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Segmented filamentous bacteria–induced epithelial
MHCII regulates cognate CD4+ IELs and epithelial
turnover
Tomáš Brabec1,2, Martin Schwarzer3, Kataŕına Kováčová1, Martina Dobešová1,2, Dagmar Schierová4, Jǐŕı Březina2, Iva Pacáková1,
Dagmar Šrůtková3, Osher Ben-Nun5, Yael Goldfarb5, Iva Špĺıchalová2, Michal Kolář6, Jakub Abramson5, Dominik Filipp2, and
Jan Dobeš1

Intestinal epithelial cells have the capacity to upregulate MHCII molecules in response to certain epithelial-adhesive microbes,
such as segmented filamentous bacteria (SFB). However, the mechanism regulating MHCII expression as well as the impact of
epithelial MHCII–mediated antigen presentation on T cell responses targeting those microbes remains elusive. Here, we
identify the cellular network that regulates MHCII expression on the intestinal epithelium in response to SFB. Since MHCII on
the intestinal epithelium is dispensable for SFB-induced Th17 response, we explored other CD4+ T cell–based responses induced
by SFB. We found that SFB drive the conversion of cognate CD4+ T cells to granzyme+ CD8α+ intraepithelial lymphocytes.
These cells accumulate in small intestinal intraepithelial space in response to SFB. Yet, their accumulation is abrogated by the
ablation of MHCII on the intestinal epithelium. Finally, we show that this mechanism is indispensable for the SFB-driven
increase in the turnover of epithelial cells in the ileum. This study identifies a previously uncharacterized immune response to
SFB, which is dependent on the epithelial MHCII function.

Introduction
Intestinal epithelial cells (IECs) form a single-layered intestinal
epithelium, which facilitates the absorption of nutrients and
water and is critical for restraining the intestinal microbiota and
pathogens in the gut lumen. Loss of intestinal epithelium barrier
integrity leads to the translocation of luminal components to the
surrounding tissue and may result in the development of severe
inflammatory intestinal disorders due to the breakdown of in-
testinal homeostasis (Bevins and Salzman, 2011; Maloy and
Powrie, 2011).

It has been recognized for a long time that IECs can express
the major histocompatibility complex class II (MHCII) molecules
(Arnaud-Battandier et al., 1986; Gorvel et al., 1984; Scott et al.,
1980).More recently,MHCII+ IECswere suggested to function as
non-classical antigen-presenting cells (APCs), which can mod-
ulate the severity of intestinal pathologies, such as induced co-
litis in mice (Jamwal et al., 2020), graft-versus-host disease
(Koyama et al., 2019), or intestinal tumorigenesis (Beyaz et al.,

2021). This suggests that the IEC-dependent presentation of
antigens in the MHCII context may contribute to CD4+ T cell–
mediated adaptive immune responses. Additional studies
revealed that the MHCII expression on IECs is partially regu-
lated by the circadian clock and dietary intake rhythmicity
(Tuganbaev et al., 2020), as well as by diet composition (Beyaz
et al., 2021). Moreover, the MHCII expression on intestinal stem
cells was implicated in organizing the stem cell differentiation
potential to distinct epithelial cell lineages, yet the mechanism
remained elusive (Biton et al., 2018). In spite of this progress, the
functional significance of MHCII+ IECs under steady-state con-
ditions is still poorly understood, especially with regard to its
impact on shaping T cell responses to microbes responsible for
MHCII induction on IECs.

The majority of luminal microbiota is prevented from direct
adhesion to the apical side of IECs by themucus layer, which also
contains a gradient of IgA antibodies of different specificities
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and various antimicrobial peptides. However, a small fraction of
intestinal microbes is not physically segregated from IECs but
instead physically interact with them (Blumershine and Savage,
1977; Farkas et al., 2015; Klaasen et al., 1992). One of the best-
characterized members of this category is segmented fila-
mentous bacteria (SFB, proposed name Candidatus savagella)
(Thompson et al., 2012)—anaerobic, spore-forming, clostridia-
like microorganisms, which live in close association with IECs
(Ivanov and Littman, 2010). To facilitate their interaction with
IECs, SFB use hook-like protrusions poked out inside IECs.
Through this unique infection strategy, most of the SFB cell
remains extracellular and only a smaller part infects the inner
intracellular space of the IECs without disrupting their plasma
membrane (Ladinsky et al., 2019). Interestingly, endocytic
vesicles containing SFB cell wall–associated proteins are shed
into the cytosol from the tip of the SFB-hook in the actin-
dependent endocytic manner and shuttled through the
endosomal–lysosomal compartment of IECs (Ladinsky et al.,
2019), where MHCII presentation machinery is canonically
present. Tight adhesion of SFB to IECs induces a strong immune
response in the intestine, which is characterized by the accu-
mulation of T helper 17 (TH17) cells (Atarashi et al., 2015;
Gaboriau-Routhiau et al., 2009; Ivanov et al., 2009; Yang et al.,
2014) and increased production of IL-17 and IL-22, as well as by
increased production of IgA by plasma cells (Lecuyer et al.,
2014). These responses in turn limit the overgrowth of SFB
(Kumar et al., 2016; Shih et al., 2014; Suzuki et al., 2004). In-
terestingly, while SFB are able to induce MHCII expression in
IECs (Goto et al., 2014; Tuganbaev et al., 2020; Umesaki et al.,
1995), IECs’MHCII-mediated antigen presentation is dispensable
for SFB-driven Th17 response (Goto et al., 2014) and so far, no
function with regard to SFB-driven T cell responses was attrib-
uted to it.

IECs are wired to the immune system through close physical
and functional interactions with various immune cells located in
the intraepithelial space of the gut. These, in particular, include
intraepithelial lymphocytes (IELs) (Cheroutre et al., 2011;
Hayday et al., 2001), a heterogeneous group of T cells implicated
in immune protection against various intestinal pathogens in-
cluding viruses (Masopust et al., 2006; Müller et al., 2000;
Shires et al., 2001), bacteria (Mombaerts et al., 1993), or para-
sites (Chardès et al., 1994; Lepage et al., 1998). Since IELs reside
in epithelial tissue, they are characterized by high expression of
an adhesion integrin molecule CD103, which facilitates their
interaction with IECs through its binding to E-cadherin (Cepek
et al., 1994; Kilshaw and Murant, 1990). While IELs can express
either αβ or γδ T cell receptors (TCR), a large fraction of IELs
expresses CD8αα homodimers, which serve as ligands for
epithelium-expressed thymus leukemia antigen (TLA, encoded
by theH2-T3 gene) (Leishman et al., 2001). Based on their origin,
IELs are classified into two major subtypes—natural IELs and
induced IELs (iIELs). While natural IELs are generated directly in
the thymus and migrate to effector tissue, iIELs in contrast arise
from activated, antigen-experienced conventional αβTCR+

T cells (Cheroutre et al., 2011). iIEL arising from CD4+ T cells
lose their classical ThPOK-guarded CD4+ identity upon specific
stimulus through the induction of Runx3 expression, which

counteracts ThPOK (Reis et al., 2013). The Runx3-mediated de-
mise of ThPOK expression (Mucida et al., 2013) eventually re-
sults in the establishment of a potent CD8+ T cell–like phenotype
manifested by large cytolytic granules (Shires et al., 2001). This
elegant mechanism allows antigen-specific T cells to lose their
CD4+ T helper phenotype to become cytotoxic iIELs while
maintaining MHCII restriction (He et al., 2005; Mucida et al.,
2013). Nevertheless, the role of MHCII-restricted iIELs under
homeostatic conditions, as well as the mechanisms that drive
their development, are only beginning to be explored.

Here, we report that intestinal colonization by SFB promotes
conversion of SFB-specific CD4+ T cells into granzyme-expressing
iIEL and their accumulation in the gut intraepithelial space in a
manner dependent on epithelialMHCII expression.Moreover, our
data provide critical insights into the physiological role of these
converted cytotoxic iIELs by demonstrating their ability to regu-
late the IECs turnover.

Results
SFB induce strong MHCII expression in IECs
The hallmark of the immune response to SFB colonization is the
upregulation of MHCII by IECs (Goto et al., 2014; Tuganbaev
et al., 2020; Umesaki et al., 1995), yet the immune factors in-
duced by SFB regulating MHCII expression on IECs are un-
known. First, we decided to validate the ability of SFB to induce
MHCII on IECs in the SFB-free mice acquired from the Jackson
Laboratory (JAX) (Ivanov et al., 2009) colonized by SFB at
weaning on top of their standard microbiota 2 as well as 9 wk
after colonization (Fig. 1, A and B; and Fig. S1, A and B) and also
in SFB-colonized germ-free (GF) animals (Fig. 1 C).

Next, we focused on immune signals utilized to regulate the
MHCII expression on IECs in response to SFB colonization.
While SFB are well known for their ability to induce the TH17
response with signature cytokines IL-17 and IL-22 (Gaboriau-
Routhiau et al., 2009; Ivanov et al., 2009), it was also reported
that SFB can increase IFNγ production in the gut (Gaboriau-
Routhiau et al., 2009). The latter finding might be crucial
since IFNγ is a well-documentedmodulator ofMHCII expression
(Koyama et al., 2019; Thelemann et al., 2014; Van Der Kraak
et al., 2021). Therefore, we next measured the induction of IL-
17A and IFNγ cytokines in the small intestinal (SI) lamina pro-
pria (SI-LP) after SFB colonization of JAX mice and found that
both of those cytokines are induced by SFB colonization (Fig. 1 D
and Fig. S1 C).

To test whether SFB-induced IFNγ or IL-17A cytokine pro-
duction affects MHCII expression on IECs, we blocked the ef-
fector function of these two cytokines in SFB-colonized WT
mice by specific neutralizing antibodies. Strikingly, while
IFNγ blockade completely abrogatedMHCII expression on IECs,
the blockade of IL-17A led to a two-fold increase in the frequency
ofMHCII+ IECs (Fig. 1 E). Since a recent study reported that during
the weaning period (3 wk of age) mice show strong but transient
production of IFNγ (Al Nabhani et al., 2019), we wondered
whether blockade of this transient IFNγ stimulus associated with
weaning could affect theMHCII expression on IECs later in life. To
this end, we injected WT SFB+ mice with IFNγ blocking antibody
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Figure 1. SFB drive MHCII expression on the intestinal epithelium through induction of IFNγ. (A) FACS analysis of SI-IECs isolated from 5-wk-old WT
animals carrying microbiota from the Jackson Laboratory (JAX), half of which were colonized with SFB at 21 and 22 days of age (JAX + SFB). FACS plots on the
left show representative gating. The plot on the right shows an overview of the results and statistical analysis. Five independent experiments, n = 15. (B) FACS
analysis of SI-IECs isolated from 12-wk-old WT animals carrying microbiota from the Jackson Laboratory (JAX), half of which were colonized with SFB at 21 and
22 days of age (JAX + SFB). FACS plots on the left show representative gating. Plot on the right shows an overview of the results and statistical analysis. Two
independent experiments, n = 6. (C) FACS analysis of SI-IECs isolated from 5-wk-old GFWT animals, half of which were colonized with SFB at 21 and 22 days of
age (GF + SFB). FACS plots on the left show representative gating. The plot on the right shows an overview of the results and statistical analysis. Five in-
dependent experiments, n = 15. (D) FACS analysis of IFNγ and IL-17a production by CD3+ TCRβ+ CD4+ T cells in SI-LP of JAX and JAX + SFB mice. Plots on the
left show representative gating. Plots on the right show quantification of frequencies of IFNγ+ IL-17a− and IFNγ− IL-17a+ and batch normalized mean
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either at 3 or at 4 wk of age and analyzed them at the age of 5 wk.
In both cases, the MHCII expression on IECs was completely
blocked (Fig. 1 F). Thus, continuous IFNγ production seems to be
indispensable for the expression ofMHCII on IECs not only during
but also after the weaning period.

MHCII expression on IEC is induced by T cell–derived IFNγ in a
cDC1-dependent manner
Next, we sought to identify the cellular source of IFNγ respon-
sible for the induction of MHCII expression on IECs. We utilized
single-cell RNA sequencing (scRNA-seq) analysis of SI-LP from
JAXmice and their littermates colonized by SFB (Fig. 2, A–F).We
identified several major leukocyte populations including B cells,
plasma cells, several types of myeloid cells, and innate lymphoid
cells (ILC2 and ILC3 cells), as well as a cluster containing other
lymphoid cells by clustering analysis (Fig. 2, A and C, left pan-
els). Further analysis of the mixed lymphoid cluster revealed
several subclusters corresponding to natural killer (NK) cells,
NK T (NKT) cells, both naı̈ve and mature γδT cells, naı̈ve and
mature CD8+ αβT cells, CD4+ naı̈ve T cells, regulatory T cells
(Tregs), and conventional CD4+ T cells (Fig. 2, A and C, right
panels). These cell types can be distinguished based on their
canonic markers (Fig. 2 B). As expected, SFB colonization
increased the frequency of plasma cells and mature T cell
subsets (Fig. 2, C–E). In this dataset, four populations of
lamina propria CD45+ cells expressed Ifng, namely conven-
tional CD4+ αβT cells, CD8+ αβT cells, NK cells, and NKT cells.
Furthermore, NK and CD4+ αβT cells enhanced Ifng expression
upon SFB colonization (Fig. 2 F). Using flow cytometry, we
confirmed that in WT animals colonized by SFB, the NK cell,
NKT cells, as well as further undefined CD3ε– population in-
deed produce IFNγ, but the CD4+ and CD8+ T cells are by far
the most numerous producers of IFNγ in the lamina propria
(Fig. 2 G). In summary, both NK and CD4+ αβT cells increase
their Ifng production in the presence of SFB, but the latter
population is more numerous.

Next, to test whether NK or NKT cells, albeit their low fre-
quency, contribute to the induction of MHCII expression on
IECs, we depleted NK and NKT cells using NK1.1 antibody in
SFB+ WT mice using previously described protocol (Glasner
et al., 2018). Although this treatment largely depleted both NK
cells (by ∼85%) and NKT cells (by ∼50%) (Fig. 3 A), we observed
no significant effect on the frequency of MHCII+ IECs (Fig. 3 B).
Thus, we focused on T cells as the major source of IFNγ to de-
termine whether T cells may be the key inducer of the MHCII
expression on IECs. We analyzed SFB+ Rag1-deficient mice that
lack virtually all conventional T cells. To eliminate the possible
effect of litter and/or separate housing, we compared Rag1−/−

mice to their Rag1+/− littermates. Using this system, we observed
the reduction of MHCII expression on IECs by ∼75% in the ab-
sence of T cell populations (Fig. 3 C).

To assess directly the effect of T- and NK-derived IFNγ on the
MHCII expression on IECs, we utilized IFNγOFF mice, in which
Ifng gene is constitutively inactive (similar to KO), but its ac-
tivity can be rescued by Cre-mediated recombination (Borst
et al., 2020). We crossed this mouse strain to CD4-Cre and
Ncr1-Cre mouse strains, leading to rescue of Ifng expression
potential only in T and NK cell lineages, respectively (Fig. 3 D
and Fig. S2 A). Strikingly, IFNγ expression limited to T cells was
able to restore MHCII expression on IECs, while NK-restricted
IFNγ expression had no measurable effect on epithelial MHCII
expression (Fig. 3 E). Collectively, these data prove that IFNγ-
producing T cells are both necessary and sufficient to induce
MHCII expression on IECs.

Canonically, T cell responses are driven by specific APCs
populations. Therefore, we next wanted to determine if SFB-
induced IFNγ-producing T cells, responsible for the induction
of MHCII on IECs, are also regulated in such a way. Xcr1+ cDC1
were recently identified as the major inducers of TH1 responses
after intestinal infection by epithelial-adhesive cryptosporidium
(Russler-Germain et al., 2021). To test whether cDC1 may also be
involved in the SFB-mediated induction of MHCII+ on IECs, we
utilized and analyzed SFB+ Xcr1-Cre × R26-flox-STOP-flox-
diphtheria toxin A (Xcr1-DTA) mice (Voehringer et al., 2008;
Wohn et al., 2020), in which the mature cDC1 population is
depleted by inducible intracellular DTA expression without the
disruption of other APC subtypes (Fig. S2, B and C). Strikingly,
these mice showed a ∼95% decrease in the MHCII expression on
their IECs compartment compared with cDC1-sufficient litter-
mates (Fig. 4 A). Furthermore, they almost completely lacked
IFNγ expression in both CD4+ and CD8+ lamina propria T cells,
while the frequency of IL-17A–producing CD4+ T cells in lamina
propria was unaffected (Fig. 4, C and D). Lastly, we inspected if
the cDC1 ability to present antigens and activate CD4+ T cells is
needed for induction of MHCII expression on IECs by selectively
depleting MHCII molecule on the cDC1 population (using Xcr1-
Cre × MHCII-fl/fl [MHCIIdcDC1]) (Fig. S2, B and D). Importantly,
MHCII ablation on cDC1 led to a decrease of MHCII expression
on IECs by ∼75% (Fig. 4 B). This suggests that although both
CD4+ and CD8+ T cells contribute by their IFNγ production to
MHCII induction on IECs, CD4+ T cells are quantitatively the
main source of the IFNγ in this process. Collectively, these re-
sults revealed that the regulatory loop responsible for MHCII
expression on IECs is based on IFNγ, which is produced mainly
by CD4+ T cells under the active control of the cDC1 professional
APCs population.

fluorescence intensity (MFI) of IFNγ and IL-17a in all CD45+ TCRβ+ CD4+ T cells. Two independent experiments, n = 7. (E) Flow cytometry analysis of MHCII
expression on SI-IECs in SFB-colonized mice, which were i.p. treated with either IL-17a or IFNγ-neutralizing antibodies or isotype control at 21 and 22 days of
age, 250 µg in 100 μl of PBS in each injection. Plots show representative gating and the statistical overview of the data. Two independent experiments, n = 4.
(F)WTmice derived from SFB-colonized parents were i.p. treated either with isotype antibody or with IFNγ-neutralizing antibody at either 21 and 22 days or at
28 and 29 days of age, 250 µg in 100 μl of PBS in each injection. Plots show representative gating and a statistical overview of the data. Two independent
experiments, n = 4. Data in A–C were tested by Student’s t test. Data in D and E were tested by ordinary one-way ANOVA with Holm–Š́ıdák’s multiple
comparisons test. ns, not significant; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. Numbers beside gates represent frequencies from parent population or MFI
(C). Horizontal lines and bars show mean ± SEM.
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Figure 2. CD4+ T cells are the main producers of IFNγ in SI-LP. (A–F) scRNA-seq of CD45+ SI-LP cells from JAX and JAX + SFB mice. (A) UMAP of annotated
cell types. The left plot shows basic clustering, and the right plot shows subclustering of T/NK cluster. (B) UMAP showing the origin of cells from either JAX or
JAX + SFB mice. (C) Violin plot of canonic markers defining the identity of clusters to cell types. (D) Graph showing log2 fold change of frequencies of individual
cell types comparing JAX + SFB to JAX mice in basic clustering. (E) Graph showing log2 fold change of frequencies of individual cell types comparing JAX + SFB to
JAX mice in subclustering of T/NK cluster. (F) Violin plot of Ifng expression across all the annotated cell types separated by their origin from either JAX or JAX +
SFB mice. (G) FACS analysis of the composition of IFNγ-producing cells in SI-LP of SFB colonized mice. Upper plots show representative gating. Bottom plot
shows an overview of the data and statistical comparison of CD4 T cells to all other cell types. Numbers beside gates show frequencies from all IFNγ+ cells. Two
independent experiments, n = 5. Data in G were tested by Student’s t test. ****, P < 0.0001. Horizontal lines show mean ± SEM.
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MHCII expression on IECs is redundant for TH1 and TH17
response against SFB
After mechanistically describing steps leading to SFB-induced
IFNγ-mediated MHCII expression on IECs, we focused on the
physiological role of IEC-expressed MHCII in the context of
immune response to SFB. We utilized mice lacking MHCII spe-
cifically on their IECs (Villin1-Cre × MHCII-fl/fl: MHCIIΔIEC) and
their Cre-negative littermates (Fig. S2 E). We did not observe
any changes in the frequency of IFNγ+ and IL-17A+ lamina pro-
pria CD4+ T cells, pointing to no observable difference in TH1 and

TH17 responses (Fig. 5 A), in agreement with a previous report
(Goto et al., 2014). Thus, we employed an unbiased scRNA-seq
analysis of SI IECs from JAX animals and their littermates col-
onized by SFB to uncover additional changes in the SI IECs ex-
pression profile on top of upregulated MHCII expression (Fig. 5
B and Fig. S2 F). We did not observe any expression of cos-
timulatorymolecules by IECs, suggesting that theMHCII on IECs
might not be involved in the conventional induction phase of the
adaptive immune response (Fig. 5 C). However, among the most
differentially expressed genes along with MHCII were its

Figure 3. T cell–derived IFNγ drives MHCII expression on the intestinal epithelium. (A and B) SFB-colonized WT mice were injected with 25 µg of Nk1.1
antibody at 21, 23, 25, 29, 31, and 33 days of age and analyzed at 35 days of age. Two independent experiments, n = 5. (A) FACS analysis of NK and NKT cell
depletion in SI-LP. Upper plots show representative gating. Bottom plot shows an overview of the data and statistical analysis. Numbers beside gates represent
frequency from parent population. (B) FACS analysis of MHCII expression in SI IECs. Plots on the left show representative gating. Plot on the right shows an
overview of the results and statistical analysis. Numbers beside gates represent frequency from the parent population. (C) Rag1−/− males were bred with
Rag1+/− females, and SI-IECs from their progeny were analyzed by FACS. Plots on the left show representative gating. The plot on the right shows an overview
of the results and statistical analysis. Numbers beside gates represent frequency from the parent population. Two independent experiments, n = 4. (D and E)
Analysis of loxp-STOP-loxp-Ifng (IFNγOFF) and their littermates crossed to Cd4-Cre (IFNγCD4-ON) or Ncr1-Cre (IFNγNcr1-ON) on SFB+ microbiota. (D) FACS
analysis of IFNγ production in CD4+ T cells, CD8+ T cells, and NK cells. Upper plots show representative gating of IFNγ+ cells. Lower plots show overview of the
results and statistical analysis. Two independent experiments, n = 3–7. (E) FACS analysis of MHCII expression in SI-IECs. Representative gating and statistical
overview are shown. Numbers beside gates represent frequencies from parent population. Two independent experiments, n = 3–7. Horizontal lines in D and E
show mean ± SEM. Data in A–C were tested by Student’s t test. Data in D and E were tested by ordinary one-way ANOVA with Holm–Š́ıdák’s multiple
comparisons test. ns, not significant; *, P < 0.05; ***, P < 0.001; ****, P < 0.0001; in A, P value is shown. Horizontal lines show mean ± SEM.
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antigen processing machinery members and TLA (H2-T3)
molecule–ligand for the CD8αα, hallmark marker of the IELs in
the gut. All these molecules were predominantly expressed by
enterocyte population (Fig. 5 D). In parallel, we also assessed the
CD4+ T cell transcription profile in lamina propria of JAX animals
and their littermates colonized by SFB utilizing scRNA-seq.
Strikingly, the major expression change we observed in these cells
was the massive induction of cytotoxic granzymes in SFB-colonized
mice (Fig. 5 E). Since granzymes are highly expressed by IEL
(Cheroutre et al., 2011), the upregulation of these molecules in
T cells after SFB colonization, together with the elevated expression
of H2-T3 on gut epithelium, suggests the enhanced adaptive IEL-
dependent immune response to SFB in the gut of colonized mice.

CD4+ iIELs accumulate in the intraepithelial space in response
to SFB
Our previous experiments suggested that in parallel to canonical
TH17 response, SFB may promote IEL-driven response. To de-
termine the nature and magnitude of this response, we in-
spected the SI intraepithelial space (SI-IEL) of JAX mice and
their SFB-colonized littermates by scRNA-seq (Fig. 5, F and G;
and Fig. S3 A). Strikingly, we found that SFB colonization in-
creased the frequency of iIELs among other IEL populations and
this increase can be largely attributed to accumulation of CD4+

iIEL (Fig. 5, G and H). Furthermore, CD4+ iIEL showed a strong
increase in the expression of Gzmb after SFB colonization (Fig. 5
I). Since a recent study reported that a subset of IELs can express
IL-10 (Tuganbaev et al., 2020), we also checked the expression of

this cytokine in our dataset. IL-10 expression was low regardless
of cell type and SFB colonization (Fig. S3 B). Furthermore, this
dataset enabled us to confirm that IEL shows low levels of Ifng
expression in comparison with lamina propria T cells (compare
Fig. 2 F and Fig. S3 C).

To validate the ability of SFB to induce IEL response, we
analyzed both natural and iIEL populations in JAX mice colo-
nized with SFB and their non-colonized littermates by flow cy-
tometry 2 wk after colonization (Fig. 6 A and Fig. S3 D). The
counts of CD4+ T cells in intraepithelial space increased sub-
stantially after SFB colonization (Fig. 6 A). CD4+ IELs showed
increased expression of Gzmb, while the CD8a expression re-
mained unaffected (Fig. 6 A). Similar to the previous report
(Umesaki et al., 1995), we have also observed the accumulation
of CD8αβ iIEL (Fig. S3 D).

To test if the observed effects can be attributed solely to SFB,
we monocolonized the GF animals by this microbe (Fig. 6 B and
Fig. S3 E).We observed a strikingly similar increase of CD4+ IELs
on frequency and counts accompanied with the enhanced ex-
pression of Gzmb 2 wk after monocolonization going hand-in-
hand with the results observed in JAX animals colonized by SFB
on top of their standard microbiota (Fig. 6 B and Fig. S3 E).
However, in contrast to SFB colonization of JAX mice, the col-
onization of GF mice had no effect on the counts of natural IEL
(TCRβ+ CD4− CD8β− and CD3+ TCRβ−), suggesting that SFB alone
specifically induces iIEL response (compare Fig. S3, D and E).

Next, we addressed whether the observed accumulation of
Gzmb+ CD4+ iIELs is persistent in the more chronic phase of the

Figure 4. cDC1 control epithelial MHCII expression through regulation of T cell IFNγ production. (A) FACS analysis of MHCII expression in SI-IECs from
XCR1-Cre × Rosa26-loxp-STOP-loxp-DTA (XCR1-DTA) mice and their Cre-negative littermates (control). FACS plots on the left show representative gating. Plot
on the right shows an overview of the results and statistical analysis. Three independent experiments, n = 4–7. (B) FACS analysis of MHCII expression in SI-IECs
from XCR1-Cre × MHCII-fl (MHCIIΔcDC1) mice and their Cre-negative littermates (MHCII-fl Ctrl). FACS plots on the left show representative gating. Plot on the
right shows overview of the results and statistical analysis. Two independent experiments, n = 3–6. (C and D) FACS analysis of IFNγ and IL-17a production by
CD4+ T cells (C) or CD8+ T cells (D) from SI-LP of XCR1-DTAmice and their Cre-negative littermates (control). Plots on the left show representative gating. Plots
on the right show overview of the data and statistical analysis. Three independent experiments, n = 4–7. All data were tested by Student’s t test. **, P < 0.01;
***, P < 0.001; ****, P < 0.0001; P values >0.05 are shown. Numbers beside gates represent frequencies from parent population. Horizontal lines showmean ±
SEM.
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Figure 5. SFB induce granzyme-expressing CD4 T cells in lamina propria and intraepithelial space. (A) FACS analysis of IFNγ and IL-17a production by
CD4+ T cells from SI-LP of Vil1-CreER × MHCII-fl mice (MHCIIΔIEC) and their Cre-negative littermates (MHCII-fl). Plots on the left show representative gating.
Plots on the right show quantification of frequencies of IFNγ+ IL-17a− and IFNγ− IL-17a+ in CD3+ TCRβ+ CD4+ T cells. Two independent experiments, n = 4–7.
(B–D) scRNA-seq of CD45− EpCAM+ SI-IECs from JAX and JAX + SFB mice. (B) UMAP of annotated cell types. (C)Heatmap of costimulatory molecules shown as
normalized log counts. Epcam and Ptprc are shown as positive and negative controls, respectively. Cells are separated by their cell type irrespective of the SFB
colonization status. (D) Violin plot of MHCII genes (Cd74, H2-Ab1), genes responsible for MHCII antigen processing (Ctss, Ctsb), and nonclassic MHC molecule
H2-T3. Cells are separated by their cell type and SFB colonization status. (E) Heatmap of differentially expressed genes comparing CD4+ T cells from SI-LP of
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colonization or is associated only with the acute phase; thus we
measured the intraepithelial space of JAX animals 9 wk after
colonization by SFB (Fig. 6 C and Fig. S3 F). We observed a
similar increase in the counts of CD4+ iIELs; however, in this
latter phase, the accumulation of Gzmb+ CD4+ iIELs was ac-
companied by their increased expression of CD8α molecule
(Fig. 6 C and Fig. S3 F).

Finally, since SFB were shown to preferentially colonize the
distal regions of the SI (Sano et al., 2015), we have also analyzed
the distribution of epithelial MHCII expression and CD4+ iIELs
across the SI. Interestingly, we observed an increase in the
MHCII positivity of IECs in the jejunum and ileum sections of the
SI (Fig. 7, A–D). This was in parallel mirrored by the increased
frequency of Gzmb+ CD4+ iIELs in these regions (Fig. 7 E).

We have shown that SFB promote the accumulation of vari-
ous IEL populations, dominated by CD4+ iIEL, which primarily
upregulate Gzmb and in the later phase after the colonization
also CD8α.

SFB-specific iIELs are dependent on MHCII+ IECs
As previous studies showed that MHCII on IEC regulates CD4+

iIEL numbers (Bilate et al., 2020; Moon et al., 2021), we sought to
determine if this implies also to IELs after the SFB colonization.
We utilized SFB+ MHCIIΔIEC mice lacking MHCII expression
specifically on intestinal epithelium and their Cre-negative lit-
termates and inspected by FACS analysis of their intraepithelial
compartment (Fig. 6 D). Results show that the MHCII expression
on IECs regulated the counts of CD4+ iIELs while their phenotype
as well as other IEL populations remain unaffected (Fig. 6 D and
Fig. S3 G).

We next determined whether the observed induction of IELs
in bulk population in response to SFB colonization implies also
to SFB-specific T cells. To this end, we utilized TCR transgenic
mouse strain 7B8, in which all T cells express TCR specifically
recognizing SFB-derived antigen bound to MHCII (SFBtg) (Yang
et al., 2014). First, we performed a fate-mapping experiment and
intravenously transferred CD44-negative naı̈ve CD90.1/2 CD4+

SFBtg T cells into WT (CD90.2/2) SFB+ recipients (Fig. 8 A). To
track these cells, we used the congenic marker CD90.1, allowing
a clear distinction between transferred and host T cells (Fig.
S4 A).

To inspect all possible fates of SFBtg T cells in the SI, we
performed well-based scRNA-seq of lamina propria and intra-
epithelial αβT cells from mice colonized by SFB harboring
adoptively transferred CD90.1+ SFBtg T cells. Index flow
cytometry–based sorting allowed us to compare protein ex-
pression with subsequent transcriptomic analysis and permitted
the distinction of SFBtg T cells (TCRβ+ Vβ14+ CD90.1+) from host
T cells (TCRβ+ CD90.1−). We were able to define several T cell
populations including canonical IELs (Fig. 8 B and Fig. S4 B).

Next, we mapped adoptively transferred SFBtg T cells on the
clustering map of the host-derived T cells. Strikingly, the ma-
jority of SFBtg T cells fell into the IELs cluster (Fig. 8 C). Fur-
thermore, SFBtg IELs were transcriptionally indistinguishable
from canonical IELs (Fig. 8 D) and thus can be designated as bona
fide members of the IEL population.

To validate these results, we adoptively transferred SFBtg
T cells to SFB colonized WT animals and measured the expres-
sion of IEL-associated molecules in mesenteric lymph nodes
(mLN), Peyer’s patches (PP), SI-LP, and SI-IEL by flow cytom-
etry (Fig. 8 E). Notably, Gzmb and CD8α expressing SFBtg IELs
were present in very low frequencies inmLN, but their numbers
gradually increased in PP and lamina propria and were highly
enriched in the intraepithelial compartment (Fig. 8, E–G). In
summary, these lineage tracing experiments proved that SFBtg
CD4+ T cells are able to give rise to iIELs.

Having identified another kind of SFB-driven CD4+ T cell–
based immune response, we asked if this response was impacted
by MHCII presence on IECs. To address this question, we con-
structed bone marrow (BM) chimeric animals, where CD90.2/
2 MHCIIΔIEC served as recipients and 5% of CD90.1/2 SFBtg mice
mixed with 95% of WT CD90.2/2 feeder cells served as BM do-
nors (Fig. 8 H). Strikingly, inMHCIIΔIEC mice, SFBtg T cells were
decreased by ∼80% in both frequencies and counts in the in-
traepithelial space compared with their Cre-negative littermates
(Fig. 8 I), pointing to the crucial role of MHCII expression on
IECs for the proper antigen-specific iIELs response to SFB. In
summary, SFB-induced MHCII expression on IECs controls the
conversion of SFB-specific CD4+ T cell clones to Gzmb+ iIELs in
the gut intraepithelial space.

IELs navigation by MHCII+ IECs is required for control of
IEC turnover
The SFB-dependent conversion of CD4+ T cells into iIEL sug-
gested that iIELs may in turn control the IEC homeostasis
through MHCII-mediated recognition of SFB-infected IECs. To
test this hypothesis, we first turned back to our scRNA-seq data
of small IECs derived from JAX mice and their littermates col-
onized by SFB (Fig. 5 B) and used them as the pseudo-bulk of the
whole epithelium to compare the cell proliferation and turnover.
Indeed, the SFB colonization increased the expression of pro-
liferation markers in SI IECs (Mki67, Top2a, Pcna) (Fig. 9 A). To
analyze if these transcriptomic changes indeed reflect changes
in IEC turnover rate, we injected JAX mice and their littermates
colonized by SFB with 5-ethynyl-29-deoxyuridine (EdU) that
incorporates newly synthesized DNA and analyzed the position
of EdU+ IECs after 72 h by fluorescent microscopy (Fig. 9, B–D).
This time is necessary for IECs to travel from the crypt to the
villus tip. Strikingly, the EdU+ IECs in JAXmice colonized by SFB
were located closer to the villus tip. We inspected the animals

JAX and JAX + SFB mice. Data are shown as z-score of expression. (F–I) scRNA-seq of CD45+ SI-IEL cells from JAX and JAX + SFB mice. (F) UMAP of annotated
cell types. (G) UMAP showing the origin of cells from either JAX or JAX + SFB mice. (H) Plot showing log2 fold change (FC) of frequency of each cell type
comparing JAX + SFB to JAX mice. (I) Heatmap of differentially expressed genes comparing CD4+ T cells from SI-IEL of JAX and JAX + SFB mice. Data are shown
as z-score of expression. Data in A were tested by Student’s t test. ns, not significant. Numbers beside gates represent frequencies from the parent population.
Horizontal lines show mean ± SEM.
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Figure 6. SFB induce accumulation of Gzmb+ CD4+ IEL in SI epithelium. FACS analysis IEL compartment. (A–C) JAX (A and C) or GF (B) animals were
colonized by SFB at weaning and analyzed after 2 (A and B) or 9 (C) wk. (D) MHCIIΔIEC mice and their MHCII-fl littermates were injected by tamoxifen at
weaning and analyzed after 4 wks. (A–D) Schematic on the top of each panel shows the experimental setup. FACS plots on the right show representative
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2 wk (Fig. 9 B) and 9 wk after SFB colonization (Fig. 9 C), vali-
dating that SFB presence promotes turnover and proliferation of
the intestinal epithelium in acute as well as in the more chronic
timepoint.

Next, we inspected if the regulation of IECs turnover is de-
pendent on IEC-expressed MHCII and thus potentially on SFB-
induced CD4+ iIEL, as the MHCII ablation leads to the striking
decrease of SFB-specific IELs (Fig. 8 I). To analyze this, we
performed the EdU assay in the same setting as before, using
MHCIIΔIEC mice and their Cre-negative littermates (Fig. 9 D). In
contrast to SFB colonization, MHCII ablation on IECs decreased
the proximity of EdU+ IECs to the villus tip (Fig. 9 D), suggesting
that MHCII on IECs and in turn SFB-specific CD4+ IELs are in-
strumental for regulation of IECs turnover. However, it should
be noted that the magnitude of the decrease is milder than the
effect of SFB colonization (Fig. 9, B and C).

To inspect this more in detail, we established FACS protocol
allowing us to measure the frequency of mature enterocytes in
the SI epithelium (Fig. S5) and utilized it to determine changes
in epithelial compartment composition in JAX mice and their
littermates colonized by SFB. We observed the increased fre-
quency of mature enterocytes after SFB colonization (Fig. 9 E),
while the MHCII ablation on IECs using the MHCIIΔIEC mice led

to a decrease in enterocyte frequency (Fig. 9 F), albeit this effect
was weaker than the effect of SFB colonization. Finally, to in-
spect the direct role of SFB-specific CD4+ iIELs in the regulation
of turnover of mature enterocytes, we used a SI organoid cul-
ture. The addition of the SFB-specific iIELs into the culture led to
the increased frequency of mature enterocytes in the culture
(Fig. 9 G), providing a direct link between iIELs presence and the
changes in epithelial cells compartment.

Collectively, our data show that SFB promote the MHCII
expression on IECs via the induction of IFNγ production in SI
T cells in a cDC1-dependent manner. In turn, MHCII+ IECs
control the conversion of granzyme+ CD4+ CD8α+ iIELs origi-
nating from SFB-specific conventional CD4+ T cells. These iIELs
in turn regulate the IECs turnover and mature enterocytes pool
in MHCII-navigated and dependent manner.

Discussion
Our study describes a previously uncharacterized type of im-
mune response against SFB, a commensal bacterium of Clostridia
taxon living in close association with IECs. This immune re-
sponse starts with SFB-driven induction of IFNγ expression in
intestinal TH1 cells in a cDC1-dependent manner. Subsequently,

gating. Plots on the bottom of each panel show quantification of frequencies and counts of CD3+ TCRβ+ CD4+ CD8β− CD4 T cells and the frequencies of CD8α−

Gzmb+, CD8α+ Gzmb−, and CD8α+ Gzmb+ cells from CD4 T cells. Two independent experiments, n = 4 (A); three independent experiments, n = 9 (B); two
independent experiments, n = 6 (C); two independent experiments, n = 5 (D). All data were tested by Student’s t test. *, P < 0.05; **, P < 0.01; ***, P < 0.001; P
values >0.05 are shown. Numbers beside gates represent frequencies from the parent population. Horizontal lines show mean ± SEM.

Figure 7. MHCII on IECs and CD4+ iIEL accumulate in distal regions of the SI. (A–C) scRNA-seq analysis of enterocytes from dataset shown in Fig. 4.
Enterocytes were subclustered, and their origin from duodenum (Duo), jejunum (Jej), and ileum (Ile) (A) was identified based on previously published markers
(B) (Haber et al., 2017). (C) Violin plot of MHCI and MHCII expression and other molecules involved in antigen presentation. (D and E) FACS analysis of
epithelial MHCII (D) and CD4+ IELs (E) from 5-wk-old JAX mice, half of which was colonized with SFB at weaning. Data in D shows the frequency of MHCII+ cells
from IECs in each intestinal segment. (E) Left plot shows the frequency of CD4+ IELs. Right plot shows the frequency of Gzmb+ cells from CD4+ IELs. Three
independent experiments, n = 3–4 (D and E). Horizontal lines show mean ± SEM.

Brabec et al. Journal of Experimental Medicine 11 of 21

SFB induce conversion of CD4+ T cells to iIELs https://doi.org/10.1084/jem.20230194

https://doi.org/10.1084/jem.20230194


Figure 8. SFB induce a switch of cognate CD4 T cells to granzyme-expressing IEL dependent on epithelial MHCII. (A–G) CD90.1/2 CD4 T cells carrying
transgenically expressed TCR, specific for SFB antigen (SFBtg) were adoptively transferred to CD90.2/2 mice. (A) Schematic of the experimental setup. (B–D)
scRNA-seq of TCRβ+ SI-LP and SI-IEL cells. (B) UMAP of annotated cell types. (C) UMAP showing the origin of cells from either donor (SFBtg) or host mice
(polyclonal). (D) Heatmap of differentially expressed genes that define cell types among host cells, shown in all host cell types and SFBtg T cells from IEL
cluster. Data are shown as z-score of expression. (E–G) FACS analysis of SFBtg T cell mLN, PP, SI-LP, and SI-IEL. (E) Representative FACS plots of CD8α and
Gzmb and gating for Gzmb+ cells. (F) Plot showing the frequency of Gzmb+ cells among SFBtg T cells in mLN, PP, SI-LP, and SI-IEL. Two independent ex-
periments, n = 3–4. (G) Plot showing the MFI of CD8α cells in SFBtg T cells in mLN, PP, SI-LP, and SI-IEL. Three independent experiments, n = 3–4. (H and I) BM
from SFBtg (CD90.1/2) and WT (CD90.2/2) mice were mixed in 5:95 ratio and i.v. injected into lethally irradiated MHCIIΔIEC mice and their Cre-negative
littermates (MHCII-fl), which were both i.p. injected with 1 mg of tamoxifen in 50 μl of sunflower oil at 21 and 22 days of age. Mice were analyzed 6 wk after BM
transplantation. (H) Schematics of the experimental setup. (I) FACS analysis of counts and frequencies of SFBtg T cells in SI-LP and SI-IEL. Plots on the left
show representative gating. Plots on the right show overview of the results and statistical analysis. Three independent experiments, n = 7. Data in I were tested
by Student’s t test. **, P < 0.001; ***, P < 0.0001; P values >0.05 are shown. Numbers beside gates represent frequencies from parent population. Horizontal
lines show mean ± SEM.
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Figure 9. SFB colonization, epithelial MHCII, and SFB-specific IEL control epithelial turnover. (A) Expression of proliferation signature genes in IECs from
JAX and JAX + SFBmice, analyzed by scRNA-seq, shown across all IECs irrespective of their cell type. (B) Analysis of the epithelial turnover rate using EdU in JAX
mice colonized with SFB at weaning and their non-colonized littermates, both analyzed at 5 wk of age. (C) Analysis of the epithelial turnover rate using EdU in
JAX mice colonized with SFB at weaning and their non-colonized littermates, both analyzed at 12 wk of age. (D) Analysis of the epithelial turnover rate using
EdU in MHCIIΔIEC mice and their Cre-negative littermates (MHCII-fl), both analyzed at 5 wk of age. (B–D)Mice were i.p. injected with 1.25 mg of EdU 72 h prior
to the analysis. Schematic on the top of each panel shows the experimental setup. Representative microscopic images and quantification of the relative
position of EdU+ cells on the villus are shown below. Scale bar represents 100 µm. Two independent experiments, n = 4–5 (B); two independent experiments,
n = 6 (C); two independent experiments, n = 5–6 (D). (E) FACS analysis of enterocyte frequency in JAX mice colonized with SFB at weaning and their non-
colonized littermates, both analyzed at 5 wk of age. Five independent experiments, n = 15–16. (F) FACS analysis of enterocyte frequency in MHCIIΔIEC mice and
their Cre-negative littermates (MHCII-fl), both analyzed at 5 wk of age. Four independent experiments, n = 9–12. (E and F) FACS plots on the left show
representative gating. Plots on the right side of each panel show quantification of enterocyte frequency. Values are shown as z-score calculated individually for
each experiment to eliminate batch effect. (G) Analysis of the effect of SFB-specific IEL on the differentiation of enterocytes in SI organoids. Organoids were
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the TH1-derived IFNγ induces massive expression of MHCII on
IECs. In parallel, SFB colonization induces differentiation of SFB-
specific CD4+ T cell clones into granzyme-expressing iIELs in the
latter phase bearing the CD8α, which accumulate in the intestine
but are severely diminished in numbers when MHCII on IECs is
ablated. Finally, we show that SFB-specific iIEL response ulti-
mately regulates the turnover of IECs in MHCII-dependent
manner.

While previous studies described the importance of TH17
response against SFB (Gaboriau-Routhiau et al., 2009; Ivanov
et al., 2008, 2009), this study shows that in addition to this
well-established mechanism, the immune reaction targeted
against SFB also involves TH1 and cytotoxic iIELs responses.
Spatially, the TH1 and TH17 responses against SFB are prefer-
entially localized in the lamina propria, where IFNγ induces
MHCII expression on IECs and TH17 effector cytokines induce
recruitment of neutrophils (Flannigan et al., 2017), promote
antimicrobial peptide production (Shih et al., 2014), and en-
hance epithelial healing (Pickert et al., 2009). In contrast, the
iIEL response is localized in the intraepithelial space and prop-
agates the renewal of the SFB-stressed gut epithelium by in-
creasing its turnover rate.

Although previous studies described that SFB are able to in-
duce MHCII expression in IECs (Goto et al., 2014; Tuganbaev
et al., 2020; Umesaki et al., 1995), the immune signals used by
SFB-driven response to induce MHCII on IECs were poorly de-
fined. We build on previous knowledge that MHCII expression
in the intestinal epithelium is dependent on IFNγ (Al Nabhani
et al., 2019; Koyama et al., 2019; Thelemann et al., 2014; Van Der
Kraak et al., 2021) and show that SFB-driven induction of IFNγ
cytokine in intestinal lamina propria T cells is indispensable for
their ability to driveMHCII on IECs. Our results stress that while
the expression of MHCII in the intestinal epithelium is IFNγ-
induced, IFNγ produced during weaning is not sufficient for the
long-lasting MHCII expression on IECs. Our study suggests that
the SFB-induced TH1 response is kept in equilibrium with the
TH17 response through a feedback loop since IFNγ is the main
inducer of MHCII expression in IECs, while IL-17A acts in an
opposite manner. Interestingly, it was recently shown that
similar to the effect of SFB-attachment on Th17 response, SFB-
inducedMHCII on IECs is largely dependent on the ability of SFB
to attach to IECs as well (Tuganbaev et al., 2020). However, in
contrast to TH17 response, SFB-induced MHCII on IECs shows
only partial dependence on the expression of serum amyloid
proteins (Tuganbaev et al., 2020), and it is completely inde-
pendent of Cdc42, small GTPase responsible for SFB endocytosis
(Ladinsky et al., 2019; Tuganbaev et al., 2020). On the other
hand, we show that SFB-induced IFNγ production by TH1 cells
and in turn their ability to induce MHCII on IECs is completely

dependent on the antigen presentation by cDC1 population.
Together, these results suggest that TH1/IEL and TH17 branches
of SFB-induced immune responses are regulated by largely
distinct mechanisms.

However, the only common factor necessary for SFB to
induce both TH1 and TH17 responses—their attachment to
IECs—might be also the defining factor for the induction of TH1-
mediated IEC-MHCII–dependent induction of iIEL responses in
general. First, the recently discovered strain of epithelium–

tightly associated Cryptosporidium was shown to drive TH1 re-
sponses in a cDC1-dependent manner. Furthermore, while this
microbe is well tolerated in WT mice, mice with disrupted cDC1
compartments succumbed to death after colonization (Russler-
Germain et al., 2021). Second, it was reported that colon-residing
Citrobacter rodentium and Helicobacter hepaticus, both epithelial-
attaching intestinal pathogens, are able to induce MHCII ex-
pression on colonic IECs (Heuberger et al., 2023). C. rodentium as
well belongs to the group of attaching and effacing bacteria and
often serves as the animal model for human enterotoxigenic
Escherichia coli infections (Collins et al., 2014; Wiles et al., 2006).
This further highlights the importance of MHCII expression on
the IECs in the regulation of immune response against microbes
living tightly associated with IECs.

One of the previously unresolved questions is how mecha-
nistically MHCII on IECs can regulate response to bacteria that
induce it, particularly since epithelial expression of MHCII is
redundant for the induction of TH17 response (Goto et al., 2014),
which was classically studied in this context. We have shown
that the major function of MHCII on IECs is the regulation of the
cellularity of IELs that recognize bacteria inducing MHCII on
IECs. Importantly, we were able to show by lineage tracing ex-
periments that these iIELs are generated from SFB-specific CD4+

conventional T cells. Moreover, SFB-specific iIELs are tran-
scriptionally undistinguishable from bona fide IELs. Interest-
ingly, recent studies showed that IECs regulate CD4+ CD8α+ iIEL
development through MHCII-mediated antigen presentation
(Bilate et al., 2020; Moon et al., 2021) and that TCR derived from
peripherally generated Tregs (pTreg) reactive to commensal
microbiota antigens predestines T cells to differentiate to CD4+

iIEL (Bilate et al., 2016). However, once the cognate peptide,
derived from β-hexosaminidase, an enzyme conserved
throughout the Bacteroidetes phylum, was identified, it became
clear that microbes which provide the antigenic target for
pTreg-TCR–derived CD4+ iIEL are unable to drive the genera-
tion of these iIEL alone since they are unable to induce the
expression of MHCII on IECs (Bousbaine et al., 2022). Here, we
show that in contrast to Bacteroidetes, which were the first
identified antigenic target of iIELs in a complex study by
Bousbaine et al. (2022), SFB are able to drive both MHCII

generated from SI crypts and maintained in culture for 4 days. On day 5 of the culture, IFNγ (10 ng/ml) and SFB-derived cognate peptide (1 ng/ml) were added
to the culture media. On day 6 of the culture, freshly isolated IEL from SFB-colonized SFBtg mice were added to the culture in 1:5 ratio (IEL:organoid cells). To
ensure proper binding of IEL to organoids, organoids were harvested and incubated with IEL for 1 h at 37°C. This combined culture was carried out for 48 h in
the presence of IFNγ and SFB-derived cognate peptide. Afterward, organoids were harvested, and the frequency of enterocytes was analyzed by FACS. The
schematic on the left shows experimental setup. FACS plots show representative gating. The plot on the right side of each panel shows quantification of
enterocyte frequency. Values are shown as z-score calculated individually for each experiment to eliminate batch effect. Four independent experiments, n =
12–13. All data were tested by Student’s t test. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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expression in IECs and the accumulation of CD4+ iIEL, which
are generated from conventional SFB-specific CD4+ T cells.
Thus, it seems that SFB-specific and Bacteroidetes-specific iIEL
might be generated by slightly different mechanisms, but both
share the dependence on the epithelial MHCII expression.

It should also be clarified that in the aforementioned study,
authors claim that SFB colonization does not induce the gener-
ation of CD4+ iIEL (Bousbaine et al., 2022), and similarly, the
monoassociation of GF animals with SFB was previously shown
to have minimal effect on CD4+ iIEL (Mucida et al., 2013).
However, this interpretation is based on the finding that CD4+

T cells do not upregulate CD8α expression in the intraepithelial
space after SFB colonization of JAX mice or GF animals
(Bousbaine et al., 2022; Mucida et al., 2013). Using the compa-
rable setup, we show that SFB colonization leads to the accu-
mulation of CD4+ iIELs, despite the lack of CD8α expression,
both relative to other IELs populations as well as in total counts
of CD4+ iIELs. Our data also confirm that SFB colonization does
not induce CD8α expression on CD4+ granzyme-positive iIELs
during the acute phase of the immune response. However, the
increased CD8α can be readily detectable in the more chronic
phase of the immune response against SFB in the bulk popu-
lation as well as on SFB-specific iIELs. Interestingly, a similar
phenomenon, the accumulation of CD4+ T cells in the intraep-
ithelial space without the induction of CD8α expression was
reported in a recent study focusing on food antigen-specific iIELs
(Lockhart et al., 2023). Similar to SFB, the Lactobacillus reuteri is
able to drive the generation of CD4+ iIEL even in the absence of
other microbes (Cervantes-Barragan et al., 2017). However, since
neither the ability of L. reuteri to induce epithelial MHCII nor the
antigenic specificity of L. reuteri–induced CD4+ iIEL has been
assessed so far, it is unclear if L. reuteri uses a similar mechanism
as SFB to drive CD4+ iIEL response or if L. reuteri–induced CD4+

iIEL bypass the requirement for the epithelial MHCII expression.
Thus, the antigen-specific CD4+ iIEL response coupled withMHCII
expression on IECs, which are both induced by SFB, identifies this
commensal as the only microbe able to drive the full-fledged CD4+

iIEL, described so far.
In the broader scope of MHCII’s role on IECs, there have been

some seemingly conflicting reports regarding the role of MHCII
in the maintenance of intestinal homeostasis in mice. Specifi-
cally, while MHCII expression on IECs protects the host from
infectious colitis (Jamwal et al., 2020), it was found to aggravate
chemical and T cell–induced colitis (Jamwal et al., 2020;
Tuganbaev et al., 2020). Similarly, while MHCII on IECs was
found to protect the host from the development of intestinal
cancer (Beyaz et al., 2021), its expression on IECs was suggested
to serve as the target for allogenic T cells and thus drive graft-
versus-host disease (Koyama et al., 2019). We believe that the
mechanistic insight we show in this study can clarify this issue.
We have shown that useful members of CD4+ T cell repertoire
with proven specificity for IEC-attaching bacteria are able to
express molecules necessary for tight association with the IECs
and granzymes. Thus, they are acquiring cytotoxic potential
together with the ability to migrate to intraepithelial space.
Strikingly, this process is dependent on the epithelial expression
of MHCII molecules.

It is thus possible to hypothesize that the immune system
evolved a specific strategy, that is responsible for controlling
bacterial strains tightly associated with IECs. The control is
based on MHCII navigation of the cytotoxic, bacterium-specific
iIEL response which is able to increase the IECs turnover.
Strikingly, this scenario can easily explain some previously re-
ported observations since such a mechanismwould be beneficial
if the immune system fights invading pathogens (Jamwal et al.,
2020) or keeps in check commensals to prevent their over-
growth (Russler-Germain et al., 2021). On the other hand, it
could cause severe damage, when the immune system targets
gut epithelial cells without discrimination (in a state of graft-
versus-host disease) (Koyama et al., 2019), or if the cytotoxic
response to commensals gets out of control (like in inflamma-
tory bowel disease) (Jamwal et al., 2020; Tuganbaev et al., 2020).
It can also explain why the absence of MHCII on IECs can pre-
dispose epithelium to malignant transformation (Beyaz et al.,
2021) since the abrogation of immune surveillance by IELs and
the disruption of possible cytotoxic elimination of (pre)malig-
nant cells can be precisely the causative factor.

The mechanism we describe here may also have important
implications for the regulation of antiviral intestinal responses.
While a recent study showed that SFB protects the host from
rotavirus infection by increasing epithelial turnover and shed-
ding of infected cells (Shi et al., 2019), another report recently
showed that iIEL derived from CD4+ T cells protected the host
from the infection with intestinal viral infections in IFNγ-
dependent manner (Parsa et al., 2022). Our data suggest that
the protective effect of SFB can act through the IFNγ-dependent
induction of MHCII on IECs and concomitant switch of con-
ventional SFB-specific CD4+ T cells to iIEL with cytotoxic po-
tential that can convey the protection from the virus through the
increase in the epithelial turnover. Thus, the immune response
described herein, and its defective regulation may have devas-
tating (patho)physiologic consequences ranging from impaired
clearance of invasive epithelia-associated bacteria to chronic
intestinal inflammation or intestinal cancer.

Materials and methods
Mice
All mice used in this study were on C57Bl/6J background. Mice
were used irrespective of their sex since we did not observe any
sex-dependent differences in the analysis we performed. C57Bl/
6J animals were shipped directly from the Jackson Laboratory
(JAX: 000664). SFB-negative status of these animals was con-
firmed by quantitative PCR (qPCR) and Gramm-staining from
their faces. To keep the microbiota of these animals identical to
that present in JAX, mice were directly transferred to the
Trexler-type plastic isolator in the Laboratory of Gnotobiology
straight after shipping and maintained isolated further on.
These mice were provided with autoclaved tap water and rodent
diet (V1126-000; Ssniff) and bedding was sterilized by irradia-
tion 50 kGy (Bioster). Locally derived GF mice were maintained
in the same manner as mice shipped from JAX. All other mouse
strains were housed under standard specific pathogen–free
conditions in individually ventilated cages. R26-fl-STOP-fl-DTA
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(B6.129P2-Gt(ROSA)26Sortm1(DTA)Lky/J, 009669) (Voehringer
et al., 2008), H2-Ab1fl/fl (MHCII-fl, B6.129×1-H2-Ab1tm1Koni/J,
013181) (Hashimoto et al., 2002), Rag1−/− (B6.129S7-Rag1tm1-
Mom/J, 002216) (Mombaerts et al., 1992), CD90.1 (B6.PL-Thy1a/
CyJ, 000406), CD4-Cre (B6.Cg-Tg(Cd4-cre)1Cwi/BfluJ, 22071)
(Lee et al., 2001), and SFBtg (Tg(Tcra,Tcrb)2Litt/J, 027230)
(Yang et al., 2014) mouse strains were purchased from JAX.
IFNγOFF (B6.129P2-Ifngtm1Uka) (Borst et al., 2020) mice were
kindly provided by Dr. Ulrich Kalinke (TWINCORE, Hanover,
Germany). Ncr1-Cre mice (Eckelhart et al., 2011) were kindly
provided by Dr. Veronika Sexl (Medical University of Vienna,
Vienna, Austria). Xcr1-Cre (Xcr1-IRES-iCre-GSG-2A-mTFP)
(Wohn et al., 2020) animals were kindly provided by Dr. Ber-
nard Malissen (Centre National de la Research Scientifique,
Marseille, France). Vil1-CreERT (B6.Cg-Tg(Vil1-cre/ERT2)23Syr/
J) (el Marjou et al., 2004) mice were kindly provided by Dr.
Vladimir Korinek (Czech Academy of Sciences, Prague, Czech
Republic). All mice were given a standard rodent high-energy
breeding diet and reverse osmosis-filtered water ad libitum.
Mice were kept at a 12 h/12 h light/dark cycle; temperature and
relative humidity were maintained at 22 ± 1°C and 55 ± 5%, re-
spectively. All experiments were approved by the ethical com-
mittee of the Faculty of Science of Charles University, the ethical
committee of the Institute of Molecular Genetics of the Czech
Academy of Science, and the ethical committee of the Institute of
Microbiology of the Czech Academy of Science.

Cell isolations
For the isolation of SI epithelium, SI-LP, and SI-IEL cells, we
euthanized the mouse by cervical dislocation, dissected com-
plete SI, and maintained it in PBS on ice. SI was then cleaned
from mesenteric fat and luminal contents were rinsed with ice-
cold PBS using a syringe. Equal portions (6 cm) of each of the SI
segments—duodenum, jejunum, and ileum—were then cut, and
the rest of the tissue was discarded. PP were excised carefully,
and the remaining tissue was cut open longitudinally and sep-
arated into 2-cm long pieces. This tissue served as the input
material for the downstream isolation methods.

For the isolation of SI epithelium, tissue was incubated in
HBSS without Ca2+ andMg2+ supplemented with 3% fetal bovine
serum (FBS; Gibco) and 2 mM EDTA (stripping buffer) on ice for
90 min, followed by 10 s of vortexing. Tissue was transferred to
a fresh stripping buffer and incubation/vortexing was repeated
several times, with 30-min incubation time, and the stripping
buffer containing pieces of the epithelium was collected. For the
analysis of complete SI epithelium (crypts and villi), second and
third fractions were pooled and used further. For the analysis
of crypt-resident epithelial cells, the fourth and fifth fractions
were passed through a 100-µm nylon filter and pooled to-
gether. For the isolation of villi, the first fraction was passed
through a 100-µm nylon filter, and the flowthrough was dis-
carded. Villi were eluted from the filter in the stripping
buffer. Epithelium was then collected by centrifugation (3
min, 300 g, 4°C) and digested by TrypLE express (Gibco) for
1 min at 37°C and vortexed. The cell suspension was passed
through a 100-µm filter, washed with stripping buffer, and
used for downstream applications.

For the isolation of SI-IEL cells, SI tissue was incubated in the
stripping buffer at 37°C for 20min. This procedure was repeated
one more time and the buffer containing the epithelium was
pooled, collected by centrifugation, and digested by TrypLE
express for 1 min at 37°C and vortexed. The cell suspension was
passed through a 100-µm filter and washed with a stripping
buffer. IELs were enriched by Percoll (Cytiva) gradient centrif-
ugation. Specifically, cells were resuspended in 4 ml of 40%
Percoll in RPMI medium (Gibco) supplemented with 3% FBS.
This suspension was then underlaid with 2 ml of 80% Percoll in
RPMI medium supplemented with 3% FBS. This gradient was
centrifuged for 20 min at 800 g at 21°C without brake. IEL cells
were collected from the interface, washed with stripping buffer,
and used for downstream applications.

For the isolation of SI-LP cells, SI tissue was stripped of the
epithelium in the same way as for the isolation of SI-IEL. The
remaining tissue was then cut to ∼2 mm pieces and incubated in
an enzymatic cocktail at 37°C for 1 h. This cocktail contained
Collagenase D (1 mg/ml; Roche) and DNAse I (40 U/ml; Roche)
dissolved in RPMI medium supplemented with 3% FBS. The
tissue was then vortexed for 10 s and passed through a 100-µm
filter. The remaining tissue was meshed on a 100-µm cell
strainer. Cells collected by mashing were pooled with the flow-
through, washed with the stripping buffer, and collected by
centrifugation. LP cells were isolated by Percoll gradient cen-
trifugation. Cells were resuspended in 4 ml of 40% Percoll in
RPMI medium supplemented with 3% FBS. This suspension was
then underlaid with 2 ml of 80% Percoll in RPMI medium sup-
plemented with 3% FBS. This gradient was centrifuged for
20 min at 800 g at 21°C, without brake. Cells were collected
from the interface, washed with stripping buffer, and used for
downstream applications.

For the isolation of T cells for the adoptive transfer spleen,
axillary, brachial, inguinal, and cervical lymph nodes were dis-
sected. These tissues were cut into ∼2 mm pieces and incubated
for 1 h at 37°C in the enzymatic cocktail containing Collagenase D
(1 mg/ml; Roche) and DNAse I (40 U/ml; Roche) dissolved in
RPMI medium supplemented with 3% FBS. The tissue was then
vortexed for 10 s and passed through a 100-µm filter. The re-
maining tissue was meshed on a 100-µm cell strainer. Cells
collected by mashing were pooled with the flow-through,
washed with the stripping buffer, and collected by centrif-
ugation. T cells were isolated by Naive CD4+ T cell Isolation
Kit (Miltenyi Biotec) in accordance with the manufacturer’s
instructions.

For the analysis of PP and mLN, these tissues were dissected
and incubated for 1 h at 37°C in the enzymatic cocktail con-
taining Collagenase D (1 mg/ml; Roche) and DNAse I (40 U/ml;
Roche) dissolved in RPMI medium supplemented with 3% FBS.
The tissue was then vortexed for 10 s and passed through a 100-
µm filter. The remaining tissue was meshed on a 100-µm cell
strainer. Cells collected by mashing were pooled with the flow-
through, washed with the stripping buffer, and collected by
centrifugation.

For the isolation of BM, donor mice were euthanized by
cervical dislocation and their femurs and tibias were dissected.
Joints were cut out from the bone and the BM was isolated by
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ice-cold PBS rinse. BM was collected by centrifugation, and
single-cell suspension was generated by pipetting and passed
through a 100-µm filter.

Mice treatment
For the SFB colonization, freshly collected feces or cecal content
of the SFB mono-associated mice were collected and frozen
immediately in 50% glycerol in PBS+0.05% cysteine hydro-
chloride. The presence of SFB bacteria and absence of contam-
ination was assessed by Gram-staining of the fecal smear and
qPCR analysis with SFB-specific primers. Acceptor mice were
fed with 50 μl of thawed SFB suspension twice at 21 and 22 days
of age. JAX and GF SFB recipient mice were moved to IsoCage
bioexlusion system cages (Techniplast) and fed a sterile irradi-
ated diet along with sterilized water. All manipulations were
carried out after cage surface decontamination in a sterile hood
dedicated to the IsoCage work. These mice were analyzed 2 wk
later. For the IFNγ blockade, mice were i.p. injected with 250 µg
of anti-IFNγ antibody (XMG1.2; BioLegend) or the same amount
of isotype control in 100 μl of PBS. For injection and analysis
time points, please see respective figure legends. For the NK/
NKT cell depletion, mice were i.p. injected with 25 µg of Nk1.1
antibody (PK136; BioXcell) at 21, 23, 25, 29, 31, and 33 days of age
and analyzed at 35 days of age. For the inducible MHCII deple-
tion on IECs, Vil1-CreER × MHCII-fl/fl mice were i.p. injected
with 1 mg of tamoxifen (Sigma-Aldrich) in 50 μl of sunflower oil
at 21 and 22 days of age. For the adoptive transfer of T cells, mice
were intravenously (i.v.) injected with 5 × 106 of purified CD4+

T cells in 100 μl of sterile PBS. These mice were analyzed 2 wk
later. For the generation of BM chimeras, the recipient mice
were irradiated (6 Gy, X-RAD 225XL; Accela) and i.v. injected
with 107 donor BM cells in 100 μl of PBS. To ensure better
survival of recipients, they were maintained on gentamycin
(1 mg/ml) in drinking water for a week after irradiation. After
antibiotics treatment, recipient mice were fed with 50 μl of
thawed SFB suspension 1 and 2 days after the termination of
antibiotics treatment. These mice were analyzed 4–6 wk after
the irradiation. For the analysis of epithelial turnover, mice were
i.p. injected with EdU (1.25 mg/mouse) in 100 μl of PBS 72 h
before the analysis.

Flow cytometry
Cells were incubated in the antibody cocktail in the stripping
buffer (HBSS without Ca2+ and Mg2+ supplemented with 3% FBS
and 2 mM EDTA) for 20 min on ice, washed, and either directly
analyzed by flow cytometry or processed further for intracel-
lular staining. For the staining of intracellular epitopes, cells
were fixed using Foxp3/Transcription Factor Staining Buffer Set
(Invitrogen) for 30 min and stained with the cocktail of anti-
bodies at room temperature in the Foxp3 staining kit per-
meabilization buffer for 30 min. For the staining of cytokines
and granzymes, cells were incubated in the stimulation cocktail
(phorbol myristate acetate [20 ng/ml; Sigma-Aldrich], ion-
omycin [1 μg/ml; Sigma-Aldrich], and Brefeldin A [10 μg/ml;
Invitrogen] in RPMI supplemented with 3% FBS) for 3–4 h at
37°C prior to the antibody staining. For the discrimination of
live cells, Hoechst33258 or Fixable Viability Dye eFluo 506

(eBioscience) was used. Samples were analyzed using LSRII or
Symphony FACS flow cytometers (both BD Biosciences). Flow
cytometry–based cell sorting was done using FACSAria IIu cell
sorter (BD Biosciences). Flow cytometry data were analyzed
using FlowJO software (v10.8.1; BD Biosciences).

Fluorescence microscopy
SI tissues were dissected, and luminal contents were washed
with ice-cold PBS by syringe. Tissues were then fixed in 4%
formaldehyde for 2 h at room temperature. Cryoprotection was
performed by incubation in 30% sucrose in PBS overnight
at 4°C. Tissues were submerged in optimal cutting tem-
perature compound medium (Agar Scientific) and snap-
frozen on dry ice. Frozen tissues were stored at −80°C and
cut into 12-µm sections using CM1950 cryostat (Leica). For
the EdU staining on microscopic sections, frozen sections
were allowed to come to room temperature, washed three
times with PBS, and blocked with 5% BSA in 0.1% Triton in
PBS. After that, the manufacturer’s protocol was followed
using Click-iT EdU Flow Cytometry Assay Kit A488 (Life
Technologies).

qPCR analysis
qPCR was used for the routine screening of SFB presence. For
this analysis, bacterial DNA was isolated either from feces or
from 1 cm of mouse terminal ileum using QIAmp Fast DNA Stool
kit (QIAGEN). qPCR was performed using SYBR Green I qPCR
Master mix on LC480II Light cycler (Both Roche). The following
primers were used for this analysis: SFB (forward [F]: 59-GAC
GCTGAGGCATGAGAGCAT-39, reverse [R]: 59-GACGGCACGGAT
TGTTATTCA-39), universal bacterial probe (F: 59-ACTCCTACG
GGAGGCAGCAGT-39, R: 59-ATTACCGCGGCTGCTGGC-39) (Yin
et al., 2013). A water sample instead of the bacterial sample
was used as a negative control. The relative abundance of SFB
was calculated using the relative quantification method (Pfaffl,
2001). In SFB monoisolates, as well as in SFB monocolonized
mice, SFB abundance was always equal to 1. In SFB-positive mice
with complex microbiota, SFB abundance ranged from ∼10−5 to
10−2. In SFB-free mice, the reaction with SFB primers formed no
valid PCR product.

For the analysis of gene expression in FACS-sorted cells,
5,000 cells were sorted directly into RLT buffer supplemented
with 2-mercaptoethanol, and RNA was immediately isolated by
RNeasy micro kit (Qiagen). Reverse transcription was per-
formed using Revert Aid RT polymerase (Thermo Fisher Sci-
entific). qPCR was performed using SYBR green master mix and
LC480II light thermal cycler (both Roche). Relative expression
was calculated using the relative quantification method (Pfaffl,
2001). Casc3 gene (F: 59-TTCGAGGTGTGCCTAACCA-39, R: 59-
GCTTAGCTCGACCACTCTGG-39) was used as the house-keeping
control. Following primer pairs were used to analyze enterocyte
or TA/ISC marker genes: Apoa1 (F: 59-GAACGAGTACCACACCAG
GG-39, R: 59-CATCAGACTATGGCGCAGGT-39), Fabp1 (F: 59-AGC
CAGGAGAACTTTGAGCC-39, R: 59-CACCCCCTTGATGTCCTTCC-
39), Lgr5 (F: 59-CTGCCCATCACACTGTCACT-39, R: 59-GCAGAG
GCGATGTAGGAGAC-39), and Olfm4 (F: 59-ATGACAGAAAGG
ACGCTGGG-39, R: 59-ACACAGGTTTCAGGAGCCAG-39).
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Organoid culture
Freshly isolated SI crypts were used as the input for the organoid
culture. Crypts were counted and 90 crypts per well were used.
Crypts were collected by centrifugation (300 g, 1 min, 4°C) and
resuspended in 100 μl of Matrigel (Corning) per well. Matrigel
with the crypts was plated on 24-well plates in three droplets per
well. Matrigel was left to solidify at 37°C for 5 min and overlayed
by organoid culture media. Organoid culture media was prepared
from DMEM/F12 (Thermo Fisher Scientific) supplemented with
GlutaMax (Thermo Fisher Scientific), HEPES (Thermo Fisher
Scientific), penicillin/streptomycin (Thermo Fisher Scientific),
N2 supplement (Thermo Fisher Scientific), B27 supplement
(Thermo Fisher Scientific), N-acetylcysteine (Sigma-Aldrich),
mNoggin (PeproTech), mEGF (Thermo Fisher Scientific), and
RspoI (PeproTech). The medium was exchanged on the third
day of culture. On the fourth day of culture, IFNγ (final con-
centration, 10 ng/ml; ImmunoTools) and SFB-derived peptide
cognate for SFBtg T cells (custom peptide synthesis, final con-
centration, 1 ng/ml; Thermo Fisher Scientific) were added to
the culture media. On the fifth day of culture, organoids were
harvested and cultured for 1 h in organoid culture media sup-
plemented with IFNγ and SFB peptide, together with freshly
isolated IEL from SFB-colonized SFBtg mice in 5:1 ratio
(organoid cells:IEL). Cells were then harvested, plated in Matrigel,
and cultured in organoid culture media supplemented with IFNγ
and SFB peptide for 48 h. All culturing steps were done at 37°C in a
humidified thermal incubator. Finally, organoids were harvested,
digested in TrypLE express (Thermo Fisher Scientific) for 1 min at
37°C, and used for FACS analysis. Wells that contained <2,000
cells were excluded from the analysis.

scRNA-seq
For the droplet-based scRNA-seq, freshly isolated cells were
FACS-sorted using CD45, EpCAM, and Hoechst33258 staining.
LP and IEL cells were sorted as live CD45+ cells, whereas epi-
thelial cells were sorted as EpCAM+ CD45− live cells. SI-IECs and
SI-IEL from JAX and SFB-colonized JAX mice were isolated and
sorted separately, but cells from each mouse were pooled before
the 10× sequencing pipeline. Separation of IECs from LP/IEL
cells was performed bioinformatically based on the combination
of UMAP clustering and canonic hematopoietic (Ptprc) and epi-
thelial (Epcam) marker genes. SI-LP cells from JAX and SFB
colonized JAX mice cells were processed separately. SI-LP, SI-
IEL, and SI-IEC cells from JAX and SFB colonized JAX mice were
processed in one experiment, including cell preparation, sorting,
droplets generation, and sequencing.

The viability of cells was assessed by trypan blue and counted
in an automated TC20 cell counter (Bio-Rad) prior to library
preparation. scRNA-seq libraries were prepared using Chro-
mium controller instrument and Chromium Next Gem single-
cell 39 reagent kit version 3.1 (both 10X Genomics) in accordance
with the manufacturer’s protocol. The quality and quantity of
the resulting cDNA and libraries were determined using Agilent
2100 Bioanalyzer (Agilent Technologies). The libraries were
sequenced using NextSeq 500 instrument (Illumina) in accor-
dance with the manufacturer’s protocol with anmRNA fragment
read length of 54 bases. We used 10X Genomics Cell Ranger

software suite (version 4.0.0) to quantify gene-level expression
based on GRCm38 assembly (Ensembl annotation version 98)
(Cunningham et al., 2019).

Well-based scRNA-seq was done using SORT-Seq platform
(Muraro et al., 2016). Freshly isolated SI-LP and SI-IEL cells
(as described above) were stained with antibodies recognizing
TCRβ, CD4, CD8α, CD8β, CD90.1, CD90.2, and Vβ14 subunit of
TCR. SFBtg T cells were sorted as live TCRβ+ CD90.1+ Vβ14+ cells.
Host cells were sorted as live TCRβ+ cells. All the markers were
recorded while sorting and later integrated with scRNA-seq data
using indexes generated during cell sorting. Cells were sorted
into 384-well plates (provided by Single Cell Discoveries) and
snap-frozen on dry ice straight after sorting. The CEL-Seq2
protocol was used for library preparation by Single Cell Dis-
coveries (Muraro et al., 2016). The libraries were sequenced
using NextSeq 500 instrument (Illumina) in accordance with the
manufacturer’s protocol.

Bioinformatic analysis
All the bioinformatic analyses were done using R (version 4.1.1).
For the analysis of droplet-based scRNA-seq datasets, 10× pipe-
line was used to generate read-count matrices. This data served
as an input for all the downstream analyses. First, the ambient
RNA was removed using SoupX R package (v 1.5.2). Cells that
contained >5% of mitochondrial RNA from their total mapped
reads were removed. This step was followed by the separation of
IECs from IEL cells which were sequenced together. For this
UMAP clustering and the expression of canonic hematopoietic
(Ptprc) and epithelial (Epcam) marker genes, was used to identify
the hematopoietic and epithelial cells. Thus, cells of hemato-
poietic or epithelial origin were defined, separated, and pro-
cessed separately in all downstream analyses. Further data
processing was done using the standard Seurat R package (v
4.0.4) pipeline. Briefly, cells were clustered, and their cell types
were annotated based on canonic markers. When a cluster
contained a mixed population, this approach was repeated and
the cluster was further subdivided into populations representing
unique cell types. Thus, we identified cell types, which served as
the main components for further downstream analysis. Similar
to droplet-based scRNA-seq datasets, we processed plate-based
scRNA-seq datasets by a standard Seurat R package (v 4.0.4)
pipeline.

Statistics
Aside from sequencing datasets, all the remaining data were
tested using GraphPad Prism 9.

Online supplemental material
Fig. S1 shows the representative FACS gating for SI-IEC, SI-LP,
and the SFB levels after acute and chronic colonization. Fig. S2
shows representative FACS gating of IFNγ-expressing cell
analysis, cell-specific targeting validation, and scRNA-seq
analysis of SI-IEC from JAX and JAX + SFB mice. Fig. S3 shows
the analysis of SI-IEL after SFB colonization and their depen-
dence on epithelial MHCII. Fig. S4 shows the analysis of SFB-
specific T cell response in the SI. Fig. S5 shows the protocol for
FACS-based analysis of enterocytes.
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Data availability
Sequencing data are available on the European Bio-
informatics Institute Array Express portal under the ac-
cession code E-MTAB-12391. The additional data pertaining to
this study are available from the corresponding authors upon
reasonable request.
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Supplemental material

Figure S1. Representative FACS gating for SI-IEC, SI-LP, and levels of SFB in acute and chronic colonization. (A) Basic gating for the FACS analysis of SI
epithelium. Numbers beside gates represent frequencies from the parent gate. (B) qPCR analysis of SFB levels relative to all bacteria using primers specific for
SFB 16S and universal 16S primers. Data are shown as log10 of relative abundance. Two independent experiments, n = 5–6. Lines show mean ± SEM. (C) Basic
gating for the FACS analysis of SI-LP CD4+ T cells. Numbers beside gates represent frequencies from parent gate.
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Figure S2. Representative FACS gating on IFNγ expression analysis, cell-specific targeting validation, and scRNA-seq analysis of SI-IEC from JAX and
JAX + SFB mice. (A) Representative gating used for the analysis of IFNγ expression in NK cells, CD4 and CD8 T cells from SI-LP of loxp-STOP-loxp-Ifng
(IFNγOFF) and their littermates crossed to Cd4-Cre (IFNγCD4-ON) or Ncr1-Cre (IFNγNcr1-ON). Numbers beside gates represent frequency from parent population.
(B) Representative gating of mLN APCs. (C) FACS-based quantification of mLN APCs populations from XCR1-DTAmice and their Cre-negative littermates (Ctrl)
gated as shown in B. Data are shown as counts. Two independent experiments, n = 4–7. (D) FACS-based quantification of MHCII expression in mLN APCs
populations fromMHCIIΔcDC1 mice and their Cre-negative littermates (MHCII-fl) gated as shown in B. (E) FACS analysis of SI-IECs isolated from MHCIIΔIEC mice
and their Cre-negative littermates (MHCII-fl). FACS plots on the left show representative gating. Plot on the right shows an overview of the results and
statistical analysis. Six independent experiments, n = 13–14. (F) Violin plot of canonic markers defining the identity of clusters to cell types in scRNA-seq
analysis of SI-IECs from JAX and JAX + SFB mice. Data in C and E were tested by Student’s t test. ****, P < 0.0001; P values >0.05 are shown. Horizontal lines
show mean ± SEM.
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Figure S3. Analysis of SI-IEL after SFB colonization and their dependence on epithelial MHCII. (A) Violin plot of canonic markers defining the identity of
clusters to cell types in SI-IEL. We defined several populations of T cells (Cd3d): mixed population of proliferating T cells (Mki67), CD8αα+ T cells (CD8a,
classically termed natural IEL [nIEL]), CD8αβ+ αβT cells (Cd8a, Cd8b), and CD4+ αβT cells (Cd4) (latter two are collectively termed iIEL), which together
represented the large majority of analyzed cells. Furthermore, we were able to define several myeloid populations: Mast cells (Cpa3), neutrophils (Il1b),
monocytes (Lyz2, Ly6c2), cDCs (Flt3), pDCs (Siglech), and macrophages (Apoe). We also defined small populations of B/plasma cells (Cd19, Sdc1). (B) Violin plot of
Il10 expression in all cell types in SI-IEL separated by their origin from either JAX or JAX + SFB mice. (C) Violin plot of Ifng expression in all cell types in SI-IEL
separated by their origin from either JAX or JAX + SFB mice. (D–G) FACS analysis IEL compartment. JAX (D and F) or GF (E) animals were colonized by SFB at
weaning and analyzed after 2 (D and E) or 9 (F) wk. (G)MHCIIΔIEC mice and their MHCII-fl littermates were injected by tamoxifen at weaning and analyzed after
4 wk. (D–G) For the gating, see Fig. 5. Plots frequencies and counts of respective T cell populations and the frequencies of Gzmb+ cell in these population. Two
independent experiments, n = 4 (D); three independent experiments, n = 9 (E); two independent experiments, n = 6 (F); two independent experiments, n = 5 (G).
All data were tested by Student’s t test. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; P values >0.05 are shown. Horizontal lines showmean ± SEM.
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Figure S4. Analysis of SFB-specific T cell response in SI. (A) Representative gating of adoptively transferred SFBtg T cells in the recipient mice based on
CD90.1 congenic marker. Numbers beside gates represent frequencies. (B) Violin plot of canonic markers defining the identity of clusters to cell types in SI-LP
and SI-IEL cells of mice which received adoptive transfer of SFBtg T cells.
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Figure S5. Establishment of flow cytometry–based analysis of enterocytes. Intestinal organoids were established as described in Fig. 7 without the
addition of IFNγ or IELs. On day 7 of culture, organoids were harvested, and at the same time, SI crypts and villi were isolated. (A) Representative microscopic
images of villi, crypts, and organoids. The white line represents 100 µm scale. (B) Representative gating for putative enterocytes and transiently amplifying
(TA)/intestinal stem cells (ISC) populations as well as Paneth cells. (C) Quantification of frequencies of populations defined in B in crypts, villi, and organoids.
Note the enrichment of putative enterocytes in villi isolation and other two populations in crypts. Representative experiment, n = 3. (D) Expression of selected
enterocyte and TA/ISC marker genes across all defined population from scRNA-seq analysis (clustering shown in Fig. 4). (E) qRT-PCR analysis of selected
enterocyte and TA/ISC marker genes in putative enterocyte and TA/ISC population FACS-sorted from villi, crypts, and organoids, confirming the cellular
identity of gated populations. Data are shown as log10 of expression relative to Casc3 house-keeping gene. Numbers beside gates show frequencies. Rep-
resentative experiment, n = 3 (C and E). Vertical lines show mean ± SEM.
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