma via the transporter, ferroportin (McKie et al. 2000). Cellular
iron uptake from plasma is by receptor-mediated uptake of transferrin. Acid-
ification of the endocytotic vacuole releases iron which is transported into
the cell cytosol again by DMT-1 (Hentze et al. 2004). Only specialized cells,
including duodenal enterocytes, macrophages, hepatocytes, astrocytes and
syncytiotrophoblasts, are capable of iron export via ferroportin. Iron export
from nonintestinal cells requires ceruloplasmin or hephaestin (Garrick et al.
2003; Hentze et al. 2004; Kaplan and O’Halloran 1996; Miyajima 2002). Most
of the cellular requirement for iron is for mitochondrial function and DNA
synthesis.

Iron deficiency anemia affects over 500 million people including more
than half of all children and pregnant women (Yip 1998). Low total iron body
content results most commonly from insufficient dietary intake, but can also
result, amongst diverse etiologies, from chronic blood loss, diversion of iron
to the fetus in pregnancy or intravascular hemolysis with hemoglobinuria.
Iron depletion is first evidenced with low to absent tissue ferritin storage,
with intact plasma iron and blood hemoglobin levels. Clinical iron deficiency
gradually progresses from low (20% of normal) plasma iron and transfer-
rin saturation without anemia before progressing to low hemoglobin levels
manifested by a hypochromic, microcytic anemia. The normal 120-day ery-
throcyte life span is decreased by 10%–20%. Cellular and erythrocyte ferritin
decreases, while soluble and surface transferrin receptors increase along with
erythrocyte zinc protoporphyrin IX (ZnPPIX). Serum erythropoietin is ele-
vated in pure iron deficiency anemia (Fairbanks and Beutler 1995a).

Anemia of chronic disease caused by infection, inflammation or cancer
is a systemic response that is hypothesized to limit bioavailable iron from
pathogenic microbes or tumors in general (Gera and Sachdev 2002). Total
body iron is normal, with high ferritin stores, but plasma iron is 20% of nor-
mal and dietary absorption decreases. Erythrocyte life span is also reduced
by 20%. Most studies show ineffective erythropoiesis with a blunted pro-
duction and response to erythropoietin. However, exogenous recombinant
erythropoietin increases erythrocyte production in many chronic inflamma-
tory diseases (Spivak 2002).

2
Perturbations of Human Iron Metabolism by Malaria

Malaria infection and disease impacts iron metabolism in many diverse ways
(see the chapter by D. Roberts et al., this volume). Malaria infection geo-
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graphically coincides with iron deficiency anemia. As a chronic infectious
disease, malaria further decreases iron uptake from the intestine, contributes
to ineffective erythropoeisis and sequesters bioavailable iron in ferritin stores
(Spivak 2002). Lysis of infected erythrocytes may increase urinary losses of
hemoglobin iron. The increased destruction of both infected and uninfected
erythrocytes increases demand for bone marrow production. Asymptomatic
malaria in semi-immune individuals is represented with parasitemias of ap-
proximately 1,000 parasites/µl or 0.025% infected erythrocytes. This fraction
would represent 2.5% of daily erythrocytes destroyed. Symptomatic infec-
tions with 400,000 parasites/µl or 10% of erythrocytes infected represents
a stress on the reticuloendothelial macrophages of 10 times the normal rate of
destruction of erythrocytes. During maturation in the erythrocyte, the P. fal-
ciparum parasite sequesters 50%–65% of erythrocyte heme into an insoluble
hemozoin crystal (Egan et al. 2002; Francis et al. 1997). Hemozoin is resistant
to heme oxygenase degradation and accumulates in macrophages, monocytes
and polymorphonuclear neutrophils (Schwarzer et al. 1999b). Essentially the
P. falciparum parasite removes half of bioavailable heme presented to retic-
uloendothelial cells because macrophages are unable to degrade hemozoin
heme to release iron. From a different perspective, a single erythrocyte has
approximately 90–100 fg of iron with 50 fg present in hemozoin crystals at
mature schizont stages, therefore 100 billion parasites contain 5 mg of iron
in hemozoin (Egan et al. 2002). A single liter of whole blood contains 3–4
trillion erythrocytes. Therefore, a 2%–3% parasitemia represents 100 billion
parasites in a liter (100,000/µl) or 5 mg of iron in hemozoin. Total blood vol-
ume for children is approximately 65–75 ml/kg lean body weight (Haddad et
al. 2001). A 14-kg child then would have a liter of blood from which a 2%–3%
parasitemia would remove 5 mg of iron in the form of hemozoin from the
human iron metabolism cycle every 2 days. A 70-kg adult with 5 l of blood
and a 2%–3% parasitemia, then has 30 mg of iron removed from bioavailable
pools every 2 days. Hemozoin does not stimulate heme oxygenase production
in macrophages/monocytes in vitro (Schwarzer et al. 1999a) and can persist
for months (Levesque et al. 1999; Taliaferro and Mulligan 1937). Hemozoin
has been shown to have specific inhibitory effects on macrophages and mono-
cytes and also may directly inhibit hemoprogenitor cells in the marrow (Arese
and Schwarzer 1997; Schwarzer et al. 1992). In summary, the malaria parasite
causes anemia acutely by a destruction of both infected and uninfected ery-
throcytes, by a negative impact on erythropoiesis, by inducing an anemia of
chronic diseases state and by sequestering away tens of milligrams of iron into
nonbioavailable hemozoin which can persist for months before degradation
to release iron.

The proportions of anemic individuals with malaria attributable anemia
(Menendez et al. 1997) versus low dietary intake (Tatala et al. 1998) or losses
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from intestinal helminths are often difficult to establish on a public health
community level (Brooker et al. 1999; Leenstra et al. 2004; Nyakeriga et al.
2004; Stoltzfus et al. 2000). Both iron replenishment alone or malaria chemo-
prophylaxis or treatment increase hemoglobin levels by 1–2 g/dl (Massaga et
al. 2003; Menendez et al. 2004). Often, however, with a high proportion of
malaria attributable anemia in a population, iron repletion has little to no
effect on hemoglobin levels (Desai et al. 2004; Stoltzfus et al. 2004). However,
iron supplementation and malaria chemotherapy both increase hemoglobin
values in a synergistic manner (Desai et al. 2003; Ekvall et al. 2000; Verhoef
et al. 2002) although some studies still show minimal effect of combination
therapy (Menendez et al. 2004).

A lingering debate in the malaria and nutrition community concerns com-
munity dietary iron supplementation, which may increase malaria disease in
malaria endemic areas. Iron replenishment which improves anemia has both
positive growth, development and cognitive benefits. However, early studies
noted an increase in malaria disease especially with injection iron, but also
with oral supplementation (Murray et al. 1975; Oppenheimer 2001). Other
more recent studies mainly with oral replacement have not shown exacerba-
tion of malaria disease (Berger et al. 2000; Mebrahtu et al. 2004; Menendez
et al. 1997, 2004). A meta-analysis study did not show an increase in malaria
disease from iron supplementation (Gera and Sachdev 2002). A hypothesis
that seeks to balance the conflicting studies is that only the most severely
anemic children with hemoglobin concentrations below 6–7 g/dl (less than
10%–20% of children in most malaria anemia study populations) are at risk
for exacerbation of malaria disease with iron supplementation. The more
rapid injection supplementation rather than the slower absorption by oral
dosing increases the risk.

An hypothesized molecular mechanism that accounts for possible exa-
cerbation of malaria disease with rapid iron supplementation involves high
levels of ZnPPIX (Iyer et al. 2003). When bioavailable iron is low the human
mitochondrial ferrochelatase inserts zinc instead of iron into protoporphyrin
IX. Normal erythrocytes have concentration of ZnPPIX of 0.5 µM (25µmol
ZnPPIX:1 mol heme). This can elevate to 5 µM (250 µmol ZnPPIX:1 mol heme)
in severe iron deficiency anemia. Moderate iron deficiency anemia or anemia
of chronic disease do not elevate ZnPPIX to these levels (Hastka et al. 1993;
Lamola and Yamane 1974). ZnPPIX resides in the heme pocket of hemoglobin
and can inhibit hemozoin extension in vitro with an IC50 of 5 µM (Iyer et al.
2003). Individuals with severe anemia have subpopulations of erythrocytes
with greater elevations of ZnPPIX which are inhospitable to malaria infection
alongside erythrocytes with slightly lower ZnPPIX levels that are able to
support infection. Rapid iron repletion stimulates production of erythrocytes
with lower levels of ZnPPIX and malaria disease is possibly exacerbated in
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a few weeks with the replacement by a cohort of new erythrocytes capable of
supporting high parasitemias.

3
Plasmodium Iron Metabolism

The intraerythrocytic P. falciparum parasite encounters two important issues
that relate to iron. The first is how to handle the excess heme iron produced
from hemoglobin catabolism and the second is how to acquire the iron nec-
essary for cellular metabolism.

In absolute amounts more than 95% of Plasmodium metal biochemistry
involves the sequestration of reactive, toxic heme in an acidic, oxygen-rich
vacuole into an inert heme crystal called hemozoin that removes the heme
iron moiety from solution chemistry (Egan et al. 2002; Francis et al. 1997).
The appearance of microscopic birefringent hemozoin marks the Plasmodium
transition from ring stage to trophozoite stage seen in Fig 2. Microscopically,
schizont stage is the appearance of more than one nucleus. Gametocytes,
ookinetes and even oocysts retain the hemozoin crystals, while sporozoites,
liver stages and merozoites lack hemozoin. The intraerythrocytic parasite
ingests 60%–80% of the host’s 5 mM hemoglobin both as a source of amino
acids and possibly to provide room for the parasite (Egan et al. 2002; Lew et
al. 2003; Zhang et al. 1999). Interestingly, the P. falciparum parasite ingests
10 times the amount of hemoglobin protein than it retains for amino acid
building blocks (Krugliak et al. 2002). Plasmodium aspartic and cysteine
proteases efficiently degrade ingested hemoglobin releasing approximately
1 fmol of heme in a 2 fl volume of the acidic digestive vacuole. Conceptually,
this approximates to almost 0.4 M heme in an oxygen-rich acidic environment
capable of generating oxygen radicals by the Fenton reaction (Francis et al.
1997). The parasite lacks heme oxygenase activity or iron storage proteins

Fig.2 Progressivemagnificationofhemozoin.Giemsa stain (×100)of ring, trophozoite
and schizont stage intraerythrocytic P. falciparum with electron microscopy of crystals
(scale bar, 200 nm) and model of hydrogen bonding of two heme crystal dimers
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like ferritin. Indeed, the parasite has to synthesize its own heme rather than
scavenge from the erythrocyte (Surolia and Padmanaban 1992).

Within the intraerythrocytic cycle, a single parasite undergoes rapid pro-
liferation, multiplying 8–32-fold within 48 h. In a few weeks time, billions of
infected erythrocytes result. This rapid replication of DNA requires iron for
the ribonucleotide reductase for nucleotide synthesis (Mabeza et al. 1999).
Despite thriving in a host cell with 20 mM concentrations of heme iron, the
parasite is killed by low concentrations of iron chelators indicating that the
amount of bioavailable iron is limited and crucial for parasite growth and
survival (Mabeza et al. 1999; Raventos-Suarez et al. 1982).

3.1
Hemozoin Structure and Function

Even though the black malaria pigment or hemozoin was known to contain
heme as described by Carbone in 1891 (Carbone 1891), 100 years passed
before this molecule was demonstrated to be β-hematin, which spontaneously
forms in vitro if heme is incubated at high (>50°C) temperatures in acidic,
aqueous solutions (Fitch and Kanjananggulpan 1987; Slater et al. 1991). In
1991, Slater and Cerami reported, by different spectroscopic techniques, the
unique iron–oxygen bond coordinating the propionate carboxylate oxygen of
one heme to the central ferric molecule of another (Slater et al. 1991). They
later demonstrated that parasite lysates were capable of catalyzing hemozoin
formation in vitro (Slater and Cerami 1992). The initial model was that of
heme polymers (Slater 1992). Later powder diffraction data by Bohle’s group
demonstrated instead that the biocrystal consists of two hemes linked by
a reciprocal iron (Fe-1) head to carboxylate (O-31) tail (Pagola et al. 2000).
The two coordinate hemes made a triclinic unit cell, a=12.196 (2) A°, b=14.684
(2) A°, c=8.040 (1) A°, a=90.22 (1)8, b=96.80 (1)8, γ=97.92 (1)8; V=1416.0 (3)
A° 3; ρexp=1.45 (1) g/cm3; Z=2 (Pagola et al. 2000). As shown in Fig. 2 the head-
to-tail dimers crystallize by hydrogen bonding of the remaining carboxylate
groups into a lattice with a rectangular crystal morphology of size dimension
100 nm×100 nm×500 nm in the case of P. falciparum (Noland et al. 2003).
β-hematin formation is a chemical process governed by time and temperature
that absolutely requires an acidic pH in aqueous solutions (Egan 2002; Egan et
al. 1994b). Blauer has described intermediate transition states by FTIR called
B-hematin (Blauer and Akkawi 1997, 2000). Preformed heme crystals allow
for rapid extension at 37°C (Chong and Sullivan 2003). Kinetics of formation
is sigmoidal, characterized by a nucleation and then an extension process
(Chong and Sullivan 2003; Egan 2002; Egan et al. 2001). Single head-to-tail
dimers have not been isolated as they incorporate rapidly into the larger
aggregate structure.
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Presently no consensus exists about how hemozoin is made within the par-
asite. Diverse hypotheses with some supporting in vitro data include sponta-
neous initiation (Egan et al. 1994b), seeded from preformed crystals (Ridley
1996), enzymatic by a heme ‘polymerase or crystallase’ (Slater and Cerami
1992), initiation by lipids (Bendrat et al. 1995; Fitch et al. 1999; Hempelmann
and Egan 2002; Tripathi et al. 2002) or nucleation by parasite proteins (Choi et
al. 1999; Sullivan et al. 1996a). The Pf histidine-rich protein II (HRP II)–that
has 35% of its amino acids as histidine–is present in the digestive vacuole;
it can bind heme at acidic pH and is able to initiate in vitro heme crystal
formation inhibited by the quinolines (Sullivan et al. 1996a). However, the
laboratory progeny, 3B-D7 from parents HB3 and Dd2, lacks both HRP II and
HRP III and still makes hemozoin (Sullivan 2002b). While both P. reichnowi
and P. lophurae have a protein with HRP II primary structure homology, the
three mouse malaria’s sequenced and P. vivax and P. knowlesi, all lack a close
homolog of PfHRP II or III (Bahl et al. 2002). This indicates that PfHRP II
is sufficient in vitro, but not absolutely necessary in vivo, to initiate hemo-
zoin formation (Sullivan 2002a, 2002b). Tilley has also demonstrated that
only a small fraction (but still several µM) of PfHRP II reaches the digestive
vacuole (Papalexis et al. 2001).

Attention has recently focused on lipid initiation of heme crystal forma-
tion first described by Bendrat and Cerami, with further evidence of in vitro
formation by Fitch et al. 1999, and also by Hempelmann et al. 2003, Pandey et
al. 2003, and Tekwani (Tripathi et al. 2002). Unsaturated fatty acids and phos-
pholipids accelerate hemozoin formation possibly by increasing solubility of
heme in micelles. Likewise increasing dimethyl sulfoxide concentrations also
accelerate hemozoin formation. However, some lipid formulations such as
erythrocyte ghosts or the cholesterol-rich lipoproteins do not initiate hemo-
zoin formation as efficiently (Fitch et al. 2003). While the lipid bilayers may
contain a few unit head-to-tail crystal dimers, how the dimers are able to stack
into the larger regular array of hemozoin crystals outside of a membrane re-
mains unanswered.

3.2
Biochemical Formation In Vivo and In Vitro

Many different assays have been developed to compare the formation of
hemozoin and inhibition by drugs. The assays can be divided by: (1) use of
radioactivity (Dorn et al. 1995; Hawley et al. 1998; Slater and Cerami 1992)
versus direct absorbance measurement of purified heme crystal (Basilico
et al. 1998); (2) initiation by parasite lysates (Fitch and Chou 1996; Slater
and Cerami 1992), preformed crystals (Dorn et al. 1998a, 1998b; Sullivan
et al. 1996b), proteins (Sullivan et al. 1996a), or lipids (Bendrat et al. 1995;
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Kurosawa et al. 2000; Tripathi et al. 2004) or nothing (Basilico et al. 1998);
(3) purification by centrifugation or filter washes (Egan et al. 1994a) in mild
basic solutions based on heme crystal being insoluble and unincorporated
heme being soluble. The final product is quantified by dissolution of crystal
in strong basic solutions of pH 14. Table 1 compares the elements of the
published crystallization assays and the purification methods.

The assays range essentially from precipitation assays with millimolar
heme at an acidic pH, to substrate binding assays with excess preformed
heme crystal template. Only 3–5 µM heme is soluble at the pH less than 6 that
is absolutely required for crystallization. Measurable product does not form at
this low concentration, so 50 µM heme is the lowest concentration for routine
assays even though most of the heme is precipitated. A nonradioactive, crystal
extension assay with no centrifugation or filter washes was developed (Chong
and Sullivan 2003). The basis of this assay lies in the difference in solubility
and difference in visible absorption of free versus crystalline heme. Free heme
is soluble in weak base, and has a very high molar extinction coefficient of
100,000 M/cm at 400 nm, whereas under these conditions heme crystal is
insoluble and is spectroscopically invisible at the low concentrations used. In
this assay, first, the absorption at 405 nm is measured of free heme mixed
with β-hematin dissolved in a weak base and then the absorption is measured
again after heme is decrystallized by concentrated NaOH. The difference in
the two absorptions is then used to calculate the amount of heme crystal. The
heme crystal extension reaction is kinetically and morphologically identical
whether initiated with parasite-derived hemozoin or chemically synthesized
β-hematin (Chong and Sullivan 2003). By using this more rapid assay the
effects of pH, substrate and preformed crystal on the reaction kinetics were
studied.

Presently all in vitro synthesis reactions have approximated but not dupli-
cated the morphology of heme crystals isolated from the parasites in Fig. 3A.
Duplication of the anhydrous anaerobic synthesis by Bohle to obtain larger
crystals of dimension 200 nm×200 nm×500 nm (Bohle and Helms 1993) shows
that these crystals in Fig. 3B most closely resemble P. falciparum hemozoin. An
investigation into the effect of pH and the resultant morphology of initiation
of heme crystallization by mono-oleoylglycerol, oleic acid, palmitoleic acid,
low density liproprotein and high density lipoprotein, phosphatidylcholine
and purified erythrocyte ghosts showed initiation of heme crystallization for
all except the erythrocyte ghosts and high density lipoprotein. The lipids
that initiated heme crystallization performed near equivalent to a hemozoin
seeded reaction at pH 4 and 4.8. At pH 5.6, the lipids did not initiate heme crys-
tallization, whereas the hemozoin seeded reaction was still at 100%. In Fig. 3C
and D, field emission in-lens scanning electron microscopy examination of the
in vitro incorporation on lipid formulations had long tapered edges consis-
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Fig.3A–H Hemozoin from P. falciparum is similar to anhydrous base abstraction prod-
uct, but contrasts with lipid initiated or HRP initiated heme crystals. A P. falciparum
hemozoin. B β-Hematin produced from anhydrous base abstraction by the Bohle syn-
thesis. Purified heme crystal product initiated by: C 50 µM mono-oleoylglycerol; D
50 µM palmitoleic acid; E VEPL + hemoglobin; F VEPL + 50 µM heme; G VEPL + HRP
II + 50 µM heme; H HRP II and 50 µM heme. Scale bar, 200 nm for A–D and 1 µM for
E–H

tent with rapid growth distinct from the apparently more controlled growth
in parasites. Buller has modeled the rapid incorporation at ‘growth faces’
(Buller et al. 2002). Oxidized Fe3+ heme is a requirement for heme crystal for-
mation. Strictly reduced conditions that have been demonstrated in aqueous
conditions have not resulted in heme crystal formation (Monti et al. 1999).
Protease treatment of acidified hemoglobin does not result in heme crystal
formation.

A preparation of digestive vacuole enriched parasite lysates (VEPL) also
known as ‘crude vacuoles’ (Goldberg et al. 1990) was used to initiate heme
crystal incorporation in the standard acetate buffer pH 5.0. Field emission
in-lens scanning electron microscopy showed closest resemblance to P. falci-
parum hemozoin with addition of only hemoglobin to the VEPL template in
Fig. 3E, although new crystal incorporation was only 1.2 nmol. VEPL incu-
bated with 50 µM heme (Fig. 3F), 1 µM recombinant HRP II and 50 µM heme
(Fig. 3G), or just 1 µM recombinant HRP II and 50 µM heme and no VEPL
(Fig. 3H) all showed a nonrectangular, almost amorphous addition of heme
crystal dimers. The new synthesis of heme crystals was 7, 12 and 14 nmol,
respectively, for the latter three conditions.
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3.3
Heme Crystal Inhibition

Much of the interest in heme crystal formation derives from the extensive
data showing many antimalarials like the quinolines, phenanthrenes and hy-
droxyxanthones inhibit β-hematin formation. Extensive work has been done
on the heme binding interaction by the quinoline class of drugs (Egan et al.
1997; Fitch and Kanjananggulpan 1987; Leed et al. 2002; Moreau et al. 1985).
Other drugs that bind heme have also been explored as antimalarials (Huy
et al. 2002; Kalkanidis et al. 2002; Kristiansen and Jepsen 1985; Vennerstrom
et al. 2000). Importantly, not all drugs that bind heme also inhibit hemozoin
formation (Slater 1993). Heme binding affinity does not correlate with inhibi-
tion of heme crystallization in vitro (Egan et al. 2000). Not all drugs that bind
heme and also inhibit hemozoin formation accumulate in the acidic digestive
vacuole compartment to inhibit the parasite. Work has also been done that
implicates the addition of basic side chains to heme binding drugs, such as
the phenothiazines, to improve digestive vacuole localization and parasite
inhibition (Kalkanidis et al. 2002).

Two mechanisms of β-hematin inhibition and an additional hybrid have
been hypothesized. One is that the drug binds heme, sequestering away sub-
strate from incorporation into the head-to-tail dimer or larger crystal (Fitch
1998; Leed et al. 2002; see also the chapter by Bray et al., this volume). An-
other is that drug binds directly to a growing face to prevent heme crystal
dimer addition (Buller et al. 2002). The third, a hybrid, is that a drug–heme
complex incorporates at the growing face to inhibit crystal growth (Chong
and Sullivan 2003; Iyer et al. 2003; Sullivan et al. 1996b). Radiolabled chloro-
quine or quinidine copurify with hemozoin and in vitro bind measurably to
growing heme crystals only with the addition of heme (Sullivan et al. 1996b,
1998). Examination of the kinetics of heme crystallization in the presence
of quinoline antimalarials revealed that inhibition of heme crystallization by
chloroquine and quinidine is reversible, and suggests previous studies that
measured heme crystal formation at a fixed timepoint may underestimate the
extent of inhibition. To distinguish between the inhibition mechanisms, the
amount of heme substrate or heme crystal was increased to try to overcome
drug inhibition. Addition of increasing amounts of heme substrate has no ef-
fect on the extent of chloroquine or quinidine inhibition, suggesting that these
drugs do not act by sequestering free heme. Addition of increasing amount of
heme crystal, however, reverses inhibition by these drugs, suggesting that the
quinoline–heme complex somehow caps finite extension sites on the crystal
(Chong and Sullivan 2003). This evidence suggests that a drug–heme com-
plex binds at a growing face to inhibit crystal extension. Despite these and
other findings, a consensus has not yet been reached on the mechanism of
inhibition of heme crystallization.
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A rational design strategy is hindered at present because of lack of knowl-
edge concerning true inhibitory interaction,whether with heme,drugbinding
to the growing face of a crystal, drug–heme complex binding at the growing
face, or competition with protein and/or lipid complex for initiation (Egan
2004). Molecular docking has been attempted to model interactions with
hematin, and this had good agreement with NMR studies; this technique
should be able to generate novel structures (Leed et al. 2002). Essential to this
approach, but lacking at present, is the prediction of both heme binding and
β-hematin inhibition. A manual docking strategy has been used to attempt to
model drug alone to the well-defined structure of the β-hematin growing face
(Buller et al. 2002). Egan has tried molecular mechanics and dynamics cal-
culations to model quinoline interaction with a simplified porphyrin lacking
substituents (Marques et al. 1996). The initial attempt did not correlate with
structure–activity relationships or NMR evidence (Leed et al. 2002; O’Neill et
al. 1997).

3.4
Plasmodium Iron Sources and Pathways

The Plasmodium parasite requires iron for DNA synthesis, glycolysis, pyrimi-
dine synthesis, heme synthesis and electron transport. Debate continues on
the critical source of iron for the intraerythrocytic parasite. An important
paradox regarding iron is that millimolar desferrioxamine (DFO), an iron
chelator, is cytostatic for mammalian cells and bacteria, while a 60-fold lower
concentration of 15 µM DFO is cytocidal for P. falciparum despite the avail-
ability of 20 mM heme iron in hemoglobin (Mabeza et al. 1999). Postulated
available sources susceptible to chelation include: (1) extracellular iron from
transferrin or free iron in the media; (2) intracellular iron bound to low
molecular weight proteins, heme iron or erythrocyte ferritin iron.

Despite early reports of transferrin mediated iron uptake (Haldar et al.
1986; Rodriguez and Jungery 1986), the bulk of experimental evidence ex-
cludes a requirement by parasites for extracellular iron. An important phys-
iological study showed Plasmodium culture medium, which was depleted
of transferrin by 500–1000-fold, supported Plasmodium growth well, while
inhibiting fibroblasts dependent on transferrin uptake (Sanchez-Lopez and
Haldar 1992). Free iron in Plasmodium culture medium has been determined
to range from 1 to 10 µM. Dialysis removal of free iron to below 1 µM had
no effect on parasite growth (Peto and Thompson 1986). Extracellular im-
permeable dextran-DFO also did not inhibit growth in culture (Scott et al.
1990). Intracellular low molecular weight proteins bind iron, but when DFO
conjugates were loaded into resealed erythrocyte ghosts replication was not
inhibited (Loyevsky et al. 1993; Scott et al. 1990). Egan has measured equal



Bioavailable Iron and Heme Metabolism in Plasmodium falciparum 309

amounts of total iron in uninfected and infected erythrocytes (Egan et al.
2002). In another study iron levels in the infected erythrocyte as measured by
X-ray fluorimetry remained constant while zinc levels increased two- to three-
fold (Ginsburg et al. 1986). These constant iron levels suggest minimum im-
port of extracellular iron. However with 20 mM iron levels the import of a few
hundred micromolar equivalents or 1%–2% of total iron (more than enough
to sustain the protozoan) may be within the standard error of measurement.

Lovesky has identified an intraerythrocytic labile pool of bioavailable iron
with the fluorophore calcein (Loyevsky et al. 1999a). In the infected erythro-
cyte most of the labile pool of iron is in the parasite. In addition, uninfected
erythrocytes had a greater total amount of labile iron than infected erythro-
cytes. Pollack has noted that a significant proportion of labile iron is bound to
ATP in normal erythrocytes (Weaver et al. 1993; Zhan et al. 1990). This iron
pool could be released with acidification, iron chelation and consumption of
ATP by oxidative stress (Atamna and Ginsburg 1995; Gabay and Ginsburg
1993; Hershko and Peto 1988).

If even less than 1% of the 20 mM heme iron in hemoglobin were available,
the parasite’s iron requirements would be satisfied (Gabay and Ginsburg 1993;
Gabay et al. 1994). The amount of heme that is uncoupled from crystallization,
thus available for other metabolic needs is not known. Tilley has postulated
hydrogen peroxide degradation of heme to release iron in the acidic digestive
vacuole. Measurement of heme and iron in infected erythrocytes indicate that
iron remains constant while total heme is decreased by 70% (Papalexis et al.
2001). At pH 7.0 reduced glutathione has also been demonstrated to catabolize
heme, thereby releasing iron (Ginsburg et al. 1998). Ginsburg has proposed
the transport of digestive vacuole heme to the parasite cytosol, where reduced
glutathione releases iron by heme catabolism (Ginsburg and Krugliak 1999).
Experiments demonstrated a loss of approximately half of the heme content.
Chloroquine also interfereswith hemedegradationby glutathione (Faminand
Ginsburg 2003; Famin et al. 1999). Elevated levels of reduced glutathione in
mouse reticulocytes have also correlated with chloroquine resistance (Deharo
et al. 2003). However, Egan in a separate set of experiments has demonstrated
minimal loss of heme iron (Egan et al. 2002). Using subcellular fractionation
and iron determinations, both infected and uninfected erythrocytes have the
same amount of iron. Digestive vacuoles contained 90% of parasite iron in the
form of heme with a minimal amount in parasite cytosol. This was confirmed
by electron spectroscopic imaging of transmission electron microscopy.

Another potential source of iron is erythrocytic ferritin. Mature erythro-
cytes have 0.7 nM residual ferritin left over from heme synthesis by the retic-
ulocyte (Gabay and Ginsburg 1993; Gabay et al. 1994). Ferritin accommodates
up to 4,500 iron molecules (Mann et al. 1986). Erythrocytic ferritin could track
to the digestive vacuole along with hemoglobin. Vacuolar proteases may de-
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Fig. 4 Plasmodium heme and iron pathways. Hemoglobin (HGB), erythrocyte ferritin
(rbc ferritin) and Pf are phagocytosed by the cytosome (C) and transported to the
acidic digestive vacuole (DV) where proteases cleave hemoglobin, releasing toxic heme
that is crystallized. Iron could enter the trophozoite (TROPH) from the erythrocyte
(RBC) cytosol or originate from the DV from ferritin or heme. Quinolines (Q) enter
the DV to cap crystallization

grade ferritin to release iron. Presently the data suggest that bioavailable iron
is transported directly across the parasite plasma membrane rather than via
the digestive vacuole or deriving from heme. Figure 4 depicts some of the
postulated heme and iron pathways.

P. falciparum lacks a ferroportin, ferritin, metallothione, ferroxamine-
based transport systems, or ferredoxinorbacterial iron siderophore orthologs
in the sequence database (Rasoloson et al. 2004). Loyevsky has charatereized
a Plasmodium iron regulatory protein (gb AJ012289; PF13_0229) demonstrat-
ing that it can bind mammalian IREs and also P. falciparum IREs which are
different from the mammalian consensus sequence (Loyevsky et al. 2001,
2003). A DMT-1 ortholog (PFE1185w) localized to the plasma membrane
and has not yet been expressed for functional characterization (D.J. Sullivan,
unpublished results).

3.5
Heme Synthesis in Two Organelles

Plasmodium requires heme for heme dependent protein synthesis (Surolia
and Padmanaban 1992) and as prosthetic group in parasitic cytochromes
(Fry and Beesley 1991). Succinylacetone, a specific inhibitor of heme biosyn-
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thesis, inhibited the in vitro growth of parasite with an IC50 of 2 µM (Surolia
and Padmanaban 1992; Wilson et al. 1996). These observations suggest that
heme biosynthesis is vital for the parasite and represents an attractive target
for therapeutic intervention. Whole genome sequence shows the presence
of the complete heme biosynthesis pathway in P. falciparum (except uro-
porphyrinogen III synthase whose orthologs are most disparate at primary
sequence level than are other heme biosynthetic enzymes (Panek and O’Brian
2002)). Microarray analysis has shown expression of all the genes of the heme
biosynthesis pathway throughout the erythrocytic stage, with the maximum
level of expression during the metabolically most active trophozoite stage
(Bozdech et al. 2003). Ferrochelatase has been recently cloned and reported
to rescue the ferrochelatase null mutant of Escherichia coli, suggesting that
the parasite encodes active ferrochelatase (Sato and Wilson 2003).

Protein sequence analysis of different members of the pathway divides
them into two major classes: one that contains apicoplast targeting signals—
ALAD, PBG deaminase and uroporphyrinogen decarboxylase;and a second
group that lacks theapicoplast targeting signals—ALAS, coproporphyrinogen
oxidase, protoporphyringen oxidase and ferrochelatase—which presumably
are located in the mitochondria. Detailed localization studies of different en-
zymes of heme biosynthesis pathway is ongoing. These observations suggest
that heme biosynthesis involves at least two compartments—plastids and
mitochondria. The close proximity of both organelles within Plasmodium
suggests cooperation of heme biosynthesis. The transport of intermediates to
and from both the organelles would be of interest and may provide another
area of therapeutic intervention.

3.6
Iron Chelation Therapy

Iron chelation therapy inhibits erythrocytic Plasmodium parasites in vitro
and in vivo (Mabeza et al. 1999). Ultrastructural studies show a stage specific
effect on a trophozoite-to-schizont stage transition with an enlarged nucleus
rather than an enlarged digestive vacuole as seen with the quinolines (Atkin-
son et al. 1991). Iron chelation also inhibits mouse malaria development in
hepatocytes at appropriate concentrations (Loyevsky et al. 1999b). The mech-
anism of action with diverse groups of iron chelators can be grouped to either
withholding of iron or by formation of a toxic complex with iron (Mabeza et
al. 1999). Iron withholding has a direct effect on the ribonucleotide reductase
necessary for DNA synthesis and/or δ-aminolevulinate synthase for heme
synthesis. Because of minimal effects on host cells and concurrent develop-
ment of iron chelators as adjunctive cancer chemotherapy, several trials of
iron chelators have been performed for both severe malaria and uncompli-
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cated malaria. Intravenous deferioxamine B when added to quinoline therapy
shortened recovery from coma and increased the rate of parasite clearance
(Gordeuk et al. 1992). A later study showed an increase in mortality in cere-
bral malaria patients treated with deferioxamine B (Thuma et al. 1998). Other
oral agents have also been tried with no therapeutic success in uncompli-
cated malaria. Iron chelation may potentially influence immune modulation
of severe disease by interference with nitric oxide or cytokines (Mabeza et al.
1999). Iron chelation is antagonistic in vitro to artemisinin action (Eckstein-
Ludwig et al. 2003). The increasing use of artemisinin combination therapy,
then theoretically, precludes a role for adjunctive iron chelation therapy.

4
Hemozoin as a Biomarker of Malaria Infection

Clinical experience and light microscopic examination of blood films have
endured for the past century as the primary tools for diagnosing malaria
infection. However, a single low parasitemia or noninfected film can require
examination for more than 30 min. Examination under polarized light detects
birefringent hemozoin present in trophozoites of P. vivax, P. ovale, P. malariae
and P. knowlesi, but will miss the rings of P. falciparum (Lawrence and Ol-
son 1986). Theoretically, P. falciparum gametocytes should be detectable by
hemozoin under polarized light. Immunochromatographic platforms are able
to detect and speciate Plasmodium infections from a drop of blood in 10 min
(Moody 2002). PCR based methods provide the greatest sensitivity and speci-
ficity, however they are the more labor, reagent and instrument intensive of
the diagnostic techniques and are not adaptable to field work (Moody 2002).
Laser desorption mass spectrometry (LDMS) was recently demonstrated to be
an extremely rapid and sensitive tool for detecting hemozoin as a pan-species
biomarker of infection (Demirev et al. 2002; Scholl et al. 2004).

4.1
Laser Desorption Mass Spectrometry

MS is the measurement of the relative abundance and mass-to-charge ratio
(m/z) of ions generated from a sample in a vacuum. Mass spectrometric de-
tection can be profoundly sensitive and enable the detection of femtomole
amounts of heme under ideal conditions. LDMS samples (0.3–1 µL) are de-
posited on a metal plate and dried before introduction into the instrument.
Twenty to several hundred samples can be deposited on a single plate de-
pending on the instrument. The sample plate is held at a high (±3–20 kV)
potential relative to the exit of the ion source region. Laser desorption lacks
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addition of denaturing matrix solutions routinely used to achieve ionization
with the more common matrix assisted laser desorption ionization (MALDI)
(DeHoffman et al. 1996). In LDMS, a pulse (~3 nsec) of ultraviolet or infra
red wavelength laser light (~1–10 MW/cm2) illuminates a sample area on
the order of 100×50 µm resulting in its conversion to gas phase ions. These
ions are accelerated by the electric field in the source region until they exit
into the mass analyzer. In time of flight (TOF)-MS, the m/z of these ions
can be calculated by measuring the time required for ions to traverse a fixed
distance before striking the ion detector (Cotter 1997). A useful mass spec-
trum can be obtained from a single laser shot; however, 20–100 single-shot
spectra are usually acquired, filtered and averaged for presentation. The sam-
ple can be interrogated by rastering the laser over its surface and thereby
enable the acquisition of many spectra from fresh areas within a ~ 2-mm2

area. Spectra can be acquired from a fixed sample position until it is depleted
(Scholl et al. 2004).

By adjusting the laser intensity, ions produced by LD ionization can frag-
ment to yield daughter ions that are structurally characteristic of the parent
ion. The degree of fragmentation can be controlled by adjusting the laser
intensity. Fragment ions are useful in the interpretation of mass spectra to
determine chemical structure and increase specificity of analyte detection.
Following the interpretation of a mass spectrum, the molecular identities of
sample components can be determined, and in some circumstances, quantita-
tively measured. Bioinformatic approaches are being developed to automate
the interpretation of mass spectra and diminish the need for technical exper-
tise to exploit mass spectrometric detection strategies. The combined sensi-
tivity and specificity achievable using mass spectrometric detection makes it
an attractive choice for many biomedical applications including the detection
of malaria parasites in blood samples.

4.2
Hemozoin Detection

The LDMS analysis of purified hemozoin crystals using a N2 laser (337 nm)
yields the identical mass spectrum of heme alone demonstrating that heme
is desorbed from hemozoin crystal surfaces by laser illumination. Hemozoin
is thus able to act as its own matrix, absorbing the laser energy to yield the
intact parent ion of 616 m/z and characteristic structurally rich fingerprint
fragment ions from consecutive cleavages of the two propionic acid side
chains to yield structurally characteristic ions at m/z 571 (M-COOH), 557
(M-CH2COOH), 512 (M-CH2COOH-COOH) and 498 [M-(CH2COOH)2] seen
in Fig. 5A (Demirev et al. 2002; Scholl et al. 2004). The head-to-tail dimer
m/z ratio of 1,232 is not seen even if pure hemozoin is subjected to LDMS.
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Fig. 5 LDMS spectra of tenfold diluted whole blood from the mouse presented in
Fig. 1 and heme. (A) Day 1; (B) day 0, pre-infection; (C) day 1; (D) day 2 after
infection; (E) heme standard. The parent molecular heme cation radical (m/z 616)
fragments via consecutive cleavages of the two propionic acid side chains to yield
structurally characteristic ions at m/z 571 (M-COOH), 557 (M-CH2COOH), 512 (M-
CH2COOH-COOH) and 498 (M-(CH2COOH)2). Each spectrum represent the average
of 100 individual laser shot spectra acquired from the equivalent of <0.3 µl of whole
blood

Infected erythrocytes contain the bioanalyte hemozoin which has extremely
high local heme concentrations of 2.2 M within the crystal (Pagola et al. 2000).
A single laser energy shot is able to detect heme signal spectra consistent with
hemozoin.

LDMS, surprisingly, is able to distinguish hemozoin from hemoglobin.
Heme complexed with hemoglobin is also abundantly present at 20 mM
concentrations in infected and noninfected blood samples. Therefore,
hemoglobin was expected to preclude the specific LDMS detection of heme
in hemozoin crystals. However, heme bound to hemoglobin or other serum
proteins such as albumin or hemopexin is LDMS ‘silent’. Denaturation of
these proteins produces a heme positive signal from noninfected blood
samples. Thus standard sample preparation methods that denature molecules
using trifluoroacetic acid and organic solvents like acetonitrile cannot be
used to specifically detect hemozoin. However, MALDI could be used to
detect parasite species-specific proteins to complement LDMS hemozoin
detection methods.

LDMS was initially used to detect hemozoin in 0.5-µl samples containing
as few as 10 parasite equivalents/µl following centrifugal concentration and
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washing of hemozoin crystals from P. falciparum cultured in human blood.
The heme spectral intensity linearly correlated with the number of parasites
deposited (Demirev et al. 2002). Follow-up studies in a mouse malaria model
and infected human clinical samples demonstrated that the extensive sam-
ple cleanup of blood was not necessary (Scholl et al. 2004). In a mouse time
course study employing inoculating doses ranging from 102 to 106 parasites,
LDMS detected P. yoelli infections 3–5 days earlier than light microscopy or
a colorimetric hemozoin assay. Minimal sample preparation required only
10-fold dilution of whole blood samples followed by the analysis of 0.3 µl de-
posited on metal slides. LDMS analysis required less than approximately 1 min
per sample. Although the equivalent of <0.03 µl of blood was analyzed and
a four-log range of inoculating parasites used, the LDMS heme signal rapidly
saturated, precluding the more interesting correlation of the mass spectro-
metric signal intensity with parasitemia. However, data are now emerging that
demonstrate LDMS can be used to rapidly detect P. falciparum and P. vivax
in human clinical blood samples and that, at low parasitemia levels (<5%),
LDMS signal intensity correlates linearly with parasitemia (Nyunt et al. 2005
AJTMH in press). This has generated interest in developing LDMS for the high
throughput, semi-quantitative analysis of malaria infections. The detection of
P. falciparum infections by the LDMS detection of hemozoin crystals in blood
is remarkable because the majority of erythrocytes infected with hemozoin
laden trophozoites are sequestered from general circulation by attachment
to tissue capillaries. Both nonmicroscopically visible hemozoin in ring stages
and circulating leukocytes containing hemozoin crystals may contribute to
hemozoin signal by LDMS (Scholl et al. 2004).

The unique combination of hemoglobin physical chemistry, malaria bio-
chemistry and the operating principles of LDMS have unexpectedly enabled
its use, without the need for significant sample preparation, for the poten-
tially high throughput detection of malaria parasites. In addition to the high
throughput screening of blood samples for malaria, LDMS may find addi-
tional applications in the screening of candidate anti-malaria drugs. A great
deal of additional work is required to validate the use of LDMS for the detec-
tion of heme as a biomarker of malaria infection. In addition to the analytical
sensitivity and specificity limits of LDMS, the persistence of hemozoin in
chronically infected populations, the effect of thalassemias and sickle-cell
anemia, and other viral and parasitic infections need to be evaluated. In
any event, the greatest advantage in the potential use of LDMS for detecting
malaria infections may ultimately be in its use to triage samples for further
light microscopic examination.
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5
Perspectives

Aspects of human and Plasmodium iron metabolism interrelate with malaria
anemia and disease pathogenesis, mechanisms of malaria chemotherapy, di-
agnostic tests, human iron deficiency and eukaryotic iron biology. Unresolved
research questions include etiology of malaria anemia both in the different
physiologic setting of an iron-replete or an iron-depleted host. The exact
molecular intracellular assembly of heme crystals and the inhibition mech-
anism of the quinoline class remains. Acquisition, intracellular shuttle and
utilization of iron by Plasmodium in heme synthesis and other iron pathways
will diversify knowledge of eukaryotic iron metabolism. A new development
for Plasmodium hemozoin is a mass spectrometric diagnostic test.
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Abstract Membrane transport proteins are integral membrane proteins that mediate
the passage across the membrane bilayer of specific molecules and/or ions. Such
proteins serve a diverse range of physiological roles, mediating the uptake of nutrients
into cells, the removal of metabolic wastes and xenobiotics (including drugs), and
the generation and maintenance of transmembrane electrochemical gradients. In
this chapter we review the present state of knowledge of the membrane transport
mechanisms underlying the cell physiology of the intraerythrocytic malaria parasite
and its host cell, considering in particular physiological measurements on the parasite
and parasitized erythrocyte, the annotation of transport proteins in the Plasmodium
genome, and molecular methods used to analyze transport protein function.

Abbreviations
NPP New permeability pathways
PVM Parasitophorous vacuole membrane
TMD Transmembrane domains
PfHT P. falciparum hexose transporter
PfCRT P. falciparum chloroquine resistance transporter
MC Mitochondrial carrier
Pgh1 P-glycoprotein homologue 1
PfAQP P. falciparum aquaglyceroporin
PfNT1 P. falciparum nucleoside transporter
RNAi RNA interference

1
Introduction

In recentyearsphysiological studiesonPlasmodium-infectederythrocytes, on
parasites functionally ‘isolated’ from their host erythrocytes and, to a limited
extent, on isolated parasite organelles have provided substantial insight into
the membrane transport properties of both host and parasite membranes.
A number of membrane transport proteins encoded by the parasite have
been expressed and, in some cases, characterized in heterologous expression
systems, and an increasing number of genes encoding putative transport
proteins are being identified in the P. falciparum genome. Nevertheless, in
comparison with our understanding of other animal and plant systems, our
knowledge of the membrane physiology of the malaria parasite remains at
a preliminary level. A variety of membrane transport processes has been
characterized in some detail in the parasite and its host cell, and a small
number of transport proteins has been characterized to at least some extent
in heterologous expression systems.

‘The Permeome’ is a term used to describe the total complement of proteins
involved in membrane permeability in a given organism [73]. It encompasses
the full range of channels and transporters encoded in the genome. In this
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chapter we provide an overview of what is currently known of the perme-
ome of the malaria parasite. We start with an overview of those membrane
transport processes that have been characterized in physiological studies of
the parasitized erythrocyte and the intracellular parasite. We consider issues
relating to the identification of genes encoding membrane transport proteins,
and summarize the studies carriedout todateon the localizationofmembrane
transport proteins within the parasitized erythrocyte. The use of heterologous
expression systems for the expression and characterization of Plasmodium
transport proteins is discussed in some detail, focusing in particular on the
Xenopus laevis oocyte and yeast systems. Finally, we consider the methods
available for manipulation of gene expression in the parasite itself, and how
these might be used in conjunction with physiological measurements on the
parasite to provide insights into the function of candidate transporters and
channels.

2
Physiological Measurements in Parasitized Erythrocytes
and Isolated Parasites

2.1
Methods

2.1.1
Cell Preparations

The majority of investigations of membrane transport in Plasmodium para-
sites and their host cells has been carried out with P. falciparum, cultured in
human erythrocytes in vitro. Various techniques are available for synchro-
nizing cultures and for concentrating the infected cells to obtain a high para-
sitemia [69,82]. There is also a number of different approaches that have been
used to permeabilize the host erythrocyte membrane, releasing the cytosol
of the host cell and allowing solutes added to the extracellular solution (e.g.,
radiolabeled transport solutes) ready access to the surface membranes of the
intracellular parasite. Streptolysin O is a bacterial pore-forming protein which
has been shown to permeabilize the erythrocyte membrane while leaving the
parasitophorous vacuole membrane (PVM) intact [6]. By contrast saponin,
a plant-derived detergent, induces the irreversible formation of large pores
in both the erythrocyte membrane and the PVM [7]. Prolonged exposure
of the parasite to saponin, and/or excessively high saponin concentrations
can cause significant damage to the parasite. However, there is now ample
evidence that parasites functionally ‘isolated’ from their host erythrocytes by
brief exposure to low concentrations of saponin (typically <10 min exposure
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to 0.05% w/v saponin) retain their biochemical and physiological integrity.
For parasites isolated in this way the plasma membrane is able to maintain
a substantial electrical potential [3], as well as transmembrane concentration
gradients for H+ [95] and Ca2+ [5]. Furthermore, the [ATP] and the rate of
phosphorylation of the essential vitamin pantothenate [93] are the same as
those measured in intact parasitized cells.

Treatment of saponin-isolated parasites with another plant detergent, digi-
tonin, under certain conditions, permeabilizes the parasite plasma mem-
brane, while leaving the membrane of at least one intracellular organelle, the
parasite’s digestive vacuole, intact and able to generate and sustain a substan-
tial [H+] gradient [66, 97]. Intact digestive vacuoles, again able to generate and
maintain a [H+] concentration gradient, can also be isolated using published
protocols [92, 97].

Figure 1 shows a schematic representation of the cell preparations that
have been used successfully for the characterization of membrane transport
mechanisms in the parasite/parasitized erythrocyte.

Fig. 1A–E Schematic representation of different preparations that have been used
to study aspects of malaria parasite physiology. (A) Intact parasitized erythrocyte;
(B) parasitized erythrocyte in which the erythrocyte membrane is permeabilized
with streptolysin O; (C) parasitized erythrocyte in which the erythrocyte membrane
and PVMs are permeabilized with saponin; (D) parasitized erythrocyte in which
the erythrocyte membrane PVM and parasite plasma membrane are permeabilized
with a combination of saponin and digitonin; (E) isolated digestive vacuole. The
means by which the different permeabilizing agents discriminate between the different
membranes of the Plasmodium-infected erythrocyte are not clear. (Adapted from [97])
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2.1.2
Physiological Methods

A range of different physiological techniques has been applied to the different
cell preparations outlined above, yielding important information about the
physiology of the infected cell and the intracellular parasite.

The membrane transport properties of the infected erythrocyte membrane
have been investigated using a combination of direct transport measurements
and measurements of the hemolysis of parasitized cells suspended in solu-
tions containing high concentrations (typically isosmotic with serum) of
permeant solutes [41, 59, 62, 117]. Direct transport measurements have, in
most cases, involved the use of radiolabeled solutes, though there are exam-
ples of the use of NMR spectroscopy [103], fluorescence detection [61], and
a bioassay [94] to monitor solute uptake. In recent years several groups have
applied the patch-clamp technique to the study of the electrophysiological
properties of the infected erythrocyte (see below). Desai and colleagues used
the same technique to study the PVM [21], and have also obtained single
channel recordings from the membrane fraction of homogenized parasitized
erythrocytes reconstituted into artificial membrane bilayers [22].

The transport of a range of solutes across the parasite plasma membrane
has been measured directly using radiolabeled compounds in conjunction
with isolated parasite preparations, as well as through the use of fluorescent
ion-sensitive dyes for H+ [46, 95], Ca2+ [5, 9, 39] and Na+ [126], loaded into
the parasite cytosol. Fluorescent Ca2+ indicators have been targeted to the
parasitophorous vacuole by their inclusion in the media in which parasite
invasion of the erythrocyte takes place [39]. Fluorescent H+ [30, 97] and Ca2+

[9] indicators have also been loaded into the digestive vacuole, though in the
case of the H+ indicators there has been substantial controversy regarding the
interpretation of the data [101].

The use of fluorescent ion-sensitive dyes has been applied both to intact
parasitized erythrocytes and to isolated parasites. In most cases the former
studies have involved single-cell fluorescence microscopy whereas the latter
have involved the use of parasite suspensions.

2.2
The Physiology of the Parasitized Cell

With the methods outlined above we are gradually acquiring a detailed knowl-
edge of the membrane transport mechanisms underlying the physiology of
the parasitized erythrocyte. Transport pathways that have been character-
ized to at least some extent in the parasite/parasitized cell are represented in
Fig. 2A.
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Fig. 2 Schematic representation of a Plasmodium-infected erythrocyte showing: (A)
those transport pathways that have been characterized to at least some extent in
physiological studies of parasitized cells/parasites; (B) those transport proteins that
have been expressed and their transport properties characterized in a heterologous
expression system; (C) transporters implicated in chloroquine resistance but for which
a transporter function is yet to be demonstrated directly

2.2.1
The Erythrocyte Membrane

It has long been recognized that in erythrocytes infected with mature asexual
stage parasites there is a profound increase in the permeability of the host cell
membrane to a wide range of low molecular weight solutes, including three-
to seven-carbon polyols, amino acids, nucleosides, vitamins, monocarboxy-
lates, and inorganic monovalent anions and cations [41, 59]. The increase is
attributable to what have been termed ‘new permeability pathways’ or NPP.
The NPP are thought to serve a number of important roles in the parasitized
cell. They serve as the major route (and perhaps in some cases, such as those
of pantothenate [93] and glutamate [61], the only route) for the entry into
the infected cell of important nutrients. They provide a pathway for the efflux
from the infected cell of metabolic wastes such as lactic acid (originating
from the parasite’s active glycolysis) and amino acids (originating from the
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parasite digesting hemoglobin in quantities that far exceed its nutritional
requirements; [67]). They also result in an increased leakage of Na+ and K+

across the erythrocyte membrane [104], gradually converting the erythro-
cyte compartment from a low Na+/high K+ environment to a high Na+/low
K+ environment, thereby influencing the parasite’s membrane potential [3]
as well as generating a substantial inward Na+ gradient across the parasite’s
plasma membrane.

Applying Occam’s razor to the results of experiments comparing the ef-
fects of a range of different inhibitors on the parasite-induced transport of
a wide range of solutes led to the hypothesis that the NPPs are a single class of
channel [59], having a broad substrate specificity, but a general preference for
monovalent anions over monovalent cations, with Cl− permeating the chan-
nels several orders of magnitude faster than Na+ and K+. Ginsburg and Stein
have argued recently that the data are better accounted for by the presence of
two types of channels: one present at an estimated four copies per cell, admit-
ting a range of organic solutes, and discriminating against cations; the other
present at hundreds of copies per cell and mediating the flux of monovalent
anions and nucleosides [42]. However their analysis rests on the assumption
that the channels behave strictly as size-selective, water-filled pores and this
is open to question.

Electrophysiological data from Sanjay Desai and colleagues are consistent
with the view that the NPP take the form of a single class of anion-selective
channel. In the first reported patch clamp study of Plasmodium-infected
erythrocytes, using both whole-cell and single channel recordings, Desai et
al. [23] reported the presence in infected cells of a novel, low-conductance,
‘inwardly rectifying’ anion-selective channel showing pharmacological char-
acteristics and substrate-selectivity remarkably similar to those reported pre-
viously for the NPP on the basis of transport and hemolysis measurements.
Subsequent studies from the same group, making quantitative comparisons
between transport rates and conductances [117] and between the effects of
the NPP inhibitor furosemide on transport, hemolysis and conductance [2]
provided further support for the hypothesis that a single channel-type un-
derlies the increased permeability of the infected erythrocyte to anions and
low molecular weight electroneutral solutes.

Thomas and colleagues [32] have also carried out both whole-cell and
single channel recordings and have again reported the observation of a single
anion-selective channel type in parasitized cells, albeit with characteristics
that differ somewhat from those reported by Desai and colleagues. How-
ever, Huber, Lang and colleagues [26, 27, 49], in a series of studies using the
whole-cell recording configuration, have reported the presence in infected
cells of three discrete conductances which they attribute to three different
channel types: an ‘outwardly rectifying’ anion-selective channel; an ‘inwardly-
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rectifying’ anion-selective channel; and a ‘nonselective cation channel’. They
have subsequently presented evidence that the channel underlying the in-
wardly rectifying current observed in their experiments is ClC-2, a member
of a well-characterized family of Cl− channels, and largely impermeable to
organic solutes, whereas the channel underlying the outwardly rectifying
current is permeable to the organic anion lactate, and interacts with polyols
[28, 50]. These data led them to postulate that it is this outwardly-rectifying
channel that underlies the increased permeability of parasitized erythrocytes
to low molecular weight organic solutes [28].

The question of why Desai and colleagues see a single, inwardly-rectifying
anion channel, permeable to organic solutes, whereas Huber, Lang and col-
leagues see multiple conductances, with the outwardly-rectifying anion con-
ductance permeable to organic solutes and the inwardly-rectifying anion
conductance impermeable to organic solutes, is yet to be resolved. In a recent
study, Staines et al. have reported that the nature of the conductances obtained
in whole cell recordings of parasitized human erythrocytes is highly sensi-
tive to the experimental conditions used [105]. In particular, the outwardly-
rectifying anion conductance described by Huber et al. increases several-fold
in the presence of trace amounts of serum in the medium. This may account
for at least some of the discrepancies between the results obtained by dif-
ferent groups. In another recent study Verloo et al. [115] reported that: (1)
whereas erythrocytes taken from normal donors and infected with P. falci-
parumshow a prominent inwardly-rectifying anion current, those taken from
patients with cystic fibrosis and infected with P. falciparum do not; and (2)
infected erythrocytes from normal and cystic fibrosis donors show the same
parasite-induced uptake of at least some lowmolecular weight organic solutes.
The implication here is that the inwardly-rectifying channel observed in the
patch-clamp experiments is not the pathway underlying the increased trans-
port of solutes such as amino acids across the infected erythrocyte membrane.
This is perhaps consistent with the view that it is the more elusive (serum-
dependent) outwardly-rectifying conductance that is the electrophysiological
manifestation of the NPP [106]. However, the findings of Verloo et al. have
been disputed [2].

To summarize, while there is clear evidence for the parasite-induced NPP
serving a number of important physiological roles in the parasitized erythro-
cyte, the number and nature of the pathways involved remains controversial.
Two recent reviews address aspects of the controversy [106, 112]. There is
similar uncertainty about the origin of these pathways, with some groups
providing evidence that similar pathways can be activated in uninfected
erythrocytes exposed to particular stresses or stimuli [32, 49] and another
reporting strain-specific differences in the electrophysiological characteris-
tics of the channel, consistent with, though not proof of, the channel being
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parasite-encoded [2]. The controversies are likely to continue until the pro-
tein(s) involved are identified and either expressed in heterologous systems
or purified and reconstituted into artificial membrane bilayers. The recent
bioinformatic analysis of the P. falciparum permeome [73] did identify one
potential molecular candidate and this awaits experimental characterization.

There is evidence that, in addition to the NPP, there is a number of other
parasite-induced transport pathways present in the parasitized erythrocyte
membrane. Staines et al. have reported the activation in ATP-depleted par-
asitized erythrocytes of a novel Ca2+ transport pathway [102], and the fluo-
rescent dye, lucifer yellow, is taken up into infected cells more rapidly than
into uninfected cells, again via a pathway distinct from the NPP [61]. The
increasing number of reports of parasitized erythrocytes taking up macro-
molecules, including proteins [33], points to the operation of additional up-
take mechanisms operating at the erythrocyte surface, but these are yet to be
characterized.

2.2.2
The Parasitophorous Vacuole Membrane

The PVM enclosing the intraerythrocytic parasite originates from the host
erythrocyte membrane at the time of invasion. As the parasite grows within
the infected cell, the PVM grows with it. Recent experiments with fluorescent
Ca2+ dyes, present in the extracellular medium during invasion and thereby
loaded into the parasitophorous vacuole, indicate that in the hours immedi-
ately following invasion the PVM retains a low Ca2+ permeability, and that the
parasitophorous vacuole has a Ca2+ concentration significantly higher than
that of the erythrocyte cytosol [39], perhaps through the action of Ca2+ pumps
originating from the erythrocyte membrane [13]. However, electrophysio-
logical experiments by Desai and colleagues on mature trophozoite-stage
parasites provide evidence for the PVM enclosing the mature, metabolically
active parasite being rendered freely permeable to solutes with diameters of
up to 23 Å (and molecular weight 1,400 Da) by the presence of high-capacity
and largely nonselective pores [21]. The finding by Nyalwidhe et al. that in
parasitized cells in which the erythrocyte membrane (but not the PVM) is
permeabilized by the pore-forming protein streptolysin O, a normally ‘mem-
brane impermeant’ biotin derivative (600 Da) gains access to parasitophorous
vacuole proteins [80] is consistent with this view.

As with the parasite-induced channels at the erythrocyte surface, the
molecular identity of the broad-specificity pores underlying the high per-
meability of the PVM is unknown.
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2.2.3
The Parasite Plasma Membrane

The parasite plasma membrane is energized through the action of a V-type
H+ ATPase which extrudes H+ from the cytosol, into the parasitophorous
vacuole [46,95]. This pump plays a key role in regulating the cytosolic pH of
the parasite, maintaining it at approximately pH 7.3. It generates a significant
transmembrane pH gradient; the pH in the region of the parasitophorous
vacuole has been estimated as 6.9 [46]. This is lower than the pH in the bulk
erythrocyte cytosol, and it is possible that the pH in the immediate vicinity of
the external surface of the parasite is even lower, and the pH gradient across
the membrane therefore greater than is indicated by the measurements to
date.

The V-type H+ ATPase is also the source of a substantial membrane poten-
tial, estimated to be approximately −95 mV under the ionic conditions that
prevail within the infected cell [3]. The influx into the parasite of K+, via Ba2+-
and Cs+-sensitive K+ channels [3], modulates the membrane potential and
has been postulated to play a role in the volume expansion associated with
parasite growth [4].

A range of nutrient transporters has been characterized in the parasite
plasma membrane. Glucose has been shown to be taken up via an equi-
librative (i.e., nonconcentrative) mechanism [43, 60, 98], attributed to the
hexose transporter PfHT (see below). The essential vitamin pantothenate is
taken up via an electroneutral H+:pantothenate symporter [96] whereas the
phospholipid precursor choline is taken up via an electrogenic transporter
which is energized by the parasite’s membrane potential [10,70] and which
provides the major route of entry into the parasite of a number of cationic
antiparasitic drugs [10]. Lactate, produced by the parasite in large quantities
as a byproduct of anaerobic glycolysis, exits the parasite via an electroneutral
H+:monocarboxylate transporter [20, 35, 56].

An ATP/ADP exchanger at the parasite plasma membrane [16, 55] allows
the parasite to supply ATP to the host cell compartment [55] but can also act
in reverse, allowing the parasite to take up ATP from its external environment
[16, 97].

2.2.4
The Digestive Vacuole

There is limited information available about the physiological properties of
the parasite’s acidic digestive vacuole. There is physiological evidence for
the presence in the digestive vacuole membrane of two distinct H+ pumps:
a V-type H+ ATPase and a H+ pyrophosphatase [97]. Both pump H+ into
the vacuole, though their relative contributions to regulating the digestive
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vacuole pH are unclear. The actual value of the pH in the digestive vacuole
has been, and remains, controversial [12, 101].

The digestive vacuole has also been shown to serve as an intracellular Ca2+

storeand there is evidence fora thapsigargin-andcyclopiazonicacid-sensitive
Ca2+ pump [9]. The physiological role of this store remains unclear.

3
Transport Protein Genes in the P. falciparum Genome

3.1
An Expanding Inventory of Transport Proteins

The original annotation of the P. falciparum genome identified “a very limited
repertoire of membrane transporters, particularly for uptake of organic nutri-
ents” [38]. However, it is questionable whether this reflects a genuine paucity
of such proteins in this organism, or whether it simply reflects shortcomings
in the annotation. Analysis of the P. falciparum genome using a computer
program that searches a genome database on the basis of the hydropathy
plots of the corresponding proteins [17] has led to the identification of a sig-
nificant number of additional putative membrane transport proteins [73].
The approach is based on the observation that the polypeptides comprising
transporter proteins typically possess hydrophobic TMDs and connecting hy-
drophilic, extra-membrane loops that are detected as ‘peaks’ and ‘troughs’,
respectively, in a plot of the ‘hydrophobicity index’ of the polypeptide. Many
transporters characterized to date have between 8 and 14 TMDs [91]. In
searching for additional candidate transporters the P. falciparum genome was
therefore scanned for proteins with seven or more TMDs.

Only 54 transport proteins were identified in the original genome anno-
tation and many of these were designated with generic descriptions such as
‘transporter, putative’, from which no information can be gained about the
probable mechanism of transport or substrate specificity. The hydropathy-
based analysis retrieved a further 55 putative transport proteins, as well
as attributing putative substrate specificities and/or transport mechanisms
to those previously without. This brings the total number of putative/proven
P. falciparum-encoded transport proteins to 109 [73]. Of these, 61 are ‘porters’
(i.e., uniporters, antiporters or symporters; [91]), 29 are primary transporters
(i.e., transporters that utilize biochemical energy to pump solutes against an
electrochemical gradient), 5 are channels and 14 are putative novel transport
proteins of unknown classification. Figure 3 summarizes our current knowl-
edge of the permeome of P. falciparum, including both those transporters
previously identified as such (and having any number of TMDs) and the 55
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Fig. 3 Graphical overview of the permeome of P. falciparum. On the left are transport
proteins with seven or more TMDs, identified through the analysis of the genome
using a computer program that interrogates a genome database on the basis of the
hydropathy plots of the corresponding proteins [17]. These include all of the putative
seven or more TMD transport proteins identified in the original annotation [38], as
well as 55 seven or more TMD transport proteins recently recognized as such [73]. On
the right are transport proteins with six or fewer TMDs, sourced in the most part from
the annotated genome. Black bars denote members of porter families (i.e., uniporters,
symporters and antiporters); dark gray bars denote members of primary transporter
families (i.e., pumps); light gray bars denote members of channel families; and white
bars denote putative transporters of unknown lineage and function

additional (seven or more TMD) putative transport proteins identified in our
recent analysis.

The P. falciparum transport proteins belong to 28 superfamilies and fam-
ilies; examples of these include the major facilitator superfamily, of which
the PfHT [124] is a member, and several major facilitator superfamily-related
families (such as the glycoside-pentoside-hexuronide:cation symporter fam-
ily, of which the parasite has one member). Another large family of porter
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proteins, the drug/metabolite superfamily, is also well represented in the
P. falciparum genome and includes the ‘chloroquine resistance transporter’
(PfCRT) [74, 113]. There are nine members of the mitochondrial carrier (MC)
family and members of other, more minor porter families, including the equi-
librative nucleoside transporter family, to which the P. falciparum nucleoside
transporter (PfNT1; [14, 81]) belongs. There is a plethora of putative pri-
mary active transporters encoded in the parasite genome, including proteins
of the ATP-binding cassette superfamily e.g., ‘P-glycoprotein homologue 1’
(Pgh1), encoded by the parasite’s PfMDR1 gene; [37, 122], the P-type ATPase
superfamily, the H+-translocating pyrophosphatase family [75] and the H+-
or Na+-translocating F-type and V-type ATPases [57, 58]. By contrast, only
a limited number of parasite-encoded channels (five) has been identified thus
far; these include the aquaglyceroporin (PfAQP; [45]), a putative K+ channel
of the voltage-gated ion channel superfamily [34] and a homolog of an un-
usual bifunctional protein that contains an amino-terminus K+ channel and
a carboxyl-terminus adenylyl cyclase [121].

The newly designated proteins include candidate transporters for nutrients
such as sugars, amino acids, nucleosides and vitamins. There are also trans-
port proteins predicted to be involved in maintaining the ionic composition of
the cell and in the extrusion of metabolic wastes such as lactate. This enrich-
ment in the repertoire of P. falciparum-encoded transport proteins indicates
that the parasite permeome is not as impoverished as originally thought. For
instance, in the original analysis of the genome data it was proposed on the
basis of the apparent absence of an obvious amino acid transporter, that the
intraerythrocytic parasite must all but rely upon the ingestion and digestion
of host hemoglobin for its supply of amino acids [38]. However, the discov-
ery of several putative amino acid transporters [73], along with the previous
observation that the parasite has an essential requirement for the exogenous
supply of several amino acids (including isoleucine, which is absent from hu-
man hemoglobin) [24], indicates that this is unlikely to be the case. It was also
reported that “no clear homologues of eukaryotic sodium, potassium or chlo-
ride ion channels could be identified” [38]; however, two putative potassium
channels have since been cloned [34, 121] and there are an additional two
putative ion channels identified in the genome [73; Allen RJW, unpublished].

A number of the P. falciparum proteins retrieved with seven or more TMDs
bear no significant sequence similarity to any other proteins (transporters
or otherwise) characterized previously. They do, however, have hydropathy
plots that are similar to those of known transport proteins, consistent with the
hypothesis that they too are transporters. Within this group is a set of related
proteins that form a novel family of putative transporter proteins specific to
Plasmodium [73] and which may therefore represent new antimalarial drug
targets.
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3.2
Predicting the Cellular Localization of P. falciparum Transport Proteins

Many transport proteins are located at the surface of the cell, where they
mediate the flux of solutes across the plasma membrane. Other transport
proteins are found in the membranes of intracellular compartments such as
those of the apicoplast, mitochondrion and organelles of the secretory path-
way. The likely destination(s) within the cell of a given transporter can often
be inferred by signals present in its polypeptide sequence and/or by its close
homology to a transport protein of a known cellular localization. For exam-
ple, the signal peptide required for the targeting of nuclear-encoded proteins
to the parasite’s apicoplast has been elucidated [119, 129] and a number of
P. falciparum transport proteins contain this type of signal. These putative
apicoplast transporters include the parasite homolog of the plant chloroplast
phosphoenolpyruvate:Pi antiporters. Likewise, the nine parasite MCs contain
putative signals for the targeting of these transporters to the mitochondria.
One of these, the putative phosphate carrier protein (MPC), has been cloned
and shown experimentally to possess mitochondrial targeting signals [8].
Several transport proteins are dedicated to performing specialized tasks in
the secretory pathway and specific ‘retention’ motifs participate in the sorting
of these proteins between the membranes of the endoplasmic reticulum and
the various Golgi compartments [48, 111]. The parasite’s putative nucleotide
sugar transporters, such as the UDP-galactose:UMP antiporter homologue
(which contains a retention motif), are predicted to be residents of these or-
ganelles. In the absence of any targeting signals or sorting motifs, membrane
proteins are usually destined to follow the ‘default’ pathway and travel through
the secretory pathway to the plasma membrane [90].

3.3
Future Work

Although the analysis summarized here has increased significantly the num-
ber of transport proteins predicted to be present in P. falciparum, it is very
likely that more parasite-encoded transport proteins remain to be uncovered.
Search criteria were targeted towards identifying transporters with seven or
more TMDs; however, many of the polypeptides which form ion channels
possess six or fewer TMDs and several types of transporters also contain six
or fewer TMDs. The fact that four putative channels (two putative K+ channels
[34, 121] and two other putative ion channels, both with seven or more TMDs)
have been identified [73; Allen RJW, unpublished] indicates that these types
of transport proteins are indeed present in the P. falciparum permeome.

The identification of genes and the prediction of intron–exon structures
in the P. falciparum genome are still being refined (e.g., [51]). For a number
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of the previously unannotated transport proteins there were inappropriate
predictions for the 5′ end and intron–exon boundaries and it is this that led to
their being overlooked in the original annotation process. Subsequent revi-
sions of the genome data, by using the latest gene-finding tools, comparative
genomics and the integration of full-length cDNA sequences, should improve
the existing annotation of the genome and this, in turn, may lead to further
additions to the P. falciparium permeome.

4
Subcellular Localization of Membrane Transport Proteins
in the Parasitized Erythrocyte

The majority of P. falciparum genes, including most of those expressing pu-
tative transport proteins, are expressed (at least at the mRNA level) during
the intraerythrocytic phase of the parasite lifecycle [11, 73]. For only a few of
the putative transport proteins has their subcellular localization been inves-
tigated. In most cases this has involved low-resolution, immunofluorescence
studies, though for a small number of proteins there have been studies done
at higher resolution using immunoelectron microscopy. As the number of
such studies increases we will gradually acquire a ‘physiological atlas’ of the
parasitized erythrocyte.

In early work on the P. falciparum V-type H+-ATPase, immunofluores-
cence using antibodies raised against the B subunit showed a heterogeneous
distribution over most of the parasite [58]. Similarly, immunofluorescence
studies of the localization of the parasite’s aquaglyceroporin, PfAQP gave im-
munostaining covering the whole of the parasite “with some bright patches
around the rim” but none in the host erythrocyte [45].

Immunofluorescence microscopy using antibodies against the parasite’s
putative type I pyrophosphatase (PfVP1) showedfluorescence associatedboth
with the parasite plasma membrane and punctate intracellular inclusions, but
not with the parasite’s digestive vacuole [72, 75]. Similar results were obtained
with a PfVP1–green fluorescent protein fusion. The localization data are at
odds with the physiological and biochemical evidence for the presence of
a type I H+-pumping pyrophosphatase on the digestive vacuole membrane
[97], as well as the lack of any physiological evidence for a functional H+-
pumping pyrophosphatase on the parasite plasma membrane [3, 97].

PfHT has been localized to the region of the parasite surface using im-
munofluorescence [86, 124], and the same is true of the putative plasma mem-
brane Ca2+ ATPase, PfATP4 [29], and the parasite’s nucleoside transporter,
PfNT1 [86]. Using immunoelectron microscopy Rager et al. have localized
PfNT1 predominantly, if not exclusively, to the parasite plasma membrane,
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and not to the parasitophorous vacuole or host erythrocyte membranes [86],
and in the same study it was shown using immunofluorescence that PfHT
co-localized with PfNT1 on the plasma membrane of parasites at the mature
schizont stage. These findings lend support to the prevailing view that the
mature parasite regulates the efflux and influx of solutes, and hence its in-
ternal composition, at the level of its plasma membrane, rather than at the
PVM.

In a recent study a putative P. falciparum copper ATPase has been im-
munolocalized, using both immunofluorescence and electronmicroscopy, to
both the parasite and the region of the erythrocyte surface [87].

The two putative transport proteins involved in chloroquine resistance,
Pgh1 and PfCRT have been localized primarily (in the case of Pgh1) or ex-
clusively (in the case of PfCRT) to the parasite’s digestive vacuole, using both
immunofluorescence [19, 36] and immunoelectron microscopy [18, 19].

5
Heterologous Expression of Plasmodium-Encoded Transport Proteins

Heterologous expressionofmembrane transport proteins in a functional form
is often more difficult than expressing soluble proteins; not only must the
proteins be synthesized and folded correctly, they must proceed through the
secretory pathways where they undergo (often species-specific) translational
modifications, and then need to be targeted to an appropriate membrane.
In the case of Plasmodium membrane proteins this presents particular chal-
lenges as the parasite possesses unique trafficking pathways in addition to
the secretory pathway, and it is not to clear to what extent species-specific
proteins are involved in the classical secretory pathway.

Most attempts to express Plasmodium transporters in a heterologous sys-
tem have involved either Xenopus laevis oocytes or yeast.

5.1
X. laevis Oocytes

Since its initial validation as an expression system for membrane transport
proteins [47] the X. laevis oocyte has been used in numerous studies as
an expression system for transporters and channels from animals, plants,
a variety of lower eukaryotes, as well as prokaryotes.

The first evidence that oocytes might provide a suitable system for the
expression of Plasmodium transport proteins came from the observations of
Penny et al. [83] that 3 days after injection of oocytes with 50 ng poly(A)-RNA
isolated from asexual-stage P. falciparum, the oocytes showed increased up-
takeof 2-deoxyglucoseandd-adenosine.Thehexose transporterPfHT,having
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approximately 50% similarity to some members of the GLUT family of hexose
transporters, was subsequently identified from the P. falciparum genome data
base, cloned, and expressed in Xenopus oocytes [124]. Orthologs of PfHT
have been identified in other Plasmodium species [52, 54]. Like other mem-
bers of the GLUT family, PfHT is a Na+-independent hexose transporter. It has
a relatively high affinity for d-glucose, with a Km of 0.48 mM, and transport
of d-glucose and 2-deoxyglucose via PfHT is inhibited by d-mannose, 3-O-
methylglucose and cytochalasin B [124], as well as by a number of long-chain
O-3 hexose derivatives [53].

Two groups have reported the cloning and functional expression in oocytes
of a P. falciparum nucleoside transporter, designated PfNT1 [14] or PfENT1
[81]. The two studies differed significantly in the reported properties of the
transporter. Carter et al. measured a Km of 13 µM for adenosine, while Parker
et al. reported a Km of 320 µM. Carter et al. reported that the transporter
was unable to transport nucleobases, whereas Parker et al. reported that
it transported nucleobases efficiently, with Km values similar to that for
adenosine, as well as accepting the antiviral nucleoside analogues 3′-azido-
3′-deoxythymidine, 2′,3′-dideoxycytidine and 2′,3′-dideoxyinosine, none of
which are transported by mammalian equilibrative nucleoside transporters.
Carter et al. reported the transporter to be inhibited by 10 µM dipyridamole,
whereas in the study by Parker et al. it was not. Preliminary studies from our
own laboratory have essentially reproduced the findings of Parker et al. with
regard to substrate specificity (M.J. Downie, unpublished results). Parker et
al. also showed PfNT1-mediated adenosine transport to be largely pH inde-
pendent and unaffected by removal of Na+, consistent with PfNT1 being an
equilibrative transporter.

Oocytes show a limited water permeability that can be increased dramati-
cally by the expression of aquaporin water channels [1]. The increased water
permeability is usually assayed by videocapture of the increasing oocyte size
after incubation in hypotonic solutions. This approach was used successfully
to identify a P. falciparum member of the aquaporin family (PfAQP) [45]. The
aquaporin family is divided into classical aquaporins, which are water-specific
channels and aquaglyceroporins, which mediate the permeation of glycerol
and a number of other small solutes, but have low water permeability. The
sequence of the Plasmodium aquaporin is more closely related to that of the
Escherichia coli glycerol facilitator (a prototypical aquaglyceroporin) than to
those of mammalian aquaporins [45]. Expression of PfAQP in oocytes induces
an increase of water permeability, which is comparable to that induced by rat
AQP1. Surprisingly, the glycerol permeability of PfAQP is even higher than
that of the rat aquaglyceroporin AQP3. Thus it appears that PfAQP allows the
rapid transport of both water and glycerol, a feature that distinguishes it from
its mammalian counterparts. PfAQP is also permeable to urea and to larger
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polyols such as erythritol (C4) and xylitol (C5). Polyols with more than five
carbon atoms are impermeant. It has been speculated that a dual-function
aquaglyceroporin has evolved in an effort to minimize the number of proteins
required for parasite growth [45]. The apparent lack of any other aquaporin
in the P. falciparum genome is consistent with this view.

Two Ca2+-ATPases from Plasmodium, designated PfATP4 and PfATP6,
have been expressed in oocytes [31, 65]. In both cases the activity was iden-
tified as a Ca2+-dependent increase of ATPase activity, about two- to fourfold
above that of noninjected oocytes. Sequence similarity and inhibition by
vanadate are consistent with both PfATP4 and PfATP6 being P-type ATPases.
Sequence analysis further suggests that PfATP4 represents a new subclass
of Ca2+-ATPases, and this is supported by its pharmacological properties.
Notably, the enzyme is resistant to thapsigargin, an inhibitor of sarcoplas-
mic/endoplasmic reticulum Ca2+-ATPases (SERCAs). This, together with the
results of immunofluorescence studies [29], suggests that PfATP4 is a plasma
membrane Ca2+-ATPase, albeit perhaps not exclusively. By contrast, PfATP6
is more closely related to SERCAs and is also inhibited by thapsigargin as
well as by artemisinins, prompting the proposal that inhibition of PfATP6
underlies the antiplasmodium action of this potent and important class of
antimalarials [31].

In a very recent study Lanzer and colleagues have reported that expres-
sion of PfCRT in Xenopus oocytes results in a depolarized resting membrane
potential and an increased cytosolic pH [79]. The membrane depolarization
was attributed to activation of an endogenous nonselective cation conduc-
tance, and the increased pH to increased activity of the endogenous Na+/H+

exchanger. On the basis of these observations it was proposed that PfCRT
serves to activate/modulate the activity of other transport proteins, though
whether it has such a role in situ remains to be seen.

Xenopus oocytes clearly provide a suitable system for the expression of
at least some Plasmodium transport proteins, and those Plasmodium trans-
porters that have been successfully expressed in oocytes show transport rates
of a similar magnitude to those seen for their mammalian homologs. It should
be emphasized, however, that functional expression of a number of trans-
porters has been attempted without success (unpublished results). There is
a number of reasons why these attempts may have been unsuccessful [64]:

– The predicted sequences may be incomplete.

– The appropriate substrates may not have been identified.

– The mRNA may not be translated efficiently, or is degraded.

– The protein may be misfolded or degraded.
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– The protein may not be targeted to the oocyte plasma membrane.

– The polypeptide may be part of a heteromeric complex.

– The transporter may be inactive due to a lack of, or incorrect, post-
translational modifications, or the absence of a regulatory ligand.

Of these, only the third possibility listed has been investigated to any
extent. Many laboratories now routinely use vectors for the generation of in
vitro transcribed RNA that contain the 5′ and 3′ untranslated region of the
Xenopus β-globin. Similarly, a Kozak consensus sequence [63] before the start
codon appears to be beneficial for expression of transporters in oocytes. Both
manipulations have been shown to enhance the translation of mammalian
cRNA in numerous studies, and this has also been shown to be true for the
Plasmodium transporter PfHT [125]. Once injected, the in vitro transcribed
capped mRNA is stable for several days (unpublished observation).

One factor that is often cited as underlying difficulties in the expression
of P. falciparum proteins in heterologous systems is the extreme AT-bias of
the P. falciparum genome and the consequent disparity in codon usage be-
tween Plasmodium and the organism being used for heterologous expression.
However, a comparison of the sequences of those transporters that have been
expressed successfully in Xenopus oocytes with those that have proven more
difficult does not reveal any significant difference in codon usage. More likely
reasons for failures to express Plasmodium transporters are misfolding or
mistargeting of the proteins. A systematic study of this issue is overdue.

5.2
Yeast

Yeast has many advantages as a heterologous expression system: large volumes
of yeast can be grown rapidly and cheaply and can produce high yields of
recombinant protein; yeast is readily amenable to genetic manipulations; and
it performs many of the post-translational protein modifications typically
found in secreted proteins of higher eukaryotes, such as glycosylation and
disulfide bond formation. This expression system is therefore suitable for
many applications including production of high levels of proteins for vaccines,
expressionandcharacterizationofheterologousproteins, anddrug screening.
Most heterologous expression studies in yeast involve the use of vectors with
strong promoters either in baker’s yeast, Saccharomyces cerevisiae or the
methylotrophic yeast, Pichia pastoris.

Despite these advantages, only a limited number of proteins from Plasmod-
ium have been expressed in yeast and most of these are not transporters. The
AT-richness of the P. falciparum genome may present a particular problem
for expression of P. falciparum proteins in yeast. It has been suggested that
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AT-rich sequences may cause premature termination of transcription in yeast
by mimicking polyadenylation signals [77], and the presence of truncated
transcripts has been demonstrated in at least one case [77]. Consistent with
this, Plasmodium sequences have mostly been found to produce low, often
undetectable, levels of protein in yeast [77, 99, 123, 127, 128] although most
studies have not determined whether this is a transcriptional or translational
problem. Both problems could potentially be overcome by resynthesizing the
gene so that the AT content is reduced and the extended poly-A stretches
replaced by alternative (GC-rich) codons. In several cases involving soluble
proteins and membrane proteins, the level of protein expression in yeast has
been improvedby this strategy [77, 99, 123, 127, 128].AswithXenopusoocytes,
however, codon usage is clearly not the only consideration as the same resyn-
thesized gene may function much better in P. pastoris than in S. cerevisiae
[77,128], despite the two yeast strains having similar codon usage.

The high levels of expression obtained from most standard yeast expres-
sion systems may overload the secretory pathway, reducing plasma membrane
expression [15, 44]. At least some Plasmodium proteins are trafficked through
the secretory pathway of yeast; there have been some examples of secreted
proteins being produced as potential vaccine candidates [77, 127]. However,
these proteins are not membrane-localized. Interestingly, the three integral
membrane proteins from Plasmodium that have been successfully expressed
in yeast are all localized to internal membranes in the parasite. Two of these,
PfCRT [128] and Pgh1 [116], are digestive vacuole membrane proteins. The
third expressed membrane protein is PfGatp [99], an enzyme involved in
glycerolipid synthesis and found in the endoplasmic reticulum membrane
of the parasite. When expressed in yeast, Pgh1 and PfGatp were localized
predominantly to internal membranes [99, 116] while in one study, PfCRT
was modified at the N terminus to allow plasma membrane localization [128].
The nature of this modification was not described. In a preliminary report of
another study, unmodified PfCRT was described as being found in internal
membranes [110]. It is not clear whether trafficking of plasma membrane
proteins from Plasmodium represents a serious limitation to expression stud-
ies in yeast or whether these results simply reflect the fact that expression of
so few membrane proteins has been attempted.

The expression of Pgh1 in S. cerevisiae is one of the few examples of
successful expression in yeast of a gene consisting of the native Plasmodium
DNA sequence [116]. Expression of Pgh1 was detected as complementation
of a yeast mutant deficient in Ste6, which is responsible for export of the
peptide pheromone, a-factor. The yeast mutant is sterile and is unable to
mate. Pgh1 was able to restore mating function while a mutant version of
Pgh1 was not. Export of the a-factor was demonstrated using a quantitative
pheromone assay on the culture supernatant, suggesting that Pgh1 has the
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ability to transport peptides. Both Pgh1 and Ste6 were suggested to function in
internal membranes with thea-factor being released by endocytosis. However
it cannot be concluded from these results that a peptide is the natural substrate
for Pgh1 as other homologous drug resistance transporters have also been
found to complement Ste6 mutants [88] and these transporters generally
exhibit broad substrate specificity.

Codon-optimized PfCRT was expressed in both S. cerevisiae and P. pastoris.
It was expressed at significant levels in both yeasts but at higher levels in
P. pastoris, whereas the endogenous sequences failed to produce detectable
PfCRT protein [128]. Inside-out plasma membrane vesicles were prepared
from P. pastoris and used to analyze pH gradient formation under various
conditions. It was suggested that PfCRT mediates passive Cl− movement
either directly or indirectly and therefore has a role in maintenance of the
pH gradient across the digestive vacuole membrane in the parasite. A mutant
formof the transporter associatedwith chloroquine resistancewas reported to
show increased proton pumping, consistent with more efficient Cl− transport.
However, there was no attempt to measure chloroquine transport.

In another study, published in abstract form, a resynthesized PfCRT gene
was expressed in P. pastoris and it was found that membrane vesicles derived
from the transfected yeast strain could accumulate chloroquine [110]. A mu-
tation in PfCRT that confers chloroquine resistance reduced the accumulation
of chloroquine in yeast membrane vesicles. Further studies will be required to
determine whether PfCRT transports chloroquine directly, or has an indirect
role in mediating chloroquine accumulation in the digestive vacuole.

6
Manipulation of Gene Expression in the Parasite

The difficulties inherent in the expression and characterization of Plasmod-
ium transport proteins in heterologous systems raise the possibility that, for
at least some such proteins, the best system in which to demonstrate func-
tion might actually be the parasite itself. As outlined in Sect. 2, methods
for measuring membrane transport processes in the parasite are well devel-
oped and the combination of these with techniques for manipulating gene
expression in the parasite represents an attractive way forward for ‘functional
permeomics’ (i.e., ascribing function to genes encoding proteins involved in
membrane permeability). Recent years have seen significant advances in our
ability to manipulate gene expression in the parasite, though there are, as yet,
few examples of the application of these methodologies to demonstrate or
characterize transport protein function.
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6.1
Mutation of Transporters

In situ manipulation of transporters in P. falciparum has so far only been
carried out for Pgh1 and PfCRT. An allelic exchange approach has been
used to make specific amino acid substitutions in these two proteins, and to
demonstrate thereby their involvement in chloroquine resistance [89, 100].
A similar strategy could be employed to study the significance of specific
mutations in other transporters. The method could be applied to essential
transporters in situ, providing that the mutations intended for study do not
result in a complete loss of function. It should, for example, be possible
to replace the glutamine at position 169 to an asparagine (Q169N) in the
P. falciparum hexose transporter, PfHT. This mutation has been shown, using
Xenopus oocytes, to abolish the fructose transport capacity of the transporter,
while leaving the glucose transport capacity unaltered [125, 120]. If, as has
been proposed [53, 52], PfHT is the only hexose transporter in the parasite
plasma membrane, parasites bearing the Q169N mutation in PfHT should
grow normally in media containing glucose as the hexose source, but should
differ from wild-type parasites in their ability to grow on media containing
fructose as the sole hexose source.

6.2
Knockout of Transporters

Targeted gene deletion has been achieved in P. falciparum by double crossover
recombination [25]; however this is yet to be achieved for any transport pro-
tein. The knockout of specific transporters offers significant benefits in estab-
lishing function but this strategy presents obvious problems if the transporter
plays an essential role in the parasite.

Under certain circumstances knockout of a transporter which plays an
essential role in nutrient uptake may be achieved if the substrate for the
transporter is known (e.g., from sequence homology), and if the substrate is
able to cross the membrane via an alternative route. In such instances, it may
be possible to knock out an essential transporter, provided the parasites are
supplementedwithhighconcentrationsof the (putative) substrate, ashasbeen
demonstrated in other systems [108, 109]. Alternatively, it may be possible
to circumvent the role of the transporter by supplementing the medium with
downstream metabolites of the relevant (essential) substrates, provided they
have a route of entry into the parasite.

Another approach could involve replacing the gene encoding the trans-
porter of interest with a gene from a different organism that is known to
have the same function, but which has significantly different transport char-
acteristics from those of the Plasmodium transporter. For example, P. fal-
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ciparum parasites transport pantothenate (an essential nutrient) across the
parasite plasma membrane via a low affinity, electroneutral, H+/pantothenate
symporter [96]. The gene predicted to be responsible for the transport of
pantothenate into the parasite could, for example, be replaced with the hu-
man multivitamin transporter [120], which is a high affinity, electrogenic
2Na+/pantothenate symporter [84, 85, 120]. A difference in pantothenate
transport characteristics should, in principle, be readily discernable under
these conditions and would establish the function of the deleted gene. There
are, however, a number of significant challenges that are likely to arise in us-
ing such an approach, including problems associated with post-translational
modifications and trafficking of the foreign transporter to the correct parasite
membrane.

6.3
RNAi-Mediated Knockdown of Transporters

There are a number of recent reports of the use of RNA interference (RNAi)–
the degradation of specific gene transcripts, resulting in decreases in protein
levels, using homologous double-stranded RNA–to decrease the level of ex-
pression of a number of proteins in Plasmodium species [68, 71, 76, 78].
Whether the data in these papers were a result of genuine RNAi or nonspecific
effects, has recently been called into question, partly because of the apparent
absence in the Plasmodium databases of genes that are known to be neces-
sary for the RNAi pathway to be active [114]. If the initial reports suggesting
that RNAi is feasible in P. falciparum are vindicated, the technique has the
potential of bypassing a lot of the problems associated with studying trans-
porters that are essential for parasite growth. It may be possible, for example,
to knockdown an essential transporter to sufficiently low levels that a mea-
surable transport defect is detected without causing a significant decrease in
cell viability. RNAi would also greatly decrease the length of time required to
achieve gene knockdown when compared to alternative methods.

6.4
Knockdown of Transporters Using Allelic Exchange

Introduction of a truncated 3′-untranslated region into the functional locus of
the gene encoding PfCRT resulted in a 30%–40% decrease in the level of pro-
tein [118]. Similar strategies could potentially be used for other transporters,
and may have to become the method of choice for such experiments if RNAi
proves to be impractical in Plasmodium.
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7
Conclusions

In this chapter we have tried to present an overview of the range of different
approaches that are being used to investigate the permeome of the malaria
parasite. Interest in this area is increasing, not least because the proteins
involved are not only potential antimalarial drug targets in their own right,
but provide routes by which antimalarials can be targeted to the parasitized
erythrocyte and the parasite within [10, 40, 94, 107]. Transport proteins are
known to play a key role in antimalarial drug resistance, either through
their ability to transport drugs away from their principal site of action or by
influencing the electrochemical ion gradients that energize the accumulation
of drugs in the relevant compartments within the infected cell.

Working with membrane transport proteins is not straightforward, and
this is particularly true for those of the malaria parasite. Transport measure-
ments in parasitized cells are made difficult by the multi-membrane nature
of the infected erythrocyte and the consequent inaccessibility of the parasite.
Heterologous expression of Plasmodium proteins in general, and Plasmodium
transport proteins in particular is difficult, for reasons that are not always
clear. Manipulation of the level of gene expression in the parasite itself is dif-
ficult, and still relatively inefficient; the techniques involved are still in their
infancy and there are as yet very few examples of their application to the study
of transporters and channels. Nevertheless, with improvements in the tech-
niques available, improvements in genome annotation, and advances in our
understanding of the nature of the difficulties associated with the functional
expression of Plasmodium transporters and channels there should be very
significant progress made in this area over the coming years.
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Abstract The Plasmodium ookinete is the developmental stage of the malaria para-
site that invades the mosquito midgut. The ookinete faces two physical barriers in the
midgut which it must traverse to become an oocyst: the chitin- and protein-containing
peritrophic matrix; and the midgut epithelial cell. This chapter will consider basic as-
pects of ookinete biology, molecules known to be involved in midgut invasion, and
cellular processes of the ookinete that facilitate parasite invasion. Detailed knowl-
edge of these mechanisms may be exploitable in the future towards developing novel
strategies of blocking malaria transmission.

Abbreviations
CTRP Circumsporozoite- and TRAP-related protein
WARP von Willebrand A-domain-related protein

1
Overview of Ookinete Biology

The Plasmodium ookinete is the stage of the malaria parasite that invades
the midgut of its definitive host, the mosquito (Fig. 1). After a mosquito
takes an infectious blood meal, gametocytes are stimulated to form male
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Fig. 1A,B The biology of the malaria parasite within the mosquito midgut. A Devel-
opment stages of Plasmodium within the mosquito midgut. After ingestion of game-
tocytes (1), exflagellation (2), and fertilization to produce a zygote (3), the ookinete
(4) develops over 15–24 hours, then migrates out of the blood meal, first crossing the
chitin-and protein-containing peritrophic matrix (5), then penetrates midgut epithe-
lial cells and comes to rest on the lumenal aspect of the basement membrane to form
an oocyst (6), from which sporozoites (7) develop that migrate to the salivary glands
(8). B Ookinete penetration of the peritrophic matrix. The parasite is exiting the blood
meal on the left, producing chitinase to focally disrupt the peritrophic matrix, en route
to the microvilli of the midgut epithelial surface seen at right. From Sieber KP, Hu-
ber M, Kaslow D, Banks SM, Torii M, Aikawa M, Miller L. The peritrophic membrane
as a barrier: its penetration by Plasmodium gallinaceum and the effect of a monoclonal
antibody to ookinetes. Exp Parasitol. 1991 Feb;72(2):145–56

and female gametes (micro- and macrogametes, respectively) induced by
an obligatory drop in temperature from the vertebrate body temperature
to ambient temperature, and optimized in the presence of appropriate pH,
biocarbonate (Kaushal et al. 1983a), and the presence of a small molecule
trigger, xanthurenic acid (Billker et al. 1998, 2000). The ookinete emerges from
the zygote, differentiating over a period of 12–20 h after fertilization during
a process poorly understood at the molecular level. During its time within the
lumen of the mosquito midgut, the malaria parasite is in its definitive stage:
two haploid genome complements are present in the zygote, and during the
zygote to ookinete transformation, at some point, still not worked out in
detail, genetic recombination and reductive division returning the parasite to
the haploid state take place. The ookinete is motile, using what is assumed to
be a process of gliding motility similar to that of the sporozoite to invade the
midgut; circumsporozoite- and TRAP-related protein (CTRP) is one ookinete
molecule involved in gliding motility of this parasite developmental stage
(Dessenset al. 1999;Templetonetal. 2000).Toarrive successfullyat the luminal
side of the basement membrane of the midgut where it will arrest, round up
and begin its development program as an oocyst, the ookinete must penetrate
at least two physical barriers: the chitin- and protein-containing peritrophic
matrix; and the midgut epithelial cell surface. This process is inefficient,
with only a fraction of the 100–1,000 gametocytes transforming into tens of
ookinetes, then a few oocysts. Nonetheless, even one oocyst can subsequently
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produce thousands of salivary gland sporozoites (Alavi et al. 2003) so that this
inefficient process still yields mosquitoes capable of continuing to transmit
malaria. The proteolytic milieu of the mosquito midgut and soluble and
intracellular mosquito innate immune defenses target zygotes and ookinetes,
reducing infectivity of the parasite for the mosquito.

A substantial body of experimental evidence suggests that mosquito
midgut stage parasites–from gametes to zygotes to mature ookinetes–may
be immunologically targeted in transmission-blocking vaccine strategies
Ever since the seminal demonstrations of Gwadz (Gwadz 1976) and Carter
and Chen (Carter 1976) that parasite invasion of mosquitoes can be blocked
by antibodies induced by vaccination against gametes, the study of the
sexual stages of the malaria parasite has been dominated by delineating
surface molecules as potential transmission-blocking vaccine candidates
(Kaushal et al. 1983b; Rener et al. 1983; Vermeulen et al. 1985). With regard
to human malaria, the basic strategy was to prepare hybridomas from mice
vaccinated with Plasmodium falciparum gametes and zygotes, and to use
indirect immunofluorescence to screen for hybridomas secreting monoclonal
antibodies reacting with the surface of gametes and zygotes (Kaushal et al.
1983b; Rener et al. 1983; Vermeulen et al. 1985). This strategy led to the
molecular identification of the first validated transmission-blocking target,
a zygote/ookinete GPI-anchored surface protein, Pfs25, which has a predicted
secondary structure including four epidermal growth factor-like domains
of otherwise unknown function (Kaslow et al. 1988). Other transmission-
blocking target proteins were identified with the same approach: Pfs28,
Pfs230, Pfs48/45 (Kaslow 1993). Antibodies to these zygote proteins impaired
or completely blocked P. falciparum invasion of the mosquito midgut as
assessed by a standard membrane feeding assay. In this assay, infectious
blood meals including in vitro cultivated mature P. falciparum gametocytes
are fed to mosquitoes through water-jacketed glass feeders, which maintain
the temperature of the blood meal at 37°C and allow the mosquitoes, housed
in individual cartons topped by screens, to feed through a Parafilm or animal
skin artificial membrane. At the end of approximately 1 week, midguts are
dissected from infected mosquitoes and oocysts enumerated to compare
control and experimental antisera.

This review will focus on mechanisms by which the ookinete invades the
mosquito midgut, including the following considerations: barriers to inva-
sion presented by the mosquito to the Plasmodium midgut stages; mecha-
nisms of transmission-blocking immunity; processes of the parasite involved
in parasite invasion and the mosquito response to these processes; and cur-
rent approaches to exploiting knowledge of potential transmission-blocking
targets of intervention against the parasite in the midgut, including the pro-
duction of Plasmodium-refractory transgenic mosquitoes. A central theme
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in studying Plasmodium ookinete biology is that molecules that are targets
of blocking parasite infectivity for mosquitoes will have important biolog-
ical functions in parasite–mosquito interactions. Therefore, one approach
to studying Plasmodium ookinetes is to validate the importance of ookinete
secreted and surface molecules as transmission-blocking targets (whether in-
hibited by antibodies or chemicals). Such observations provide the basis for
detailed mechanistic pursuits of how these molecules function in ookinete
biology, towards the long-term goal of developing novel methods of malaria
control through blocking transmission to mosquitoes.

2
Barriers Presented by the Mosquito Midgut to Plasmodium Invasion

Within the mosquito midgut there are two main physical barriers to parasite
invasion: the chitin- and protein-containing peritrophic matrix; and the ep-
ithelial surface itself. Morphologically mature ookinetes and their invasion of
midgut epithelial cells begins approximately 24 h post bloodmeal ingestion
(Sieberet al. 1991;Torii et al. 1992), at least forP. falciparumandP. gallinaceum,
with maximal invasion at approximately 30–35 h. Timing of invasion is sub-
stantially earlier with P. yoelii (Vaughan et al. 1994a) and P. berghei (Limviroj
et al. 2002; Sinden and Canning 1972), with mature ookinetes appearing by
6–8 h post bloodmeal ingestion. This earlier appearance of ookinetes may
explain quantitative differences in the effect of knocking out the chitinase
genes of P. falciparum and P. berghei (Dessens et al. 2001; Tsai et al. 2001).
The peritrophic matrix is incomplete or thinner when P. yoelii and P. berghei
first develop into mature ookinetes, so that the peritrophic matrix might
present less of a barrier to ookinete penetration by these Plasmodium spp.
than the thicker, mature peritrophic matrix presents when P. falciparum and
P. gallinaceum invade.

It remains unclear whether infection of mosquitoes by Plasmodium spp.
reduces insect fitness, either in a natural parasite–mosquito combination
such as P. falciparum–Anopheles gambiae under field conditions (Hogg and
Hurd 1997) or unnatural combinations performed experimentally in the lab-
oratory setting (Ferguson et al. 2003; Ferguson and Read 2002). Both oocyst
and sporozoite development may affect mosquito fitness. Mosquitoes have
been reported to limit sporozoite development (Luckhart et al. 1998), but not
ookinete development, by induction and secretion of nitric oxide. As a lead-
ing ookinete investigator has framed this issue, “How have the natural innate
defences of the insect failed?” or “What mechanisms has the parasite used to
overcome these defences?”(Sinden et al. 2004). Understanding mechanisms
by which the mosquito resists Plasmodium spp. invasion or those that the par-
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asite uses to allow for successful invasion are key for the further development
of strategies to prevent mosquito transmission of malaria.

2.1
Biochemical Barriers

Successful development of zygotes to ookinetes within the bloodmeal is in-
efficient for a variety of reasons that reflect the complex milieu that the par-
asite encounters within the midgut. Nonspecific factors inhibiting parasite
development in the midgut include vertebrate-derived factors such as bicar-
bonate ion, lactate, complement, granulocytes and mononuclear cells that are
capable of activation by cytokines and ligand-engaged pattern-recognition
associated molecules, and transmission-blocking antibodies that may arise
naturally during the course of chronic endemic malaria exposure. Mosquito-
related factors that reduce the number and quality of invading parasites in-
clude two well-established mechanisms allowing mosquitoes to resist midgut
invasion: melanization of ookinetes within the epithelial wall (Collins et al.
1986) and intra-epithelial lysis of invading ookinetes (Vernick et al. 1999).
While mosquito genetic loci associated with melanotic encapsulation have
been identified (Zheng et al. 1997), the molecular mechanisms underlying
these phenotypes continue to be elucidated, and involve peroxidase and other
biochemical pathways (Kumar et al. 2003, 2004; Niare et al. 2002), as well as
innate detection of invading parasites likely mediated by pattern-associated
pathogen receptors in the mosquito midgut (Dimopoulos 2003). Further,
soon after bloodmeal ingestion, zygotes and immature ookinetes are more
susceptible than mature ookinetes to proteolytic damage from enzymes that
mosquitoes secrete into the midgut (Gass and Yeates 1979). The timing of
mosquito digestive enzyme secretion is critical to this process, since peak
blood meal digestion occurs at the time when ookinetes are mature and are at
their peak of invading the midgut epithelium. Recent evidence indicates that
two glycosyl-phosphatidylinositol-linked surface proteins that contain highly
structured, cysteine-disulfide bonds within mammalian epidermal growth
factor-like (EGF-like) domains, in the P25 and P28 families (known as Pfs25
and Pfs28 in P. falciparum), confer ookinete resistance to proteolytic activity
present in the mosquito midgut (Tomas et al. 2001). Additionally both the
resistance to proteolysis related to timing of enzyme secretion as well as the
limited diffusion of such enzymes into the blood bolus while the proteolysis-
susceptible zygote differentiates into the protease-resistant ookinete confer
protection (Abraham and Jacobs-Lorena 2004). Double knockout of P25 and
P28 homologs in P. berghei resulted in enhanced susceptibility to trypsin as
well as reduced numbers of ookinetes when in vitro-cultivated ookinetes were
fed to mosquitoes, while mature P. berghei ookinetes developed at the same
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rate as wild type parasites in vitro, suggesting that P25 and P28 conferred
resistance to a hostile mosquito midgut milieu (Tomas et al. 2001). Ookinete
surface molecules of the P25 and P28 families have been demonstrated to
play an important role in ookinete survival in the mosquito midgut (Tomas
et al. 2001). These molecules seem not to play a role in ookinete recognition
or invasion of midgut epithelial cells as evidenced by the lack of antibody
inhibition of ookinete binding to mosquito midgut epithelial sheets in vitro,
despite the presumption in the past that the EGF-like domains would have
some ligand–receptor interaction in the invasion process.

2.2
Physical Barrier: Peritrophic Matrix

Soonafter ingestingabloodmeal,mosquitoes synthesizea structureknownas
the peritrophic matrix that surrounds the blood bolus (Tellam et al. 1999). The
peritrophic matrix, whose presumed function is to prevent physical trauma
to the delicate microvillar surface of the midgut epithelial cell, is comprised of
chitin (ranging from ~1% to 15% by weight) cross-linked by chitin-binding
proteins known as peritrophins. The structure of the peritrophic matrix varies
between mosquito species but has been demonstrated to present a physical
barrier to ookinete invasion (Fig. 1; Perrone and Spielman 1988; Sieber et al.
1991), in the P. gallinaceum–Aedes aegypti and the P. falciparum–An. gambiae
and P. falciparum–An. stephensi model systems (Li et al. 2004).

A substantial body of work has shown that the Plasmodium ookinete se-
cretes chitinase(s) that facilitate the movement of the ookinete across the
peritrophic matrix (Fig. 2; Huber et al. 1991; Langer and Vinetz 2001; Sha-
habuddin et al. 1993; Vinetz et al. 1999, 2000). Interference with the function

Fig. 2 Schematic representations of P. gallinaceum and P. falciparum chitinases. Note
the absence of proenzyme and chitin-binding domains in PgCHT2, similar to the orga-
nization of PfCHT1, compared to PgCHT1. The epitope recognized by the anti-PfCHT1
mAb 1C3 is found within PgCHT2. Monoclonal antibody 1C3 blocks P. gallinaceum
infectivity for mosquitoes and localizes PgCHT2 to micronemes, the apical electron
dense area of the parasite, and the surface of the parasite (Langer and Vinetz 2004)
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of Plasmodium-secreted chitinase impairs the ability of the ookinete to con-
tinue on to the sporogonic forms of the parasite, as demonstrated by chemical
interference (Shahabuddin et al. 1993), antibody inhibition of chitinase activ-
ity (Langer et al. 2002a), and Plasmodium chitinase gene truncation/deletion
studies (Dessens et al. 2001; Tsai et al. 2001). Therefore, Plasmodium ookinete-
secreted chitinase has been validated as a target of blocking malaria transmis-
sion. More generally speaking, interruption of the ookinete’s ability to cross
the peritrophic matrix is an attractive candidate for development of novel
methods of blocking malaria transmission, either through the potential de-
velopment of transmission-blocking drugs, vaccines, or modified mosquitoes
that secrete factors that inhibit chitinase functionwithin themosquitomidgut.

Previous reportshavesuggested that theperitrophicmatrix in An. stephensi
and perhaps other mosquitoes lack chitin (Berner et al. 1983), potentially
reducing the important of ookinete-secreted chitinase as a target of block-
ing mosquito midgut invasion. Recent findings that an anti-P. falciparum
chitinase monoclonal antibody significantly impairs oocyst formation in ex-
perimentally infected mosquitoes suggest that parasite-produced chitinase is
a potential malaria transmission-blocking target, despite evidence from the
P. berghei–An. stephensi model system that knockout of the P. berghei chiti-
nase PbCHT1 has a minor effect on preventing oocyst formation (Dessens et
al. 2001). This latter result is likely explained by the more rapid development
of P. berghei ookinetes in vivo and escape from the midgut lumen before the
peritrophic matrix is fully developed.

Some authors have suggested that ookinete-secreted protease(s), acting
synergistically with parasite-produced chitinase, are important in parasite
penetration of the peritrophic matrix (Abraham and Jacobs-Lorena 2004;
Langer and Vinetz 2001; Shen 1998). Recent evidence from our laboratory
suggests, for the first time, that Plasmodium ookinetes secrete an aspartic
protease, plasmepsin, the first reported presence of plasmepsins in a stage
of the malaria parasite other than asexual blood stages. Aspartic protease
inhibitors, peptidomimetic inhibitors (noncleavable peptides mimicking the
hemoglobin chain cleavage site), and anti-plasmepsin monoclonal antibod-
ies significantly impair ookinete invasion of the mosquito midgut, in the
P. gallinaceum–Ae. aegypti model system (Li, Dame, J.M. Vinetz, unpublished
results). The P. gallinaceum plasmepsin is secreted as well as localized to the
surface of the apical complex of the ookinete (unpublished results), suggest-
ing a role for this protease in ‘drilling’ a hole in the peritrophic matrix and
allowing egress of the ookinete from the blood meal towards invasion of the
epithelial surface.

The very act of ookinete egress from blood meal is a critical feature of the
ability of the malaria parasite to invade the mosquito midgut. CTRP (Trottein
et al. 1995) is a single-pass integral membrane protein, secreted through the
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micronemal pathway, present on the surface of the ookinete (Limviroj et al.
2002; Yuda et al. 1999b). Targeted disruption of this gene results in nonmotile
ookinetes and eliminates oocyst production, as demonstrated in both the
P. falciparum and P. berghei model systems (Templeton et al. 2000; Yuda et
al. 1999a). CTRP is also an immunological target of blocking transmission,
providing evidence that this protein may be a potential transmission-blocking
vaccine candidate (Li et al. 2004).

Plasmodium ookinetes secrete a chitinase that is essential for P. falciparum
and P. gallinaceum to penetrate the mosquito peritrophic matrix; the role of
this enzyme in P. berghei is less clear (Dessens et al. 2001) which may be
related to the observation that P. berghei ookinetes develop as early as 8 h
after bloodmeal ingestion and likely begin to escape the bloodmeal before the

Fig. 3A–C A Immunoelectron microscopy of P. gallinaceum ookinete with mAb
1C3, raised against PfCHT1 that recognizes the ortholog chitinase in P. gallinaceum,
PgCHT2. PgCHT2 is present within micronemes, the apical end of the parasite within
the electron-dense region previously identified as part of a protein secretion appara-
tus, and on the ookinete cell surface (B). This electron micrograph was published as
Figure 2 in Langer et al. 2002. C Proposed model of how a high molecular mass com-
plex containing PgCHT2/PfCHT1 might interact with the peritrophic matrix (PM),
coupling gliding motility to penetration and crossing of the PM
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peritrophic matrix is fully formed (Vaughan et al. 1994a, 1994b). Chitinase is
present on the P. gallinaceum ookinete cell surface, and probably the P. falci-
parum ookinete as well, given the similarities between the PgCHT2 chitinase
of P. gallinaceum and PfCHT1 chitinase of P. falciparum (Fig. 2; Langer et al.
2002a; Vinetz et al. 2000). This short form of the chitinase, lacking pro-enzyme
and putative chitin-binding domains, may be one component of a disulfide-
bonded, high molecular weight complex (Langer et al. 2002a). An attractive
hypothesis is that this chitinase-containing complex is lectin-like, allowing
the direct physical interaction of this high molecular weight complex to be
coupled to the ookinete’s gliding motility, providing the parasite with phys-
ical leverage to rachet its way through the peritrophic matrix en route to
the midgut epithelial cell (Fig. 3). The long form of Plasmodium chitinase,
a pro-chitinase orthologous to PgCHT1 (Fig. 2; Tsuboi et al. 2003; Vinetz et
al. 2000), is not found in P. falciparum, but is present in P. vivax, all of the
rodent-infecting Plasmodium spp., and P. gallinaceum. This pro-chitinase was
previously reported to be activated by a mosquito-derived trypsin-like pro-
tease (Shahabuddin et al. 1993, 1995, 1996). However, other experimental data
indicate that the P. gallinaceum ookinete is fully capable of proteolytically ac-
tivating PgCHT1 itself, in the absence of mosquito-derived proteases (Vinetz
et al. 2000). Evidence suggests that the PgCHT1-activating activity is inhibited
by the serine protease inhibitor 4-(2-aminoethyl)-bezenesulfonylfluoride in
vitro, suggesting that a parasite-derived, trypsin-like protease is responsible
for activating the pro-chitinase (JM Vinetz, unpublished results).

3
Mechanisms of Transmission-Blocking Immunity

To date, a number of Plasmodium sexual stage molecules have been identified
that are either immunologic or enzymatic targets (i.e., chitinase, plasmepsin,
as described above) of blocking parasite transmission to mosquitoes. Ap-
proaches to blocking parasite transmission to mosquitoes have traditionally
focused on inducing antibodies in the vertebrate host that recognize sexual
stage surface antigens that, on ingestion by mosquitoes along with Plasmod-
ium gametocytes, interfere with the parasite within the mosquito midgut.
More recently, alternative approaches to blocking transmission have been
taken, including studies of zygote/ookinete secreted molecules (Langer et al.
2002b), novel peptides that interact with putative midgut or salivary gland
receptors for parasite binding (Ghosh et al. 2001, 2002; Ito et al. 2002), or
antisera binding to mosquito midgut epithelial carbohydrate and protein
surface structures (Lal et al. 1994, 2001; Ramasamy et al. 1997a, 1997b). To
date, however, precise mechanisms by which these molecules are respon-
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sible for interfering with parasite invasion have not been delineated. The
SM1 peptide obtained from phage display library screening probably imi-
tates the structure of a critical receptor on mosquito midgut and/or sali-
vary gland for parasite recognition and invasion, since the indirect im-
munofluorescence demonstrated that the SM1 peptide bound specifically
to the distal lobes of the salivary glands and the lumenal surface of the
midgut, critical interfaces for parasite interaction (Ghosh et al. 2001, 2002;
Ito et al. 2002).

The repertoire of Plasmodium zygote and ookinete molecules shown to be
transmission-blocking targets includes Pfs230, Pfs48/45, Pfs25, Pfs28, chiti-
nase, von Willebrand adhesive-related protein (WARP), and CTRP. The ga-
metocyte surface antigen, Pfs230, is present in gametocytes. The activity of
anti-Pfs230 transmission-blocking antibodies is present only prior to parasite
fertilization and is also complement dependent (Graves et al. 1988; Quakyi et
al. 1987; Read et al. 1994), but otherwise, the precise molecular mechanism of
anti-Pfs230 antibody activity is not well defined (Williamson 2003). Antibod-
ies to Pfs48/45, a GPI-anchored protein involved in male gamete fertility (van
Dijk2001), have transmission-blockingactivity in theabsenceof complement,
and evidence suggests inhibition of fertilization by agglutination of male ga-
metes interfering with zygote formation (Vermeulen et al. 1985). Pfs230 and
Pfs48/45 are present in blood stage gametocytes, and transmission-blocking
activity to theseantigens ispresent in somepeople inmalariaendemic regions.
Natural immunological boosting to raise titers of anti-Pfs230 and Pfs48/45
does occur, although boosting also selects for antigenic diversity of these
proteins in natural P. falciparum populations (Foo et al. 1991; Williamson and
Kaslow 1993). The concept that natural boosting of transmission-blocking
titers can occur, at least for some antigens such as Pfs230 and Pfs48/45, is
important in the development of transmission-blocking vaccines. Plasmod-
ium antigens expressed only in the mosquito but not in the blood stages will
not lead to naturally acquired transmission-blocking immunity nor will be
boosted by single or recurrent infections.

The best characterized transmission-blocking targets are the EGF-like
domain-containing proteins of the P25 family, in P. falciparum known as
Pfs25. This protein is GPI-anchored on the surface of Plasmodium zygotes
and ookinetes in the mosquito midgut but not in other stages. Naturally
occurring anti-Pfs25 transmission-blocking immunity does not occur. Pfs25
was first identified as a target of transmission-blocking immunity by a mon-
oclonal antibody recognizing a conformation- and disulfide bond-dependent
epitope reacting with the surface of P. falciparum in in vitro obtained zygotes.
The mechanism of anti-P25 transmission-blocking activity remains poorly
understood, whether anti-P25 antibodies agglutinate parasites (Sieber et al.
1991), impair egress of the parasite from the blood meal (Ranawaka et al.
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1994b), or induce peripheral blood mononuclear cells to kill infectious, sex-
ual stage parasites (Ranawaka et al. 1994a) has not been determined. It has
been observed in the P. gallinaceum–Ae. aegypti model system that anti-Pgs25
monoclonal antibody C5 was associated with a block of parasite invasion of
the midgut at the level of the peritrophic matrix, although the mechanism for
this phenomenon remains poorly defined (Sieber et al. 1991). The presence
of C5 in the infectious bloodmeal led to fewer ookinetes being present in
the ectoperitrophic space, suggesting that the monoclonal antibody against
the surface protein Pgs25 could have interfered simply with the egress of the
parasite across the peritrophic matrix, but not attachment of the ookinete
to this structure. The alternative possibility was that the C5 monoclonal an-
tibody could have interfered with ookinete attachment to and penetration
of the epithelium, a possibility not supported by experimental data because
accumulation of ookinetes occurred at the level of the peritrophic matrix, not
at the epithelial cell (Sieber et al. 1991).

After the initial observation that Plasmodium ookinetes appear to punch
a hole in the peritrophic matrix during midgut invasion, additional observa-
tions suggested, as ageneralprinciple, that at least a subsetof zygote/ookinete-
secreted molecules, not just surface molecules were targets of antibody-
mediated transmission-blocking activity (Langer et al. 2002b). Many such
molecules likely remain to be identified at the molecular level (Langer et
al. 2002b). WARP, an ookinete-secreted molecule highly conserved among
Plasmodium spp. (Li et al. 2004; Yuda et al. 2001) has been shown to be an
immunological target of blocking P. gallinaceum and P. berghei infectivity
for mosquitoes, despite gene knockout studies in P. berghei failing to demon-
strate an essential role for WARP in ookinete invasion of the mosquito midgut
(Yuda et al. 2001). Therefore, it cannot be concluded that negative results of
zygote/ookinete-expressed gene knockout studies rule out specific molecules
as transmission-blocking targets.

4
Relation of Ookinete Cell Biology to Plasmodium Invasion
of the Mosquito Midgut

The ookinete has a number of features that are unique among the diverse
developmental stages of Plasmodium. The ookinete does not form a para-
sitophorous vacuole within its target cell, the midgut epithelial cell, in con-
trast to invasive merozoites and sporozoites. Rather, the ookinete continues
its journey through one or more epithelial cells (Han et al. 2000), exiting
on the basement membrane, coming to rest on the lumenal aspect of the
basement membrane, and rounding up to form the oocyst. Therefore, the
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Fig. 4 High resolution scanning electron micrographs of Plasmodium gallinaceum
ookinete. Courtesy of Dr. Vsevolod Popov and Violet Han, University of Texas Medical
Branch, Galveston, Texas

final destination of the ookinete is extracellular, not intracellular, another
difference between the ookinete and the other invasive stages of Plasmodium.
Reflecting this, the ookinete does not have identifiable rhoptries or dense
granules, which other Plasmodium stages and other apicomplexan parasites
such as Toxoplasma gondii, contain, that function in establishment of the in-
tracellular parasitophorous vacuole (Dubremetz et al. 1998). The apical end
of the ookinete is filled with micronemes, reflecting a high level of constitu-
tive protein secretion, in contrast to merozoites and sporozoites that secrete
proteins primarily in response to cell–cell contact (Ngo et al. 2000). In recent
high resolution-scanning electron micrographs of P. gallinaceum ookinetes,
the parasite appears to have secretory pores on the apical end of the parasite
(Fig. 4). Whether stimulation of microneme secretion is regulated differently
in vivo vs. during in vitro culture is unknown. Indeed, the sole identifiable se-
cretory organelle in the ookinete is the microneme (Langer et al. 2000), which
appears to be the only pathway for extracellular secretion both of soluble pro-
teins such as chitinase (Fig. 5), and integral membrane proteins such as CTRP,
and putative adhesive molecules such as WARP (Li et al. 2004) (Fig. 6). It is
reasonable to hypothesize that the ookinete constitutively secretes proteins to
function within the unique milieu of the midgut in ways that do not involve
cell–cell contact: to resist proteolytic attack, to cross the acellular peritrophic
matrix, and to interact with midgut epithelial cells (Han et al. 2000), as the
ookinete remains topologically outside of the mosquito until oocysts rupture
to release sporozoites within the body of the mosquito.

The ookinete must be versatile insofar as it must be able to recognize
and cross both cellular and acellular structures during its invasion process.
Several investigators have noted that the ookinete is able to adopt a number
of different, viable morphologies in vivo. First, the ookinete must squeeze
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Fig. 5A,B Dual immunoelectron microscopy of a Plasmodium gallinaceum ookinete
to determine spatial relationship of the soluble, secreted enzyme PgCHT1 (5 nm gold)
and the cell-membrane associated single pass integral membrane protein PgCTRP
(15 nm gold). Bar indicates 0.5 µM. From Li F, Templeton TJ, Popov V, Comer JE,
Tsuboi T, Torii M, Vinetz JM. Plasmodium ookinete-secreted proteins secreted through
a common micronemal pathway are targets of blocking malaria transmission. J Biol
Chem. 2004 Jun 18;279(25):26635–44. Reprinted with permission from Journal of
Biological Chemistry, American Society for Biochemistry and Molecular Biology

through an enzymatically digested hole in the peritrophic matrix (Sieber et
al. 1991; Torii et al. 1992). Interacting with a structure termed the ‘microvilli-
associated network’, and within the midgut lumen and within epithelial cells,
the ookinete takes on a variety of elongated, stalked and dumbell-shaped
forms (Vernick et al. 1999; Vlachou et al. 2004; Zieler et al. 1998). Associated
with its differing morphologies, the ookinete displays several types of motility
including stationary rotation, translocational spiraling and straight-segment
motility (Vlachou et al. 2004). These morphological and functional features
are present as the ookinete travels both extracellularly as well as intracellularly
within one or more adjacent midgut epithelial cells.

The mechanisms by which the ookinete recognizes and traverses mosquito
midgut epithelial cells are complex and incompletely understood. In vivo, the
ookinete appears to interact with an acellular, network-like matrix on the
midgut epithelium microvillar surface termed the microvilli-associated net-
work (Zieler et al. 1998). The biochemical structure of this matrix remains
unknown, but appears not to be a precursor of the peritrophic matrix (Zieler
et al. 1998). The nature of the epithelial cell surface receptor that the ookinete
recognizes appears to be a nonsialic acid carbohydrate on the epithelial cell
surface but otherwise has not been identified (Zieler et al. 1999). The ookinete
ligands for mosquito structures, whether the microvilli-associated network
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Fig. 6A–D Plasmodium gallinaceum ookinete secretion of the chitinase, PgCHT1, in-
volves secretory organelle and protein traversal through the electron dense area of
the apical end of the ookinete. Immunoelectron microscopy of in vitro-developed
mosquito midgut stage P. gallinaceum parasites stained with anti-P. gallinaceum chiti-
nase (PgCHT1) antibodies. (A) Longitudinal section of a maturing ookinete in which
PgCHT1 is associated with micronemes (mn) at the apical third of the parasite (ar-
row). The primary antibody was mouse polyclonal antiserum raised to full-length
recombinant PgCHT1. (B) Longitudinal section of a mature ookinete stained with
anti-PgCHT1 chitin-binding domain antiserum. (C) Cross section of the apical end of
a mature ookinete stained with anti-PgCHT1, anti-active-site serum. (D) Longitudinal
section of a mature ookinete stained with anti-PgCHT1 chitin-binding domain serum
showing extracellular PgCHT1. Bars, 1 µm. [From Langer RC, Hayward RE, Tsuboi T,
Tachibana M, Torii M, Vinetz JM. Micronemal transport of Plasmodium ookinete chiti-
nases to the electron-dense area of the apical complex for extracellular secretion. Infect
Immun 68:6461–6465, 2000.] Reprinted with permission from the American Society
for Microbiology
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or the epithelial cell surface, remain unknown. No specific epithelial cell sub-
type appears to be a target cell for the ookinete (Han et al. 2000; Sinden and
Billingsley 2001; Vlachou et al. 2004; Zieler and Dvorak 2000), in contrast to
previous reports in which P. gallinaceum was thought to invade ‘Ross cells’,
a vesicular ATPase-expressing cell type (Shahabuddin 2002; Shahabuddin
and Pimenta 1998). This finding has not been replicated. Elegant videomicro-
scopic studies have demonstrated that the ookinete glides smoothly over the
surface of the epithelial cell, before an abrupt engagement occurs between the
apical end of the ookinete and an epithelial cell surface (not distinguishable
morphologically with other surrounding cells), with the ookinete plunging
into the cell (Vlachou et al. 2004; Zieler and Dvorak 2000). Within minutes
after invasion, the epithelial cell undergoes rapid morphological alterations:
change in refractive index and visible deterioration of the cell with nuclear
swelling, movement of nucleus to a more apical position in the cell, blebbing
of the cell surface and Brownian motion of particles within the cell (Zieler
and Dvorak 2000). Zieler first noted that these morphological changes in-
duced by the ookinete reflect an apoptotic process, a finding subsequently
confirmed by others (Han et al. 2000; Vlachou et al. 2004). Whether epithelial
cell apoptosis is due simply to physical disruption of the epithelial cell plasma
membrane or is specifically induced by one or more factors secreted into the
epithelial cell by the ookinete is unclear (Han et al. 2000). As the ookinete
exits the basolateral aspect of the epithelial cell, it carries with it a coating
that appears as a thickly stained membranous structure (Vlachou et al. 2004).
This coating likely arises from the mosquito cell as its does not appear in
P. berghei ookinetes cultivated in vitro (Vlachou et al. 2004). Nitric oxide ap-
pears at a maximum rate of synthesis at about 24 h after ookinete invasion of
epithelial cells, which is after the ookinete has already left the cell, as well as in
the presence of enormous amounts of hemoglobin, so that role of nitric oxide
in limiting parasite invasion, at least at the level of the ookinete, is unclear
(Han et al. 2000; Luckhart et al. 1998).

5
Outstanding Questions in Ookinete Biology
of Fundamental Biological Interest

There are a number of questions about ookinete biology that remain to be
answered. Such investigations are not only of fundamental biological interest
but are also relevant to understanding the fundamental biology of other de-
velopment stages of the malaria parasite, may be applicable to other apicom-
plexan parasites, and will be useful in studying the mechanisms of mosquito
responses to parasite invasion. What are the molecular bases for ookinete
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recognition of mosquito midgut epithelial cells and other structures such
as the microvillar tubular network or peritrophic matrix? Do ookinetes re-
quire a mosquito epithelial cell-derived factor to facilitate further sporogonic
development, analogous to hepatocyte growth factor receptor that has been
found to be important in sporozoite establishment of infection within the
vertebrate hepatocyte (Carrolo et al. 2003)? There are substantial parallels
between sporozoite invasion of hepatocytes and ookinete invasion of midgut
epithelial cells, particularly several observations. Under both circumstances
the parasite migrates through more than one cell. Coupled to the process of
gliding motility, both sporozoites and ookinetes leave a trail of GPI-anchored
protein within the target cell (in the case of the sporozoite, CSP; in the case
of the ookinete P25). Sporozoites and ookinetes induce actin cytoskeletal re-
arrangement in their target cells (Carrolo et al. 2003; Han et al. 2000). What
factors, other than a subtilisin-like protease and GPI-anchored proteins do
ookinetes secrete into the midgut epithelial cell, and are these specifically in-
volved in inducing these cells to undergo apoptosis (Han et al. 2000)? Recent
evidence indicates that the ookinete uses a protein in the perforin family to
invade the mosquito epithelial cell (Kadota et al. 2004). A major difference
between sporozoites and ookinetes, however, is the lack of a parasitophorous
vacuole formed by ookinetes. What are the molecular aspects of the constitu-
tive secretory process of the ookinete that couple gliding motility to secretion?
Proteolytic activation of zymogens is likely part of the secretory process, as
in T. gondii, but whether the process takes places within the parasite, possi-
bly where the microneme comes into contact with the electron dense area of
apical end of the parasite just prior to secretion, is unknown. The process of
secretion in the ookinete must differ from those of sporozoites and T. gondii
tachyzoites since these latter parasite stages require cell contact-stimulated
secretion. What are the mechanisms by which the polar ring in the apical
complex of the ookinete play a role in secretion, as shown by chitinase and
WARP secretion (Fig. 7; Langer et al. 2000; Li et al. 2004).

Recently advances in systems biology are allowing us to approach the an-
swers to these and many other questions in unprecedented ways. Systems biol-
ogy can be defined as the large-scale analysis of how genomes function to pro-
duce complex biological effects, conventionally looked at in the context of pat-
terns of gene and protein expression and their effects at the cellular level. With
the recent completion of whole genome sequences of P. falciparum and other
Plasmodium spp. (Carlton et al. 2002; Gardner et al. 2002), systems biology can
be applied to the discovery of fundamental mechanisms of malaria parasite
biology that have hitherto not been amenable to high throughout analysis.

Published results of gene expression and proteomic profiling of malaria
parasites has thus far focused primarily on the asexual blood stages, and
single time points from gametes, gametocytes and sporozoites (Bozdech et
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al. 2003; Florens et al. 2002; Le Roch et al. 2003). Notably absent from these
analyses are studies of ookinetes, primarily because this developmental stage
of P. falciparum cannot be obtained in vitro and has not been able to be
obtained ex vivo from mosquito midguts in quantities sufficient for gene
expression or proteomic analysis. Recent advances have been made in the
proteomic analysis of Plasmodium zygotes, ookinetes, and proteins secreted
extracellularly. Ookinetes of P. berghei, the genome sequence of which has
recently been completed, have been an important model parasite for studies
of transmission from the proteomic point of view (Trueman et al. 2004; Raine
et al. 2004). Similarly, comparative proteomics of P. gallinaceum zygotes and
ookinetes as well as secreted/released proteins of P. gallinaceum ookinetes
is currently underway (K.P. Patra, G. Cantin, J.M. Vinetz, et al., unpublished
results). These promise to accelerate the delineation of mechanisms of cell
biology underlying the process of ookinete–mosquito midgut interactions.

What are the most important questions about ookinete biology, particu-
larly mechanisms by which the ookinete invades the mosquito midgut, that
these systems biology approaches can be used to address? The ‘Holy Grail’ is
clearly to delineate the receptors used by the ookinete to recognize mosquito
midgut ligands. How do the zygote and ookinete stages resist proteolytic
digestion within the midgut? What is the repertoire of molecules that the
ookinete uses to move directionally towards the midgut epithelium? How
does the ookinete resist mosquito defensive molecules such as nitric oxide or
oxidative radicals? Does the ookinete secrete molecules into the cytoplasm of
mosquito epithelial cells specifically to induce apoptosis to somehow aid in
the process of invasion? Does the ookinete have developmental stage-specific
mechanisms of secretion? Can the extracellular ookinete be studied as a model
of organelle biogenesis and secretion with applicability to other stages of the
malaria parasite? Proteomic analysis of isolated Plasmodium ookinete mi-
cronemes, similar to the proteomic analysis of Plasmodium rhoptries (Sam-
Yellowe et al. 2004) also will be important for defining proteins involved in
ookinete biology. The ookinete must have specific mechanisms at each point
along its pathway of invading the midgut to ensure its survival in the face
of hostile attack and to promote its successful invasion. The recognition of
specific proteins in different compartments of the ookinete–cell associated
vs. secreted–will greatly facilitate answering these questions.

The proteomic approaches that study P. berghei and P. gallinaceum, respec-
tively, are limited insofar as they do not directly study the human parasites
P. falciparum or P. vivax. Using comparative approaches, we will be able
to determine gene/protein expression similarities and differences between
ookinetes of P. falciparum, and those of P. gallinaceum and P. berghei. Al-
ready, we know that P. gallinaceum has two chitinases, PgCHT1, the ortholog
containing pro-enzyme and putative chitin-binding domains shared with all
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chitinases identified to date in rodent and primate malaria parasites (Tsuboi
et al. 2003) with the sole exceptions being P. falciparum and P. reichenowi.
P. gallinaceum also expresses a second chitinase that lacks pro-enzyme and
putative chitin-binding domains, clearly the ortholog of the P. falciparum and
P. reichenowi chitinases (Li, Patra and Vinetz, J. Infect Diseases, in press).
Therefore, at least with regard to chitinase, P. gallinaceum has more in com-
mon with P. falciparum than does P. berghei. This observation, along with
preliminary data from P. gallinaceum zygote/ookinete proteomic analysis,
suggests that chitinase will not be the only difference between P. falciparum
and the rodent-infecting Plasmodium species, suggesting that study of P. gal-
linaceum ookinetes will provide unique insights into the detailed mechanistic
understanding of parasite–mosquito midgut interactions.

Recent developments in obtaining P. vivax (Suwanabun et al. 2001; Tsuboi
et al. 2003) and P. falciparum ookinetes (J Sattabongkot and T Tsuboi, unpub-
lished results) ex vivo from infected humans, along with the recent completion
of the P. falciparum and P. vivax genome databases, should make these avian
and mouse models of Plasmodium transmission extendable to the human
parasites.

Detailed understandings of ookinete–mosquito interactions also have the
potential to be exploited in the development of novel approaches to malaria
control through the development of Plasmodium-refractory transgenic
mosquitoes. While still in its infancy, proof of concept of being able to
introduce genes into mosquitoes that interfere with known and (as yet)

�
Fig. 7A–E Confocal immunofluorescence microscopy of immature Plasmodium fal-
ciparum ookinetes stained simultaneously with mouse anti-P. falciparum chitinase
(PfCHT1) MAb 1C3 (green) and rabbit polyclonal antiserum to a recombinant P. fal-
ciparum zygote-ookinete surface antigen (Pfs25–Pfs28) fusion protein (8) (red). (A
and B). In two different planes of focus, a maturing ookinete is shown exiting the
zygote remnant of the retort toward the right. The surface of the parasite is delineated
by rhodamine staining of surface proteins Pfs25 and Pfs28. Staining with MAb 1C3
demonstrates the granular appearance of PfCHT1, which is most concentrated in the
zygote remnant but also appears to be present anteriorly, reaching near the apical
end. (C to E) An ookinete in panel C shows a higher concentration of PfCHT1 at the
apical end than the ookinete in panels A and B. C, staining with MAb 1C3 (FITC);
D, staining with rabbit anti-Pfs25/Pfs28; E, colocalization of panels A and B. Staining
with an isotype-matched control (not shown) showed no fluorescence. Each arrow
indicates the apical end of the parasite; the arrowhead indicates a zygote remnant.
Bars, 1 µm. [From Langer RC, Hayward RE, Tsuboi T, Tachibana M, Torii M, Vinetz JM.
Micronemal transport of Plasmodium ookinete chitinases to the electron-dense area
of the apical complex for extracellular secretion. Infect Immun 68:6461–6465, 2000.]
Reprinted with permission from the American Society for Microbiology
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unknown processes of parasite–mosquito interactions have been established.
In addition to the SM1 peptide-transgenic P. berghei-resistant An. stephesi
mosquito (Ghosh et al. 2000, 2001, 2002; Ito et al. 2002), anti-P. berghei
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21-kDa surface protein (Yoshida et al. 1999), anti-circumsporozoite (de Lara
Capurro et al. 2000), the honey bee venom phospholipase A2 gene trans-
genically expressed in mosquitoes (Moreira et al. 2002), and a recombinant
anti-chitinase single chain antibody (Li, Patra and Vinetz, J Infect Diseases,
in press) have been validated as genes with the potential of conferring
refractoriness phenotypes to mosquitoes (James et al. 1999).
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Abstract Malaria parasites are transmitted by the bite of an infected mosquito, but
even efficient vector species possess multiple mechanisms that together destroy most
of the parasites present in an infection. Variation between individual mosquitoes has
allowed genetic analysis and mapping of loci controlling several resistance traits, and
the underlying mechanisms of mosquito response to infection are being described
using genomic tools such as transcriptional and proteomic analysis. Malaria infection
imposes fitness costs on the vector, but various forms of resistance inflict their own
costs, likely leading to an evolutionary tradeoff between infection and resistance.
Plasmodiumdevelopmentcanbesuccessfully completedonly incompatiblemosquito–
parasite species combinations, and resistance also appears to have parasite specificity.
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Studies of Drosophila, where genetic variation in immunocompetence is pervasive in
wild populations, offer a comparative context for understanding coevolution of the
mosquito–malaria relationship. More broadly, plants also possess systems of pathogen
resistance with features that are structurally conserved in animal innate immunity,
including insects, and genomic datasets now permit useful comparisons of resistance
models even between such diverse organisms.

Abbreviations
EST Expressed sequence tag
NBS-LRR Nucleotide binding site and leucine-rich repeat-containing protein
TLR Toll-like receptor
ROS Reactive oxygen species
SA Salicylic acid

1
Introduction

The genus Plasmodium has more than 100 species which infect birds, reptiles
anddiversemammals includinghumans.DifferentPlasmodium speciesutilize
different mosquito genera for transmission, and a reptile Plasmodium is even
transmitted by a sandfly. The vectors of human malaria parasites, however,
comprise relatively few species of the Anopheles genus. Despite sometimes
daily contact with malaria parasites in human bloodmeals, other mosquito
species in malaria endemic areas never sustain infection to serve as vectors of
human disease. Within the few permissive species in nature, only a proportion
of females are actually involved in transmission, and even in permissive in-
dividuals, only a small proportion of parasites survive to complete successful
development. Thus, malaria transmission in nature passes through a specific
and narrow conduit that limits parasite numbers in many ways. Certainly the
efficiency of the system should not be underestimated, because the transmis-
sion rate is sufficient to maintain malaria as one of the major public health
problems of the world. However, it is reasonable to ask just how robust and
stable the malaria transmission system really is, and whether there are unex-
ploited weaknesses that could be manipulated to reduce malaria transmission
below the level of population maintenance (Vernick and Waters 2004). With
this goal in mind, a body of knowledge has been generated describing the
molecular basis of the vector–parasite interaction and genetic variation for
suppression of parasite development within permissive mosquito species.
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2
Sporogonic Development

Female mosquitoes first take a bloodmeal several days after adult emergence,
and continue to feed every few days thereafter. If a bloodmeal is taken from
an animal carrying a compatible species of Plasmodium, the sporogonic stage
of the malaria life cycle is initiated. But what does ‘compatible’ mean in this
context? As with any host–pathogen interaction, compatibility requires that
the parasite both finds the specific resources, such as cellular receptors, nu-
trients, and developmental signals, required to reproduce itself, and develops
even in the presence of host immune defenses.

The human host, the vector host, and the parasite have competing evolu-
tionary agendas, with the host seeking to eliminate infection and the parasite
striving for efficient transmission. Infectious disease is generally character-
ized by partial host immunity, with some, but not all, individuals in a popu-
lation infected at any given time. This model appears to hold for the system
at hand, because mosquitoes possess mechanisms that limit, but generally do
not completely prevent, parasite development (Luckhart et al. 1998; Han et al.
2000). Thus, only a small minority of malaria parasites that enter the mosquito
develop completely (Gouagna et al. 1998; Vaughan et al. 1994). These baseline
mechanisms already defeat most malaria parasites, so increasing their effi-
ciencies or introducing other additive or synergistic mechanisms can result
in complete resistance (Collins et al. 1986; Osta et al. 2004; Vernick et al. 1995).

This review concentrates on the second point above: vector host defenses
that can suppress successful parasite development, genetic variation in those
defenses, and potential molecular mechanisms underlying those defenses.
Successful development requires that the virulence machinery of the para-
site be a good molecular fit for the vector, allowing the parasite to acquire
resources and ultimately reproduce. However, a compatible interaction does
not mean a harmless one, and there is evidence that malaria parasites de-
crease vector reproductive fitness (discussed below). This fitness cost to the
mosquito probably in part drives the mosquito to mount an active immune
response. Efficient resistance to a pathogen can also be passive, and it is
likely that genetic variation of critical mosquito molecules can yield parasite-
resistant vector phenotypes by making the vector functionally invisible to the
parasite at key developmental junctures, analogous to human genotypes with
mutant CCR5 receptor for HIV invasion (Dean et al. 1996; Huang et al. 1996),
or lacking the Duffy receptor for malaria merozoite invasion of erythrocytes
(Miller et al. 1976; Zimmerman et al. 1999).

The sexual phase of the malaria life cycle is initiated when a proportion
of parasites replicating mitotically in vertebrate host erythrocytes make a de-
velopmental switch to a terminally differentiated nonreplicating sexual form



386 K. D. Vernick et al.

called the gametocyte (Fig. 1). Gametocytes, the only parasite stage infective
for mosquitoes, are ingested by the mosquito with the bloodmeal. Within
minutes in the mosquito midgut, gametocytes generate gametes that undergo
fertilization to produce zygotes. Over the next 24 h, each zygote transforms
into a nondividing motile form called the ookinete. This form exits the gut
lumenand invadescellsof themidgutepitheliumbyanuncharacterizedmech-
anism. The ookinete traverses the epithelial cell, exits through the basolateral
membrane and lodges between the plasma membrane and basal lamina where
within hours it transforms to a rounded oocyst. Over the next 10–20 days,
depending on the parasite species, about 5,000 sporozoites form within the
oocyst. At the end of this period of latency, the mature oocyst releases the
sporozoites into the mosquito hemocoel, and a small proportion will survive
to invade the salivary glands. In subsequent bloodmeals, the mosquito injects
sporozoites along with saliva into a new vertebrate host to establish infection
and complete the transmission cycle.

The merits of the parasite and mosquito species and strain combinations
commonly used as experimental systems have been reviewed (Sinden 1997;
Vernick 1998). It is worth noting that these are mostly laboratory models
that do not represent natural vector–parasite combinations, and thus much of
what we see in the laboratory has not been confirmed in the natural transmis-

Fig. 1 Malaria parasite development in the mosquito vector. 1, Mature gametocytes,
the infective stage for the vector, are ingested in the bloodmeal. 2, Within minutes,
gametocytes produce gametes that undergo fertilization. 3, Zygotes. 4, Over approx-
imately 24 h, zygotes transform into the motile ookinete stage. 5, Ookinetes enter
midgut epithelial cells from the midgut lumen and migrate to the basolateral mem-
brane, where they exit the midgut cell. 6, Ookinetes lodge in a position outside the
plasma membrane of the epithelial cell but underneath the basal lamina (dotted line),
where they transform into oocysts. 7, Oocysts grow in the same location over the next
10–20 days and begin a process of differentiation to produce sporozoites. 8, Mature
oocysts rupture to release sporozoites into the hemocoel. 9, Sporozoites invade the
salivary glands, where they can remain infective for the life of the mosquito. 10, Sporo-
zoites are introduced along with saliva during a bloodmeal upon a vertebrate host,
where they can establish a new infection
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sion system. In fact, immune responses measured in non-natural laboratory
models are known to differ from the natural species combinations (Tahar et
al. 2002).

3
Genetically Selected Systems of Malaria Resistance

Melanotic Encapsulation in the Hemocoel A genetic line of An. gambiae has
been artificially selected against the simian parasite, P. cynomolgi (Collins et
al. 1986), with resistance manifested as melanotic encapsulation of otherwise
ultrastructurally normal parasites after they exit from the midgut cell into
the space between the basolateral plasma membrane and the midgut basal
lamina, beginning 16 h post bloodmeal (Collins et al. 1986; Paskewitz et al.
1988). Hemocytes did not appear to be directly involved in the encapsula-
tion process (Paskewitz et al. 1988). However, insect midgut basal lamina
is probably nonselectively permeable to molecules below a threshold size
(Reddy and Locke 1990), so there is likely passive diffusion of melanization
substrates and enzymes into the space occupied by extracellular ookinetes.
This view is supported by the observation that capsules were thickest on the
side of the parasite facing the hemocoel (Paskewitz et al. 1988). Only after
the capsule completely surrounded the ookinete did the parasite degenerate
ultrastructurally.

A model for in vivo encapsulation was developed using charged Sephadex
beads. Negatively charged beads were encapsulated much more efficiently by
the resistant An. gambiae line than by susceptible mosquitoes (Paskewitz and
Riehle 1994), whereas positively charged or neutral beads were encapsulated
with equally high efficiency in both genetic lines. The efficiency of bead
melanization decreased with mosquito age in both genetic lines, but under
the appropriate conditions the bead melanization assay allowed 80%–90% of
female mosquitoes tested to be phenotypically assigned to the correct genetic
strain (Chun et al. 1995). The efficiency of bead melanization was enhanced
by bloodmeal in resistant, but not in susceptible, mosquitoes.

The bead assay established that the components producing the divergent
encapsulation responses of resistant and susceptible mosquitoes were present
in the hemocoel rather than being a feature of midgut epithelial cells. The
inverse correlation between efficiency of bead melanization and mosquito
age suggested that the encapsulation phenotype requires a factor that can
be present in limiting amounts. This is consistent with the observation that
melanization in mosquitoes of the resistant line was more efficient against
low parasite numbers, also suggesting the involvement of a finite component
that could be titrated by parasite number (Vernick et al. 1989).
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New World and Asian strains of P. falciparum were efficiently encapsulated
by the resistant mosquito line, but P. falciparum strains of African origin were
not (Collins et al. 1986). Similarly, the African species P. ovale and P. malariae
(along with close simian relative P. brasilianum) also failed to be efficiently
encapsulated. The geographic range of An. gambiae is limited to sub-Saharan
Africa. Thus, one interpretation is that parasites sympatric with An. gambiae
have evolved local adaptations to evade recognition or effector functions of
the encapsulation response. However, because these observations were made
using cultured parasite strains and laboratory mosquito colonies, the genetic
fidelity of either to their original natural populations could be questioned.
Encapsulation of P. falciparum has been observed in wild An. gambiae in
Africa (K. D. Vernick, unpublished results; Schwartz and Koella 2002), and
thus it is a natural phenotype even in the sympatric combination, although at
low frequency. Finally, a lineofAn.diruswas selected inwhich resistance to the
rodent malaria parasite, P. yoelii, was manifested as melanotic encapsulation
controlled by a polygenic mechanism (Somboon et al. 1999).

IntracellularOokineteLysisintheMidgutEpithelialCell Genetic linesofAn. gam-
biae were selected to be resistant and susceptible to the avian parasite, P. gal-
linaceum (Vernick et al. 1995). Ultrastructurally, the resistant phenotype was
manifested as the degeneration of ookinete cellular organelles and lysis of
the parasite quickly following ookinete invasion of midgut epithelial cells.
The initial number of ookinetes invading the midgut epithelium was similar
in both genetic lines, suggesting that parasite killing resulted from an intra-
cellular mechanism rather than an interaction within the bloodmeal in the
midgut lumen. A genetic crossing experiment suggested that the resistance
mechanism was controlled by a single main locus with dominant effect.

Whether the resistance mechanism acted against other species of Plas-
modium was not determined, although there is no reason to believe that the
response would be generalizable to human malarias as the lytic response to
P. gallinaceum essentially represents the wild-type response of An. gambiae
to this parasite. However, it would be interesting to know whether the lytic
killing mechanism can be addressed against ookinetes of other Plasmodium
species if they are introduced in the same bloodmeal with P. gallinaceum.
Such an experiment would distinguish whether compatible parasite species
avoid being killed by intracellular lysis because they evade recognition and
induction of lysis or because they are resistant to the lytic response.

Several features appear to distinguish the lytic mechanism of parasite
killing fromthemelanotic encapsulationresponsedescribedabove.Ookinetes
killed by lysis did not become melanized but rather suffered rapid degener-
ation of cellular organelles and apparent necrosis. Encapsulated parasites
appeared ultrastructurally normal until the melanotic capsule was complete,
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after which time they began to degenerate. Lytic killing was intracellular, with
ookinetes rarely reaching the basolateral cell membrane, while encapsula-
tion occurred after apparently healthy parasites had exited the basolateral
boundary of the epithelial cell into the extracellular lymph compartment.
To determine conclusively whether a relationship exists, however, it will be
necessary to understand the underlying biochemistry of both systems.

Lines of An. atroparvus resistant and susceptible to P. berghei were se-
lected in which oocyst number in resistant midguts was close to zero, and
in which the infection phenotype was under polygenic control (van der Kaay
and Boorsma 1977). Initial ookinete invasion of the midgut epithelium was
similar between the selected lines (Sluiters et al. 1986). The subsequent failure
of ookinetes to develop in the resistant line was ascribed to ookinete ‘degen-
eration’, and was not described further. Another genetic system selected in
An.gambiae for resistance toP.berghei similarlywas said to result from‘degen-
erated’ sporogonic stage parasites (Al-Mashhadani et al. 1980; Al-Mashhadani
and Davisdson 1976). It is not known if these two resistant systems are related
in any way to the lytic response of An. gambiae against P. gallinaceum. Lines of
An. stephensi with decreased P. falciparum oocyst numbers were produced by
genetic selection (Feldmann et al. 1990; Feldmann and Ponnudurai 1989). The
mechanism was unknown, but was based on polygenic control with influence
from a possible cytoplasmic factor (Feldmann et al. 1998).

Other Resistance Mechanisms Mosquito resistance to strains or species of
malaria parasite, whether active or passive, serves as part of the ecological
isolating mechanisms that define parasite niche boundaries. One example is
thenatural resistanceof An. gambiae toP. gallinaceumdescribedabove. In that
case, segregating genetic variation allowed the selection of pure susceptible
and resistant lines that facilitated study of the mechanism. Another example
is the natural resistance of Culex pipiens to infection with P. gallinaceum, in
which parasites (in the form of gametocytes) inoculated into the hemocoel of
C. pipiens developed ectopically until the 3-day-old oocyst stage but then de-
generated and died (Weathersby and McCall 1968). Parasites inoculated into
the susceptible species, Aedes aegypti, underwent normal (albeit ectopic) de-
velopment, including sporozoite invasion of salivary glands. When Ae. aegypti
were given an infective bloodmeal and then parabiotically joined to C. pipiens
by a capillary to create a common hemolymph, only about 2% of the joined
Ae. aegypti supported parasite development as compared to about 95% of
unjoined Ae. aegypti controls, suggesting that the resistance of C. pipiens
was caused by an diffusible toxic humoral factor (Weathersby and McCrod-
dan 1982). Vector–parasite compatibility or its absence may be enforced at
multiple steps during parasite development (Alavi et al. 2003).
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An important example of resistance is the apparent failure of culicine
mosquitoes to serve as vectors of mammalian malaria parasites despite fre-
quent exposure to infective bloodmeals in natural transmission zones. Among
the few publications on the topic, it was reported that a proportion of lab-
oratory reared C. bitaeniorhynchus mosquitoes that fed upon infected hu-
man volunteers were susceptible to P. falciparum, P. vivax and P. malariae
to the sporozoite stage (Williamson and Zain 1937a, 1937b). Another report
described infection of the culicine mosquito Mansonia uniformis with P. fal-
ciparum by experimental feeding on an infected human volunteer (Cheong et
al. 1963). In no reported case, however, did P. falciparum infected culcicines
become infective to vertebrates, although the barriers to transmission are
currently unknown.

The genetic and molecular basis of barriers to malaria infection and trans-
mission in different mosquito species remains largely unexplored. This sub-
ject could now be profitably examined with new genomic tools, and in this
regard the Ae. aegypti genome sequence will be a useful complement to the
An. gambiae sequence. One does not have to look far (at least from humans)
to find a recent example of pathogen host range restriction. Chimpanzees
can be infected with HIV, but unlike humans rarely progress to AIDS-like
disease (Balla-Jhagjhoorsingh et al. 2003; Davis et al. 1998; Novembre et al.
1997). It was proposed that greatly reduced variation observed in the MHC
class I gene of chimpanzees is the product of a selective sweep caused by
a widespread ancient infection by an HIV relative, and that modern popu-
lations of chimpanzees are descended from survivors of that pandemic (de
Groot et al. 2002). Other primates avoid disease by blocking HIV replication
early after cell invasion, by action of the cellular factor, TRIM5α (Stremlau et
al. 2004).

In mosquitoes, the species barriers to malaria could fall into a number of
categories. They could be physiological, such as a thicker peritrophic matrix;
cellular, if host molecules that the parasite needs to bind such as cell surface
invasion receptors, developmental signaling ligands or nutritive factors are
too diverged; immune, such as recognition or effector molecules that the par-
asite has not adapted to resist or evade. There may be important differences in
gene regulatory pathways that affect any of the above. Remarkably, consider-
ing that some nonvector mosquito taxa are closely related to vector taxa, none
of these possibilities seems insurmountable for the parasite, so in addition to
asking how the barriers work, it is also worth asking how they have persisted
as functional barriers.
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4
Genetic Mapping of Resistance Loci

Todate, genetic analysisofmalaria resistancephenotypeshasused twoexperi-
mental approaches.Thefirst approachmappedresistance in inbred laboratory
lines of An. gambiae infected with simian or rodent malaria or charged beads.
The second strategy mapped infection intensity in pedigrees of wild-caught
An. gambiae infected with its natural parasite P. falciparum.

Resistance in Laboratory Strains Resistant and susceptible strains of An. gam-
biae selected in the laboratory to encapsulate or permit development of simian
malaria parasites were intercrossed for genetic mapping by linkage analysis
using microsatellite markers. Mapping in five backcross families challenged
with P. cynomolgi B malaria parasites identified one major and two minor
quantitative trait loci (QTLs) associated with melanotic encapsulation of the
parasite. Examination of these backcross progeny suggested a dominant effect
of resistance alleles with a single locus as the major genetic determinant of
encapsulation. The major QTL, Pen1, is located on chromosome arm 2R and
accounted for approximately 54% of the variability in encapsulation response
(Zheng et al. 1997). A similar study used the same inbred mosquito lines to
map encapsulation of negatively charged Sephadex beads, identifying a QTL
that mapped to the same region as the Pen1 locus. In addition, encapsulation
of beads and rodent malaria parasites (P. berghei) were shown to have sim-
ilar modes of inheritance: dominant, autosomal, and controlled by a single
major gene (Gorman et al. 1997). Finer scale mapping of the Pen1 locus has
identified 48 putative genes (Thomasova et al. 2002). Genetic analysis of Pen1
remains incomplete at present.

Of the two minor QTLs, Pen2, was located on chromosome arm 3L and
explained approximately 13% of the variation in encapsulation. The third
QTL, Pen3, was linked to Pen1 on chromosome 2 and affected encapsulation
of P. cynomolgi B only slightly. Attempts to map another immune related trait,
infection intensity (that is, sum total of viable plus encapsulated oocysts) in
this laboratory system suggested there was no simple genetic component of
inheritance, and no overlap with encapsulation QTLs (Zheng et al. 1997).

Recently, efforts to map the encapsulation trait in the same resistant and
susceptible strains of An. gambiae challenged with a different simian parasite,
P. cynomolgi Ceylon (it is unclear whether P. cynomolgi B and Ceylon differ as
strains or species), suggested that different QTLs are involved in encapsula-
tion of different parasites and that resistance to this parasite is incompletely
recessive (Zheng et al. 2003). Three QTLs, Pcen2R, Pcen3R and Pcen3L, were
identified for resistance to P. cynomolgi Ceylon and explained 13%, 16% and
26% of the variation in encapsulation, respectively. Two of the QTLs (Pcen2R
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and Pcen3L) were indistinguishable from Pen3 and Pen2, the minor QTLs
identified in P. cynomolgi B encapsulation. However, Pcen3R was a novel QTL
not involved in resistance to P. cynomolgi B and Pen1, the major P. cynomolgi
B locus did not contribute to the encapsulation of P. cynomolgi Ceylon. These
results were generally consistent with previous genetic studies that also found
distinct genetic mechanisms underlying encapsulation of these two parasites
(Vernick and Collins 1989; Vernick et al. 1989).

Resistance in Natural Populations Inheritance of resistance to P. falciparum
was examined in natural populations of An. gambiae in Mali, west Africa
(Niare et al. 2002). In an initial study, eggs were collected from single wild-
caught female mosquitoes, and the resulting families were raised under en-
vironmentally controlled conditions. Three such random families were fed
the same infected human blood and the difference in oocyst number among
families was measured. There were significantly different infection distribu-
tions among families fed on the same blood, which demonstrated that there
were frequent alleles segregating in nature with an effect on susceptibility to
parasite infection. Consequently, a mapping experiment was performed.

Genetic mapping of infection intensity (total oocyst number) in two wild
pedigrees of An. gambiae from Mali infected with natural P. falciparum iden-
tified a major resistance locus in one family and a minor locus in another
family. The major effect QTL (Pfin1), located on chromosome arm 2L, ex-
plained almost 90% of the parasite-free mosquitoes in the segregating pedi-
gree, and was semidominant. Mosquitoes that were resistant homozygotes (by
microsatellite marker) at Pfin1 had mean 0.17 oocysts per mosquito, while
susceptible homozygotes had 50.6 oocysts, indicating that natural resistance
mechanisms can be quite efficient. The second QTL, Pfin2, was located on
chromosome arm 2R near Pen1 and showed recessive inheritance of the re-
sistance phenotype. Despite their proximity on chromosome 2R, Pen1 and
Pfin2 are likely to be distinct genes given the differences in their associated
phenotypes (encapsulation vs. intensity, respectively) and the fact that encap-
sulation associated with Pen1 was strongest against allopatric non-African
malaria parasites, while Pfin2 was discovered due to its effect on sympatric
African parasites. This work on wild pedigrees represented the first concrete
evidence of resistance alleles segregating in nature, and was one of the first
studies to use any wild populations in identifying QTLs (Niare et al. 2002).
The genetic analysis protocol established in this work is now being used to
carry out a multiplexed genome-wide screen of An. gambiae infected with
natural P. falciparum in Mali to determine the number and frequency of
such natural refractory genotypes, and to capture alleles in extant lines for
laboratory studies. A combination of single nucleotide polymorphism geno-
typing, finer scale microsatellite genotyping and carefully selected candidate
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gene analyses are being used to identify the loci underlying Pfin1 and Pfin2.
Pfin1 is now restricted to an approximately 6-Mb chromosomal interval. Ef-
forts to identify candidate genes are aided by a current expressed sequence
tag (EST) project focused on immune responsive transcripts and subsequent
microarray analysis of gene expression during malaria infection.

Despite identifying major QTLs for both encapsulation and infection in-
tensities using the laboratory and field experimental approaches, no single
causative locus has yet been isolated. Complete genome sequence, increasing
functional characterization of genes and their protein products, finer scale ge-
netic mapping, and continual dissection of mosquito innate immunity should
allow more informed choice of candidate genes in the effort to identify malaria
resistance genes.

5
Mosquito Transcriptome and Proteome

Transcriptome The initial route taken to describe the molecular immune
system of mosquitoes was the identification of individual transcription-
ally responsive genes (Dimopoulos et al. 1998; Richman et al. 1997). The
first transcriptome-based projects described immune ESTs from a mosquito
hemocyte-like cell line (Dimopoulos et al. 2000) and from whole-mosquito
subtractive hybridization (Oduol et al. 2000). These and other projects have
recently yielded the resources for larger scale transcriptional profiling studies
of mosquito immunity.

Microarrays fabricated from normalized cDNA libraries of an An. gambiae
hemocyte-like cell line were hybridized with labeled cDNA produced from in
vitro treated cultured cells, or from in vivo treated mosquitoes (Dimopoulos
et al. 2002). Infection of mosquitoes by P. berghei induced the expression of 24
genesandrepressed the transcriptionof10.Mostof themalaria-inducedgenes
in mosquitoes were also induced in the cell line by microbial elicitors. The
malaria-repressed genes in mosquitoes were mostly repressed or unchanged
in response to microbial elicitors in the cell line. Among the approximately
eight genes induced in mosquitoes by malaria, but not by sterile or septic
injury, were two genes, isocitrate dehydrogenase and a dsRNA-binding RNase,
that were also not induced by any treatment in the cell line.

The cell-line derived microarray was also used to analyze gene expression
profiles of the above described artificially selected mosquito lines that are
susceptible or resistant to malaria parasites through the melanotic encapsu-
lation response. Some redox-related genes displayed elevated expression in
the resistant line as compared to either susceptible or wild-type G3 colony
mosquitoes, suggesting that the resistant line could be under constitutive
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oxidative stress (Kumar et al. 2003). The difference between genetic lines
was manifested after an uninfected bloodmeal, with little additional effect of
malaria parasite infection. This is reminiscent of the increased encapsulation
of negatively charged beads after a normal bloodmeal (Chun et al. 1995). The
induced gene set was enriched for genes of the mitochondrial genome, partic-
ularly those involved in mitochondrial respiration, and several nuclear genes
including thioredoxin reductase, mitochondrial thioredoxin, and xanthine de-
hydrogenase. Basal expression of catalase, a gene involved in the clearance of
oxidative free radicals, is higher in the susceptible than the resistant line. The
catalase gene is near the Pen3 QTL involved in parasite encapsulation, which
was a minor locus for P. cynomolgi B but a major effect locus for P. cynomolgi
Ceylon.

EST libraries highly enriched for repressed and induced sequences of the
immune transcriptome of whole An. gambiae mosquitoes (Oduol et al. 2000)
were spotted on microarrays and expression profiles were analyzed (J. Xu,
J. Li, F. Oduol, M. Riehle and K.D. Vernick, unpublished results). Transcrip-
tional profiles in response to the Gram-negative bacterial immune elicitor
lipopolysaccharide were almost entirely distinct from the response to malaria
or injury. A significant coexpressed cluster of genes was induced by injury
but repressed by malaria infection, suggesting that a counter-inflammatory
response may be caused by malaria parasites. The repression began soon after
the infective bloodmeal, before ookinete invasion of the midgut epithelium,
and expanded during midgut invasion, indicating the existence of malaria-
related molecular signals that may prime the mosquito host for infection.

Whole-genome expression profiles in Drosophila have revealed
many immune-responsive genes. In one study, microbial infection by
Escherichia coli, Mycobacterium luteus, and the fungus Beauvaria bassiana
drove the transcriptional response of 400 genes (230 induced and 170
repressed) on Affymetrix oligonucleotide array (De Gregorio et al, 2001).
Of the 400, 368 were not previously characterized as immune-related genes.
Among the observations were 28 new inducible small peptides, which could
be new antimicrobial effectors or cytokine-like signaling molecules. The list
of immune-responsive genes was arbitrarily truncated at 400, and was not
claimed to be inclusive.

A related study also used an Affymetrix oligonucleotide array and the same
pathogens to reveal a list of 543 genes that were upregulated at least twofold
by microbial challenge (Irving et al. 2001). This number comprised 4% of the
total 13,600 genes assayed. Downregulated genes were not explicitly reported
in this study (although the raw data are available), but based on the ratio of
up-to-down regulated genes in the previous study, there might be approxi-
mately 400 repressed genes, suggesting a conservative estimate of 7% of the
Drosophila genome devoted to immune defense. It is striking that transcrip-
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tional expression of such a large proportion of the genome can be influenced
by just three distinct pathogens. (Even more strikingly, approximately 25%
of Arabidopsis genes can be differentially regulated during pathogen infec-
tion; Tao et al. 2003.) There were some differences but no clear expression
signatures specific to the different pathogen responses in the Drosophila data.
Most of the Drosophila genes with the greatest immune induction encoded
hemolymph factors, including recognition proteins, antimicrobial peptides,
serine protease, and protease inhibitors. Although there are hundreds of
protease genes in the Drosophila genome, only 26 of them were induced by
immune challenge. Overall, 47% of the immune-induced genes had no known
function. Undoubtedly, some of these are generalized stress-responsive genes.

Proteome Relatively few studies have been done directly on proteins in-
volved in mosquito–parasite interactions. The hemolymph is one major site
of interest, because all sporogonic malaria stages contact the hemolymph.
Hemolymph is the physiological location of functions involving pathogen
recognition, signaling cascades, and effector activity, and is probably the
major compartment of the mosquito immune response.

Molecular cloning and two-dimensional gel electrophoresis studies of
hemolymph identified hemolymph proteins, including some that were al-
tered by inoculation of saline or Sephadex beads (Chun et al. 2000; Gorman et
al. 2000; Han et al. 1999). One of the altered proteins was the serine protease
AgSp14D1, which is a relative of Drosophila Easter and Manduca prophe-
noloxidase activating enzyme, and may be involved in immune recognition
and signaling (Paskewitz et al. 1999). The AgSp14D1 gene is located near the
mapped location of the Pen3 locus involved in melanotic encapsulation.

There is an effort underway to catalog the hemolymph proteome of
An. gambiae by mass spectrometry and two-dimensional electrophoresis
(F. Oduol, J. Li and K.D. Vernick, unpublished results). Hundreds of proteins
have been identified to date, including the expected prophenoloxidases,
thioester motif-containing proteins (aTEPs), and serine proteases, and also
many proteins with no known function. Comparisons between resting-state
and malaria-infected hemolymph have identified a number of proteomic
differences, including differences in absolute and relative protein abundance,
mass shifts that probably signify cleavage events, and small charge shifts that
probably signify phosphorylation or other post-translational modifications
involved in immune signaling.
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6
Fitness Costs and Evolution of Malaria Resistance

Relatively little work has been done to examine the nature of the evolutionary
relationship between malaria parasites and mosquito vectors, although an
obvious expectation is that each organism places selective pressures on the
other. In order for an antagonistic coevolutionary relationship between host
andpathogen toarise, at least twoconditionsmustbe satisfied: (1)host genetic
variants should differ in susceptibility to infection; and (2) infection should be
detrimental to host fitness. Both criteria appear to be met in the mosquito–
malaria system. Moreover, the intensity of selective pressure reciprocally
imposed between Anopheles and Plasmodium is probably enhanced by the
regularity with which mosquito hosts are exposed to the parasite and the
taxonomic specificityof thehost–parasite relationship.Mostmosquito species
are associated with only one or two closely related Plasmodium species in
nature, and any given mosquito has a high probability of encountering the
parasite over her lifetime.

Evidence for coevolutionary adaptation is also provided by the observation
that the Plasmodium life cycle can be successfully completed only in compat-
ible mosquito–parasite species combinations, while Plasmodium infections
of non-natural mosquito hosts can fail at any of a number of stages (Alavi et
al. 2003; Billingsley and Sinden 1997). Resistance, at least by encapsulation,
also appears to include a component of parasite specificity, based on large
genetic differences underlying encapsulation of P. cynomolgi B, P. berghei,
and Sephadex beads, as compared to P. cynomolgi Ceylon. Transcriptional
profiles of a panel of parasite response genes were different for P. falciparum
and the rodent parasite P. berghei (Tahar et al. 2002). One could speculate
that, in the case at least of encapsulation, a shared effector cassette may be
controlled by distinct upstream recognition and signaling modules respon-
sive to different malaria parasite species or strains. Caution is warranted in
drawing generalizations from these studies because neither P. cynomolgi nor
P. berghei are transmitted by An. gambiae in nature. Physiological competence
for encapsulation (based on the Pen1 bead phenotype) is further uncoupled
from actual parasite encapsulation by the observation that 90% of wild-caught
An. gambiae in Tanzania encapsulated Sephadex beads, while less than 1%
of naturally infected mosquitoes carried encapsulated parasites (Schwartz
and Koella 2002), again leaving room for the action of specific coevolved
recognition functions.

There is a body of evidence indicating that malaria infection imposes sig-
nificant fitness costs on the vector. With regard to direct mortality, laboratory
studies have been equivocal, sometimes suggesting no infection-dependent
mortality (Chege and Beier 1990; Robert et al. 1990) and in other cases reach-
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ing the opposite conclusion (Klein et al. 1982, 1986). However, under labora-
tory conditions with protection from nutritional and environmental stress,
pathogens may not yield the best measure of mortality, particularly if the
effects are subtle. Indeed, natural infections typically display lower oocyst
numbers than experimental infections in the laboratory (Medley et al. 1993),
indicating the probable existence of tradeoffs or infection-limiting factors in
nature that are eliminated in the laboratory. In a study of natural populations,
increased mortality was attributed to higher oocyst burdens, possibly due to
the metabolic cost of infection (Lyimo and Koella 1992).

Sporozoite-infected mosquitoes probe a bloodmeal host more often than
uninfected ones, and also spend more time probing (Rossignol et al. 1984,
1986;Wekesa et al. 1992).Aproposedexplanationwas that sporozoite-infected
salivary glands produce less apyrase (a platelet aggregation inhibitor) than
do uninfected glands (Rossignol et al. 1984). Moreover, mosquitoes in nature
positive for P. falciparum circumsporozoite protein (i.e., probably bearing
sporozoites) bite more people per night than uninfected mosquitoes (Koella
et al. 1998). Mosquitoes with parasitized salivary glands had a significantly
higher feeding-associated mortality in nature (Anderson et al. 2000), which
may result from greater exposure to human host defensive measures (e.g.,
swatting) due to the altered mosquito feeding behavior. The long latency of
the oocyst before sporozoite release may defer some of the fitness costs of
infection, and associated selection pressure, until late in the vector’s life, after
most eggs have already been laid (Koella 1999).

The presence of Plasmodium oocysts in the midgut has been correlated
with reduced mosquito fecundity in laboratory and natural systems (Hogg
and Hurd 1995a, 1995b, 1997). Decreased fecundity was also associated with
alterations in utilization of the yolk protein vitellogenin by ovaries in infected
versus uninfected mosquitoes (Ahmed et al. 2001; Hogg et al. 1997). It was
observed that soon after development of the ovarian terminal follicles in
An. stephensi, a significantly greater proportion of the follicles underwent re-
sorption in infected as compared to uninfected mosquitoes, thus reducing the
size of the resulting egg batch (Carwardine and Hurd 1997). The mechanism
underlying the resorption appears to be apoptosis of the follicles (Hopwood
et al. 2001). Thus, destruction of the follicles probably explains the reduced
vitellogenin uptake by ovaries of infected mosquitoes, and the consequent re-
duced fecundity. These observations add malaria to the list of pathogens that
subvert host reproduction to conserve critical host resources (Koella 1999).

There are probably functional tradeoffs between the costs of infection and
resistance, and one category of fitness cost is the cost of resistance itself. There
is likely a metabolic cost to mounting a defense response, and a parasitized
host may be energetically compromised and have fewer resources available
for defense against other pathogens (Ahmed et al. 2002; Brey 1994). There
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could also be a fitness cost from collateral damage to self caused by immune
effectors, which has precedent in host defense systems such as vertebrate
inflammation in sepsis (Cohen 2002; Ohta and Sitkovsky 2001) and probably
the insect melanotic encapsulation response, in which reactive oxygen species
in resistant mosquitoes may be harmful to both parasite and host (Armitage
et al. 2003; Kumar et al. 2003; Moret and Schmid-Hempel 2000; Nappi et al.
1995). The melanotic encapsulation response might also compete with other
critical functions such as eggshell and cuticle tanning (Ferdig et al. 2000;
Johnson et al. 2001).

A related consideration is that the lack of robust natural resistance may at
least inpart result fromindirectordirectparasitemodulationofhostdefenses.
Indirect effects could result from bloodmeal-related factors. For example,
some malaria-responsive An. gambiae genes are transcriptionally regulated
by an infected bloodmeal beginning before actual ookinete invasion of the
midgut (J. Xu, J. Li, F. Oduol, M. Riehle, and K.D. Vernick, unpublished results;
Bonnet et al. 2001; Tahar et al. 2002). This early expression could represent
a response to soluble parasite-produced immune elicitors, to the quality of the
bloodmeal derived from an infected vertebrate host, or to immune signaling
molecules from the infected vertebrate host that might influence mosquito
immune signaling pathways (Luckhart et al. 2003). Finally, the parasite may
actively and directly manipulate components of host defenses. This mecha-
nism has numerous precedents, for example insect polydnavirus proteins that
inhibit host immune hemocyte function (Li and Webb 1994), the Yop viru-
lence factors of Yersinia pestis that block host cell phagocytosis (Andersson
et al. 1996; Rosqvist et al. 1991), plant fungus subversion of an antimicrobial
compound to disrupt immune signaling (Bouarab et al. 2002), bacterial sup-
pression of the production of antibiotic peptides in Drosophila (Fauvarque
et al. 2002; Lindmark et al. 2001), malaria inhibition of dendritic cell func-
tions to leave the host vulnerable to repeated reinfection (Ocana-Morgner
et al. 2003), and the downregulation by herpesviruses, cytomegalovirus and
HIV-1 of surface class I MHC protein to block cytotoxic T lymphocyte activity
(Cohen et al. 1999; Ploegh 1998).

7
Evolution of Immune Genes in Drosophila Populations

Evolutionary forces acting on insect immune systems have been most thor-
oughly studied in Drosophila, where molecular and phenotypic analyses
suggest that genetic variation in immunocompetence is pervasive in wild
populations. Comparable data have not yet been obtained from the Anophe-
les–Plasmodium system. It has been recognized for some time that natural
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populations of D. melanogaster harbor genetic variation in the ability to resist
parasitization by endoparasitic wasps (Carton and Bouletreau 1985; Hughes
and Sokolowski 1996; Kraaijeveld and Godfray 1997). Although resistance to
parasitization in wild flies is very low, artificial selection for true-breeding
fly lines exhibiting high rates of wasp egg encapsulation has been success-
ful (Carton et al. 1992; Kraaijeveld and Godfray 1997) and attributable to
a small number of genes with large effects (Benassi et al. 1992; Orr and Irving
1997). In at least one case, the resistance phenotype seemed to result from in-
creased hemocyte production (Kraaijeveld et al. 2001). More recently, genetic
variability in antibacterial immunity has been documented among distinct
genetic lines derived from a wild D. melanogaster population (Lazzaro et al.
2004). Extreme lines in this study differed by 10 phenotypic standard errors
in bacterial load sustained following infection, although no single candidate
immune-response gene explained more than 16% of the observed variance.
The apparent difference in the genetic architecture of resistance to parasitoids
and bacteria is suggestive, but it may be exaggerated by differences in the ex-
perimental approach. The parasitoid work relied on lines artificially selected
for resistance, such that mutations conferring large phenotypic effects could
rapidly dominate the selected population and be readily detected by recom-
bination mapping. In contrast, the candidate gene-based approach taken in
the antibacterial work tends to have more power to detect small allelic effects,
although the genetic basis for much of the observed phenotypic variance re-
mains undetermined. A rigorous comparison of the structure of variation in
defense against parasitoids and microbes will have to wait until comparable
experiments have been executed with both pathogens.

Given the importance of immunocompetence to organismal fitness, it is
not apparent why variation in quality of the immune response is allowed
to persist in natural populations. One possibility is that functional varia-
tion in Drosophila immunity genes exists as a result of functional tradeoffs.
D. melanogaster larvae selected for enhanced encapsulation of parasitoid
wasp eggs have been shown to be poor competitors under resource-limited
conditions (Fellowes et al. 1998; Kraaijeveld and Godfray 1997), perhaps
due to a twofold greater investment in generating encapsulation-competent
hemocytes in resistant relative to susceptible lines (Kraaijeveld et al. 2001).
Increased male courtship activity has been suggested to decrease the rate
with which avirulent E. coli are cleared from the hemocoel of D. melanogaster
adults (McKean and Nunney 2001). In the latter case, no mechanistic connec-
tion between the resistance phenotype and the fitness cost has been defined,
although hormonal differences induced by mating have been suggested to
compromise immune capacity in Tenebrio (Rolff and Siva-Jothy 2002).

Another class of tradeoff models posits that a given host allele may confer
increased resistance to one pathogen but decreased resistance to another. In-
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nate immune systems may be especially prone to this type of tradeoff because
relatively few proteins may be responsible for recognizing and combating
a large diversity of potential pathogens. This model has not been well tested
in Drosophila, but limited empirical supporting evidence has been generated
with the crustacean Daphnia magna and its bacterial pathogen Pasteuria
ramosa. Genetically distinct Daphnia clones derived from wild-collected fe-
males were most susceptible to infection by Pasteuria ramosa isolated along
with the particular mother that founded the Daphnia line, suggesting that
varying Pasteuria strains were differentially able to infect specific host geno-
types (Carius et al. 2001). A similar experiment examining pathogenesis of
pea aphids, however, did not find any evidence for tradeoffs due to pathogen
specificity (Ferrari et al. 2001). Provided there is no universally ‘best’ defense
allele at a locus, allelic differences in efficacy against various pathogens could,
in principle, allow the maintenance of host variation as a function of pathogen
diversity. If relevant pathogen diversity decreases, however, this model col-
lapses into a more traditional host–pathogen coevolutionary ‘arms race’ in
which evolved host resistance to a pathogen drives the pathogen to evolve
means of overcoming host defenses, in turn selecting for enhanced resistance
in the host, perpetuating the cycle ad infinitum (Dawkins and Krebs 1979).

While allelic differences in response to varying pathogens have not been
rigorously tested in Drosophila, molecular sequence data from a subset of
Drosophila immune response genes reflect rapid evolution characteristic of
host–pathogen coevolutionary interactions. As a functional class, immune-
related genes diverge between species more quickly than nonimmune genes
in Drosophila (Schlenke and Begun 2003). A similar observation has been
made with respect to vertebrate immune response genes (Murphy 1993) and
plant R genes (Lehmann 2002), suggesting that frequent fixation of adaptive
amino acid variants is a common property of innate defense molecules. One
striking incidence of apparent Drosophila–pathogen coevolution occurs with
Relish, a transcription factor fundamentally important to the induction of
antibacterial responses (Hedengren et al. 1999). Relish shows a highly signif-
icantly accelerated rate of amino acid substitution, with most substitutions
concentrated in the autoinhibitory domain of the protein (Begun and Whitley
2000). Dredd, the caspase that physically interacts with Relish to cleave the
autoinhibitory domain (Stöven et al. 2003) also shows a highly accelerated rate
of amino acid substitution (Schlenke and Begun 2003). Thus, one hypothesis
is that bacterial molecules injected into the host cell via Type III secretion
systems (Cornelis and Van Gijsegem 2000) might interfere with Relish acti-
vation, forcing the host proteins into a coevolutionary arms race to retain
functionality.

Rapid amino acid divergence is not characteristic of all innate immune pro-
teins, however. Pioneering studies of sequence variation in D. melanogaster
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Cecropin antibacterial peptide genes revealed little evidence of adaptive evolu-
tion (Clark and Wang 1997; Date et al. 1998; Ramos-Onsins and Aguadè 1998).
A later study suggested that directional selection may operate on variation
generated by gene conversion between the tandemly repeated Attacin A and
B antibacterial peptide genes in D. melanogaster (Lazzaro and Clark 2001),
and more comprehensive analysis of sequence polymorphism and divergence
in multiple D. melanogaster antibacterial peptides showed consistent indi-
cations of positive selection on antibacterial peptide genes as a functional
class (Lazzaro and Clark 2003). But the rate of amino acid divergence between
D. melanogaster and D. simulans in antibacterial peptides is actually lower
than the substitution rate between the two species in nonimmunity genes.
Instead, D. melanogaster peptides harbor a slight excess of nonconservative
amino acid polymorphism in proteolytically processed, but not in mature an-
tibiotic, peptide domains (Lazzaro and Clark 2003). The data from the peptide
genes are not consistent with co-evolutionary arms races or selectively main-
tained hypervariability, but may be consistent with frequency-dependent or
fluctuating selection. Finally, peptidoglycan recognition proteins appear to
evolve primarily under purifying selection (Jiggins and Hurst 2003).

Drosophila immune response has been proposed as a model for description
of anti-Plasmodium reactions in anopheline mosquitoes. Much of the existing
data support the comparison, although there may also be important differ-
ences between the biological contexts of Drosophila immunity to parasitoids
and bacteria compared to antimalarial responses in mosquitoes. Drosophila
are plagued by several species of parasitoid wasps and an undetermined num-
ber of distinct bacteria, while Anopheles–Plasmodium relationships are highly
specific. The likelihood of any individual Drosophila encountering a given
pathogen species in nature is probably small, whereas anophelines in many
parts of the world are virtually assured of ingesting a bloodmeal containing
P. falciparum or P. vivax. These differences imply that Anopheles–Plasmodium
relationships may specifically coevolve even where Drosophila immune sys-
tems are forced to maintain a strong component of generality. This hypothesis
does not predict that mosquito immune response genes will be invariant, only
that the variation will be tailored to variation in Plasmodium genotypes.

8
Models and Mechanisms of Plant Disease Resistance

Like insects, plants lack a circulating immune system and rely exclusively on
a form of innate immunity to defend themselves from pathogen attack. The
best-understood form of plant disease resistance is known as gene-for-gene
resistance. It is so named because of early observations that particular loci in
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plant hosts (called R genes for Resistance) conferred resistance to pathogens
carrying particular genes called avirulence genes (Flor 1955). Typically, a sin-
gle R gene confers resistance to only a single pathogen strain that carries the
cognate avirulence gene. This seems rather odd, as one would expect that
the pathogens would quickly lose the avirulence genes. Avirulence genes ac-
tually encode virulence factors that promote pathogenicity on hosts lacking
the appropriate R genes, providing a selection pressure for pathogen popula-
tions to retain them. Gene-for-gene resistance is effective against a wide range
of pathogens, including viruses, bacteria, oomycetes, fungi, nematodes, and
aphids (Dangl and Jones 2001). Resistance is associated with an enormous
numberof inducibledefense responses, including thehypersensitive response,
a form of programmed cell death that occurs in cells in direct contact with
the pathogen.

At one time, the ligand–receptor model of gene-for-gene resistance was
popular. This model proposes that R genes encode receptors for proteins
or metabolites produced by pathogen avirulence genes. Binding of these
molecules by the R proteins then triggers activation of defense responses.
Isolation of R genes from many plant species over the last 10 years has re-
vealed that they comprise a few classes (Ellis et al. 2000). So far, the largest
class is composed of cytoplasmic proteins with nucleotide binding sites and
leucine-rich repeats (NBS-LRR proteins). Other classes consist of membrane
anchored proteins with LRR domains outside the membrane, or receptor ki-
nases containing LRRs. A few R genes that do not fit any of these types have
also been isolated. The cytoplasmic location of NBS-LRR proteins makes
sense since many plant pathogens transport virulence factors into the plant
cytoplasm. For example, plant pathogenic bacteria use Type III secretion sys-
tems similar to those of Yersinia and Salmonella to transport proteins into
the host cytoplasm (Casper-Lindley et al. 2002; Collmer et al. 2000).

LRR-containing proteins are also components of several aspects of host de-
fense in animals. Toll-like receptors (TLRs) are animal LRR proteins involved
in sensing molecular patterns characteristic of broad groups of pathogens,
such as lipopolysaccharide of Gram-negative bacteria. Distinct from most
plant NBS-LRR proteins, the ligand-binding LRR region of TLRs is extracel-
lular, and thus TLRs recognize extracellular pathogen molecules or signals
derived from them, and transduce the immune signal into the cell. However,
there are less well-described plant R genes that are also membrane anchored,
with extracellular LRRs. TLRs are structurally conserved in invertebrate and
vertebrate animals, and include mosquito representatives (Christophides et
al. 2002; Imler and Zheng 2004), although it is not yet clear if they play a role
in mosquito response to malaria parasites. More recently, it has been found
that there are also intracellular NBS-LRR proteins in animals that, similarly
to plant NBS-LRR proteins, bind cytosolic pathogen-derived molecules and
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transducean immunesignal.Despite somesemantic confusion in theirnames,
animal NBS-LRR proteins all possess an LRR region that is probably the site
of ligand-binding and an NBS that mediates oligomerization and probably
activation, and finally a variable domain that confers protein interaction with
distinct downstream effectors (Chamaillard et al. 2003; Inohara and Nunez
2003).

Once the plant R genes were in hand, many groups tried to detect binding
of R proteins to their cognate pathogen avirulence proteins. In virtually all
cases, these efforts failed dismally, casting doubt on the validity of the ligand–
receptor model. An additional problem with the ligand–receptor model is
that it requires plants to carry a large number of R genes, one for each
pathogen virulence factor that it could encounter in its environment. Analysis
of the complete genome sequence of the model plant Arabidopsis thaliana
revealed only 149 NBS-LRR proteins (Meyers et al. 2003), a number that
seems inadequate for the task. These difficulties led to the formulation of
a new model, called the Guard Hypothesis (Dangl and Jones 2001; Van der
Biezen and Jones 1998). In this model, R proteins guard important host
proteins that may be targeted by pathogen virulence factors. Interference
with the guarded protein by a pathogen factor is detected by the R protein,
and this triggers activation of defenses. This explains why direct interactions
between R proteins and avirulence proteins have not been easy to find. In the
Guard Hypothesis, the number of R genes required is not much larger than
the number of plant proteins that are possible targets of pathogen virulence
factors.

The Guard Hypothesis predicts that there should be plant proteins that
interact with R proteins and with the cognate pathogen avirulence proteins.
Recently, two proteins that may be guarded by R proteins have been identi-
fied in Arabidopsis. PBS1 encodes a serine-threonine protein kinase that is
degraded by the bacterial protein AvrPphB, which is a cysteine protease (Shao
et al. 2003). PBS1 kinase activity is required for recognition of AvrPphB by the
R gene RPS5, but not for the activity of other R genes (Swiderski and Innes
2001; Warren et al. 1999). RIN4 is degraded in the presence of AvrRpt2, the
cognate avirulence protein of the R gene RPS2. In the other example, RIN4
forms complexes with either of AvrRpt2 or RPS2 in vivo. Removal of RIN4
is sufficient to trigger a defense response, and this depends on RPS2 (Axtell
and Staskawicz 2003; Mackey et al. 2002, 2003). Evidence that pathogens ben-
efit from interfering with putative guarded proteins such as RIN4 and PBS1
in host backgrounds lacking appropriate R genes would provide additional
support to the Guard Hypothesis.

There is evidence that many pathogen avirulence genes contribute to vir-
ulence in hosts lacking cognate R genes. For example, AvrRpt2 enhances
virulence of Pseudomonas syringae pv. tomato DC3000 in hosts lacking RPS2,
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and inhibits activation of host defense responses (Chen et al. 2000). How-
ever, the molecular mechanisms by which such bacterial virulence factors
contribute to virulence are not understood.

Gene-for-gene recognition of pathogen attack sets off a cascade of re-
sponses with profound effects on the responding cells. Nitric oxide and reac-
tive oxygen species (ROS) are produced within a few hours. They may be toxic
to pathogens and have been implicated in signaling. The source of most of the
ROS is an NADPH oxidase similar to the enzyme responsible for ROS produc-
tion in mammalian phagocytes (Torres et al. 2002). Nitric oxide is required
for the hypersensitive response triggered by R genes in Arabidopsis (Delle-
donne et al. 1998), and is produced by the P-protein of glycine decarboxylase
(Chandok et al. 2003). It is not yet known if loss of this activity compromises
resistance.

Gene-for-gene resistance in plants is associated with production of small
signal molecules such as salicylic acid (SA), which is required for expression
of many defense-related genes. This signaling pathway contributes to resis-
tance to various pathogens, but the extent to which gene-for-gene resistance
depends on its function is not yet clear. Some of the molecular machinery in-
volved in responding to the SA signal has been elucidated, and constitutes an
interesting paradigm for signal transduction. Most SA-dependent responses
require the activity of NPR1, an ankyrin-repeat protein (Cao et al. 1997). In
the absence of SA, NPR1 is located in the cytoplasm in an oligomeric form due
to disulfide bridges between monomers. Increased SA concentrations cause
a change in the redox balance, resulting in de-oligomerization of NPR1, which
allows it to move into the nucleus (Mou et al. 2003). Once there, it interacts
with specific transcription factors (Despres et al. 2000; Zhang et al. 1999),
which are required for activation of expression of certain SA-regulated de-
fense genes (Zhang et al. 2003). This process is reminiscent of the mammalian
IκB/NFκB system and a similar mechanism in insects in which binding of IκB
to NFκB holds it in the cytoplasm until an appropriate signal occurs, at which
time the released NFκB translocates to the nucleus (Baeuerle and Baltimore
1996; Hoffmann 2003).

The fact that there is a fitness cost to R gene mediated resistance has long
been known to crop breeders who deploy R genes in the field. A recent study
hasdocumented that thepresenceof theRgeneRPM1 inanotherwise isogenic
background results in a seed yield reduction of 9% (Tian et al. 2003), although
the resistance allele is strongly favored when pathogenesis is prevalent. Thus,
the frequencies of resistance/susceptible alleles can cycle with the frequency
of pathogenesis (Stahl et al. 1999). Deleterious effects of R genes could be
a result of low-level R protein activity in the absence of pathogens, leading to
low-level expression of plant defense responses. Some R proteins such as RPS2
have been shown to have activity in the absence of pathogens (Tao et al. 2000).
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The fitness costs of R genes likely contribute to the enormous polymorphism
in R gene repertoire in wild populations, as fitness costs are balanced against
benefits of resistance.

There are far more NBS-LRR proteins in plants (149 in Arabidopsis to
hundreds in rice) than in humans (~25), where they have only recently been
identified. This class of intracellular defense molecule has not yet been de-
scribed in invertebrates and may be absent in them, although human and
invertebrate genomes each encode approximately 10 membrane anchored
TLRs. Thus, although it is too soon to generalize, it appears that plant defense
responses may be biased towards detection of intracellular attack as compared
to animal defenses, perhaps consistent with differences in body plans of the
organisms (Girardin et al. 2002).

9
Conclusions

Animals and plants all possess innate, genetically encoded mechanisms of
host defense against pathogens. These mechanisms comprise the first line of
host defense in vertebrates, and the only known line of defense in other organ-
isms. Innate host defense systems have largely been described as responses
to bacteria, viruses and fungi, pathogens that are radically different from
the host. In these cases, it may be relatively straightforward for the host to
recognize pathogen-associated molecular patterns that distinguish pathogen
from self, and to develop effectors with specific activity against, for instance,
bacterial but not eukaryotic cell membranes. Eukaryotic hosts infected with
protozoan pathogens, such as mosquitoes infected by malaria parasites, lose
some of these advantages. It is probably more difficult to design a defensin-
like effector that forms pores in parasite but not host plasma membrane when
the biophysical properties of both membranes are much more similar.

How do mosquito vectors of malaria respond to infection with malaria
parasites? Because of the specificity of the association, and the likely fitness
costs to mosquitoes, this probably represents an antagonistic coevolutionary
relationship. Consequently, mosquito responses to malaria parasites are more
likely to include pathogen-specific components, compared to the characteris-
tically general antimicrobial responses. We do not know whether other proto-
zoan pathogens that may infect mosquitoes in nature, such as microsporidia,
are seen by the mosquito as immunologically similar to malaria parasites.
Thus, it is not yet possible to say whether mosquito responses to malaria
are also effective against other pathogens, or if the antimalaria response has
been shaped by selection imposed by other pathogen infections and may be
consequently constrained by a requirement for generality.
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In the mosquito–malaria system, we do not yet know the immune elici-
tors, mechanisms of immune recognition and signaling, or effectors. In the
laboratory model system of melanotic encapsulation, genetic loci have been
mapped and there is a preliminary picture of some of the physiological fea-
tures. The genetic evidence suggests that even this model response appears
to be tailored to specific parasite species and possibly strains. In any case,
encapsulation as described in the laboratory model does not appear to be
representative of actual mosquito resistance to malaria in nature. Perhaps
this is not surprising since, at least in the genetically selected line under cur-
rent study, efficient encapsulation appears to be costly to the host. It is possible
that individual components of the multigenic encapsulation machinery might
be utilized in natural populations in different ways, which may be consistent
with finding natural resistance traits (Pfin2) that map to the same apparent
locus as one of the encapsulation loci (Pen1). The recent completion of the
An. gambiae genome sequence and current work on the Ae. aegypti sequence
offer new tools to dissect the mosquito–malaria interaction. Genomic tools
are transforming the ability to analyze transcriptional and protein responses
to infection, and to genetically identify and analyze the evolved mechanisms
that determine mosquito resistance to malaria in nature.
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Abstract An evolution in modern malaria research occurred with the completion of
the Plasmodium falciparum genome project and the onset and application of novel
post-genomic technologies. Corresponding with these technological achievements
are improvements in accessing and purifying parasite material from ‘hard-to-reach’
stages of malaria development. Characterization of gene and protein expression in the
infectious sporozoite and subsequent liver-stage parasite development is critical to
identify novel pre-erythrocytic drug and vaccine targets as well as to understand the
basic biology of this deadly parasite. Both transcriptional and proteomic analyses on
these stages and the remaining stages of development will assist in the ‘credentialing
process’ of the complete malaria genome.

Abbreviations
CSP Circumsporozoite protein
EBA-175 Erythrocyte Binding Antigen-175
EBL-1 Erythrocyte Binding-Like Antigen-1
EBL Erythrocyte Binding Like protein family
EST Expressed sequence tags
EEF Exoerythrocytic forms
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LCM Laser capture microdissection
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MSP-1 Merozoite surface protein-1
MTIP Myosin A tail domain interacting protein
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PFEMP1 P. falciparum Erythrocyte Membrane Protein-1
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RAP-1 Rhoptry associated protein-1
SSP2/TRAP Sporozoite surface protein 2/thrombospondin related adhesive

protein
Y2H Yeast-two-hybrid

1
Introduction to Malaria in the Post-genomics Era

Malaria research has transcended into a new era with the near completion
of several Plasmodium sequencing projects and the development of post-
genomic technologies [1–8]. Such modern advances allow researchers to un-
derstand and characterize the underlying mechanisms represented in the
Central Dogma of Molecular Biology as it pertains to malaria parasite. There-
fore, scientists now have the capability of exploring the dynamic Plasmodium
falciparum life cycle probing within its genome, transcriptome, and proteome
[1, 4–7, 9–13]. The completion of the P. falciparum (3D7 clone) genome se-
quencing project in 2002 is the basis and primer for a broad range of future
experimental designs in the malaria research community for years to come.
However, the contributions of the complete genome sequence are imperfect in
their inability to discover biological function, expression, and relevance of the
more than 5,200 predicted genes and their encoded products. With improved
bioinformatics and database management required to grasp genomic-scale
datasets, researchers have already developed and applied technologies for
analyzing malaria stage-specific gene expression/regulation, protein expres-
sion/interactions, and for identifying novel vaccine targets [2, 14–17].

Currently, most of the P. falciparum developmental stages in the human
host (erythrocytic stages, merozoites, sporozoites and gametocytes) are ac-
cessible and have been analyzed in large-scale expression studies. Less in-
formation is available on the more ‘hard-to-reach’ sexual- and liver-stage
forms due to the inability routinely to purify and enrich significant amounts
of nucleic acid and protein material. Together the antigens expressed in the
sporozoite and hepatic stages are of interest to new vaccine target hunters [18].
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A comprehensive characterization of the parasite sporozoite and liver-stage
transcriptome and proteome provides a directed approach towards candi-
date vaccine antigen discovery rather than sifting through the entire genome
on a gene-by-gene basis. An efficacious and protective vaccine against these
stages focuses on eliminating the parasite prior to the clinical manifestations
associated with a fulminating blood-stage infection. This chapter focuses on
the past and present gene and protein expression methodologies being used
to study the invasive sporozoite and ensuing liver-stages of pre-erythrocytic
development.

2
Advances in Genomic and Proteomic Technologies

Malaria research is now entering a juncture where high-throughput genomic
technologies are beginning to compensate for the vast information generated
by the various sequencing projects [2, 3, 15, 19, 20]. Since classical genetics
approaches are restricted when applied to studying malaria parasites, alter-
native methods for the examination of gene function and expression must be
sought. Prior to the final annotation and publication of the malaria genome
large-scale gene expression datasets were generated using DNA microarrays
and sequencing projects examining expressed sequence tags (EST), gene se-
quencing tags, and serial analysis of gene expression analysis [21–25]. These
methods all proved successful in offering a promising glimpse of malaria
gene expression focused primarily on the routinely synchronized and cul-
tured asexual blood-stages. A shotgun DNA microarray printed with 3,648
random inserts (representing a predicted 40% of the genome) from a mung
bean nuclease genomic library and probed with cDNA from trophozoite and
late stage gametocytes indicated significant differences in gene expression
during these two developmental stages [23]. In another study, a microarray
spotted with 944 amplified EST clones (representing approximately 18% of
the genome) was independently hybridized with cDNA enriched from five
periodic timepoints spanning asexual development [25]. The results showed
a highly coordinated stage-dependent regulation of transcripts encoding
functionally similar products. Ring and trophozoite stage parasites showed
an up-regulation of transcripts associated with translational machinery com-
ponents as the parasite prepares for the increased rate of protein synthesis
characteristic of trophozoite metabolism. Moreover, maturing schizonts in-
creased gene expression of adhesion/ligand molecules related with the apical
complex and functionally important for merozoite re-invasion into new ery-
throcytes. These groundbreaking studies verified and validated the extensive
potential for using microarrays for expression profiling the complete P. fal-
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ciparum life cycle as well as demonstrating the tightly controlled regulation
of malaria gene expression. However, due to the inaccessibility of certain
developmental stages, technological limitations, and incompleteness of the
concurrent malaria genome project, missing from these initial studies were:
(1) the characterization of gene expression in sporozoites, hepatic stages, and
the sexual stages in the invertebrate host; (2) a complete genome-wide survey
of expression; and (3) the ability to correlate transcript expression levels to
that of protein expression and/or function.

Fortunately, it has not taken long to address each of these issues. Malaria
research has moved to the forefront in applying post-genomic technologies
on a parasitic disease partially by leveraging from advanced methods and
achievements used to characterize expression profiles in yeasts. Upon com-
pletion of the Saccharomyces cerevisiae genome in 1996, and within a year,
an Affymetrix high-density oligonucleotide array was used to profile the ex-
pression of the complete genome [26]. A proposed goal of this study was
to apply this methodology to the monitoring of genome-wide expression in
a more complex organism and the malaria parasite was subsequently used as
a candidate.

In a similar timeframe, within a year following the completion of the P. fal-
ciparum 3D7 genome, an expression profile was obtained that targeted several
stages of malaria development also utilizing the Affymetrix gene chip [9, 10].
The custom designed Plasmodium gene chip used in this study consisted of
over 500,000 probes (25-nucleotide single-stranded probes) including 260,596
from predicted coding sequences and 106,630 probes from predicted noncod-
ing regions. Designing the chip in this manner achieved approximately one
probe located every 150 bp across the 22.8 Mb P. falciparum genome with
multiple probes within each annotated open reading frame (ORF). This fea-
ture density promotes increased confidence in expression levels as each gene’s
expression value is generated from numerous probes and is not dependent
on the binding and signal intensity of a single oligonucleotide probe. After
subtracting background signal intensities, normalizing, and comparing each
feature to its representative gene, the expression values were generated. In
this array, low levels of expression are generally considered <100, moderate
levels between 100 and 1,000, and very high expression levels >1,000. Such
expression analysis determined transcript levels for more than 95% of the
predicted P. falciparum genes by hybridizing cDNA synthesized from syn-
chronized blood-stage, merozoite, gametocyte, and sporozoite samples. This
study represents the first microarray based stage-specific expression analysis
and generation of a genome-wide inclusive dataset for Plasmodium sporo-
zoites. Moreover, a cluster analysis method was applied to empirically assign
function to genes without known function or homology based on similar
expression profiles with genes of characterized function. Expression data for
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2,235 genes, the majority having a predicted unknown function, were grouped
into 15 clusters using a robust k-means clustering algorithm. The approach
was further validated by demonstrating that genes of known function com-
prising each cluster often had similar biological roles and/or functions. For
example, cluster 15 included genes upregulated in late stage schizonts known
to be involved with merozoite invasion and located on the surface of mero-
zoites and within the parasite apical complex.

Microarray and gene chip technology has been shown and will continue to
be exploited as an asset to the malaria research community. Recently, a long
oligonucleotide microarray was used to examine thoroughly the complete
genome expression over the P. falciparum erythrocytic cycle sampling 48-h
timepoints and hybridizing each to the array [11]. Taking this vast amount
of data with the large-scale EST datasets and other microarray data available
gene expression profiling during P. falciparum blood-stages has been compre-
hensively explored. With the current chip technology and the advent of the
next generation of custom designed chips more complex biological questions
can be addressed including examining variances in gene expression across
several Plasmodium species, strains, and clones, identifying crucial viru-
lence loci, characterizing drug sensitive/resistant phenotypes, host response
to infection, and responses to stressed growth conditions. Additionally, with
improved purification and enrichment techniques the expression profiles of
the currently inaccessible malaria developmental stages can be obtained and
examined thus completing expression monitoring of the entire malaria life
cycle.

Advances in yeast post-genomic technologies have similarly been effec-
tively applied to malaria in the field of proteomics [27–29]. Since gene tran-
script levels and patterns do not always correlate with protein expression and
abundance it is important to identify the protein complement of a cell, in
this case, the malaria parasite. Modern advances in protein analysis were pre-
viously applied to characterize the entire yeast proteome using a novel and
essentially unbiased gel-free chromatography method linked with tandem
mass spectrometry. By identifying more than fivefold more S. cerevisiae pro-
teins than any other previous study, this technique proved its worth [28]. The
multidimensional protein identification technology (MudPIT) system com-
bines microcapillary two-dimensional liquid chromatography (LC) coupled
with tandem mass spectrometry (MS/MS). The high-throughput MudPIT
method is capable of resolving proteins from complex mixtures originating
from variant subcellular localizations with minimal sample handling as well
as identifying post-translational modifications [30]. Additionally, MudPIT
overcomes several limitations associated with 2D gel-based proteomic studies
including the rare detection of proteins that are of low abundance, insoluble,
and/or have an extreme pI or molecular weight. Briefly, lysed protein samples
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are separated into soluble and insoluble fractions and subsequently treated
with selected proteases or cyanogen bromide and formic acid plus proteases,
respectively. The treated samples are loaded on a microcapillary column,
eluted under increasing salt gradients across voltage, and directly subject to
MS/MS. The resulting MS/MS spectra are then cross-referenced to predicted
in silico digested peptides from the corresponding genome database using the
SEQUESTTM algorithm. By this means, thousands of spectra can rapidly be
analyzed resulting in the identification of the protein complement represented
in both the soluble and insoluble fractions.

MudPIT analysis was performed on mixed protein samples isolated from
various accessible stages (sporozoite, merozoite, trophozoite, and stage III–V
gametocytes) of malaria development [12]. The resulting MS/MS spectra were
compared to predicted translated products in the malaria genome database.
Experiments were carefully controlled to discount potential host (human
and mosquito) contamination by additionally running the SEQUESTTM algo-
rithm with all spectra (including noninfected controls) against the human and
mosquito genome datasets. Nearly half (2,415 proteins) of the predicted ex-
pressed annotated genes present in the genome were identified. Interestingly,
more than 21% (513) were proteins solely expressed in sporozoites includ-
ing known cell surface proteins, proteins associated with the apical complex,
and intriguingly protein families known to be involved in blood-stage anti-
genic variation. More in depth descriptions of the sporozoite proteome will be
discussed in Sect. 3. As expected, the merozoite proteome identified numer-
ous proteins associated with the erythrocyte invasion process and the apical
complex, notably three members of the erythrocyte binding-like (EBL) family,
EBA-175, BAEBL, and MAEBL. Several merozoite surface proteins (MSP-1, 2,
3, 6, and 7) were also detected with the abundant MSP-1 obtaining extensive
sequence coverage. Sequence coverage is an approximate estimator of pro-
tein abundance and represents the percent of the predicted annotated protein
sequence spanned by the peptides identified in MS analysis. Trophozoite pep-
tides showed an expected abundance of proteins involved in protein synthesis
and also proteinases implicated in hemoglobin degradation and metabolism.
Late-stage gametocyte samples identified several previously characterized
gametocyte antigens including over 64% coverage of Pfg27/25, over 48% cov-
erage of Pfs16, in addition to several proteins linked to gametocyte-specific
transcription machinery.

Similar to the results generated fromgeneexpressionprofiling, theMudPIT
proteome analysis determined a tightly regulated pattern of stage-specific
protein expression. Less than 7% (152 proteins) of the total proteins identified
were found to be constitutively expressed across all stages tested compared
to 51% as resolved by the transcriptome analysis. However, whereas genome
transcription profiling experiments offer expression data for each annotated
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gene, MS analysis identifies a representative sampling of the total protein
complement and therefore is not exhaustive. It is expected that a certain
number of proteins may have been missed in these initial proteomic trials
and with additional experiments currently underway and by sampling from
additional parasite stages a more comprehensive malaria proteome profile
will be compiled. An independent P. falciparum proteome project using MS
(nanoLC/MS/MS) identified 1,289 proteins from blood-stages, gametocytes,
and gametes was published in parallel to the MudPIT analysis [1]. Examining
the data from both of these novel malaria proteome projects along with
acquisition of the next generations of proteome data will assist in completing
the P. falciparum proteome profile.

Finally, advancements in yeast-two-hybrid (Y2H) technologies offer
an appealing system for characterizing both malaria parasite–parasite
and parasite–host protein interactions. Y2H has been successfully applied
to malaria parasites to study particular parasite interactions [31–36].
Current Y2H approaches include high-throughput methods for identifying
interactions with more reliability by decreasing the incidences of false
positives (R. Hughes, Prolexys Pharmaceuticals, personal communication).
Briefly, the construction and normalization of plasmid libraries facilitates the
generation of both large-scale baits (fused with the DNA binding domain)
and preys (fused with the transcriptional activation domain). A successful
prey–bait protein interaction results in the mating of the two yeast haploid
forms that originated from converse mating types. The interaction induces
active transcription of a reporter gene resulting in selected yeast growth
only in the presence of a prey–bait protein interaction. This technology
is already being performed on malaria parasites to identify P. falciparum
parasite–parasite interactions using an asexual-stage cDNA library as a prey
(S. Fields, University of Washington, personal communication). Already
this method has proven effective in identifying thousands of putative
protein interactions (from >18,000 searches) among blood-stage encoded
products. Additionally, this application provides researchers the means to
discover novel parasite–host (human and mosquito) interactions that up
until now have only been indirectly studied. One enticing application for this
technology is to characterize interactions between sporozoites and liver-stage
parasite proteins with the host liver proteins. In this manner, putative
receptor–ligand interactions utilized by the sporozoite for invasion, as well
as intracellular interactions occurring between the internalized parasite
and its liver host cell could be identified. Furthermore, Y2H provides the
opportunity for exploring each of the host–parasite interactions attributed to
an invasion process: the ookinete crossing the mosquito midgut epithelium;
the sporozoite entering the salivary glands; the merozoite into erythrocytes;
and the aforementioned sporozoite invasion into liver cells. Y2H effectiveness
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could be demonstrated by constructing a high quality parasite cDNA library
or by individual cloning of a selected number of prioritized malaria genes to
use as baits and the creation of host cDNA libraries as potential preys.

In order to exploit Y2H efforts and other post-genomic technologies, opti-
mized high-throughput recombinant cloning strategies will be required to
clone hundreds of P. falciparum genes of interest for facilitating a rapid
workflow and transition into numerous downstream genomic applications
[72]. The recombinational cloning technology uses the phage recombina-
tion sites to directionally clone genes into an entry vector (BP reaction)
followed by the efficient shuttling of inserts into vectors (LR reaction) always
maintaining the ORF and orientation. This streamlined technology provides
a high-throughput method of cloning malaria genes for downstream applica-
tions including protein expression, DNA vaccine production, yeast two hybrid
studies, knockout vectors, structure analysis/crystallization, and others.

Approximately 300 P. falciparum ORFs have been cloned into the Gateway®
entry vector (pDONR207 and/or pDONR/ZEO). A two-step PCR method us-
ing gene-specific primers in the initial PCR followed by a second PCR with
adapter primers containing attB1 and attB2 recombination sites prepares the
PCR amplicon for efficient cloning into the entry vector. The prioritized ORFs
can be selected for cloning based on their stage-specific large-scale proteome
and transcriptome expression profiles and through the use of bioinformatics
tools available on the PlasmoDB website (http://plasmodb.org) that will be
discussed in later sections. Now, in a manner of weeks it is feasible to amplify
hundreds of ORFs from a DNA or cDNA template, clone them into an entry
vector, shuttle inserts into several destination vectors simultaneously in a 96-
well format in preparation for several functional assays. Entry clones can be
made available to the research community through public resource reposito-
ries (i.e., MR4: http://www.malaria.mr4.org/). A caveat to this approach for
the full complement of 5,300 genes is that the present genomic annotation
may not accurately predict start and stop codons in multiple exon genes.

3
The Plasmodium Sporozoite Proteome

Compared with the other stages of malaria development examined, the Mud-
PIT analysis of P. falciparum sporozoites arguably gave the most intriguing
findings [12]. Prior knowledge of the protein complement of the sporozoite
stage was miniscule compared with the 1,049 identified using MS. Known and
well characterized sporozoite surface proteins were among those identified
including the abundant circumsporozoite protein (CSP) and sporozoite sur-
face protein 2 (SSP2/TRAP). Two peptide spectra were found for the major



Functional Proteome and Expression Analysis of Sporozoites 425

surface protein CSP including a peptide located at the amino-terminal end of
the distinctive NANP repeat region and the other sited further downstream
in the thrombospondin type 1 domain. Together the two peptides covered
10.1% of the complete CSP protein sequence. Furthermore, SSP2 gave 24
spectra matches of varying sequence and charge state with a notable 36.1%
sequence coverage. The majority of the SSP2 peptide matches fell within the
hydrophobic von Willebrand factor type A domain in the amino-terminal end
of the annotated protein as well as a few peptide complements situated within
its own thrombospondin type 1 domain. The expected presence of these two
proteins assisted in validating the LC/MS/MS approach to characterizing the
sporozoite proteome. However, it was the unforeseen and novel findings that
have forced the malaria research community to rethink once accepted dogmas
of malaria biology.

First, the sporozoite proteome identified numerous proteins associated
with the parasite apical complex that were thought to be predominantly func-
tionally active in erythrocytic stages of development. Proteins that sequester
to the apical organelles are often associated with merozoite invasion into
host erythrocytes with many of these proteins grouped into distinct fami-
lies based on sequence homologies and putative function. Intriguingly, the
sporozoite proteome includes several members of such protein families that
have been described as potential blood-stage malaria vaccine candidates. For
example, peptides of two EBL family members were identified representing
EBL-1 and MAEBL [37]. MAEBL is known to be a unique member of the
EBL family due to its chimeric gene structure, regulated expression patterns
including known sporozoite stage expression, and implications in being in-
volved with salivary gland infectivity so it is not surprising that MAEBL was
found to be in the sporozoite protein complement; however little is known
about EBL-1 to explain sporozoite expression [38–42]. Although screening
of an EST library provided evidence that EBL family member EBA-175 is
expressed in sporozoite stages, neither the proteome nor the transcriptome
(expression value=0) confirmed those results [43]. The Apical Membrane
Antigen-1, which shares sequence homology with MAEBL, a vaccine target
due to its predicted role in the merozoite invasion process, was identified with
five MS (SpecCount=12) in sporozoite samples (14.5% sequence coverage). In
accordance with the proteome results, both MAEBL and AMA-1 were highly
expressed in the sporozoite transcriptome with values of 1513.4 and 343.8,
respectively. In fact, the sporozoite microarray expression values for MAEBL
and AMA-1 are higher than any blood-stage level (nearly fivefold higher for
MAEBL). These corroborating results suggest that these putative blood-stage
ligand molecules may have an important functional role in sporozoites that
needs further exploration [73]. Similarly, peptides matching members of both
the cytoadherence-linked asexual protein and high molecular weight rhop-
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try (RhopH) protein families whose members are suggested to be involved
in adhesion and erythrocyte selection were identified in sporozoite sam-
ples (PFC0120w, PFI1730w, PFI0265c) [44–47]. Finally, Rhoptry Associated
Protein-1 (RAP-1, PF14_0102) shown to form a complex with at least two ad-
ditional RAP proteins and is a vaccine target as antibodies inhibit merozoite
invasion, was identified by two spectrum matches in sporozoite samples [48].
Neither RAP-2 nor RAP-3, the remaining members of the RAP complex, were
found expressed in the sporozoite proteome.

It is evident that additional experiments are required to validate sporozoite
expression and potential functional roles for the majority of cases mentioned
aboveperhapsonan individual basis. This is especially the casewhenconfirm-
ing proteins known to be functionally associated as a complex like the RAP
and RhopH protein complexes. With the exception of AMA-1 and MAEBL,
the proteome analysis for the other proteins described does not agree with
the transcriptome results since transcript expression scores in sporozoites
were minimal (<30). Consequently, one might argue that since only a single
(or very few) unique mass spectra were identified for many of these putative
sporozoite proteins and that not all members of a known protein family or
complex were identified, perhaps the results are merely artifacts. However,
the MudPIT proteome methodology earns its elegance in that if a peptide is
detected then the associated protein is expressed at that particular stage of
parasite development with high confidence and probability. There exists no
chance for contamination with other stages in the sporozoite samples and
unlike when working with the transcripts, RNA turnover is not a concern or
disadvantage.

Moreover, although unbiased in many regards, the LC/MS/MS proteome
approach may be somewhat dependent upon the amino acid makeup of a pro-
tein in regards to frequency of trypsin cleavage sites (L. Florens, personal
communication). Therefore, determining protein abundance based on num-
ber of peptide matches and/or sequence coverage may be restricted in certain
cases. For example, as mentioned previously, CSP and SSP2 are two abun-
dant sporozoite proteins with MudPIT analysis identifying only two unique
peptides for CSP and a robust 24 for SSP2. Even though these identified pep-
tides resulted in a relatively high sequence coverage for these proteins, 10.1%
for CSP and 36.1% for SSP2, finding only two peptides for CSP was some-
what surprising. Perhaps these two CSP tryptic peptides might have been
found numerous times thereby providing a foundation for an argument for
increased CSP expression, but this is not the case. Spectral analysis of the raw
proteome data indicates that only three spectra were generated that matched
to these CSP peptides. In contrast, a significantly greater 114 spectra were
produced to create the 24 peptides for SSP2. Only two other loci (PFL1725w
and PF10_0084) in the entire sporozoite proteome resulted in higher number
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of spectral matches than SSP2. The sporozoite transcriptome results achieved
more realistic and accepted expression values for CSP (26,684.1) and SSP2
(12,475.8) with the CSP expression value higher than any other P. falciparum
locus in any other stage. Why then is CSP apparently under-represented in the
sporozoite proteome? It can be speculated that the amino acid composition
of proteins plays a role in the downstream application of using LC/MS/MS
on trypsin digested fragments of Plasmodium proteins. Trypsin cleavage is
dependent on the presence of arginine and lysine and the charge of flanking
residues. P. falciparum 3D7 CSP appears limited in predicted cleavage sites
with relatively few arginine (6) and lysine (22) residues. In comparison, SSP2
has 30 arginine and 39 lysine residues. Furthermore, the arginines and lysines
that are present in CSP are flanking the internal NANP repeat region that spans
38% of the entire protein and thus may interfere with proper tryptic digestion.
Therefore, the inherent amino acid makeup for CSP might interfere with the
ability to quantify protein abundance from the MudPIT MS results. This latter
analysis is merely an initial hypothesis in an attempt to explain the data in this
specific case, where obviously further confirmation is required to substantiate
this claim. Finally, it may be useful in proteomic studies to take into account
an organism’s amino acid composition and codon usage bias related to the
number of predicted tryptic peptide cleavage sites when undergoing MudPIT
analysis.

Perhaps the most striking and unexpected finding in the P. falciparum
3D7 sporozoite proteome was the identification of peptide spectra corre-
sponding to proteins of the var and rif multigene families both hitherto
dogmatically associated only with malaria asexual-stage development. The
extensively studied var gene family encodes for the PFEMP1 molecule that is
involved with antigenic variation, sequestration, and rosetting in blood-stage
parasites. The P. falciparum 3D7 haploid genome contains 59 var gene loci
predominantly localized to subtelomeric regionsonall 14 of the chromosomes
[4]. The sporozoite proteome identified the encoded products of 25 var genes
and 21 different rifin gene products. Perhaps even more fascinating is the
apparent stage-specific expression of these identified proteins. Of the 37 total
var products identified by MudPIT analysis in the examined P. falciparum
stages, 21 were stage specific.

Only 10 of the sporozoite expressed var genes and 2 of the rifin genes
were found expressed in blood-stages. Sporozoite transcriptome analysis of
var gene family expression correlated with sporozoite proteome data indi-
cating 16 (out of the 25) with expression values >50. Secondly, additional
confirmation of var gene expression in sporozoites arises from a P. falciparum
sporozoite cDNA sequencing project (J. Aguiar, personal communication)
that identified five clones representing var genes. Interestingly, four of these
genes (PFC1120c, PF08_0107, PF13_003, and PFI0005w) were var genes ex-
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pressed in both the proteome and the transcriptome. The remaining gene
(PFL0935c) was confirmed in the transcriptome (expression value=78.1), yet
not found by peptide matches in the proteome. Therefore, expression analysis
of P. falciparum 3D7 sporozoites using three large-scale datasets (MudPIT MS,
Affymetrix gene chip profiling, and cDNA library sequencing) are in agree-
ment in regards to var gene and its encoded product (PFEMP1) expression.

The proteome project also introduced the concept that malaria parasites
use a stage-specific mechanism of coordinated co-expression of genes adja-
cent to or in close proximity to each other along the chromosome [12]. The
sporozoite expression of the members of the var multi-gene family also ap-
pears to reflect this discovery. The majority (15 out of 25) of the var loci found
to be expressed via MudPIT analysis also had peptides identified from one or
more neighboring var genes. For example, P. falciparum 3D7 chromosome 8
has two clusters of var gene loci, one telomeric cluster containing three var
genes and one internal region with three var genes. The proteome determined
that seven of these var genes were expressed as PFEMP1 proteins, indicating
that both clusters may be co-expressed. Chromosome 4 possesses 12 var genes
in four clusters, yet tryptic peptides only identified encoded products of three
adjacent var genes staking a claim that this cluster is being co-expressed based
on chromosome position while the remaining clusters were silenced. This pat-
tern of expression differs from classic antigenic switching where only a single
PFEMP1 molecule is expressed on the surface of infected erythrocytes. The
21 rif gene family members identified in the proteome project are predomi-
nantly sporozoite stage-specific with examples of co-expressed regions along
the chromosome, though not as frequently as the var genes. Three adjacent rif
gene loci (PF14_004, PF14_003, and PF14_004) located in the telomeric region
of chromosome 14 each had peptides identified by MudPIT and significant
transcript levels (expression values >50) in gene chip analysis in sporozoite
samples with no peptides found in other stages of development. Functional
relevance for var and rif expression and co-regulation in the nonreplicating
sporozoite has not been explored at this time, but given the importance of the
expressed PFEMP1 molecule and the unknown role of rif encoded proteins,
further characterizations of these genes will be unquestionably examined in
the near future.

Furthermore, the overall findings of the P. falciparum sporozoite proteome
projectwill fuel themalaria scientists’ ‘think tanks’ and future experiments for
some time. The unique repertoire of protein and gene expression that char-
acterizes the sporozoite stage of development complements the biological
requirements and survival mechanisms needed to transition from mosquito
to human hosts. Of the 513 proteins solely identified in sporozoite stages,
the majority have no known function or sequence homology to other or-
ganisms suggesting that a prioritized and systematic approach is needed to
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characterize their functional role. In addition, as described above, several of
the proteins of known function identified in the sporozoite proteome were
originally only thought to be functionally relevant in blood-stage develop-
ment. Thus, malaria researchers need to re-evaluate the functional role of
these partially characterized proteins in all stages of malaria development as
each stage becomes readily accessible. We now possess volumes of data on
the expression profiles of the malaria sporozoite and need only harness this
information and develop innovative ways to verify experimentally and assign
biological function.

4
Accessing the Plasmodium Liver-Stage Proteome

Recent work has explored the migration and invasion process of Plasmodium
sporozoites into hepatocytes [49–55]. However, gene and protein expression
analysis during sporozoite invasion and subsequent hepatocyte development
is hampered by the inaccessibility to study this stage of parasite development.
Similarly, while gene and protein expression in sporozoites has now been
achieved as described above, the ability to access and purify malaria liver-
stages is more restricted. With intracellular liver-stage parasites it remains
difficult to purify sufficient numbers of infected hepatocytes from the enor-
mously more abundant uninfected hepatocytes in order to extract parasite
nucleic acid and protein material to have adequate signal to noise ratios. Ad-
ditionally, in vitro culture systems are limited in their utility since only partial
development can be achieved currently [56]. However, novel techniques and
observations have stimulated a push in understanding malaria liver-stage
gene expression.

Current efforts in characterizing malaria liver-stage development have
successfully stemmed from the use of the rodent malaria model systems of
P. yoelii and P. berghei [57–59]. These model systems circumvent the need
for infected human or monkey liver samples in studying human malaria liver
forms. Nearly 20 years ago, cultivation of P. berghei in a human hepatoma
(HepG2) cell line validated an in vitro method for liver stage development
[59]. Briefly, P. berghei sporozoites were used to inoculate HepG2 cells and
complete malaria exoerythrocytic development was observed resulting in
successful induction of erythrocytic infection. Furthermore, ultrastructural
studies using electron microscopy demonstrated that the in vitro develop-
mental parasite morphology complemented the morphology visualized from
in vivo samples [57]. Unfortunately, although P. falciparum and P. vivax sporo-
zoites invade HepG2 cells, further development for these human malarias is
prematurely arrested. We are currently optimizing a similar in vitro culturing
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system with P. falciparum using HC-04 human hepatocyte cell line. Initial
studies are hopeful for increased invasion rates and complete development
reaching merozoite release and subsequent red blood cell invasion. If we can
feasibly and efficaciously purify infected hepatocytes from those uninfected,
expression studies could be used to profile gene and protein expression from
initial time points immediately after sporozoite invasion until schizont mat-
uration just prior to merozoite release and from sporozoites attenuated by
irradiation. Until then, the rodent model systems will be responsible for ‘wet-
ting our appetites’ in the comprehension of mammalian malaria liver-stage
development.

The first large-scale dataset for analyzing gene expression during Plas-
modium exoerythrocytic development utilized laser capture microdissection
(LCM) techniques to target and extract P. yoelii parasite material for the
construction and subsequent sequencing of a malaria liver-stage EST library
(Sacci et al., unpublished results). LCM was applied to 40-h P. yoelii exo-
erythrocytic schizonts preserved as cryosections. The liver schizonts were
purified with minimal contamination from the invaded hepatocyte. Approx-
imately 1,500 schizonts were meticulously isolated, parasite RNA was ex-
tracted, and a cDNA library was constructed. Sequencing of 2,628 of the
P. yoelii EST clones identified 1,662 sequences with significant homologies to
known sequences by BLASTN analysis. Validation of the purity of the LCM
parasite sample was achieved upon the same sequence analysis where only
1% of the total sequences (16 out of 1,346) shared homology to mouse derived
sequence databases. Since the 40-h schizonts used in this study are considered
to be late in exoerythrocytic development, it was not surprising that there
was significant overlap (40%) with known blood-stage P. yoelii ESTs. How-
ever, more interest will be focused on the >600 sequences not found in other
parasite stage databases possibly identifying novel liver stage-specific genes.
Of course, this subset of sequences may be co-expressed in additional malaria
stages not examined in this study—notably gametocyte, and stages within
the invertebrate host. Nonetheless, these data corroborate the findings of the
proteome and transcriptome studies by indicating a tightly regulated stage-
specific profile of gene expression for malaria parasites within the liver. Also
in parallel with previous large-scale expression datasets, a majority (58%) of
the sequences was classified as having unknown function based on sequence
similarity. As expected for late-stage P. yoelii schizonts preparing for exten-
sive asexual division parasites are expressing genes associated with protein
synthesis and nuclear regulation. Several known liver-stage expressed and
previously characterized genes were identified (P. yoelii hepatocyte erythro-
cyte protein 17–PyHEP17 and P. yoelii heat shock protein-70–PyHSP-70) that
further supports the validity of the EST library. Additionally, several genes
that flank each other in chromosomal position appear to be co-expressed in
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liver development supporting the concept that malaria co-regulates regions
of gene expression in a stage-specific manner. Finally, by filtering and sifting
through the sequences in this malaria liver-stage library and upon further
characterization of genes of unknown function conceivably a better under-
standing of the parasite biology may be elucidated. Perhaps the most cogent
place to begin in order to identify novel vaccine targets for human malaria
would be the 359 P. yoelii sequence orthologs present in the P. falciparum
genome.

In one recent study, evidence suggests that accession into the malaria pre-
erythrocytic liver stages may be achieved in the absence of host hepatocytes
[60]. In this experiment, P. berghei sporozoites expressing green fluorescent
protein were used to infect standard HepG2 in vitro cultures. Microscopic ob-
servations noticed sporozoites transforming into exoerythrocytic forms ex-
tracellularly after 24 h in culture at 37°C. Transformation was initiated by the
formation of a nucleus containing a bulbous extension followed by a ‘round-
ing up’ into a spherical shape characteristic of hepatic trophozoites. Further-
more, cell-free sporozoite cultures show transformation into exoerythrocytic
forms (EEF) that were more rapid than in development within HepG2 cells,
yet EEF size and morphology were similar. Additionally, temperature (37°C)
and the presence of serum were proven to be essential components for the
generation of EEFs. Protein expression (using CSP, TRAP, MSP-1, Hep17,
HSP70 and MTIP) and transcript presence the characteristic transition from
stage-specific sporozoite (S-type) to asexual (A-type) rRNA transcripts [61,
62] verified similarities between documented infected hepatocyte gene and
protein expression with that of EEFs generated in this cell-free system. A sim-
ilar system for other Plasmodium species, including P. falciparum has yet to
be established. Large-scale characterization and profiling of gene expression
via MS, microarray technology, and/or cDNA library sequencing projects on
these transformed EEF parasites could enormously expand our understand-
ing of malaria liver-stage biology and aid in identifying novel vaccine and
drug targets.

5
Exploring the Proteome Using Bioinformatics Tools

The vast amount of expression and other large-scale data generated by current
high-throughput technologies is a valuable resource to the malaria research
community now and for years to come. The laboratories producing these data
often present the published data as a tool allowing additional scientists to ex-
amine the results and plan further experiments based on personal interests.
Thus, trained bioinformaticians have become a beneficial commodity to the
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field, yet not all malaria research laboratories have access to these individ-
uals or the proper training themselves to exploit the extensive datasets that
represent the opening of ‘Pandora’s Box’ to the malaria research community.
To this end, the resulting large-scale datasets described herein are or will be
available in the constantly evolving and public Plasmodium on-line database,
PlasmoDB (http://plasmodb.org) [63–65] at the University of Pennsylvania.

PlasmoDB allows for users to actively mine the genomic and proteomic
datasets offering the ability to perform individualized queries on a user-
friendly interface. Numerous additive and/or subtractive Boolean queries
to isolate clusters of genes meeting the desired criteria can assist in down-
selecting targets in order to answer your specific biological question. Once
a query is submitted the data output is obtained routinely less than 1 s
later. Therefore, in a matter of minutes and by starting from a sample size
encompassing every annotated gene in the P. falciparum genome such queries
yield manageable and prioritized gene lists suited for initial experimentation.

For example, focusing on the MS malaria proteome results, one might be
interested in P. falciparum genes potentially encoding proteins likely to be
expressed solely in sporozoites and on the surface of the parasite, a cate-
gory of genes possibly involved in hepatocyte invasion. The following query
would assist in down-selecting from the 1,025 annotated genes identified in
the sporozoite proteome present in PlasmoDB version 4.1. Performing an
initial intersecting Boolean search for genes present in the sporozoite pro-
teome and possessing a predicted signal peptide (SignalP) yields 122 genes.
However, since we are interested in sporozoite-specific expression we need to
remove genes identified in both sporozoite and other developmental stages.
Fortunately, PlasmoDB keeps a temporary history of queries so that you may
perform numerous queries without losing information and then combine
them in three ways via union, intersection, and subtraction prompts. A sec-
ond Boolean query determining all genes encoding proteins in gametocyte,
or merozoite, or trophozoite stages (union) found 1,888 genes. Now, by tak-
ing advantage of the query history, we can subtract common genes from our
initial search from the latter search to determine sporozoite-specific genes
containing signal peptides. This result produced 72 genes, a far better start-
ing sampling size than an entire genome. Even further down-selection to
21 genes can be achieved if you add genes with predicted transmembrane
domains (TMPRED, minimum=2, maximum=20) in the initial search prior
to subtraction. Scanning through this list for genes previously known and
expressed on the sporozoite surface often helps in validating the search. In
this search, both CTRP (circumsporozoite thrombospondin related protein)
and SSP2 were identified among 10 genes with predicted function, leaving
11 genes with no predicted function ready to be studied. This is just one
simple example based on stage-specific protein expression for the uses of the
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PlasmoDB query engine. For a list of all possible query subjects visit the fol-
lowing weblink: http://plasmodb.org/plasmodb/servlet/sv?page=genesb. Up-
dated versions obtainable on CD provide access to researchers with restricted
Internet access.

Bioinformatics using PlasmoDB has proven successful in jumpstarting
several research endeavors and will routinely continue to do so as more labo-
ratories harness its worth and efficacy. PlasmoDB strives to maintain a current
forum for providing malaria data to the malaria public as more large-scale
datasets are being produced [65]. Comparable genomics will become more
feasible as P. yoelii, P. vivax and other Plasmodium sequencing projects are
completed and pipelined into the searchable database. Following in the Plas-
moDB footsteps and in a similar framework are websites devoted to other
apicomplexan parasites including Toxoplasma (ToxoDB) and Cryptosporid-
ium (CryptoDB) [66, 67].

6
Perspectives in Credentialing the Plasmodium Genome/Proteome

The current revolution of malaria research in the genomic and post-genomic
era will undoubtedly assist in solving numerous biological questions, support
designing preventative therapeutics, and improve the selection of novel vac-
cine targets [14, 20, 68, 69]. To augment this, however, a prioritized systems
biology approach to authenticate each gene in the genome as a potential drug
or vaccine target needs to be implemented. The vast expression and genome
data now available proved to be the initial drive for a movement to ‘credential’
the malaria genome and this process has been reviewed [14]. Obtaining all
of the data available for a particular gene locus including sequence, correct
gene models, annotated function and features, orthologs in Plasmodium and
other Apicomplexans, stage-specific expression, subcellular localization, pro-
tein recognition by immune sera, epitope predictions, gene knockout and
transfection experiments, parasite–parasite and parasite–host protein inter-
actions, will be vital to this mission. Knowledge of stage-specific regulation of
gene expression may continue to provide–and already has provided–insight
into the potential functional role of the majority of annotated genes labeled
with unknown functions [9]. With further investigation, exploiting the utility
of the recombinational cloning systems and standard immunofluorescence
assays and immunoelectron microscopy, subcellular localization in parasite
developmental stages may be achieved to narrow down potential function
even further as proteins expressed in certain organelles/compartments are
realized. Moreover, additional proteomic and transcriptomic data directed to
profile the remaining unexamined parasite stages including pre-erythrocytic
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stages, gametocytogenesis, and oocysts and ookinete mosquito stages would
be able to place the final pieces into the puzzle regarding expression analysis.
Incorporating loss of function data generated from knockout or transgenic
transfection experiments is also pivotal in characterizing malaria genes al-
beit, by a gene-by-gene approach. Unfortunately, large-scale gene silencing
approaches using RNAi may be elusive in Plasmodium parasites [70, 71].

Data generated from large-scale transcriptional studies, high-throughput
proteomics, functional and knockout analyses, field polymorphism determi-
nations, protein–protein interactions, bioinformatics and others will provide
the foundation for a fully credentialed genome. Researchers can focus on
establishing sets of testable criteria that can be applied to this credentialed
data to generate sets of genes and proteins for drug and vaccine development.
In the single year since the P. falciparum genome was published, strategies
are being employed in a systems biological approach to understand better
the malaria parasite potentially leading to interventions that may reduce its
burden on human health.
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