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Border maneuvers: deployment of mucosal
Immune defenses against 7Toxoplasma gondii
SB Cohen' and EY Denkers'

Toxoplasma gondii is a highly prevalent protozoan pathogen that is transmitted through oral ingestion of infectious
cysts. As such, mucosal immune defenses in the intestine constitute the first and arguably most important line of

resistance against the parasite. The response to infection is now understood to involve complex three-way interactions
between Toxoplasma, the mucosal immune system, and the host intestinal microbiota. Productive outcome of these
interactions ensures resolution of infection in the intestinal mucosa. Nonsuccessful outcome may resultin emergence of
proinflammatory damage that can spell death for the host. Here, we discuss new advances in our understanding of the
mechanisms underpinning these disparate outcomes, with particular reference to initiators, effectors, and regulators of

mucosal immunity stimulated by Toxoplasma in the intestine.

INTRODUCTION
The intestinal mucosa forms a dynamic arena in which
principles of tolerance and immunity are dramatically played
out throughout the host lifetime.'™ Effective responses
maintain homeostasis and protect from infection; however,
dysregulated immunity can lead to inability to control micro-
bial incursion and may lead to chronic inflammatory disease in
the gut mucosa and beyond.*™®

The structure of the intestine sets the landscape within which
these fundamentals of mucosal immunology are played out.
The intestinal mucosa is composed of a single layer of epithelial
cells with an embedded population of non-conventional intra-
epithelial lymphocytes. Underlying this, the lamina propria
(LP) contains diverse cell types responsible for defense against
invading pathogens, including T cells, macrophages, and
dendritic cells (DCs), as well as those that maintain tolerance
to commensal flora in the gut. Within the intestinal lumen itself,
the vast number of commensals (on the order of 10'* in humans,
with several thousand discrete species normally present) under-
scores the astounding ability to detect and respond to incoming
pathogens while simultaneously avoiding inappropriate reactions
to harmless or even beneficial occupants of the intestine. Studies
largely in mice with the orally acquired protozoan parasite
Toxoplasma gondii have served to illuminate these principles
and have contributed key insights into inflammation and
immunity in the intestinal mucosa during infection.

Toxoplasma is an exceedingly common parasite of humans
and animals, and it is estimated that 10-50% of the human
population are latently infected with the parasite worldwide.
The vast majority of cases are asymptomatic, but the parasite
may emerge as a life-threatening opportunistic pathogen in
immunodeficient hosts and during congenital infection.”
Infection is acquired by ingestion of tissue cysts or oocysts
shed by cats. Within the small intestine, T. gondii differentiates
into the fast replicating and disseminating form known as the
tachyzoite.® Invasion of host cells by tachyzoites results in
creation of a specialized parasitophorous vacuole within which
Toxoplasma replicates, eventually leading to egress and entry
into new host cells. Infection leads to spreading beyond the
intestinal mucosa and culminates in cyst formation within the
skeletal muscle and central nervous system tissues. Within the
latter tissue, toxoplasmic encephalitis may emerge as a life-
threatening disease in immunosuppressed patients. In the
feline intestine, the parasite undergoes sexual reproduction,
resulting in fecal shedding of highly infectious oocysts into
the environment. T. gondii is known for its ability to induce
a strongly polarized Thl response that is normally highly
effective in host protection but that can also spiral out of control
to cause host tissue damage and sometimes death.””'" Although
Toxoplasma spreads well beyond the borders of the intestinal
mucosa, it is within this tissue that the first encounter between
the parasite and host immune system occurs. As such, the
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mucosal immune response is the key to determine the outcome
of infection with this microbial pathogen.

EARLY MUCOSAL TARGETS OF INFECTION

In order to establish successful infection, Toxoplasma must
breach the intestinal epithelial layer, after which it must
disseminate and convert to the life-long latent form. Although
tachyzoites may directly invade intestinal epithelial cells,
in vitro studies employing polarized intestinal cell lines suggest
that the parasites use a more efficient transmigration mechan-
ism dependent on a paracellular pathway. This pathway
involves the manipulation of host cell intercellular cell adhesion
molecule-1 and occludin to pass through cellular tight
junctions.'>"? Interestingly, transmigratory capability seems
to be genetically controlled in Toxoplasma and is linked to
virulence of the parasite.'*"

Once through the epithelial barrier, T. gondii invades
numerous cell types within the small intestinal LP. Parasites
genetically engineered to express fluorescent markers were used
to identify infected LP cells after infection, where monocytes and
neutrophils were identified as the most frequently infected cells,
followed by macrophages and lymphocytes, whereas DCs
comprised a low percentage of the infected population.'®'” T.
gondii forms discrete foci of replication within the small intestinal
villi, and two recent studies provide unexpected evidence that this
occurs because the parasite travels in a retrograde manner
through the intestinal lumen rather than the tissue to establish
localized centers of infection. Interestingly, it also appears to be
the case that infected LP neutrophils may transmigrate into the
lumen to establish new infection foci.'®” A related role for
retrograde neutrophil transmigration in response to Toxoplasma
comes from a recent study showing that neutrophils emigrate into
the intestinal lumen shortly after infection to form structures that
encapsulate commensals, limiting their entry into the intestinal
mucosa that would otherwise occur.'®

DCs are well known for their capacity to take up soluble or
particulate antigen and migrate to regional lymphoid organs.
As such, they have also been proposed to be “Trojan horses™ for
parasite dissemination during oral and intraperitoneal infec-
tion."”*” Interestingly, DCs infected with T. gondii acquire a
hypermotility phenotype that is dependent upon parasite
exploitation of GABAergic signaling in the host cell.*"**
Adoptive transfer of infected DC results in faster parasite
dissemination and increased parasite burden compared with
the transfer of free parasites.”> However, it is yet to be
established that this phenomenon also operates in the intestinal
mucosa. Regardless, whereas some studies indicate that LP DCs
are not a major infection reservoir, they may nevertheless
contribute to dissemination of parasites from the mucosa into
regional lymph nodes and beyond.

ROLE OF MUCOSAL DCS IN INNATE IMMUNE INITIATION

Concomitant with early invasion in the intestinal mucosa, it is
essential for host resistance that interleukin (IL)-12 production
is initiated to ensure the production of protective interferon
(IFN)-v by natural killer (NK) cells and newly generated Th1 T
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lymphocytes. Several studies have characterized cellular sources
of IL-12 following oral T. gondii infection. Although in vitro
studies identify neutrophils, DCs, and inflammatory monocytes
as cells that produce IL-12 in response to T. gondii, the relative
role of these cells during in vivo infection is less clear.**>” While
polymorphonuclear leukocyte may be an important in vivo
source of IL-12 stimulating protective immunity, more current
data indicate that neutrophil recruitment to the intestine
contributes to small intestinal inflammatory pathology that is
triggered by Toxoplasma.”>*

DCs are implicated as a primary source of IL-12 based upon
intraperitoneal (IP) and oral infection studies using the
Cre-flox and diphtheria toxin systems, respectively, to delete
cells expressing CD11c, a marker associated with DC.*** In the
case of oral infection, ablation of CD11c ™" cells leads to elevated
parasite burden and loss of the CD4 " T-cell IFN-y response.
An important caveat in these studies is that CD11c can also be
expressed by inflammatory monocytes, which themselves are
observed to produce IL-12 during infection.”®**" Never-
theless, mice lacking Batf3, a transcription factor important for
differentiation of CD8o and tissue CD103 DC,**** are defective
in IL-12 production during Toxoplasma infection, providing
compelling evidence for these specific DC subsets as sources of
IL-12 during oral infection.>* Among these, CD103 DC may be
the prime IL-12 source in the intestinal mucosa, as a previous
study showed that intestinal CD8a ~, but not CD8a " DC,
express IL-12 following oral infection.>

A recent study employed diphtheria toxin to ablate cells
expressing a newly identified transcription factor zDC (Zbtb46,
Btbd4), which is exclusively expressed by conventional DC
subsets and not by monocytes or plasmacytoid DC.** Mice
that were ablated for these cells and then orally infected with
T. gondii failed to reach the same level of susceptibility and
reduced Thl activity as CD11c-depleted mice. This suggests
that non-conventional DC or other cells that express CDl11c,
possibly including inflammatory monocytes, may also con-
tribute to the establishment of protective immunity to
T. gondii.*® One scenario that seems particularly likely is that
resident CD103 © DCs in the intestine provide the initial burst
of IL-12, and this is followed by activation and recruitment of
inflammatory monocytes to the intestinal mucosa that might
further contribute to the IL-12 response during infection,
enabling optimal Th1 generation.

In addition to producing IL-12, mucosal DCs have been
shown to regulate T-cell responses following T. gondii infection
by production of the vitamin A metabolite retinoic acid (RA).
Production of RA by mucosal DC promotes tolerogenic
responses at steady state by acting in concert with transform-
ing growth factor beta to induce mucosal regulatory T cell
(Treg).3 638 As RA directly binds to T cells via RA receptor-o
and enhances T-cell receptor signaling,” more generalized
effects of RA on T cells are possible. Indeed, loss of RA receptor-
o signaling in the context of inflammation initiated by
Toxoplasma infection results in defective T-cell effector res-
ponses in the mucosal compartment and increased suscept-
ibility to the parasite.>

745



REVIEW

IMMUNE RECOGNITION

How T. gondii is detected by the immune system and the role of
Toll-like receptors (TLRs) in this lynchpin event has been the
subject of intense interest and investigation.**** Mice deficient
in MyD88 and IRAK4, the central mediators of TLR signaling,
are extremely susceptible to Toxoplasma infection.”>™*
Furthermore, deficiency in UNC93B, a chaperone protein
involved in trafficking intracellular TLR from the endoplasmic
reticulum to the endosomal compartment, results in complete
loss of resistance to T. gondii.*>*” These results together point
to intracellular TLR as being particularly important in immune
detection of Toxoplasma.

The tachyzoite protein profilin (TgPRF) serves as an IL-12-
inducing ligand for TLR11, which along with TLR3, 7, 8,9, and
12, is expressed intracellularly.*”*® More recently, it was found
that TgPRF also activates immunity through binding to
TLR12.*">" Current evidence indicates that TgPRF recogni-
tion by TLR11 or TLR12 homodimers or TLR11/12 hetero-
dimers is a major event in innate immune recognition
of Toxoplasma. Which particular TLR configuration takes
primary importance may depend upon the cell type involved
or the context of infection. Whereas this is an area that is yet to
be explored in detail, results in Tlr11 ~/~ mice indicate that
signaling mediated by this receptor plays a role in proin-
flammatory Crohn’s disease-like pathology in the intestine that
is triggered by high-dose infection.’

Tachyzoite profilin is a molecule that is required for cell
invasion.”® As a molecule essential for parasite survival, it
fulfills a basic requirement for a pathogen-associated molecular
pattern targeted for recognition by the immune system.> The
TgPRF protein is not actively secreted by Toxoplasma, and
TLR11/12 do not observably traffic to the parasitophorous
vacuole membrane. Therefore, it is most likely that recognition
at this level involves DC phagocytic uptake of dead parasites or
debris, and indeed there is evidence that most IL-12 is produced
by noninfected cells.”*

In addition to recognition of TgPRF by intracellular TLR,
parasite nucleic acid recognition by TLR3, 7, and 9 also
facilitates resistance to infection.*” Furthermore, TLR2 and
TLR4 recognition of parasite glycosylphosphatidylinositol
lipids at the cell surface may contribute to innate immune
activation, although conclusions from these studies rely mostly
on in vitro observations.”>>® Regardless, the sum of these data
strongly argues that several TLR, most prominently TLR11 and
TLR12, act in concert to signal recognition of T. gondii.
However, TLR11 and TLR12, while being expressed in rodents,
are absent in many species, including humans. In such cases,
TgPRF is most likely less important, and other parasite mole-
cules are likely to take the role of primary innate immunity
triggers. It is possible that parasite nucleic acids and glyco-
sylphosphatidylinositol lipids emerge as dominant TLR ligands
in these cases.

The secretory dense granule protein GRA15, a molecule
expressed in a parasite strain-dependent manner by low viru-
lence Toxoplasma, has been shown to trigger NFkB activation
and subsequent IL-12 production directly within infected
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cells.”” This is at odds with data indicating that Toxoplasma is
recognized at a distance by noninfected cells; however, some
studies do in fact indicate that IL-12 is produced by infected
cells.”® One recently proposed model that resolves the apparent
discrepancy is that IL-12 at earliest points of infection may be
produced by infected cells through GRA15. Later with the onset
of fulminant infection, TgPRF uptake and TLR stimulation in
noninfected cells provides the major source of IL-12.>°
Nevertheless, the strain specificity of GRA15 expression would
indicate that the cellular origins of IL-12 production must
depend upon the infecting Toxoplasma isolate.

LUMINAL BACTERIA AND TOXOPLASMA TOGETHER
CONTROL MUCOSAL IMMUNITY DURING INFECTION

Our understanding of innate immune recognition of
Toxoplasma has outpaced similar knowledge of other eukar-
yotic microorganisms. Nevertheless, it has become clear that
our understanding remains incomplete insofar as simultaneous
recognition of luminal gut flora must also be considered.
Commensal bacteria benefit the host by shaping mucosal
immunity under steady-state conditions; however, they also
cause inflammation under disequilibrium situations. In the
context of Toxoplasma in the intestine, the host microbiota has
similar roles.

Data pointing to the importance of the microbiota in oral
T. gondii infection come from several lines of evidence.
Following IP infection, TLR11 deficiency results in complete
loss of DC-derived IL-12 and the subsequent IFN-y response
upon systemic T. gondii infection, and mice fail to control the
infection, resulting in early mortality. However, these
responses, although diminished, are nevertheless retained in
the intestinal mucosa of TIr1l~’~ mice during mucosal
infection, which is in direct contrast to infection in MyD88 ~/~
animals. Furthermore, antibiotic treatment of Tlr11 '~
animals before T. gondii infection abolishes the remaining
IL-12 and Thl responses and increases susceptibility to oral
infection, demonstrating the importance of gut bacteria in
providing an immunostimulatory role in the absence of TgPRF
recognition.’® Thus, the gut commensal population acts as an
adjuvant facilitating development of an optimal protective
immune response to Toxoplasma.

It was recently shown that oral infection with T. gondii
directs an antigen-specific immune response not only against
the parasite but also against the microbiota itself. Through the
use of mice genetically engineered to express a T-cell receptor
specific for commensal-derived flagellin, Hand et al.®” showed
that a population of CD4" T cells induced by T. gondii
infection responds directly to bacterial flagellin through
proliferation and Thl differentiation. Surprisingly, the com-
mensal-specific T-cell population is comparable to that of the
parasite-specific cells both in size and behavior. Furthermore,
these flagellin-specific cells develop into functional memory
cells. T. gondii infection in the gut, therefore, seems to trigger
loss of tolerance to intestinal bacteria, possibly due to infection-
induced epithelial damage and consequent bacterial transloca-
tion. In turn, this results in T-cell priming against bacterial
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antigens; however, the bacteria also provide a source of PAMPs
that facilitates ignition of the protective Thl response against
Toxoplasma itself (Figure 1).

It is also clear that gut bacteria can exacerbate T. gondii
infection in a manner that is similar to that thought to occur in
inflammatory bowel disease pathogenesis.” High-dose oral
infection with T. gondiileads to an inflammatory bowel disease-
like phenotype in C57BL/6 mice, which is associated with
CD4 ™ T-cell infiltration and overexpression of proinflamma-
tory cytokines, including IFN-vy, IL-12, and TNF-a, as well as
IL-22 and possibly IL-17 (although this is controversial).®' "%
Additionally, T. gondii alters the composition of the gut
microbiota, resulting in a global reduction in bacterial diversity,
a switch from Gram-positive to Gram-negative bacteria, and an
expansion of adherent and invasive pathobionts that results in
translocation into the LP.®>%

It is clear that imbalances in the intestinal microbiota are a
cause of inflammation during T. gondii infection. For example,
administration of antibiotics before Toxoplasma infection
protects mice from parasite-induced ileitis, and gnotobiotic
mice are resistant to parasite-induced ileitis, confirming the
role of the microbiota in promoting intestinal lesions upon
T. gondii infection.”” Mice deficient for TLR4 display decreased
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Figure 1 Gut commensal bacteria serve as adjuvants and antigens for
Toxoplasma-triggered interleukin (IL)-12 and Th1 induction. (1) Gut-
resident CX3CR1 " macrophages or dendritic cells (DCs) continually
sample bacterial antigens from the intestinal lumen by extending dendrites
between epithelial cells. (2) Mucosal DCs may also sample bacteria that
have translocated to the LP as a result of Toxoplasma-mediated disruption
of the epithelial barrier associated with infection. This may occur during
parasite paracellular migration or by direct infection and lysis of epithelial
cells. (3) DCs acquire Toxoplasma antigen either by direct infection or by
uptake of parasite material. (4) Activated antigen-bearing DCs migrate to
the draining lymph node and produce IL-12, resulting in the activation of
Th1 cell populations specific for commensals and T. gondii itself.
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IFN-y and NO levels in the small intestine and are more
resistant to infection, most likely resulting from lost recognition
of bacterial TLR4 ligands.*® Furthermore, antibiotic treatment
of recipient mice protects against ileitis induced by adoptive
transfer of pathogenic LP CD4" T cells and intraepithelial
lymphocytes (IELs) from Toxoplasma-infected animals.®”
These collective studies emphasize the dual potential role of
luminal microbiota in stimulating protective immunity
with low-dose parasite inocula versus switching to driving
an inflammatory cytokine storm that surrounds high-dose
infection.

The precise trigger provided by T. gondii that results in loss of
tolerance to gut flora and intestinal dysbiosis has remained
enigmatic; however, recent studies suggest that parasite effects
on Paneth cells may be the key to pathogenesis. Paneth cells are
specialized epithelial cells located in intestinal crypts, and they
secrete antimicrobial peptides such as defensins into the
intestinal lumen.”” One study found that, early after oral
infection, Paneth cells degranulate in a TLR9-dependent
manner, resulting in the release of antimicrobial Criptidins
that somehow promote optimal Th1 responses to the parasite.”!
More directly related to the onset of inflammation, it was
recently found that Toxoplasma infection causes loss of Paneth
cells, an event that in turn leads to dysbiosis and fulminant
pathology.”> Interestingly, germ-free mice infected with
T. gondii retain Paneth cells, although they are again eliminated
upon the addition of Enterobacteriaceae, but not Bacteroides.
This suggests that Paneth cell loss is dependent on the
combined effect of the parasite and Protoeobacteria that emerge
as dominant species during intestinal inflammation. Loss of
Paneth cells is dependent on CD4 " T-cell IFN-y production
via T-cell-intrinsic MyD88 signaling, as Lck-Cre Myd88™" mice
phenocopy Myd88~/~ animals, which display unaltered
Paneth cells and antimicrobial peptide expression.”> Thus,
this study provides a model to understand how Toxoplasma
triggers inflammation-mediated dysbiosis in the intestine.
Early IL-12-dependent induction of Thl cells specific for
Toxoplasma and intestinal flora causes IFN-y-dependent
Paneth cell depletion. In turn, loss of a major source of
antimicrobial peptides in the small intestine results in over-
growth of pathobionts associated with dysbiosis and associated
inflammatory lesions (Figure 2). This has particular relevance
for understanding ileal Crohn’s pathogenesis because
independent studies have implicated dysfunctional Paneth
cell responses as underlying onset of disease.””

ROLE OF INFLAMMATORY MONOCYTES IN THE INTESTINAL
MUCOSA

Whereas inflammatory monocytes may be a significant IL-12
source during T. gondii infection, their more important
function is most likely as chemokine receptor CCR2-dependent
microbicidal effector cells.”* Pioneering studies demonstrated
the importance of similar cells in defense against Listeria
monocytogenes in the spleen.”” Subsequently, CCR2-dependent
recruitment of these cells into the intestinal mucosa of
Toxoplasma-infected mice was found to control parasite
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Figure 2 Control of infection and emergence of dysbiosis during
Toxoplasmainfection. (1) interferon (IFN)-y produced by Th1 lymphocytes
and natural killer (NK) cells (not shown) induces killing of parasites and
resolution of infection. The degree to which parasite- and commensal-
specific T cells (denoted in yellow and green) contribute to killing is
presently unclear. (2) During emergence of dysbiosis, infection-induced
IFN-y promotes Paneth cell elimination. Normally, these cells secrete
antimicrobial peptides (AMPs) into the intestinal lumen to maintain
homeostatic levels of commensal populations, including the healthy
Gram-positive Bacteroides (shown in yellow). (3) Expansion of pathogenic
Gram-negative Enterobacteriaceae (shown in red), which adhere to the
epithelium, cause barrier damage, and invade the intestinal mucosa, is
caused by loss of Paneth cell-dependent AMP. (4) Damage may be further
exacerbated by the continued proinflammatory activity of Th1 effectors
responding to bacteria and parasite antigen.

replication.”’ Rather than controlling migration to the inflamed
intestinal LP, CCR2 appears to be necessary for exit from the
bone marrow.”® The recruitment of inflammatory monocytes
into the intestine now appears to be mediated by a CCL3/CCR1
axis,”” a finding that confirms older studies showing a
requirement for CCR1 in control of infection.”® Thus, LP
IL-15-dependent NKp46 * innate lymphoid cells activated by
infection-induced IL-18 produce CCL3 that in turn chemoat-
tracts CCR1-positive inflammatory monocytes to the intestinal
mucosa (Figure 3).

Inflammatory monocytes must be activated by IFN-y to
acquire effector function. In an IP infection model, NK cells
may provide this critical source;”” however, our recent studies
further identified Th1 T cells, recruited to the site of infection in
dependence upon expression of CXCR3, as an important
source of this cytokine in this capacity.”® Thus, we propose an
intricate chemokine network surrounding Toxoplasma in the
intestine, in which CCR1/CCL3 recruits CCR2-dependent
monocytes, whereas, approximately simultaneously, Thl
effector cells are recruited through CXCR3 to affect
optimal inflammatory monocyte activation for parasite control
(Figure 3).
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Figure 3 Chemokine network surrounding inflammatory monocyte
recruitment and activation during T. gondii infection. (1) Upon intestinal
infection, non-hematopoietic cells, such as epithelial cells, are induced to
secrete cytokines interleukin (IL)-18 and IL-15, resulting in activation and
maturation of NKp46 + innate-like lymphocytes. (2) Concurrently,
monocytes are recruited from the bone marrow to the bloodstream in
dependence upon CCR2. (3) In the intestinal LP, activated, innate-like
lymphocytes secrete chemokines, such as CCL3. (4) Recruitment of
monocytes expressing CCR1, a receptor for CCL3, promotes
accumulation in the intestinal LP. (5) Local production of interferon (IFN)-
v-inducible chemokines following T. gondii infection recruits CXCR3-
expressing Th1 cells presumably from the mesenteric lymph node (MLN).
(6) High-level secretion of IFN-y by CXCR3-positive CD4 T cells activates
LP inflammatory monocytes, resulting in upregulated antimicrobicidal
effector function and enabling control of the parasite.

It is not yet clear how inflammatory monocytes within the
intestine kill parasites. The cells were first defined based, in part,
on their ability to express inducible nitric oxide synthase and
produce the microbicidal molecule nitric oxide.”**" However,
because inducible nitric oxide synthase-deficient mice survive
acute infection (in contrast to Ifny ~/~ mice),*"** this killing
mechanism is unlikely. Instead, it is more likely that immunity-
related GTPase (IRG) proteins are the key to parasite killing.
IRG effector molecules are strongly induced by IFN-y, and
recent data show that they accumulate on the parasitophorous
vacuole membrane to mediate its destruction, thereby depriv-
ing the parasite of its essential intracellular niche.*>"*
Nevertheless, IRG studies have mostly employed in vitro
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infection systems, and while some IRG knockout mice are
indeed increased in susceptibility during oral infection,®”
formal data demonstrating a requirement for this activity in
mucosal inflammatory monocyte killing are lacking. There is
also emerging evidence that members of the p65 guanylate-
binding protein family have a role in parasite killing, although
their contribution to killing in the intestinal mucosa has not yet
been determined.®®

A more complex view of inflammatory monocytes comes
from a recent study indicating immunoregulatory properties in
response to Toxoplasma.®® Thus, these cells acquire a tissue-
specific regulatory phenotype that is dependent upon com-
mensals in the gut. This property is associated with production
of the lipid mediator prostaglandin E2, a molecule known to
have immunoregulatory functions in the intestinal mucosa.”
In turn, prostaglandin E2 inhibits activation of neutrophils that
also accumulate in the intestinal LP during T. gondii infection.
In the absence of CCR2-dependent inflammatory monocyte
recruitment, neutrophil activation and concomitant release of
factors, such as TNF-o and reactive oxygen species, result in
emergence of intestinal lesions. Thus, inflammatory monocytes
recruited to the intestine possess the dual properties of
controlling parasite growth and downmodulating polymor-
phonuclear leukocyte-mediated intestinal pathology.

INTRAEPITHELIAL LYMPHOCYTE FUNCTION DURING
TOXOPLASMA INFECTION
IEL constitute a complex population of T cells embedded within
the intestinal epithelium. They are normally present at
approximately one per 10 epithelial cells, although this can
vary considerably depending upon inflammation and infection.
In mice, the majority of IELs express either CD8af or CD8aot
and, among the latter, a large proportion expresses the yd rather
than off T-cell receptor. The origin, antigen specificity, major
histocompatibility complex restriction, and function of these
cells are complex and not well understood.’! Nevertheless,
growing evidence suggests that under normal conditions these
cells serve as important regulators of homeostasis, and
dysregulation in the IEL compartment contributes to pathology
associated with human inflammatory bowel disease.””

During T. gondii infection, intestinal epithelial tight junction
proteins are abnormally affected and barrier function is
compromised, resulting in decreased control of parasite
spread.” Others have shown that CD8uf IEL isolated from
T. gondii-infected mice produce IFN-y and are capable of
cytolytic function against infected enterocytes in vitro.”* When
adoptively transferred, these IELs traffic to the small intestinal
mucosa in dependence upon CCR5 and provide protection
against challenge infection.””®” Perhaps most interestingly,
IFN-v is required in recipient animals but not donor IEL
themselves.”®

Populations within the IEL compartment also functionally
interact with CD4 " T cells in the LP. For example, CD4 " T
lymphocytes somehow interact with infected epithelial cells to
promote proinflammatory cytokine production.”” CD8af IELs
downregulate this activity in dependence upon transforming
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growth factor beta production, suggesting that they have a role
in protecting against inflammation in the intestine.”>'*
Nevertheless, within the IEL population as a whole is embedded
the potential to contribute to inflammatory pathology during
infection."’ During high-dose infection in C57BL/6 mice, of}
T-cell receptor CD8a IELs mediate damage that is dependent
upon their expression of CCR2.'°! The pathogenic IEL
population that emerges under inflammatory conditions does
not function alone, but instead requires LP-derived CD4 T cells
for fulminant pathology.®” In this situation, IELs have a role in
recruiting CD4" T lymphocytes into the intraepithelial
compartment, providing a mechanistic scenario for the original
observation that CD4" T cells are required for parasite-
mediated ileal damage.'%” Taken together, these data indicate
that under low-dose inocula, IELs seem to be important
immunoregulatory cells that prevent the onset of intestinal
pathology and may even contribute to control of infection.
However, under high-dose conditions, these cells switch to a
dysregulated proinflammatory phenotype that contributes to
lesion development in the small intestine. Whether this reflects
actual switching in the function of a single IEL population or
instead results from the changing dominance of one IEL
population over another is not at present understood.
Furthermore, while the gut microbiota is required for the
pathogenic effects of IEL, little is known about how the
intestinal flora interact and drive the function of these cells.

TOXOPLASMA CONTROLS THE FATE OF INTESTINAL TREG
Within the intestinal mucosa resides a large population of
FoxP3 " Tregs composed of steady-state cells (nTregs) and cells
induced by infection or inflammation. Recent data suggest that
Treg induced by infection express T-bet and depend upon
IFN-v in the periphery and IL-27 at mucosal sites.'* Tregs are
well known to be important in quelling inflammation and
maintaining tolerance in the intestine, in large part, through the
production of anti-inflammatory IL-10.'"* During Toxoplasma
infection, IL-10 clearly has an important role as II-10~/~ mice
rapidly succumb due to proinflammatory cytokine over-
production.'® Within the context of oral infection, suscept-
ibility due to IL-10 loss is associated with emergence of Crohn’s
like pathology in the small intestine.'*®

During lethal oral infection, Foxp3 ™ Tregs in the intestine
express IL-10 and they co-express IFN-y and T-bet.
Nevertheless, the intestinal Treg population collapses in size
with the emergence of inflammatory pathology.'”” This was
shown to be due to expansion of pathogen-specific T cells with
limited IL-2-producing capacity, leading to the cytokine
starvation of Treg.'”® Thus, reversal of this collapse was
accomplished by the addition of recombinant IL-2/anti-IL-2
complexes, resulting in fewer effector T-cell populations and
ameliorated pathology. Importantly, the collapse in the Treg
population is not restricted to a lethal Toxoplasma dose, as a
similar loss in Treg occurs under low-dose non-lethal parasite
infection (our unpublished observations and Benson et al.'*®).
Indeed, it is tempting to speculate that emergence of
microbiota-specific T cells associated with Toxoplasma
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infection is enabled by extinguishing tolerogenic Treg in the
intestine.

If Treg disappearance in the intestine is a characteristic of
Toxoplasma infection, what is the source of IL-10 that protects
against immune-mediated disease? First, it is possible that
sufficient numbers of Treg are maintained during nonlethal
infection to provide protective IL-10. Second, it is possible that
other cell types provide IL-10. The finding that CD4* T-cell-
derived IL-10 is necessary to prevent immunopathology during
oral T. gondii infection does not distinguish between conven-
tional CD4 * T lymphocytes and Treg cells.'® However, in an
IP infection model it was indeed found that IFN-y-producing
Th cells switch to IL-10 production as infection progresses.' '’
Other studies have implicated NK cells as well as NKT cells as
significant IL-10 sources during Toxoplasma infection.'"'"?
Clearly, more work is required to resolve these issues.

CONCLUSIONS AND FUTURE DIRECTIONS

Our knowledge of the mucosal immune responses that are
galvanized into action by Toxoplasma and other microbial
pathogens has expanded greatly in recent years. Yet, there is still
much that remains unknown. We do not fully understand how
cells of the mucosal immune system successfully integrate
signals received simultaneously from microbial pathogens and
commensal microbiota during infection, nor do we understand
the breakdown in tolerance that leads to dysbiosis in the
intestine. Knowledge gained through use of experimental
models such as Toxoplasma will lead to new ways of
understanding as well as treating infection and inflammation
at the borders of the intestinal mucosa.
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