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Introduction
Malaria is a parasitic-driven disease, with over 200 
million new cases and 400,000 deaths annually 
occurring [1]. African regions are the most affected, 
accounting for over 90% of the cases [1].  More than 
60% of deaths comprise of children under the age of 
5—an especially vulnerable population, due to their 
underdeveloped immune response [1]. The parasite 
Plasmodium vivax is the most geographically 
widespread species of malaria, along with 4 other 
Plasmodium strains known to cause the disease in 
humans [1]. Despite decades of research to reduce 
the mortality rate, especially in children, there is 
currently only one candidate vaccine in Phase III 
clinical trials that has shown a protective effect in 
young children [2]. 
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Pathology
The malaria infection begins when an infected 
mosquito bites a human and transfers the parasite 
sporozoites through its saliva. The sporozoites travel 
through the bloodstream until reaching the liver, 
where they infect a few hepatocytes and asexually 
reproduce (Figure 1). Merozoites are released after 
completing the first round of replication in the 
hepatocytes, from which they disperse back into 
the bloodstream to infect red blood cells (RBCs). 
The cycle of malaria then repeats, with replication 
of merozoites in the infected RBCs, waves of 
synchronized schizogeny, and infection of new 
RBCs. 

The disease becomes especially lethal once the 
merozoites cross the blood-brain barrier (BBB) to 
elicit an immune response within the cerebrum, 
triggering a cytokine storm [3]. This leads to 
cerebral malaria (CM), which causes 15% to 20% 

of case fatalities in children [4]. Current work is 
underway to investigate the mechanisms governing 
this fatal outcome in CM. These include the impact 
of the proinflammatory response and the adaptive 
immune response on CM pathology [5]. Several 
studies observing the proinflammatory response 
from the peripheral cytokines of children presenting 
with CM examined which cytokines correlated with 
CM symptomology. In one study, children presenting 
with CM and in comatose, produced no single 
cytokine that could predict brain swelling, despite 
elevation of specific cytokines correlating with CM 
and high parasiteamia [4]. In another study with 
children presenting with CM, it was found that levels 
of angiopoietin-1 (Ang-1)—a growth factor critical 
for endothelial cell function through its interaction 
with Tie-2—were associated with disease severity 
[5].

Subsequently, it was observed that therapeutic 
Ang-1 administered with artesunate improved 
vascular integrity and survival in mouse models of 
Experimental Cerebral Malaria (ECM) [6]. Further 
studies of ECM in mouse models compared the 
separate roles that adhesion of parasite-specific CD8+ 
T cells played on luminal brain vascular endothelial 
cells (ECs) as compared to the adhesion of infected 
red blood cells (iRBCs) [7]. Their results suggested 
that anti-adhesion molecule (e.g. LFA-1/VLA-4) 
therapy might be efficacious as a potential avenue for 
preventing cerebral malaria. 

Innate immune response
The innate immune system provides both receptors 
that detect the onset of malaria and an early 
protective immune response. While innate immunity 
can provide initial protection before the adaptive 
response takes place, it can also become overreactive, 
causing severe clinical manifestations of the disease.
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and CD86 were expressed at normal levels, were not activated. These 
results indicated that HZ activation was TLR9 dependent [11]. 

A study conducted by Wu et al. [12]  then found that protein-DNA 
complexes were the sole component in activating the TLR9-MyD88 
signaling pathway and thus, concluded that HZ is not a TLR9 ligand 
[12]. Follow-up studies concluded that while HZ was immunologically 
inert, it still played a role in TLR9 activation by presenting malaria 
DNA to TLR9 [13].

The adaptive immune response
In the adaptive immune response to malaria, much of the interest has 
focused on the role of B cells, since antibodies provide many effector 
functions that both prevent invasion and promote parasite clearance. 
However, some of the focus also has shifted recently toward T cells and 
their role in both eliminating infected cells and providing cytokines to 
help with B cell function.

B cells

B cells are a central part of the adaptive immune response to malaria 
because of their role in producing parasite-specific antibodies (Abs). 
These Abs promote infection clearance during the acute response as 
well as develop enduring humoral memory after the initial infection. 
The understanding of malaria-specific Abs is especially important, 
because they are thought to be the cause of naturally acquired humoral 
immunity in patients who are capable of clearing the infection on 
first encounter. It has been demonstrated that sera transferred from 
malaria-immune adults to children could protect them from clinical 
disease, further reinforcing the need to better understand natural Ab 
function [14]. 

Over the course of an acute malarial infection, somatic hypermutation 
within Ab variable regions increase mutation loads onto both B 
cell antigen receptors and Abs to enhance affinity. Observing this 
accumulation of mutations was previously challenging, because 
amplification errors in sequencing has made discerning real but subtle 
mutations difficult.  With the introduction of molecular barcoding 
technology, recent studies are now able to better track Ab repertoire 
features during various phenomena [15], including response to disease 
or to vaccination [16]. Observing Ab repertoire changes with this level 
of accuracy offers insight as to how mutation load changes within 
different Ab isotypes that modulate an individual’s adaptive immune 
response [17]. 

Interferon-γ

During the malarial innate immune response, interferon-γ (IFN-γ) 
plays an important role because of its anti-parasitic functions. IFN-γ is 
secreted by T helper 1 (TH1) cells, CD8+ cytotoxic T cells, and natural 
killer (NK) cells. This cytokine is primarily used to block viral replication. 
It is also involved in triggering additional macrophage and NK cell 
activation. However, it can also upregulate Major HistoCompatibility 
complex (MHC) class I display on infected cells, to promote CD8+ T cell 
clearage of parasites within infected RBCs and hepatocytes. 

Typically, when macrophages produce IL-18 to act in synergy with 
IL-12, NK cells are stimulated initially to produce IFN-γ prior to 
maturation of CD8+ T cells and TH1 cells [8]. In malaria, this early 
IFN-γ production from NK cells helps to promote macrophage 
activation prior to the onset of the adaptive immune response, which 
leads to IFN-γ production in TH1 cells. In one study in which mice 
were subjected to both live and dead malaria parasites, activation of 
IFN-γ production in NK cells was confirmed to be IL-12, but not IL-18, 
dependent [8]. Also, these investigators found that humans reacting to 
infected RBCs had heterogeneous levels of NK cell/IFN-γ production 
in responses to malaria; i.e. some but not all patients produced large 
amounts of IFN-γ. These results led to two opposing hypotheses: that 
rapid IFN-γ production was either promoting an enhanced ability to 
control malaria, or that the responding patients were predisposed to 
severe malarial infection due to cytokine overproduction [9].

TLR9-MyD88 signaling

The Toll-Like Receptor (TLR) 9 and the MyD88 adaptor signaling 
pathway is critical for the activation of dendritic cells (DC), which in 
turn, help to bridge innate and adaptive immunity. It was originally 
thought that TLR9 activation was caused by hemozoin (HZ), a parasite 
detoxification product of RBC heme molecules widely used as a 
biomarker to assess malarial infection severity [10]. 

This hypothesis was followed up by in vitro and in vivo mouse model 
studies aimed at testing both HZ purified from P. falciparum, as well 
as a synthetic HZ, that was free from possible contaminants. Wild 
type (WT) along with TLR2-/-/TLR4-/-/TLR7-/- triple knockout mice 
could be activated by HZ although neither CD40 nor CD86 were 
upregulated (both these T cell coreceptors are typically upregulated by 
proinflammatory cytokines). In contrast, TLR9-/- mice, in which CD40 

Figure 1. A schematic of liver (left) and bloodstream (right) stages of malaria parasite infection and replication.
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Live attenuated vaccines

By knocking out genes necessary for productive replication of the 
sporozoites or irradiating the sporozoites, it is possible to induce 
protective immunity without risking the progression of malaria 
infection using live malaria parasites [8]. The benefit of live attenuated 
vaccines is that they offer sterile protection; ie, no malaria parasites 
reach the blood phase of their life cycle. In a clinical trial conducted on a 
Plasmodium falciparum sporozoite (PfSPZ) vaccine, human volunteers 
were immunized by mosquitoes that contained irradiated sporozoites 
in their salivary glands. The efficacy was not high, as indicated by 
low T cell and Ab responses against PfSPZ. However, the problem 
likely resulted from the method employed for immunization [22]. A 
recent study using PfSPZ was  then able to provide sterile protection 
in roughly 50% of subjects, indicating the progress of these vaccine 
protocols [22,24]. 

Conclusion
While progress has been made toward developing a successful 
vaccine to malaria, there are still many questions that need to be 
answered to develop measurements of success in different vaccines. 
The mechanisms governing the innate and adaptive response still 
require further exploration, especially  for infants and toddlers [17]. 
The advent of immunorepertoire sequencing particularly can help with 
this understanding by assessing transcriptome and genetic changes that 
occur during the effector and memory responses.  Such understanding 
can guide recombinant protein-based vaccine design in the context 
of testing different antigenic targets and adjuvants. Vaccines that can 
induce a strong IgM+ memory B cell response are likely to be the most 
efficacious.
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