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Abstract

Severe malaria due to Plasmodium falciparum causes more than 800,000 deaths every year. Primary
therapy with quinine or artesunate is generally effective in controlling P. falciparum parasitemia, but
mortality from cerebral malaria and other forms of severe malaria remains unacceptably high. Long-
term cognitive impairment is also common in children with cerebral malaria. Of the numerous
adjunctive therapies for cerebral malaria and severe malaria studied over the past five decades, only
one (albumin) was associated with a reduction in mortality. In this article, we review past and ongoing
studies of adjunctive therapy, and examine the evidence of efficacy for newer therapies, including
inhibitors of cytoadherence (e.g., levamisole), immune modulators (e.g., rosiglitazone), agents that
increase nitric oxide levels (e.g., arginine) and neuroprotective agents (e.g., erythropoietin).
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Malaria remains a major cause of morbidity and mortality throughout the world. In 2008, there
were an estimated 243 million cases of malaria and 863,000 deaths from malaria worldwide.
The vast majority of cases (85%) were in Africa, with the remainder occurring in Southeast
Asia (10%), South America and the Eastern Mediterranean regions [1]. In Africa, children and
pregnant women are the most affected. An African child has between 1.6 and 5.4 episodes of
malaria fever each year, and one in every five (20%) childhood deaths is due to the effects of
the disease [1].

Severe malaria and malaria-related mortality are most often due to Plasmodium falciparum,
particularly in Africa. The manifestation of severe malaria varies according to age group and
transmission intensity [2—4], but severe malarial anemia is the most common form of severe
malaria, and cerebral malaria (CM) among the deadliest. Severe malarial anemia accounts for
up to 64% of all severe malaria in children under 5 years of age [5-8]. CM usually accounts
for less than 10% of hospital admissions for malaria, but has a very high mortality rate (13—
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21%) [5-7,9,10]. Importantly, African children who survive the acute episode of CM often
have long-term cognitive (~25%) [11,12] and neurologic (1.1-4.4%) [11,13] deficits. There is
some evidence of neuropsychiatric problems after CM in adults in Asia [14], but neither
neuropsychiatric or cognitive problems have been studied systematically in these populations.

Pathogenesis of CM & other forms of severe malaria

The classic pathologic feature of human CM is sequestration of infected and noninfected red
cellsinthe venules and capillaries of the brain [15]. On the blood side of the blood—brain barrier
(BBB), parasitized red blood cells (pRBCs) activate endothelial cells, and monocytes and
platelets are attracted to the sites of sequestered, adherent pRBCs, impeding vessel flow,
leading to local tissue hypoxia and ischemia. Endothelial activation is also associated with
release of proinflammatory cytokines, notably TNF-a [16]. TNF-a upregulates cellular
adhesion molecules such as intracellular adhesion molecule-1 (ICAM-1) and vascular cell
adhesion molecule-1 (VCAM-1), which may lead to further cytoadherence of erythrocytes and
sequestration [17]. In addition, it has been proposed that excessive TNF-o may lead to
exaggerated sickness behavior, and a local ‘shutdown’ of activity in affected areas of the brain
[18]. Other cytokines are also associated with CM pathogenesis and mortality, including low
serum levels of RANTES [19], elevated serum levels of IFN-y, macrophage inflammatory
protein (MIP)-1B, IL-6, IL-10 [19], IL-1 receptor antagonist (IL-1ra), monocyte
chemoattractant protein (MCP), granulocyte colony-stimulating factor (G-CSF) [20] and
interferon inducible protein-10 (IP-10) [21]. A few factors have been associated with decreased
mortality in CM, notably VEGF [21]. Low levels of nitric oxide (NO) are present in
uncomplicated and severe malaria, and individuals with the lowest levels of NO have increased
mortality [22]. On the brain parenchyma side of the BBB, astrocytes, microglia and
perivascular macrophages may be activated by NO, cytokines or P. falciparum exoantigens
crossing the BBB, and produce cytokines and chemokines intrathecally, leading to local
neuronal damage [23,24]. Although sequestration is the pathologic hallmark of CM,
sequestration alone seems unlikely to lead to the coma that is an essential element in the
pathogenesis of CM. The clinical picture of CM is likely to be due to some combination of the
effects of sequestration, metabolic changes such as hypoglycemia and metabolic acidosis, and
the effects of systemic and CNS proinflammatory cytokine production.

Very few studies have assessed the pathogenesis of neurologic and cognitive deficits in CM.
One study demonstrated that elevated levels of erythropoietin (EPO) are associated with
decreased acute neurologic deficits [25], but did not assess long-term neurologic deficits.
Another study showed that elevated cerebrospinal fluid but not serum levels of TNF were
associated with persistent neurologic and cognitive deficits, while elevated cerebrospinal fluid
levels of G-CSF and IL-8 were associated with protection from persistent neurologic deficits
[26]. The lack of data on factors associated with long-term cognitive impairment is a major
barrier to considerations of adjunctive therapy to prevent this serious complication.

Primary therapy for severe malaria, including cerebral malaria

Primary treatment for severe malaria is parenteral quinine or arte-misinin derivatives.
Artemisinin derivatives have many advantages over quinine, most notably a far better safety
profile, with fewer serious side effects. A large multicenter, multi-country, open-label
randomized clinical trial on the treatment of malaria in Southeast Asia definitively showed
decreased mortality with artesunate (15%) as compared with quinine (22%) treatment [27].
The study included both children and adults, but the vast majority of patients treated were
adults. As a result of this study, artesunate or artemisinin derivates are now the treatment of
choice for severe malaria in Southeast Asia. In children, particularly children in Africa, the
evidence for the superiority of artemisinin derivates is less clear. A recent systematic review
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of artemisinin derivatives versus quinine for the treatment of severe malaria in children found
no evidence that parental artesunate was superior to quinine, but most studies had fairly small
enrollment [28]. A large, multicenter randomized clinical trial is currently underway in Africa
comparing artesuate with quinine for the treatment of malaria, and this trial should more
authoritatively answer the question of whether artesunate is superior treatment to quinine for
African children.

Adjunctive therapy for CM & severe malaria

Even under optimal conditions, the case—fatality rate in severe malaria treated with either
artemisinin derivatives or quinine remains unacceptably high. In an effort to reduce malaria-
related mortality, numerous adjunctive therapies that may alter malaria-induced abnormalities
in physiology have been tested. Adjunctive therapy is defined as any additional therapy that
modifies physiologic processes caused by malaria. These therapies may act directly on specific
biologic pathways altered by malaria or more generally on end-stage factors produced in
malaria by a number of different specific processes. Thus, this article includes agents that target
factors believed to be key in the pathophysiological processes of severe malaria (e.g., elevated
levels of TNF-a or low levels of NO) or agents that control end-stage factors associated with
poor clinical outcomes (e.g., hypovolemia or metabolic acidosis). In a number of instances,
these interventions were successful in reducing mortality in murine models of severe malaria
[29], but results in human studies have been disappointing. Of all the interventions to date,
only albumin infusion has led to a significant decrease in mortality, and this finding was from
a single small study [30]. A few interventions have shown promise in reducing morbidity.

Adjunctive therapies assessed in randomized clinical trials

Therapies that have been assessed in randomized clinical trials or (in the case of exchange
blood transfusion [EBT]) in numerous clinical studies are summarized in Table 1. Adjunctive
therapies that have been tested in patients with CM or severe malaria include treatments that:

e Modulate the immune response to P. falciparum (dexametha-sone, intravenous
immunoglobulin, monoclonal antibodies to TNF-a, pentoxifylline and curdlan
sulfate)

e Reduce iron burden (iron chelation with desferrioxamine or deferipone)

» Reduce oxidative stress (N-acetylcysteine [NAC])

e Counteract the prothrombotic state (heparin and aspirin)

e Reduce parasitemia (EBT)

»  Expand volume and potentially decrease acidosis (albumin)

e Decrease intracranial pressure and cerebral edema (mannitol and dexamethasone)

e Prevent seizure activity (prophylactic phenobarbital)

Modulation of the immune response

Since the immune response to P. falciparum appears to play an important role in the
development of CM, many adjunctive therapies tested have attempted to alter specific
presumably deleterious immune responses. Therapies assessed include medications that reduce
systemic inflammation (dexamethasone and intravenous immunoglobulin), modify the
immune response to P. falciparum (curdlan sulfate) or lower TNF-a levels (anti-TNF-o.
antibodies and pentoxifylline).
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Dexamethasone was assessed at different doses in two independent clinical trials of severe
malaria in Thailand [31] and Indonesia [32]. In both trials, dexamethasone treatment did not
decrease mortality, and in the trial in Thailand, individuals receiving dexamethasone had a
higher risk of complications (pneumonia and gastrointestinal bleeding) than those receiving
placebo. Similarly, treatment with intravenous immunoglobulin resulted in a trend toward
increased mortality and neurologic sequelae in children receiving the immunoglobulin [33].
The lack of efficacy may reflect that the injury from the inflammatory response has already
occurred and cannot be modified. Curdlan sulfate, a sulfated 1-3, B-D-glucan, inhibits P.
falciparum growth in vitro and downregulates the immune response to P. falciparum. Two
small randomized controlled trials showed relative safety and faster fever clearance in the group
that received curdlan sulfate [34], but no additional studies on efficacy have been completed.

Therapies to counteract the effects of TNF-a include monoclonal antibodies to TNF-o and
inhibitors of TNF-a synthesis. A large trial of monoclonal antibodies to TNF-a. in children with
CM showed no difference in mortality, but an increase in neurologic sequelae with this therapy
[35]. Pentoxifylline, a phosphodiesterase inhibitor, inhibits TNF-o synthesis and increases
intracellular cyclic AMP. It reduced circulating TNF-o and IL-6 and produced clinical
improvement in severe falciparum malaria, including CM, in some studies [36,37] but not
others [38,39].

Reduction of iron burden

An iron chelator like deferoxamine could have antimalarial activity through its action of
withholding iron from the parasite, an element crucial for its metabolic pathways. In addition,
it inhibits iron-induced peroxidant damage to cells and subcellular structures, which can be
another beneficial effect for patients with severe falciparum malaria [40]. Studies of
deferoxamine and the oral iron chelator deferipone showed no differences in mortality in
children with CM (deferoxamine) [41] or adults with severe malaria (deferipone) [42], but in
both studies parasite clearance times were shorter in the iron chelator treatment group.
However, the largest study to date of deferoxamine, a multicenter study in Zambia, showed a
trend toward increased mortality with deferoxamine in one of the study sites [43]. At present,
there is insufficient evidence to indicate the usefulness of iron chelators in the management of
severe malaria.

Reduction of oxidative stress

Markers of oxidative stress are increased in severe malaria and are thought to contribute to
malaria morbidity [44]. NAC is a widely used, safe and well-tolerated antioxidant. It is the
main treatment for acute paracetamol poisoning, acting through direct scavenging of free
radicals and replenishment of glutathione and cysteine. It has been suggested that NAC may
be beneficial in the treatment of severe malaria, through similar mechanisms, but studies of
NAC in severe malaria have so far yielded disappointing results. A pilot study in Western
Thailand showed that intravenous NAC was associated with faster normalization of lactate
levels [45], but a subsequent, larger study showed no difference in lactate clearance, coma
recovery or mortality between groups, and parasite clearance times were slightly prolonged in
those who received NAC [46].

Anticoagulation

Severe malaria is associated with prothrombaotic factors, including elevated levels of
endothelial microparticles [47] and other factors that can lead to local formation of
microthrombi. Apart from its anticoagulation properties, heparin also prevents the formation
of rosettes of infected red blood cells (RBCs), aphenomenon seen in severe malaria and thought
to relate to pathogenesis [48]. An earlier study in which heparin or aspirin or neither drug was
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given to travelers who presented with severe malaria in Germany showed no difference in
mortality or any other outcome with either treatment [49].

Reduction of parasitemia through EBT

Exchange blood transfusion is used in conjunction with anti-malarial chemotherapy to rapidly
reduce high malaria parasitemia, which has been associated with increased morbidity and
mortality. EBT exchanges blood densely populated with infected RBCs for blood that is free
of infected RBCs. EBT is thought to reduce antigenic stimulus and the proinflammatory
responses to these antigens, and also to reduce RBC clearance and hemolysis, since transfused
cells are not infected and have normal deformability. No randomized clinical trial has ever
been conducted on EBT, and it is unlikely that such trials will ever be conducted, since EBT,
despite a lack of definitive evidence for efficacy, is considered standard of care for patients
with high-level parasitemia. A meta-analysis of studies in which individuals received EBT
concluded that there was no difference in mortality or other outcomes for those who received
EBT versus those who did not, but individuals who received EBT had higher baseline
parasitemia and disease severity [50]. Experts recommend that for very sick patients in the
presence of adequate facilities, a parasitemia of above 15% is an indication for EBT [51]. The
procedure requires expertise and intense monitoring, which limits its suitability in resource-
limited settings in developing countries. Blood substitutes may be considered in the future, but
there are no current trials investigating blood substitutes as an alternative to EBT.

Volume expansion or correction of acidosis

Use of plasma expanders such as albumin can improve micro-circulation, correct
hypoglycemia and reduce lactic acidosis. A study of Kenyan children with severe malaria
documented significantly lower mortality among patients who received albumin (3.6%)
compared with those who received saline (18%), although resolution of acidosis did not differ
between the groups [52]. A trial comparing albumin and the synthetic colloid gelofusine
similarly suggested a comparative advantage for albumin [53]. The studies did not compare
albumin with standard maintenance fluid therapy without volume expansion, and have been
criticized because of the lack of evidence that volume expansion is required in patients with
severe malaria [54]. To address this issue, a large multicenter trial is currently being conducted
in multiple hospital sites in Africa comparing volume expansion with albumin or saline to
standard maintenance fluids in children with severe febrile illness and evidence of impaired
perfusion.

Dichloroacetate (DCA), an activator of pyruvate dehydrogenase, reduces hyperlactatemia and
acidosis complicating severe malaria. A study from Thailand demonstrated a drop in lactate
levels in adults with severe malaria who received DCA as compared with saline [55], but no
further trials on DCA efficacy in severe malaria have been reported.

Reduction of intracranial pressure

Mannitol is an osmotic diuretic that lowers intracranial pressure (ICP) by creating an osmotic
gradient that draws water from brain parenchyma into the brain capillaries. It also slows
production of cerebrospinal fluid, which further reduces intracranial pressure. In a Kenyan
study of ICP in patients with CM, mannitol was able to reduce moderate elevations in ICP, but
was ineffective in severely elevated ICP. Significantly, mannitol did not reduce mortality
[56]. A subsequent clinical trial of mannitol versus placebo in Ugandan children with CM
found no difference between mannitol and placebo-treated children in mortality, coma duration
or any other clinical outcome [57].
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Prevention of seizure activity

Seizures are a prominent feature in CM and repeated seizures have been associated with poor
outcome [58]. Control of seizures has therefore been proposed as one of the ways of improving
survival in CM. However, phenobarbital, the primary medication generally available for
seizure prophylaxis, has not been shown to reduce mortality in individuals with CM. An early
study of older children in Thailand showed a reduction of seizures but no difference in mortality
with a low dose (3.5 mg/kg) given intramuscularly [59]. However, a study in Kenyan children
using a larger intramuscular dose of phenobarbital (20 mg/kg) showed increased mortality in
the children who received phenobarbital [60], although their seizures were reduced in number.
The increased mortality was particularly high in children who received more than three doses
of diazepam, and was associated with respiratory arrest, probably from the combined
respiratory depression caused by phenobarbital and diazepam. Currently, seizure prophylaxis
is not recommended in children with CM, as there are no data on whether an alternate dosage
of phenobarbital or use of a different antiseizure medication might lead to a reduction in
mortality.

Potential future adjunctive therapy for severe malaria & CM

In addition to the agents already tested, improved understanding of severe malaria and CM
pathogenesis has led to further potential adjunctive therapies that might decrease the morbidity
and mortality seen with these diseases. An area of particular interest is neurologic and cognitive
impairment following CM. Studies have shown that CM is associated with short-term
neurologic deficits [11,61] and that approximately one in every four children with CM will
demonstrate long-term cognitive impairment [9,11], making this a major public health problem
in sub-Saharan Africa. Adjunctive therapies that not only reduce mortality but also decrease
the risk of long-term cognitive morbidity in children with severe malaria are urgently needed.

Among the areas in which adjunctive therapy for severe malaria and CM may be developed
are:

e Agents that inhibit cytoadherance (P. falciparum erythrocyte membrane protein-1
[PfEMP1] inhibitors, levamisole and glycosaminoglycans)

e Immune modulators (rosiglitazone and pantethine)
e Agents that increase NO levels (arginine and inhaled NO)

e Neuroprotective agents (EPO)

Inhibition of cytoadherance

Inhibition of PFEMP1 binding to endothelial cells

The var gene-encoded PfEMP1 plays a major role in sequestration. PFEMP1 enables the
parasite to adhere to the endothelial linings of blood vessels (cytoadherence) and aids in
attraction of noninfected erythrocytes to the infected RBCs (rosetting) [62]. Agents that block
PfEMP1 binding and hence interrupt cyto-adherence and sequestration are therefore potential
adjunct therapies for severe malaria. Different ligands (aptamers) have been tried. In one study,
high-affinity ligands (aptamers) were able at high concentrations to completely disrupt rosette
formation in vitro, suggesting that this may be an avenue for therapeutic intervention [63].
Further studies on aptamer safety and in vivo efficacy are required to determine if these agents
will move on to clinical trials.
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CD36 is one of the major vascular receptors that mediates the binding of infected RBCs to the
vascular endothelium, a process that leads to sequestration. Levamisole inhibits the binding of
infected RBCs, resulting in decreased cytoadhesion. In a randomized clinical trial of
individuals with uncomplicated malaria, the use of levamisole together with quinine resulted
in almost compete prevention of early trophozoite sequestration and greater than 65%
prevention of midtrophozoite sequestration [64]. A trial of levamisole in severe malaria is
currently underway.

Glycosaminoglycans

Sulfated glyconconjugates, such as heparin, disrupt rosette formation [48], but have also been
shown to enhance the adhesion of infected RBCs to dermal microvascular endothelial cells
[65]. A new form of heparin, depolymerized by periodate treatment to generate novel glycans
(d-glycosaminoglycans [d-GAGs]) that lack anticoagulant activity, has been produced [66].
In vitro studies demonstrated that d-GAGs disrupted rosettes, and inhibited merozoite invasion
of erythrocytes and endothelial binding of P. falciparum-infected erythrocytes, and in vivo
studies of P. falciparum in nonhuman primates showed that sequestered parasites were released
following d-GAG injection [67]. If d-GAGs prove to be safe in humans, they may provide
effective adjunctive therapy that prevents sequestration, and by this action decreases the risk
of severe malaria.

Immune modulation

In murine studies, the peroxisome proliferator-activated receptor-y agonist rosiglitazone
modulated the innate host immune response to malaria by enhancing phagocytosis of infected
RBCs and decreasing inflammatory responses to infection by inhibition of specific signaling
pathways [68]. Phase I and Il trials show that rosiglitazone was well tolerated compared with
standard therapy for uncomplicated P. falciparum malaria and resulted in increased parasite
clearance and decreased inflammatory biomarkers associated with adverse malaria outcomes
[69]. Rosiglitazone may be a promising adjunct therapy for malaria, but it also makes fat cells
more responsive to insulin, and this could be a problem for children in Africa with severe
malaria, where hypoglycemia is a common complication of severe malaria and is associated
with an increased risk of death [70].

Other immune modulators, such as low-molecular-weight thiol pantethine, have been
proposed. Pantethine modulates one of the early steps of the inflammation—coagulation
cascade, the transbilayer translocation of phosphatidylserine at the cell surface, and in this way
lowers platelet response to activation by thrombin and collagen and decreases circulating
endothelial microparticles and preserves BBB integrity [71]. Pantethine has been used in trials
for other diseases in humans, and is well tolerated [72]; therefore, it could be considered for
clinical trials in severe malaria.

Increasing NO levels

Nitric oxide is believed to play a significant role in the pathogenesis of severe malaria [73].
Low serum NO levels are seen in individuals with malaria, and the lowest levels are seen in
children who die of CM [22]. L-arginine is the substrate for NO synthase and by improving
NO bioavailability, endothelial function may be improved. Phase I trials have shown that
arginine is safe and well tolerated in adults with moderate-to-severe malaria, and that arginine
infusion is associated with recovery of endothelial function [74]. A Phase Il trial is now ongoing
in Indonesia among adult patients. An alternative method to improve NO bioavailability would
be to use inhaled NO, which has proven to be safe and effective in a number of other disease
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states in adults and children, and has shown evidence of a neuroprotective effect in neonates
[75]. A clinical trial of inhaled NO in severe malaria is currently planned in Uganda.

Neuroprotection

Due to its anti-inflammatory, antioxidant and anti-apoptotic effects, EPO has been proposed
as a possible adjuvant therapy for CM. African children with high levels of EPO during a
malaria episode were found to have a better clinical outcome than their counterparts with lower
levels, suggesting that EPO provided some form of neuroprotection [25]. Murine studies are
encouraging and suggest that recombinant EPO may lead to earlier clinical recovery, increased
survival and a degree of neuroprotection [76]. However, recombinant human EPO therapy in
cancer and chronic kidney disease has resulted in increased thrombo-embolic complications
and/or death in several studies [77,78], and a recent large clinical trial in stroke victims also
demonstrated an increased death rate in those who received EPO [79]. CM is an acute event
and does not have the chronic procoagulatory state seen in cancer and renal failure, but the
elevated levels of endothelial microparticles seen in CM [47] could increase the risk of
microthrombus formation, and this could be exacerbated by EPO therapy. A small safety trial
in Mali showed no evidence of increased mortality from EPO therapy in children with severe
malaria when compared with historical mortality rates [80], but the ability of this study to detect
some of the potential adverse effects of EPO (e.g., increased thrombus formation) was limited.
A trial of EPO therapy in severe malaria is currently ongoing in Mali [81].

Conclusion

The numerous trials of adjunctive therapy for severe malaria and CM have had generally
disappointing results, with no single therapy showing unequivocal benefit in multiple studies,
and many therapies yielding conflicting results in different studies. A significant increase in
the understanding of malaria pathogenesis has led to several potential new therapies that have
shown initial promise, and clinical trials of several of these therapies are currently ongoing.
The next decade should provide us with answers as to whether these new therapies herald a
breakthrough for treatment of severe malaria or add to the past track record of a lack of success
in adjunctive therapy.

Expert commentary

Adjunctive therapy for severe malaria must be assessed in light of the larger field of
interventions to combat malaria at every level. The introduction of insectide-treated bednets,
artemisinin combination therapy and indoor residual spraying have led to dramatic declines in
malaria incidence in several areas of Africa [82—84]. These large-scale interventions to prevent
malaria are the ultimate solution to reduction of severe malaria and its complications.
Nonetheless, in many areas malaria remains a leading cause of death in children under 5 years
of age. Furthermore, drug and insectide resistance have the potential to rapidly undo the
progress seen in the reduction of malaria incidence in the past decade. For this reason, it is
imperative that work on adjunctive therapy continues, to reduce the burden of morbidity and
mortality from severe malaria.

In this article, we have highlighted both the past failures in adjunctive therapy and the areas of
promise for future work. It is perhaps instructive that even in industrialized nations, the most
effective “adjunctive’ therapy for severe infectious illness such as sepsis is improved supportive
care in an intensive care unit, including optimal monitoring, fluid management, ventilation and
pressure support. These options are not available in most areas of the developing countries
where malaria is endemic. Malaria pathogenesis is complex, and a single adjunctive
intervention targeting one pathway may not dramatically reduce mortality and morbidity in
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severe malaria, but multiple moderately successful interventions may lead to a larger reduction
in combination than any single intervention.

A major question remains in the area of primary therapy: is artesunate more effective than
quinine in the treatment of African children with severe malaria, as it is in Asian children and
adults with severe malaria [27]? This question should be answered by the African Quinine vs
Artesunate in Severe Malaria Trial (AQUAMAT), which is currently scheduled to end in
December 2010. The effects of adjunctive therapies may differ if administered with artesunate
as opposed to quinine, since artesunate has other properties including prevention of
sequestration by the killing of ring-form parasites [85], so this additional factor may also need
to be taken into account in future trials of adjunctive therapy.

Five-year view

Despite more than four decades of clinical trials of adjunctive therapy for severe malaria, not
a single intervention to date has reached the point of such clearly proven efficacy that it is
routinely used in severe malaria. Numerous therapies that appeared effective in murine models
of severe malaria did not prove effective in human trials. Many of the clinical trials lacked the
power to detect all but a very large difference. Finally, a number of therapies, such as high-
dose steroids and prophylactic phenobarbital, actually proved to be harmful. In light of these
bleak data, it is reasonable to question whether any progress on adjunctive therapy for severe
malaria is likely in the next 5 years.

There are reasons for optimism despite the lack of past success. Albumin, one of the few
therapies that showed modest success in a small clinical trial, is now undergoing a large
multicenter trial of efficacy. Better understanding of the parasite and of disease pathogenesis
has led to assessment of newer therapies such as L-arginine and levamisole, which have shown
promise in early trials, albeit for clinical end points other than severe morbidity or mortality.
New studies of CM pathogenesis, involving novel testing such as CNS imaging by MRI and
assessment of endothelial cell biology, could lead to further assessment of new adjunctive
interventions for CM and severe malaria.

Even if the trials outlined above are successful in identifying successful new adjunctive
therapies for severe malaria, the lack of healthcare resources in most developing countries
remains a major stumbling block to implementation of these therapies. Albumin, for example,
is expensive and must be kept refrigerated and, like most of the therapies proposed, must be
given intravenously. Provision of such therapy will almost certainly require external funding.
Given the importance of the therapy, one hopes that successful interventions will be subsidized.
Prevention of uncomplicated malaria remains the best way to reduce severe malaria and its
associated mortality and morbidity, but until malaria is eliminated, therapies to improve
outcomes in severe malaria will remain important. In the next 5 years, one or more successful
therapies for severe malaria may be discovered, but widespread implementation of such therapy
is probably beyond the 5-year horizon.

Key issues

e Malaria remains a major cause of morbidity and mortality, particularly among
children in sub-Saharan Africa. More than 200 million cases of malaria occur every
year, leading to more than 800,000 deaths.

e Despite primary therapy that is effective against the parasite (quinine and
artesunate), mortality and morbidity from severe malaria remain high.
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e  Cerebral malaria is among the deadliest forms of severe malaria, with mortality
ranging from 13 to 21%. Long-term cognitive impairment occurs in approximately
25% of children with cerebral malaria.

e  Trials of adjunctive therapy for severe malaria to date have been disappointing.
Several therapies were harmful (dexamethasone, intravenous immunoglobulin and
prophylactic phenobarbital), and others were either not effective or had mixed
results. A number of therapies that were successful in mouse malaria models were
not effective in humans.

» Albumin is the only adjunctive therapy to date associated with reduced mortality
in children with severe malaria, and this finding was from a single, small study in
which both treatment groups received volume expansion. A multicenter
randomized clinical trial comparing volume expansion with albumin or saline to
treatment with maintenance fluids in febrile children with impaired perfusion is
currently being conducted.

» A better understanding of severe malaria pathogenesis must be the foundation of
effective adjunctive therapy. Several recent studies have provided new insights
into severe malaria and cerebral malaria pathogenesis, including the mechanisms
underlying endothelial cell response to Plasmodium falciparum infection, the role
of nitric oxide in endothelial dysfunction, and the relationship of CNS
proinflammatory responses to P. falciparum infection and cognitive sequelae in
cerebral malaria.

» New therapies being considered as adjunctive therapy in severe malaria include
inhibitors of cytoadherence (levamisole and glycosaminoglycans), immune
modulators (rosiglitazone and pantethine), agents that increase nitric oxide levels
(L-arginine and inhaled nitric oxide) and neuroprotective agents (erythropoietin).
Among these agents, levamisole and arginine may be the most promising, based
on preliminary studies, but no large trials in severe malaria have yet been
completed with either of these therapies.

» Implementation of effective adjunctive therapy, if such a therapy is found, will
probably require subsidization in developing countries, and could be difficult to
implement even with subsidization, given the infrastructure required for
administration of some of these therapies.

»  Ultimately, prevention of malaria is the most effective method of reducing severe
malaria. However, until malaria is eradicated, development of effective adjunctive
therapy for severe malaria remains important if childhood mortality in developing
countries is to decrease.
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