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Foxp3" regulatory T cells (Tregs) in the colon are key to promoting peaceful coexistence
with symbiotic microbes. Differentiated in either thymic or peripheral locations, and
modulated by microbes and other cellular influencers, colonic Treg subsets have been
identified through key transcription factors (TFs; Helios, Rory, Gata3, and cMaf),
but their interrelationships are unclear. Applying a multimodal array of immunologic,
genomic, and microbiological assays, we find more overlap than expected between popu-
lations. The key TFs (Rory, Helios, Gata3, and cMaf) play different roles, some essential
for subset identity, others driving functional gene signatures. Functional divergence
was clearest under challenge. Single-cell genomics revealed a spectrum of phenotypes
between the Helios+ and Rory+ poles, different Treg-inducing bacteria inducing the
same Treg phenotypes to varying degrees, not distinct populations. TCR repertoires
in monocolonized mice revealed that Helios+ and Rory+ Tregs are related and cannot
be uniquely equated to tTreg and pTreg. Comparison of spleen and colon repertoires
revealed that 2 to 5% of clonotypes are shared between the locations. We propose that
rather than the origin of their differentiation, tissue-specific cues dictate the spectrum

of colonic Treg phenotypes.
TCR | peripheral differentiation | host/microbe

The immune system in the digestive tract is exposed to a complex array of food antigens
and microbes that provide essential support. Peaceful coexistence is essential, avoiding
breach by microorganisms but also overexuberant immune responses to their products
that intrinsically tend to activate innate immune receptors. In addition to physical barriers
(mucus layers and epithelial tight junctions), a state of “active tolerance” involves immu-
noregulatory circuits, among which are FoxP3" T regulatory cells (Tregs). Tregs regulate
mucosal immunity to both symbionts and pathobionts, acting on many types of immu-
nocytes via anti-inflammatory cytokines and small molecule mediators, and help preserve
intestinal physiology by promoting epithelial barrier functions and tissue repair (1-3).

Several subsets of intestinal Tregs have been described, characterized by their sensitivity
to microbial influences, and by a particular transcription factor (TF), particularly Gata3,
Helios, Rory, and cMaf (reviewed in ref. 3). Schematically, Gata3" Tregs mostly overlap
with Helios" Tregs, while cMaf" Tregs largely overlap with Rory" Tregs (4-7). For the latter,
whether Rory or cMaf is the key TF driver is unclear (6-9). Rory"cMaf" Tregs, but not
Helios"Gata3 " Tregs, are strongly tuned by gut bacteria, rare in germfree or antibiotic-treated
mice, but induced by a number of individual microbes belonging to different families
(6-10). Helios" Tregs are more abundant in the small intestine, while Rory* Tregs dominate
in the colon, plausibly tied to differences in microbial load in these locations. In addition,
a sizeable population of Rory Nrpl™ Tregs in the small intestine is modulated by dietary
antigens (11). Importantly, activity of FoxP3, the key identifying TF for Treg cells, appears
somewhat dispensable in Rory" Tregs, while it is essential in Helios" Treg cells (12, 13).

Treg cells can differentiate in the thymus, or in peripheral locations. It is often stated
that Helios"Nrp1® Tregs are “tTregs” that differentiated in the thymus, while Rory* Tregs
and related subsets are “pTregs” that derived from Tconv (conventional T) cells, under
particular conditions of activation (7, 12, 14-16), but it is unclear whether this corre-
spondence is absolute (3).

Microbe-dependent Rory” Tregs are thought to mediate tolerance to commensal and
pathogenic bacteria. Rory”cMaf" Tregs have been reported to dampen production of IFNy,
L4, or IL17 by Teff (effector T) cells (7-9, 17), although different studies report different
outcomes, perhaps resulting from variable microbial environments. Several studies suggest
that deficiency in Rory“cMaf" Tregs leads to more severe colitis (6-9, 12, 15, 18), intestinal
mastocytosis, enhanced type 2 immune responses (12, 19), and susceptibility to food
allergy (20). Seemingly contradictory effects of Rory” Tregs on IgA production and coating
of bacteria have been reported (6, 17, 21, 22). Noxious effects of Rory" Tregs are also
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encountered in oncology: Their frequency increases in colorectal
cancer, and they paradoxically promote IL17-mediated intestinal
inflammation (23, 24). Helios"Gata3" Tregs are thought to pro-
mote tissue repair, in good part because of their preferential expres-
sion of tissue repair transcripts (in particular Areg) (4, 5, 25). But
Helios"Gata3" Tregs also affect colitis in the T cell transfer model
(5) and enteric graft-vs-host disease (26, 27). Helios"Gata3" Tregs
may also improve the outcome of colorectal cancer by suppressing
Th17 responses and preventing excessive intestinal tissue damage
(28). While these different roles have been proposed, there have
not been comparative studies of Treg subset functions.

The relative proportions of intestinal Treg subsets are tuned by a
number of external influences. Several other cell types influence
intestinal Treg differentiation and homeostasis: CD103" dendritic
cells (DCs), CX3CR1" macrophages, innate lymphoid cells (ILC)
3, eosinophils (1, 3, 3), and recently described populations of
MHC-II" Rory” stromal/myeloid cells (29-31). The nervous system
also influences the balance of intestinal Treg subsets (32, 33), involv-
ing substance-P and neuron-produced IL6 (32, 34), in a triangular
cross talk between gut microbiota, enteric or extrinsic neurons, and
Tregs. The balance of intestinal Treg populations is under genetic
control (17), with an intriguing maternal transmission of the set-
point of Rory" Tregs that can carry across generations.

An integrated perspective on the identity and homeostatic reg-
ulation of intestinal Tregs is still lacking, as we have only a limited
grasp of their population dynamics and interrelationships. Do the
different Treg subsets regulate each other, do they compete for the
same homeostatic niches? How related and interconnected are they
when compared by gene expression programs or by their TCR
repertoires, and are their functions as distinct as previously reported?
Further, it is unknown whether individual Rory" Treg-inducing
microbes elicit solely quantitative variations or phenotypically dif-
ferent populations. For an integrative perspective, we analyzed
panels of mice monocolonized with different Treg-inducing
microbes or carrying conditional knockouts of the four main driv-
ing TFs. Single-cell parsing by RNAseq and ATACseq, comple-
mented with TCR repertoire analysis of unprecedented depth,
showed that the main Treg subsets are more interconnected than
previously thought and that the simple models that equate pheno-
type with differentiation origin require reconsideration.

Results

Intestinal Treg Subsets Regulate Each Other to Maintain a
Homeostatic Balance. A variety of phenotypes are found among
intestinal Treg cells, but their homeostatic relationships are
unclear. As a means of introduction, and consistent with previous
reports, the flow cytometry plots of colonic Treg cells of Fig. 14
lay out the major groups of intestinal Treg cells: Helios" and Rory”
Tregs appear the most mutually exclusive, cMaf" Tregs overlap
mostly with Rory” Tregs, but some cMaf expression is also present
in Rory-negative cells and is detectable in Helios" Tregs. Gata3
is expressed mostly by Helios" Tregs, but again not exclusively.
About 20% of colonic Tregs are Rory-Helios- (hereafter double-
negative, DN), only a minority of which express Gata3. FoxP3,
the defining TF of Treg cells, was expressed largely identically in
all subsets, perhaps slightly more in Helios" Tregs (Fig. 1B; some
Rory-Helios- are also discernible, but these are highly variable
and will not be dealt with further). Colonic Rory* Tregs appeared
around weaning age (8, 35, 36). At postnatal day 5, almost all
colonic Tregs were Helios’, DN Tregs expanding a week later,
possibly tied to the introduction of solid food (11), followed by
Rory™ Tregs, coinciding with the diversification of gut microbes

(SI Appendix, Fig. S1A4).
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To test comprehensively the homeostatic and functional relation-
ships between these Tregs subsets, we generated a panel of conditional
knockout mice with Treg-specific ablation of their defining TFs:
Rory, Helios, Gata3, or cMaf (hereafter “TrKO”). In all these anal-
yses, matching Cre-negative control littermates were included; as the
results were essentially identical for all controls, we combined them
here and in subsequent figures. Flow cytometric analysis confirmed
loss of the TF (Fig. 1C), which was very complete, except for a small
proportion of Tregs that remained Rory” in Rore TrKO mice (because
the floxed Rorc allele is somewhat refractory to Cre-mediated dele-
tion, and/or because of only recent expression of Foxp3-cre in
pTregs). These Treg-specific ablations did not lead to visible pathol-
ogy in the mice, but tuned the balance between various subsets in
complex ways, as illustrated in Fig. 1D (cell numbers), and as a com-
pilation of Treg proportions (Fig. 1 £ and F). Deficiencies in both
Rory and cMaf led to marked decreases in Rory+ Tregs and corre-
sponding increases in Helios™ Tregs (Fig. 1D). Conversely, Helios
deficiency led to an increase in Rory” Tregs (somewhat more modest,
Fig. 1D) and in DN Tregs (Fig. 1F), the latter suggesting that some
Helios+ Tregs persist in the absence of Helios, simply not recogniz-
able as such. These results suggest that Helios+ and Rory+cMaf+
Tregs balance each other, likely by competing for the same homeo-
static niche (or that they reciprocally inhibit each other). In contrast,
the absence of Gata3 did not affect the proportions of any Treg subset
(Fig. 1 D—F), suggesting that this TF does not control homeostatic
regulation, rather effector functions. Unexpectedly, however, the
absence of Helios led to an increase of Gata3+ Tregs (Fig. 1 F, Top
Lef?). Thus, even though Helios and Gata3 are expressed in many of
the same Tregs, Helios appears to limit Gata3 expression (unless
Gata3 increases to compensate for the missing Helios).

Since colonic Tregs can emigrate to extraintestinal tissues (37, 38),
we also analyzed the effect of the same mutations in extraintestinal
tissues, such as the lung. In all the sites analyzed, the absence of
Helios led to the same expansion of Gata3+ Tregs and DN Tregs
as in the colon (Fig. 1 £, Bottom and SI Appendix, Fig. S1B). On
the other hand, the reciprocal increases of Helios+ and Rory+
Tregs in the absence of Rory/cMaf or Helios, respectively, were
not observed outside the colon (including in the small intestines
of Jkzf2 TrKO mice). This balancing of Helios+ by Rory+ Tregs
may only take place in the colon because of the relative pool sizes,
or because the colon is the only environment that provides the
high microbial load needed to sustain Rory+ Tregs. In these non-
colon locations, the Rory+ Treg pool is small and unable to signif-
icantly replace Helios+ Tregs. These results suggest that the
identifying TFs of colonic Treg subsets are differently required for
the differentiation of the corresponding subsets, essential for Rory
and cMaf, less so for Helios and Gata3.

Differing Functions of Intestinal Treg Subsets. As described above,
specific functions in the control of intestinal inflammation have
been ascribed to intestinal Treg subsets (2), but not in a comparative
manner. We first performed a broad immunophenotyping of colon
immunocytes in the TrKOs (salient results displayed in Fig. 24,
overall data aggregated in Fig. 2B). Numbers of lymphocytes (T, B
or ILC) were not changed by any of the mutations. Consistent with
previous reports (7, 8, 17), Th1 or Th17 Tconv cells (identified
by production of IFNy and IL17) were clearly elevated in both
Rorc and Maf TrKO mice, while Th2 cells (identified by Gata3
expression) were actually reduced. Zkzf2 TrKO yielded symmetrical
trends in both respects (Fig. 2B). These observations are consistent
with overlapping functions of Rory+ and cMaf+ Tregs, and with
our prior results (6-8, 17), but differ somewhat from other reports
(6, 9), possibly due to differences in microbiota across animal
facilities. Rorc and Maf TrKO mice also showed an interesting
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Fig.1. Homeostatic control of colonic Treg cell subsets by key transcription factors. (A) Representative flow cytometry plots of Treg subset defining transcription
factors gated on TCRp+ CD4+ Foxp3+ Tregs in wild-type SPF mice on the B6 background. (B) Representative histograms of Mean Fluorescence Intensity (MFI)
of Foxp3 expression in different Treg subsets gated as in A. Values represent MFI normalized to all Tregs (Foxp3+); Ctl represents all Foxp3- CD4+ T cells.
(C) Representative flow cytometry plots of intestinal Treg subsets in each Treg-specific transcription factor knockout (TrkKO) gated on TCRp+ CD4+ Foxp3+ Tregs.
(D) Quantification of total cell numbers of Rory+ Tregs vs. Helios+ Tregs gated on TCRp+ CD4+ Foxp3+ Tregs normalized to live CD45+ cells in each TrKO and
littermate controls. Littermate controls for TrkKOs were pooled together for comparison and all the mice were WT for the floxed allele and Foxp3-cre+. (E) Radar
plots of total number of Treg cells expressing key transcription factors or DN (Rory- Helios) in each TrKO and pooled littermate controls. Limit of the radar plot
was set from 0 to 100, and colors represent individual mice. (F) Proportions of different Treg subsets in the colon (black) and lung (green) of each TrkKO and
pooled littermate controls. **P < 0.01 and ****P < 0.0001 by the unpaired ¢ test.
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Fig. 2. Rory cMaf+ Tregs regulate colonic lymphocyte populations. (A) Quantification of selected colonic immune cell types in different TrKO and pooled
littermate controls. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 by the unpaired t test. (B) Heatmap of relative proportions of different immune cell

types (normalized to WT littermate controls) in different TrKO mice.

decrease in Rory-expressing y8T cells, while total y8T cells were
unaffected (Fig. 2 A and B). This observation suggests a positive
cooperativity between Rory+ Tregs and y8T cells; note that this
does not extend to all Rory+ cells, as ILC3s, another dominant
Rory+ cell type in the intestine, were unchanged (Fig. 2 4 and
B). The relationship between Rory* Tregs and IgA production
has been unclear (6, 17, 21, 22). In line with ref. 6, we found
increased IgA+ plasma cells in colons of Rorc and Maf TrKO mice,
most apparent with cMaf deficiency. (Total B cell numbers were
unchanged.) Thus, overall, Rory+cMaf+ Tregs seem to have the
strongest role in regulating the numbers and activation of other
immunocytes in the gut.

‘We then tested the various conditional knockouts in infectious
or inflammatory challenge models, studying the ensuing enteric
response and inflammation. For these functional studies, wt/wt
cre+ littermates were used as controls, and all TrKOs were
age-matched to within a week. First, we used a model of chemi-
cally induced colitis (dextran sodium sulfate—DSS—in the drink-
ing water for 6 d + 4 d of recovery). Rorc TrKO mice developed
more severe colitis (greater weight loss, shorter colons) compared
with their littermate controls and other TrKOs (Fig. 3 A and B).
DSS colitis normally entails a numeric increase in lamina propria
Tregs. Here, this increase was observed with all TrKOs (Fig. 3C),
with an increase in Rory+ Tregs (Fig. 3D), but this did not happen
in Rorc TrKO mice, suggesting that the adaptation to colonic
inflammation predominantly involves Rory+ Tregs. The absence
of Treg expansion in Rore TrKO mice under DSS may well have
contributed to greater inflammation (as might their increased Th1
and Th1l7 cells at baseline, which persisted under DSS -
SI Appendix, Fig. S2A). Interestingly, while Gaza3 TrKO mice had
a normal inflammatory response to DSS (Fig. 3 A and B), par-
ticular adaptations were noted upon DSS challenge: an increase
in CX3CR1+ macrophages, and a decrease in ILC2s post-DSS
(SI Appendix, Fig. S2B), of unclear functional significance, but
suggesting a specific role for Gata3+ Tregs in regulating the home-
ostasis of some immunocytes under challenge.

We also tested the response of the TrKO mouse panel during
gastrointestinal infection with Citrobacter rodentium. We monitored
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bacterial colonization (cfu), weight loss, diarrhea, intestinal pathol-
ogy, and analyzed various immune cell populations, including the
expected Th17 response. Here, it was the Zkzf2 TrKO mice that
stood out, with an increased bacterial burden relative to control
littermates and other TrKOs, and bacterial dissemination to systemic
organs, here the spleen (Fig. 3 £and F). Zkzf2 TrKO mice also had
a reduced Tconv response (IL17 and IFNy) to C. rodentium
(Fig. 3G). These differences suggest a paradoxical role of Helios+
Tregs in favoring responses to this pathogen, although the effects
might be due to the compensatory increase, shown above, in Rory+
Tregs in the absence of Helios+ Tregs (Rory+ Tregs acting as dom-
inant suppressors of the Citrobacter-specific response).

Finally, we analyzed responses to a common protozoan parasite,
Tritrichomonas muris, a Th2-inducing parasite (39), which is
endemic in certain SPF facilities since it is not a specific pathogen
that mice are routinely tested for. In order to remove the contam-
ination, we treated the TrKO lines with metronidazole, a common
treatment for 7. muris. Because the parasite is easily transmissible,
the lines became reinfected over time, but we noticed on several
occasions (three times over a 12-mo period) that Rore TrKO cages
were most susceptible to 7. muris reinfection, as illustrated for one
time period during which reinfection was actively tracked (Fig. 3H).
We used this opportunity to investigate the influence of Treg sub-
sets on other immunocytes during 7. muris infection (considering
only mice with a high parasite burden). Gata3+ Tregs were con-
sistently increased in control mice and across the different TrKOs
(Fig. 37; other Treg subsets being unchanged). This increase in
Gata3+ Tregs in Zkzf2 TrKOs further supported the notion that
Helios is dispensable for the existence of Helios+Gata3+ Tregs. We
also noted increases in ILC2s upon 7. muris infection, as might be
expected (39); this response appeared normal in Gaza3 and Tkzf2
TrKOs but was curtailed in Rore TrKOs (Fig. 3/). These complex
results (dominant expansion of Gata3+ Tregs, ineffective antipro-
tozoan response in Rorc TrKOs) suggest an interplay between intes-
tinal Treg subsets. They differ from previously reported results with
the helminth Heligmosomoides polygyrus, against which responses
were more effective in Rory+ Treg-deficient mice (9). These differ-
ing outcomes could be due to differences in the parasite (helminth
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Fig. 3. Regulatory functions of colonic Treg subsets are challenge dependent. (4) Survival curve of different TrKO mice and controls treated with 2.5% DSS at
6 wk of age. *P < 0.05 and **P < 0.01 by the unpaired t test. (B) Quantification of colon length (measured from end of cecum to rectum) post-DSS treatment in
untreated (gray) and DSS-treated (red) TrKO mice and controls. *P < 0.05 and ***P < 0.001 by the unpaired t test, DSS-treated WT and knockouts. Representative
picture of DSS-treated colons from TrKO mice (Bottom). (C) Proportions of Foxp3+ Tregs (gated on TCRB+ CD4+) in untreated (gray) and DSS-treated (red) TrKO
mice and controls. ****P < 0.0001 by the unpaired t test, DSS-treated WT and knockouts. (D) Proportions of Rory+ Tregs (gated on TCRp+ CD4+ Foxp3+ Helios-)
in untreated (gray) and DSS-treated (red) TrKO mice and controls (Top). Quantification of total cell numbers of Rory+ Tregs normalized to live CD45+ cells in
TrKO and controls. ****p < 0.0001 by the unpaired t test. (E) C. rodentium cfu recovered from stool over the course of infection in TrKO mice and controls. **P <
0.01 by the unpaired t test. (F) C. rodentium cfu recovered from spleen on day 15 postinfection in TrKO mice and controls. *P < 0.05 by the Mann-Whitney U test.
(G) Representative flow cytometry plots of IFNy vs. IL-17 in TCRB+ CD4+ Foxp3- T cells in the colon of C. rodentium-infected TrKO mice and their pooled littermate
controls and uninfected control mice. (H) Quantification of T. muris reinfection rate (% of mice with resurgence of T.muris after metronidazole treatment) in
TrKO mice. (/) Proportions of Gata3+ Rory Tregs in TrKO mice highly infected with T.muris (see methods for low vs. high infection determination). *P < 0.05 by
the unpaired t test. (/) Proportions of Gata3+ ILC2 (% CD45+ Cd11b- Cd11c- B220- Ter119- TCRB- TCRS- NK1.1-) in TrKO mice highly infected with T.muris. ***P
< 0.001 by the unpaired t test. (K) Relative abundance of bacterial genus in stool of TrKO mice of the indicated groups generated by 16S rRNA sequencing.
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stool bacteria. Given the known issues with cage-of-origin fluctua-
tions in microbiota, our protocol compared pairs (each TrKO had
one matched control littermate; n = 6 to 12 TrKOs per line). As
illustrated in Fig. 3K and ST Appendix, Fig. S3A, and as confirmed
by the rarefaction analysis of S/ Appendix, Fig. S3B, there was no

vs. protozoan), or in resident microbiota (given that Ohnmacht
et al noted increased Th2 in their Rorc TrKO mice).

As another test of differential function of intestinal Treg subsets,
we assessed whether any of the TrKO lines harbored changes in their
intestinal bacterial content, by performing 16S rDNA profiling of
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strong dysbiosis in any of the TrKO lines. We detected only a few
differentially represented Amplicon Sequence Variants by QIIME2
(SI Appendix, Fig. S3C), in numbers comparable with noise esti-
mated by permutation. Overall, these comparative analyses of
host-microbe interactions indicated that the Treg subsets work in
concert to maintain different aspects of intestinal immune function
in the context of microbial challenges.

Genomic Identity of Intestinal Tregs. The results above indicate
that these key TFs have different effects, either conditioning the
existence of intestinal Treg subsets or modulating their functional
capabilities. It was important, then, to determine their impact on
gene expression programs, as inscribed in the genome by chromatin
accessibility patterns. To systematically examine the impact of each
TF on genome-wide chromatin states, we performed single-cell
assay for transposase-accessible chromatin (scATAC-seq) on colon
Tregs from each of the four TrKO lines and littermate controls
(each in duplicate). Gene scores, chromatin-based proxies for
gene expression (40), clearly delineated Helios™ and Rory" Treg
populations on a 2D UMAP (Uniform Manifold Approximation

A Gene scores

and Projection) visualization of the data (Fig. 44). Relative
accessibility of an ATAC-seq signature of Helios vs Rory Tregs
from a prior study (13) supported these annotations (Fig. 4B).
In accordance with flow cytometry results (Fig. 1B), Foxp3
gene scores were similarly distributed across all Tregs (Fig. 44),
whereas Gata3 predicted expression was restricted to the Helios"
population and Maf activity spanned Rory®, a subset of Helios",
and DN populations.

We next examined the activity of TF target sites across the cell
populations by computing the per-cell relative accessibility of open
chromatin regions containing each TF motif (Fig. 4C). This mode
of analysis reveals the cells in which each TF actually impacts the
chromatin accessibility of its target sites (13, 42). Consistent with
the gene scores, Gata3 motif accessibility was highest in the
Helios' Treg population, well demarcated from Rory motif acces-
sibility (Fig. 4 C, Top row). The latter was confirmed by the acces-
sibility distribution of known Rory-bound sites determined by
chromatin immunoprecipitation (41) (Fig. 4D). Helios" Tregs also
had higher accessibility of NF-kB motifs, consistent with previous
results identifying the activation of TNFRSF-NF-«B related
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Fig. 4. Specific genomic identities within the colonic Treg space. (A) UMAP of scATAC-seq data, grouping cells from all mice (TrKO and WT littermates). Gene
scores (chromatin-based proxy for gene expression) for select genes are overlaid onto the UMAP. (B) Relative per-cell accessibility (chromVAR scores) of OCRs
that distinguish Helios and Rory populations (from ref. 13), overlaid onto UMAP from A. (C) Relative per-cell accessibility (chromVAR scores) of OCRs containing
target motifs for the indicated transcription factors, overlaid onto UMAP from A. (D) Relative per-cell accessibility (chromVAR scores) of OCRs within genomic
regions bound by Rory (from ref. 41), overlaid onto UMAP from A. (E) Aggregated accessibility profiles from the scATAC-seq data at the Areg, I11rl1, Lag3, and
1110 loci for Tregs from Ctrl or TrKO mice. Arrows indicate regions with genotype-specific loss or gain of accessibility signal.
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pathways among ST2+ Tregs (43, 44). On the other hand, other
motifs also had overlapping patterns of accessibility across the Treg
space, reflecting the combinatorial and interwoven nature of TF
operation in Tregs (13): Maf motif-containing regions had high
accessibility in most Rory+ Treg cells but also a segment of Helios”
Tregs, in accordance with the flow cytometry data of Fig. 1; acces-
sibility associated with BATF and AP-1 (e.g., Fos) motifs cut across
Helios" and Rory” Tregs, through DN Tregs (Fig. 4C). Other TFs
that have been associated with distinct functional subsets of Tregs
(T-bet, IRF4, and Blimp-1 motifs) had even more diffuse activity
(Fig. 4 C, Bottom row). Thus, each subpopulation of Tregs had
distinct TF target activities.

Opverlaying the distribution of cells from each TrKO genotype
onto the UMAP space (S/ Appendix, Fig. S4) brought a pattern
consistent with the flow cytometry results of Fig. 1. Whereas WT
cells were represented in Helios", Rory’, and DN Treg popula-
tions, Jkzf2 TrKO and Rore TrKO Tregs were shifted to Rory” and
Helios™ populations respectively. Echoing the heterogenous expres-
sion and effects of cMaf, MafTrKO Tregs were shifted to both the
Helios+ and DN populations and away from the Rory” region.

Aggregated scATACseq profiles at a few example loci of relevance
to Treg biology illustrate the diversity of regulatory strategies in Tregs
(Fig. 4E). For Areg, a locus known to be overexpressed in Helios+
Gata3+ Tregs, the major effect was a reduction of accessibility around
its promoter region in the Zkzf2 TrKO (Fig. 4 E, ). On the other
hand, around the coexpressed //17/1 locus (encodes the 1133 recep-
tor), the dominant effect was an increase in signal in the Rore TTKO
(Fig. 4 E, b), possibly resulting from release of Rory-mediated repres-
sion. (Note that this effect is not observed in the MafTrKO.) For
effector molecules generally associated with the Rory+Maf+ Treg
contingent, reduced accessibility was observed at several regulatory
elements within the Lag3 gene body in Rore and Maf TrKO Tregs
(Fig. 4 E, ¢), suggesting a positive control by both factors. (Interestingly,
the lost signal was not identical for both.) On the other hand, acces-
sibility at regulatory regions of the /10 locus was strikingly boosted
in Gara3 TrKO Tregs (Fig. 4 E, d), perhaps again reflecting a dere-
pression event. Thus, each TrKO also had consequences for the reg-
ulation of molecules important for Treg effector function, providing
some molecular basis for the divergence of phenotypes following
immunologic challenge, and again highlighting different regulatory
strategies used by these TFs.

How Individual Microbes Mold Intestinal Tregs. Individual
microbes can induce intestinal Tregs, particularly Rory" Tregs,
in different proportions; several different mechanisms have been
invoked to explain these differences (1-3). These inductive events
are observed as an increase in Treg proportions; yet it is unclear
what underlying cellular changes are actually involved (accelerated
pTreg conversion, Treg expansion, reduced cell death, etc.) (3). It
is also unknown whether the Tregs amplified by different microbes
are phenotypically the same, and whether recognition of antigenic
epitopes on inducing microbes is at play. To address these questions,
we performed single-cell RNA sequencing (scRNAseq) on activated
CD4+ T cells (TCRB+CD4+CD44hi) from the colons of germfree
mice (GF) monocolonized with individual microbes. We selected a
high inducer of Rory+ Tregs (Clostridium ramosum), an intermediate
inducer (E. coli Nissle), and Peptostreptococcus magnus, which is unable
to induce Treg cells (45), also including SPF B6 mice as controls. The
single-cell profiling was performed three independent times, each
with biological replicates of each condition, multiplexed together
with DNA “hashtags” to ensure optimal comparability (a total of 24
mice; results from one experiment are presented in the main figures,
replicate in ST Appendix, Fig. S5B). Dimensionality reduction and
visualization showed that all mice displayed the expected populations
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(based on gene signatures): naive CD4 T cells, conventional/effector
T cells, and Tregs (SI Appendix, Fig. S5A). We then focused the
analysis on Treg cells, which could readily be classified into three
clusters, Helios", Rory* and DN Tregs based on previously reported
signatures (46) (Fig. 5A4). As expected, GF+ C. ramosum and GF+
E. coli Nissle had more Rory” Tregs compared with GF mice or GF+
P magnus (Fig. 5B). The distribution of cells across the gene expression
space suggested that the differences between Treg populations in
the presence of the different microbes were mainly quantitative.
Colon Tregs from mice colonized with C. ramosum simply had a
more skewed distribution toward the Rory" Treg quadrant (Fig. 5B).
Differential Gene Expression analysis, factoring out these numerically
skewed distributions, uncovered no microbe-specific geneset. This
conclusion was confirmed by plotting differentially expressed genes:
while there were clear differences between Treg subsets, none was
microbe specific (Fig. 5C). Thus, whatever means C. ramosum and
E. coli may use to induce Rory, they do so by titrating more or less
of the same cell, not different cell types.

We then used the dataset to generate a more refined transcrip-
tional signature for Helios” and Rory" Tregs (Dataset S1 and Fig. 5
C-E). The results extended and refined our prior signatures (8, 46).
Helios" Tregs were marked by increased expression of some expected
genes such as Gam3, Cd83, Il17/1, and Areg, but they also displayed
an increase in NF-kB signaling-related genes, in keeping with the
stronger accessibility of NF-kB motifs observed in the scATACseq
data above. Rory* Tregs displayed increased Maf, Ccr2, and Lag3,
but they were also marked by increased effector molecules like
Gzmb and 1110, as also expected from the results above. Interestingly,
the DN Treg population was characterized by stronger expression
of a small geneset, including the neurotransmitter Penk and Ccr8,
a molecule of interest in tumor Tregs.

To ask whether this refined signature might help sharply dis-
tinguish colonic Treg subsets, we calculated Helios+ Tregs and
Roryi€« indices for each cell and visualized the data on a 2D plot
(Fig. 5F). Even with refined signatures, the scRNAseq profiling
indicated that the demarcation between Treg subsets was not
sharp, similar to what was observed between Helios', Rory* and
DN subsets by flow cytometry. Both genomic and protein profil-
ing suggest that while there are distinct Treg subsets, they exist in
a continuum that is modulated by microbes and the local envi-
ronment, rather than as discrete and distinct cell types.

TCR Selection, Diversity, and Clonality in Response to Defined
Intestinal Microbes. These scRNAseq data allowed us to relate
the differentiated phenotypes of Treg cells in the monocolonized
mice with the composition of the TCRs expressed by each cell.
The nucleotide sequences of rearranged clonotypes can serve as
molecular barcodes to identified clonally related T cells, which
here should help elucidate differentiation paths of the different
Treg subsets. From three independent profiling experiments,
we obtained the full sequence of TCRa/TCRf pairs for 24,366
colonic CD4+ T cells from 24 GE, monocolonized (C. ramosum
or E. coli), or SPF mice (with matched spleen data for 10 of these
mice; Dataset S2 A and B). In line with our previous report (47),
the T cell repertoire in monocolonized mice was diverse, with a
broad usage of 7TRAV and TRBV regions (Dataset S2C).

We first analyzed these sequences for clues to the timing of
differentiation of these cells, given that Treg cells generated in early
periods have particular properties (48, 49), lacking N region diver-
sity because of ontogenically delayed expression of Terminal deox-
ynucleotidyl Transferase (50, 51). Examination of 7RA and 7RB
rearrangements showed that the frequency and size of N nucleo-
tide additions, as well as base deletions from the recombining
ends, were similar in colonic Helios" and Rory” Tregs, as well as
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Fig. 5. Helios" Tregs and Rory” Tregs have unique transcriptional signatures that are conserved across responses to individual microbes. (A) UMAP projection
of colonic Treg cells from a representative scRNAseq analysis of colonic Tregs in GF (germfree) and monocolonized mice, color-coded for expression of RORy"
and Helios” Treg gene signatures (genes in Materials and Methods). Repeat in S/ Appendix, Fig. S5. (B) UMAP projection of colonic Treg cells as in A, split between
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(E. coli Nissle), and P.mag (P. magnus). (C) Heatmap of top differentially expressed genes from each cluster (Helios", Rory” or DN) across the different Treg subsets
from GF or monocolonized mice. (D) String analysis and dotplot of top differentially expressed genes in Helios™ Tregs pooled from all GF and monocolonized
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Tregs based on gene-signature scores calculated for Helios® Tregs and Rory” Tregs (genes used to calculate scores in Materials and Methods).
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colonic Tconv, and in the same range when compared to splenic
T cells from SPF mice (Dataset S2D). Furthermore, rearrange-
ments at the 7¢ra locus are not completely uniform across onto-
genic time, with a propensity for the more proximal Vz and Ja
genes to recombine in T cells generated in the fetal and perinatal
times (52, 53). Tecra sequences from Rory” and Helios™ Tregs
showed a broad distribution of 7RAVand TRA] usage, comparable
with that of Tconv cells in the colon, with no preference for joins
involving proximal Va regions (S7 Appendix, Fig. S6). These results
suggest that neither Helios" nor Rory” Tregs are enriched in cells
that differentiated during the fetal/perinatal period.

As previously noted, repertoires of colonic CD4+ T cells from
monocolonized mice were diverse, but also included a notable
proportion of clonotypes present in several cells (Fig. 6 A and B).
These repeated clonotypes stemmed from clonal expansion from
a common parent cell because their nucleotide sequences were
completely identical at both 7¢rz and Terb loci in all cells express-
ing that clonotype in a given mouse, with frequent N nucleotide
addition indicating that they did not derive from favored
homology-driven rearrangements (S Appendix, Fig. S7). In con-
trast, in some instances where the same protein clonotypes
occurred in different mice, they were always encoded by different
nucleotide sequences (S Appendix, Fig. S8, showing that identical
TCRa and TCRp rearrangements in Tregs of different phenotypes
did not result from favored recombination events. These expanded
clonotypes were represented at similar frequencies in colonic Treg
and CD44" Tconv cells, but were less frequent in Tconv cells with
naive phenotypes, indicating that they were triggered by antigen
exposure. Interestingly and perhaps unexpectedly, monocoloniza-
tion did not lead to narrower expansions than seen in colons of
SPF mice, as evidenced by the duplication plots of Fig. 6B.

Clonal expansions in the colon had systemic counterparts:
CD4+ T cells expressing the same clonotypes were also found in
splenic CD4+ T cells from the same mouse. Overall, 4.34% of
TCR clonotypes from the colon were also detected in the spleen
(Dataset S2F). Conversely, TCRs in 3.28% of CD4+ T spleno-
cytes had an analog in the colon, in monocolonized as well as SPF
mice (Dataset S2G), but slightly lower in GF mice. Although we
do not formally know that these shared clonotypes are of gut
origin, one might speculate that gut-derived T cells are represented
to the repertoire of extragut lymphoid organs at steady state.

Plotting the distribution of these expanded clonotypes showed
that each was preferentially found in either Tconv or Treg cells
(Fig. 6C). On the other hand, this preference was not complete, and
many clonotypes were found in both Tconv and Treg of the same
mouse (Fig. 6C). These occurrences did not correspond to border-
line assignments of cell identity, as the cells that expressed them fell
in clearly demarcated regions of the UMAP (Fig. 6D). One might
expect to observe common TCRs between pTregs and expanded
Tconv cells from which they had differentiated. Interestingly, how-
ever, annotation of Treg subsets using the signatures defined above
revealed that there was essentially as much sharing between Tconv
and Helios" Tregs as with Rory” Tregs (Dataset S2E and Fig. 6D).
As illustrated for all the amplified clonotypes on C. ramosum mono-
colonized mice (Fig. 6E), there was also sharing between Helios"
and Rory" Tregs. Our TCR sequencing results indicate that pTregs
are not only Rory" Tregs, and/or that the phenotypes of colonic
Tregs are not cast in stone, echoing the genomic observations above.

Discussion

Using a wide and complementary array of immunologic, genomic,
microbiological, and functional assays, we investigated in a sys-
tematic manner the relationships between the subpopulations of
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colonic Treg cells that have been described in recent years and
the functional involvement of the key TFs that have been asso-
ciated with them. The results point to more complex interrela-
tionships than simple dichotomies, as manifest in chromatin and
transcriptional programs, the mode of operation of identifying
TFs, or the homeostatic balance between subsets. Cell tracing via
TCR barcodes also indicates that the oft-accepted tight relation-
ship between Treg phenotypes and differentiative origin
(tTreg==Helios" Tregs, pTreg==Rory" Treg) is not absolute.
Instead, we propose that the setpoints resulting from microbial
and other influences can modulate colonic Treg phenotypes irre-
spective of their locale of differentiation.

From the standpoint of the transcription factors that have been
used to define these colonic Treg subpopulations, we uncovered
several different modes of action. At one extreme, Gata3 seemed
unnecessary to support the differentiation of any Treg subset, but
influenced transcriptional activity, as manifested by chromatin
accessibility profiles (the derepression of /10 in Gata3 TrKO was
particularly striking, Fig. 4E). At the other extreme, both cMaf
and Rory seemed necessary to drive the differentiation or survival
of those Tregs that express them, judging from the large swings in
subset frequencies in their absence (Fig. 1)-with the caveat that
it can be difficult to evaluate effects when the ablated TF is needed
for subset identification. Helios seemed less required for the subset
it marks, in light of the increase in DN Tregs (likely “Helios" Treg
wannabes”) in Zkzf2 TrKOs, a shift that was particularly clear in
the lung. Both the flow cytometry and chromatin enrichment
analysis showed that factors like cMaf or Batf had broader distri-
bution of expression and functional activity than might have been
expected from prior reports.

From the standpoint of the Treg subpopulations, an important
conclusion may be that they represent poles at the extreme of a
spectrum, rather than cleanly demarcated entities. Several argu-
ments bolster this view i) The gene expression profiles, where
indexing colonic Tregs in the scRNAseq results according to
Helios™ and Rory" Treg signatures showed a gradation of scores,
going through DN Tregs, and shifted along this crescent by the
presence of specific microbes (Fig. 5F) ii) Helios+ and Rory+ Tregs
(as defined by flow cytometry with TF markers) balance each other
out in the TrKOs, with a reciprocal increase in the absence of one
cell or the other. The implication is that they are competing for
the same homeostatic niche, which is somewhat surprising since
Rory" Tregs are strongly controlled by microbes, while Helios*
Tregs are not but are strongly regulated by 1L33 via ST2. Some
overarching homeostatic control must be limiting the setpoint of
total colonic Tregs, irrespective of their proportion, which is tuned
by microbes or maternal programming iii) the blurry distinction
between Helios™ Tregs and Rory" Tregs was reinforced by the
af TCR clonotype data: several clonotypes were present in Treg
cells otherwise well demarcated as Helios" or Rory" Tregs. This
sharing demonstrates that these cells are directly related, either by
sharing a common ancestor or by switching between phenotypes.
Such sharing, in the context of a full polyclonal repertoire, aligns
with earlier studies with constrained-diversity transgenic mice in
which the same TCR clonotypes were found in both Helios" and
Rory" Tregs (54, 55).

Consequently, the simple equation Helios" Tregs == tTregs, and
Rory" Tregs == pTregs is no longer tenable. Cell-transfer studies
with microbe-specific transgenic Tconv cells, which offer direct
evidence for pTreg conversion, yielded pTregs with a predominant
but not exclusive Rory" phenotype (7, 55, 56). Van der Vecken
et al. (12) provided compelling evidence that the vast majority of
pTregs are indeed Rory" Tregs, but this was in the context of a
sharp recovery from food and microbial antigen deprivation and
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Fig.6. TCR clonotypes between Tconv cells and various Treg subsets. (A) Proportion of of TCR clonotypes in individual mice, GF, or monocolonized colon (prefix
3, 4 and 6) and spleen (prefix 7). Nonexpanded clones in gray, colored clonotypes present in two or more cells. (B) Representative duplication plots (number
of cells with repeated clonotypes vs cumulative number of randomly drawn sequences) in Tregs (green) and Tconv cells (blue). (C) Representative plots of
numbers of repeated clonotypes among aTconv and Treg cells. (D) UMAP projection of CD4+ T cells in two separate experiments; highlights at top indicate the
cell phenotype, as determined by signature gene expression; highlight on the bottom panels identify the individual cells that share the same clonotypes in the
indicated mouse. (F) Summary table of amplified clonotypes in individual mice monocolonized by C. ramosum and the cell types in which they were observed.

from Treg ablation, thus in particular circumstances where pTregs
are very actively generated to restore the Treg pool. In contrast, we
reported earlier that the outcome of pTreg differentiation (Helios™
vs. Rory” Treg) depended on the type of input Tconv cell (46). In
addition, Rory can be experimentally up-regulated in tTregs
(57, 58). To reconcile these observations, we propose the following
model: pTreg generation, in the gut or elsewhere, is inherently
agnostic as to Rory or Helios phenotype, and is driven by home-
ostatic factors that aim to regulate total Treg pool size. Rory or
Helios phenotypes are instead controlled by independent factors,
like microbial products, factors from particular APCs, maternally
derived setpoints, neuronal influences, etc. that happen to domi-
nate at the time of conversion. These factors may be particularly
effective during the malleable stage of pTreg differentiation, but
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can also act on established tTregs. Which microbial structures or
molecules coordinately swing this balance remains unclear (3).

The genomic and homeostasis results also identify an interme-
diate population of double-negative Tregs in the colon, not only
because of their intermediate indices but also because they selec-
tively express a particular set of genes (Fig. 5B). We surmise that
these are equivalent to the DN population described in relation
to food antigens in the small intestine (11). Do DN Tregs repre-
sent an intermediate between Helios® vs. Rory” Tregs or rather a
stable and unrelated meta-state?

From a functional standpoint, the continuum perspective of
colonic Treg cells does not detract from the specific functions
associated with the different poles. In keeping with prior reports
(7-9, 18), Maf+Rory+ Treg cells had the strongest influence on
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dampening inflammation in DSS colitis, possibly because of their
dominant production of 1110, which would also explain their
broad effects on suppressing Teff cells of different flavors, and we
confirm here the inhibition of IgA production by these Treg cells.
Perhaps paradoxically, Zfzf2 TrKO mice had a less active immune
response against C. rodentium. We suspect that this outcome may
reflect the higher proportion of Rory+ Tregs, rather than the dearth
of Helios+ Tregs, leading to “oversuppression” of the antimicrobial
response. In the same vein, the higher incidence of recurring
1. muris infection could be interpreted as an intriguing require-
ment for Rory Tregs in the antiprotozoan response, or instead by
oversuppression through the more abundant Helios+ Tregs. One
should note that such interpretative uncertainty, when either a
physiological effect on the primarily targeted cell or on a homeo-
statically connected cell type can be at play, may be a more frequent
issue than realized. In terms of global influence on the gut micro-
biota, and in contrast to (6), none of the TrKO mice showed
marked dysbiosis, defined as severe perturbations that rearrange
the balance of microbial phyla and families, or as the repeated
overrepresentation of a specific species or genera. Alpha-diversity
was comparable in all TrKOs mice, and examination of Fig. 3K
and SI Appendix, Fig. S3 shows that cage-of-origin variations are
more pronounced than any mutation-specific effects. Thus, with
the caveat that our experiments were only powered to identify
strong dysbiosis, but not subtler effects on the microbiome net-
work, none of the colonic Treg subpopulations seem to uniquely
regulate microbial populations.

In summary, we set out to define the dynamics of colonic Treg
subsets and found that while they have functional and genomic indi-
vidualities, they are interconnected in many ways and that microbe
and tissue-specific cues modulate their phenotypic spectrum.

Methods

Mice, Colonization, and Challenges. All mice were maintained in accordance
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