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Toxoplasma gondii is an obligate intracellular parasite of clinical importance, especially in immunocompromised patients.
Investigations into the immune response to the parasite found that T cells are the primary effector cells regulating gamma
interferon (IFN-�)-mediated host resistance. However, recent studies have revealed a critical role for the innate immune
system in mediating host defense independently of the T cell responses to the parasite. This body of knowledge is put into
perspective by the unifying theme that immunity to the protozoan parasite requires a strong IFN-� host response. In the
following review, we discuss the role of IFN-�-producing cells and the signals that regulate IFN-� production during T.
gondii infection.

Toxoplasma gondii is an obligate intracellular protozoan para-
site that infects at least a third of the world’s population. In-

fection with the parasite is divided into a limited acute stage fol-
lowed by a persistent chronic stage. In the chronic stage, T. gondii
forms cysts, found mainly in brain and muscle tissues, which can
persist for the lifetime of the host. The disease state, known as
toxoplasmosis, generally occurs during the chronic stage after the
host becomes immunocompromised, allowing the encysted T.
gondii to reactivate. Toxoplasmosis is fatal if untreated, and yet
treatments are ineffective at eliminating the encysted parasites, so
patients are typically placed on antitoxoplasmosis drugs for as
long as they are immunocompromised.

Basic research into the immune response to T. gondii estab-
lished immunocompromised mouse models during the chronic
stage of infection to model clinical observations. It was demon-
strated that combined depletions of CD4� and CD8� T cells dur-
ing chronic infection in mice resulted in parasite reactivation and
host mortality (1). Additionally, SCID mice, which lack T cells, are
susceptible during the transition from the acute to chronic stage of
infection, which illustrates the requirement for T cell responses to
control the infection.

While the adaptive response is ultimately required for host
survival, components of the innate immune system determine
initial susceptibility and the outcome of the infection indepen-
dently of T cell-activation status (2). Mice deficient in myeloid
differentiation factor 88 (MyD88), the downstream adaptor pro-
tein of most Toll-like receptors (TLRs), are extremely susceptible
to T. gondii infection (3). Subsequently, it was shown in mice that
MyD88-dependent responses to the parasite were primarily me-
diated by TLR11 (4), which recognizes a protein component of T.
gondii known as profilin (4, 5). Innate responses through TLR11
via MyD88 result in the production of interleukin-12 (IL-12) and
gamma interferon (IFN-�) (3, 4). Dendritic cells (DCs) are the
primary source of MyD88-dependent IL-12 (2, 6). However,
IL-12 is not the only important effector for initiating the adaptive
immune response; administration of IL-12 to MyD88-deficient
mice does not rescue their acute susceptibility despite partially
restoring Th1 responses (2, 7). These data suggest that there are
additional MyD88-dependent factors necessary for full initiation
of Th1 responses and host survival.

IFN-�-PRODUCING CELLS: FROM T TO NK CELLS AND
NEUTROPHILS

The cytokine IFN-� is critical for survival during T. gondii infec-
tion. IFN-�- or IFN-�-receptor-deficient mice show extreme sus-
ceptibility to the parasite (1, 8–10) similar to that observed in
MyD88-deficient mice. Additionally, it was shown that IL-12-de-
ficient mice are extremely susceptible to T. gondii and that IL-12
enhances IFN-� production (11, 12). While IL-12 is known to
regulate IFN-�, it has no protective role independent of IFN-�-
mediated pathogen resistance (9). These data established T. gondii
as a model pathogen of Th1 immunity (13). A discussion of the
individual cell types involved in producing this critical cytokine is
fundamental to our understanding of host immunity to T. gondii.

T cells. Both CD4� and CD8� T cells seem to have an impor-
tant synergistic role to play during T. gondii infection, because
individual depletions of CD4� or CD8� T cells do not recapitulate
the phenotype of double-depletion or T cell-deficient mice (1, 14).
Mice lacking all T cells do not survive into the chronic stage of
infection (15), and depletion of T cells in the chronic stage leads to
reactivation of the disease state (1).

CD4� T cells. The role of CD4� T cells during intracellular
infections is the production of IFN-�. Adoptive transfer of im-
mune CD4� T cells into athymic nude mice during a T. gondii
reactivation model partially rescues their survival (16). The im-
portance of CD4� T cells during infection is explained by the
effector mechanisms induced by IFN-�. It is known that IFN-�
made by CD4� cells is needed to prime macrophages to produce
potent antimicrobial responses (17). IFN-� regulates inducible
nitric oxide synthase (iNOS) expression, which is ultimately
needed for control of the parasite, as iNOS-deficient mice suc-
cumb at 3 to 4 weeks postinfection (18). Production of nitric oxide
interacts with diverse metabolic pathways, and, as a free radical, it
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is toxic to bacteria and intracellular parasites. Mouse macrophages
can also use their respiratory burst to generate toxic reactive-ox-
ygen species (ROS) in response to T. gondii, and this response is
dependent on IFN-� (19). Additionally, IFN-� induces indoleam-
ine 2,3-dioxygense (IDO), which is an enzyme that is involved in
tryptophan catabolism and that degrades cellular tryptophan. T.
gondii is a tryptophan auxotroph, and induction of IDO-1 inhibits
parasite growth in human cells (20, 21). Recently, it was found
that inhibiting both IDO-1 and IDO-2 during T. gondii infection
in mice also results in increased parasite burden and increased
susceptibility in the chronic phase of infection (22). There are
additional IFN-�-induced proteins in mice known as immunity-
related GTPases (IRG); however, this large family of proteins is
not represented in the human genome (23). The complex pheno-
types of IRG knockout mice have been recently reviewed else-
where (24). The importance for IFN-�-mediated effector mecha-
nisms is further illustrated by recent evidence that T. gondii
actively inhibits IFN-� signaling by inhibiting the turnover rate of
its downstream transcription factor STAT1 in human cell lines
(25). Removal of any one of the IFN-�-induced mechanisms to
control T. gondii leads to higher parasite burdens in mice, but
acute survival is not impaired, in contrast to the extreme suscep-
tibility of IFN-�-deficient mice. However, in the absence of CD4�

T cells, an extended IL-12-dependent NK cell response is capable
of producing adequate amounts of IFN-� to allow survival (26).
This survival depends on the NK cells helping to generate CD8� T
cell immunity to the parasite during the chronic phase of infection
(26). Yet in the normal C57BL/6 model, IFN-� is predominantly
made by CD4� T cells rather than by CD8� T cells.

CD8� T cells. CD8� T cells have a complex role to play in
control of T. gondii infection: they secrete IFN-� and they can
specifically kill infected cells. It has been shown by several groups
that CD8� T cells specific for parasite antigens can directly kill
infected cells. For example, this can be illustrated with CD8� T
cells specific for an immunodominant T. gondii epitope, P30,
which were found to be capable of killing both extracellular para-
sites and infected macrophages in vitro (27, 28). Additionally,
CD8� T cells generated from mice vaccinated with a temperature-
sensitive mutant of T. gondii (ts-4) are cytotoxic in vitro for para-
site-infected or antigen-pulsed cells in a major histocompatibility
complex class I (MHC-I)-restricted manner (29). It is now estab-
lished in mice that there are genetic variations in susceptibility to
reactivation of T. gondii in the chronic stage of the infection:
C57BL/6 mice, MHC-I H-2b haplotype, have the H-2Lnull allele
and are susceptible to toxoplasmic encephalitis (TE), but BALB/c
mice, MHC-I H-2d haplotype, have the H-2Ld allele and are ge-
netically resistant to TE (30–32). This information explains why
CD8� T cells are the dominant T cell responders in BALB/c mod-
els but are minor players in C57BL/6 mouse models. A subsequent
and perhaps unsurprising finding associated with this homozy-
gosity of the MHC loci in inbred mice is that BALB/c mice have a
corresponding TCR restriction, V�8 CD8� cells, which are abun-
dant in the brain of infected mice (33). Adoptive transfer experi-
ments showed that V�8 CD8� cells produced the most IFN-� and
were more protective than V�8 CD4� cells in response to parasite
infection, leading the authors to speculate that this restriction al-
lows for the best recognition of T. gondii antigens presented via
MHC-I H-2Ld on infected cells (33). CD8� T cell responses to
epitopes of several identified antigenic T. gondii proteins, includ-
ing P30 (SAG1), GRA4, GRA6, and ROP7 in BALB/c mice (27, 28,

34, 35), GRA1, GRA7, and ROP2 in C3H mice (36–38), or Tgd057
in C57BL/6 mice (39), could potentially be generated, and while
vaccination with one of these proteins, such as GRA1, provides
some protection from lethal T. gondii challenge to a C3H mouse,
this vaccination does not protect BALB/c or C57BL/6 mice despite
generation of antigen-specific CD8� T cells (40). Surprisingly, the
exact T. gondii protein used for vaccination seems to be less im-
portant than the location of the epitope processed for antigen
presentation within the original protein sequence (41), further
illustrating that the specific MHC-I haplotype of the host, and
consequent bias in peptide loading for antigen presentation, is
critical for determining the contribution of CD8� T cells to pro-
tection from the parasite.

While CD8� T cells play an important role in BALB/c mice
during the chronic stage of the infection, there is a considerable
amount of conflicting literature as to whether this protection is
mediated by secreted IFN-� or by their direct cytolytic ability. For
example, perforin-deficient mice lacking cytolytic ability survive
acute T. gondii infection and have an unimpaired level of IFN-�,
but they have a higher cyst burden and slightly increased suscep-
tibility at later time points of the infection. These results indicate
that the cytolytic abilities of CD8� T cells contribute to control of
encysted parasites (42). In contrast, adoptive transfer of perforin-
deficient CD8� T cells was still effective at preventing TE in a
chronic reactivation model utilizing sulfadiazine-treated athymic
nude mice (43). Although adoptive transfer of perforin-deficient
CD8� T cells is effective at preventing TE, recent work supports
the model of cytolytic cyst control, as transferred IFN-�-deficient
CD8� T cells are able to greatly reduce cyst burden in a chronic
reactivation model (44). The multifaceted effects of IFN-� on the
immune system make it difficult to separate the contribution of
CD8� T cell IFN-� from that of other sources of this cytokine.
IFN-� itself increases expression of endothelial vascular cell adhe-
sion molecule 1 (VCAM-1) to aid in recruitment of CD8� T cells
to the brain of chronically infected mice and thus enhances any
effects of CD8� T cells on immunity to T. gondii (45). It seems
likely that both IFN-� and cytolytic functions of CD8� T cells are
contributing to host resistance to pathogenesis (46).

NK cells. Early experiments into T. gondii infection during T
cell deficiency revealed that NK cells were also a source of IFN-�.
Splenocytes from SCID mice were able to produce significant
amounts of IFN-� in response to the parasite (47, 48). In mice
lacking CD8� T cells, NK cells dramatically expand in numbers,
produce IFN-�, and mediate protection against T. gondii (48).
Simultaneously, it was shown that NK cells are not directly cyto-
toxic for T. gondii-infected cells but that NK cell protection is
mediated by IFN-� (15, 48). IFN-� from NK cells can be enhanced
with the early administration of IL-12 during infection and this
increases the survival of susceptible SCID mice (12); IL-12 is both
required and sufficient for triggering IFN-� production by NK
cells (2). This IL-12 is produced by dendritic cells (DCs), which
are discussed in more detail in a subsequent section.

The effect of DC-derived IL-12 on NK cell IFN-� production
triggers a positive-feedback loop that modulates the innate in-
flammatory environment. T. gondii-infected mice blocked for
IFN-� or depleted of NK cells demonstrate impaired maturation
of DCs and inflammatory monocytes, increased numbers of resi-
dent macrophages, and decreased IL-12 production by DCs (49).
The ability of monocytes to respond to IFN-� priming is necessary
for increased activation of monocytes and for IL-12 production by
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monocyte-derived DCs in response to T. gondii infection (49, 50).
On the molecular level, it has been shown that IFN-� enhances the
production and transcription of IL-12 via induction of regulatory
transcription factor 8 (IRF8), a major transcriptional factor regu-
lating IL-12p40 and IL-12p35 transcription (50, 51). Together,
these results indicate that NK cells are a critical effector compo-
nent of the innate immune response—able to effectively prime
monocytes and DCs for parasite recognition while mediating T
cell-independent IFN-�-dependent host protection from the par-
asite.

Neutrophils. An unforeseen player in the production of IFN-�
during toxoplasmosis is the neutrophil. Recent evidence illus-
trates that in both wild-type (WT) and TLR11-deficient mice,
neutrophils are the dominant cell type responsible for early IFN-�
responses (52). The level of IFN-� observed in each neutrophil is
low compared to that of activated NK or T cells (52), and yet
neutrophils are known to congregate in large numbers at the site
of acute toxoplasma infection (49, 52–54). Depletion of neutro-
phils in TLR11-deficient mice resulted in acute mortality that can
be delayed with injections of recombinant IFN-� (52). These data
revealed that neutrophil-derived IFN-� is responsible for the par-
tial survival of TLR11-deficient mice during the acute stage of the
infection. In WT mice, both TLR11- and IL-12-dependent NK cell
IFN-� and TLR11-independent neutrophil IFN-� are involved in
resistance to T. gondii during the acute stage of the infection.

Neutrophils and their confusion with inflammatory mono-
cytes. The consequences of IFN-� production by neutrophils dur-
ing T. gondii infection are both in agreement with and in contrast
to previous data describing a role for neutrophils in host resistance
to the parasite. Original studies on the importance of neutrophils
were accomplished by utilizing the antibody Gr-1 to deplete neu-
trophils, and exacerbation of disease was observed (55, 56). The
Gr-1 antibody recognizes two distinctly expressed but highly re-
lated surface receptors, Ly-6C and Ly-6G, which are expressed on
both monocytes and neutrophils or on neutrophils alone, respec-
tively (57). Conclusions about the importance of neutrophils
drawn from experiments utilizing Gr-1 for depletion were con-
founded by simultaneous depletion of both monocytes and neu-
trophils. The individual roles these two cell types play during T.
gondii infection began to be elucidated with chemokine and
chemokine receptor knockout mice. CCR2- and MCP-1-deficient
mice fail to recruit inflammatory monocytes, and the results are a
loss of parasite control and acute susceptibility to T. gondii infec-
tion (58). These data suggest that inflammatory monocytes are
essential for parasite elimination at the site of the infection. Yet
both CCR2- and MCP-1-deficient mice have unimpaired IFN-�
levels in the serum and peritoneal lavage fluid (58). Furthermore,
CD4� T cells isolated from CCR2- and MCP-1-deficient mice
produced similar amounts of IFN-� in response to T. gondii anti-
gens (58). These results indicate that IFN-� production and gen-
eration of Th1 responses to the parasite are independent of the
presence of inflammatory monocytes but that inflammatory
monocyte effector mechanisms for parasite elimination are indis-
pensable for the host protection. In contrast to CCR2- and MCP-
deficient mice, CXCR2-deficient mice have impaired neutrophil
recruitment during infection. CXCR2-deficient mice were found
to harbor a higher parasite burden, but these mice did not display
increased mortality during the acute stage of the infection (59).
Unlike CCR2- and MCP-1-deficient mice, CXCR2-deficient mice
did have dramatically reduced serum IFN-� and T cell IFN-� re-

sponses, implicating neutrophils as early players in influencing
IFN-� levels (59).

The recent availability of an antibody specific for Ly-6G (1A8)
allowed further insight into the roles of neutrophils during infec-
tion. In an oral infection model, greater than 65% of WT mice
treated with 1A8 survived infection, whereas CCR2-deficient mice
and WT mice treated with Gr-1 succumb during the acute phase
(60). The authors concluded that monocytes and not neutrophils
were important for parasite control in part because administra-
tion of 1A8 had no effect on the percentage of monocyte recruit-
ment to the site of infection. Interestingly, in a pathogen-free sub-
cutaneous air pouch model, it has been shown that depletion of
neutrophils significantly decreases the recruitment of inflamma-
tory monocytes (61). In fact, neutropenia reduces monocyte re-
cruitment in a number of models, as reviewed in reference 62.
Thus, in the absence of neutrophils, there may be lower total num-
bers of inflammatory monocytes, and yet they could represent a
percentage of the remaining cells in vivo similar to that seen with
the nondepleted condition.

It is important to emphasize that the relative contributions of
monocytes and neutrophils were largely examined in mice which
have an intact TLR11 recognition system responsible for IL-12-
dependent NK cell IFN-� priming of inflammatory monocytes.
But in the absence of inflammatory monocytes, such as in cases of
CCR2 deficiency, MCP-1 deficiency, or depletion with anti-Gr-1,
sufficient IFN-� levels become irrelevant. TLR11-deficient mice
still have significant amounts of IFN-� present, initially provided
by neutrophils, to prime monocytes, and these mice usually sur-
vive infection (4, 63). In the absence of both TLR11 and neutro-
phils, the early IFN-� response is severely compromised and in-
flammatory monocyte recruitment may be reduced, resulting in
acute susceptibility (Fig. 1).

The large variety of cell types capable of making IFN-� illus-
trates the importance of this cytokine in immunity. The contribu-
tion of individual cell types to IFN-� production is a complex
subject, but the generation of conditional IFN-�- or IFN-� recep-
tor-deficient mouse models may provide the opportunity to dis-
sect this dilemma.

KNOWN AND UNKNOWN REGULATORS OF IFN-�
PRODUCTION: IL-12, IL-1�, AND TNF
DC IL-12 production is essential for IFN-� production by NK
cells. DCs are the major IL-12-producing cells in response to T.
gondii infection. It was observed that IL-12 is initially produced by
CD8�� DCs upon exposure to T. gondii profilin in a TLR11- and
MyD88-dependent manner (2, 4, 6). CD8�� DCs produce large
amounts of IL-12 but not other proinflammatory cytokines such
as TNF and IL-1� (50). The explanation for this cytokine speci-
ficity was recently explained by the finding that TLR11 induction
of IL-12 requires activation of the transcriptional factor IRF8
which is selectively expressed in naive CD8�� DCs (50, 64). At the
same time, recognition of T. gondii profilin by CD8�� DCs fails to
trigger substantial activation of NF-�B, which explains their rela-
tive lack of production of TNF and IL-1� (50), two cytokines
regulated via the NF-�B-signaling pathway. After the initial rec-
ognition of the parasite and cytokine production, IFN-� is pro-
duced early in infection by neutrophils and NK cells. Early IFN-�
production induces expression of IRF8 in macrophages and
CD8�� DCs which enables them to respond to T. gondii infection,
reinforcing the IL-12 response (50).
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Impairment of parasite recognition in DCs, with DC-specific
inactivation of MyD88 in mice, results in a delayed and reduced,
but not abolished, IFN-� response from NK cells, suggesting that
additional sources of IL-12 also contribute during infection (2).
Nevertheless, delayed NK cell IFN-� production has a major im-
pact on the outcome of the infection; mice with DC-specific inac-
tivation of MyD88 are very susceptible to the parasitic infection,
with a survival rate below 50% (2). Mice surviving infection with
DC-specific inactivation of MyD88 have dramatically elevated
cyst burdens during the chronic stages of the infection (2). Thus,
even though NK cell IFN-� production is largely initiated during
the acute stage of the infection, it has long-term consequences
seen weeks after initial T. gondii infection. It should be noted that

this TLR11-dependent IL-12 response regulates IFN-� produc-
tion from NK cells (2, 15) and from effector CD8� T cells (65) but
is dispensable for neutrophil IFN-� production (52). While much
is known about TLR11-mediated immunity to T. gondii, these and
other data suggest that TLR11 is not the entirety of the story for T.
gondii recognition or regulation of cytokine production by im-
mune cells.

TLR12 coordinates with TLR11 in parasite recognition. Pat-
tern recognition receptors, such as TLRs, are innate immune re-
ceptors involved in recognizing conserved molecules present on
bacteria, viruses, and parasites which are not expressed by the host
cells. In mice, recognition of T. gondii profilin is mediated by
TLR11, which directly binds profilin, forms a heterodimer with

FIG 1 Hypothesized relationship between various immunodeficiencies during acute parasite infection in a murine model of toxoplasmosis. (A) Resident cells
become infected or sense danger products from infection and recruit dendritic cells, inflammatory monocytes (Inflam. MOs), and neutrophils (PMNs), allowing
IFN-� production from multiple sources and parasite destruction by inflammatory monocytes. (B) Loss of inflammatory monocytes (MCP-1 deficiency, CCR2
deficiency) results in sufficient IFN-� production but is not accompanied by the ability to clear parasites effectively, resulting in host mortality (58, 60). (C) Loss
of neutrophils alone (CXCR2 deficiency, depletion with Ly-6G [1A8]) results in loss of neutrophil-derived IFN-�. However, the dominance of the TLR11/
TLR12-mediated recognition pathway allows sufficient IFN-� production for eventual clearance and survival into the chronic stage (59, 60). (D) Loss of both
monocytes and neutrophils (depletion with anti-Gr-1) leads to uncontrolled parasite replication and, similarly to monocyte depletion, leads to acute mortality
(60). (E) Loss of TLR11/TLR12-mediated recognition results in loss of DC IL-12 and a subsequent delay in IFN-� production by NK and T cells. Neutrophil-
derived IFN-� affords limited control of the parasite burden, resulting in most or mixed numbers of surviving mice (52, 60).
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TLR12, and recruits the TLR adaptor protein MyD88 (4, 5, 50).
Recent data suggest that TLR12 can function independently of
TLR11 in plasmacytoid DCs (pDCs). pDCs are a specialized sub-
set of DCs that produce large quantities of type 1 interferons. They
are most often associated with viral infections but have also been
shown to be involved in both bacterial and parasitic infections.
pDCs were specifically observed to produce IL-12 and IFN-� in
response to profilin, but in contrast to the TLR11 and TLR12
heterodimer complex that usually regulates IL-12 production, the
TLR12 homodimer was sufficient (66). However, the conclusion
by Koblansky et al. is inconsistent with an earlier analysis which
found that pDCs fail to produce IL-12 or IFN-� in the absence of
TLR11 (67); therefore, their further observations attributing NK
cell IFN-� to pDC IL-12 should be viewed with some skepticism.
This discrepancy regarding the TLR dependence of pDC IL-12
needs to be clarified, as does the observed dependence of IFN-� on
TLR12. Furthermore, how TLR12 can trigger cytokine production
in the absence of TLR11 is a mystery because, in contrast to
TLR11, TLR12 fails to biochemically interact with MyD88 (50).

Regulation and production of IL-1� and TNF. IL-1� is a pow-
erful mediator of the inflammatory response. This cytokine is syn-
thesized in a pro-form in response to TLR signals in a MyD88-
dependent manner and then typically cleaved by caspase-1 and
secreted in response to danger signals. Daily injections of IL-1� or
TNF into T. gondii-infected BALB/c mice significantly prolong
their survival, and administration of a single dose of IL-1� and
TNF combined greatly enhances this survival (68). Furthermore,
production of IFN-� by SCID mouse splenocytes stimulated with
IL-12 plus TNF was completely ablated by administering anti-
IL-1� (69). As a pleotropic mediator of inflammation, IL-1� me-
diates its protective effects via multiple mechanisms, including
enhancing expression of the TNF receptor, which may explain the
synergistic effect of IL-1� and TNF (70). While TNF alone is
unable to significantly increase the antiparasitic activity of macro-
phages, TNF synergizes with IFN-� to enhance it (68). Addition-
ally, both TNF and IL-1� are crucial regulators of neutrophil-
derived IFN-�, as blocking either TNF or IL-1� decreased the
observed IFN-� levels (52). IL-1R-deficient mice have almost no
detectable neutrophil-derived IFN-�, which is a stronger pheno-
type than blocking IL-1� and is in contrast to the resistance phe-
notype of caspase-1-deficient mice (52, 63). Possible explanations
for the discrepancy between IL-1� blocking and IL-1R-deficient
mice include incomplete blocking of IL-1�, the dominance of the
TLR11 recognition system in IL-1R-deficient mice, and the fact
that neutrophils are capable of caspase-1-independent IL-1� pro-
duction (71). The dominant source of TNF and IL-1� is mono-
cytes, but since neutrophils themselves are capable of making both
of these cytokines, this may be an important feedback loop during
the initial response (52). While it seems likely that TLRs are in-
volved in the recognition system regulating TNF, it is possible that
there is an unknown recognition system or danger signal(s) regu-
lating IL-1�.

MyD88 dependence of host resistance independent of
TLR11. A likely explanation for residual resistance to T. gondii
infection in the absence of TLR11 is the cooperation of additional
endosomal TLRs and IL-1� in activation of MyD88. In 3d mice,
which lack functional UNC93B1—a chaperone protein that con-
trols trafficking of TLRs from the endoplasmic reticulum to the
endolysosome—resistance to T. gondii is lost because all endo-
somal TLRs, including TLR11, TLR12, TLR7, and TLR9, are in-

correctly localized in these mice (50, 72–76). Interestingly, the
severe acute susceptibility seen in 3d mice is nearly identical to
that of MyD88-deficient mice, suggesting that there are additional
UNC93B1- and MyD88-dependent TLRs involved (74, 75).
TLR3-, TLR7-, or TLR9-deficient mice exhibit little to no pheno-
type during T. gondii infection (63, 74) even when the deficiencies
are combined, as is the case of TLR3/TLR7/TLR9 triple deficiency
(76). These data illustrate the dominant effect of TLR11/TLR12
profilin recognition in generating a Th1 immune response to the
parasite in a mouse model. However, since humans do not have
functional TLR11 or TLR12 (77), the importance of other TLRs
must be considered. It has been found that TLR7 can recognize T.
gondii RNA and that TLR9 can recognize many CpG motifs in T.
gondii DNA (76), and a further discussion of these data, and other
TLRs, has been recently reviewed (24). These additional intracel-
lular TLRs likely contribute to the susceptibility of both MyD88
and 3d mice, as TLR3/TLR7/TLR9/TLR11 quadruple-deficient
mice had almost no IL-12 or IFN-� observed in the first week of
infection (76).

Yet there is a striking difference between the survivability of 3d
mice and MyD88-deficient mice during T. gondii infection in that
administration of IL-12 to 3d mice rescues their survival but IL-
12-treated MyD88-deficient mice are as susceptible to infection as
nontreated mice despite partially restored Th1 responses (2, 7).
This suggests that MyD88 is important beyond IL-12-dependent
innate immune cell responses. At least some of this may be ex-
plained by the role of MyD88 in IL-1� production and neutrophil
IFN-� as discussed above. Additionally, MyD88 may be involved
in the priming event in inflammasome activation. The inflam-
masome is a complex of proteins that assemble in response to
intracellular danger signals, often mediated by proteins from the
‘nucleotide-binding domain and leucine-rich repeat-containing
gene family, with a pyrin domain’ (NLRPs), capable of activating
caspase proteins to cleave pro-IL-1� or pro-IL-18 into their ma-
ture forms for secretion. Before IL-1� and IL-18 can be cleaved,
they need to be expressed, and priming through TLRs via MyD88
is one way to induce production of the pro-form of these cyto-
kines. It was recently shown that T. gondii can activate NLRP1 (78,
79) and NLRP3 (79) inflammasome complexes to stimulate IL-1�
or IL-18 cleavage and secretion. It is known that, in oral infection
models of T. gondii, commensal bacteria can provide the ligands
for TLR2, TLR4, and TLR9 stimulation (63). These bacterially
derived TLR ligands could provide the priming signal necessary
for successful inflammasome responses. However, T. gondii itself
can also provide additional TLR ligands, as mentioned above, and
these data are supported by the fact that LPS priming was not
required in vitro for bone marrow-derived macrophages to pro-
duce IL-1� in response to T. gondii (79) and by the fact that T.
gondii infection in germfree mice had a robust IL-1� response
(78). These data indicate that MyD88 is necessary for a successful
inflammasome response to T. gondii infection, although the pre-
cise signaling events leading to caspase activation upstream as well
as downstream of MyD88 are not fully defined.

Additionally, experiments in conditional MyD88-deficient
mice showed that removing MyD88 in T cells alone resulted in
a dramatic abrogation of Th1 response to the parasite (80).
Whether the mechanisms underlying T cell-intrinsic MyD88-de-
pendent loss of IFN-� in CD4� T cells can be attributed to TLR- or
IL-1-dependent activation of MyD88 remains to be identified.
However, it is clear that the acute susceptibility of completely
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MyD88-deficient mice to T. gondii infection stems from multiple
defects in activation of IFN-� production by neutrophils and by
NK and T cells: deficiency in IL-1� signaling impairs neutrophil
IFN-� production, DC-specific loss of TLR signaling results in
deficient NK cell IFN-� production, and T cell-intrinsic MyD88
deficiency abrogates Th1 responses to the parasite.

CONCLUDING REMARKS

This review has given a broad overview of IFN-� during T. gondii
infection and serves to illustrate the blurring of the line between
innate and adaptive responses: MyD88 is important for the IFN-�
immune responses from neutrophils and from NK and T cells
(Fig. 2). Much is now known about the immune responses to T.
gondii in murine models, including the dominance of TLR11-
mediated recognition and IRGs. Humans lack these systems and

yet have a robust immune response which includes the production
of IFN-�. Therefore, future work in the field will likely be focused
on identification and clarification of the roles of innate sensors
and resistance mechanisms important for T. gondii recognition in
humans.
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