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Abstract

Malaria is a deadly infectious disease caused by parasites of the Plasmodium spp. that takes an 

estimated 435,000 lives each year primarily among young African children. For most children, 

malaria is a febrile illness that resolves with time but in approximately 1% of cases, for reasons we 

do not understand, malaria becomes severe and life-threatening. Cerebral malaria (CM) is the most 

common form of severe malaria, accounting for the vast majority of childhood deaths from 

malaria despite highly-effective anti-parasite chemotherapy. Thus, CM is one of the most prevalent 

lethal brain diseases and one for which we have no effective therapy. CM is, in part, an immune-

mediated disease and to fully understand CM it is essential to appreciate the complex relationship 

between the malarial parasite and the human immune system. Here we provide a primer on 

malaria for immunologists and, in this context, review progress identifying targets for therapeutic 

intervention.

Introduction

Malaria is a mosquito-borne infectious disease caused by parasites of the Plasmodium spp, 

the deadliest of which, P. falciparum, is endemic in sub-Saharan Africa. Malaria takes an 

enormous toll on some of the world’s most vulnerable populations with over two hundred 

million cases of malaria each year and over 400,000 deaths in Africa alone, mostly among 

young children (1). In most cases, malaria is an uncomplicated febrile illness that is self-

limiting, even in the absence of anti-malarial drugs. However, in approximately 1–2% of 

cases, mostly among children under the age of five, in endemic areas, malaria becomes life-

threatening (2). These lethal forms of malaria, termed severe malaria, are, in many respects, 

overlapping diseases defined by different pathologies, including severe anemia, respiratory 

distress caused by lactic acidosis, acute kidney injury, and cerebral malaria (CM) (2). CM is 

the most prevalent and deadly of these manifestations, with a case fatality rate of 15–25% 

despite treatment with highly effective anti-malarial chemotherapy (3). Tragically, 14–25% 

of children who recover from CM suffer from long-term neurological sequalae, including 
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cognitive, vision, and hearing impairments (4). At present we have neither an effective 

vaccine to protect children from malaria nor a therapy to treat those children who progress 

from uncomplicated to severe disease.

We do not yet know the molecular basis of the susceptibility of young children to severe 

complications and consequently it is not possible to predict which children with malaria will 

progress to severe disease. Children with CM present acutely in coma often precipitated by 

seizure and with a one- to three-day history of fever, vomiting, and anorexia. Within 36–48 

hours, most children will have either recovered from or succumbed to the disease (5, 6). 

Thus, realistically, the window of opportunity to treat CM is narrow and begins when a child 

is already suffering impaired consciousness. An effective therapy must not only halt the 

progression of the disease but must also promote reversal of brain pathologies. In 

contemplating potential targets of adjunctive therapies (therapies used in conjunction with 

anti-parasite chemotherapy) it may be helpful to understand the complex life cycle of P. 
falciparum and its interaction with the human immune system, a relationship that has 

evolved over 100,000 years, since the speciation of humans (7, 8). Consequently, in this 

review we first provide a primer for immunologists on parasite-human host interactions in 

malaria. In this context, we then describe our current understanding of the mechanisms 

underlying the brain pathology of CM in both humans and in a mouse model of malaria and 

underscore the validity and importance of the mouse model of CM in the search for 

adjunctive therapies for CM in African children. We conclude with a discussion of 

adjunctive therapies in the pipeline.

In 2009 we published a Brief Review in this Journal entitled “What Malaria Knows About 

the Immune System that Immunologists Still Do Not” (9) in which we made a call to arms 

of basic immunologists to advance our knowledge of malaria immunity and to aid in malaria 

vaccine development. We renew that call now, ten years later, to immunologists, particularly 

neuroimmunologists, to aid in the search for adjunctive therapies for one of the most 

prevalent lethal brain infections on earth.

Parasite and human host interactions in malaria: a primer for immunologists

The P. falciparum parasite has been around and causing malaria for as long as humans have 

walked the earth, nearly 100,000 years (7, 8). Thus, the human immune system and P. 
falciparum have co-evolved. Because of the enormous selective pressure imposed by the 

high mortality rate of P. falciparum in children and pregnant women, malaria has had an 

enormous impact on shaping the human genome (10). Conversely, the human immune 

system has exerted a strong selective pressure on P. falciparum. Understanding the 

mechanisms by which genetic variants modulate risk of severe malaria in children and how 

genetic variations in the parasite allow escape from the host’s immune system may define 

targets for adjunctive therapies in both the parasite and the human host.

Perhaps one of the most familiar examples of the evolutionary pressure of malaria on the 

human genome is the gene that encodes the hemoglobin S (HbS) variant (11). HbS arose in 

Africa and is maintained in a frequency of 10–20% despite the fact that in a homozygous 

state HbS causes sickle cell anemia and is lethal in childhood. This risk is balanced by the 

fact that HbS in the heterozygous state confers nearly 90% reduction in risk of severe 
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malaria in a study of West African children (12). We do not yet know the mechanisms by 

which the heterozygous sickle cell trait (HbSA) confers protection. Recent studies suggest 

that innate features of HbSA red blood cells (RBCs) (13) as well as the effect of HbSA 

RBCs on the balance of induction of pro- and anti-inflammatory cytokines (14) may play 

roles in protection.

There is also evidence that P. falciparum may have had an impact on shaping the genes that 

regulate the immune response to malaria. One intriguing example is the observation that 

American women of African descent are at a 10-fold increased risk for the autoimmune 

disease, systemic lupus erythematosus (SLE), as compared to women of European descent. 

Although the genes in the African genome that account for this increased risk in SLE have 

yet to be identified, in mouse models it has been demonstrated that SLE-susceptible strains 

(including mice expressing a duplication of Toll-like receptor 7 (TLR7) and/or a deletion of 

the inhibitory receptor FcγRIIb) are protected from a lethal mouse malaria that causes CM-

like symptoms. Such findings suggest that alterations in genes that confer protection from 

CM (or other forms of severe malaria) may have been selected for in malaria-endemic 

Africa. We speculate that such gene evolution driven by the selective pressure of malaria 

may result in dysregulated immune responses in the absence of malaria leading to 

autoimmune disease. Indeed, mutations in both FcγRIIb and TLR7 are risk factors for 

human SLE (15, 16).

In addition to shaping the human genome, P. falciparum itself has evolved mechanisms to 

evade or disable our immune system. One of the best studied evasion mechanisms is one that 

allows infected RBCs (iRBCs) to sequester in the tissue vasculature by binding to receptors 

on the endothelium and thus avoiding clearance in the spleen. Sequestration of iRBCs is 

mediated by a large family of highly polymorphic genes termed the var genes that encode P. 
falciparum erythrocyte membrane protein 1 (PfEMP1) expressed on the surface of iRBCs. 

The variation encoded in the var genes is astounding. There are over 60 var genes in a 

parasite genome and many of these have multiple polymorphic forms. PfEMP1 are 

expressed clonally and importantly are targets of naturally acquired antibody immunity. 

Remarkably, as a parasite clone expands in the blood stage, there is a low level of switching 

to express new var genes. As antibodies are produced that recognize and eliminate the initial 

infecting clone, switched clones expressing new var genes expand. This process may be 

iterated several times over the course of a single P. falciparum infection. It is only after years 

of chronic malaria exposure that antibodies are acquired to most vars. At present only a 

relatively small number of such parasite evasive mechanisms are known but given the large 

size of the P. falciparum genome, over 5,400 genes, it is likely more will be discovered.

P. falciparum has a complex life cycle that may also reflect the coevolution of the parasite 

and the human immune system. The P. falciparum life cycle begins in humans with the bite 

of an P. falciparum infected female Anopheline mosquito that injects a small number of a 

highly motile form of the parasite, called a sporozoite, into the skin as she takes a blood 

meal (Fig. 1). The sporozoites do not sequester but rather travel from the bite site through 

the vasculature to the liver where a small number of hepatocytes are infected. There are no 

symptoms at this stage of the infection and we now understand that humans rarely develop 

immunity to the liver stage infection (17). The sporozoites expand enormously in the liver, 

Riggle et al. Page 3

J Immunol. Author manuscript; available in PMC 2021 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



over 40,000-fold, and differentiate into merozoites that enter the blood and begin rounds of 

replication in iRBCs that subsequently sequester in the vasculature (18). Triggered by 

signals that are poorly understood, merozoites differentiate into gametocytes that, when 

taken up by a blood feeding mosquito, fuse in the insect’s midgut to produce the precursors 

of sporozoites, the ookinete, thus completing the parasite life cycle. Thus, step by step over 

100 millennia, P. falciparum and humans appeared to have co-evolved to ensure that P. 
falciparum sporozoites escape the host’s immune response and that the host suffers no ill 

effects for a sufficient period of time to allow merozoites to produce gametocytes and be 

transmitted by mosquitos. The liver stage of the infection appears to be at a pinnacle of host-

parasite interactions. The parasite ensures its transmission by dint of the host suffering no ill 

effect.

The blood stage of malaria appears to be a different story altogether. The blood stage of the 

infection is the cause of all the symptoms of malaria from uncomplicated febrile malaria to 

severe disease and death. Antibodies play a central role in protection from malaria; however, 

acquisition of protective antibodies has evolved to require years of near chronic parasite 

exposure in children growing up in malaria endemic Africa, leaving young children at risk of 

severe disease and death. The ineffective acquisition of immunity is attributed to both the 

extraordinary variation in parasite var genes as well as to fundamental alterations in the 

composition and functionality of the host’s memory B cell compartment. As there would not 

seem to be obvious advantages of febrile disease for the parasite or host and certainly no 

advantage to either if the host dies, we speculate that P. falciparum-induced disease and 

death are the result of an imperfect evolution of the parasite and the human host. We imagine 

that during the evolutionary dance of P. falciparum and humans the attempts of the parasite 

to escape or block the immune response or the host’s attempts to fully eliminate the parasite 

backfired leading in most cases to be a febrile but nonlethal disease but in the worst cases to 

severe malaria with high mortality. This speculation leads to the hypothesis that severe 

disease may not be a direct repercussion of P. falciparum infection per se but of misguided 

host immune response provoked by the parasite infection. Thus, we believe that at least 

some targets of adjunctive therapies for CM may be hidden in the immune response to P. 
falciparum.

What do we know about CM in African children?

The development of an effective adjunctive therapy for CM in children would clearly benefit 

from a detailed understanding of the cellular and molecular basis of the disease pathology. 

Unfortunately, at present our understanding of the mechanisms underlying CM pathology is 

incomplete. This is due to the difficulty in studying a rapidly progressing disease in children 

who initially present already suffering from disease pathology. In addition, access to peri-

mortem diagnostics and post-mortem samples of brain tissue is limited preventing a detailed 

correlation of pathological features of CM and clinical symptoms. CM has also been a 

challenge to study due, in part, to difficulties in accurately diagnosing CM in African 

children. CM is defined by the World Health Organization as a syndrome that consists of an 

unrousable coma, not attributable to other neuropathologies and P. falciparum peripheral 

blood parasitemia (2). However, many children in malaria endemic areas have peripheral 

parasites regardless of the cause of coma and the cause of coma itself is not always obvious. 
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Several studies provided evidence that the CM could be better defined clinically using 

fundoscopy to identify CM-specific changes in the retina that mirror changes in the brain 

vasculature that correlate with disease (19-22). However, recent studies evaluating a variety 

of clinical parameters suggest that fundoscopy may not provide a binary parameter of CM 

but rather may reflect a spectrum of CM disease presentation with severe retinal changes 

indicating late stages of CM (23-25).

A breakthrough in understanding the progression of CM in children came with the use of 

magnet resonance imaging (MRI) to follow changes in the brains of children during the 

course of CM. The images showed that brain swelling was associated with increased risk of 

death in CM and that the most likely cause of death was brain stem herniation (Fig. 1). Brain 

swelling was subsequently shown by MRI to be vasogenic in nature indicating dysfunction 

of the blood brain barrier (BBB) (26, 27). Concerning the mechanisms underlying 

pathology, a hallmark of CM is the heavy sequestration of iRBCs in the brain vasculature of 

children who died (Fig. 1) (28). The observation that sequestration was often accompanied 

by intravascular and perivascular pathologies including hemorrhages, lead to the generally 

accepted hypothesis that mechanical obstruction of the brain vasculature causes CM (29). In 

addition to obstruction, the binding of iRBCs to the vasculature endothelium could trigger a 

variety of events leading to brain pathology including impaired vasoregulation, BBB 

dysfunction and inflammation. Indeed, CM in children is consistently linked to excessive 

inflammatory responses including the proinflammatory cytokines, TNF-α, INF-γ, IL-1β, 

and IL-6 and reduced expression of the anti-inflammatory cytokine IL-10 (30). There have 

been at least 17 trials of 11 therapies targeting mechanisms associated with iRBC 

sequestration in the brain vasculature and unfortunately none have shown clear efficacy or 

have been adopted for wider use (31). For example, nitric oxide levels that are essential for 

endothelia homeostasis decrease in febrile malaria but nitric oxide supplementation in 

children with CM in clinical trials showed little change in outcome (32).

Recently, there has been renewed interest in adjunctive therapies for CM focusing on new 

findings concerning the nature of iRBC sequestration in the brain vasculature in CM. The 

new evidence suggests that expression of particular vars (ones containing domain cassette 

DC13 and DC8) are associated with severe malaria (33). Of particular interest, DC13- and 

DC8-containing PfEMP1 were shown to bind to the endothelia cell surface receptor EPCR, a 

host receptor involved in endothelial cytoprotective pathways (34, 35). Binding of DC-8 and 

−13 PfEMP1 to endothelial EPCR interfered with EPCR pro-endothelial barrier functions 

thus suggesting a link between parasite adherence to endothelium and vascular permeability 

that contributes to the pathogenesis of CM. It is hypothesized that young children may not 

yet have acquired antibodies specific for these particular PfEMP1 leaving them susceptible 

to CM (36). This discovery is exciting in offering the possibility that CM could be treated by 

antagonists that block particular PfEMP1 binding to the brain endothelium as long as the 

antagonists work rapidly, and the binding and the pathologies caused by PfEMP1 binding 

are reversible.

In searching for clues for potential targets for CM adjunctive therapy it is worthwhile to also 

consider what is currently understood about the susceptibility of children to CM. In malaria 

endemic regions young children are susceptible to CM. After five years of age children 
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typically show resistance to CM and other forms of severe malaria but continue to be 

susceptible to uncomplicated febrile malaria until adolescence. It is possible that 

susceptibility to CM is related to unique features of the immaturity of the brains or the 

immune systems of children. However, nonimmune adults, including travelers, are 

susceptible to CM, although features of CM differ between children and adults (37). There is 

also evidence that resistance to CM is determined by a child’s genetic background. For 

example, HbS confers resistance to CM as discussed above. Casanova and colleagues 

modeled malaria mortality with age for simple Mendelian inheritance of genetic 

susceptibility and concluded that a few dozen gene variants could account for the human 

genetic contribution to severe malaria (38). Although numerous genes that encode important 

components of immune responses have been associated with resistance or susceptibility to 

CM, few of these associations have been rigorously tested with consistent results (38). 

Verification of the link of such genes to protection and an understanding of their function 

could provide targets for adjunctive therapies for CM in the future.

Another important but poorly studied aspect of CM is the impact of coinfections on the 

outcome of disease. Indeed, coinfections with Plasmodium including HIV, Mycobacterium 

tuberculosis, hepatitis virus, and helminths are estimated to affect a third of populations in 

developing countries. With HIV coinfection the age range of children who are susceptible to 

CM expands to include significantly older children. One study showed 71% of CM children 

with HIV coinfection were ≥ 5 years old as compared to only 13% of HIV negative CM 

children (39). Additionally, the HIV prevalence was elevated in the CM children as 

compared to the population at large (14.5% and 2% respectively) (39). Moreover, mosquito-

borne parasites and viruses are often co-endemic in many malaria-endemic regions. It is 

likely that potential therapies will need to be tested for their efficacy both in children 

suffering CM alone and CM with additional coinfections.

An essential tool in the search for therapies: The mouse model of CM

A mouse model for CM, often referred to as experimental CM (ECM), recapitulates many of 

the features of CM in children (40). Infection of susceptible mice with the mouse parasite P. 
berghei ANKA (PbA) results in a rapid progression of disease similar to that in children 

both clinically: including, ataxia, paralysis, and coma, and pathologically: involving BBB 

dysfunction, brain hemorrhaging, brain swelling and, if left untreated, death within six to 

seven days, likely by neuronal cell death in the brain stem (41). In addition, mice treated 

with anti-malarials when neurological symptoms first appear, as is the standard of care for 

children, show long-term cognitive dysfunction (42, 43). A recent comparison of high 

resolution cross-sectional and longitudinal MRI images of the progression of ECM in mice 

with images of children with CM showed similar pathologies, namely vasogenic edema and 

BBB disruption (44). The accumulation of iRBCs in the brain vasculature, a hallmark of CM 

in children, is a feature of ECM that is not observed in uncomplicated malaria in mice (40). 

Moreover, iRBCs appear to occlude brain capillaries suggesting that iRBCs may affect 

cerebral blood flow in ECM (40). The sequestration of iRBCs is mediated primarily by 

PfEMP1 in human P. falciparum infections. In mouse PbA parasites express members of 

polymorphic gene families that are transported to the iRBC membrane, however, these are 

not orthologs of PfEMP1 and it is not known if these are the functional equivalent of 
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PfEMP1 (45). Recent studies provided evidence that the modification of the iRBC surface 

by PbA is necessary for CM, showing that the cellular machinery required for the transport 

of PfEMP1 to iRBC surfaces is conserved in mouse parasites and that PbA parasites 

deficient in components of this machinery do not cause ECM (46).

An example of the use of the animal model of CM to investigate the novel roles of immune 

mediators in the development of CM involves complement pathways. The role of 

complement and polymorphisms in the complement receptor 1 in the susceptibility to CM is 

well reviewed elsewhere (47, 48). Studies in C5-deficient and C5aR-deficient mouse strains 

indicated roles for C5a and C5aR in ECM which was supported by the finding that C5a is 

also elevated in children with CM over those with uncomplicated malaria (49, 50). 

Additional studies pointed to a role of C5b and the complement membrane attack complex 

in ECM (51). Although there are complement therapies in the pipeline for other indications 

(52), to our knowledge these have not yet been tested as therapies in ECM. However, 

complement based therapies may prove to be a promising avenue of further research.

The search for CM therapies that have largely focused on mechanisms implicated in CM 

pathology, including iRBC sequestration in the brain vasculature or the repercussions of that 

sequestration, has thus far been unsuccessful. However, findings in the mouse model of CM 

suggest different modes of pathogenesis involving CD8+ T cells that, by-in-large, have not 

been explored in human CM. Indeed, ECM is dependent on both parasite antigens in the 

brain vasculature and the targeting of this vasculature by CD8+ T cells (45). In intravital 

imaging studies of the brain in ECM, MHC-class I-restricted CD8+ T cells were observed 

interrogating the brain vasculature and points of contact of CD8+ T cells with the brain 

endothelium were often associated with transient local leakage of the vessel into the brain 

parenchyma (41, 53). As in CM in children, vascular leakage in ECM does not appear to be 

extensive or caused by apoptosis of endothelial cells but is rather associated with vascular 

junction remodeling and increased levels of caveolae-dependent transcellular transport (40). 

Other immune cells that were observed accumulating in brains in ECM including 

macrophages, monocytes, neutrophils, CD4+ T cells, and natural killer cells but did not 

appear to play an essential role in ECM (45). A current model for ECM (Fig. 2) (45) 

suggests that iRBCs binding to the brain endothelium both compromises tight junction 

formation and promotes cross presentation of parasite antigen on MHC-class I molecules on 

the endothelium. Parasite-specific CD8+ T cells primed in the spleen are recruited to the 

brain and through perforin-dependent mechanisms damage the endothelium causing BBB 

dysfunction, brain swelling, and herniation of the brain stem leading to death.

Thus, although ECM has many of the features described in CM in children it also has a 

dependency on CD8+ T cells. This raises the question, would therapies identified in mice, 

particularly those targeting CD8+ T cells, be efficacious in children? At present it is difficult 

to predict as few studies have addressed the recruitment of immune cells to the brains of 

children who died of CM and those that did focused almost exclusively on neutrophils, 

platelets, and monocytes that do not appear to be essential for ECM (45). We have recently 

made an effort to fill this gap in our knowledge of CM by determining if T cells accumulated 

in the brains of children who died of CM using multiplex immunohistochemistry. In 

collaboration with Terrie Taylor and her colleagues working in Malawi in the Blantyre 
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Malaria Project along with our NIH colleagues Dorian McGavern and Dragan Maric, we 

analyzed brain samples from children who died of CM and identified CD8+CD3+ T cells in 

close contact to the vasculature both within the lumen of venous blood vessels and in the 

perivascular space on the abluminal surface of the vessels (Riggle et al. unpublished 

observation). These data suggest that CD3+CD8+ T cells are potentially therapeutic targets 

for CM adjunctive therapy and that the mouse model may be a highly useful tool for the 

search for such therapies.

CM adjunctive therapies in the pipeline

Parents generally do not seek medical care for children with malaria until children show 

neurological signs of CM and thus are already suffering from brain pathologies. 

Consequently, an effective adjunctive therapy would both halt the progression of CM and 

promote healing of brain dysfunction. In ECM, neurological signs appear and intensify 

throughout day 5 post infection (p.i.) with PbA and ECM progresses rapidly such that by the 

evening of day 5 p.i. mice show BBB dysfunction, brain swelling, and hemorrhaging on 

necropsy. Mice begin to die on day 6 p.i. and by day 7 p.i. nearly all mice succumb to the 

infection. A variety of therapies that target a number of different mechanisms have been 

tested in the mouse model. Many of these were highly effective in blocking the development 

of ECM but only if given prior to the appearance of clinical signs, generally before day 4 p.i. 

For example, we (54) and Mejia et al. (55) targeted T cells in ECM by treatment with 

rapamycin, an inhibitor of mTOR (the mammalian target of rapamycin) that plays a central 

role in regulating T cell metabolism. Rapamycin blocked the development of ECM when 

given on day 4 p.i. but had little effect when given on day 5 p.i. Although results from such 

studies add to our understanding of the events that lead to ECM, they are disappointing in 

terms of their potential as adjunctive therapies for CM in children.

Remarkably, two recent therapies that were tested based on their potential impact on T cell 

function, have proven to be highly effective in rescuing mice from ECM even when provided 

late in the infection after the appearance of clinical signs. Both therapies, one targeting T 

cell adhesion to the endothelium (41) and one targeting T cell metabolism (56), were shown 

to block disease progression and to reverse brain damage.

Concerning T cell adhesion to the endothelium as a target of therapy, ECM and CM are 

associated with increases in expression of both ICAM-1 and VCAM-1 by endothelia cells by 

γ-interferon-dependent mechanisms (41, 57, 58). Administration of antibodies specific for 

LFA-1 and VLA-4, the T cell receptors for ICAM and VCAM-1, on day 5.5 p.i., a time at 

which mice showed neurological signs of CM, resulted in an immediate displacement of 

parasite-specific CD8+ T cells from the brain vascular and complete reversal of these 

pathologies and prevention of death of the infected mice (41). This is a highly promising 

finding as LFA-1-specific and VLA-4-specific antibodies (also known as efalizumab and 

natalizumab respectively) are approved for use in humans (59, 60).

Encouraged by the finding that targeting the regulation of T cell metabolism, mTOR, with 

rapamycin had an effect on ECM albeit only early in the infection, we evaluated the effect of 

the glutamine antagonist, 6-diazo-5-oxo-L-norleucine (DON), on ECM based on its 

established inhibitory effect on T cell activation (56). When stimulated through their T cell 
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receptors, T cells become metabolically active taking up large quantities of glutamine that 

are converted in the cells’ cytoplasm to glutamate by the enzyme glutaminase (61, 62). DON 

antagonizes glutaminase and subsequent generation of glutamate thereby inhibiting T cell 

activation.

The response of PbA infected animals to DON was rapid and dramatic. DON was highly 

effective in rescuing mice from ECM even when delivered late in the infection, as late as the 

morning of day 6 p.i. When DON was administered, the animals were severely symptomatic. 

By the afternoon of day 6 p.i. the animals were active and exploring their cages and 

continued to improve over the following days. Necropsies of the animals revealed that at the 

time they received initial treatment on the morning of day 6 p.i. their brains were swollen, 

BBB function was lost, and small hemorrhages had accumulated. Treatment rapidly reversed 

the swelling and BBB dysfunction and by day 15 p.i. the hemorrhages had resolved (56). 

Moreover, a longitudinal MRI analysis of PbA infected mice showed that the same 

pathologies detected by MRI in children with CM, namely brain swelling and BBB 

dysfunction, were reversed by late stage treatment with a prodrug of DON (44). Although 

early studies have suggested that DON doesn’t readily cross the BBB in children (63), more 

recent work in mice found a brain to plasma ratio of approximately 0.1 and speculated that 

difference arose from detection techniques (64). Regardless, mice (and children) in the 

throes of this disease do not have an intact BBB so DON may well act directly on the levels 

of the neurotransmitter, glutamate.

In DON-treated PbA mice, parasite-specific CD8+ T cells continued to be associated with 

the brain endothelium but were in an inactive state indicating that DON influenced CD8+ T 

cells in vivo (56). But was the inactivation of CD8+ T cells responsible for the reversal of the 

disease? DON as a glutamine antagonist has the potential to block any glutamine-dependent 

event. The balance between glutamine and glutamate is essential for brain function. 

Glutamate is the principal excitatory neurotransmitter in the brain and excessive activation 

of glutamate receptors can result in a number of pathological conditions. The process for 

replenishing glutamate after release involves the glutamate-glutamine cycle in which 

glutamate is transported to astroglia where it is converted to glutamine by glutamine 

synthetase. Glutamine is released by the astroglia and transported to neurons where it is 

converted to glutamate by glutaminase, thus completing the cycle (65). Clearly DON could 

affect this balance. Furthermore, as a result of structural mimicry to L-glutamine, DON acts 

as a glutamine antagonist in a wide variety of biological pathways including de novo purine 

synthesis (66, 67), biosynthesis of D-glucosamine-6-phosphate (68), protein synthesis (69, 

70), L-asparagine synthetase (71), and, to a lesser extent, pyrimidine synthesis (72, 73). 

Finally, glutamate excitotoxicity has been shown to disrupt BBB integrity which may also 

play a role in CM pathophysiology and be modulated by DON treatment (74-76). The 

rapidity with which DON reversed the pathologies of PbA infection suggest that its effect, in 

some part, may be due to an alteration in the balance of glutamine-glutamate in the brain or 

on other glutamine dependent events. DON has been used in clinical trials in children to 

treat cancers and although it showed little efficacy it also showed little toxicity (53). Thus, 

DON appears to be a promising adjunctive therapy for CM in African children.
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Conclusion

CM is a deadly disease that takes the lives of hundreds of thousands of young African 

children each year and leaves CM-survivors with life altering neurological damage. 

Therapies based primarily on the assumption that CM results, in large part, from the 

sequestration of iRBCs in the brain vasculature inducing inflammation and brain swelling 

have thus far shown little efficacy in clinical trials in African children. However, recent 

studies suggest that CD8+ T cells may be a target of therapies in children with CM and two 

therapies that target CD8+ T cells, at least in part, have proven highly effective in rescuing 

PbA infected mice from ECM in the very late stages of the disease in the mouse model. 

Thus, there is good reason to be optimistic that armed with the mouse model our desperate 

search for adjunctive therapies for CM just may succeed.
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Figure 1. Life cycle of Plasmodium falciparum and a depiction of cerebral malaria pathology.
An infected female Anopheles mosquito takes a blood meal and, in the process, injects a 

small number of Pf sporozoites in the child’s skin. The sporozoites then migrate rapidly (30–

60 min) through the bloodstream to the liver where they invade hepatocytes and, over the 

course of 5–7 days, proliferate and differentiate into merozoites. This liver stage of the 

infection is asymptomatic. The infected liver cells rupture releasing large numbers of 

merozoites into the bloodstream where they promptly invade erythrocytes and, every 48 

hours, replicate and release new merozoites that invade uninfected red blood cells (RBCs). 

This blood stage of infection is symptomatic resulting in periodic fevers and other malaria 

symptoms. A small number of merozoites are triggered to exit this cycle and develop into 

male and female gametocytes that are taken up by a blood–feeding female mosquito and 

where they undergo sexual reproduction in the mosquito mid-gut completing the parasites 

life cycle. During the blood stage, infected RBCs sequester in the tissue vasculature to avoid 

splenic clearance. Cerebral malaria results from accumulation of sequestered infected RBCS 

in the brain vasculature, accompanied by microhemorhages, endothelial activation, blood 

brain barrier dysfunction and ultimately brain swelling and death.
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Figure 2. Proposed mechanism of ECM BBB dysfunction.
Parasitized RBCs express PfEMP1 on their cell surfaces that mediate endothelia cell binding 

and sequestration of the infected RBCs in the brain vasculature. RBC rupture releases 

merozoites which are endocytosed by endothelia cells that then cross-present parasite 

antigens on MHC class I molecules to antigen–specific CD8+ T cells. Activated CD8+ T 

cells release perforin, granzyme, and granulysin which induce apoptotic signaling in 

endothelial cells, increases in caveolae fluid transport across the endothelium, and alteration 

of the endothelial cells’ tight junctions. The resultant enhanced permeability of the 

cerebrovasculature leads to enlargement of the perivascular spaces and edema formation—

creating increased intercranial pressure which can ultimately be fatal.
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