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ILC3s select microbiota-specific regulatory 
T cells to establish tolerance in the gut

Mengze Lyu1,2,3,12, Hiroaki Suzuki1,2,3,11,12, Lan Kang1,2,3, Fabrina Gaspal4, Wenqing Zhou1,2,3, 
Jeremy Goc1,2,3, Lei Zhou1,2,3, Jordan Zhou1,2,3, Wen Zhang1,2,3, JRI Live Cell Bank*, Zeli Shen5, 
James G. Fox5, Robbyn E. Sockolow6, Terri M. Laufer7,8, Yong Fan9, Gerard Eberl10, 
David R. Withers4 & Gregory F. Sonnenberg1,2,3 ✉

Microbial colonization of the mammalian intestine elicits inflammatory or 
tolerogenic T cell responses, but the mechanisms controlling these distinct outcomes 
remain poorly understood, and accumulating evidence indicates that aberrant 
immunity to intestinal microbiota is causally associated with infectious, inflammatory 
and malignant diseases1–8. Here we define a critical pathway controlling the fate of 
inflammatory versus tolerogenic T cells that respond to the microbiota and express 
the transcription factor RORγt. We profiled all RORγt+ immune cells at single-cell 
resolution from the intestine-draining lymph nodes of mice and reveal a dominant 
presence of T regulatory (Treg) cells and lymphoid tissue inducer-like group 3 innate 
lymphoid cells (ILC3s), which co-localize at interfollicular regions. These ILC3s are 
distinct from extrathymic AIRE-expressing cells, abundantly express major 
histocompatibility complex class II, and are necessary and sufficient to promote 
microbiota-specific RORγt+ Treg cells and prevent their expansion as inflammatory  
T helper 17 cells. This occurs through ILC3-mediated antigen presentation, αV  
integrin and competition for interleukin-2. Finally, single-cell analyses suggest that 
interactions between ILC3s and RORγt+ Treg cells are impaired in inflammatory bowel 
disease. Our results define a paradigm whereby ILC3s select for antigen-specific 
RORγt+ Treg cells, and against T helper 17 cells, to establish immune tolerance to the 
microbiota and intestinal health.

The mammalian gastrointestinal tract is continuously colonized with 
microbiota, opportunistic microorganisms or pathogens, which induce 
robust responses that are often dominated by immune cells expressing 
the lineage-specifying transcription factor RORγt1–17. Depending on 
the adopted fate, these RORγt+ cells orchestrate immunity, inflam-
mation or tolerance in the intestine9–17, and substantial alterations 
in the numbers or function of RORγt+ immune cells occur in multiple 
chronic human diseases, including inflammatory bowel disease (IBD), 
human immunodeficiency virus infection and cancer1–18. Despite these 
advances, the full spectrum of cellular heterogeneity among RORγt+ 
immune cells, the potential for functional interactions among subsets, 
and the pathways that are necessary to establish immune tolerance in 
the context of a complex microbiota remain poorly defined.

Defining all RORγt+ cells in the mLN
RORγt+ cell types include T helper 17 (TH17) cells, Treg cells, γδ T cells 
and ILC3s, as well as a few other potential cell types that were only 

recently characterized17,19,20. To uncover the full spectrum of cellular 
heterogeneity and look for pathways impacting tolerance or inflam-
mation in response to microorganisms, we performed single-cell RNA 
sequencing (scRNA-seq) on all RORγt+ cells from the intestine-draining 
mesenteric lymph nodes (mLN) of healthy RORγt–eGFP reporter mice 
(Extended Data Fig. 1a). T cells are dominant in this tissue, and we there-
fore sequenced an equal ratio of T cells (GFP+TCRβ+) to non-T cells 
(GFP+TCRβ−) to increase the resolution of rare RORγt+ cell types. This 
revealed 14 distinctive clusters, each annotated on the basis of select 
marker genes and visualized by uniform manifold approximation and 
projection (UMAP; Fig. 1a). Two clusters were excluded from future 
analyses, including cluster 8, which was identified as a doublet popu-
lation (Extended Data Fig. 1b), and cluster 7, which was identified as 
B cells but could not be verified by RORγt reporter or fate-mapping 
approaches (Extended Data Fig. 1c,d), probably representing a con-
taminant. The remaining clusters exhibited expression of RORγt and 
could be divided into T cells versus non-T cells on the basis of expres-
sion of Cd3e (Extended Data Fig. 1e,f). T cell subsets were dominated 
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by RORγt+ Treg cells defined by expression of Trac, Cd4 and Foxp3 in 
clusters 0, 5 and 13, followed by TH17 cells expressing Trac, Cd4 and Il17a 
in cluster 1, and γδ T cells expressing Trdc in clusters 4 and 9 (Fig. 1b 
and Extended Data Fig. 1g). Among the non-T cells, nearly all clusters 
were ILC3s, or ILC3-like cells, on the basis of expression of Id2 and Il7r, 
including a dominant population of lymphoid tissue inducer (LTi)-like 
ILC3s that express Ccr6 and Cd4 in cluster 2, T-bet+ ILC3s that express 
Ncr1 in clusters 3 and 12, and a minor population of group 2 innate lym-
phoid cell (ILC2)-like cells that express high levels of Gata3 and Il17rb in 
cluster 10 (Fig. 1c). Subsets of conventional type 2 dendritic cells were 
suggested to express RORγt in the spleen20, but in a recent report we 
were unable to identify this population in the intestine21. Further, we 
could not identify this population in our single-cell analyses of the mLN 
and found minimal RORγt in conventional type 2 dendritic cells in this 
tissue as determined by flow cytometry on reporter or fate-mapping 
mice (Extended Data Fig. 1c,d,h–k). Instead, the remaining two non-T 
cell clusters (cluster 6 and 11) were defined by expression of Aire (Fig. 1c), 
most closely resembling extrathymic AIRE-expressing cells (eTACs) that 
several groups demonstrated are RORγt+, are enriched in lymph nodes 
during early-life developmental windows, and share transcriptional 
similarities with ILC3s, dendritic cells and thymic epithelial cells19,22.

Given this heterogeneity among innate RORγt+ immune cells, we next 
sought to understand the phenotype and functions of ILC3s versus 
RORγt+ eTACs. Differential analysis of LTi-like ILC3s (cluster 2) and the 
dominant RORγt+ eTACs (cluster 6) revealed distinct gene signatures 
(Fig. 1d). Further validation revealed that LTi-like ILC3s are defined 
by high expression levels of CD127, CD25, CD122, LY6A (also known 
as SCA1) and CXCR6, whereas RORγt+ eTACs are defined by high expres-
sion levels of SIGLECG, DPP4 and the integrin α4β7 (Fig. 1e and Extended 
Data Fig. 2a–c). Notably, LTi-like ILC3s express significantly higher levels 
of RORγt than eTACs (Fig. 1d,e and Extended Data Fig. 2c). We developed 
a gating strategy to isolate these cell types and confirmed that expres-
sion of Aire is exclusive to RORγt+ eTACs and not observed in ILC3s 
(Fig. 1f and Extended Data Fig. 3a). These gating strategies do not rely 
on AIRE and therefore include eTAC subsets that express low levels of 
this transcription factor. Notably, RORγt+ eTACs did not exhibit expres-
sion of previously defined AIRE-dependent tissue-specific antigens, but 
rather expressed several genes associated with a transient-amplifying 
AIRE+ thymic epithelial cell23,24 (Supplementary Table 1). A previous 
study inferred that ILC3s have the potential to convert into RORγt+ 
eTACs in vitro following RANK–RANKL stimulation19, raising funda-
mental questions about the in vivo distinction of these two cell types. 
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Fig. 1 | Single-cell-resolution profiles of RORγt+ adaptive and innate 
lymphocytes in the mLN. a, UMAP of scRNA-seq data from RORγt+ cells in mLN 
from healthy RORγt–eGFP reporter mice. TCRβ+GFP+ and TCRβ−GFP+ cells 
pooled from 3 mice and 12,948 cells were sequenced. b,c, Dot plots showing  
the mean expression (colour) of the indicated genes in clusters grouped by 
adaptive lymphocytes (b) and innate lymphocytes (c). The dot size represents 
the proportion of cells in a cluster with the gene detected. d, A volcano plot of 
differentially expressed genes between cluster 2 and cluster 6 of the scRNA-seq 
dataset. FC, fold change. e, Histograms showing the expression levels of the 
indicated proteins in LTi-like ILC3s (black lines) and RORγt+ eTACs (red 

shaded lines) from the mLN of RORγt–eGFP reporter mice. Max., maximum.  
f, Quantitative PCR analysis of Aire expression in sort-purified LTi-like ILC3s 
and RORγt+ eTACs from mLN, relative to Hprt (n = 3). g,h, Frequencies of 
‘fate-mapped’ LTi-like ILC3s and RORγt+ eTACs in the mLN of CD127-Cre (n = 3), 
CD11c-Cre (n = 3), CLEC9A-Cre (n = 4) (g) and AIRE-Cre fate-mapping mice  
(n = 4) (h). ND, not detected. The data in f–h are representative of two or three 
independent experiments, shown as means ± s.e.m.; the statistics shown in  
f–h were obtained by unpaired Student’s t-test (two-tailed). The statistics in  
d and Supplementary Table 1 were obtained by the Wilcoxon test as 
implemented by Seurat; red dots are significantly different.
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We determined that most RORγt+ eTACs fate-mapped positive for 
CD127-Cre, despite lacking CD127 staining, and exhibited limited 
fate-mapping for CD11c-Cre or CLEC9A-Cre, which is comparable to 
LTi-like ILC3s (Fig. 1g and Extended Data Fig. 3a,b). In addition, RORγt+ 
eTACs fate-mapped positive for AIRE-Cre, as do a minor proportion of 
LTi-like ILC3s in the mLN (Fig. 1h and Extended Data Fig. 3b), suggesting 
the potential of interconversion among these cell types. Collectively, 
these data define the full spectrum of innate and adaptive immune cells 
that express the lineage-specifying transcription factor RORγt in the 
mLN of healthy mice, revealing a dominance of RORγt+ Treg cells and 
LTi-like ILC3s, as well as determining phenotypic distinctions between 
RORγt+ eTACs and LTi-like ILC3s.

RORγt+ Treg cells require MHCII+ ILC3s
We next sought to look for functional interactions between innate and 
adaptive RORγt+ cells in mLN by examining their spatial proximity in 
the interfollicular zone, an area we previously found to contain most 
ILC3s and other RORγt+ T cells25,26. Indeed, ILC3s were rare in B cell 
follicles and T cell zones, but robustly present in interfollicular zones, 
which contrasts with more diffuse localization patterns of CD11c+ cells 
(Extended Data Fig. 4). Markedly, we observed that CD3−RORγt+CD127+ 
ILC3s were adjacent to CD3+RORγt+FOXP3+ Treg cells in the interfollicular 
zones, where a substantial portion of total RORγt+ Treg cells were asso-
ciated with ILC3s (Fig. 2a and Extended Data Fig. 4). CD103+ dendritic 
cells have the potential to induce the differentiation of RORγt+ Treg cells 
from naive T cells27–30; however, both CD103+ and CD103− dendritic cells 
are redundant in promoting peripheral Treg differentiation31, indicating 
that other cell types regulate this process. Our previous work demon-
strated that LTi-like ILC3s limit microbiota-specific TH17 cells through 
major histocompatibility complex class II (MHCII) and a process termed 
intestinal selection26,32. Therefore, we next interrogated whether 
LTi-like ILC3s impact RORγt+ Treg cells through MHCII and observed 
that LTi-like ILC3s abundantly express MHCII protein and transcripts 
in the mLN of healthy mice (Fig. 2b and Extended Data Fig. 5a). Further, 
MHCII∆ILC3 mice that were generated by crossing H2-Ab1fl/fl mice with 
Rorccre mice32 exhibited a highly selective deletion of MHCII in ILC3s 
relative to other immune cells in the draining mLN and large intestine 
(Fig. 2c and Extended Data Fig. 3c). In mice lacking ILC3-specific MHCII, 
we identified a marked and significant reduction in the frequency of 
RORγt+ Treg cells in both mLN and large intestine relative to littermate 
control mice (Fig. 2d–h). We previously reported that MHCII∆ILC3 mice 
exhibit spontaneous intestinal inflammation32, and consistent with this, 
we observe significantly increased total cell numbers of CD4+ T cells 
and TH17 cells within the large intestine, with a significant decrease in 
numbers of RORγt+ Treg cells (Extended Data Fig. 5b–e). These results 
were specific to MHCII+ LTi-like ILC3s, as deletion of MHCII by targeting 
T cells with CD4-Cre or ILC2s with interleukin-5 (IL-5)-Cre, and deletion 
of RORγt by targeting T-bet+ ILC3s with Ncr1-Cre, did not affect the 
frequency of RORγt+ Treg cells or other CD4+ T cell subsets in the large 
intestine (Extended Data Fig. 5f–k). RORγt+ eTACs also express MHCII  
as previously shown19, but Rorccre only modestly targeted deletion of 
MHCII on RORγt+ eTACs, and this is probably due to their significantly 
lower level of expression of RORγt relative to ILC3s (Figs. 1d,e and 2c 
and Extended Data Fig. 5a). Further, targeting of RORγt+ eTACs indicates 
a redundant role for this population in modulating RORγt+ Treg cells as 
comparable frequencies were present in RorccreAire fl/fl mice, AirecreRorc fl/fl  
mice and AirecreH2-Ab1fl/fl mice relative to littermate controls (Fig. 2i–k 
and Extended Data Fig. 5l–o). LTi-like ILC3s were also comparable in 
AirecreRorcfl/fl mice relative to littermates (Extended Data Fig. 5n), indi-
cating that RORγt+ eTACs are redundant to maintain this population in 
homeostasis. RORγt+ Treg cells were present at comparable frequencies 
in Clec9acreH2-Ab1fl/fl mice relative to littermate controls, indicating a 
redundancy of conventional dendritic cells (Fig. 2l and Extended Data 
Fig. 5p). Finally, an ex vivo co-culture system revealed that RORγt+ Treg 

cells increased in frequency and cell number when in the presence of 
LTi-like ILC3s, as well as exhibiting a reduced BIM level, increased NUR77 
staining and minor changes in cell death at this time point (Extended 
Data Fig. 6a–e), indicating that LTi-like ILC3s are sufficient to support 
RORγt+ Treg cells.

ILC3s select microbiota-specific Treg cells
RORγt+ T cells develop in response to antigens derived from micro-
biota that colonize the mammalian intestine. For example, it has been 
demonstrated that segmented filamentous bacteria (SFB) promote 
antigen-specific TH17 cells33, and Helicobacter hepaticus promote 
antigen-specific RORγt+ Treg cells34 in the intestine of wild-type mice. 
Therefore, we next examined whether MHCII+ ILC3s regulate both TH17 
cells and RORγt+ Treg cells that recognize distinct microbiota-derived 
antigens in the intestine. To accomplish this, we transferred congeni-
cally marked naive T cells from SFB-specific TCR transgenic mice and 
H. hepaticus-specific TCR transgenic mice into recipients that were 
colonized with both microorganisms (Extended Data Fig. 7a). Two 
weeks post transfer, we analysed the donor T cell populations and 
observed comparable upregulation of CD44 in recipient littermate 
controls and MHCIIΔILC3 mice (Extended Data Fig. 7b,c). This indicates 
that ILC3s are not required to prime antigen-specific T cells and is con-
sistent with the absence of ILC3s from T cell zones of lymph nodes26 
(Extended Data Fig. 4). SFB-specific T cells differentiated into TH17 
cells in littermate control mice, and a significantly expanded TH17 
cell population was observed in mice lacking ILC3-specific MHCII 
(Fig. 3a,b). The impairment of RORγt+ Treg cells is insufficient to drive 
expansion of effector TH17 cells, such as the SFB-specific T cell popu-
lations, as comparable intestinal TH17 cells were observed in Foxp3cre-

Rorcfl/fl mice (Extended Data Fig. 7d). By contrast, we observed that 
intestinal H. hepaticus-specific T cells failed to express FOXP3 in mice 
lacking ILC3-specific MHCII, and rather adopted a RORγt+ TH17 cell 
phenotype relative to those transferred to littermate controls (Fig. 3c,d 
and Extended Data Fig. 3d). In the absence of ILC3-specific MHCII, 
the H. hepaticus-specific T cells upregulated T-bet and co-produced 
significantly more interferon-γ (IFNγ) and IL-17A (Fig. 3e–h). Impor-
tantly, we observed a significant impairment in the differentiation 
of H. hepaticus-specific RORγt+ Treg cells when ILC3s were targeted in 
Il22creH2-Ab1fl/fl mice, and in this context, there was a partial but selective 
deletion of MHCII on ILC3s in the mLN and no targeting of MHCII+ eTACs 
(Extended Data Fig. 7e–g). These data demonstrate that ILC3-specific 
MHCII is necessary to limit the expansion of microbiota-specific TH17 
cells as we previously described26,32, while simultaneously enforcing 
microbiota-specific RORγt+ Treg populations and preventing their ability 
to expand as pro-inflammatory TH17 cells.

We also interrogated whether MHCII+ ILC3s are sufficient to promote 
microbiota-specific RORγt+ Treg cells by using mice in which MHCII 
expression is restricted to ILC3s26. Revisiting H2-Ab1-Stop fl/fl mice 
(MHCIIneg) and those crossed to Rorccre mice (MHCIIILC3+) revealed robust 
expression of MHCII restricted to ILC3s, but not on conventional den-
dritic cells in the mLN and large intestine, as well as a lack of MHCII on 
RORγt+ eTACs in the mLN that is probably due to the limited expression 
of Rorc (Fig. 3i,j and Extended Data Fig. 7h). We next transferred con-
genically marked naive T cells from H. hepaticus-specific TCR transgenic 
mice into recipients that were colonized with H. hepaticus as above. 
Two weeks post transfer, we analysed the donor T cell populations and 
observed comparable upregulation of CD44 and downregulation of 
CD62L in recipient MHCIIneg and MHCIIILC3+ mice (Extended Data Fig. 7i). 
This suggests that even with the lack of MHCII in this MHCIIneg mouse 
model, some endogenous priming of naive H. hepaticus-specific T cells 
remains. However, when analysing the fate of these T cells, it was clear 
that MHCII expression on ILC3s is sufficient for H. hepaticus-specific 
T cells to efficiently adopt a RORγt+ Treg fate in both the mLN and large 
intestine (Fig. 3k,l). These results collectively demonstrate that MHCII+ 
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ILC3s are necessary and sufficient to critically select for the fates of 
RORγt+ T cells by simultaneously promoting Treg cells and limiting TH17 
cells of distinct antigen specificities.

ILC3s support RORγt+ Treg cells through ITGAV
We next mechanistically examined how MHCII+ ILC3s promote RORγt+ 
Treg cells. Analyses of the remaining RORγt+ Treg population in MHCIIΔILC3 
mice revealed a significant increase in the BIM level but comparable 
levels of Ki-67 (Extended Data Fig. 7j,k), suggesting that there are altera-
tions in cell survival but not proliferation. Defined receptor–ligand 
analyses in our scRNA-seq data demonstrated that MHCII+ LTi-like ILC3s 
may interact with RORγt+ Treg cells through cytokine–cytokine recep-
tors or processing of transforming growth factor-β (TGFβ) mediated 
by the integrin αV (ITGAV; Fig. 4a). Subsets of ILC3s produce IL-2 to 
support Treg homeostasis in the small intestine35, but ablation of IL-2 in 
all RORγt+ cells did not impact the presence of RORγt+ Treg cells in the 
large intestine (Extended Data Fig. 7l). We also previously demonstrated 

that ILC3-mediated sequestration of IL-2 mechanistically contributed 
to their ability to limit effector T cell responses26, and analyses of IL-2 
binding and CD25 levels revealed that RORγt+ Treg cells were signifi-
cantly more efficient at competing for this survival cytokine compared 
with naive or effector T cell populations (Extended Data Fig. 7m). This 
indicates a contribution of IL-2 competition among innate and adaptive 
RORγt+ cell types. We next explored integrins that mediate process-
ing of TGFβ, as previous reports identified a critical role for dendritic 
cell-mediated processing of TGFβ by the integrin αVβ8 in the support 
of Treg cells36–38 and that loss of TGFβR on Treg cells results in upregula-
tion of BIM39. We explored which β-integrins pair with ITGAV on ILC3s 
and found moderate levels of Itgb1, Itgb3 and Itgb5 expression on ILC3s 
in the mLN and large intestine, but a lack of Itgb6 and Itgb8 (Fig. 4a,b). 
Using our ex vivo co-culture system, we found that blockade of ITGAV 
or Itgb3 significantly abrogated ILC3-mediated support of RORγt+ Treg 
cells and suppression of TH17 cells (Fig. 4c). This indicates that ILC3s 
interact with RORγt+ Treg cells in part through αVβ3 integrin, which has 
previously been linked to processing of latent TGFβ and several other 
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Fig. 2 | LTi-like ILC3s select for microbiota-specific RORγt+ Treg cells through 
MHCII. a, Left (images), tile-scanned (left) and magnified (column 2) images of 
mLN, and serial sections (columns 3–5) showing the same interfollicular area  
as in the left image stained for ILC3s (CD3−IL-7Rα+RORγt+) and RORγt+ Treg cells 
(CD3+IL-7Rα−FOXP3+RORγt+); the white asterisk indicates the association 
between ILC3s and RORγt+ Treg cells. Scale bars, 50 μm (left), 10 μm (column 2) 
and 2 μm (columns 3–5). Right, quantification of the percentage of  
RORγt+ Treg cells in association with ILC3s in the interfollicular zone (n = 3).  
b, Representative plots of the frequency of MHCII on LTi-like ILC3s in mLN.  
c, Quantification of MHCII expression on major MHCII-expressing cells from 
mLN and large intestine-lamina propria (LI-LP) of H2-Ab1fl/fl (n = 5 for B cells 
(B), monocytes (Mo), macrophages (Mf), dendritic cells (DC), conventional 

type I and 2 dendritic cells (cDC1 and cDC2) and neutrophils (Neu); n = 4 for 
ILC2, ILC3 and eTACs) and MHCIIΔILC3 mice (n = 4). d–g, Representative flow 
cytometry plots of the frequency (percentage of CD4+ T cells) (d,f) and 
quantification (e,g) of RORγt+ Treg cells in mLN (d,e) and LI-LP (f,g) of H2-Ab1fl/fl 
and MHCIIΔILC3 mice (n = 9). h–l, Quantification of RORγt+ Treg cells (percentage 
of Treg cells) in mLN of MHCIIΔILC3 mice (n = 5) (h), AirecreH2-Ab1fl/fl mice (n = 4) (i), 
RorccreAire fl/fl mice (n = 5) ( j), AirecreRorcfl/fl mice (n = 5) (k) and Clec9acreH2-Ab1fl/fl 
mice (n = 4) (l) relative to littermate control mice. The data in d–g are pooled 
from two independent experiments. The data in h–l are representative of two 
independent experiments. The data are shown as mean ± s.e.m.; the statistics 
shown in c were obtained by multiple unpaired t-test (two-tailed); the statistics 
shown in e,g,h–l were obtained by unpaired Student’s t-test (two-tailed).
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extracellular ligands40. Consistent with this, our observations show 
that ILC3s in the mLN and intestine stained highly for ITGAV, and that 
this could be successfully deleted by crossing Itgav fl/fl mice with Rorccre 
mice, whereas ITGAV remained intact on RORγt+ eTACs in these mice, 
probably owing to the limited level of expression of Rorc (Fig. 4d and 
Extended Data Fig. 8a). Consistent with the role we identified for MHCII+ 
ILC3s, our observations showed a significant reduction in the frequency 
of RORγt+ Treg cells and a significant increase in the frequency of TH17 
cells in both the mLN and large intestine of RorccreItgav fl/fl mice relative 
to littermate control mice (Fig. 4e). Further, comparable frequencies 
of RORγt+ Treg cells were present in mLN of Cd4creItgav fl/fl mice relative 
to littermate control mice, suggesting that ITGAV on ILC3s, but not on 
CD4+ T cells, was involved in promoting RORγt+ Treg cells (Extended Data 
Fig. 8b–e). In addition, H. hepaticus-specific T cells failed to robustly 
differentiate into RORγt+ Treg cells, and rather expanded as TH17 cells 
in both the mLN and large intestine of RorccreItgav fl/fl mice relative to 
littermate controls (Fig. 4f and Extended Data Fig. 8f). Taken together, 
these data indicate that MHCII+ ILC3s select for antigen-specific RORγt+ 
Treg cells, and that this occurs in part by ILC3 expression of αVβ3 integrin, 

which can process latent TGFβ and interact with other extracellular 
ligands that could be important in this process.

Altered ILC3–Treg interactions in IBD
IBD is a human disease characterized by chronic inflammation of the 
gastrointestinal tract with a substantial alteration in the numbers or 
functionality of ILC3s4,35,41–43 and RORγt+ T lymphocytes44–49. However, 
a comprehensive understanding of the interactions between ILC3s 
and RORγt+ T cells in human health and IBD is lacking. This prompted 
us to perform scRNA-seq on the innate lymphoid cell and T cell com-
partments from the inflamed intestine versus adjacent non-inflamed 
intestine in human IBD (Extended Data Fig. 9a). Seventeen clusters 
were identified and visualized by UMAP (Fig. 5a). We separated the 
clusters of immune cells into T cells versus non-T cells as determined 
by expression of CD3E (Extended Data Fig. 10a). Among non-T cells, 
cluster 4 was identified as ILC3s by expression of ID2, KIT and RORC 
(Fig. 5b), and representation of these cell types was reduced in the 
inflamed tissue relative to adjacent non-inflamed tissue (Extended 
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Fig. 3 | MHCII+ ILC3s are sufficient for selection of microbiota-specific 
RORγt+ Treg cells. a–d, Flow cytometry plots (a,c) and frequencies (b,d) of 
RORγt+ Treg cells (RORγt+FOXP3+) and TH17 cells (RORγt+FOXP3−) in Peyer’s 
patch for SFB-specific (CD45.1−CD90.1+CD4+ T cells; a,b) and in LI-LP for 
H. hepaticus-specific (CD45.1+CD90.1−CD4+ T cells; c,d) from H2-Ab1fl/fl and 
MHCII∆ILC3 mice (n = 4). e,f, Representative flow cytometry plots of the 
frequency (T-bet+ among H. hepaticus-specific RORγt+FOXP3− TH17 cells)  
(e) and quantification (f) of T-bet+ H. hepaticus-specific TH17 in LI-LP of H2-Ab1fl/fl  
and MHCII∆ILC3 mice as shown in c (n = 4). g,h, Representative flow cytometry 
plots of the frequency (IL-17A+ and/or IFNγ+ cells among H. hepaticus-specific 
RORγt+FOXP3− TH17 cells) (g) and quantification (h) of IFNγ+ and IFNγ+IL-17A+ 
cells among H. hepaticus-specific TH17 in LI-LP of H2-Ab1fl/fl and MHCII∆ILC3 mice 

as shown in c (n = 4). i,j, Representative flow cytometry plots of the frequency 
(i) and quantification ( j) of MHCII expression on ILC3s, dendritic cells and 
eTACs (gated as CD127−CD90−) in mLN and LI-LP of MHCIIneg and MHCIIILC3+  
mice (n = 6 or 9). ND, not detected. k,l, Representative flow cytometry plots  
of the frequency (left and middle) and quantification (right) of RORγt+ Treg  
cells (RORγt+FOXP3+ among H. hepaticus-specific CD4+ T cells) analysed for 
transgenic T cells in mLN (k) and LI-LP (l) of MHCIIneg and MHCIIILC3+ mice (n = 6). 
The data in a–h are representative of two independent experiments. The data 
in i–l are pooled from two or three independent experiments. The data are 
shown as mean ± s.e.m.; the statistics were obtained by unpaired Student’s 
t-test (two-tailed).
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Data Fig. 10b). This decrease of ILC3s in the inflamed human intestine 
was associated with a significant decrease in the expression levels of 
genes associated with ILC3 identity including RORC, RORA, KIT, IL1R1, 
CCR6 and IL22 and those involved in antigen processing and presenta-
tion including CD74, HLA-DRA, CD83, CD81, CTSH and IRF4 (Fig. 5c). 
Further, this impairment of ILC3s during intestinal inflammation was 
independently validated with colonic biopsies from a cohort of pae-
diatric patients with Crohn’s disease relative to age-matched controls 
(Fig. 5d and Extended Data Fig. 9b). Among the T cells, clusters 6 and 
8 were identified as Treg cells by expression of CD4 and FOXP3 (Fig. 5e). 
A direct comparison of differentially expressed genes revealed that 
cluster 6 represents RORγt+ Treg cells as they exhibited higher levels of 
expression of RORA, RORC, CCR6 and CXCR6, whereas cluster 8 exhibits 
features of thymic-derived Treg cells with a higher level of expression 
of HELIOS (encoded by IKZF2); Fig. 5f and Supplementary Table 2). 
Representation of RORγt+ Treg cells (cluster 6) was also reduced in the 
inflamed human intestine relative to matched non-inflamed tissue, and 
this was associated with a significant decrease in the expression levels of 

genes associated with RORγt+ Treg identity, function and TCR signalling 
(Fig. 5g,h). Several of these changes in abundance or transcriptional 
signatures among ILC3s and Treg cells were found in another published 
dataset from human IBD samples44 (Extended Data Fig. 10c–e). Further, 
a significant reduction in the frequency of RORγt+ Treg cells was inde-
pendently validated in colonic biopsies from a cohort of paediatric 
patients with Crohn’s disease relative to age-matched controls (Fig. 5i, 
Extended Data Fig. 9b and Supplementary Table 3). Finally, there was 
a modest but significant positive correlation between the frequency 
of ILC3s and the frequency of RORγt+ Treg cells in all analysed intestinal 
biopsies (Fig. 5j and Extended Data Fig. 10f). Comparable results were 
validated in a second independent cohort of paediatric patients with 
Crohn’s disease (Extended Data Fig. 10g–i). These correlative data sug-
gest that ILC3s promote RORγt+ Treg cells to support intestinal health in 
humans, and these cellular interactions become altered in IBD.

Our collective datasets indicate that LTi-like ILC3s critically select 
for RORγt+ Treg cells and against TH17 cells to orchestrate immunologic 
tolerance to microbiota and maintain intestinal homeostasis (Extended 

P = 0.9998

P < 0.0001

P = 0.0095

P < 0.0001

P = 0.0058

a

e f

1% 2%

3% 2%

35%58%

5% 22%

mLN

LI-LP

b

d

mLN

LI-LP 94%

3%

39%

53%

30%

3%

5%

9%

Treg

IL
C

3

Tg
fb

r1

Tg
fb

1

Il6
ra

Il2
ra

Il2
3r

C
d

3e

5

10

15

20

25

Sum

H2-Aa

H2-Ab1

Il2

Il23a

Il6

Itgav

0

80

60

20

40

0

3

1

2

P = 0.0122

80

60

20

40

100

0

0

80

60

20

40

R
el

at
iv

e 
ex

p
re

ss
io

n

0

6

4

2

Itgb1 Itgb3 Itgb5 Itgb6 Itgb8

ND ND

LI-LP ILC3s

mLN ILC3s

RORγt+ T
LTi-like ILC3s

Anti-ITGAV

Anti-ITGB1
Anti-ITGB3

Anti-ITGAVB6

+ + + + + +

– + + + + +
– – + – – –
– – – + – –
– – – +– –

– – +– –

0

60

20

40

0

75

25

50

100
P < 0.0001

c

–

100

50

25

0

75

100

50

25

0

75

mLN LI -LP

100

50

25

0

75

mLN

P < 0.0001 P < 0.0001
P < 0.0001

P = 0.0024
P = 0.9902

P = 0.3923 P < 0.0001

P = 0.0135

P < 0.0001

P < 0.0001

P = 0.0329

P = 0.0246

R
O

R
γt

+
 T

re
g 

ce
lls

 (%
)

T H
17

 c
el

ls
 (%

)

+ + + + + +

– + + + + +
– – + – – –
– – – + – –
– – – +– –

– – +– ––

IT
G

A
V

+
 (%

 o
f L

Ti
-l

ik
e 

IL
C

3s
)

IT
G

A
V

+
 (%

 o
f e

TA
C

s)

IT
G

A
V

+
 (%

 o
f I

LC
3s

)

Itg
av

fl/
fl

Ror
c
cr

e Itg
av

fl/
fl

Itg
av

fl/
fl

Ror
c
cr

e Itg
av

fl/
fl

Itg
av

fl/
fl

Ror
c
cr

e Itg
av

fl/
fl

FO
X

P
3–

FI
TC 104

103

105

104103 105–103

RORγt–PE
104103 105–103

RORγt–PE

FO
X

P
3–

FI
TC

104

103

0

0

0 00 0

0

0

105

Itgavfl/fl RorccreItgavfl/fl

P
er

ce
nt

ag
e 

of
 C

D
4+

 T
 c

el
ls

P
er

ce
nt

ag
e 

of
 C

D
4+

 T
 c

el
ls

RORγt+

Treg cells
TH17
cells

FO
X

P
3–

FI
TC 104

103

105

FO
X

P
3–

FI
TC 104

103

105

104103 105–103

RORγt–PE
104103 105–103

RORγt–PE
RORγt+

Treg cells
TH17
cells

P
er

ce
nt

ag
e 

of
 C

D
4+

 T
 c

el
ls

P
er

ce
nt

ag
e 

of
 C

D
4+

 T
 c

el
ls

Itgavfl/fl RorccreItgavfl/fl

Itgavfl/fl

RorccreItgavfl/fl
Itgavfl/fl

RorccreItgavfl/fl

Fig. 4 | ITGAV on LTi-like ILC3s promotes RORγt+ Treg homeostasis. a, A dot 
plot showing selected genes expressed in ILC3 ( y axis) and Treg (x axis) cell 
clusters. b, Quantitative PCR analysis of Itgb1, Itgb3, Itgb5, Itgb6 and Itgb8 
expression in sort-purified LTi-like ILC3s from LI-LP (n = 7) and mLN (n = 6), 
relative to Hprt. ND, not detected. c, Sort-purified RORγt+CD4+ T cells and 
LTi-like ILC3s from LI-LP and mLN (n = 12, each dot represents samples pooled 
from 2 mice) were co-cultured for 72 h under the indicated conditions, and the 
frequencies of RORγt+ Treg cells and TH17 cells were analysed by flow cytometry. 
d, Quantification of ITGAV on LTi-like ILC3s and eTACs in mLN (n = 5), and 
quantification of ITGAV on ILC3s in LI-LP, of Itgav fl/fl and RorccreItgav fl/fl mice 
(n = 5 or 3 per group). e, Representative flow cytometry plots of the frequency 
(percentage of CD4+ T cells) (left and middle panels) and quantification (right 
panels) of RORγt+ Treg cells and TH17 cells in mLN (top left and top middle panels) 
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Data Fig. 10j), which substantially broadens our current understanding 
of intestinal selection26,32 and mucosal immunology. This selection 
process probably occurs after initial priming by dendritic cells or other 
redundant antigen-presenting cells in response to colonization with 
microorganisms, impacts T cells with distinct antigen specificities, and 
requires antigen presentation through MHCII on LTi-like ILC3s with 
contributions from ITGAV and gradients of competition for IL-2. αVβ3 
integrin could support processing of latent TGFβ or interact with other 
extracellular ligands. These are important findings in the emerging 
paradigm that there is sophisticated cross-regulation between RORγt+ 
lymphocytes during homeostasis, which is essential to preserve the 
ability to rapidly respond to intestinal injury, infection or inflamma-
tion. We further phenotypically define distinctions between ILC3s and 
RORγt+ eTACs. A previous study demonstrated that in vitro RANK–
RANKL stimulation supports the interconversion potential of these two 
cell types19, raising the possibility that RORγt+ eTACs contribute to these 
pathways at distinct developmental windows and during infection or 
inflammation. However, our results demonstrate that LTi-like ILC3s are 

non-redundant in selecting for microbiota-specific RORγt+ Treg cells. 
We also identify a positive correlation between ILC3s and RORγt+ Treg 
cells in the human intestine, and a fundamental disruption of these cell 
types in IBD. Intriguingly, the cells of each of these RORγt+ populations 
express IL-17, IL-23R and the integrin α4β7, and it will be important to 
consider how targeting these molecules with available biologic thera-
pies impacts these cellular pathways. Taken together, these findings 
fundamentally advance our understanding of the heterogeneity and 
functional interactions by which RORγt+ cells coordinate intestinal 
health and immune tolerance to the microbiota. Our data indicate that 
disruption of ILC3s in human IBD inherently underlies the dysregulation 
of microbiota-specific RORγt+ Treg cells and TH17 cells, thus shifting the 
balance from tolerance to inflammation. Defining strategies to prevent 
this impairment of ILC3s, or promote their expansion, may hold the 
key to reinstating tolerance to microbiota in human IBD. Finally, as we 
have shown50, it is possible that MHCII+ ILC3s could be harnessed to 
achieve antigen-specific tolerance through a similar induction of Treg 
cells in many autoimmune and related chronic inflammatory diseases.
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Fig. 5 | Interactions between ILC3 and RORγt+ Treg cells are altered in human 
IBD. a, UMAP plots of scRNA-seq data for innate lymphoid cells and T 
lymphocytes from inflamed and non-inflamed intestine in human IBD. b, A dot 
plot showing the mean expression (colour) of the indicated genes in clusters 
grouped by low CD3E expression level; the dot size represents the proportion 
of cells in a cluster with the gene detected. c, A dot plot showing the 
mean expression (colour) of the indicated genes in cluster 4 as indicated in a in 
non-inflamed (NI) versus inflamed (Infla) tissue. d, Quantification of ILC3 
frequency in a cohort of patients with IBD. Healthy donors, n = 17; patients with 
IBD, n = 18. e, A dot plot showing the mean expression (colour) of the indicated 
genes in clusters grouped by high CD3E expression. f, A volcano plot of 
differentially expressed genes between cluster 6 and cluster 8 as indicated in a. 

g, A bar graph showing the composition of T lymphocytes as indicated in a.  
h, A dot plot showing the mean expression (colour) of the indicated genes in 
cluster 6 in non-inflamed versus inflamed tissue as indicated in a.  
i, Quantification of the frequency of RORγt+ Treg cells among total Treg cells  
in a cohort of patients with IBD as indicated in d. j, Correlation between the 
ILC3 and RORγt+ Treg frequencies as indicated in d,i. The data in d,i are shown  
as means ± s.e.m.; statistics shown in d,i were performed using Mann–Whitney 
U-test (unpaired, two-tailed), correlative analyses in j are compared  
by Pearson’s rank correlation coefficient (R 2). The statistics in f and 
Supplementary Table 2 were obtained by the Wilcoxon test as implemented  
by Seurat; red dots are significantly different.
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Methods

Data reporting
Sample size estimates for animal experiments were determined using 
power analysis (power = 90% and α = 0.05) based on the mean and stand-
ard deviation from our previous studies and/or pilot studies using at 
least three animals per group. No randomization method was used 
in animal experiments, because littermate group allocation was per-
formed through animal genotypes; as a result, the investigators were 
not blinded to allocation during experiments.

Mice
C57BL/6J mice, Thy1.1 transgenic mice, CD45.1 transgenic mice, 
Rosa26–loxP-flanked STOP yellow fluorescent protein gene (eYFP) 
mice51, H2-Ab1 fl/fl mice52, Red5-Cre (Il5cre) mice53, Foxp3cre mice54, Cd4cre 
mice55, Itgaxcre (Cd11ccre) mice56, Clec9acre mice57, Il22cre mice58, Rorcfl/fl 
mice59, Itgav fl/fl mice60, SFB (7B8) TCR transgenic mice33 and H. hepaticus 
(HH7-2) TCR transgenic mice34 were purchased from Jackson Laborato-
ries. Rorccre mice and Rorc(γt)–GfpTG (RORγt–eGFP) mice61 were provided 
by Gerard Eberl. Airecre mice62 were provided by Yong Fan. MHCIIΔILC3 
mice were generated as previously described32. MHCIIILC3+ mice were 
generated by crossing Rorccre mice with IAbbStop fl/fl mice63 provided 
by Terri M. Laufer. Ncr1cre mice64 were provided by Eric Vivier (Inserm). 
Il7rcre mice65 were provided by David Artis (Weill Cornell Medicine) 
with permission from H. R. Rodewald. Il2 fl/fl mice66 were provided by 
Kendall Smith (Weill Cornell Medicine). All mice were on a C57BL/6 
background and maintained in specific-pathogen-free facilities in Weill 
Cornell Medicine. Male and female mice were used at 5 to 12 weeks of 
age. All protocols were approved by the Institutional Animal Care and 
Use Committee at Weill Cornell Medicine, and all experiments were 
performed in accordance with its guidelines.

Flow cytometry and cell sorting
Single-cell suspensions were incubated on ice with conjugated antibod-
ies in PBS containing 2% FBS and 1 mM EDTA. Unlabelled anti-CD16/32 
(clone 2.4G2, BD Biosciences) was used to block Fc receptors when 
analysing myeloid cells. Dead cells were excluded with Fixable Aqua 
Dead Cell Stain (Thermo Fisher Scientific). The staining antibodies 
for flow cytometry were mainly purchased from Thermo Fisher Scien-
tific, Biolegend or BD Biosciences. The following were used for mouse 
cell-surface staining: CCR6 (29-2L17), NKp46 (29A1.4), CD3ε (145-2C11), 
CD4 (RM4-5, GK1.5), CD5 (53-7.3), CD8α (53-6.7), CD11b (M1/70), CD11c 
(N418), CD19 (1D3), Gr1 (RB6-8C5), LY6G (1A8), CD45R (also known as 
B220; RA3-6B2), CD45.1 (A20), CD45.2 (104), CD45 (30-F11), CD64 (X54-
5/7.1), CD90.1 (OX-7), CD90.2 (30-H12), CD127 (A7R34), CD51 (RMV-7), 
F4/80 (BM8), FcεR1α (MAR-1), MHCII (M5/114.15.2), NK1.1 (PK136), 
TCRγδ (GL3), KLRG1 (2F1/KLRG1), CD44 (IM7), CD62L (MEL-14), CD25 
(PC61), CXCR6 (SA051D1), SIGLECG (SH1), CD26 (H194-112), NUR77 
(12.14), CD172α (P84), XCR1 (ZET), LY6C (HK1.4), CD132 (TUGm2), 
CD138 (281-2), CD117 (ACK2), CD122 (TM-β1), SCA1 (D7) and the integrin 
α4β7 (DATK32). The following were used for mouse intracellular stain-
ing: FOXP3 (FJK-16S), GATA3 (L50-823), IL-17A (17B7), IFNγ (XMG1.2), 
Ki-67 (SolA15), BIM (C34C5), RORγt (B2D) and T-bet (4B10). Lineage 
markers for mouse were as follows: CD3ε, CD5, CD19, B220, GR1, NK1.1, 
CD11b and CD11c, unless otherwise indicated. The following were used 
for cell-surface staining of human samples: CD3 (UCHT1), CD11c (3.9), 
CD14 (TuK4), CD19 (HIB19), CD34 (581), CD4 (SK3), CD45 (HI30), CD25 
(BC96), CD94 (DX22), CD117 (104D2), CD123 (6H6), CD127 (A019D5), 
FcεR1 (AER-37(CRA1)) and NKp44 (44.189). The following were used for 
intracellular staining of human samples: FOXP3 (PCH101) and HELIOS 
(22F6). Human RORγt+ Treg cells were gated as CD45+CD3+CD4+FOXP3+ 
HELIOS−RORγt+; human ILC3s were gated as CD45+CD3−CD11c−CD14−

CD19−CD34−CD94−CD123−FcεR1−CD127+CD117+.
For intracellular staining, cells were fixed and permeabilized 

with FOXP3/Transcription Factor Staining Buffer Set following the 

manufacturer’s instructions (Thermo Fisher Scientific). Briefly, cells 
were incubated with FOXP3 Fixation/Permeabilization working solu-
tion for 30 min at room temperature or overnight at 4 °C, and then 
stained for intracellular targets by incubating with conjugated anti-
bodies in 1× permeabilization buffer for 30 min at room temperature. 
For intracellular cytokine staining, cells were first incubated for 4 h 
in RPMI with 10% FBS, 50 ng ml−1 phorbol 12-myristate 13-acetate, 
750 ng ml−1 ionomycin and 10 μg ml−1 brefeldin A, all obtained from 
Sigma-Aldrich. Antibodies for flow cytometry were purchased from 
BioLegend, Thermo Fisher Scientific or BD Biosciences. IL-2 bind-
ing capacity was assessed using a biotinylated IL-2 fluorokine assay 
kit (R&D Systems), following the manufacturer’s instructions. Flow 
cytometry data were collected using an LSR Fortessa (BD Biosciences) 
and analysed with FlowJo V10 software (Tree Star). Cell sorting was 
performed with an Aria II (BD Biosciences).

Quantitative PCR
Sort-purified cells were lysed in RLT buffer (Qiagen). RNA was extracted 
via RNeasy mini kits (Qiagen), as per the manufacturer’s instructions. 
Reverse transcription of RNA was performed using Superscript reverse 
transcription according to the protocol provided by the manufacturer 
(Thermo Fisher Scientific). Real-time PCR was performed on cDNA 
using SYBR green chemistry (Applied Biosystems). Reactions were 
run on a real-time PCR system (ABI 7500; Applied Biosystems). Data 
for samples were normalized to Hprt and are shown as a fold change 
compared with the controls.

Preparation of single-cell suspensions from intestine or lymph 
nodes
Small intestine, caecum and colon were removed, opened longitu-
dinally and rinsed with ice-cold PBS. Peyer’s patches were removed 
from small intestine. Dissected intestinal tissues were cut into pieces 
of approximately 1.5 cm, and intestinal epithelial cells were dissoci-
ated by incubating in HBSS (Sigma-Aldrich) containing 5 mM EDTA 
(Thermo Fisher Scientific), 1 mM dithiothreitol (Sigma-Aldrich) 
and 2% FBS with shaking at 200 r.p.m. for 20 min at 37 °C. Dissocia-
tion of epithelial cells was performed twice. Samples were vortexed 
and rinsed with PBS after each step. The epithelial cell fraction was 
discarded. Remaining tissues were enzymatically digested in RPMI 
containing 0.4 U ml−1 dispase (Thermo Fisher Scientific), 1 mg ml−1 
collagenase III (Worthington), 20 μg ml−1 DNase I (Sigma-Aldrich) and 
10% FBS on a shaker for 45 min at 37 °C. Leukocytes were enriched 
by 40% (for flow cytometry) or 40%/80% (for sorting)  Percoll   
(GE Healthcare) gradient centrifugation. mLN were chopped and 
incubated in RPMI containing 2% FBS and 2 mg ml−1 collagenase D 
(Sigma-Aldrich) with shaking at 200 r.p.m. for 20 min at 37 °C, and 
cells were then dissociated using a Pasteur pipette, and filtered 
through a 70-μm cell strainer in PBS containing 0.5 mM EDTA and 
2% FBS.

Adoptive transfer of microbiota-specific TCR transgenic T cells
Recipient mice (CD45.2+, CD90.2+) were colonized with H. hepaticus  
(ATCC 51449/Hh3B1) by oral gavage 7 days before T cell transfer 
as described previously34. In some experiments, antibiotics (1 g l−1 
ampicillin, 1 g l−1 colistin and 5 g l−1 streptomycin in drinking water for 
3 days) were applied to permit robust colonization of H. hepaticus. 
SFB is continuously colonizing mice in our facility. Naive CD4+ T cells 
of H. hepaticus-specific (CD45.1+, CD90.2+) and SFB-specific (CD45.2+, 
CD90.1+) mice were isolated from spleen and lymph nodes by a naive 
CD4+ T cell isolation kit following the manufacturer’s instructions 
(Miltenyi Biotech) or by a FACSAria cell sorter (BD Biosciences) and 
were gated as CD45+CD3+CD4+CD25−CD44lowCD62Lhi. Recipient mice 
received 10,000–100,000 cells per mouse of both TCR transgenic 
CD4+ T cell types retro-orbitally and were analysed 2 weeks after 
transfer.



Immunofluorescence and image analysis
Tissue sections from experimental mice were cut and stained as 
described previously67,68. Briefly, 6-μm-thick sections of tissue were 
cut, fixed in cold acetone at 4 °C for 20 min and then stored at −20 °C 
before staining. The detection of RORγt in frozen tissue sections using 
immunofluorescence has been described previously69. Antibodies to 
the following mouse antigens were used: purified Armenian hamster 
anti-mouse CD3 (clone 145-2C11, 1:100, Biolegend), CD11c (clone HL3 - 
isotype, 1:100, BD Pharmingen), rat anti-mouse IL-7Rα eFluor660 (clone 
A7R34, 1:25, Thermo Fisher), biotin anti-mouse FOXP3 (clone FJK-16s, 
1:50, Thermo Fisher) and rat anti-mouse RORγt (clone AFKJS-9, 1:25, 
Thermo Fisher). Detection of RORγt expression required amplification 
of the signal as described previously69. Purified RORγt antibodies were 
detected with donkey anti-rat IgG–FITC (1:150, Jackson ImmunoRe-
search), then rabbit anti-FITC–AF488 (1:200, Invitrogen) and then 
donkey anti-rabbit IgG–AF488 (1:200, Invitrogen). Purified anti-CD3 
antibodies were detected with DyLight 594 goat anti-Armenian hamster 
IgG (clone Poly4055, 1:200, Biolegend), and biotinylated FOXP3 anti-
bodies were detected with SA-AF555 (1:500, Invitrogen). Sections were 
counterstained with 4′,6-diamidino-2-phenylindole (DAPI; Invitrogen) 
and mounted using ProLong Gold (Invitrogen). Slides were analysed 
on a Zeiss 780 Zen microscope (Zeiss). High-resolution (×63) images 
of the interfollicular areas were taken. RORγt+ Treg cells were enumer-
ated using the Zen software (Zeiss), by examining 8 to 12 images of 
interfollicular zones from at least 3 individual mice. Each RORγt+ Treg in 
the image was then quantified as being either adjacent or not adjacent 
to an ILC3 on the basis of observed co-localization of markers on the 
surface membrane (CD3 for T cell membrane, and IL-7R but not CD3 
for ILC3 membrane, in addition to intracellular transcription factors).

Ex vivo ILC3 and T cell culture
A T cell stability assay was conducted as previously reported70 with 
minor modifications. Sort-purified RORγt+ CD4+ T cells (CD45+ROR
γtGFP+CD5+CD3+CD4+) and ILC3s (CD45+RORγtGFP+CD3−CD5−CD19−B
220−TCRγδ−Gr1−NK1.1−CD11b−CD11c−CD127+CCR6+) were plated in a 
round-bottom 96-well plate at a 1:1 or 2:1 ratio (104 to 105 cells per well). 
In some experiments, technical replicates were necessarily used instead 
of biological replicates when cell numbers were limited. No statistical 
analyses were made when using technical replicates. Large intestine 
and mLN were used to collect RORγt+ CD4+ T cells and ILC3s. Cells were 
incubated in RPMI, supplemented with 10% FBS, 1 mM sodium pyruvate, 
10 mM HEPES, 2 mM GlutaMax, 80 μM 2-mercaptoethanol, 100 U ml−1 
penicillin, 100 μg ml−1 streptomycin (all from Thermo Fisher Scientific), 
10 ng ml−1 recombinant IL-7 (Thermo Fisher Scientific), anti-integrin 
αV (Biolegend), anti-integrin β1 (BD Biosciences), anti-integrin β3 (BD 
Biosciences) and anti-integrin αVβ6 (MilliporeSigma) at 10 μg ml−1 at 
37 °C and 5% CO2 for 72 h. Cells were analysed by flow cytometry.

scRNA-seq
CD45+TCRβ+GFP+ (T cells) and CD45+TCRβ−GFP+ (non-T cells) were 
sorted from the mLN of RORγt–eGFP mice and mixed equally at a 1:1 
ratio to enrich the non-T cell populations. CD45+CD19−CD14−CD123− 
FcεRIα−CD34−CD94−CD4−CD127+ innate lymphoid cells and CD45+CD3+ 
T cells were sorted from resected inflamed tissue from a patient with 
Crohn’s disease versus adjacent tissue and mixed at a 1:4 ratio. For 
human IBD samples, 13,072 cells from non-inflamed tissue and 14,104 
cells from inflamed tissue were sequenced and reported in the datasets. 
scRNA-seq libraries were generated using the 10x Genomics Chromium 
system with 3′ version 3 chemistry. Libraries were sequenced on an 
Illumina NovaSeq instrument. Reads were processed by Cell Ranger 
version 3.1.0 (10x) using the mm10 reference genome, resulting in a 
filtered HDF5 file. scRNA-seq data were further processed and analysed 
using R version 3.6.3 (R Core Team 2020) and the Seurat package ver-
sion 3.2.3 (ref. 71). Specifically, Cell Ranger output was imported using 

the Read10X_h5 function. Seurat objects were created using only genes 
appearing in at least three cells. Cells were further filtered to exclude 
those with fewer than 600 genes detected, more than 5,000 genes 
detected, or more than 10% mitochondrial reads. Read counts were 
then normalized using the NormalizeData function. The graph repre-
senting cells with similar expression patterns was generated with the 
FindNeighbors function using the 20 largest principal components. Cell 
clusters were generated using the Louvain algorithm implemented by 
the FindClusters function with the resolution parameter equal to 0.4. 
Marker genes for each cluster were determined using the Wilcoxon test 
on the raw counts, implemented by the function FindAllMarkers, and 
including only positive marker genes with log fold changes greater than 
0.25 and Bonferroni-corrected P values less than 0.01. Cluster names 
were determined by manual inspection of the lists of cluster marker 
genes. Dimensionality reduction by UMAP was performed using the 
RunUMAP function with the 20 largest principal components. All visu-
alizations of scRNA-seq data were generated using the Seurat package 
as well as ggplot2 version 3.3.3 (ref. 72).

Cell–cell interaction network
Selected genes expressed in ILC3 clusters (2 and 12) as well as selected 
genes expressed in Treg clusters (0, 5 and 13) were submitted to the 
STRING database73. The resulting list of known protein–protein 
interactions was filtered to include only entries with either database 
annotations (database_annotated) or experimental evidence (experi-
mentally_determined_interaction).

Human intestinal tissue isolation
De-identified surgically resected intestinal tissues from an adult indi-
vidual with Crohn’s disease, or intestinal biopsies from the colon of 
paediatric individuals with Crohn’s disease and sex- and age-matched 
controls without IBD, were obtained from the JRI IBD Live Cell Bank Con-
sortium at Weill Cornell Medicine following protocols approved by the 
Institutional Review Board (protocol number 1503015958). Informed 
consent was obtained from all subjects. Biopsies were cryopreserved in 
90% FBS and 10% dimethylsulfoxide for future side-by-side comparison. 
Following thawing, tissues were incubated in 0.5 mg ml−1 collagenase 
D and 20 mg ml−1 DNase I for 1 h at 37 °C with shaking. After digestion, 
remaining tissues were further dissociated mechanically by a syringe 
plugger. Cells were filtered through a 70-mm cell strainer and used 
directly for staining.

Statistics
P values for datasets were determined by an unpaired two-tailed Stu-
dent’s t-test with a 95% confidence interval for comparison between two 
independent groups. For repeated comparison between two groups, 
a multiple unpaired two-tailed t-test was applied. For datasets that 
were not normally distributed, a Mann–Whitney U-test was performed. 
One-way analysis of variance followed by Tukey’s multiple comparison 
test was used for comparison between more than two groups. Simple 
linear regression was used to analyse correlation. All statistical analyses 
were performed with GraphPad Prism version 9 (GraphPad Software 
Inc.). Investigators were not blinded to group allocation during experi-
ments.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this article.

Data availability
All data necessary to understand and evaluate the conclusions of this 
paper are provided in the manuscript and supplementary materials. 
scRNA-seq data have been deposited in the Gene Expression Omnibus 
database under the accession numbers GSE184175 and GSE184291.  

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE184175
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE184291
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A reanalysis was performed on publicly available scRNA-seq data with 
the accession number GSE134809. Source data are provided with this 
paper.
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Extended Data Fig. 1 | scRNA-seq profiling of RORγt+ cells from mouse mLN. 
a, Gating strategy to sort GFP+TCRβ+ and GFP+TCRβ− cells (1:1, n = 3) for 
scRNA-seq. b, Doublet test showing cluster 8 as doublets. c, d, Representative 
flow cytometry plot of the frequency of RORγt+ cells in CD127+ ILC fractions 
(CD45+CD3ε−CD5−NK1.1−Ly6G−TCRγ/δ−B220−CD11b−CD11c−KLRG1−CD127+), 
CD19+ B cell fractions (CD45+CD19+) and CD172a+ cDC2 fractions (CD45+ 

CD3ε−CD5−NK1.1−Ly6G−TCRγ/δ−B220−CD64−CD11c+MHCII+XCR1−CD172a+) 
from RORγt-eGFP reporter mice (n = 3) (c) and RorccreRosa26lsl−YFP fate mapped 
mice (n = 3) (d). e–k, Violin plot showing the expression of Rorc (e), Cd3e (f), 
Foxp3 (g), Xcr1 (h), Clec9a (i), Clec10a ( j), Clec12a (k) among all the identified 
clusters.
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Extended Data Fig. 2 | Characterization of RORγt+ eTACs and LTi-like ILC3s 
in mouse mLN. a, Violin plot showing the expression of Siglecg and Dpp4 
among all the identified clusters of non-T lymphocytes. b, Gating strategy to 
identify ILC3s and RORγt+ eTACs from mLN of RORγt-eGFP reporter mice (n = 4) 
for data shown in Fig. 1e, f. c, Quantification of indicated genes expression in 

LTi-like cells and RORγt+ eTACs shown in Fig. 1e (n = 4). Data in c are 
representative of three independent experiments. Data are shown as  
means ± s.e.m., statistics shown in c are obtained by unpaired Student’s  
t-test (two-tailed).



Extended Data Fig. 3 | Gating strategies and fate mapping of RORγt+ eTACs 
and LTi-like ILC3s in mouse mLN. a, Gating strategy to identify LTi-like ILC3s 
and RORγt+ eTACs for fate mapping analyses in Fig. 1g, h. b, Representative flow 
cytometry plots showing expression of CD127, CD11c, CLEC9A and AIRE among 

“fate-mapped” LTi-like ILC3s and RORγt+ eTACs in mLN shown in Fig. 1g, h.  
c, Gating strategy to identify LTi-like ILC3s, RORγt+ eTACs and RORγt+ Tregs of 
mLN in Fig. 2c–l, Fig. 4e, the same gating strategy applied to the LI-LP. d, Gating 
strategy to identify H. Hepaticus (Hh)-specific CD4+ T cells in mouse LI-LP.
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Extended Data Fig. 4 | Immunofluorescence and quantification of different 
cell types in mLN. a, Representative flow cytometry plots of frequency (left) 
and percentage (right) of RORγt+FoxP3+ Tregs and RORγt+FoxP3− TH17 cells 
among total RORγt+CD4+ T cells in mLN of WT mice (n = 5). b, Tile-scanned (left) 
and magnified (right) images of mLN stained for expression of IL7Rα (red), CD3 
(blue), FOXP3 (cyan), RORγt (green) and DAPI (grey). c–e, Quantification of 
percentage of RORγt+ Tregs among total Tregs (c), total numbers per mm2 of 
ILC3s (d) and RORγt+ Tregs (e) in interfollicular zone of mLN of WT-1 (n = 11 
areas), WT-2 (n = 8 areas) and WT-3 (n = 12 areas) mice. f, Tile-scanned images 
and serial sections of mLN stained for expression of IL7Rα (red), CD11c (blue), 

FOXP3 (cyan), RORγt (green) and DAPI (grey). Left panel is without IL7Rα and 
RORγt staining, middle panel is without FOXP3 staining, and right panel is a 
merge with a magnified image. g, Tile-scanned (left) and magnified (right) 
images of mLN stained for expression of CD3 (red), FOXP3 (cyan), CD11c (green) 
and DAPI (grey). Scale bars: 50 μm, 20 μm (in magnified images). Data in  
a, b, f, g are representative of two independent experiments. Data in c–e are 
representative of two independent experiments containing a total of 5 mice. 
Data are shown as means ± s.e.m., statistics shown in a are obtained by unpaired 
Student’s t-test (two-tailed).



Extended Data Fig. 5 | See next page for caption.



Article
Extended Data Fig. 5 | MHCII+ ILC3s selectively regulate T cell homeostasis 
in the gut. a, UMAP plots of scRNA-seq data showing expression of H2-Ab1, H2-Ab1  
and Cd74 are enriched in clusters of LTi-like ILC3s and RORγt+ eTACs across all 
the identified clusters in mouse mLN. b–e, Cell numbers of CD4+ T cells  
(b), TH17 cells (c), RORγt−Tregs (d) and RORγt+ Tregs (e) in mLN (upper panel) 
and LI-LP (lower panel) of H2-Ab1fl/fl and MHCIIΔILC3 mice (n = 9, pooled from two 
independent experiments). f–k, Large intestine of H2-Ab1fl/fl (n = 6) and Cd4cre 
H2-Ab1fl/fl (MHCIIΔT cell) mice (n = 4) (f, g), H2-Ab1fl/fl (n = 4) and Il5creH2-Ab1fl/fl 
(MHCIIΔILC2) mice (n = 6) (h, i), Rorcfl/fl (n = 10) and Ncr1creRorcfl/fl mice (n = 9)  
( j, k) were analyzed. Proportion of MHCII-expressing CD4+ T cells (f), ILC2s  
(h) and ILC3s ( j). Frequency of each subset among CD4+ T cells and RORγt+ 
Tregs among total Tregs (g, i, k). TH17: Foxp3−RORγt+; Treg: Foxp3+; TH1: 

Foxp3−RORγ−T-bet+; TH2: Foxp3−RORγt−Gata3+. l, Quantification of RORγt+ 
Tregs among total CD4+ T cells in LI-LP of Aire fl/fl and RorccreAire fl/fl mice (n = 5). 
m, n, Quantification of eTACs among total CD127−CD90− cells (m) and LTi-like 
ILC3s among CD45+CCR6+ cells (n) in mLN of Rorcfl/fl and AirecreRorcfl/fl mice 
(n = 5). o, Quantification of MHCII expression among eTACs (o, left) and LTi- 
like ILC3s (o, right) in mLN of H2-Ab1fl/fl and AirecreH2-Ab1fl/fl mice (n = 4).  
p, Quantification of MHCII expression among DCs in mLN of H2-Ab1fl/fl and 
Clec9acreH2-Ab1fl/fl mice (n = 4). Data are representative of two independent 
experiments unless otherwise indicated. Data shown as mean ± s.e.m. Statistics 
in f, h, j, l–p, right of g, i, k are obtained by unpaired Student’s t-test. Statistics 
shown in left of g, i, k are obtained by multiple unpaired t-test. Statistics are 
calculated by two-tailed test.



Extended Data Fig. 6 | LTi-like ILC3s support RORγt+ Tregs in a co-culture 
system. a-c, Sort-purified RORγt+CD4+ T cells and LTi-like ILC3s from LI-LP and 
mLN (n = 6 or 5 or 3 per group as technical replicates) were co-cultured for 72 h 
and RORγt+ Tregs were analyzed by flow cytometry. Frequency and cell number 
of RORγt+ Tregs (a, RORγt+Foxp3+ among CD4+ T cells), MFI of Bim (b) and Nur77 
(c) in RORγt+ Tregs. d, e, Dead cells were quantified in RORγt+ Tregs (d) and TH17 

cells (e) after co-culture with or without LTi-like ILC3s for 72 h. RORγt+CD4+ 
T cells and LTi-like ILC3s were sort-purified from mLN and LI-LP and pooled for 
co-culture assay (n = 12, each dot represents samples pooled from 2 mice). Data 
in a–c are representative of two independent experiments. Data in d, e are 
pooled from two independent experiments. Data are shown as mean ± s.e.m., 
statistics shown in d, e were obtained by unpaired Student’s t-test (two-tailed).
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Extended Data Fig. 7 | MHCII+ LTi-like ILC3s select for microbiota specific 
RORγt+ Tregs. a, H. hepaticus (Hh)-specific and/or SFB-specific CD4+ T cells 
were transferred to H2-Ab1fl/fl and MHCIIΔILC3 mice colonized with H. hepaticus  
2 weeks before experiment as shown in Fig. 3a–h, k, l. b, c, Frequency of CD44+ 
ratio among SFB-specific (b) or Hh-specific (c) CD4+ T cells were analyzed in 
Peyer’s patch for SFB (CD45.1−CD90.1+CD4+ T cells) and in LI-LP for Hh-specific 
(CD45.1+CD90.1−CD4+ T cells) transgenic T cells (n = 4). d, Quantification of 
RORγt+ Tregs and TH17 cells among total CD4+ T cells in LI-LP of Rorcfl/fl and 
Foxp3creRorcfl/fl mice (n = 4). e, f, Quantification of MHCII expression on LTi-like 
ILC3s (n = 9) (e) and eTACs (n = 4) (f) in mLN of H2-Ab1fl/fl and Il22creH2-Ab1fl/fl 
mice. g, Quantification of RORγt+ Tregs (among Hh-specific CD4+ T cells) and 
TH17 cells (among Hh-specific CD4+ T cells) were analyzed in LI-LP of H2-Ab1fl/fl 
and Il22creH2-Ab1fl/fl mice (n = 9). h, Representative flow cytometry plots of the 
frequency of MHCII expression on ILC3s, DCs in LI-LP of MHCIIneg and MHCIIILC3+ 

mice (n = 6) as shown in Fig. 3j. i, Frequency of CD44hiCD62Llo ratio among 
Hh-specific CD4+ T cells were analyzed in mLN and LI-LP for Hh-specific CD4+ 
T cells as shown in Fig. 3k, l (n = 6). j, k, RORγt+ Tregs in LI-LP of H2-Ab1fl/fl and 
MHCIIΔILC3 mice (n = 4) were analyzed by flow cytometry. Histogram and MFI  
of Bim ( j). Proportions of Ki-67 positive cells (k). l, Quantification of RORγt+  
Tregs among CD4+ T cells in LI-LP of Il2fl/fl and RorccreIl2fl/fl mice (n = 4).  
m, Quantification of CD25 staining or IL-2 binding in mLN of WT mice  
(n = 3). Naïve T cells: CD44loCD62Lhi; effector T: CD44hiCD62Llo; TH17 cells: 
RORγt+FoxP3−; Tregs: FoxP3+; RORγt+Tregs: RORγt+FoxP3+. Data in e, g are 
pooled from two independent experiments with similar results. Data in  
b–d, f, i–l are representative of two independent experiments. Data are shown 
as mean ± s.e.m., statistics shown in m are obtained by one-way ANOVA with 
Tukey’s multiple comparisons test, statistics shown in b–g, i–l are obtained by 
unpaired Student’s t-test (two-tailed).



Extended Data Fig. 8 | Itgav on LTi-like ILC3s contributes to the selection of 
microbiota-specific RORγt+ Tregs. a, Representative flow cytometry plot of 
the frequency of Itgav expression on LTi-like ILC3s and eTACs in mLN of Itgav fl/fl 
and RorccreItgav fl/fl mice as shown in Fig. 4d (n = 5). b–d, Quantification of ITGAV 
on CD4+ T cells (b), LTi-like ILC3s (c) and eTACs (d) in mLN of Itgav fl/fl and 
Cd4creItgav fl/fl mice (n = 6). e, Quantification of RORγt+ Tregs in mLN of Itgav fl/fl 

and Cd4creItgav fl/fl mice (n = 6). f, H. Hepaticus (Hh)-specific CD4+ T cells were 
transferred to Itgav fl/fl and RorccreItgav fl/fl mice colonized with H. hepaticus  
14 days before experiment related to Fig. 4f. Data in b–e are representative of 
two independent experiments. Data are shown as mean ± s.e.m., statistics 
shown in b–e are obtained by unpaired Student’s t-test (two-tailed).
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Extended Data Fig. 9 | Gating strategy for ILC3s and T cell subsets in the human intestine. a, Gating strategy to sort ILCs and T cells from small intestine of the 
IBD patient for scRNA-seq in Fig. 5. b, Gating strategy to analyse ILC3s and RORγt+ Tregs by flow cytometry as shown in Fig. 5.



Extended Data Fig. 10 | See next page for caption.



Article
Extended Data Fig. 10 | ILC3s select microbiota specific Tregs to establish 
tolerance in the gut. a, Violin plot of CD3E expression among clusters of 
scRNA-seq data as shown in Fig. 5a. b, Bar graph showing the composition of 
non-T lymphocytes as indicated in Fig. 5a in non-inflamed tissue (NI) versus 
inflamed tissue (Infla). c, Bar graph showing the composition of ILC3 
lymphocytes in non-inflamed tissue (NI) versus inflamed tissue (Infla)  
from human IBD samples as published44. d, e, A dot plot showing the 
mean expression (colour) of indicated genes in ILC3 cluster (d) and Treg  
cluster (e) in non-inflamed versus inflamed tissue from human IBD samples as 
published44. f, Correlation analyses between the RORγt+ Tregs (RORγt+Helios− 
among CD4+ T cells) and TH17 cells (RORγt+FoxP3− among CD4+ T cells) in the 
cohort of CD patients as in Fig. 5d, i, j. g, h, Quantification of frequency of ILC3s 
among CD127+CD117+ subset (g) and RORγt+ Tregs among total Tregs (h) in a  

second independent cohort of individuals. Healthy donor n = 15, Crohn’s 
disease (CD) patients n = 15. i, Correlation analyses between the ILC3 (ILC3 
among CD127+CD117+ subset) and RORγt+ Tregs (RORγt+ Helios− among FoxP3+ 
Tregs) in a second independent cohort of human samples as in (g, h). j, LTi-like 
ILC3s are necessary and sufficient in selecting for the differentiation fate of 
microbiota specific RORγt+ Tregs, and selecting against TH17 cells, via antigen 
presentation with contributions from integrin αv and gradients of competition 
for IL-2. This collectively enforces immunologic tolerance to microbiota and 
maintains intestinal homeostasis. Data in g, h are shown as means ± s.e.m., 
statistics shown in g, h are performed using Mann–Whitney U-test (unpaired), 
correlative analyses in f, i are compared by Pearson’s rank correlation 
coefficient (R 2). Statistics are calculated by two-tailed test.
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Data collection All flow cytometry experiments were performed using an LSR Fortessa flow cytometer and the FACS Diva software v9.0 (BD Biosciences) or 
sort-purified by using FACSAria II cell sorter (BD Biosciences). Single-cell RNA sequencing (scRNA-seq) libraries were generated using the 10X 
Genomics Chromium system with 3’ version 3 chemistry. Libraries were sequenced on an Illumina NovaSeq instrument. Reads were processed 
by 10X’s Cell Ranger version 3.1.0 using the mm10 reference genome, resulting in a filtered HDF5 file.

Data analysis Flow cytometry data analyzed by FlowJo V10, Statistical analysis all conducted using GraphPad Prism v9. scRNA-Seq data were further 
processed and analyzed using R version 3.6.3 (R Core Team 2020) and the Seurat package version 3.2.3. Specifically, Cell Ranger output was 
imported using the Read10X_h5 function. Seurat objects were created using only genes appearing in at least 3 cells. Cells were further filtered 
to exclude those with fewer than 600 genes detected, more than 5000 genes detected, or more than 10 percent mitochondrial reads. Read 
counts were then normalized using the NormalizeData function. The graph representing cells with similar expression patterns was generated 
with the FindNeighbors function using the 20 largest principal components. Cell clusters were generated using the Louvain algorithm 
implemented by the FindClusters function with resolution parameter equal to 0.4. Marker genes for each cluster were determined using the 
Wilcoxon test on the raw counts, implemented by the function FindAllMarkers, and including only positive marker genes with log fold changes 
greater than 0.25 and Bonferroni-corrected p values less than 0.01. Cluster names were determined by manual inspection of the lists of 
cluster marker genes. Dimensionality reduction by Uniform Manifold Approximation and Projection was performed using the RunUMAP 
function with the 20 largest principal components. All visualizations of scRNA-Seq data were generated using the Seurat package as well as 
ggplot2 version 3.3.3. For trajectory analysis, principal components analysis (PCA) as well as dimensionality reduction by UMAP, were 
performed using Seurat on the subset of cells belonging to non-T cell clusters (2,3,6,10,11, and 12). The resulting Seurat object was converted 
for use in Slingshot using the as.SingleCellExperiment of Seurat. Pseudotime analysis was performed using version 1.8.0 of the Slingshot R 
package, using the previously determined cell clusters (resolution parameter 0.4) and using 20 principal components as the reduced-
dimension representation. Slingshot analysis resulted in two predicted lineages. For cell-cell interaction network analysis, selected genes 
expressed in ILC3 clusters (2 and 12) as well as selected genes expressed in Treg clusters (0, 5, and 13) were submitted to the STRING 
database. The resulting list of known protein-protein interactions was filtered to include only entries with either database annotations 
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(“database_annotated”) or experimental evidence (“experimentally_determined_in-teraction”).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

Mouse mLN scRNA-seq data are available at Gene Expression Omnibus under accession numbder GSE184175 .Human IBD samples scRNA-seq data are available at 
Gene Expression Omnibus under accession number GSE184291. A re-analysis is performed on scRNA-Seq data publicly available at Gene Expression Omnibus under 
the accession number GSE134809 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE134809). The STRING database is available at http://string.embl.de/.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Animal sample size estimates were determined using power analysis (power=90% and alpha=0.05) based on the mean and standard deviation 
from our previous studies and/or pilot studies using at least 3 animals per group.

Data exclusions No samples were excluded from analysis.

Replication All attempts at replication of experiments were successful. All experiments were independently performed at least twice to ensure 
reproducibility.

Randomization No randomization method was used in animal experiments, because littermate group allocation was performed via animal genotype.

Blinding The investigators were not blinded to allocation because animals were allocated by genotypes.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Human research participants

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Specific antibody clone/conjugates used are described below (Used at 1:200 dilution unless otherwise noted). Notation:  

 
Target [clone] (dilution): (Conjugate, Company, Catalog Number, URL).  
 
For mouse cell-surface staining: 
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CCR6 [29-2L17] (1:100): (BV421, Biolegend, 129818, https://www.biolegend.com/en-us/products/brilliant-violet-421-anti-mouse-
cd196-ccr6-antibody-7137?GroupID=BLG6072), (PE, Biolegend, 129804, https://www.biolegend.com/en-us/products/pe-anti-mouse-
cd196-ccr6-antibody-5220) 
 
NKp46 [29A1.4]: (PE, Biolegend, 137604, https://www.biolegend.com/en-us/products/pe-anti-mouse-cd335-nkp46-antibody-6523) 
 
CD3e [145-2C11]: (PerCP Cy5.5, Thermo Fisher, 45-0031-82, https://www.thermofisher.com/antibody/product/CD3e-Antibody-
clone-145-2C11-Monoclonal/45-0031-82), (BV786, BD Biosciences, 564379, https://www.bdbiosciences.com/en-us/products/
reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/bv786-hamster-anti-mouse-cd3e.564379), 
(BUV395, BD Biosciences, 563565, https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-
reagents/single-color-antibodies-ruo/buv395-hamster-anti-mouse-cd3e.563565) 
 
CD4 [RM4-5]: (PE/Dazzle 594, Biolegend, 100566, https://www.biolegend.com/en-us/products/pe-dazzle-594-anti-mouse-cd4-
antibody-9845), [GK1.5]: (BV605, Biolegend, 100451, https://www.biolegend.com/en-us/products/brilliant-violet-605-anti-mouse-
cd4-antibody-10708?GroupID=BLG4745), [GK1.5]: (PE-Cyanine7, Thermo Fisher, 25-0041-82, https://www.thermofisher.com/
antibody/product/CD4-Antibody-clone-GK1-5-Monoclonal/25-0041-82), [GK1.5]: (BUV395, BD Biosciences, 565974, https://
www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/buv395-
rat-anti-mouse-cd4.565974) 
 
CD5 [53-7.3]: (PerCP Cy5.5, Biolegend, 100624, https://www.biolegend.com/en-us/products/percp-cyanine5-5-anti-mouse-cd5-
antibody-9760?GroupID=BLG6762) 
 
CD8a [53-6.7]: (PerCP Cy5.5, Biolegend, 100734, https://www.biolegend.com/en-us/products/percp-cyanine5-5-anti-mouse-cd8a-
antibody-4255?GroupID=BLG2559) 
 
CD11b [M1/70]: (APC-F750, Biolegend, 101262, https://www.biolegend.com/en-us/search-results/apc-fire-750-anti-mouse-human-
cd11b-antibody-13047) 
 
CD11c [N418]: (APC-F750, Biolegend, 117352, https://www.biolegend.com/en-us/products/apc-fire-750-anti-mouse-cd11c-
antibody-13050), (BUV395, BD Biosciences, 564080, https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-
reagents/research-reagents/single-color-antibodies-ruo/buv395-rat-anti-mouse-cd4.565974) 
 
CD19 [1D3]: (PerCP Cy5.5, Thermo Fisher, 45-0193-82, https://www.thermofisher.com/antibody/product/CD19-Antibody-clone-
eBio1D3-1D3-Monoclonal/45-0193-82), (BV605, Biolegend, 115540, https://www.biolegend.com/en-us/products/brilliant-violet-605-
anti-mouse-cd19-antibody-7645) 
 
Ly-6G/Ly-6C (Gr-1) [RB6-8C5]: (PerCP Cy5.5, Biolegend, 108428, https://www.biolegend.com/en-us/products/percp-cyanine5-5-anti-
mouse-ly-6g-ly-6c-gr-1-antibody-4286) 
 
Ly6G [1A8]: (PerCP-eFluor 710, Thermo Fisher, 46-9668-82, https://www.thermofisher.com/antibody/product/Ly-6G-Antibody-
clone-1A8-Ly6g-Monoclonal/46-9668-82) 
 
B220 [RA3-6B2]: (PerCP Cy5.5, Biolegend, 103236, https://www.biolegend.com/en-us/products/percp-cyanine5-5-anti-mouse-
human-cd45r-b220-antibody-4267?GroupID=BLG6847), (APC-F750, Biolegend, 103260, https://www.biolegend.com/en-ie/products/
apc-fire-750-anti-mouse-human-cd45r-b220-antibody-13003?GroupID=GROUP658) 
 
CD45.1 [A20]: (BUV395, BD Biosciences, 565212, https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-
reagents/research-reagents/single-color-antibodies-ruo/buv395-mouse-anti-mouse-cd45-1.565212), (PE-Cy7, Biolegend, 110730, 
https://www.biolegend.com/en-us/products/pe-cyanine7-anti-mouse-cd45-1-antibody-4917) 
 
CD45.2 [104]: (BV605, Biolegend, 109841, https://www.biolegend.com/fr-fr/search-results/brilliant-violet-605-anti-mouse-cd45-2-
antibody-9695), (BUV737, BD Biosciences, 612779, https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-
reagents/research-reagents/single-color-antibodies-ruo/buv737-mouse-anti-mouse-cd45-2.612779) 
 
CD45 [30-F11]: (BV605, Biolegend, 103140, https://www.biolegend.com/en-us/products/brilliant-violet-605-anti-mouse-cd45-
antibody-8721), (BV785, Biolegend, 103149, https://www.biolegend.com/en-us/products/brilliant-violet-785-anti-mouse-cd45-
antibody-10636?GroupID=BLG1932) 
 
CD64 (FcYRI) [X54-5/7.1]: (BV421, Biolegend, 139309, https://www.biolegend.com/en-us/search-results/brilliant-violet-421-anti-
mouse-cd64-fcgammari-antibody-8992) 
 
CD90.1 [OX-7]: (PerCP Cy5.5, Biolegend, 202516, https://www.biolegend.com/en-us/products/percp-cyanine5-5-anti-rat-
cd90mouse-cd901-thy-11-antibody-4514?GroupID=BLG10566), (BV786, BD Biosciences, 740917, https://www.bdbiosciences.com/
en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/bv786-mouse-anti-rat-cd90-
mouse-cd90-1.740917) 
 
CD90.2 [30-H12]: (PE, Biolegend, 105308, https://www.biolegend.com/en-us/search-results/pe-anti-mouse-cd90-2-antibody-106), 
(AF700, Biolegend, 105320, https://www.biolegend.com/de-at/products/alexa-fluor-700-anti-mouse-cd90-2-antibody-3412?
GroupID=BLG6895) 
 
CD127 [A7R34]: (PE-Cy5, Biolegend, 135016, https://www.biolegend.com/en-us/products/pe-cyanine5-anti-mouse-cd127-il-7ralpha-
antibody-6193), (PE-Cy7, Biolegend, 135014, https://www.biolegend.com/en-us/products/pe-cyanine7-anti-mouse-cd127-il-7ralpha-
antibody-6192?GroupID=BLG7953) 
 
F4/80 [BM8]: (APC-ef780, Thermo Fisher, 47-4801-82, https://www.thermofisher.com/antibody/product/F4-80-Antibody-clone-
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BM8-Monoclonal/47-4801-82), (AF700, Biolegend, 123130, https://www.biolegend.com/en-us/search-results/alexa-fluor-700-anti-
mouse-f4-80-antibody-6556?GroupID=BLG5319) 
 
FcεR1α [MAR-1]: (PerCP-eFluor 710, Thermo Fisher, 46-5898-82, https://www.thermofisher.com/antibody/product/FceR1-alpha-
Antibody-clone-MAR-1-Monoclonal/46-5898-82) 
 
MHCII (I-A/I-E) [M5/114.15.2]: (APC, Biolegend, 107614, https://www.biolegend.com/en-us/products/apc-anti-mouse-i-a-i-e-
antibody-2488?GroupID=BLG4736), (BV650, Biolegend, 107641, https://www.biolegend.com/en-us/products/brilliant-violet-650-
anti-mouse-i-a-i-e-antibody-12085) 
 
NK1.1 [PK136]: (PerCP Cy5.5, Thermo Fisher, 45-5941-82, https://www.thermofisher.com/antibody/product/NK1-1-Antibody-clone-
PK136-Monoclonal/45-5941-82) 
 
TCR γ/δ [GL3]: (PerCP Cy5.5, Biolegend, 118118, https://www.biolegend.com/en-us/search-results/percp-cyanine5-5-anti-mouse-tcr-
gamma-delta-antibody-6702) 
 
KLRG1 [2F1/KLRG1]: (APC, Biolegend, 138412, https://www.biolegend.com/en-us/products/apc-anti-mouse-human-klrg1-mafa-
antibody-6866), (PE, Biolegend, 138408, https://www.biolegend.com/en-us/search-results/pe-anti-mouse-human-klrg1-mafa-
antibody-6593) 
 
CD44 [IM7]: (APC-F750, Biolegend, 103062, https://www.biolegend.com/en-us/products/apc-fire-750-anti-mouse-human-cd44-
antibody-13231?GroupID=BLG10248), (PE, Thermo Fisher, 12-0441-82, https://www.thermofisher.com/antibody/product/CD44-
Antibody-clone-IM7-Monoclonal/12-0441-82) 
 
CD62L [MEL-14]: (APC/Cy7, Biolegend, 104428, https://www.biolegend.com/en-us/search-results/apc-cyanine7-anti-mouse-cd62l-
antibody-3934) 
 
CD25 [PC61]: (PE-Cy7, Thermo Fisher, 25-0251-82, https://www.thermofisher.com/antibody/product/CD25-Antibody-clone-PC61-5-
Monoclonal/25-0251-82), (BUV395, BD Biosciences, 564022, https://www.bdbiosciences.com/en-us/products/reagents/flow-
cytometry-reagents/research-reagents/single-color-antibodies-ruo/buv395-rat-anti-mouse-cd25.564022) 
 
CXCR6 [SA051D1]: (BV421, Biolegend, 151109, https://www.biolegend.com/en-us/search-results/brilliant-violet-421-anti-mouse-
cd186-cxcr6-antibody-13164) 
 
Siglec-G [SH1]: (BV786, BD Biosciences, 744651, https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/
research-reagents/single-color-antibodies-ruo/bv786-mouse-anti-mouse-siglec-g.744651) 
 
CD26 (DPP4) [H194-112]: (BUV395, BD Biosciences, 745606, https://www.bdbiosciences.com/en-us/products/reagents/flow-
cytometry-reagents/research-reagents/single-color-antibodies-ruo/buv395-rat-anti-mouse-cd26.745606) 
 
CD51 (Itgav) [RMV-7]: (BV786, BD Biosciences, 740946, https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-
reagents/research-reagents/single-color-antibodies-ruo/bv786-rat-anti-mouse-cd51.740946), (BV421, BD Biosciences, 740062, 
https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/
bv421-rat-anti-mouse-cd51.740062) 
 
Nur77 [12.14]: (PE, Thermo Fisher, 12-5965-82, https://www.thermofisher.com/antibody/product/Nur77-Antibody-clone-12-14-
Monoclonal/12-5965-82) 
 
CD172a (SIRPa) [P84]: (PE/Dazzle 594, Biolegend, 144016, https://www.biolegend.com/de-de/search-results/pe-dazzle-594-anti-
mouse-cd172a-sirpalpha-antibody-10804) 
 
XCR1 [ZET]: (BV650, Biolegend, 148220, https://www.biolegend.com/en-us/products/brilliant-violet-650-anti-mouse-rat-xcr1-
antibody-12421) 
 
Ly-6C [HK1.4]: (PE-Cy7, Biolegend, 128018, https://www.biolegend.com/en-us/search-results/pe-cyanine7-anti-mouse-ly-6c-
antibody-6063) 
 
CD138 [281-2]: (PerCP Cy5.5, Biolegend, 142510, https://www.biolegend.com/en-us/search-results/percp-cyanine5-5-anti-mouse-
cd138-syndecan-1-antibody-8201) 
 
CD117 (c-Kit) [ACK2]: (PE-ef610, Thermo Fisher, 61-1172-82, https://www.thermofisher.com/antibody/product/CD117-c-Kit-
Antibody-clone-ACK2-Monoclonal/61-1172-82) 
 
CD132 [TUGm2]: (PE, Biolegend, 132306, https://www.biolegend.com/en-us/products/pe-anti-mouse-cd132-common-gamma-chain-
antibody-5633) 
 
CD122 (IL-2Rβ) [TM-β1]: (PE-Cy7, Biolegend, 123216, https://www.biolegend.com/en-us/search-results/pe-cyanine7-anti-mouse-
cd122-il-2rbeta-antibody-9107) 
 
Ly-6A/E (Sca-1) [D7]: (BV421, Biolegend, 108128, https://www.biolegend.com/en-us/search-results/brilliant-violet-421-anti-mouse-
ly-6a-e-sca-1-antibody-7198) 
 
LPAM-1 (Integrin α4β7) [DATK32]: (PE, Thermo Fisher, 12-5887-82, https://www.thermofisher.com/antibody/product/Integrin-
alpha-4-beta-7-LPAM-1-Antibody-clone-DATK32-DATK-32-Monoclonal/12-5887-82), (BV650, BD Biosciences, 740493, https://
www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/bv650-
rat-anti-mouse-lpam-1.740493) 
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For mouse intracellular staining: 
 
Foxp3 [FJK-16s]: (eFluor 450, Thermo Fisher, 48-5773-82, https://www.thermofisher.com/antibody/product/FOXP3-Antibody-clone-
FJK-16s-Monoclonal/48-5773-82), (Alexa Fluor 488, Thermo Fisher, 53-5773-82, https://www.thermofisher.com/antibody/product/
FOXP3-Antibody-clone-FJK-16s-Monoclonal/53-5773-82), (AF700, Thermo Fisher, 56-5773-82, https://www.thermofisher.com/
antibody/product/FOXP3-Antibody-clone-FJK-16s-Monoclonal/56-5773-82) 
 
GATA3 [L50-823]: (BUV395, BD Biosciences, 565448, https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-
reagents/research-reagents/single-color-antibodies-ruo/buv395-mouse-anti-gata3.565448) 
 
IL-17A [17B7]: (FITC, Thermo Fisher, 11-7177-81, https://www.thermofisher.com/antibody/product/IL-17A-Antibody-clone-
eBio17B7-Monoclonal/11-7177-81), (PE, Thermo Fisher, 12-7177-81, https://www.thermofisher.com/antibody/product/IL-17A-
Antibody-clone-eBio17B7-Monoclonal/12-7177-81) 
 
IFNγ [XMG1.2]: (BV421, Biolegend, 505830, https://www.biolegend.com/en-us/products/brilliant-violet-421-anti-mouse-ifn-gamma-
antibody-7154?GroupID=GROUP24), (eFluor 450, Thermo Fisher, 48-7311-82, https://www.thermofisher.com/antibody/product/IFN-
gamma-Antibody-clone-XMG1-2-Monoclonal/48-7311-82) 
 
Ki-67 [SolA15]: (PerCP-eFluor 710, Thermo Fisher, 11-5698-82, https://www.thermofisher.com/antibody/product/Ki-67-Antibody-
clone-SolA15-Monoclonal/11-5698-82) 
 
Bim [C34C5]: (Alexa Fluor 647, Cell Signaling 10408S, https://www.cellsignal.com/products/antibody-conjugates/bim-c34c5-rabbit-
mab-alexa-fluor-647-conjugate/10408) 
 
RORγt [B2D]: (PE, Thermo Fisher, 12-6981-82, https://www.thermofisher.com/antibody/product/ROR-gamma-t-Antibody-clone-B2D-
Monoclonal/12-6981-82), (PE-ef610, Thermo Fisher, 61-6981-82, https://www.thermofisher.com/antibody/product/ROR-gamma-t-
Antibody-clone-B2D-Monoclonal/61-6981-82) 
 
T-bet [4B10] (1:100): (BV421, Biolegend, 644816, https://www.biolegend.com/en-us/products/brilliant-violet-421-anti-t-bet-
antibody-7281?GroupID=BLG6433), (eFluor 660, Invitrogen, 50-5825-82, https://www.thermofisher.com/antibody/product/T-bet-
Antibody-clone-eBio4B10-4B10-Monoclonal/50-5825-82) 
 
For human surface staining:  
CD45 [HI30] (1:50): (BV605, Biolegend, 304042, https://www.biolegend.com/en-us/products/brilliant-violet-605-anti-human-cd45-
antibody-8521) 
 
CD19 [HIB19], (FITC, Thermo Fisher, 11-0199-41, https://www.thermofisher.com/antibody/product/CD19-Antibody-clone-HIB19-
Monoclonal/11-0199-42)  
 
CD94 [DX22] (1:50): (FITC, Thermo Fisher, 11-0949-42, https://www.thermofisher.com/antibody/product/CD94-Antibody-clone-
DX22-Monoclonal/11-0949-42)  
 
CD34 [581] (FITC, Thermo Fisher, CD34-581-01, https://www.thermofisher.com/antibody/product/CD34-Antibody-clone-581-
Monoclonal/CD34-581-01?pluginName=) 
 
CD14 [M5E2]: (FITC, Thermo Fisher, MHCD1401, https://www.thermofisher.com/antibody/product/CD14-Antibody-clone-TuK4-
Monoclonal/MHCD1401) 
 
CD25 [BC96]: (AF700, Biolegend, 302622, https://www.biolegend.com/en-us/products/alexa-fluor-700-anti-human-cd25-
antibody-3418?GroupID=BLG7917) 
 
CD123 [6H6]: (FITC, Thermo Fisher, 11-1239-42, https://www.thermofisher.com/antibody/product/CD123-Antibody-clone-6H6-
Monoclonal/11-1239-42) 
 
FcεR1 [AER-37(CRA1)]: (FITC, Thermo Fisher, 11-5899-42, https://www.thermofisher.com/antibody/product/FceR1-alpha-Antibody-
clone-AER-37-CRA1-Monoclonal/11-5899-42) 
 
CD11c [BU15] (1:100): (FITC, Thermo Fisher, MA1-10085, https://www.thermofisher.com/antibody/product/CD11c-Antibody-clone-
BU15-Monoclonal/MA1-10085) 
 
CD117 (c-Kit) [104D2] (1:100): (PerCP-eFluor 710, Thermo Fisher, 46-1178-42, https://www.thermofisher.com/antibody/product/
CD117-c-Kit-Antibody-clone-104D2-Monoclonal/46-1178-42)  
 
CD127 [A019D5] (1:100): (PE-Cy7, Biolegend, 351320, https://www.biolegend.com/en-us/products/pe-cyanine7-anti-human-cd127-
il-7ralpha-antibody-7216?GroupID=BLG9274) 
 
CD3 [UCHT1] (1:50): (BV650, Biolegend, 300468, https://www.biolegend.com/en-us/search-results/brilliant-violet-650-anti-human-
cd3-antibody-13475?GroupID=BLG5900) 
 
CD4 [SK3] (1:100): (BUV395, BD Biosciences, 563550, https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-
reagents/research-reagents/single-color-antibodies-ruo/buv395-mouse-anti-human-cd4.563550) 
 
For human intracellular staining:  
 
RORγt [Q21-559] (1:50): (AF647, BD Biosciences, 563620, https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-
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reagents/research-reagents/single-color-antibodies-ruo/alexa-fluor-647-mouse-anti-human-ror-t.563620) 
 
FOXP3 [PCH101]: (PE-eF610, Thermo Fisher, 61-4776-42, https://www.thermofisher.com/antibody/product/FOXP3-Antibody-clone-
PCH101-Monoclonal/61-4776-42) 
 
HELIOS [22F6]: (PE-Cy5, Thermo Fisher, 15-9883-42, https://www.thermofisher.com/antibody/product/HELIOS-Antibody-clone-22F6-
Monoclonal/15-9883-42) 
 
For immunofluorescence: 
 
Primary antibodies: 
 
anti-mouse CD3 [145-2C11] (1:100): (Biolegend, 100302, https://www.biolegend.com/en-us/search-results/purified-anti-mouse-
cd3epsilon-antibody-28) 
 
anti-mouse CD11c [clone HL3] (1:100): (BD Biosciences, 553799, https://www.bdbiosciences.com/en-us/products/reagents/flow-
cytometry-reagents/research-reagents/single-color-antibodies-ruo/purified-hamster-anti-mouse-cd11c.553799) 
 
anti-mouse IL-7Rα [A7R34] (1:25) (eFluor660, Thermo Fisher, 50-1271-82, https://www.thermofisher.com/antibody/product/CD127-
Antibody-clone-A7R34-Monoclonal/50-1271-82) 
 
biotin anti-mouse FOXP3 [FJK-16s] (1:50) (Thermo Fisher, 13-5773-82, https://www.thermofisher.com/antibody/product/FOXP3-
Antibody-clone-FJK-16s-Monoclonal/13-5773-82) 
 
anti-mouse RORγt [AFKJS-9] (1:25) (Thermo Fisher, 14-6988-82, https://www.thermofisher.com/antibody/product/ROR-gamma-t-
Antibody-clone-AFKJS-9-Monoclonal/14-6988-82) 
 
Secondary antibodies or conjugates: 
 
donkey anti-rat-IgG-FITC (1:150): (Jackson ImmunoResearch, 712-095-153, https://www.jacksonimmuno.com/catalog/
products/712-095-153) 
 
rabbit anti-FITC-AF488 (1:200): (Invitrogen, A-11090, https://www.thermofisher.com/antibody/product/Fluorescein-Oregon-Green-
Antibody-Polyclonal/A-11090) 
 
donkey anti-rabbit-IgG-AF488 (1:200): (Invitrogen, A32790, https://www.thermofisher.com/antibody/product/Donkey-anti-Rabbit-
IgG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A32790) 
 
DyLight™ 594 goat anti-Armenian hamster IgG [Poly4055] (1:200): (Biolegend, 405504, https://www.biolegend.com/en-us/search-
results/dylight-594-goat-anti-hamster-armenian-igg-5685) 
 
SA-AF555 (1:500): (Invitrogen, S32355, https://www.thermofisher.com/order/catalog/product/S32355)

Validation All antibodies are commercially available. Flow cytometry antibodies for staining mouse and human samples and are validated by 
the manufacturer (which can found via specific URLs provided above) and in previous publications.

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Wild-type (CD45.2+, stock #000664), CD45.1+ (Stock #: 002014), Rosa-26-loxP-flanked STOP yellow fluorescent protein gene (eYFP) 
mice (Stock #: 006148), H2-Ab1fl/fl (Stock #: 013181), Red5-Cre (Stock #: 030926), Foxp3-Cre (Stock #: 016959), CD4-Cre (Stock #: 
022071), Itgax-Cre (Stock #: 008068), Clec9a-Cre (Stock #: 025523), Rorcfl/fl (Stock #: 008771), Itgavfl/fl (Stock #: 032297), SFB (7B8) 
TCR transgenic (Stock #: 027230), H. hepaticus (HH7-2) TCR transgenic (Stock #: 032538) on C57BL/6 background were purchased 
from the Jackson Laboratories. Rorc-Cre mice and Rorc(γt)-GfpTG (RORγt-eGFP) mice were provided by Gerard Eberl. Aire-Cre mice 
were provided by Yong Fan. IabbSTOPfl/fl mice were provided by Terri M. Laufer. Ncr1-Cre mice were provided by Eric Vivier 
(Inserm). Il7r-Cre mice were provided by David Artis (Weill Cornell Medicine). Il2fl/fl mice were provided by Kendall Smith (Weill 
Cornell Medicine). All mice were on a C57BL/6 background and maintained in specific pathogen-free facilities in Weill Cornell 
Medicine. Male and female mice were used at 5 to 12 weeks of age. All protocols were approved by the Institutional Animal Care and 
Use Committee at Weill Cornell Medicine, and all experiments were performed in accordance with its guidelines.

Wild animals No wild animals included.

Field-collected samples No field-collected samples included.

Ethics oversight All mouse experiments were approved by, and performed in accordance with, the Institutional Animal Care and Use Committee 
guidelines at Weill Cornell Medicine.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Human research participants
Policy information about studies involving human research participants

Population characteristics Human surgical resections from IBD patients and human biopsies of the colon of pediatric individuals with Crohn's disease or 
sex- and age-matched controls with no inflammatory bowel disease were obtained following Institutional-Review-Board-
approved protocols from the JRI IBD Live Cell Bank Consortium at Weill Cornell Medicine (protocol number 1503015958). 
Informed consent was obtained from all subjects. All available patient characteristics are provided in Supplementary Table 3.

Recruitment All samples from humans were from JRI IBD Live Cell Bank Consortium at Weill Cornell Medicine. Diagnoses were confirmed 
by medical records and trained pathologists.

Ethics oversight Human samples from the JRI IBD Live Cell Bank Consortium were collected following informed consent under the protocol 
number: 1503015958.

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

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Sample preparation is described in method sections as "Preparation of single cell suspensions from intestine or lymph nodes" 
and "Human intestinal tissue isolation".

Instrument LSR Fortessa (BD Biosciences) and Aria II (BD Biosciences).

Software Flow cytometry  data were collected via Diva (BD Biosciences) and analyzed by FlowJo V10 (Tree Star).

Cell population abundance The purities of sorted cells were more than 97%, cell sorter (FACS Aria II) performance assessed before each sorting run using 
CS&T beads as per manufacturers instructions.

Gating strategy Based on the pattern of FSC-A/SSC-A, cells in the lymphocyte gate were used for analysis of innate lymphoid cells and T cell 
subsets. Singlets were gated according to the pattern of FSC-H vs. FSC-W, followed by SSC-H vs. SSC-W (Fortessa), or gated 
according to the pattern of FSC-A vs. FSC-H (Aria). Dead cells were excluded by aqua staining (Fortessa), or cytox blue (Aria). 
Positive populations were determined by the specific antibodies, which were distinct from negative populations.

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