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Introduction
The Toll-Like Receptors (TLRs) are a family of pathogen 

recognition receptors that recognize Pathogen-Associated Molecular 
Patterns (PAMPs). This initial detection of pathogens plays a central 
role in the activation of the innate immune system and the generation 
of an appropriate immune response to infection. To date, ten TLRs in 
humans (TLR1-10) and twelve TLRs in mice (TLR1-9, 11-13) have been 
identified, where each TLR binds specific ligands. TLR1-2, TLR4-6 and 
TLR10 are found on the cell surface, and interact with extracellular 
ligands, whereas TLR3 and TLR7-9 are found in endosomes and interact 
with intracellular ligands Table 1. Although TLR-induced responses 
to malaria have been described, the TLR-mediated contribution to 
malaria-associated pathogenesis has been difficult to determine and 
is a continued area of intense research. In addition, the use of TLR-
based adjuvants for malaria vaccines is a quickly expanding field, which 
has thus far generated significant observations. This review focuses 
on recent advances in malaria-related TLR-dependent responses, 
pathogenesis, and vaccine developments. 

TLR Structure, Adaptor Proteins and Signaling 
Pathways

TLRs are transmembrane glycoproteins that contain a ligand-
binding domain in the extracellular N-terminus, and a signaling domain 
in the intracellular C-terminus. TLRs activate downstream signaling 
cascades that lead to activation of transcription factors, such as nuclear 
factor kappa light-chain enhancer of activated B cells (NF-κB), activator 
protein-1 (AP-1) and Interferon Regulatory Factors (IRFs), which in 
turn activate a pro-inflammatory response. X-ray crystallography has 
confirmed that TLRs form homodimers, with the exception of TLR2, 
which forms heterodimers with TLR1 or TLR6 [1-5].

The initial signal transduction from TLRs to their adaptor proteins 
occurs via a unique signaling Toll-Interleukin-1 Receptor (TIR) domain. 
This domain is present in the C-terminus of all TLRs, as well as the IL-1 
and IL-18 receptors, and on their intracellular signaling adaptors. There 
are six known TIR-domain containing adaptors for TLR signaling, and 
these are myeloid differentiation factor 88 (MyD88), MyD88 adaptor-
like protein (MAL, TIRAP), TIR domain-containing adaptor inducing 
interferon-β (TRIF, TICAM-1), TRIF related adaptor protein (TRAM, 
TICAM-2), sterile-α and HEAT/Armadillo motifs-containing protein 
(SARM, MyD88-5), and the recently discovered B Cell Adaptor for 
PI3K (BCAP), further described in Table 1.

MyD88 was the first adaptor to be associated with TLR signaling [6] 
and has since been shown to be required for signal transduction of all 
TLRs with the exception of TLR3, and partially TLR4 [7,8]. Activation 
of MyD88 results in downstream NF-κB activation via a signaling 
cascade involving members of the IL-1R-Associated Kinase family 
(IRAK), namely IRAK-1, 2 and 4 [9,10]. In addition to MyD88, MAL 
binds MyD88 via the TIR domain and is essential for TLR2 and TLR4 
signaling [11,12]. 

Through studies using MyD88 KO mice, a MyD88-independent 
pathway for TLR3 and TLR4 signaling was demonstrated. TRIF was 
found to be the exclusive adaptor for TLR3, and also to mediate the 
MyD88-independent arm of TLR4 signaling [13]. The TRIF-mediated 
pathway of TLR4 signaling also requires an additional exclusive 
adaptor, TRAM [14,15] which functions to recruit TRIF to TLR4 after 
receptor-ligand interaction and endocytosis, resulting in the activation 
of IRF3 [16]. TRIF-mediated signaling controls production of Type I 
IFN through activation of IRF3 and possibly IRF5 [15,17]. In addition 
to NF-κB, AP-1 and IRFs, TLR signaling also results in the activation 
of PI3K, which is thought to negatively regulate the pro-inflammatory 
TLR response. Most recently, it was discovered that BCAP contains 
a previously unidentified TIR domain that allows interaction with 
ligand-activated TLRs at the plasma membrane [18,19]. Additionally, 
BCAP was shown to directly bind and activate PI3K, and absence of 
BCAP resulted in an exacerbated TLR-induced cytokine response. This 
demonstrated that BCAP is the crucial link between TLR signaling 
and PI3K activation, and plays an important role in regulation of the 
immune response downstream of TLRs. Unlike the other adaptor 
proteins, the function of SARM is only now starting to emerge. SARM 
is predominantly expressed in neurons, with a suggested function of 
regulating neuronal death [20] and responding to viral infection in the 
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brain [21]. More recently, studies have also suggested that SARM plays 
a role in apoptosis, although its cellular localization remains debated 
[22-24]. 

TLR Detection of Parasite Antigens
TLR2, TLR4 and TLR9, and most recently also TLR7, are activated 

by Plasmodium antigens (Figure 1). The first demonstration that 
parasite antigens could be detected by TLRs was by Campos et al. [25], 
who showed that Glycosylphosphatidylinositol (GPI) anchors from 
Trypanosoma cruzi activate TLR2. A later study demonstrated that 
TLR2 and, to a lesser extent, TLR4 are capable of detecting malarial 
GPI via a MyD88-dependent pathway, and that the TLR1/2 and TLR2/6 

dimers preferentially bind to distinct structural forms of GPI [26]. 
Furthermore, the Plasmodium 2-Cys peroxiredoxin was identified as 
an additional TLR4 malaria antigen that induced cytokine production 
by both monocytes and mast cells [27]. However, it should be noted 
that to establish that a chemical agent is sufficient to activate a TLR 
requires proving the compositional purity of the putative ligand and 
the formal exclusion of any contribution by adventitious contaminants. 
Such compositional purity data were provided by Campos et al. [25] in 
the case of the T. cruzi GPI structure.

Early studies showed that malarial schizonts induced an immune 
response from human plasmacytoid Dendritic cells (DC) and mouse 
bone marrow-derived DC that was dependent on MyD88 and TLR9 

TLR Location Ligand Signaling adaptor
TLR1/2 Plasma membrane Triacyl lipopeptide, intact malarial GPI MAL, MyD88
TLR2 Plasma membrane Peptidoglycan, LAM, hemaglutinin, phospholipomannan, MAL, MyD88
TLR2/6 Plasma membrane Diacyl lipopetide, malarial sn-2 lyso-GPI, LTA MAL, MyD88
TLR3 Endosome dsRNA, ssRNA (viral) TRIF

TLR4 Plasma membrane and endosome LPS, GPI (Plasmodium and Trypanosoma), fibrinogen bound to malarial hemozoin, 
mannan, viral envelope proteins (RSV and MMTV), Plasmodium peroxiredoxin MAL, MyD88, TRIF, TRAM

TLR5 Plasma membrane Flagellin MyD88
TLR7 Endosome ssRNA from viruses (VSV, influenza), proposed Plasmodium RNA (?) MyD88
TLR8 Endosome ssRNA from viruses MyD88
TLR9 Endosome dsDNA viruses, DNA CpG motifs, malarial DNA-protein complex MyD88
TLR10* Plasma membrane Undefined, possibly triacyl lipopeptide when dimerized with TLR2 MyD88

TLR11# Endosome Profilin-like protein from Toxoplasma gondii possibly as heterodimer with TLR12, 
uropathogenic bacteria MyD88

TLR12# Endosome Undefined, likely bacterial products MyD88
TLR13# Endosome Bacterial 23S ribosomal RNA, vesicular stomatitis virus MyD88

Malarial ligands highlighted in bold. *Human only, #mouse only
Table 1: Description of TLRs, signaling adaptors and their ligands.

Figure 1: TLR Detection of Parasite Antigens.
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[28]. There were several conflicting reports on the malarial antigen 
responsible for activation of TLR9. Initially, the parasite waste product 
hemozoin was suggested to be the activating antigen [29]. This finding 
was controversial as hemozoin is a by-product of parasite digestion 
of hemoglobin, composed of insoluble β-hematin crystals, whereas 
TLR9 was known to bind CpG DNA motifs from bacteria and viruses. 
It was later reported that the antigen binding to TLR9 was malarial 
DNA associated with hemozoin, but that purified hemozoin by itself 
was immunogenically inert [30]. Subsequent studies showed that 
a malarial DNA-protein complex activated TLR9, suggesting that 
previous results were likely due to DNA and protein contamination of 
hemozoin preparations [31]. Most recently it has also been reported 
that natural hemozoin from ruptured schizonts binds host fibrinogen 
and is recognized by human monocytes in a TLR4-dependent manner 
[32]. These highly discordant results reflect in part the issues relating to 
compositional purity of agents referred to above and previously [33,34], 
as hemozoin is not a single molecular species, but a morphological 
entity comprised of poorly characterized, variable aggregate of many 
different molecules. 

A recent study has demonstrated that TLR7 might also be playing 
an important role in early detection of malarial infection [35]. Using 
the P. chabaudi acute malaria mouse model, the study showed that 
TLR7 and MyD88 KO mice, but not TLR2, TLR4, TLR9, IL-1R or 
IL-18R KO mice, had a significantly reduced Type 1 IFN response at 
24 hr post-infection, which was dependent on IRF7 activation. They 
further demonstrated that absence of TLR7 and MyD88, but not TLR9, 
significantly reduced the IFNγ, IL-10, IL-12p40 and TNF response to 
infection at 24 hr, but not at 6 days post-infection. The authors propose 
that Plasmodium RNA might be the target for TLR7, although further 
work is required to confirm this.

TLR-induced Anti-malaria Responses
TLRs are expressed by a wide range of immune cells, though are 

predominantly present on innate cells. Consequently, malaria parasites 
have the potential to be targeted by multiple cell populations. However, 
a lot of focus has been on DC and other antigen presenting cells as these 
cells have been reported in several studies to play an important role 
during malaria infection, and are also crucial in shaping the subsequent 
adaptive immune response [36-39]. Evidence suggests that TLR-
mediated signaling is required for DC maturation, cytokine production 
and upregulation of co-stimulatory molecules. Additionally, it has 
also been demonstrated that involvement of TLR4, TLR9, MyD88 
and NF-κB signaling, as well as cell-cell contact and internalization of 
infected RBC, are required for DC activation [40]. However, it appears 
that the DC cytokine profile progressively changes with infection. DC 
isolated early following infection produce pro-inflammatory cytokines, 
whereas DC isolated later during infection are anti-inflammatory IL-
10-producing cells [41]. 

A distinct Plasmodium-mediated enhancement of TLR 
responsiveness in immune cells has also been described. Peripheral 
blood mononuclear cells of malaria naïve individuals that were 
experimentally infected with P. falciparum exhibited increased pro-
inflammatory and anti-inflammatory cytokine production in response 
to TLR4 and TLR2/TLR1 ligation [42]. Similarly, acute infections in 
Ghanaian schoolchildren and a Brazilian cohort both presented with 
augmented reactivity to TLR stimulation [43,44], although these 
responses included not only stimulation with TLR2 and TLR4 ligands, 
but were attributed to all TLR ligands [43]. Further findings of this study 
indicated that IL-12, TLR9 and IFN-γ were contributing components to 
TLR hyperreactivity. 

In contrast, accumulating evidence supports the implication that 
Plasmodium infection renders DC and other cells unresponsive to 
TLR stimulation. This has been reported using both murine systems 
and human cells. Although Plasmodium yoelii infection enhances 
TLR and parasite-specific responses of peritoneal macrophages 
[45], stimulation of DC with P. yoelii-infected erythrocytes inhibits 
response to a broad range of TLR stimulations [46]. A comparative 
study between West African ethnic groups Dogon and Fulani further 
emphasizes the potential for cell impairment during malaria infection. 
The different groups, which have equivalent malarial exposure, differ 
in their susceptibility to P. falciparum malaria where the Dogon are 
more susceptible compared to the Fulani. A significant difference in 
TLR-driven activation of DC subsets during Plasmodium infection 
was observed between the groups, and cytokine release following 
TLR stimulation was significantly inhibited in the infected Dogon 
individuals [47]. In addition, modulated immune responses caused 
by pregnancy-associated malaria have also been observed in neonates 
[48,49]. Cohort studies in Benin found that infant TLR- mediated 
cytokine profiles are affected by in utero exposure and maternal 
infection during delivery, and that IL-10 production in particular 
was associated with higher risk of P. falciparum in infancy [49]. These 
reports highlight the intricate relationship of TLR activation during 
malaria-induced immune responses, which conceivably are dependent 
on disease setting, exposure and duration of the infection. 

TLR Polymorphism, Malaria Susceptibility and 
Pathogenesis

The function of TLR signaling in the development or protection 
from disease has been described by several genetic studies investigating 
polymorphisms within genes of the TLR pathways and links to disease 
outcome. Cohort studies of children in Ghana and in Kenya showed 
that polymorphisms in TLR4 [50] and TLR9 [51,52] were associated 
with severe malaria, symptomatic malaria, and severe malarial anemia 
whereas another common TLR9 polymorphism was correlated with 
high parasitemia [53]. Correspondingly, the same polymorphism in 
TLR9 has also been associated with susceptibility to malaria, but not 
with severity of disease [54]. Although in this study no differences in 
associations were detected with TLR4 and TIRAP polymorphisms 
between uncomplicated and severe malaria cases, a protective 
association with TIRAP S180L heterozygosity and malaria disease 
in a case study conducted in Gambia has been demonstrated [55]. 
Furthermore, examination of serum cytokine levels of IFNγ and TNF 
in children exhibiting cerebral malaria, where excess inflammation is an 
important basis for disease, revealed an association with polymorphisms 
in TLR9 and IFNγ production [56]. In addition, a common deletion in 
the 5’ un-translated region of TLR2 conferred protection from cerebral 
malaria, but was not associated with serum cytokine levels. However, 
an insertion TLR2 polymorphism in the uncomplicated malaria group 
was linked to elevated inflammatory cytokines [57]. Collectively, this 
suggests that changes in expression of TLR2, TLR4 and TLR9 could 
potentially affect the inflammatory response and thus disease outcome. 

A number of studies have investigated the potential selective pressure 
of malaria exposure on the presence of particular polymorphisms. 
In a study in India where polymorphisms between two genetically 
distinct populations with similar risk of malaria were investigated, it 
was found that TLR polymorphisms associated with protection were 
predominantly found in the population which had experienced longer 
exposure to malaria, suggesting that malaria may have exerted selective 
pressure [58]. However, studies in two Kenyan populations differing in 
malaria exposure showed that no malaria-related selective pressure was 
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observed in these populations, as similar frequencies of TLR2, TLR4, 
TLR9 and MAL polymorphisms were found [59]. Although there is 
some discrepancy in the results from these different genetic studies, 
and there is no robust evidence for selective pressure, it appears that 
genetic variations within the TLR signaling pathway have an effect on 
susceptibility and disease outcome.

TLR-Mediated Severe Malaria 
Malaria-associated clinical manifestations are highly varied, but the 

more severe forms of disease typically involve life-threatening conditions 
including severe anemia, acute respiratory distress, metabolic acidosis 
and Cerebral Malaria (CM). Although the underlying mechanisms 
for severe malaria are not completely understood, inappropriate 
inflammatory responses are proposed to be a major contributing factor, 
supported by observations of high serum and plasma levels of cytokines 
at presentation of severe disease [60-63]. In addition, we have recently 
shown that an intrinsic ability to respond to parasite-infected red 
blood cells with high levels of pro-inflammatory cytokines is associated 
with severe malarial disease (manuscript submitted). Although TLR 
signaling undoubtedly is a significant aspect of pro-inflammatory 
responses and genetic studies suggest that TLRs are of importance to 
susceptibility of disease, the exact role of TLRs during severe malaria 
disease still remains inconclusive. 

Rodent malaria models have commonly been utilized in an effort to 
improve understanding of severe malaria pathogenesis, including CM 
and TLR involvement. The development of CM has been demonstrated 
to depend on upregulation of adhesion molecules such as ICAM-1, 
production of Lymphotoxin-α and TNF [64-66], and IP-10-mediated 
leukocyte recruitment to the brain [67]. To address whether TLR 
signaling is a determinant of CM, various knockout mouse models have 
been used. MyD88, TLR2, and TLR9 KO mice, but not TRIF KO mice, 
were found to have increased resistance to P. berghei-induced CM. This 
was not due to control of parasitemia as parasite levels in KO mice 
were comparable to wild type mice, but a reduction in leukocyte brain 
infiltrate and cytokine production were observed [68]. Similar findings 
were obtained in a separate study, with the exception that TLR2 KO 
mice did not confer protection from CM [69]. In addition, specific 
blocking and inhibition of TLR9 increased survival rates of P. berghei-
infected mice and reduced CM-related pathology [70,71], and TLR9 
and MyD88 were found to be essential for protective immunity against 
P. yoelii infection [72]. However, in a contrasting study, a wide range of 
TLR and major adaptor protein KO mice did not change the course of P. 
berghei infection or susceptibility to CM, suggesting that TLR signaling 
is dispensable for development of CM [73]. This was further supported 
by a study using TLR2/4/9 triple KO mice where CM was concluded to 
be independent of TLR engagement [74]. 

Although the role of TLRs in severe malaria may still be contended, 
different studies have demonstrated that both IL-1 and IL-18 pathways 
were redundant for development of CM [69,73,75]. Another common 
observation in various studies was that parasitemia was not affected 
by absence of TLR or TLR-induced cytokine production, and was 
not a correlate of development of CM. This was further corroborated 
in a study using mice deficient in IRAK4 and challenged with P. 
berghei. However, when IRAK4 deficient mice were challenged with P. 
chabaudi, disruption of cytokine production and slight delay in control 
of parasitemia caused significant increase in mortality suggesting that 
the function of TLRs may be contingent on disease setting and model 
[76]. A recent study investigated the CM outcome in several KO mice 
following infection with P. berghei sporozoites and found that MyD88, 
TLR2 and TLR4 played an essential role in survival, but not in control 

of parasitemia in the periphery or in the liver [75]. Considering these 
new results, TLR signaling in the liver stage may be an underlying 
component in relation to CM susceptibility and warrants further 
investigations. 

Though human assessment of TLR protein expression in relation 
to disease outcomes is relatively limited, a study in Thailand examined 
TLR expression on Antigen-Presenting Cells (APC) from blood 
samples collected from individuals with either mild or severe malaria. 
It was observed that TLR2 expression was significantly increased on 
monocytes and myeloid DC from all malaria infected individuals. 
Conversely, TLR9 expression by plasmacytoid DC was decreased in 
malaria infected individuals. The lack of differences in TLR expression 
between the malaria groups may be due to the comparatively small 
number of individuals included in the study, but indicate that malaria 
infection affects the steady-state expression of TLRs on APC [77].

TLR Adjuvant in Malaria Vaccines
TLR agonists are increasingly being evaluated as potential 

vaccine adjuvants and have recently been assessed in various malaria 
vaccine formulations. The inclusion of TLR ligands as adjuvants was 
demonstrated to induce a more diverse antibody response by ‘massively 
parallel signature sequencing’, a proposed valuable characteristic in the 
ability to maintain protection against polymorphic pathogens such as 
malaria [78].

Even though TLR5 is not a receptor normally engaged during 
malaria infection, the adjuvanting effect of the Salmonella enterica 
serovar typhimurium flagellin (FliC), a TLR5 agonist, has been effective. 
The FliC agonist was demonstrated to increase immunogenicity of the 
19kDa C-terminal fragment of Plasmodium vivax merozoite surface 
protein-1 (MSP119), inducing strong and long-lasting anti-MSP119 
antibodies in mice. Furthermore, incorporation of an additional 
TLR9 ligand, CpG ODN 1826, resulted in IFNγ production [79]. 
Correspondingly, a chimeric protein containing repeat regions of P. 
vivax Circumsporozoite (CS) protein was fused to FliC and assessed 
for immunogenicity in mice. The fusion protein elicited robust 
antibody responses and was TLR5/MyD88 dependent. When Poly 
(I-C), a TLR3 agonist, was used as an additional adjuvant, antibody 
titers were significantly enhanced [80]. Another vaccine formulation 
utilizing either full-length flagellin or truncated flagellin of Salmonella 
enterica typhimurium linked to recombinant P. falciparum CS protein 
was administered either intranasally or subcutaneously to mice. The 
recombinant protein vaccine induced maturation of both human and 
murine DC, and immunogenicity was TLR5 dependent. This study 
produced promising results as the intranasal route of immunization 
elicited sporozoite-specific neutralizing antibodies and resulted in 
significant reduction in liver parasite burden. However, as concluded 
by the authors, further optimizations are required to improve protective 
efficacy [81]. 

The use of ligands that activate TLRs other than TLR5 as adjuvants 
has also been effective. Activation of TLR4 was demonstrated to further 
improve antibody and IFNγ levels in mice following immunization with 
a malaria fusion protein vaccine candidate consisting of the N terminal 
portion of Glutamate Rich Protein (GLURP) and merozoite surface 
protein 3 [82]. Furthermore, vaccines containing TLR9 ligand CpG 
enhanced the kinetics of acquiring malaria protein-specific memory 
B cell responses in malaria-naïve individuals, responses that were also 
prolonged [83]. In the mouse model, CpG inoculated in combination 
with P. yoelii CS protein promoted early CD8+ T cell expansion and 
IFNγ production [84]. A separate study showed that topical application 
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of the TLR7 agonist, imiquimod, at the injection site of P. falciparum 
CS peptides induced high levels of Th1 responses and antibodies, which 
conferred resistance to sporozoite challenge. Other vaccine approaches 
include investigation of self-assembling β-sheet fibrillar peptide fused 
to P. falciparum CS peptides. The adjuvanting effect was determined to 
be MyD88 dependent and the induced antibody responses were long-
lived and protective against sporozoite infection [85]. 

Conclusions and Perspectives
The role of TLRs during malaria is decidedly complex and 

multifaceted, which is supported by the findings that TLR signaling 
may mediate both protection and immunopathogenesis. The various 
studies in TLR knockout mice have yet to generate a conclusive role for 
TLRs during malaria pathogenesis, indicating significant divergences 
in the use of rodent malaria model systems. Nonetheless, the collective 
findings from genetic analysis of single nucleotide polymorphisms 
in TLRs, which influence susceptibility or resistance to disease, and 
the immune responses induced by TLR signaling further implicate 
the importance of TLRs for disease outcome. Ongoing uncertainties 
in the field also reflect the need for quality-controlled reagents when 
sourced from native material. In the study of putative parasite-derived 
TLR agonists, contaminants can easily lead to erroneous conclusions 
in bioactivity. Progress thus requires a commitment to rigorous 
biochemistry. Further understanding of the function of TLRs during 
disease, in particular during life-threatening complications, could be 
beneficial in alleviating clinically severe malaria and in the development 
of vaccines.
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