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Functional aspects of Toll-like receptor/MyD88 signalling during
protozoan infection: focus on Toxoplasma gondii
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Toll-like receptor (TLR)/MyD88 signalling has emerged as a major pathway of
pathogen recognition in the innate immune system. Here, we review recent
data that begin to show how this pathway controls the immune response to

protozoan infection, with particular emphasis on the opportunistic pathogen

Toxoplasma gondii. The various ways that the parasite activates and sup-
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Introduction

Detection of infectious non-self is the first step in the anti-
microbial immune response that enables host protection
against infection. This is achieved through recognition of
pathogen-associated molecular patterns (PAMPs) by germ
line-encoded pattern receptor molecules (PRR) expressed in
diverse cell types, most prominently those that comprise the
innate immune system [1]. Recognition triggers signal trans-
duction leading to production of inflammatory cytokines
and other anti-microbial mediators. Dysregulation in the
system may lead to inflammatory pathology that can cause
clinical disease or even death, as in the case of lethal septic
shock. The Toll-like receptor (TLR)/MyD88 pathway has
emerged as a major pattern recognition system in these
responses [2]. In mice, extensive evidence underscores the
importance of TLR/MyD88 in resistance to viral, bacterial
and protozoan infection. Recent studies by us and others
have revealed the important role of TLR/MyD88 in mouse
immunity to the intracellular protozoan Toxoplasma gondii.
The host response to this parasite highlights several key
aspects of the TLR/MyD88 system, emphasizing the com-
plexities and consequences of pathogen recognition by this
and other PRR families.

The T. gondii is an opportunistic infection that, before
the advent of highly active anti-retroviral therapy, was a
major pathogen associated with acquired immune defi-
ciency syndrome progression [3]. As an apicomplexan
parasite, Toxoplasma is related closely to Plasmodium
falciparum that kills approximately 2 million people
every year [4]. Other less closely related protozoa, such as

presses TLR/MyD88 signalling defines several key principals that illuminate
the complexities of the host—pathogen interaction. We also speculate how
TLR/MyD88 signalling might be exploited to provide protection against
Toxoplasma, as well as other protozoa and infection in general.
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Trypanosoma and Leishmania spp., are also major causes of
human sickness and death. Thus, protozoan pathogens
exert a tremendous toll on human health, and control of
these pathogens is a major priority. For Toxoplasma in
immunocompromised patients, encephalitis is the most
common manifestation of disease. This results from reac-
tivation of the parasite in latently infected individuals, and
is lethal if not treated appropriately. Toxoplasma may also
cross the placenta and infect the fetus, an event that can
result in fetal death, hydrocephalus, seizures, mental retar-
dation and retinochoroiditis often emerging as sequelae of
infection later in life [5]. The parasite is transmitted orally
by ingestion of cysts in undercooked meat, as well as by
accidental ingestion of infectious oocysts shed in the faeces
of members of the cat family [6]. Tachyzoites disseminate
rapidly from the intestinal mucosa, spreading widely
throughout the body. Latent infection, marked by conver-
sion to bradyzoites and formation of cysts, is established
predominantly within the skeletal muscle and central
nervous system and occurs concurrently with the rise of
adaptive immunity. Cell-mediated immunity is required to
contain the parasite and, in both mice and humans, infec-
tion is characterized by high levels of proinflammatory
cytokines such as interleukin (IL)-12, tumour necrosis
factor (TNF)-o and interferon (IFN)-y [7,8]. There has
been much interest in determining initial events in immu-
nity to this parasite, because these early interactions are
likely to play an important role in shaping the ultimate
outcome of infection. In this regard, encounter with host
TLR/MyD88 pathways is probably an important and pos-
sibly decisive force.
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Brief overview of the TLR/MyD88 pathway

The TLR/MyD88 pathway has been reviewed extensively and
expertly by others [9-11]. To date, 13 mouse TLR and 11
human TLR have been identified. The TLR recognize a wide
range of microbial molecules, including bacterial lipopoly-
saccharide (LPS) (TLR-4), lipid and carbohydrate molecules
expressed by Gram-positive bacteria (TLR-1, -2, -6), bacterial
flagellin (TLR-5) and bacterial and viral nucleic acids (TLR-3,
-7, -8 and -9). Most TLR molecules are expressed on the cell
surface,but TLR-3,-7, -8 and -9 are found within cytoplasmic
membrane-bound compartments. The intracellular localiza-
tion of nucleic acid-specific TLR is thought to minimize
potential reactivity with self-DNA and RNA [12].

The MyD88 molecule plays a central role in signalling
through most TLR as well as signalling mediated through
receptors for IL-1 and IL-18 [13,14]. TLR activation results
in recruitment of the adaptor molecule MyD88, resulting in
recruitment of IL-1 receptor-associated kinases (IRAK) 1
and 4. The IRAK molecules form a complex with TNF
receptor-associated factor (TRAF)6, promoting interaction
with Ubcl3 and Uval. This complex functions as an E3
ligase, leading to TRAF6 polyubiquitination, which in-
duces activation of transforming growth factor-B-activated
kinase-1 (TAKI1). In combination with TAKI-binding
proteins-1 and -2, TAK1 triggers mitogen-activated protein
kinase (MAPK) and nuclear factor (NF)-kB signalling path-
ways that lead to induction of proinflammatory cytokines.
While most TLR use this pathway, TLR-4 activates addition-
ally an MyD88-independent pathway that utilizes the
adaptor molecule Toll-IL-1 receptor domain containing
adaptor-inducing interferon (TRIF) to convey signal trans-
duction, resulting in induction of type 1 IFN and IFN-
inducible genes. Signalling through TLR3 is dependent solely
upon the TRIF molecule [15].

The TLR signalling pathway is subject to negative regula-
tion at multiple points [16]. This includes negative interac-
tion with IRAK and TRAF6 molecules to shut down signalling
[as in the case of the single immunoglobulin IL-1R-related
molecule] [17], Triad3-dependent down-regulation of TLR4
and 9, expression of dominant negative variants of compo-
nents of the TLR signalling pathway (examples include
IRAK-M and MyD88s) [18,19] and suppressor of cyto-
kine signalling-1-dependent down-regulation of Toll/Il-1
receptor-domain containing adaptor protein [20]. The
presence of negative regulatory circuits emphasizes the
importance of avoiding excessive proinflammatory cytokine
production by innate immune cells that can lead to pathology
and death in the host.

The TLR ligands of Toxoplasma and
other protozoans

Ligands of TLR were characterized initially in bacteria and
viruses. However, a growing number of protozoan TLR

ligands have now been identified [4]. Genomic DNA from
Trypanosoma brucei and T. cruzi contains unmethylated
cytosine phosphate guanosine (CpG) motifs that trigger
TLR-9 [21,22]. Similarly, DNA from L. major, L. infantum
and Entamoeba histolytica has been reported to activate
macrophages and dendritic cells (DC) through TLR-9
[23,24]. Complexes of haemozoin and DNA from P. falci-
parum also activate host TLR-9, although controversy sur-
rounds whether this is due to haemozoin itself or closely
associated parasite DNA [21,25]. Glycosyphosphatidylinosi-
tol (GPI) anchors from several protozoa, including L. major,
L. donovani, T. cruzi, T. brucei, and P. falciparum, have
emerged as major PAMPs that are recognized by TLR-2, and,
in some instances, TLR-4 [26-30].

For the case of Toxoplasma, the existence of parasite TLR
ligands was inferred by the initial observation that mice
lacking MyD88 are highly susceptible to infection [31]. The
existence of multiple parasite TLR ligands was suggested
by the identification of distinct MyD88-dependent IL-12
and MyD88-dependent CCL2/MCP1 inducing fractions
obtained from tachyzoite lysates [32]. Biochemical fraction-
ation of tachyzoite lysate antigen led to identification of a
parasite profilin-like molecule (TGPRF) that is capable of
inducing DC IL-12 production through TLR-11, a TLR that
is expressed by mice but not humans [33,34]. While
TLR-11 was implicated originally in recognition of uro-
pathogenic bacteria [35], Toxoplasma profilin remains the
only molecule identified as a ligand of this particular TLR
to date. Reverse genetic studies using conditional knock-
out parasites revealed that T. gondii TGPRF plays a non-
redundant role in host cell invasion [36]. It has been
suggested that apicomplexan profilins are a major class of
PAMP recognized by TLR-11 [34], a hypothesis that is sup-
ported by evidence that a profilin-like molecule derived
from Eimeria spp. elicits high-level IL-12 production from
splenic CD11c" DC [37]. Nevertheless, this cannot be uni-
versally true for all apicomplexan profilins, because P. fal-
ciparum profilin is, at most, a weak inducer of TLR-11-
dependent IL-12 [36].

The Toxoplasma tachyzoite surface is dominated by GPI-
anchored proteins, and indeed the ability to synthesize GPI is
essential for parasite viability [38]. Biochemical studies using
Chinese hamster ovary cells co-transfected with TLR and
NE-kB reporter plasmids have shown that Toxoplasma GPI
molecules are recognized by TLR-4 [39,40]. Interestingly,
core glycans and lipid moieties obtained from parasite GPI
were recognized by both TLR-2 and TLR-4. In mouse
macrophages, both TLR-2 and TLR-4 were found to mediate
recognition of Toxoplasma GPI, as measured by induction of
TNF-o synthesis [40]. The involvement of both TLR-2 and
TLR-4 in GPI recognition by macrophages may indicate that
parasite GPI is cleaved by phospholipases expressed at the
macrophage surface.

Studies carried out in MyD88~~ mice show unambigu-
ously that this adaptor molecule is required to survive T.
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gondii infection [31,41,42]. Mice that do not produce IL-1 or
IL-18 display normal resistance to infection [41]. This is an
important result, because it argues that increased suscepti-
bility in the absence of MyD88 reflects defective TLR signal-
ling per se rather than absence of IL-1/IL-18 signalling
that also involves signalling through MyD88. Nevertheless,
defects in individual TLR have less dramatic effects during in
vivo infection relative to MyD88™~ animals. Mice deficient in
TLR-11 survive infection, although brain cyst numbers are
increased relative to wild-type counterparts [33]. TLR-27"
mice were reported to display increased susceptibility to
Toxoplasma infection, but here the effect was seen only under
conditions of high parasite dose [43]. Under low-dose infec-
tion conditions, it has been reported that genetic deletion of
both TLR-2 and TLR-4 in the same host leads to an increase
in cyst burden, whereas knock-out of individual TLR has no
effect [40]. Taken together, the data suggest that optimal
resistance to Toxoplasma involves responses to multiple TLR,
and that inactivation of any single TLR, therefore, has only
modest effects on resistance. Similar conclusions have been
made with regard to the cooperative protective activity of
TLR-2 and TLR-9 during infection with T. cruzi, as well as in
models of Mycobacterium tuberculosis infection [44,45].

Function of MyD88/TLR in adaptive immunity and
anti-Toxoplasma effector activity

Effective control of T. gondii infection depends upon a
robust IL-12 response early after infection. Without IL-12,
parasite replication remains unchecked because of dimin-
ished IFN-y responses, resulting in early death of the host
[46]. IFN-vy exerts its anti- Toxoplasma effects through phago-
cyte activation and up-regulation of anti-microbial mole-
cules such as p47 guanosine triphosphate family members
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and the iINOS (NOS2) enzyme [47,48]. In an intraperitoneal
(i.p.) infection model, absence of MyD88 results in impaired
IL-12 and IFN-y, and the animals succumb rapidly because
of high levels of parasites [31]. Along similar lines, MyD88™"
mice undergoing oral infection display increased susceptibil-
ity associated with elevated parasite levels in the lamina
propria and lymphoid tissues of the intestinal mucosa, and
decreased IL-12 production in spleen and mesenteric lymph
nodes [42]. Absence of MyD88 also results in defective infil-
tration of neutrophils to the lamina propria during early oral
infection, as well as to the peritoneal cavity during i.p.
infection. A requirement for MyD88 for neutrophil recruit-
ment to infected tissues has also been established in
several other models of inflammation induced by microbes
[49,50].

Signalling through the TLR/MyD88 pathway has been
suggested to be a major orchestrator of the adaptive immune
response [51]. This is because MyD88-transduced signalling
leads to upregulation of co-stimulatory molecules and T cell
polarizing factors such as IL-12 that are required to activate
T cells and drive effector cell differentiation. The ability of
professional antigen-presenting cells such as DC to present
antigen and transduce TLR signals simultaneously suggests
that TLR ligands can control T cell immunodominance
during infection (Fig. 1a) [52,53]. Indeed, the CD4* T cell
response to i.p. injection of soluble tachyzoite lysate is
directed largely to TGPRF in a manner dependent upon
TLR-11 signalling in splenic DC [54]. A role for T cell intrin-
sic MyD88 signalling has also been suggested. Bone marrow
chimera experiments generating mice deficient in T cell
MyD88 expression showed that although mice survived
acute infection, the T cell IFN-y response was diminished,
leading to toxoplasmic encephalitis during chronic infection
[55].
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Fig. 1. Alternative models for the role of MyD88 in immunity to infection. (a) MyD88 signalling as a bridge to acquired immunity. After pathogen

internalization through either active invasion or phagocytosis by a dendritic cell, microbial peptides are displayed on the cell surface in association

with major histocompatibility complex (MHC) class II molecules. At the same time, pathogen-associated Toll-like receptor (TLR) ligands trigger

proinflammatory cytokine and co-stimulatory expression on the dendritic cell. The combined stimuli trigger activation and differentiation of T cells

specific for the antigenic peptide, resulting in some cases to an immunodominant T cell response. (b) Some studies suggest that T lymphocyte

activation proceeds independently of MyD88, and that other pathogen-triggered factors provide signals for T cell differentiation (blue arrows).

MyD88 is still important in the response to infection (black arrows), but its function is relegated to signalling pathways that lead to innate

anti-microbial control of infection, allowing host survival until development of adaptive immunity. Which of these models predominates may

depend on the nature of the pathogen, the particular cell type involved or the route of infection. In principle, it is possible that both pathways

operate simultaneously in the host response to infection.
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However, several studies suggest that TLR/MyD88 signal-
ling is non-essential in generation of T cell immunity during
microbial infection and, indeed, a recent study found that
humans lacking MyD88 are surprisingly resistant to infec-
tion [56-59]. We examined this issue in detail in mice
infected orally with Toxoplasma [42]. Although emergence of
T helper Type 1 (Thl) effector cells was delayed in the
absence of MyD88 signalling, IFN-v producing CD4" T lym-
phocytes were generated independently of this TLR adaptor.
Vaccination of MyD88~ mice with an avirulent T. gondii
strain elicited fully functional protective immunity to
both subcutaneous and oral challenge with a lethal dose
of the parasite. Because TLR/MyD88 signal transduction is
required to control Toxoplasma infection, this signalling axis
is clearly essential in the innate anti-microbial response to
the parasite. None the less, MyD88 does not appear to be
absolutely necessary for adaptive immunity to T. gondii, sug-
gesting that recognition independent of TLR/MyD88 can
drive T cell effector differentiation (Fig. 1b). In this model,
Thl-inducing factors would be induced independently of
MyD88. For Toxoplasma, the identity of these factors is
not known currently. However, the finding that mouse
bone marrow-derived macrophages can produce MyD88-
independent IL-12 raises the possibility that this can also
occur in vivo [60].

Role of TLR/MyD88 in the mucosal immune
response during Toxoplasma infection

Oral infection of C57BL/6 mice with high doses of T. gondii
triggers acute lethal ileal inflammation [61]. Resistance to
inflammatory gut pathology is controlled by IL-10 produc-
tion, and studies in i.p.-infected mice suggest that this may
derive from conventional T-bet*, forkhead box P3~ CD4* T
cells [62]. In many ways the pathology resembles human
inflammatory bowel disease, in particular Crohn’s disease, in
that it is driven by a dysregulated Th1 cytokine response in
which CD4" T cells play a prominent role [63,64]. Also like
Crohn’s disease, intestinal inflammation is associated with
alterations in populations of commensal gut flora, and there
is evidence that during Toxoplasma infection, pathology is
exacerbated by TLR recognition of intestinal bacteria [65,66].

Following high-dose T. gondii infection, Gram-negative
bacteria accumulate at sites of mucosal damage, and this is
associated with translocation of bacteria into intestinal
tissue. Mice treated with broad-spectrum antibiotics to
eliminate endogenous gut flora prior to T. gondii infection are
protected from ileitis [65]. Furthermore, TLR-47", but not
TLR-27", mice are protected against development of intesti-
nal pathology and subsequent mortality [66]. In addition,
absence of TLR-4 reduces concentrations of nitric oxide and
IFN-y, two proinflammatory mediators implicated in
parasite-induced gut pathology [67]. Nevertheless, another
study reported that C3H/He] (TLR-4 defective) displayed
exacerbated pathology and increased mortality compared

with C3H/HeN (normal TLR-4) during oral Toxoplasma
infection [68]. Possibly, the discrepancy lies in the fact that
genetic background (C57BL/6 versus C3H) differed in these
studies. Regardless, an independent group reported that
absence of TLR-9 also ameliorates Toxoplasma-induced
inflammatory ileitis and decreases infection-induced Thl
cytokine responses [69]. Although there are some differences,
the emerging picture is that Toxoplasma serves as an inflam-
matory trigger by causing damage to the intestinal epithe-
lium. In turn, infiltration of bacteria results in uncontrolled
TLR/MyD88 signalling, resulting in type 1 cytokine pathol-
ogy in the gut that resembles human Crohn’s disease. Under
these conditions, the parasite’s own TLR ligands may play a
subsidiary role to TLR expressed by commensal bacteria.

Suppression of TLR signalling pathways
by Toxoplasma

While activation of TLR/MyD88 signalling pathways clearly
has a major impact on Toxoplasma infection, the parasite
itself is at the same time capable of suppressing TLR signal
transduction in infected cells. The molecular details of how
this occurs remain to be elucidated, and indeed multiple
mechanisms appear to be involved [70,71]. Thus, the para-
site blocks nuclear accumulation of NF-xB, although this is
only a short-term effect [72-74]. Blocking of NF-kB may be
the result of abnormal phosphorylation of the p65 subunit
of this proinflammatory transcription factor [75]. Further-
more, tachyzoite infection renders macrophages defective in
MAPK activation, in particular the p38 MAPK [76]. In addi-
tion to LPS-induced TNF-o and IL-12p40, many other
proinflammatory cytokines are suppressed [77]. However,
inhibition of proinflammatory cytokine synthesis is not the
result of a general shut-down in cell responses as intracellu-
lar infection progresses, because TLR-induction of a subset
of cytokines, including IL-10, is not affected by T. gondii
[77]. A possible unifying explanation for the parasite’s ability
to simultaneously suppress a large panel of proinflammatory
mediators is that the parasite targets the chromatin modifi-
cation machinery rather than gene-specific transcription
factors [78]. Although there is not yet a clear mechanistic
picture of how Toxoplasma achieves these suppressive effects,
a rhoptry-derived molecule, termed ROP16, has recently
been shown to be an important mediator that targets host
cell signalling pathways [79]. This molecule is injected into
the host cell cytoplasm during parasite invasion, where it
targets signalling machinery involved in down-regulation of
IL-12 (described further below).

How can Toxoplasma trigger TLR/MyD88 signal transduc-
tion, yet at the same time suppress these very same pathways?
There are several models to explain this apparent paradox.
First, whether Toxoplasma activates or suppresses TLR
signalling may depend upon cell type. Secondly, while
intracellular infection with T. gondii clearly suppresses TLR
signalling leading to proinflammatory cytokine production,
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bystander non-infected cells may be a source of infection-
induced cytokine production. In this regard, we recently
found that in populations of macrophages recruited to the
peritoneal cavity as a result of i.p. infection, only infected
cells are suppressed in TNF-o. production [78]. Along similar
lines, splenic plasmacytoid DC have been found recently to
serve as an IL-12 source during Toxoplasma infection [80].
Among these cells, those infected are suppressed in IL-12-
inducing activity, the non-infected population produces
IL-12 [81]. Deactivation of TLR signalling pathways in
infected cells may indicate the necessity of avoiding anti-
microbial effector mechanisms triggered by the parasite’s
own TLR ligands that would otherwise result in elimination
of the parasite. Alternatively, it is possible that Toxoplasma-
induced blocking of TLR signalling may be a way to avoid
uncontrolled inflammatory responses that would otherwise
be triggered by parasite-triggered exposure to bacterial TLR
ligands during oral infection.

The TLR/MyD88-independent recognition
of Toxoplasma

The immune system can clearly sense and respond to Toxo-
plasma infection in the absence of MyD88 signalling, even
generating a strong protective response [42]. Infection of
mouse bone marrow-derived macrophages results in IL-12
production that is wholly or partially (depending on the
parasite strain type) independent of MyD88 [60]. There
is currently little information on MyD88-independent
receptors and signalling pathways involved in recognition,
although in mouse splenic DC a pathway involving parasite
cyclophilin-18 and the chemokine receptor CCR5 appears to
contribute to IL-12 production [82,83].

In addition, G; protein-coupled receptors (GiPCR) other
than CCR5 seem to play a role in macrophage recognition of
Toxoplasma, leading to phosphatidylinositol (PI) 3-kinase-
dependent extracellular-regulated kinase 1/2 and protein
kinase B activation [60,84]. Rather than being required
for IL-12 production, this cascade is involved in
the now well-established ability of Toxoplasma to confer
an anti-apoptotic state in infected cells [84,85]. An
MyD88-independent, PI-3 kinase-dependent pathway is also
involved in parasite-triggered macrophage release of several
chemokines, including CCL17 and CCL22 [86]. Therefore,
while the identity of the GiPCR involved is not yet known,
this general pathway appears to be an important mechanism
for MyD88-independent Toxoplasma recognition.

Toxoplasma is also able to activate directly Janus kinase
(Jak)-Signal transducer and activator of transcription (Stat)
signalling pathways that are initiated normally through
cytokine receptors [87]. Rather than activation through host
cell cytokines, T. gondii appears to inject the rhoptry kinase
ROP16 directly into the host cell cytoplasm resulting in Stat3
activation [79]. Activation of Stat3, in turn, mediates sup-
pression of IL-12 [73,79,87]. Because the ROP16 molecule is

TLR-MyD88 signalling and Toxoplasma gondii

not a predicted tyrosine kinase, it is unlikely to activate Stat
or Jak molecules directly. Thus, the primary recognition
event that triggers ROP16-mediated activation of the Stat3
signalling cascade is currently unknown.

Clinical implications

Harnessing the power of TLR and their ligands has potential
value with regard to anti-pathology and anti-infection vac-
cines, as well as to prevention of autoimmunity and allergy.
As such, identification and isolation of protozoan TLR
ligands, including those expressed by T. gondii, increases the
collection of tools that may be employed as prophylaxis
and in the clinic. Use of protozoan TLR ligands for these
purposes remains largely undiscovered territory. Because
protozoan parasites such as T. gondii are so exquisitely well
adapted to survive in the host without adverse effect, we
speculate that TLR ligands from these eukaryotic pathogens
may possess unique properties that could possibly prove
of increased benefit relative to prokaryotic and viral
counterparts. For the specific case of Toxoplasma, TGPRF
may be of limited potential as TLR-11 is non-functional in
humans. Nevertheless, the ability of Eimeria profilin to
stimulate DC IL-12 suggests that this molecule could be a
useful tool in avian immunology [37]. Also, T. gondii and
additional protozoan GPI molecules as well as other undis-
covered TLR ligands could prove useful.

The most obvious use for protozoan TLR ligands is
in adjuvant formulations for vaccines. Many chemically
defined immunostimulatory molecules in use as adjuvants
are TLR ligands (these include lipid A; TLR-4, flagellin;
TLR-5, CpG DNA; TLR-9) [88]. Because these molecules
possess potent proinflammatory activity that may be
harmful to the host, developing new reagents is an important
area of investigation. Protozoan TLR may also be of benefit
for use in anti-pathology vaccines. For example, synthetic P.
falciparum GPI has been employed as an anti-toxin vaccine
to protect against inflammatory pathology associated with
experimental malaria infection [89].

Another potential use for new TLR ligands is based on
evidence that early childhood exposure to infection results in
resistance to autoimmunity and allergy, possibly through
induction of immunoregulatory networks in which regula-
tory T cells play a prominent role [90,91]. Evidence for TLR
involvement in prevention of autoimmunity and allergy
comes from several studies, including data showing that
TLR-2 and TLR-10 polymorphisms influence atopic disease
risk in children [92,93]. In addition, administration of CpG
DNA can mitigate allergen-induced inflammation by modu-
lating the Th2 response [94]. Nevertheless, vaccination in
these situations will need to be controlled carefully, because
it is also clear that under some conditions TLR ligands
promote autoimmune inflammation [95]. Regardless, devel-
opment of protozoan ligands as therapeutic tools has the
potential to ultimately contribute significantly to the arma-
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mentarium of weapons to combat infection, allergy and
autoimmunity.

Conclusions and future directions

The discovery of mammalian TLR by Janeway in the late
1990s heralded a new era in our understanding of innate
immune recognition of infection. We are still working
towards an understanding of how TLR/MyD88 signalling
impacts protozoan infection, and how this pathway can be
exploited for the patient in human medicine. At the same
time, it seems likely that other equally important innate
immune recognition systems play a role in recognition of
infection by protozoans and other microbial pathogens.
Finding the basis for MyD88-independent recognition of
protozoans and other pathogens is an important priority.
Continued investigation of the molecular basis for innate
immune sensing of T. gondii can be expected to reveal new
insights into host defence against this and other infectious
disease agents.
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