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Interleukin 22 (IL-22) has anon-redundant role inimmune defence of the intestinal
barrier'. T cells, but not innate lymphoid cells, have an indispensable rolein
sustaining the IL-22 signalling that is required for the protection of colonic crypts
against invasion during infection by the enteropathogen Citrobacter rodentium* (Cr).
However, the intestinal epithelial cell (IEC) subsets targeted by T cell-derived

IL-22, and how T cell-derived IL-22 sustains activation in IECs, remain undefined.

Here we identify a subset of absorptive IECs in the mid—-distal colon that are
specifically targeted by Crand are differentially responsive to IL-22 signalling. Major
histocompatibility complex class Il (MHCII) expression by these colonocytes was
required to elicit sustained IL-22 signalling from Cr-specific T cells, which was required
torestrain Crinvasion. Our findings explain the basis for the regionalization of the
host response to Crand demonstrate that epithelial cells must elicit MHCII-dependent
help from IL-22-producing T cells to orchestrate immune protectionin the intestine.

The arc of aninfectious response is framed by the tissue site targeted
by a pathogen and the host defences that are mounted at that site.
The interplay of innate and adaptive immune systems is coordinated
with tissue-specific, non-immune cell populations to resist pathogen
incursion, with specialization ofimmune response types determined
by the class of pathogen. Immune defence against phagocyte-resistant
intracellular pathogens or extracellular parasites and helminths
dependsontypelortype2responses, respectively, whereas defence
against extracellular bacteriais orchestrated by type 3immunity, which
utilizesimmune cells that produce IL-17 family cytokines and the IL-10
family cytokine IL-22"2%. These cytokines act on non-immune cells,
including barrier epithelial cells, to bolster anti-microbial responses.

Insomeinfections, alack of one of these cytokines canbe fatal'®. Cr
is a Gram-negative murine enteropathogen that is related to entero-
haemorrhagic and enteropathogenic Escherichia coli, which form
attaching and effacing (A/E) lesions on apical surfaces of IECs using
typelll secretion systems to deliver virulence proteins®’. IL-22 produced
by innate and adaptive immune cells isindispensable for host protec-
tion against Cr'*, and acts on IECs to protect the epithelial barrier.
Its production is spatially and temporally constrained**. Resident
innate cells, particularly type 3innate lymphoid cells*® (ILC3), produce
IL-22 early in Crinfection, whereas CD4 T cells*® (T helper 17 (T,17)
and T helper 22 (T,;22)) become the dominant source later during
the infection*’°. Accordingly, deficiency of IL-22 targeted to innate
immune cells is fatal early in Cr infection®**, whereas IL-22 deficiency
targeted to T cells is fatal later*.

A basis for subdivision of labour among IL-22-producing immune
cells has recently been defined*. Innate immune cells, although effec-
tive at restraining early Cr colonization, are sequestered in isolated
mucosal lymphoid tissues and primarily act at a distance*'*", becoming

ineffective asinfection progresses. After adelay for their antigen-driven
differentiation, T,17 and T,;22 cells that migrate into the distal colonare
required to deliver theIL-22 thatis necessary to maintain the epithelial
barrier and protect crypts from pathogen encroachment*. The ability of
IL-22-producingT cells, but not innate immune cells, toinduce robust,
sustained activation of IECs may reflect their deployment inimmedi-
ate proximity to IECs. Yet, how this T cell ‘help’ for IECs is delivered,
and the identities of the epithelial cell populations affected, remain
unknown. It has also been unclear why Crinfection is limited to the
mid-distal large intestine>*'%,

Here we identify a sublineage of absorptive IECs that is regionally
restricted to the mid-distal colon and is targeted by Cr, explaining
the tropism of Cr for this tissue niche. We find that IL-22 signalling
activates a gene-expression programme in this population that is
distinct from that of conventional absorptive IECs, which populate
the proximal large and small intestines. We further identify a key role
for antigen presentation by IECs in eliciting optimal IL-22 signalling
from T cells. Thus, the host response to Crinfection reflects macro- and
micro-geographical constraints on both pathogen and host that are
contingent on MHC-restricted T cell help to IECs.

Colonocyte subsets have distinct responses to Cr

Previous studies of the developmental and functional diversity of
IECs have largely focused on the smallintestine and have defined two
major branches, absorptive and secretory™*, To better characterize the
diversity of IEC typesin the large intestine asa prelude to exploring IEC
responses in Crinfection, we performed single-cell RNA-sequencing
(scRNA-seq) analysis on IECs from the mid-distal colon, the region
colonized by this pathogen (Fig. 1). We identified a bifurcation of the
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Fig.1|Adistinct subset of colonocytes undergoes accelerated maturation
inresponse to Cr. scRNA-seqwas performed on epithelial cells from mid-
distal colons of C57BL/6 mice without infection (naive) and onday 9 of Cr
infection. a, Dot plot of differentially expressed genesin naive mice. Prog,
progenitor; TA, transit-amplifying cell. b, Heat map of the top 50 differentially
expressed genes between mature DCCs and PCCs from naive mice. ¢, Gene set
enrichmentanalysis of Gene Ontology Biological Process pathways, comparing
mature DCCs and PCCs from naive mice. ER, endoplasmic reticulum; NT,
nuclear-transcribed. d, Uniform manifold approximation and projection

absorptive colonocyte lineage, which we designated distal colonocytes
(DCCs) and smallintestine enterocyte-like proximal colonocytes (PCCs)
(Fig.1a-d and Extended Data Figs. 1a-g and 5a), as discussed below.
Although these subsets derive from distinct early progenitors, their
gene-expression profilesidentified them as members of the absorptive
lineage, as both subsets express Car4, Slc26a3"" and the cell-surface
mucin genes Muc3 and Muc13, which are main components of the
protective glycocalyx” (Fig. 1a and Extended Data Figs. 1a,b and 5a).
However, mature DCCs differentially expressed Ly6g, which encodes
a GPI-linked marker of mature neutrophils'®, as well as genes encod-
ing acute phase proteins (for example, Saal and Saa2) that possess
antimicrobial activity and canrecruit and activate phagocytes'®?°, and
several solute carriers, such as Slc20al, which encodes an inorganic
sodium-phosphate cotransporter that canalso regulate TNF-induced
apoptosis? (Fig.1a,b and Extended Data Fig. 1d,e). DCCs also expressed
higher levels of genes involved in metal ion storage?? (for example,
Mt1, Fthiand Slc40al), suggesting that they may sequester metalions
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(UMAP) analysis of integrated biological replicates identified eight unique
clusters for absorptive IECs—including two major developmental arms (DCC
and PCC), five clusters for secretory IECs and three clusters for undifferentiated
IECs. Abs, absorptive; CC, colonocyte; DCS, deep crypt secretory cell; Sec,
secretory, EEC, enteroendocrine cell. e, Pie charts of percentages of cells within
eachIECsubset. Numbersin parentheses show the percentages of absorptive
(top row), secretory (middle row) and undifferentiated (bottom row) cellsin
each pool. Two mice pooled per sample, n=2biological replicates per group.

to reduce local metal toxicity and/or limit metal nutrient availability
to commensal microbes.

By contrast, developing and mature PCCs expressed Fabp2, which
encodes anintracellular proteininvolved in lipid metabolism*, GucaZ2a,
which encodes a polypeptide that activates guanylate cyclase recep-
tors to control water transport, and several glycosyltransferase genes
that may contribute to mucosal barrier maintenance (Fig. la-c and
Extended DataFig. 1c,f,g). Mature DCCs and PCCs also differed in their
expression of solute carrier transporters (for example, DCCs expressed
Slc20al and Slc40al whereas PCCs expressed Slc6al4 and Slc13a2).
Thus, Ly6g*Slc20al*Saal DCCs and Fabp2'Guca2a*DpepI" PCCs rep-
resent distinct sublineages of the colonocyte absorptive lineage with
gene-expression profiles suggestive of fundamental functional speciali-
zation. Genes that were differentially expressed between human ascend-
ing and sigmoid colon (manually curated from Gut Cell Atlas (https://
www.gutcellatlas.org/)) were also found to be disparate in mouse
proximal and distal colon, respectively (Extended Data Fig. 1h,i and


https://www.gutcellatlas.org/
https://www.gutcellatlas.org/

Supplementary Table1). Of note, Gucy2c, the receptor for the heat-stable
E. colienterotoxin ST, was most highly expressedin theileum (Extended
Data Fig. 1j)—the main site of E. coli infection, suggesting that E. coli
and Cr may be specialized for colonization of different regional IECs.

Colonic hyperplasia—elongation of the crypts associated with
expansion of undifferentiated crypt base columnar (CBC) stem cells,
transit-amplifying cells and progenitor IECs—is a hallmark of Crinfec-
tion®?%, Itis thought to protect stem cells at the base of crypts by both
distancing these cells from the pathogen and accelerating removal of
Cr-ladenIECs" (Extended DataFig. 2a,b). To characterize this response
in the region colonized by Cr, we extended the scRNA-seq analysis to
compare IECs from the mid-distal colon of naive versus Cr-infected
mice (Fig.1d,e). DCCs and PCCs differed in their response to Crinfection
(Fig. 1d,e and Extended Data Figs. 2c and 3a,b). Progenitors of DCCs
underwent considerable expansion, whereas PCCs showed modest
changes in frequency, abundance or developmental programming
(Fig. 1d,e and Extended Data Figs. 2c and 3a,b). Differentiated DCCs
(pro-DCC and mature DCC) were reduced, witha concomitant increase
in a population of ‘pathogen-induced colonocytes’ (P-ICCs) that
expressed IL-22- and IFNy-inducible host defence genes** 2 (for exam-
ple, S100a8, Cxcl5 and IdoI) and colonocytes with a gene-expression
profile indicating pro-senescence® ! (for example, Uppl, Lars2 and
Tnfaip3) (Fig.1d,e, Extended Data Fig. 3a and Supplementary Table 2).
scRNA-seq velocity analysis indicated that DCC sublineage cells under-
went rapid maturation and an altered cell fate to become ‘hyperactive’
P-ICCs that contribute to host defence (Extended Data Fig. 3b).

The abundance of undifferentiated IECs (Lgr5* CBC cells™* and early
transit-amplifying cells) increased, whereas that of goblet cells was
reducedinresponse to Crinfection (Fig.1d,e), consistent with previous
reportsimplicating IFNy-producing CD4 T cellsin control of stem cell
proliferationand goblet cell reprogramming and hypoplasia during Cr
infection®. In addition, some colonic Reg4*MptxI'* Paneth-like cells®
(or deep crypt secretory cells) dedifferentiated during Crinfection,
paralleling plasticity in Paneth cells of small intestine that transition
into CBC-like stem cells inresponse to inflammationand injury®. These
findings identify unanticipated heterogeneity within the colonocyte
absorptive lineage and implicate the newly identified DCC subset as
the dominant responder to Crinfection. They further indicate that a
developmental shiftin colonic Paneth-like cells may contribute to the
reductioningoblet cells (hypoplasia) and expansion of DCC progenitors
during Crinfection. Together, these results establish that colonic hyper-
plasiainresponseto Crinfection predominantly comprises accelerated
expansion of DCCsto generate P-ICCs, which show increased expression
of cytokine-induced host defence molecules, and pro-senescent colo-
nocytes, which appear to be programmed for accelerated cell death.

DCCs are the principal targets of Crinfection

The studies described above identified differential responses of DCCs
and PCCs to Crbut did not identify the basis of the difference. We con-
sidered that this might reflect geographic segregation of these two
subsets, differential interactions with Cr, or both. To explore the first
possibility, we evaluated the distribution of DCCs and PCCs along the
intestinal tracts of naive mice, using subset-specific markers identified
by scRNA-seq studies. We used LY6G as a DCC-specific marker and
FABP2as a PCC-specific marker (Fig.2a,b and Extended Data Fig.1d-g).
LY6G" cells (DCCs) were found exclusively in the distal colon and were
interspersed with FABP2" cells (PCCs) in the middle colon, whereas
FABP2' cells dominated proximally in the colon and in the terminal
ileum of the smallintestine (Fig. 2c-e), hence the designations ‘distal’
and enterocyte-like ‘proximal’ for DCCs and PCCs, respectively.

To confirmthese findings, we validated gene-expression profiles by
RT-PCR. Epithelial cells from theileum and proximal colon expressed
Fabp2, Guca2a and DpepI—signature PCC-type genes—whereas cells
from the distal colon expressed Ly6g, Saal and Slc20al—signature

DCCgenes (Fig. 2f,g, Extended Data Figs.1d-g, 2c and Supplementary
Tables3and4). Notably, Slc26a3, whichencodes a chloride/bicarbonate
transporter associated with congenital chloride diarrheal disease® was
primarily expressed by pro- and mature DCCs (Fig. 2g and Extended
DataFig.1a,b,k), whereas undifferentiated and immature DCCs utilized
adifferent chloride channel, cystic fibrosis transmembrane conduct-
ance regulator®® (CFTR) (Extended Data Fig. 1k).

Todetermine whether development of the colonocyte subsets might
bedriven by interactions with the commensal microbiota or adaptive
immune cells, we assessed relative abundance in specific pathogen-free
(SPF), germ-free (GF) and Ragl "~ mice (Extended DataFig.3c-e). There
was no significant difference in the distribution or number of DCCs
or PCCs among these mice, indicating that development of both cell
typesis largely independent of signals from the commensal floraor T
and B cells (Extended Data Fig. 3¢,d), although several DCC-specific
genes were differentially expressed, including the SLC family members
Slc20al, Slc37a2 and Slc46al (Extended Data Fig. 3e). Collectively,
these dataindicate that DCCs represent anewly identified sublineage
of absorptive IECs found only in the mid-distal colon. Moreover, DCCs
appear to be constitutively responsive to commensals or microbial
activation of the adaptive immune system and may sequester metal
nutrients to regulate the barrier in this region.

Inview of the marked regionalization of DCCs to the same area colo-
nized by Cr**®and their preferential infection-induced response (Fig.1),
we speculated that mature DCCs may be targets of Cr colonization.
Totest this, we used a GFP-expressing Crvariant to sort uninfected and
infected IECs from mid-distal colons of wild-type mice and screened for
DCC-and PCC-specificgenes (Fig.2h,iand Extended DataFig.4a,b). Asa
controlandinternal validation, the Cr-specific gene eae, which encodes
intimin, amolecule crucial for Crattachment to IECs, was strictly limited
to Cr-GFP-laden IECs. Expression of Ly6g, which encodes a marker for
DCCs, was significantly enriched ininfected Cr-GFP*IECs but was also
found in uninfected Cr-GFP™ IECs, establishing that Cr binds directly
to DCCs, albeit non-uniformly. The non-uniformity is likely to reflect
thelack of Crattachment to some mature DCCs, pro-DCCs and P-ICCs
thatexpress LY6G but are sequestered within crypts, whereas Cr-GFP*
IECs appeartobeinfected mature DCCs and pro-senescent DCCs that
are fated to be shed and removed from the colon. Notably, genes that
define PCCs (for example, Fabp2, Guca2a and Reg3b) or goblet cells (for
example, Muc2) were largely restricted to uninfected IECs, indicating
that most PCCs are not bound by Cr.

Toextend these findings, we examined Crattachment to either LY6G*
DCCs or FABP2" PCCs in Cr-GFP-infected mice in situ (Fig. 2j-1). There
was minimal epithelial attachment of Cr in the proximal colon. In the
middle colon, whichis populated by both DCCs and PCCs, Crattached
toluminal LY6G" DCCsbutto very few FABP2* PCCs. Inthe distal colon,
where the absorptive epithelium is comprised almost exclusively of
DCCs, the majority of superficial LY6G* DCCs were bound by Cr, dem-
onstrating that Cr preferentially colonizes DCCs found in the mid-
distal colon. Thus, Cr shows strong tropism for DCCs at the luminal
surface, explaining the restriction of colonization by this pathogen
to the mid-distal colon.

PCCs and DCCsrespond differentially to IL-22

Given the differential targeting of absorptive colonocyte subsets by
Cr, we speculated that there might be stratification of host defence
responses between DCCs and PCCs. Comparison of gene-expression
profiles of DCCs and PCCs by scRNA-seqindicated that thiswasindeed
thecase, andit did notappear to be due to disparate expression of the
IL-22 receptor transcripts (/[22ral and Il10rb). Whereas both DCCs
and PCCs downregulated many genes during Cr infection (for exam-
ple, Car4, Slc26a3 and several differentially expressed solute carrier
genes), indicating that both colonocyte subsets sensed the pathogen
and altered their response'**, many genes that we had previously
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Fig.2|Crpredominantly attaches to DCCs. scRNA-seq was performed on
epithelial cells from mid-distal colons of C57BL/6 mice without infection
(naive) and onday 9 of Crinfection. (n = 2).a, UMAP analysis of Ly6g and Fabp2
expression. b, IECs from mid-distal colons of naive mice were stained for LY6G,
FABP2,EPCAM1, CD45and LIVE/DEAD (L/D) dye, and analysed by flow cytometry.
n=3miceandn=2independentexperiments.c-e, Tissue from distalileum

(c; scalebar,1,000 pm), colon (d; scale bar, 1,000 pm) and middle colon region
(e; scalebar, 50 um) from naive mice were stained with LY6G and FABP2
antibodies and DAPI (3-4 mice per region, n=2independent experiments).
f.g, IECsfromdistalileum (green), proximal colon (blue) and distal colon (red)
of naive mice were stained asinb and analysed by flow cytometry (f) or sorted
asEPCAM1'CD457L/D" IECs, and mRNA expression was analysed by PCR with

reported as contingent on T cell-derived IL-22* were upregulated spe-
cifically in DCCs (Fig. 3a-c and Extended Data Figs. 4c,d, 5b,c and 6).
Notably, the S100a gene family (for example, S100a8) encoding anti-
microbial peptides (AMPs) and genes encoding neutrophil-recruiting
chemokines (forexample, Cxcl2and Cxcl5) were strongly upregulatedin
DCClineage cells (pro-DCC, mature DCC and P-ICC) ininfected control
mice compared with naive mice.

A specific contribution of DCCs to host defence included produc-
tion of neutrophil-recruiting chemokines that are required for Cr
eradication® (Fig. 3a-c). This included marked IL-22-induced enrich-
ment of these chemokine transcripts in P-ICCs (Fig. 3c and Extended
DataFigs. 5b,c). In addition, pro-DCC, mature DCCs and P-ICCs speci-
fically upregulated Nos2, which encodes inducible enzyme nitric oxide
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LY6G (DCCs)

FABP2 (PCCs)
Cr-LPS
DAPI

reverse transcription (RT-PCR) (g) (2 or 3 mice pooled per sample;n=2
independent experiments). One-way ANOVA. h, Mid-distal colon IECs

mice on day 8 of Cr-GFP infection were sorted for EPCAM1'CD45 GFP~ or
EPCAMI'CD45 Cr-GFP* cells. i, mRNA expression of indicated genesin sorted
Cr-GFP~and Cr-GFP*IECs was analysed by RT-PCR (2 or 3 mice pooled per sample;
n=2independent experiments). Two-tailed unpaired t-test. j-1, Proximal

(j), middle (k) and distal (I) colon tissue from mice on day 8 of Crinfection was
stained for LY6G, FABP2, Cr-LPS and DAPI. White arrows identify rare Crin
proximal colon, green arrows identify FABP2* PCCs, and red arrows identify
Cr-ladenLY6G* DCCs. Scale bar,100 um. 3 or 4 mice per experiment; n=2
independent experiments. Dataare mean +s.e.m.*P<0.05,**P<0.01and
**P<0.001.

synthase; thisisimportant for production of NO, abroad-spectrum anti-
microbial molecule that causes nitrosative and oxidative damage®. Fur-
thermore, immature subsets of DCCs upregulated the IL-22-inducible
genesLcn2, Lbp and Fut2,indicating that colonocytes in the mid-lower
crypts are also capable of sensing and responding to Crinfection. By
contrast, upregulation of the IL-22-inducible Reg3lectin family of AMP
genes by Crinfection was PCC-specific. Because Cr-infected Reg3b™~
mice have increased bacterial load***, this suggests that PCCs may
contribute to host defence by reducing luminal bacteria that canattach
to DCCs, although other mechanisms, including modulation of the
commensal microbiota, cannot be excluded.

Consistent with these findings, IL-22-induced transcripts of IECs
isolated from the distal colon, proximal colon or distal ileum of naive
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Fig.3|IL-22" T cellsaccelerate removal of Cr-laden mature DCCs. scRNA-seq
was performed on epithelial cells from mid-distal colons of C57BL/6 mice
withoutinfection (naive) and on day 9 of Crinfection of //22"** (control)*and
112247 conditional knockout (cKO) mice (n =2).a,b, Heat map of top 50
differentially expressed genesin mature DCCs (a) and mature PCCs (b), comparing
naive and infected mice. ¢, Dot plot of IL-22-inducible genes from naive and
infected mice.d, UMAP analysis of integrated biological replicates from day 9
of Crinfection of control and //22°™¢ cKO mice. e, Pie charts show the percentage
of cells within eachIEC subset. Numbersin parentheses show percentages of

and Cr-infected wild-type mice correlated well with the distribution
of DCCs and PCCs across these intestinal regions (Extended Data
Fig. 4d). Consistent with published reports, we found that Reg3b was
expressed predominantly in the small intestine, with low levels of
Reg3b expression in the proximal colon at steady state*.. At the peak
of Crinfection (day 8-9 after infection), Reg3b was upregulated on
IECs from the distal ileum and proximal colon but not the distal colon.
By contrast, other IL-22-inducible genes such as S100a8, Cxcl5and Lrgl
were predominantly upregulated in the distal colon, but not in ileum
or proximal colon. Together, these data establish that upregulation of
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absorptive (top row), secretory (middle row) and undifferentiated (bottom
row) cellsineach pool. f,scRNA-seq velocity plots highlight transcriptional
relationships between major IEC subsets. Arrowheads denote directionality
andlinesrepresentkinetics of differentiation. g, IECs from colons on day 9 of
Cr-GFPinfection of 1122"°* and 1[22°7*" mice were stained for LY6G, CD45,L/D
dye and EPCAM1 and analysed by flow cytometry. h, Number of Cr-GFP'LY6G*
IECs and Cr-GFP*LY6G* IECs from /[22"°P* (white) and /12247 (grey) mice on day
9 of infection with Cr-GFP. Two-tailed unpaired t-test; 3 or 4 mice per group;
n=2independentexperiments. Dataaremean +s.e.m.*P<0.05.

S$100a8or S100a9 and neutrophil-attractant chemokine genesreflects
direct targeting of DCCs by Cr, whereas PCCs upregulate Reg3 family
transcripts, which may promote pathogen clearance in the lumen.
DCCsand PCCsthus appear to be programmed for distinct biological
activities downstream of IL-22.

This was confirmed by scRNA-seq analysis of mid-distal IECs
from Cr-infected /122" (control) and /1227 (T cell-specific dele-
tion of IL-22) mice (Fig. 3d,e and Extended Data Figs. 5a,b and 6); the
induction of S100 family AMPs or neutrophil-attractant chemokines
or REG3 family AMPs was DCC- or PCC-specific, respectively, and
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contingentonactions of T cell-derived IL-22 (Extended Data Figs. 5a-c
and 6 and Supplementary Tables 5-7). By contrast, and similar to the
expansion of stem cells and reprogramming of goblet cells, which
was comparable between Cr-infected control and /1224™¢! mice and
consistent with their regulation by IFNy*?, but not IL-22, the expan-
sion of absorptive progenitors and immature pre-DCCs was not
controlled by T cell-derived IL-22. Moreover, scRNA-seq velocity
analysis indicated that infection-driven transition from immature
to mature colonocyte subsets in control mice progressed with a
pattern of constant acceleration (Fig. 3f). However, we found a criti-
cal role for T cell-derived IL-22 in programming DCCs to accelerate
their transition to pro-senescence during infection (Fig. 3d-f), and
the migration of maturing DCC subsets in infected /[22™¢ mice was
irregular (Fig. 3f), suggesting discontinuous terminal differentia-
tion. The aberrant transition of DCCs to pro-senescent colonocytes
in Cr-infected /122°™* mice suggested that IL-22-producing T cells act
to promote the more rapid removal of Cr-laden colonocytes.
Supporting thisidea, we found a significantincrease in live Cr-GFP*
DCCs in Cr-GFP-infected /122°™¢" mice compared with controls
(Fig. 3g,h). In addition, compared with Cr-GFP-infected /122°™ mice,
control mice had significantly higher numbers of GFP DCCs compared
with GFP* DCCs, furtherimplicating IL-22 produced by T cells in promot-
ing replacement of Cr-laden DCCs with newly generated DCCs. In this
regard, we found it notable that T cell-derived IL-22 augmented Lrgl
expressionat multiple stages of DCC development. Lrgl, which encodes
aleucine-rich a-2-glycoprotein involved in IEC migration and wound
healing*?, was upregulated by most IECs during Crinfection but was
most highly expressedinimmature DCCs (pre-DCC and pro-DCC), sug-
gesting that LrgI may have arolein the movement of DCCs up the crypts
during Crinfection (Fig. 3c and Extended Data Figs. 2c, 5b,c and 6).
Together, these findings indicate that the delivery of IL-22 to DCCs
by CD4 T cells is required both to activate these cells for enhanced
anti-bacterial defence and to accelerate the removal and replacement
of Cr-laden colonocytes at the luminal surface to expedite pathogen
clearance, representing a novel mechanism by which IL-22 signalling
into DCCs may counter Cr-mediated effector mechanismsto promote
theretention of infected DCCs to which they anchor®#*4,

Epithelial MHCII is required to recruit T-cell help

Theinjection of bacterial effector proteinsinto host IECsisrequired for
the attachment of Crto superficial DCCs that line the luminal surface
ofthedistal colon. This also represents a potential vulnerability for Cr,
as these effectors may be sensed by intracellular pattern-recognition
receptors and provide antigenic peptides recognized by T cells.
Although antigenic priming of naive CD4 T cells to Cris thought to occur
inlymphoid tissues by type 2 conventional dendritic cells®, it is unclear
whether Cr antigens can be presented by IECs to directly recruit CD4
T cellhelp*®. Previous studies have found that IECs begin to upregulate
MHCII and other components of the class Il antigen processing and pres-
entation (APP) system coincident with the influx of effector CD4 T cells
intotheinfected mid-distal colon, leading to MHCIl expression by the
majority of IECs later in infection*'¢***” This coincided with sustained
STAT3activationinIECs driven by T cell-derived IL-22 signalling*'®. In the
extension of these studies (Fig. 4a,b), we found that by day 14 of Crinfec-
tion, 90% of LY6G* DCC and FABP2" PCC cells from the mid-distal colon
upregulate MHCII, compared with20% of FABP2* PCCs and distal illeal
enterocytes. The coordination of IEC upregulation of the MHCII APP
systemwith the recruitment of robust, T cell-dependent IL-22 signalling
intolIECsled usto positarolefor direct, antigen-dependent release of
IL-22 by Cr-specific T,17 or T,;22 cells.

To test this, we explored T cell and IEC responses to Crinfectionin
mice with specific deficiency of MHCII targeted to IECs (H2-Ab1"""),
Properly targeted H2-Ab1""" mice (Extended Data Fig. 7a-f) exhibited
similar bacterial loads to H2-Ab¥? controls over the early course of
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infection (days 0-8; Fig. 4c,d) but had significantly increased bac-
terial burden over the late course (days 12-18). This correlated with
similar Crburdensinfecal contents and liver on day 9 but significantly
increased burdens on day 14 after infection in H2-AbI"*" mice (Fig. 4e,f).
Moreover, Crburden wasincreased on day 14 in the colons of H2-Ab1"
mice compared with controls, but not in the caecum (Extended Data
Fig. 7g). This correlated with significantly greater colonic inflamma-
tion and disease scores in H2-Ab1""" mice compared with H2-Ab?"?
controls (Fig.4g). To exclude aberrant effects potentially conferred by
IEC MHCII deficiency frombirth, we also analysed H2-Ab1"""ER 2 mice,
whichenabled us to delete MHClIl after initiation of infection. Similar to
Cr-infected H2-Ab1""" mice, we found significantly increased bacterial
burdenin H2-Ab1""" 2 mice late in infection (Extended Data Fig. 7h-k).
Onday 9 of infection, when MHCII expression is normally upregulated
on asmall fraction of IECs*, there was no difference in T,;17 and T,,22
cellnumbersin colons of infected H2-Ab1""" mice compared with con-
trols, consistent with a dispensable epithelial MHCII effect on effector
T cells early in infection (Fig. 4h,i). In contrast, by day 14 of infection,
when the majority of mid-distal colonocytes normally express MHCII,
there was amore than 50% reduction in the numbers of T,;17 and T;22
cellsin the colons of infected H2-Ab1""" mice compared with controls.

Inview of these results, we explored the possibility that non-classical
antigen presentation by IECs may contribute to interactions with
Cr-specific CD4 T cells. We engineered a novel Cr strain (Cr-gp66)
expressing the lymphocytic choriomeningitis virus (LCMV) gp¢s_so
epitope recognized by the SMARTA T cell receptor (TCR) to enable
Tcelladoptive transfer studies. A minigene encoding the LCMV gpg_so
peptide and a haemagglutinin (HA) tag was introduced in-frame to
the 3’ terminus of the espZ gene, which encodes a Cr effector protein
thatis injected into IECs to inhibit their death and prolong Cr colo-
nization*® (Fig. 5a,b). Immunostaining of the HA tag in IECs infected
with Cr-gp66, but not the wild-type Crcontrol strain (DBS100), identi-
fied punctate, cytosolic distribution of EspZ at sites of Crattachment
(Fig.5c)—consistent with association of atleast afraction of EspZ with
translocated intimin receptor*® (Tir). C57BL/6 mice infected with lumi-
nescent Cr-gp66 displayed similar colonization kinetics to a control
luminescent Cr strain (ICC180) (Extended Data Fig. 8a,b), whereas
susceptible C3H/HeJ) mice succumbed similarly toinfection with both
engineered and control wild-type strains (Extended Data Fig. 8c), estab-
lishing that virulence was not attenuated by the introduction of LCMV
EPes-s0 and the HA tag.

SMARTAT cells transferred into C57BL/6 mice were recruited to the
colononlyinmiceinfected with Cr-gp66, and not the wild-type strain,
despite similar population of lymphoid tissues in mice infected with
either strain (Fig.5d,e). To increase the number of Cr-specific T cells for
analysis, we transferred increasing ratios of CD45.1" SMARTA:CD45.2*
polyclonal T cellsinto T cell-deficient (Tcra”") mice®, resulting in cell
dose-dependent recovery of colonic SMARTA T cells (Extended Data
Fig. 8d-f). T cell-deficient mice with (H2-Ab1"""Tcra™") or without
(H2-AbP™Tcra™") IEC MHCII deficiency were therefore populated
with co-transfers of SMARTA:polyclonal T cells (1:1ratio) to assess
Cr-specific responses (Fig. 5f,g). In agreement with previous results
(Fig. 4i), colons of mice lacking IEC-derived MHCII had significantly
decreased SMARTAT cell subsets compared with wild-type littermates,
including anapproximately fivefold decrease in IL-22" T cells (Fig. 5f,g).
By contrast, lymph nodes draining distal colons of these mice showed a
reciprocalincrease of IL-22* SMARTAT cells (Extended Data Fig. 8g,h).
Thus, local retention and/or activation of Cr-specific T cell effectorsin
the infected colon is contingent on recognition of bacterial antigen
injected into MHCII-expressing DCCs.

These findings suggested that without the ability to present Cr
antigen to effector T cells, IECs are unable to recruit sufficient IL-22 to
restrain Crinfection. Indeed, compared to controls, mice deficient for
MHCII on IECs (H2-Ab1""") showed a substantial loss of STAT3 activa-
tionin both crypt-lining and superficial IECs during the late phase of



a @ Distal ileum (SI) @ Proximal colon @ Middle colon @ Distal colon b 100
EPCAM1+ CD45 LYBG* IECs FABP2* IECs 3 O Naive
LYBG* & M Crday 14
IECs, E 60
Naive ; L 404
2 204
s
ABP2+] 0-
ECs
Voor ' FaBP  Tog
. IECs. N - < 801 IECs ©
r > 3 I
day 14 S s g 607
o o o L0407 wxx wen
i FABP2T[ S s 3 ond o
Z “IECs | g E NP
el L b4 4 = o
] wi w lleum Prox Mid Distal
FABP2-AF488 MHCII-eF450 MHCII-eF450 colon colon colon
c d o o~ H2-Ab11
— e AN 10 wwn B H2-Ab1Viln
4 o7
-~ 2 *
ab 84
gy 8
S E £
56 Eg
...... g T 2
o a
e g4
k<)
I T T 1
0 10 20 30
H2-Ab1Villin
b Time (days)
e Faeces f Liver 9 Ho-Ab 171 H2-Ab1Vilin
NS W H2-Ab1" NS 404
107 o B H2-Ab1Vilin 6 Crday 14
O

o0 WH2-Ab1"!
B H2-Ab1Viln

=}

) B e
zs R B
z z 20
Q6 Q2 g
g g £10
4 0
9 14 9 14
Time (days) Time (days)
h i
Crday 9 15, NS NS NS NS
e o
Ha-Ab17m {18.7 4.8 X o Crday 9
5 B H2-Ab11
o
K 10 B H2-Ab1vilin
c
% 5
3
o
}_I 0 IL-22% IL-17A* IL-17A* IFNy*
IFNy*
H2-Ab1Vilin ‘8200 N 3
§ ;150 Crday 14
=} ¥ 22 [5100 o EH2-Ab11
2 % e = 280 BH2-Ab 1V
= ° E © 3 8
u o w @ : c 60 °
& & & T @ 40 °
= 3 ~ 3 T o ©
W a i 3 8 20
= ) = o RE
IFNy-eF450 IL-22-PE IFNy-eF450 IL-22-PE IL-22¢ IL-A7A* IL-17A° FNy*

Fig.4 |Epithelial MHCIlisrequired to limit bacterial overgrowthand
intestinal pathology. a, IECs from distal ileum (green), and proximal (blue),
middle (grey) and distal (red) colon of C57BL/6 mice without infection (naive)
and onday 14 of Crinfection were stained for EPCAM1, CD45,LY6G, FABP2

and MHCIland L/D dye, and analysed by flow cytometry. SI, small intestine.

b, Percentage of MHCII'LY6G" DCCs and MHCII" FABP2*IECs from C57BL/6
mice withoutinfection (naive) and on day 14 of Crinfection. Three mice pooled
perregion; n=2independent experiments. Two-way ANOVA. Asterisks indicate
Pvalues for naive versus infected mice. “#P < 0.001 (comparing colonic regions).
Mid, middle; NP, not present; Prox, proximal. c¢,d, Serial whole-body imaging
(c) and colonization kinetics (d) of Cr-infected H2-Ab1" (blue) and H2-Ab1"""
(red) mice. Five mice per group; n=2independent experiments. e,f, Number of

Crinfection (Fig. 5h). This was accompanied by Crinvasion of colonic
crypts in H2-Ab1"" mice but not in H2-AbI™" controls (Fig. 5i), pheno-
copyingthe defectsin STAT3 activationand crypt anti-bacterial defence
reported in mice with T cell-specific IL-22 deficiency*. Collectively,
these findings establish a requirement for MHCII-dependent antigen
presentation of Crantigen by colonic IECs to retain T,;17 and T,,22 cells
and elicit IL-22-dependent help in defence against Cr.

Discussion

A fundamental property of effector CD4 T cells is their provision of
help to cells that express cognate antigen. Here we identify a subset

colony-forming units (CFU) from faeces (e) and liver (f) of day 9 and day 14
Cr-GFP H2-Ab1"" and H2-Ab1""" mice (4 or 5mice per group, n=2independent
experiments). g, Colons on day 14 of Crinfection of H2-AbF"/"and H2-Ab1"""
mice, stained with haematoxylin and eosin. Scale bar,100 pm. h, Colon cells
fromday 9 and day 14 Cr H2-AbF""' and H2-Ab1""" mice were stimulated with
phorbol12-myristate 13-acetate (PMA) and ionomycinand stained for surface
CD4,TCRf,CD44 and L/D dye, then stained forintracellular IL-17,[L-22 and IFNy
and analysed by flow cytometry. i, Number of colonicIL-22*, IL-17A", IL-17A*IFNY*
and IFNy* T cells from day 9 and day 14 Cr H2-AbF"" and H2-Ab1""" mice. Two-
tailed unpaired t-test comparing H2-Ab1"/"and H2-Ab1""" mice (d-g,i); 3or 4
mice per group; n=2independent experiments. Dataare mean +s.e.m. NS, not
significant.

of absorptive colonocytes that are the cellular hosts of Cr and show
that these cells obtain epithelium-protective IL-22 viaMHClII-restricted
interactions with effector T cells of the T,17 pathway. Our findings
address the longstanding conundrum of why Cr colonizationis region-
ally restricted®: Crattachment is primarily limited to the middle and
distal colon owing to its tropism for DCCs. Our findings also reveal a
basis for theindispensable role of T cellsin protection of the intestinal
barrier: T cells activated locally vianon-classical antigen presentation
by theintestinal epithelium are required to sustain high amplitude IL-22
signalling to IECs as they undergo developmental shifts in response
to infection. Finally, our findings provide a basis for a requirement
of coordinated signalling of IL-22 and IFNy into IECs under pathogen
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Fig.5|Epithelial MHCIl is required for mucosal retention of Cr-specific
Tycells, prolonged colonocyte STAT3 activationand crypt protection.

a, Design of the Cr-espZ-gp66-HA (Cr-gp66) construct. b, Schematic of Cr-host
IECinteraction, highlightinginjection of the Creffector proteins Tir (targeted
to IEC apicalmembrane) and EspZ (gp66-HA-tagged and associated with Tir
cytosolic domain). ¢, Distal colon EPCAMI'LY6G'L/D CD45 cells from Cr-gp66
or Cr(DBS100) infected mice (day 8 of infection) were sorted and stained for HA
and LPS and with DAPI. Scale bar, 20 pm. 2 or 3 mice per group; n =2 experiments.
d,CD45.1'SMARTAT cells were transferred into CD45.2* C57BL/6 recipients
infected with Cr DBS100 (black) or Cr-gp66 (green). Colonic lamina propria
(LP), pooled caudal-iliaclymph node (ciLN), distal mesenteric lymph node
(dmLN) and spleen cells (day 14) were stained for CD45.1,CD45.2,CD4 and
TCRpB and with L/D dye and analysed by flow cytometry. e, Number of CD45.1*

threat. Because IFNy is required to induce the MHCII APP pathway in
IECs, it is prerequisite for protective actions of IL-22—or other signals
that may be delivered directly to [IECsby T cells. Inessence, IFNy signal-
ling ‘licenses’ IECs for recruitment of enhanced IL-22 signalling from
T,17 and T,;22 cells, which is essential for barrier protection.

In contrast to Cr, which targets DCCs, ileal enterocytes are the infec-
tious niche for enteropathogenic E. coliin humans®. The specific host
molecules required for initial attachment of Cr or enteropathogenic
E. coli to IECs remain unknown. Although firm attachment to IECs by
both pathogens relies on intimin-Tir interactions, fimbriae and pili
are thought to mediate the initial attachment to IECs via exposed
D-mannose residues on glycoproteins®. However, intimin may also
contribute to bacterial tropism. Whereas most enteropathogenic
E. colistrains express intimin-«, Cr uses intimin-B**2 Thus, in addition
to species-specific differencesin fimbriae and pili, sequence variation

676 | Nature | Vol 629 | 16 May 2024

Crday 14 Cr-GFP EPCAM1 DAPI

CD4 T cells from adoptively transferred mice on day 14 of infection with either
Cr(DBS100; white) or Cr-gp66 (green) (3-5mice per group; n =2 experiments).
f,SMARTA CD45.1" and wild-type CD45.2" CD4 T cells (1:1ratio) transferred
into H2-Ab1"" Tcra™ (blue) or H2-Ab1""“"Tcra™ (red) recipientsinfected with
Cr-gp66.Coloniclamina propriacells from day 14 Cr-gp66 were stimulated
with PMA and ionomycin, stained for surface markersasind, thenstained for
intracellular IL-17A, IL-22 and IFNy, and analysed by flow cytometry. g, Number
of colonicIL-22%, IL-17A%, IL-17A'IFNY" and IFNy*CD45.1' CD4 T cells from day 14
Cr-gp66-infected mice (4-7 mice per group, n =3 experiments). h,i, Colons
from H2-AbP""and H2-Ab1""" mice on day 14 of infection with Cr-GFP were
stained for pSTAT3, EPCAM1and DAPI (h) or for Cr-GFP, EPCAM1and DAPI (i)
(3-5mice per group; n=2experiments). Scalebars, 50 um. Dataare mean +s.e.m.
e,g, Two-tailed unpaired t-test.*P< 0.05, **P< 0.01and ***P < 0.001.

between bacterial intimin subtypes may contribute to host and tissue
specificity. Our identification of an absorptive cell type that is tar-
geted by Crshould facilitate comparative studies to define the basis
for species- and cell-specific tropism of A/E enteropathogens.
Identification of subset-specific programming of colonocytes by
IL-22 has implications for anti-bacterial defence strategies. Reg3 family
defensins—originally implicated in antibacterial activity against
Cr'—wererestricted to PCCs, which are not targeted by Cr, suggesting
indirectactions of these AMPs in pathogen resistance*®*, By contrast,
DCCs upregulated genes such as Lcn2%, whose product binds bac-
terial siderophores to thwart iron sequestration from the host, and
S100a8/9% (calprotectin), a calcium/zinc-binding metal chelator that
prevents bacterial uptake of metal ions during Cr infection. In addi-
tion, IL-22 stimulated DCCs to produce CXCL2 and CXCLS5 to recruit
neutrophils that themselves produce LCN2 and S100a8/9°¢, thereby



amplifying local antimicrobial activity. Several DCC-specific genes
involved in metal ion homeostasis (for example, Ft/I and Slc40al) are
downregulated during Crinfection’. The acquisition of metal ions by
Cr(andE. coli) isadouble-edged sword—although they benefit bacterial
growth, their dysregulation can also generate toxic reactive oxygen
species. Insights into how these mechanisms operate to favour host
or pathogen should be facilitated by our findings.

Crand other A/E enteropathogens must attach to survive. In addi-
tion to induction of AMPs and neutrophil-attractant chemokines,
we identified programming of DCCs for accelerated shedding as
an additional mechanism of host resistance, presumably to coun-
ter the actions of bacterial effector proteins injected into Cr-bound
DCCs that would otherwise inhibit senescence and prolong survival
of the cellular host of Cr*3. The retention of pro-senescent DCCs in
the absence of T cell-derived IL-22 is particularly striking, given that
decreased shedding of colonized DCC cells increased bacterial load.
Our findings indicate that IFNy and IL-22 work in concert to accelerate
production and removal of DCCs, respectively, thereby denying Cr
astable cellular platform for colonization. Because Cr lacks flagella
and is therefore immotile¥, its lateral spread to adjacent IECs from
pioneering microcolonies requires host cell-to-cell migration, mak-
ing accelerated clearance of infected colonocytes an effective host
strategy todeny Crpurchase. Inessence, by speeding up the ‘escalator’
of maturing DCCs as they move up crypts and off the luminal surface,
coordinated actions of IFNy and IL-22 restrain the lateral spread of Cr
to prevent cryptinvasion. Notably, however, deficiency of IL-22 alone
results in the invasion of crypts®, indicating that, without the actions
of IL-22 to promote accelerated shedding of Cr-laden DCCs—or other
mechanismsdriven by IL-22—IFNy-driven hyperplasiais ineffectual at
blunting cryptinvasion. The ability toisolate Cr-DCC conjugates holds
promise for elucidating competing strategies of pathogen and host to
control survival of infected colonocytes.

The model system for tracking Cr-specific T cellsintroduced here will
facilitate studies to address new questions raised by antigen recogni-
tion at the intestinal epithelium. For example, it will be of interest to
determine whether bacterial peptides presented by IECs are derived
exclusively frominjected effector proteins, and by what pathway(s)
Crantigens are processed by IECs toload MHClI for T cell recognition.
Further, it will be of interest to determine whether coordinated IL-22
and IFNy signalling into IECs is supported by transdifferentiation of
T,17 cellsinto T,1-like cellsin the inflamed intestines—that is, whether
the original speculation of a‘two-for-one’ effector lineage ascribed to
Tu17%8 reflects amechanism for delivery of both IL-22 (or IL-17) and IFNy
to barrier epithelia by T cells bearing the same antigenic receptor. In
addition to providing new insights into the importance of epithelial
cell expression of MHCII APP machinery to host defence, our findings
openawindowinto coordination ofimmuneinteractions by which A/E
enteropathogens areresisted and identify anew absorptive enterocyte
subset with which T cells can dialogue.
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Methods

Mice

11228P4% reporter/floxed and /122°™ ¢cKO mice were previously gen-
erated within our laboratory*. C57BL/6 (wild type), C3H/HeJ, H2-Ab1
floxed, Cd4-cre, SMARTA-1*° CD45.1, Tcra™”, Villin-cre and Villin-cre/
ERT2 mice were purchased fromJackson Laboratory. H2-Ab1""" (H2-Ab1
floxed x Villin-cre) cKO mice were screened by PCR and flow cytometry
to exclude mice withspontaneous, Cre-independent germline deletion
of MHCII®®. In most experiments, littermates were used as controls and
experimental adult animals (8-12 wk old) were co-caged in groups
of 2-7 mice. Male and female mice were used whenever possible. All
mouse strains were bred and maintained at University of Alabama at
Birmingham (UAB) in accordance with IACUC guidelines.

Crstrains and infections

Crstrain, DBS100 (ATCC) was used for scRNA-seq experiments. For
flow cytometry analysis and to track Cr in situ, we used a strain of Cr
expressing GFP®' (derived from DBS100; provided by B. A. Vallance).
For whole-body imaging experiments, we used the bioluminescent
Crstrain ICC180%* (derived from DBS100; generously provided by
G.FrankelandS. Wiles). Afresh, single colony was grownin10 ml LB at
37 °C with rotation at 225 rpm for 12-14 h. Next day, 1 ml of overnight
culturewasadded to 250 mILB broth, incubated at 37 °C with rotation
(225 rpm) for 3-3.5 h until OD,, reached 1.0 on spectrophotometer.
Bacteria were pelleted at 25°C, 3,000 rpm for 15 min and then resus-
pended in 5 ml sterile PBS. Mice were inoculated with 2 x10° CFU ina
total volume of 100 pl of PBS by gastric gavage.

Generation of Cr-espZ-gsg-gp66-HA strain by allelic exchange

DNA sequence containing a Gly-Ser-Gly (GSG) linker, LCMV glyco-
protein residues 66-80 (DIYKGVYQFKSVEFD), and HA tag flanked
by upstream and downstream regions of ~500 bp homologous to Cr
(DBS100) espZ containing BamHI and Sphl sites was synthesized by
GeneArt (ThermoFisher) and then cloned into the pCAL52 shuttle vec-
tor containing CmR, phoN and sacB selection (a gift from A. Baumler)
by T4 ligation. Ligation products were transformed into One Shot PIR2
E. coli(ThermoFisher) for propagation of the T-dependent R6Ky origin
of replication in pCALS52. Successfully ligated pCAL52 clones were
sequence verified and grown overnight in LB broth at 37 °C. pCAL52
Cr-espZ-gsg-gp66-HA plasmid was purified from PIR2 E. coli using
the QIAprep Spin Miniprep Kit (Qiagen). Purified plasmid was trans-
formed into the ECNR1Aasd E. coli strain (a gift from M. Gray) that is
auxotrophic for diaminopimelic acid (DAP) and selected for by chlo-
ramphenicol resistance on LB agar plates containing 25 pg ml™ chlo-
ramphenicoland 50 pg mI™ DAP for mating. Transformed EcNR1Aasd
E. coli containing the pCAL52 Cr-espZ-gsg-gp66-HA plasmid was
grown overnight in LB broth with 25 pg m1™ chloramphenicol and
50 pg mI™ DAP and Cr (DBS100 or ICC180) was grown overnight in LB
broth. Puddle mating was performed by mixing 1.3 ml of overnight
EcNR1Aasd E. coli pCAL52 Cr-espZ-gsg-gp66-HA culture and 200 pl
of Cr (DBS100 or ICC180) and centrifugation followed by resuspen-
sionin 50 pl LB broth. This mixture was then spotted onto an LB agar
plate containing 50 pg mI™ DAP and incubated at 30 °C overnight to
promote conjugation. The puddle mating was then collected into
1mlof LB broth and 2 x 107° dilutions were plated on LB agar plates
containing 25 pg ml™ chloramphenicol (without DAP) and incubated at
37 °C overnight. Single-crossover merodiploid clones were confirmed
by PCR and then selected in 25% sucrose LB broth for 3-4 days with
serial passages of 5 x 107 dilutions into fresh 25% sucrose LB broth
every 24 h. Avolume of 50-100 pl of sucrose culture was plated every
24 h on LB agar containing 5-bromo-4-chloro-3-indolyl phosphate
p-toluidine salt (BCIP) for blue-white detection of clones that had
successfully undergone a double-crossover event to remove the
phoN-containing pCAL52 backbone. White colonies were confirmed

aseither wild-typerevertants or espZ-gsg-gp66-HA insertion mutants
by PCR using the following forward and reverse primers: EspZ_F
5-CGGGAATTGCAGCAATGTGT-3" and EspZ_R 5-GGTTGGGGCTAAC
GGAGTAT-3'.

Isolation of IECs

Intestinal tissue was flushed with PBS, cutinto regions (5 cmileum, 4 cm
mid-distal colon or 2 cm each for proximal, middle, or distal colon),
opened longitudinally and then cut into strips of 1 cm length. Tissue
pieces were incubated for 20 minat 37 °C with1 mM DTT (Sigma), fol-
lowed by 2 mM EDTA (Invitrogen) in HSH medium (1x HBSS, 5% FBS,
20 mM Hepes, and 2.5 mM B-mercaptoethanol). Tissue pieces were
vortexed briefly after each 20 min incubation, followed by washing
with H5H prior to centrifugation at 1,800 rpm for 10 min at 4 °C. IECs
were then purified on a40%/75% Percoll gradient by centrifugation for
20 min at 25 °C and 2,000 rpm with no brake. For analysis of Cr-GFP
attached to IECs, tissue pieces from 4 cm of mid-distal colon were
incubated for 20 min at37 °Cwith1 mM EDTA in H5H medium, followed
by gentle mixing and washing with H5H.

Coloniclamina propriaCD4 T cellisolation

Colons were flushed with PBS, opened longitudinally then cut into
small pieces and placed in HSH medium. Tissue was then minced in
1.5 mImicrocentrifuge tubes for 2-3 min before being transferred into
scintillation vials with 10 ml of complete R10 medium (1x RPMI 1640,
10% FBS, 1x penicillin/streptomycin, 1x nonessential amino acids,1 mM
sodium pyruvate,2mML-glutamine, and 2.5 mM 3-mercaptoethanol)
with collagenaseIV (Sigma, 100 U ml™) and DNase I (Sigma, 20 mg ml™).
Tissue was digested at 37 °C for 40 min with stirring followed by filter-
ing over a 70 pm filter and washing with complete R10 medium. Cells
were then centrifuged at1,750 rpmat 4 °C for 10 min and then purified
on a40%/75% Percoll as described above. Where indicated, cells were
stimulated with PMA (50 ng mI™) and ionomycin (750 ng ml™) at37 °C
for 4 hin the presence of GolgiPlug (BD Biosciences).

scRNA-seq and data analysis

Cellswereisolated with DTT/EDTA (as described above) from mid-distal
colons of naive (C57BL/6), and day 9 Cr-infected control (/[22"?*) and
T cell-specific IL-22 cKO (/(22°™") mice. Cells were pooled from 2-3
mice per condition. Live cells were sorted into 5 pl PBS with 5% FBS and
0.1mMEDTAinanEppendorftube using BD Ariall. Prior to loading on
the 10x Genomics Chromium instrument, cells were counted using
ahaemocytometer and viability of at least 90% for all samples were
confirmedby trypanblue staining for atargeted number 0f 10,000 live
cells.scRNA-seq libraries were prepared using the Chromium Single Cell
3’Library Kit (10x Genomics) at the FCSC Core Facility at UAB. Librar-
ies were sequenced on an Illumina NovaSeq 6000 at the Sequencing
Core Facility at LaJollaInstitute, CA. Cell counts were produced by Cell
Ranger pipelines and transformed into Seurat objects (see ‘Extended
scRNA-seq and data analysis’). Data are publicly available at the Gene
Expression Omnibus GEO under accession GSE227331.

Extended scRNA-seq and data analysis

Processing of raw scRNA-seq data. Raw sequencing data were
processed with the Cell Ranger pipeline software (v.3.0.2; 10x Geno-
mics). Raw base call files generated by Novaseq 6000 (Illumina)
were converted to FASTQ files using cellranger mkfastq with default
parameters. The Cell Ranger count pipeline was used to perform
quality control, sample demultiplexing, barcode processing, align-
ment and single-cell 5’ gene counting. Cell ranger count was used to
alignraw reads against the GRCm38 mouse reference transcriptome.
Subsequently, cell barcodes and unique molecular identifiers under-
went filtering and correction using default parametersin Cell Ranger.
Reads with the retained barcodes were quantified and used to build
the gene-expression matrix.
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Classification of IECs using single-cell transcriptome data. Seurat®

(v.3.0.0), implemented using the R package, was applied to exclude
low-quality cells. Cells that expressed fewer than 200 genes were fil-
tered out. Genes that were not detected in atleast three single cells were
excluded. EPCAMLI" cells were selected and based on these criteria, we
retained the total numbers of IECs per genotype: 5,064 cells from naive
C57BL/6, 6,081 cells from day 9 Cr-infected /122"P* (control) and 4,416
cells from day 9 Cr-infected /122 pooled samples. The processed
data was normalized using Seurat’s NormalizeData function, which
used a global scaling normalization method, LogNormalize, to nor-
malize the gene-expression measurements for each cell to the total
gene expression. Highly variable genes were thenidentified using the
function FindVariableGenesin Seurat. The anchors were identified us-
ing the FindIntegrationAnchors function, and thus the matrices from
different samples were integrated with the IntegrateData function.
The variation arising from library size and percentage of mitochon-
drial genes was regressed out using the function ScaleData in Seurat.
Principal component analysis was performed using the Seurat func-
tionRunPCA, and a k-nearest neighbour graph was constructed using
the FindNeighbors function in Seurat with the number of significant
principal componentsidentified from principal component analysis.
Clusters were identified using FindClusters function with resolution
of 0.8. The clusters were visualized in two dimensions with UMAP. The
normalization, integration, and clustering were performed under
standard Seurat workflow.

Identification of differentially expressed genes. Differential gene-
expression analyses were carried out using the Seurat function Find-
Markers. In brief, we performed the Wilcoxon rank-sum test with the
default threshold of 0.25 for log, fold change and a filter for the mini-
mum percent of cells in a cluster greater than 25%. The differentially
expressed genes were isolated by comparing significantly upregulated
genesand downregulated genes defined as adjusted Pvalue (P,4) <0.05.
Top differentially expressed genes were visualized by heat map via
ComplexHeatmap (v2.11.1) package in R. Expression of individual differ-
entially expressed genes were represented as violin plots. Violin plots
wererendered using the function VinPlotinSeurat. The non-parametric
Wilcoxon rank-sum test with adjusted P value < 0.05, based on Bon-
ferroni correction method was used for differential gene-expression
analyses.

Gene set enrichment analysis. The fgsea R package®* (v1.4.0) was used
for gene set enrichment. Gene sets used were Gene Ontology Biologi-
cal Process gene sets. The input for gene set enrichment analysis was
aset of gene signatures of a cluster or cell type obtained from Seurat.
A Pvalue quantifying the likelihood that a given gene set displays the
observed level of enrichment for genes was calculated using fast gene
set enrichment analysis (fgsea, v1.4.0) with 1 million permutations.
Gene set enrichment P values of normalized enrichment scores were
corrected with the Benjamini-Hochberg procedure®. The top enriched
terms were visualized with dot plots using R package ggplot2 (v3.3.5).

Trajectory analysis. RNA velocity analysis was conducted using the
scVelo package (v0.2.2) with Scanpy (v1.6.1) on Python (v3.8.5). To
perform trajectory analysis, the un-spliced and spliced variant count
matrix that was calculated using 10x pipeline in velocyto (v0.17.16) was
fused with an anndata object containing the UMAP information and
clusteridentities defined in Seurat analysis. The combined dataset was
then processed using the scVelo pipeline: Theratio of un-spliced:spliced
RNA for each gene was filtered and normalized using the default set-
tings. Afterward, the first and second moments were calculated for
velocity estimation. Following moment calculation, the dynamic
model was used to calculate the RNA velocities. The dynamic model
iteratively estimates the parameters that best model the phase trajec-
tory of each gene, therefore capturing the most accurate, albeit more

computationally intensive, estimate of the dynamics for each gene.
These approaches were used to graphically model the RNA velocity
for each condition.

Tissue and cell preparation

Tissues were fixed in cold 4% paraformaldehyde overnightat 4 °C. The
next day, tissue was rinsed in cold 1x PBS for several washes includ-
ing an overnight incubation at 4 °C. Third day, tissue was placed in
cold 30% sucrose in1x PBS overnight at 4 °C. Tissue was embedded in
OCT (Tissue-Tek) and frozen with 2-methyl butane chilled with liquid
nitrogen. For pSTAT3 staining, tissue sections were permeabilized in
cold methanol (Fisher) for 10-15 min at —20 °C. Tissue sections were
blocked at room temperature for 30 min with 10% mouse serum in
1x PBS and 0.05% Tween-20. Antibodies were diluted in 2% BSA/PBS/
Tween-20 and incubated for 20-30 min atroom temperature or over-
night at 4 °C (pSTAT3 stain). For BrdU experiments, mice were given
100 mg BrdU per kg intraperitoneally on day 9 of Cr infection, colon
tissue was collected and fixed at various time points after BrdU admin-
istration. Tissue was incubated with 0.025 M HCl followed by 0.1 M
boratebuffer, pH 8.5 to permeabilize and neutralize the tissue prior to
staining as described above. Sorted epithelial cells (2-5 x 10° cells/ml)
were cytospun onto glass slides at 1,500 rpm for 2 min at room tem-
perature. Cells were then dried for 10 min, fixed with 4% paraformal-
dehyde for 10 min and then permeabilized with cold methanol for 10
minutes prior to staining. The following antibodies and reagents were
used: anti-BrdU (BU1/75; Abcam), anti-EPCAM1(G8.8; ThermoFisher),
anti-FABP2 (polyclonal; R&D/Fisher), anti-GFP (A-11122; ThermoFisher),
anti-goat IgG (ThermoFisher), anti-HA tag (polyclonal; Fisher/Novus
Biologicals), anti-LY6G (1A8; Biolegend or ThermoFisher), anti-rabbit
IgG (ThermoFisher), Streptavidin-Alexa Fluor 594, UEA-1 (Vector Labs)
and Prolong Diamond antifade mountant with DAPI (ThermoFisher).

Flow cytometry

Colon cells were stained with Fc Block (Clone 2.4G2) followed by stain-
ing with fluorescently labelled antibodies in IEC buffer (PBS with 5% FBS
and 2 mM EDTA to reduce cell clumping) for IECs or 2% FBS in PBS for
T cells onice in 1.5 ml microcentrifuge tubes. For intracellular stain-
ing, cells were fixed and permeabilized using BD Cytofix/Cytoperm
kit (BD Bioscience). Samples were acquired on an Attune NxT flow
cytometer (Life Technologies) and analysed with FlowJo software. Cells
were sorted on either a BD ARIA Il or S6 Enceladus (BD Biosciences).
The following antibodies/reagents were used: anti-CD45 (30-F11; Bio-
legend), anti-EPCAM1 (G8.8; ThermoFisher), anti-FABP2 (polyclonal;
R&D/Fisher), anti-goatIgG (ThermoFisher), anti-LY6G (1A8; BioLegend),
anti-MHCII (M5/114.15.2; Fisher), Live/Dead Fixable Near-IR dead cell
dye (ThermoFisher), anti-CD4 (RM4-5; BioLegend), anti-TCR (H57-597;
ThermoFisher), anti-CD44 (IM7; BioLegend), anti-CD45.1 (A20; Ther-
moFisher), anti-CD45.2 (104; BD Biosciences), anti-IL-17A (TC11-18H10;
BD Biosciences), anti-IFNy (XMG1.2; ThermoFisher), and anti-IL-22
(IH8PWSR; ThermoFisher).

Real Time PCR

cDNA synthesis was performed with iScript Reverse Transcription
Supermix (Bio-Rad) according to manufacturer’s instructions. cDNA
amplification was analysed with SsoAdvanced Universal SYBR Green
Supermix (Bio-Rad) inaBiorad CFX qPCR instrument. See Supplemen-
tary Table 8 for the list of primer sequences.

Colony counts of Cr-GFP

Faeces were collected, weighed, and dispersed for 30 sin PBS using a
PowerGen500 homogenizer (Fisher). Liver was removed under sterile
conditions, placed in 2-3 ml H5H in Miltenyi M tubes, weighed, and
homogenized using Miltenyi GentleMACS Dissociator using Program
RNA_01.Homogenate wasfiltered through a70-pm cell strainer and then
spunat 8,000 rpmfor15 minto pellet cells. Cell pellet was resuspended



in PBS and serially diluted and plated in duplicate on LB plates con-
taining 30 pg ml™ chloramphenicol. Colonies were counted after 12 h
incubation at 37 °C to determine the log;, CFU per gram of tissue.

Bioluminescence Imaging. Mice were anaesthetized with a VetFlo
isoflurane vapourizer and then shaved, chemically depilated, and
placed in a supine position in a custom-built chamber for imaging
with IVIS Lumina Il system and analysis with Living Image Software
(PerkinElmer) in the UAB Small Animal Imaging Shared Facility (sup-
ported by S10 instrumentation grant1S100D021697). Baseline images
were collected prior to gavage with 2 x 10° CFU CrICC180 strain. Images
were collected from mice every 2 days beginning day 1 post-infection
through day 34 post-infection. Where indicated, mice were adminis-
tered 100 pl tamoxifen (20 mg ml™in corn oil) intraperitoneally on
days 5-12 post-infection.

Adoptive transfer experiments. Spleens and lymph nodes from
SMARTA-1CD45.1" donors were collected and dissociated in complete
R10 medium prior to centrifugation at1,500 rpm for 5 minat4 C.Red
blood cells were removed from the cell suspension by ACK lysis for
2 min prior to quenching with complete R10 medium. Naive CD4" T cells
from pooled spleens and lymph nodes were purified using the naive
CD4"mouse T cell Isolation kit per manufacturer’s instructions (Milte-
nyi Biotec). Purified T cells were transferred by intravenous injection
(1x10°total cells) into recipients, followed by Crinfection on the same
day. Where indicated, 5 x 10° SMARTA*CD45.1" and 5 x 10° wild-type
CD45.2* CD4 T cells (1 x 10° total cells; 1:1 ratio) were transferred into
recipient mice.

16 S rRNA microbiota sequencing and analysis. Fecal samples from
individual mice were collected and frozen at -80 °C. Fecal DNA isola-
tion, 16 STRNA V4 region PCR amplification, and sequencing onIllumina
MiSeq was performed following previously established methods at
the UAB Microbiome Institutional Research Core®®®, Sequencing data
quality control, read mapping, and amplicon sequence variant (ASV)
generation was completed using QIIME®-®°, Taxonomy classification
was completed using the SILVA database™.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The scRNA-seq datausedin this study have been depositedinthe Gene
Expression Omnibus database under the accession number GSE227331.

Code availability

Theshell,Rand Python scripts that enabled the main steps of the analy-
ses performed in this project are available on request.
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Extended DataFig.1|See next page for caption.



Extended DataFig.1| Characterization of colonocytes from naive BL/6
mice. scRNA-seqwas performed on epithelial cells from mid-distal colon of
naive BL/6 mice (n=2).a, UMAPs andb, Violin plots of common colonocyte
markers. One-way ANOVA; ****p<0.0001 comparing absorptive IECs to
undifferentiated or secretory IECs. ¢, Dot plot of glycoproteins expressed by
IECs from naive mice.d, UMAPs and e, Violin plots of DCC lineage markers.
f,UMAPsandg, Violin plots of PCC lineage markers. One-way ANOVA; ****p<0.0001
comparing gene expressionin different cell clusters. See Supplementary
Tables 3 and 4 for additional statistical analyses. h-i, Violin plots of manually
curated genes expressed by (h) mouse mature PCCs (dark green) and human
ascending colonicIECs (AC; light green) or (i) mouse Mature DCCs (dark blue)
and human sigmoid colonic IECs (SC; light blue). Wilcoxon rank sum test;
**++p<0.0001. See Supplementary Table1for genes shared by mouse and human
IECs. j, IECs from distal ileum (green), proximal colon (blue) and distal colon
(red) of naive BL/6 mice were sorted on EpCAM1'‘CD45°L/D dye” IECs and Gucy2c
mRNA expression analyzed by RT-PCR. One-way ANOVA; *p<0.05and **p<0.01.
k, Dot plot of Slc26a3 and Cftrexpressionin IEC subsets from naive BL/6 mice. 2
mice pooled per sample, n=2biological replicates per group. I[EC=intestinal
epithelial cell; PCC=proximal colonocyte; DCC=distal colonocyte; DCS=deep
cryptsecretory cell; TA=transit-amplifying cell; CBC=crypt base columnar cell;

Undiff=undifferentiated cell; CFTR, cystic fibrosis transmembrane regulator.
Note that Car4 (carbonic anhydrase 4) and Slc26a3 (chloride/bicarbonate
transporter) are expressed by both PCCand DCClineage colonocytes but not
CBCcells, progenitor cells, or secretory IECs. In contrast, the chloride channel,
CFTRis predominantly expressed by undifferentiated IECs and early colonocyte
progenitors. Top genes expressed by naive mature DCCsinclude Ly6g, Slc20al,
and Dmbt1. The top genes expressed by naive pre-and mature PCCsinclude
Fabp2,Dpepl, and Empl. Although the top genes found in mouse mature PCCs
and mature DCCs are not expressed by human ascending and sigmoid
colonocytes, respectively, there are several genes thatare shared between
mouse and human colonocytes and differentially expressed in the two sides of
the colon (see Supplementary Table1). Moreover, Gucy2c,atransmembrane
receptorimportant for regulating intestinal fluid secretion and areceptor for
heat-stable enterotoxins from pathogenic E.coli*®, is highly expressed in the
ileum compared to the colon, suggesting that £. coli may utilize Gucy2cto
efficiently target humanileal enterocytes as opposed to distal colonocytes.
Interestingly, PCCand DCC lineage colonocytes express different glycoproteins
which may dictate differences in cellular communicationandinteraction with
specific molecules or neighboring cells.
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Extended DataFig.2|C.rinfection causes enhanced IEC proliferationin
the crypts. a, Colon tissue was collected at various times after d9 C.r-infected
BL/6 mice were treated with BrdU and stained for BrdU (red), EpCAM1 (green)
and DAPI (blue). Scale bar, 50 pm. b, Percent migration of BrdU* IECs from the
cryptbasetothe luminal surface per total length of the crypt. 4 mice per time
pointper group,20-30 crypts per group, n=1.One-way ANOVA; ***p<0.001.

Dataarerepresented as mean + SEM. ¢, Dot plots of top markers for all
populations from scRNA-seq analysis of IECs from naive and d9 C.r.2 mice
pooled persample, n=2biological replicates per group. IEC=intestinal
epithelial cell; PCC=proximal colonocyte; DCC=distal colonocyte; DCS=deep
cryptsecretory cell; TA=transit-amplifying cell; CBC=crypt base columnar cell.
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Extended DataFig.3|DCClineage cellsexpandinresponseto C.rinfection
andrespond to microbes and localized T cells. scRNA-seq was performed on
epithelial cells from mid-distal colon of naive BL/6 mice. a, Heatmap of top
genes from combined naive and infected BL/6 mice defining each major IEC
subset. b, scVelocity plots show transcriptional relationships between the
major IECsubsets. Arrowheads denote directionality and lines represent
kinetics of differentiation. 2 mice pooled per sample, n =2 biological replicates
pergroup. Wilcoxonrank sumtest, p-val<0.05 was used for differential gene
expression analyses. See Supplementary Table 2 for top expressed genes per
cluster. c-e, IECs from proximal colon (blue) and distal colon (red) of naive BL/6

(white), GF (color) and RagI” (grey) mice were stained for Ly6G, Fabp2,
EpCAM1, CD45and L/D dye, and analyzed by flow cytometry (c) and
enumerated per cm of tissue (d) or sorted on EpCAM1'CD45L/D dye™ IECs

and mRNA expression analyzed by RT-PCR (e). 3-4 mice per group; n =2
independent experiments. Two-way ANOVA; *p<0.05, **p<0.01 and ***p<0.001.
IEC=intestinal epithelial cell; PCC=proximal colonocyte; DCC=distal colonocyte;
DCS=deep cryptsecretory cell; TA=transit-amplifying cell; CBC=crypt base
columnar cell; Abs=absorptive; Sec=secretory; Undiff=undifferentiated;
Prog=progenitor; ns=notsignificant.
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Extended DataFig. 4 |IL-22-inducible genes are differentially upregulated tissue regions; and **p<0.01, and **p<0.001 comparing naive samples from
indifferentregions oftheintestines. a-b, Mid-distal colon IECs from d8 different tissue regions. 2-3 mice pooled per sample; n=2independent
C.r-GFP-infected mice were stained for EpCAM1, Ly6G, and CD45 and either experiments. Dataarerepresented as mean + SEM. IEC=intestinal epithelial
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cells, cytospun, and stained with DAPI (blue). Scale bar =10 um. 3 mice per secretory cell; TA=transit-amplifying cell; CBC=cryptbase columnar cell.
groupandn=2independentexperiments.c,scRNA-seqwas performed on The componentsofthe IL-22R (IL-22Raland IL-10Rf) were found to be highly
epithelial cells from mid-distal colon of naive BL/6 mice (n = 2). Violin plots expressed by mature colonocytes, with no significant difference inIL-22R
ofl[22ral and Il10rb genes. Dots denote gene expression per individual cell. expression between mature PCCs and mature DCCs. S100a8/9 antimicrobial
d, IECs from naive (open symbol) and d8 C.r mice (closed symbol) were sorted peptide, and the Cxcl2and Cxcl5 chemokines are highly expressed by mature
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infected mice; and °*’p<0.001 comparing infected samples from different



Article

a

Naive Control C.r D 112227 C.r D9
Tuftd - - @ - ‘ o o B ; R - E ; c v . . @ Average Expression
Endocrine4 ¢ - o | o.ooo_o.o.looe..O—o.D.Ioouo,O 2
Goblet{: - o - 10 @ ° OQ—O'O‘|O.°-0.—~~0-|0.°'0.|SEeg;et°ry 1
Paneth-ike1® @@ - 1- @ > c @O| 1@ ® - 10@ - - @O 1@00® - 1c@- - @O 0
Secretory Progenitor{® € @ - - @ c - @0| 100@® - 0@ ° - @O 100@® 00 ° @0 4

Pro—-Senescence CCH - - - ™ o @® - - @4 -+ - -0  -@d- - - T- -0 - -@

Pathogen—induced CCH - : : c@¢° @ e - - le - @ 0@ - 's @ - o @ Percent Expressed
Mature PCCH © L c@e @ e °':'°.'°.-° -:~°.'°. -0
Mature DCCH * P o@c - @fe - 0 @ @ ° - - - - @< - @Absorptive .5

Pro-DCCH ro@° @ 1@ 0 - °c - @ o@ o0 - -@ - o @|ECs ® 75
PrePCC{® - + - |- @@ @10 - 0@ - |- @@ o@| {0 -0 - |- @ 0@ @ 100
PreDCC{o @ 0 ci- o@o - Q| 1@ 0@ -0 - @ @ {1®@0©0 -jco c@o o

Absorptive Progenitor{o ¢ @ e1- 0o Q© 0| {0 o ® 106 c @0 0 Q{0 0@ clo o @0 00

EarlyTA{- c @@®™- 000 Q@O| {c o @00 0000 {c c0O@®@°c 0000 : :
Lgr5dMCBCH{o c 0@'- 0 Q0 Q0| {0 c @ el0e c @0 0| {o o0 @l0 - Qo OO:.IJErg;fferentnated
LgrshchC‘°°O.E‘OOOOO—OOO.!OOO.OO—OOO.!ODOOOO
VYOOV DONFD YXIONVOINRD IFOONNDTND
SES8889535 SFSSS89535 SSSESSSTSE
LLLLSSSSSS YL ULSSSSSS LS Sssess
S S S S SS
b Naive Control C.r D9 1122~7ee C.r D9
Tultd ¢ = = &« s 5 2 = 3|4« S o A4 5 5 ¢ & B & 4 B Average Expression
Endocrineq - - - - - - - - |- - o o o - of+ - |Secretory 2
Goblet4 - - - - - -« - |4 e o o o o @4 « [IECs ;
Paneth-likeq - - - - - - - - |4 e e o o - @1 ¢ °
Secretory Progenitor{ - - - - - - - - -|q- ° o ° -+ OfA s hd g
Pro-Senescence CC{ - - - - - - - - | 4" - e e o o o g . A
Pathogen—l\il;‘ldtucec'i: gg- S s s e s s s - @0 0 0 O X L Percent Expressed
ature 42 2 @2 32 2 @m :|dc = & o @ s o s : . )
MatureDCCH - - - - - - « « [4- -+ . e o 0 e 0|4 - . . |Absorptive . 25
ProDCCH{ - - - - - - - « /4. e - - @ @ o o @] . s & a||ECH ® 50
Pre-PCCH - - - - - - « « |4+ « ¢ o 0o o o « 0|4 - o « o @ 75
PreDCCH - + - + - + « « | Ho @ « - o o o o @ e R @ 100
Absorptive Progenitor{ - - - - - - . o ] 4o o ¢ - o o o o @fqe o c e @
EarlyTA{- - - - - - + o |H{e - « « o 0 0 o O e - . o o O s "
LgrsdimMCBC{ - - - - - -+« e e -+ o 0 0 0 O e - = %% @ :JEnCd:ferentlated
Lgr5h'CBC-- e e o o e e vl de v e e e 00 o 0|de - - - - . o o 0
SYRPSSTOY NV YPPSSOTGT Y N Qg;ans.gcjv(j‘\l
R RN X
c Pre-DCC
*kk
ns
**
64 N DCC lineage cells
41 o 4 ® Pre-DCC
[ Pro-DCC
5100a8 2 2 H Mature DCC
* Pathogen-induced
0 0 ol - (P-l)CcC
*% *kkk
ns ns
§ * %k o . *%
(73
g . *
s 31 .
Cxcls % | ) s
o
= M 1 1
©
< o - 01 0
14 *kkk
*kkk
*kkk
Jkwk i
3 3 3
2 2 2]
Lrg?1 ] , 1 W
of =L T o] A = o] o
Naive Cntrl [[22:Te! Naive Cntrl [[225Tce! Naive Cntrl [[222Tee! Naive Cntrl [[22Tee!
C.rbpg C.rb9 C.rb9 C.rbg
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Extended DataFig.5|CD4 T cellsupregulate IL-22-inducible genes on DCC
lineage cellsand goblet cells for host defense. scRNA-seq was performed
onepithelial cells from mid-distal colon of naive BL/6, and d9 C.r [[22"P*
(Control) and /[22*™" cKO mice. 2-3 mice pooled per sample; n =2 independent
experiments. a-b, Dot plots of fucosyl transferases and mucins (a) and 1L-22-
inducible genes (b) from naive, and d9 C.r 1122"** and /[22*™*" mice. ¢, Violin
plots of SI00a8, Cxcl5and Lrgl expressionin pre-DCC (beige), pro-DCC (orange),
mature DCC (royal blue) and pathogen-induced (P-1) CC from naive, and C.rd9
1122 and J1225"" mice. Bars represent mean gene expression and dots denote
gene expression per individual cell. One-way ANOVA; *p<0.0332, **p<0.0021,

***p<0.0002 and ****p<0.0001 comparing naive, and d9 C.r Control and
112257 _ns=notsignificant. DCS=deep crypt secretory cell; TA=transit-
amplifying cell; CBC=crypt base columnar cell. As expected in naive mice,
goblet cells predominantly express Muc2 and Muc4; whereas colonocytes
express Muc3 and Mucl13. Fut2 gene which encodes for the fucosyl transferase
2enzymeisupregulated on bothgoblet cellsand colonocytes; whereas Mucl,
amembrane-bound mucinis predominantly upregulated onstem cellsand
colonocytes of the DCClineage during C.rinfection.S100a8, Cxcl5and Lrgl are
significantly upregulated on multiple DCClineage subsetsinresponse to
Tcell-derived IL-22.
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Extended DataFig.6|CD4 T cellsupregulate IL-22-inducible geneson
multiple colonicIEC subsets. scRNA-seqwas performed on epithelial cells
from mid-distal colon of naive BL/6, and d9 C.r [[22"** (Control) and /[228T¢¢"
cKO mice (n=2).a,UMAPs andb, Violin plots from naive BL/6 mice.c, UMAPs
andd, Violin plots from C.r d9 Control mice. e, UMAPs andf, Violin plots from
C.rd9 1122*™" mice. See Supplementary Tables 5-7 for statistical analyses.
Barsrepresent mean gene expression and dots denote gene expression per
individual cell. S100a family of AMPs and neutrophil-recruiting chemokines
(e.g., Cxcl2 and Cxcl5) are predominantly upregulated on IECs of the mature
DCClineageininfected control mice and expression of these genesis severely
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bluntedinthe absence of IL-22-producing T cells. Lrg1, aleucine-rich a-2-
glycoprotein that plays arole in cell migration and wound healing* is
upregulated onall IECs during C.rinfection. IL-22-producing T cellsaugment
Lrglexpressionon most IECs with the greatest expression observed on
pre-DCCs and pro-DCCs suggesting that T cell-driven upregulation of Lrgl may
contribute to the expansion of distal colonocytes and ultimate restitution of
the damaged epithelium during C.rinfection. Fut2, another known IL-22~
regulated geneis upregulated on goblet cells and colonocytes of the DCC
lineageinresponse toIL-22" T cellson d9 of C.rinfection.
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Extended DataFig.7|See next page for caption.
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Extended DataFig.7|IEC-derived MHCIIl augments local T cell-driven
protection of the colon during thelate phase of C.rinfection. Notably,

we found that >20% of progeny from crosses of H2-Ab1™ x Villin-cre mice were
either heterozygous orhomozygous complete knockouts for H2-AbI (a-c),
presumably due to spontaneous recombination of the targeted allele. All mice
with spontaneous global deficiency of H2-Ab1 completely succumbed to C.r
infection before d20, consistent with their inability to recruit adaptive immunity
(d). However, properly targeted H2-AbI'"" mice that survived C.rinfection had
equivalentdiversity of colonic commensals and displayed normal MHCII
expressionon PBMCs (e-f). a, Peripheral blood cells were isolated from naive
H2-Ab1""and H2-Ab1'"" littermates, stained for B220, MHCIl and L/D dye and
analyzed by flow cytometry to exclude mice with germline deletion of MHCII.
b, Percent MHCII* B220* PBMCs from naive H2-AbI"" (blue), H2-Ab1"~ (green)
and H2-Ab17" (red) mice. ¢, Dot plot of the genotype frequencies of 100
offspring from H2-AbI"" matings. n=at least 12 mice per group pooled from
multiplelitters. One-way ANOVA; ****p<0.0001.d, Survival kinetics of C.r-
infected control H2-Ab1"" (blue), H2-AbI"" (green) and H2-AbI”" (red) mice.

5-6 mice per group, n=2independent experiments e, Fecal samples were
collected from H2-Ab1""and H2-Ab1'"" littermates for 16 SrRNA-seq. f, PCA
plots of individual samples used for 16 SrTRNA-seq. 5-8 mice per group,n=1
experimentg, Colonand cecum tissue and feces from d14 C.r-GFP H2-Ab1™/"
(blue) and H2-Ab1'"" (red) mice was analyzed for C.r colony forming units (cfu)
per gram of tissue or feces. S5mice per group, n =1experiment. Two-tailed
unpaired t-test; **p<0.01and ***p<0.00L. h, C.r-infected H2-Ab1"" and
H2-Ab1'""™ k2 mice were administered tamoxifen on d5-d12 and IECs were
isolated on d14 for flow cytometry to enumerate MHCII* EpCAMI" IECs.

i, Percent MHCII* EpCAMI’ IECs from d14 C.r H2-AbI"" (blue) and H2-Ab1" " ERT2
(red) mice. 4 mice per group, n=1experiment. Two-tailed unpaired t-test;
***p<0.00L1.j, Serial whole-body imaging and k, colonization kinetics of
C.r-infected H2-AbI"" (blue) and H2-Ab1'"" "2 (red) mice that received
tamoxifen on d5-d12. 5mice per group, n=2independent experiments. Two-
tailed unpaired t-test; *p<0.0332, **p<0.0021, ***p<0.0002 and **p<0.0001
comparing H2-Ab1""and H2-Ab1'""" "2 mice. Data are represented as

mean + SEM. ns=not significant. PBMC=peripheral blood mononuclear cells.
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Extended DataFig. 8| Characterization of antigen-specific T cellresponses
during C.rinfection. a, Serial whole-body imaging and b, colonization kinetics
of BL/6é mice infected with C.r (DBS100; blue) or C.rgp66 (red). 3-5mice per
group, n=2independent experiments. ¢, Survival kinetics of susceptible C3H/
HeJ mice infected with either DBS100 (blue) or C.rgp66 (red). S mice per group,
n=1experiment.d, Coloncells from Tcra” mice infected with either C.r
(DBS100) or C.rgp66 and adoptively transferred with CD45.1' SMARTA CD4
Tcellswere stained for surface CD4, TCRf3, L/D dye, CD45.1and CD45.2 and
analyzed by flow cytometry.4-6 mice per group, n=1experiment.e, Colon
cellsfrom Tcra” miceinfected with C.r-gp66 and adoptively transferred with
differentratios of CD45.1' CD4 T cells to CD45.2" polyclonal CD4 T cells (1:9;
blue,1:1;red, 9:1; green) were stained for surface markers same as (d) and

analyzed by flow cytometry.3-5mice per group, n=2independent experiments.

f,Number and percent of CD45.1' SMARTA CD4 T cellsrecovered after C.r-gp66

infection of micereceivingeither1:9 (blue), 1:1 (red) or 9:1(green) ratio of
CD45.1'SMARTA to CD45.2" polyclonal CD4 T cells. 3-5 mice per group,n=2
independent experiments. One-way ANOVA; *p<0.02.g, ciLN cells from d14 C.r
H2-Ab1™" Tcra™ (blue) and H2-Ab1'"". Tcra™ (red) mice adoptively transferred
with CD45.1'SMARTA and CD45.2" polyclonal CD4 T cells (1:1) were stimulated
for4hrs with PMA/lon and GolgiPlug, stained for surface markerssame as (d),
and thenstained forintracellular IL-17,IL-22 and IFNy and analyzed by flow
cytometry. h, Frequency of ciLN [L-22%, IL-17A%, IL-17A"IFNy* and IFNY* T cells
fromdi14 C.r H2-Ab1"".Tcra™ (blue) and H2-AbI'"™ Tcra™”" (red) mice transferred
with CD45.1' SMARTA cells and CD45.2" polyclonal CD4 T cells (1:1). Two-way
ANOVA; *p<0.03.4-6 mice per group, n =2independent experiments. Dataare
represented as mean + SEM. ns=not significant. ciLN=pooled caudal andliac
lymph nodes.
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where P <0.05. scRNA-seq data were generated from cells sorted from pools of tissues representing 2-3 animals per group and n=2
biological replicates. Experiments that required sorting of epithelial cells from pools of tissues from 2-3 animals were run in duplicate with a
maximum of 4 groups to limit cell death after sorting.

Data exclusions  Data exclusion was considered when animals appeared sick.

Replication All experimental findings were repeated and successful. Where possible, data represents first and repeat experiments
combined.

Randomization  Cohorts of adult mice of similar age group (8-12 weeks old) were randomly assigned to either control or infected groups of at least 4 mice per
group.

Blinding Blinding is not possible due to safety reasons and potential cross-contamination between infected and non-infected naive animals.
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Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
[X| Antibodies [ ] chiPseq

] Eukaryotic cell lines [ 1IIX Flow cytometry

] Palaeontology and archaeology [] MRibased neuroimaging
X Animals and other organisms

D Clinical data

D Dual use research of concemn

XK LXK [

D Plants

Antibodies

Antibodies used Rat anti-mouse Ly6G-Alexa Fluor594 (1A8); Biolegend 127636
Rat anti-mouse Ly6G-Biotin (1A8); ThermmoFisher 13-9668-82
Rat anti-mouse Ly6G-APC (1A8); Biolegend 127614
Goat anti-mouse/rat FABP2; R&D/Fisher AF1486 (polyclonal)
Donkey Anti-goat Alexa Fluor488; ThemrmoFisher A-11008
Donkey Anti-goat Alexa Fluor647; ThemrmoFisher A-21447
SA-Alexa Fluor594; ThemmoFisher S32356
Rabbit Anti-C.r-LPS; Accurate Chemical and Scientific of Denka Seiken Co., Ltd YCC312-012
Rabbit Ant-GFP; ThermoFisher A-11122
Goat Anti-rabbit Alexa Fluor488; ThermoFisher A-11008
Goat Anti-rabbit Alexa Fluor594; ThemmoFisher A-11037
Rabbit Anti-Fluorescein Alexa Fluor488; ThermoFisher A-11090
Rat anti-mouse CD45 PE (30-F11); Biolegend 103106
Rat anti-mouse EpCAM1 PE-Cy7 (G8.8); ThermoFisher 25-5791-80
Rat anti-mouse EpCAM1 FITC (G8.8); ThemmoFisher 11-5791-82
Rat anti-mouse EpCAM1 Biotin (G8.8); ThemrmoFisher 13-5791-82
Rat anti-mouse MHCII eFluor450 (M5/114.15.2); (I-A/l-E); Fisher 50-163-69
Rabbit anti-pSTAT3 (Tyr705; Clone D3A7); Cell Signaling 9145P
Rat anti-mouse CD4 FITC (RM4-5); BioLegend 100510
Ammenian hamster anti-mouse/human TCRb (H57-957); ThermoFisher 17-5961-82
Rat anti-mouse CD44 BV510 (IM7); BioLegend 103044
Rat anti-mouse CD45.1 PE-Cy7 (A20); ThermoFisher 25-0453-82
Mouse anti-mouse CD45.2 BV711 (104); BD Biosciences
563685
Rat anti-mouse IFNg eFluor450 (XMG1.2); ThermoFisher 48-7311-82
Rat anti-mouse IL-22 PE (1H8PWSR), ThermoFisher/eBioscience 12-7221-82
Rat anti-mouse IL-17A HTC (eBio17B7); ThermoFisher/eBioscience 11-7177-81
Rat anti-mouse IL-17A PerCP-Cy5.5 (TC11-18H10); BD Biosciences 560666
Live/Dead Fixable Near-R dead cell dye (ThermoFisher)
Rat anti-BrdU (BU1/75); Abcam ab6326
Goat anti-HA Tag (polyclonal); Fisher/Novus Biologicals NB600362
Streptavidin-Alexa Fluor 594; ThermoFisher S32356
Prolong Diamond antifade mountant with DAPI; ThermoFisher P36962
Validation See manufacturer's websites and publication: Zindl et al., Immunity (2022) 55: 494-511.
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Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals 122hCD4 1l reporter/floxed and 1122ATcell KO mice were previously generated within our laboratory (Zindl et al., Immunity (2022)
55:494-511). C57BL/6 (WT), C3HHeJ, H2-Ab1 floxed, mCd4-cre, SMARTA-1 CD45.1, Tcra—/—, Villin-cre and Villin-cre/ERT2 mice were
purchased from Jackson Laboratory. Experimental adult animals (8-12 wk old) were co-caged in groups of 2-7 mice.

Wild animals This study did not involve wild animals.
Reporting on sex Both sexes were used per experimental group whenever
possible.
Field-collected samples  This study did not include field-collected samples.
>
kel
Ethics oversight All mouse strains were bred and maintained at UAB in accordance with IACUC N
guidelines. S
@

Note that full information on the approval of the study protocol must also be provided in the
manuscript.




Flow Cytometry

Plots

Confirm that:
X The axis labels state the marker and fluorochrome used (e.g. CD4FITC).
X The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group’ is an analysis of identical markers).

X All plots are contour plots with outliers or pseudocolor plots.

X Anumerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Intestinal tissue was flushed, cut into regions (5 cm ileum, 4 cm mid-distal colon or 2 cm each for proximal, middle, or distal
colon), opened longitudinally and then cut into strips of 1 cm length. Tissue pieces were incubated for 20 min at37°C with 1
mM DTT (Sigma), followed by 2 mM EDTA (Invitrogen) in HSH media (1x HBSS, 5% FBS, 20 mM Hepes, and 2.5 mM 2-3-ME).
Tissue pieces were vortexed briefly after each 20 min incubation, followed by washing with H5H prior to centrifugation at
1800 rpm for 10 min at 4°C. IECs were then purified on a 40%/75% Percoll gradient by centrifugation for 20 min at 25°C and
2000 rpm with no brake. For analysis of C.~GFP attached to IECs, tissue pieces from 4 cm of mid-distal colon were incubated
for 20 min at 37°C with 1 mM EDTAin H5H media, followed by gentle mixing and washing with H5H. Colonic IECs were
stained with Fc Block (Clone 2.4G2) followed by staining with fluorescent-labeled antibodies in IEC buffer (1x PBS with 5%
FBS and 2mM EDTAto reduce cell clumping) on ice in 1.5 ml microcentrifuge tubes. For intracellular staining, cells were
fixed and permeabilized using BD Cytofix/Cytoperm kit (BD Bioscience). Colonic lamina propria CD4 T cells were isolated by
flushing colons with 1x PBS, opening longitudinally and cutting into small pieces and placed in H5H media. Tissue was then
minced in
1.5 ml microcentrifuge tubes for 2-3 min before being transferred into scintillation vials with 10 ml of complete R10 media
(1x RPMI 1640, 10% FBS, 1x Pen/Strep, 1x NEAA, 1mM Sodium pyruvate, 2 mM L-glutamine, and 2.5 mM 2-8-ME) with
collagenase IV (Sigma, 100 U/ml) and DNase | (Sigma, 20 mg/mL). Tissue was digested at 37C for 40 min with stirring followed
by filtering over a 70 um filter and washing with complete R10 media. Cells were then centrifuged at 1750 rpm at 4C for 10
min and then purified on a 40%/75% Percoll as described above. Where indicated, cells were stimulated with PMA (50 ng/
mL) and lonomycin (750 ng/mL) at 37 Cfor 4 hrs in the presence of GolgiPlug (BD Biosciences).

Instrument Samples were acquired on an Attune NXT flow cytometer (Life Technologies) or sorted on either a BD FACS Aria or Aria Il (BD
Biosciences).
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Software FlowdJo 10.8.1

Cell population abundance Aportion of sorted cells were resorted to confirm >95% purity.

Gating strategy FSCSSCincluded all cells (lymphocytes and epithelial cells) except small debris
IEC gating strategy:

1. Live cells were gated as LIVE'DEAD Fixable Near-R Dead Cell dye (ThemmoFisher L34976) negative, live cells were gated
2CDA5PE negative, EpCAM1-PE-Cy7 positive epithelial cells were analyzed for C.r-GFP or Ly6G-APC or FABP2 followed by
anti-goat Alexa Fluor488.

Colonic LP T cell gating strategy:

1. Colonic LP CD4 T cells were gated as LIVEDEAD dye negative, CD4+ live cells were gated

2 TCRot cells from the live CD4+ population were gated

3. TCRb+ cells were then gated on IFNg+, IL-17A+, or IL-17AHFNg+ by quadrant gate or were gated on CD44+IL-22+

Colonic LP T cell gating strategy from SMARTA-1 CD45.1+ adoptive transfer experiments:

1. Colonic LP CD4 T cells were gated as LIVEDEAD dye negative, CD4+ live cells were gated

2 TCRot cells from the live CD4+ population were gated

3. TCRb+ cells were then gated on CD45.1+; CD45.2+ cells were excluded

4. Finally, CD45.1+ cells were then gated on IFNg+, IL-17A+, or IL-17A+IFNg+ or were gated on CD44+IL-22+

PX Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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