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Abstract
Background  Cerebral malaria is often pronounced as a major life-threatening neurological complication of Plasmodium 
falciparum infection. The complex pathogenic landscape of the parasite and the associated neurological complications are still 
not elucidated properly. The growing concerns of drugresistant parasite strains along with the failure of anti-malarial drugs 
to subdue post-recovery neuro-cognitive dysfunctions in cerebral malaria patients have called for a demand to explore novel 
biomarkers and therapeutic avenues. Due course of the brain infection journey of the parasite, events such as sequestration 
of infected RBCs, cytoadherence, inflammation, endothelial activation, and blood–brain barrier disruption are considered 
critical.
Methods  In this review, we briefly summarize the diverse pathogenesis of the brain-invading parasite associated with loss 
of the blood-brain barrier integrity. In addition, we also discuss proteomics, transcriptomics, and bioinformatics strategies 
to identify an array of new biomarkers and drug candidates.
Conclusion  A proper understanding of the parasite biology and mechanism of barrier disruption coupled with emerging 
state-of-art therapeutic approaches could be helpful to tackle cerebral malaria.
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Introduction

Cerebral malaria (CM) is the most severe neurological syn-
drome of Plasmodium falciparum malaria affecting mostly 
children in sub-Saharan Africa and adults in Asia. The dis-
ease has emerged as a massive burden of morbidity and mor-
tality to low- and middle-income countries. The complica-
tions of CM are frequently characterized by coma, cerebral 
seizures, neuroinflammation, and other neurological impair-
ments [1]. Long-term cognitive deficits such as behavioral 
abnormalities, epilepsy, impaired hearing ability, sensory 
disorders, and motor weakness, collectively referred to as 
post malaria neurological sequelae, have also been observed 
in the case of CM survivors [2]. Owing to the widespread 
malaria transmission in sub-Saharan Africa, the acquisition 

of natural immunity during childhood is observed, leading 
to decreased infection in adults. Whereas, in parts of South-
East Asia, due to restricted malaria transmission and inad-
equate natural immunity, CM generally occurs in grown-
up children and adults [3]. Despite tremendous progress in 
malaria diagnosis, research, and prevention over the past 
decade, a thorough understanding of the parasite and the 
deadliest complication, CM, is lacking, demanding effective 
therapies. In the absence of adjuvant treatment, mortality 
remains high.

Clinically, CM can be described as a reversible syndrome 
with unarousable coma with the presence of asexual forms 
of P. falciparum on peripheral blood smears [1, 4]. CM, if 
remain untreated for an extended period of time can initiate 
organ dysfunction in patients. However, the pattern of this 
dysfunction can differ significantly in the adults and chil-
dren. In adults, nervous system dysfunction occurs along 
with renal and respiratory organ system failure, whereas in 
children, though neurological issues are frequent with coma, 
seizures, and anemia but respiratory or renal complications 
are usually absent [5]. Neuropathologically, deposits of 
platelets, fibrin, and other inflammatory infiltrates have been 
observed within the neurovasculature of African children, 
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which is generally absent or less prominent in adults [5]. 
Further, it is also unknown why only some individuals 
develop CM, after being infected with the malaria parasite; 
thus indicating the role of host immune factors and parasite 
interaction in the manifestation of the disease.

Three different hypotheses have been described to impli-
cate the complex pathogenesis of CM. First, the sequestra-
tion hypothesis depicting the obstruction of microvascu-
lature by the adhesion of Plasmodium-infected RBCs to 
endothelial cells [6]. Second, the inflammation hypothesis, 
which explains the excessive pro-inflammatory cytokine 
production owing to the dysregulated balance between the 
immune system modulators after the parasite infection [7]. 
Finally, the homeostasis hypothesis that explains the loss 
of endothelial barrier integrity leading to the loss of brain 
homeostasis [8]. Though interrelation between host immune 
system evasion, barrier disruption, and cellular inflamma-
tion in the context of CM is yet to be elucidated, a synergis-
tic interplay between these mechanisms is supposed to be 
responsible for the complexity of the disease [9].

In order to understand the diverse patho-physiology of the 
parasite and develop effective therapeutics for CM by defy-
ing the odds of drug resistance, a renewed interest in host 
immune system–pathogen interaction is essential. In addi-
tion, using advanced proteomics and bioinformatics strate-
gies, the discovery of a novel set of biomarkers and drug 
targets is necessary. The present review will focus on the 
pathogenesis of CM involving sequestration, inflammation 
induction, endothelial cell activation, cell toxicity, and tight 
junction-BBB disruption. Furthermore, the use of advanced 
strategies for biomarkers and drug target discovery will also 
be evaluated.

Pathogenesis of the malarial parasite

Sequestration of infected RBCs

The blood–brain barrier (BBB), often considered a hotspot 
in CM, is formed at the blood-cerebrospinal fluid barrier 
and the brain capillary endothelial cell junction [8]. Tight 
junctions are created by the transmembrane proteins along 
the brain endothelial cells obstructing free passage between 
peripheral blood and the brain extracellular fluid (ECF). 
Such a physical and metabolic barrier maintains brain 
homeostasis by protecting the central nervous system (CNS) 
from neurotoxins, and pathogens. Various cellular milieu 
of the CNS, i.e., neurons, endothelium, pericytes, vascular 
smooth muscles, and astroglial cells together constitute the 
neurovascular unit (NVU), which further adds to BBB integ-
rity (Fig. 1). [10]. Neuroinflammation, often an underlying 
reason for brain infection and other neuroimmune diseases 
results from a compromised BBB leading to the passage 

of peripheral immune components into the CNS [8]. Major 
population-based studies on patients in Africa and Asia 
have reported a relation between seizures, hemorrhage, and 
axonal disruption with the compromised BBB in CM [11]. 
Though the exact mechanism of BBB disruption and neuro-
inflammation during CM is unclear, however independent 
studies have shown sequestration of parasite-infected RBCs 
to the brain epithelial cells and secretion of proinflammatory 
cytokines in animal models of CM [6].

Adhesion of P. falciparum-infected RBCs to the luminal 
side of endothelial cell lining blood vessels is often called 
sequestration and is responsible for immune evasion of the 
parasite [6]. A diverse array of host surface receptors as well 
as that of the parasite facilitates an easy sequestration pro-
cess. This sequestration process triggers a cascade of cellular 
signaling events, eventually disrupting the integrity of tight 
junctions and BBB inducing localized hypoxia and hemor-
rhages inside brain parenchyma (Fig. 2) [12]. Sequestration 
and eventual microvascular congestion were found associ-
ated with coma in CM [13].

Host intercellular adhesion molecule-1 (ICAM-1) (also 
called cluster of differentiation 54—CD54) is expressed on 
endothelial cells and is responsible for interaction with the 
infected RBCs through the duffy binding-like (DBLβ-C2) 
domain of parasitic erythrocyte membrane protein 1 
(PfEMP1) [14]. PfEMP1 gets localized into specific pockets 
on the plasma membrane of the infected RBCs. PfEMP1 has 
been reported to bind various other receptors like the vascu-
lar cell adhesion molecule-1 (VCAM-1), and the cytokine-
activated endothelial protein C receptor (EPCR), effectively 
immobilizing the infected RBCs on the endothelium [6]. 
ICAM1 also synergizes with CD36 for enhanced adhesion, 
which can bind to the PfEMP-1 through its cysteine-rich 
interdomain region (CIDR) [15]. Considering the signifi-
cant role of the DBLβ motif of PfEMP1, various studies 
have reported antibodies against the motif, which can inhibit 
ICAM-1-specific RBC adhesion in vitro [16]. Similarly, 
antibodies against EPCR have also been indicated to inhibit 
PfEMP1 binding to endothelial cells [17].

Various other adhesion-specific receptors, like the neu-
ral cell adhesion molecule (NCAM) receptor, selectins, 
von Willebrand Factor (vWF), and platelet endothelial cell 
adhesion molecule have been implicated in vitro to adhere 
infected RBCs [18, 19]. Though these receptors are specu-
lated to have a specific role in CM, but extended research 
on these receptors is warranted. Platelets provide an indirect 
mechanism for cytoadhesion by becoming bridges between 
RBCs and endothelial cells at sites of low adhesion molecule 
expression [19]. Increased intravascular platelet deposition 
has also been demonstrated in Malawian and South-East 
Asian CM patients [20]. Another in vitro study, where the 
adoptive transfer of platelets in CD40-KO CM resistant mice 
developed signs of CM, indicated the pathological effects of 
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platelets [21]. The sequestration process of infected RBCs 
and platelets is a central event in malarial brain infection 
which eventually leads to endothelial cell activation initiat-
ing cellular immune response modulated by cytokines and 
lymphotoxins [22]. From a therapeutic point of view, the 
prevention of sequestration of the infected RBCs could serve 
as an attractive way against CM [23]. Rapamycin has been 
reported to negatively affect the cytoadherence of infected 
RBCs by reducing the expression of ICAM-1 and VCAM-1 
in a mice model termed as the experimental murine model of 
cerebral malaria (ECM) [24]. Similarly, anti-inflammatory 
substances such as the ethanolic extracts from the Tricho-
derma stromaticum fungus reduce the cerebral expression 
of ICAM-1 and VCAM-1, keeping the BBB integrity intact 
in ECM [25]. Heparin-like molecules of the glycosamino-
glycan family have been reported to inhibit RBC invasion. 
Sevuparin, a member of the heparin family has been demon-
strated recently to reduce cytoadherence and RBC invasion 
in an in vitro setting [26], as well as in phase-I and II human 

studies [27]. Further, atorvastatin has also been shown to 
reduce endothelial damage by preventing cytoadherence of 
the parasite in human primary culture [28]. However, one 
should be careful while translating these drugs from ECM 
to human trials, considering the potential limitations of the 
murine model in RBC sequestration [29].

Various studies have shown the anti-inflammatory prop-
erties of the anticoagulant serine protease, activated pro-
tein C (aPC) [30]. The protein binds to EPCR, exerting its 
anti-apoptotic effects protecting the barrier functions. How-
ever, EPCR binding of PfEMP1 diminishes the interaction 
between EPCR-aPC, leading to the generation of thrombin & 
fibrin, which in turn induces the NF-κB pathway instigating 
pro-inflammatory cytokine generation and BBB disruption 
[31]. Therefore, aPC might have the therapeutic key to pre-
vent BBB disruption in CM.

Fig. 1   Structural overview 
of the BBB. The BBB is 
formed by the monolayer of 
brain endothelial cells and the 
underlying basal lamina, creat-
ing tight junctions eliminating 
the passage between blood and 
brain, maintaining homeostasis. 
The BBB integrity is further 
reinforced by astrocytes and 
pericytes. The BBB, in associa-
tion with neurons and microglia, 
forms the neurovascular unit 
(NVU). Specific receptors on 
the endothelial cells are help-
ful in the passage of essential 
metabolites into the brain for 
neuro maintenance.
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Neuroinflammation and cytokine release

Activated inflammatory processes and a heightened pro-
inflammatory cytokine release are often regarded as the 
hallmarks of CM [8]. Higher concentrations of localized 
productions of tumor necrosis factor-α (TNF-α), interferon-γ 
(IFN-γ), lymphotoxin-α (LT-α), interleukin (IL-1β), IL-10, 
and IL-6 has been reported in African children suffer-
ing from acute CM [32]. The released cytokines from 
immune cells such as macrophages or monocytes activate 
the endothelial cells, which release chemokines, such as, 
CCL2, CCL4, CXCL4, CXCL8, and CXCL10 [33]. Stud-
ies have reported that the IFN-γ receptor signaling path-
way can induce the IFN-γ-inducible protein-10 (IP-10)/
CXCL10, which recruits immune cells such as T-cells, natu-
ral killer (NK), and NKT cells expressing the corresponding 
chemokine receptor CXCR3 [34]. CXCL10 is often regarded 
as a faithful serum biomarker for CM. These chemokines 
might further initiate an inflammatory cascade injuring the 
endothelium, tight junction, and BBB, indicating that these 

chemokine receptor down-regulations or chemical inhibitors 
against these receptors might serve as potential therapeu-
tic targets against CM [35]. It has also been reported that 
IRF1 negatively regulates CXCR3 expression suppressing 
the production of IFN-γ in ECM [36]. Further, antibiotic 
doxycycline has been demonstrated to reduce the expression 
of IFN-γ, matrix metalloproteinase 2 (MMP2), and other 
factors associated with the ECM. The authors also depicted 
an intact BBB with successful reduction of cerebral infiltra-
tion with the antibiotic [37]. Similarly, the use of synthetic 
oleanane triterpenoids (SO) has been demonstrated to reduce 
plasma levels of key inflammatory cytokines such as TNF-α, 
IFN-γ, and IL-10 thereby enhancing the BBB integrity [38]. 
Moreover, the downregulation of LTα in the parenchymal 
cells could also be a therapeutic consideration against neu-
rological complications in ECM. LTα upregulates ICAM-1 
expression and has a role in RBC sequestration. LTα knock-
out mice, on the other hand, are protected from ECM [39]. 
However, though TNF-α levels are usually associated with 
CM, TNF-α-deficient mice were not protected from ECM, 

Fig. 2   Series of events that lead 
to the P. falciparum-induced 
brain infection. Sequestration of 
parasite-infected RBCs onto the 
brain microvasculature results 
in the obstruction of blood flow, 
inviting pro-inflammatory mol-
ecules. Platelet adhesion onto 
the clubbed RBCs can block the 
blood and nutrient passage lead-
ing to hypoxia and activation of 
endothelial cells. Heightened 
intracerebral inflammation and 
cytokine release compromise 
the endothelial cell integrity 
leading to eventual BBB break-
down.
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and anti-TNF-α antibodies or pentoxifylline-mediated inhi-
bition of TNF-α was also not found fruitful in human CM 
patients [40]. As blocking TNF-α was found insufficient for 
CM prevention, additional underlying mechanisms could be 
critical. Further, higher serum TNF-α levels could also result 
from some secondary immune responses and should not be 
considered as a direct outcome of CM pathogenesis. Hence 
while developing future therapeutic interventions targeting 
such immune components, one needs to keep the intricate 
nature of the host immune system in mind.

The intravascular accumulation of infected RBCs and 
platelets is considered to begin the cascade of severe neu-
rological damage and is a key step in the development of 
ECM. The immune cellular components were observed to be 
mostly monocytes, T cells, and natural killer (NK) cells. It is 
well documented that T cells (CD8+ & CD4+) play an active 
role in the ECM pathology. Accumulation of immune cells 
is followed by BBB disruption and perforin and granzyme-
B-mediated endothelial cell apoptosis and cell toxicity [41]. 
By using anti-CD4 and anti-CD8 antibody-based depletion 
strategies and knockout models, it is depicted that these ani-
mals do not develop ECM despite infection, and there is a 
substantial reduction of severity. Similar results were also 
obtained with perforin-or granzyme-B-deficient mice sug-
gesting an effector role of CD8+ T-cells and a helper role of 
CD4+ T-cells in ECM pathogenesis [42]. It has further been 
demonstrated that for the development of ECM, along with 
T-cells, the presence of infected RBCs is also necessary. In 
other words, in ECM models, reduction of T-cells correlates 
with decreased RBC sequestration/infected RBC accumula-
tion. From a therapeutic point of view, blocking adhesion 
molecules LFA-1 and VLA-4 in late stages of ECM decrease 
CD8+ T-cell adhesion in cerebral blood vessels [42].

Cells of myeloid origin, like monocytes, also play a 
vital role in CM. It has been reported using the advanced 
microscopic observation that monocytes accumulate in the 
infected brain several days before the beginning of clini-
cal symptoms, and increased adhesion of monocytes is also 
observed with endothelial cell activation [43]. Flow cytomet-
ric analysis further reported the prevalence of CD11b+ cells 
in infected mice even before the heavy presence of T-cell, 
dendritic cells, or NK cells, indicating a role of monocytes 
during the early stages of parasite infection [43]. Moreover, 
monocyte/macrophage depletion has also been shown to 
reduce ECM in mice [44]. It is probable that in CM patho-
genesis, locally activated monocytes recruit other leukocytes 
and CD8+ T cells and potentiates endothelial cell activation 
[43].

Other immune cells such as γδ T-cells and innate lym-
phoid cells have been suggested as contributors to the 
CM pathogenesis, as their depletion prevents ECM [45]. 
Though targeting varieties of immune cells might prevent 
ECM, direct targeting of CD8+ T-cells and monocytes has 

been deemed effective often along with other anti-malarial 
drugs [43]. The current research point towards a mecha-
nism depicting higher levels of certain cytokines such as 
IFN-γ and TNF-α leads to binding of infected RBCs to brain 
endothelium, activating them and further recruiting T-cells. 
Presentation of malarial antigens (on cerebral blood vessels) 
to parasite-specific CD8+ T-cells might cause local endothe-
lial cell demise, eventually causing BBB breakdown and 
neurological damage (Fig. 2).

Other associated effectors of CM pathology

Host-derived microparticles/microvesicles (MVs) are 
regarded as effectors and immunomodulators of CM pathol-
ogy [46]. Microparticles are tiny vesicles of 1 μM diam-
eter often derived from the outer membrane of cells when 
cells are subjected to stress or demise signals. They bud off 
from the outer membrane as it undergoes membrane rear-
rangement containing phosphatidylserine, surface antigens, 
and other proteins [46]. These vesicles could also function 
as a biological messenger between parasite cells or para-
sites and host cells. MVs were found to be overproduced in 
murine CM model [47]. Further investigation revealed the 
MVs to be of platelet origin [18]. The presence of MVs was 
also observed in Malawian patients with CM, suggesting a 
relationship between MVs and CM neuropathology [48]. 
The platelet-derived MVs were found to stimulate infected 
RBCs, enhancing their association with endothelial cells. 
Further studies in CM patients indicated infected RBCs as a 
major source of MVs. These MVs have been shown to alter 
the gene expression pattern-function in endothelial cells, 
ultimately compromising BBB permeability [49]. Elevated 
levels of cell-specific MVs have also been observed in the 
plasma of CM patients from Asia and Africa [46].

MVs have been found to be pro-inflammatory and can 
also induce inflammation by targeting the TLR4-MyD88 
axis pathway, thereby upregulating the level of CD40 and 
TNF-α [50]. In a study involving parasite-infected mice, 
a treatment strategy with an anti-CD40L monoclonal 
antibody reduced MV levels and thrombocytopenia [47]. 
Since MVs have been associated with activating inflam-
matory macrophages and NK cells, blocking TLR4 in the 
ECM model limits the macrophage activation pattern [50]. 
Furthermore, since MVs have antigen presentation capa-
bilities (MHC II, CD40, β2-microglobulin, and inducible 
costimulator ligand), they can prime accessory immune 
molecules and can amplify T-cell & monocyte prolifera-
tion, helping in the process of immunomodulation [51]. 
One study indicated that EVs released from infected RBCs 
contain genomic DNA of the parasite and could stimulate 
monocytes thereby activating the innate immune response 
in host [52]. Blocking MVs have been shown to reduce 
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cellular activation and passive transfer of purified MVs 
have been demonstrated to exacerbate the condition in an 
in vitro setting [53]. Pharmacological blocking of MVs 
by a thiol pantethine has been shown to have a positive 
effect on endothelial cell integrity and can prevent cell 
demise in ECM [54]. In another setting, administration 
of N-acetylcysteine has been reported to inhibit micro-
particles being released from RBCs [55]. ATP-binding 
cassette transporter (ABCA1) deletion, which affects the 
MV release, has been shown to halt CM in an ABCA1-KO 
mouse model of malaria [56].

It has further been noted that certain plasma MVs carry 
a set of microRNAs (miRNAs) in relation to CM develop-
ment, and the parasite-infected RBCs also release EVs con-
taining regulatory RNAs [57]. These miRNAs have been 
shown to have an important role in host–parasite interactions 
and are regarded as promising biomarkers for CM severity 
[58]. Though P. falciparum does not express miRNA-spe-
cific proteins such as dicer or Argonaute (Ago), host Ago 
protein and miRNA could translocate to the parasite and 
can be associated with them [49]. The EVs containing such 
miRNA-related complex affect the host vascular cell func-
tion, endocytosis, host adherens junction permeability, and 
gene expression pattern of the parasite [49]. Though there 
is a limited number of studies regarding the role of miR-
NAs in cerebral malaria, one study demonstrated increased 
survival, reduced endothelial activation, and BBB integrity 
preservation in miR-155-KO ECM mice [59]. The authors 
also used an ex vivo endothelial microvessel model to depict 
anti-miR-155 pretreatment, which can reduce vascular 
leakage and endothelial dysfunction. Considering the role 
of several miRNAs: let-7a, miR-15b-5p, miR-16-5p, miR-
19b, miR-150-5p, miR-155, miR-223-3p, and hsa-miR-451a 
in malaria, these should be evaluated in CM samples for a 
better understanding of the host–microbe interactions [58, 
59]. With proper characterization and quantification of these 
released EVs, the therapeutic role of such vesicles can be 
established in CM prognosis.

Metabolic pathways significantly affect the pathogenesis 
of CM. Metabolic changes to the amino acid metabolism, 
such as hypoglycemia are observed in ECM models and 
human CM [60]. ECM mice have been reported to contain 
a higher concentration of alanine, lactate, and glutamate, 
which is absent in non-ECM mice [60]. Interestingly, these 
metabolic changes are often associated with the occurrence 
of hypoxia/ischemia, which is responsible for the obstruction 
of brain microvasculature as in ECM. Some early reports 
observed prevention of ECM through a dietary restriction 
in a prophylactic setting [61]. Recent studies now report 
treatment with rapamycin, a potent inhibitor of the mTOR 
pathway that can be used to prevent ECM [62]. The authors 
suggest a dietary restriction that affects the leptin signaling, 
reduces the parasite burden in the brain, increasing their 

clearance in the spleen. Similarly, using specific compounds, 
6-diazo-5-oxo-l-norleucine (DON), glutamine metabolism 
can be manipulated thereby reducing the ECM burden [63]. 
Another in vitro study reported the use of 2-deoxy glucose 
(2DG) for ECM [64]. Pre-exposure to a high-fat diet has 
also been demonstrated to reduce ECM burden via an anti-
oxidant-mediated mechanism [65].

Furthermore, BBB damage in CM can also be acceler-
ated by the abnormal deposition of toxic metabolites. Sev-
eral intermediates of the kynurenine pathway essential for 
tryptophan metabolism, such as kynurenic acid, picolinic 
acid, and quinolinic acid have been reported to have elevated 
levels in the cerebrospinal fluid (CSF) of CM patients [66]. 
Owing to the cytotoxic effect of quinolinic acid on neurons 
and astroglial cells [67], it can disrupt the integrity of the 
BBB. Picolinic acid, on the other hand, can stimulate the 
macrophages to produce pro-inflammatory chemokine [68], 
which eventually can lead to BBB damage.

Proteomics approach for novel biomarkers 
and drug targets

Despite several active anti-malarial drugs and viable chemo-
therapy, there is a growing instance of drug resistance in 
malaria treatment. This has paved a way for research into 
strategies to unlock novel drugs and vaccine targets. The 
discovery of new specific diagnostic markers by advanced 
proteomic techniques might lead to more appropriate disease 
management and might also be helpful in better understand-
ing the host–pathogen interaction [69]. Proteomic profiling 
techniques are necessary for shedding light on the struc-
ture, function, and post-translation modifications (PTMs) of 
proteins from specific stages of a microorganism, allowing 
scientists to compare across life stage-specific cell signals, 
protein expression patterns, immune pathways, and patho-
genicity [70]. Proteomic tools in parallel with genomic infor-
mation can be used for biomarker detection for CM. A com-
parative analysis of host immune response before and after 
malarial infection/treatment could be a strategy to detect and 
develop novel vaccine targets [71].

A proteomic profiling study using the comparative 
trypsin-induced surface shaving approach in P. falciparum 
revealed infected RBC surface antigens, such as, PfEMP1, 
repetitive interspersed families of polypeptides (RIFINs), 
surface-associated interspersed gene family (SURFIN), 
and sub-telomeric variable open reading frame (STEVOR) 
as possible malaria vaccine targets [72]. Another study 
using the suspension-bead-array-based affinity proteom-
ics approach depicted increased levels of platelet adhesion, 
endothelial activation, and muscular damage markers in 
plasma samples collected from Nigerian CM-affected chil-
dren. This study further suggests probable muscle damage 
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and microvasculature lesions in CM [73]. Gitau et al. per-
formed a comparative proteomics identification approach 
of the CSF and plasma in Plasmodium falciparum-infected 
children diagnosed with CM and other non-malarial enceph-
alopathies [74]. The authors detected a host protein, spectrin 
β chain brain 3 as a binding partner with several parasitic 
proteins involved in parasite invasion, and sequestration in 
the cellular microvasculature. Several other host protein lev-
els were also found altered in this study [74].

After the infection of host RBCs by the parasite, drastic 
changes occur in the host proteome leading to the upreg-
ulation or downregulation of new proteins leading to the 
production of altered membranes and protein exchanges 
between the host and the parasite. Such comparisons can 
be extremely critical to better understand the parasite–host 
immune system interactions [75]. Parasite-infected erythro-
cyte surface proteins (PIESP) have been recognized as pos-
sible markers in the shotgun proteomics approach. PIESP1 
and PIESP2 have been depicted to be associated with the 
protrusion/knob of the infected RBCs, making them suitable 
targets for CM [76]. A mass spectrometry-based analysis 
revealed P. falciparum antigen 332 (Pf332) and mature par-
asite-infected erythrocyte surface antigen (MESA) to have 
an over-expression profile on infected RBC membrane of 
CM patients [77]. Though their antigenic properties remain 
unclear requiring further investigation, the authors propose 
these two proteins as specific biomarkers involving protein 
networking, and export of variant surface antigens (VSAs). 
Since these two proteins are involved in the physiology of 
CM, extended drug-target research is warranted. A tandem 
mass tag (TMT)-based mass spectrometry from autopsy 
brain samples of CM patients revealed increased expression 
of proteins associated with innate immune response, plate-
let activation, and coagulation in CM. However, proteins 
associated with reactive oxygen species generation (ROS), 
and Na+ and Ca2+ transport are found to be reduced in CM 
[78]. The authors also identified three parasite proteins, that 
is, 14-3-3 protein, enolase, and l-lactate dehydrogenase as 
CM-specific biomarkers. The study also revealed the up-
regulation of anti-inflammatory α1-antitrypsin and alpha-1-
acid glycoprotein-1 (ORM1), which could be related to host 
immune defense against CM [78].

Mass spectrometric analysis of extracellular microvesi-
cles (MVs) derived from a P. falciparum-infected Kenyan 
child identified about 153 enriched parasite proteins asso-
ciated with cytoadhesion, virulence, and host cell remod-
eling [79]. This result significantly overlaps with another 
proteomic study which reported 84 parasite proteins modu-
lating the host–parasite and parasite–parasite interactions 
[80]. These proteins can act as possible biomarkers for MVs 
released by the P. falciparum-infected RBCs. In a similar 
manner, as discussed, MVs might also contain miRNAs, 
which also act as diagnostic markers for CM. Differential 

transcriptome analysis of blood samples of children with cer-
ebral malaria identified overexpression of miRNA recogni-
tion sites, such as miR-4, miR-15, miR-16, and miR-195 [81]. 
Further, a metabolomics approach to unveil intricate relations 
between the host & parasite revealed distinct metabolite pro-
files of lipid and amino acid metabolism pathways across the 
parasite life stages. The study also indicated an increase in the 
amount of four key metabolites, such as: γ-aminobutyric acid 
(GABA), pipecolic acid, nicotinamide adenine dinucleotide 
(NAD), α-ketoglutarate, in the infected-RBCs. These metabo-
lites can also be used as diagnostic markers for malaria [82].

Another proteomic study in the ECM mice model reaf-
firmed brain endothelial damage and subsequent protein leak 
theory across the BBB [83]. The authors found an enhanced 
concentration of coagulation cascade proteins asserting the 
fact of possible platelet adhesion to brain microvasculature. 
Further, along with coagulation cascade proteins, competent 
factors and immune components were also upregulated, indi-
cating a cross-talk between inflammation and coagulation in 
ECM. The authors further suggested BBB invasion as a final 
delayed effect, probably at later stages of CM [83].

In addition, another proteomic study in 52 hospitalized 
Gambian children suffering from CM depicted diverse protein 
associations [84]. The study asserted the role of upregulated 
cell adhesion proteins, such as, VCAM, ICAM-1 & ICAM-2, 
and depleted coagulation factor-associated proteins indicat-
ing endothelial activation, and tissue damage. Interestingly, 
several parasite proteins from the glycolytic pathway, purine 
salvage pathway, and cell membrane were also found over-
expressed, indicating increased parasitic presence within 
brain vasculature [84]. The authors also reported decreased 
expression of two microparticle proteins, named profilin-1 
and immunoglobulin J-chain. For nutrient fulfillment and host 
immune system evasion [85], most pathogens secrete varieties 
of molecules packed in MVs. Therefore, analysis of secretory 
MVs in CM patients could be a possible therapeutic goal of 
future studies. Table 1 summarizes different proteomics stud-
ies conducted on CM patients and the experimental murine 
model of CM (ECM). The use of advanced high-throughput 
affinity-proteomic tools of specific antibodies for potential 
screening candidates would allow a faster analysis of diag-
nostic biomarkers and novel drug/vaccine candidates.

Use of bioinformatics approach 
for biomarkers and drug targets

Genomics and bioinformatics techniques contribute 
immensely to our understanding of the infectious disease 
paradigm in terms of disease pathogenesis, host–pathogen 
interactions, immune system evasion for the identification of 
putative biomarkers and vaccine candidates. Figure 3 depicts 
the bioinformatics-based steps involved from patient sample 
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collection to putative drug discovery. Gene expression pro-
filing in blood samples of Senegalese CM patients using 
microarray analysis followed by hierarchical clustering and 
the support vector machine (SVM) method revealed many 
differentially expressed genes [86]. Associated proteins were 
then identified by mapping the key genes onto the human 
protein–protein interaction map. Later pathway analysis and 
functional gene annotation map indicated the involvement 
of immune pathways like TLR, cytokine, and Fc-gamma 
receptor (FCGR), and other cytotoxic pathways [86]. Such 
genetic analysis would help identify the bias involved in 
terms of infection pattern and host immune system involve-
ment across CM patients of different geographical loca-
tions. Another study in Cameroonian school children using 
microarray-bioinformatics approach revealed about 3–14-
fold up-regulation in specific genes involved in pathogenesis, 
cytoadherence (VSA proteins, such as PfEMP1, RIFIN), 
remodeling of the host cell membrane, and RBC aggrega-
tion in parasites obtained from CM patients compared to 
parasites obtained from asymptomatic patients [87]. Such 
studies will be helpful in understanding pathogen biology 
and parasite–host interactions.

Another recent bioinformatics-only preliminary study 
reported the use of the weighted gene co-expression net-
work analysis (WGCNA) for uncovering the malarial patho-
genesis and developing novel therapeutics [88]. Analysis of 
blood transcriptomic dissimilarities between CM and severe 
malarial anemia in Ugandan children by Nallandhighal et al. 
pointed out the nuclear factor-erythroid-2-related factor-2 
(Nrf2) and erythropoiesis-related genes to be downregulated 
in CM patients [89]. Nrf2 has been targeted to mitigate neu-
roinflammation & oxidative stress in neurodegenerative dis-
orders. The study also indicated a significant enrichment in 
three neurodegenerative disease-specific pathways (KEGG 
pathway ID: hsa05010, hsa05012, and hsa05016) in CM 
children. Another comparative microarray hybridization-
based blood transcriptomics study in Gabonese children 
depicted downregulation of Parkinson’s α-synuclein protein 
(SNCA), signal transducer STAT1, MHC-II genes, glutamate 
metabolism-involved gene hydroxyacylglutathione hydrolase 
(HAGH), fraktalkine receptor (CX3CR1), IFN signaling-
based genes, and several ubiquitin-pathway genes [81]. The 
authors propose the downregulation of important genes in 
CM as a response to hypoxia and vessel obstruction after the 

Fig. 3   Representation of steps 
involved from patient sample 
collection to putative drug 
discovery After blood or CSF 
sample collection from patients, 
advanced molecular techniques 
such as whole genome sequenc-
ing and transcriptomics can be 
performed, which can further be 
used for comparative bioinfor-
matics strategies to study host 
responses against the parasite, 
pathogen genomic signatures, 
and transmission probabili-
ties. Bioinformatics studies 
like GWAS can be employed 
to measure genetic diversity 
among species, determination 
of drug resistance-related muta-
tions, and surveillance. In silico 
and cheminformatics studies 
can be performed for the discov-
ery of new vaccine targets and 
putative drug candidates.
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sequestration of infected RBCs [81]. A similar microarray-
based blood transcriptomics comparison study in resistant 
mice and ECM susceptible mice depicted the downregula-
tion of clotting and platelet-related genes in ECM mice [90]. 
Further, genetic signatures of immune response factors, cell 
surface glycosylation factors, erythropoiesis, and transcrip-
tion-related factors were found altered in ECM mice. Such 
genome-wide circulatory biomarker identification studies 
could help future studies in ECM mice [90].

Genome-wide association studies (GWAS) on samples 
collected from 11 countries by the malaria genomic epide-
miology network (MalariaGEN) identified a new locus on 
chromosome 6 found to be associated with CM, which is sit-
uated over 700 kilo bases from the nearest coding gene [91]. 
The study, however, was unable to find the exact genomic 
function. The other GWAS studies on malaria population 
susceptibility are extensively reviewed here [92]. There 
exist several databases for comparative genomics and tran-
scriptomics for the Plasmodium species helping the in silico 
analytical studies, and making the genome-wide visualiza-
tion convenient for the end-users [93, 94]. Several in silico 
studies have been described in recent years using compara-
tive genomics, molecular modeling, molecular dynamics, 
small molecule inhibitor screening, and docking against 
specific parasite proteins like M17 Leucine Amino Pepti-
dase (LAP), M18 aspartyl aminopeptidase (M18AAP), and 
calcium-dependent protein kinases (PfCDPK5) [95, 96]. 
After comparison among metabolic pathways of the host 
and parasite, a study predicted the list of 21 essential pro-
teins of the parasite out of which 11 proteins were selected 
as anti-malarial drug targets based on various prioritization 
parameters. The selected proteins were modeled into 3D 
structures and docked with small molecules from the ZINC 
database [97]. A comparative genomics analysis across six 
Plasmodium species followed by clustering and fast Fourier 
transformation (FFT) provided 55 candidate genes involved 
in CM [98]. After domain analysis of all individual genes, 
the authors finally selected the parasite-infected erythrocyte 
surface protein 2 (PIESP2) as the final virulence factor. Later 
investigations of the PIESP2 protein indicated its presence 
on the membrane of the infected RBCs and the protein might 
be responsible for sequestration, host inflammation response, 
and impairment of BBB integrity [99]. A comprehensive list 
of bioinformatics and transcriptomics studies discussed in 
this section is provided in Supplementary Table 1.

Considering the instances of malarial drug-resistance, 
a next-generation sequencing coupled with bioinformat-
ics analysis study against specific genes and mitochondrial 
genome of the parasite found mutations in the chloroquine 
resistance transporter gene (crt), the pyrimethamine-resist-
ant dihydropteroate synthase gene (dhps), the sulfadoxine-
resistant dhps strain, dihydrofolate reductase, multidrug 
resistance (mdr1) genes [100]. Drug resistance demands 

the use of new effective replacements and new targets to 
which the parasite has not developed resistance yet. The use 
of preliminary chemoinformatics-based approach for new 
chemical moieties and functional groups could provide quick 
solutions for this biological scenario.

Concluding remarks

Cerebral malaria remains one of the deadly manifestations of 
P. falciparum-malaria, affecting the low and middle-income 
countries in Africa and Asia. The occurrence of drug resist-
ance has threatened the CM treatment by traditional anti-
malarial drugs. In such a biological scenario, novel thera-
peutic strategies harnessing the knowledge of host–parasite 
interactions, advanced proteomics, genomics, and bioinfor-
matics strategies could be extremely helpful. Despite decades 
of extended clinical research, the exact pathogenesis of the 
disease remains unclear. Since the events of cytoadherence, 
inflammation, endothelial activation, and BBB disruption are 
interrelated during CM infection, drug candidates against spe-
cific proteins involved in these events could be critical for the 
parasite. Proper understanding of the events leading to BBB 
disruption might help in developing effective therapies for 
CM. Furthermore, new emerging technologies could also be 
employed to identify novel prognosis biomarkers and explore 
advanced therapeutic avenues. After gaining insights on the 
transcriptomic analytical studies, efforts should be made to 
replicate the treatment in CM-relevant animal models, which 
can later be translated into human clinical trials. Together 
with better diagnosis facilities, revamped clinical efforts could 
help decrease CM-related mortalities worldwide.
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