
Eimeria falciformis infection of the mouse caecum
identifies opposing roles of IFNg-regulated host
pathways for the parasite development
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Intracellular parasites reprogramhost functions for their survival and reproduction. Theextent and relevanceofparasite-

mediated host responses in vivo remains poorly studied, however. We utilized Eimeria falciformis, a parasite infecting

themouse intestinal epithelium, to identify and validate host determinants of parasite infection. Most prominentmouse

genes induced during the onset of asexual and sexual growth of parasite comprise interferon c (IFNc)-regulated factors,

e.g., immunity-related GTPases (IRGA6/B6/D/M2/M3), guanylate-binding proteins (GBP2/3/5/6/8), chemokines

(CxCL9-11), and several enzymes of the kynurenine pathway including indoleamine 2,3-dioxygenase 1 (IDO1). These

results indicated a multifarious innate defense (tryptophan catabolism, IRG, GBP, and chemokine signaling), and a

consequential adaptive immune response (chemokine-cytokine signaling and lymphocyte recruitment). The

inflammation- and immunity-associated transcripts were increased during the course of infection, following influx of B

cells, Tcells, andmacrophages to theparasitizedcaecumtissue.Consistently, parasitegrowthwasenhanced in animals

inhibited forCxCr3, amajor receptor forCxCL9-11presenton immunecells. Interestingly, despite aprominent induction,

mouse IRGB6 failed to bind and disrupt the parasitophorous vacuole, implying an immune evasion by E. falciformis.

Furthermore, oocyst output was impaired in IFNc-R� /� and IDO1� /� mice, both of which suggest a subversion of IFNc
signaling by the parasite to promote its growth.

INTRODUCTION

The protozoan phylum Apicomplexa consists of about 5,000
parasite species ofmedical and veterinary importance, nearly all
of which are obligate intracellular pathogens of diverse host cell
types.1 The most prominent genera include Toxoplasma,
Plasmodium, Eimeria, Cryptosporidium, and Theileria. A
successful parasite infection necessitates a reprogramming
of host-cell processes, such as cytoskeleton remodeling,
metabolism, anti-microbial defense, inflammation, apoptosis,
and cell cycle. Such changes are often preceded by an adaptive
and subversive modulation of the host transcriptome in
response to infection. DNA microarrays have proven excellent
tools to examine gene expression on a genomic scale.2 Several
studies employing this method have shaped our knowledge of
host manipulation by apicomplexan parasites.3–7 Most of the
research thus far has been performed using parasite cultures,

however.3,6,8 There are few reports on ex vivo transcriptomics,
but such work has used whole organs, tissues, or cells not
serving as host to the parasite.5,7,9,10 Others have made use of a
non-model host organism, namely chickens.11–13 Therefore,
identification of host-cell pathways and proteins modulated by
infection in vivo and their physiological significance for parasite
development remain very much underappreciated.

The outcomeof an in vivo infection by an intracellular parasite
depends on a sequence of events, such as pathogen–host interac-
tions within the parasitized cell, cell-to-cell signaling, and the
ensuing immune response. Infection-mediated signaling initi-
ates the production of several chemokines and cytokines, which
leads to a coordinated immune response against the pathogen.
Interferon g (IFNg) is a key protective cytokine secreted by
diverse cell types, which overarches innate and adaptive immune
responses. For example, IFNg stimulates the expression of IRG
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and GBP, defending against various microorganisms including
parasites.14–21 Likewise, IFNg induces degradation of tryptophan
via the kynurenine pathway to inhibit the growth of auxotrophic
pathogens.22–25 Further, IFNg activates the transcription of
various genes via JAK-STAT signaling including, but not limited
to, the production of chemokines, cytokines, and reactive
oxygen/nitrogen species.26 Consequently, the production of
IFNg is considered as pivotal for triggering effector mechanisms
against Toxoplasma gondii,27,28 Cryptosporidium,29,30 Plasmo-
dium,31,32 and Eimeria33–35 infections.

The above-mentioned findings advocate a defensive role of
IFNg, which is largely in the favor of the host. It is not surprising,
however, that apicomplexan parasites have instrumented
multiple strategies to co-opt, exploit, or even subvert host
signaling for their own benefits in the process of coevolution
with their respective hosts. For instance, a number of different
laboratories have demonstrated the ability of certain T. gondii
strains to subvert and inactivate the IFNg-inducible IRG and
GBP system in the mouse.20,36–39 We have recently shown that
E. falciformis co-opts the expression of a rate-limiting enzyme
(IDO1) of tryptophan catabolism in the mouse.40 Notably, the
use of a rodent host has been indispensable to examine the two
facets of parasite–host interplay. In particular, E. falciformis, a
host, tissue, and cell-specificmonoxenous parasite of themurine
caecum epithelial cells has proven valuable to explore immune
and metabolic responses in the parasitized tissue.40–42 This
study aimed at identifying and validating host determinants of
the parasite infection at various cellular levels using theEimeria-
mouse mode.

RESULTS

Eimeria induces a significant modulation of mouse genes
during early and late infection

To perform an ex vivo gene expression analysis, we first isolated
parasitized caecum epithelial cells from mice infected with E.
falciformis at two distinct time points of 24 and 144 h, which
coincide with the onset of asexual and sexual development,
respectively. An assessment of the sample purity by flow
cytometry showed a substantial proportion of epithelial cells
(UEAþ ) accounting for 80–90% of the total cell number
(Supplementary Figure S1A online). Immune cells (CD45þ )
comprised a minor 10–20% fraction. Similar results were
achieved by qPCR, where EPCAM transcript appeared about
five cycles earlier than CD45, which indicated a much higher
abundance of epithelial cells over immune cells
(Supplementary Figure S1B). Total RNA was isolated and
subjected to expression analyses using whole-genome mouse
microarray chips (Supplementary Figure S1C). Three
independent infections with different oocyst batches were
performed to obtain a set of most reliable genes modulated
during in vivo infection. Normalized expression levels and
expression differences for individual probes were consistent
over a dynamic range in the three arrays as apparent by
their symmetrical distribution along the base line expression
(not shown). Heat maps of the transcriptomes confirmed
reproducible differential expression of the majority of genes in

all parasitized samples (Figure 1a). They also indicated a
predominant upregulation over downregulation of host genes,
particularly during late infection.

Only genes modulated Z1.5-fold and qualifying for
significance in two different procedures were considered for
downstream analyses. An aggregate consensus of 149 and 1,932
transcripts was regulated during early and late infection
(Figure 1b). Further analyses revealed distinct modulation
of mouse genes during the two infection phases. A set of 17 and
1,062 mouse genes was upregulated exclusively at 24 and 144 h
post infection, respectively (Figure 1b). The numbers of
distinctly downregulated transcripts were also equally
noteworthy (9 vs. 747 genes in early and late infection). In
total, 123 genes were differentially regulated during the entire
infection period, of which 117 were induced and 6 were
repressed. As apparent, the host response was more prominent
144 h post infection and the ratio of induced vs. repressed genes
changed from 9 to 1.6 from early to late infection. Taken
together, these results demonstrate that a notable fraction of the
mouse genome (up to 10%) is modulated in response to
intestinal infection with an intracellular pathogen.

IFNc signaling is the most prominently induced pathway
during Eimeria infection

Ingenuity Pathway Analyses (Ingenuity Systems, Redwood
City, CA) identified the major processes significantly altered
during the parasite infection, which included cellular devel-
opment, growth, proliferation, movement, maintenance, mor-
phology, death, and signaling (Supplementary Figure S2A).
The gene regulation was more prominent 144 h post infection.
Likewise, we also noted an appreciably high transcriptional
response associated with metabolism (Supplementary Figure
S2B) and immunity (see below, Figure 5c) during advanced
infection. The major metabolic processes affected belong to
molecular transport, as well as lipid, amino acid, vitamin, and
mineral metabolism. It is noticeable that most gene categories,
albeit amplified from the early to late infection, were conserved
throughout infection. Importantly, a majority of the genes
highly induced in response to parasite infection are regulated by
IFNg (Table 1; Supplementary Figures S3 and S4).

IFNg signaling was apparent within 24 h of infection, and
nearly all genes in the network showed an induction
(Supplementary Figure S3). The cytokine-regulated network
was more notably induced during late infection, and a few genes
also exhibited a downregulation (Supplementary Figure S4).
Table 1 summarizes the most upregulated genes after 24 and
144 h of infection. Interestingly, 17 of the 20 most upregulated
genes early during infection are regulated by IFNg. The number
is equally impressive at the later time point (15 of the 20 genes).
Some of these genes are IRGs (IRGA6, B6, D, M2, M3), GBPs
(GBP2, 3, 5, 6, 8), chemokines (CxCL9, 10, CCL4), and IDO1.
In contrast, only one IFNg-regulated gene (FHL1) was
downregulated (Table 2). Lipid metabolism and molecular
transport categories were particularly enriched among the most
repressed genes (Table 2; Supplementary Figure S2B). In brief,
the abovedata indicated ahost response rising in intensity during
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the course of infection, and suggested a key role of IFNg-
mediated signaling in Eimeria-infected mice.

Eimeria development is impaired in IFNc-R� /� and
IDO1� /� mice

IDO1 is the first and rate-limiting enzyme of tryptophan
catabolism and it is potently induced by IFNg.43,44 We have
shown that an induced expression of mouse IDO1 promotes the
development of E. falciformis.40 To examine whether IFNg
signaling is required for induction of IDO1 in Eimeria-infected
animals, we performed immunohistochemical staining using
wild-type and IFNg-R� /� mice (Figure 2a). The parental mice
showed a marked IDO1 expression in the epithelial cells of the
caecum of parasitized host, whereas no staining was detectable in
the uninfected controls. The protein expression was confined to
the epithelial cells serving as host cells for the parasite. IDO1

staining was completely absent in infected or naı̈ve transgenic
animals lacking their IFNg receptor. Next, we tested the parasite’s
growth in IFNg-R� /� and IDO1� /� mice. The IFNg-R-ablated
animals shed a reduced amount of oocysts throughout the patent
period from day 7 to 14, when compared with the parental mice
(Figure 2b). Total oocyst output was decreased by 40% in mice
disrupted for IFNg-R signaling, which correlated well with the
impaired development in IDO1� /� animals (Figure 2c). In
brief, these results show that mouse IDO1 is induced by Eimeria
infection in an IFNg-dependent manner, and that the absence of
IDO1 or of IFNg signaling impairs parasite growth in vivo.

Eimeria induces tryptophan catabolism in the parasitized
mouse

The aforesaid results motivated us to examine the expres-
sion of downstream enzymes of tryptophan catabolism in

Figure 1 A notable number of themouse genes aremodulated in response to early and late infection withEimeria falciformis. (a) Heat maps illustrating
fold changes of mouse genes induced (red gradient) or repressed (green gradient) following the parasite infection in three biologically independent
assays. Genes are ordered based on their hierarchical clustering (dendrogram not shown); columns as shown are not clustered. Significance of the
observed difference over the three biological replicates for early (24 h p.i.) and late (144 h p.i.) time points are given in the right panel. Total RNA isolated
from Eimeria-infected or uninfected mice was subjected to gene expression analyses. (b) Venn diagram depicting the number of aggregate consensus
mouse transcripts from the three assays shown in (a). Significance of regulation was determined by two independent statistical analyses (seeMethods).
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Eimeria-infected mice. To this end, we isolated parasitized
samples throughout the course of infection (d1–d7), and
quantified the transcript expression of all major enzyme
isoforms (Figure 3a). Interestingly, the second isoform of IDO
(IDO2) was upregulated by about 35-fold on day 1, and
sustained its induced expression until the end of infection on
day 7 (Figure 3a). Likewise, transcripts of other pathway

enzymes, e.g., kynurenine aminotransferase (KAT), kynure-
ninase (KU), kynurenine 3-hydroxylase (K3H), glutamate
oxaloacetate transaminase (GOT), and 3-hydroxyanthranilate
dioxygenase (HAD) were upregulated within the first day of
infection and remained evidently induced throughout the
parasite infection. Some of these enzymes (IDO2, KU, K3H,
and GOT) were also induced in microarray studies (Table 3).

Table 1 Mouse genes upregulated by Eimeria falciformis during early and late infection

Symbol Gene name
Fold changea

(±s.e.m.) Biological classificationb
IFNc

regulationc

24 h post infection

IRGA6 Interferon inducible GTPase 1 73.1±35.4 Cell signaling Yes

CXCL10 Chemokine (CXC motif) ligand 10 48.1±5.6 Cell-to-cell signaling and interaction Yes

IDO1 Indoleamine 2,3-dioxygenase 1 34.8±5.5 Inflammatory response Yes

IRGB6 T cell-specific GTPase 1 32.1±2.7 Cell signaling Yes

IRGM3 Interferon gamma induced GTPase 20.8±2.5 Cell signaling Yes

GBP2 Guanylate-binding protein 2 17.7±3.5 Cell-to-cell signaling and interaction Yes

CXCL9 Chemokine (CXC motif) ligand 9 17.3±3.3 Cell-to-cell signaling and interaction Yes

GBP3 Guanylate-binding protein 3 21.9±5.5 Cell signaling Yes

GBP6 Guanylate-binding protein 6 19.5±4.1 Cell signaling Yes

CXCL11 Chemokine (CXC motif) ligand 11 16.0±1.3 Cell-to-cell signaling and interaction Yes

SOCS1 Suppressor of cytokine signaling 1 15.8±1.2 Cellular growth and proliferation Yes

C2TA Class II transactivator 12.1±1.2 Gene expression Yes

IRGM2 Interferon inducible GTPase 2 10.0±0.6 Cell signaling Yes

IFNG Interferon gamma 9.3±1.9 Inflammatory response Yes

GBP5 Guanylate-binding protein 5 8.2±1.7 Inflammatory response Yes

STAT1 Signal transducer and activator of transcription 1 8.2±0.8 Gene expression Yes

IRGD Interferon gamma inducible protein 47 7.3±0.7 Inflammatory response Yes

IL18BP Interleukin 18 binding protein 7.2±0.6 Inflammatory response —

PSMB9 Proteasomal subunit, beta type 9 (large multifunctional peptidase 2) 6.8±0.5 Cell-to-cell signaling and interaction —

CD274 CD 274 antigen 6.6±0.4 Inflammatory response —

144 h post infection

IFI202B Interferon activated gene 202B 147.4±60.0 Cellular growth and proliferation Yes

CLEC7A C-type lectin domain family 7, member A 83.5±3.1 Cell signaling —

CXCL10 Chemokine (CXC motif) ligand 10 70.0±37.5 Cell-to-cell signaling and interaction Yes

CCL4 Chemokine (CC motif) ligand 4 61.3±18.5 Cellular movement Yes

SPP1 Secreted phosphoprotein 1 59.8±23.6 Inflammatory response Yes

IRGA6 Interferon inducible GTPase 1 59.5±30.3 Cell signaling Yes

GBP8 Guanylate-binding protein 8 38.5±4.7 Cell signaling Yes

IDO1 Indoleamine 2,3-dioxygenase 1 37.1±11.4 Inflammatory response Yes

GBP3 Guanylate-binding protein 3 29.0±7.1 Cell signaling Yes

MS6A6B Membrane-spanning 4-domains, subfamily A, member 6B 29.1±8.7 Inflammatory response —

CCL8 Chemokine (CC motif) ligand 8 27.9±7.7 Cellular movement Yes

IFNG Interferon gamma 25.5±10.3 Inflammatory response Yes

VIM Vimentin 25.4±4.9 Cell-to-cell signaling and interaction —

EGR2 Early growth response 2 24.6±6.8 Cellular growth and proliferation Yes

IFI204 Interferon activated gene 204 23.4±3.1 Cellular growth and proliferation Yes

IRGB6 T cell-specific GTPase 1 23.3±4.7 Cell signaling Yes

IRGM3 Interferon gamma induced GTPase 22.8±5.5 Cell signaling Yes

IL1B Interleukin 1 beta 22.1±3.6 Inflammatory response Yes

CCL24 Chemokine (CC motif) ligand 24 21.8±4.7 Cell-to-cell signaling and interaction —

FCGR2B Fc receptor, IgG, low affinity IIb 21.6±2.3 Inflammatory response —

Abbreviation: IFNg, interferon g.
aFold change is adjusted to the nearest decimal point.
bBiological classifications are based on Ingenuity Pathway Analyses.
cRegulation by IFNg is based on www.interferome.org and literature searches.
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These results are indicative of an enhanced tryptophan
catabolism in the parasitized animals.

To test the importance of the kynurenine pathway for
Eimeria growth, we used a variety of inhibitors (1-MT, Ro61-
8048, and S-ESBA) with proven efficacy against the enzymes of
the kynurenine pathway (IDO, K3H, and KAT) in the
mouse.45–47 Interestingly, we found a significant impairment
in the oocyst output of animals receiving 1-MT, Ro61-8048,
and S-ESBA, which inhibit IDO, K3H, and KAT activity,
respectively (Figure 3b).40 In conclusion, the data show that
tryptophan catabolism is required for an efficient development
of E. falciformis in the mouse.

Eimeria evades the recruitment of host IRGB6 onto its
vacuole

The IFNg-regulated signaling network identified a set of IRGs
and GBPs (Table 1; Supplementary Figures S3 and S4). IRG
proteins are induced by IFNg and constitute an important part

of murine innate defense mechanisms against intracellular
pathogens includingT. gondii.14–21,48 Expression levels of several
members of the IRG family, such as IRGM2-M3, IRGA6, IRGB6,
and IRGD,were highly induced inEimeria-infected animals. The
upregulated GBP family included GBP2, GBP3, GBP5, GBP6,
and GBP8. To deduce the impact of these proteins during
Eimeria infection, we first quantified the expression of selected
members by qPCR and microarray methods (Table 3). Both
GBP2 and GBP3 were induced upon 24h as well as 144 h post
infection. Likewise, IRGM3 and IRGB6 were substantially
upregulated at both time points of infection.

It has been shown that members of the IRG family including
IRGB6 are recruited onto the vacuole of type II strain of
T. gondii, and participate in subsequent disruption of the
vacuolar membrane.14 In contrast, type I strain of T. gondii can
phosphorylate and inactivate the host IRG proteins resulting in
a failure to recognize the vacuole and increased parasite
survival.38 To deduce whether IRGB6 has a role in

Table 2 Mouse genes downregulated by Eimeria falciformis during early and late infection

Symbol Gene name
Fold changea

(±s.e.m.) Biological classificationb
IFNc

regulationc

24h post infection

CLDN8 Claudin 8 �3.4±0.8 Cell morphology —

GPAM Glycerol-3-phosphate acyltransferase,
mitochondrial

�2.7±0.9 Lipid metabolism —

ACSL1 Acyl-CoA synthetase long-chain family
member 1

�2.8±0.7 Lipid metabolism —

ANGPT2 Angiopoietin 2 �2.6±0.1 Cellular growth and proliferation —

IL1R1 Interleukin 1 receptor, type 1 �2.4±0.4 Cell signaling —

EGF Epidermal growth factor �2.3±0.2 Cell signaling —

ACSM3 Acyl-CoA synthetase medium-chain family
member 3

�2.2±0.3 Lipid metabolism —

FHL1 Four and a half LIM domains 1 �2.2±0.3 Cellular growth and proliferation Yes

KCNE3 Potassium voltage-gated channel, Isk-
related subfamily, gene 3

�2.0±0.2 Molecular transport —

FER1L3 Myoferlin �1.8±0.1 Cellular growth and proliferation —

144 h post infection

SLC8A1 Solute carrier family 8, member 1 �6.4±1.7 Molecular transport —

PTK2 Protein tyrosine kinase 2 �5.1±1.0 Cellular growth and proliferation —

PRLR Prolactin receptor �4.6±0.7 Cell signaling —

IL1R1 Interleukin 1 receptor, type 1 �4.6±1.3 Cell signaling —

TRIM2 Tripartite motif protein 2 �4.2±1.1 Cellular growth and proliferation —

KITL Kit ligand �4.1±1.1 Cellular movement —

GHR Growth hormone receptor �3.8±0.2 Cell signaling —

CFTR Cystic fibrosis transmembrane conduc-
tance regulator

�3.8±0.9 Molecular transport —

HOXB5 Homeo box B5 �3.4±0.7 Cellular development —

VLDLR Very low density lipoprotein receptor �3.4±0.7 Lipid metabolism —

Abbreviation: IFNg, interferon g.
aFold change is adjusted to the nearest decimal point.
bBiological classifications are based on Ingenuity Pathway Analyses.
cRegulation by IFNg is based on www.interferome.org and literature searches.
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E. falciformis infection, we infected young adult mouse colon
(YAMC) cells with Eimeria, and immunostained host cell and
the parasite with anti-IRGB6 and anti-actin antibodies,
respectively (Figure 4a). In an identical set-up, we included
type I and II strains of T. gondii for comparative analyses.
As expected, the vacuole of type II strain was coated with host
IRGB6 protein, whereas type I strain successfully prevented
coating of its vacuolar membrane. Similarly to type I strain,
the Eimeria vacuole was not stained by mouse IRGB6.
A quantification of the IRGB6-stained vacuoles showed
coating of about 45% vacuoles for type II strain, 6% for
type I strain, and o2% for E. falciformis (Figure 4b) within
1–2 h of infection. In summary, these data demonstrate
that despite its conspicuous induction IRGB6 fails to recognize
the vacuolar membrane of E. falciformis similar to type I strain
of T. gondii.

Inhibition of CxCr3 signaling in the mouse promotes the
parasite development

The aforementioned results also showed several chemokines, in
particular of the CxCL family, to be highly upregulated during
Eimeria infection. These chemokines are secreted by intestinal
epithelial cells, and are considered as critical to recruit immune
cells. To assess their relative expression levels, we first validated
our microarray data by qPCR method (Table 3). We observed
an early upregulation of all tested chemokines, which was
sustained until late infection. The transcripts of CxCL9,
CxCL10, as well as CxCL11 were induced approximately to
the same order of magnitude. It is known that CxCr3 receptor
present primarily on immune cells serves as a ligand to these
three chemokines.49 Hence, we inhibited this receptor with a
known inhibitor (AMG487) in Eimeria-infected animals, and
monitored the parasite development (Figure 5a). We observed

a notably higher oocyst shedding fromd7 until d10 by the drug-
treated animals. Total oocyst yield was increased by about 31%,
compared with the control group (Figure 5b).

Consistent with chemokine expression and CxCr3 signaling,
the gene categories significantly enriched during the
advanced-stage infection included inflammation, immune cell
trafficking, cell-mediated immunity, antigen presentation, and
antimicrobial response (Figure 5c; Table 1). To corroborate
these data, we tested the recruitment of selected immune cells at
the site of infection (Figure 6). As expected, we detected a basal
staining for B cells (B220þ ), T cells (CD3þ ), andmacrophages
(F4/80þ ) in naı̈ve animals (Figure 6a). Expression of a
macrophage-specific marker, but not of B- and T-cell markers
was modestly higher 24 h post infection. During the late
infection, however, we observed amuch greater influx of all cell
types to the site of parasite infection (Figure 6a). An arbitrary
quantification of histological samples confirmed a significant
recruitment of the indicated cell types (Figure 6b). Collectively,
these results demonstrate the requirement of chemokine
signaling and cell-mediated immune response in limiting
parasite infection in the mouse.

DISCUSSION

Ourworkusing theE. falciformis infectionof themouse identifies
a retinue of host proteins that are modulated by the parasite. In
particular,we reveal several host proteins andpathways regulated
by IFNg signaling during infection. Quite notably, some of the
host responses promote parasite growth and others inhibit it
(Figure 7). For example, chemokine signaling leading to
lymphocyte recruitment is detrimental for the parasite’s life
cycle, whereas the kynurenine pathway is beneficial. In addition,
the parasite appears to evade the IRG-mediated innate defense of
the host cells. These results support a model with divergent roles

Naïve Eimeria-infected (day 6) b

an
ti

-M
m

ID
O

1
an

ti
-M

m
ID

O
1

W
ild

 t
yp

e
IF

N
�-

R
–/

–

100 �m

SM
LP

EC
LU

c

a

Figure 2 Mouse interferon g (IFNg) signaling is required for induction of indoleamine 2,3-dioxygenase 1 (IDO1) and an efficient parasite development.
(a) Immunohistochemical staining of IDO1 in the caecum of parental and IFNg-R� /� mice (naı̈ve or d6 post infection). A parasite-induced IDO1
expression is present in epithelial cells (ECs) of wild type (WT) but not in the IFNg-R� /� and naı̈ve animals. Lumen (LU), lamina propria (LP),
and submucosa (SM) are not stained. (b-c) Oocyst kinetics and total yield representing the parasite development inwild-type, IFNg-R� /� , and IDO1� /�

mice. The mice were infected with 50 oocysts and monitored for the oocyst output on the indicated days. The bars show the means±s.e. from two
independent experimentswith fivemiceper group (n¼ 10animals; *Pr0.05; **Pr0.01). The two-tailed non-parametricMann–Whitney testwasused for
determination of statistical significance.
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of IFNg-regulated host proteins during infection, some of which
defend the insult and others are co-opted or subverted by the
parasite. Further, a variety of transgenic mice devoid of the key
differentially regulated factors are available, which can be
employed to examine many other determinants of parasite
infection (Figure 7). To this end, the monoxenous life cycle of E.
falciformis in a well-investigated host offers an excellent model
for in vivo parasite–host interactions.

IFNg is pivotal to control diverse infections including those
caused by protozoan parasites. Its absence typically increases
host susceptibility, enhancing the pathogen burden.50–52 Our
results suggest an IFNg-regulated innate defense in Eimeria-
infected animals, which is orchestrated at various cellular levels.
Of note is the induction of the tryptophan catabolism, which is
usually deemed as an effector mechanism of the innate host
defense to deprive and kill pathogens auxotrophic for this

Figure 3 Several enzymes of tryptophan catabolism are upregulated throughout the life cycle of Eimeria. (a) qPCR data showing modulation of
transcripts associated with tryptophan catabolism in the mouse infected with Eimeria for the indicated periods. The fold induction was normalized to
Mm18S rRNA. The bars show themeans±s.e. of two assays. ND, not detectable. (b) Parasite development in themice inhibited for their IDO1/2 (1-MT),
kynurenine 3-hydroxylase (K3H) (Ro61-8048), and kynurenine aminotransferase (KAT) (S-ESBA) functions. The panel b has been adapted from
previous work.40 The animals were treated with the inhibitors in the drinking water (1-MT) or by oral tube (Ro61-8048, S-ESBA) and examined for the
oocyst shedding from d6 to d14. Statistical significance was evaluated by the two-tailed non-parametric Mann–Whitney test (***Pr0.001). IDO,
indoleamine 2,3-dioxygenase.
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essential amino acid.24,53,54 In E. falciformis infection, however,
inhibition of tryptophan catabolism by independent means
impairs parasite growth, suggesting a supportive role of IFNg-
mediated induction of amino-acid metabolism for the in vivo
parasite cycle. Indeed, we have shown that a major by-product
metabolite of the kynurenine pathway, xanthurenic acid, is
required by the parasite for its efficient development in mice.40

Conversely, it has also been shown that in vitro treatment of
parasite cultures with IFNg reduces Eimeria growth,41 the
mechanism of which is still unclear. It is quite conceivable that
our in vivo results reflect a balance between the two opposing
phenomena (Figure 7).

In parallel to the parasite-promoting function of IFNg
signaling, our results show the presence of other IFNg-

regulated innate defense mechanisms in the mouse, involving
several members of the GBP and IRG family. These proteins
confer resistance to a variety of organisms in a largely pathogen-
specific manner. For instance, IRGM1 deficiency causes an
increased susceptibility to the protozoan parasites including
T. gondii,48 L. major,17 and T. cruzi,16 and to the bacteria,
Listeria monocytogenes18 and Mycobacterium tuberculosis.19

Interestingly, IRGM3� /� animals were more vulnerable to
T. gondii15 and L. major,17 but not to T. cruzi55 and
L. monocytogenes.18 GBP members are also known for their
antimicrobial effect on bacteria as well as on parasites.20,56,57

For example, GBP1� /� mice infected with L. monocytogenes,
M. bovis or T. gondii show an increased microbial burden,39,57

and the animals harboring a collective deletion of GBP1–3, 5,

Table 3 Differential expression of selected mouse genes modulated by Eimeria infection, and primers

Fold change
(±s.e.m.) (qPCR)a,b

Fold change
(±s.e.m.) (microarray)a,b

Gene
(mouse) 24h 144h 24h 144h

Accession
number

qPCR primer sequence
(50–30) (forward/reverse)

CxCL9 56±8 52±15 17±3 16±4 NM_008599 GGAGTTCGAGGAACCCTAGTG
GGGATTTGTAGTGGATCGTGC

CxCL10 56±30 84±15 48±6 70±38 NM_021274 CCAAGTGCTGCCGTCATTTTC
GGCTCGCAGGGATGATTTCAA

CxCL11 18±5 72±18 16±1 18±8 NM_019494 GGCTTCCTTATGTTCAAACAGGG
GCCGTTACTCGGGTAAATTACA

IRGM3 45±18 51±9 21±3 23±6 NM_018738 CTCATCAGCCCGTGGTCTAAA
CACCGCCTTACCAATATCTTCAA

IRGB6 80±38 7±1 32±3 9±1 NM_011579 TGGGACCACTAACTTCACACC
GGCCAGTTGTGCATCATTTTC

GBP2 15±3 180±24 18±4 18±4 NM_010260 CTGCACTATGTGACGGAGCTA
GAGTCCACACAAAGGTTGGAAA

GBP3 16±7 50±11 22±6 29±7 NM_018734 GAGGCACCCATTTGTCTGGT
CCGTCCTGCAAGACGATTCA

IDO2 35±3 44±4 3±1 15±4 NM_145949 AAGGCCAACCCCAAAAGGTG
ACCAGGATAGGCGGGAGTC

K3H 5±0.4 7±0.5 NS 4±1 NM_133809 ATTGGCGGTGGTTTGGTTG
TCCCTAGCTTCGTACACATCAA

KU 30±3 26±13 NS 7±2 NM_027552 GCAAACGCCCTTGGATTGTAG
GCCGCTTTGGAGTAGGCTTA

KAT 12±2 9±1 NS NS NM_011834 AGCGGACATACTGAGCAAAGC
TTCCGTTTTCCACAGTGAAGG

GOT 68±2 12±0.4 2±0.4 NS NM_010325 CCTGGGCGAGAACAATGAAGT
ATGGGCGTGTGATTTCCCC

HAD 5±1.2 2±0.5 NS NS NM_025325 AGACATGATACTACGAGTCCTGG
AGCCGCCTTCTCTCAATCAC

EPCAMc — — — — NM_008532 GCGGCTCAGAGAGACTGTG
CCAAGCATTTAGACGCCAGTTT

CD45c — — — — NM_001111316 GTTTTCGCTACATGACTGCACA
AGGTTGTCCAACTGACATCTTTC

18S rRNAd — — — — NR_003278 TTGACGGAAGGGCACCACCAG
GCACCACCACCCACGGAATCG

Abbreviations: GBP, guanylate-binding protein; GOT, glutamate oxaloacetate transaminase; HAD, 3-hydroxyanthranilate dioxygenase; IRG, immunity-related GTPase; KAT,
kynurenine aminotransferase; KU, kynureninase; K3H, kynurenine 3-hydroxylase; NS, not significant.
aFold change is adjusted to the nearest decimal point or complete value.
bPearson correlation coefficients for 24 and 144 h p.i. were 0.61 and 0.64, respectively.
cUsed for relative quantification of epithelial (EPCAM) and immune (CD45) cells by qPCR only.
dHousekeeping gene used to normalize samples for fold-change calculations.
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and 7 on chromosome 3 succumb to parasite infection.21 The
mechanism of their action has been extensively characterized
duringT. gondii infection.Many IRG andGBP familymembers
assemble at the vacuole membrane, subsequently killing the
parasite.14,20 The virulent (type I) strains of T. gondii can
inactivate the IRG proteins by phosphorylation and prevent
their accumulation onto parasite vacuole.38 Likewise, IRGB6
failed to coat the Eimeria vacuole, implying either a lack of
vacuolar propensity to bind IRG, or its active subversion by the
parasite. The use of the indicated IRG (and GBP) knockout
mice (Figure 7) should allow further research on the precise
roles of these protein families during Eimeria infection.

In addition to innate defense, we observed the onset of an
adaptive immunity, principally during late infection. The major
chemokines CxCL9-11, likely secreted by intestinal epithelial
cells, were induced within 24 h of infection. IFNg signaling

regulates the expression of all these chemokines in various
models, including in Eimeria-infected animals.41,58–60 Their
signaling through the CxCr3 receptor present on T and B
lymphocytes, macrophages, and NK cells results in the recruit-
ment of immune cells to the site of infection.61,62 Indeed, we
detected a significant increase in the numbers of lymphocytes and
macrophages to the Eimeria-infected caeca, and inhibition of
CxCr3 in parasitized animals increased the parasite burden. The
data suggest an important function of epithelial chemokines in
the inception of the adaptive immune response and control of
parasite infection. Although requiring a validation in CxCr3� /�

mice, these findings are consistent with a role of the indicated
chemokines in orchestrating a cell-mediated immune response
against other parasites, T. gondii and T. cruzi.58,60

In summary, we show the reciprocal consequences of host
IFNg signaling on the life cycle of a tissue-specific intracellular
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Figure 4 Immunity-related GTPaseB6 (IRGB6) fails to recognize the Eimeria vacuole despite a notable induction. (a) Immunostaining of young adult
mouse colon (YAMC) cells parasitizedwith sporozoites ofE. falciformis or tachyzoites ofT. gondii (multiplicity of infection, 0.5; 1–2 h post infection) using
anti-TgActin/Alexa488 and anti-MmIRGB6/Alexa594 antibodies. Type I and II strains of T. gondiiwere included as controls for recruitment of host IRGB6
protein onto the parasitophorous vacuole. (b)Quantification of IRGB6 loadingonto the vacuoles of indicated parasites after 1 and2 hof infection. Parasite
vacuoles coated with IRGB6 staining in panel a were estimated, and plotted as the percentage of total infected cells. The error bars indicate the
means±s.e. of three assays. The two-tailed t-test was used for determination of statistical significance (**Pr0.01; ***Pr0.001).
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pathogen, while providing a glimpse of parasite–host interplay
occurring in vivo. We also highlight potential host proteins
bridging the innate and adaptive arms of the mouse immune
response, which can be investigated by using the available
transgenicmice (Figure 7). Last but not least, thework illustrates
the value of ex vivo transcriptomics andEimeria-mousemodel to
characterize host determinants of parasite development.

METHODS

Chemical and biological reagents. IFNg-R� /� (C57BL/6) and
IDO1� /� (BALB/c) mice strains were donated by Uwe Klemm (Max-
Planck Institute for Infection Biology, Berlin) and Muriel Moser
(Université Libre de Bruxelles, Belgium), respectively. The parental
control (C57BL/6, BALB/c) and NMRI mice strains were purchased
from the Charles River Laboratories (Sulzfeld, Germany). All animal
experiments were executed according to the animal protection laws as
directed by the overseeing authority, Landesamt fuer Gesundheit und
Soziales (Berlin, Germany). The oocysts ofE. falciformiswere procured
from Bayer (Leverkusen, Germany). The type I (RH) and type II (Pru)
strains ofT. gondiiwere donations fromCarsten Lüder (Georg-August
University, Germany) and Louis Weiss (Albert Einstein College of
Medicine, USA). Anti-TgActin, anti-TgSag1, and anti-MmIRGB6
antibodies were donated by Dominique Soldati-Favre (University of
Geneva, Switzerland), Jean-François Dubremetz (University of
Montpellier, France), and Jonathan Howard (University of Cologne,
Germany), respectively. YAMC cells were provided by Robert
Whitehead (Vanderbilt University, USA63).

Propagation of E. falciformis in the mouse. The life cycle of
E. falciformiswasmaintained by continuous passage in NMRImice. In
brief, oocysts were stored in potassium dichromate at 4 1C up to 3
months. For purification, oocysts were washed with water, sterilized,
and floated with NaOCl.64 Oocysts were quantified by using a
McMaster counting chamber (Frick, Switzerland). For gene expression
analyses, 8- to 12-week-old mice were orally infected with 1,500
oocysts suspended in 100ml phosphate-buffered saline (PBS). The
IFNg-R and IDO1 knockout animals and their parental controls were
infected with 50 oocysts and assessed for their oocyst outputs, as
described previously.40

Isolation of mouse caecum epithelium. Infected and uninfected
caeca were washed in Caþ þ and Mgþ þ -free Hank’s balanced salt
solution, longitudinally dissected into sections (5mm) in culture
dishes, collected in polypropylene tubes, and incubated with 1mM

dithiothreitol in Hank’s balanced salt solution on a horizontal rotation
shaker (30min, 37 1C). Supernatants were discarded and tissues were
suspended in 1mMEDTA/Hank’s balanced salt solution. Sampleswere
incubated for 30min at 37 1C, and shaken rigorously every 10min.
Subsequent supernatants were passed through a cell strainer (70 mm)
into fresh polypropylene tubes and centrifuged at 1,500 r.p.m. for
5min. Pellets were resuspended in 1ml of TRIzol reagent for gene
expression analyses and stored at � 80 1C until further use. To test the
sample purity, cells were counted using a Casy counter (Innovatis,
Bielefeld, Germany), and suspended in 0.2%BSA/5mMEDTA/PBS for
flow cytometry. Samples (106 cells per tube) were washed with 0.2%
BSA/5mM EDTA/PBS (1,300 r.p.m., 5min, 4 1C), treated with anti-
mouse FcgR-blocker (20 mgml� 1), and stained with fluorescent
antibodies for 30min on ice. Epithelial and immune cells were labeled
with UEA1-FITC (1:80) and CD45-ef450 (1:200) antibodies,
respectively. Subsequently, cells were fixed in 0.5% paraformaldehyde/
PBS and subjected to flow cytometry (FlowJo Software, Tree Star,
Ashland, OR).

RNA isolation, qPCR, and microarray. Total RNA isolated from
infected or uninfected mouse caecum cells using a PureLink RNA kit
(Life Technologies, Darmstadt, Germany) was subjected to gene
expression analyses. Quantitative real-time PCR was done using
SuperScript III Platinum SYBR Green with ROX (One-Step Kit; Life
Technologies). PCR primers were designed based on the NCBI
accession numbers (Table 3). The fold induction in qPCR studies was
normalized to 18S rRNA. Gene expression was analyzed by dual-color
dye-swap hybridizations using mouse whole-genome microarrays
(Agilent Technologies, Boeblingen, Germany). All sample-processing
steps were performed according to the manufacturer’s instructions.
Briefly, total RNAwas reverse-transcribed, amplified, and labeled using
an oligo-dT-T7 promoter-primer and Cyanine 3-CTP or Cyanine

Figure 5 Inhibition of themouseCxCr3 increasesEimeria development.
(a, b) Parasite development in the mice inhibited for CxCr3 function. The
animals were infectedwith 50 oocysts, andAMG487 (CxCr3 inhibitor) was
administered subcutaneously twice a day (5mg kg�1 bodyweight) fromd1
until the end of experiment. Parasite yield was scored from d6 to d14 from
two independent assays (n¼12 animals). (c) Ingenuity Pathway Analysis
of the induced (smooth bar) and repressed (hatched bar) immunity-related
processes during early (24 h; dark gray) and late (144 h; light gray)
infection of mouse with Eimeria. WT, wild type.
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5-CTP (QuickAmp kit, Agilent Technologies). After precipitation,
purification, and quantification, 1.25mg of each labeled cRNA was
fragmented and hybridized to microarrays (AMADID 014868)
overnight followed by washing steps. The microarray images were
recorded using a laser microarray scanner (G2565CA) at 5mm
resolution (Agilent Technologies).

Analyses of microarray data. Raw microarray image data were
analyzed with the Agilent image analysis and feature extraction
software using default settings (G2567AA). Dye ratios were calculated
using the most conservative estimate between the universal and
propagated error. The extracted MAGE-ML files were analyzed with
the Rosetta Resolver Biosoftware (Boston, MA). Only anti-
correlated genes of dye-reversal hybridizations with 1.5-fold cutoffs
and an error-weighted P-value of o0.01 were considered as dif-
ferentially regulated.
Alternatively, extracted features were subjected to R/bioconductor

analyses (www.r-project.org; www.bioconductor.org). The package
limma was used to subtract background intensities and resulting
negative values were set to half the minimum of the positive corrected

intensities.65 The ‘‘loess’’ and ‘‘Aquantile’’ methods were used to
normalizewithin and between arrays, respectively. Probeswere filtered
according to Agilent quality flags using the package Agi4� 44
PreProcess and only non-control probes over the background level and
with well-saturated signal were retained. Intensity values for genes
were calculated as average of their probes. Symmetry of most gene
probes around the zero horizontal line inMA intensity plots (log ratio/
log average) indicated appropriate normalization over a large dynamic
range of signal intensity (not shown). Statistical testing was performed
with limma (dye-swapped samples as technical replicates), fitting a
mixed effects linear model. Differential expression was estimated
between infected and respective uninfected samples using empirical
Bayes moderated t-statistics. A fold change of Z1.5 and a P-value of
o0.05 were used as thresholds for statistical significance. Annotations
were obtained using the R-package mgug4122a.db (www.bioconductor.
org/packages/2.13/data/annotation/html/mgug4122a.db.html).
The above two independent microarray analyses yielded consistent

results for 99% of genes at 24 h post infection, and 85% of the genes at
144 h. All genes discussed in this work were prominently regulated in
both approaches. In-depth analysis of low to modestly regulated genes
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was not undertaken in this work, which warrants further investigation
using a higher number of biological replicates. The expression data
were used as input for Ingenuity Pathway Analysis (http://www.
ingenuity.com) and for interferome suite (http://www.interferome.
org) to deduce the biological relevance of the genes modulated during
infection.Microarray data have been deposited in theGene Expression
Omnibus (GEO accession number GSE49948).

Parasite and host cell culture. The two strains of T. gondii were
maintained by serial passage in human foreskin fibroblasts as
described elsewhere.66 To isolate E. falciformis sporozoites, purified
oocysts were digested with 0.4% pepsin (pH 3, 37 1C, 1 h) and washed
with PBS. The oocyst pellet was mixed with glass beads (0.5mm) in a
1:1 ratio and briefly vortexed to release sporocysts. For excystation of
sporozoites, sporocyst samples were incubated with (0.25%) trypsin
and sodium tauroglycocholate (0.04%; MP Biomedicals, Eschwege,

Germany) in DMEM supplemented with glutamine (20mM),
streptomycin (100 mgml� 1), and penicillin (100Uml� 1) at 37 1C for
up to 2 h. Sporozoites were column purified by DE52 anion exchange
chromatography.67 YAMC cells were cultured in RPMI medium
containing FCS (5%), insulin (1 mgml� 1), a-thioglycerol (10 mM),
hydrocortisone (1 mM), and IFNg (5Uml� 1) in a humidified incu-
bator (33 1C, 10% CO2). Cells were harvested by trypsin/EDTA
treatment for propagation.

IRG loading onto parasite vacuole. YAMC cells, grown on glass
coverslips, were stimulated with 1,000Uml� 1 IFNg at least 24 h
before infection with Eimeria sporozoites or Toxoplasma tachyzoites
(multiplicity of infection, 0.5). Infection was performed in medium
with 1%FCS for 1–2 h followed by immunostaining. Cells were fixed in
4% paraformaldehyde (10min) followed by neutralization with 0.1 M

glycine/PBS (5min, room temperature). Permeabilization was
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achieved by 0.2% Triton X-100/PBS (20min). Samples were blocked
with 2% BSA in Triton X-100/PBS, and labeled with the primary
antibodies (rabbit anti-MmIRGB6 and mouse anti-TgActin) sus-
pended in the blocking solution (1 h, room temperature). They were
washed three times in 0.2% Triton X-100/PBS, and treated with the
secondary antibodies (Alexa488/594-conjugated IgG, 1:3,000, 45min,
room temperature). After washing, the coverslips were mounted in
Fluoromount G/DAPI, and examined by fluorescence microscopy
(Apotome, Carl-Zeiss, Germany).
A red/green invasion assay was performed in parallel to examine

intracellular tachyzoites for each experiment. Briefly, cells were fixed
and stained with anti-TgSag1 antibody before permeabilization.
Incubation with rabbit anti-TgGap45 was carried out under permea-
bilized conditions (2%BSA/0.2%TritonX-100/PBS) for 1 h.Alexa488/
594-conjugated secondary antibodies were used for fluorescent
staining. Invasion rates of tachyzoites were determined by
calculating the proportion of extracellular (Sag1-stained) to
Gap45-stained parasites. Intracellular sporozoites of Eimeria were
determined by differential interference contrast imaging. The amount
of IRGB6-coated vacuoles was counted with respect to intracellular
parasites.

Immunohistochemical analyses. The caeca of infected and unin-
fectedmicewerewashed carefully and stored in 4%paraformaldehyde/
PBS. Tissues were paraffin embedded and dissected into 2 mmsections.
Samples were de-paraffinized in xylene, and re-hydrated in descending
concentrations of ethanol followed by washing with water. Antigen
retrieval was achieved by boiling the samples in citric buffer (pH 6.0) in
a pressure cooker. Slides were rinsed with water and Tris-buffered
saline. The primary rat anti-mouse antibody (MmIDO1-48, 1:200,
Biolegend, Fell, Germany) was added for 30min. Following
three washes, the sections were incubated for 30min with the sec-
ondary antibody (biotinylated rabbit anti-rat, 1:200, Dako, Hamburg,
Germany). Streptavidin alkaline phosphatase (Dako) was applied
onto the tissue sections for 30min, and the reaction was visualized
by incubating with Fast RED (Dako). Slides were rinsed withwater and
counterstained with hematoxylin. Images were taken using a
LEICA DMIL microscope fitted with a DFC480 camera (Wetzlar,
Germany), and processed with LEICA software (v2.8.1, Wetzlar,
Germany).

SUPPLEMENTARYMATERIAL is linked to the online version of the paper

at http://www.nature.com/mi
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W. Growth inhibition of multiresistant enterococci by interferon-gamma-

activated human uro-epithelial cells. J. Med. Microbiol. 48, 935–941

(1999).

55. de Souza, A.P. et al. Absence of interferon-gamma-inducible gene IGTP
does not significantly alter the development of chagasic cardiomyopathy in

mice infected with Trypanosoma cruzi (Brazil strain). J. Parasitol. 89,
1237–1239 (2003).

56. Boehm, U. et al. Two families of GTPases dominate the complex cellular

response to IFN-gamma. J. Immunol. 161, 6715–6723 (1998).

57. Kim, B.H., Shenoy, A.R., Kumar, P, Das, R, Tiwari, S & MacMicking, J.D.

A family of IFN-gamma-inducible 65-kD GTPases protects against

bacterial infection. Science 332, 717–721 (2011).

58. Hardison, J.L., Wrightsman, R.A., Carpenter, P.M., Lane, T.E. & Manning,

J.E. The chemokines CXCL9 and CXCL10 promote a protective immune

response but do not contribute to cardiac inflammation following infection

with Trypanosoma cruzi. Infect. Immun. 74, 125–134 (2006).

59. Liu, Z. et al. Chemokine CXCL11 links microbial stimuli to intestinal

inflammation. Clin. Exp. Immunol. 164, 396–406 (2011).

60. Khan, I.A. et al. IP-10 is critical for effector Tcell trafficking and host survival

in Toxoplasma gondii infection. Immunity 12, 483–494 (2000).

61. Loetscher, M. et al. Chemokine receptor specific for IP10 and mig:

structure, function, and expression in activated T-lymphocytes. J. Exp.

Med. 184, 963–969 (1996).
62. Qin, S. et al. The chemokine receptors CXCR3 and CCR5mark subsets of

Tcells associatedwith certain inflammatory reactions. J.Clin. Investig.101,
746–754 (1998).

63. Whitehead, R.H., VanEeden, P.E., Noble, M.D., Ataliotis, P & Jat, P.S.

Establishment of conditionally immortalized epithelial cell lines from both

colon and small intestine of adult H-2Kb-tsA58 transgenicmice.Proc.Natl.

Acad. Sci. USA 90, 587–591 (1993).

64. Stockdale, P.G., Stockdale, M.J., Rickard, M.D. & Mitchell, G.F. Mouse

strain variation and effects of oocyst dose in infection of mice with Eimeria

falciformis, a coccidian parasite of the large intestine. Int. J. Parasitol. 15,
447–452 (1985).

65. Wettenhall, J.M. & Smyth, G.K. limmaGUI: a graphical user interface

for linear modeling of microarray data. Bioinformatics 20, 3705–3706

(2004).

66. Gupta, N, Zahn, M.M., Coppens, I, Joiner, K.A. & Voelker, D.R. Selective

disruption of phosphatidylcholine metabolism of the intracellular parasite

Toxoplasma gondii arrests its growth. J. Biol. Chem. 280, 16345–16353
(2005).

67. Schmatz, D.M., Crane, M.S. & Murray, P.K. Purification of Eimeria

sporozoites by DE-52 anion exchange chromatography. J. Protozool.

31, 181–183 (1984).

ARTICLES

982 VOLUME 7 NUMBER 4 | JULY 2014 |www.nature.com/mi

http://www.nature.com/mi

	Eimeria falciformis infection of the mouse caecum identifies opposing roles of IFNγ-regulated host pathways for the parasite development
	INTRODUCTION
	RESULTS
	Eimeria induces a significant modulation of mouse genes during early and late infection
	IFNγ signaling is the most prominently induced pathway during Eimeria infection
	Eimeria development is impaired in IFNγ-R−/− and IDO1−/− mice
	Eimeria induces tryptophan catabolism in the parasitized mouse
	Eimeria evades the recruitment of host IRGB6 onto its vacuole
	Inhibition of CxCr3 signaling in the mouse promotes the parasite development

	DISCUSSION
	METHODS
	Acknowledgements
	Note
	References




