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eckiorupdates Establishing and maintaining tolerance to self-antigens or innocuous foreign antigens

isvital for the preservation of organismal health. Within the thymus, medullary thymic
epithelial cells (mTECs) expressing autoimmune regulator (AIRE) have a critical rolein
self-tolerance through deletion of autoreactive T cells and promotion of thymic
regulatory T (T,,) cell development'™*. Within weeks of birth, aseparate wave of

T,.; cell differentiation occursin the periphery upon exposure to antigens derived
from the diet and commensal microbiota® 8, yet the cell types responsible for the
generation of peripheral T, (pT,,) cells have not beenidentified. Here we describe
the identification of a class of RORyt" antigen-presenting cells called Thetis cells, with
transcriptional features of both mTECs and dendritic cells, comprising four major
sub-groups (TCI-TCIV). We uncover a developmental wave of Thetis cells within
intestinal lymph nodes during a critical window in early life, coinciding with the wave
of pT. cell differentiation. Whereas TC 1and TC lll expressed the signature mTEC
nuclear factor AIRE, TCIV lacked AIRE expression and was enriched for molecules
required for pT,., generation, including the TGF-B-activating integrin avf8. Loss of
either major histocompatibility complex class Il (MHCII) or ITGB8 by Thetis cells led
toaprofoundimpairmentinintestinal pT,, differentiation, with ensuing colitis. By
contrast, MHCII expression by RORyt" group 3 innate lymphoid cells (ILC3) and
classical dendritic cells was neither sufficient nor required for pT,., generation, further
implicating TCIV as the tolerogenic RORyt" antigen-presenting cell with an essential
functionin early life. Our studies reveal parallel pathways for the establishment of
tolerance to self and foreign antigens in the thymus and periphery, respectively,
marked by the involvement of shared cellular and transcriptional programmes.

Inthe thymus, adistinct lineage of epithelial cells establishes tolerance
toself-antigens through deletion of autoreactive T cellsand promotion
of T, cell differentiation' . These functions of mTECs are mediated
in part through the expression of AIRE, which regulates the ectopic
expression of tissue-restricted antigens'. Another major site of toler-
ance induction resides within intestinal lymphoid tissue, where an
infant’s developing immune system is exposed to many new dietary

components and colonizing microbes upon weaning. Establishing a
harmonious host-microbiota relationship in this early life develop-
mental window is critical to prevent later onset of immune-mediated
disorders™. Central to the establishment of tolerance to intestinal
microbesis the differentiation of naive T cells to peripherally generated
Tieq (PT,ee) cellsupon encounter with commensal-derived antigens®*'*™.,
Yet the identity of the antigen-presenting cell (APC) that promotes
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Fig.1|RORyt" APCs promote pT,. differentiation and intestinal tolerance
during earlylife. a-d, Flow cytometry of RORyt and FOXP3-expressing CD4"
Tcellsubsets (a,c) and summary graphs (b,d) for frequencies of pT,.,
(RORYt'FOXP3*) cellsin mLN (a,b) and large intestine lamina propria (LI LP)
(c,d) of 3-week-old MHCIP*® (n = 7) and control (H2-AbI™") (n = 8) mice.

e, Eight-week-old MHCII*RO® (n = 4) and control (n = 3) mice were analysed

for frequencies of pT,., (RORYt'FOXP3") cells, RORyt T, cellsand T, 17

(FOXP3 RORYyt') cellsamong CD4" T cellsinindicated tissues. f, Representative

pT,. cell differentiation is not known. The narrow time window for
establishing intestinal immune homeostasis suggests the presence
of a developmentally restricted tolerogenic APC within the neonatal
intestinal niche.

RORyt'APCs promote pT,., differentiation

Extra-thymic pT,.cells, distinguished from their thymic counterparts
by expression of the orphan nuclear receptor RORyt, arise in mesenteric
lymph nodes (mLN) in response to commensal bacterial antigens and
have a critical role in suppressing inflammatory immune responses
against gut microbes®". Conversely, mice deficientin MHCII-restricted
antigen presentation by RORyt" cells (MHCII*F°R), develop severe intes-
tinalinflammation because they do not establish tolerance to commen-
salbacteria®, suggesting a potential connection between RORyt* APCs
and RORyt" pT,, cell generation. To address this possibility, we analysed
MHCIFR® mice at three weeks of age, when pT,, cells accumulatein the
intestine®®. We observed amarked reductionin RORyt" pT, cells within
themLN and coloniclamina propria, along with an expansion of CD44"
Teffector (T.) cells (Fig.1a-d and Extended Data Fig. 1a). At eight weeks
ofage, these mice exhibited a sustained, severe reductionin RORyt" pT,,
cellsalong with expansion of colonic T helper 17 (T,,17) cells (Fig. leand
Extended Data Fig. 1b), in line with previous studies demonstrating a
prominent role for pathobiont-specificRORyt" pT,., cellsin suppressing
inflammatory T,17 cells™. Histological analysis demonstrated severe
colitis with marked inflammatory cell infiltrate, mucosal ulceration
and loss of crypts (Fig. 1f,g), confirming a critical role for RORyt" APCs
in preventing dysregulated intestinalimmune responses.

Given previous reports of a developmental window for intestinal
immunetolerance”®, we addressed whether the pT,, cell deficitinadult
MHCIF*® micereflected a failure to generate pT,cellsinearlylifeora
continuous requirement for RORyt" APC-instructed pT,, cell differen-
tiation. We therefore generated a Rorc"™s k2 g]lele for identification
and temporal manipulation of RORyt" cells (Extended Data Fig. 2a,b).
Analysis of Rorgt™Rosa26" ™™ Rorc"*™stR12 mice confirmed that
expression of Venus protein, translated downstream of exon 11, faithfully
reflected expression of the RORyt isoform within the mLN and large
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Colon

control mice at12 weeks of age. Scale bars, 200 pm. g, Histological colitis score
in12-week-old MHCII*®°® (n = 5) and control (n = 3) mice. Dataare mean + s.e.m.
Eachsymbolrepresents anindividual mouse. Datainaare pooled from two
independent experiments. Datainearerepresentative of three independent
experiments. Two-tailed unpaired t-test. *P < 0.05,**P< 0.01, ***P< 0.001 and
***P<0.0001.

intestine (Extended DataFig. 2c). Surprisingly, continuous ablation of
MHCII on RORyt* APCsinadult Rorc"s <R3 Ab " mice treated with
tamoxifen from 8-13 weeks of age resulted in only amodest decrease in
pT,. cells within the mLN and LI (Extended Data Fig. 2d,e), indicating
aminimal contribution of de novo pT,, cell differentiation to the pT,,
cell pool of adult mice with stable microbial communities. Together,
these results demonstrate an essential role for an early life RORyt"
APCin pT,,cell generation and raise the question of the nature of the
tolerogenic RORyt* APC.

Identification of anovel lineage of RORyt" APCs

A number of candidate APC types have been suggested to regulate
tolerance to the intestinal microbiota, including dendritic cells and
MHCII* ILC3s (also known as lymphoid tissue inducer (LTi)-like cells).
Among these, the loss of tolerance to commensals in MHCI**® mice
has previously been attributed to ILC3s on the assumptionthat they rep-
resent the only RORyt*"MHCII* cell type'®®. However, recent studies have
identified RORyt-expressing dendritic cells" as well as RORyt*AIRE"
cells®, which were initially described as ‘ILC3-like’ cells but were sub-
sequently shown to more closely resemble dendritic cells”. The role
of these cells inimmune tolerance remains unknown. Critically, the
spectrum of RORyt” APCs has not been examined within the mLN at
the time when pT,, cells first arise. RORyt" pT,, cells first appeared
within the mLN between postnatal day (P)10 and P14, with rapid accu-
mulation thereafter (Extended Data Fig. 3a). We therefore performed
paired single-cell RNA sequencing (RNA-seq) and single-cell assay for
transposase-accessible chromatin using sequencing (scATAC-seq) of
CD45'Lin RORyt(Venus)*MHCII* cellsisolated from mLN at two weeks
of age (Fig. 2a and Extended Data Fig. 3b). After quality filtering, we
retained chromatin accessibility and transcriptional profiles for 10,145
cells. Unsupervised clustering of either the scRNA-seq or sCATAC-seq
datarevealed two major cell types (Fig.2b-d and Extended DataFig. 3c).
Thefirst celltyperepresented ILC3s, spanning their full developmen-
tal spectrum including a RAG1" ILC3 progenitor (ILC3p), proliferat-
ing and mature NCR"ILC3s, and CCRé6" LTi cells (Fig. 2d and Extended
DataFig. 3c,d). The second cell type did not express canonical innate
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Fig.2|Identification ofanovel RORyt" APClineage. a, Schematic of paired
scRNA-seqand scATAC-seq of Lin"RORyt"MHCII" cells from the mLN of
2-week-old Rorc"ems<rfR12 mice (pooled from 16 biological replicates).

b,c, Uniform manifold approximation and projection (UMAP) visualization
0f10,145 cells profiled by scRNA-seq (b) or scATAC-seq (c), coloured by cluster
annotation.d, Dot plot showing the expression of canonical ILC3 or cluster -1V
marker genes e, Similarity between cell types identified inband ImmGen bulk

lymphoid cell (ILC) genes. This population, which was distinguished
by acombination of both epithelial and dendritic cell-associated tran-
scription factors and cell-surface molecules, consisted of four subsets
and asmall cluster of proliferating cells (Fig. 2b-d and Extended Data
Fig. 3c-e). Although these cells expressed the dendritic cell marker
Zbtb46, thistranscript was also highly expressed by MHCII* ILC3s, afind-
ing that was confirmed by analysis of Zbtb46°"" Rorgt“Rosa26"omat
mice (Extended Data Fig. 3f). To elucidate the identity of non-ILC3
RORyt" APCs, we compared the similarity of pseudo-bulk transcrip-
tomes across acomprehensive database ofimmune and stromal cells
(ImmGen). As expected, ILC3 scRNA-seq clusters aligned with ILC3s,
whereas the remaining clusters exhibited surprisingly high correla-
tion with both mTECs and dendritic cells (Fig. 2e), including specific
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expression of AIRE, the signature mTEC transcription factor, in clusters
land Il (Fig. 2f). Independent cross-referencing of these cells with
immune and epithelial cell atlases using Cell Typist'®, amachine learn-
ing tool for precise cell-type annotation, also showed their overlap-
ping transcriptional features with both dendritic cells and a generic
epithelial cell (Extended Data Fig. 3g,h), consistent with their expres-
sion of p63, a critical regulator of epithelial cell differentiation®%.
Inlight of the ‘shape-shifting” hybrid phenotype of this group of RORyt
APCs, we refer to these cells as Thetis cells. Comparison of Thetis cell
clusteridentity defined by chromatin accessibility or gene expression
revealed near perfect congruence (Extended Data Fig. 2f), confirming
that Thetis cells comprise four distinct cell types (TCI-TCIV). Analysis
of pseudo-bulk transcriptomes for Thetis cell sub-groups alongside

+



published single-cell thymic epithelial transcriptomes? demonstrated
overlap with distinct clusters of mature mTEC subsets, in particular
mature AIRE* (mTEC II) and ‘post-AIRE’ (mTEC IlI) subsets (Fig. 2g).
Overall, these data demonstrated the existence of a novel RORyt" cell
type present withinintestinal lymph nodes during early life.

The phenotypiclandscape of Thetis cells

Extra-thymic AIRE expression has previously been reported in migra-
tory CCR7" dendritic cells*?*. Of note, the gene expression signature
that distinguishes CCR7" dendritic cells from their CCR7 counter-
parts does not define the dendritic cell lineage, but rather represents
a particular transcriptional programme that can be acquired by
classical dendritic cell subsets cDC1 and cDC2, as well as other APC
types*?%, reflecting enhanced cell migration, T cell priming capacity
and expression ofimmune-regulatory molecules®. The shared expres-
sion of AIRE in Thetis cells and CCR7* dendritic cells prompted us to
examine the relationship between these two cell types. Analysis of
Rorc"ms<reER24jreCFP mice confirmed widespread AIRE (indicated by
GFP) expression by Lin"CXCR6 CD11c"MHCII'CCR7" cellsencompassing
both CCR7*DCland DC2 (Extended DataFig.4a,b); however, less than
4% of CCR7’ cells expressed RORyt. Moreover, CXCR6 RORyt"MHCII
Thetis cells were also found among CCR7” and CD11¢"MHCII* cell popu-
lations (Extended Data Fig. 4a,b), suggesting that Thetis cells were
distinct from CCR7" dendritic cells. To gain further insight into the
distinguishing features of AIRE-expressing Thetis cells, dendritic cells
and mTECs, we performed orthogonal SMART-seq2 scRNA-seq analysis
of Lin"/RORyt"MHCII" cells isolated from the mLN of three-week-old
Rorc"ems<eER2 mijce in parallel with mLN AIRE* dendritic cells and AIRE*
mTECs from age-matched Aire®" mice (Extended Data Fig. 4c-e).
Clustering analysis, combined with mapping of SMART-seq2 transcrip-
tomes to the droplet 10X dataset, confirmed the presence of LTi-like
ILC3and TCI-TCIV clusters (Fig. 3aand Extended DataFig. 4f,g). Within
the SMART-seq2 dataset, AIRE' mTECs clustered with TC I (Extended
DataFig. 4f,g). Nevertheless, a direct comparison revealed unique
expression of epithelial genes (Foxnl, Krt17 and Krt8), the thymic
marker gene Thata, and Fezf2by mTECs, whereas TC I expressed genes
associated with dendritic cells (Ccr7, Cd83 and Dpp4) (Extended Data
Fig.4h and Supplementary Table1).In addition, Thetis cells exclusively
expressed Ptprc (CD45) and RORyt (Extended Data Fig. 4i), a finding
confirmed by analysis of mTECs from Rorc"™s*f2 mijce (Extended Data
Fig.4j). Despite overlapping markers, Thetis cells clustered separately
from AIRE" dendritic cells (Extended Data Fig. 4f,g), distinguished by
anumber of immune-regulatory genes (Extended Data Fig. 4k and
Supplementary Table 2), underscoring the distinct identity of these two
cell types. Furthermore, AIRE protein expression was readily detect-
able in 10-15% of the Thetis cell population, but not in dendritic cells
(Fig. 3b), consistent with the lower level of Aire transcript observedin
dendritic cells.

Index-sorting analysis of cell-surface markers revealed that Thetis
cells spanned a spectrum from CD11c™”° (TCI) to CD11c" (TC II-TC V)
cells (Fig. 3c and Extended Data Fig. 5a). In addition, TC IV was distin-
guished by high levels of CD11b expression. These findings suggest that
RORyt*CD11c'CD11b"MHCII* cells, previously identified among Tbet”
cDC2B", represent TCIV. TCHI-TCIV expressed higher levels of RORYyt
(indicated by Venus) than ILC3s (Fig. 3c), reflecting Rorgt promoter
activity (Extended Data Fig. 5b). Although TC I expressed lower levels
of RORyt, all Thetis cell subsets expressed sufficient levels of Rorgt to
drive Rorgt-cre-mediated recombination, as evidenced by the near
universal expression of tdTomato by CXCR6 Venus(RORyt) MHCII*
Thetis cells isolated from Rorc"™s<*tR2Ro gt Rosa26"4™ma mice
(Extended Data Fig. 5c). Of note, ILC3s, traditionally identified as CD90*
cells, encompassed both CD90™ and CD90" cells and did not express
CD1lc (Fig.3cand Extended Data Fig. 5d). To assess whether the partially
overlapping transcriptional features of Thetis cells with dendritic cells

and mTECs were coupled to similar or distinct morphological attrib-
utes, we analysed Thetis cells by electron microscopy. Dendritic cells,
AIRE* mTECs and MHCII" ILC3 cells served as reference populations.
Although CD11c"RORYt'AIRE* cells have previously been described as
lymphoid®, electron microscopy analysis revealed that both CD11¢”
AIRE' TCland CD11c" Thetis cells more closely resembled myeloid cells,
incontrast to MHCII" ILC3s, which had a typical lymphoid appearance
(Extended DataFig. 5e). Thetis cells were distinct from classical CCR7*
and CCR7 dendritic cells as well as mTECs, and featured distinctive
mitochondriawithrounded, condensed cristae. To further probe Thetis
celllocalization and morphology, we examined their spatial distribu-
tion in the mLN of Aire®” mice at P18. Immunofluorescence staining
confirmed the presence of AIRE" Thetis cells (TCland TCIII) as well as
AIRE"CD11b* TCIV, with TCIV preferentially located within the paracor-
tex (Extended Data Fig. 5f). Analysis of mLN from Rorc""s**™2 mice
confirmed similar spatial distributions of TCIV and RORyt* pT,, cells
(Extended Data Fig. 5g,h).

Thetis cell ontogeny

To address the ontogeny of Thetis cells, we first analysed dendritic cell
fate-mapping Clec9a“““*Rosa26"-4™matoRorcVes retR12 A jreSrP reporter
mice in which both cDC1 and cDC2 are labelled owing to CLEC9A
expression in dendritic cell progenitors®. In contrast to both AIRE*
and AIRE" DC2s, less than 5% of Thetis cells were tdTomato* (Extended
Data Fig. 6a), probably reflecting the small proportion of Thetis cells
with detectable Clec9a expression (Extended Data Fig. 3e), rather
than descendancy from a CLEC9A" pre-dendritic cell. Given reports
of alymphoid pathway for cDC differentiation”, we next used a novel
RagI®*P<fR2Rosa26"™* mouse to fate-map progeny of lymphoid pro-
genitor cells following neonatal administration of 4-hydroxytamoxifen
(4-OHT). In contrast to labelling of T cells and ILC3s, YFP* cells were
absent among Lin MHCII"CXCR6™ cells encompassing Thetis cells
(Extended Data Fig. 6b). These findings suggested that Thetis cells are
ontogenically and transcriptionally distinct from classical dendritic
cells. Thus, the overlapping phenotype of Thetis cells and dendritic
cells, inparticular CCR7* dendritic cells, probably reflects shared func-
tions related to cell migration and antigen presentation rather than
shared ontogeny (Extended Data Fig. 6¢). RORyt'AIRE" cells have previ-
ously been suggested to be related to ILC3s'**5, however, the absence
of Ragl fate-mapped Thetis cells suggested that Thetis cells were not
descended fromthe RAGI' ILC3p identified within our scRNA-seq data-
set (Extended Data Fig. 3¢). Furthermore, Thetis cells did not express
RORa (Fig. 3d), a critical gene for ILC development that is expressed
by ILC precursors (ILCp) and mature ILC subsets®* ., The exclusive
expression of RORa by MHCII" ILC3s enabled us to determine the
lineage relationship between ILCp and Thetis cells using Rorc"***Rora‘"
Rosa26"omato fate-mapping mice. Within the mLN, around 90% of LTi
cellsand 70% of ILC1and natural killer cells were tagged with tdTomato,
compared with less than 2% of Thetis cells (Fig. 3e and Extended Data
Fig. 6d), confirming that Thetis cells are not developmentally related to
ILCs. To address the possibility of the reverse relationship—that Thetis
cellsarethe precursor to ILC3s—we analysed single-cell transcriptional
dynamics using single-cell RNA velocity* to computationally define
lineage relationships between Thetis cells and ILC3s. This analysis
identified established differentiation trajectories emanating from
ILC3p to NCR*ILC3s and LTi cells (Extended Data Fig. 6e). In contrast,
no ‘connectivity’ was observed between Thetis cellsand ILC3sin either
direction. AlthoughIL7R is expressed by ILCs and asubset of Thetis cells
(Extended Data Fig. 6f), it is also expressed by CCR7* dendritic cells*
(Extended Data Fig. 6g), consistent with recently reported IL7R-cre
fate-mapping in around 25% of cDCs*, precluding this approach for
lineage tracing ILCs, Thetis cells and dendritic cells. Together these
results demonstrate that Thetis cells represent a new class of cells,
distinct from both ILCs and classical dendritic cells.
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Fig.3|Transcriptional, epigenetic and ontological features of Thetis cell
subsets.a, UMAP visualization of integrated 10X Genomics and Smart-seq2
(SS2) scRNA-seq analysis for RORyt"MHCII* Thetis cells (TC), coloured by
SMART-seq2 Thetis cell transcriptome or 10X cluster annotation. b, Intracellular
expression of AIRE protein by Thetis cellsand dendritic cells. ¢, Index-sorting
summary graphs for CD11c, CD11b cell-surface protein and RORyt (Venus)
fluorescenceintensity.d, Heat map showing expression of top differentially
expressed genes (DEGs) between Thetis cellsand MHCII* ILC3s, profiled by
SMART-seq_2, identifying Rora as an ILC3-Thetis cell-distinguishing gene.

e, Representative flow cytometry analysis of tdTomato expressionin MHCII'ILC3
and Thetis cellsisolated from mLN of Rorc"**™*Rora‘Rosa26""**™™* fate-mapped
miceat P14 (n=4).f, Heat mapreporting scaled chromVAR deviation transcription
factor motifscores (left) and corresponding transcription factor gene

To determine the transcription factors that regulate Thetis cell dif-
ferentiation and heterogeneity, we turned to our scATAC-seq data,
integrating differential transcription factor motif activity with gene
expression. This analysis identified activity of canonical ILC3 transcrip-
tion factors in ILC3s, including RORa, GATA3 and TCF1, as well T-BET
(encoded by Thx21) in NCR" ILC3s (Fig. 3f), validating our approach.
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expression values (right) for top transcription factor gene-motif pairsin Thetis
cellsinscATAC-seqdata. g, Heat map showing scaled, imputed expression of
top 125DEGs (one versus the rest, fold change (FC) > 1.5, adjusted P< 0.01) for
each Thetis cell cluster. h, Dot plot showing expression of selected cell-surface
markersthatare differentially expressed between Thetis cell subsets. i, Gating
strategy foridentification of Thetis cell subsets. j, Intracellular expression of
AIRE protein by Thetis cell subsets; each symbol represents anindividual mouse
(n=4).k,summary of TCI-TCIV phenotypes.Plotsiniarerepresentative of
n=6micefrom3independentexperiments.Datainb,e,jarerepresentative of
3independentexperiments. Box plotsincindicate median (centreline) and
interquartile range (hinges), whiskers represent minimum and maximum
values, and dotsrepresent outliers.

By contrast, Thetis cells were distinguished by activity of a unique
group of transcription factors including Spi-B, a critical regulator of
mTEC differentiation, as well as core transcription factors govern-
ing myeloid cell differentiation (PU.1 (encoded by Spi1), BCL11A, IRF8
and IRF4) (Fig. 3f), in agreement with their transcriptional overlap with
bothmTECs and dendritic cells. Notably, several of the signature Thetis
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Fig.4|Antigen presentation by ILC3sisnotrequired for intestinal pT,,
differentiation. a, Dot plot showing expression of genes related to antigen
presentation, T cell priming and cell migration across Thetis celland MHCII*
ILC3 clusters (Fig.2b). b, Representative flow cytometry of mLN ILC3s
(CXCR6'RORYt'MHCII*) and Thetis cells (CXCR6 RORyt'MHCII*) from P18
Rorc"ens<retR12 A jreCP mice (n = 3), showing expression of indicated chemokine
receptors, co-stimulatory and immune-regulatory molecules. d,e, Immune cell
composition of 3-week-old MHCII*** (n = 3) and Rora“"*H2-Ab1""* (n = 3) mice.
d,Number of MHCII"ILC3s and Thetis cellsinmLN. e, Frequency of total T,

celltranscription factors have been shown to regulate AIRE expression
inmTECs™, suggesting a common transcriptional network between
these two cell types. Together, these findings establish the unique
identity of Thetis cells, delineating their shared and distinct features
with both mTECs and dendritic cells.

Transcriptional programmes of Thetis cell subsets

To gain insight into the potential functions of Thetis cell subsets, we
examined their distinguishing transcriptional features (Fig. 3g). TC1
expressed canonical AIRE* mTEC genes, including Aire, Cd80, Cd86,
Tnfrsf11b (which encodes OPG), and genes associated with neuronal
adhesion, signalling and growth (Nrxn1, NrnI and NcamlI). Of note,
arecent study of peripheral AIRE-expressing cells identified a popula-
tion of ' mTEC-like’ RORyt*AIRE" cells withinlymph nodes, similarly distin-
guished by neuronal genes, probably representing AIRE* TCL. TC I
was distinguished by exclusive expression of several distinctive genes
including Pigrand Cldn7, signature molecules for agroup of mTECs with
ahistory of AIRE expression®*, further highlighting parallels between
themTEC and Thetis cell subsets. TClll expressed high levels of AIRE as
wellas Nlrc5, acritical regulator of MHC Class I genes. TCIV expressed
immune-regulatory genes (Cd274) as well as genes associated with
cell migration (Marcks and Cxcl16). Analysis of differential chromatin

(FOXP3") and RORYt" pT,, cells. f, Frequency of total T, (FOXP3"), RORYt pT,,
cellsand T,;17 cellsinmLN and large intestine lamina propria (LI) of 12-week-old
MHCI*RO%« (n = 5) and Rora“™H2-Ab’"** (n = 5) mice. g, Representative
histological analysis of H&E-stained sections of the colon of mice in f (left) and
summary histological colitis score (right). Scale bars, 200 pm. Datain b-fare
representative of two or three independent experiments. Dataare

mean +s.e.m.Eachsymbolrepresents anindividual mouse. Two-tailed
unpaired t-test.

accessibility and motif enrichmentacross Thetis cell subsets suggested
several subset-specific transcriptional regulators, further underpin-
ning the observed heterogeneity of Thetis cells (Extended Data Fig. 7a).
To validate the observed Thetis cell phenotypes, we devised a
panel of flow cytometry markers (Fig. 3h). MHCII* ILC3s were distin-
guished from Thetis cells by the expression of CXCR6 (Fig. 3d,e,h).
Among CXCR6 RORYt"MHCII" cells, we confirmed the presence of
Thetis cell subsets expressing signature cell-surface markers (Fig. 3i)
with the expected pattern of AIRE protein expressionin TCland TCIII
(Fig. 3j). Of note, CCR6 and SIGLEC-G, which have been suggested to
be markers for RORYyt"AIRE" cells'®*%*, were expressed by TC 1 and
TCllbutnotby TCIlland TCIV (Fig. 3h,i). Thus, whereas AIRE* TC |
represent RORyt"AIRE"cells, referred to either as Janus cells or RORyt"
extra-thymic AIRE-expressing cells (eTACs) in two concurrent analyses
of RORyt* APCs**¥, TC II-TC IV extend the spectrum of non-ILC3
RORyt*"MHCII* cells beyond AIRE-expressing cells (Fig. 3k). Together,
ouranalyses suggest that Thetis cell subsets are molecularly and func-
tionally distinct and point to arole for TCIV in pT,, differentiation.

ILC3 and DCs are dispensable for pT,., generation

Given the overlapping phenotype of Thetis cells with professional
APC types with known roles in T cell tolerance, we hypothesized that
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Thetis cells were the relevant RORYyt"MHCII" cell type for instructing
pT.cell differentiation. A direct comparison of Thetis cell and ILC3
transcriptomes, as well as cell-surface protein expression, confirmed
that Thetis cells were enriched for molecules associated with antigen
presentation, T cell activation and cell migration, in contrast to MHCII*
ILC3 cells (Fig. 4a,b and Extended Data Fig. 8a). Furthermore, in con-
trast to Thetis cells, we did not observe CCR7 protein expression on
MHCII" ILC3s (Fig. 4c), despite detectable Ccr7 transcript. To examine
the antigen-presenting ability of Thetis cells, we analysed cell-surface
I-A® bound CLIP peptide on H2-Dma™" or littermate wild-type Thetis
cells, which confirmed efficient H-2M-mediated CLIP displacement
(Extended Data Fig. 8b). Accordingly, staining with the 25-9-17s mon-
oclonal antibody, which binds to a subset of non-CLIP peptide-I-A®
complexes®, demonstrated equivalent levels of expression by Thetis
cells and classical dendritic cells (Extended Data Fig. 8c). To further
examine MHC class Il antigen presentation by Thetis cells, we bred
Rorc"msretR2ith BALB/c mice and confirmed expression of an endog-
enously processed self-peptide Ea52-68 bound I-A®, using the YAe
monoclonal antibody (Extended Data Fig. 8d). To address the ability
of Thetis cells to induce pT,, cells ex vivo, we co-cultured Thetis cell
subsets (either CCR6" TCland TCIlor CCR6” TCllland TCIV) with naive
C7 TCR transgenic CD4" T cells and their cognate peptide under sub-
optimal T,..-inducing conditions. Notably, Thetis cells demonstrated
significantly greater ability to promote T, differentiation relative
to cDC2s with the greatest efficacy observed among TC llland TC IV
(92.7% FOXP3* for TC Ill and TC IV versus 39.4% for cDC2; Extended
DataFig. 8e). Together, these results suggest that Thetis cells are com-
petent APCs.

Our earlier analysis identified exclusive expression of IL-22 by
ILC3s (Fig. 3d), suggesting the potential utility of MHCII*'?? mice to
determine the role of antigen presentation by ILC3s in pT,, induc-
tion. However, consistent with the low frequency of fate-mapped
MHCII*ILC3s in /[22°Rosa" "™ mice (less than 5%; Extended Data
Fig. 8f), MHCIF"?? mice exhibited only minimal loss of MHCII expres-
sion by ILC3s with no effect on the pT,, cell population (Extended
DataFig. 8g). We therefore turned to Rora“ mice as ameansto selec-
tively target ILC3s but not Thetis cells. Notably, ILC3s were the only
MHCII" RORa fate-mapped cell type within the mLN (Extended Data
Figs. 6d and 8h), establishing MHCII*R°** mice as a genetic model for
studying the functional role of ILC3 antigen presentation. Indeed,
analysis of three-week-old MHCI*®°* mice confirmed a complete
loss of MHCII expression on ILC3s, with no changes in Thetis cells
(Fig.4d and Extended DataFig. 8i). Conspicuously, theintestinal T cell
composition was not perturbed in MHCII*R°** mice, with equivalent
proportions and numbers of CD4" Tyand T, cells, including RORyt"
pT. cells, within the mLN and large intestine (Fig. 4e and Extended
DataFig. 8j,k). To exclude arole for ILC3s in pT,, differentiation in
later life, we examined MHCII*R°** mice at 12 weeks of age. In contrast
to MHCI*°®" mice, MHCII**°** adult mice had normal pT,, frequen-
cies, with no evidence of altered T cell activation states (Fig. 4f), and
lacked histological signs of colonic inflammation (Fig. 4g), further
confirming that MHCII-mediated antigen presentation by ILC3s is not
required for intestinal tolerance. Besides ILC3s, antigen presentation
by sub-immunogenic dendritic cells is thought to favour T cell toler-
ance. Although Thetis cells may have been inadvertently targeted by
studies using ‘dendritic cell-specific’ Cre drivers* owing to expression
of both CD11c and Zbtb46, the absence of Clec9afate-mapped Thetis
cells enabled us to revisit a role for classical dendritic cell in pT,,
differentiation through analysis of Clec9a“““"*H2-AbF""" (MHCII**°)
mice in which dendritic cells, but not Thetis cells, were rendered
MHCII-deficient (Extended DataFig. 81). Notably, we did not observe
changesin RORyt'FOXP3"* cellsin these mice (Extended Data Fig. 8m).
Overall, these findings demonstrate that MHCIl antigen presentation
by ILC3s or cDCs is dispensable for pT,, cell differentiation, leaving
Thetis cells as the pT,.,-inducing RORYt* APC.
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Thetis cellsinduce pT,., cellsin early life

Given the narrow temporal window of opportunity for establishing
intestinal immune tolerance, we hypothesized that the presence of
Thetis cells might determine this developmental window. Our analysis
of Thetis cell abundance in mice ranging in age from 7 days to 6 weeks
revealed their marked enrichment between 1and 3 weeks of age, with
arapid decline thereafter (Fig. 5a and Extended Data Fig. 9a). Notably,
Thetis cells—in particular TC IV—-were enriched in the mLN compared
with skin-draining peripheral lymph nodes (pLN) (Fig. 5b). To deter-
mine the dynamics of neonatal Thetis cell differentiation, we used
RorcenuscretRIZRo sq 261 domato mijce to label RORyt-expressing cells and
their progeny. Following treatment of mice with 4-OHT at P1, more
than 60% of Thetis cells remained tdTomato* at P7 (Extended Data
Fig. 9b). This proportion fell to 15% by P14, although total numbers of
bothtdTomato™ and tdTomato' Thetis cellsincreased between P7-P14
(Fig. 5¢), reflecting de novo Thetis cell differentiation or prolifera-
tion during this critical developmental window. Both the proportion
of tdTomato’ Thetis cells and total cell numbers declined from P14,
reflecting waning differentiation beyond this age (Fig. 5c and Extended
DataFig. 9b). By contrast, the proportion of fate-mapped MHCII" ILC3s
declined between P7 and 14 but remained stable thereafter (Extended
DataFig. 9b), consistent with the notion that ILC3s are maintained by
self-renewal*. Thus, Thetis cells or putative RORyt* Thetis cell pro-
genitors are present at birth, and are prominently enriched within
the mLN at the time of induction of intestinal tolerance during early
life. Together these data suggest a critical window of opportunity for
pT..cell differentiation, determined by a wave of Thetis cells in the
mLNin early life.

To determine whether Thetis cell counterparts exist in humans, we
analysed arecent single-cell atlas encompassing second trimester to
adultintestineand mLN*. Withina group of myeloid cells annotated as
‘lymphoid’ dendritic cells, we identified a cluster of cells distinct from
but closely related to CCR7" dendritic cells, that expressed signature
Thetis cell genes (TNFRSF11B and SPIB), including high levels of AIRE
(Extended DataFig. 9c-e). Analysis of orthologous signature Thetis cell
subset genes confirmed enrichment in the putative human Thetis cell
cluster, most prominently for TCIll-and TCIV-defining genes (Extended
Data Fig. 9f). In contrast to CCR7" dendritic cells, human Thetis cells
were present almost exclusively in the mLN (Extended Data Fig. 9g)
and were highly enriched in fetal samples (32% versus 3.8%; Extended
Data Fig. 9h), implying a conserved role for Thetis cells in intestinal
tolerance during early life.

The close temporaland spatial relationship between TCIVand pT,,
cellssupported akey role for this Thetis cell subsetin pT,, differentia-
tion. To determine whether the TC IV subset has distinct features sup-
porting pT,, generation besides MHCII-dependent TCR stimulation,
we used latent Dirichlet allocation—a probabilistic topic model—to
capture shared and unique gene expression programmes. Notably, the
TCIV subset was enriched for a ‘T,.,-inducing’ module encompassing
critical molecules including IL-2, the TGF3-activating integrin ITGBS,
CD40 and CCL22 (Fig. 5d). TGFf signalling is known to be critical for
pT.,celldifferentiation. Activation of latent extracellular TGFp requires
physical interaction with integrin avp6 or integrin avp8, and loss of
either TGFf signalling on T cells, or ITGB8 expression by hematopoi-
etic cells, leads to impaired pT,, differentiation and development of
autoimmunity and colitis***. Analysis of TGF[ signalling pathway genes
inThetis cell transcriptomes confirmed high expression of both /tgav
and /tgb8in TC1V, as well as unique expression of Tgfb2 (Fig. 5e). To
addresstherole of Thetis cellsin TGFf3-mediated pT, differentiation,
we generated mice with conditional loss of the /tgb8 gene in RORyt"
cells (ltgh8**°R), Although ILC3s expressed Itgav, they did not express
Itgb8, as determined by analysis of SMART-seq2 single-cell transcrip-
tomes as well as ltgh8"“™™* reporter mice (Fig. 5f,g and Extended Data
Fig.10a,b). Furthermore, scATAC-seq analysis showed that the /tgh8
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Fig. 5| A developmental wave of Thetis cells promotes early life pT,.,
differentiationinanITGB8-dependent manner.a, Number of Thetis cellsin
mLN from P7 toweek 6 (n=3-8individual mice per timepoint). b, Frequency of
Thetis cellsin pLN and mLN of Rorc"e"¢tR72 A jre“"” mice at P14 (n = 3 mice per
group). ¢, Total number of tdTomato™ and tdTomato" Thetis cellsisolated from
mLN of Rorc"enus<retR12Ro sq 26/ dTomato 4 jre P mice at indicated time intervals
following administration of 4-OHT at P1 (n =4 mice per timepoint). d, Topic
modelling of 10X scRNA-seq Thetis cell transcriptomes. The UMAP is coloured
by the weight of topic 7in eachcell. e, Dot plot showing the expression of TGFf3
pathway genesin Thetis cellsand ILC3s. f,g, Representative flow cytometry

(f) and summary graphs (g) of ITGB8 (tdTomato) expression in Thetis celland
ILC3 subsetsinmLN of /tgh8“"°™* (n = 4) or littermate wild-type (WT) mice.

locuswasinaccessibleinILC3s (Extended Data Fig.10c), confirming that
Itgb&**°R" mice have a specific deficiency of ITGB8 in Thetis cells and
T cells. Analysis of mLN and large intestine from three-week-old mice,
revealed a substantial reduction in pT,, cell frequency and numbers
(Fig. 5h,i), mirroring the loss of pT,., cells observed in MHCIF*® mice.
Differentiation of pT,., cells was normal in Cd4““/tgh8"" mice (Extended
DataFig.10d), indicating that TGF[ activation by Thetis cells—and not
by T cells—isacritical mechanism for intestinal pT,, cell differentiation.

Theunique expression of ltgb8 by Thetis cells enabled usto test the
requirement for TGFB activation and antigen presentation by the same
cell. Using bone marrow chimeras generated with a mix of /tgh8**°% and
MHCIFR® bone marrow cells—inwhich both ILC3s and Thetis cells can
present antigen, but the same Thetis cell cannot present antigen and
activate TGFB—wefound that pT, . differentiation was critically depend-
ent on antigen presentation by /tgb8-expressing Thetis cells, with an
equivalent deficitin pT,, cells observed in MHCIF*°®* and MHCIF***/
Itgb8**°" chimeras (Fig. 5j), excluding the possibility of redundant

> MHCI[*RORY and CTL

© MHCIIARORY and Jtgb8ARORT
o Itgb82RORYt and CTL

h,i, Representative flow cytometry of RORyt-and FOXP3-expressing T cell
subsets (h) and summary graphs for frequencies and numbers (i) of pT,,
(RORYt'FOXP3") cellsinmLN and large intestine lamina propria (LI) of
3-week-old Itgh8**°R" (n = 3) and Itgh8™" (n = 4) mice. j, Frequency of RORyt"
pT., cellsamong CD4'FOXP3" cellsin mLN and large intestine lamina propria of
mixed bone marrow (BM) chimeras, analysed 6 weeks after reconstitution
(n=6mice per group).k, Schematic of pT,.;induction by Thetis cells. Datain
b,carerepresentative of twoindependent experiments. Datainf,g,jare pooled
fromtwo (j) or three (f,g) independent experiments. Datainh,iare
representative of 4independent experiments. Dataare mean +s.e.m.
Two-tailed unpaired t-test.

and compensatory functions between Thetis cells and ILC3s. Overall,
our findings identify a new class of APCs that is prominent in the mLN
during a critical early life window, and demonstrate an essential role
for the TCIV subset in establishing intestinal tolerance through the
generation of pT,, cells (Fig. 5k).

Discussion

Contrary to the view that ‘neonatal immune privilege’—first demon-
strated by Medawar in the 1950s****—results from the presence of immu-
nosuppressive or immature’ dendritic cells with aninferior stimulatory
capacity, our results suggest the existence of a dedicated tolerogenic
APC type thatis enriched in early life. The requirement for MHC class
Il antigen presentation by Thetis cells in early life but not in adult-
hood provides support for amodel in which a tightly regulated wave
of Thetis cell differentiation during a narrow developmental window
imprints durable microbiota-specific T cell tolerance. Of note, pT,.,
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cellabundanceinadulthood is determined by cues sensed during the
first week oflife®, coincident with the observed wave of Thetis cell dif-
ferentiation, suggesting that modulation of Thetis cell development
may have lasting effects on intestinalimmune tolerance.

A defining feature of Thetis cells is their expression of RORyt. Our
finding of overlapping markers between Thetis cells and dendritic
cells resolves previous conflicting reports on RORyt" dendritic cells
and their relationship to ILC3s"*, Selective targeting of cDCs or ILC3s,
enabled by identification of cell-type-specific genes, demonstrated
that neither ILC3s nor dendritic cells, contribute to mucosal toler-
ance. Whereas the precise ontogeny of Thetis cells remains to be
established, a notable finding was their expression of transcription
factors and markers typically associated with mTECs. Arecent study
highlighted the existence of hybrid cell types that emerge from AIRE*
mTECs in the thymus®. Our discovery of Thetis cells further challenges
the current view of boundaries between cell lineages highlighting
shared transcriptional programmes between haematopoietic and
non-haematopoietic cells that may support common purposes. Within
the thymus, AIRE* mTECs instruct T cell tolerance through negative
selection and neonatal thymic T, generation"*”. The essential role of
Thetis cellsin neonatal pT,., differentiation highlights the symmetry
between thymic and peripheral tolerance pathways. The expression
of AIRE by TC I and TC Ill suggests the possibility that Thetis cells
may share additional functions with mTECs, such as tolerance to
self-antigens.

Here we haveidentified a novel tolerogenic APC type thatis enriched
in the intestine during a critical early life period when host-micro-
biota symbiosis is first established. The finding that TC IV instructs
extra-thymic T, cell generation provides a cellular basis for the
reported early life window for the establishment of intestinalimmune
tolerance. Future exploration of Thetis cell biology may yield key
insights into mechanisms ofimmune tolerance and the pathogenesis
of autoimmune and inflammatory disease.
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Methods

Mice

Rorc'erusTAcretR2 mice were generated by insertion of a targeting con-
struct into the Rorc 3-UTR by homologous recombination in embry-
onic stem (ES) cells on the C57BIl/6 background. The IRES-Venus-
T2A-creER-frt-NeoR-frt cassette targeting construct was created by
cloning. Homologous arms were retrieved from BAC clone RP24-
209K20. To facilitate ES cell targeting, the CRISPR-Cas9 system
was used. The guide RNA was transcribed in vitro using the MEGA
shortscript T7 kit (Life Tech Corp, AM1354) using recombineering tech-
niques. The targeting vector, Cas9 protein (Fisher Scientific, A36498
Truecut Cas9 Protein v2) and guide RNA were co-electroporated into
G1ES cells derived from an F, hybrid blastocyst of 129S6 x C57BL/6).
The resulting chimeras were bred with FLPeR mice to excise the NEO
cassette. RagI®"<r*tR12 (C57BL/6-Tg(Ragl-RFP,-cre/ERT2)33Narl) mice,
obtained from the Rodent Model Resource Center, were generated
by insertion of a BAC transgene comprising the Ragl promoter and
RFP-IRES-creERT2 into ES cells from C57BI/6 mice.

Adig(Aire®™), Clec9a™, Rora‘”, Itgh8"", Cd4¢, H2-Dma ™", C7 and
Itgb8“™ma mice have been previously described®*°2, Rorgt“, H2-AbP'™",
R26"Hdromat RAGILYIP | 7hth46°F, [122°7°, C57B1/6 (CD45.2), CD45.1 and
BALB/c mice were purchased from Jackson Laboratories. Generation
and treatments of mice were performed under protocol 21-05-007 and
08-10-023, approved by the Sloan Kettering Institute (SKI) Institutional
Animal Care and Use Committee. All mouse strains were maintainedin
the SKI animal facility in specific pathogen free conditions in accord-
ance with institutional guidelines and ethical regulations. Both male
and female mice were included in the study and we did not observe
sex-dependent effects. All mice analysed were age and litter matched
unless otherwise specified. Allanimals used in this study had no previ-
ous history of experimentation and were naive at the time of analysis.

Tamoxifendiet

Rorc"emsrER2H2. Ap " and littermate Rorc*ems R 22-Ap 1"/ mice were
placed onatamoxifen citrate-containing diet (TD.130860; Envigo) at
eight weeks of age for five weeks.

Tissue processing

Mice were euthanized by CO, inhalation. Organs were collected and
processed as follows. Lymphoid organs were digested in collagenase
inRPMI1640 supplemented with 5% fetal calf serum, 1% L-glutamine, 1%
penicillin-streptomycin, 10 mMMHEPES, 1 mg ml™ collagenase A (Sigma,
11088793001) and 1 U mI™ DNase I (Sigma, 10104159001) for 45 min
at37°C, 250 rpm. Large intestine was removed, flushed with PBS and
incubated in PBS supplemented with 5% fetal calf serum, 1% L-glutamine,
1% penicillin-streptomycin, 10 mM HEPES, 1 mM dithiothreitol and
1 mM EDTA for 15 min to remove the epithelial layer. Samples were
washed and incubated in digest solution for 30 min. Ceramic beads
(0.25inch) (MP Biomedicals, 116540034) were added to large intestine
samples (3 per sample) toaid in tissue dissociation. Digested samples
were filtered through 100-pum strainers and centrifuged to remove
collagenase solution. Thymus samples were minced with scissors fol-
lowed by enzymatic digestion in RPMI1640 supplemented with 10%
fetal calf serum, 1% L-glutamine, 10 mM HEPES, 62.5 pug ml™ Liberase
and 0.4 mg ml™ DNase . Density-gradient centrifugation using a3-layer
Percoll gradient with specific gravities of 1.115,1.065 and 1.0 was used
to enrich for stromal cells for flow cytometric analysis. For sorting of
mTECs, single-cell suspension of digested thymocytes were depleted
of CD45" cells using CD45 microbeads (Miltenyi Biotec).

Flow cytometry

For flow cytometric analysis, dead cells were excluded either by stain-
ing with LIVE/DEAD Fixable Violet or Zombie NIR in PBS for 10 min
at 4 °C, prior to cell-surface staining. Cells were then incubated with

anti-CD16/32in staining buffer (2% FBS, 0.1% Na azide, in PBS) for 10 min
at4 °C to block binding to Fc receptors. Extracellular antigens were
stained for 20-30 min at 4 °C or room temperature (CCR7 staining)
in staining buffer. For intracellular protein analysis, cells were fixed
and permeabilized with Cytofix (BD Biosciences) and/or Ebioscience
FOXP3 kit, per manufacturer instructions. Intracellular antigens were
stained for 30 minat4 °Cinthe respective 1x perm/wash buffer or over-
night forintracellular AIRE staining. Live cells were treated with DNase
(0.08 U ml™) for 10 min at room temperature and washed with stain-
ing buffer prior to acquisition on a BD LSR or Cytek Aurora. 123count
eBeads were added to quantify absolute cellnumbers. The antibodies
used for flow cytometry and FACS are listed in Supplementary Table 3.
Unless otherwise stated, we used the following gatings: Thetis cells:
Lin (SIGLEC-F, TCRp, TCRYS, CD19, B220, NK1.1) CD64 Ly6C RORyt
(intracellular staining or expression of Venus in Rorc""s /12 mjce)
CXCR6 MHCII*; MHCII* ILC3s: Lin"CD64 Ly6C RORyt (intracellular
staining or expression of Venus in Rorc"™s k2 mjce) CXCR6*MHCII*,
and DC2s: Lin"CD64 Ly6C RORyt CD11c*MHCII*CD11b".

Histological analysis of intestinal inflammation

Mice were euthanized by CO, inhalation and large intestines were col-
lected and immediately placed into 10% formalin. Histopathological
assessment for inflammation scoringin the intestine was performed on
H&E-stained sections based on established scoring systems for intesti-
nal inflammation in mouse models®. Assessmentincludes severity and
extent ofinflammatory cell infiltrates, epithelial changes and mucosal
architecture changes. Inbrief, the severity and extent of inflammatory
cellinfiltrates were evaluated histologically. Other evaluationsinclude
proliferation of epithelial cells lining the mucosa villous atrophy, crypts,
loss of goblet cells, crypt abscesses, erosions and ulceration.

Multiome scRNA and scATAC-sequencing

For scRNA-seq and scATAC-seq of RORyt"MHCII" cells, mLN from
2-week-old (P14-P17) Rorc"*"s"**f"? mice were pooled from 16 biological
replicatesand processed as described earlier. Cells were depleted of Lin*
(TCRb, TCRYS, CD19, B220, NK1.1)" cells by staining with biotinylated
antibodies followed by magnetic bead negative selection. Cells were
incubated with anti-CD16/32 in sorting buffer (2% FBS in PBS) for 10 min
at4 °Ctoblock binding to Fc receptors. Extracellular antigens were
stained for 30 minat4 °Cinsorting buffer (2% FBS,2mMEDTA, in PBS).
Cells were washed and resuspended in sorting buffer with SYTOX blue
(Invitrogen) for exclusion of dead cells. Live, CD45°Lin(SIGLEC-F, TCRf,
TCRyS, CD19) RORyt(Venus)" MHCII' cells were then sort purified. Cells
were sorted into cRPMI, before being pelleted and resuspended in
RPMI-2% FBS. Single-cell multiome ATAC and gene expression analysis
was performed with the 10X genomics system using Chromium Next
GEM Single Cell Multiome Reagent Kit A (catalogue no.1000282) and
ATACKit A (catalogue no.1000280) following the user guide for the
Chromium Next GEM Single Cell Multiome ATAC + Gene Expression
Reagent Kits and the demonstrated protocol for nuclei isolation for
single-cell multiome ATAC and gene expression sequencing. In brief,
>50,000 cells (viability 95%) were lysed for 4 min and resuspended
in Diluted Nuclei Buffer (10x Genomics, 2000207). Lysis efficiency
and nuclei concentration was evaluated on Countess Il automatic cell
counter by trypanblue staining. Nuclei (9,660 per transposition reac-
tion) wereloaded, targeting recovery of 6,000 nuclei after encapsula-
tion. After the transposition reaction, nuclei were encapsulated and
barcoded. Next-generation sequencing libraries were constructed
following the manufacturer'sinstructions, and were sequenced onan
Illumina NovaSeq 6000 system.

Plate-based Smart-seq2 sequencing

RORyt"MHCII" cells were enriched from a pool of mLN from three-week-
old (P21) Rorc*ers<rtRT2 mice, Cells were depleted of Lineage (TCR,
TCRy§, CD19,B220,NK1.1)* cells viastaining with biotinylated antibodies
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followed by magnetic bead negative selection. Live, Lin(CD3, TCRp,
TCRy6 CD19,B220,NK1.1) CD64 Ly6C MHCII'RORyt(Venus)® cells were
then sorted into single wells. Cells were stained for CD90, CD11c and
CD11bforacquiringindex-sorting information on cell-surface expres-
sion and equal numbers of CD90 CD11c*, CD90 CDl11c’, CD90™ and
CD90" cells were targeted for sorting to ensure representation of all cell
types. AIRE'mTECs were enriched from a pool of thymi from three-week
old mice viastaining with biotinylated antibodies against CD45 followed
by magnetic bead negative selection. CD45 Epcam*MHCII*AIRE(GFP)*
cellswere sorted into single wells. AIRE" dendritic cells were enriched
from a pool of MLN from the same three-week old mice. Cells were
depleted of Lin* cells as described above and live, Lin(CD3, TCR3, TCRyS
CD19,B220,NK1.1) CD90 CD64 Ly6C CD11c"MHCII"AIRE(GFP)* cells
were thensortedinto single wells. Retrospective index-sorting analysis
confirmed that AIRE(GFP)* cells were CD11cMHCII", representing
CCR7" dendritic cells.

Single cells were sorted into Buffer RLT (Qiagen). Cell lysates were
immediately sealed and spun down before transferring to dryice and
storing at—80 °C.RNA was purified using the Agencourt RNAClean XP
beads (Beckman Coulter) ata2.2xratio. First-strand cDNA synthesis was
achieved using Maxima HMinus Reverse Transcriptase (ThermoFisher)
accordingto the manufacturer’s protocol using oligo dT primers, with
the addition of acustom template-switcholigoinal mM final concen-
tration. cDNA was amplified for 24 cycles using KAPA HiFi HotStart
ReadyMix (Kapa Biosystems KK2601). After PicoGreen quantification,
0.1-0.2 ng of cDNA was used to prepare libraries with the Nextera XT
DNA Library Preparation Kit (Illumina) in a total volume of 6.25 pL
with 12 cycles of PCR. Indexed libraries were pooled by volume and
cleaned by aMPure XP beads (Beckman Coulter) at a 1x ratio. Pools
were sequenced on a HiSeq 4000 in a PE5S0 or PE100 run using the
HiSeq 3000/4000 SBS Kit (Illumina). An average of 1.8 million paired
reads were generated per sample and the percent of mRNA bases per
sample averaged 63%.

Mouse scRNA-seq and scATAC-seq computational analysis
Pre-processing of the 10X multiome scRNA-seq and scATAC-seq
for RORyt*"MHCII* cells. scRNA-seq and scATAC-seq FASTQ files
were aligned to mm10 (Cell Ranger mouse reference genome mm10-
2020-A-2.0.0) and counted by Cell Ranger ARC v2.0.0 with default
parameters. The barcodes were filtered based on the number of RNA-seq
transcripts (>1,000 and < 50,000), the number of detected genes (>500
and < 6,000), and the fraction of mitochondrial transcripts (<15%).
Barcodes were further filtered based on the number of scATAC-seq
fragments (3.5 <log,o(number of fragments) <4.5) and transcription
start site enrichment score (>4). Arrow files were created from the
SCATAC-seq fragments using ArchR v1.0.1°*, and doublets were identi-
fied and removed with default parameters. Finally, any genes detected
in<2cellsinthe scRNA-seq datawere discarded, leaving 20,779 genes.
After clustering, the scRNA-seq data (described in ‘Dimensionality
reduction, cell clustering, and visualization’), and based on the expres-
sion of marker genes, we identified 5minor contaminant clusters (glial
cells; cluster 17, plasmacytoid dendritic cell; cluster 18, Rorc’° CCR7"
dendritic or Thetis cell; cluster 19, mixed monocyte/cDCI; cluster 20,
and macrophage; cluster 21) which were excluded from downstream
analyses.Intotal, 10,145 cellsremained, withamedian scRNA-seq library
size 0f 3,150 and a median of 13,885 scATAC-seq fragments.

Pre-processing of the Smart-seq2 scRNA-seq dataset. Smart-seq2
sequencing data from demultiplexed samples was aligned to the
mouse reference genome using STAR v2.7.7a% with --twopassMode
Basic --outFilterMultimapNmax 1 --quantMode TranscriptomeSAM.
Sequence reads were aligned and annotated using a STAR index cre-
ated from GENCODE GRCm38 (mm10) release M25 primary assembly
genome and gene annotations®®. Alignment files were individually
name-sorted using Samtools v1.11¥, and then used to create a cell-by-

gene count matrix using featureCounts®® (subread v2.0.1). The count
matrix was filtered based on the number of transcripts (>50,000),
number of detected genes (>1,300), and the fraction of mitochondrial
transcripts (<8%). Finally, genes detected in <2 cells were discarded.
Atotal of 481 cells remained, with amedian library size 0f 924,319 from
27,195 genes.

Dimensionality reduction, cell clustering, and visualization.
For each scRNA-seq dataset, the filtered count matrix was library-
size-normalized, log-transformed (‘log-normalized’ expression values)
and then centred and scaled (‘scaled’ expression values) using Seurat
v4.0.4. Principal component analysis (PCA) was performed on the
scaled data (total number of principal components = 50). PhenoGraph
clustering® was performed using the first N principal components with
k-nearest neighbours (V=30 and k=30 for the multiome scRNA-seq
data; N=20 and k=30 for the Smart-seq2 dataset; N=30 and k=20
for the human gut dendritic cells). Cell clustering was visualized
using UMAP®°, computed from the nearest neighbour graph built
by PhenoGraph.

The multiome scATAC-seq data analysis was restricted to the cells
in clusters 1-16 of the scRNA-seq results, as previously described for
pre-processing. Latent Semantic Indexing (LSI) was performed on
100,000 top variable tiles (500 bp genomic bins) identified after ten
iterations of ‘IterativeLSI' by ArchR. Tiles from non-standard chromo-
somes, chrM, and chrY were not included in this analysis. Cells were
clustered (method=Seurat, k.param =30, resolution =1.2) and visual-
ized with UMAP (nNeighbors = 30) using 30 LSI components. In both
the scRNA-seq and scATAC-seq data, we identified several clusters of
LTicells (scRNA clusters 9-16 and scATAC clusters 7-13). These clusters
showed weak pairwise matchings between scRNA and scATAC; there-
fore, they were combined as one group of LTi cells for downstream
analyses.

Differential gene expression tests. DEGs between groups of cells were
identified with MAST®, performed using Seurat functions. MAST was
run on the log-normalized expression values. In all tests, genes were
only considered if they were detected in at least 10% of the cells in at
least one of the two groups compared (min.pct = 0.1, logfc.thresh-
old = 0).Inone-vs-rest differential expression tests comparing multiple
groups, each group was compared to all the cells from other groups.
Specific differential expression comparisons are described in the
results. DEGs were reported according to their fold change (>1.5) and
adjusted Pvalue (<0.01). Ribosomal and mitochondrial genes were
removed from the final list of genes reported or visualized. Where
stated, the top DEG markers were subsequently selected for each group,
based on fold change.

Data imputation for scRNA-seq data. MAGIC imputation®*was applied
to the log-normalized expression values for the multiome scRNA-seq
dataset to further de-noise and recover missing values. Imputed gene
expression values were only used for data visualization on UMAP over-
lays and heatmaps, where stated.

Cell cycle scores. Using standard Seurat functions, we computed
cell cycle scores for known S-phase and G2/M-phase marker genes®
toidentify proliferating cells.

Topic modelling for scRNA-seq data. Topics were identified by fitting
alatent Dirichlet allocation model, also known as a Grade of Member-
ship (GoM) model®*, to the raw gene expression count matrix for Thetis
cells (clusters 1-5 of the multiome scRNA-seq data) using CountClust
v1.18.0%. Genes that were detected in fewer than 10 Thetis cells were
notincluded. The optimal number of topics (K= 8) was selected among
valuesranging from 3 to 15 with the maximum Bayes factor (BF). The role
of atopicineach cellis measured by the degree to which it represents



thattopic, and the topic weightssumuptolineachcell. Theimportance
ofageneforeachtopicis measured by how distinctively differentially
expresseditisinthat topic, by measuring the KL-divergence of its rela-
tive gene expression to other topics, assuming a Poisson distribution.
Onetopic, defined by ribosomal and mitochondrial genes and shared
across all clusters, was removed from the topic model visualizations.

Dynamical modelling of RNA velocity for the multiome scRNA-seq
data. The unspliced and spliced mRNAs for the scRNA-seq profiles
of the multiome data were counted by Velocyto v0.17.17%* from the
position-sorted BAM file containing GEX read alignments, outputted by
CellRanger ARC in pre-processing. As annotation files for Velocyto, we
used the same mm10 gene annotations used in pre-processing, in addi-
tionto the mm10 expressed repeat annotation from the RepeatMasker
track of UCSC genome browser. Next, we used the Velocyto results
to learn a generalized dynamical model of RNA velocities by scVelo
v0.2.4%. Count matrices were filtered, normalized, and log-transformed
(min_shared_counts =10, n_top_genes =3000), cell cycle effect was
corrected by regressing out S-phase and G2/M-phase scores, using
Scanpy1.6.0%. After performing PCA on the corrected data (n_pcs=30),
first-and second-order moments were computed for each cell across
its nearest neighbours in the PCA space (n_neighbors = 30). Finally,
the full splicing kinetics were recovered and solved for each gene by
scVelo’s dynamical model.

Integrating the Smart-seq2 dataset with the multiome dataset.
RORYt"MHCII" transcriptomes (based on cell-type as sorted) from the
SMART-seq2 dataset were integrated with transcriptomes from the 10X
multiome scRNA-seq data, using Seurat®®. Based on the variability of
genesinboth datasets, 5,000 top scoring genes were selected by Seurat
functions toidentify ‘integration anchors’ with canonical correlation
analysis (CCA). Expression values for these genes were integrated,
scaled, and used for PCA. AUMAP embedding was computed from the
first N=30 principal components (k = 30). Additionally, using Seurat
functions, the RORyt"MHCII" cells from the SMART-seq2 dataset (query)
were mapped to multiome scRNA-seq clusters (reference) by projecting
the PCAfromthe reference onto the query toidentify ‘transfer anchors’,
and then assigning a prediction score for each reference cluster to
query cells. The cluster identity with the highest score was chosen as
the predicted label for each cell.

Single-cell enrichment scores for gene sets. Given a set of genes,
we standardized the log-normalized expression values of each gene
across cells and then averaged these values for all genes in the set,
assigning an enrichment score to each cell. Where stated, these scores
were standardized across cells and reported as z-scores.

Creating pseudo-bulk samples from scRNA-seq data. Pseudo-bulk
samples were created by averaging the unimputed log-normalized gene
expression values for each cluster. In cases where scaled values were
used for downstream analyses, these average expression values were
standardized across the pseudo-bulk samples.

Similarity of multiome scRNA-seq clusters to bulk microarray
ImmGen samples. The RMA-normalized and log,-transformed gene ex-
pression data of 224 bulk microarray samples froma publicly available
ImmGen dataset was downloaded from https://www.haemosphere.
org®.For eachgene, the probeset with the highest mean expression was
retained. Weincluded all cell typesisolated from naive, untreated mice.
Pseudo-bulk samples were generated from the multiome scRNA-seq
data for each Thetis cell subset, and non-proliferating MHCII" ILC3s
(NCR'ILC3 and LTi cells). The gene expression vectors were scaled
across bulk and pseudo-bulk samples within each dataset, and their
pairwise cosine similarities were used to compare the samples. These
similarity scores were computed from the expression of 2,399 DEGs

(FC>1.3, adjusted P< 0.01) comparing the scRNA-seq clustersina
one-vs-rest test, that were also expressed in the microarray data. The
proliferating and progenitor clusters were excluded from the differen-
tial expressiontest, and the LTi clusters were grouped together. For visu-
alization of results, only cell lineages containing a cell type with > 0.25
cosine similarity with either Thetis cell or ILC3 clusters were plotted.

Cell-type prediction. To determine similarity between Thetis cellsand
known cell types we used CellTypist (https://www.celltypist.org), with
bothlow-and high-resolution models ofimmune cells to classify cells
with coarse and fine granularities, respectively. Top predicted labels
for eachinput cell were visualized.

Similarity of Thetis cells to thymic epithelial cells. scRNA-seq profiles
of CD45 thymic epithelial cells were downloaded from a publicly availa-
ble dataset (GSE103967)*. The raw counts were library-size-normalized,
log-transformed, and used to create pseudo-bulk samples for each
thymic epithelial cluster. Pseudo-bulk samples were also generated
torepresent the multiome scRNA-seq Thetis cell clusters (2-5). These
pseudo-bulk gene expression vectors were scaled across samples
within each dataset, and their pairwise cosine similarities were used
to compare clusters from the two datasets. These similarity scores
were computed from the expression of 1,740 DEGs (FC > 1.3, adjusted
P<0.01) identified in a one-vs-rest differential expression test for
non-proliferating Thetis cell clusters (2-5), that were also expressed
inthe thymic epithelial cells. Among individual clusters of thymic epi-
thelial cells defined in the original dataset, we identified 2 clusters of
transit amplifying AIRE" cells (clusters 25 and 26), distinguished by
signature gene expression including cell cycle genes.

scRNA-seq dataset of human gut dendritic cells. Dendritic cells
(annotated as cDC1, cDC2 or lymphoid DC) within the myeloid dataset
from the human gut atlas* were re-clustered. From the gene markers
for each Thetis cell subset (one-vs-rest differential expression test for
non-proliferating Thetis cell scRNA-seq clusters, FC > 1.5, adjusted
P<0.01), weidentified orthologous human genes that were uniquely
mapped by gprofiler2 and computed enrichment scores for Thetis cell
subset gene signatures for each human cell.

Peak calling for the multiome scATAC-seq data. For peak calling of
the scATAC-seq data, clusters for similar cell types were grouped: C1
(TC1V), C2-4 (TCI-TCIII), C5-6 (NCR"ILC3), and C7-13 (LTi). Filtered
SscATAC-seq fragments for each group were extracted from ArchR arrow
files. We performed MACS2 v2.2.7.1 on fragments of each group with
‘--gsize mm --qval 0.01--nomodel --ext 200 --shift -100 --call-summits’.
The peak summits were extended by 100 bp ineach direction. Regions
extending outside of mm10 chromosomes, arising from chrY or chrM,
overlapping with blacklist regions precompiled by ArchR (merged
from the ENCODE mm10 v2 blacklist regions from https://github.com/
Boyle-Lab/Blacklist/blob/master/lists/mm10-blacklist.v2.bed.gz and
mitochondrial regions that are highly mappable to the mm10 nuclear
genome from https://github.com/caleblareau/mitoblacklist/blob/
master/peaks/mml0_peaks.narrowPeak), or containing ‘N’ nucleo-
tides (>0.001 of the sequence) were filtered. Regions from all groups
were compiled and overlapping regions were merged to their union,
resultinginanon-overlapping set of 176,942 peaks. A peak-by-cell count
matrix was created by ArchR with a‘ceiling’ value of 4 for the counts to
avoid strong biases.

Transcription factor motif enrichment with chromVAR. The peaks
that were accessible in <10 cells were filtered from the peak insertion
counts, created asdescribed in the previous section, and theresulting
176898 x10145 peak-by-cell count matrix was used for motif enrichment
with chromVAR v1.14.07°. Mouse motif PWMs were downloaded from
the CIS-BP database” (‘Mus_musculus_2022 01 14_6-40 pm’),and the
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missing PWMs were extracted from ‘mouse_pwms_v1’inchromVARmo-
tifsv0.2.0. The GC content of the peaks was computed with chromVAR,
and motifs were matched to them by motifmatchr v1.14.0. Then, chrom-
VAR ‘deviations’ of the motifs were computed for the peak-by-cell count
matrix. The ‘top motif’ for each transcription factor was selected by
correlatingits log-normalized gene expression values (from multiome
scRNA-seq) with the deviation z-scores of its motifs, in the same cells,
and picking the motif with the highest Pearson correlation coefficient.
Finally, transcription factor-motif pairs with a correlation higher than
O.1were selected. This resulted in 56 top transcription factors, out of
739 CIS-BP transcription factors that were expressed (that is, had any
transcripts detected) in the multiome scRNA-seq profiles. The same
process was repeated for the 139,528 x 1,552 peak-by-cell count matrix
of Thetis cells (multiome scATAC-seq clusters 1-4) and the peaks acces-
siblein at least 10 Thetis cells. Out of 652 CIS-BP transcription factors
that were expressed in Thetis cells, 68 had a transcription factor-motif
correlation higher than 0.1and were selected as top transcription fac-
tors for Thetis cells.

Neonatal 4-OH tamoxifen administration

For labelling of RORYt" cells, Rorc"*™s k724 jre®* mice were injected
intraperitoneally on P1 with 25 pg 4-OH-tamoxifen (4-OHT) and ana-
lysed on P8, P15 and P21. For RAG1 fate mapping, RagI®™ <tRT2R 26/ VP
mice were injected with 25 pg 4-OHT intraperitoneally on P3, P5 and
P7 and analysed on P15.

Electron microscopy

RORYt"MHCII" cells were enriched from a pool of mLN from P18
Rorc""sR2 mice (for TCIV or reference CCR7 and CCR7* dendritic
cells) and P18 Aire®” mice (for TCI). Cells were depleted of Lin* (TCRb,
TCRgd, CD19,B220, NK1.1)* cells via staining with biotinylated antibod-
iesfollowed by magnetic bead negative selection. mTECs were enriched
from a pool of thymi from P18 Aire®* mice as described above. Live,
Lin(TCRb, TCRgd, CD19, B220, NK1.1) CD64 Ly6C MHCII'RORyt(Venu
s)'CDl1c'CD11b*cells (TC1V), Lin RORyt(Venus) CD11cMHCII" (CCR7"
dendritic cell), Lin"RORyt(Venus) CD11c"MHCII" (CCR7 dendritic cell),
Lin"CXCR6 CDI11c"°AIRE(GFP)"(TCI), Lin" RORyt(Venus)*CD90*MHCII*
(LTi/ILC3), or CD45 Epcam*MHCII'AIRE(GFP)" cells were then sorted
directlyinto 2% glutaraldehyde, 4% PFA,and 2mM CacCl,in 0.1M sodium
cacodylate buffer (pH 7.2), fixed for >1h at room temperature, post-
fixedin1% osmium tetroxide, dehydrated inacetone, and processed for
Eponembedding. Ultrathin sections (60-65 nm) were counterstained
with uranylacetate and lead citrate. Images were taken with atransmis-
sion electron microscope (Tecnai G2-12; FEI) equipped with a digital
camera (AMT BioSprint29).

Tissue preparation forimmunofluorescence, microscopy and
image analysis

Mesentericlymph nodes (mLN) were dissected from 2- to 3-week-old
Rorc"ems<retR2 o Ajre®* mice and trimmed of fat using a dissection
scope and forceps. mLNs were fixed in 2% paraformaldehyde for 4 h
in4 °C,washed 3 timesinPBS, and dehydratedin 30% sucrosein 0.1M
phosphate buffer overnight (16-20 h). mLNs were embedded in opti-
mal cutting temperature (OCT) compound, frozen ondry ice, and
stored at -80 °C.15-20m sagittal sections were placed on Superfrost
Plus microscopy slides and stored at —20C until staining. mLN sec-
tions were permeabilized using 0.2% Triton X-100 for 15 min at room
temperature, washed 3 times with PBS, blocked in 5% rabbit and don-
key serum for 1 hatroom temperature, and washed 3 times with PBS.
Next, the sections were incubated with combinations of the following
primary antibodies in PBS overnight at4 °C: CD11c BV421 (Biolegend,
Clone N418, 1:50), CD11b BV480 (BD Biosciences, Clone M1/70 1:50)
CD4 AF647 (Biolegend, Clone RM4-5,1:50), FOXP3 eFluor 570 (Thermo-
Fisher, Clone FJK-16s, 1:50), GFP AF488 (ThermoFisher A12311,
polyclonal, 1:100), RORyt APC (ThermoFisher, Clone AFKJS-9,1:50),

and MHCII AF700 (Biolegend, Clone M5/114.15.2, 1:200) antibodies.
The samples were washed three times in PBSthe next day and mounted
inSlowFade Diamond antifade reagent (ThermoFisher).No.1.5 cover-
glass was used to seal the slide and all subsequent imaging was done
on LeicaSP8 microscope. Analysis was performed by histo-cytometry
methods using Imaris software. Image segmentation was performed
in Imaris using the ‘Surface object creation’ module, which uses a
seeded region growing, k-means, and watershed algorithm to define
individual cells.

Invitro cell culture

Naive CD4'vB10*CD25"CD44"°CD62L" C7 T cells were sort purified after
enrichment with aCD4" T cell negative selection kit (Miltenyi Biotec).
Dendriticand Thetis cell subsets were sort purified from Rorc"e"s<rRT2
mice using gating strategy above withinclusion of CCR6 to distinguish
TCland TCIlfrom TC Il and TC IV. cDC2s were distinguished from
their CCR7* counterparts by CD11c"MHCII™ expression. T cells were
co-cultured in triplicate at a ratio of 300 dendritic or Thetis cells to
1x10°T cellsin the presence of ESAT peptide (1 pg ml™; Invivogen), with
the addition of 0.5 ng mI™ TGFpB1 (Peprotech),100 IU mI™ of IL-2 (NCI).
FOXP3 expression was assessed after 4 days of culture.

Bone marrow chimeric mice

Bone marrow cells wereisolated fromindicated donor mice, depleted
of CD90.2" and TER-119" cells using magnetic bead based depletion.
Bone marrow cells were resuspended in PBS and 2-3 x 10° cells were
injectedinto 6-week-old CD45.1 mice, irradiated with 950 rad per mouse
1day earlier. After 6 weeks, mLN and LILP were collected for analysis.

Statistical analysis

Analysis of all data was done with unpaired two-tailed ¢-test, one or
two-way ANOVA with a 95% confidence interval, or Mann-Whitney U
test, as specified inthe text or figure legends. P < 0.05 was considered
significant: *P < 0.05,**P < 0.01, **P < 0.001, ***P < 0.0001. Details of
number of replicates, sample size, significance tests and value and
meaning of nfor each experiment areincludedin the Methods or figure
legends. Statistical tests were performed with Prism (GraphPad Soft-
ware).scATAC and scRNA-seq experiments were carried out once. Mice
were non-randomly allocated to experimental groups to ensure equal
distribution of genotypes between treatments. Researchers were not
blinded to genotype or treatment during the experiments. No measures
were taken to estimate sample size of to determine whether the data
met the assumptions of the statistical approaches used. Significance
(a) was defined as <0.05 throughout, after correcting for multiple
comparisons.

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

Data availability

The mouse sequencing data are available through the Gene Expression
Omnibus under accession number GSE174405. This manuscript makes
use of publicly available data from the Human Cell Atlas, available at
https://www.gutcellatlas.org. Source data are provided with this paper.
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Extended DataFig. 5| Phenotypic characterization of Thetis cells. a, Flow
cytometry ofindex sorted mLN RORyt"MHCII" cells for DC markers, CD11c and
CD11b. b, Coverage track for smart-seq2 single cell sequencing reads mapping
totheRorclocus, demonstrating expression of the Rorgtisoformby TCs.

¢, Flow cytometry of Lin"CXCR6 MHCII* cells from mLN of RorgtR 26" t@7omato
Rorc"msrefRI2 mice and summary graph of frequency of tdTomato® cells
amongst Lin"CXCR6 Venus(YFP)* cells (n =3 mice).d, Index sorting flow
cytometric analysis of all RORyt"MHCII" cells (left panel) and cells identified as
ILC3 (right panel). e, Electron microscopy of CCR7 DCs, CCR7*DCs, Aire*
mTECs, TCI, TCIVand MHCII* ILC3 cells. Far right panel: arrows indicate

distinctive mitochondrial cristaein TCs. f, Representative immunofluorescence
imaging of TC and Treg markers in mLN sections from 2-week-old Aire®"* mice.
Arrowheadsindicate Aire" TC1/Ill or Cd11b* TCIV.Images are representative of
two independent experiments with similar results. g-h, Immunofluorescence
analysis of mLN from P17 Rorc"*"* mice. Representative histo-cytometry plot
foridentification of RORyt'Foxp3* pTreg cellsand RORyt"MHCII'CD11c*CD11b*
TCIV(g)andrepresentative immunofluorescenceimaging demonstrating
distribution of indicated cell types (h). n=3 mice, 2lymphnodes per mouse.
Dataincarerepresentative of 2independent experiments.
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Extended DataFig. 6 | Thetis cells are ontogenically distinct from
dendritic cellsand ILC3s. a, tdTomato labeling incDC and TC from mLN of
DC fate-mapping RORyt and Aire double reporter (Clec9a*R26'st@Tomate
Rorc"erusrefR12AjreCP) mice at P18. b, Flow cytometry analysis of TCRB*, MHCII*
ILC3,and CXCR6 MHCII" cells encompassing TCs and DCs, from mLN of RAG1
fate-mapped (RagI***?R26'""""") mice (n = 3) at P15 following 4-OHT
treatmentonP3,5and7.c,Schematic of DC and TC ontogeny demonstrating
distinctand overlapping transcriptional regulators and cell surface markers.

d, Flow cytometry analysis of indicated immune cell subsets from mLN of
RORa fate-mapped Rorc”*™ mice and summary bar graph for tdTomato
labeling. e, UMAP of RORYyt"MHCII" cells (Fig. 2b) with scVelo-projected
velocities, shown as streamlines. f, IL7R (CD127) expression (representative
of n=4mice)onILC3sand TCs. g, Expression of IL7R by DC subsets. Each dot
represents anindividual mouse, (n=4).Dataina,b,d,f,g are representative of
2-3independent experiments.
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Extended DataFig. 8| Antigen presentationby ILC3s or dendriticcellsis
notrequired for extra-thymicintestinal pTreg differentiation.a-d, Flow
cytometry of mLN from P14 Rorc"s<r¢t2 (g ¢) or H2-Dma™" and littermate
wild-type mice (b) or BALB/c x B6 F1Rorc"*"s“ff? mice (d). demonstrating
expression of indicated antigen processing and presenting molecules. MHCII*
ILC3s: (Lin"CXCR6 "RORYt"MHCII", TCs: (Lin"CXCR6 RORYt'"MHCII" and DC2s:
(Lin"RORyt CD11c*MHCII"CD11b*. Representative of n =4 mice. e, frequency of
Foxp3* Tcellsamongst CD4" T cells following co-culture of naive CD4* C7
Tcellswithindicated TC or DCsubset. f, tdTomato labeling in MHCII'ILC3
(Lin"CXCR6*MHCII") from mLN of IL22 fate-mapping (/[225/*R26'"@ma0) mice
at P18.Representative flow cytometry and summary bar graph, n =4 mice.

g, Frequency of MHCII"ILC3s and RORyt" pTreg amongst CD4 Foxp3* cellsin
indicated tissues from 3-week-old MHCII*"?? (n = 4) and control (H2-Ab1""")

(n=4)mice. h, tdTomato expression by MHCII* cell types in mLN of
Rorc"*™Rora“R26'"""°m fate-mapped mice at P14, n = 4 mice. i-j, Immune cell
composition of 3-week-old MHCII**°* (n = 3) and Rora“"*H2-AbI"/** (n = 3) mice.
(i) Frequency of MHCII" ILC3s and TCsin mLN. (j), Frequency of CD4‘Foxp3~
CD44" T ;and RORyt* Thi7 cells, (k) Total number of RORyt'Foxp3* pTreg and
RORyt" Th17 cells.I-m, Immune cell compositionin mLN of 3-week-old MHCII*¢
(n=4)and control (Clec9a“H2-Ab1"/**) (n = 8) mice from 2 independent
experiments. Frequency of MHCIl expressing DCs or TCs within mLN ().
Frequency of total Foxp3* Treg cells, pTreg cellsamongst CD4'Foxp3° cells, and
Thil7 cellsinmLNand LI (m). Dataina-k are representative of 2-3 independent
experiments, datainl,mare pooled from2independent experiments. Error
bars:means ts.e.m.***P<0.01,****P < 0.0001; unpaired two-sided t-test.
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Article

A jghguronao mLN P14 b
Gated on Lin"CD64-Ly6C~ TCs: SS2 I tgb 8
) :
'3 RORgtMHCI “1 Nemics Lmi-ica| [ 1 p
[ } 1 TCIv L] — -
| L 5] % ) TCI
§ 3 2 Gud TCHI @ TCll 4
L 2 S - ,; : el
= ©, a o°1
g g o : ) ) TC I
F e B ey O iy o O T D TR R | TCIvV
RORyt (PE-CF594)—  CCR6 (BV711) CD11c (APC-Cy7)—— CCR6 (BV711) —— ”“ ILC3
C  chr12:119038275-119438276 d
TCI o lighg"
30 60 o Cd4ltghg"
2 J . W o e
Co.s 1 I ol J‘ L hl | Tcu g [ % olo
& l 2 20 & 40
ORI VY VARRUI AU A 0 N AL 5 3
T S O
85 x TCIV P kS
3 b d Ji ‘UMJ L ]“ Uwa L hL b ld I L ‘8_ o ° (]
og 5 10 ‘:’-» 20
< [T .~
p ILC3p & °
2
z ILC3 NCR* 0 0
T L mLN LI mLN LI
ILC3 LTi
bt i
ltgb8
Extended DataFig.10 | Thetis cells promoteintestinal pTreg accessibility at the /tgb8locus and Itgb8 transcriptlevelsin TC and ILC3 subsets
differentiationinan Itgb8-dependent manner. a, Gating strategy for (cellsasinFiglc).d. Frequency of total Foxp3* Treg cells and percentage of
identification of ILC3 and TC subsets in mLN of /tgh8“"™® mice at P14 RORyt* pTreg cellsinmLN and Ll of Itgh8*“* (n = 8) or Itgb8"" mice (n=7). Data
(representative of n =4 mice, threeindependent experiments). b, ltgh8 pooled fromtwo (d) or 3 (@) independent experiments. Error bars: means +£s.e.m.

transcriptlevelsin TC and ILC3 subsets profiled by Smart-seq 2. ¢, Chromatin NS, notsignificant; unpaired two-sided t-test.



nature portfolio

Corresponding author(s):  Chrysothemis Brown and Alexander Rudensky

Last updated by author(s): Jun 30, 2022

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

< A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
2~ AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Give P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX [0 O OX O O0Os

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Cytek Aurora and Facs Diva (BD Biosciences) for flow cytometry. 10X Chromium for single cell RNA and ATAC-sequencing. Details for RNA-seq
and ATAC-seq are included in the methods.

Data analysis Flowjo v10 for flow cytometry data. GraphPad Prism v9 and v10 for statistical analyses. All computational methods are detailed in the
methods section and code is available upon request.

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

The mouse sequencing data are available through the Gene Expression Omnibus under accession GSE174405. Sequencing data for the Human Gut Atlas has been
published previously and the processed data is publicly available from https://www.gutcellatlas.org
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Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender N/A

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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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 No statistical methods were used to determine sample size. Sample size was determined based on similar experiments. In most experiments
3-6 mice per group were used, with exact numbers and statistical tests details in the figure legends and methods section.

Data exclusions  No data exclusions.

Replication Replicate experiments performed with number of replicate experiments (minimum of 2) and biological replicate samples detailed in the
accompanying figure legends or methods.

Randomization | Mice were randomly assigned for experiments reported. Both male and female age-matched littermate controls were used for experiments.

Blinding Investigators were not blinded to group allocations during the experiment or data analysis.

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 Methods
Involved in the study n/a | Involved in the study
|Z Antibodies |Z |:| ChiIP-seq
|:| Eukaryotic cell lines |:| |Z Flow cytometry
|:| Palaeontology and archaeology |Z |:| MRI-based neuroimaging

|Z Animals and other organisms
|:| Clinical data

|:| Dual use research of concern

XXOXNX[s

2ID)Y

Antibodies

N7 U

Antibodies used All antibodies used are listed in a supplementary table.

Validation All commercially available antibodies are routinely tested by the vendor.




Animals and other research organisms

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

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

pecies and strain information are reported in the methods section. Mice were used at specified ages as detailed in text and figure
legends. Mice within each experiment are age and sex matched.

N/A
Both male and females were used in the study and we did not observe any sex-specific phenotypes.
N/A

Animal procedures were approved and performed according to the IACUC at Memorial Sloan Kettering Cancer Center

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).

|Z| 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.

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

Methodology

Sample preparation

Sample preparation was performed as described in the methods section

Instrument BD Aria for cell sorting, BD LSR or Cytek Aurora for flow cytometric analysis.
Software Flowjo v10

Cell population abundance Frequencies of cell populations are indicated on the flow plots.

Gating strategy A detailed gating strategy is included in the supplementary methods section.

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