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SUMMARY

Regulatory T (Treg) cells expressing the transcription factor Foxp3 are an essential suppressive
T cell lineage of dual origin: Foxp3 induction in thymocytes and mature CD4™ T cells gives

rise to thymic (tTreg) and peripheral (pTreg) Treg cells, respectively. While tTreg cells suppress
autoimmunity, pTreg cells enforce tolerance to food and commensal microbiota. However,

the role of Foxp3 in pTreg cells and the mechanisms supporting their differentiation remain
poorly understood. Here, we used genetic tracing to identify microbiota-induced pTreg cells and
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found that many of their distinguishing features were Foxp3-independent. Lineage-committed,
microbiota-dependent pTreg-like cells persisted in the colon in the absence of Foxp3. While Foxp3
was critical for the suppression of a Th17 cell program, colitis and mastocytosis, pTreg cells
suppressed colonic effector T cell expansion in a Foxp3-independent manner. Thus, Foxp3 and the
tolerogenic signals that precede and promote its expression independently confer distinct facets of
pTreg functionality.
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INTRODUCTION:

T cell tolerance is mediated by multiple complementary mechanisms that suppress the
generation and activation of self-reactive cells. T cell precursors that receive strong T cell
receptor (TCR) stimulation during their development undergo death by negative selection.
Autoreactive thymocytes that escape this checkpoint can develop into mature T cells with
autoimmune potential. Activation of these cells in the periphery is suppressed by a dedicated
population of regulatory T (Treg) cells expressing the X-linked lineage defining transcription
factor Foxp3, whose continuous presence is required throughout life to prevent multi-organ
autoimmunity (Kim et al., 2007).

Differentiation of Treg cells occurs in the thymus in CD4 single positive (SP) cells receiving
moderately strong TCR stimulation in conjunction with interleukin-2 (IL-2) produced by
other self-reactive thymocytes (Burchill et al., 2008; Hemmers et al., 2019; Lio and Hsieh,
2008). In addition to this well-described pathway for the generation of thymic Treg (tTreg)
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cells, a secondary pathway supports the generation of Foxp3™ cells from mature CD4* T
cells in the peripheral lymphoid tissues. While tTreg cells are thought to contribute primarily
to the suppression of autoimmunity, peripherally-induced Treg (pTreg) cells are thought

to mediate tolerance to food antigens and commensal microbes (Curotto de Lafaille and
Lafaille, 2009).

The existence of an extrathymic Treg differentiation pathway was initially suggested by
observations in /n vitro culture systems in which naive CD4 T cells can develop into

various specialized T helper cell subsets following their activation in the presence of
particular cytokines. Activation of CD4 T cell in the presence of TGF-p was shown to
induce Foxp3 expression (Chen et al., 2003). Treg cell generation in these cultures was
subsequently shown to be closely linked with the differentiation of Foxp3™ IL-17-producing
Th17 cells, which could be induced by a combination of TGF-B and IL-6 (Bettelli et al.,
2006; Veldhoen et al., 2006). Additional studies reported that the Treg vs Th17 cell fate
choice was context dependent and could be influenced by environmental signals, including
dietary and microbial metabolites such as retinoic acid (RA), short-chain fatty acids and bile
acids (Arpaia et al., 2013; Benson et al., 2007; Campbell et al., 2020; Coombes et al., 2007;
Furusawa et al., 2013; Hang et al., 2019; Mucida et al., 2007; Schambach et al., 2007; Smith
etal., 2013; Song et al., 2020; Sun et al., 2007).

In vivo generation of pTreg cells has been investigated primarily in settings of adoptive T
cell transfers, in which TCR transgenic T cells specific for certain food- or microbe-derived
antigens can acquire Foxp3 expression (Apostolou and von Boehmer, 2004; Cobbold et al.,
2004; Kretschmer et al., 2005; Mucida et al., 2005). Similar to /n vitro pTreg differentiation,
in vivo Foxp3 induction is dependent on environmental cues and mutually exclusive with the
differentiation of Th17 cells. Specific microbes such as Helicobacter hepaticus can trigger
the differentiation of anti-inflammatory pTreg cells or pro-inflammatory colitogenic Th17
cells in a context-dependent manner (Chai et al., 2017; Xu et al., 2018). Because pTreg
cells are thought to restrain the expansion of pro-inflammatory Th17 cells, their mutually
exclusive differentiation in response to overlapping stimuli may provide a means to balance
pro- and anti-inflammatory responses to intestinal microbes. However, because methods to
unambiguously distinguish pTreg and tTreg cells are still lacking, much uncertainty remains
regarding the generalizable mechanisms underlying pTreg differentiation and the distinct
physiological functions of these cells.

pTreg and Th17 cells are thought to represent opposing lineages whose differentiation is
driven by overlapping sets of transcription factors, including STAT3, RORyt*, and c-Maf
(Harris et al., 2007; Ivanov et al., 2006; Neumann et al., 2019; Ohnmacht et al., 2015; Sefik
et al., 2015; Wheaton et al., 2017; Xu et al., 2018). While Foxp3 defines the pTreg lineage,
its role in shaping the transcriptional and functional features of these cells is unclear. On

the one hand, Foxp3 induction at a critical differentiation branch point may enforce a pTreg
fate in cells that would otherwise default to a pro-inflammatory Th17 cell lineage. On the
other hand, Foxp3 may also be part of a larger tolerogenic program induced by the upstream
environmental signals that precede and promote its expression.
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To gain insights into the role of Foxp3 in pTreg cells, we devised a genetic labeling strategy
to track de novo Foxp3 induction in response to microbial colonization and dietary antigens.
We found that transcriptional features of newly differentiated pTreg cells are induced in

a Foxp3-independent manner and that Foxp3 was dispensable for the lineage commitment
of microbiota-dependent pTreg cells. While Foxp3 was critical for the suppression of a
Th17 effector program, colitis and rampant mastocytosis, Foxp3-deficient cells efficiently
suppressed colonic T cell expansion. Thus, rather than defining a branch point in the
differentiation of cells with pro- and anti-inflammatory functions, peripheral induction of
Foxp3 confers a distinct set of regulatory features complementary to those imprinted by the
upstream signals that precede or promote its expression.

Genetic labeling enables identification of polyclonal pTreg cells

To address the role of Foxp3 in pTreg cells, we first sought to define the

transcriptional changes that coincide with its expression using a genetic model

to trace extrathymic Foxp3 induction in response to microbial colonization. In
Foxp3PTR-GFPIWI Cp4CTeER/WL po pglsl-td TomatoMt mjce, tamoxifen-induced CreER mediated
activation of the Rosa26/s-17omato recombination reporter allele resulted in fluorescent
labeling of CD4* thymocytes and peripheral CD4 T cell (Figure S1A). Due to random
X-inactivation, approximately half of the Treg cells in female mice expressed a wild-
type Foxp3allele while the other half expressed a Foxp3°F-DTR allele encoding

a GFP-diphtheria toxin receptor (DTR) fusion protein (Figure S1B). To label only
extrathymic Foxp3-negative cells, mice were treated with DT over a three-week period
following tamoxifen administration to allow maturation of tdTomato* thymocytes while
concomitantly ablating GFP* Treg cells (Figure S1C). This resulted in the selective
labeling of peripheral Foxp3~ CD4 T cells carrying a Foxp3PTR-GFF gllele, in which
stimulation-induced Foxp3 expression could be measured following the cessation of DT
treatment (Figure 1A, S1D,E). Introduction of a wild-type Foxp3"21 reporter allele in
Foxp3PTR-GFP/Thy1.1cpgCreERMI R pglsl-tdTomato/wt mice further enabled a direct comparison
between stimulation-induced pTreg cells and other Treg populations in the same mice
(Figure 1A).

To induce synchronized differentiation of intestinal pTreg cells, breeders and their
Foxp3PTR-GFP/Thy1.1cpgCreERMI g pglsl-tdTomato/wt otfspring were administered a broad-
spectrum antibiotic cocktail (AVNM) and an antigen-free (Ag-free) diet which was
continued throughout the labeling procedure. Introduction of a complex microbiota by oral
gavage with a specific pathogen-free (SPF) fecal slurry and a concomitant switch to a
conventional chow diet induced Foxp3 (GFP) expression in ~5% of tdTomato* CD4 T cells
in the colonic lamina propria, while mice maintained on AVNM and an Ag-free diet showed
negligible background induction (Figure 1B,C). The resulting colonic GFP* tdTomato* CD4
T cells were almost universally RORyt*Nrpl~Helios™ in agreement with previously reported
features of pTreg cells defined in TCR-transgenic systems (Figure 1D) (Thornton et al.,
2010; Weiss et al., 2012; Xu et al., 2018; Yadav et al., 2012). Other potentially tolerogenic
challenges, including H. polygyrus infection, allogeneic pregnancy, and orthotopic tumor
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transplantation did not result in measurable de novo pTreg cell generation, suggesting that
pronounced and synchronized extrathymic Foxp3 induction occurred specifically in response
to microbial colonization and a dietary switch (Figure S1F-L).

A pTreg transcriptional program is induced independently of FoxP3

To define the transcriptional features of differentiating pTreg cells we isolated
tdTomato*GFP*, tdTomato”GFP*, tdTomato*Thy1.1*, and tdTomato™Thy1.1* CD4

T cells from the mesenteric lymph nodes (mLN) of “pTreg fate-mapped”
Foxp3PTR-GFP/Thy1.1cp4CreER/Wp pglsi-tdTomato/wt mice 10 days after microbial colonization
(Figure S2A-B). The newly differentiated tdTomato™GFP* pTreg cells in the mLN

were enriched for RORyt*Nrp1Helios™ cells and predominantly CD44MNCD62L oW,
consistent with their recent activation (Figure 2A-C). Conversely, tdTomato~GFP™ cells that
recently acquired Foxp3 expression following the cessation of DT treatment were largely
CD44lowcDe2LN | suggesting that this population consisted mostly of newly generated
“naive” tTreg cells. Control populations of tdTomato~Thy1.1* and tdTomato*Thy1.1*

cells expressing the wild-type Foxp3”%21 allele were predominantly RORyt"Nrp1* and
composed of a mix of CD44!°VCD62LN and CD44NCD62L19W cells. RNA-seq analyses

of these subsets revealed a pTreg specific gene expression program, including reduced
expression of Nrpl, Ikzf2, and Swap70, and increased expression of Rorc, Maf, Ahr, 1110,
and the barrier tissue homing receptor encoding Gpr15gene (Figure 2D-F). Some of the
transcriptional features of pTreg cells could also be induced in Treg cells activated in
response to autoimmune inflammation, while others were activation-independent (Figure
2E) (Arvey et al., 2014). A comparison with published datasets revealed that this activation-
independent pTreg signature was also present in colonic vs. splenic Treg cells, in particular
the RORyt* fraction, and was partially dependent on the transcription factor c-Maf (Figure
2G) (Sefik et al., 2015; Xu et al., 2018). These observations suggest that pTreg cells acquire
features of colonic RORyt* Nrpl™Helios™ Treg cells during the earliest stages of their
differentiation in the mLN.

We next sought to dissect the role of Foxp3 in the early differentiation of microbiota-induced
pTreg cells. We asked whether Foxp3 expression defined a developmental branch point and
whether cells that failed to induce Foxp3 would differentiate into an alternative lineage. To
address these questions, we made use of Foxp3GPACNSI mice in which extrathymic Foxp3
induction is selectively impaired by the deletion of a Foxp3intronic enhancer element,
CNS1 (Zheng et al., 2010). We reasoned that under conditions supporting pTreg cell
differentiation in wild-type cells, CNS1-deficient T cells would give rise to an alternative
lineage (Figure 2H). To define the CD4 T cell response to microbial colonization in

an unbiased manner, we performed single cell RNA-seq (scRNA-seq) of Foxp3™* and
Foxp3~CD4 T cells isolated from the mLN of conventionalized or control germ-free (GF)
Foxp3©FF and Foxp3GFPACNSI mice on day 9 post-colonization (Figure 2H, S3A). We
first identified Treg cells and cells that responded to microbial colonization as clusters

in which T cell activation and proliferation-associated transcripts or Foxp3 were highly
expressed (Figure S3B-C). Re-clustering of these cells revealed a proliferative subset
(cluster s8) whose relative size was increased upon microbial colonization (Figure 2J-K).
This population preferentially expressed the pTreg transcriptional signature, defined in our
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fate-mapping experiments (Figure 2L, S4D-E). Although Foxp3 expression in cluster s8

was partially dependent on CNSL, its transcript levels were generally lower than in other
Treg cell clusters, suggesting that only few of these cells expressed Foxp3 at the time

of analysis. (Figure 2M, S3F-H). Flow cytometric analysis of mLN CD4 T cells from
colonized or GF Foxp3°FF and Foxp3GFPACNSI mice further confirmed the presence of a
microbiota-dependent population of Ki67*RORyt* cells, only a minority of which expressed
Foxp3 in a CNS1-dependent manner (Figure 2N-O). Thus, microbial colonization led to the
appearance of pTreg-like cells, many of which did not express Foxp3.

To determine the transcriptional changes associated with Foxp3 induction in pTreg cells,
we next compared cells from cluster s8 with and without detectable Foxp3 mRNA. These
populations differentially expressed a limited number of genes, including Foxp3-dependent
transcripts such as //2ra, Ctlad, Itgae, Lrre32and Tcf7 (Figure S3I) (van der Veeken

et al., 2020). However, both Foxp3* and Foxp3™ subsets similarly expressed the pTreg
transcriptional signature, suggesting that it was induced prior to, or together with, rather
than downstream of Foxp3 (Figure 2P). These observations suggest that CNS1-dependent
expression of Foxp3 coincides with or follows the induction of a Foxp3-independent pTreg
signature (Figure 2Q).

Foxp3 is dispensable for pTreg lineage commitment

To further assess the downstream requirements for Foxp3 in pTreg differentiation, we
characterized the effects of Foxp3-deficiency on Treg cell populations in the colonic lamina
propria. Here, we analyzed mosaic Foxp3/0xP-Thy1.1-STOP-loxP-GFF/DTR-GFP female mice, in
which Foxp3 expression in half of the cells is prevented by insertion of a Thy1.1 reporter
gene and a STOP cassette upstream of the Foxp3 coding sequence, while expression of a
functional Foxp3PTR-GFP gllele is enabled in the other half (Hu et al., 2021). Consistent
with previous observations, Foxp3 reporter-null cells were severely outcompeted by wild-
type Treg cells in the secondary lymphoid organs of heterozygous female mice (Gavin et
al., 2007). In contrast, colonic RORyt* Nrpl1~ reporter-null cells maintained competitive
fitness and were present at comparable frequencies as wild-type Treg cells (Figure 3A-B).
RNA-seq analysis of GFP* Treg cells and Thy1.1* reporter-null cells from the colonic
lamina propria revealed a number of Foxp3-induced transcriptional features, including
higher expression of Lrrc32, Itgae, and Nrni, and lower expression of //17a, 1/17f, and
Ccl20 (Figure 3C). However, the pTreg transcriptional program defined in our fate-mapping
experiments was still preferentially expressed in reporter-null cells compared to wild-type
GFP* Treg cells, suggesting that many of the transcriptional changes induced early during
pTreg differentiation can be maintained even in the absence of Foxp3 (Figure 3D).

To determine if colonic Foxp3 reporter-null cells were stably committed to the Treg lineage
we analyzed heterozygous female FoxpSAEGFPICTe/wtp pglsl-tdTomato/wt mice in which Cre
recombinase encoded by a Foxp3AEGFPICTe reporter-null allele enables irreversible labeling
of cells that transiently expressed the reporter-null allele before diverting to another lineage
(Charbonnier et al., 2019). While we identified a substantial population of tdTomato*GFP~
cells that had transiently expressed Foxp3AEGFPICTe in the spleens of these mice, the vast
majority of colonic tdTomato™ cells in SPF mice were also GFP*, suggesting that even in
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the absence of Foxp3, these cells were committed to the Treg lineage (Figure 3E). Although
colonic Foxp3 reporter-null cells were dependent on the microbiota for their generation or
maintenance, antibiotic treatment did not cause a significant expansion of tdTomato*GFP~
cells (Figure 3E). Together, these observations suggest that microbiota-dependent pTreg
cells do not require Foxp3 for their lineage commitment.

Treg-committed Th17 cells differentiate in the absence of Foxp3

Despite their commitment to the Treg lineage, Foxp3 reporter-null cells could also be
classified as Th17 cells based on their high expression of //17aand //17f. It was also
possible that these cells acquired a “hybrid” state, combining features of both Treg and
Th17 cells. To characterize their transcriptional program, we performed scRNA-seq analysis
of tdTomato*GFP* and tdTomato™GFP~ CD4 T cells from the colonic lamina propria

of heterozygous female FoxpIAECFPICreMt g pglsl-tdTomato/wt mice, This analysis revealed
multiple transcriptionally distinct clusters of colonic CD4 T cells, including cells with Th1,
Th2, Th17, Tth, and Treg cell features (Figure 4A-B). While tdTomato*GFP™* reporter-null
cells occupied multiple clusters, these cells were rarely found in Treg cell cluster 5 and
instead, predominantly fell within the //17a* Ifng™ clusters 1, 2, and 3 (Figure 4C-E, S4A).
TCR repertoire analysis further suggested that the cells occupying these three clusters
frequently arose from the same T cell clone (Figure 4F).

Importantly, while a very minor fraction of tdTomato*GFP* cells in clusters 12 and 13
acquired a distinct transcriptional state that was not shared by tdTomato™GFP™ cells, the
vast majority of Foxp3 reporter-null cells occupied clusters that were also populated by
tdTomato™GFP~ CD4 T cells from the same mice (Figure 4D). Thus, most Foxp3 reporter
null cells acquired a transcriptional state that was characteristic of Th17 cells. These data
suggest that in the absence of Foxp3 protein, pTreg precursors typically differentiate into
Th17 cells but nevertheless remain committed to the Treg lineage based on their stable
Foxp3reporter-null gene expression.

Foxp3-dependent and independent functions of pTreg cells

Although Foxp3 reporter-null cells were transcriptionally similar to Th17 cells, this did

not immediately imply pro-inflammatory functions. Intestinal Th17 cells are functionally
heterogeneous and can retain considerable differentiation potential. Pathogen-induced Th17
cells can produce pro-inflammatory cytokines such as IFN-y, while commensal-induced
“homeostatic” or “non-pathogenic” Th17 cells are thought to support tissue function in a
non-inflammatory manner through mechanisms that are still poorly defined (Gaublomme et
al., 2015; Lee et al., 2012; Omenetti et al., 2019). Additionally, a population of stem-like
Tcf7t Slamfé* Th17 cells can provide a reservoir for the differentiation of pathogenic Th17
cells (Schnell et al., 2021). Our scRNA-seq analysis suggested that colonic Foxp3-reporter
null cells were primarily //17a* Ifng” Tcf7- Slamfé6-, most closely resembling “homeostatic”
Th17 cells (Figure S4A). Nevertheless, it remained possible that these cells would acquire
pathogenic functions and promote pathology in inflammatory settings.

To determine whether Foxp3 reporter-null cells had pro- or anti-inflammatory properties
in a setting where suppression by wild-type Treg cells was lifted, we analyzed female
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Foxp3PTRIDTR, Foxp FAEGFPICIE/DTR o ogwthwt and Foxp3AEGFPICIE/DTR poogls-DTRMM mice

in which DT-treatment induces the ablation of all Treg cells, Treg cells but not reporter-
null cells, and both Treg cells and reporter-null cells, respectively (Figure 5A). Foxp3
reporter-null cells that were selectively maintained in the colonic lamina propria of
Foxp3PEGFPICIE/DTR mjce after DT treatment produced high amounts of IL-17A, but not
IFNy, upon /n vitro re-stimulation (Figure 5B-C). Nevertheless, compared to DT treated
Foxp3VUWt Foxp3DTRIWE or Foxp3AEGFPICTEWt control mice in which wild-type Treg cells
were maintained, mice in all three experimental groups showed pronounced histological
features of colitis (Figure 5D). Disease in Foxp3AECFPICre/DTR mjce was associated with a
selective expansion of intestinal mast cells, but not neutrophils or eosinophils (Figure 5E-F,
S5A-B). These observations are consistent with previously observed mast cell expansion in
recently colonized Foxp3GPACNSI mice and suggest that Foxp3 expression in pTreg cells
is critical for the suppression of intestinal mastocytosis (Campbell et al., 2018). In contrast,
Foxp3 reporter-null cells were sufficient to restrain effector CD4 and CD8 T cell expansion
in the colonic lamina propria of DT-treated Foxp3AECFPICTE/DTR pogMMWt mice and this
control was lost in Foxp3AECFPICTE/DTR p26ls-DTRME mice in which reporter-null cells were
ablated (Figure 5G). Foxp3 reporter-null cells exerted no effect on T cell expansion in

the spleen, consistent with the previously reported Foxp3-dependence of tTreg suppressor
function (Figure 5G). Thus, although Foxp3-reporter null cells on their own could not
prevent colitis, they were capable of efficiently suppressing colonic T cell expansion in the
absence of wild-type Treg cells.

DISCUSSION

Here, we used a combination of genetic tools to characterize the transcriptional features

of newly differentiated pTregs and the role of Foxp3 in these cells. Although putative

pTreg markers were previously identified using adoptive transfer-based systems, their utility
has remained uncertain as tTreg cells can acquire a similar pattern of marker expression
under permissive conditions (Gottschalk et al., 2012; Kim et al., 2017; Szurek et al., 2015).
Our genetic labeling approach provides a broadly applicable strategy for the unbiased
identification of newly generated pTreg cells without the use of a priori defined markers.

Importantly, while we failed to detect pronounced pTreg cell differentiation in response to
H. polygyrus infection, allogeneic pregnancy, and orthotopic lung tumor transplantation, we
do not rule out the possibility that pTreg cells are generated in these and other settings and
may be phenotypically and functionally distinct from those arising in response to microbial
colonization. In support of this notion, one study showed that in contrast to their microbiota-
induced colonic counterparts, dietary antigen-induced Treg cells in the small intestine

were predominantly ROR-yt™ (Kim et al., 2016). Similarly, pTreg cell differentiation from
Helicobacter-reactive TCR transgenic T cells was shown to be more efficient in weaning-age
mice compared to newborns or adults; however, whether polyclonal pTreg cells generated at
different stages of life are transcriptionally or functionally distinct remains to be determined
(Nutsch et al., 2016).

Using scRNA-seq, we found that Foxp3* pTreg and Foxp3"RORyt* Th17 cells arising
in the mLN upon microbial colonization were closely related and shared a transcriptional
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signature. While we did identify a number of transcriptional changes associated with the
induction of Foxp3, newly differentiating pTreg and Th17 cells appeared more similar to
each other than to other cells present in the mLN at the same time. Thus, rather than
defining an immediate transcriptional branch point between pTreg and Th17 lineages, Foxp3
expression coincides with or temporally follows the induction of a Foxp3-independent
program.

We found that colonic Foxp3 reporter-null cells were almost uniformly ROR~yt*, microbiota-
dependent, and closely resembled wild-type Th17 cells. These cells remained committed

to the Treg lineage, as evidenced by the stable expression of the Foxp3 reporter-null

allele. These observations are consistent with several recent studies. First, ~15% of

colonic RORyt* Treg cells have a history of //17a expression, suggesting that some
IL-17-producing cells retain the capacity to later induce Foxp3 (Pratama et al., 2020).
Second, it was found that Foxp3 CNS1 deficiency only delays, but does not abrogate,
peripheral Foxp3 induction in a TCR transgenic system (Nutsch et al., 2016). Together,
these observations argue that even in the absence of Foxp3 protein, Foxp3 expression in
colonic pTreg cells is continuously enforced by cell intrinsic or extrinsic cues. While the
nature of these signals remains unknown, TGF-p, STAT3-activating cytokines, c-Maf, and
other transcription factors implicated in pTreg cell differentiation are likely candidates.
Importantly, despite their global transcriptional similarity, specific differences in gene
expression, TCR specificity, or tissue localization may distinguish Foxp3 reporter-null cells
from Th17 cells and underlie their continuous induction of Foxp3 expression.

Foxp3 expression by colonic Treg cells was required to prevent histological signs of

colitis and the expansion of intestinal mast cells. Pathology and mast cell expansion were
equally evident in mice in which Foxp3 reporter-null cells were ablated, suggesting that
this phenotype was due to a loss, rather than a gain of functionality by Foxp3-deficient
cells. These observations are consistent with the observed mast cell expansion in recently
colonized Foxp3GFPACNST mice and suggest a previously unappreciated link between pTreg
and mast cells (Campbell et al., 2018). While the physiological functions of mast cells
remain enigmatic, their activity has been implicated in irritable bowel syndrome and food
antigen-induced visceral pain signaling (Aguilera-Lizarraga et al., 2021).

Despite lacking Foxp3, colonic Foxp3 reporter-null cells still exerted immunoregulatory
functions, as their presence was sufficient to prevent the immediate expansion of effector
CD4 and CD8 T cells when wild-type Treg cells were ablated. The mechanisms through
which this suppression is achieved are still unclear and possibly distinct from those
employed by bona-fide pTreg cells. Reporter-null cell-derived IL-17A, IL17F, and I1L-22
could conceivably dampen T cell expansion indirectly by enhancing barrier integrity and
limiting microbial exposure in the absence of Treg cell mediated tolerance. However, it is
also possible that pTreg and reporter-null cells both utilize the same Foxp3-independent
mechanisms to suppress T cell expansion.

Together, our work sheds light on the role of Foxp3 in pTreg cell differentiation and
provides a new perspective on the relationship between colonic pTreg and Th17 cells.
We found that Foxp3 confers a distinct set of regulatory features complementary to those
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imprinted by the upstream signals that precede or promote its expression. In the absence

of functional Foxp3 protein, reporter-null cells acquired transcriptional features of Th17
cells but remained committed to the Treg lineage and capable of suppressing T cell
expansion. Thus, while previous work suggested that pTreg and Th17 lineages represent
mutually antagonistic fates with opposing functions, our observations argue that pTreg

and “homeostatic” Th17 cells are developmentally and functionally closely related. We
hypothesize that mechanisms supporting peripheral induction of Foxp3 expression may have
evolved to refine the immunomodulatory and tissue supportive functions of “homeostatic”
Th17 cells in a gradual acquisition of tolerogenic properties.

Limitations of Study

Successful genetic labeling of pTreg cells relies on the synchronized differentiation of a
sizeable population of cells in response to an acute challenge. The differentiation of tagged
pTreg cells occurs in a lymphoreplete environment where untagged pTreg and tTreg cells
compete for the same niche. pTreg cells are likely to leave the lymph node and migrate

into non-lymphoid tissues shortly after their generation. This makes it difficult to capture
pTreg cell induction in response to relatively slow, asynchronized stimuli such as the gradual
exposure to commensals and dietary antigens during early life.

STAR METHODS

RESOURCE AVAILABILITY:
Lead contact—*Further information and requests for resources and reagents should

be directed to and will be fulfilled by the lead contact, Alexander Y Rudensky
(rudenska@mskcc.org).

Materials availability—This study did not generate new unique reagents.

Data and code availability

. SCRNA/TCR-seq and bulk RNA-seq data have been deposited at GEO under
accession numbers GSE176237, GSE176293 and GSE193780 and are publicly
available as of the date of publication.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon reasonable request.

EXPERIMENTAL MODEL & SUBJECT DETAILS

Mice—Animals were housed at the Memorial Sloan Kettering Cancer Center (MSKCC)
animal facility under specific pathogen free (SPF) conditions on a 12-hour light/dark
cycle under ambient conditions with free access to food and water. All studies

were performed under protocol 08-10-023 and approved by the MSKCC Institutional
Animal Care and Use Committee. Mice used in this study had no previous history

of experimentation or exposure to drugs. Foxp3PTR-GFP CD4CTeER posa26/si-taTomato,
Foxp3™VLL Foxp3CFP, Foxp3CFPACNS Foxp3AEGFPICTe. Rosa26!s-DTR, Foxp3CFPKO
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and Foxp3/oxP-Thy1.1-STOP-loxP-GFF mice were previously described (Buch et al., 2005;
Charbonnier et al., 2019; Fontenot et al., 2005; Gavin et al., 2007; Hu et al., 2021; Kim
et al., 2007; Liston et al., 2008; Madisen et al., 2010; Sledzinska et al., 2013; Zheng et al.,
2010). SPRET/EiJ mice were purchased from Jax. Adult (>6 weeks old) male and female
mice were used for experiments as indicated in the figure legends.

Maintenance and colonization of germ-free mice—Germ-free Foxp3°PACNSI and
Foxp3°FF mice (Campbell et al., 2018) were maintained in flexible isolators (Class
Biologically Clean; USA) at Weill Cornell Medicine and fed with autoclaved 5KAL chow.
GF status was routinely checked by aerobic and anaerobic cultures of fecal samples for
bacteria and fungi and by PCR of fecal DNA samples for bacterial 16S and fungal/yeast

18S genes. Mice were colonized with SPF microbiota by oral gavage with a fecal microbiota
slurry in PBS.

METHOD DETAILS

Antibiotic treatment and amino acid-defined diet

To deplete microbiota, mice received Ampicillin (Sigma-Aldrich Cat #A0166-5G; 0.5¢/1),
Vancomycin Hydrochloride (Fresenius-Kabi Cat #C314061; 0.5g/l), Neomycin (Sigma-
Aldrich Cat #N6386-100G; 0.5g/1), and Metronidazole (Sigma-Aldrich Cat #M1547-25G;
0.5¢/1) in sucralose-containing drinking water. Mice received either regular chow diet
(LabDiet 5058 or 5053 for breeders or non-breeders, respectively) or an amino acid-defined
diet (Teklad TD.140088).

Fate-mapping of extrathymic Foxp3-induction

Foxp. 3DTR-GFP/Thy1.1 o p4CreER/WL R oglsl-td Tomato/wt o

Foxp3PTR-GFPMWI Cp4CreER/WI R pglsi-tdTomato/Mt mice were treated with 200ul (10mg/ml)
Tamoxifen (Sigma-Aldrich: T5648-5G) in corn oil by oral gavage. TdTomato* thymocytes
were allowed to mature for at least two weeks post-tamoxifen treatment. DTR-GFP
expressing Treg cells were concomitantly depleted by intraperitoneal injection with 0.5ug
diphtheria toxin (DT: List Biological Laboratories: Cat #150) in 100ul PBS. The exact
number of DT injections was empirically determined for individual batches of DT to allow
maximum depletion of DTR-GFP expressing cells while avoiding non-specific toxicity
associated with DT treatment. All mice received at least 3 injections with DT.

pTreg-induction in response to microbial colonization

To measure extrathymic Foxp3 induction in response to

microbial colonization, Foxp3PTR-GFF/Thy1.1cpgCreER/Wlp pglsl-tdTomato/Mt o
Foxp3PTR-GFPMICD4CTeER/W R pgisl-td Tomato/t mice were bred on antibiotic-containing
drinking water and an amino acid-defined diet. After labeling, experimental mice were
colonized by oral gavage with SPF fecal microbiota slurry and housed in dirty SPF cages
on regular chow diet and water. Mice were analyzed after two weeks. Control animals were
maintained on antibiotic-containing drinking water and an amino acid-defined diet.
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H. polygyrus infection

Foxp3PTR-GFPMWt Cp4CreER/Wt  pglsi-td Tomato/wt mice were subject to pTreg cell fate mapping
as described. Following the labeling procedure, mice were infected with 200 H. polygyrus
L3 larvae by oral gavage. Spleens and mLN were analyzed by flow cytometry 3 weeks
post-infection.

Allogeneic pregnancy

Foxp3PTR-GFPIWI Cp4CTeER/WL po pglsl-td TomatoMt females were subject to pTreg cell fate
mapping as described. Following the labeling procedure, females were moved to breeding
cages containing SPRET/EiJ males (breeders) or housed without a male (virgins) for 25
days.

Lewis lung cancer

Foxp3PTR-GFPMI Cp4CreER/WI R pgisi-tdTomato/wt mice were subject to pTreg cell fate mapping
as described. Following the labeling procedure, mice in the LLC group were intravenously
injected with 150.000 Lewis Lung Carcinoma cells (LLC), or left uninjected (control) and
analyzed 17-20 days later.

Tissue preparation and cell isolation

For flow cytometry analysis of thymus, spleen, and lymph nodes, tissues were mechanically
dissociated with the back of a syringe plunger and filtered through a 100-um nylon mesh.
For analysis of immune cells in the colon, tissues were enzymatically digested with DTT/
EDTA buffer (PBS with 2mM L-glutamine, 10mM HEPES, 1x penicillin/streptomycin, 5%
FCS, ImM DTT and 2mM EDTA) for 15 minutes for 20 minutes at 37°C shaking at 250
RPM. Cells were filtered through a 100-um nylon mesh to collect the intraepithelial fraction.
Remaining colon tissue was further digested with Collagenase/DNase buffer (RPMI-1640
with 2mM L-glutamine, 10mM HEPES, 1x penicillin/streptomycin, 5% FCS, 1 mg/ml
collagenase A from Clostridium histolyticum (Sigma-Aldrich: Cat #11088793001), and

1 pg/ml DNasel (Sigma-Aldrich: Cat #10104159001)) for 25 minutes at 37°C shaking

at 250 RPM in the presence of five 0.25-inch ceramic spheres (MP Biomedicals: Cat
#116540412). Cells were filtered through a 100-um nylon mesh to collect the lamina propria
fraction. Immune cells from healthy and tumor bearing lungs and uterus were isolated by
Collagenase/DNase digestion of minced tissues for 25 minutes.

To analyze cytokine production, single cell suspensions were incubated for 3 hours in

96 well v-bottom plates with 50ng/ml PMA (Millipore Sigma: Cat #P8139), 0.5 pg/ml
ionomycin (Millipore Sigma: Cat #10634), 1 pg/ml brefeldin A Millipore Sigma: Cat
#B7651) and 2 uM monensin (Millipore Sigma: Cat #M5273) in complete RPMI with 10%
FCS for 3h at 37°C with 5% CO,. To analyze cytokine production by immune cells from
non-lymphoid tissues, cell suspensions were enriched by 40% Percoll centrifugation prior to
in vitro re-stimulation.
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Cell staining and flow cytometry

Single cell suspensions were prepared in ice-cold FACS buffer (PBS with 2mM EDTA and
1% FCS) and subjected to red blood cell lysis using ACK buffer (150mM NH,4CI, 10mM
KHCO3, 0.1mM NayEDTA, pH7.3). Dead cells were stained with Ghost Dye Violet 510
(Tonbo Biosciences: Cat #13-0870) in PBS for 10 minutes at 4°C. Cell surface antigens
were stainedfor 15 min at 4°C using a mixture of fluorophore-conjugated antibodies. Cells
were analyzed unfixed or fixed and permeabilized using the BD Cytofix/Cytoperm kit

(BD Biosciences: Cat #554714) (cytokine staining) or the eBioscience Foxp3/Transcription
Factor staining buffer set (ThermoFisher: Cat #00-5523-00), prior to intracellular staining,
according to manufacturer’s instructions. Cells were re-suspended in FACS buffer and
filtered through a 100-um nylon mesh before data acquisition on a BD LSRII flow cytometer
or sorting on a BD Avria Il. Prior to sorting, CD4 T cells were enriched using CD4
Dynabeads (ThermoFisher: Cat #11461D) or Miltenyi MicroBeads (Miltenyi: Cat #130—
117-043), according to manufacturer protocol. 123count eBeads (ThermoFisher: Cat #01—
1234-42) were used to quantify absolute cell numbers.

Whole-mount intestine immunofluorescence

Following intestine dissection, colon tissue was pinned down on a plate coated with Sylgard,
followed by overnight fixation in PBS/4% PFA at 4° C. After washing in DPBS, samples
were then permeabilized first in PBS with 0.5% Triton X-100/0.05% Tween-20/(4 ug*-)
heparin (PTxwH) for 2 hours at room temperature (RT) with gentle agitation. Samples
were then blocked for 2 hours in blocking buffer (PTxwH with 5 % donkey serum) for

2 hours at RT with gentle agitation. Primary antibodies were added to blocking buffer at
appropriate concentrations and incubated for 2—3 days at 4°C. After primary incubation
samples were washed in PTxwH, followed by incubation with secondary antibody in
PTxwH at appropriate concentrations for 2 hours at RT. Samples were again washed in
PTxwH, and then mounted with Fluoromount G on slides with 1 4 coverslips. Slides were
kept in the dark at 4 °C until they were imaged.

Antibodies for intestinal mast cell immunofluorescence

The following antibodies were used for intestinal mast cell visualization: Polyclonal rabbit
anti-mouse GFP Alexa Fluor 488 (ThermoFisher Cat #A-21311), rat anti-mouse Mcptl
(R&D systems: MAB5146) and rat anti-mouse EpCAM Alexa Fluor 647 (BioLegend: Cat
#118212).

Confocal imaging of whole-mount intestine samples

Images of whole-mount intestine samples were acquired on an inverted LSM 880 NLO laser
scanning confocal and multiphoton microscope (Zeiss).

Histology

Distal colon tissue samples were preserved in 10% neutral buffered formalin. Histology
was performed by HistoWiz Inc. (histowiz.com) using a Standard Operating Procedure and
fully automated workflow. Samples were processed, embedded in paraffin and sectioned at
5um thickness. Hematoxylin and Eosin staining was performed on Tissue-Tek automated
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slide stainer (Sakura) using HistoWiz’s standard protocol. After staining, sections were
dehydrated and film coverslipped using a TissueTek-Prisma and Coverslipper (Sakura).
Whole slide scanning (40x) was performed on an Aperio AT2 (Leica Biosystems). Colitis
was evaluated by a board-certified pathologist and scored on a scale from 0 to 3.

RNA-sequencing

Cell populations were double sorted straight into 1ml TRIzol Reagent (ThermoFisher

Cat # 15596018). Phase separation was induced with chloroform. RNA was precipitated
with isopropanol and linear acrylamide and washed with 75% ethanol. The samples were
resuspended in RNase-free water. After RiboGreen quantification and quality control by
Agilent BioAnalyzer, 390pg-2ng total RNA with detectable RNA integrity numbers ranging
from 7.9 to 10 underwent amplification using the SMART-Seq v4 Ultra Low Input RNA
Kit (Clonetech Cat # 63488), with 12 cycles of amplification. Subsequently, 2-10ng of
amplified cDNA was used to prepare libraries with the KAPA Hyper Prep Kit (Kapa
Biosystems Cat #KK8504) using 8 cycles of PCR. Samples were barcoded and run on a
HiSeq 4000, HiSeq 2500 in High Output Mode, or HiSeq 2500 in Rapid Mode in PE50
runs, using the HiSeq 3000/4000 SBS Kit, TruSeq SBS Kit v4, or HiSeq Rapid SBS Kit v2,
respectively (Illumina). An average of 43 million paired reads were generated per sample
and the percent of MRNA bases per sample ranged from 67% to 80%.

Single-cell RNA-sequencing and pre-processing

Single-cell RNA-Seq of FACS-sorted cell populations was performed on a Chromium
instrument (10X Genomics) following the user guide manual for 3" v3 or 5" v2 chemistry.
In brief, FACS-sorted cells were washed once with PBS containing 0.04% bovine serum
albumin (BSA) and resuspended in PBS containing 0.04% BSA to a final concentration

of 700-1,200 cells per pl. The viability of cells was above 80%, as confirmed with

0.2% (wi/v) Trypan Blue staining (Countess I1). Cells were captured in droplets. Following
reverse transcription and cell barcoding in droplets, emulsions were broken and cDNA was
purified using Dynabeads MyOne SILANE (ThermoFisher: Cat # 37002D) followed by
PCR amplification per manual instruction.

For the analysis of mLN CD4 T cells from germ-free and recently colonized Foxp3°FF and
Foxp3CFPACNSI mice, approximately 5000 cells were targeted for each sample and prepared
using the user guide manual for 3" v3 chemistry. Final libraries were sequenced on lllumina
NovaSeq S4 platform (R1 — 28 cycles, i7 — 8 cycles, R2 — 90 cycles). The cell-gene count
matrix was constructed using the Sequence Quality Control (SEQC) package(Azizi et al.,
2018). Viable cells were identified based on library size and complexity, whereas cells with
>20% of transcripts derived from mitochondria were excluded from further analysis.

For the analysis of tdTomato*GFP* and tdTomato"GFP~ colonic lamina propria CD4 T
cells, approximately 5,000 cells were targeted for each sample, and triplicates from the
same biological group were multiplexed together on one lane of 10X Chromium to reach
15,000 cells targeted, following cell hashing with TotalSeg-C reagents (Biolegend) used at a
1:200 dilution (Stoeckius et al., 2018). SCRNA-seq and scTCR-seq libraries were prepared
using the 10x Single Cell Immune Profiling Solution Kit, according to the manufacturer’s
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instructions. Briefly, amplified cDNA was used for both 5" gene expression library
construction and TCR enrichment. For gene expression library construction, amplified
cDNA was fragmented and end-repaired, double-sided size-selected with SPRIselect beads
(Beckman Coulter: Cat #B23318), PCR-amplified with sample indexing primers (98 °C
for 45s; 14-16 cycles of 98 °C for 20's, 54 °C for 30's, 72 °C for 20 s; 72 °C for 1 min),
and double-sided size-selected with SPRIselect beads. For TCR library construction, TCR
transcripts were enriched from 2 pl of amplified cDNA by PCR (primer sets 1 and 2:

98 °C for 45s; 10 cycles of 98 °C for 20's, 67 °C for 30's, 72 °C for 1 min; 72 °C for 1
min). Following TCR enrichment, enriched PCR product was fragmented and end-repaired,
size-selected with SPRIselect beads, PCR-amplified with sample-indexing primers (98 °C
for 45s; 9 cycles of 98 °C for 20's, 54 °C for 30's, 72 °C for 20's; 72 °C for 1 min), and
size-selected with SPRIselect beads. Final libraries (GEX, TCR and HTO) were sequenced
on Illumina NovaSeq S4 platform (R1 — 26 cycles, i7 — 10 cycles, i5 — 10 cycles, R2 — 90
cycles).

QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis of bulk-cell RNA sequencing data

RNA-sequencing reads were aligned to the reference mouse genome GRCm38 using the
STAR RNA-seq aligner (Dobin et al., 2013) and local realignment was performed using the
Genome Analysis Toolkit (GATK) (McKenna et al., 2010). For each sample, raw count of
reads per gene was measured using R, and DESeq2 R package (Love et al., 2014) was used
to perform differential gene expression analysis. A cutoff of 0.05 was set on the obtained

p values (that were adjusted using Benjamini-Hochberg multiple testing correction) to get
the significant genes of each comparison. The threshold to minimum average expression
within samples of each comparison was set to 30 reads. DESeq2 package was used for PCA
calculation of components as well.

Raw and processed RNA-seq data was deposited to NCBI GEO under accession number
GSE176237.

Analysis of single-cell RNA-sequencing data

mLN samples: FASTQ files from sequencing were processed by “cellranger count” v4.0.0
using reference transcriptome refdata-gex-mm210-2020-A (Zheng et al., 2017). The resulting
count matrices were analyzed in scanpy v1.5.1 (Wolf et al., 2018). For preliminary analysis,
only cells with at least 100 captured genes were considered, and only genes captured in

at least 10 cells were considered. This resulted in 4,111 cells in the sample “GFP-GF”,
4,146 cells in the sample “GFP-Colonized”, 3,635 cells in the sample “CNS1-GF”, and
5,586 cells in the sample “CNS1-Colonized”. Then normalization was performed using
function scanpy.pp.normalize_total() with parameters exclude_highly _expressed=True,
max_fraction=0.02. The subsequent analysis focused only on protein-coding genes, and
furthermore ribosomal genes were excluded from the analysis. After that, cells with less than
400 captured genes (227 cells collectively over the four samples) were excluded from the
analysis, and genes captured in less than 10 cells (9 genes) were excluded. For preliminary
analysis, cells from all four samples combined were clustered into 16 clusters using
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function scanpy.tl.louvain() with parameter resolution=1.5. Clusters with high expression
of B cell genes (120 cells across all four samples) and CD8 T cell/NK/NKT cell genes
(183 cells across the four samples) were identified as likely contamination and excluded
from the subsequent main analysis. In the main analysis, dimensionality reduction was
performed using PCA, followed by kNN construction using function scanpy.pp.neighbors()
with parameters n_neighbors=30, n_pcs=50, use_rep="X_pca’, and data was then visualized
with UMAP using function scanpy.tl.umap() with parameter min_dist=0.2 and with tSNE
using function sc.tl.tsne() with default parameters. Cells then were clustered using package
PhenoGraph (Levine et al., 2015) with parameter k=30 and otherwise default paramerters,
resulting in clusters 0-9. Differential expression analysis comparing cells from each cluster
with all other cells was run using Mann-Whitney U statistical test applied to normalized
counts.

The pTreg gene signature obtained from the bulk RNA-seq analysis was defined as

genes with significantly higher expression (p < 0.1) in tdTomato*GFP* cells when
compared with each of the three other samples (tdTomato™Thy1.1*, tdTomato~GFP™, and
tdTomato*Thy1.1%), with at least one comparison reaching a significance of p<0.01. This
resulted in a list of 1,087 genes. The pTreg signature was scored in the normalized scRNA-
seq data using function scanpy.tl.score_genes() with default parameters. For visualization
of gene expression, imputation algorithm MAGIC (van Dijk et al., 2018) was applied

with parameters k=30, t=3, n_pca=50, random_state=0. For subsequent more focused
analysis of Treg and pTreg cells, clusters 1,2,4,7 were excluded, and the remaining cells
were reanalyzed using PCA as described above, KNN using scanpy.pp.neighbors() with
parameters n_neighbors=20, n_pcs=50, use_rep=‘X_pca’, UMAP using scanpy.tl.umap()
with default parameters, and clustered using PhenoGraph with k=20, resulting in clusters
s0-s9. Notably, previously defined cluster 8 (640 cells) was split mostly between clusters
s8 (227 cells, with 218 cells in overlap with cluster 8) and s6 (542 cells, with 402 cells in
overlap with cluster 8). Enrichment of overlap of cluster s8 (likely enriched for pTreg cells)
with each sample was tested using hypergeometric test.

Colon samples—The analysis was performed similarly for tdTomato*GFP* and
tdTomato™GFP~ colonic lamina propria CD4 T cell samples. FASTQ files from both
scRNA and hashtag (HTO) sequencing were processed by “cellranger count” v6.0.1
using reference transcriptome refdata-gex-mm210-2020-A. In each of the two conditions,
HTO read counts for three hashtags were then used to assign each cell barcode to

one of the three biological replicates. 19,449 cells with a total HTO read count >

300 and with at least 80% of the total HTO read count concentrated in one of the

three hashtags were considered further as those with uniquely identifiable biological
replicate assignment (filtering out 5,048 cells with uncertain or insufficient HTO data).
Furthermore, only cells with at least 100 captured genes and only genes captured in

at least 10 cells were considered for subsequent analysis. In further preprocessing, data
was normalized, non-protein-coding and ribosomal genes filtered out, cells with less
than 300 captured genes and genes present in less than 10 cells removed, and likely
contamination B and monocyte cells filtered out as a result of preliminary clustering
analysis. This resulted in data with 5,100 cells in sample “GFP_minus_Tom_minus_rep1”,
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3,067 in “GFP_minus_Tom_minus_rep2”, 1,815 in “GFP_minus_Tom_minus_rep3”, 1,725
in “GFP_plus_Tom_plus_repl”, 4,560 in “GFP_plus_Tom_plus_rep2” and 2,391 cells in
sample “GFP_plus_Tom_plus_rep3”. This dataset was analyzed using PCA, kNN, UMAP,
PhenoGraph clustering and differential expression analysis between clusters as described
above. For TCR reconstruction, FASTQ files from TCR sequencing were processed

using “cellranger vdj” with reference refdata-cellranger-vdj-GRCm38-alts-ensembl-5.0.0
and otherwise default parameters. Files filtered contig_annotations.csv from cellranger vdj
output for each sample were then used for TCR sequence and clonotype analysis using
package scirpy v0.10.0 following the tutorial (Sturm et al., 2020). Merging the TCR data
with the scRNA-seq data and removing cells without at least one full pair of receptor
sequences resulted in the dataset with 15,863 cells. Clonotypes were then defined using
functions scirpy.pp.ir_dist() and scirpy. tl.define_clonotypes().

Raw and processed scRNA-seq data was deposited to NCBI GEO under accession numbers
GSE176293 and GSE193780.

Foxp3 induction in mature CD4* T cells gives rise to peripheral Treg (pTreg) cells that
enforce tolerance to food and commensal microbes. However, the role of Foxp3 in pTreg
cells and the mechanisms supporting their differentiation remain unclear. Van der Veeken
et al. use genetic tracing to identify microbiota-induced pTreg cells and find that they have
Foxp3-dependent and -independent features.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Expression of a pTreg transcriptional program is Foxp3-independent

Foxp3 is dispensable for commitment and fitness of microbiota-dependent
pTreg cells
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Figure 1: Genetic labeling enables identification of extrathymically generated Treg cells.
A) female Foxp3PTR-GFF/Thy1.1cpgCreER/Wt R pglsl-tdTomato/t mice were bred and weaned

on antibiotic-containing drinking water (AVNM) and an amino acid-based diet (Ag-free
diet). To label CD4 T cells, mice were treated with tamoxifen by oral gavage. tdTomato*
thymocytes were allowed to mature for at least two weeks post-tamoxifen treatment, while
depleting DTR-GFP expressing Treg cells using diphtheria toxin (DT) administration.

The resulting animals contained tdTomato* naive CD4 T cells carrying an unexpressed
Foxp3PTR-GFP gllele, activation of which can be measured in response to microbial
colonization and a dietary switch. B-C) Flow cytometry of tdTomato™ cells in the mesenteric
lymph nodes (mLN) and colonic lamina propria (LP) of fate-mapped mice two weeks

after microbial colonization and dietary switch or maintenance on AVNM and ag-free

food. Pooled data from two independent experiments (n=7 mice per group). P-values from
multiple t-tests: mLN (p=3.91e-6), LP (p=6.34e-4). D) Expression of Roryt, Nrpl, and
Helios in sorted tdTomato™ cells from LP. Pooled data from two independent experiments
(n=5 mice per group).*:p<0.05; ***:p<0.001;****:p<0.0001, by one-way ANOVA. See also

Figure S1.
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Figure 2: A pTreg transcriptional program is induced independently of Foxp3.
A) female Foxp3PTR-GFFP/Thy1.1cpgCreER/Wt R pglsl-tdTomato/t mice were bred and weaned

on antibiotic-containing drinking water and Ag-free diet. After labeling of extrathymic
CDA T cells, mice were switched to chow diet and colonized with SPF fecal microbiota.
12 days post-colonization indicated populations were isolated by flow cytometry for
RNA-seq. B-C) Expression of activation markers and putative pTreg markers on isolated
populations. D) PCA plot of RNA-seq samples. E) RNA-seq showing genes differentially
expressed (DE) between GFP*Tom* and all other sorted Treg populations. Activation-
dependent and -independent gene expression changes were defined using a comparison
to genes DE in activated Treg (aTreg) cells isolated from secondary lymphoid tissues of
male Foxp3PTR-GFFY mice 11 days following transient DT-induced Treg cell depletion
vs resting Treg (rTreg) cells from untreated controls. F) Expression of select genes.
P-values from DEseq2, comparing Tom*GFP* to Tom~GFP* G) Expression changes in
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activation-independent pTreg signature genes in published datasets. P-values from one-
sided Kolmogorov-Smirnov test comparing red and blue distributions to the background
distribution in black H) Experimental design. Germ-free (GF) male Foxp3©* and
Foxp3GFPACNSI mice were colonized with SPF fecal microbiota or kept GF. A 50%-50%
mix of GFP* and GFP~ CD4 T cells sorted from pooled mLN of 3 mice per group

was used as input for scRNA-seq. 1) UMAP of scRNA-seq data showing PhenoGraph
clusters. Activated T cells and Treg cells are included in the plot (see Figure S4). J)

Imputed Mki67 expression. K) Percentage of cells from GF or colonized (Col.) samples
belonging to cluster s8 (hypergeometric test). L) Expression of the pTreg gene expression
signature derived from fate-mapping experiment. M) Imputed Foxp3expression. N-O) Flow
cytometry of mLN CD4 T cells. Pooled data from 2 independent experiments with 6-8 mice
per group total (****:p<0.0001, by one-way ANOVA or unpaired ¢test). P) pTreg gene
expression signature in the indicated cell subsets. P-value from Mann-Whitney U test Q)
Transcriptionally similar pTreg-like cells arise in response to microbial colonization in the
presence or absence of Foxp3. See also Figures S2 and S3.
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Figure 3: Foxp3 is dispensable for lineage commitment of microbiota-dependent pTreg cells.
A-B) Flow cytometry of CD4 T cells from spleen and colonic lamina propria (LP) of female
Foxp3PTR-GFP/loxp-Thy1.1-STOP-loxp-GFP mjce. Showing one of two independent experiments
with 5-6 mice per group each. P-values from paired t-test (****:p<0.0001). C) RNA-seq
of DTR-GFP* wild-type Treg cells and Thy1.1* reporter-null cells from the LP of female
Foxp3PTR-GFP/loxp-Thy1.1-STOP-loxp-GFP mjce (left). Comparison with published dataset of
colonic RORyt* vs RORyt™ colonic Treg cells (right). D) Differential expression of the
pTreg transcriptional signature by LP Treg cells and Foxp3 reporter-null cells. P-values from
one-sided Kolmogorov-Smirnov test comparing red and blue distributions to the background
distribution in black. E) Flow cytometry of splenic (top) and LP (bottom) CD4 T cells from
female Foxp3AEGFPICre/Mtp pgisi-tdTomato mice maintained on antibiotic-containing or regular
drinking water (SPF) for one month. Pooled data from two independent experiments with
n=4 or n=6 mice per group. P-value from unpaired t-test (***:p<0.0001).
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Figure 4: Treg-committed Th17 cells differentiate in the absence of Foxp3.
A) UMAP of scRNA-seq data showing PhenoGraph clusters of tdTomato™GFP™ reporter-

null cells and tdTomato™GFP~ bulk CD4 T cells isolated from the colonic lamina propria of
three female Foxp3AECFPICTe/Wlp pgisl-tdTomato/wt mice. B) Expression of select marker genes
by cells occupying distinct PhenoGraph clusters. C-D) UMAP and PhenoGraph cluster
composition of sScRNA-seq data for individual replicates of tdTomato*GFP™* reporter-null
cells and tdTomato"GFP~ bulk CD4 T cells. E) //17aand /fng expression by cells from
distinct PhenoGraph clusters. F) Sample origin (left) and PhenoGraph cluster composition
(right) of cells from the 30 largest TCR clonotypes. See also Figure S4.
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Figure 5: Colonic Treg cells have Foxp3-dependent and -independent suppressive functions.
A) Experimental design. Female mice of indicated genotypes were treated with DT (1pg

via intraperitoneal injection on d0, d1, and d7) and analyzed two weeks after the start
of treatment. B-C) Intracellular cytokine staining following 3-hour ex vivo re-stimulation.
Pooled data from 4 experiments with n=8 to 25 mice per group. D: H&E staining of
colonic sections from indicated genotypes and colitis scores (0-3). Pooled data from two
independent experiments with n=5 to 11 mice per group. E: flow cytometry of mast cells
in the colonic lamina propria (LP) and intraepithelial (IEL) fractions. Pooled data from 4
(LP) or 3 (IEL) independent experiments with n=8 to 25 mice per group (LP) or n=7 to 15
mice per group (IEL). F: Representative whole-mount immunofluorescence (IF) images of
the proximal colon of mice of the indicated genotypes stained with anti-Mcpt1 (red) and
anti-Ep-Cam (blue). Scale bars, 50pum. Scale bar of inset below, 10um. G: Total CD4 and
CD8 T cell counts in the spleen and colonic LP analyzed by flow cytometry. Pooled data

Immunity. Author manuscript; available in PMC 2023 July 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

van der Veeken et al.

Page 29

from 8 experiments with n=16 to 31 mice per group. P-values from Brown-Forsythe and
Welch ANOVA (*:p<0.05, **p<0.01, ***: p<0.001, ****: p<0.0001). See also Figure S5.
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Key resources table

Total seq reagents

Page 30

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

BUV496 - B220 (clone RA3-6B2) BD Biosciences 564662

APC - c-Kit (clone 2B8) BD Biosciences 553356
Brilliant Violet 605 - CD11b (clone M1/70) BioLegend 101257

FITC - CD11c (clone HL3) BD Biosciences 553801
BUV395 - CD19 (clone 1D3) BD Biosciences 563557
BUV395 - CD25 (clone PC61) BD Biosciences 564022

PerCP-Cy5.5 - CD4 (clone RM4-5)

Tonbo Bioscience

65-0042-U100

BUV496 - CD4 (clone GK1.5)

BD Biosciences

564667

APC - CD44 (clone IM7)

Tonbo Bioscience

20-0441-U100

Brilliant Violet 570 — CD45 (clone 30-F11) Biolegend 103136
Brilliant Violet 711 - CD5 (clone 53-7.3) Biolegend 100639
Brilliant Violet 605 - CD62L (clone MEL-14) Biolegend 104438
PerCP-Cy5.5 - CD64 (clone X54-5/7.1) Biolegend 139308
BUV737 - CD8a (clone 53-6.7) BD Biosciences 564297
APC - CD90.1 (clone HIS51) ThermoFisher 17-0900-82
APC-eFluor780 - CD90.1 (clone HIS51) ThermoFisher 47-0900-82
Brilliant Violet 785 - CD90.2 (clone 30-H12) Biolegend 105331

PE eFluor610 - F4|80 (clone BM8) ThermoFisher 61-4801-82
PE - FceRla (clone MAR-1) ThermoFisher 12-5898-82
APC - Foxp3 (clone FIK-16s) ThermoFisher 17-5773-82
PerCP-Cy5.5 - GM-CSF (clone MP1-22E9) Biolegend 505410
PE-Cy7 - Gr-1 (clone RB6-8C5) ThermoFisher 25-5931-82
Pacific Blue - Helios (clone 22F6) Biolegend 137210
APC - IFN7y (clone XMG1.2) ThermoFisher 17-7311-82
Brilliant Violet 421 - IL-10 (clone JES5-16E3) Biolegend 505021
PE-eFluor610 - IL-17A (clone 17B7) ThermoFisher 61-7177-82
PE - IL-4 (clone 11B11) ThermoFisher 12-7041-82
PerCP-Cy5.5 - Ki67 (clone SolA15) ThermoFisher 46-5698
Brilliant Violet 710 - Ly-6C (clone HK1.4) Biolegend 128037

redFluor710 - MHC-I1I (clone M5/114.15.2)

Tonbo Bioscience

80-5321-U100

eFluor 450 - NK1.1 (clone PK136) ThermoFisher 48-5941-82
PE-eFluor610 - Nrp-1 (clone 3DS304M) ThermoFisher 61-3041-82
Brilliant Violet 421 - RORyt (clone Q31-378) BD Biosciences 562894
Brilliant Violet 421 - Siglec-F (clone E50-2440) BD Biosciences 562681
APC-Cy7 - TCR-B (clone H57-597) BioLegend 109220
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REAGENT or RESOURCE SOURCE IDENTIFIER
PE-eFluor610 - TCR-B (clone H57-597) ThermoFisher 61-5961-82
Brilliant Violet 605 - TCRy$6 (clone GL3) Biolegend 118129
Brilliant Violet 605 - TNFa (clone MP6-XT22) Biolegend 506329
Brilliant Violet 650 - XCR1 (clone ZET) Biolegend 148220
Mcptl R&D systems MAB5146
Alexa Fluor 647 - EpCAM BioLegend 118212
Polyclonal rabbit anti-mouse GFP Alexa Fluor 488 ThermoFisher A-21311
Chemicals, peptides, and recombinant proteins

Ampicillin Sigma-Aldrich A0166-5G
Brefeldin A Millipore Sigma B7651
Collagenase A from Clostridium histolyticum Sigma-Aldrich 11088793001
Diphtheria Toxin List Biological Laboratories 150

DNase | grade I1, from bovine pancreas Sigma-Aldrich 10104159001
Ghost Dye Violet 510 Tonbo Biosciences 13-0870
lonomycin calcium salt Millipore Sigma 10634
Metronidazole Sigma-Aldrich M1547-25G
Monensin sodium salt Millipore Sigma M5273
Neomycin Sigma-Aldrich N6386-100G
Phorbol 12-myristate 13-acetate (PMA) Millipore Sigma P8139
Tamoxifen Sigma-Aldrich T5648-5G
Trizol Reagent ThermoFisher 15596018
Vancomycin Fresenius-Kabi C314061
Critical commercial assays

123count eBeads ThermoFisher 01-1234-42
CD4 (L3T4) MicroBeads, mouse Miltenyi 130-117-043
Chromium Next GEM Single Cell 5* Kit v2 10x Genomics 1000263
Chromium Single Cell 3" GEM, Library & Gel Bead Kit v3 10x Genomics 1000075
Chromium Single Cell Mouse TCR Amplification Kit 10x Genomics 1000254
Dynabeads Flowcomp Mouse CD4 Kit Thermo Fisher 11461D
Dynabeads MyOne SILANE ThermoFisher 37002D
eBioscience Foxp3 / Transcription Factor Staining Buffer Set ThermoFisher 00-5523-00
Fixation/Permeabilization Solution Kit (Cytofix/Cytoperm) BD Biosciences 554714
KAPA Hyper Prep Kit Kapa Biosystems KK8504
SMART-Seq v4 Ultra Low Input RNA Kit Clonetech 63488
SPRiselect beads Beckman Coulter B23318
Deposited data

Bulk-cell RNA-seq data This paper GSE176237
Single-cell RNA-seq data mesenteric lymph node This paper GSE176293
Single-cell RNA-seq data colon lamina propria This paper GSE193780
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REAGENT or RESOURCE SOURCE IDENTIFIER
Microarray data from Spleen and Colon Treg cells PMID: 26272906 GSE71316
RNA-seq data from WT and Maf-deficient Treg cells PMID: 29414937 GSE108184
Experimental models: Cell lines
LLC cells Provided by J. Massague N/A
(Memorial Sloan Kettering
Cancer Center, New York, NY)
Experimental models: Organisms/strains
Foxp3PTR-GFP: BB.129(Cq)- Foxp3m3(OTRIGFRIAY] ) PMID: 17136045 JAX:016958
CDACTeER: C4tmi(cre/ERT2)Thbu PMID: 24115907 MGI:5549971
Rosa26'sdTomato. B6 Cg- GI(ROSA)26Sorm4(CAG-tdTomato)Hze[y | PMID: 20023653 JAX: 007914
Foxp3T™1.1: Foxp3tm10.1(Caspd,-Thy)Ayr PMID: 18695219 MGI:5451201
Foxp3C°FF. B6.129- Foxp3m24]) PMID: 15780990 MGI:3574964
Foxp3CFPACNS: Foxp3tms.2Ayr PMID: 20072126 MGI:4430232
Foxp3AEGFPiCre PMID: 31384057 N/A
Rosa26"CTR: Gt(ROSA)26SormL(HBEGF)Awai PMID: 15908920 JAX:007900
Foxp3GFPKO: Foxp3tmeAyr PMID: 17220874 MGI: 4436759
Foxp3/oxP-Thy1.1-STOP-loxP-GFP PMID: 34426690 N/A
SPRET/ENJ N/A JAX:001146
Software and algorithms
FlowJo (v10) FlowJo, LLC https://www.flowjo.com/solutions/flowjo

R The Comprehensive R Archive https://cran.r-project.org/
Network
Prism (v9) GraphPad https://www.graphpad.com/scientific-
software/prism
STAR PMID: 23104886 https://github.com/alexdobin/STAR
DESeq2 (R Package) PMID: 25516281 https://bioconductor.org/packages/

DESeq2

Genome Analysis Toolkit (GATK)

PMID: 20644199

https://gatk.broadinstitute.org/hc/en-us

Cellranger 10X Genomics https://support.10xgenomics.com/
single-cell-gene-expression/software/
downloads/latest

Scanpy PMID: 29409532 https://github.com/theislab/scanpy

MAGIC PMID: 29961576 https://github.com/KrishnaswamyLab/
MAGIC

Phenograph PMID: 26095251 https://github.com/jacoblevine/

PhenoGraph
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