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Abstract

The mammalian gastrointestinal tract contains a large and diverse population of commensal
bacteria and is also one of the primary sites of exposure to pathogens. How the immune system
perceives commensals in the context of mucosal infection is unclear. Here we show that during a
gastrointestinal infection, tolerance to commensals is lost and microbiota-specific T cells are
activated and differentiate to inflammatory effector cells. Furthermore, these T cells go on to form
memory cells that are phenotypically and functionally consistent with pathogen-specific T cells.
Our results suggest that during a gastrointestinal infection, the immune response to commensals
parallels the immune response against pathogenic microbes and that adaptive responses against
commensals are an integral component of mucosal immunity.

The intestinal microbiome is essential to multiple aspects of host physiology (1). Recent
studies have estimated that the human microbiome contains ~3x10° distinct genes each of
which may possess multiple antigens (2). Regulating immune responses to this
extraordinarily diverse set of antigens is a formidable task because commensals also express
inflammatory Pathogen-Associated Molecular Patterns (PAMPS) that could potentially
activate the host immune response (3). To limit contact with the commensal microbiota, the
gut is compartmentalized and contains various innate and adaptive mechanisms that prevent
adaptive immune responses against food and commensal antigens (4—6). Maintaining
immune tolerance to commensal—-derived antigens in the gastrointestinal (Gl) tract is critical
because activated CD4 T cells have been strongly associated with Inflammatory Bowel
Disease (IBD) (7, 8).
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The gastrointestinal tract is a common site of infection and whether the immune system
discriminates commensals from pathogens is unclear. The pro-inflammatory properties of
the microbiota can directly contribute to the induction of immune responses and
pathogenesis of mucosal infection (9-11). Whether acute Gl infection also leads to priming
of adaptive immune responses against commensals has not been addressed. To investigate
the fate of immune responses to commensal bacteria following infection, we utilized
Toxoplasma gondii (T. gondii). Upon oral infection, 7. gondii expands systemically in the
spleen and locally in the small intestine lamina propria (siLP) where it induces significant
immunopathology that is associated with a Th1 immune response and a reduction in
regulatory T cells (Tregs) (Fig. 1A and S1)(12). After day 9 p.i., the immune response
controls the infection and parasite burden declines in all tissues except the CNS and skeletal
muscle, where 7. gondiii are encysted in an inactive state (Fig. 1A) (13). Oral 7. gondii
infection also leads to an increased association between the commensal bacteria and the
intestinal epithelium (Fig. 1B) (10). Moreover, bacteria escape the gut and translocate to the
mesenteric lymph nodes, liver and spleen (Fig. 1C). As a result of bacterial translocation and
impaired immune regulation, we postulated that immune ignorance of the microbiota may be
lost during 7. gondii infection.

Although the gut heals after clearance of 7. gondii, the siLP harbored a significantly higher
frequency of interferon-y (IFN- y*) CD4 T cells compared to naive mice, whereas the
frequency of IL-17A expressing T cells remained unchanged (Fig. 1D). As expected, a
fraction of these cells (~10% of CD4 T cells) were 7. gondii-specific (Fig. 1E). However,
CDA T cells making IFN-y in response to non-specific stimulation far outnumbered those
responding to 7. gondii-derived antigens (~45% of CD4 T cells) implying that a significant
proportion of these cells may be specific to commensal bacteria (Fig. 1E).

To circumvent the diversity of commensal antigens, we utilized a TCR transgenic mouse
specific to a commensal-derived flagellin (CBirl Tg), expressed by a subset of the
Clostridium XIVa cluster of bacteria (CBirl) (Fig. S2) (14, 15). Importantly, CBirl is
clinically relevant because antibodies to CBirl flagellin are associated with Crohn’s disease
(16). Because of the segregation imposed by the mucosal firewall, splenic T cells from
CBirl Tg mice remain largely naive (Fig. S3)(15). Remarkably, upon transfer into 7. gondii
infected hosts CBirl Tg T cells proliferated extensively, whereas T cells transferred into
uninfected hosts remained undivided (Fig. 2A and B). Thus, T cells specific to commensal-
derived antigens proliferate during a heterologous Gl infection.

We next addressed whether commensal-specific T cells would differentiate to become
effector cells during gastrointestinal infection. Strikingly, after 7. gondiiinfection, CBirl Tg
T cells on WT or Rag™~ background differentiated towards a Th1 phenotype, as
demonstrated by the expression of the canonical transcription factor T-bet (Fig. 2C,D and
S4). On the other hand, ovalbumin-specific OTII TCR transgenic cells transferred into 7.
gondiiinfected mice remained naive and CBirl Tg T cells did not respond to direct
stimulation with 7. gondii antigens indicating that CBirl Tg T cell responses rely on cognate
antigen recognition (Fig. 2E,F and S5). Activated commensal-specific T cells produced IFN-
y in response to ex vivo stimulation and were observed in all tissues examined indicating
that anti-commensal T cell responses are systemic and functional (Fig. 2C,D,G,H and S6).
Taken together, our data show that during Gl infection CD4 T cell ignorance of commensal
antigens is lost, and microbiota-specific T cells respond in a manner comparable to
pathogen-specific T cells.

Under homeostatic conditions, the commensal microbiota can drive the differentiation of
Tregs and Th17 cells (11, 17-21). Interestingly, CBirl Tg T cells did not induce the
expression of IL-17A or the transcription factors Roryt or Foxp3 during 7. gondlii infection
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(Fig. 2G and 3D) indicating that microbiota-specific T cells are differentiating according to
signals provided by the inflammatory milieu that are not typically present at steady-state.
Supporting this hypothesis, we found that CBirl Tg T cells activated during chemical
disruption of the GI tract by Dextran Sodium Sulfate (DSS), did not up-regulate T-bet but
instead expressed Roryt (Fig. S7).

Immunological memory is a cardinal property of the adaptive immune system allowing for
long- term protection against re-infection. During acute infections, Thl T cell responses
persist after the clearance of the pathogen but slowly decay over time (22, 23). Whether
microbiota-specific effector T cells persist as memory cells is a critical question. Assessment
of CBirl Tg T cell response revealed that the number of effector (CD44") CBirl Tg T cells
expanded approximately ten fold from day 6 to the peak of the anti-microbiota response at
day 12 p.i. in both the spleen and siLP (Fig 3A and B). In accordance with what has been
observed for pathogen-specific CD4 T cell responses, CBirl Tg T cells contracted
significantly after day 12 of infection (Fig 3A and B) (22, 23). However, small populations
of CD44M CBirl Tg T cells can be identified from both the spleen and lamina propria up to
240 days after infection, indicating that microbiota-specific cells generated in the context of
heterologous Gl infection have the potential for long term survival (Fig. 3A and B). Thl
CDA T cells with increased potential to survive and form memory can be separated from
terminally differentiated cells by the characteristic expression of CD27 and low expression
of Ly6c and T-bet (23-25). Strikingly commensal-specific T cells largely differentiate to a
phenotype consistent with long-lived Th1 memory T cells (Fig. 3C and D). Critically,
survival of memory CBirl Tg cells was not the consequence of continuous antigen exposure
as naive CBirl Tg T cells transferred into mice 90 days p.i. with 7. gondii did not respond
(Fig. S8). In order to control for possible artifacts associated with the transfer of transgenic
T cells, we examined the endogenous anti-CBirl flagellin response via an MHC class Il
multimer (26, 27). In agreement with our T cell transfer studies, the majority of CBirl
multimer positive cells in specific pathogen free and germ free mice were naive (CD44!°)
(Fig. 3E and F). In contrast, 75 days post 7. gondii infection, the majority of CBirl specific
cells displayed an activated (CD44M) phenotype, indicating that the endogenous population
of CBirl-specific cells is activated after Gl infection and survives long-term as memory
cells (Fig. 3E,F and S9). In accordance with results obtained with transferred CBirl Tg T
cells, CD44M CBirl tetramer specific cells expressed lower levels of Ly6c and increased
amounts of CD27 than 7. gondii-specific cells from the same time point of infection (Fig.
S10). The majority of CBirl-specific T cells was also activated in mice treated with DSS,
highlighting the importance of Gl tract integrity in maintenance of CD4 T cell ignorance to
commensal antigens (Fig. 3E and F). Therefore, commensal-specific T cells activated during
Gl infection survive long-term and persist in extra-lymphoid tissue in a manner consistent
with pathogen-specific memory cells.

A fundamental property of memory T cells is the ability to proliferate rapidly and elicit
effector functions in response to secondary challenge. Indeed, CBirl Tg T cells were able to
rapidly make IFN-y and IL-2 in response to stimulation with specific peptide 75 days p.i.
(Fig. S11). To test whether persisting commensal-specific T cells also maintain proliferative
potential, we infected mice carrying CBirl Tg T cells, then re-challenged the mice with
CBirl peptide 35 days later. Prior to peptide challenge, CBirl Tg T cells were uniformly
activated (Fig. S12). Memory CBirl Tg T cells proliferated after antigen-specific challenge
and accumulated in both the spleen and siLP (respectively 34 and 42 fold expansion) (Fig.
4A). In comparison to naive CBirl Tg T cells after activation with peptide and LPS,
memory CBirl Tg T cells maintained a significant level of expression of T-bet and had
notably reduced expression of IL-7Ra (Fig. 4B and S13). Therefore, after recall,
commensal-specific memory cells have a phenotype distinct from primary effectors and
associated with their previous polarization. We next tested whether an established
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commensal-specific T cell population could be re-activated by gastrointestinal infection. To
address this point, we activated naive CBirl Tg T cells /n vivo with peptide and LPS, waited
for the primary immune response to subside and then infected mice with 7. gondii. Notably,
secondary infection induced proliferation of a fraction of CBirl Tg T cells, in both the siLP
and spleen as indicated by expression of Ki67 (Fig. 4C). Thus, activated commensal-specific
T cells can proliferate in response to infectious re-challenge.

The Gl tract represents a major site of exposure to pathogens and our results indicate these
pathogenic exposures may lead to long-lived anti-commensal immunity (28, 29). In support
of this hypothesis, healthy human serum contains antibodies specific to the intestinal
microbiota (30). Therefore, due to the comparative abundance of commensal antigens, a
fraction of the memory CD4 T cell population induced in response to Gl infection is likely
composed of various commensal-specific clones that together may constitute a substantial
population. Further, our results suggest that primary immune responses to Gl infections
occur in the context of broader secondary responses against commensals. Several genes
involved in sustaining the intestinal barrier and CD4 function have been associated with IBD
and in the context of such mutations, regulation of activated commensal-specific T cells
could be jeopardized leading to immunopathology (7). Indeed, Gl barrier dysfunction and
infection have been shown to synergize to induce IBD in ATG16L1 hypomorph mice (31).
As bacteria colonize all pathogen entryways, such as the skin, lung and GI Tract, our
findings raise the question of whether immunity and inflammation at barrier sites is
generally controlled by responses to commensals.
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Figurel. T. gondii infection leadsto transient bacterial translocation but persistent lamina
propriaTh1T cell responses

(A) C57BI/6 mice were infected orally with 15 cysts of RFP-expressing 7. gondii. At the
times indicated p.i., siLP and spleen were isolated and the percent of cells infected measured
via flow cytometric analysis of RFP* cells; AM=1-8, 7=3-15 mice per timepoint. (B) Small
intestinal samples were isolated from naive and day 9 7. gondiiinfected mice. Intestinal
samples were then fixed, sectioned, counter-stained with DAPI and hybridized for FISH
with a fluorescent probe specific to eubacterial 16S chromosomal sequences. Scale bar
indicates 25 uyM; NA=7 (C) Counts of bacterial colonies cultured from spleen, mesenteric LN
(mesLN) and liver at time points indicated post 7. gondiiinfection; N=3, n=3-4 mice per
timepoint. (D) Lymphocytes were prepared from the siLP of naive or day 40 infected mice,
stimulated with PMA/ionomycin and stained intracellularly for IFN-y and IL-17. Bar graph
shows the percent (Left) or the Mean Fluorescence Intensity (Right) of CD4+ cells
expressing IFN-y or IL-17. Shown is a representative example of three separate experiments;
mr=4—6 mice per experiment. (E) CD4 T cells were purified from the siLP by flow cytometry
and co-cultured with bone-marrow derived DCs pre-loaded with Soluble 7. gondii Antigen
(STAQ) or activated with PMA/ionomycin for 3.5 hours. Stimulated cells were stained
intracellularly for IFN-y and IL-17 and analyzed by flow cytometry. Shown is one of two
experiments. Flow cytometry of CD4 cells is gated Live TCRB* CD4* Foxp3~. Graphs show
mean +/— SEM. ***p<0.001.
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Figure 2. Gastrointestinal infection leadsto the activation and Th1 differentiation of microbiota-

specific T cells

(A and B) 10° CBirl Tg (CD45.1) T cells were labeled with CFSE and transferred into
congenic (CD45.2) hosts that were subsequently infected orally with 15 cysts of 7. gondii.
At 6, 8 or 12 days p.i. splenocytes were isolated and the dilution of CFSE on CBirl Tg T
cells (Live TCRB* CD4* CD45.1%) assessed by flow cytometry; A=1, 7=3-4 mice per time
point. (C) 7.5x10% CBirl Tg (CD45.1) T cells were transferred into congenic (CD45.2)
hosts that were subsequently infected orally with 15 cysts of 7. gondii. Eighteen days p.i.,
single cell suspensions were prepared from the spleen, ingLN, mesLN, bone marrow, liver,
peripheral blood, siLP, IEL and colon and stained intracellularly for flow cytometry.
Contour plots show expression of CD44 and T-bet amongst CBirl Tg (CD45.1) CD4 T cells
(bottom row) and host CD4+ T cells (D) Bar graph showing the frequency of CBirl Tg T
cells from (C) expressing CD44 (black bars) and Thet (white bars); N=1-8, n=3 mice. (E)
7.5%104 CBirl Tg (CD45.1) or OTII T cells were transferred into congenic (CD45.2) hosts
that were subsequently infected orally with 15 cysts of 7. gondiior left naive. Eight days p.i.
splenocytes were isolated and stained intracellularly for flow cytometry. Flow cytometric
analysis of T-bet and Ki67 in CBirl Tg or OTIl TCR Tg (bottom row) and host CD44Mi
CDA T cells (top row). Shown is a representative example of eight separate experiments. (F)
Quantification of (E). (G) Splenocytes from (E) were stimulated with PMA/ionomycin,
stained intracellularly for IFN-y and IL-17 and analyzed by flow cytometry. (H)
Quantification of (G). Data is representative of three separate experiments. All flow
cytometry plots in this figure are gated on Live TCRB" CD4* Foxp3~. Graphs show mean

+/- SEM *p<0.05, ***p<0.001.
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Figure 3. Gastrointestinal infection induces microbiota-specific memory CD4 T cells

(A and B) 7.5x10% CBirl Tg (CD45.1) T cells were transferred into congenic (CD45.2)
hosts that were subsequently infected orally with 15 cysts of 7. gondii. At the days
indicated, splenocytes (A) and siLP cells (B) were isolated and the number of CD44N CBirl
Tg T cells (black squares) in each tissue was assessed by flow cytometry. Open grey circle
shows the number of CD44hi CBirl Tg T cells in naive mice eight days after transfer of
CBirl Tg T cells; N=1-8, n=3-15 mice per timepoint (C) Flow cytometric analysis of
surface marker phenotype of transferred CBirl Tg T cells (CD45.1) (black line) and host
CDA44hi T cells (CD45.2) (grey filled) at day 12 and day 35 p.i. isolated from the spleen (D)
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Expression of transcription factors in CBirl Tg T cells (CD45.1) (black line) and host
CDA44hi T cells (CD45.2) (grey filled) at day 12 and day 35 p.i. isolated from the spleen.
Histograms in (C) and (D) are gated on Live TCRB* CD4*; Data shown is representative of
three separate experiments (E) Flow cytometric analysis of CBirgga. 72:1-AP tetramer
binding populations from the total secondary lymphoid tissue in naive, >day 75 7. gondii
infected and DSS-treated mice. The top row depicts the population bound during tetramer-
specific separation; the bottom row shows the non-binding column flow-through to show
specificity. Plots are gated on DAPI~ NK1.1~ F4/80~ CD11c™ CD11b~ B220~ CD3* CD4".
(F) Bar graph shows the percent CD44Mi of CBir464—72:1-AP tetramer binding cells in germ-
free (open circles), naive (circles), infected (triangles) and DSS-treated (squares) mice. Data
from (E) are representative of three experiments. Graphs show mean +/- SEM *p<0.05,
**p<0.01.
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(A) 7.5x10% CBirl Tg (CD45.1) T cells were transferred into congenic (CD45.2) hosts that
were subsequently infected orally with 15 cysts of 7. gondlii. 35 days p.i. with 7. gondii
mice carrying CBirl Tg T cells were injected with CBirl peptide and LPS. Numbers of
CBirl Tg T cells (CD45.1) in the spleen and siLP at day 35 (1° memory) or six days post

stimulation with CBir peptide and LPS (2° effector). Shown is a composite of three

experiments. (B) Either naive hosts carrying ~10% naive CBirl Tg T cells (open circles) or

day 35 (1° memory) 7. gondiiinfected mice (black triangles) were injected with CBir

peptide and LPS as in (A). Six days post-injection splenocytes were isolated and stained
intracellularly for T-bet. Data shown is representative of three experiments. (C) Naive hosts

Science. Author manuscript; available in PMC 2013 September 26.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hand et al.

Page 11

carrying ~10% naive CBirl Tg or OTII Tg T cells were injected with peptide and LPS. Ten
days post-immunization these mice were infected with 15 cysts 7. gondii. Percent Ki67+
CBirl Tg T cells isolated from the spleen and siLP from mice 16 days post-infection (26
days post-immunization). Data shown are representative of 3 separate experiments. CBirl
Tg T cells are gated Live TCRB* CD4* Foxp3~ CD45.1*. Graphs show mean +/— SEM
**p<0.01, ***p<0.001.
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