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Vertebrate cell identity depends on the combined activity of scores of transcription
factors (TF). While TFs have often been studied in isolation, a systematic perspective
on their integration has been missing. Focusing on FoxP3+ regulatory T cells (Tregs),
key guardians of immune tolerance, we combined single-cell chromatin accessibility,
machine learning, and high-density genetic variation, to resolve a validated framework
of diverse Treg chromatin programs, each shaped by multi-TF inputs. This framework
identified previously unrecognized Treg controllers (Smarccl) and illuminated the mech-
anism of action of FoxP3, which amplified a pre-existing Treg identity, diversely acti-
vating or repressing distinct programs, dependent on different regulatory partners. Treg
subpopulations in the colon relied variably on FoxP3, Helios+ Tregs being completely
dependent, but RORy+ Tregs largely independent. These differences were rooted in
intrinsic biases decoded by the integrated framework. Moving beyond master regulators,
this work unravels how overlapping TF activities coalesce into Treg identity and diversity.

autoimmunity | immunoregulation | gene expression

Cell identities are defined by characteristic gene expression programs controlled by specific
transcription factors (TFs), which bind and regulate target cis-regulatory elements (CRE)
(1). TFs act combinatorially, by binding to adjacent regulatory elements, assembling into
complexes, or organizing into transcriptional networks. Some TFs (“master TFs”) initiate
cell-type-specific programs (1, 2). Others are required for responses to extracellular cues,
such as from cell cross talk or environmental perturbations, leading to further differenti-
ation or cell-state adaptations (3). TF action is context-dependent and can flip between
activating or repressive at different CREs, influenced by local cofactors, ligand-mediated
allosteric changes, or posttranslational modifications. Countless studies have tackled how
individual TFs, or small combinations thereof, partake in determining cell-type identity
or diversifying cell states. However, beyond focused one-TF forays, an integrated perspec-
tive of how the hundreds of TFs expressed by any one cell combine to form core cell
identity and enable functional plasticity has been missing.

Regulatory T cells (Treg), a subset of CD4+ T lymphocytes, are among the most closely
studied cell-types (4-7). They are dominant controllers of immunologic and organismal
homeostasis, with diverse effector functions distributed across varied phenotypic poles
(8). For example, distinct Treg phenotypes preferentially restrain Type-1 or -2 inflamma-
tion (9, 10), and unique Treg populations in nonlymphoid tissues facilitate tissue regen-
eration (11), enforce tolerance to commensal microbes (12), or control extraimmunologic
consequences of inflammation (13). Treg specialization is undergirded by characteristic
molecular programs (9, 10, 14-19). This specialization is often considered in terms of a
“one TF-one state” model (4, 20), in which the expression of single context-specific TFs
(T-bet, PPARy, RORy, cMAE BATF), along with FoxP3, mediates differentiation of
each Treg subpopulation (9, 18, 21-25), although more combinatorial models have also
been considered (26, 27). However, how the many TFs expressed in Tregs are systematically
organized to determine Treg identity and diversity remains uncharted. Furthermore,
although FoxP3 expression defines Treg identity, its mechanism of action has not been
resolved. It is neither necessary nor sufficient to establish Treg identity, Treg-specific tran-
scriptomes only partially require FoxP3 (28-33), and its molecular mechanism of action
is debated. An integrative view of how FoxP3 affects TF control across diverse Treg states
has so far been elusive.

Here, we integrated several orthogonal strategies to systematically connect TFs to their
target Treg programs (Fig. 14), focusing on the role of TFs in modulating chromatin
accessibility to study the most proximal effects of TF action without confounders from
transcriptional bursting or stability. Collectively, these results offer a holistic and clarifying
perspective on how one cell-type coordinates combinations of TFs and CREs to achieve
both its identity and phenotypic diversification.
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Fig. 1. Single-cell ATAC-seq reveals imbricated TF activities across diverse Treg cell states. (A) Experimental overview. Single-cell chromatin accessibility profiling
was used to link TF activities to diverse Treg chromatin states. Continuous Treg cell states were first annotated using TF motif enrichment. Topic modeling was
used to learn groups of covarying OCRs that formed discrete regulatory modules underlying observed cell states. Cis-regulatory variation in B6/Cast F1 hybrid
ScATAC-seq data enabled identification of causal regulators of Treg chromatin programs. The resulting Treg regulatory framework was validated using TF binding
(ChIP-seq, CUT&RUN) and knockout datasets. All generated datasets and associated metrics are described in Dataset S1. (B) Aggregated accessibility profiles
of splenic Treg and Tconv single cells at the Foxp3 locus from scATAC-seq data generated from a Foxp3"™" reporter mouse; highlights indicate conserved
noncoding sequence (CNS) loci previously described to control Foxp3 expression. (C) Relative accessibility (chromVAR scores) across Treg single cells of OCRs
increased in accessibility in aTreg vs. rTreg populations (FoldChange > 2 in data from ref. 34) visualized on UMAP of splenic Treg scATAC-seq data. (D) Gene
scores, chromatin-based proxies for gene expression, visualized for select genes on Treg UMAP from C. (E) Relative accessibility (chromVAR motif scores) of
OCRs containing indicated TF motifs; motifs averaged within “archetypes” (35) to reduce redundancy. Only motifs whose corresponding TF(s) are expressed in
Treg cells are shown. Motif logos are representative of TFs from each archetype.
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Results

Imbricated Combinations of TF Activities Underlie Treg Diversity.
To connect the activity of TFs to the diversity of Treg states, we
generated single-cell chromatin accessibility profiles (scATAC-seq)
from splenic green fluorescent protein (GFP)+ Treg or T conventional

(Tconv) cells from a Foxp3IRES’GFP reporter mouse (SI Appendix,
Fig. S1 A-E). Tregs were clearly distinct from Tconv in a two-
dimensional Uniform Manifold Approximation and Projection
(UMAP) visualization (S/ Appendix, Fig. S1C), and genome traces
of aggregated reads recapitulated known patterns of Foxp3 locus
accessibility (Fig. 1B and SI Appendix, Fig. S1F). Within the Treg
pool, cells separated broadly, as indicated by relative accessibility
of open chromatin region (OCR) signatures that distinguish aTreg
and rTreg populations (Fig. 1 Cand Dataset S2) (34). More granular
annotation using “gene scores,” chromatin-based proxies for gene
expression (36), confirmed chromatin signatures (e.g., /10 vs.
Cer7 and Sell) and further delineated aTreg populations marked
by differential gene scores for Cxer3, Klrgl, and Pded! (Fig. 1D),
each markers of distinct, physiologically important Treg poles
(9, 17, 18, 37). Rare populations were also represented, such as cells
with high Rorc gene scores (24, 25), corresponding to a Treg subset
that dominates in the colon, but also present at low levels in the
spleen (24, 25) (Fig. 1D).

With this landscape of spleen Treg heterogeneity, we turned to
our driving question, how TF activity relates to these Treg states.
We examined the relative accessibility per cell of OCRs that contain
known TF motifs, grouped into “archetypes” (35) to reduce redun-
dancy (Fig. 1E and SI Appendix, Fig. S2A). Activation-related motifs
(AP-1, NF-AT, or NF-kB) had the greatest variability across single
cells, cleanly partitioning the Treg pool (Fig. 1E and SI Appendix,
Fig. S2B). However, closer examination revealed imbricated arrange-
ments: each motif was preferentially active in a slightly different
region of the aTreg space, and each region included interlaced acces-
sibility of multiple motifs. Accessibility of binding motifs of TFs
classically ascribed to Th and Treg functional subtypes (GATA, TBX,
BCL6) were broadly distributed, without the discrete and mutually
exclusive patterns of activity that one would expect from the com-
monly evoked Treg sublineages (4, 20). This perspective also syn-
thesized disparate results about individual TFs and their relevance
to Treg physiology. For instance, although both cMaf and RORy
have been reported to be active within the same population (38),
Treg-specific cMaf knockouts have broader phenotypes (39).
Accordingly, preferential accessibility of the NR/19 motif (corre-
sponding to RORY) was restricted to only a portion of the large
swath of aTregs in which the MAF-motif was preferentially acces-
sible. Similarly, while some studies have suggested BATF to be a
main driver of tissue-Treg programs, its ablation in Tregs affected
only a fraction of tissue-Treg-related OCRs (18, 40). Here, relative
accessibility of the BATF motif did not stand out from several other
motifs with similar patterns. A one TF-one state model of Treg
diversification would predict that individual TF motifs would be
confined to discrete, mutually exclusive cell states. Instead, we found
that overlapping combinations of multiple factors constitute the
diversity of Treg programs.

OCR Usage in Treg Single Cells. To understand how this
phenotypic variance at the cell level arose from the activity of
individual OCRs, we visualized the landscape of OCR usage across
Treg single cells (“OCR UMAP?”; SI Appendix, Fig. S3A4). OCR
activity formed graded continua, with most variability contributed
by non-TSS (transcriptional start site), distal OCRs, consistent
with prior observations (41-44) (SI Appendix, Fig. S3 B and C).
Cell- and state-specific OCRs grouped together on the OCR
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UMAP visualization (87 Appendix, Fig. S3D and Dataset S2).
Positioning TFs motifs onto the OCR UMAP demarcated
distinct [STAT, NF-xB, and NR/19 (RORy)] yet overlapping
(NE-AT, AP-1, BATF) accessibility patterns in the OCR space
(SI Appendix, Fig. S3E). Experimentally observed TF binding sites
(from chromatin immunoprecipitation with sequencing (ChIP-
seq) and Cleavage Under Targets and Release Using Nuclease
(CUT&RUN)) (34, 45-49) (Dataset S6) also had variegated
configurations (87 Appendix, Fig. S3F), with preferential but not
exclusive binding to distinct groups of state-specific OCRs (e.g.,
Lefl, TCF-1 among rTreg-biased loci and Bach2, JunD among
aTreg-biased loci). FoxP3-binding had a narrow footprint on the
OCR landscape (SI Appendix, Fig. S3F). Thus, mirroring results
at the cell level, each group of OCRs was occupied by overlapping
combinations of TFs.

How did organization of OCR usage relate to gene expression?
Most genes are controlled by multiple CREs (50-52). This
multiplicity confers evolutionary robustness but also enables the
expression of one gene in different differentiated cell types
(53-55). Our OCR UMAP allowed us to ask, within a single-cell
type, how OCREs linked to the same gene varied in their patterns
of accessibility and hence shared regulatory drivers. We formed
OCR-gene links by using covariation of OCR accessibility with
gene expression from paired splenic Treg scATAC and single-cell
transcriptomic (scRNA) datasets (FDR < 0.05) (56), also anno-
tating OCRs within 15 kb of each TSS that did not meet corre-
lation criteria (87 Appendix, Fig. S3G and Dataset S7). While some
genes had linked OCRs with homogeneous activity patterns (e.g.,
Rore, Klrgl), others had more varied distributions (e.g., Cer?) or
even multiple subpatterns (e.g., Tigit, Pdcdl, Ctlad), with dispa-
rate accessibility profiles among loci previously shown to control
Foxp3 expression (57). Thus, genes vary in how flexibly their asso-
ciated OCRs are used across Treg states.

An Integrated Treg TF Framework. Individual TFs were thus
unable to order Treg diversity but could one instead group OCRs
with covarying accessibility into a stable framework of coregulated
modules and then determine the TF combinations that drive
them? We combined the power of computational machine
learning and the causality that can be inferred from high-density
genetic variation to establish such a framework. We employed
a machine learning approach, probabilistic topic modeling, to
categorize covarying OCRs into “topics” (58). Topic modeling is
well suited to sparse, single-cell genomic data (59, 60), allowing for
assignment of multiple programs per OCR, thus better reflecting
the continuous structure of Treg OCR usage. We modified a
previous method for topic modeling of scATACseq data (59) for
robustness by using an ensemble approach to create a consensus
set of 17 reproducible topics (87 Appendix, Computational Note
1; Dataset S3). Each topic captured diverse and subtle accessibility
patterns across Treg single cells (S7 Appendix, Fig. S4 A and B)
with preferential accessibility in rTreg, aTreg, or Tconv cells
(SI Appendix, Fig. S4C). Some topics, such as those (6 and 8) with
an overrepresentation at TSS, were broadly accessible, while others
captured highly specific gradations in accessibility. We computed
TF motif enrichment within each topic, which proved differently
distributed between distal enhancer or TSS OCRs (87 Appendix,
Fig. S4D and Dataset S4). Distal enrichments highlighted state-
specific TF connections, no topic being defined uniquely by
enrichment of motifs of any one TF or family (Fig. 24). While
topics more accessible in aTregs were enriched in motifs for AP-
1, NF-kB, and nuclear receptors, Tconv- and rTreg-preferential
topics instead included TCF/LEE ETS, and RUNX families
(consistent with ref. 34; Fig. 24). Topic modeling results were
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Fig. 2. Topic modeling and high-density genetic variation learn an integrated Treg TF framework. (A) Enrichment of TF motifs within distal OCRs from each topic;
black indicates enrichment FDR < 1 x 107", Motifs are organized by TF family (row annotation). (B) Proportion of variance in accessibility explained by each topic
in two independently generated spleen Treg scATAC datasets. (C) Topic-specific AME (FDR < 0.10) of motifs in each Treg topic. Heatmap in same order as in A
and shows overlap between motif enrichment and significant AME scores. Positive AMEs (pink) indicate positive effect on chromatin accessibility and negative
AMEs (green) indicate negative effect on chromatin accessibility. Motifs are ordered by TF family. (D) Gene Ontology gene sets significantly enriched among
regulatory regions in each topic [using GREAT (61) analysis]. Heatmap indicates fold change of enrichment relative to background. Full table of enrichments and
pathway names is provided in Dataset S5. (E) Enrichment [signed log,,(FDR), permutation test] in each topic of Gata3-dependent OCRs (GATA-motif containing

OCRs decreased in accessibility > twofold in Foxp3-crexGata3™ Treg-specific Gata3 KO vs. Foxp3-crexGata3

+/+

WT scATAC-seq). Panel above indicates predicted

topic effect based on topic TF framework in C. (F) Enrichment [signed log,,(FDR), permutation test] in each topic of c-Maf-dependent OCRs [MAF-motif containing
OCRs decreased in accessibility > twofold in Foxp3-crexMaf™ Treg-specific c-Maf KO vs. Foxp3-crexMaf * WT (62)]. Panel above indicates predicted topic effect
based on topic TF framework in C. (G) Enrichment [signed log,,(FDR), permutation test] in each topic of Smarcc1-dependent OCRs (OCRs with loss of accessibility
at P<0.05 in Foxp3™*¢" Tregs electroporated with CRISPR/Cas9 ribonucleoprotein complexes carrying Smarcci-targeting vs. control gRNAs and transferred for
1 wk into Treg-depleted Foxp3°™ hosts). Panel above indicates predicted topic effect based on topic TF framework in C.
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highly reproducible, with excellent concordance between two
independent spleen Treg scATAC-seq datasets generated months
apart, in terms of variance explained (Fig. 2B) and of topic/
TF framework accessibility (SI Appendix, Fig. S3E). They also
overlapped well with published TF-binding datasets (ChIP-seq
or CUT&RUN; SI Appendix, Fig. S3F).

We next exploited naturally occurring genetic variation to func-
tionally identify causal relationships among the initial links from
topic modeling. Wild-derived Cast/Eij (Cast) mice differ from
reference C57BL/6 (B6) mice by approximately 20 million variants
(63). B6xCast F1 offspring have been used to causally link sequence
variation to chromatin features (34, 64—68). Because the two
genomes are present within the same cell, controlling for any
changes in #rans effects (i.e., TF expression), allelic skews in chro-
matin accessibility can be causally attributed to cis-regulatory alter-
ations (i.e., disrupted TF motifs), the equivalent of a genome-wide
mutagenesis experiment. We generated allele-specific Treg scATAC
profiles from B6xCast F1 mice (SI Appendix, Fig. S54; n = 5,980
Tregs), modifying a published pipeline (69) to assign informative
reads to their allele of origin (S/ Appendix, Fig. S5A). To link
changes in TF motifs with corresponding shifts in allele-specific
chromatin accessibility [“allelic motif effect” (AME)], we adapted
previous analytical frameworks (34, 67) to the single-cell, topic
modeling context. For each topic, we identified the cells with active
accessibility of topic OCRs containing each candidate motif and
computed the F1 AME for motifs in each topic only in these rel-
evant cells (S Appendix, Computational Note 2). Because they
measured the impact of variation in TF motif fit on accessibility at
topic OCRs across the two chromosomes of each F1 cell, these
topic-specific AMEs provided a causally determined refinement of
the initial TF-topic framework (87 Appendix, Fig. S5B), yielding
an intricate view of regulators of Treg chromatin programs, in
breadth and context-specificity (Fig. 2Cand Dataset S4). The vast
majority of AMEs corresponded to positive contributions of TF
motifs to chromatin accessibility, very few motifs (e.g., Foxjl and
Nfe2I1) having repressive effects. For ETS, KLF/SP, and TCF/LEE,
their genetic effects overlapped with motif enrichments primarily
in rTreg- and Tconv-biased topics. AMEs sharpened the scope of
AP-1 and NF-kB activity, narrowing their multitopic enrichment
to a cluster of aTreg-preferential topics (3, 4, 10). AMEs also iden-
tified restricted effects: for example, in accordance with its accessi-
bility in the small group of RORy+ cells, Topic 9 had a significant
AME for the RORy motif.

We used GREAT (61) to connect OCRs to genes and identify
functional pathways enriched in the regulatory regions defined by
each topic (Fig. 2D and Dataset S5). Overall, each topic encom-
passed a limited set of biological functionalities, with segregation of
some functions (e.g., regulation of Th1 or IL6 cytokines), although
no particular biological process or molecular function was uniquely
associated with any one of the topics. This shuffling between chro-
matin programs and cell function is not unexpected, as coregulated
transcriptional modules routinely encompass several biochemical or
cell biological functions, but they imply that these Topics can be
used to mark specific Treg subsets or functionalities.

To validate our Treg regulatory framework, we analyzed chroma-
tin of mice with Treg-specific deletion of several exemplar TFs. We
generated scATAC-seq profiles of Tregs with conditional Gata3
ablation and control littermates [samples hashtagged in the same
run for optimal comparability (70), hereafter “multiplexed”].
Gata3-dependent OCRs (Dataset S2) in these data were enriched
(FDR <0.01) only in Topic 2, the topic predicted to be under Gata3
control (Fig. 2E). MAF family-dependent OCRs (Dataset S2) in
published ATAC-seq data from cMaf-deficient Tregs (62) were
enriched only in Topics 3 and 14 (Fig. 2F), consistent with
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framework predictions. Finally, we tested the model’s ability to
nominate a previously unrecognized regulator of Treg biology,
beyond the “usual suspects”. Smarccl (BAF155) is a core subunit
of all mammalian SWI/SNF chromatin remodeling complexes
(71, 72), associated with T cell activation (68, 73) or regulation of
Foxp3 expression (74), but not previously implicated in control of
Treg chromatin. Our framework predicted a specific effect of Smarccl
in aTreg-biased topics 3 and 10, suggesting a role for Smarccl in
control of aTreg-specific chromatin accessibility. We used CRISPR-
Cas9 ribonucleoprotein complexes to engineer Tregs carrying
Smarcel deletions, parked the edited cells for 1 wk in vivo before
bulk ATAC-seq. Smarccl-dependent OCRs were enriched for Topic
3 OCRy, as predicted by our framework (Fig. 2G). Topic 10 was
not represented, potentially reflecting redundancy between Smarccl
and Smarcc2 paralogs (71, 75). Thus, experimental validations sup-
ported predicted TF links, identifying unappreciated regulatory

connections.

Tissue-Specific Adaptations Map to the Treg Framework. We
then asked whether this integrated framework would capture
changes associated with Treg physiology, like tissue-residence.
Tregs in nonlymphoid tissues adapt by elaborating specialized
regulatory programs (7). The spleen contains precursors of this
multistep adaptation (15, 16, 18, 19, 37, 76), and circulating
tissue-Tregs, such that a framework derived from total splenic
Tregs should contain modules linked to tissue adaptation. Indeed,
OCRs associated with tissue-Tregs (15) were enriched in topics
3 and 14 in spleen Tregs (SI Appendix, Fig. S6A). We generated
multiplexed scATAC-seq profiles of Tregs isolated from spleen and
colonic lamina propria from the same Foxp3IRE " reporter mice
(81 Appendix, Fig. S6 B and C). Consistent with predictions, topics
3 and 14 explained more variance and had increased accessibility
within colonic Treg cells (Fig. 3 A and B). Overlaying differential
accessibility onto the framework (using the expanded, enrichment-
based version for breadth) showed its granular reorganization and
distinguished two groups of motifs (Fig. 3C). One group had
monomorphic changes in accessibility (e.g., higher accessibility
in colon Tregs of bZIP, MAFE, and IRF motifs in topics 3, 10, and
14; lower accessibility in colon of ETS and KLF/SP members in
rTreg-preferential topics). The second group demonstrated the
power of partitioning changes by epigenomic program: TCF/LEE
RUNX, NF-Kb family motifs had variably positive or negative
effects depending on their presence in OCRs from different topics
(Fig. 3C; expanded network in ST Appendix, Fig. S6D). Some topics
were even more specific: even though they were originally learned
in spleen Tregs, topics 9 and 10 demarcated RORy+ and Helios+
Tregs in the colon (Fig. 3D and Dataset S2). Thus, the framework
captured tissue-Treg-specific specializations and identified which
factors’ activities were molded by cell state—specific inputs.

FoxP3 Control of Treg Identity. Our framework provided an
opportunity to systematically interrogate FoxP3’s mechanism
of action, which remains poorly understood. Unlike traditional
lineage-defining master regulators, FoxP3 does not act as a
pioneer factor (44, 45) (consistent with this notion, FoxP3 itself
does not appear in the framework) and is neither fully necessary
nor sufficient to establish Treg identity. Treg-like cells (“Treg
wannabes”) can develop in its absence, and Treg-specific gene
expression signatures consist of both FoxP3-independent and
-dependent components (28-33). While FoxP3 interacts with a
large array of other regulators (77-80), there is unsettled debate
as to whether FoxP3 acts directly as an activator (29, 81-83),
arepressor (77,78, 84, 85), or both, depending on its interacting
cofactors (80) or indirectly by tuning the expression of other
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signature visualized on the same UMAP.

TFs (34). To understand the intrinsic role of FoxP3 in a setting
unconfounded by systemic inflammation, we made use of
female mice heterozygous for a Foxp3 loss-of-function allele
(Foxp3£s327-GFP/Foxp3-Thyl.1 mice, “KO” in Fig. 44) (83).
As Foxp3 is encoded on the X chromosome, due to random X-
inactivation, one population of Treg cells expresses wild-type
FoxP3 protein (flagged by the Thyl.1 reporter), while another
population of Treg-like cells expresses a Foxp3 allele with a full
loss-of-function frameshift mutation whose expression is reported
by GFP. The presence of functional Thyl.1+ Tregs prevents
immune dysregulation, thus providing a well-controlled system
for investigating FoxP3-intrinsic effects. Control mice (WT
in Fig. 44) are similarly constructed, with a functional FoxP3
encoded upstream of the GFP reporter.

We sorted GFP+ Treg and GFP- Tconv from both WT and KO
heterozygotes for multiplexed scATAC-seq (Fig. 44 and SI Appendix,
Fig. S7A). While Tconv from WT and KO mice mostly comingled
on the UMAP visualization, as expected from the unperturbed envi-
ronments, FoxP3-deficient Treg-like cells were shifted wholesale from
the region occupied by WT Tregs (Fig. 4B and SI Appendix, Fig. S7
Band C). FoxP3-deficient Treg-like cells had diminished accessibility
of aTreg-specific OCRs, most KO Tregs being in a resting-like chro-
matin state (Fig. 4B). This inability of FoxP3-deficient Tregs to pro-
gress to activated states was confirmed by flow cytometry (Fig. 4C).
When overlaid onto the TF regulatory framework (Fig. 4D), FoxP3’s
positive and negative effects split cleanly into different chromatin
programs, each driven by distinct TF ensembles (Fig. 4D). FoxP3
repressed ETS, KLF/SB, TCF/LEE RUNX, and FOX motif

https://doi.org/10.1073/pnas.2411301121

accessibility in Tconv- and rTreg- preferential topics, but boosted
accessibility of EGR, NF-kB, AP-1, and MAF motifs in aTreg-biased
topics (Fig. 4D and SI Appendix, Fig. S7D). Notably, some motifs
with causal effects in several topics (e.g., CTCE ETS, KLF/SP) were
affected in opposite directions in different programs, highlighting
that FoxP3 did not influence TFs homogenously genome-wide.
Importantly, the framework systematically localized the specific
genomic programs and partner cofactors that contribute to positive
or negative FoxP3 function. This decomposition between FoxP3’s
positive and negative effects could be highlighted at exemplar loci
(Fig. 4E).

If FoxP3 does not entirely define Treg identity (29-33, 87),
what are the Treg wannabes that develop in its absence? We com-
pared, in the Treg framework, KO Treg-like cells and Tconv.
Strikingly, these FoxP3-independent effects (Fig. 4F) seemed a
carbon-copy of the FoxP3-dependent effects observed when com-
paring WT and KO Tregs (Fig. 4D), as also evidenced by com-
paring the ratios of topic accessibility (SI Appendix, Fig. S7 E and
F). Relative to Tconv cells, KO Treg-like cells induced Topic 4
[controlled by NF-kB, known to be important to Treg identity
(47, 88) and repressed Tconv-preferential Topics 16 and 17. We
attempted to relate these patterns to TF status in Treg progenitors
in the thymus, before FoxP3 expression, by analyzing previously
published Treg differentiation datasets (86). Interestingly, mem-
bers of these same TF families displayed related expression changes
(e.g., upregulation of NF-kB, AP-1 families, downregulation of
ETS, KLE TCF/LEF families—(Fig. 4G) in early Treg progeni-

tors, stages in which pre-Treg cells are thought to receive strong
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Fig. 4. FoxP3 effects and Treg identity in the Treg regulatory framework. (A) Experimental Scheme. FoxP3-deficient (KO) and -sufficient (WT) GFP+ Tregs were
sorted along with GFP- Tconv from Foxp3™22’-GFP/Foxp3-Thy1.1 or Foxp3"'-GFP/Foxp3-Thy1.1 heterozygous female mice for multiplexed scATAC-seq. (B) Relative
accessibility (chromVAR scores) across WT and KO Treg single cells of OCRs increased in accessibility in aTreg vs. rTreg populations, visualized on UMAP of scATAC
of Treg and Tconv from FoxP3 WT or KO heterozygous female mice. (C) Proportion of rTreg and aTreg populations in FoxP3 WT or KO populations by CD44 and
CD62L flow cytometry with quantification across biological replicates. (D) Differential accessibility per motif in each topic (distal OCRs, FDR < 0.05) between WT
and KO Treg cells in rTreg or aTreg comparisons for motif to topic connections from Fig. 2C. Gray indicates significant motif to topic connection from Fig. 2C but
no significant change in accessibility across FoxP3 comparisons. (E) Exemplar loci demonstrating FoxP3 positive (Left) and negative (Right) effects on accessibility
and dependence on distinct cofactors as identified by the topic-motif Treg framework. (Top tracks) Aggregated scATAC-seq reads from WT Treg (red), KO Treg
(blue), or Tconv (gray) cells from heterozygous female mice. (Middle) Treg ChIP-Seq or CUT&RUN tracks of indicated TFs identified as contributing to FoxP3 positive
(red) or negative (blue) action. (Bottom) Treg H3K27Ac or FoxP3 HiChIP. RNA expression from aggregated scRNA-seq at these loci is displayed below. Highlights
indicate OCRs belonging to Topics 3, 10, 14 (orange, left, positive FoxP3 effect) or Topics 16, 17 (blue, right, negative FoxP3 effect). (F) Differential accessibility
per motif in each topic (distal OCRs, FDR < 0.05) between KO rTreg and Tconv cells for motif to topic connections from Fig. 2C. Gray indicates significant motif to
topic connection from Fig. 2C but no significant change in accessibility across differential comparisons. (G) Normalized expression of TFs in scRNA-seq of early
thymic Treg differentiation (86). TregP: Treg Progenitor; RT-Treg: recirculating/long-term resident Treg.
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TCR agonist signals, suggesting that the Treg wannabe program
has an analog in early Treg progenitors). Together, these results
provide an integrated vista of Treg identity and FoxP3 function.
Core features of Treg identity are established independently of
FoxP3 and subsequently amplified by its expression. FoxP3 is then
required for Treg maturation to aTreg, where FoxP3 protects Treg
identity, suppresses Tconv programs and enables the induction of
aTreg-specific chromatin programs, which underlie Treg suppres-
sive and effector functions.

FoxP3 Deficiency Differentially Affects Treg Subsets In Vivo. We
noted an overrepresentation of cells with high Rore gene scores and
NR/19 motif accessibility among the FoxP3-deficient Treg-like
population (Fig. 5A4), which suggested a gut connection for these
cells, since RORy+ Tregs dominate in the colon (24, 25). The
comparison of RORy+ Treg proportions in KO Treg-like cells with
Tregs from WT litctermates showed a modest increase in RORy+
cells across several organs, but a major shift in the colon, where
almost all were RORy+ (Fig. 5B), with a quasiabsence of Helios+
Tregs (Fig. 5 Band (), consistent with a drop in Zkzf2 accessibility
in the genomic data (SI Appendix, Fig. S8 A and B). These results
confirm a report from van der Veeken et al. (89).

In normal mice, RORy+ Tregs are microbiota-dependent (24,
25), and we asked whether RORy+ Tregs of KO mice were also
regulated by bacterial inputs. After treatment with a broad-spectrum
antibiotic cocktail (VNMA, 4 wk), the fraction of total GFP+ Tregs
decreased strongly in the KO colon but not in WT (Fig. 5D) where
the drop in RORy+ Tregs was balanced by an increase of the Helios+
pool (Fig. 5E). The persisting Treg-like cells in KO mice remained
RORY", and no Helios+ Tregs emerged (Fig. 5E). Thus, confirming
and extending the single-cell genomics, this analysis added another
layer to the variegated function of FoxP3: RORy" and Helios+ Treg
populations depend differentially on FoxP3.

FoxP3-deficient RORy+ Tregs in the colon produced IL17A
(Fig. 5F), as previously observed (89). This was not the case in the
spleen, indicating that the expression of Teff cytokines is not merely
unleashed by the absence of FoxP3, but requires an active driver,
present in the gut but not in the spleen (Fig. 5F). Did these
FoxP3-deficient RORy+ cells maintain their Treg identity, or were
they turning into Th17? We performed scRNAseq on sorted GFP+
Treg and GFP- Tconv from spleens and colons of WT and KO
heterozygous females. In accordance with the scATACseq, KO Tregs
were shifted in the UMAP relative to WT Tregs (Fig. 5G and
SI Appendix, Fig. S8 Cand D) and had high //17a expression in the
colon (Fig. 5H). However, these KO Tregs clearly remained in the
Treg space on the UMAD, far from the Rorc+1[17a+ Th17 cells in
the same dataset (Fig. 5 G'and H and SI Appendix, Fig. S8D). They
retained the ability to express IL10 (Fig. 5/), maintained Treg sig-
nature scores closer to WT Treg than to Tconv (Fig. 5/), and
matched WT Tregs in their accessibility pattern at the Foxp3 locus
(SI Appendix, Fig. S8E). Thus, KO Tregs did not become Th17 cells
but maintained several facets of Treg identity while simply dere-
pressing cytokine production. Notably, another population of
Gata3+ KO Treg-like cells down-regulated 7kzf2 expression and
expressed type 2 cytokine transcripts (//4, 115, 1/13; SI Appendix,
Fig. S8 C'and D), indicating that the partial cytokine derepression
matched the Rorc+ or Gata3+ tone of the cells. In summary, while
not required for RORy+ Treg differentiation, FoxP3 was required
to repress Teff cytokines induced in the gut environment.

Why did colon Helios+ and RORy+ Tregs show such divergent
susceptibility to the loss of FoxP3? To identify programmatic traits
that might explain this differential susceptibility, we compared chro-
matin programs of RORy+ vs. Helios+ splenic aTreg cells (Fig. 5K).
RORy+ Tregs had higher accessibility of the RORy-dependent topic
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9 (as expected), but lower accessibility of NF-Kb and AP-1 motifs
within topics 4, 3, and 10, which correspond precisely to those
positively activated by FoxP3 (Fig. 4 D and E). Thus, the lower
dependence on FoxP3 activity seems foretold by the topic activity
of RORy+ Treg chromatin. We reanalyzed in this framework scAT-
ACseq from colonic Tregs with conditional knockouts in either Zkzf2
or Rore (39) (Fig. 5L). Helios was necessary for the activity of these
NF-Kb/AP-1 dependent OCRs, while the deletion of RORy had
no effect. These results indicate that these FoxP3-dependent OCRs,
enriched in NF-Kb and AP-1 motifs, further require Helios for their
full activity (Fig. 5L), suggesting that Helios and FoxP3 may col-
laborate in a feed-forward loop that reinforces TCR-dependent
aTreg programs. Thus, our Treg framework provides a basis for the
differential dependence on FoxP3 across Treg subpopulations.

Discussion

'This work thus provides an unbiased, genome-wide map connect-
ing TFs to the Treg identity and to the full diversity of Treg epig-
enomic programs. Combinatorial control of gene expression is a
classic notion (90), but the dominant paradigm in immunological
gene regulation is often that phenotypic specialization is mediated
by single master TFs (3, 4, 20, 91). Topic modeling quantitatively
decomposed the combinatorial architecture, and natural genetic
variation at single-cell resolution critically identified causal con-
nections between TF-binding motifs and target programs. This
framework systematically and precisely operationalized TF
context-specificity, bringing out divergent activities of a given TF
at different OCRs or topics. It also enabled finding of less char-
acterized regulators, e.g., the validation of Smarccl as a controller
of aTreg-specific chromatin, and several other TFs not previously
implicated in Treg biology appear in our framework.

The Treg TF framework was portable across tissues and stimu-
lation conditions. Though it was developed from splenic Tregs, the
network’s capture of tissue-specific effects supported the notion that
tissue-Treg programs represent amplifications of patterns already
present in Tregs from lymphoid tissues (15, 16, 18, 19, 37, 76).
Decomposition of effects by topics importantly separated tissue-
responsive TFs that acted monomorphically (e.g., bZIP, IRE ETS,
KLF/SP) from those whose activity was malleable depending on
the epigenomic program (e.g., RUNX, TCF/LEF, NF-Kb). The
latter may represent differences in TFs more dynamically responsive
to environmental signals. The framework’s reproducibility means
that it could become a portable and reusable scaffold for interpre-
tation of Treg chromatin studies elsewhere, moving beyond uncon-
nected single studies. We have implemented a web application
(heeps://cbdm.connect.hms.harvard.edu/Topic_Plotting/) that allows
any investigator to upload single-cell chromatin data and receive
its decomposition in terms of these topics.

While previous studies have debated whether FoxP3 acts as an
activator or repressor, the present results resolve that it acts as both,
consistent with the notion that FoxP3 is highly dependent on its
cofactors (80). FoxP3’s repressive and activating functions affected
different chromatin topics with distinct motif contributions. The
OCR membership of each of these topics provides genomic defi-
nition to the locations where FoxP3 might assemble into different
molecular complexes spatially segregated in the nucleus with dis-
tinct cofactor composition and opposing functions (80). The
results also offer an integrated model for the relationship between
FoxP3 and Treg identity. FoxP3 amplified a program of Treg iden-
tity present in Treg wannabes, with a striking superimposition
between the pre-existing program and what FoxP3 amplifies and
which appears early in thymic Treg differentiation upon agonist
signaling. How this concordance is achieved molecularly is an
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open question. One interpretation is that it replaces a similar
Forkhead factor that would anchor the Tconv-wannabe distinc-
tion or that FoxP3 is uniquely attuned to cooperate with the TF
ensemble that supports the Treg-like wannabe status, for which
these data provide candidates.

The finding of a population of FoxP3-independent RORy+
Tregs added another layer to the relationship between FoxP3 and
Treg differentiation. While this manuscript was in preparation, van
der Veeken et al. also reported FoxP3-independent RORy+ Tregs
(89). We found FoxP3-deficient RORy+ Treg-like cells to be
microbe-dependent, as are normal FoxP3-sufficient counterparts.
Chromatin opening at the Foxp3 locus resembled that of normal
Tregs. They produced IL17A but only in the colon, and without
diversion to a Th17-like transcriptome, suggesting that cytokine
derepression in the absence of FoxP3 requires a positive environ-
mental input, possibly via TCR or Wnt/f-catenin signaling, both
of which have previously been associated with RORy+IL17+ phe-
notypes (92-94). However, extrinsic inputs cannot be the sole
determinants of this program, as an intrinsic bias toward an
increased RORy/Helios ratio remained even in the context of anti-
biotic treatment. TF framework analysis suggested an origin for
this bias in differential reliance on NF-kB and AP-1 dependent
topics and a collaborative feed-forward loop between Helios and
FoxP3. While RORy+ Treg-like cells provided an alternative fate
for FoxP3-deficient cells, they were unable to replace all of FoxP3’s
functions, such as repression of cytokine genes upon stimulation.

Opverall, Treg cell identity and diversity are not defined by
monomorphic TFs, into TF-controlled sublineages, but by a
framework of programs, across which TFs have context-dependent
activity. This work provides a first step toward integrating the
global and granular architecture of such a framework.

Materials and Methods

JIRES-GFP 315327-GFP 31m10.1(CaspS, ~ThyT)Ayr (

Mice. Foxp mice (95) and Foxp x Foxp or
Foxp3™™) (83) heterozygous female mice were bred on the C57BI/6J back-
ground. To generate B6/Cast F1 mice, Cast/EiJ males (Jackson Labs, strain
#000928) were crossed with C57BL/6J females (Jackson Labs, strain #000664).
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Processing and Sequencing of T Lymphocytes. Inmunocytes from lymphoid
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orscRNA-seq, Tregs (Cd19-, Cd11c-, Cd8-, Cd4+, TCRb+, GFP+, or CD25hi) and
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per the 10x Chromium Next GEM Single-Cell ATAC manual, with hashtagging
per condition using a modification of the ASAP-seq strategy (70), or the 10x
Genomics Chromium Single-Cell 5" v2 with Feature Barcoding kit. Bulk ATAC-seq
libraries were prepared using the ImmGen ATAC-seq protocol (44).

Data Analysis. SCATAC-seq data analysis was performed using Signac v1.4
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topic modeling (see S/ Appendix, Computational Note 1), we used an ensemble
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