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SUMMARY

Specialized regulatory T (Treg) cells accumulate
and perform homeostatic and regenerative functions
in nonlymphoid tissues. Whether common precur-
sors for nonlymphoid-tissue Treg cells exist and
how they differentiate remain elusive. Using tran-
scription factor nuclear factor, interleukin 3 regulated
(Nfil3) reporter mice and single-cell RNA-sequencing
(scRNA-seq), we identified two precursor stages of
interleukin 33 (IL-33) receptor ST2-expressing non-
lymphoid tissue Treg cells, which resided in the
spleen and lymph nodes. Global chromatin profiling
of nonlymphoid tissue Treg cells and the two precur-
sor stages revealed a stepwise acquisition of chro-
matin accessibility and reprogramming toward the
nonlymphoid-tissue Treg cell phenotype. Mechanis-
tically, we identified and validated the transcription
factor Batf as the driver of the molecular tissue pro-
gram in the precursors. Understanding this tissue
development program will help to harness regenera-
tive properties of tissue Treg cells for therapy.

INTRODUCTION

Foxp3-expressing regulatory T cells (Treg) are immune cells crit-
ical to restraining self-reactivity and excessive inflammation. The
fatal multiorgan autoinflammatory destruction found in both
immune dysregulation, polyendocrinopathy, enteropathy, and
X-linked syndrome (IPEX) patients and scurfy mice is caused by
mutations in the transcriptional regulator Foxp3 (Brunkow et al.,
2001; Wildin et al., 2001). Treg cells modulate the functions of a
variety ofimmune cells and thereby affect a broad range of condi-
tions, including cancer, autoimmunity, allergy, and infectious dis-
eases. In recent years, it became evident that Treg cells perform
important tissue homeostasis and regenerative functions in non-
lymphoid tissues (Panduro et al., 2016). Examples include the
visceral adipose tissue (VAT) (Cipolletta et al., 2012; Feuerer
et al., 2009; Vasanthakumar et al., 2015), muscle and lung (Arpaia
etal., 2015; Burzyn et al., 2013), skin (Ali et al., 2017), and the cen-
tral nervous system (CNS) (Dombrowski et al., 2017; lto et al,,
2019; Korn et al., 2007; Liesz et al., 2009). Amphireguling (Areg)
has been suggested to contribute to these regenerative pro-
cesses (Arpaia et al., 2015; Burzyn et al., 2013; Ito et al., 2019).
Recently, DNA-methylation and transcriptional data from
tissue-derived Treg cells characterized a Treg cell population
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present in virtually all nonlymphoid tissues and identifiable by the
expression of the interleukin 33 (IL-33) receptor (ST2) and killer
cell lectin-like receptor subfamily G1 (Kirg1), named “tis-
TregST2” (Delacher et al., 2017, 2019; Schmidl et al., 2018).
This ST2-positive tissue Treg population readily expresses not
only tissue-regenerative factors such as Areg, but also T helper
2 (Th2)-associated factors, including high levels of Gata3, Maf,
and IL-10 (Delacher et al., 2017). Important tissue homeostasis
and regenerative functions of ST2-positive Treg cells have
been characterized in different nonlymphoid tissues including
VAT, CNS, muscle, and colon (Burzyn et al., 2013; lto et al.,
2019; Schiering et al., 2014; Vasanthakumar et al., 2015).
Although isolated from different tissues, Treg cells from VAT
and skin showed a high degree of overlap in their epigenetic re-
programming, indicating a common developmental path pre-
ceding tissue-restricted specialization (Delacher et al., 2017). A
multistep model of tissue Treg differentiation has been proposed
(Li et al., 2018; Miragaia et al., 2019). Common precursors and
molecular programs that drive precursor differentiation and their
reprogramming toward a nonlymphoid-tissue Treg cell pheno-
type are not well understood. To address these questions, we
generated a reporter mouse that helped to identify two precursor
stages of the ST2-positive nonlymphoid-tissue Treg population
in lymphoid tissues. Molecular profiling of these precursors
revealed their sequence of differentiation.

RESULTS

Chromatin Accessibility Profiling of Treg Cells from
Different Tissues Reveals Shared and Distinct
Gene-Regulatory Programs

Under homeostatic conditions, tisTregST2 cells comprise the ma-
jority of Treg cells in visceral adipose tissue (VAT) and skin and
represent considerable fractions of Treg cells in other nonlym-
phoid tissues such as colon (~30% of all Treg cells) and lung
tissue (10%-20%) (Figure 1A). To study the underlying gene-reg-
ulatory programs of this ST2-positive population of tissue Treg
cells, we used the assay for transposase accessible chromatin us-
ing sequencing (ATAC-seq) (Buenrostro et al., 2013) on sorted
Klrg1*ST2* tisTregST2 cells from VAT, skin, colon, and lung,
and compared them with Foxp3~ conventional T (Tconv) cells
from the same tissue origin. In addition, CD44* memory or acti-
vated, and CD44™ naive Treg cells from lymph node (LN) were

sorted and subjected to ATAC-seq for comparison. In total, we
identified a robust set of 78,461 distinct peaks over all samples.
Principal component analysis (PCA) of the chromatin accessibility
landscapes based on the combined peak set separated tis-
TregST2 populations from Tconv cells and LN-derived memory
or naive Treg cells (Figure 1B). Tissue Tconv cells clustered closely
with LN-derived CD44" Treg cells, indicating that the tissue Tconv
chromatin profiles may be more related to an “activation or mem-
ory” program. In contrast to this, tisTregST2 cells from the given
tissues separated clearly from LN-derived Treg cells and tissue
Tconv cells, indicating a major impact of a tissue signature in
Treg cells. For the various tissues, we found between 16,262
and 18,555 significantly different ATAC-seq peaks between tis-
TregST2 and naive Treg cells (Figure 1C). The comparison of tis-
TregST2 populations from different tissues revealed no more
than 3,190 peaks as being differential between individual tissues.
Next, we sought to use our chromatin accessibility data to identify
a shared tisTregST2 program. Therefore, we defined differential
accessible chromatin regions between the combined tisTregST2
samples and LN-derived memory Treg cells. We observed that tis-
sue Tconv cells showed a limited “tissue signature” as they were
separating from LN populations along principal component 2,
similar to tisTregST2 cells (Figure 1B). Because of this, we
excluded the tissue Tconv signature to retain a true tisTregST2
“core” set of open chromatin regions comprising 2,267 peaks
(Figure 1D; see STAR Methods for details). This signature was
not present in lung-derived Kirg1~ST2™ Treg cells (Figure S1A).

De novo motif discovery identified DNA consensus binding
motifs of several transcription factor families including bZIP
(containing AP-1 factors), ETS, nuclear factor kB (NF-kB), NRL
and GATA in the “core” tisTregST2 cell-specific ATAC-seq
peaks (Figure 1E). The expected strong ATAC-seq signals in
tisTregST2 populations at respective transcription factor
consensus motifs are displayed exemplarily for bZIP and GATA
motifs (Figure 1F). Using gene expression data from RNA
sequencing (RNA-seq) of tisTregST2 populations, Gata3 as a
GATA family member and Batf (Batf1) as a bZIP family member
were identified as being specifically upregulated in tisTregST2
cells and therefore likely contributing to the “core” tisTregST2
gene-regulatory program (Figures S1B and S1C). Further exam-
ples of this “core” program with tisTregST2-specific peaks
include the Pparg, Ctsh, as well as Kirg1 and Mreg loci (Figures
1G and S1D).

Figure 1. ATAC-Seq of Tissue-Derived T Cells Identifies a Common Gene-Regulatory Program
(A) Presence of Kirg1*ST2* tisTregST2 among Treg cells of lung, colon, skin, and VAT (representative example).

(B) Principal component analysis (PCA) based on a consensus set of 78,461 peaks derived from ATAC-seq data of FACS-sorted lymph node (LN)-derived
CD25*Foxp3(GFP)*CD44~ naive Treg (turquoise), LN-derived CD25"Foxp3(GFP)*CD44* memory Treg (blue-green) as well as colon-, lung-, VAT-, and skin-
derived CD25*Foxp3(GFP)*CD44*Klrg1*ST2" tisTregST2 or CD25~ Foxp3(GFP)~CD44* memory Tconv (pink, brown, orange, and dark blue) (n = 3-4).

(C) Pairwise comparisons of ATAC-seq data between all cell types shown in (B) except Tconv, numbers indicate differential peak sets (Benjamini-Hochberg
corrected adjusted p value <0.01, log, fold change >2, normalized mean accessibility >10), color code indicates number of differential peaks (n = 3-4).

(D) Unsupervised hierarchical clustering of the 2,267 “core” tisTregST2 ATAC-seq peaks with accessibility values of all cell types shown in (B), tissue Tconv
signature subtracted (n = 3-4).

(E) De novo transcription factor (TF) motifs identified in the “core” tisTregST2-signature (n = 3-4).

F) Normalized ATAC-seq signal from different cell types at “core” ATAC-seq peaks carrying a bZIP or GATA binding motif, respectively (n = 3-4).

G) ATAC-seq data for the Ctsh and Pparg loci with all cell types shown in (B). All datasets group-normalized to maximum peak height indicated in brackets.
H) Unsupervised hierarchical clustering of 1,345 ATAC peaks from pairwise comparisons of tisTregST2 populations from VAT, lung, skin, and colon (n = 3-4).
1) Pathway enrichment of genes near differential peaks for tisTregST2 from different tissues (database: WikiPathways 2016).

(J) ATAC-seq data for the Liph and Tff1 loci as in (G) (n = 3-4). Data representative of independent experiments or cell sorts.

See also Figure S1 and Table S1.
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After specifying the shared “core” tisTregST2 chromatin
accessibility signature, we used the ATAC-seq data to identify
tisTregST2 chromatin regions that are specific for each individual
tissue (Figure 1H). Pathway analysis on the genes that were in the
vicinity of these differential chromatin sites identified signaling
pathways related to tissue-specific differences, such as IL-5
signaling for VAT tisTregST2 and Delta-Notch signaling for lung
tisTregST2 (Figure 11). As examples for tissue-restricted differen-
tial peaks, lipase member H (Liph) and trefoil factor 1 (Tff1) (Fig-
ure 1J) were identified as present in colon but not in VAT, while
VAT tisTregST2 showed specific peaks at a potential enhancer
of dual specificity phosphatase 26 (Dusp26) (Figure S1D). Taken
together, ATAC-seq of tisTregST2 from different tissues re-
vealed a prominent “core” tissue signature as well as tissue-
specific flavors.

Nfil3 Identifies Putative tisTregST2 Precursor Cells in
Lymphoid Organs

The finding that Pparg was among the “core” tissue signature
loci (Figures 1G and S1D) was not expected because expression
of Pparg has been described to be specific for Treg cells in VAT
(Cipolletta et al., 2012). Our data now showed that the chromatin
locus of Pparg is accessible independent of tissue location, sug-
gesting a common step of chromatin remodeling in tisTregST2
cells outside of their resident tissues. Such a chromatin remod-
eling step could occur in a committed common tisTregST2 pre-
cursor. To address this possibility, we explored the gene Nfil3
(nuclear factor, interleukin 3 regulated), which showed a clear
pattern of epigenetic remodeling in Treg cells from different non-
lymphoid tissues (Figure 2A, top). Nfil3 was also part of our tis-
TregST2 “core” tissue signature with differential ATAC-seq
peaks, and tisTregST2 cells showed high Nfil3 gene expression
(Figures 2A and 2B). Based on this finding, we speculated that
Nfil3 might help to identify early events that trigger nonlymphoid
tissue Treg cell differentiation. Therefore, we generated a Nfil3-
enhancedGFP (Nfil3(GFP)) reporter mouse line via a BAC-trans-
gene and analyzed Treg cells from LN, spleen, and skin by flow
cytometry (Figures 2C and S2A-S2E). In line with our RNA-seq
data, the vast majority of Treg cells from the skin expressed
Nfil3(GFP) in comparison to Treg cells isolated from LN and
spleen (Figure 2C). We confirmed that Kirg1*ST2* tisTregST2
from various other tissues expressed Nfil3-GFP (Figure S2C),

while CD4*CD25~ Tconv cells, CD4 CD8"* cytotoxic T cells
and CD19" B cells showed no or very low reporter gene expres-
sion in lymphoid or peripheral tissues (Figure S2D). Expression of
Nfil3-GFP in Treg cells was accompanied by loss of CD62L
expression and upregulation of CD44, indicating previous Treg
cell activation (Figure S2E). In LN and spleen, we identified two
small subpopulations of Nfil3(GFP)-reporter-positive Treg cells
(Figures 2C, S2C, and S2D). Based on Nfil3(GFP) and Kirg1
expression, we subdivided the Treg compartment into three
populations: Kirg1~Nfil3(GFP) ~— Treg cells, majority in spleen
and LN, and almost absent in skin; Kirg1~Nfil3(GFP)* Treg cells,
constituting ~10% in spleen and LNs; and Kirg1*Nfil3(GFP)*
Treg cells, with low frequency in spleen (~4%) and LN
(1%—-2%), but dominating the Treg pool in skin or VAT (~80%).

Next, we sorted all three Treg subpopulations from the spleen,
performed RNA-seq from bulk populations, and compared their
gene expression profiles to those of tisTregST2 cells isolated
from tissues. Both Kirg1~Nfil3(GFP)" and Kirg1*Nfil3(GFP)*
Treg cells were highly positive for the tisTregST2 associated
transcription factors Nfil3, Batf, and Maf, with values comparable
to tisTregST2 cells from tissues, while Gata3 expression was
strongly induced only in Kirg1*Nfil3(GFP)* Treg cells (Figure 2D).
To obtain a global picture, we performed principal component
analysis comparing the three spleen populations with tisTregST2
cells from different organs. From these data, a sequence of dif-
ferentiation from Kirg1~Nfil3(GFP) ~ Treg via Klrg1~Nfil3(GFP)*
to Kirg1*Nfil3(GFP)" Treg to tisTregST2 could be inferred
(Figure 2E).

Because RNA-seq from bulk populations can masks hetero-
geneity within a given population, we performed single-cell
RNA sequencing (scRNA-seq) from all three Treg populations
isolated from the spleen (16,469 single cells in total) and dis-
played the data by uniform manifold approximation and projec-
tion (UMAP) (Figure 2F) or t-distributed stochastic neighbor
embedding analysis (t-SNE) (Figures S3A and S3B). Cells of
each sorted subset formed rather homogeneous populations,
with little overlap between subsets. All subpopulations ex-
pressed Foxp3, but only Kirg1*Nfil3(GFP)* Treg cells showed
Kirg1T mRNA expression (Figures 2G and S3C). Several key
genes indicating activation and differentiation were identified in
the transition from Kirg1~Nfil3(GFP) ~ Treg via Klrg1~Nfil3(GFP)*
Treg to Klrg1*Nfil3(GFP)* cells, For example, expression of the

Figure 2. Identification and Characterization of a Spleen tisTregST2 Precursor

(A) CG-methylation of the Nfil3 gene based on whole-genome bisulfite methylation data derived from a previous publication (Delacher et al., 2017) for LN Treg
(turquoise), VAT Treg (orange), and skin Treg (blue). Ticks represent CpG sites. Below, ATAC-seq for LN-derived naive CD44 Klrg1~ST2™ Treg (light blue) and
lung-, VAT-, skin-, and colon-derived CD44*Klrg1*ST2* tisTregST2 (dark brown, orange, dark blue, purple) (n = 3-4).

(B) Nfil3 gene expression in bone marrow (BM) and spleen-derived Kirg1~ST2™ Treg (black) as well as lung-, liver-, VAT-, and skin-derived Klrg1*ST2" tisTregST2
(brown, green, orange, and dark blue). Statistics based on Deseg2. ***p < 0.001, **p < 0.01, *p < 0.01 and "p > 0.05. Error bars indicate mean + SD (n = 4).
(C) Expression of GFP in Nfil3(GFP) reporter mice. Shown at the top is staining of inguinal LN Treg (CD4*TCRB*CD25") from control B6 animals or Nfil3(GFP)
reporter mice. Show at the bottom is staining of spleen (middle) and skin (bottom) Treg. Percentage of Kirg1*Nfil3(GFP)* of CD25" below (unpaired t test, n = 8-9).
(D) RNA-seq expression data of Nfil3, Gata3, Batf, and Maf in Klrg1~Nfil3(GFP)~, Kirg1~Nfil3(GFP)*, and Kirg1*Nfil3(GFP)* spleen Treg, and lung, liver, VAT, and
skin Klrg1*ST2* Treg (Deseq2, n = 4).

(E) PCA based on 1,000 most variable genes derived from RNA-seq data of spleen Klrg1~Nfil3(GFP)~ Treg (black), Kirg1~Nfil3(GFP)* Treg (light blue), and
Kirg1*Nfil3(GFP)* Treg (red) as well as BM-, liver-, lung-, VAT-, and skin-derived tisTregST2 (gray, green, brown, orange, dark blue) (n = 4).

(F) Uniform manifold approximation and projection (UMAP) of scRNA-seq data of spleen-derived Treg cell (CD4*TCRB*CD25%) subpopulations:
Kirg1~Nfil3(GFP)~ in black, Kirg1~Nfil3(GFP)* in blue, and Kirg1*Nfil3(GFP)* in red. Scaled expression values were clipped at a value of 4 (n = 5).

(G) UMAP plots as in (F). Color code displays gene expression of Foxp3, Kirg1, 1d2, Id3, Tnfrsf4, Tnfrsf9, Icos, and Maf with gray = low and red/yellow = high
expression (n = 5). Data representative of independent experiments or cell sorts.

See also Figures S2 and S3 and Tables S2 and S3.
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Inhibitor of DNA-binding switched from family member 3 to 2 (/d3
to Id2), and TNF receptor superfamily members 4 (Tnfrsf4, OX40)
and 9 (Tnfrsf9, 4-1BB), inducible T cell co-stimulator (/cos) and
Maf were almost exclusively expressed by Klrg1~Nfil3(GFP)*
and Klirg1*Nfil3(GFP)* Treg cells (Figures 2G and S3C). In sum-
mary, our data indicate that spleen Nfil3(GFP)-positive Treg cells
could be precursor cells that differentiate toward Klrg1*ST2*
tisTregST2 in tissues.

Developmental Trajectories of Treg Cells from Spleen
and Tissues

To investigate the differentiation pathway of tisTregST2 in an un-
biased manner, we isolated CD4"CD44*CD25*Foxp3(GFP)*
memory Treg cells from spleen, inguinal LN, BM, blood, VAT,
skin, lung, and liver, and performed scRNA-seq. In addition,
we used our scRNA-seq data for Klirg1 Nfil3(GFP),
Klrg1~Nfil3(GFP)*, and Klirg1*Nfil3(GFP)* Treg cells from
spleens and computed UMAP-based analysis (Figure 3A) and
single-cell trajectory analysis (Figures S3D-S3E). In the UMAP
plot, almost no overlap was observed between tissue-isolated
memory Treg cells from lung, VAT, and skin, and the two
spleen-derived Nfil3(GFP)* putative tissue Treg precursor popu-
lations. Only a few cells from precursors were located at the
different tissue positions, indicating a very minor fraction
of potentially re-circulating tissue Treg cells. Trajectory analysis
in the monocle-based comparison of dimension 1 versus 3
suggested a precursor-to-product relationship between
Klrg1~Nfil3(GFP)*, Kirg1*Nfil3(GFP)* Treg and the tissue Treg
cells, while comparison of dimension 1 versus 2 identified pre-
cursor states (Figures S3D and S3E).

Individual T cells have a natural barcoding, their T cell receptor
(TCR) nucleotide sequence. Single-cell analysis of the alpha and
beta chain of the TCR enables the analysis of clonal relatedness.
To understand the diversity and clonal relationship of Treg cells,
we used scTCR-seq of alpha and beta TCR chains of the three
spleen populations as well as tisTregST2 from skin, colon, and
VAT of individual mice. We plotted the clonal distribution in pie
charts (Figure 3B) and calculated the inverse Simpson index (Fig-
ure 3C) and Jaccard indices (Figure S3F). Our data demon-
strated a highly polyclonal TCR repertoire in Kirg1~Nfil3(GFP) ~
spleen Treg cells, while Kilrg1~Nfil3(GFP)" spleen Treg cells
showed a much more restricted TCR repertoire. Even further

restricted was the TCR repertoire of Kirg1*Nfil3(GFP)* Treg cells,
which had an inverse Simpson index comparable to those of pe-
ripheral tissue-derived tisTregST2 cells (Figures 3B and 3C).
Peripheral tissue-derived tisTregST2 cells had an oligoclonal
TCR repertoire, whereas the VAT-derived Treg cells were further
outstanding in that 3-4 clones covered ~50% of all TCR se-
quences (Figure 3B). In general, each peripheral organ had a
quite distinct TCR repertoire (Figure S3G). To analyze precursor
relations, we compared TCRs from Kirg1 Nfil3(GFP)~,
Klrg1~Nfil3(GFP)* and Klrg1*Nfil3(GFP)* Treg cells among
each other and with peripheral Treg cells with the Jaccard index.
The two putative precursor populations Kirg1~Nfil3(GFP)* and
Klrg1*Nfil3(GFP)* Treg were closely related (Figure S3F).
We tracked TCR clones found in the skin in scTCR-data of
the three spleen Treg populations and noticed very little
overlap with Klrg1~Nfil3(GFP) ~, but considerable overlap with
Klrg1~Nfil3(GFP)* and Klrg1*Nfil3(GFP)* spleen tisTregST2 pre-
cursor cells (Figure 3D). Because skin, VAT, and colon-derived
Nfil3(GFP)* Treg TCRs showed the highest oligoclonal expan-
sion, indicating a role of antigen-specificity, priming of tissue
Treg precursors would presumably lead to an accumulation of
certain TCRs in the draining compared to non-draining lymphoid
organs. To investigate this, we isolated Nfil3(GFP)* Treg cells
from skin and Nfil3(GFP)* Treg cells from skin-draining inguinal
LNs as well as colon and the colon-draining mesenteric LNs
from the same animal (Figure 2E). Clone tracking revealed a
higher overlap of tissue Treg TCRs in Nfil3(GFP)* Treg cells in
draining as compared to non-draining LNs, which was
observed for colon as well as for skin, indicating precursor prim-
ing in the draining LNs (Figures 3F and 3G). In summary, based
on single-cell trajectory and TCR analysis, our data suggest
a sequential differentiation of spleen Kirg1~Nfil3(GFP)* via
Klrg1*Nfil3(GFP)* Treg cells into tisTregST2 cells.

Adoptive Transfer and Developmental Kinetics of
tisTregST2 Precursors

Our data suggest that spleen Nfil3(GFP)* Treg cells are potential
precursors of tisTregST2 cells. Indeed, when we performed
RNA-velocity analysis of our scRNA-seq data, a sequential
differentiation from Kirg1~Nfil3(GFP) ~ via Klirg1~ Nfil3(GFP)*
to Kirg1*Nfil3(GFP)* was indicated by the vectors (Figure 4A).
To further validate this, we performed adoptive transfer

Figure 3. Single-Cell RNA-Seq and TCR-Seq of Tissue Memory Treg Cells

(A) UMAP from scRNA-seq data of spleen Kirg1~Nfil3(GFP)~ Treg, spleen Kirg1~Nfil3(GFP)* Treg, and spleen Kirg1*Nfil3(GFP)* Treg as well as VAT, skin, lung,
and liver memory Treg (CD4*TCRB*CD44*CD25*Foxp3(GFP)*). Number in brackets displays total number of single cells per group. Scaled expression values
were clipped at a value of 4 (n = 4-11).

(B) Data derived from single-cell T cell receptor sequencing (scTCR-seq) of spleen Kirg1~Nfil3(GFP)~ Treg, spleen Klrg1~Nfil3(GFP)* Treg, and spleen
Kirg1*Nfil3(GFP)* Treg as well as colon-, skin-, and VAT-derived Kirg1*Nfil3(GFP)* tisTregST2 from two individual mice in separate experiments. Individual clones
are shown in separate colors with percentages indicating frequency. Numbers indicate total numbers of cells with successfully paired TCR o+ chains (n = 2).
(C) Inverse Simpson index of scTCR-seq data from (B) (n = 2).

(D) Tracking of skin TCR clones in spleen Kirg1~Nfil3(GFP)~ Treg and spleen Kirg1~Nfil3(GFP)" Treg as well as spleen Kirg1*Nfil3(GFP)* Treg from two mice
based on AA sequence of the TCR, plotted are skin clones (n = 2).

(E) Data derived from scTCR-seq of skin Nfil3(GFP)* Treg, skin-draining LN Nfil3(GFP)* Treg, colon Nfil3(GFP)* Treg, as well as colon-draining LN Nfil3(GFP)* Treg
asin (B) (n = 2).

(F) Tracking of colon Nfil3(GFP)* Treg TCR clones in skin-draining inguinal LN or colon-draining mesenteric LN Nfil3(GFP)* Treg based on AA sequence of the TCR
as in (D), plotted are colon clones (n = 1).

(G) Tracking of skin Nfil3(GFP)* Treg TCR clones in inguinal or mesenteric LN Nfil3(GFP)* Treg based on AA sequence of the TCR as in (F), plotted are skin clones
(n = 1). Data representative of independent experiments or cell sorts.

See also Figure S3 and Table S3.
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experiments with fluorescence-activated cell sorting (FACS)-
purified Klrg1~Nfil3(GFP) ~ and Kirg1~Nfil3(GFP)* Treg popula-
tions injected into Treg-depleted congenic (CD45.1) Foxp3°™®
host mice (Figures 4B and S4A). After 6 days, we identified
the transferred Treg cells in spleen by CD45.2 staining and
measured the de novo expression of Klrg1 as a marker indicating
differentiation into the tisTregST2 trajectory. Significantly more
Klrg1~Nfil3(GFP)* Treg cells had differentiated and upregulated
Klrg1 in comparison to transferred Kirg1~Nfil3(GFP)™- or host-
derived Treg cells (Figure 4B). We analyzed VAT, colon,
lung, skin, and liver Treg cells 10 days after transfer of
Kirg1~Nfil3(GFP)* Treg cells. Transferred Kirg1~Nfil3(GFP)*
CD45.2* Treg cells could readily be detected in all peripheral
tissues, and, in some organs, up to 60% of transferred
Kilrg1~Nfil3(GFP)* had upregulated Kirgl as a marker for
differentiation (Figures 4C and S4B). To validate that Kirg1*
Nfil3(GFP)" Treg cells do not de-differentiate and lose Kirg1
expression, we sorted Kirg1* Treg cells from spleens or lungs
and transferred them into congenic animals. Two weeks
after transfer, we were able to identify the population in both
lymphoid and peripheral tissues, and they retained their
high Kirg1 expression (Figures 4D, S4C, and S4D), rendering it
unlikely that re-circulating tissue Treg cells feed the
Klrg1~Nfil3(GFP)* Treg precursor pool.

To investigate sequential differentiation of precursors and tis-
sue seeding in an unperturbed system, we monitored postnatal
organ seeding. To this end, we measured the percentage of
Klrg1~Nfil3(GFP)* and Kirg1*Nfil3(GFP)* Treg cells in spleen
and nonlymphoid tissues 5, 8, 10, 15, 20, 25, and 70+ days after
birth (Figures 4E, 4F, S4E, and S4F). While Kirg1*Nfil3(GFP)*
Treg cells were not detectable in the spleen 5 days after birth,
they peaked in frequency on day 10 (~20% of all Treg cells
in spleen) followed by a steady decline to base line frequency
by day 20 (~4% of Treg cells, Figure 4E, red graph).
Klrg1~Nfil3(GFP)* Treg cells were already detectable on day 5
in the spleen and peaked also on day 10, indicating that overall
tissue precursor output was highest around 10 days after birth
(Figures 4E and S4E). In tissues, skin tisTregST2 cells were
barely detectable on day 5 after birth. Tissue seeding started
on day 10, simultaneously with the described peak in spleen tis-
TregST2 precursor output (Figures 4F and S4F), and led to a
1,000-fold increase of Kirg1*Nfil3(GFP)* Treg cell numbers per

gram skin from day 5 until day 20 (Figure 4F, right). After day
20, seeding was complete and cell numbers and frequency
achieved equilibrium. Highest seeding rates were observed
around day 10 in lung and liver, and around day 25 in colon (Fig-
ure 4F). In summary, RNA velocity, transfer experiments, and
unperturbed developmental kinetics after birth all indicate
a sequential differentiation of spleen Klirg1 Nfil3(GFP)* via
Klrg1*Nfil3(GFP)* precursor cells into tissue-resident Kirg1*
Nfil3(GFP)* tisTregST2 cells.

Gene-Regulatory Programs of Nfil3(GFP)* tisTregST2
Precursors
To dissect the molecular programs that define tisTregST2 precur-
sors, we sorted Klrg1~Nfil3(GFP)~, Kirg1~Nfil3(GFP)*, and Kirg1™*
Nfil3(GFP)* Treg cells from spleen and performed ATAC-seq.
A developmental component was visible in a heatmap represen-
tation across all 11,330 differential peaks from pairwise
comparisons between samples including Klirg1~Nfil3(GFP)~,
Klrg1~Nfil3(GFP)*, Klrg1*Nfil3(GFP)* Treg cells, and a combined
in silico tisTregST2 sample containing all the tisTregST2
ATAC-seq samples from all tissues (Figure 5A). In accordance
with our precursor hypothesis, Klrg1~Nfil3(GFP)* and Kirg1*
Nfil3(GFP)* Treg cells were already poised toward the tisTregST2
gene program, as exemplified by a stepwise increase in chromatin
accessibility at tissue-specific regions as displayed for the Pparg,
Mt1, and Areg loci (Figures 5B-5D), as well as Rora, Gpr55, and
the T2 control region in the Rad50 gene (Figure S5A). Contrary,
Bcl-2 showed a stepwise decrease in chromatin accessibility (Fig-
ure S5A). On the other hand, genes such as /111 (ST2), Kirg1,
Mreg, and Ctsh were only opened in Kirg1*Nfil3(GFP)* Treg cells,
marking these loci as indicators of more mature tisTregST2 pre-
cursors and indicating a stepwise enrichment of open chromatin
regions (Figures 5E and S5A). We also investigated chromatin
accessibility at genes that were expressed in tisTregST2 cells in
a tissue-selective manner (VAT, lung, and skin) and found many
associated loci already accessible in Kirg1~Nfil3(GFP)* and
Klrg1*Nfil3(GFP)* as compared to Kirg1~Nfil3(GFP)~ Treg cells
(Figures S5B-S5D). The correlation between ATAC signature
and RNA mean expression was 0.25 (Figure S5E).

Next, we wanted to identify potential factors that drive
differential chromatin accessibility between the precursor and tis-
TregST2 cells. De novo motif analysis revealed Runx, Gata, and

Figure 4. Adoptive Transfer and Development Kinetics of Nfil3(GFP) Populations

(A) T-distributed stochastic neighbor embedding (t-SNE) plot with RNA velocity of spleen-derived Kirg1 Nfil3(GFP)~ Treg, Kirg1~ Nfil3(GFP)* Treg, and
Kirg1*Nfil3(GFP)* Treg. Arrows represent the averaged gene expression profiles of cells within a local neighborhood. Length of arrow represents speed of
development (n = 5).

(B) Kirg1~Nfil3(GFP)~ and Klrg1~Nfil3(GFP)* Treg from CD45.2* donor animals were sorted and transferred into diphtheria toxin (DT)-pretreated
Foxp3YFP:DTR.CD45.1 racipient animals. After 6 days, transferred Treg in spleen were identified as CD45.2* population. Plots illustrate expression of Kirg1 in
CD45.1* host Treg or CD45.2* transferred Treg (unpaired t test, n = 4-10).

(C) Identification of transferred Treg in tissues of recipient animals 10 days after transfer of spleen-derived CD45.2*Klrg1~Nfil3(GFP)* Treg (n = 4-7).

(D) Transfer of CD45.2*Klrg1* Treg from spleen into DT-pretreated Foxp3YPPTR-CD45-1 yacinient animals as in (C). After 2 weeks, transferred cells were identified
and stability of Kirg1 expression was measured (mes LN, mesenteric LN; paired t test, n = 3-4).

(E) Percentage of Kirg1~Nfil3(GFP)* (light blue) and Kirg1*Nfil3(GFP)* Treg (red) in spleen Treg (CD4*TCRB*CD25") measured 5 days, 8 days, 10 days, 15 days,
20 days, 25 days, and 70+ days after birth (n = 4-19).

(F) Total number of skin, lung, colon, and liver Kirg1*Nfil3(GFP)* Treg 5 days, 8 days, 10 days, 12 days, 15 days, 20 days, 25 days, and 70+ days after birth. For all
tissues, total cell numbers were normalized to tissue weight. For skin data, Treg cell fold increase was calculated by dividing cell numbers on different time
intervals (shown right). Flow cytometry data of several replicates were concatenated to increase visibility (n = 2-11). Data representative of two or more inde-
pendent experiments.

See also Figure S4 and Table S4.
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bZIP family members to be highly enriched in the combined tissue
Treg signature as compared to all the tisTregST2 precursors (Fig-
ure 5F). Forkhead, STAT and Tcf transcription factor signatures
dominated the Klirg1~Nfil3(GFP)~ program. In contrast to this,
NF-kB, Nur, NFAT:AP1, bZIP, and BATF:JUN dominated the dif-
ference between both splenic Kirg1~Nfil3(GFP)* and Kirg1™*
Nfil3(GFP)* tisTregST2 precursors and Klirg1 Nfil3(GFP)~ Treg
cells. Single base-pair resolution mapping of the ATAC-seq data
at transcription factor motifs comparing Kirg1~Nfil3(GFP)~ with
Klrg1~Nfil3(GFP)* and Klrg1*Nfil3(GFP)*Treg cells suggests the
preferential binding of NF-«B, Nfat:AP1, and Gata transcription
factors to differential regions in Nfil3(GFP)* tisTregST2 precursors
(Figure 5G). Because NF-kB and Nfat:AP1 transcription factor ac-
tivity indicates T cell activation and proliferation, we measured
Ki67 as a well-established marker for cell proliferation in sorted
Treg cells from spleen via FACS. We detected ~20% Ki67-posi-
tive cells in Kirg1~Nfil3(GFP)~, ~75% in Klrg1~Nfil3(GFP)*, and
~80% in Kirg1*Nfil3(GFP)* Treg cells (Figure 5H). In addition,
we measured Gata3 expression in the splenic populations and
identified high Gata3 expression only in Kirg1*Nfil3(GFP)" Treg
cells (Figure 5H). Taken together, we identified a stepwise in-
crease in chromatin accessibility at tisTregST2 cell-specific
regions in splenic Kirg1~Nfil3(GFP)* and Klrg1*Nfil3(GFP)* tis-
TregST2 precursors.

Batf Is Associated with Nfil3(GFP)* tisTregST2

Precursor Development

Because we could identify strong enrichments of binding motifs
of various TF families in differential peaks between Kirgl™
Nfil3(GFP)~ and Nfil3(GFP)* tisTregST2 precursor cells, we sought
to identify concrete candidate TFs that could drive the tisTregST2
cell development. Therefore, we measured the overlap of differen-
tial chromatin regions between Kirg1~Nfil3(GFP)~ Treg and
Klrg1~Nfil3(GFP)* or Kirg1*Nfil3(GFP)* Treg cells with public data-
bases, and identified, among others, Batf as a highly-enriched TF
(Figure 6A). To this end, we observed a strong accumulation of
ATAC-seq reads at differential peaks between precursors and
Kirg1~Nfil3(GFP)~ Treg cells in the vicinity of bZIP (Batf has a
bZIP domain) and the composite BATF:JUN motif (Figure 6B).
By re-analyzing published CD4* and CD8" T cell Batf chromatin
immunoprecipitation followed by sequencing (ChlP-seq) data

(Hasan et al., 2017; Kurachi et al., 2014), we noticed a high overlap
with ATAC-seq peaks identified in our comparison between
Klrg1~Nfil3(GFP)~ Treg and the two Nfil3(GFP)* precursors with
experimentally validated Batf binding sites. For example, 30%
of all peaks that gain accessibility in Kirg1~Nfil3(GFP)* precursors
compared to Klrg1~Nfil3(GFP) ™~ Treg cells showed Batf binding in
the Batf ChIP-seq dataset (Figure 6C), indicating that Batf may
directly be responsible for considerable parts of the tisTregST2
precursor development program. Examples for Batf ChlP-seq
and corresponding ATAC-seq signals are shown for the //70 and
Nfil3 loci (Figure 6D). We confirmed elevated Batf expression in
both Kirg1~Nfil3(GFP)* Treg and Kirg1*Nfil3(GFP)* Treg cells
from spleen (Figure 6E). Calculation of Batf-correlated genes in
our scRNA-seq data (Figure 2F) resulted in more than 60 corre-
lated or anti-correlated genes (Figure 6F). Correlated genes
include Tnfrsf4 (CD134, Ox-40), Kirg1, and Pdcd1 (CD279, Pd1),
while anti-correlated genes include Bcl2, Sell, Ccr7, Satb1, and
Id3. We confirmed Pd1 and Ox40 expression in both Nfil3(GFP)*
populations (Figure 6G) and validated Pd1 as a good surrogate
marker for Nfil3(GFP)* expression by co-staining with Gata3,
Ki67, and ST2 (Figure 6H). In summary, our data predict that
Batf is associated with Nfil3(GFP)* tisTregST2 precursor develop-
ment, and Nfil3(GFP)* tisTregST2 precursors can be identified by
elevated expression of Pd1.

BATF ™~ Animals Lack tisTregST2 Precursors and

Cannot Initiate the Tissue Program

ATAC-seq based chromatin profiling suggests Batf as a potential
key transcription factor that drives the development of tisTregST2
precursor cells in lymphatic tissues. Therefore, we investigated
the presence tisTregST2 precursors and mature tisTregST2 cells
in Batf-deficient animals (Schraml et al., 2009). Kirg1~Pd1* Treg
cells were reduced by ~80%, and numbers of Kirg1*Pd1* Treg
cells were reduced by ~95% in the spleen (Figures 7A, S6A,
and S6B). This translated to a severely reduced frequency of
mature tisTregST2 cells in the tissues: Batf~ animals harbored
~10-fold (in lung) to ~100-fold (in VAT and colon) decreased num-
ber of Kirg1*Pd1* tisTregST2 cells (Figure S6B). To determine
whether the observed effects were Treg intrinsic, we generated
mixed 1-to-1 bone-marrow chimeras with Batf”* and Batf™'~
bone marrow. Six weeks after transfer, Batf /~-derived Treg cells

Figure 5. Core tisTregST2 Signature in Nfil3(GFP) Populations

(A) Heatmap across all 11,330 differential ATAC-seq peaks from pairwise comparisons of FACS-sorted spleen-derived Klrg1 Nfil3(GFP)~ Treg, spleen
Kirg1~Nfil3(GFP)* Treg, spleen Kirg1*Nfil3(GFP)* Treg, and tisTregST2 samples consisting of skin-, lung-, VAT-, or colon-derived tisTregST2 (n = 3-4).

(B) ATAC-seq data for the Pparg locus with all cell types shown in (A). All datasets group-normalized to maximum peak height indicated in brackets (n = 3-4).
(C) ATAC-seq data for the Mt1 locus with all cell types shown in (A). All datasets group-normalized to maximum peak height indicated in brackets (n = 3-4).
(D) ATAC-seq data for the Areg locus with all cell types shown in (A). All datasets group-normalized to maximum peak height indicated in brackets (n = 3-4).
(E) Overlap of core tisTregST2 peaks with ATAC-seq peaks identified in spleen Kirg1~Nfil3(GFP)~ Treg (black), spleen Kirg1~Nfil3(GFP)* Treg (light blue), and
spleen Kirg1*Nfil3(GFP)* Treg (red) (n = 4).

(F) Motif analysis with individual comparisons between spleen Klrg1~Nfil3(GFP)~ Treg (black), spleen Kirg1~Nfil3(GFP)* Treg (light blue), spleen Kirg1*Nfil3(GFP)*
Treg (red), or the core tisTregST2 signature (orange) (n = 3-4).

(G) Single-base-pair resolution ATAC-seq signal at motif-centered peaks containing the de novo discovered motifs of NF-kB, NFAT:AP1, and Gata family
members from (F) in spleen Kirg1~Nfil3(GFP)~ (black), Kirg1~Nfil3(GFP)* (light blue), or spleen Kirg1*Nfil3(GFP)* Treg (red). Transposase background signal (Th5
background) shown in gray (n = 4).

(H) Ki67 (representative pseudocolor plots) and Gata3 (representative histograms) staining in spleen Kirg1~Nfil3(GFP)~, Kirg1~Nfil3(GFP)*, or spleen Kirg1*
Nfil3(GFP)* Treg (one-way ANOVA,; Ki67 or Gata3 RNA: n = 4; Ki67 or Gata3 protein: n = 4-8). Data are representative of two or more independent experiments or
cell sorts.

See also Figure S5 and Table S5.
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Figure 6. Batf Is Associated in Nfil3(GFP) Precursor Populations
(A) Overlap of chromatin regions differentially opened in spleen Kirg1~Nfil3(GFP)~ versus spleen Klrg1’/"Nfil3(GFP)+ Treg with public ChIP-seq datasets
identified by LOLA (Sheffield and Bock, 2016) (n = 4).

(legend continued on next page)
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were almost completely unable to give rise to Kirg1~Pd1* and
Klrg1*Pd1* tisTregST2 precursor cells as measured in percentage
(Figure 7B) as well as total numbers (Figures S6C and S6D). This
was a specific defect, because PD17Klirg1™ Treg cells in lymphoid
organs were found with an equal ratio of Batf*’* and Batf '~ Treg
cells, while tissues were comprised exclusively of Batf** Treg
cells (Figure 7C). Finally, adoptive transfer of sorted Kirg1™ spleen
Treg cells, mixed in a ratio of 1:1 from congenically labeled Batf*/*
and Batf '~ animals, confirmed these results: after 14 days, only
Batf*/* Treg cells were able to give rise to Klrg1~Pd1* and Klrg1*
Pd1* precursors cells (Figures S6E-S6G), and only Batf** Treg
cells were found in tissues (Figure S6G). These data demonstrate
that differentiation into the tisTregST2 precursor path depends on
Batf, and, in its absence, Treg cells cannot initiate the precursor
program and cannot mature into tisTregST2 cells in nonlymphoid
tissues.

To further investigate the impact of Batf on the induction and the
establishment of the tisTregST2 program, we developed an
in vitro differentiation system to induce the “tissue program.”
Naive (CD62L") Treg cells were stimulated with IL-2 and anti-
CD3-CD28 beads. We added the Tp2-cytokine IL-4 and the
ST2-ligand IL-33 to differentiate the Treg cells into the tisTregST2
program, while IL-2/interferon (IFN)-y or IL-2-only cytokine condi-
tions were used as controls. After 6 days, we could detect the in-
duction of tisTregST2 signature genes such as Nfil3, Gata3, Batf,
and /I1r1 (ST2) with IL-4 and IL-33 treatment, while expression of
Tbx21 was repressed (Figure 7D). Similarly, we could induce
Nfil3(GFP), Batf, and Gata3 protein expression with this tissue dif-
ferentiation protocol (Figures 7E and S6l). Using cytokine titration
and time course experiments, we could show the cooperative ef-
fect of both IL-4 and IL-33 on the induction of Nfil3 and on the
effector molecules IL-10 and Areg, both on RNA and protein level
(Figures S7A-S7C). In addition, we could show that other T,;2-
associated cytokines such as IL-5, IL-9, or IL-13 did not show
this cooperative effect with IL-4, rendering IL-33 a prototype cyto-
kine to induce the tissue phenotype in vitro (Figure S7D).

Using this model, we treated naive Treg cells isolated from wild-
type (WT) and Batf/~ animals with IL-2, IL-4, and IL-33 or IL-2-
only for 6 days, followed by ATAC-seq. PCA clearly separated
IL-4 and IL-33 differentiated Treg cells from WT animals from all
other populations, whereas IL-4- and IL-33-treated Treg cells
from Batf '~ animals grouped more closely to IL-2-only-treated

Treg populations (Figure 7F). A clustered heatmap of 28,033 dif-
ferential peaks across all pairwise comparisons illustrated that
Batf~'~ IL-4 and IL-33 differentiated Treg cells lack a large fraction
of accessible sites that could be induced by these cytokines in
Treg cells from WT animals (Figure 7G). This was activation-
independent because loci indicating activation and proliferation
(e.g., Cd69, Mki67, Statb, or Tgfb1 were not affected) (Figure S7E).
Focusing only on differential ATAC-seq signals in IL-4- and IL-33-
treated cells, we identified 10,529 regions that were lost in Batf '~
cells (Figure 7H). De novo motif analysis showed highly significant
enrichment of BATF, IRF:BATF, and BATF.JUN motifs in the
depleted accessible regions, strongly suggesting that the
observed chromatin changes are a direct effect of the transcrip-
tion factor Batf (Figures 71 and 7J).

Because we propose that Batf is a driver of the tisTregST2 pre-
cursor molecular program, we measured how many chromatin
regions that become accessible during the maturation of
Kirg1~Nfil3~(GFP) to Kirg1~Nfil3(GFP)* or Klirg1*Nfil3(GFP)*
were directly affected in IL-4 and IL-33 differentiated Treg cells
from Batf~/~ animals. Of the 2,243 and 2,169 peaks that gain
accessibility from Klrg1~Nfil3~(GFP) to Kirg1~Nfil3(GFP)* or
Klrg1*Nfil3(GFP)*, respectively, 509 (22.7%) and 406 (18.7%)
showed decreased accessibility in Batf ™~ Treg cells compared
to WT Treg cells under IL-4 and IL-33 polarizing conditions (Fig-
ure 7K). These observations are exemplified at the Pparg, I11rl1
(ST2), and Maf loci where Batf target regions were accessible
in precursors, mature VAT tisTregST2 and IL-4 and IL-33 differ-
entiated Treg cells from WT animals but were not accessible in
Batf~/~ Treg cells (Figures 7L and S7F). Similar results were ob-
tained when utilizing the “core” tisTregST2-specific peak set
(Figure 7M). These observations are exemplified at the Rora
and IL10 loci (Figure 7N).

In summary, our data suggests that Batf is a key transcription
factor that enables the development of tisTregST2 precursors
by driving a molecular precursor program, which, if not present,
leads to a lack of precursor cell differentiation and consequently
to the absence of mature tisTregST2 cells in nonlymphoid tissues.

DISCUSSION

ST2-expressing tissue Treg cells perform important tissue ho-
meostasis and regenerative functions. Using chromatin profiling,

(B) Single-base-pair resolution ATAC-seq signal at motif-centered peaks containing the de novo discovered motifs of BATF:JUN and bZIP family members
(discovered in Figure 5F) in spleen Kirg1~Nfil3(GFP)~ (black), Kirg1~Nfil3(GFP)* (light blue), or spleen Kirg1*Nfil3(GFP)* Treg (red). Transposase background
signals (Tn5 background) shown in gray (n = 4).

(C) Chromatin regions differentially opened in spleen Kirg1~Nfil3(GFP)~ versus Klrg1~Nfil3(GFP)* (light blue) or Kirg1~Nfil3(GFP)~ versus Klrg1*Nfil3(GFP)* Treg
(red) were correlated with peaks identified in public CD8 or CD4 Batf ChlIP-seq datasets (Hasan et al., 2017; Kurachi et al., 2014) (n = 4).

(D) ATAC-seq data for the //70 and Nfil3 gene and associated promoter region for spleen Kirg1~Nfil3(GFP)~ (black), spleen Kirg1~Nfil3(GFP)* (light blue), spleen
Klrg1*Nfil3(GFP)* (red), and VAT, lung, and skin tisTregST2 (orange, brown, dark blue). Top 4 lanes show public Batf ChlP-seq for CD4 or CD8 T cells with
antibody control data (dark gray). All Treg ATAC-seq datasets group-normalized to maximum peak height indicated in brackets, ChlP-seq datasets group-
normalized with respective control (n = 4).

(E) Batf protein and RNA expression in spleen Kirg1~Nfil3(GFP)~, Kirg1~Nfil3(GFP)*, or Kirg1*Nfil3(GFP)* Treg (Batf-antibody [red] or isotype control antibody
[black]). Histograms concatenated (one-way ANOVA, n = 4).

(F) Clustermap illustrating the Batf Pearson correlation index based on single-cell data from spleen Kirg1~Nfil3(GFP)~, Kirg1~Nfil3(GFP)*, and Kirg1*Nfil3(GFP)*
Treg cells across 30 Batf positively correlated genes (red gene names) as well as 30 Batf anti-correlated genes (blue) (n = 4).

(G) Spleen Kirg1~Nfil3(GFP)~ (black), Kirg1~Nfil3(GFP)* (light blue), or Kirg1*Nfil3(GFP)* Treg cells (red) were pre-gated and expression of Pd1 versus Kirg1
(upper graphs) and Ox40 versus Kirg1 (lower graphs) is displayed. Representative example shown.

(H) Gata3 and Ki67 staining in Spleen Kirg1~Pd1~ (black), Kirg1~Pd1* (light blue), or Kirg1*Pd1* Treg (red) (representative example shown). Data representative
of independent experiments or cell sorts.
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we identified tissue-specific chromatin signatures as well as
substantial common accessible chromatin regions shared be-
tween all tisTregST2 cells from various tissues. This shared reg-
ulatory program indicates that tisTregST2 cells have a common
precursor path. By generating a Nfil3(GFP) reporter mouse
line, we were able to identify both Kirg1~Nfil3(GFP)* and
Klrg1*Nfil3(GFP)* as lymphoid precursor stages for tisTregST2
cells. Our data did not support the notion that these lymphoid
precursor stages were re-circulating tissue Treg cells. However,
fate mapping studies with genetic reporter mice could further
substantiate this point. Clustering of single-cell RNA-seq data,
RNA-velocity analysis, adoptive transfer experiments, and the
stepwise increase in chromatin accessibility of tisTregST2-spe-
cific regions suggest that Kirg1*Nfil3(GFP)* Treg cells are a
further developed precursor stage toward the tisTregST2 pheno-
type. The transition from the “earlier” Kirg1~Nfil3(GFP)* to the
“late” Klrg1*Nfil3(GFP)* precursor appears to be an important
one, because several tisTregST2 markers were induced only at
this latter stage (Gata3, Il1rl1 [ST2], KIrg1, and a switch from
1d3 to Id2). Progressive loss of 1d3 correlates with differentiation
of Treg cells and has recently been observed in Treg populations
localized in nonlymphoid tissues (Sullivan et al., 2019). The tissue
has an important contribution as the majority of tissue-specific
chromatin changes were observed after tissue extravasation of
progenitor cells.

Our postnatal organ seeding data of Treg cells releveled that
both precursors peaked in the spleen 5-12 days after birth, fol-
lowed by seeding of nonlymphoid tissues. A perinatal establish-
ment of the Treg cell pool in nonlymphoid tissues has been
described (Yang et al., 2015). TCR-repertoire, opening of certain
chromatin regions, and expression of differentiation markers
indicated an early activation event that takes place in Kirg1-
Nfil3(GFP)* and Klirg1*Nfil3(GFP)* precursor cells in lymphoid

organs. Indeed, we could show that TCRs of skin- or colon
Treg cells were enriched in Nfil3(GFP)* Treg cells from draining
versus non-draining LNs. Our data are in line with recent publica-
tions, either based on scRNA-seq data (Miragaia et al., 2019) or
on a VAT-specific TCR-transgenic mouse model (Li et al., 2018),
both suggesting a priming step of nonlymphoid Treg cells in
spleen or LN. It remains to be further defined which cells and
external triggers contribute to the induction of the nonlymphoid
Treg cell fate in lymphoid organs.

We identified the transcription factor Batf to be essential for
tisTregST2 precursor cell differentiation in lymphoid organs as
well as for the presence of tisTregST2 cells within nonlymphoid
tissues. Loss of Treg cells in nonlymphoid tissues in Batf ™/~
mice has been described by us and others (Delacher et al.,
2017; Hayatsu et al., 2017). Our data now show that Batf is crit-
ically required earlier than initially thought. Our findings indicate
that Batf drives the differentiation of the precursor stage into the
tisTregST2 phenotype by orchestrating a molecular program.
Approximately 20% of all regions that gain accessibility from
Klrg1~Nfil3(GFP)~ to the Kirg1~Nfil3(GFP)* precursors are likely
direct Batf target loci, including regions in T2-associated genes
such as in the /I1rl1 (ST2), 110, Maf, Pparg, and the T2 locus
control region (Rad50). It was demonstrated that Batf:Jun family
protein complexes cooperate with Irf4, and that the Irf4:Jun:Batf
heterotrimeric complex is critical for Irf4-mediated transcription
of 110 in Ty2 cells (Li et al., 2012). Furthermore, it has been
demonstrated that Batf directly modulates the T2 locus control
region (Bao et al., 2016), is required for the differentiation of T417
cells (Glasmacher et al., 2012; Li et al., 2012; Yamazaki et al.,
2017), and controls expression of the transcription factors
Bcl-6 and Maf in T-follicular helper cells (Ise et al., 2011).

Will tissue Treg cells be the next frontier of immunotherapy to
treat conditions like autoimmune diseases, inflammatory bowel

Figure 7. Batf Is a Lineage-Defining TF in Nfil3(GFP) Precursors

(A) Measurement of Kirg1~Pd1* Treg (light blue) and Klrg1*Pd1* Treg (red) in spleens of Batf*’* versus Batf/~ animals (unpaired t test, n = 7-15).

(B) Measurement of Klrg1~Pd1* Treg (light blue) and Kirg1*Pd1* Treg (red) in spleens of animals reconstituted with 50% CD90.1*CD90.2 Batf** and 50%
CD90.1~CD90.2*Batf '~ bone marrow 6 weeks after bone marrow transfer (unpaired t test, n = 5).

(C) Analysis of Treg in mixed bone marrow chimera as in (B). Contribution of Batf*/* (black) or Batf/~ (red) bone marrow in Treg from spleen, inguinal LN (ing LN),
mesenteric LN (mes LN), colon, skin, or VAT is shown (unpaired t test, n = 5).

(D) Spleen Treg were treated for 6 days in vitro with anti-CD3/28 beads and IL-2 (Ctrl, black), IL-2 plus IFN-y (IFNy, blue), or IL-2 plus IL-4 and IL-33 (IL4/33,
orange) followed by gene expression analysis. Graphs illustrate expression of Nfil3, Batf, Gata3, Il1rl1, or Tbx21 (Deseqg2, n = 4).

(E) Spleen Treg from Nfil3(GFP) animals were treated for 6 days in vitro with anti-CD3/CD28 beads and IL-2 (Ctrl, black) or IL-2 plus IL-4 and IL-33 (IL4/33, orange)
followed by flow-cytometry-based measurement of GFP (unpaired t test, n = 4).

(F) Spleen Treg from Batf** or Batf '~ animals were treated for 6 days in vitro as in (D), followed by ATAC-seq. PCA based on ATAC-seq reads in all samples over
a consensus set of 105,243 peaks (n = 4).

(G) Unsupervised hierarchical clustering of ATAC-seq data (28,033 unique differential peaks) with all cell types shown in (F) (n = 4).

(H) Comparison of chromatin accessibility between Batf*+ and Batf /'~ Treg treated with IL-4 and IL-33. Significant regions (log. fold change >2, normalized mean
accessibility > 10, adjusted p value <0.01) are colored in blue (n = 4).

(I) De novo motif analysis on significant peak sets derived from (H) (n = 4).

(J) Single-base-pair resolution ATAC-seq signal at motif-centered peaks containing the de novo discovered motif highly similar to the known Batf motif
(discovered in Iy in IL-2-, IL-4-, and IL-33-treated Batf /~ versus Batf*’* Treg. Transposase background shown in gray (n = 4).

(K) Pie chart illustrating the overlap of peaks that are differentially opened in Kirg1~Nfil3(GFP)~ versus Klrg1*Nfil3(GFP)* Treg (top) or Kirg1~Nfil3(GFP)~ versus
Kirg1~Nfil3(GFP)* Treg (bottom) with Batf-dependent peaks identified in (H) (n = 4).

(L) ATAC-seq data for the //1rl1 and Pparg gene and associated promoter region for in vitro-treated Batf~/~ versus Batf"/* Treg (color), spleen Kirg1~Nfil3(GFP)~
(black), Kirg1~Nfil3(GFP)* (light blue), Kirg1*Nfil3(GFP)* (red), or VAT tisTregST2 (orange). Top 4 lanes are public Batf ChIP-seq data for CD4 or CD8 T cells
including antibody control data (dark gray). All Treg ATAC-seq datasets group-normalized to maximum peak height indicated in brackets, ChlP-seq datasets
group-normalized with respective control (n = 4).

(M) Pie chart illustrating the overlap of the “core” tisTregST2 peaks with Batf-dependent peaks identified in (H) (n = 4).

(N) ATAC-seq data for the Rora and IL10 loci for in vitro-treated Batf /= versus Batf*'* Treg as in (M) (n = 4). Data representative of independent experiments or
cell sorts.

See also Figures S6 and S7 and Tables S6 and S7.
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disease, or graft-versus-host disease (Bluestone and Tang,
2018)? Understanding the ontogeny and, thereby, molecular
programs that drive tissue Treg differentiation, is essential to
develop future targeted therapies to leverage nonlymphoid
Treg cells for tissue repair and regeneration.

STARXMETHODS
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KEY RESOURCES TABLE
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Purified anti-mouse CD3 antibody

APC anti-mouse CD4 antibody

APC/Cy7 anti-mouse CD4 antibody

Biotin anti-mouse CD4 antibody

BV421 anti-mouse CD4 antibody

FITC anti-mouse CD4 antibody

BV711 anti-mouse CD4 antibody

BV605 anti-mouse CD4 antibody

PE anti-mouse CD4 antibody

PE/Cy7 anti-mouse CD4 antibody
PerCP/Cy5.5 anti-mouse CD4 antibody
PE-Dazzle 594 anti-mouse CD4 antibody
BUV395 anti-mouse CD4 antibody
BUV737 anti-mouse CD4 antibody

Biotin anti-mouse CD8a antibody

BV605 anti-mouse CD8a antibody
PE/Cy7 anti-mouse CD8a antibody
PerCP/Cy5.5 anti-mouse CD8a antibody
APC anti-mouse CD8a antibody

FITC anti-mouse CD8a antibody

BV421 anti-mouse CD8a antibody
APC/Cy7 anti-mouse CD8a antibody
APC/Cy7 anti-mouse/human CD11b antibody
APC/Cy7 anti-mouse CD19 antibody
Pacific Blue anti-mouse CD19 antibody
APC anti-mouse CD25 antibody

APC anti-mouse CD25 antibody

Biotin anti-mouse CD25 antibody

Biotin anti-mouse CD25 antibody

PE anti-mouse CD25 antibody

PE anti-mouse CD25 antibody

PE/Cy7 anti-mouse CD25 antibody
BV711 anti-mouse CD25 antibody

BV421 anti-mouse CD25 antibody

AF488 anti-mouse CD25 antibody
PerCP/Cy5.5 anti-mouse CD25 antibody
Pacific Blue anti-mouse/human CD44 antibody
BV421 anti-mouse/human CD44 antibody
BV605 anti-mouse/human CD44 antibody
APC/Cy7 anti-mouse/human CD44 antibody
BV421 anti-mouse CD45 antibody
APC/Cy7 anti-mouse CD45 antibody
Pacific Blue anti-mouse CD45 antibody
APC anti-mouse CD45 antibody

BD Biosciences
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
BD Biosciences
BD Biosciences
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Miltenyi
Biolegend
Miltenyi
Biolegend
Miltenyi
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend

RRID: AB_394590
RRID: AB_312719
RRID: AB_312699
RRID: AB_312711
RRID: AB_11219790
RRID: AB_312713
RRID: AB_2562099
RRID: AB_2563054
RRID: AB_312715
RRID: AB_312729
RRID: AB_893326
RRID: AB_2563684
RRID: AB_2738426
RRID: AB_2732918
RRID: AB_312743
RRID: AB_2562609
RRID: AB_312761
RRID: AB_2075238
RRID: AB_312751
RRID: AB_312745
RRID: AB_11204079
RRID: AB_312753
RRID: AB_830641
RRID: AB_830707
RRID: AB_439718
RRID: AB_312861
RRID: AB_2752169
RRID: AB_312853
RRID: AB_2656661
RRID: AB_312857
RRID: AB_2656655
RRID: AB_312865
RRID: AB_2564130
RRID: AB_11203373
RRID: AB_493333
RRID: AB_893288
RRID: AB_493683
RRID: AB_10895752
RRID: AB_2562451
RRID: AB_830785
RRID: AB_10899570
RRID: AB_312981
RRID: AB_493535
RRID: AB_312977
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FITC anti-mouse CD45.1 antibody Biolegend RRID: AB_313495
PerCP/Cy5.5 anti-mouse CD45.1 antibody Biolegend RRID: AB_893346
PE/Cy7 anti-mouse CD45.1 antibody Biolegend RRID: AB_1134168
BV605 anti-mouse CD45.1 antibody Biolegend RRID: AB_2562565
PerCP/Cy5.5 anti-mouse CD45.2 antibody Biolegend RRID: AB_893350
AF488 anti-mouse CD45.2 antibody Biolegend RRID: AB_492869
AF647 anti-mouse CD45.2 antibody Biolegend RRID: AB_492870
FITC anti-mouse CD45.2 antibody BD Biosciences RRID: AB_395041
APC/Cy7 anti-mouse CD45.2 antibody Biolegend RRID: AB_830789
Pacific Blue anti-mouse CD45.2 antibody Biolegend RRID: AB_492872
APC anti-mouse CD62L antibody Biolegend RRID: AB_313099
APC/Cy7 anti-mouse CD62L antibody Biolegend RRID: AB_830799
PerCP/Cy5.5 anti-mouse CD62L antibody Biolegend RRID: AB_2285839
FITC anti-mouse CD90.1 antibody Biolegend RRID: AB_1595653
Pacific Blue anti-mouse CD90.1 antibody Biolegend RRID: AB_1595477
APC/Cy7 anti-mouse CD90.1 antibody Biolegend RRID: AB_2303153
PE anti-mouse CD90.1 antibody Biolegend RRID: AB_1595524
PE/Cy7 anti-mouse CD90.1 antibody Biolegend RRID: AB_1659223
APC anti-rat/mouse CD90.1 antibody Biolegend RRID: AB_1595470
BV421 anti-rat /mouse CD90.1 antibody Biolegend RRID: AB_10899572
PerCP/Cy5.5 anti-rat/mouse CD90.1 antibody Biolegend RRID: AB_961437
APC/Cy7 anti-mouse CD90.2 antibody Biolegend RRID: AB_10613293
APC anti-mouse CD90.2 antibody Biolegend RRID: AB_313183
PE anti-human/mouse/rat CD278 (ICOS) antibody Biolegend RRID: AB_416332
FITC anti-mouse/human KLRG1 antibody Biolegend RRID: AB_10643998
PE anti-mouse/human KLRG1 antibody Biolegend RRID: AB_10574005
PE/Dazzle 594 anti-mouse/human KLRG1 Biolegend RRID: AB_2564050
BV711 anti-mouse/human KLRG1 antibody Biolegend RRID: AB_2629721
BV421 anti-mouse/human KLRG1 antibody Biolegend RRID: AB_10918627
FITC anti-mouse/human KLRG1 antibody Biolegend RRID: AB_10643582
BV421 anti-mouse/human KLRG1 antibody Biolegend RRID: AB_2565613
BV605 anti-mouse/human KLRG1 antibody Biolegend RRID: AB_2563357
BV510 anti-mouse TCR-B chain antibody Biolegend RRID: AB_2562350
APC/Cy7 anti-mouse TCR-p chain antibody Biolegend RRID: AB_893624
PE anti-mouse TCR- chain antibody Biolegend RRID: AB_313431
PerCP/Cy5.5 anti-mouse TCR- chain antibody Biolegend RRID: AB_1575173
BV605 anti-mouse TCR- chain antibody Biolegend RRID: AB_2629563
BV711 anti-mouse TCR- chain antibody Biolegend RRID: AB_2629564
PE/Cy7 anti-mouse TCR-f chain antibody Biolegend RRID: AB_893625
Biotin anti-mouse IL-33Ra (ST2) antibody eBioscience RRID: AB_2572809
PE anti-mouse IL-33Ra (ST2) antibody Biolegend RRID: AB_2728176
PerCP/Cy5.5 anti-mouse IL-33Ra (ST2) antibody Biolegend RRID: AB_2565636
APC anti-mouse IL-33Ra (ST2) antibody Biolegend RRID: AB_2561917
PE/Cy7 anti-mouse IL-33Ra (ST2) antibody Biolegend RRID: AB_2687367
BV421 anti-mouse IL-33Ra (ST2) antibody Biolegend RRID: AB_2565634
PE anti-mouse IL-33Ra (ST2) antibody Biolegend RRID: AB_2561915
Biotin anti-mouse Amphiregulin antibody R&D Systems RRID: AB_2060662
PE/Cy7 anti-mouse CD279 (PD-1) antibody Biolegend RRID: AB_10689635
PE anti-mouse CD279 (PD-1) antibody Biolegend RRID: AB_1877231

(Continued on next page)
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BV421 anti-mouse CD279 (PD-1) antibody Biolegend RRID: AB_2561447
BV711 anti-mouse CD279 (PD-1) antibody Biolegend RRID: AB_2566158
Biotin anti-mouse FoxP3 antibody eBioscience RRID: AB_763540
PE anti-mouse FoxP3 antibody eBioscience RRID: AB_465936
AF488 anti-mouse FoxP3 antibody eBioscience RRID: AB_763537
APC anti-mouse Foxp3 antibody eBioscience RRID: AB_469457
Anti-Mouse/Rat Foxp3 AF647 antibody Biolegend RRID: AB_763538
Anti-Mouse/Rat Foxp3 Biotin antibody Biolegend RRID: AB_763540
Anti-Mouse/Rat Foxp3 PE antibody Biolegend RRID: AB_465936
AF647 anti-mouse Gata-3 antibody Biolegend RRID: AB_2563217
AF647 anti-Gata-3 antibody Biolegend RRID: AB_2563217
PE anti-Gata-3 antibody Biolegend RRID: AB_2562723
BV421 anti-mouse/human Gata-3 antibody Biolegend RRID: AB_2563221
PE anti-mouse/human c-MAF antibody eBioscience RRID: AB_2572747
BV605 anti-mouse Ki-67 antibody Biolegend RRID: AB_2562664
BV421 anti-mouse Ki-67 antibody Biolegend RRID: AB_2562663
PE anti-mouse Ki-67 antibody Biolegend RRID: AB_2561525
Purified anti-mouse/human BATF antibody Cell Signaling RRID: AB_11141425
Goat Anti-Rabbit IgG (H+L) antibody, AF 647 Thermo Fisher RRID: AB_10562581
PE anti-mouse/human BATF antibody Cell Signaling RRID: AB_2798938
BV605 anti-mouse CD127 (IL-7Ra) ab Biolegend RRID: AB_2562114
BV421 anti-mouse CD127 (IL-7Ra) ab Biolegend RRID: AB_11218800
PE/Cy7 anti-mouse |-A/I-E antibody Biolegend RRID: AB_2290801
APC/Cy7 anti-mouse |-A/I-E antibody Biolegend RRID: AB_1659252
Pacific Blue anti-mouse I-A/I-E antibody Biolegend RRID: AB_493527
Fixable Viability Dye eFluor 450 eBioscience Cat#65-0863-18
Fixable Viability Dye eFluor 506 eBioscience Cat#65-0866-18
Fixable Viability Dye eFluor 780 eBioscience Cat#65-0865-18
AF488 Streptavidin Biolegend Cat#405235
APC/Cy7 Streptavidin Biolegend Cat#405208

E450 Streptavidin eBioscience Cat#48-4317-82
FITC Streptavidin Biolegend Cat#405201

PE Streptavidin Biolegend Cat#405204
PE/Cy7 Streptavidin Biolegend Cat#405206
PerCP/Cy5.5 Streptavidin Biolegend Cat#405214
PE-Dazzle 594 Streptavidin Biolegend Cat#405248
BUV395 Streptavidin BD Biosciences Cat#564176
BUV737 Streptavidin BD Biosciences Cat#564293

BV711 Streptavidin Biolegend Cat#405241
BV605 Streptavidin Biolegend Cat#405229

APC Streptavidin Biolegend Cat#405207

BV421 Streptavidin Biolegend Cat#405225
Chemicals, Peptides, and Recombinant Proteins

Recombinant human IL-2 Novartis Proleukin S® 18 Mio U
Recombinant murine 1L-4 Peprotech Cat#214-14
Recombinant murine IL-5 Peprotech Cat#215-15
Recombinant murine IL-9 Peprotech Cat#219-19
Recombinant murine IL-13 Peprotech Cat#210-13
Recombinant murine IL-33 Biolegend Cat#280504

(Continued on next page)
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Purified anti-mouse IFN-gamma antibody Biolegend Cat#AB_315396
Recombinant anti-mouse IFN-y blocking mAb Peprotech Cat#500-P119
Proteinase K Carl Roth Cat#7528.5
HBSS GIBCO Cat#14025092
PBS GIBCO Cat#10010023
DMEM GIBCO Cat#41965
Collagenase Type I Sigma-Aldrich Cat#C6885
Collagenase Type IV Sigma-Aldrich Cat#C5138
DNase | Roche Cat#11284932001
Bovine Serum Albumin Sigma Cat#A4503
Percoll GE Healthcare Cat#17-0891-01
Power SYBR Green Master Mix Thermo Fisher Cat#4367659
Tagman Gene Expression Master Mix Thermo Fisher Cat#4359016
SuperScript Il Reverse Transcriptase Thermo Fisher Cat#18064071
SYBR-Green Thermo Fisher Cat#S7563
Oligo d(T) 12-18 Primer Thermo Fisher Cat#18418012
Compensation Beads eBiosciences Cat#01-1111-41
Hair removal creme Reckitt Benckiser (Veet) N/A

Critical Commercial Assays

GentleMACS C tube

Lamina Propria Dissociation Kit

Anti-biotin microbeads, ultrapure

Anti-PE microbeads, ultrapure

Anti-APC microbeads

LS column

MS column

ACK lysis buffer

Foxp3 / Transcription Factor Buffer Set

RNEasy Plus Mini Kit

Immuprep Analytik Jena

Dynabeads Mouse T-Activator CD3/CD28
Mouse T cell activation and expansion kit
SMARTer Ultra Low Input RNA kit

SMART-Seq Stranded Kit

NEXT CHiP-Seq Library Prep Master Mix
NEBNext Multiplex Oligos

NEBNext High Fidelity PCR Master mix

Foxp3 / Transcription Factor Staining Buffer Set
Chromium™ Single Cell Controller & Accessory Kit
Chromium™ Single Cell 3’ Library and Gel Bead Kit
Chromium™ Single Cell 5’ Library & Gel Bead Kit

Chromium™ Single Cell V(D)J Enrichment Kit,
Mouse T Cell

Chromium™ Single Cell A Chip Kit

Chromium™ Single Cell 3'/5' Library
Construction Kit

Chromium™ Multiplex Kit
Agencourt AMPure XP beads
lllumina Nextera DNA preparation Kit

Miltenyi
Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
GIBCO
eBiosciences
Quiagen
Analytik Jena
Thermo Fisher
Miltenyi Biotec
Takara

Takara

NEB

NEB

NEB
eBioscience
10X

10X

10X

10X

10X
10X

10X
Beckman Coulter

lllumina
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Cat#130-096-334
Cat#130-097-410
Cat#130-105-637
Cat#130-105-639
Cat#130-090-855
Cat#130-042-401
Cat#130-042-201
Cat#A1049201
Cat#00-5523-00
Cat#74134
Cat#845-KS-2040250
Cat#11456D
Cat#130-093-627
Cat#634894
Cat#634455
Cat#E6240L
Cat#E7335L
Cat#M0541S
Cat#00-5523-00
Cat#120212
Cat#120237
Cat#1000014
Cat#1000071

Cat#120236
Cat#1000020

Cat#120262
Cat#A63880
Cat#FC1211030
(Continued on next page)
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Qubit dsDNA HS Kit Thermo Fisher Scientific Cat#Q32851
Qubit Protein Assay Kit Thermo Fisher Scientific Cat#Q33211
High Sensitivity D1000 ScreenTape Agilent Cat#50675584
High Sensitivity D1000 Reagents Agilent Cat#50675585
RNA ScreenTape Agilent Cat#50675576
RNA ScreenTape Sample Buffer Agilent Cat#50675577
Zymo clean & concentrator kit Zymo Cat#D4013

Deposited Data

Raw and analyzed data: ATAC-seq, RNA-seq,

single cell RNA-seq, single cell TCR-seq

This manuscript

GEO: GSE130884

Oligonucleotides

Anti-mouse Hprt Tagman probe (FAM)
Anti-mouse Hprt Tagman probe (VIC)
Anti-mouse Gapdh Tagman probe (FAM)
Anti-mouse B2M Tagman probe (FAM)
Anti-mouse Foxp3 Tagman probe (FAM)
Anti-mouse Batf Tagman probe (FAM)
Anti-mouse //70 Tagman probe (FAM)
Anti-mouse //1rl7T Tagman probe (FAM)
Anti-mouse Nfil3 Tagman probe (FAM)
Anti-mouse //7r Tagman probe (FAM)
Anti-mouse Gata3 Tagman probe (FAM)
Anti-mouse Areg Tagman probe (FAM)
Anti-mouse Klrg1 Tagman probe (FAM)
Anti-mouse Tbx21 Tagman probe (FAM)
Anti-mouse Pparg Tagman probe (FAM)

Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems

MmO03024075_m1
MmO01318746_g1

Mm99999915_g1

MmO00437762_m1
MmO00475162_m1
MmO00479410_m1
MmO01288386_m1
MmO00516117_m1
MmO00600292_s1

MmO00434295_m1
MmO00484683_m1
MmO00484683_m1
MmO00516879_m1
MmO00450960_m1
MmO01184322_m1

Software and Algorithms

Flowjo (v10.5.3)
FACS Diva (v8.0.2)

BD Biosciences
BD Biosciences

https://www.flowjo.com/solutions/flowjo/downloads/
http://www.bdbiosciences.com/en-us/instruments/
research-instruments/research-software/flow-
cytometry-acquisition/facsdiva-software

CellPress

Prism (v7.0b)
R (v3.4.2 and v.3.5.1)

GraphPad Software Inc https://www.graphpad.com/

R Foundation for Statistical
Computing
Quinlan and Hall, 2010

Langmead and
Salzberg, 2012

Chen et al., 2013;
Kuleshov et al., 2016

Heinz et al., 2010
Robinson et al., 2011
Sheffield and Bock, 2016

https://www.r-project.org/

Bedtools (v2.26.0)
Bowtie2 (v.2.2.4)

http://bedtools.readthedocs.io

http://bowtie-bio.sourceforge.net/bowtie2/index.shtml

ENRICHR http://amp.pharm.mssm.edu/Enrichr/

HOMER (v4.10.1)

Integrative Genomics Viewer (IGV; v2.3.97)
LOLA (v1.12.0)

FASTX Toolkit (v0.0.13)

http://homer.ucsd.edu/homer/
http://software.broadinstitute.org/software/igv/
http://databio.org/lola/
http://hannonlab.cshl.edu/fastx_toolkit/index.html

STAR (v2.3) Dobin et al., 2013 https://github.com/alexdobin/STAR
Cell Ranger (v 2.0.1 and v.2.2.0) 10x Genomics https://github.com/10XGenomics/cellranger
sambamba (v0.6.6) Tarasov et al., 2015 https://github.com/biod/sambamba

Broad Institute
Jiang et al., 2014
Love et al., 2014

Picard Toolkit (v1.78)
skewer(v0.2.2)
DESeq2 (v1.20.0)

https://github.com/broadinstitute/picard
https://github.com/relipmoc/skewer

https://bioconductor.org/packages/release/bioc/
html/DESeq2.html

(Continued on next page)

Immunity 52, 295-312.e1-e11, February 18, 2020 e5


https://www.flowjo.com/solutions/flowjo/downloads/
http://www.bdbiosciences.com/en-us/instruments/research-instruments/research-software/flow-cytometry-acquisition/facsdiva-software
http://www.bdbiosciences.com/en-us/instruments/research-instruments/research-software/flow-cytometry-acquisition/facsdiva-software
http://www.bdbiosciences.com/en-us/instruments/research-instruments/research-software/flow-cytometry-acquisition/facsdiva-software
https://www.graphpad.com/
https://www.r-project.org/
http://bedtools.readthedocs.io
http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
http://amp.pharm.mssm.edu/Enrichr/
http://homer.ucsd.edu/homer/
http://software.broadinstitute.org/software/igv/
http://databio.org/lola/
http://hannonlab.cshl.edu/fastx_toolkit/index.html
https://github.com/alexdobin/STAR
https://github.com/10XGenomics/cellranger
https://github.com/biod/sambamba
https://github.com/broadinstitute/picard
https://github.com/relipmoc/skewer
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://bioconductor.org/packages/release/bioc/html/DESeq2.html

Cell’ress

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

UCSC genome browser Utilities Kent et al., 2002 https://genome.ucsc.edu/

Seurat (v2.3.0 and v3.0.1) Butler et al., 2018 https://satijalab.org/seurat/

Monocle (v2.6.3) Trapnell et al., 2014 http://cole-trapnell-lab.github.io/monocle-release/
Velocyto (v0.17.17) La Manno et al., 2018 http://velocyto.org/

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Markus
Feuerer (Markus.Feuerer@ukr.de). The Nfil3 reporter mouse line generated in this study is available upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Wild-type C57BL/6, congenic B6.SJL-Ptprc®Pepc®/BoyCrl (CD45.1%), congenic B6.PL-Thy1%/CyJ (CD90.1%) mice were obtained
from Charles River Breeding Laboratories (Wilmington, MA, USA) or the Jackson Laboratory (Bar Harbor, ME, USA).
B6N.129(Cg)-Foxp3™*" mice (Foxp3.IRES-DTR/GFP) (Kim et al., 2007) were bred to CD45.1* or CD90.1* mice. Batf-deficient
mice (129S-Batftm1.1Kmm/J) were obtained from Jackson Laboratories (Stock Number 013757). To generate scRNA-seq,
scTCR-seq, RNA-seq and ATAC-seq data, we used adult male mice between 6 and 45 weeks of age. For all other experiments,
both female and male mice between 6 and 45 weeks of age were used, unless otherwise indicated. For kinetics experiments,
male and female mice between 5 days and 45 weeks of age were used. VAT was isolated exclusively from male mice.

For generation of Nfil3(GFP) BAC-transgenic mice, a fusion construct composed of the DNAs for iCre and eGFP was generated and
inserted at the start codon of the Nfil3 gene in the BAC RP23-227M5 (BioScience; RPCIB731M05277Q) using Escherichia coli DH10B
(Copeland et al., 2001). The final construct was linearized and injected into the pronuclei of fertilized C57BL/6N mouse eggs at the
animal facility of the German Cancer Research Center. Genotyping was carried out by PCR from genomic DNA as described in the
following paragraph. Details are shown in Figure S2A. Animals were housed under specific pathogen-free conditions at the DKFZ
animal care facility or the Regensburg University Clinics animal care facility, and the governmental committee for animal experimen-
tation (Regierungsprasidium Karlsruhe, Germany for DKFZ Heidelberg or Regierungsprasidium Unterfranken, Wurzburg for Regens-
burg) approved all experiments involving animals.

METHOD DETAILS

Genotyping of Batf”~ and Nfil3(GFP) animals

Tissue was digested in digest buffer (50 mM KCI, 20 mM Tris—HCI pH 8.8, 0.045% Tween20 and Igepal CA-630) with proteinase K
(Carl Roth #7528.5) overnight at 56°C, followed by inactivation for 10 min at 96°C. For Batf genotyping, a PCR reaction with Taq
polymerase, dNTPs, 2.5 mM MgCI2, 1X PCR buffer (50mM KCI, 20mM TRIS-HCI pH 8.8), and 0.4 uM Batf primers (TGCTGAGC
ATCTTTCCAGTCC, AGAATCCAGTGACTCCCTATCCC, CTGCTCAGTCTCAGTTTTCAC) was performed (94°C-10min; 94°C-30 s
61°C-30 s 72°C-60 s x 35; 74°C10min). For Nfil3 genotyping, a PCR reaction with Taq polymerase, dNTPs, 2.5 mM MgCI2, 1X
PCR buffer (50mM KCI, 20mM TRIS-HCI pH 8.8), 0.4 uM Nfil3-GFP primers (AGCTGACCCTGAAGTTCATCTG, CATGATATAG
ACGTTGTGGCTGTT) and 0.1 uM RAGT primers (CCCCTTTATTGATATGCACCA, AGATGTCTCAAAGTCATGGGC) was performed
(95°C-5min; 95°C-30 s 58°C-30 s 72°C-30 s x 35; 72°C5min). Samples were separated on an agarose gel (2%) and gene status
analyzed.

Tissue digestion for flow cytometric analysis and FACS sorting of cells

Toisolate T cells from VAT tissue, gonadal fat pads of male mice were excised, cut into small pieces and digested for 45 minutes at
37°C (base medium DMEM (GIBCO #41965), 1 mg/ml collagenase type Il (Sigma-Aldrich #C6885), 20 pg/ml DNase | (Roche
#11284932001), 20 mg/ml bovine serum albumin (Sigma-Aldrich #A4503)) in an orbitally-shaking waterbath, followed by incubation
with 2 mM EDTA-PBS for 2 minutes and centrifugation and filtration steps.

Toisolate T cells from skin tissue, hair and hair follicles from the back of the animal were removed with an electric shaver and de-
pilatory cream. Skin was separated from the dorsal surface, cut into small pieces and digested (base medium DMEM (GIBCO
#41965), 4 mg/ml collagenase type IV (Sigma-Aldrich #C5138), 10 ng/ml DNase | (Roche #11284932001), 2% fetal bovine serum).
Digestion was performed for 45-60 minutes in an orbitally-shaking waterbath pre-heated to 37°C or directly in a GentleMACS
C tube (Miltenyi Biotec #130-096-334) and the program “37_C_Multi_H” for 90 minutes, followed by centrifugation and filtra-
tion steps.

Toisolate T cells from liver or lung tissue, animals were perfused by opening the inferior vena cava and flushing the left ventricle with
10ml PBS to clear the body circulation. Liver and lung were excised, cut in small pieces and digested (base medium DMEM (GIBCO
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#41965), 1 mg/ml collagenase type IV (Sigma-Aldrich #C5138), 20 ng/ml DNase | (Roche #11284932001), 5 mg/ml bovine serum
albumin (Sigma-Aldrich #A4503)) for 30-45 minutes in an orbitally-shaking waterbath pre-heated to 37°C, followed by centrifugation
and filtration steps. Liver tissue was further separated using an 80%/40% Percoll-PBS gradient (GE Healthcare #17-0891-01), centri-
fugation (2000 x g, 20 min, 4°C, low acceleration, low deceleration) and isolation of the lymphocyte-containing interface. Lung sam-
ples were pre-enriched using biotinylated or fluorochrome-labeled CD25 antibody (Clone PC61, Biolegend) and anti-biotin ultrapure,
anti-PE ultrapure or anti-APC microbeads (Miltenyi Biotec #130-105-637, #130-105-639, #130-090-855).

To isolate T cells from colon tissue, colons were isolated, cleared of feces and prepared according to manufacturer’s instructions
with a lamina propria dissociation kit (Miltenyi #130-097-410). Samples were either pre-enriched with CD4 (Clone RM4-5, Biolegend)
or CD25 (Clone REA568, Miltenyi Biotec) antibody and microbeads or measured directly. More detailed protocols about T cell isola-
tion from murine tissues are published (Cossarizza et al., 2019).

To isolate T cells from blood, peripheral blood was collected via cardiac puncture and incubated in heparin-coated capsules.
Blood samples were centrifuged and red blood cells were lysed using ACK lysis buffer (GIBCO #A1049201).

To isolate T cells from bone marrow, femurs were collected and femoral head and femoral medial and lateral epicondyle were
removed. Bone shafts were flushed with PBS and bone marrow collected by centrifugation followed by red blood cell lysis.
T cells were pre-enriched with CD25-biotin antibody (Clone PC61) and microbeads.

To isolate T cells from spleen and lymph nodes, tissues were harvested and mechanically disintegrated. Samples were either
pre-enriched with CD4 or CD25 antibody and microbead-based enrichment or measured directly.

Preparation of samples for flow cytometry

T cells were isolated and pre-enriched as described previously. Samples were stained either in 1.5 mL Eppendorf tubes or 96-well
plates in FACS buffer (1%FCS in PBS). Surface staining was performed at 4°C for 20 minutes in 50-100 pL staining volume. Anti-
bodies were used, if not indicated otherwise, as recommended by the manufacturer. Following antibodies were used for surface
staining: CD3 (Clone 145-2C11), TCR-B chain (H57-597), CD4 (RM4-5), CD8a. (53-6.7), CD19 (6D5), CD25 (PC61 and REA568),
CD44 (IM7), CD45 (30-F11), CD45.1 (A20), CD45.2 (104), CD90.1 (OX-7), CD90.2 (30-H12), CD120b (TR79-89), CD278 (C398.A4),
CD279 (29F.1A12), I-A/I-E/MHCII (M5/114.15.2), Kirg1 (2F1), IL-33R/ST2 (DIH9 and RMST2-33). Intracellular staining was performed
with the Foxp3 / Transcription Factor Buffer Set (eBiosciences) according to manufacturer’s protocol with the following adaptations:
intracellular staining steps were performed for 60 minutes at room temperature. Antibodies for intracellular staining include Gata3
(16E10A23), Foxp3 (JFK-16S), KI67 (16A8), and Batf (D7C4, 1:200 dilution). For Batf staining, secondary intracellular staining was
performed with AF647-coupled anti-rabbit antibody at 1:400 dilution. Dead cells were excluded with a fixable live/dead dye
(eBioscience Fixable Viability Dye eFluor450, eFluor506 or eFluor780). All antibodies are listed in the Key Resources Table.

Flow cytometry of T cells from tissues

T cells were isolated, pre-enriched and stained as described previously. Afterward, they were filtered with a 40 um filter unit and ac-
quired on a BD™ LSRII™, LSR Fortessa™, or ARIA II™ cytometer. BD CS&T™ beads were used to validate machine functionality.
Fluorescence spillover compensation was performed with either compensation beads (eBiosciences OneComp eBeads) or lympho-
cytes stained with CD4 (RM4-5) in the respective colors. Flow cytometry data were analyzed using FlowJo™ (BD, Version 10 for
Mac). Files were concatenated using FlowJo™.

FACS sorting of T cells from tissues for bulk ATAC-seq and bulk RNA-seq

T cells were isolated and pre-enriched as described previously. Afterward, they were stained with live/dead dye and surface anti-
bodies as described in the section “Preparation of samples for flow cytometry.” Cells were then sorted into 1.5 mL tubes on an
BD™ FACSAria™ llu, Ill, or FACSAria™ FUSION cell sorting system using 70 pm or 85 pm nozzle size and 4-way-purity sort
mode into 1.5 mL tubes. If required, cells were sorted in a double-sort strategy with primary sort (85 um, yield mode, into FACS buffer)
and secondary sort (85 um, 4-way-purity mode, into RLT+ buffer or FACS buffer). Sample and post-sort quality control were recorded
where applicable and are displayed in the source data file linked to this manuscript. For bulk ATAC-seq, cells were sorted into FACS
buffer. For bulk RNA-seq, cells were sorted into RLT+ lysis buffer (QIAGEN RNeasy Plus MiniKit).

Real time PCR

For RNA isolation, cells were resuspended in RLT+ lysis buffer and purified according to manufacturer’s protocol (RNEasy mini Kit,
Quiagen). RNA was reversely transcribed into cDNA according to manufacturer’s protocol (Reverse Transcriptase I, life technolo-
gies). cDNA was used with Tagman probes and Tagman master mix in a Viia7 real-time PCR system (all ThermoFisher). Gene expres-
sion was normalized to housekeeping gene expression (Hprt) with the formula: relative gene expression = 2/ - (Ct (gene X) — Ct (Hprt)).
Primer designations are listed in Key Resources Table.

DT-depletion, bone marrow chimera and transfer studies in-vivo

Cells for transfer were FACS-sorted as described above. Congenic Foxp3°P45-1: GFP: DTR animals were injected intraperitoneally with
1000 ng DT one day before transfer and immediately following transfer. Cells for transfer were resuspended in sterile PBS with 1%
FCS and transferred via retroorbital injection. 10-14 days later, cells were isolated from various tissues and identified based on
CD45.1/CD45.2/CD90.1/CD90.2 expression. To generate mixed bone-marrow chimeras, recipient animals were treated with 9
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Gray of radiation, followed by transfer of 5 million red blood cell-depleted bone marrow cells. Bone marrow was mixed from
50% WT and 50% Batf-deficient bone marrow. Cells from donor (Batf*’* or Batf ") and recipient were identified based on
CD45.1/CD45.2/CD90.1/CD90.2 expression.

In-vitro differentiation of Treg and Tconv cells

Treg cells and Tconv cells were purified from Foxp3®™ PTR animals by FACS-based high-purity sorting. Then, cells were stimulated
with anti-mouse CD3/28 microbeads at a 4 to 1 bead to cell ratio. For Treg cell cultures, IL-2 was supplemented at 5000 U/ml. For
Tconv cell cultures, IL-2 was supplemented at 50 U/ml, unless otherwise indicated. For tissue Treg induction experiments with IL-4
and IL-33, Treg cells were treated with 100 ng/ml IL-4, 100 ng/ml IL-33 as well as anti-mouse IFNvy blocking antibodies (10,000 U/ml)
for 6 days at 37° in-vitro. For IFN-vy differentiation, cells were treated with 100 ng/mL IFN-y for 6 days at 37° in-vitro. For cytokine
titrations with IL-4 versus IL-33, IL-4 versus IFN-y, IL-4 versus IL-5, IL-4 versus IL-9, and IL-4 versus IL-13, cytokines were used
as indicated in the Figures (1+9 titrations). After 6 days, cells were either analyzed via flow cytometry or RNA was harvested, followed
by cDNA synthesis and RT-PCR. Protein MFI or relative gene expression were normalized to untreated expanded Treg cells. For RNA
induction kinetics, Treg cells were harvested on day 1, 3, 5, 7, 9, and 11 after seeding. Medium was exchanged on day 7.

Assay for transposable-accessible chromatin with sequencing (ATAC-seq)

Chromatin accessibility mapping was performed using the ATAC-seq method as previously described (Buenrostro et al., 2013; Cor-
ces et al., 2017), with minor adaptations. Briefly, in each experiment 2,000 - 15,000 sorted cells were pelleted by centrifuging for
10 min at 4°C at 500 x g. After centrifugation, the pellet was carefully lysed in 50 ul resuspension buffer supplemented with NP-40
(Sigma), Tween-20 and Digitonin (10 mM Tris-HCI pH 7.4, 10 mM NaCl, 3 mM MgCi2, 0.1% NP-40, 0.1% Tween-20, 0.01% Digitonin)
and incubated for 3 minutes on ice. Then, 1 mL of ice-cold resuspension buffer supplemented with Tween-20 was added, and the
sample was centrifuged at 4°C at 500 x g for 10 minutes. The supernatant was discarded, and the cell pellet was carefully resus-
pended in the transposition reaction (25 pul 2 x TD buffer (lllumina), 2.5 pl TDE1 (lllumina), 16.5 ul PBS, 5 ul nuclease-free water,
0.5 ul 1% Digitonin (Promega), 0.5 pl 10% Tween-20 (Sigma)) for 30 min at 37°C on a shaker at 1000 rpm. Following DNA purification
with the Clean and Concentrator-5 kit (Zymo) eluting in 23 pl, 2 ul of the eluted DNA was used in a quantitative 10 uL PCR reaction
(1.25 uM forward and reverse custom Nextera primers (Corces et al., 2017), 1x SYBR green final concentration) to estimate the op-
timum number of amplification cycles with the following program 72°C 5 min; 98°C 30 s; 25 cycles: 98°C 10's,63°C 30 s, 72°C 1 min;
the final amplification of the library was carried out using the same PCR program and the number of cycles according to the Cq value
of the gPCR. Library amplification using custom Nextera primers was followed by SPRI size selection with AmpureXP beads to
exclude fragments larger than 1,200 bp. DNA concentration was measured with a Qubit fluorometer (Life Technologies). The libraries
were sequenced using the lllumina HiSeq3000/4000 or NextSeq platforms.

Preprocessing and analysis of ATAC-seq data

ATAC-seq reads were trimmed using Skewer (Jiang et al., 2014) and aligned to the mm10 assembly of the murine genome using
Bowtie2 (Langmead and Salzberg, 2012) with the ‘-very-sensitive’ parameter and a maximum fragment length of 2,000 bp. Duplicate
and unpaired reads were removed using the sambamba (Tarasov et al., 2015) ‘markdup’ command, and reads with mapping quality >
30 and alignment to the nuclear genome were kept. All downstream analyses were performed on these filtered reads. All reads align-
ing to the “+” strand were offset by +4 bp, and all reads aligning to the “-* strand were offset —5 bp to represent the center of the
transposon binding event as described previously (Buenrostro et al., 2013). For visualization purposes only, coverage files from
filtered bam files were produced using bedtools (Quinlan and Hall, 2010) genomeCoverageBed, each position was normalized by
dividing to the total library size and multiplying by 108, followed by conversion to a bigwig using the bedGraphToBigWig command
from the UCSC genome browser tools.

Bioinformatic analysis of chromatin accessibility data

Peak calling for each sample was performed using HOMER (Heinz et al., 2010) with the following approach: Two different peak sets
were called, once we used the options “-style factor -fragLength 150 -size 250 -minDist 250 -L 4 -fdr 0.0001 -tbp 1” parameters, to
identify highly robust small regions of open chromatin, and in a second approach we used the parameters”-region -fragLength 150
-size 150 -minDist 250 -L 4 -fdr 0.0001 -tbp 1” to identify larger regions of open chromatin. The two peak sets were then intersected
using the bedtools intersect function with the “-u” option to create the peak set that was used for downstream analysis. Peaks over-
lapping blacklisted features as defined by the ENCODE project (ENCODE Project Consortium, 2012) were discarded. For the analysis
of sample sets we always created a consensus region set by merging the called peaks from all involved samples, and we quantified
the accessibility of each region in each sample by counting the number of reads from the filtered BAM file that overlapped each
region.

To normalize the chromatin accessibility signal across samples, we performed quantile normalization followed by GC content
normalization by regression using the cqn R package (Hansen et al., 2012). Principal component analysis (PCA) was performed using
the R function prcomp with the parameter “scale=TRUE” (version 3.4.2) on the normalized chromatin accessibility values of all
chromatin-accessible regions across all samples. DESeq2 (Love et al., 2014) was used on the raw count values for each sample
and regulatory element to identify differential chromatin accessibility between samples. Significant regions were defined as having
an FDR-corrected p value below 0.01, an absolute log2 fold change above 2, and a mean accessibility equal or greater than 10.
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For the common tisTregST2 signature, differential peaks between LN memory Treg and tisTregST2 were used and filtered based
on FDR adjusted p values equal or smaller than 0.01, an absolute log2 fold-change equal or greater than 2 and a base mean equal or
greater than 10. For each remaining peak the fold change between tisTregST2 and Tconv was calculated. Peaks were kept if their
change exceeded the median of the distribution and were clustered using the pheatmap R package with default settings.

For tisTregST2 tissue-specific programs, differential peaks of tisTregST2 samples based on pairwise comparisons were filtered for
FDR adjusted p values smaller than 0.01, an absolute log2 fold-change greater than 2 and a base mean equal or greater than 10. For
each tissue (skin, fat, colon, lung), the fold change between the tissue (e.g., skin) and all other tissues (e.g., fat, colon, lung) was calcu-
lated. In a tissue dependent manner, peaks were kept if their fold change exceeded the upper quartile value of the distribution. In
addition to differentiate tisTregST2 to Tconv cells of the same tissue, similarly, for each tissue-specific peak the fold change between
tisTregST2 and Tconv cells was calculated and peaks kept which exceeded the upper quartile value of the distribution. Kept peaks
were clustered using pheatmap and R with default settings. P values for differential ATAC-seq p values were Benjamini-Hochberg
corrected.

Motif enrichment analysis was done using HOMER (Heinz et al., 2010) with the function findMotifsGenome using “-size 500 -len
8,10,12 -h” parameters. Statistical significances of motif enrichment using HOMER were calculated using hypergeometric testing
indicated by the “-h” parameter. Motifs from analyses were combined to a merged motif file and filtered for redundant motifs using
HOMER’s compareMotifs function with the parameters “-reduceThresh 0.6 -matchThresh 10 -info 0.6 —pvalue 1e-25” and were
compared to the vertebrate known motifs from the HOMER database. The enrichment of this reduced motif set was then calculated
in the peaks of the respective comparisons using the annotatePeaks function. For Figure 7G, de novo motifs with a similarity value to
a known motif less than 0.75 were discarded. Histograms of reads around transcription factor binding motifs were generated using
HOMER by centering the peaks of interest on the investigated motifs using the annotatePeaks function, followed by counting reads
from individual experiments at single base pair resolution in a radius of 1000 bp (or 150 bp) around the peak centers using the anno-
tatePeaks function with the parameters “-hist -fragLength 1.” Tn5 background was calculated by processing publically available
sequencing data of tagmented “naked” DNA fragments (ERR2213810_1, ERR2213810_2, ERR2213806_1, and ERR2213806_2)
(Henriksson et al., 2019) similar to all other ATAC-seq data.

Peaks were assigned to their nearest TSS using the HOMER promoter annotation. Region set enrichment analysis of genes in the
vicinity of differential peaks was performed using LOLA (Sheffield and Bock, 2016) with its core databases. Enrichment of genes
associated with regulatory elements (annotated with the nearest transcription start site from Ensembl) was performed through the
Enrichr API (Kuleshov et al., 2016) for the WikiPathways 2016 database.

Bioinformatic analysis of publicly available ChiP-seq datasets

Public CD8 or CD4 Batf ChlP-seq datasets including IgG or input controls (Hasan et al., 2017; Kurachi et al., 2014), GSE54191 and
GSE86535, respectively, were reanalyzed and preprocessed similar to ATAC-seq data, with the difference that read positions were
not shifted. Peak calling was performed using the HOMER “findPeaks” command with the standard settings and the “-style factor”
option. Overlaps with other peak sets from ATAC-seq data was performed using the HOMER “mergePeaks” command.

Isolation of RNA, library preparation and sequencing

RNA was isolated with the RNEasy Plus Mini Kit (QIAGEN) according to manufacturer’s recommendations. cDNA was generated and
amplified with the SMARTer Ultra Low Input RNA kit for lllumina Sequencing (Clontech Laboratories, Inc.) or the SMART-Seq
Stranded Kit (Takara Bio) according to the manufacturer’s protocol. For ultra-low applications, sequencing libraries were prepared
using the NEXT ChIP-Seq Library Prep Master Mix Set for lllumina (New England Biolabs) according to the manufacturer’s instruc-
tions with the following modifications: The adaptor-ligated double-stranded cDNA (10ul) was amplified using NEBNext Multiplex
Oligos for lllumina (New England Biolabs, 25 uM primers), NEBNext High-Fidelity 2x PCR Master Mix (New England Biolabs) and
15 cycles of PCR. For all samples, final libraries were validated using Agilent 2100 Bioanalyzer (Agilent Technologies) and Qubit fluo-
rometer (Invitrogen), normalized and pooled in equimolar ratios. 50bp single-read sequencing was performed on the lllumina
HiSeq™ 2000 v4 or 75bp single-read sequencing on the lllumina Nextseq™ 500 according to the manufacturer’s protocol.

Mapping of RNA sequencing data, statistical evaluation and plotting

For all samples, low quality bases were removed with Fastq_quality_filter from the FASTX Toolkit 0.0.13 (http://hannonlab.cshl.edu/
fastx_toolkit/index.html) with 90% of the reads needing a quality phred score > 20. Homertools 4.7 (Heinz et al., 2010) were used for
PolyA-tail trimming, and reads with a length < 17 were removed. PicardTools 1.78 (https://broadinstitute.github.io/picard/) were used
to compute the quality metrics with CollectRNASegMetrics. With STAR 2.3 (Dobin et al., 2013), the filtered reads were mapped
against mouse genome 38 using default parameters. Count data and RPKM tables were generated by mapping filtered reads against
union transcripts (derived from Mouse Ensembl 90) using a custom pipeline. Mapping was carried out with bowtie2 version 2.2.4
(Langmead and Salzberg, 2012) against union mouse genes: every gene is represented by a union of all its transcripts (exons).
The count values (RPKM and raw counts) were calculated by running CoverageBed from Bedtools v2.26.0 (Quinlan and Hall,
2010) of the mapped reads together with the mouse annotation file (Ensembl 90) in gtf format and parsing the output with
custom perl scripts. The input tables containing the replicates for groups to compare were created by a custom perl script. For
DESeqg2 (Love et al., 2014), DESegDataSetFromMatrix was applied, followed by estimateSizeFactors, estimateDispersions,
and nbinomWald testing. The result tables were annotated with gene information (gene symbol, gene type) derived from the
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gencode.vM16.annotation.gtf file. The results were then filtered for protein-coding genes according to the gencode.vM16.annota-
tion.gtf file. The 1000 most variable transcripts were extracted and used for principal component analysis (PCA) using the R function
prcomp with the parameter “scale=TRUE” (version 3.4.2). To measure correlation of RNA-seq with ATAC-seq data, peaks of the
common signature were used if the nearest gene was no further away than 10,000 kb. In case of multiple peaks associated to the
same gene, a mean was calculated. For each peak, a mean of the normalized ATAC-seq scores from fat, skin and lung was then
plotted against the associated mean gene expression from the same tissues.

FACS sorting of T cells from tissues for scRNA-seq and scTCR-seq

T cells were isolated and pre-enriched as described above. Afterward, they were stained with live/dead dye and surface antibodies as
described. Cells were then sorted on a BD™ FACSAria™ llu, Ill, or FACSAria™ FUSION cell sorter using 70 um or 85 um nozzle size
and 4-way-purity sort mode into 1.5 mL tubes filled with FACS buffer. Sample and post-sort quality control were recorded where
applicable and are displayed in the source data file linked to this manuscript. For scRNA-seq, we sorted 15000 spleen CD25*
Klrg1™Nfil3(GFP)” Treg, 15000 spleen CD25%Klrg1 Nfil3(GFP)" Treg, 15,000 spleen CD25*Klrg1*Nfil3(GFP)* Treg, 10000 spleen
CD44*CD25*Foxp3(GFP)* Treg, 7500 VAT CD44*CD25"Foxp3(GFP)" Treg, 3000 skin CD44*CD25"Foxp3(GFP)" Treg, 1500 blood
CD44*CD25*Foxp3(GFP)* Treg, 10000 inguinal lymph-node CD44*CD25*Foxp3(GFP)* Treg, 10000 bone marrow CD44+*CD25"
Foxp3(GFP)* Treg, 10000 lung CD44*CD25*Foxp3(GFP)* Treg, and 1000 liver CD44*CD25"Foxp3(GFP)* Treg. Samples were loaded
onto the 10X Chromium Controller and processed the Single Cell 3’ Library Gel and Bead Kit v2 (10X). Samples were pooled from
several Foxp3(GFP) or Foxp3(YFP) or Nfil3(GFP) reporter mice.

For scTCR-seq, we sorted 15000 (mouse 1) and 15000 (mouse 2) spleen CD25*KIrg1 Nfil3(GFP) Treg, 15000 (mouse 1) and 15000
(mouse 2) spleen CD25*KIrg1 Nfil3(GFP)*" Treg, 8000 (mouse 1) and 15000 (mouse 2) spleen CD25*KIrg1*Nfil3(GFP)* Treg, 3000
(mouse 1) and 15000 (mouse 2) skin CD25*Nfil3(GFP)* Treg, 3000 (mouse 1) and 15000 (mouse 2) skin CD25*Nfil3(GFP)* Treg,
and 3000 (mouse 1) and 15000 (mouse 2) skin CD25*Nfil3(GFP)* Treg. For mouse 3, we sorted 8200 skin CD25*Nfil3(GFP)* Treg,
800 skin-draining inguinal LN CD25*Nfil3(GFP)* Treg, 11000 colon CD25*Nfil3(GFP)* Treg, and 80000 colon-draining mesenteric
LN CD25*Nfil3(GFP)* Treg. Samples were loaded onto the 10X Chromium Controller and processed the Single Cell 5’ Library Gel
and Bead Kit (10X). Samples were sorted from single male Nfil3(GFP) animals.

scRNA-seq and scTCR-seq library preparation and sequencing

Samples for scRNA-seq were loaded on the Chromium Single cell Controller (10x Genomics #120212) using the Single Cell 3’
Library & Gel Bead Kit v2 (10x Genomics #120237). cDNA was amplified using 14 cycles of PCR. Library was constructed using
13 cycles of PCR. Products were purified using Ampure XP beads and quality was controlled using Agilent Tapestation. Samples
were sequenced using 50bp single-read sequencing on the lllumina HiSeq™ 2000 v4. Samples for scTCR-seq were loaded on
the Chromium Single cell Controller using the Single Cell 5 Library & Gel Bead Kit (10x Genomics #1000014) and the Single Cell
V(D)J Enrichment Kit, Mouse T Cell (10x Genomics #1000071). TCR samples were sequenced on a lllumina NextSeq 500 with
300 cycles paired-end sequencing.

Analysis of scTCR-seq data

Fastq files were processed using Cell Ranger (version 2.2.0) based on 10xGenomics provided mm10 reference genome (refdata-cell-
ranger-vdj-GRCm38-alts-ensembl-2.2.0). Clones were matched by TRA and TRB sequence and clonal diversity was estimated using
the inverse Simpson index. Samples from each mouse were compared in a pairwise fashion using the Jaccard index. Clonal abun-
dance pie charts were generated using ggplot2 (version 2.2.1) and R (version 3.4.2).

Analysis of scRNA-seq data
Fastq files were processed using Cell Ranger version 2.0.1 based on 10xGenomics provided mm10 reference genome (refdata-cell-
ranger-mm10-1.2.0). Cell Ranger was run per sample (using cellranger count). For downstream analysis the R package Seurat (Butler
et al., 2018) (version 2.3.0) together with R (version 3.4.2) was used. Cells with fewer than 500 or more than 2500 transcripts were
discarded as well as cells exceeding a 5% threshold of mitochondrial transcripts. The data was log normalized (using NormalizeData)
and scaled (using ScaleData) which includes regressing for mitochondrial DNA content and the number of UMIs using a negative
binomial distribution. Highly variable genes (HVGs) were identified (using FindVariableGenes) with default parameter settings. In
the tissue Treg precursor analysis alone, as well as in the combined precursor and tisTregST2 analysis, 10 most contributing principle
components (PCs) were used for downstream analysis. TSNE (using RunTSNE) was used for dimensionality reduction and visuali-
zation. For UMAP dimensionality reduction, Seurat (version 3.0.1, using RunUMAP) was used. UMAP reductions for single tissue
analysis are based on the 10 most contributing PCs, whereas the 20 most contributing PCs were used for all other UMAP projections.
Two-dimensional kernel densities were estimated for each of the three tissue Treg precursor populations (using kde2d) from the
MASS package (version 7.3-50). The 70% contour levels were estimated with the function kde from the ks package (version
1.11.3)inR.

To reconstruct a developmental trajectory, Monocle (Trapnell et al., 2014) (version 2.6.3) was used. Steps included size factor esti-
mation (using estimateSizeFactors), estimation of dispersions (using estimateDispersions), applying a minimal expression threshold
of 0.1 (using detectGenes), HVGs were set to be used (using setOrderingFilter) and reducing dimensionality to three components
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(using reduceDimension(method = ‘DDRTree’, max_components = 3, ...)). For visualization purposes, cells were binned in hexagons
and expression was calculated as a mean based on the gene of interest.

To investigate developmental dynamics, Velocyto (La Manno et al., 2018), version 0.17.17) was used. Velocyto annotates reads as
spliced, unspliced and ambiguous. The pipeline was run individually for each sample and data from resulting loom files were com-
bined. Ambiguous counts were excluded and cells having spliced and unspliced count below 800 and 300, respectively, were
removed. 3000 most variable genes were selected for downstream analysis. Counts were normalized based on the initial molecule
count. For cell nearest neighbor pooling, a k-nearest neighbor graph (k = 500) was computed based on Euclidean distance utilizing
the top 20 principal components. Gamma coefficients, velocity and extrapolation of gene expression profile at time t = 1 were calcu-
lated. Finally, for visualization, velocity vectors were plotted as locally average vector fields on a tSNE embedding.

Pearson correlation was calculated on HVGs of precursor tisTregST2 cells. The 30 most correlated and anti-correlated genes to
Batf were clustered using pheatmap and R (version 3.4.2) with default settings.

RNA-seq and ATAC-seq integrative analysis

DESeq2 (version 1.20.0) (Love et al., 2014) was used for differential gene expression analysis in a pairwise fashion between tis-
TregST2 cells from fat, skin and lung. Differentially expressed genes were kept if the adjusted p value was equal or below 0.05
and if a log2 fold-change of 1 or greater was observed. A gene was defined as exclusively expressed for a tissue if it was found
to be upregulated in the tissue for all pairwise comparisons. ATAC-seq peaks from precursor and tisTregST2 samples were extracted
if they could be associated to exclusively expressed genes within a distance of 30kb up- or downstream. Next, the ratio of precursor
ATAC-seq peaks to tissue ATAC-seq peaks was calculated and visualized.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed with Prism software or algorithm. Statistical details are indicated in the figure legend. Population size is described
in the figure legend. Results of statistical tests are listed in Tables S1, S2, S3, S4, S5, S6, and S7.

DATA AND CODE AVAILABILITY

The accession numbers for the RNA-Seq, scRNA-Seq, scTCR-Seq, and ATAC-seq data reported in this paper are: Gene Expression
Omnibus (GEO) GSE130884.
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Figure S1. ATAC-seq and RNA-seq of tissue-derived T cells, related to Figure 1. (A) Lung-
derived KIrg1-ST2" Treg cells as well as lung Klrg1*ST2* tisTregST2 cells were FACS-sorted and
subjected to ATAC-sequencing. Samples were normalized and reads for each sample in the “core
tisTregST2” peak set derived from Figure 1D were counted. Heatmap with unsupervised clustering
shows normalized ATAC signal with color code high (red) vs low (blue) (n=3-4). (B) Batf1-3 gene
expression in BM and spleen-derived Kirg1-ST2" Treg (black) as well as lung, liver, visceral adipose
tissue (VAT), and skin-derived Klrg1*ST2" tisTregST2 (brown, green, orange and dark blue).
Statistics based on Deseq2. Asterisks indicate statistical significance, with Benjamini-Hochberg
correction, ***p<0.001, **p<0.01, *p<0.05 and ns p>0.05) (n=3-4). (C) Gata1-6 gene expression in
BM and spleen-derived Kirg1"ST2" Treg (black) as well as liver, lung, VAT, and skin-derived
Klrg1*ST2" tisTregST2 (brown, green, orange, and dark blue). Colors indicate cell type (n=3-4). (D)
ATAC-seq data for the Kirg1, Pparg, Mreg and Dusp26 gene loci from lymph node (LN)-derived
CD25*Foxp3(GFP)*CD44 naive Treg, LN-derived CD25*Foxp3(GFP)*CD44" memory Treg as well
as VAT, lung, skin and colon-derived CD25Foxp3(GFP)CD44* memory Tconv or
CD25"Foxp3(GFP)*CD44*Klrg1*ST2" tisTregST2 (n=4). Y-axis ATAC signal intensity, x-axis gene
structure, with exons indicated as heightened bars and introns as line, arrows indicate gene
direction. All datasets group-normalized to maximum peak height indicated in brackets. Overall
display length indicated on top in kilobases (kb). Yellow box indicates area of interest. Data

representative of two or more independent experiments or cell sorts.
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Figure S2. Nfil3-GFP reporter mouse, related to Figure 2. (A) Overview of insert into the BAC
construct used for generating the Nfil3°FP reporter mouse. A fusion construct composed of the DNA
for iCre (red), 2A (grey), and eGFP (green) was generated, and inserted at the start codon of the
Nfil3 gene in the BAC RP23-227M5 using Escherichia coli DH10B. Top, gene structure and
insertion site. Bottom, DNA code inserted into BAC. (B) Gating strategy used to identify Treg cells
in Nfil3¢FP reporter or control mice (data derived from lymph node). G1: CD4* T cells; G2: single
cells; G3: CD8CD19-MHCII'Dead TCRbeta* T cells; G4: CD4*CD8 T cells; G5: CD4*CD25* Treg
cells. (C) Expression of Nfil3(GFP) in Kirg1*ST2" tisTregST2 (G2) vs Klrg1-ST2" Treg cells (G1)
from various tissues (paired t test, ing LN = inguinal LN; mes LN = mesenteric LN, n=7). (D)
Presence of Kirg1*Nfil3(GFP)* Treg cells (red gate), Kirg1-Nfil3(GFP)* Treg cells (light blue gate),
and Kirg1-Nfil3(GFP)  Treg cells (black gate) in different cell populations. First row: CD4*CD25*
Treg cells; Second row: CD4*CD25" Tconv cells; Third row: CD8" cytotoxic T cells; Fourth row:
CD19" B cells. Contour plots to the left show presence of populations in spleen or skin. Additional
data points, tissues and statistical evaluation shown in the graphs to the right (one-way ANOVA
with Tukey correction, n=7). (E) Memory phenotype of Kirg1-Nfil3(GFP) Treg cells (black), Kirg1-
NfiI3(GFP)* Treg cells (blue) and Klirg1*Nfil3(GFP)* Treg cells (red). Left, histograms illustrating
expression of CD62L in spleen-derived Treg cell populations. Middle, additional data points, tissues
and statistical evaluation (one-way ANOVA with Tukey correction, n=7). Right, CD44 MFI for Treg
populations in spleen, mes LN and lung (one-way ANOVA with Tukey correction, n=7). Data

representative of two or more independent experiments or cell sorts.
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Figure S3. ScRNA-seq and scTCR-seq of tissue T cells, related to Figure 2+3. (A) t-Distributed
Stochastic Neighbor Embedding (t-SNE) of single-cell RNA-sequencing data of spleen-derived
Treg cell (CD4*TCRB*CD25") subpopulations: Klrg1-Nfil3(GFP) in black, Kirg1-Nfil3(GFP)* in blue,
and Kirg1*Nfil3(GFP)* in red (n=5). (B) Uniform manifold approximation and projection (UMAP) of
single-cell RNA-sequencing data of spleen-derived Treg cell (CD4*TCRB*CD25") subpopulations
as in (A). Contour gates were drawn to include 70% of the parent population (Gate 1-3).
Contribution of cell types to Gate1-3 shown in the pie charts to the right (n=5). (C) Violin plots
illustrating the expression of Foxp3, Kirg1, 1d2, Id3, Tnfrsf4, Tnfrsf9, Icos, and Maf in Klrg1-
NfiI3(GFP) Treg, Kirg1-Nfil3(GFP)* Treg, and Kirg1*Nfil3(GFP)* Treg as in (F-G). Violin plots were
scaled by width resulting in the same maximum width for all violins. Right, gene expression data of
Kirg1-Nfil3(GFP) Treg cells (black), Kirg1-Nfil3(GFP)* Treg cells (blue) and Kirg1*Nfil3(GFP)* Treg
cells (red) for Foxp3, Kirg1, Id2, Id3, Tnfrsf4, Tnfrsf9, Icos, and Maf. Statistics based on Deseq2
(n=4). (D) Monocle plots derived from scRNA-seq data of spleen Kirg1-Nfil3(GFP) Treg, spleen
Klrg1-Nfil3(GFP)* Treg, spleen Kirg1*Nfil3(GFP)* Treg as well as spleen, inguinal LN (ing LN), bone
marrow, blood, VAT, skin, lung, and liver memory Treg (CD4*TCRB*CD44*CD25*Foxp3(GFP)").
Color code indicates expression of Gata3. X-axis and y-axis indicate monocle dimension 1 and 3.
Each dot represents a hexagonal bin, and each dot is colored by the mean expression value of
Gata3 of the cells that are within the hexagonal bin. (E) Pseudotime plot as in (A) with monocle
dimension 1 and dimension 2. (F) Data derived from scTCR-seq of spleen Klirg1-Nfil3(GFP) Treg,
spleen Kirg1-Nfil3(GFP)" Treg, spleen Kirg1*Nfil3(GFP)* Treg as well as colon, skin, and VAT-
derived Kirg1*Nfil3(GFP)* tisTregST2 from two individual mice. Graphical representation of
similarity coefficients between these samples based on Jaccard Index for both experiments. Color
indicates similarity with low (blue) to high (red) (n=2). (G) Data derived from scTCR-seq of VAT,
colon and skin-derived Kirg1*Nfil3(GFP)* tisTregST2 as well as spleen Kirg1*Nfil3(GFP)* Treg,
spleen Kirg1-Nfil3(GFP)* Treg, and spleen Klirg1-Nfil3(GFP) Treg from an individual mouse. Set
size enumerates total number of successfully identified TCR a+f chains (left). To the right,
individual clones and shared clones between all groups are displayed. On top, the total number of
shared clones is displayed and numbered (n=2)._Data representative of two or more independent

experiments or cell sorts.
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Figure S4. Adoptive transfer and development, related to Figure 4. (A) Gating strategy used
to identify transferred and host Treg cells in DT-treated host animals. G1: Lymphocytes; G2: CD8"
CD19°MHCII'Dead TCRbeta™CD4* T cells; G3: TCRbeta'CD4*CD25" Treg cells; G4:
CD45.1*CD45.2" host Treg cells; G5: CD45.1-CD45.2" transferred Treg cells. Two plots to the right
illustrate expression of Kirg1 in CD45.17"CD45.2" host Treg cells and CD45.1-CD45.2* transferred
Treg cells. (B) Identification of transferred Treg cells in tissues of recipient animals 10 days after
transfer of CD45.2" Kirg1"Nfil3(GFP)* Treg cells. Contour plots illustrate expression of Kirg1 in
transferred Treg (top) or host Treg (bottom). (C) Identification of transferred Treg cells in lung tissue
of recipient animals 10 days after transfer of spleen-derived CD45.2*KlIrg1-Nfil3(GFP)* Treg cells.
Contour plots illustrate expression of Kirg1 in transferred and host Treg. (D) ldentification of
transferred Treg cells in spleen, mesenteric LN (Mes) and lung tissue of recipient animals 10 days
after transfer of lung-derived CD45.2*Kirg1"Nfil3(GFP)* Treg cells. Contour plots illustrate
expression of Kirg1 in transferred and host Treg. (E) Representative examples of spleen Klirg1-
Nfil3(GFP)* and Kirg1*Nfil3(GFP)* Treg cells 5d, 8d, 10d, 15d, 20d, 25d, and 70+d after birth. Pre-
gate on CD8CD19-MHCII'Dead TCRbeta*CD4*CD25" Treg cells. (F) Representative examples of
skin, colon and liver Kirg1*Nfil3(GFP)* Treg cells 5d, 10d, 12d, 15d, 20d, 25d, and 70+d after birth.
Pre-gate on CD8CD19-MHCII'Dead TCRbeta*CD4*CD25" Treg cells. For skin, lung and colon
contour plots, flow cytometry data of several replicates were concatenated to increase visibility.
Data representative of two or more independent experiments, n=3-19 per group for each

experiment.
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Figure S5. ATAC-seq of tissue T cells, related to Figure 5. (A) ATAC-seq data for parts of the
Rora, Gpr55, Rad50, Bcl2, Il1rl1, Kirg1, Mreg and Cish gene loci of spleen-derived Klrg1-
Nfil3(GFP) Treg cells (black), spleen KIrg1 Nfil3(GFP)* Treg cells (light blue), spleen
Kirg1*Nfil3(GFP)* Treg «cells (red) as well as Ilung, VAT, and skin-derived
CD25"Foxp3(GFP)*CD44*Klrg1*ST2" tisTregST2 (light brown, orange, dark blue). Y-axis ATAC
signal intensity, x-axis gene structure, with exons indicated as heightened bars and introns as line,
arrows indicate gene direction. All datasets group-normalized to maximum peak height indicated in
brackets. Overall display length indicated on top in kilobases (kb) (n=4). (B) Left, heatmap
illustrating number of open peaks from VAT tisTregST2 cells found in precursor/number of open
peaks in VAT tissue for three groups spleen-derived Kirg1-Nfil3(GFP) Treg cells (black), spleen
Kirg1-Nfil3(GFP)* Treg cells (light blue), spleen Klirg1*Nfil3(GFP)* Treg cells (red). X-axis sample
type, y-axis gene name. To the right, ATAC-seq peaks of exclusively expressed genes from VAT
tisTregST2 for three groups spleen-derived Klirg1-Nfil3(GFP) Treg cells (black), spleen Kirg1-
Nfil3(GFP)* Treg cells (light blue) and spleen Kirg1*Nfil3(GFP)* Treg cells (red). X-axis sample
type, y-axis number of open peaks from tissue found in precursor/number of open peaks in tissue
(n=4). (C) Heatmap illustrating number of open peaks from lung tisTregST2 found in
precursor/number of open peaks in lung tissue for three groups as in (B) (n=4). (D) Heatmap
illustrating number of open peaks from skin tisTregST2 found in precursor/number of open peaks
in skin tissue for three groups as in (B) (n=4). (E) Correlation between common ATAC signature
(Lung, skin and VAT Treg) and RNA expression (lung, skin and VAT Treg); 10kb distance to gene
(n=4). Data representative of two or more independent experiments or cell sorts.
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Figure S6. Batf and tissue Treg development, related to Figure 7. (A) Gating strategy used to
identify Kirg1-Pd1-, Kirg1-Pd1* or Kirg1*Pd1* Treg cells in Batf’- vs Batf*'* mice. G1: CD4* T cells;
G2: lymphocytes; G3: CD8'CD19-MHCII'Dead TCRbeta* T cells; G4: CD4*CD25" Treg cells. From
G4, Kirg1-Pd1-, Kirg1-Pd1* or Kirg1*Pd1* Treg cells can be identified. Expression of Batf in all three
populations of Batf’- vs Batf** mice is shown as histogram to the right. (B) Total numbers of Kirg1-
Pd1* or Kirg1*Pd1* Treg cells in spleens of Batf’ vs Batf*’* mice (n=3-7, unpaired t-test). Right,
total number of Kirg1*Pd1* Treg cells per g VAT, per g lung or per whole colon (unpaired t-test,
n=4-6). (C) Total numbers of KIrg1"-Pd1* or Kirg1*Pd1* Treg cells in spleens of mixed bone marrow
chimeras with 50% Batf** and 50% Batf’- bone marrow six weeks after bone marrow transfer
(unpaired t-test, n=5). (D) Gating strategy to identify transferred CD45.1-CD45.2* Treg cells (mixed
50% CD90.1*CD90.2-Batf** and 50% CD90.1-CD90.2*Batf”) in DT-treated CD45.1*CD45.2
Foxp3P™R host animals two weeks after transfer. (E) Quality control of cells before transfer into
congenic DT-treated recipient. (F) Presence of CD90.1*CD90.2'Batf** vs CD90.1-CD90.2*Batf"
transferred Treg cells Kirg1-Pd1* or Kirg1*Pd1* Treg cells of spleens isolated from DT-treated host
animals two weeks after transfer. Statistical verification across replicates to the right, gating (G6
and G7) derived from (E) (unpaired t test, n=4-6). (G) Presence of CD90.1*CD90.2'Batf** vs
CD90.1-CD90.2*Batf transferred Treg cells in lung or skin of DT-treated host animals two weeks
after transfer with statistical verification across replicates (unpaired t test, n=4-6). (I) Gating strategy
used to analyse Treg cells expanded with anti-CD3/28 microbeads and cytokines in-vitro. G1:
lymphocytes; G2: CD4*TCRbeta™ T cells; G3: CD8CD19-MHCII'Dead CD4* T cells. From G3,
NfiI3(GFP)*ST2" or Nfil3(GFP)*ST2* Treg cells can be identified. Histogram to the right depicts
Nfil3(GFP) expression in both groups. Below, expression of Nfil3(GFP) vs ST2 in expanded Treg
cells treated with IL-2, IL-2/IL-4, IL-2/IL-33, or IL-2/IL-4/IL-33. To the right, expanded Treg cells with
fixation and permeabilization to detect intracellular proteins. MF| of Gata3 or Batf was extracted
(unpaired t test, n=4). Data representative of two or more independent experiments or cell sorts.
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Figure S7. Batf and tissue Treg development, related to Figure 7. (A) Spleen Treg
(CD4*CD25*Foxp3(GFP)*) or Tconv (CD4*CD25"Foxp3(GFP)*) cells were expanded with anti-
CD3/28 microbeads and cytokines in-vitro for six days, followed by RNA isolation and cDNA
synthesis. Nfil3 gene expression was measured by RT-PCR and normalized to a house keeping
gene (Hprt). Induction was calculated based on baseline Nfil3 gene expression in untreated
expanded Treg or Tconv cells and used to generate heatmap (colour code normalized to Treg and
Tconv values) (n=1). (B) Cytokine titration of expanded Treg and Tconv as in (A), followed by
measurement of Areg and 1110 RNA and protein (n=1). (C) Time course experiment with expanded
Treg cells and a fixed dose of 100 ng/mL IL-4 and 100 ng/mL IL-33 and four replicates (n=4).
Cytokines and media were exchanged on day 7. On day 1, 3, 5, 7, 9, and 11, RNA was extracted
and gene expression of /l1Ir1, Kirg1, Areg and IL10 was measured by RT-PCR. Expression was
normalized to control wells treated with IL-2 only (n=4). (D) Cytokine titration of expanded Treg cells
as in (A-B), this time with IL-4 vs IFN-y, IL-4 vs IL5, IL-4 vs IL-9, and IL-4 vs IL-13. Gene expression
of Nfil3 is shown (n=1). (E) ATAC-seq data for the Cd69, Mki67, Stat5a, Statdb, and Tgfb1 gene
and associated promoter region with LN-derived CD25"Foxp3(GFP)*CD44* memory Treg (grey)
as well as well as Batf’- or control Treg cells treated with either IL-2 or IL-2/IL-4/IL-33 for six days
in-vitro (grey, blue, light brown). Y-axis ATAC signal intensity, x-axis gene structure, with exons
indicated as heightened bars and introns as line, arrows indicate gene direction. All datasets group-
normalized to maximum peak height indicated in brackets. Overall display length indicated on top
in kilobases (kb). Yellow box indicates area of interest (n=4). (F) ATAC-seq data for the Maf gene
and associated promoter region as in (E), with top 4 lanes public dataset-derived Batf ChIP-seq
data for CD4 or CD8 T cells including antibody control data (dark grey). Below, Batf” or control
Treg cells treated with either IL-2 or IL-2/IL-4/IL-33 for six days in-vitro (grey, blue, light brown),
spleen-derived Klrg1-Nfil3(GFP) Treg cells (black), spleen Kirg1-Nfil3(GFP)* Treg cells (light blue),
spleen Kirg1*Nfil3(GFP)* Treg cells (red) and VAT-derived tisTregST2 (orange) (n=4). Data

representative of independent experiments or cell sorts.
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