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Innate lymphoid cells (ILC) play a significant role in the intestinal immune response and T-bet+

CD127+ group 1 cells (ILC1) have been linked to the pathogenesis of human inflammatory
bowel disease (IBD). However, the functional importance of ILC1 in the context of an intact
adaptive immune response has been controversial. In this report we demonstrate that
induced depletion of T-bet using a Rosa26-Cre-ERT2 model resulted in the loss of
intestinal ILC1, pointing to a post-developmental requirement of T-bet expression for these
cells. In contrast, neither colonic lamina propria (cLP) ILC2 nor cLP ILC3 abundance were
altered upon induced deletion of T-bet. Mechanistically, we report that STAT1 or STAT4 are
not required for intestinal ILC1 development and maintenance. Mice with induced deletion of
T-bet and subsequent loss of ILC1 were protected from the induction of severe colitis in vivo.
Hence, this study provides support for the clinical development of an IBD treatment based on
ILC1 depletion via targeting T-bet or its downstream transcriptional targets.

Keywords: T-bet, innate lymphoid cells, ILCs, intestinal inflammation, mucosal homeostasis 4
INTRODUCTION

Innate lymphoid cells (ILC) have been categorised into subsets based on expression of characteristic
transcription factors (1). Group 1 ILC express T box expressed in T cells (T-bet, encoded by Tbx21)
and include conventional CD127- NK cells (cNK) and CD127+ ILC1 (herein referred to as ILC1).
CD127+ ILC1 do not express the cNK molecules Eomesodermin (Eomes), Granzyme B, Perforin or
CD49b. Group 2 ILC (ILC2) express GATA3 while group 3 ILC (ILC3) have a characteristic
expression of RORgt. The ILC3 group comprises three subgroups depending on the expression of
NKp46 and CCR6. NKp46+ ILC3 co-express T-bet and NKp46. CCR6 and NKp46 double-negative
org October 2021 | Volume 12 | Article 7601981

https://www.frontiersin.org/articles/10.3389/fimmu.2021.760198/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.760198/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.760198/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.760198/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:graham.lord@manchester.ac.uk
https://doi.org/10.3389/fimmu.2021.760198
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2021.760198
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2021.760198&domain=pdf&date_stamp=2021-10-29


Schroeder et al. Temporally Controlled Deletion of T-bet
(DN) ILC3 have been suggested to be the precursors of these cells
(2). In contrast, lymphoid tissue inducer cells (LTi)-like ILC3 are
characterised by expression of CCR6 and do not express T-bet.
In addition, CCR6+ ILC3 are generated following a
developmental pathway that is distinct to other ILC subsets
(3). ILC demonstrate similarities in effector cell functionality
with conventional and unconventional T cell subsets; IFNg and
TNF-a are expressed by ILC1, ILC3 produce IL-22, IL-17A and
IL-17F, and ILC2 produce IL-13, IL-5, IL-6, IL-9 and IL-4 (4). It
has been reported that ILC2 post-developmental maintenance
depends on GATA3, while RORgt inhibition and depletion in
mature mice does not alter ILC3 abundance (5–7).

We have previously reported that genetic variation at T-bet
binding sites is primarily associated with mucosal inflammatory
diseases in humans, such as Crohn’s disease and ulcerative colitis
(8). Furthermore, IFNg appears to be the most critical factor
driving colitis, while IL-17A and IL-13 play a less important role
(9–12). Interestingly, these reports are supported by the
observation that T-bet+ ILC1 are particularly abundant among
the total number of ILC in inflamed intestinal lamina propria of
Crohn’s disease patients (13–16). In mouse models, the
generation of ILC1 from an NKp46+ ILC3 source has been
linked to colitis development (17). We have recently observed
that NKp46-dependent depletion of T-bet in mice leads to milder
dextran sulphate sodium (DSS)-induced colitis, and this may be
caused by the depletion of T-bet expressing ILC1 and ILC3 (18).
In contrast to studies suggesting that ILC1 promote colitis, we
have reported previously that T-bet expression can also protect
from colitis, as Rag2-/- mice with germline deletion of Tbx21 can
develop spontaneous colitis if Helicobacter thyphlonius is present
in the gut (13–15, 17, 19, 20). Intriguingly, it was demonstrated
that T-bet- IL-17A+ ILC3 are likely to be the drivers of
inflammation in this model. In contrast, Rag-sufficient mice
with a germline depletion of Tbx21 have a greater cellularity of
intestinal NKp46-negative ILC3 while demonstrating no sign of
spontaneous colitis (21). Furthermore, these mice have a greater
abundance of ILC2 in colonic lamina propria which may
function to limit colit is pathology (18). Hence, we
hypothesised that targeted T-bet depletion in ILC has the
potential to be a safe approach to treat patients with IBD.

In the current study, we report that in an approach to test the
feasibility of targeting T-bet-expressing ILC, temporally induced
depletion of T-bet using a Cre-Ert2 model resulted in complete
loss of intestinal ILC1 in the lamina propria. In contrast to the
loss of these cells, cellularity of ILC2 and NKp46- ILC3 was not
altered in the colonic lamina propria upon induced depletion of
T-bet. Although the ability of mesenteric lymph node (MLN)
and splenic T cells to express T-bet was not affected substantially
in these mice, we observed milder pathology in DSS-induced
colitis models, pointing to a potentially important pathogenic
role of ILC1. The complete loss of intestinal ILC1 upon induced
depletion of T-bet was partially reversible. This minimal ILC1
recovery in the intestine may be driven by reseeding of the tissue
by bone marrow (BM) ILC1 precursors in the context of DSS-
induced colitis. To identify upstream targets controlling T-bet
expression in ILC1, we examined STAT1 (Stat1-/-) or STAT4
Frontiers in Immunology | www.frontiersin.org 2
(Stat4-/-) deficient mice. This revealed that STAT1 and STAT4
were functionally redundant for the development and
maintenance of intestinal ILC1. However, prior to the loss of
intestinal ILC1, these cells lose IL-15R and NKp46 expression
upon induced depletion of T-bet in vivo, and these surface
markers may therefore function as candidates to support ILC1
maintenance. These data highlight the important role of T-bet in
ILC during colitis and a proof-of-concept to support therapeutic
targeting of these putatively pathogenic cells.
RESULTS

Intestinal Lamina Propria ILC1 Require
T-Bet for Homeostatic Tissue
Maintenance
T-bet is a crucial factor for the development of ILC1 and NKp46+

ILC3. However, its continued role in the ongoing peripheral
maintenance of these cells has not been addressed. To test
whether T-bet is also required for the peripheral maintenance
of T-bet+ ILC, we created a model allowing for the induced
depletion of Tbx21 in adult mice, using the Rosa26-Cre-Ert2
system (22, 23). In this model, injections of tamoxifen in the
peritoneal cavity are employed temporally to promote the
translocation of Cre-Ert2 into the nucleus. Throughout this
study ILC were defined as live CD45+ Lin- CD127+ leukocytes
(Supplementary Figure 1A). Colonic lamina propria (cLP) ILC1
were present in untreated Tbx21fl/fl x Rosa26-Cre-Ert+/- (Tbx21D)
and Tbx21fl /fl x Rosa26-Cre-Er t2 - / - (Tbx21fl ) mice
(Supplementary Figure 1B). Tamoxifen was injected into
Tbx21D and Tbx21fl mice each day for 5 consecutive days
(Supplementary Figure 1C). Partial depletion of cLP NKp46+

NK1.1+ ILC occurred in Tbx21D mice as early as 1 week after the
first injection and strongly reduced numbers of cLP and small
intestinal lamina propria (SI LP) NKp46+ NK1.1+ ILC could be
detected 3 weeks after the first injection (Figures 1A, B;
Supplementary Figure 1D). NKp46+ NK1.1+ ILC are a
heterogenous population of all ILC1 with a smaller
subpopulation of NK1.1+ ILC3 (24). Furthermore, in contrast
to colonic and SI lamina propria ILC1, colonic and SI
intraepithelial lymphocyte (IEL) ILC1 were less affected by
induced depletion of T-bet indicating that this transcription
factor is not critical for their maintenance (Figures 1C, D).
Colonic IEL ILC1 had a reduced cellularity and expression of
NKp46 and NK1.1 upon induced depletion of T-bet
(Figures 1D–F). These observations were not reflected in SI
IEL ILC1, as in these cells only NK1.1 expression was partially
dependent on T-bet (Figures 1D–F). While ILC1 were depleted
in the colonic and SI lamina propria of treated Tbx21D mice, NK
cells defined as CD49b+ NK1.1+ CD226+ CD3- leukocytes were
virtually absent at these sites in Tbx21D and Tbx21fl mice
(Supplementary Figure 2).

We sought to confirm that the cLP ILC1 depletion observed
also resulted in loss of IFNg-expressing CD127+ ILC, which are
predominately ILC1. In order to test this, we infected Tbx21D and
Tbx21fl mice with Citrobacter rodentium upon induced deletion
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FIGURE 1 | Induced T-bet depletion in vivo causes complete loss of intestinal ILC1. ILC were isolated from tamoxifen-treated Tbx21fl and Tbx21Dmice for flow
cytometry analysis 21 days after the first injection of tamoxifen. (A, B) cLP and SI LP ILC1 were analysed as live CD45+ Lin- CD127+ NKp46+ NK1.1+ leukocytes and
(B) the percentage fold change of NKp46+ NK1.1+ ILC of total CD127+ ILC in the Tbx21D mice in comparison to the Tbx21fl controls was determined (n=3). Intestinal
IEL ILC were isolated from tamoxifen-treated Tbx21fl and Tbx21Dmice for flow cytometry analysis. IEL ILC1 were analysed as live CD45+ Lin- NKp46+ NK1.1+

leukocytes. (C, D) Colon and SI IEL ILC1, their cellularity and expression of (E) NK1.1 and (F) NKp46 are shown (n=3). Tamoxifen-pretreated Tbx21fl and Tbx21D

mice were infected with (C) rodentium. cLP leukocytes isolated at day 6 post infection were re-stimulated with PMA and ionomycin for 3 hours prior to flow
cytometry analysis. (G) Flow cytometry analysis of IFNg, IL-17A and IL-13 expression by live CD45+ Lin- CD127+ cLP ILC and (H) statistical analysis of cytokine
expression are shown (n=4). ****p < 0.0001, ***p < 0.001, *p < 0.05, ns, non-significant.
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of T-bet to establish an inflammatory condition. Induced
depletion of T-bet did not cause a profound difference in body
weight change over the course of infection (Supplementary
Figure 3). However, Tbx21D mice had a substantial loss
of IFNg+ ILC supporting the notion that induced depletion of
T-bet caused a loss of ILC1. In addition, CD127+ ILC did display
reduced expression of IL-13, but no altered functionality in terms
of IL-17A production upon induced depletion of T-bet
(Figures 1G, H).

Further analysis of ILC3 and ILC2 upon induced depletion of
T-bet revealed that in contrast to ILC1, the population sizes of
these subsets were not significantly altered (Figures 2A–F). For
ILC2 analyses, KLRG1 was used as a key marker of intestinal
Frontiers in Immunology | www.frontiersin.org 4
ILC2 in line with recent publications (18, 21, 25). KLRG1 as a
marker for intestinal ILC2 has an advantage to GATA3 as
intestinal ILC3 have a low expression of GATA3 and the
expression of this transcription factor is variable among the
ILC2 population (26–28). KLRG1hi intestinal ILC as gated in this
study require GATA3 for post-developmental maintenance
supporting the notion these cells are ILC2 (5). The expression
of RORgt and CD127 in all cLP NKp46-negative ILC3 subsets
was unchanged by induced depletion of T-bet, and the
expression of RORgt and CD127 were not altered in cLP
NKp46+ ILC3 (Figures 2G, H). However, cLP NKp46+ ILC3
had a lower expression of NKp46, indicating induced depletion
of T-bet had some limited effect on these cells (Figure 2I).
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FIGURE 2 | Induced T-bet depletion in vivo does not alter cellularity of cLP ILC3 and ILC2. Tbx21fl and Tbx21D mice were treated with tamoxifen and flow
cytometry analysis on intestinal ILC was performed 21 days after the first injection of tamoxifen. (A) Flow cytometry analyses of cLP ILC2 from Tbx21fl and Tbx21D

mice and (B) the percentage of cLP ILC2 from total CD127+ ILC are shown (n=4). (C) Frequency of RORgt+ ILC (ILC3) among CD127+ ILC and (D) ILC3 cellularity
per colon are demonstrated. (E) cLP NKp46+, CCR6+ and NKp46- CCR6- double negative (DN) ILC3 were analysed as live CD45+ Lin- CD127+ RORgt+ leukocytes.
(F) Percentage of NKp46+, DN and CCR6+ ILC3 among ILC3 in Tbx21fl and Tbx21D mice are outlined (n=3). (G) RORgt and (H) CD127 expression geometric
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Overall, there appeared to be no effect of induced depletion of T-bet
on cLP NKp46- ILC3 and ILC2 and a limited effect for NKp46+

ILC3 in terms of NKp46 expression levels.

Induced Depletion of T-Bet Results in
Reduced T-Bet Expression in ILC1 Prior to
Loss of Cell Numbers
To further probe a role for T-bet in cLP ILC1 maintenance, these
cells were analysed one week prior to the time point at which
Frontiers in Immunology | www.frontiersin.org 5
ILC1 numbers were profoundly reduced in this model
(Figure 1A). Two weeks after the first injection of tamoxifen,
cLP NKp46+ NK1.1+ ILC were still detectable in Tbx21D mice,
but their frequency was already significantly reduced
(Figures 3A, B). Further analysis revealed that the counts of
RORgt- NKp46+ cLP ILC1 per colon did not reach a statistically
significant loss in comparison to Tbx21fl cLP ILC1, indicating a
gradual decline of ILC1 upon induced depletion of T-bet
(Figures 3C, D). Although still present, cLP Tbx21D ILC1 had
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a reduced surface expression of CD122, NKp46 and NK1.1
(Figure 3E). Critically, Tbx21D ILC1 and NKp46+ ILC3
showed a significant reduction in T-bet expression,
demonstrating T-bet expression was indeed altered at this time
point (Figure 3F). cLP NKp46+ NK1.1+ ILC were present in
Stat1-/- or Stat4-/- mice, and the percentage of these cells among
total CD127+ ILC did not alter due to deficiency of either gene
(Figures 3G–I). STAT4 deficiency also did not alter T-bet
expression in cLP NKp46+ NK1.1+ ILC (Supplementary
Figures 4A, B). The absence of STAT1 or STAT4 did cause
significantly altered IFNg production in CD127+ cLP ILC,
indicating that STAT1 and STAT4 are critical factors for ILC1
functionality, but redundant for ILC1 maintenance (Figure 3J).

ILC1 Have a Pathogenic Role in DSS-
Induced Colitis
Many immune cells including T cells, ILC, NK cells and myeloid
cells can express IFNg (29). Hence, we sought to establish an
overview of IFNg-producing cLP cells in naïve mice and mice
with DSS-elicited colitis (30). RorcGFP mice experienced
significant body weight loss upon exposure to 3% DSS in the
drinking water compared to controls receiving fresh water (FW)
only (Supplementary Figure 5A). IFNg-producing cLP CD45+

leukocytes and ILC1 were detected upon DSS treatment (day 8 of
our protocol), but also in naïve mice (Supplementary
Figures 5B, C). We next analysed known IFNg-producing cLP
cell types, including CD103- T cells and CD103+ resident
memory T cells, ILC1, NKp46+ ILC3 and NK cells and found
populations of all of these cell types to express IFNg in both FW
and DSS treated mice (Supplementary Figures 5D–F).
Additional IFNg producing cells not further characterised were
also observed in both treatment groups (Supplementary
Figures 5D–F). The frequency of IFNg-producing ILC1 and
NKp46+ ILC3 among CD45+ leukocytes was greater in control
mice in comparison to DSS treated mice (Supplementary
Figures 5E, F). In contrast, the frequency of resident memory
IFNg+ CD103+ T cells increased upon DSS treatment
(Supplementary Figures 5E, F). While ILC1 and ILC3 were
present in FW and DSS-treated mice, we only detected a
substantial abundance of CD11b+ Eomes+ NK cells in DSS-
treated mice, but not in naïve mice (Supplementary Figures 5G–I).
The overall frequency of CD103- and resident memory CD103+ T
cells was similar between naïve and DSS-treated mice
(Supplementary Figures 5H, I). These data indicate that ILC1
and NKp46+ ILC3 are relevant sources of IFNg in mice at
homeostatic baseline and may therefore become important
contributors to the onset of colitis.

To assess the functional effect of T-bet depletion and
consequent ILC1 loss, we again utilized the DSS model of
colitis. Exposure to 3% DSS in the drinking water caused less
severe weight loss in T-bet-deficient (Tbx21-/-) mice in
compar i son to matched wi ld type C57BL/6 mice
(Supplementary Figure 6A). BALB/c and BALB/c-background
Tbx21-/- mice were more resistant to DSS-induced colitis as these
mice did not experience weight loss in this model
(Supplementary Figure 6B). To demonstrate a role of T-bet+
Frontiers in Immunology | www.frontiersin.org 6
innate leukocytes in DSS-induced colitis, BALB/c-background
Rag2-/- and non-colitic Rag2-/-xTbx21-/- (TRnUC) mice
described previously (19) were exposed to 3% or 5% DSS in
the drinking water for 5 days (Supplementary Figures 6C, D).
While 3% DSS was not sufficient to trigger weight loss
independent of the T-bet genotype, 5% DSS induced colitis in
those mice, however the phenotype was less severe in T-bet
deficient mice (Supplementary Figures 6C, D) In contrast,
BALB/c-background Rag2-/-xgc-/- and Rag2-/-xgc-/-xTbx21-/-

exposed to 5% DSS were resistant to colitis and only
experienced weight loss after 7-8 days, which was independent
of T-bet expression (Supplementary Figure 6E). Rag2-/-xgc-/-

mice lack mature ILC (31), thus indicating that these cells drive
colitis in the absence of an adaptive immune response.

To further investigate whether the induced depletion of T-bet
also affected the ability of T cells to drive a type 1 immune response,
leukocytes from MLN and spleen were isolated from Tbx21fl

and Tbx21D mice upon induced depletion of T-bet
in vivo (Supplementary Figures 7A–C). Strikingly, the expression
of T-bet in either bulk, naïve or effector CD4+ and CD8+ T cells was
unaltered upon induced depletion of T-bet. Exposure to DSS of
tamoxifen-pretreated Tbx21fl and Tbx21D mice also did not reveal a
significant difference of T-bet expression in either CD4+ or CD8+

splenic T cells (Supplementary Figures 7D, E). Naïve CD4+ T cells
were isolated from Tbx21fl and Tbx21D MLN and spleen 3 weeks
after the first injection of tamoxifen in order to perform an in vitro
polarization assay. The ability of MLN and splenic naïve CD4+ T
cells to express T-bet and IFNg was significantly, but modestly
reduced in Tbx21D T cells in comparison to Tbx21fl T cells
(Supplementary Figures 8A–D). This suggested that T-bet
depletion in naive CD4+ T cells or T cell precursors was less
effective in this mouse model, and T cells escaping gene deletion
may occupy tissue niches in vivo. These data and the lack of
alteration in the ILC2 and ILC3 numbers (Figure 2), suggests
that T-bet expression is maintained in many cells in Tbx21D mice
upon temporally induced depletion of the gene encoding this
transcription factor. In order to test the relevance of this in an
established disease model dependent on intact type 2 immunity, we
infected Tbx21D and Tbx21fl with Trichinella spiralis upon induced
depletion of T-bet. We have reported previously that mice with a
germline depletion of Tbx21 are more resistant to an infection with
this parasite due to a promoted type 2 immune response (18, 32).
However, in the model of induced depletion of T-bet, Tbx21Dmice
were as resistant to the infection as Tbx21fl mice with non-
significant change in worm burden, crypt and villus length, and
muscle thickness (Supplementary Figures 8E, F).

ILC1 have been associated with detrimental outcome of colitis
in mice and humans (13). To analyse the role of ILC1 in colitis in
immunocompetent mice more closely, we tested the course of
colitis induced by treatment with DSS in Tbx21D and Tbx21flmice
upon induced T-bet depletion. Similar to Tbx21-/- mice, Tbx21D

mice showed a milder course of colitis with less weight loss and a
lower diarrhoea score than Tbx21flmice whilemice receiving fresh
water did not develop disease (Figures 4A, B). Significant change
in body weight at day 8 and diarrhoea score at days 8 and 9
correlated to a significant reduction of IFNg production inCD127+
October 2021 | Volume 12 | Article 760198
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cLP ILC at day 7 (Figures 4C, D). In contrast to IFNg, IL-17A and
IL-13 production was not different between Tbx21fl and Tbx21D

CD127+ cLP ILC (Figures 4C,D). This indicated again that IFNg+

ILC (being predominately ILC1) were depleted in Tbx21D mice,
while the frequency of Tbx21D IL-17A+ and IL-13+ ILC was
unaltered upon induced depletion of T-bet. IFNg can be
produced by an abundance of other innate and adaptive
leukocytes including NK cells, T cells or neutrophils. However,
in contrast to ILC, we did not observe an alteration to IFNg
Frontiers in Immunology | www.frontiersin.org 7
production in non-ILC CD90+ or CD90- leukocytes in the same
DSS-treated Tbx21D mice at the same time point (Figure 4E). A
direct comparison of IFNg expression in lineage marker (Lin)-
positive and -negative cLP leukocytes in thesemice confirmed that
its expression was lower in Lin- cells from Tbx21D mice in
comparison to Tbx21fl mice while IFNg production was
unaltered in Lin+ leukocytes at day 7 (Figure 4F). Hence, these
correlative data indicate that ILC1 play a detrimental role during
DSS-induced colitis of Rag-sufficient mice.
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FIGURE 4 | Induced T-bet depletion causes milder DSS-elicited colitis. Mice received DSS in the drinking water for clinical investigation. (A, B) Tbx21fl and Tbx21D

mice pre-treated with tamoxifen were exposed to 3% DSS in the drinking water for 5 days followed by a period of rest (n=8-14). Control mice receiving FW without
DSS were included in the study. (A) Daily percentual weight change to body weight at the start and (B) daily diarrhoea scoring are illustrated. (C–F) cLP leukocytes
were isolated 2 days after DSS withdrawal and re-stimulated with PMA and ionomycin for 3 hours prior to analysis. (C) Flow cytometry analysis of IFNg, IL-17A and
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DSS Colitis Promotes Limited
Recolonization of T-Bet+ ILC in the
Colonic Lamina Propria
Targeting of ILC1 to cure colitis may be an attractive therapeutic
route, but it would be of relevance to establish whether depletion
of cLP ILC1 is reversible. We noticed that Tbx21D mice exposed
to DSS for 5 days 21 days after the initial tamoxifen injection still
had fewer cLP NKp46+ NK1.1+ ILC at day 3 after withdrawal of
DSS in comparison to Tbx21fl mice (Supplementary Figure 9A).
However, at this time point, treatment with DSS appeared to
have triggered this cell population to re-emerge modestly, as the
cellularity was significantly enhanced in comparison to Tbx21D

mice receiving pure fresh water. Exposure to DSS also enhanced
the frequency of Tbx21fl cLP NKp46+ NK1.1+ ILC among
CD127+ ILC. Interestingly, cLP NKp46+ NK1.1+ ILC in
Tbx21D mice were proliferating (or had proliferated recently)
at a similar rate to Tbx21fl cLP NKp46+ NK1.1+ ILC at day 3 of
recovery from DSS- and in FW-treated control mice
(Supplementary Figure 9B). Hence, it appeared that upon
DSS exposure, the ILC1 population may be re-populated from
BM-derived cells rather than as a result of enhanced proliferation
of the small number of remaining tissue resident ILC1. This view
was further corroborated when we observed that NKp46+

NK1.1+ ILC were still detectable in the bone marrow upon
induced depletion of T-bet (Supplementary Figure 9C).
However, the recovered ILC1 cellularity in DSS-treated mice
was very minimal and did not reverse their prior loss to a
great extent.
DISCUSSION

There is currently no effective drug to cure IBD, and the need to
identify novel strategies of treatment is urgent. In this study we
tested T-bet as a treatment target in murine DSS-induced colitis
model and report that T-bet and ILC1 depletion in the germline
or upon induced depletion in adult mice correlated with less
severe DSS-induced colitis.

Induced depletion of T-bet in adult mice resulted in the entire
loss of lamina propria ILC1 indicating a critical role for T-bet in
post-developmental ILC1 maintenance in the intestine. These
data are corroborated by previous reports demonstrating that SI
LP ILC1 are virtually absent in Tbx21-/- and NCR1iCre x Tbx21fl/fl

mice (2, 33). Induced depletion of ILC1 occurred gradually
after the onset of the tamoxifen administration regime to
deplete T-bet, but once ILC1 were lost, the effect was
maintained for several days. A potential and dominant
cytotoxic side effect induced by tamoxifen can be excluded as
the driver of the depletion as ILC1 in mice lacking the Cre-Ert2
gene were not affected. cLP NKp46+ ILC3 had a significant
reduction in NKp46 and loss of NK1.1 surface expression, but
were not depleted in mice expressing the Cre-Ert2 locus. Induced
depletion of T-bet did not alter cellularity and functionality of all
other ILC3 sub-populations and ILC2 in the colonic lamina
propria and overall IL-17A and IL-13 expression from ILC was
not affected. This is of critical importance as a pathogenic role of
Frontiers in Immunology | www.frontiersin.org 8
ILC3 has been shown in colitis mouse models with H. hepaticus
and anti-CD40 antibody driven colitis and even IBD patients (11,
34, 35) and CCR6+ ILC3 have been linked to enhanced airway
hyperreactivity in an obesity model (36). However, several
studies also highlight the protective functionality of ILC3 in
the intestine in DSS colitis and C. rodentium infection models
(reviewed by 37).

ILC1 have previously been suggested to play a detrimental
role in IBD patients (13). ILC1 are also known to mount an early
immune response to an infection with MCMV, while the NK and
T cell-mediated contribution to host protection is effective later
during the course of infection (38). We identified innate
lymphoid cells as a substantial source of IFNg at steady state,
while other cells like T cells and NK cells dominate more once
severe DSS-induced colitis is established. Hence, IFNg expressing
ILC may play a critical role at the onset of colitis. Indeed, when
we induced the depletion of T-bet prior to exposure to DSS, there
was milder colitis induced by DSS. We did also observe milder
DSS-induced colitis in mice with a germline deletion of Tbx21,
and this was observed in both Rag-sufficient and -deficient mice.
In contrast, Rag2-/-xgc-/- mice lacking both mature ILC and
adaptive immune response cells were very resistant to
developing colitis and the additional germline deletion of T-bet
in Rag2-/-xgc-/-xTbx21-/- did not change the course of colitis.
These results indicated that among innate cells, T-bet+ innate
lymphocytes play a dominant role in driving colitis. Tbx21-/-

mice have a non-critical reduction in NK cell development and
tissue frequency indicating T-bet is less relevant to maintain the
NK cell population in comparison to its essential role for ILC1
(18, 39). Considering that the depletion of T-bet also resulted in
limited effects in T cells, NKp46+ ILC3 and IEL ILC1, we suggest
this may indicate that the milder colitis in these models is
predominately caused by the lack of intestinal lamina propria
CD127+ ILC1. In fact, splenic and MLN-derived CD4+ T cells
remained very potent IFNg producers upon induced depletion of
T-bet indicating that the depletion of this transcription factor did
not occur in the majority of these cells and overall had no long-
term effect in these cell populations. In addition, it is plausible to
suggest that Cre-mediated deletion of floxed Tbx21 requires
chromatin remodeling, and the chromatin state of floxed
Tbx21 may control Cre access to the loxP sites. This may be of
particular relevance for lymphocyte precursors in the BM and
could explain why BM ILC1 and other IFNg-producing cells like
T cells can be found upon induced depletion of T-bet. The
difference between ILC1 and Th1 cells for instance could be
explained by the greater cell residency of ILC1 while T cells are
constitutively generated (40–43). Tbx21may be silenced in T cell
precursors at the time of tamoxifen exposure leading to a
profound T-bet+ T cell population despite induced depletion of
T-bet. Therefore, it is also important to consider that in this
study, all functional experiments were performed no earlier than
17 days after the last injection of tamoxifen. This may provide
sufficient time to replace circulating T-bet+ T cells that may be
depleted in the short-term after induced depletion of T-bet. The
chromatin state is a plausible key determinant of the efficiency of
Tbx21 excision. Further corroborating this notion, induced
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depletion of T-bet had no impact on a subsequent infection with
T. spiralis, and this stands in contrast to previous work showing
that germline depletion of Tbx21 resulted in a more effective type
2 immune response upon infection with this parasite (18, 32).
Overall, we postulate that accessibility of the Tbx21 gene may be
the crucial factor driving the depletion success across
cell populations.

ILC are known to be predominately resident in mucosal
tissues and few of these cells can be found in the periphery.
Hence it is no surprise that although entirely depleted initially, an
only minor cLP ILC1 population began only to re-emerge in
week 5 post the initial injection of tamoxifen. This effect was
promoted by the administration of DSS, but appeared not to be
the result of a vigorous proliferation of residual cells that may
have escaped the depletion. Hence, the colonic lamina propria
may be recolonized from ILC precursors from the bone marrow
or tissue resident ILC precursors (44–46). Induced deletion of
Tbx21 did not result in the entire depletion of BM NKp46+

NK1.1+ ILC, and hence these cells may indeed function in the re-
population of the colonic lamina propria. Overall, depletion of
ILC1 had a beneficial effect in terms of colitis severity, but the
caveat of this approach was a limited recovery of ILC1 cellularity,
at least acutely.

STAT1 and STAT4 signalling played a significant role in ILC1
functionality, but not maintenance ruling out a non-redundant
role of signalling events elicited by IFNg, IL-12 or IL-27 for ILC1
maintenance, for instance (47–52). However, induced depletion
of T-bet revealed a reduced expression of CD122 (IL-15RB),
NKp46 and NK1.1 in cLP ILC1 a week prior to their loss in vivo.
Previous studies in mice have indicated that NKp46- and IL-15-
mediated signalling may play a role for intestinal ILC1
maintenance in vivo (24, 53, 54). It is therefore plausible to
suggest that T-bet-mediated maintenance of ILC1 is at least
partially driven by the ability of T-bet to positively regulate the
expression of these molecules.

We have demonstrated that Tbx21-/- mice on a BALB/c
Rag2-/- background are more susceptible to H. thyphlonius-
driven colitis in comparison to conventional BALB/c
background Rag2-/- mice pointing to a protective role of T-bet
(19, 20, 55). We report now that T-bet deficiency is protective
from DSS-induced colitis regardless of whether the treated mice
have a Rag-sufficient or -deficient background. Hence, T-bet
deficiency can cause protection from colitis, but may cause
increased pathology upon infection with specific pathogens in
the absence of adaptive immune responses, such as regulatory T
cells and potentially sIgA, sIgM and sIgG production in the gut
(55). We suggest that this study provides an important
framework to understand more about a potential treatment
approach to target intestinal ILC1 based on direct or indirect
T-bet-mediated effects. ILC1-derived IFNg is likely to cause a
delay in tissue repair due to vascular barrier disruption and
apoptosis of epithelial cells during inflammation (10, 16, 56).
Despite a strong association of IFNg with murine models of
colitis, the clinical response of fontolizumab, a humanized anti-
IFNg specific antibody, in IBD patients was not detectable
although improved inflammatory scores were observed (9–11,
Frontiers in Immunology | www.frontiersin.org 9
57–60). In contrast anti-IL-12p40 antibodies targeting a
component shared by IL-12 and IL-23 has been shown to be
more effective and safe in IBD clinical trials (60, 61). An
approach to inhibit Tbx21 expression via gene silencing is
already in pre-clinical development (62), while alternatively,
the feasibility of targeting the transcription factor using a small
molecule inhibitor has been demonstrated in principle with the
production of such a drug targeting RORgt (63). A T-bet targeted
treatment approach could provide a short time window for
adequate IBD treatment such as the correction of the
microbiota prior to ILC1 repopulation of the gut (64).
METHODS

Animals
C57BL/6 WT and BALB/c WT, Tbx21-/- (C57BL/6 and BALB/c)
and BALB/c Rag2-/- (all Charles River) mice were sourced
commercially. BALB/c Rag2-/-xgc-/-, Rag2-/-xgc-/-xTbx21-/- and
C57BL/6 T-betfl/fl mice were previously generated by our group.
C57BL/6 Rosa26-Cre-ERT2 transgenic mice were a kind gift
from Dr Thomas Ludwig (Columbia University) and were
created using the Cre-ERT2 construct generated by Pierre
Chambon (University of Strasbourg). T-betfl/fl mice were
crossed with Rosa26-Cre-ERT2 mice to generate Tbx2fl/fl

Rosa26-Cre-Ert2+/- (Tbx21D) and Tbx2fl/fl Rosa26-Cre-Ert2-/-

(Tbx21fl) mice. Tbx21D and Tbx21fl mice used for experiments
were littermates. A colony of colitis-free TRnUC mice was
generated as described previously (19). Stat1-/- (B6.129P2-
Stat1tm1Dlv; 65) and Stat4-/- (C57BL/6J-Stat4em3Adiuj/J,
purchased from The Jackson Laboratory) were housed under
specific pathogen-free conditions at the Institute of Animal
Breeding and Genetics in Vienna according to Federation of
European Laboratory Animal Science Associations (FELASA)
guidelines. C57BL/6N and C57BL/6J mice were purchased from
Janvier Labs and used as control mice for Stat1-/- and Stat4-/-

mice, respectively. C57BL/6 RorcGFP mice were a kind gift of Dr
Gérard Eberl (Institut Pasteur, Paris). Age- and sex-matched
mice aged 6-12 weeks were used for experiments.

Tamoxifen Induction of Tbx21 Depletion
A tamoxifen stock solution was prepared by dissolving 1g of
tamoxifen (free base: MP biomedicals, LLC) in 18 ml 100%
ethanol by heating the suspension briefly at 37°C. Prior to
injections this solution was diluted at 1:4.56 in sunflower oil
and pre-warmed to 37°C. In vivo depletion mice was induced by
intraperitoneal injections of tamoxifen on five consecutive days
with one injection per day (1 mg per injection). Three weeks after
the first injection of tamoxifen tissues were isolated or the mice
were infected or treated with DSS as outlined below. In separate
experiments tissues were harvested one or two weeks after the
first injection of tamoxifen.

Isolation of Intestinal Leukocytes
cLP and SI LP leukocytes were isolated using a published method
(66). Briefly, the epithelium of colons or Peyer’s Patch-free SI was
October 2021 | Volume 12 | Article 760198
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removed by incubation in HBSS lacking Mg2+ or Ca2+

(Invitrogen) supplemented with EDTA and HEPES. The tissue
was further digested in HBSS lacking Mg2+ or Ca2+ supplemented
with 2% foetal calf serum (FCS Gold, PAA Laboratories), 0.5 mg/
ml collagenase D, 10 mg/ml DNase I and 1.5 mg/ml dispase II (all
Roche). The LP lymphocyte-enriched population was harvested
from a 40%-80% Percoll (GE Healthcare) gradient interface. For
IEL leukocyte isolations, colons and Peyer’s patch-free SI were cut
longitudinally, washed and incubated twice in Ca2+ Mg2+ free
HBSS supplemented with 2 mM DTT and 5 mM EDTA for
20 minutes at 37°C and 100 rpm shaking. After each incubation
the tissues were vortexed for 10 seconds and the filtered
supernatants were subject to Percoll gradient purification prior
to further analyses.

Flow Cytometry
Flow cytometry was performed using a standard protocol. Fc
receptor blocking was carried out with anti-CD16/32 specific
antibodies. For ILC analyses a lineage cocktail of antibodies
specific for CD3, CD45R, CD19, CD11b, TER-119, Gr-1, CD5
and FcϵRI was used. For a complete list of the antibodies utilized
see Table 1. A FoxP3 staining kit (ebioscience) was used for
intracellular staining of transcription factors and cytokines. In case
of cytokine analysis, cells were pre-stimulated with 100 ng/ml
PMA and 2 µM ionomycin in the presence of 6 µM monensin for
3-4 hours at 37°C 5% CO2 prior to flow cytometry analysis.
Samples were acquired using an LSRFortessa™ cell analyser
(Becton Dickinson, USA) or a Cytoflex LX™ for the data on
Stat1-/- and Stat4-/- mice. All the data were analysed using FlowJo
software (Tree Star, USA).

T Cell Sorting and Polarization Assay
Splenocytes and MLN leukocytes were sorted for naïve CD4+

cells (live CD4+ CD25- CD44lo CD62L+) using a BD FACSAria
cell sorter (BD Biosciences). 1x106 cells were plated per well of a
48 well plate pre-coated with 2 µg/ml anti-CD3 and anti-CD28
antibodies for 4 hours at 37°C 5% CO2. Plates intended to be
used for Th17 polarisation were not pre-coated with anti-CD28
antibodies. The sorted cells were cultured in complete RPMI
supplemented with either 20 ng/ml rmIL-2 (Th0), 20 ng/ml
rhIL-2, 20 ng/ml rmIL-12 and 5 µg/ml anti-IL4 antibody (Th1),
20 ng/ml rhIL-2, 20 ng/ml rmIL-4, 10 µg/ml and anti-IFNg
antibody (Th2) or 1 ng/ml rhTGF-b, 50 ng/ml rmIL-6, 10 ng/ml
rmIL-23, 20 µg/ml anti-IFNg antibody, 10 µg/ml anti-IL-4
antibody and 5 µg/ml anti-CD28 antibody (Th17). After 48
hours in culture, the cells were re-stimulated with the same
cytokine and antibody mix. Another 24 hours later the cells were
washed and cultured into uncoated 24 well plates in complete
RPMI supplemented with the same cytokine and antibody mix.
On day 4 of culture, cells were re-stimulated with 100 ng/ml
PMA and 2 µM ionomycin in the presence of 6 µMmonensin for
4 hours prior to FACS analysis.

In Vivo Models
Colitis was induced by adding 3% or 5% DSS (36-50 KDa, MP
Biomedicals, Ontario, USA) to the drinking water for 5-10 days
Frontiers in Immunology | www.frontiersin.org 10
as indicated. Mice were sacrificed 7-10 days after the beginning
of the treatment with DSS. Weight and clinical abnormalities
were monitored on a daily basis.

Infection with C. rodentium (DSB100) was induced via oral
gauvage at a dose of 5x108 CFU per mouse. Prior to the
infections, the bacteria were grown in LB Broth to 0.7 OD600

and washed into sterile cold PBS.
Mice were infected with T. spiralis using a published

method (18).
DSS-treated or infected mice were sex- and age-matched and

not co-housed with respective control mice.
Immunohistochemistry
Tissues were fixed in 10% paraformaldehyde and then embedded
in paraffin blocks. Microscopically-visible damage in colitis
experiments were evaluated by a pathologist observer (KH),
who was blinded to the experimental groups.
TABLE 1 | Antibody clones and distributors.

Antibody Clone Company

B220 RA3-6B2 eBioscience
CCR6 29-2L17 eBioscience
CD103 2E 7 Biolegend
CD11b M1/70 eBioscience
CD122 TM-b1 eBioscience
CD127 A7R34 eBioscience
CD19 1D3 eBioscience
CD25 PC61 Biolegend
CD3 17A2 eBioscience
CD3 (Supplementary Figure 5) 142-2C11 Biolegend
CD4 RM4-5 Biolegend
CD44 IL7 Biolegend
CD45 30-F11 Invitrogen
CD45.2 (Supplementary Figure 5) 104 Biolegend
CD5 53-7.3 eBioscience
CD62L Mel-14 Biolegend
CD8a 53-6.7 BD
CD90.2 29A1.4 eBioscience
Eomes Dan11Mag Biolegend
FcϵRI MAR eBioscience
FoxP3 FJK-16s eBioscience
GATA3 823 R&D
Gr-1 RB6-8C5 eBioscience
ICOS C398.4 eBioscience
IFNg XMG1.2 eBioscience
IFNg (Supplementary Figure 5) XMG1.2 Biolegend
IFNg (Supplementary Figure 8) eF450 eBioscience
IL-13 eBio13A eBioscience
IL-17A PAJ-17R eBioscience
IL-17A (Supplementary Figure 8) 18H10.1 Biolegend
IL-4 11B11 Biolegend
Ki67 20Raj1 eBioscience
KLRG1 2F1 eBioscience
NK1.1 PK136 Biolegend
NKp46 29A1.4 eBioscience
RORgt AFKJS-9 eBioscience
RORgt (Supplementary Figure 5) Q31-378 R&D
RORgt (Supplementary Figure 8) AFKJS-9 Invitrogen
T-bet 4B10 Invitrogen
Ter119 TER-119 eBioscience
October 2
021 | Volume 12 | Ar
ticle 760198

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Schroeder et al. Temporally Controlled Deletion of T-bet
Statistics
Results are expressed as mean ± SEM. Data were analysed using
Student’s t-test or Mann-Whitney U test, as appropriate, using
GraphPad Prism 5.0 (GraphPad Inc., USA). ns: non-significant;
*p < 0.05; **p< 0.01; ***p<0.001; ****p<0.0001.
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Supplementary Figure 1 | Analysis of cLP ILC1 depletion at days 0 and 7 post
onset of induced T-bet depletion. cLP ILC were isolated from untreated or
tamoxifen-treated Tbx21fl and Tbx21D mice for flow cytometry analysis. (A) ILC
were gated as live CD45+ Lin- CD127+ leukocytes. (B, D) NKp46+ NK1.1+ ILC
(B) from untreated mice (n=5) or (D) 7 days after the first injection of tamoxifen (n=1).
(C) Model of induced depletion of T-bet using Tbx21D and Tbx21fl control mice.

Supplementary Figure 2 | Induced T-bet depletion in vivo does not affect
intestinal CD49b+ NK cells. NK cells were isolated from tamoxifen-treated Tbx21fl

and Tbx21D mice for flow cytometry analysis 21 days after the first injection of
tamoxifen. cLP and SI LP NK cells were analysed as live CD45+ CD3- NK1.1+

CD226+ CD49b+ leukocytes (n=1).

Supplementary Figure 3 | Induced T-bet depletion has limited effect on colitis
caused by C. rodentium-infection. Tamoxifen pre-treated Tbx21fl and Tbx21D mice
were infected with C. rodentium 3 weeks after the first injection of tamoxifen for
infection analysis. Animal weight difference in relation to day 0 on days post infection
are shown. Data shown are representative of 8-9 biological replicates.

Supplementary Figure 4 | T-bet-expression in STAT4-deficient ILC. cLP
leukocytes were isolated from WT or Stat4-/- mice. (A) Flow cytometry analysis of
T-bet in cLP NKp46+ NK1.1+ ILC and non-ILC1 cLP ILC and statistical analysis of
T-bet expression in cLP NKp46+ NK1.1+ ILC are illustrated.

Supplementary Figure 5 | T-bet-expressing ILC are a relevant source of IFNg at
steady state. RorcGFP mice received 3%DSS for 5 days followed by a period of rest.
(A) Daily percentual weight change to body weight at the start are illustrated. (B–H)
cLP leukocytes were isolated 3 days after DSS withdrawal and re-stimulated with
PMA and ionomycin for 3 hours prior to analysis. (B) Flow cytometry analysis of IFNg
expressing live CD45+ leukocytes and RORgt- NKp46+ NK1.1+ ILC1 and
(C) respective statistical analyses are shown. Frequency of (D) CD11b+ Eomes+

NKp46+ NK, (E) CD11b- CD103- CD3+ T cells, CD11b- CD103+ CD3+ T cells,
RORgt- NKp46+ ILC1 and RORgt+ NKp46+ ILC3 among IFNg+ CD45+ leukocytes
from DSS-treated and control mice and (F) respective statistical analysis are
illustrated. (G) Flow cytometry analysis of RORgt- NKp46+ NK1.1+ ILC and RORgt+

NKp46+ ILC3, (H) Eomes+ NKp46+ NK and CD103+ and CD103- T cells and (I) a
summary plot of CD45+ leukocyte subset frequencies are shown. Data shown are
representative of 3 biological replicates.

Supplementary Figure 6 | Tbx21-/- mice develop milder DSS-elicited colitis.
Mice received DSS in the drinking water for weight loss analysis. (A) C57BL/6 and
Tbx21-/- C57BL/6 mice or (B) BALB/c and Tbx21-/- BALB/c mice received 3% DSS
for 5 days followed by a period of rest (n=4). Rag2-/- and TRnUC received (C) 5%
DSS and fresh water (FW) for 5 days (n=3) or (D) 3% DSS for 5 days followed by a
period of rest (n=4). (E) Rag-/-xgc-/- and Rag-/-xgc-/-xTbx21-/- mice received 5%
DSS for 8 days (n=4). Daily recording of weight change in comparison to the starting
point are illustrated.

Supplementary Figure 7 | Induced T-bet depletion in vivo limits, but does not
restrict the potency to generate Th1 cells in vivo. Leukocytes from MLN and spleen
of tamoxifen-treated Tbx21fl and Tbx21Dmice were isolated for flow cytometry
analysis 3 weeks after the first injection. (A) Gating strategy for naïve (CD44hi
October 2021 | Volume 12 | Article 760198

https://www.frontiersin.org/articles/10.3389/fimmu.2021.760198/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.760198/full#supplementary-material
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Schroeder et al. Temporally Controlled Deletion of T-bet
CD62L-) and effector (CD44low CD62L+) CD4+ and CD8+ T cells. (B) Expression of
T-bet and (C) statistical analysis of its expression in MLN and splenic bulk, naïve and
effector CD4+ and CD8+ T cells are shown (n=3). (D, E) Tamoxifen-pretreated
Tbx21fl and Tbx21Dmice were exposed to 3% DSS for 5 days and splenic
leukocytes were isolated another 5 days later for flow cytometry analysis of CD3+ T
cells. (D) T-bet percentage frequency in CD4+ and CD8+ T cells and (E) statistical
analysis of T-bet expression in these cells are shown (n=4-6).

Supplementary Figure 8 | Induced T-bet depletion in vivo limits, but does not
restrict the potency to generate Th1 cells in vitro and does not alter the immune
response to T. spiralis. T cells were isolated from the spleen of tamoxifen-treated
Tbx21fl and Tbx21D mice 3 weeks after the first injection for polarization assays and
flow cytometry analysis. (A) T-bet, IFNg, GATA3 and RORgt expression in (A, B)
MLN and (C, D) splenic CD4+ T cells upon Th0, Th1, Th2 and Th17 polarization is
demonstrated. (A, C) Percentage of marker expression and (B, D) T-bet expression
are shown (n=4). Tamoxifen pre-treated Tbx21fl and Tbx21D mice were infected 3
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weeks after the first injection with T. spiralis for infection analysis. (E) Histology,
(F) worm burden, crypt length, vili length and muscle thickness are shown (n=5).

Supplementary Figure 9 | Bone marrow-derived NKp46+ ILC can recolonize the
intestine upon induced depletion of cLP ILC1. DSS colitis was induced in Tbx21fl

and Tbx21D mice pre-treated with tamoxifen (i.e. 21 days after the first injection).
Mice were exposed to 3% DSS for 5 days and another 3 days later tissues were
isolated and CD127+ NKp46+ NK1.1+ ILC were analysed by flow cytometry. In
control settings mice received fresh water without DSS. (A) Flow cytometry analysis
of cLP NKp46+ NK1.1+ ILC percentage share of CD127+ ILC. (B) Ki67 and T-bet
expression in cLP NKp46+ NK1.1+ ILC and fold change difference of Ki67
expression in NKp46+ NK1.1+ ILC relating to fresh water-exposed Tbx21fl mice are
illustrated. (C) Cellularity of live CD45+ Lin- CD127+ NKp46+ NK1.1+ ILC in the bone
marrow at day 3 of DSS withdrawal and the frequency of BM NKp46+ NK1.1+ ILC
within total BM CD127+ ILC are demonstrated. Data shown are representative of 3
biological replicates.
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