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SUMMARY
The intestinal epithelial cells (IECs) constitute the primary barrier between host cells and numerous foreign
antigens; it is unclear how IECs induce the protective immunity against pathogens while maintaining the im-
mune tolerance to food. Here, we found IECs accumulate a less recognized 13-kD N-terminal fragment of
GSDMD that is cleaved by caspase-3/7 in response to dietary antigens. Unlike the 30-kD GSDMD cleavage
fragment that executes pyroptosis, the IEC-accumulated GSDMD cleavage fragment translocates to the nu-
cleus and induces the transcription of CIITA andMHCII molecules, which in turn induces the Tr1 cells in upper
small intestine. Mice treatedwith a caspase-3/7 inhibitor, mice with GSDMDmutation resistant to caspase-3/
7 cleavage, mice with MHCII deficiency in IECs, and mice with Tr1 deficiency all displayed a disrupted food
tolerance phenotype. Our study supports that differential cleavage of GSDMD can be understood as a reg-
ulatory hub controlling immunity versus tolerance in the small intestine.
INTRODUCTION

The loss of normal immune tolerance to food is most obviously

associated with food allergies (e.g., peanut, egg, and milk) and

celiac diseases. It is unclear how protective immunity is

induced against pathogens while still maintaining immune toler-

ance to food, and a deeper understanding of these processes

should facilitate development of treatments against infection,

inflammation, and allergy conditions in the intestine. Studies

of immune tolerance have focused extensively on commensal

bacteria in the large intestine and have implicated induction

of T cells with regulatory functions by antigen-presenting cells,

such as CD103+ dendritic cells (DC) and ILC3s,1–3 the mecha-

nisms of immune tolerance to food are less studied. A seminal

study established that dietary antigens induce immune toler-

ance by sustaining regulatory T cells in the intestine,4 and

food-antigen-specific T cells tend to form a set of hyporespon-

sive T helper cell subsets lacking the inflammatory functions.5

Besides typical antigen presenting cells such as DC, intestinal

epithelial cells (IECs) are reported to shape the regulatory

IL10+CD4+ T cell populations in the small intestine as well.6–11
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However, how signals transduced in IECs induce the immune

tolerance to food remains unknown.

CleavedGasderminD (GSDMD) is theexecutionerproteinofpy-

roptosis, a lytic formof cell death that initiates suicide of the cell, an

essential aspect of immune defenses against foreign antigen.12–14

Previous studies have investigated the role of GSDMD in myeloid

cells such asmacrophages and DC.12–18 However, despite public

expression data and our own observations of very high GSDMD

expression in IECs (Figures S1A and S1B), only a few studies

have examined GSDMD’s potential roles in IECs, which showing

the death-promoting or cytokine-release functions as induced by

microbesor danger signals, in distal small intestine and colon.19–22

However, here in upper small intestine, we found IECs accu-

mulate an unexpected 13kD fragment of GSDMD that is cleaved

by caspase-3/7 in response to proteinaceous dietary antigens.

The 13kD N-terminal GSDMD cleavage fragment translocates

to the nucleus, where it induces the transcription of CIITA and

major histocompatibility complex class II (MHCII) molecules in

IECs, which, in turn, induces the Type 1 regulatory T cells to

maintain the immune tolerance to food. The mice carried the

small intestine cleavage-resistant variant of GSDMD disrupts
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Figure 1. Dietary antigens induce a non-pyroptotic 13kD GSDMD fragment in the upper small intestine
(A) GSDMD fragments in various tissues or cells. Western blots (WB) showing bands at 13 kDa (red star) or 30 kDa (blue star) using anti-GSDMD antibody

(ab219800) in extracts from the indicated tissues, small intestine (SI) IEC lysates of Gsdmd�/�mice were used to verify the specificity of the antibody.

(B and D) Illustration of the CRISPR-Cas9 strategy to generate 503xFLAG-Gsdmd mice and (B) Gsdmd-3’HA mice (D).

(C and E)Western blots showing a 13-kDGSDMDband (GSDMD-N13, red star) in extracts prepared from isolated IECs from 50FLAG-Gsdmdmice (C) and a 42KD

GSDMD band (GSDMD-C42, red star) in isolated IECs from Gsdmd-3’HA mice (E).

(F) Western blots of different GSDMD cleavage fragments in indicated tissues or cells.

(G–I) Western blots detection of GSDMD fragments in IECs frommice treated with antibiotics (ABX) or anti-viral cocktails (AVC), mice given bile duct ligation (BDL)

surgery, or controls (G); in IECs from germ free (GF) mice or specific pathogen free (SPF) mice (H); in IECs from mice fed with amino acid diet (AAD) devoid of

proteins or normal chow diet (NCD).

(A, C, and E–I) are representative of at least three experiments. Red star: GSDMD-N13 or GSDMD-C42; blue star: GSDMD-N30.

See also Figure S1.
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the immune tolerance to food but does not affect pyroptosis,

suggesting an essential role of GSDMD in food tolerance that

is distinguished fromGSDMD’s canonical role to mediate inflam-

matory pyroptosis, which is mediated by caspase-1/11 in re-

sponds to microbial or danger signals.

RESULTS

Dietary antigens induce a non-pyroptotic 13-kD GSDMD
fragment in the small intestine
We began our investigation of potential regulation and activation

of GSDMD in IECs isolated from the intestine, stomach,
3034 Cell 186, 3033–3048, July 6, 2023
lymphoid tissues (mesenteric lymph node, bone marrow [BM],

spleen, and thymus), and other organs, including the lung, liver,

pancreas, brain, and spinal cord. Homogenates from the intes-

tine, stomach, lymphoid tissues, lung, and liver that we checked

with immunoblotting accumulated the full-length form of

GSDMD (�55 kD), and we detected the previously identified in-

flammatory cleaved forms of GSDMD (�30 kD N terminus

(GSDMD-N30)
12–14 in both small intestine and BM using a com-

mercial anti-GSDMD antibody. To our surprise, we observed

an unexpected �13-kD GSDMD band in the small intestine IEC

samples (Figure 1A). Moreover, as the signals for the �13-kD

band was much stronger than the bands for the previously
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reported 30-kD inflammatory cleaved form (Figures 1A andS1C),

we wondered whether GSDMD may function in some non-py-

roptotic role in the small intestine.

To support further investigations of this 13-kD GSDMD frag-

ment, we generated two GSDMD knockin mouse lines in which

we fused a FLAG-tag to the N terminus or a HA-tag to the C

terminus of GSDMD (Figures 1B and 1D). Our observation of

similarly sized�13-kD GSDMD band (GSDMD-N13) and a corre-

sponding GSDMD C terminus fragment (GSDMD-C42) in the up-

per small intestines of these tagged GSDMD knockin mouse

lines (Figures 1C and 1E), supported the potential cleavage of

GSDMD into 13- and 42-kD fragments. We next examined

dissected intestine tissues and IECs isolated from the upper

small intestine: there was a strong signal for the inflammatory

cleaved form of GSDMD (GSDMD-N30) in the intestine tissues

but barely any signal in IECs. In sharp contrast, the signals for

the GSDMD-N13 fragment were dominant in the IECs (Figure 1F).

In consistency, we also stained against the active form of cas-

pase (CASP)-1—the known protease for pyroptotic cleavage of

GSDMD into 30- and 25-kD fragments13,14)—and detected a

much stronger signal in the small intestine tissue samples than

the IECs (Figure S1D). These data suggest a CASP1-mediated

30/25 pyroptotic cleavage of GSDMD in the non-IECs, whereas

a potential 13/42 cleavage of GSDMD in IECs with unknown

trigger and function in the upper small intestine.

To explore potential triggers of the apparent 13/42 cleavage

of GSDMD in the upper small intestine, we sequentially depleted

individual environmental components from the intestine. First,

given that bacteria such as Salmonella typhimurium and viruses

(e.g., rotavirus) are known to induce the 30/25 cleavage of

GSDMD,20,23 we tested whether intestinal commensal bacteria

and/or viruses are required for the induction of 13/42 cleavage

of GSDMD. As the distribution of GSDMD-N13 and full-length

GSDMD in isolated IECs was unaffected by treatment with anti-

biotics (ABX) or by anti-viral cocktails (AVCs), we infer that it is

not commensal bacteria or commensal viruses per se that trigger

the observed 13/42 cleavage (Figures 1G, S1E, and S1F). We

also detected the GSDMD-N13 fragment in germ-free mice

(i.e., lacking bacteria), as well as in pathogen-infected mice

(with Citrobacter rodentium or Listeria monocytogenes). Neither

condition affected the distribution of GSDMD-N13 and full-length

GSDMD (Figures 1H and S1H). Bile acids are known to regulate

inflammasome activation24; yet, we observed no effect on the

distribution of GSDMD-N13 and full-length GSDMD when bile

acids were removed from the intestinal tract by bile duct ligation

(BDL) surgery (Figures 1G and S1G). These data indicate that the

13-kD GSDMD fragment is not induced by microbial signals or

bile acids.

Given that the GSDMD-N13 fragment was evident in the upper

small intestine but not in other examined tissues, and consid-

ering the abundance of nutrients present at this location of

the digestive tract, we reasoned that food component(s) might

induce this fragment. Supporting this idea, a screen based on

feeding mice with diverse types of diet revealed that animals

given standard chow had significantly higher levels of GSDMD-

N13 compared with animals given an amino acid diet (AAD)

devoid of intact proteins (Figure 1I), which is specifically formu-

lated to lack proteinaceous dietary antigens.4 Importantly, we
experimentally confirmed in the IECs that the distribution

of GSDMD-N13 and full-length GSDMD was unaffected by defi-

ciency of inflammasome components (Figure S1I), confirming

that the induction of this cleavage is an inflammasome-indepen-

dent process. Thus, our results collectively support that protein-

aceous dietary antigens but not commensals induce a non-py-

roptotic 13-kD GSDMD fragment in epithelial cells of the upper

small intestine.

Caspase-3 and caspase-7 cleave GSDMD at D88 in IECs
in response to dietary antigens
We next performed immunoprecipitation followed by mass spec-

trometry (IP-MS) to identify potential protease(s) responsible for

the 13/42 cleavage of GSDMD. We incubated a purified recombi-

nant GST-tagged GSDMD protein with IEC protein lysates,

followed by IP-MS with beads coated with anti-GST antibodies;

or performed IP-MSwith beads coatedwith anti-FLAG antibodies

in lysates from HEK293T cells that transfected with FLAG-tagged

Gsdmd plasmids. By analyzing the MS results, known proteases

such as caspase (CASP)-3, CASP-7, and CASP-1 were identified

as top candidates of the indicated gel band from the Coomassie-

stainedSDS-PAGE (Figures2A,2B, andS2A;TableS1).Given that

CASP-1, CASP-3, and CASP-7 are reported to cleave GSDMD in

macrophages,13,14,25–29 we assessed whether the 13/42 GSDMD

fragmentation we observed in IECs is mediated by enzymatic

cleavage using these three GSDMD proteases in IECs and in BM

cells. Whereas CASP-1 showed moderate activation in BM cells

(where we detected abundant 30/25 GSDMD cleavage) but

showed only weakly activation in IECs, we found that CASP-3

and CASP-7 were strongly activated in IECs but not in BM cells

(Figure 2C). We also found that CASP-3 and CASP-7 activation

(as well as GSDMD-N13 fragment) occurred in the upper small in-

testine—including duodenum and jejunum—a region replete with

food antigens—but not in the distal small intestine or colon (Fig-

ure 2D), findings supporting a link between dietary antigens,

CASP-3/7 activation, and potential 13/42 GSDMD cleavage.

Indeed, overexpression of CASP-7 or CASP-3 led to 13/42

GSDMD cleavage in HEK293T cells, whereas overexpression

of CASP-1 caused the expected pyroptotic 30/25 cleavage

(Figures 2E and S2B). No GSDMD-N13 fragment was detected

upon treating HEK-293T cells co-expressing GSDMD and

CASP-7 with the CASP-3/7 inhibitor Ac-DEVD-CHO (Figure 2F).

Further, an in vivoexperiment showed that intraperitoneal injection

ofAc-DEVD-CHOfor 4days reduced the activationofCASP-3and

CASP-7, as well as the extent of 13/42 N-terminal cleavage of

GSDMD in IECs fromupper small intestine (Figure 2G), confirming

that CASP-3 and CASP-7 are proteases capable of catalyzing 13/

42 GSDMD cleavage both in vitro and in vivo.

Notably, although GSDMD and CASP-3/7 were all highly ex-

pressed in both small intestine and colon, we only observed

strong CASP-3/7 activation and 13/42 GSDMD cleavage in the

upper small intestine (Figure 2D). We therefore asked whether

dietary antigens can explain this activation pattern: indeed,

depletion of food antigens by feeding the mice with the afore-

mentioned AAD led to reductions in both CASP-3/7 activation

and 13/42 cleavage of GSDMD in IECs (Figure 2H). Further,

incubation of the lysates of HEK-293T cells overexpressed

with myc-tagged Casp7 and FLAG-tagged Gsdmd together
Cell 186, 3033–3048, July 6, 2023 3035
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with small intestine IEC cell lysates, resulted in CASP-7 activa-

tion and 13/42 cleavage of GSDMD; however, when we replaced

the small intestine IEC cell lysates from normal chow diet (NCD)-

fed mice with that from AAD-fed mice, the activation of CASP-7

and 13/42 cleavage of GSDMD was abolished (Figure S2C).

These results indicate that dietary antigens absorbed in IECs

may induce the CASP-3/7 activation as well as the 13/42 cleav-

age of GSDMD.

We next performed the in vitro caspase-mediated GSDMD

cleavage experiments, the recombinant human CASP-3 or

CASP-7 but not CASP-1 can induce the 13/42 cleavage of

GSDMD(FigureS2D), and the recombinanthumanCASP-7 induce

the 13/42 cleavage of GSDMD in a dose-dependent manner (Fig-

ure 2I). Then we subjected the GSDMD-C42 for the Edman N-ter-

minal sequencing to identify the exact cleavage site (Figure 2I).

The result showed that recombinant human CASP-3 or CASP-7

cleaved recombinant human GSDMD protein at D87 (Figure 2I).25

Thecorresponding residue inmouse isD88which ispositioned ina

classic caspase substrate Asp-Val-Val-Asp (DVVD) motif (Fig-

ure 2J), findings in line with the previous reports showing CASP-

3/7 cleaveGSDMD inD88 inmousemacrophages.25–30We further

validated the cleavage bands we detected in different tissues or

HEK293T cells transfected with plasmids expressing GSDMD

truncations by GSDMD antibodies or FLAG/HA tag antibodies,

showing that anti-GSDMD (ab219800) targets GSDMD-N1-88

(Figures S2E–S2G).

We generated a variant of GSDMD with DVVD to AAAA muta-

tion, assays GSDMD cleavage in HEK293T cells or in small intes-

tine cleavage-resistant variant (GsdmdSICR) knockin mice and

experimentally confirmed that this GSDMD variant is resistant to

CASP-7-mediatedcleavage (Figures2K–2M).Note thatpyroptotic

cleavage of GSDMD or pyroptotic cytokine secretion was not

affected in GsdmdSICR knockin mice (Figures 2M, S2H, and S2I),

suggesting that 13/42 cleavage might not inactivate pyroptosis

in IECs in vivo. Moreover, the IECs from GsdmdSICR knockin

mice showed similar apoptosis level in comparison to the litter-
Figure 2. Caspase-7 and caspase-3 cleave GSDMD at D88 in duodenu
(A and B) GST-GSDMD pull-down in small intestine IEC lysates (A); FLAG-GSDM

brilliant-blue-stained band that subject for LC-MS/MS analysis and peptide sequ

(C and D) Western blots for anti-CASP1, CASP-3, CASP-7, and GSDMD in IECs f

sections of the intestine (D).

(E) The induction of GSDMD-N13 fragment by CASP-7 in HEK293T cells.

(F) CASP-3/7 inhibitor prevent the induction of GSDMD-N13 fragment in HEK293

(G andH)Western blots for CASP-1, CASP-3, CASP-7, and GSDMD in duodenum

with AAD (H).

(I) In vitro cleavage assay of GSDMD by recombinant CASP-7 in different conce

(J) Cleavage site of human and mouse GSDMD by CASP-3/7.

(K) Cleavage assay in cells transfected with GSDMD D88A mutant plasmid that

(L) Illustration of the CRISPR-Cas9 strategy to generate theGsdmdSICRmutant var

CASP-7-cleavage motif-DVVD (GsdmdSICR; SICR: small intestine cleavage resis

(M) GSDMD cleavage in duodenum IECs or BM cells from GsdmdSICR mutant m

(N) Biotin-OVA (full-length/323–339-aa peptide) pull-down in small intestine IEC

(O) Interaction between OVA peptides and CASP-1/3/7 in intestine.

(P) Interaction between OVA peptides and CASP-3/7 overexpressed in HEK293T

(Q) OVA peptides sequences used in Figures 2R–2T and S2L–S2M.

(R) Mapping of biotin-OVA peptides that bind to and activating CASP-7 in IECs.

(S and T) Validation of biotin-OVA peptides that bind to and activating purified re

Data in (E–I), (K), (M), (O), (P), and (R–T) are representative of at least three exper

See also Figure S2 and Table S1.
mate WT mice (Figure S2J), indicating that 13/42 cleavage of

GSDMD does not affect IEC death, in line with the finding that

the AAD feeding does not affect IEC death (Figure S2K). These

results suggest CASP-3 and CASP-7 cleave murine GSDMD at

85-DVVD-88 in the upper small intestine, and the GsdmdSICR

mice affect only 13/42 cleavage but not pyroptotic cleavage

of GSDMD.

Next, we sought to determine how proteinaceous dietary

antigens induce the 13/42 cleavage of GSDMD. We performed

IP-MS unbiasedly to identify interaction partner proteins of dietary

antigens.After exposing theprotein lysates fromupper small intes-

tine to commercially available biotin-labeled synthetic full-length

ovalbumin (OVA-FL) or ovalbumin peptide 323–339 (OVA [323–

339]), we immunoprecipitated the potential OVA-peptide-binding

proteins with streptavidin beads and performed MS for Coomas-

sie-stained promising gel band (Figure 2N).

Interestingly, both CASP-3 and CASP-7 (Figures 2N and S2A;

Table S1) are top candidates that are pulled downed by Biotin-

OVA (323–339) peptide-an H-2b-restricted OVA class II epitope,

but not the full-length OVA, bring our attention to the potential cor-

relation of this binding with the antigen presentation process,

which we will discuss later. We further confirmed the interaction

by IP with biotin-labeled OVA peptides, incubated with either IEC

protein lysates or HEK293T cells lysates, and immunoblotted

withdifferent CASPs.We found thatBiotin-OVA (323–339) peptide

strongly interact with CASP-3 and 7, but not CASP-1 (Figures 2O

and 2P), suggesting dietary peptides and CASP3/7 form a com-

plex to induce 13/42 cleavage of GSDMD. Further, we tested the

properties of the peptides that binds to and activate CASP-7.

Notably, OVA peptides with length of 8 and 17 aa strongly bind

and induce CASP-7 cleavage, OVA peptides with length of 21,

25, and 30 aa weakly bind and activate CASP-7, whereas OVA

peptides with length of 2, 4, 12, and 40 aa could not bind and acti-

vate CASP-7 (Figures 2Q, 2R, S2L, and S2M). Although it is not

completely clear of the peptidomics in IECs, and it is also not clear

the sequence characteristics of the peptides that may activate
m IECs in response to dietary antigens
D pull-down in HEK293T cell lysates (B). The red box indicates Coomassie-

ences are shown.

rom upper small intestine and bone marrow (BM) (C) or IECs from the indicated

T cells.

IECs frommice intraperitoneally injected with CASP3/7 inhibitor (G) or mice fed

ntration, the GSDMD-C42 fragment was subjected to Edman sequencing.

resistant to CASP-3/7 cleavage.

iant mice with Alanine substitutions at the four residues comprising the putative

tant mutant).

ice.

lysates.

cells.

combinant CASP-3 or CASP-7 protein.

iments.
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CASP-3/7 as well as the 13/42 cleavage of GSDMD, we noticed

that a previous report showing peptideswith specificmotif directly

activate apoptotic caspase31; in agreement with that, by co-incu-

bating purified recombinant CASP-3/7 proteins with synthesized

Biotin-OVA peptides and pulled down with streptavidin beads,

we found OVA peptides with length of 8 and 17 aa directly bind

and activate CASP-3/7 (Figure 2S and 2T). These results indicate

that dietary peptides directly bind and activate CASP-3 and

CASP-7 to induce the 13/42 cleavage of GSDMD.

The nuclear-localized GSDMD fragment assists STAT1
to induce CIITA and MHCII in IECs
We next investigated potential physiological consequences of the

13/42 GSDMD cleavage in IECs. We first generated truncation

fragments of recombinant GSDMD including the GSDMD-N13

cleaved in response to food antigens (1–88 aa), as well as corre-

sponding GSDMD-C42 fragment (89–487 aa). We then examined

the subcellular localizations of these recombinantGSDMD trunca-

tion variants: GSDMD-C42was localized in the cytosol (Figures 3A

and S3A). To our surprise, unlike GSDMD-N30, which localizes at

the membrane where it initiates pyroptosis,15,32 GSDMD-N13

was localized in the nucleus (Figures 3A, 3B, and S3A). Further,

upon replacing normal chow with the aforementioned AAD, we

detected a significant reduction in the extent of nuclear-

localized GSDMD fragment in IECs, as well as CASP-7 activation

(Figures 3C and S3B–S3D), suggesting a food-antigen-induced

nuclear translocation of the GSDMD-N13.

Because there is no putative nuclear localization signal (NLS)

in GSDMD-N13 according to NLS prediction tools, including

cNLS Mapper, PredictNLS, DeepLoc-1.0, PSORT, NLStrada-

mus (Figure S3E), and, indeed, we detected no interactions be-

tween GSDMD-N13 and importins (Figures S3F and S3G), we

reasoned that GSDMD-N13 may translocate into the nucleus

through an Importin-independent way.

After initially excluding the involvement of importins in

dietary-antigen-induced nuclear translocation of GSDMD-N13
Figure 3. The nuclear-localized GSDMD fragment assists STAT1 to ind
(A and B) GSDMD-N13 locates in nucleus. Confocal images of HeLa cells transfe

nuclear and cytoplasmic extracts of HEK293T cells transfected with 3xFLAG-Gs

(C) Food antigen induces CASP-7 activation and nucleic localization of GSDMD. I

sections from mice fed with NCD or AAD, and quantification of cleaved-CASP-7

(D–G) RNA sequencing of IECs from Gsdmd-knockout (KO) mice compared with

Gene set enrichment analysis (GSEA) analysis of antigen presentation pathway

belongs to antigen presentation pathway labeled in red (F). Heatmap showing th

(H) Representative FACS staining of MHCII expression in IECs of duodenum or

MHCII-expressing IECs in duodenum.

(I–M) qPCR analysis ofCiita transcripts in duodenum IECs fromGsdmdKOmice (I),

GsdmdSICR mutant variant mice (M).

(N) qPCR analysis showing Ciita and MHCII induction in MC38 cells.

(O) MBP-GSDMD pull-down in small intestine IEC lysates.

(P) CoIP assay in HEK293T cells transfected with STAT1 and GSDMD truncation

(Q) ChIP-qPCR assay detecting the binding of GSDMD to CIITA promoter IV in 2

(R) ChIP-qPCR assay detecting the synergistic binding between GSDMD and ST

(S and T) ChIP-qPCR assay detecting the effects of GSDMD deficiency (S) or GS

from GsdmdDIEC mice (S) or GsdmdSICR mice(T), and corresponding littermate W

In (C), (H–N), and (Q–T), data are presented as the mean ± SEM. For comparison

analysis of variance (ANOVA) was used; ns, not significant, *p < 0.05, **p < 0.01

(A–C, H–N, and P–T) are representative of at least three experiments.

See also Figure S3 and Table S1.
(Figures S3E–S3G), we used a purified recombinant MBP-tagged

GSDMD-N13 truncation protein for IP/MS with small intestinal cell

extracts to identify potential binding proteins that assist GSDMD-

N13’s nuclear translocation. We identified multiple nucleoporins

(e.g., Nup155, Nup107, and Nup98) (Figures S2A and S3H); pro-

teins of this family have been reported to function in the nuclear

translocation of diverse signaling proteins (e.g., b-catenin and

Smad3/4).33–35 We confirmed the interaction between GSDMD-

N13 and three nucleoporins (Nup155, Nup107, and Nup98) by

coIP (Figure S3I). Further, in comparison with almost complete

nuclear localization of GSDMD-N13 in control HEK293T cells, we

found that simultaneously knocking down three nucleoporins

(Nup155, Nup107, and Nup98) results in significantly shifted cyto-

plasmic/nuclear distributionofGSDMD-N13 inHEK293Tcells (Fig-

ureS3J), indicatingnucleoporinsassist thenuclear translocationof

GSDMD-N13.

We then explored which pathway(s) may be affected by nu-

clear GSDMD-N13 in IECs by generating three mouse lines:

GSDMD complete knockout mice (Gsdmd�/�), mice specifically

deficient for GSDMD in IECs (GsdmdDIEC), and mice harboring

the small intestinal 13/42 cleavage-resistant GSDMD variant

(GsdmdSICR mice). We first analyzed the transcriptome of IECs

from the upper small intestine of Gsdmd�/� and littermate WT

mice. Gene ontology (GO) analysis indicated enrichment in

IECs for differentially regulated genes with annotations relating

to antigen processing and presentation, with particularly strong

enrichment for genes encoding major histocompatibility com-

plex class II (MHCII) molecules, as well as Ciita (Figures 3D–

3G), which is widely understood as a ‘‘master control factor’’

for the expression of MHCII molecules.36

We next used FACS and qPCR to measure the expression

levels of MHCII molecules and CIITA in FACS-sorted IECs from

Gsdmd�/� and GsdmdDIEC mice, in comparison with their WT

littermates. Need to mention that our IA/IE FACS staining experi-

ments were normally carried out at the afternoon when the IA/IE

expression in IECs are lowest among a day (Figures S3K and
uce CIITA and MHCII in IECs
cted with indicated florescence-fused GSDMD fragments (A). Western blot of

dmd plasmid (B).

mmunofluorescence for GSDMD and cleaved-CASP-7 in upper small intestine

and nuclear localization of GSDMD-N13 in IECs.

that from WT littermates. Gene ontology analysis of downregulated genes (D).

(E). Volcano Plot of differentially regulated genes, with downregulated genes

e expression levels of downregulated antigen presentation related genes (G).

colon from the indicated mouse strains or treated mice, and quantification of

GsdmdDIECmice (J), AAD-treated mice (K), Ac-DEVD-CHO-treated mice (L), or

plasmids.

93T cells.

AT1 to CIITA promoter IV in HEK293T cells.

DMD mutation (T) on the binding of STAT1 to Ciita promoter IV in IEC Lysates

T mice.

s between two groups, Student’s t tests were used; for more than two groups,

, ***p < 0.001, and ****p < 0.0001.
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Figure 4. The nuclear-localized GSDMD fragment regulates MHCII in IECs to induce Tr1 cells

(A–C) Single-cell RNA sequencing (scRNA-seq) of IECs from GsdmdSICR mutant mice compared with WT littermates. Uniform manifold approximation and

projection (UMAP) plot of different cell populations from upper small intestine grouped in 23 clusters (A). Expression levels of MHCII genes in the indicated IEC

clusters and typical antigen-presenting cells (APCs) clusters (B). The gene expression pattern of Foxp3 and IL-10 showing the populations of Treg (CD4+Fox-

p3+IL10+) and Tr1 (CD4+Foxp3�IL10+) cells from scRNA-seq (C).

(D) qPCR analysis of IL-10 and Foxp3 transcripts in sorted LPL CD4+ T cells of upper small intestine and spleen from GsdmdSICR mice or littermate WT mice.

(E and F) Suppressive T helper cells in the duodenum of GsdmdSICR mice or H2-Ab1DIEC mice crossed with il10-GFP mice.

(G and H) Hen egg lyzome (HEL) antigen presenting assay to investigate production of IL-2 by T cell hybridoma BO4 cells, which specifically recognize the HEL

peptide presented by IECs (G) or DCs (H) from indicated mouse strains.

(legend continued on next page)
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S3L).Weobservedsignificantly reducedexpressionofMHCIImol-

ecules and CIITA in small intestine IECs but not in large intestine

IECs isolated fromGsdmd�/�mice orGsdmdDIECmice compared

with their WT littermates (Figures 3H–3J), which is in accord with

our finding that the GSDMD-N13 does not occur in large intestine

IECs (Figure 2D). We also tested whether the GSDMD-N13 is

required for the observed differential expression levels of MHCII

molecules and Ciita transcripts in upper small intestine IECs, and

we found decreased levels of MHCII molecules/Ciita transcripts

in upper small intestine IECs upon the following: (1) replacing

normal chow with the aforementioned AA diet (Figures 3H and

3K), (2) treating mice with aforementioned CASP-3/7 inhibitor

Ac-DVED-CHO (to inhibit 13/42 GSDMD cleavage) (Figures 3H

and 3L), and (3) examining GsdmdSICR mice in which there is no

13/42GSDMDcleavage (Figures 3H and 3M). Further, qPCRanal-

ysis showed that ectopic expression of GSDMD-N13 in colon

epithelial MC38 cells caused increased levels of Ciita mRNA and

of CIITA-targeted MHCII transcripts (Figures 3N and S3M).

Notably, oral administration of protein antigens such as OVA—

the major protein constituent of chicken egg whites, or bovine

serum albumin (BSA), the major serum protein constituent from

cows, rescue AA diet treatment—inhibited GSDMD 13/42 cleav-

age, as well as MHCII induction in IECs (Figures 3H and S3N).

These results suggest that the presence of proteinaceous dietary

antigens can promote nuclear GSDMD-N13-mediated induction

of Ciita in IECs, after which CIITA can induce the transcription of

MHCII molecules.

Byusing the aforementionedpurified recombinantMBP-tagged

GSDMD-N13 truncation protein, we performed IP/MS to identify

potential interaction partner proteins that may involve in the tran-

scriptional machinery of the Ciita/MHCII promoters. Interestingly,

we found that STAT1, a known transcriptional factor that binds

to Ciita promoter,37 was one of the top candidates from the list

of putative GSDMD-N13-binding partners (Figures 3O and S2A;

Table S1). We also found RFX5, a known transcriptional factor

that binds to the promoters of genes encode MHCII molecules,38

at relative low coverage and confidence (Figures 3O and S2A;

Table S1). We confirmed the interaction between STAT1 and

GSDMD-N13 by coIP (Figures 3P and S3O); however, we found

that there is no interaction between RFX5 and GSDMD-N13 by

coIP (Figure S3P). These data suggest that GSDMD-N13 might

interact with STAT1 to induce Ciita/MHCII molecules.

We next investigated whether GSDMD-N13 is involved in

STAT1-mediatedCiita transcription. For context, previous studies

have demonstrated that Ciita expression is controlled by at least

four different promoters (pI to pIV) with differential usages among

different cell populations39: cells of myeloid origin (e.g., conven-

tional DCs and macrophages) use pI for constitutive and IFNg-in-

duced Ciita expression, Ciita is driven by pIII in cells of lymphoid

origin (B cells, T cells, and pDCs), and pIV is indispensable for IFN-

g-activated Ciita expression in non-conventional APCs such as

epithelial cells.39 We performed chromatin immunoprecipitation

(ChIP) with an anti-FLAG antibody followed by qPCR in

HEK293T cells transducedwith the aforementioned FLAG-tagged
In (D–H), data are presented as the mean ± SEM. For comparisons between tw

variance (ANOVA) was used; ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.00

See also Figure S4.
GSDMD truncation variants. GSDMD-N13, but not GSDMD-C42 or

full-lengthGSDMD, bound to the pIV promoter ofCiita (Figures 3Q

and S3Q). We next performed ChIP with an anti-STAT1 antibody

followed by qPCR in HEK293T cells transduced with GSDMD-

N13 and found that GSDMD-N13 significantly promote the binding

of STAT1 to the pIV promoter of Ciita (Figure 3R). We also per-

formed ChIP with an anti-STAT1 antibody in IECs isolated from

GsdmdDIEC mice, GsdmdSICR mice, or their corresponding WT

littermate controls. The qPCR results showed that the binding of

STAT1 to the pIV promoter of Ciita was significantly diminished

in IECs isolated fromGsdmdDIECmiceorGsdmdSICRmice, in com-

parison with that from their corresponding WT littermate controls

(Figures 3S and 3T). We also validated that the expression levels

of MHCII molecules and Ciita transcripts are diminished in IECs

from Stat1�/� mice as compared with the WT mice (Figure S3R).

These results support that GSDMD-N13 interacts with STAT1 in

the nucleus and together induce Ciita transcription, which

ultimately promotes the expression of genes encode MHCII

molecules.

The nuclear-localized GSDMD fragment regulates
MHCII in IECs to induce Tr1 cells
Although it is well established that antigen presentation by

MHCII molecules in DC is critical in shaping the immune

tolerance environment in the intestine,40,41 antigen presentation

by IECs has also been reported to induce tolerogenic immune

cell populations.8,9,11,42 Thus, we conducted single-cell RNA

sequencing (scRNA-seq) to analyze both stroma and immune

cell populations inGsdmdSICRmice and the corresponding litter-

mate controls. Unsupervised clustering of upper small intestine

cells revealed 23 distinct clusters based on their specific gene

expression profiles (Figures 4A and S4A). The expression of Ep-

cam (which encodes EpCAM) and Ptprc (which encodes CD45),

respectively, indicated epithelial and immune cells and the WT

IECs showed enriched expression ofGsdmd (highest expression

in Cluster4 and 5), notably, Casp3 and Casp7 transcripts were

also enriched in these two clusters (Figure S4B). We also de-

tected a substantial decrease in MHCII molecules expression

in several cell clusters (e.g., enterocytes and intestinal stem cells

[ISCs]) from GsdmdSICR mice in comparison with their WT litter-

mate mice (Figure 4B) and noted that MHCII molecules were

barely expressed in specialized IECs such as goblet cells, pan-

eth cells, tuft cells, and enterochromaffin cells (Figure S4C).

Importantly—and providing further support for a functional

association between GSDMD-N13 and MHCII expression—no

changes in MHCII molecule expression were detected between

the mutant genotypes and WT littermates in typical antigen-pre-

senting cell types that express high levels of MHCII molecules

(e.g., B cells, macrophages, or DCs) in steady states (Figure 4B),

which is confirmed by FACS staining of MHCII in CD103+DCs of

small intestines or in bone-marrow-derived DCs (BMDCs) from

GSDMD KO mice or WT littermate mice (Figures S4D–S4F),

consistent with our data showing a lack of any detected 13/42

cleavage in BMDCs in steady state (Figure S4G). These results
o groups, Student’s t tests were used; for more than two groups, analysis of

1, and ****p < 0.0001. (D)–(H) are representative of at least three experiments.
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from scRNA-seq further confirmed that GSDMD-N13 specifically

regulate the expression levels of MHCII molecules in steady-

state IECs but not myeloid cells.

We also explored potential functional consequences of

GSDMD-N13-induced MHCII expression in IECs. Of note, recent

studies reported defects on intestinal CD4+ T cells or CD4+IL-10+

regulatory T cells in mice withMHCII-deficiency in IECs.6,8,43 Our

aforementioned scRNA-seq data showed that GsdmdSICR mice

had normal immune cell signatures for major cell populations

(e.g., T cells, B cell, NK cells, macrophages, DCs) compared

with their WT littermates (Figure S4H). However, we observed

that the inactivation of GSDMD 13/42 cleavage caused a pro-

found reduction in Tr1 cells (CD4+IL-10+Foxp3�) but not Treg
cells (CD4+Foxp3+) in the upper small intestine (Figure 4C). In

consistency, a previous study showing that the majority of IL-

10 producing cells in the small intestine are Tr1 cells, whereas

the majority of IL-10 producing cells in the colon are Treg cells.44

A qPCR analysis showed that compared with WT littermates,

Il-10 expression was significantly reduced in sorted CD4+

T cells from lamina propria lymphocytes (LPLs) in the upper small

intestine of GsdmdSICR mice, in comparison with that from WT

littermate controls (Figure 4D); no reduction in Il-10 expression

was detected in sorted CD4+ T cells from spleen of GsdmdSICR

mice, in comparison with that from WT littermate controls

(Figure 3Y). Since the cellular IL-10 protein levels cannot be

assessed by intracellular FACS staining in the small intestine

in steady state,45 we crossed IL-10-GFP reporter mice with

GsdmdSICR mice or with H2-Ab1DIEC mice. We then isolated

the LPLs from the duodenum of the resulting progeny: both

the numbers and the percetages of CD4+IL-10-GFP+ cells

were significantly reduced in bothGsdmdSICRmice andH2-Ab1-
DIEC mice compared with their corresponding WT littermates

(Figures 4E and 4F). The CD4+Foxp3+ and CD4+Foxp3+Rorgt+

cell populations were not affected by the loss of GSDMD-N13

or MHCII molecules in IECs (Figures 4E and 4F). These results

suggest that GSDMD-N13-MHCII axis in IECs supports the Tr1

population in upper small intestine.

Previous studies have reported in vivo that subsets of IECs

that express MHCII molecules can function as unconventional

antigen-presenting cells, which shape T cell populations in

the intestine.6,8,43 Moreover, in in vitro systems, IECs have

also been previously shown to present antigens and interact

with T cells.8,9,43,46 We hypothesized that among IECs, the

interaction with T cells needs the help of MHCII, which could

be affected by GSDMD. We used an in vitro antigen presenta-

tion experimental system to determine whether IECs can effi-

ciently present an antigen (hen egg lysozyme, HEL) to anti-
Figure 5. GSDMD KO or the cleavage-resistant GSDMD variant in IECs

(A–F) Peanut allergy model was induced in mice from 5 comparisons (A):GsdmdD

Ab1DIEC mice (E), Il27raDCD4 mice (F), and their corresponding WT control mice.

second challenge of the mice with peanut extracts; serum peanut-specific IgE a

(G–L) delayed type hypersensitivity (DTH) model was induced in mice from 5 co

CHO-treated mice (J), H2-Ab1DIEC mice (K), Il27raDCD4 mice (L), and their corresp

of the mice with OVA (H–L), serum OVA-specific IgG1 was measured by ELISA

measured by CBA FACS array kit (BD Biosciences) (H&I).

(B–F) and (H–L) data are presented as the mean ± SEM, for comparisons betwee

way ANOVA tests were used. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.00

See also Figure S5.
gen-specific T cells. Specifically, we assayed MHC class II

presentation in IECs and in DCs from GSDMD KO or WT litter-

mate mice by measuring the H2-Ab/HEL74–88 complex-induced

secretion of IL-2 by T cell hybridoma BO4 cells. GSDMD KO in

IECs resulted in significantly reduced HEL-peptide induced

T cell activation; this outcome was also detected for control

H2-Ab-deficient IECs (Figure 4G). In contrast, we found no dif-

ference in MHC class II-antigen presentation to T cells between

GSDMD KO and WT DCs (Figure 4H). Together, these results

demonstrate that proteinaceous dietary antigens induce

nuclear GSDMD-N13-regulated MHCII expression in IECs to

support Tr1 cells in the upper small intestine.

Inactivation of food-induced GSDMD cleavage in IECs
disrupts immune tolerance to food
In light of our observations that dietary antigens sustain the 13/42

cleavage of GSDMD and that GSDMD-N13 regulates MHCII mol-

ecules in IECs to support Tr1cells in theupper small intestine, and

considering that dietary antigens is known to induce tolerance

that avoids unnecessary immune activation against essential

food materials, we reasoned that 13/42 GSDMD cleavage in

IECsmight be involved inproteinaceousdietary-antigen-induced

tolerance in the small intestine. We therefore induced an experi-

mental food allergy model with peanut extracts in the following

mice: (1)GsdmdDIECmice versusGsdmdf/fmice (i.e., with deple-

tion of GSDMD from IECs), (2)GsdmdSICRmice versusGsdmdWT

mice (blocked 13/42 cleavage of GSDMD), (3) WT mice treated

with the CASP3/7 inhibitor Ac-DEVD-CHO or vehicle versus con-

trol mice (CASP3/7 inhibition), (4) H2-Ab1
OIEC mice versus H2-

Ab1f/f mice (depletion of MHCII in IECs), and (5) because IL-27

is required for the differentiation of Tr1 cells,47,48 the CD4+

T-cell-specific knockout ofWsx1 (subunit of the IL-27R complex)

results in the depletion of Tr1 cells (Figures S5A and S5B)47,48;

thus, we also induced the food allergy model in Il27raDCD4 mice

versus WT control mice (Figure 5A).

Upon exposure of mice to peanut protein extracts (PN)

and cholera toxin (CT), and re-challenging these mice with PN

(Figure 5A), we observed the following changes in all of the

aforementioned comparisons (GsdmdDIEC mice, GsdmdSICR,

H2-Ab1DIEC, Il27raDCD4 mice, and Ac-DEVD-CHO-treated mice,

compared with their respective controls): significantly increased

levels of PN-specific IgE and IgG, significantly increased levels

of serummMCP-1 (mousemast cell protease-1, amast cell prote-

ase released upon allergen-dependent cross-linking of IgE49), and

significantly reduced core body temperature (Figures 5B–5F).

These changes are all characteristic of an anaphylactic response,

and support those mice lacking GSDMD-N13, mice lacking MHCII
disrupts immune tolerance to food
IEC mice (B),GsdmdSICRmutant mice (C), Ac-DEVD-CHO-treated mice (D),H2-

Change in core body temperature was recorded every 5 min for 1 h after the

nd IgG, and serum mMCP-1 were measured by ELISA.

mparisons (G): GsdmdDIEC mice (H), GsdmdSICR mutant mice (I), or Ac-DEVD-

onding WT control mice. Footpad swelling was recorded after the re-challenge

(H–K), IFNg production by splenocytes re-stimulated with OVA in vitro was

n two groups, Student’s t tests were used. For body temperature curves, two-

01. (B–E) and (H–K) are representative of at least three experiments.
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in IECs, andmice lacking Tr1 cells have increased susceptibility to

the food allergies. Notably, in comparison with the corresponding

WT control mice, GsdmdDIEC mice, GsdmdSICR, H2-Ab1DIEC, and

Ac-DEVD-CHO-treated mice still showed significance reduction

of IEC-MHCII levels as steady states, upon challenging with PN

(Figure S5C); however, Il27raDCD4 mice showed no difference in

IEC-MHCII level comparedwith theWTmice;whereasH2-Ab1DDC

mice showed a mild compensatory increase of IEC-MHCII level in

comparison with the WT mice (Figure S5C). We also found that

specific depletion of MHCII in DCs (H2-Ab1DDC) showed similar

susceptible food allergy phenotype, compared with the littermate

WT control mice (Figure S5D), indicating that antigen presenta-

tions in both DCs and IECs may complementarily contribute to

the immune tolerance to food.

Consistent with our findings from the aforementioned peanut

allergy model, we found that these mice had impaired establish-

ment of immune tolerance to another food antigen when we

evaluated delayed type hypersensitivity (DTH) responses to OVA

(Figure 5G). Specifically, feeding OVA to WT mice or GsdmdDDC

mice induced tolerance (Figures 5G and S5E), whereas feeding

OVA to GsdmdDIEC mice, GsdmdSICR, and CASP3/7 inhibitor

Ac-DEVD-CHO-treated mice failed to induce oral tolerance;

instead, these mice showed foot swelling, higher titers of anti-

OVA IgG1 in the serum, and elevated expression of IFNg by splee-

nocytes (Figures 5G–5J, S5F, and S5G). Note that the same phe-

notypes were detected upon DTHmodel induction in H2-Ab1DIEC

and Il27raDCD4mice (Figures 5K and 5L). Collectively, these results

demonstrate that the IEC-expressed GSDMD andMHCII, and Tr1

cells in the upper small intestine induce the immune tolerance

to food.

DISCUSSION

As the primary barrier between host cells and numerousmicrobes

and dietary antigens, IECs are well positioned to regulate toler-

ance to food and commensals while preserving immunity against

pathogens. GSDMD is highly expressed in IECs, although the

functional consequences of this expression, especially in upper

small intestine where there is full of food antigen, are not under-

stood. GSDMD is considered to be the executor of pyroptosis in

myeloid cells19,20: its 30-kD N-terminal cleaved form has been

shown to form pores that breach cell membranes.15,32 Beyond

this previously reported inflammatory role of GSDMD, this study

reveals a divergent role wherein GSDMD’s 13-kD N-terminal

cleaved form translocates to the nucleus and functions tomediate

immune tolerance to food by inducing CIITA and MHCII expres-

sion in IECs and Tr1 cells in LPL. Thus, it appears that the differ-

ential cleavage of GSDMD can be understood conceptually as a

regulatory hub to control innate immunity versus food tolerance

in the small intestine (graphical abstract).

Although CASP-3/7-mediated cleavage of GSDMD at D88 has

been reported in vitro25–29 and we also repeated that the

apoptotic triggers that activate CASP-3/7 could induce the gen-

eration of GSDMD-N13 in macrophages (Figure S5H), our work

confirmed the existence of this cleavage in vivo and demon-

strated both physiological and immune-tolerance-related func-

tions of this cleavage. There is active debate about whether

this cleavage inactivates the pyroptotic activity of GSDMD.
3044 Cell 186, 3033–3048, July 6, 2023
One side holds the idea that cleavage of GSDMD at D88 inacti-

vates its pyroptotic activity,25,50 the other side emphasizes that

GSDMD inactivation at D88 does not suppress pyroptosis or

IL-1b secretion upon canonical inflammasome activation.26

However, this divergence could plausibly result from the influ-

ence of experimental conditions that may artificially introduce

high doses of different caspase proteins in vitro. According to

our observation, the IECs of GsdmdSICR mutant mice showed

no difference in the extent of pyroptotic cleavage of GSDMD

(Figure 2M), supporting the idea that the 13/42 cleavage of

GSDMD by CASP-3/7 does not affect the pyroptotic cleavage

of GSDMD in small intestine. Moreover, when triggering pyropto-

sis in the bone marrow derived macrophages derived from

GsdmdSICR mice, the pyroptotic cleavage of GSDMD was also

unaffected (Figure S2I). Noted that the IECs from GsdmdSICR

mutant mice did not affect cell death in comparison with the

WT littermate mice (Figures S2H and S2J). These data exclude

the possible involvement of inactivation of GSDMD-N30-medi-

ated pyroptosis or CASP-3/7 induced apoptosis in GSDMD-

N13-induced regulation of IECs’ MHCII expression. STAT1 was

reported to regulate Ciita function and MHCII expression in

non-hematopoietic cells and our work further support this regu-

lation in IECs (Figure S3R). We also found that GSDMD-N13

could translocate into nucleus of IECs and enhance STAT1 func-

tion in promoting Ciita expression (Figures 3P–3T), as well as

other STAT1-targeted genes51 (Figure S5I).

We and others showed that the intestinal microbiota is

required for the MHCII expression in IECs from ileum or distal

jejunum6,8 (Figures S5J–S5L); however, in IECs from duodenum,

MHCII expression is largely rely on the dietary antigens

(Figures S5J–S5L). In consistent with that, GSDMD deficiency

in IEC but not antibiotics treatment led to the reduction of the

IEC-MHCII levels in duodenum, whereas antibiotics treatment

but not GSDMD deficiency in IEC led to the reduction of the

IEC-MHCII levels in ileum from mice challenged with peanut

allergen (Figure S5M). Furthermore, in the duodenum of IL-10-

GFP/Foxp3-RFP double reporter mice, treatment with AAD or

Ac-DEVD-CHO but not antibiotics led to the reduction of Tr1

cells (IL-10-GFP+ Foxp3-RFP�) (Figures S5N and S5O). When

we deplete the microbiota by antibiotics treatment before

performing the peanut allergy model in GsdmdDIEC mice and

littermate control mice, we found significantly increased levels

of PN-specific IgE and IgG; significantly increased levels of

serum mMCP-1, and significantly reduced core body tempera-

ture in GsdmdDIEC mice (Figure S5P), showing that these mice

are more susceptible to the food allergies even without micro-

biota. These results suggest that food antigens and microbiota

corporately regulate theMHCII levels in IECs from different intes-

tinal segments.

There is increasing interests in atypical MHCII functions.

Although small intestine IECs are known to constitutively ex-

press MHCII molecules, the capacity of these cells to process

and present antigens is controversial. Our in vitro culture system

with the HEL antigen supports the antigen-presenting ability of

IECs to T cells (Figures 4G and 4H). Studies have also reported

roles for IECs-expressed MHCII molecules in shaping CD4

T cell populations in the intestine.6–8,43 Lack of MHCII expression

on ISCs has been shown to reduce the number of CD4+ T cells in
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the vicinity,43 and increased IEC MHC class II expression results

in increased proliferation of CD4+ T cells after BMT in the lower

small intestine.6 Also, a recent study showed that genetic loss

of MHCII in IECs results in reduction of the Tr1 cell population.8

In agreement with Tuganbaev et al.,8 we found a significant

decrease in Tr1 cells in the duodenum of GsdmdSICR mice

and H2-Ab1DIEC mice compared with their WT littermates

(Figures 4E and 4F). These studies support the idea that

GSDMD regulated MHCII molecules expression in IECs support

the T cell populations in the upper small intestine. Notably, the

general lack of the expression of co-stimulatory molecules,

such asCD80, CD86, andCD40, and the relative high expression

of co-inhibitory molecules, such as PD-L1, in IECs from upper

small intestine might be the potential reason for the preferential

regulation of immunosuppressive T cell responses by IEC-

MHCII in upper small intestine (Figure S5Q).

In summary, we discovered that IECs accumulate a non-ca-

nonical cleaved form of GSDMD in response to proteinaceous

dietary antigens, thereby supporting the regulatory T helper sub-

set Tr1 cells through IEC-mediated antigen presentation, and

consequently inducing the immune tolerance to food. These in-

sights concerning GSDMD’s divergent roles in immunity versus

tolerance deepen our understanding of innate immunity gener-

ally and may facilitate the development of therapies to treat

food allergies.

Limitations of the study
This study provides insights about how a non-canonical cleav-

age form of GSDMD is induced by food antigens in IECs to

maintain immune tolerance to food. However, it is still unclear

the exact kind of peptide(s) that is responsible to induce the

tolerance. Is there any length preference or sequence prefer-

ence to activate CASP-3 and CASP-7? What is the molecular

architecture of the GSDMD-N13/STAT1 transcriptional ma-

chinery? Are there any antigen preferences presented by

MHCII molecules in IECs and/or DCs? Given that Treg cells

and Tr1 cells are regionally distributed along the intestinal

tract, how do they cooperate to maintain tolerance to com-

mensals, foods, and perhaps other environmental cues?

Whether and how do MHCII-expressing APCs, such as DCs,

ILC3s, and IECs, cooperate to sense and induce tolerances

to commensals, foods, and other environmental cues? We

expect that examination of these questions in the future will

not only provide more details and depth to understand the

role of GSDMD in IECs and the mechanism for the induction

of food tolerance but also open therapeutic opportunities for

food allergies.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-GSDMD antibody Abcam Cat# ab219800; RRID: AB_2888940

Rabbit monoclonal anti-GSDMD antibody Abcam Cat# ab209845; RRID: AB_2783550

Rabbit monoclonal anti- Cleaved

Gasdermin D

(Asp276) (E3E3P) antibody

Cell Signaling Technology Cat# 10137, RRID:AB_2923068

Mouse monoclonal anti-Beta Actin

antibody

Proteintech Cat#: 66009-1-Ig; RRID:AB_2687938

Mouse monoclonal anti-FLAG antibody Sigma–Aldrich Cat#: F1804; RRID: AB_262044

Rabbit polyclonal anti-MYC antibody Proteintech Cat# 16286-1-AP, RRID:AB_11182162

Mouse monoclonal anti-HA antibody Abmart Cat# M20003, RRID:AB_2864345

Mouse anti-Caspase-1 (p20) antibody Adipogen Cat#: AG-20B-0042-C100; RRID:

AB_2755041

Rabbit monoclonal anti- Cleaved

Caspase-7 (Asp198) (D6H1) antibody

Cell Signaling Technology Cat# 8438, RRID:AB_11178377

Rabbit monoclonal anti-Caspase-3

antibody

Abcam Cat# ab184787, RRID:AB_2827742

Rabbit monoclonal anti-Caspase-7

antibody

Abcam Cat# ab181579, RRID:AB_2925166

Rabbit polyclonal anti-STAT1 antibody Cell Signaling Technology Cat# 9172, RRID:AB_2198300

Goat Anti-Mouse IgE-HRP SouthernBiotech Cat# 1110-05, RRID:AB_2794604

Goat Anti-Mouse IgG, Human ads-HRP SouthernBiotech Cat# 1030-05, RRID:AB_2619742

CD326 (EpCAM) Monoclonal Antibody

(G8.8), APC

eBioscience Cat# 17-5791-82

PE anti-mouse CD45 Antibody Biolegend Cat# 103106

RRID: AB_312971

FITC anti-mouse I-A/I-E Antibody Biolegend Cat# 107606

RRID: AB_313321

FITC anti-mouse TCR b chain Antibody Biolegend Cat# 109206

RRID: AB_313429

Alexa Fluor� 647 anti-mouse FOXP3

Antibody

Biolegend Cat# 126408

RRID: AB_1089115

ROR gamma (t) Monoclonal Antibody

(AFKJS-9), PE

eBioscience Cat# 12-6988-82

Anti-mouse CD4 APC (clone GK1.5) Biolegend Cat# 100412, RRID:AB_312697

Anti-mouse CD45.2 APC-Cy7 (clone 104) Biolegend Cat# 109824, RRID:AB_830789

Anti-mouse CD4 PerCP-Cy5.5

(clone GK1.5)

Biolegend Cat# 100434, RRID:AB_893324

Anti-mouse CD4 FITC (clone GK1.5) Biolegend Cat# 100406, RRID:AB_312691

Pacific Blue� anti-mouse CD49b (pan-NK

cells) Antibody

Biolegend Cat# 108918

RRID: AB_2265144

PE/Cyanine7 anti-mouse CD223 (LAG-3)

Antibody

Biolegend Cat# 125226

RRID: AB_2715764

Goat anti-mouse IgG-HRP Beyotime Cat# A0216, RRID:AB_2860575

Goat anti-rabbit IgG-HRP Beyotime Cat# A0208, RRID:AB_2892644

Ultra-LEAFTM Purified anti-mouse CD3

(clone 172)

Biolegend Cat# 100253, RRID:AB_2810314

(Continued on next page)
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Ultra-LEAFTM Purified anti-mouse CD28

(clone 37.51)

Biolegend Cat# 102121, RRID:AB_2810330

Bacterial and virus strains

Citrobacter rodentium ATCC DBS100

Listeria monocytogenes ATCC ATCC19115

E. coli BL21(DE3) New England Biolabs Cat# C2527

E. coli DH5-alpha New England Biolabs Cat# C2987

Biological samples

Fetal Bovine Serum Thermo Fisher Scientific Cat# 10091148

Chemicals, peptides, and recombinant proteins

Ac-DEVD-CHO selleckchem Cat#: S7901

Albumin from chicken egg white Sigma-Aldrich A5503

Gasdermin D (GSDMD) (NM_024736)

Human Recombinant Protein

OriGene Cat#: TP761411

Recombinant human Caspase-1 protein

(Active)

Abcam ab39901

Recombinant Human Cleaved Caspase-3

protein (active)

Abcam Cat#: ab52101

Recombinant Human Caspase-7 protein Abcam Cat#: ab198478

HEPES Sigma-Aldrich Cat#: H3375

DTT for biochemistry BioFroxx 3483-12-3

0.5M EDTA PH8.0 Biosharp BL581A

Collagenase from Clostridium histolyticum Sigma-Aldrich Cat#: C6885

DNase 1 Roche Cat#: 11284932001

Cholera toxin from Vibrio cholerae Sigma-Aldrich C8052-2MG

Gibco� BASIC DMEM, High Glucose,

Pyruvate

Gibco C11995500BT

RPMI 1640 medium Thermo Fisher Scientific Cat# 22400089

Red Blood Cell Lysis Buffer Biosharp BL503A

DAPI Biolegend Cat#: 422801

Propidium Iodide Beyotime Cat#: ST511

7-AAD Viability Staining Solution Biolegend Cat# 420403

Penicillin-streptomycin Gibco Cat# 10378016

Incomplete Freund’s adjuvant Difco Laboratories Cat# BD 263910

Mycobacterium tuberculosis H37RA Difco Laboratories Cat# BD 231141

Pertussis toxin List Biological Cat# 180

Immobilon Western Chemiluminescent

HRP Substrate

Millipore WBKLS0500

Annexin V Alexa Fluor� 647 Biolegend Cat# 640943

Opti-MEM Thermo Fisher Scientific Cat#: 32985070

PBS Thermo Fisher Scientific Cat#: 10010023

Lipofectamine 2000 Thermo Fisher Scientific Cat#: 11668019

Lipofectamine 3000 Thermo Fisher Scientific Cat#: L3000008

Anti-Flag agrose beads Sigma-Aldrich Cat#: A2220

Coomassie brilliant blue R-250, 2X Solution Sangon Biotech Cat#: A602151

SM buffer Gbiosciences Cat#: 786-491

SYBR� Green II RNA Gel Stain, 10,000X

concentrate in DMSO

Thermo Fisher Scientific Cat#: S7564

Ribavirin Selleck Cat#: S2504
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REAGENT or RESOURCE SOURCE IDENTIFIER

Acyclovir Selleck Cat#: S1807

Lamivudine Selleck Cat#: S1706

SYBR qPCR Master MIX Vazyme Q311-02

HiScript� III RT SuperMix for qPCR Vazyme R323-01

TRNzol Universal Reagent TIANGEN Cat#: 4992730

Glutathione Beads Smart-Lifesciences Cat#: SA008005

Dextrin Beads Smart-Lifesciences Cat#: SA077005

BSA Sigma-Aldrich Cat#: A1933

Recombinant Mouse GM-CSF (carrier-free) Biolegend Cat#: 576306

Recombinant Mouse M-CSF Protein R&D Systems Cat #: 416-ML

Standard LPS, E. coli 0111: B4 invivogen Cat#: tlrl-eblps

Nigericin sodium salt; Potassium ionophore InvivoGen Cat#: tlrl-nig

Recombinant Mouse IFN-g (Animal-Free) Biolegend Cat#: 714006

Critical commercial assays

Mouse IL-18 ELISA kit Invitrogen Cat#: BMS618

Mouse IL-1 beta/IL-1F2 DuoSet ELISA R&D Systems DY401

Mouse OVA-specific IgE (OVA-sIgE)

ELISA Kit

Shanghai Enzyme-linked

Biotechnology

ml063583

Mouse OVA-specific IgG1 (OVA-sIgG1)

ELISA Kit

Shanghai Enzyme-linked

Biotechnology

ml037615

MCPT-1 (mMCP-1) Mouse Uncoated

ELISA Kit

Invitrogen 88-7503-88

Fixation/Permeabilization Solution Kit BD Bioscience Cat# 554714

Cell Stimulation Cocktail (plus protein

transport inhibitors)

eBioscience Cat# 00-4975-93

eBioscience� Foxp3 / Transcription Factor

Staining Buffer Set

eBioscience Cat# 00-5523-00

Nuclear and Cytoplasmic Protein

Extraction Kit

Beyotime Cat# P0028

Zombie Aqua� Fixable Viability Kit Biolegend Cat# 423102

Pierce Silver Stain Kit Thero Fisher scientific Cat#:24612

Mouse Interferon g, IFN-g ELISA Kit Cusabio CSB-E04578m

Deposited data

RNA sequencing data This paper SRA:PRJNA923771; GSA: PRJCA017570

Single cell RNA sequencing data This paper SRA:PRJNA923771; GSA: PRJCA017570

Experimental models: Cell lines

HEK293T cells ATCC CRL-3216

Immortalized BMDMs Rongbin Zhou Lab N/A

Hela cells ATCC CCL-2

MC38 cells Lieping Chen Lab N/A

BO4 cells Peter Cresswell Lab N/A

Experimental models: Organisms/strains

Gsdmd3xflag mice Richard Flavell Lab N/A

Gsdmdha mice Richard Flavell Lab N/A

GsdmdSICR mice This paper N/A

Asc-/- mice Rongbin Zhou Lab N/A

Gsdmd-/- mice Richard Flavell Lab N/A

Gsdmdf/f mice Feng Shao Lab N/A

Vil-cre mice Rongbin Zhou Lab N/A

Cd11c-cre mice Rongbin Zhou Lab N/A
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H2-Ab1f/f mice The Jackson Lab RRID:IMSR_JAX:013181

Caspase-1-/- mice Rongbin Zhou Lab N/A

Caspase-11-/- mice Rongbin Zhou Lab N/A

Il-10-GFP mice Richard Flavell Lab N/A

Foxp3-IRES-mRFP mice Richard Flavell Lab N/A

Il27raf/f cd4-cre mice Zhinan Yin Lab N/A

C57BL/6JGpt GemPharmatech Strain NO. N000013

Oligonucleotides

qPCR primers for indicated genes This paper See STAR Methods Table

ChIP-qPCR primers for indicated genes This paper See STAR Methods Table

Recombinant DNA

pCMV6- Myc-DDK - Mouse caspase 3 Origene MR203736

pCMV6- Myc-DDK - Mouse caspase 7 Origene MR204235

pCDNA3.1-Flag-mGSDMD-HA This paper N/A

pCDNA3.1-Flag-mGSDMD(D88A)-HA This paper N/A

pCDNA3.1-3XFlag-mGSDMD-N13 (1-88) This paper N/A

pCDNA3.1-mGSDMD-C42 (89-487)-HA This paper N/A

pCDNA3.1-Flag-mGSDMD (1-192)-HA This paper N/A

pCDNA3.1-Flag-mGSDMD (89-276)-HA This paper N/A

pCDNA3.1-GFP-mGSDMD-N13 (1-88) This paper N/A

pCDNA3.1-mCherry-mGSDMD-N13 (1-88) This paper N/A

pCDNA3.1-GFP-mGSDMD-C42 (89-487) This paper N/A

pCDNA3.1-mCherry-mGSDMD-C42

(89-487)

This paper N/A

pCDNA3.1-mGSDMD-N30 (1-276) This paper N/A

pCDNA3.1-mCASP-1-HA This paper N/A

pET-21a-GST-mGSDMD This paper N/A

pET-21a-MBP-mGSDMD This paper N/A

pET-21a-MBP-mGSDMD-N13 (1-88aa) This paper N/A

pCDNA3.1-Flag-mGSDMD This paper N/A

pCDNA3.1-Flag-mSTAT1 This paper N/A

pCDNA3.1-HA-mGSDMD-N13 (1-88aa) This paper N/A

pLVX-mCherry-mGSDMD This paper N/A

pLVX-mCherry-mGSDMD-N13 (1-88aa) This paper N/A

pCDNA3.1-HA-hNup98 This paper N/A

pCDNA3.1-HA-hNup107 This paper N/A

pCDNA3.1-HA-hNup155 This paper N/A

pCDNA3.1-HA-mRFX5 This paper N/A

pSPAX2 Addgene 12260

pMD2.G Addgene 12259

PLKO.1-shNup98/107/155 This paper N/A

Software and algorithms

ImageJ NIH https://imagej.nih.gov/ij/

ZEN (black edition) v2.3 USTC N/A

FlowJo software version 10.6.2 FlowJo,LLC https://www.flowjo.com/

Prism version 9 Graphpad https://www.graphpad.com/

Image-Pro Plus 6.0 Image-Pro Plus https://www.mediacy.com/

company/about

(Continued on next page)
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Image Lab 5.2.1 Image Lab https://www.bio-rad.com/en-hk/product/

image-lab-software?ID=KRE6P5E8Z

SnapGene 3.2.1 SnapGene https://www.snapgene.com/

Bio-Rad CFX Manager 3.1 Bio-Rad CFX Manager https://www.bio-rad.com/en-hk/sku/

1845000-cfx-manager-software?

ID=1845000

R v4.1.1. R core https://www.rproject.org/

Seurat v4.0.5 Stuart, T. et al.53 https://satijalab.org/seurat/

CellRanger v3.0.2 Zheng, G.X. et al.54 http://support.10xgenomics.com/

single-cell-gene-expression/ software/

overview/welcome

DESeq2 Love, M.I. et al.55 https://bioconductor.org/packages/

release/bioc/html/DESeq2.html

STAR Dobin, A. et al.56 https://github.com/alexdobin/STAR

RStudio RStudio Team, 2021 http://www.rstudio.com/

cNLS Mapper Kosugi, S. et al.57 https://nls-mapper.iab.keio.ac.jp/cgi-bin/

NLS_Mapper_form.cgi

PredictNLS GNU Free Documentation

License 1.2

https://rostlab.org/owiki/index.php/

PredictNLS

DeepLoc-1.0 DTU Health Tech https://services.healthtech.dtu.dk/service.

php?DeepLoc-1.0

PSORT Genscript https://www.genscript.com/psort.html

NLStradamus Nguyen Ba, A.N. et al.58 http://www.moseslab.csb.utoronto.ca/

NLStradamus/

CaseViewer 2.4 3DHISTECH https://www.3dhistech.com/solutions/

caseviewer/

Other

Immobilon�-P PVDF membrane Millipore IPVH00010

0.02-mm Anodisc polycarbonate filter Whatman 6809-7003
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Shu Zhu

(zhushu@ustc.edu.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability
The raw data of bulk RNA-seq and scRNA-seq have been deposited in theNCBI BioProject repository and processed data have been

deposited in the Genome Sequence Archive at BIG Data Center, Beijing Institute of Genomics (BIG), Chinese Academy of Sciences.

These data are publicly available as of the date of publication. Accession numbers are listed in the key resources table. Original west-

ern blot images and microscopy data reported in this paper will be shared by the lead contact upon request. This paper does not

report an original code. Any additional information required to reanalyze the data reported in this work paper is available from the

Lead Contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice
All mice were maintained in a strict 12 h light cycle under SPF condition. All mouse strains used in this paper are on C57BL/6 back-

ground. The co-housing littermate mice were used as the controls in most of the studies unless otherwise indicated. All experiments
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were done in an age and sex matched manner. 6-8 weeks old male or female mice were used in most of the studies except for those

with peanut allergy models (5-week-old) or those fed with AA food (weaning). Two sgRNAs and one ssDNA contains mutation of

GSDMD amino acids DVVD (85-88) to AAAA were used to generate GsdmdSICR mutant strain by CRISPR–Cas9 technology. 5’

3XFlag-Gsdmd, 3’ HA-Gsdmd, Gsdmd-/-, and H2-Ab1 floxed mice were provided by Dr. Richard Flavell, Cd11c-cre, Villin-cre

mice were provided by Dr. Rongbin Zhou. Gsdmd floxed mice were provided by Dr. Feng Shao. Il27ra floxed CD4-cre mice were

provided by Dr. Zhinan Yin. All animal experiments were approved by the Ethics Committee of University of Science and Technology

of China (USTCACUC172101054).

Cell culture
Murine colon adenocarcinoma cells MC38 cells, murine bone marrow cells immortalized BMDM (iBMDM) cells and human embry-

onic kidney 293T (HEK293T) cells, human female cervical cancer cells Hela cells were cultured in DMEM with 10% FBS, 1% peni-

cillin-streptomycin, incubated in 5% CO2 incubator at 37 �C. BO4 cells were cultured in RPMI-1640 with 10% FBS, 2 mM

L-glutamine, 1% penicillin-streptomycin, 50 mM 2- mercaptoethanol and 1 mM pyruvate incubated in 5% CO2 incubator at 37 �C.
These cell lines are not listed in the database of commonly misidentified cell lines maintained by the ICLAC (International Cell Line

Authentication Committee), and not authenticated or tested for mycoplasma contamination.

METHOD DETAILS

Immunoprecipitation and western blot analysis
HEK293T cells transfected with indicated plasmids or upper small intestine IECs were harvested and resuspended in 1 ml ice-

cold Pierce IP buffer containing protease inhibitors (Complete Mini EDTA-free PMSF, and phosphatase inhibitor (NaF and

NaVO3)). Cells were lysed on ice for 20 min then centrifuge at 15,000 g for 10 min to harvest the supernatant. Set aside 10

percent of lysate as input. For each IP sample, add 20-40 mL anti-Flag M2 beads to the rest of cell lysate and incubated over-

night. Beads were washed five times with immunoprecipitation buffer and, finally, the bound proteins eluted by boiling in loading

buffer.

Samples were separated on 8%-15% Tris-Bis gels and transferred onto PVDF membranes. Western blot analysis was performed

using antibodies against Flag, HA, GSDMD, ACTIN, MYC, CASPASE-1/3/7 (key resources table).

Isolation of IECs and IELs in the intestine
Small intestines were excised and flushed thoroughly three times with PBS. They were turned inside out and cut into�1 cm sections

then transferred into RPMI with 2 mM EDTA, and shaken for 20 min at 37 �C. Supernatants were collected through a 100-mm cell

strainer to get single-cell suspensions. Cells were collected as the IEC fraction which contains both epithelial cells (�90%) and lym-

phocytes (IEL, �10%). Single-cell suspension was used for further analysis.

Isolation of lamina propria lymphocytes in the intestine
Small intestines were excised and flushed with PBS to flush off the intestinal content. They were turned inside out and cut into

�1 cm sections after removing payer’s paches. These sections then were transferred into RPMI with 2 mM EDTA, and shaken

for 15 min at 37 �C for 3 times. And the supernatants were discarded. Collect tissue sections and washed with RPMI (EDTA

free) for another 5 min. The intestinal sections were transferred into digestion buffer (RPMI with 0.5 mg/ml collagenases II,

0.5 mg/ml Dnase I and 5% FBS) (key resources table) and shaken for 20 min at 37 �C. Stop the digestion by adding EDTA to

the digestion buffer. Supernatants were collected through a 100-mm cell strainer to get single-cell suspensions as lamina propria

lymphocytes (LPL).

ABX Treatment
C57BL/6 wild-type mice were supplied with a mixture of antibiotics (ampicillin 1mg/mL, neomycin 1mg/mL, metronidazole 1mg/mL,

and vancomycin 0.5 mg/mL) (key resources table) in drinking water for 4 weeks. Fresh feces samples were collected for the mea-

surement of fecal bacteria load.

AVC Treatment
Wild-type mice were orally supplied with ribavirin (30mg/kg), lamivudine (10mg/kg) and aciclovir (20 mg/kg) (key resources table) via

i.g once a day for 3 weeks. Fecal virus-like particles were determined subsequently. 0.1g feces was suspended in 2ml sterilized SM

buffer. Subsequently, feces samples were centrifuged at 2500g ,4�C for 10min, and filtered through 0.45mm (Millex-HV) and 0.22mm

filters (Millipore) to remove cell debris and bacteria. Filtrates were filtered on to a 0.02-mm Anodisc polycarbonate filter. Filters with

viral particles were stained with 103 SYBR Green II for 15 min. After that, the filters were washed once and imaged at a340 magni-

fication. Stained particles <0.5 mm in diameter were regarded as VLPs.
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Bile duct ligation
The common bile ducts in pentobarbital-anesthetized wild-type mice were exposed in after midline laparotomy, followed by double

ligation with 6-0 silk sutures. The abdomen was properly closed and the mice were put on a heat pad for recovery. Two weeks later,

the mice were sacrificed and tissues were harvested for further analyses.

AA food
AA food was customized by Medicience (Jiangsu, CN). The AA food ingredient was listed as follows (g/kg): L-Alanine 4.5; L-Arginine,

6.3; L-Aspartic Acid 11.3; L-Cystine 3.7; L-Glutamic Acid 36.2; Glycine 3.1; L-Histidine, 4.5; L-Isoleucine 8.4; L-Leucine 15.3;

L-Lysine-HCl 16.1; L-Methionine 4.5; L-Phenylalanine 8.7; L-Proline 20.4; L-Serine 9.4; L-Threonine 6.6; L-Tryptophan 2.1;

L-Tyrosine 9.2; L-Valine 9.9; Sucrose 100; Cornstarch 399.886; Dyetrose 145; Soybean Oil 70; tBHQ 0.014; Cellulose 50; Salt Mix

35; Sodium Bicarbonate 7.4; Vitamin Mix 10; Choline Bitartrate 2.5. All diets were irradiated and vacuum-packed. The feeding

method of AA food to mouse starts at 3-4 weeks of age and continued for 3-6 weeks. All mice were allowed free access to water.

Bacterium infection
For C. rodentium and L. monocytogenes infection, 6-week-old wild type mice were intragastrically (i.g.) infected with 1 3 1011 or 1 x

1010 CFU$kg�1 bacteria (key resources table). On the 7th day, the mice were sacrificed, and the duodenum IECs were removed for

western blotting.

IP-MS
GST-GSDMD and MBP-GSDMD 1-88aa were expressed in BL21 (key resources table), and purified with Glutathione Beads or

Dextrin Beads; biotinylated OVA peptides (synthesized by Top-Peptide BioCoLtd) were conjugated to Streptavidin beads followed

by double ligation with 6-0 silk sutures. These purified proteins/peptides ligated on beads were then incubated with IEC cell lysates

for 2 hours. 3XFlag-GSDMDwere expressed in HEK293T cells and cell lysates were incubated with anti-Flag beads. Beadswere then

washed and finally boiled in loading buffer.

Samples were separated in 8% or 15% Tris-Glycine gels and stained with Coomassie brilliant blue. Specific bands were cut and

digested with trypsin to perform Mass spectrometry (aptbiotech, Shanghai CN).

Ex vivo GSDMD cleavage by CASP-7
Isolated duodenum IEC lysates from NCD- or AAD- fed mice were mixed with lysates of HEK293T cells transduced with Myc-Flag-

Casp7 and Flag-Gsdmd-HA plasmids, and incubate for 15minutes at 37 �C. Cleavage of CASP-7 andGSDMDwere first pulled down

by Flag-beads and then examined by western blots.

In vitro GSDMD cleavage by recombinant caspases
As described by Jianjin Shi et al.,14 purified recombinant human GSDMD (key resources table) was incubated with human CASP-1, 3

and 7 (key resources table) in a 25ml reaction containing 50mMHEPES (pH 7.5), 3 mMEDTA, 150mMNaCl, 0.005% (vol/vol) Tween-

20 and 10 mM DTT. The reaction was incubated for 60 min at 37 �C. Cleavage of GSDMD was examined by Silver-staining of the

reaction samples separated on the 15% SDS–PAGE gel.

OVA peptides binding assay
Upper small intestine IECs from wild-type mice or HEK293T cells transfected with Caspase-7 plasmids were harvested and resus-

pended in 1 ml IP buffer containing protease inhibitors and incubated on ice for 20 min. Then centrifuge at 15,000 g for 10 min and

collected supernatant. Then supernatants were incubated with indicated biotinylated OVA peptides with different length and

sequence (synthesized by Top-Peptide BioCoLtd) and Streptavidin beads for 6 hours at 4�C, beads were then washed and finally

boiled in loading buffer.

In vitro caspases cleavage assay by OVA peptides
The Biotin-OVA (323-330) peptide, biotin-OVA (323-339) peptide or biotin-ctrl peptide were ligated with streptavidin beads first, and

then incubated with purified recombinant CASP-3/7 for 4 hours at 4�C. Beads were then washed and boiled in loading

buffer. Samples were immunoblotted with anti-CASP-3 or CASP-7 antibody.

Chromatin Immunoprecipitation (ChIP)-qPCR
The DNA preparation from upper small intestine IECs from indicated mice in Figure 3S and T or HEK293T cells transfected with indi-

cated plasmids in Figure 3Q andR, the cross-linking, and immunoprecipitation with indicated antibodies followed themanufacturer’s

protocols of NovoNGS� CUT&Tag 3.0 High-Sensitivity Kit (Novoprotein N259-YH01) or ChIP Assay Kit (Beyotime P2078). The sam-

ples were then subjected to qPCR with indicated primers. Data were normalized to the value of the group HEK293T cells transfected

with empty-vector plasmids, or the value of the group immunoprecipitated with control IgG.
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ChIP-qPCR primers IDENTIFIER

hCIITA-ChIP-Forward1:

CTGTGAGGAACCGACTGGAG

N/A

hCIITA-ChIP-Reverse1:

GGAGCAACCAAGCACCTACT

N/A

mCiita-ChIP-Forward:

GGCTCAAATCTGTCGTCCTCT

N/A

mCiita-ChIP-Reverse:

TTCCAGAGGACCCCTCCCTA

N/A

hCIITA-ChIP-Forward2:

CCCAACAGACTTTCTGTGCAAC

N/A

hCIITA-ChIP-Reverse2:

ACCACACTCCCTTAAGCCCT

N/A

hGAPDH-ChIP-Forward:

TACTAGCGGTTTTACGGGCG

N/A

hGAPDH-ChIP-Reverse:

TCGAACAGGAGGAGCAGAGAGCGA

N/A

mGapdh-ChIP-Forward:

AGAGAGGGAGGAGGGGAAATG

N/A

mGapdh-ChIP-Reverse:

AACAGGGAGGAGCAGAGAGCAC

N/A
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Preparation of purified peanut allergens
The peanut extracts was prepared as described before.59 Briefly, peanuts were ground and the protein was extracted by mixing 25g

ground peanut with 20ml 20mM Tris-HCl buffer (pH 7.2). After this mixture was stirred for 2h at room temperature, the aqueous frac-

tion was collected by centrifugation (3000g for 30 min) and subsequently centrifuged at 10,000 g for 30 min to remove residual traces

of fat and insoluble particles. The extracts contain 30 mg/ml protein was determined by BCA analysis.

Peanut allergy mouse model
The orally administrated peanut allergy model was performed as described before.60 Briefly, 5 weeks old male or female mice were

sensitized 5 times, 1 weeks apart, with 6 mg of peanut (PN) in the presence of 10 mg cholera toxin (CT, Sigma-Aldrich) via intragastric

gavage. Five weeks later, mice are orally administered 20mg of PN twice 30min apart. Rectal temperature was recorded every 5 mi-

nutes for 1 hour right after the 2nd challenge, the serumwas collected after temperature recording for the measurements of mMCP-1.

Themousewas sacrificed the next day and serumwas collected for themeasurements of PN-sIgE and PN-sIgG, the duodenum IECs

was coolected for the measurements of MHCII molecules by FACS. Before each intragastric gavage challenge, mice are deprived of

food for 4 hours and gavaged with 200ml 0.2M sodium bicarbonate (NaHCO3, dissolved in sterilized ddH2O) 30 minutes before aller-

gens gavage.

mMCP-1 was detected using the MCPT-1 mouse uncoated ELISA kit (key resources table) following the manufacturer’s protocol.

For PN-specific ELISAs, plates were coated overnight at 4�Cwith 50mg/mL Peanut extracts in 100mM carbonate-bicarbonate buffer

(pH 9.6). Plates were blocked for 2 hours at room temperature with 3%BSA. Samples were added in 1%BSA (1:10 diluent for IgE and

1:500 diluent for IgG) and incubated overnight at 4�C. Peanut-specific IgE/G were detected using goat anti-mouse IgE-HRP or goat

anti-mouse IgG-HRP (key resources table) and TMB liquid substrate system (key resources table) for ELISA. The plates were read in

an ELISA plate reader at 450 nm.

Delayed type hypersensitivity (DTH) mouse model
6-7 weeks old male or female mice were fed with 20mg of OVA in 200 ml DPBS via intragastric gavage on days 1, 4, and 7. On day 14,

mice were immunized subcutaneous injection with 50 ug OVA in 100 ul PBS-CFA emulsion. Mice were challenged subcutaneously

with 250 ug heat-aggregated OVA in 20 ul of PBS in the left hind footpad and 20 ul PBS in the right footpad as a control 7 days later.

OVA-specific DTH was determined by footpad swelling 24 hr after challenge. Footpad swelling was measured as difference in the

thickness of OVA-challenged and PBS-injected control footpad for each mouse.

Total splenocytes were subsequently isolated, seeded in a 96-well plate, and stimulated in vitro with 1 mg/ml OVA. 4 days later,

supernatants were collected for the measurement of IFNg by ELISA (key resources table).
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Flow cytometry and cell sorting
Single-cell suspensions of IECs, IELs, or LPL were stained with FACS antibodies (key resources table) in FACS buffer (PBS with 2%

BSA and 5 mM EDTA) for 20 min at 4�C for surface staining. For intracellular staining, cells were fixed and stained according to the

instructions of the Invitrogen (Ebioscience) Fix/Perm Kit.

For FACS sorting, cells were prepared and stained as described and sorted on a BD FACSAria flow cytometer. CD45.2+ EpCAM-

cells were sorted as IELs, and CD45.2- EpCAM+ cells were sorted as IECs.

Quantitative PCR with reverse transcription
Total RNA was extracted from IECs, LPLs or FACS sorted cells, using trizol reagent. RNA was purified according to the manufac-

turer’s instructions. Reverse transcription procedure was performed according to the instruction of RT kit (key resources table). After

RT, qPCR was performed using the CFX384 Real-Time System (Bio-Rad).

Data were analyzed using the Sequence Detection Software according to the DCt method. All results were normalized to Hprt or

Gapdh quantified in parallel amplification reactions.
RT-qPCR primers IDENTIFIER

mH2-Ab1-Forward:

CACTCTGGTCTGTTCGGTGAC

N/A

mH2-Ab1-Reverse:

CCTCTCCCTGATGAGGGGTC

N/A

mH2-Eb1-Forward:

GCGGAGAGTTGAGCCTACG

N/A

mH2-Eb1-Reverse:

AGGCCCGTGGACACAATTC

N/A

mH2-DMb1-Forward:

ACCCCACAGGACTTCACATAC

N/A

mH2-DMb1-Reverse:

GGATACAGCACCCCAAATTCA

N/A

mH2-Aa-Forward:

CAACCGTGACTATTCCTTCC

N/A

mH2-Aa-Reverse:

CCACAGTCTCTGTCAGCTC

N/A

mCd74-Forward:

TGGAAGATCTTCGAGAGCTGGATG

N/A

mCd74-Reverse:

TTCCTGGCACTTGGTCAGTA

N/A

mHprt-Forward:

CTGGTGAAAAGGACCTCTCGAAG

N/A

mHprt-Reverse:

CCAGTTTCACTAATGACACAAACG

N/A

mGapdh-Forward:

CATCACTGCCACCCAGAAGACTG

N/A

mGapdh-Reverse:

ATGCCAGTGAGCTTCCCGTTCAG

N/A

mIl10-Forward:

GCTCTTACTGACTGGCATGAG

N/A

mIl10-Reverse:

CGCAGCTCTAGGAGCATGTG

N/A

mCiita-Forward:

CCCTGCGTGTGATGGATGTC

N/A

mCiita-Reverse:

ATCTCAGACTGATCCTGGCAT

N/A
Immunofluorescent and confocal microscopy
HeLa or HEK293T cells transduced with indicated plasmids were grown on cover slips in 24-well plates. After the corresponding

experimental treatment, cells were fixed in 4% paraformaldehyde for 30 min at room temperature then washed with PBS twice. Cells
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weremountedwith VECTASHIELDMountingMedium to visualize the nuclei. Images were obtained using a fluorescencemicroscope

(DP72; Olympus).

Mouse intestinal samples were fixed with 4%paraformaldehyde (PFA) and embedded in paraffin. Immunofluorescent staining was

done in Servicebio (Wuhan, CN) with primary antibodies (key resources table) we provided. For quantification, 5 randomly selected

fields of one biological sample were averaged to obtain a single value and 3 biological replicates were used to compare the

differences.

BMDC culture
Muscles and tissues were debrided from leg bones of 6 weeks old male mice, which were then disinfected in 70% EtOH for 30 sec

and washed 3 times with sterilized PBS. The bone marrows were flushed out with a new 1 mL syringe filled with sterilized PBS. Cells

were detached by pipetting up and down and the single cell suspension was centrifuged at 1,500 rpm for 5 min, then erythrocytes

were eliminated using Red Blood Cell Lysing Buffer and remaining cells were resuspended in RPMI medium supplemented with 10%

FBS and 20 ng/mLGM-CSF (key resources table) at a density of 2 x 105 viable cells per mL with a total volume of 10ml in 10 cm plate.

Plates were placed in a 37 �C incubator with 5%CO2. Refresh the RPMI mediumwith 10% FBS and 20 ng/mL GM-CSF on day 3. On

day 6, 10 mL cell culture was collected and centrifuged at 1,500 rpm for 5 min. The supernatant was discarded and the cells were

resuspended in 10mL RPMI medium supplemented with 10% FBS and 20 ng/mL GM-CSF, and added back to the original plate.

Non-adherent and loosely adherent cells in the culture supernatant can be harvested by gentle flushing with PBS on day 8.

For in vitro stimulation, 5 3 105 BMDC was plated overnight in 12-well plates and the stimulated with LPS (100ng/ml) or IFN-g

(50ng/ml) (key resources table). Then the cells were harvested at indicated time points for FACS analyses.

BMDM culture
Muscles and tissues were debrided from leg bones of 6-week-old male littermate GsdmdWT and GsdmdSICR mice and control

GsdmdKO mice. Then bone marrow cells from all bones were flushed out. After centrifuging for 5 min at 1500 rpm, Erythrocytes

were eliminated using Red Blood Cell Lysing Buffer. The remaining cells were seeded in non-treated 10 cm dishes and incubated

in complete DMEM medium with 50 mg/ml recombinant mouse M-CSF for 4 days (change the medium every 2 days) to form prolif-

erative nonactivated cells.

For pyroptosis induction in Figure S2I, BMDMs were primed by LPS (100 ng/ml) for 4 hours and then treated with nigericin (10 mM)

(key resources table) for 40 minutes. Supernatant proteins were collected for western blotting to detect GSDMD pyroptotic cleavage

and CASP-1 activation. Gray values were measured by Imagej and gray values of pryroptotic forms of GSDMD and CASP-1 were

normalized to their precursors for LPS+nig treated BMDMs.

Antigen presentation assay
To determine whether GSDMD deficiency reduces MHC class II on the cell membrane of IECs or BMDCs, we assayed the presen-

tation of MHC class II-antigen complex by measuring the production of IL-2 by the T cell hybridoma BO4, which specifically recog-

nizes HEL74-88 peptide presented by mouse H2-Ab. We isolated the IECs or BMDCs from Gsdmd+/+,Gsdmd-/- and H2-AbDIEC mice.

1*106 cells were incubated in IEC/DCmedium (DMEMwith 10%FBS, penicillin-streptomycin) with 10 mg/mLHEL peptide or HEL non-

covalently conjugated 3uM beads at 37 �C, 5%CO2 for 3 h. Then IECs or BMDCs were fixed by 0.5% PFA in PBS at 37 �C for 10 min.

The fixed cells were washed with 200 mM glycine in PBS twice and followed with IEC/DC medium twice. Then 1*105 BO4 cells in

200 mL BO4 medium (RPMI-1640 medium supplemented with 10% FBS, 2 mM L-glutamine, penicillin-streptomycin, 50 mM 2- mer-

captoethanol and 1 mM pyruvate) were added and incubated together with the IECs or BMDCs at 37 �C, 5% CO2 for 12-14 hours.

Then the IL-2 levels in the supernatant were measured by ELISA (key resources table).

RNA-Seq and data analysis
RNA-Seq library preparation and sequencing for IEC samples from 6weeks old maleGsdmd+/+ orGsdmd-/-mice were performed by

Berrygenomics company (Beijing, CN) on an Illumina 2500 machine. RNA-Seq fastq files were first processed by fastp to remove

adaptor and low-quality reads, then aligned to the mm10 mouse genome assembly by STAR (v2.5.3a), followed by quantification

with HT-seq (v0.9.0). The resultant gene count data were analyzed with R package. Differentially expressed genes between the

experimental groups were identified by edgeR (v3.29.2), and further filtered for at least 1.5-fold changes. Pathway analysis was per-

formed using Metascape. For analysis of antigen presentation signatures, gene set enrichment analysis (GSEA) was performed by

using the Broad Institute’s GSEA program, using custom gene sets. The set of signature genes were used to generate the heat map.

Single-cell RNA sequencing
Upper small intestinal tissues were collected and washed in cold PBS several times to remove contents. IEC fraction and LPL were

harvested as described above. Mixing LPL and IEC at 1:1 as a cell suspension sample for further single cell library construction. Sin-

gle-cell RNA-seq libraries and sequencing for samples were performed by Berrygenomics company (Beijing, CN) using the Chro-

mium Single Cell 3ʹ Reagent Kits v3 (10x Genomics), according to the manufacturer’s instructions. Briefly, approximately 10̂6 cells

were washed with 0.04% BSA DPBS for three times and were resuscitated to a concentration of 700�1200 cells/ul (viabilityR85%).

Cells were captured in droplets at a targeted cell recovery of cells. After the reverse transcription step, emulsions were broken and
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Barcoded-cDNA was purified with Dynabeads, followed by PCR amplification. Amplified cDNA was then used for 3’gene expression

library construction. For gene expression library construction, 50 ng of amplified cDNA was fragmented and end-repaired, double-

size selected with SPRIselect beads, and sequenced on an NovaSeq platform (Illumia) to generate 150 bp paired-end Reads.

Raw reads were demultiplexed and mapped to the reference genome by 10X Genomics Cell Ranger pipeline v3 using default pa-

rameters. All downstream single-cell analyses were performed using Cell Ranger and Seurat61,62 unless mentioned specifically. In

brief, for each gene and each cell Barcode (filtered by CellRanger), unique molecule identifiers were counted to construct digital

expression matrices. Secondary filtration by Seurat: A gene with expression in more than 3 cells was considered as expressed,

and each cell was required to have at least 200 expressed genes. And filter out some of the foreign cells.

Cellranger count takes FASTQ files performs alignment, filtering, Barcode counting, and UMI counting. It uses the Chromium

cellular Barcodes to generate feature Barcode matrices by cellranger count or cellranger aggr and reruns the dimensionality reduc-

tion, clustering, and gene expression algorithms using cellranger default parameter settings.

Secondary Analysis of Gene Expression we use Seurat. The Seurat packagewas used to normalise data, dimensionality reduction,

clustering,differential expression. we used Seurat alignment method canonical correlation analysis (CCA)63 for integrated analysis of

datasets. For clustering, highly variable genes were selected and the principal components based on those genes used to build a

graph, which was segmented with a resolution of 0.6.

QUANTIFICATION AND STATISTICAL ANALYSIS

The sample size chosen for our animal experiments in this study was estimated based on our prior experience of performing similar

sets of experiments. All animal results were included and no method of randomization was applied. For all the bar graphs, data were

expressed as mean ± s.e.m. Statistical analyses were performed with a standard two-tailed unpaired Student’s t-test or paired Stu-

dent’s t-test using GraphPad Prism 9. For comparisons between body temperature curves, two-way ANOVA tests were used. To

compare two non-parametric data sets, a Mann–Whitney U-test was used. P values < 0.05 were considered significant. The sample

sizes (biological replicates), specific statistical tests used, and the main effects of our statistical analyses for each experiment were

detailed in each figure legend.
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Figure S1. Dietary antigens induce a non-pyroptotic 13-kD GSDMD fragment in the upper small intestine, related to Figure 1

(A) Gsdmd mRNA expression in different mouse tissues from BioGPS.

(B) qPCR analysis of the Gsdmd expression in IECs from indicated intestine sections, the Gsdmd expression in Gsdmd�/� mice was used as control.

(C) Immunoblotting of GSDMD in BMDM cells lysates treated with pyroptotic stimuli.

(D) CASP-1 cleavage in intestine tissue or IECs. Immunoblotting of CASP-1 in whole intestine tissue or IEC.

(E) Efficacy of the ABX. qPCR measurement of bacterial 16s DNA concentrations in fecal samples from antibiotics (ABX)-treated mice or controls.

(F) Efficacy of the AVC. SYBR green staining of viral particles in fecal samples from antiviral cocktail (AVC)-treated mice or controls.

(G) Efficacy of the BDL treatments. Image of enterocoelia showing acute obstructive jaundice from mice received bile duct ligation (BDL) surgery or control

surgery.

(H) Immunoblotting of GSDMD in small intestine from mice infected with enteric bacteria Citrobacter rodentium (C. rod) or Listeria monocytogenes

(L. monocytogenes).

(I) Immunoblotting of GSDMD in isolated IECs of small intestine from indicated mouse strains with deficiency in inflammasome component.

Data in (B) and (E) are mean ± SEM, for comparisons between two groups, Student’s t tests were used **p < 0.01, ****p < 0.0001, (B)–(I) are representative of three

independent experiments.
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Figure S2. Caspase-7 and caspase-3 cleave GSDMD at D88 in duodenum IECs in response to dietary antigens, related to Figure 2

(A) List of candidates’ unique peptide counts, coverages and ranks that are identified by aforementioned IP-MS analysis in Figures 2A, 2B, 2N, 3O, S3H, and S3P.

(B) GSDMD cleavage induced by CASP-3 in HEK293T cells.

(C) The effects of AAD diet on the cleavage of GSDMD and CASP-7, by co-culturing of IEC lysates with HEK293T cell lysates transfected with indicated plasmids.

(D) In vitro incubation of purified recombinant GSDMD with indicated recombinant caspases.

(E) Diagram of the GSDMD truncations.

(F) Labeling of GSDMD truncations in Figure 1A.

(G) Validation of the targeted region of GSDMD antibodies or tag antibodies.

(H) Inflammatory factors IL-1b and IL-18 produced by duodenum explants from indicated mice.

(I) Pyroptosis induction in BMDM. Gray values were measured by ImageJ and the pryroptotic forms of GSDMD and CASP-1 were normalized to their precursors.

(J and K) Death staining in IECs. FACS staining of annexin V and PI for duodenum epithelial cells from GsdmdSICR mutant mice or the littermate WT control mice

(J), or from NCD or AAD-fed mice (K).

(L and M) Mapping of biotin-OVA peptides that bind to CASP-7 in HEK293T cells (L) or induce CASP-7 activation in HEK293T cells (M). The sequences of OVA

peptides were listed in Figure 2Q.

Data in (H–K) are mean ± SEM, for comparisons between two groups, Student’s t tests were used; ns, not significant, (B–M) are representative of three inde-

pendent experiments.

See also Table S1.
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Figure S3. The nuclear-localized GSDMD fragment assists STAT1 to induce CIITA and MHCII in IECs, related to Figure 3

(A) Confocal images of HEK293T cells transfected with indicated florescence-fused GSDMD fragments.

(B) Immuno-fluorescence of GSDMD and cleaved-CASP-7 in duodenum from 3 pairs of NCD or AAD-fed mice, related to Figure 3C.

(C and D) Verification of the specificities of primary antibodies for XXXmmune-fluorescence (IF) assay used in Figures 3C and S3B.

(E) NLS prediction for GSDMD by multiple tools.

(F and G) CoIP of GSDMD-N13 with Importin b (F), or with Importin a (G) in HEK293T cells.

(H) MBP-GSDMD-N13 pull-down assay with IEC lysates, the same experiment shown in Figure 3O.

(I) CoIP of GSDMD-N13 and NUP98/NUP107/NUP155 in HEK293T cells.

(J) Confocal images of florescence-fusedGSDMD-N13 in HEK293T cells transducedwith shRNAs targeting NUP98/NUP107/NUP155 or control shRNA. Each dot

represents a single cell in the quantification.

(K) Gating strategy of MHCII staining in IECs.

(L) MHCII staining of IECs from different intestine segments at different time points of a day, small intestines were divided to 6 equal-length segments and named

as SI1 (next to stomach) -SI6 (next to caecum).

(M) FACS staining of MHCII in MC38 cells transfected with GSDMD-N13 or control plasmids.

(N) Western blot for GSDMD cleavage in duodenum from AAD-fed mice re-administrated with 20 mg/mL OVA or BSA for 1 week (related to Figure 3H).

(O and P) CoIP of GSDMD-N13 and STAT1 (O), or with RFX5 (P) in HEK293T cells.

(Q) Western blot was performed to evaluation the expression levels of the GSDMD truncations in Figure 3Q.

(R) FACS staining of MHCII molecules and qPCR analysis of Ciita in duodenum IECs from GsdmdSICR mutant mice, Stat1�/� mice or their WT control mice.

Data in (J), (M), and (R) are presented as themean ±SEM, for comparisons between two groups, Student’s t tests were used; formore than two groups, analysis of

variance (ANOVA) was used; ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

Data in (A–D), (F–G), and (I–R) were repeated three times.

See also Table S1.
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Figure S4. The nuclear-localized GSDMD fragment regulates MHCII in IECs to induce Tr1 cells, related to Figure 4

(A–C and H) Single-cell RNA sequencing of upper intestine cells from GsdmdSICR mutant mice and littermate WT mice. Gene signatures of different subsets (A).

The gene expression patterns of Epcam (gene encode EpCAM, marker of IEC), Ptprc (gene encode CD45, marker of IEL/LPL), Gsdmd, and Casp-1/3/7 (B). The

gene expression patterns of MHCII molecules (C). The composition of immune cell populations (H).

(D–G) GSDMD in DC did not regulate MHCII expression. Gating strategy for CD103+ DCs (D). FACS staining for MHCII molecule in CD103+ DCs from the small

intestine of Gsdmd+/+ andGsdmd�/� mice (E). FACS staining of MHCII in BMDCs from Gsdmd+/+ and Gsdmd�/� littermates upon treatment of IFN-g (50 ng/mL)

or LPS (100 ng/mL) (F). Western blots of the GSDMD (ab219800) in bone-marrow-derived dendritic cells (BMDCs) from Gsdmd+/+ and Gsdmd�/� mice (G).

Data in (D–G) were repeated three times.
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Figure S5. GSDMD KO or the cleavage-resistant GSDMD variant in IECs disrupts immune tolerance to food, related to Figure 5
(A) Gating strategy for Tr1 cells (CD49b+LAG3+) from duodenum.

(B) FACS staining of Tr1 cells (CD49b+LAG3+) in Il27raDCD4 mice or WT control mice. Plots are gated from laminal propria TCRb+CD4+ cells.

(C) FACS staining of MHCII in duodenum IECs from indicated mice challenged by peanut allergen.

(D) Peanut allergy model. Core body temperature curve, and ELISA measurements of peanut-IgG, peanut-IgE, and mMCP-1 levels in H2-Ab1DDC mice or

littermate WT control mice.

(E) DTH model. Summary of footpad swelling in GsdmdDDC mice and littermate controls.

(F and G) Representative images showing footpad swelling in indicated mouse strains upon induction of delayed type hypersensitivity (DTH) model: GsdmdSICR

mice and WT littermates (F) or Ac-DEVD-CHO-treated mice and controls (G).

(H) Apoptosis induction in iBMDM. Immunoblotting of GSDMD and CASP-3/7 in BMDM cells lysates treated with apoptotic stimuli.

(I) Down-regulated STAT1 target genes in IECs fromGsdmdSICRmice compared with that fromWTmice, analyzed from the aforementioned scRNA-seq dataset.

(J and K) FACS staining of MHCII (J), or qPCR detection of the expression levels of Ciita, H2-Aa, H2-Ab1, and Reg3b (K) in IECs of duodenum or ileum from SPF

mice or germ free (GF) mice.

(L) FACS staining of MHCII in IECs from mice treated with AAD, ABX, or both.

(M) FACS staining of MHCII in IECs from ABX-treated or non-treated GsdmdDIEC mice or littermate control mice.

(N) Gating strategy of Tr1s (GFP+RFP�) and Tregs (GFP+RFP+) in duodenum from dual il10-GFP/foxp3-RFP reporter mice.

(O) FACS staining of Tr1s and Tregs in duodenum from dual il10/foxp3 reporter mice with indicated treatments for 1 week, Il10-gfp+/� Foxp3-RFP�/� mice were

used as negative control for Foxp3-RFP signal.

(P) Peanut allergy model in GsdmdDIEC mice and littermate control mice with ABX treatment.

(Q) The expression of co-stimulatory (CD80, CD86, and CD40) and co-inhibitory (CD274, also known as PD-L1)molecules in IEC subsets from the aforementioned

scRNA-seq data.

Data in (C–E), (J–M), and (O–P) are presented as the mean ± SEM, for comparisons between two groups, Student’s t tests were used; for more than two groups,

analysis of variance (ANOVA) was used; ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

Data in (A–H) and (J–P) are repeated at least three times.
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