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Abstract

:

Despite a global effort to develop an effective vaccine, malaria is still a significant health problem. Much of the pathology of malaria is immune mediated. This suggests that host immune responses have to be finely regulated. The innate immune system initiates and sets the threshold of the acquired immune response and determines the outcome of the disease. Yet, our knowledge of the regulation of innate immune responses during malaria is limited. Theoretically, inadequate activation of the innate immune system could result in unrestrained parasite growth. Conversely, hyperactivation of the innate immune system, is likely to cause excessive production of proinflammatory cytokines and severe pathology. Toll-like receptors (TLRs) have emerged as essential receptors which detect signature molecules and shape the complex host response during malaria infection. This review will highlight the mechanisms by which Plasmodium components are recognized by innate immune receptors with particular emphasis on TLRs. A thorough understanding of the complex roles of TLRs in malaria may allow the delineation of pathological versus protective host responses and enhance the efficacy of anti-malarial treatments and vaccines.
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1. Introduction


Malaria is one of the most devastating diseases of human history. In many developing countries, malaria remains to be a significant health burden with around one million deaths per year, mostly in children under the age of five [1,2]. Plasmodium, the causative agent of malaria, is an intracellular protozoan parasite, belonging to the genus Plasmodium and is transmitted by the bite of an infected female Anophele mosquito. Human malaria is caused by four species of Plasmodium: P. falciparum, P. vivax, P. ovale, P. malariae, with P. falciparum being the deadliest, causing cerebral malaria and anemia mostly in sub-Saharan Africa. A fifth species, P. knowlesi, which causes malaria in macaques, has also been reported to infect humans [3]. Although there has been a significant advance in the understanding of acquired immunity in malaria, the innate immune response to malaria has not been intensely scrutinized. An important aspect of the innate immune response is to trigger acquired immunity. Hence, understanding this area of malaria biology should prove critical in the search for an efficacious malaria vaccine.



Two major unresolved issues concerning the pathogenesis of malaria are: which components from the parasite activate the innate immune system to cause inflammation and, what are the host receptors that recognize these microbial products. Understanding the complexity of malaria pathogenesis is essential to developing strategies to control disease severity. In this review we focus on the interaction between host immune receptors (particularly TLRs) and malaria components, with the goal of understanding the host responses to Plasmodium and how the parasite modulates the immune system.




2. Plasmodium Life Cycle and Main Symptoms of the Infection


Plasmodium has a complex life cycle involving the human host and a mosquito vector. Infection is initiated by the bite of a female mosquito, Anopheles, which injects sporozoites into the skin. Sporozoites enter the bloodstream and invade hepatocytes in the liver (exoerythrocytic phase), where they undergo asexual replication and develop into thousands of liver stage merozoites, which are then released into the blood. This stage of infection is not associated with symptoms or tissue destruction. The released merozoites rapidly invade erythrocytes (erythrocytic phase) and multiply by asexual (mitotic) division. Inside the erythrocyte, merozoites develop into ring trophozoite and schizont stages. Mature schizonts rupture the host erythrocytes and release merozoites, which subsequently reinfect new erythrocytes. The release of merozoites coincides with the febrile paroxysm, which is highly characteristic of malaria. A small number of developing merozoites differentiate into male and female gametocytes. These gametocytes are ingested by the Anopheles mosquito during a blood meal. In the mosquito gut, the gametocytes differentiate into male and female gametes and fuse to make the zygote (ookinete), which forms an oocyst in the gut wall of Anopheles. Meiosis occurs in the oocyte, giving rise to sporozoites which travel to the salivary glands.



The main pathophysiological events during malaria infection are (a) erythrocyte destruction and ineffective erythropoiesis, (b) adhesion of Plasmodium infected red blood cells to capillary veins of vital host organs and (c) excessive production and the release of proinflammatory cytokines [4]. This cascade of events leads to fever, chills, rigors, vasodilatation, headache and excessive perspiration, i.e., the classical paroxysm [5].




3. Innate Immunity and Malaria


Innate immunity as the first line of defense has evolved multiple evolutionary conserved germline encoded pattern-recognition receptors (PRRs) to ensure detection and rapid response to a variety of pathogens. These receptors include Toll-like receptors (TLRs), retinoic acid inducible gene-I (RIG-I)- like receptors (RLRs) and nucleotide binding oligomerization domain (NOD)- like receptors (NLRs). These receptors activate distinct transcriptional programs and induce the synthesis of cytokines and chemokines not only to clear pathogens but also to induce the adaptive immune response. PRRs recognize conserved Pathogen-associated molecular patterns (PAMPs), which distinguish foreign organisms from self. PRRs reside in different cellular compartments. While TLRs detect PAMPs on the cell membrane of endosomes or the cell surface, RLRs and NLRs are cytosolic [6,7,8,9].



Innate immune responses begin in the early pre symptomatic stages of plasmodial infection, when the parasitemia is still very low. At this stage, innate immunity genes such as TLRs, PRRs and many proinflammatory cytokines are already upregulated [10]. Proinflammatory cytokines are upregulated in the serum of mice infected with various Plasmodium species at days 5–9 of infection [11]. Type I IFN is upregulated in the blood of malaria infected mice as early as 24–36 h postinfection [12]. Studies on human malaria revealed that the cytokine levels of TNFα, IFNγ and IL-12 in PBMCs infected with Plasmodium falciparum in vitro, remained elevated throughout the measurement period of 48 h after infection [13,14]. The profile of the proinflammatory cytokine responses appears to correlate with the pathophysiological and clinical symptoms of malaria [15]. The early proinflammatory response can lead to anemia, cerebral malaria and death [16,17]. Thus, the innate immune response appears to occur early and is apparently important in the ultimate outcome of the disease.



Immune cells such as macrophages and dendritic cells can discriminate between pathogens and self by their TLRs. A small number of TLRs are responsible for the recognition of a broad range of PAMPs. To date, 10 TLRs have been reported in humans and 13 in mice. Pathogen recognition by TLRs induces rapid activation of innate immunity by triggering the production of proinflammatory cytokines and the upregulation of co-stimulatory molecules [18]. Toll was originally discovered in Drosophila melanogaster, which has eight additional related receptors (Toll 2–9). TLRs have been reported to detect components derived from parasites such as Plasmodium [19,20,21,22,23]. Years of studies on malaria have shown a critical role for proinflammatory cytokines in pathogenesis of the disease [4,24] and high levels of proinflammatory cytokines such as TNFα, IL-6 and IFNγ have long been linked to acute phases of malaria, including cerebral malaria [4,24]. Mice deficient in adaptor molecule MyD88, demonstrate an impaired production of proinflammatory cytokines and a decrease in the intensity of symptoms, when infected with various Plasmodium strains [11,25,26]. Although the role of TLR2 and TLR4 in malaria remain unclear [25,27,28,29,30], mice deficient in TLR9 were reported to be resistant to PbA-induced experimental cerebral malaria (ECM), suggesting a pathological role of TLR9 rather than a protective role during cerebral malaria [11]. Therapy with E6446, a synthetic antagonist of nucleic-acid-sensing TLRs, was reported to diminish the activation of TLR9 and prevented the exacerbated cytokine response during cerebral malaria and the signs of ECM were prevented. This result supported the hypothesis that nucleic acid sensing TLRs are important in the development of ECM [31]. In addition to a potential direct role of TLR9 in the pathogenesis of cerebral malaria, a hyperresponsiveness of TLR9 in experimentally infected rodents was observed [32].



Major clinical symptoms in malaria patients are partly due to sequestration of infected red blood cells in the brain microvasculature. The sequestration is due to the binding of infected red blood cells to the host endothelial receptors such as intracellular adhesion molecule 1 (ICAM-1), vascular cellular adhesion molecule 1 (VCAM-1), endothelial/leukocyte adhesion molecule (ELAM-1) and CD36 [33]. The increase of proinflammatory cytokine release is responsible for the overexpression of adhesion molecules on brain endothelial cells causing the development of cerebral malaria [34]. Furthermore, cytokines such as TNFα and IFNγ which are released during malaria infection, suppress hematopoiesis and hence contribute to anemia, another main pathology of malaria [35,36]. Taken together, the excessive release of proinflammatory cytokines appears to be an important component of the pathogenesis of malaria. Although these types of observations might suggest that interference with TLR signaling might be beneficial in severely ill patients with malaria, the clinical experience with TLR inhibitors in other TLR mediated infectious diseases is not good. For example, a potent and non-toxic LPS inhibitor known as E5564 failed to reach the “primary endpoints” (improved morbidity and/or mortality) in human patients with gram-negative bacterial sepsis [37]. Yet, the role of LPS in gram-negative sepsis is well established. The most likely explanation for this failure is that anti-TLR drugs that are targeted towards acute infectious syndromes probably need to be administered to patients before they become ill.




4. Sensors of Plasmodial Components


Three components of the parasite have been studied in detail as potential immunomodulators during disease: (1) plasmodial glycosylphosphatidylinositol (GPI) anchors, (2) hemozoin and (3) plasmodial DNA. All of these molecules seem to be released during schizogeny and might contribute to the fever and chills that are the hallmark of malaria. In other words, each of these parasite components might be the “malaria toxin” that causes proinflammatory cytokine storm and potentially, death. We focus on recent studies that uncover the role of TLRs and other PRRs in the sensing of these molecules.




5. GPI Anchors


GPIs are heat stable and expressed on the cell surface of eukaryotes, where they anchor certain cell surface proteins to plasma membranes. GPIs are abundantly expressed in parasites, such as Trypanosoma, Leishmania, and Plasmodium. A relatively large pool of GPIs is shed, and can serve as a ligand for host innate immune receptors, inducing the production of proinflammatory cytokines [38]. Red blood cell lysis during the erythrocytic phase of Plasmodium life cycle results in the release of GPIs, which is recognized by TLR2-TLR6 or TLR1-TLR2 heterodimers and to a lesser extent by TLR4 homodimers [21,39,40]. GPI anchors induce TLR-mediated synthesis of proinflammatory cytokines such a TNFα and IL-1β [41], as well as nitric oxide [42] by host macrophages. GPI of malaria parasite is a candidate toxin which increases cell adhesion molecule expression via TLR activation resulting in a marked increase in parasite and leukocyte cytoadherence to endothelial cells [43]. Schofield et al. showed that anti-GPI vaccination prevents the development of pulmonary oedema, acidosis and cerebral malaria in P. berghei infection; although all immunized animals eventually succumbed to massive parasitemias, associated with a significant reduction in erythrocyte density [44]. Since immunized mice in this study were substantially protected against cerebral malaria and fatalities, anti-GPI vaccine seems promising, although the relevance of these observations in humans remains unclear.




6. Hemozoin


Plasmodium digests erythrocyte hemoglobin as a source of amino acids during the erythrocytic stage and generates high quantities of free toxic heme metabolites. Other organisms such as Hemoproteus parasites, Schistosoma and Echinostoma rediae trivolis and the insect Rhodnius prolixus also produce hemozoin [45,46,47]. Heme is capable of generating free radicals in the acidic digestive vacuole of the parasite. The parasite uses a heme detoxification mechanism that results in the formation of an insoluble, dark-brown crystal called hemozoin, formerly known colloquially as “malaria pigment”. Heme detoxification protein (HDP) has been identified to be secreted into red blood cell cytosol and transported with hemoglobin into the food vacuole of the parasite where hemozoin formation occurs. HDP binds to heme and converts it into hemozoin [48]. Malarial pigment has long fascinated researchers. In 1847, Johann Heinrich Meckel first observed hemozoin in the blood and spleen of a deceased patient who suffered from insanity. However, it was not until 1849 that the presence of the pigment was connected to infection with malaria [49]. As the parasite undergoes asexual replication in erythrocytes, schizont rupture results in the release and rapid phagocytosis of merozoites by immune cells such as macrophages and dendritic cells. With 1–10% parasitemia, 0.2–2 g hemozoin may be produced by Plasmodium falciparum during each cycle [50]. The release of free hemozoin, presumably from parasites that turn over during the replicative process, coincides with the induction of proinflammatory cytokines, including IL-1β and TNFα, and the periodic fevers characteristic of malaria [51,52]. Once released into the bloodstream, hemozoin becomes phagocytosed by immune cells in the spleen, liver and brain. The quantity of hemozoin released into the blood at schizogony has been suggested to reflect the parasite burden during malaria, and may be a measure of disease severity [53,54]; and, because the survival of the parasite depends on the formation of hemozoin, hemozoin is an appealing target for drug design. Many currently used anti-malarial drugs, such as chloroquine, are thought to prevent the polymerization of toxic heme released during proteolysis of hemoglobin by incorporating drug-heme complex into the growing polymer of hemozoin to end chain extension [55]. The prevention of heme detoxification and the subsequent accumulation of toxic heme in the food vacuole is deadly for the parasite.



Investigators use two distinct sources of hemozoin: that which they crystallize in the laboratory from hemin (“synthetic” hemozoin) and hemozoin extracted from parasite cultures (“natural” hemozoin). Natural hemozoin is bound by proteins, lipids and DNA [23,56,57]. The finding that attached molecules rather than the hemozoin crystal itself induce immunological responses, finds support in the strong adsorptive property of hemozoin [58]. Natural hemozoin contains abundant proteins noncovalently associated with the crystal [57,59,60,61,62] and the effects of these proteins remain to be fully defined. These proteins are from the host or the parasite and contribute to the hemozoin-mediated immune responses. Host fibrinogen is stably bound to hemozoin and strongly increases the capacity of natural hemozoin to activate monocyte inflammatory functions [63]. Protease treatment of natural hemozoin completely abolished its proinflammatory activity as reported previously [29,58,64,65]. Indeed, hemozoin, DNA and a host associated protein(s), including fibrinogen, could potentially form a complex and augment innate immune responses.



Hemozoin was initially reported to be the TLR9 ligand [22,66]. Coban et al., showed that natural and synthetic hemozoin bound to TLR9 directly in a manner that depends on particular motifs and amino acid sequences and induced conformational changes in the receptor; although the relevance of this interaction is not known [66]. However, it was subsequently found that the TLR9-stimulatory capacity of hemozoin is dependent on the presence of Plasmodium DNA, which is complexed to hemozoin and not to the hemozoin itself. Hemozoin acts as a carrier to transport plasmodial DNA into phagolysosomes where it can be sensed by TLR9 [23,67]. Hemozoin which is phagocytosed by macrophages is initially localized in the phagolysosomal compartment. At later time points, it is found in the cytosol. This movement of hemozoin from the phagolysosomal compartment to the cytosol highlights a mechanism by which hemozoin can facilitate the movement of plasmodial DNA into cytosol where it is recognized by nucleic acid sensors other than TLRs [67,68]. In fact, hemozoin and plasmodial DNA do colocalize in at least 40% of infected red blood cells [67]. One possibility is that during the process of parasite expansion, there is constant turnover of a subpopulation of parasites, and that during this process, hemozoin may be exposed to parasite DNA. Indeed, a recent paper by Love and colleagues [69,70] provides evidence that this occurs as the result of human platelet factor 4, which kills Plasmodium inside erythrocytes by selectively lysing the parasite digestive vacuole where hemozoin resides. This process was shown to liberate hemozoin from the food vacuole, ultimately killing the parasite. As the parasite nucleus undergoes karyolysis, it is clear that plasmodial DNA and hemozoin mix in the cytosol, where hemozoin has the opportunity to be bound by DNA.



The interaction of plasmodial DNA with TLR9 could lead to the development of new strategies for immunotherapy especially since TLR9 has also been known for its adjuvant potential [66]. TLR9 inhibitors have been developed for a variety of diseases such as systemic lupus erythematosus (SLE) [71], and block death in the mouse model of cerebral malaria [31]. Additionally, a role for hemozoin as a vaccine adjuvant has also been recently proposed. This adjuvant effect of synthetic hemozoin is TLR9 and NLRP3 independent and MyD88 dependent and its adjuvanticity depends on its size. Synthetic hemozoin with sizes between 50 and 200 nm had optimal adjuvant effects compared with larger molecules of synthetic hemozoin (2–20 μm). Natural hemozoin also has a potent adjuvant effect, independent of DNA but dependent on TLR9 [66].



The activation of inflammasome is broken down into two steps: a “priming” step, which is usually via the activation of TLRs and results in the production of pro-IL-1β and (b) a second step which results in the assembly of the inflammasome and generation of mature IL-1β [72]. It has been shown that the NLRP3 inflammasome senses crystalline materials, including hemozoin [73,74,75,76,77] but the mechanism by which hemozoin activates NLRP3 is unresolved. In all of the above studies, two experimental issues should be noted. First, as mouse macrophages do not express NLRP3 nor pro-IL-1β at rest, these studies relied upon pretreatment with LPS to “prime” inflammasome activity. Secondly, the source of the hemozoin crystals in all of these reports was “synthetic”. For both of these reasons, extrapolating from the in vitro data to the in vivo situation during malaria should be done with more than the usual amount of caution. We recently showed that natural hemozoin provides both signals for inflammasome activation. Natural hemozoin (by virtue of its CpG containing plasmodial DNA) induced TLR9 translocation, providing a priming signal for inflammasomes. After phagocytosis, hemozoin and DNA dissociate. Hemozoin subsequently induces phagolysosomal destabilization, allowing phagolysosomal contents access to the cytosol, where hemozoin activates NLRP3 inflammasome while plasmodial DNA activates AIM2 inflammasome, both providing the second signal for inflammasome activation. Therefore, as we learn more about inflammation in malaria, hemozoin has emerged as a key component of almost every aspect of innate immune activation. Based on these data, hemozoin does much more than help DNA engage TLR9, as it is essential for activation of NLRP3, AIM2 and even the type I IFN response that occurs in the cytosol of immune cells [67,68].



Nevertheless, it seems likely that hemozoin, even during disease, is an NLRP3 activator. Crystalline structures such as alum, silica, monosodium urate and cholesterol have been shown to destabilize phagolysosomes and release cathepsin B into cytosol [77,78]. Cathepsin activity appears to be involved in the activation of the NLRP3 inflammasome. Shio et al. and our group have found that hemozoin induced IL-1β production is dependent on cathepsin B [67,74], although using cathepsin B deficient cells, Dostert et al., failed to make a similar finding [75]. Griffith et al. have reported that hemozoin activates NLRP3 through the release of uric acid [73], yet Dostert et al. failed to reproduce this finding [75]. Similar to the results seen with other crystalline activators of NLRP3, intraperitoneal injection of hemozoin into mice has been reported to result in the recruitment of neutrophils to the peritoneal cavity, which is impaired in NLRP3, ASC, caspase-1 and IL-1R-deficient mice [73,74,75]. Shio et al. observed that Lyn and Syk are upstream of NLRP3 and required for its activation [74]. Intraperitoneal injection of hemozoin into mice has been reported to result in the recruitment of neutrophils to the peritoneal cavity, which is impaired in NLRP3, ASC, caspase-1 and IL-1R-deficient mice [67,72,73,74,75]. A possible explanation for all of these conflicting results might be different strains of Plasmodium, different routes of infection (for example by injection into peritoneal cavity of mice, the parasite bypasses the liver stage), various background of mice, various types and origins of phagocytic cells, various incubation times with hemozoin and various amounts and forms of hemozoin (synthetic and natural) prepared by different protocols.



The physiological significance of NLRs during malaria is controversial and a subject of debate. The major cause of this debate may be the inadequacy of the rodent models of the disease, which are especially troubling because neither the host nor the parasite are the same as that in any of the forms of malaria. Dorstet et al. clearly showed that the pathogenesis of cerebral disease is dampened in NLRP3 deficient mice infected with Plasmodium berghei ANKA sporozoites, while parasitemia remained unchanged [75]. This is in accordance with the data from Shio et al., showing that the absence of NLRP3 or IL-1β increased survival to Plasmodium chabaudi adami DS infection [74]. In contrast to these reports, a recent study suggests that components of inflammasome signaling are not involved in the pathogenesis of cerebral malaria and mice deficient in components of the inflammasome succumbed to infection with Plasmodium berghei ANKA with similar kinetics as wild type mice [76]. Similar results were reported by Kordes et al., ruling out a role for caspase-1 in experimental cerebral malaria (ECM) development [79]. In humans, many studies show a significant increase of proinflammatory cytokines such as IL-1β and IL-18 (e.g., [4,80,81]) and its association with fever episodes and severity of disease in symptomatic malaria patients [80,81]. NLRP3, AIM2 and NLRP12 inflammasomes appear to assemble in the PBMCs of patients with human malaria [82].




7. Plasmodial Nucleic Acids


The significant role of nucleic acids as activators of innate immunity has been increasingly appreciated over the last decade. Many groups have reported that foreign DNA elicits an inflammatory response in cells. DNA can be detected in different cellular compartments and can induce a range of various cellular responses that are largely dependent on the subcellular compartment in which recognition takes place. TLR9 was discovered as the first receptor for hypomethylated CpG-rich DNA but it soon became clear that additional sensing mechanisms exist which led to the discovery of a diverse selection of intracellular DNA sensors. The list of DNA sensors includes DNA-dependent activator of interferon (IFN)-regulatory factors (DAI), absent in melanoma 2 (AIM2), RNA polymerase III (Pol III), leucine-rich repeat (in Flightless I) interacting protein-1 (Lrrfip1) DExD/H box helicases (DHX9 and DHX36) and the IFN-inducible protein IFI16 [reviewed in [83,84]].



CpG motifs in the plasmodial DNA has been shown to activate TLR9 in the endosomes and can stimulate AIM2 inflammasome activation when in cytosol [67]. Phagocytosis and digestion of Plasmodium infected red blood cells (RBCs) also release parasite DNA into phagolysosomes and subsequently into the cytosol, resulting in the activation of innate immune receptors. Additional reports suggest that plasmodial DNA is an important stimulatory constituent of the parasite that appears to be recognized by TLR9 [65,85]. Using extracts from cultured merozoites, Gowda et al. demonstrated that a protein-DNA complex was the main component from the parasite that activates dendritic cells through TLR9 [56]. A recent study shows that malaria patients have increased levels of circulating anti-DNA antibodies and circulating immunocomplexes (ICs) containing parasite DNA. Purified ICs trigger monocytes to produce high levels of proinflammatory cytokines [86]. It is possible that ICs bind to Fc receptors and get phagocytosed. When in the phagolysosomes, they release parasitic DNA which could be sensed by TLR9 and induce the production of proinflammatory cytokines. Additional evidence shows that Plasmodium infected red blood cells secrete extracellular vesicles containing plasmodial DNA and RNA. These vesicles will be internalized by monocytes, where plasmodial DNA is released in the cytosol and activates DNA sensing pathways [87].



The importance of DNA sensing and type I Interferon (IFN) release is now beginning to be appreciated in the context of various infectious diseases, beyond the traditional role of IFNα and IFNβ in antiviral immunity. Type I IFNs are typically generated in response to nucleic acids. A number of reports have shown that Plasmodium spp induce type I IFNs and present a type I gene signature [65,88,89,90,91]. In plasmocytoid dendritic cells, TLR9 is critical for the IFN response to schizonts [65]. Two recent publications showed that the production of type I IFN was dependent on TLR7 and not TLR9 in plasmocytoic DCs [12,91]. Daily intraperitoneal injections of a recombinant human IFN-α in mice infected with P. berghei ANKA (PbA) prevented death by cerebral malaria [89]. Polymorphisms in IFN-γ receptor are associated with malaria susceptibility [92,93] while polymorphisms in type I IFN receptor (Ifnar1) are associated with protection against cerebral malaria [88]. In addition to the role of plasmodial DNA to trigger TLR9, a novel TLR-independent DNA sensing pathway appears to be important in malaria recognition. This work is derived from the observation that Plasmodium falciparum DNA is extraordinarily AT-rich (AT-r), and contains a recurrent AT-r hairpin motif, ATTTTT(T)AC, over 6000 times. While the receptor for this DNA motif has yet to be identified, plasmodial AT-r motif is recognized by a cytosolic DNA sensing pathway involving STING, TBK1 and IRF3 leading to type I IFN production. Natural hemozoin that has been purified from Plasmodium cultures induced IFNβ and this effect was abolished after DNase treatment [68]. Mice deficient for the type I IFN receptor were almost completely protected from death, and mice deficient for IRF3 and IRF7 exhibited less severe symptoms than wild-type controls [12,68]. Based on these findings, AT-r motifs was proposed as a candidate PAMP. Recent work suggests that cGAS functions as a DNA sensor for detecting plasmodial DNA and triggering STING mediated type I IFN [12,91,94]. Yu et al. showed that STING diminishes TLR-dependent type I IFN responses via SOCS1 in pDCs during P. yoelii infection [91], while Gallego-Marin et al. showed that cGAS/STING pathway induces type I IFN in response to P. falciparum [94].



STING deficient mice were reported to be more resistant to malaria infection than the cGAS deficient mice, suggesting that additional DNA sensors might be involved in detecting plasmodial DNA [91]. Cytosolic RNA from Plasmodium has been reported to induce TLR7 [30,95] as well as melanoma differentiation-associated protein 5 (MDA5) and not RIG-I sensing pathway [91].



AIM2 is an inflammasome component that has been shown to directly recognize DNA and subsequently generate IL-1β. The AIM2 inflammasome is part of a larger family of inflammasomes, all of which are characterized by a Hind200 domain. AIM2 has clearly been demonstrated to be a sensor for DNA, and plays a role in the response to a number of microbes, including Francisella tularensis, vaccinia virus, mouse cytomegalovirus and Listeria monocytogenes [96,97,98,99]. Recent evidence suggest that AIM2 recognizes plasmodial DNA [67,86].



Nucleic acids also appear to be proinflammatory based on their degradation products. For example, Plasmodium falciparum infected erythrocytes have been found to accumulate uric acid, a major degradation product of purine metabolism. Both rodent and human data support the concept that urate, and possibly related degradation products, are proinflammatory in plasmodial infections [100,101,102].




8. TLR Polymorphism in Malaria


The evolution of the human genome has involved selective natural pressures imposed by various pathogens over the course of human history. Malaria has coexisted with humans for at least the last 60,000 years [103]. Considering its high infection rate, the disease has imposed strong evolutionary pressure on the genetic makeup of the innate immune system. Indeed, many gene mutations and polymorphisms that protect the host against severe malaria infection, such as the classic “balanced polymorphisms” associated with sickle cell trait [104], have been discovered in malaria. The parasite has also evolved over the many millennia of co habitation on earth and has found an ecological niche within the human erythrocyte that is nearly perfect for unhindered replication. This co adaptation of man with the parasite results in advantages for both host and parasite by reducing the probability of human death while simultaneously allowing for parasite spread.



Several examples of potentially important polymorphisms in innate immune genes that affect the outcome of malaria have been identified. These include, but are not limited to, CD40 ligand [105], nitric oxide syntase (NOS) [106,107] and TLR4 single nucleotide polymorphisms Asp299Gly and Thr399Ile [108,109]. These TLR4 single nucleotide polymorphisms (SNPs), as well as a Thr1486Cys polymorphism in TLR9, were associated with an increased risk of low birth weight and maternal anemia [110]. More recently, Chandy et al. [111] reported that two TLR9 SNPs are associated with higher levels of IFNγ in children with cerebral malaria, implying a causality to the association [111]. An additional fascinating observation was that of Khor and colleagues, who reported on a common SNP in the TLR adapter known as TIRAP (TIR domain containing adaptor protein) or Mal (MYD88 adaptor-like). This variant, MalSer180Leu, was associated with protection from death due to malaria in over 6000 patients from Gambia, Vietnam and Kenya [112], but only when present in hemizygosity. This SNP was also protective from several other pathogens including tuberculosis and Streptococcus pneumoniae [112]. The apparent protection of the MalSer180Leu SNP was thought to be due to an inability of the mutated protein to interact with the adapter MyD88, which is immediately downstream from Mal in the TLR2 and TLR4 signaling pathways. Hence, when present in hemizygosity, the authors believed the SNP had a partial anti-inflammatory effect [112]. Additional studies of this SNP have demonstrated that it is prevalent to widely varying degrees, depending on the population studied [113]. The Mal Ser180Leu SNP was also associated with mild disease in a GWAS study of malaria in Iranian patients [114]. Several studies have confirmed an apparent association with this variant gene in tuberculosis [115] and even Chagas disease [116].




9. TLRs as Adjuvants and Malaria Vaccine


The effort to develop an effective malaria vaccine has been ongoing for several decades now, and several large scale clinical studies have been performed. Indeed, part of the recent interest in the malaria field for innate immunity comes from the search for more potent and better tolerated adjuvants, which primarily work through the activation of innate immune responses. The oldest clinically approved adjuvant is alum, which is a general term to refer to any suspension of aluminum salts. Although alum activates the NLRP3 inflammasome, its adjuvant activity is not inflammasome dependent. Alternative theories about its mechanism of action abound (reviewed in [117]).



An emerging important new adjuvant is monophosphoryl lipid A (MPL), a TLR agonist with limited toxicity. MPL is thought to selectively activate the TRIF/TRAM pathway downstream from the TLR4/MD-2 receptor complex, and thus has reduced toxicity because it fails to fully activate an NF-κB pathway. MPL is approved as an adjuvant adsorbed onto aluminum hydroxide and is used in licensed vaccines against human papillomavirus and hepatitis B virus. Several large malaria vaccine studies have sought to exploit MPL as an adjuvant. The most recent study of the RTS,S/AS01 vaccine involved over 15,000 African children at risk for malaria. This vaccine study employed a recombinant chimeric protein consisting of the c-terminal portion of circumsporozoite antigen fused to hepatitis B surface antigen. “ASO1” refers to the adjuvant formulation consisting of a liposomal preparation containing MPL and QS21, a natural saponin triterpene glucoside that is purified from the bark of the soap bark tree, Quillaja saponaria. Despite the success of this vaccine trial, the developers of the vaccine hoped to see a far higher level of protection. TLR4-based adjuvants are likely to remain a top focus of these vaccine developers. Many other potential adjuvants are also under investigation including a variety of TLR-based immunomodulators and alternative activators of the innate immune system.




10. Conclusions


This review has attempted to update the immunology community on the most recent studies in the field of malaria innate immunity with special emphasis on the role of TLRs. Despite recent advances in control and elimination by the international community, malaria still remains a global burden with nearly half the planet’s population at risk for infection. Drug resistant strains of the parasite and insecticide-resistant mosquito vectors are a common problem, complicating public health measures. Understanding host sensing mechanisms, molecular pathways and cytokine responses is necessary for the development of an effective malaria vaccine.
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