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Abstract

Coordinated production of IFN-y by innate and adaptive immune cells is central for host defense,
but can also trigger immunopathology. The investigation of the lymphoid cell-specific contribution
to the IFN-y-mediated intestinal pathology during 7oxoplasma gondiiinfection identified CD4+ T
cells as a key cell population responsible for IFN-y-dependent intestinal inflammation and Paneth
cell loss, where T-bet-dependent ILC1 cells play a minor role in driving the parasite-induced
immunopathology. This was evident from the analysis of T-bet deficiency that did not prevent the
intestinal inflammation and instead revealed that T-bet-deficient CD4+ Th1 cells are sufficient for
7. gondir-triggered acute ileitis and Paneth cell loss. These results revealed that T-bet independent
Th1 effector cells are major functional mediators of the type | immunopathological response
during acute gastrointestinal infection.

Introduction

The pro-inflammatory cytokine IFN-y plays a major role in host resistance to large and
diverse groups of intracellular pathogens. Coordinated IFN-y production by innate and
adaptive immune cells throughout all stages of infections is indispensable for controlling
pathogen burden. Research has shown that IFN-y plays a crucial role in host resistance to
numerous intracellular pathogens, including Sa/monella, Mycobacterium tuberculosis,
Leishmania majorand Toxoplasma gondif2:3.4.5.6.7.8.9,10 Although much of the
attention has been focused on T cell-derived IFN-vy in determining host resistance to
pathogens, recent reports have shown a contribution of NK cells, group 1 innate lymphoid
cells (ILC1s), and neutrophils in mediating type | immunity against intracellular
pathogens!l: 12.13,14, 15,16, 17 Fajlyre to produce IFN-vy in a time and cell-type specific
manner results in acute susceptibility to all groups of intracellular pathogens, including
viruses, bacteria, and protozoan parasites8: 19. 20, 21,

There is also a growing body of literature indicating that a type | immune response to
mucosal pathogens is associated with intestinal inflammationl’: 22 23. 24 \While the precise
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mechanism connecting IFN-y production with intestinal pathology remains elusive, recent
studies suggest that IFN-y mediates its pathological effects in part via selective elimination
of Paneth cells, an epithelial cell type that is essential for mucosal barrier function2>: 26. 27,
The work from our and other laboratories demonstrated that IFN-y-mediate loss of Paneth
cell antimicrobial peptides (AMPs) and the uncontrolled expansion of Gram-negative
bacteria of the Enterobacteriaceae family2® 28. 29, The expanded Enterobacteriaceae bacteria
in the absence of Paneth cell AMPs contributes to severe intestinal inflammation25.
Importantly, preservation of Paneth cells by blocking IFN-y completely prevented intestinal
dysbiosis and intestinal inflammation?. However, it is not entirely clear how IFN-y initiates
Paneth cell loss. It is also unknown how multiple IFN-y-producing cells cooperate in type |
intestinal inflammation.

Among several factors regulating IFN-y expression, the T-box transcription factor T-bet,
encoded by 76x21, is known as the master-regulator of IFN-y expression in the CD4+ T
helper type | lineage3% 31, This transcriptional factor also plays a role in the functional
maturation of intraepithelial lymphocytes (IELs) required for their host protective and
pathological effector functions32: 33, Recently it was revealed that T-bet regulates the
development of ILC1s and functions as the lineage-defining transcription factor for

ILC1sL: 34 These cells are uniquely positioned for host protection against mucosal
pathogens3>, but their involvement in IFN-y-mediated pathological response is incompletely
understood. We sought to dissect the relative contribution of IFN-y-producing lymphoid
cells in 7. gondii-mediated intestinal immunopathology. To address this question we orally
infected T-bet-deficient mice (Thx217/~) with the parasite and assessed the
immunopathological response in the small intestine. Unexpectedly, 7. gondiiinfected
Tbx21~/~ mice exhibited substantial intestinal inflammation, loss of Paneth cells and their
AMPs. Similar to WT controls, T-bet-deficient mice developed intestinal dysbiosis in the
small intestine characterized by the expansion of Enterobacteriaceae bacteria, indicating a
limited role for ILC1s in the parasite-mediated immunopathological response. Further
analysis of 7. gondii-infected WT and Thx21~/~ mice revealed that T-bet, while being highly
expressed in WT Thl cells, is not essential for the CD4+ T cell differentiation into Thl cells
in vivo. Additional adoptive transfer experiments formally dismissed a T-cell-intrinsic
requirement for T-bet in the Th1 effector choice, since T-bet-deficient CD4+ T cells were
capable of IFN-y production, although with a delayed kinetics when compared to WT
controls. Most importantly, we revealed that T-bet-deficient Thl cells are fully capable to
induce IFN-y-mediated intestinal pathology and sufficient for the parasite-mediated Paneth
cell loss. Thus, our findings formally established the ability of CD4+ T cells to acquire Thl
effector phenotype and mediate immunopathological responses in the absence of T-bet.

T. gondii induce intestinal inflammation in the absence of T-bet

T. gondii infection results in a complex interplay between multiple cell types that are
required for IFN-y-mediated host resistance to the parasite and are responsible for severe
intestinal inflammation3®: 37. 38, Recent experiments revealed particular roles for neutrophils,
ILC1s, and CD4+ T cells as the major mediators of the IFN-y-dependent
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immunopathological response to the parasite3?. To further dissect how IFN-y-producing
cells contribute to intestinal pathology, we focused on the consequences of T-bet deficiency
on the outcome of the 7. gondii-driven gastrointestinal pathology. T-bet, considered being
the master regulator of IFN-y production is also essential for the development of ILC1s and
maturation of IELs. Therefore, we investigated if T-bet deficiency alleviates the parasite-
triggered intestinal immunopathology.

Analysis of the small intestines from 7. gondii-infected mice revealed that the parasite-
induced severe intestinal inflammation in both WT and T-bet-deficient mice (Fig. 1A-1C).
The intestinal inflammation observed in the Thx21~~ mice was unforeseen, since the
described essential IFN-y-producing cell types, CD4+ Thls and ILC1s are impaired and
absent, respectively, in animals lacking T-bet!1. Moreover, IFN-v is a major mediator of
parasite-induced intestinal inflammation25: 40. 41 and it is largely accepted that loss of T-bet
results in abrogation of IFN-y expression3L, Because selective Paneth cell loss is a key
characteristic of 7. gondii-mediated intestinal inflammation2>, we next evaluated a role for
T-bet in the disappearance of Paneth cells. Our experiments revealed that 7. gondii-infected
Tbx217~ mice demonstrated a significant loss of Paneth cells by day 7 post-infection (Fig.
1D-1F).

We next analyzed Paneth cell-specific transcripts in the small intestines from 7. gondir-
infected WT and Tbx21~/~ mice. A quantitative analysis of the examined Paneth cell-
specific AMP transcripts revealed that 7. gondiiinfection resulted in complete or nearly
complete loss of AMP signal in both WT and T-bet-deficient mice (Fig. 1G).

We and others have previously observed that 7. gondii infection triggers dramatic and
selective Enterobacteriaceae expansion, a large family of Gram-negative bacteria frequently
associated with intestinal inflammation2>: 28, To assess a role for T-bet in the parasite-
induced intestinal dysbiosis, we quantified Enterobacteriaceae in the small intestines of
infected Thx21~/~ mice on days 7 and 10 post-infection. We detected a similar, even though
slightly delayed expansion of Enterobacteriaceae in Thx21~~ mice when compared to
infected WT animals (Fig. 1H), which correlated with delayed systemic induction of IFN-y
observed in 7. gondii-infected Thx21~~ mice (Fig. 11). Furthermore, day 10 expansion of
Enterobacteriaceae and IFN-vy induction in T-bet-deficient mice coincided with significantly
increased immunopathology compared to WT animals (Fig. 1J, 1K). When combined, our
results establish that 7. gondii infection triggers intestinal inflammation in the absence of T-
bet.

Thl CD4+ T cells mediate intestinal pathology in the absence of T-bet

Detailed analyses of 7. gondii-infected mice revealed a major role for polarized Th1 cells in
mediating intestinal inflammation25: 38. 42, 43,44 CD4+ T cell-derived IFN-y is required and
sufficient for 7. gondii-triggered intestinal inflammation and Paneth cell loss in WT mice?®.,
To examine the possibility that lack of T-bet results in a morphologically similar
gastrointestinal pathology, but is driven by a distinct mechanism, we examined the roles for
both CD4+ T cells and IFN-y in parasite-induced T-bet independent immunopathology. We
revealed that similar to WT controls, blocking IFN-y in Tbx21~/~ mice prevented intestinal
inflammation and Paneth cell death (Fig. 2). Furthermore, depletion of CD4+ T cells during
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infection in Thx21~/~ mice prevented Paneth cell loss (Fig. 2). These experiments
demonstrate that both CD4+ T cells and IFN-+y are essential for parasite-induced intestinal
inflammation, while T-bet is largely dispensable for the parasite-induced inflammation and
Paneth cell loss.

Critically, analysis of CD4+ T cells of 7. gondii-infected mice revealed that while in WT
mice IFN-y-producing CD4+ T cells co-expressed T-bet, CD4+ T cells isolated from
Tbx21~/~ mice remained capable of producing IFN-y (Fig. 3A-F and Sup. Fig. 1), even
though at the modestly reduce level (Fig 3E). Lack of T-bet did not result in induction of
Th2 or Th17 transcription factors or the expression of their effector cytokines (Sup. Fig. 2).
Thus, the transcription factor T-bet is not essential for IFN-y expression by CD4+ T cells in
response to 7. gondiiinfection. We next addressed ILC1s’ contribution to 7. gondii-induced
intestinal immunopathology, since it was recently reported that T-bet-dependent ILC1s are a
primary source of IFN-y during 7. gondii infectionl®, As expected, ILC1s are present in the
lamina propria of the small intestines of infected WT, but not Tbx21~/~ mice (Fig. 3G-K).
However, the intestinal inflammation and Paneth cell loss observed in Thx21~/~ animals
established that ILC1s are not essential for 7. gondii-triggered intestinal immunopathology.

To examine if the absence of the transcription factor T-bet plays a role in parasite burden
during 7. gondii-driven intestinal inflammation, we analyzed 7. gondiilevels in intestinal
and systemic tissues. Thx21~/~ mice had significantly elevated parasite burden and were
more susceptible to acute 7. gondiiinfection when compared with their WT controls (Fig.
3L). Thus, our results reveal that T-bet is dispensable for CD4+ T cell-derived IFN-y, but
remains critical for parasite restriction.

T-bet-deficient CD4+ T cells are sufficient for IFN-y-mediated Paneth cell loss and
intestinal pathology

Host protective and pathological functions of CD4+ Th1 effector cells are regulated by the
cooperation of multiple T cell-intrinsic and extrinsic factors*®. To investigate the intrinsic
pathobiological functions of T-bet-deficient CD4+ T cells, we took advantage of the
previous observation that Paneth cell development remains intact in RAG1 ™/~ and RAG2™/~
mice, similar to IFN-y deficient animals (Fig. 4A, 4B)2. Furthermore, we have previously
demonstrated that 7. gondii-infected RAG1~/~ mice retain Paneth cells in response to the
parasitic infection, unless reconstituted with IFN-y-producing CD4+ T cells?®. In agreement
with our previous results, we observed that reconstitution of RAG1~~ mice with WT
splenocytes was sufficient for induction of intestinal inflammation and Paneth cell death in
response to 7. gondiiinfection (Fig. 4C, 4E-G). Similar to adoptively transferred WT
splenocytes, transferring Thx21~/~ splenocytes was sufficient for Paneth cell loss in 7.
gondii-infected RAG1 ™/~ mice (Fig. 4D, 4E 4G). As expected, depletion of CD4+ cells or
blocking IFN-vy in reconstituted mice alleviated the intestinal inflammation seen during
infection with the parasite (Fig. 4C, 4D). Additionally, quantification of the intestinal
histology revealed that blocking IFN-y in mice reconstituted with either WT or T-bet-
deficient splenocytes was sufficient to ameliorate the 7. gondii-mediated pathology (Fig.
4E). Moreover, when the Paneth cell retention per individual crypt was quantified in mice
reconstituted with WT or Tbx21~/~ splenocytes treated with anti-CD4+ cells or anti-IFN-y
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we observed a significant increase in the presence of Paneth cells maintained within the
intestinal crypts (Fig. 4F, 4G).

Next, to identify if the T-bet-deficient CD4+ T cells were capable of expressing IFN-y, we
examined their cytokine production by flow cytometry. Similar to RAG2~/~ mice
reconstituted with WT splenocytes, we observed no significant differences in the frequency
of IFN-y+CD4+ T cells during 7. gondiiinfection (Fig. 5A, 5B). However, there was a
partial reduction in the amount of IFN-y produced by T-bet-deficient CD4+ T cells when
compared to WT controls (Fig. 5C). As anticipated, ILC1s were retained in RAG1™~ mice
(Sup. Fig. 3) but no immunopathology was observed in response to 7. gondii infection (Fig.
4A), suggesting that ILC1s alone are insufficient to drive intestinal inflammation in the
absence of CD4+ T cells.

Overall, the combined analysis of the RAG1~/~, IFN-y~/~, and RAG1 ™~ or RAG2~/~ mice
reconstituted with WT or Thx21~/~ splenocytes formally demonstrate that parasite-mediated
intestinal inflammation is primarily driven by the Th1 cells independent of the transcription
factor T-bet.

Discussion

In this study, we revealed that T-bet is largely dispensable for the induction of IFN-y
secretion by CD4+ T cells and for the Th1-dependent immunopathological response during
the acute parasitic infection. The analysis of 7. gondii-infected Thx21~/~ mice and T-bet-
deficient cells adoptively transferred into RAG1™~ and RAG2~~ mice revealed that T-bet-
deficient CD4+ T cells are fully capable of differentiating into Th1 effector cells that were
both required and sufficient for parasite-triggered intestinal inflammation. The observed
intestinal inflammation and bacterial dysbiosis along with Paneth cell loss in 7. gondir-
infected Thx21~/~ mice also established that a limited role for ILC1s in mediating intestinal
pathology during parasitic infection.

It is well established that in addition to host defense, IFN-y is a central mediator of the
immunopathological response observed during 7. gondiiinfection. 7. gondir-infected IFN-
y-deficient mice, while having an uncontrolled parasitic burden, do not develop intestinal
inflammation in response to the infection. IFN--y is also a major cytokine required for both
Paneth cell loss and severe intestinal dysbiosis observed during acute responses to the
parasite. The ability of multiple cell types to produce IFN-y in response to 7. gondii
infection raised a question regarding the relative contribution of IFN-y-producing innate and
adaptive immune cells in mediating intestinal inflammation3®. In this regard, T-bet is a
unigue molecule involved in the regulation of IFN-y by CD4+ T cells and ILC1s. While T-
bet controls IFN-y production in CD4+ T cells via regulating cytokine expression, it is also
the master regulator of ILC1 development and therefore lack of T-bet abolishes the ILC1
contribution to host defense. Thus, we anticipated that T-bet, similar to IFN-y, is essential
for the induction of a type | immunopathological response. Contrariwise, we observed that
T-bet-deficient mice develop severe intestinal inflammation comparable to that seen in
parasite infected WT mice. These results, combined with lack of pathology in 7. gondir-
infected RAG1~/~ mice, unexpectedly establish that ILC1s alone cannot induce the IFN-y-
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dependent intestinal immunopathological response observed during 7. gondii infection.
Further investigation of mechanisms responsible for the Paneth cell loss detected in 7.
gondii-infected Tbx21~/~ mice revealed that T-bet is not required for IFN-y production by
CD4+ T cells. Instead, it appeared that while in WT mice all IFN-y-producing CD4+ T cells
expressed T-bet, this was a result of co expression of the cytokine and the transcriptional
factor rather than T-bet-dependent regulation of IFN-y expression. This conclusion was
further confirmed in the adoptive transfer studies with WT and T-bet-deficient CD4+ T cells.

Our results extend several studies demonstrating the presence of Thl cells in the absence of
T-bet. Using experimental intraperitoneal infection with the same pathogen it was previously
observed that the lack of T-bet results in impaired CD4+ T cell migration rather than IFN-y
expression by 7. gondii-specific CD4+ T cells*6. A requirement for T-bet in regulation of
CDA4+ T cell migration and IEL functional maturation further suggests that T-bet regulates
the effector functions of CD4+ T cells rather than their Th1 effector choice /7 vivo®2. In this
regard it is important to note that the requirement for T-bet in mediating IFN-y-dependent
immunopathological responses in the brain during malaria infection?’ or in the pancreas
during autoaggressive response was previously documented*8. While it is tempting to
speculate that immune activation driven by the intestinal microbiota may explain why T-bet
is dispensable for 7. gondii-initiated intestinal damage, induction of intestinal inflammation
in a murine model of transfer colitis argues against this simplistic explanation since CD4+ T
cell driven colitis can be induced in the presence or absence of T bet32 49, Whether there are
additional tissue and activation-specific requirements for mediating IFN-y-dependent
immunopathological responses at present is unknown. Overall, the analysis of the natural
oral route of 7. gondiiinfection in Thx21~/~ mice formally established that T-bet is
dispensable for the pathogen-driven pathological response, an observation that has several
important implications. Our experiments ruled out ILC1s as the primary mediators of the
IFN-y-dependent immunopathological response. Taking into consideration a limited role for
ILC3s in the pathogen-driven intestinal pathology, and the preserved intestinal tissues in T
cell deficient mice infected with the parasite, we conclude that CD4+ T cell-derived IFN-y
rather than innate sources of this cytokine is responsible for the intestinal pathology. We also
demonstrated that T-bet-deficient CD4+ T cells are not only capable of producing IFN-vy,
but retain their pathological potential and can drive intestinal damage, demonstrating that T-
bet is dispensable for the pathogen-induced type | immunopathological disorder.

C57BL/6, Thx217~, IFN-y~/~, and RAG1™~ and RAG2~/~ mice were obtained from
Jackson Laboratory. Control and experimental mice were age-matched within all individual
experiments. All mice were maintained at the American Association of Laboratory Animal
Care-accredited animal facility at the University of Rochester Medical Center.

Toxoplasma gondii infections, histopathology, and RT-PCR

All mice were infected orally with an average of 20 7. gondii cysts (ME49 strain). At days 7
and 10 post-infection, the animals were necropsied, and portions of the small intestines were
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fixed in Carnoy’s fixative, embedded in paraffin, sectioned at 5 um, and stained with
hematoxylin and eosin or Alcian blue. Quantification of Paneth cells per intestinal crypt was
performed in a double blinded manner. The severity of intestinal pathology was analyzed
based on the following additive scoring system>0. For crypt and villi integrity: 0, normal; 1,
irregular villi and crypts; 2, mildly inflamed; 3, severe villi and crypt loss; 4, complete villi
and crypt loss with an intact epithelial cell layer; 5, complete loss of villi and crypts and
surface epithelium. For infiltration of inflammatory cells into the mucosa: 0, normal; 1,
mild; 2, modest; and 3, severe. For infiltration of the submucosa: 0, normal; 1, mild; 2,
modest; and 3, severe. For infiltration of the muscle: 0, normal; 1, mild; 2, modest; and 3,
severe. These scores were added, resulting in a total scoring range of 0 to 14.

Total RNA was isolated from the intestines of naive or 7. gondii-infected mice using Trizol
with subsequent purification using a PureLink RNA Mini Kit (Invitrogen). cDNA was
prepared using a iScript cONA Synthesis Kit (Bio-Rad). Optimized primers targeting each
gene were designed using Primer 3 software®®. These primers included the following: Lyz1,
5’-gccaaggtctacaategttgtgagttg-3”, 5”-cagtcagccagettgacaccacg-3”; Cryptdin 2 (Crypt2), 5'-
ccaggctgatcctatccaaa-3”, Defensin 6 (Defa6) 5’ -ccttccaggtccaggcetgat-3” and 5”-
tgagaagtggtcatcaggcac-3’, 5’ -gtcccattcatgegttctet-3”; and Hprt, 5”-
gcecttgactataatgagtacttcagg-3”, 5”-ttcaacttgegceteatcttagg-346. cDNA was amplified using
SsoFast Eva Green Supermix (BioRad). A MyiQ Real-Time PCR Detection System
(BioRad) was used to obtain Ct values. The relative expression of each sample was
determined after normalization to HPRT using the ddCt method.

The relative abundances of Proteobacteria (family Enterobacteriaceae) were measured by
gPCR using a MyiQ Real-Time PCR Detection System with taxon-specific or universal 16S
rRNA gene primers as previously described?>.

To determine 7. gondii pathogen loads, total genomic DNA from animal tissue was isolated
by using the DNeasy Blood and Tissue Kit (Qiagen) according to the manufacturer’s
instructions. PCR were performed by using SsoFast EvaGreen Supermix (Bio-Rad).
Samples were measured by qPCR using a MyiQ Real-Time PCR Detection System (Bio-
Rad), and data from genomic DNA was compared with a defined copy number standard of
the 7. gondlii gene B1.

Measurements of CD4" T Cell Responses

To assay the responses of mice infected with 7. gondii, the lamina propria, mesenteric lymph
nodes (MLNs), and spleens were harvested from WT, Thx21~/~, and RAG1~/~ mice on day 7
post-infection. Single cell suspensions of mLNs and spleens were restimulated with 1 pg/ml
aCD3 (BD Biosciences) for 5 hr in the presence of GolgiPlug (Brefeldin A, BD
Biosciences). After isolation or /n vitro restimulation, the cells were washed once in PBS

+ 1% FBS and stained with fluorochrome-conjugated antibodies. Cell fluorescence was
measured using an LSRII flow cytometer, and data were analyzed using FlowJo software
(Tree Star).

For the adoptive transfer experiments, splenocytes were isolated from WT or Thx21~/~ mice
and were transferred (15x108 cells) to RAG1 ™~ or RAG2™~ mice 4 weeks prior to 7. gondi
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infection. The control and reconstituted RAG-deficient mice were infected orally with 20
cysts per mouse of the ME49 strain and were additionally treated with alFN-y or aCD4
antibodies during the course of 7. gondii infection as previously described?>.

Statistical analysis

All data were analyzed with Prism (Mersion 7; GraphPad). These data were considered
statistically significant when Pvalues were less than 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. T. gondii infection leadsto intestinal immunopathology in Thx21-deficient mice
Histological analysis of the small intestines and visualization of Paneth cells in (A) WT and

(B) Tbx21~/~ mice orally infected with 20 cysts of the ME49 strain were performed on day 7
post-infection. Green arrows indicate Paneth cells; black arrows point toward crypts lacking
Paneth cells. The results shown are representative of three independent experiments. (C)
Histological changes in the small intestine were analyzed on day 7 post-infection based on
an additive scoring system. (D-F) Paneth cell quantification analysis of the small intestines
and visualization of Paneth cells in WT and Tbx21~/~ were performed on days 0 and 7 post-

Mucosal Immunol. Author manuscript; available in PMC 2018 October 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Lépez-Yglesias et al.

Page 13

infection. In (D), quantification of number of Paneth cells in naive mice (100%) is marked
by the dotted line. (G) gRT-PCR analysis of relative Lyz1 and Crypt2 expression measured
in the small intestine of naive WT and Thx21~/~ mice (n=4) or mice infected with 20 cysts
of ME49 on day 7 post-infection (n=12). (H) gRT-PCR analysis of Enterobacteriaceae from
the lumens of the small intestines of naive mice, or mice infected with 20 cysts of ME49 on
day 7 (WT) and days 7 and 10 (Tbx217/") following infection. (1) Analysis of serum IFN-y
in WT and Thx21~/~ mice infected with 7. gondiiwas performed on day 7 and 10 post-
infection. (J, K) Histological changes in the small intestine of WT and Thx21~/~ mice were
analyzed on day 10 post-infection based on an additive scoring system. The data shown are
representative of three (G-K) and four independent experiments (A-F; n = 3-5 mice per
group for each independent experiment). Statistical analyses were done using Mann-
Whitney analysis of individual groups, */<0.05, ***P<0.001, ****/~£<0.0001.
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Figure 2. T-bet-independent immunopathological responseto T. gondii ismediated by CD4+ T

cellsand IFN-y

WT and Thx217/~ mice were treated with (A) anti-IFN-y or (B) anti-CD4 antibodies and
then orally infected with 7. gondii. Green arrows indicate Paneth cells. (C) Histological
changes in the small intestine of infected WT and Thx21~~ mice treated with anti-IFN-y or
anti-CD4 antibodies were analyzed on day 7 post-infection based on an additive scoring
system. (D) Paneth cell quantification of the small intestines and visualization of Paneth
cells in WT and Tbx21~/~ mice were performed on day 7 post-infection. (E) Quantification
of the retention of Paneth cells per individual crypt in infected WT and Thx21~/~ mice
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treated with anti-IFN-y or anti-CD4 antibodies on day 7 post-infection. Data shown are
representative of three independent experiments (n = 3-5 mice per group for each
independent experiment). Statistical analyses were done using Mann-Whitney analysis of
individual groups, */<0.05, ***/<0.001.
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Figure 3. T-bet-independent Thl responseto T. gondii.
(A) WT and Thx21~~ mice were infected with 20 cysts of the ME49 strain of 7. gondii.

Mesenteric lymph nodes (mLNs) were harvested and T-bet expression and IFN-y production
by CD4+ T cells were analyzed by flow cytometry. Average frequencies of (B) CD4*IFN-y
*, (C) CD4*T bet*IFN-y*, (D) CD4*T bet”IFN-y* and (E) MFI of CD4+ T cell IFN-y were
analyzed on day 7 post-infection. The results are representative of three independent
experiments. (F) Quantitative analysis of IFN-y expression in the small intestines of WT
and Thx21~/~ mice infected with the parasite on day7 post-infection by gRT-PCR. (G) Small
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intestinal lamina propria of WT and Thx21~/~ were harvested on day 7 post-infection and T-
bet expression and IFN-y production by ILC1s were analyzed by flow cytometry. Average
frequencies of (H) Lin-CD127*NKp46™ and (1) Lin-CD127*NKp46*T-bet*, and absolute
quantification of (J) Lin-CD127*NKp46* and (K) Lin-CD127*NKp46*T-bet* cells
analyzed from the lamina propria of mice orally infected with 7. gondii. (L) Quantitative
analysis of 7. gondiiburden in the small intestines (SI), spleen, and livers of WT and
Tbx217~ mice infected with the parasite. Data are representative from three (G-K) and four
(A-F, L; n=3-5 mice per group for each independent experiment) independent experiments.
Statistical analyses were done using Mann-Whitney analysis of individual groups: *~<0.05,
*** p<0.001. NS=not significant.
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Figure4. CD4+ T cell-intrinsic T-bet expression is dispensable for |FN-y-mediated intestinal
pathology during T. gondii infection

(A) Histological analysis of the small intestines and visualization of Paneth cells in RAG1™~
and (B) IFN—y‘/‘ mice orally infected with 20 cysts of the ME49 strain were performed on
day 7 post-infection. RAG1™~ mice were reconstituted with (C) WT or (D) Thx217/~
splenocytes, then infected with 7. gondiiand additionally treated with anti-CD4 or anti-IFN-
v antibodies. (E) Histological changes in the small intestine of reconstituted RAG1 ™/~ mice
treated with anti-CD4 or anti-IFN-y antibodies were analyzed on day 7 post-infection based
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on an additive scoring system. (F) Quantification of the retention of Paneth cells per
individual crypt in infected reconstituted RAG1 ™/~ animals treated with anti-CD4 or anti-
IFN-y antibodies on day 7. (G) gRT-PCR analysis of relative Defa6 and Lyz1 expression
measured in the small intestines of RAG1~/~ mice reconstituted with WT or Thx21~/
splenocytes and additionally treated with anti-CD4 antibodies on day 7 post-infection. Data
are representative from three independent experiments (n = 4-5 mice per group). Statistical
analyses were done using Mann-Whitney analysis of individual groups: */<0.05, ** £<0.01,
*** p<0.001. NS=not significant.
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Figure5. CD4+ T cell-intrinsic T-bet expression is dispensable for |FN-y production in vivo
(A) RAG2~/~ mice were untreated or reconstituted with WT or Thx21~/~ splenocytes, and

then infected with 20 cysts of the ME49 strain of 7. gondii. Spleens were harvested on day 7
post-infection and T-bet expression and IFN-y production by CD4+ T cells were analyzed
by flow cytometry. (B) Average frequencies of CD4*IFN-y* were analyzed from the spleens
of RAG2~/~ mice reconstituted with WT or Thx21~/~ splenocytes and infected with 7.
gondiion day 7 post-infection. (C) MFI of CD4+ T cell IFN-y (A). Data shown are
representative of three independent experiments (n = 4-5 mice per group). Statistical
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analyses were done using Mann-Whitney analysis of individual groups: */<0.05. NS=not
significant.
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