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Summary

Toxoplasma gondii is a widespread protozoan parasite that causes water and foodborne infections
in humans. The parasite infects intestinal enterocytes but also spreads by migration across the
epithelial layer and entry into the submucosa. Within the lamina propria, innate immune responses
lead to initial parasite control, although the infection disseminates widely and persists chronically
despite adaptive immunity. Inflammatory monocytes exit the bone marrow and home to the
lamina propria where they express antimicrobial effector functions that control infection. Ablation
of the signals for recruitment of inflammatory monocytes in the mouse results in uncontrolled
parasite replication, extensive infiltration of neutrophils, intestinal necrosis and rapid death.
Inflammatory monocytes play a pivotal role in mucosal immunity against T. gondii, and likely
other enteric pathogens.

Introduction

Toxoplasma gondii has become a model for studying innate and adaptive immunity in
rodents due to the robust type | immune response that is induced upon primary infection [1].
Control of both acute and chronic infection depends on production of I1L-12 that drives
induction of IFN-y, which activates effector mechanisms in both hematopoietic and
nonhematopoietic cells [2—4]. Macrophages [5], neutrophils [6,7], and dendritic cells (DCs)
[8,9] have been shown to produce IL-12 in response to parasites or antigen, although in vivo
studies indicate that DCs may be the most source of this cytokine during infection [10].
IL-12 induction largely depends on signaling through the common adaptor Myd88 [11,12].
The dominant receptor thus far identified for triggering this pathway is TLR-11, which
recognizes profilin in the mouse [13], although this pathway is absent in humans.
Alternative means of activating DC cells include detection of a secretory cyclophillin by
CCR5 on DC cells [14]. In response to IL-12, IFN-y is produced by NK, NKT, and both
CD4 and CD8 T-lymphocytes, which collectively activate effector mechanisms in a variety
of cell types [1].
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Although a myriad of in vitro studies have elucidated many of the cellular mechanisms
capable of parasite control, defining the role of such specific responses in vivo is much more
difficult. Often localized responses in either specialized resident cells, or newly recruited
cells are paramount to the control of infection. These responses may not be easily mimicked
by purely in vitro models. Newer methods for generating lineage-specific gene knockouts or
knockins, combined with in vivo systems for evaluating pathogen control have opened a new
window on these questions. Here we discuss new findings on the cellular control of T.

gondii in the mouse model that reveal an unexpected role for inflammatory monocytes in
mucosal immunity following the natural oral route of infection.

Infection and transmission

Toxoplasma gondii is a widespread protozoan parasite that infects virtually all types of
warm-blooded vertebrates. The infection is transmitted by cats, where sexual developmental
stages replicate in intestinal epithelial cells leading to shedding of oocysts in the feces, thus
contaminating soil and water [15]. Ingestion of oocysts results in infection in a wide range
of intermediate hosts, which support asexual growth of the parasite that rapidly disseminates
throughout the body [15]. The primary infection is characterized by fast growing
tachyzoites, which infect a wide range of nucleated cells in a rapidly lytic cycle. In response
to ensuing innate and adaptive immune responses, the parasite differentiates into a slow-
growing tissue stage referred to as bradyzoites, which reside in tissue cysts within long-lived
cells. Transmission between intermediate hosts is facilitated by the ability of tissue cysts to
cause oral infection upon ingestion by other intermediate hosts, a trait that distinguishes T.
gondii from its closest relatives [16]. Asexual propagation has lead to a highly clonal
population structure and distinct lineages present dramatically different phenotypes in terms
of acute virulence in laboratory mice [17]. Humans are largely an accidental host and
infections are normally subclinical, yet severe disease can occur in the immune
compromised and due to congenital infection [15].

Oral model for toxoplasmosis

Following ingestion, the parasite invades enterocytes in the small intestine where it can
replicate efficiently. However these cells are short lived and rapidly sloughed into the
lumen; hence, systemic infection requires a mechanism to cross the epithelial barrier.
Toxoplasma gondii accomplishes this by a process of active invasion, avoiding extensive
disruption of the endothelium in the process [18]. The force for tissue migration is derived
from a novel process of cell motility that also powers cell invasion [19]. Within the lamina
propria, the parasite encounters leukocytes and can either invade these cells or enter directly
into the lymphatic and circulatory systems [18]. Early in infection, CD11c* and CD11b*
leukocytes in the gut are infected and CD11b* cells are involved in dissemination to distant
sites, including the brain [20]. Unlike some bacterial pathogens, there appears to be little
involvement of Peyer’s patches and dendritic cells that express the chemokine receptor
CCRG6 are not required for control of the infection [21]. Within the gut, important
contributions are made to innate immunity by epithelial cells, NK and NKT cells, and
intraepithelial enterocytes within the lamina propria, as reviewed previously [22]. Although
oral infection leads to a localized response that normal resolves without severe pathology,
following high dose infection, or in models that combine susceptible mice (C57BL/6) with
inflammatory parasite lineages (the type Il strain ME49), a severe form of ileitis results in
necrosis and death of the animal [23]. Gut pathology is driven by an overly aggressive type
1 response that ultimately leads to a breach of the intestinal barrier, triggering responses to
leakage of bacterial components from the lumen [24]. This may explain evidence that TLR2,
TLR4, and TLR9 are important in vivo, despite the fact that no strong parasite-derived
ligands have been identified for these receptors [25].
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Monocyte subsets and recruitment

Monocytes and macrophages can adopt a wide range of phenotypes, thus allowing fine
tuning of effector functions to local environments. Studies in the mouse model reveal that
inflammatory monocytes exit the bone marrow, circulate in the blood, and home to sites of
infection [26] (Fig. 1). These cells express the chemokine receptor CCR2 in addition to
CD11b and the granulocyte marker Grl [27] (Fig. 1). In contrast, tissue macrophages
express CX3CR1 but have low levels of CCR2 and Grl [27]. The granulocyte marker Grl
was originally characterized by mAb RB6-8C5,which later turned out to recognize both
Ly-6G (abundant on neutrophils but absent on monocytes) and Ly-6C (abundant on
monocytes, and also expressed at lower levels on neutrophils) [28]. Ly-6C* inflammatory
monocytes have been shown to be important in the control of Listeria in the spleen, where
they differentiae into TipDC cells that also express CD11c, produce TNF-a, and express
inducible nitric oxide synthase (iNOS) [29]. Inflammatory monocytes home in response to
monocyte chemo-attractant protein (MCP)-1 (CCL2) as well as several related chemokines.
Ccr2~/~ mice are unable to recruit inflammatory monocytes due to a failure of these cells to
exit the bone marrow and hence these mice are extremely susceptible to listeriosis [30]. This
surprising finding revealed that this chemokine-receptor pairing is needed for bone marrow
exit, rather than peripheral homing, suggesting that other signals control recruitment to the
site of infection. Ly-6C* monocytes have also been implicated in spread of Listeria to the
brain [31], mucosal responses to Salmonella in the mouse [32], control of rodent malarias in
the spleen [33], and development of experimental autoimmune encephalomyelitis [34].

Inflammatory monocytes control toxoplasmosis in mice

Needle inoculation of low virulence isolates of type Il strains of T. gondii into the peritoneal
cavity of mice results in rapid recruitment of inflammatory monocytes [35]. Infection with
the highly virulent type I RH strain induces recruitment of similar inflammatory monocytes,
as well as high numbers of neutrophils [35]. Monocyte recruitment relies in induction of
MCP-1 and to requires the chemokine receptor CCR2; in their absence mice rapidly
succumbed to nonlethal challenge with a normally avirulent strain of T. gondii [36].
Although this model bypasses the natural oral route of infection, it nonetheless provides
ready access to inflammatory monocytes elicited by infection and hence has been useful to
define the phenotype of these cells. Monocytes elicited by T. gondii infection express
CD11b, F4/80, CD68, CD115, and Gr1 but remain CD11c negative [35]. These cells are
equipped with several effector mechanisms including production of IL-12, secretion of
TNF-a, upregulation of MHC class 11, and induction of iNOS expression [35]. When
harvested and plated in vitro, inflammatory monocytes are also able to restrict the growth of
T. gondii, in part through production of nitric oxide (NO) [35]. Hence, they likely play an
important role in local control of parasite proliferation. Consistent with this, parasite levels
in the peritoneum and other tissues rise uncontrolled in Mcp-1~/~ or Ccr2~~ mice compared
to wild type mice [36]. Remarkably, this lack of parasite control exists despite normal levels
of systemic IL-12 and IFN-y. Thus, deficiency in inflammatory monocytes results in lack of
control of parasite replication rather than impacting the induction of Th1 cytokines. This
contrasts to the situation with ablation of dendritic cells using diptheria toxin under the
control of the CD11c promoter, which results in lower levels of IL-12 and hence reduced
IFN-y responses [10].

Oral challenge of Mcp-1~/~ or Ccr2~/~ mice with tissue cysts bearing bradyzoites of T.
gondii also reveals a profound defect in control of infection [21]. In this case, Gr1*
monocytes are recruited to the lamina propria of the small intestine villi, the site of primary
parasite infection [21]. Within the vllius, Gr1* monocytes lie directly beneath the basement
membrane where they encounter invading parasites that cross the epithelial layer. Gr1*
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monocytes in the gut express iNOS, secrete 1L-12, and produce TNF-a, mediators that have
been implicated in control of infection (Fig. 1). In their absence, parasite numbers are
unrestricted, resulting in extensive tissue damage, necrosis, and rapid death [21]. In the gut,
inflammatory monocytes express CD11b, F4/80 but fail to express CD11c, distinguishing
them from the above mentioned TipDC cells that are important in Listeria infection. In
contrast to the situation with wild type mice where neutrophil infux is minimal, large
numbers of neutrophils are recruited to sites of active parasite proliferation in the absence of
CCR2 [21]. Similar to the situation with Listeria, inflammatory monocytes fail to exit the
bone marrow in Ccr2~/~ mice, although their numbers are greatly upregulated following
infection (Fig. 1)[21]. Adoptive transfer of Grl* monocytes obtained from either the bone
marrow or the peritoneal cavity of mice separately challenged i.p. with T. gondi, results in
protection of Ccr2 ™~ mice [21]. Remarkably, Gr1* monocytes isolated from Ccr2 =/~ mice
also home to the site of infection and are protective when adoptively transferred [21], again
indicating a second signal is required for peripheral homing.

Other studies on the role of monocytes following oral challenge of T. gondii in Ccr2~/~ mice
found less impact of infection on intestinal pathology, presumably due to a lower virulence
challenge that leading less severe intestinal symptoms [37]. However, mice that survived
past the initial phase of infection went on to develop more severe infection in the central
nervous system (CNS) that lead to death within ~ 30 days [37]. Increased susceptibility in
these mice was not associated with decreased type 1 cytokine induction, but with failure to
upregulate iNOS expression in the CNS [37], suggesting a role for inflammatory monocytes
in systemic protecting against infection (Fig. 1). Collectively, these studies reveal an
essential role of Gr1* monocytes in protecting against microbial infection in the mucosa and
also in peripheral organs including immunological privileged sites such as the CNS.

Mechanisms of macrophage control

Although a variety of cytokines contribute to control of toxoplasmosis [1], the pivotal role of
IFN-y stems from its ability to activate a number of downstream effector mechanisms that
control stasis and killing of intracellular parasites. Induction of reactive oxygen
intermediates, NO production, and degradation of nutrients have been implicated in control
of T. gondii following IFN-y activation of cells [1]. Responsiveness to IFN-y is of critical
importance within monocytes/macrophages as shown by lineage specific expression of a
dominant negative receptor that blocks IFN-y signaling [38]. Recent studies indicate that in
the murine system, the primary mechanism of control is the immunity related GTPases
(IRGS) that are strongly upregulated in response to IFN-y [39]. The IRG protein family is
highly expanded in the mouse, but is more limited in other vertebrates and largely absent in
humans [40]. In the murine system, IRGs are essential for control of a variety of intracellular
pathogens including T. gondii [39]. IRGs cycle between GDP-bound non-active forms and
GTP-bound forms that oligomerize and are loaded onto pathogen-containing vacuoles [41].
This mechanism overcomes the fact that the parasite resides in a non-fusogenic vacuole that
normally lies outside the endosomal-lysosomal system and that fails to recruit host proteins
[19]. By a process that is not well understood, IRG proteins strip the vacuole membrane and
destroy the parasite with in the cytosol [42-44]. This extremely efficient mechanism is
responsible for removal of a majority of avirulent parasites, although virulent lineages are
remarkably resistant to clearance [45,46]. In activated macrophages, homeostasis of IRGs
depends on the autophagy protein Atg5 [47]. In the absence of Atg5, IRGs form aggregates
that are not recruited to the PV, leading to failure to clear intracellular parasites and
susceptibility to infection in vivo [47]. The precise molecular mechanism controlled by Atg5
is uncertain, however this pathway does not appear to involved classical macro-autophagy.
Direct digestion of parasite antigens within the cytosol could provide an explanation for the
potent TAP-dependent presentation of antigens via MHC class I [1].
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Role for neutrophils in pathology

A number of studies have documented the recruitment of neutrophils following infection
with T. gondii, however these responses are typically encountered with high doses of
parasites [48], using needle inoculation into sites that are not the normal route of infection
[49], or using highly virulent lineages that rapidly lead to death and which are not
effectively controlled by the immune system [50,51]. In contrast, nonlethal challenge by the
natural oral route leads to little influx of neutrophils into the lamina propria of the small
intestine, which is the primary site of initial infection [21]. Furthermore, despite evidence
that neutrophils produce IL-12 in response to T gondii [6,7], disruption of their recruitment
in CXCR2~/~ mice leads to reduced IFN-y and TNF-alevels, but only mild susceptibility to
acute infection in mice [52]. Hence, there has been some controversy about whether
neutrophil recruitment is beneficial or detrimental to the host. Initial attempts to address this
question utilized ablation treatments with mAb RB6-8C5 [53]; however, as mentioned
above this antibody reacts with both Ly-6C and Ly-6G and hence depletes both neutrophils
and monocytes [28]. In contrast, treatment with the Ly-6G specific mAB 1A8 selectively
ablates neutrophils in vivo [28]. Treatment of mice with mAb 1A8 revealed that selective
depletion of neutrophils has little effect in survival against T. gondii, while ablation of
neutrophils and monocytes has a profound effect [54]. This phenotype mimics that of
Ccr2~/~ mice where the lack of monocyte recruitment results in lack of parasite control.
Importantly, in the absence of inflammatory monocytes the ensuing pathology is associated
with high levels of neutrophil influx to the small intestine [54]. Hence, during primary
response to T. gondii infection, inflammatory monocytes are essential for control while
neutrophils are largely involved in adverse pathological events [21,54].

Conclusions and Future Directions

Inflammatory monocytes are recruited in response to T. gondii infection in the gut and there
they express antimicrobial activities important in control of infection. These include a potent
system for direct destruction of the intracellular vacuole via recruitment of IRG proteins.
Although the depletion of inflammatory monocytes in Ccr2~/~ mice is consistent with a
critical role of monocytes, these mice are also deficient in recruitment of mature T cells,
which can also contribute to mucosal pathology [55]. Hence, lineage specific depletion of
CCR2 would be extremely beneficial for separating these distinct roles. Myeloid depletion
of Atg5 has shown a role for this protein in recruitment of IRGs to the parasite-containing
vacuole, yet this has not been tested during the natural oral route of infection, nor have other
Atg gene products been examined. The process whereby Atg5 influences recruitment of
IRGs has also not been defined, although it almost certainly involves a non-autophagy
pathway. Finally the role of Ly-6C* monocytes in dissemination to distant cites such as the
brain, or the possibility that they contribute to heightened surveillance in the gut during
chronic infection, have yet to be addressed. Toxoplasmosis in the murine model offers an
excellent opportunity to define the role of these processes that are likely also important for
control of other enteric infections.
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Figure 1.

Trafficking of inflammatory monocytes during infection with T. gondii. Inflammatory
monocytes express Grl and a variety of monocyte lineage markers including CD11b, F4/80,
and CD68 [21]. They originate from myeloid precursors in the bone marrow and exit from
this site in response to circulating MCP-1 and related chemokines produced in response to
inflammation [56]. Exit from the bone marrow is blocked in Ccr2~/~ mice, which still
upregulate the number of Gr1* monocytes in response to infection [30]. Inflammatory
monocytes circulate in the blood and home to sites of inflammation where they upregulate
MHC Il ,and secrete IL-12 and TNF-a [21]. Production of NO by inflammatory monocytes
blocks replication of intracellular T. gondii [46]. In response to IFN-y, or T cells, moncytes
upregulate immunity related GTPases (IRGs), which are recruited to the parasite-containing
vacuole in a Atg5-dependent manner, resulting in clearance [47]. Inflammatory monocytes
may also contribute to control of infection following dissemination.
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