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Interleukin-2 (IL2) is the key trophic factor for T regulatory (Treg) cells, controlling
their differentiation and homeostasis. To understand how temporally regulated responses
to IL2 unfold in Tregs, we performed fine time-course analyses, at population and
single-cell levels, of changes in chromatin architecture and mRNAs induced by IL2 in
Tregs in vivo. The data revealed responses that were largely uniform in rTreg, but diverse
among aTregs, matching different STATS5 signal transduction efficiency. Individual Tregs
displayed divergences in the preponderance of changes that may be attributed to STAT1
or STATS5 signal transduction downstream of IL2. Chromatin analysis identified an
evolving implication of transcription factors that accounted for the waves of responsive
genes. Covalent cytokine/Ab complexes that preferentially trigger high- (heterotrimer)
or low-affinity (heterodimer) IL2 receptors activated the same signatures, yet with strong
quantitative variations, especially in NK cells. Thus, IL2 is not a monolithic activator
for Tregs, but a variegated sculptor of Treg identity.

cytokines | immune response | Treg cells

Interleukin-2 (IL2) is a regulator of T cell biology, orchestrating immune responses
through its effects on various immune cell subsets (1-3). While IL2 was initially recognized
for its ability to expand activated T cells (4, 5), an even more important aspect of its role
on immune homeostasis was recognized to stem from its impact on regulatory T cells
(Tregs) (6, 7). Tregs, characterized by the transcription factor FoxP3, play a central and
nonredundant role in the ordered operation of the immune system in many contexts:
tolerance to self vs. autoimmune deviation, feto-maternal tolerance, allergy, responses to
infections (8), with additional functions in tissue homeostasis and repair in less specifically
immunological contexts (9). Although Tregs in lymphoid organs have been shown to
comprise several distinct “poles”, the most general of these distinctions is the difference
between “resting” (r'Treg, occasionally “cTreg”) and “activated” (aTreg or eTreg) (10-14).
rlreg tend to dominate in lymphoid organs, and aTregs in tissues, but this bias is only
partial. aTreg and r'Treg have distinct transcriptomes and chromatin organization (15-17).

IL2 is produced by activated conventional T cells (Tconv), but not at all by Tregs, which
enables feedback loops that tune Treg numbers to the activation intensity of the Tconv
cells they regulate (6). IL2 controls many aspects of Treg biology from differentiation in
the thymus (18, 19) to homeostatic control in the periphery (20). Recent work shows the
existence of microdomains in lymphoid organs, in which activated IL2-producing T'conv
recruit a circle of Tregs, which in turn limits Tconv clonal expansion and leads to pruning
of the Tconv repertoire (21, 22).

Given their critical role in immune regulation, Tregs have become prime therapeutic
targets for a number of diseases, and many approaches aim to manipulate Tregs through
IL2 (23). The therapeutic potential of IL2 has been hindered by its pleiotropic activation
of natural killer (NK) and effector T cells along with Tregs. This translational challenge
has motivated the engineering of IL2 variants (24) with selectivity for the high-affinity
heterotrimeric IL2 receptor, composed of IL2Ra (CD25 (encoded by //2ra), IL-2Rf
(CD122 encoded by 7/2rb) and the signaling common y-chain (yc, CD132, encoded by
12rg). This high-afhinity (KD~10 pM) IL2 receptor is preferentially expressed on Tregs,
whereas the lower-intermediate-affinity (KD~1 nM) dimeric IL2 receptor (composed of
only CD122 and CD132) is expressed on NK cells and activated effector T cells. Thus,
IL2-based molecules engineered to preferentially bind the heterotrimeric IL2 receptor”
should selectively expand Treg cells while minimizing activation of NK and effector T cells.

IL2 signals primarily through activation of JAK1/3 kinases and phosphorylation of
STATS (1), which then shuttle to the nucleus and directly activates transcription [for
instance, in its role as a Treg regulator, stabilizing FoxP3 expression by binding the CNS2
enhancer in the Foxp3 locus (25)]. But IL2 also activates other STAT family members
(26) and several other signaling pathways (1, 3). This breadth of IL2 signaling pathways
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was most dramatically shown by a phosphoproteomic analysis
which revealed hundreds of changes in IL2 treated T cells (27).
The best recognized IL2-responsive pathways include the
SHC>Ras>Erk cascade (28), and the metabolism-controlling
PI3K>AKT>mTOR pathway (29, 30).

A few recent studies have shown a strong impact of IL2 on
chromatin accessibility and transcription (31-34). Many of these
effects were shared with other cytokines that signal through the
“common y chain,” or were elicited by other cytokines in different
cells (31). IL2 signature transcripts also overlapped with responses
induced by Interferons and proinflammatory cytokines (35).
Correspondingly, IL2 induced shifts in chromatin accessibility in
Treg genomes over time, particularly at open chromatin regions
(OCRs) enriched in binding sites for STAT5 or NF-xB (32).

In this study, we combine population and single-cell analyses of
chromatin remodeling and transcriptional changes in Tregs in
response to IL2 over time. We define temporally coherent
gene sets and their responsiveness to signaling via high- or
intermediate-affinity receptors, then ask how the temporally regulated
responses to IL2 unfold at the single-Treg level: are responses homog-
enous and synchronous in all cells, or do different clusters of cells
preferentially activate particular gene modules? Indeed, we identify
several levels of heterogeneity, particularly marked among aTreg pop-
ulations, and some disconnect between response signatures that may
be downstream of STAT1 or TAT5 activation. We build on our pre-
vious machine learning of the Treg regulatory network (17), project
IL2 induced changes into that framework, and connect to the differ-
ent TFs that dynamically control the unfolding of the response. This
work deepens our understanding of IL2-controlled Treg biology, with
significant implications for fine-tuning I1.2-based immunotherapies.

Results

The Evolution of Transcriptomic Responses to IL2 in Tregs
Over Time. As a preliminary to the main single-cell studies, we
applied population RNAseq on finely sorted Treg cells. Although
population RNAseq lacks the ability to parse groups of cells with
different response profiles, it yields deeper and more robust DEG
(differentially expressed genes) signatures. Our prior study (31)
used IL2 complexed with the IL2 monoclonal antibody JES6,
which stabilizes IL2 (which otherwise has a very short half-life
in vivo) and favors activation through CD25 and the high-aflinity

Induced Repressed
Early Mid-late  Late Early Mid-late  Late
PBS 1h2h 4h 8h 16h 24h 64h128h PBS 1h2h 4h 8h 16h 24h 64h 128h
i 000 — ——— Bel2it1{ — — —==
Bst21 =
Cish{
1110ra 1
"2Lr,f;- Pdk2
if |
Ltal Usp50
Mye] Bl6|
= 7r |
Kdm7a
112rb 2 Nr3ct
Socs11
Tcf7
Socs2-
Socs3- Tir7
Bak{ i)
ak14 ]
Caspal — Tir12}—
o wht|
[fitm1 4
Ifngr1- 15 ]
[ — ]

FoldChange ( log2)

IL2 receptor trimer (36). In our previous work, a cytokine/mAb
dose of 10ug IL2/100ug JES6 was administered i.v. (31) To ensure
the present experiments were performed with full exposure to IL2
and to avoid confounding effects from competition for limiting
cytokine, we first performed a dose/response analysis, ranging
from cytokine/mAb dose of 0.1/1 to 10/100 pg sorting splenic
Treg cells 2 h later. As illustrated in S/ Appendix, Fig. S1, the vast
majority of genes responded largely in sync, reaching full response
around the 1 pg dose. Only a few genes deviated from this general
response profile, either requiring a higher dose (interestingly
including the proapoptotic gene Bax). To ensure saturation, the
10 pg dose was used in most subsequent experiments.

To obtain robust time-resolved signatures of IL2 in Tregs, we
performed a time-course analysis of the response to IL2/JES6 com-
plexes in vivo, ranging from 1 to 128 h. In keeping with ref. 32,
we observed an evolution of the response over time, not as an
amplification but with clear temporal transitions in the inductive
response relative to PBS-treated controls (Fig. 1 A and B and
Dataset S1). Three main sets of genes could be identified. Induction
of Early responder genes was clear by 2 h (including a small subset
fully activated by 1 h, Osm, Lta, [/2ra) and peaked by 4 h, with a
gradual decline thereafter. A “Mid-late” set did not show activation
until 8 or 16 h after IL2 and peaked by 64 h. Finally, a “Late” set
was only induced at 64 to 128 h. As previously reported, the com-
ponent of genes repressed by 1L2 was again substantial. It also
showed a temporal trend, albeit more diffuse, as most of the tran-
scripts underexpressed at 2 or 4 h were still down at 64 or 128 h
relative to controls (Fig. 14). These successive waves of induction
resulted in a response that varied over time, but remained compar-
atively stable in terms of the magnitude of changes. The early
response included many of the typical IL2 responsive genes such
as [[2ra, Myc, Lif; Cish, and encompassed several of the profound
rearrangements in cellular functions that have been described,
including many Myc and mTOR rtargets (31, 32).

Comparative Analysis of Signals Delivered Via CD25 and CD122.
Treg cells prototypically depend on the high-affinity IL2 receptor
a/B/ytrimer to receive signals from IL2, but they also express the
intermediate-affinity p/y dimer. Although the trimeric receptor
would be expected to account for most of the signaling and
transcriptional effects in Tregs, because of its 100-fold higher
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Fig. 1. Time-course of transcriptomic responses to IL2 in Tregs. (A) Foxp3"*©"/B6 mice were stimulated systemically with mouse IL2/JES6 complexes and splenic
Tregs were sorted at the indicated timepoints for profiling by population RNASeq. An overview of the 1,288 upregulated and downregulated genes (FC>2 or
<0.5, PV<0.01 between controls and groups of times) post stimulation cluster into three main gene sets, early, mid-late, and late timepoint. (B) Volcano plots of
4,16, and 64 h IL2/JES6-treated vs. PBS control representing early, mid-late, and late timepoint with corresponding overlaid induced (red) and repressed (blue)

gene signatures highlighted that meet FoldChange >2 or 0.5 with a P value < 0.01.
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affinity, it was possible that the two receptors might account for
different segments of the Treg response to IL2. To address this
question, we used two “immunocytokines,” (IC) that link IL2 to
anti-IL2 antibodies that bias its receptor-binding. Compared to
IL2/antibody complexes, ICs enforce a stable interaction between
the cytokine and antibody, while also imposing a stoichiometrically
matched 2:1 cytokine:antibody ratio (37-39). Specifically, we used
F5111 IC, which preferentially activates the heterotrimeric a/f/y
receptor (39), and F10 IC which activates the p/y dimer (37, 38).
Splenic Tregs and NK cells were sorted 4 h later for population
profiling—including NK cells as a specificity control, as they are
expected to signal quasi-exclusively through the heterodimeric
IL2 receptor. There was a stark and symmetrical difference in
the responses to the two ICs in Treg and NK cells (Fig. 24 and
Dataset S2). At arbitrary FoldChange = 2 (FC) and 7 test P.value
=0.01 thresholds, 132 genes were induced by F5111 in Tregs, but
only 1 by F10. Conversely, zero genes scored as induced by F5111
in NK cells, but 40 by F10. These quasi-exclusive effects fit with
the differential relevance of trimeric and dimeric receptors in Treg
and NK cells. On the other hand, a more nuanced conclusion
was apparent in the FC/FC plots of Fig. 2B, which compared
directly the effects of F5111 and F10 in the two cell-types. Clearly,
both ICs induce the same responses in Tregs, but more strongly
for F5111 as reflected by the off-diagonal distribution (globally
amounting to a two- threefold difference in activity). NK cells
also showed strong overlap between the two IC, here with a much
stronger advantage for the dimer-biased IC. These results showed
that there is a quantitative but no qualitative difference between
responses elicited by heterotrimeric vs. heterodimeric IL2 receptor
complex engagement in Tregs, with no gene modules specifically
induced by one or the other (consistent with the fact that both

receptors employ the same f and y signaling subunits). From a
practical or therapeutic standpoint, one should expect that next-
generation compounds aimed at NK or CD8+ T cells may also
have nonnegligible effects in Tregs.

The Treg Transcriptomic Responses to IL2 in Single-Cells. With
these robust signatures in hand, we then proceeded with our main
goal, to parse at the single-cell level the evolution of Treg responses
to IL2. Do all Tregs respond similarly to IL2, are some clusters
more or less responsive, and are different gene modules activated
in different groups of cells, all distinctions that would be masked
by the averaging of population profiling. As for Fig. 1, Foxp3-GFP
reporter mice were treated with mIL2/JES6 complexes (10 pg
1L2/100 pg JESG6), and GFP+ splenic Tregs were purified by flow
cytometry at different times, and profiled by single-cell RNAseq
(two mice at each time point), Importantly, the entire experiment
was multiplexed by hashtagging into the same run (40), which
ensures ideal comparability between samples. A UMAP projection
(Uniform Manifold Approximation and Projection) of the entire
dataset is displayed in Fig. 34. In the starting population, all
clusters were positive for //2ra, confirming that all were Treg
cells, and rTreg and aTreg cells were distinguished with the usual
signatures (17), consistent with the expression of the Tcf7 TE
Within this framework, the distribution of cells from control
mice was stable (Fig. 3 B, Leff) but a cell trajectory unfolded over
time after IL2 treatment. Most clearly, the cloud of rTreg cells
shifted leftward, apparently synchronously during the first few
hours (curved arrow). In contrast, cells in the aTreg section showed
less dramatic changes at these early times (arrowhead). Beyond 8
h, the counterclockwise evolution continued, including transition
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Fig. 2. Comparative transcriptomic responses to IL2 via dimeric or trimeric receptors. (A) Paired volcano plots comparing responses to F5111- (trimeric receptor
bias) and F10-treated (dimeric receptor bias) vs. PBS controls in Tregs and NK cells at 4 h post stimulation. The early induced (red) and repressed (blue) gene sets
from Fig. 1A are highlighted in Tregs; genes induced (purple) and repressed (green) in NK cells (from ref. 31) are highlighted in NK cells. Numbers at the bottom
of each panel are the numbers of genes with FoldChange >2 or <0.5, with a Welsh's t test value <0.01. (B) FoldChange/FoldChange plots comparing responses
to F5111 IC (x-axis) and F10 IC (y-axis) in Tregs (Top) and NK cells (Bottom). Induced and repressed gene sets are highlighted as in A.
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Fig. 3. The transcriptomic responses to IL2 in Tregs reveals heterogeneity and homogeneity at the single cell level. As for Fig. 1, FoxP3 reporter mice were
treated with IL2/JES6 complexes and spleen Treg cells sorted after different times for scRNAseq. (A) UMAP in the scRNASeq space of all cells (all timepoints
combined), colored according to Louvain clustering. For orientation, expression in PBS control samples of key Treg genes (//2ra, Tcf7) and states (aTreg, rTregs)
are visualized at right. (B) Position of cells at each timepoint (replicates pooled) projected onto the UMAP of A; curved arrows highlight the trajectory of rTreg
cells. (C) As B, each cell color-coded according to expression of the IL2-induced signature genes (early, mid or late, from Fig. 1A, listed in Dataset S3). Cells with
high IL2-induction score in the controls are indicated with arrows, as is a “nub” of rTregs cells with comparatively low responses (see also Fig. 5B). (D) As C, for
the combined IL2-repressed signature. (E) Early induction and repression scores were calculated for each cell based on the signatures from Fig. 14, and shown
on a scatter plot (each dot is a cell at a given timepoint).
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corresponds to cycling cells, see below). All cells at 128 h finally
settled in the aTreg zone of the UMAP,

Changes in the position of a cell cloud on a UMAP denote changes
in gene expression, but it was important to relate these to the
IL2-induced signatures described above. From the temporal signature
genesets defined in Fig. 14, we computed induction scores for each
of these signatures (Fig. 3 C and D). The three induction scores
generally followed the expected time course, with strongest scores in
different portions of the time-resolved UMARP. Clearly, the early shift
of r'Tregs (curved arrow) corresponded to the appearance of the early
signature (Fig. 3C). Close examination revealed that the induction
of the signatures was not uniform across all cells. For instance, cells
in the aTreg zone at 1 and 4 h showed much less of the early signature
than those in the rlreg zone (a point further analyzed below).
Similarly, cells in the extreme right nub of the UMAP (cluster 2 of
Fig. 34) had a lower mid-late signature score than the rest of the
rTregs at the 4 to 16 h timepoints. In contrast to these inductive
events that seem to vary between groups of cells, an index computed
from the genes repressed by IL2 appeared more uniformly distrib-
uted; note, for example, how the group of aTreg cells that had low
induction score at 1 or 4 h showed a robust repression score (Fig. 3D).

To better appreciate the heterogeneity in Treg cells responding
to IL2, we plot in Fig. 3E the early induction and repression scores
for every cell, computed as above. Overall, there were no striking
outlier groups of cells. As predicted from the graphic representation
on the UMAP plots of Fig. 3D, the repression score (Y-axis in
Fig. 3E) rose very quickly and quite uniformly in all cells (essentially
set by 1 h, with little variation). In contrast, there was much more
spread in the induction score.

A

We also noted that a fraction of the splenic Tregs in untreated
mice exhibited signs of stimulation by IL2 (arrows in Fig. 3C).
These rare (~5%) cells were displaced from the main group of
rTreg or aTreg in the UMADP, and included cells with high scores
for early or late IL2 signatures. Imaging analyses have shown that,
even in unperturbed conditions, some Treg cells circle around
IL2-producing activated Tconv cells, the balance between cytokine
diffusion and capture by Tregs creating local spatial niches (21,
22). One might propose that these Tregs with high IL2 scores in
control mice represent these events.

Changes in Treg Cell States. After these successive waves of
transcriptional induction and repression, what state do the cells
reach? First, and in keeping with previous reports (3), the presence
of transcripts associated with the cell cycle among the Mid and
Late signatures suggested that many of the Treg cells in treated
might entered into cell division. Indeed, displaying the integrated
signature of cell cycle genes on the UMAP (Fig. 44) revealed
their activation around 64 h, primarily in clusters 9 to 11. To
determine the proportion of cells that divide during this period,
we analyzed by flow cytometry the expression of Ki67, the marker
of cell division, in Treg cells treated in vivo with IL2 (same mode
and dose as above). This analysis (Fig. 4B) revealed a global shift
in Ki67 staining, suggesting that a sizable fraction of the Treg
population was dividing.

It has been unclear whether IL2 can achieve a maturation of
rTreg into aTreg states, in the same way as TCR-driven activation
can. To test this question, we computed signature scores for genes
typical of rTreg and aTreg (from ref. 41). By those criteria, the

IL2 complex

All PBS 1h 4h 8h

16h 24h 64h 128h

Proliferation

0 0.5 1
[
B Proliferation index
PBS i A
rTregs %
aTregs
4.1
IL2-JES6 " 174 = L
64h Foxp3 -
. 212 I — Lﬁ
< 3 rTregs — /‘\
a o e - -
o o —>
FoxP3 CD62L Ki67

Fig. 4. IL2 stimulation induces changes in Treg cell states. (A) Same scRNAseq data and UMAP as in Fig. 3, showing all cells at each timepoint (top row) or color-
coded by cell-cycle signature genes. (B) Flow cytometry plot of splenocytes from mice treated for 64 h with IL2/JES6 or PBS control, showing the proportion of Treg
cells (Left panels) their distribution in rTregs (CD62L"CD44"°) and aTregs (CD62L"°CD44") subsets (Middle panels), and staining for the Ki67 cell cycle marker (Right).
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majority of cells with high rTeg/low aTreg scores did not change
much during the first 24 h, but shifted significantly after 64 h,
remaining in a high aTreg state at 128 h (SI Appendix, Fig. S2C).
These results are consistent with the induction of CD44 observed
in Fig. 4B Thus, it would appear that the shift to an aTreg phe-
notype is a late event, and one that may require a transit through
cell division, but then persists in the long term.

Diversity within IL2 Response Gene Clusters. The results from
Fig. 3 suggested that Tregs with different starting phenotypes
vary in their responses to IL2. We then asked whether all
IL2 responsive genes are induced in a synchronized manner,
or whether responsive genes fall in distinct clusters that are
preferentially active in different cells. A first overall representation
of responsive genes, selected in Seurat as most specific of each
timepoint (Fig. 54), mostly revealed the general unfolding of the
response with successive induction of different genesets, but no
obvious subclusters. For a more resolving perspective, we analyzed
the expression of all transcripts of the Early signature in all cells
from the 4 h timepoint, splitting the cells as outlined in Fig. 58
into the main rTreg group (#1), the main aTreg group (#2), and
a small group of rTregs, eccentric on the UMAP, and which
seemed less responsive in Fig. 3C (#3). Genes were then clustered
according to expression in these three groups. As expected, aTregs
appeared less responsive than rTregs for genes of ClusterA and
ClusterB, but cells of group 3 were the most distinctive, with
a high induction of genes in ClusterA but a lower response for
genes of Clusters B and C. Interestingly, ClusterA contains
several transcripts typical of Treg cells (/2ra, Lrrc32, Gpr83) but
is otherwise entirely devoid of larger groups of genes associated
with cell remodeling (ribosome biogenesis, translation, amino
acid metabolism, Mjyc), all of which belong to clusters B and C.
Thus, this analysis uncovers a subgroup of Treg cells that do not
respond to IL2 with major cellular reprogramming, but only by
modulating a few key transcripts.

We previously described the induction of many interferon sig-
nature genes (ISGs) by IL2, which we attributed to the activation
of STAT1 by IL2 and several other yc cytokines (31). In the
present dataset, ISGs were expressed at baseline in a small set of
rTregs distinct from the main rTreg group (Fig. 5D); these might
be similar to the small groups of ISG™ T cells reported in several
studies (43, 44), perhaps because they reside in an Interferon-rich
microenvironment. Upon IL2 treatment, we observed a rapid
response, detectable after only 1 hr, and present in most rTregs.
This response then waned somewhat, before a second round of
induction at 24 to 64 h (Fig. 5E). This biphasic ISG response was
mirrored by the expression of Statl, the key transducer of responses
to IFN: overexpression of Starl was notable at 24 and 64 h
(Fig. 5F). IL2, even complexed with JES6, activates NK cells and
CD4+ T cells (31) to release interferon. We propose that the
immediate response is due to cell-autonomous activation of
STAT1 by IL2 in Tregs, but that the later and more sustained
induction of ISGs may be indirect.

Stat5 and Statl are both connected to the IL2 receptor, but it
is unclear if they are equally involved in the context of a full
activation by IL2. It was thus of interest to ask whether the
responses of IL2-induced and of ISG signatures were correlated
upon IL2 administration. To this end, we compared the
Early-induced and ISG signature scores for each cell at different
timepoints. In PBS-treated controls, cells with high ISG and 112
signatures were wholly distinct (Fig. 5 G, Leff panel). This dichot-
omy may reflect spatial segregation, each “tail” in the plot encom-
passing Tregs present in small IL2- or IFN-high compartments at
baseline. At short times after IL2 injection, the ISG score increased
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in most cells, with little relationship between the ISG and 1L2
induction scores: Cells with highest ISG score had middling IL.2
scores, and cells with the highest IL2 induction score had low ISG
scores (Fig. 5 G, Mid panel), which suggests that the relative con-
tribution of Statl and Stat5 to IL2 signaling is not equivalent
between cells.

scATACseq: Different Responses to IL2 in rTreg and aTregs.
Having established the heterogeneity in transcriptional activity
of Treg cells exposed to IL2, it was of interest to assess how these
changes were reflected in the underlying chromatin structure. We
generated scATAC-seq profiles of splenic Tregs from mice treated
acutely with IL2 or PBS control as above (2 h). This short exposure
led to a marked shift in Treg chromatin states (Fig. 6A4). After
classifying cells as rTreg and aTregs based on relative accessibility of
specific OCRs (17), the UMAP visualization (Fig. 6B) showed that
rTreg populations shifted more than did aTreg cells in response
to IL2 (median Local Inverse Simpson’s Index (45) between
treated and untreated 1.13 in rTreg vs. 1.60 in aTreg, P < 2.2 x
107'%). Visualization of the closest cells in treated vs. untreated
pools in high-dimensional OCR space [nearest neighbor in an
LSI embedding with IL2 effect removed (45)] confirmed that
all rTregs responded sharply but only a fraction of aTregs did
(Fig. 6C). A major component of the response to IL2 involves
binding of some OCRs by phosphorylated STATS (27, 46, 47).
We quantitated, for each cell, the changes in ATAC signal in OCRs
that contain STATS motifs. While these OCRs opened strongly
and homogenously in rTreg cells, their response was generally lower
and more variable in aTreg cells (Fig. 6D). Thus, the variability in
IL2-induced changes at the mRNA level (Fig. 3) were anchored
in chromatin accessibility between groups of Treg cells.

Mechanistically, the lesser response of aTregs was also reflected
by lower induction of STAT5 phosphorylation after exposure to IL2
in culture (Fig. 6EF). It was explainable, at least in part, by a lower
presence of the high aflinity receptor trimer, identified by anti-CD25
staining, on the surface of aTregs relative to rTregs (Fig. 6D).

In recent work, we combined several experimental strategies with
Machine Learning (“topic modeling”) to quantitatively decompose
the combinatorial architecture of the genetic regulatory network in
Treg cells (17), The resulting framework provides a holistic and clar-
ifying perspective on the different chromatin programs that determine
both the identity and phenotypic diversification of Treg cells. Since
IL2 is such a central factor for Treg identity, it was of interest to
ascertain how its effects played out in this Topic framework (Fig. 6
G and H). As might be expected, no topic uniquely encompassed the
response to IL2. Induced OCRs were specifically enriched for Topics
3, 4, and 12. Overlay onto the framework highlighted a specific
induction of STAT-motif containing nodes. Topic 12 contains an
interferon-responsive component, and its induction was consistent
with the ISG component described above. Accordingly, both STAT
and STAT1/3 families were associated with Topic 12 changes
(Fig. 6H). Conversely, IL2 repressed RUNX and ETS motifs in
Topics 5, 16, and 17 and Forkhead motifs in Topic 17. These chro-
matin programs are also preferentially active in Tconv, suggesting that
IL2 bolsters Treg identity by suppressing Tconv-specific features, a
notion of interest given IL2’s role in supporting Treg differentiation
(19). Thus, chromatin topics captured the specific response to IL2,
described differences across cell states, and highlighted connections
to different inductive and repressive mechanisms of IL.2 action.

Transcription Factor Networks that Control Treg Responses to
IL2. We next investigated how the Treg TF regulatory network
controlled and adapted to IL2. Paired single cell transcriptomic
and chromatin datasets of the same biological process can enable
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Fig. 5. Diversity within Treg responses to IL2. Same mouse treatments and scRNAseq data as in Fig. 3. (A) Heatmap showing top differential genes for each
timepoint, selected by the FindMarkers function in Seurat. (B) Treg cells at the 4 h timepoint were separated into the main rTreg group (group 1), aTregs (group
2), and a group of less-responsive rTregs (group 3—also identified in Fig. 3C). (C) Heatmap of genes in the early-induced signature (from Fig. 1) clustered by k-
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Fig. 7. Mapping the transcription factor networks that control Treg responses to IL2. (A) Heatmap showing the motif enrichment (-log10 FDR, permutation test)
of the indicated transcription factor (TF) motifs in OCRs linked to gene sets induced at early, mid-late, and late timepoints. (B) The correlation (x-axis) between TF
expression and accessibility of target OCRs which contain the cognate TF motif and are linked to genes from the indicated gene sets (computed in the cells from
the relevant time point for each gene set) vs. gene set motif enrichment (y-axis, ~log10 FDR as in A). Transcription factors highlighted in red indicate | correlation |
> 0.1 (with permutation FDR < 0.05) and motif enrichment FDR < 0.10. (C) TF-gene expression correlation network of major TFs from B across different timepoints.

Positive correlations in pink, negative correlations in green.
reconstruction of underlying gene regulatory networks. To gain

temporal resolution on chromatin changes in response to IL2, we

generated another scATAC-seq data of Tregs from Foxp3-GFP

PNAS 2025 Vol. 122 No.47 2518991122

reporter mice treated with mIL2/JES6 complexes (10/100 pg)
at the same time points as for the scRNA-seq data, hashtagged
into one large dataset. Unfortunately, a technical failure in the
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hashtag library of this large experiment made the demultiplexing
impossible. We used a computational strategy to pair cells from the
scRNA-seq and scATAC-seq datasets (48), with label transfer (49)
to identify cells in the scATAC-seq dataset corresponding to the
different time periods (pre, early, mid and late) in the scRNA-seq
data (87 Appendix, Fig. S2A). As validation of this approach, the
chromatin signature of our prior 2 h IL2 stimulation experiment
was induced most highly specifically in cells assigned to the earliest
timepoints (S7 Appendix, Fig. S3B).

We leveraged these scRNA—scATAC pairings to learn regulatory
relationships underlying the IL2 response. To identify candidate
cis-regulatory elements relevant to the IL2 response, we computed
correlations between the expression of each gene and the accessi-
bility of its nearby OCRs (Dataset S4). We then linked these OCRs
to TFs whose motifs were statistically enriched among OCRs sig-
nificantly connected to genes from each of the IL2-induced gene
sets from Fig. 1 (Dataset S54). We focused on the induced gene
sets as the repressed gene sets had few significant motif enrichments
(Fig. 7A and SI Appendix, Fig. S3C). Underscoring their dominant
contribution to the IL2 response, STAT motifs were enriched
among OCRs linked to gene sets from all three timepoints
(Fig. 7A4). Other motif families had more restricted patterns. OCRs
linked to the Early signature genes were enriched in ETS and REL
motifs, while KLF/SP motifs were enriched in the mid-late induced
group and even more strongly in the late induced gene set, and
AP/1 and REX motifs were enriched in the late induced genes.
IRF and E2F motifs were enriched in the mid-late induced group,
echoing the induction of ISGs and proliferation signatures, respec-
tively. Thus, paired scRNA and scATAC data linked TFs to induc-
tion of different groups of IL2-responsive genes.

While motif enrichment can nominate families of TFs, narrow-
ing in on individual TFs requires orthogonal data to overcome
within-family motif similarity. Expression values for the individual
factors in the scRNA-seq data provide one such opportunity. To
nominate TFs modulating cis-regulatory activity at IL2-relevant
loci, we calculated the correlation of each TF’s expression vs. the
accessibility of OCRs which contained its cognate motif, and which
had significant links to genes from IL2-responsive gene sets. Plotting
this correlation vs. the motif enrichment score (Fig. 7B and
Dataset S5B) distinguishes two modes of association; opening at
OCRs connected to Early induced genes were most correlated with
expression of the NF-kB member cRel (Fig. 7 B, Left panel). In
contrast, TFs like Stat5a and Stat5b show stronger motif enrich-
ment, but no correlation, because their activity is not regulated by
increased expression but by posttranslational modification (Fig. 5F).

Genes induced later in the response were positively associated
with multiple AP-1 TFs (e.g., Batf, Fos) and Runx3, consistent with
prior findings (32) and multiple KLF members, of which only
KLF12 was both significantly enriched and correlated. Maf family
members have been previously identified as differentially expressed
in the response to IL2 (3)—in our network, which leveraged both
chromatin and expression data, Maf was significantly correlated
but not enriched in the late-induced genes, suggesting it is a sec-
ondary contributor to the IL2 response. Bach2 was a prominent
putative negative regulator. Importantly, Bach2 switched from
being a positive regulator for earlier induced genes to a negative
one later in the response, suggesting dynamic changes in its regu-
latory activity and a negative feedback mechanism (accordingly,
Bach?2 is down-regulated at late times of the response—Dataset S1).
Batf had significant positive and Bach2 had significant negative
association with the late induced gene OCRs even in the PBS con-
dition, consistent with the IL2-signaling in control mice described
in Fig. 3, but all correlations increased upon IL2 stimulation

(Fig. 7B and SI Appendix, Fig. S3D and Dataset S5C). Thus, TF
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correlation analyses homed in on specific TFs controlling the IL.2
response and parsed their temporal effects.

Finally, we used the top TFs nominated from this analysis to
generate a TF-gene regulatory network (Fig. 6C and SI Appendix,
Fig. S4A). We constructed this network from gene-gene correla-
tions of TFs and genes from each of the induced gene sets across
individual cells in the scRNAseq data (analytical power here derives
from the coordinated responses to IL2 but also from the cell-to-cell
fluctuations across the dataset; Dataset S64). We retained only
significant TF-gene connections (permutation test) where OCRs
linked to each gene also contained the corresponding TF motif.
Each time point showed progressively greater number and strength
of regulatory connections compared to the PBS control. At the
earliest timepoint, initial induction above PBS was strongest
through Rel-associated OCRs (including Myb and Myc), with
weaker links to Batf and KIf12. Bach2 had both positive and neg-
ative connections to different genes. Progression of the response
was marked by decreasing association with Rel and increasing
association with KIf12 and Batf-linked genes. Importantly, KIf12
itself induced Batf and Fos, suggesting it functions at the top of
the hierarchy of TFs in the later part of the response. Bach2 also
became a primarily negative regulator, consistent with Fig. 7B.
Batf, Bach2, and Rel all positively contributed to //27a expression,
and KLF12 positively controlled 7/2rb, explaining a positive feed-
back loop of IL2 sensing. Note, as mentioned above, that these
gene—gene correlations between TF and target will miss effects
mediated at the protein modification level, which is why STATS
does not appear in the networks of Fig. 7C. We thus separately
generated a network based on correlation of accessibility of TF
target OCRs and the expression of their linked genes, also includ-
ing the significantly enriched STAT motifs in the analysis
(81 Appendix, Fig. S3 and Dataset S6B). Here, Stat5 factors dom-
inated the network (including associations with 7/272 and 7/275),
and this analysis again showed a progression from Rel- and
Runx3-linked genes to increasing control of KIf12 and AP-1 factors
(Fos and Batf). Consistent with prior reports of Gatal inactivation
contributing to regulation of middle time points (32), STAT motifs
negatively regulated Gazal expression in this network. Thus, the
refined regulatory network identified the individual gene targets
of the major TF controllers of the IL2 response in Tregs.

Discussion

This study shows the Treg response to IL2 as a coordinated, yet
heterogenous, rewiring that is more nuanced and complex than a
binary “on/off” switch. Using a broad time course of stimulation,
from 1 to 128 h, the data fully captured the changes in transcrip-
tional and epigenomic programs that unfold over time of stimu-
lation, but also point to diversity in the responses: There is not
true equity in how different Treg cells respond, and different gene
modules are not equally included across all Treg subsets.

Tregs mount a very rapid and coherent transcriptional and chro-
matin response to 112, which we found to be already maximal, in
terms of the number of responding genes, by 4 h after treatment.
These results differed in this respect from a previous study, which
reported a slower and more accumulative course (32). We suspect
that the difference may be due to the doses administered, or to the
statistical threshold used for gene counting. Importantly, however,
the response clearly morphed over time, as evidenced by the evolving
signatures (Fig. 1), the cell trajectory across the multidimensional
UMAP space (Fig. 3), and by the changing impact of specific tran-
scription factors (Fig. 7). These changes included the activation of
canonical pathways described in previous studies (31, 32, 50) that
denote IL2’s profound reworking of cell states, including Myc and
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other mTOR-associated metabolic transcripts. These transcriptional
shifts were mirrored at the chromatin level, with widespread opening
of STAT5-bound regions and a broad remodeling of accessible chro-
matin. This rapid response points to a “poised” state in many Tregs,
ready to respond to IL2-mediated cues, from high expression of
CD25 and intracellular signaling machinery geared toward an
immediate response to fluctuating IL2 levels.

The scRNAseq data also highlighted a small group of Treg cells
which display high IL2 signature scores at steady state in unper-
turbed mice (Fig. 34). These included Tregs in which either early
or late IL2 signatures predominated, implying that the whole cycle
of the Treg response to IL2 operates continuously on some Tregs
at baseline, likely driven by sporadic Tconv activation by environ-
mental antigens. It may be worth nothing that the acute CD25
knockout rapidly affected large proportions of rTregs (50), more
than the few percent found here with a high IL2 signature score
in control mice. Thus, IL2 probably operates at two levels at base-
line: a small proportion of Treg cells with high exposure that drives
a full response, and a lower but more widespread level of exposure
that supports the maintenance of the Treg pool.

The fine analyses of the single-cell data reported here also
highlight strong disparities in the ability of different Treg subsets
to respond to IL2. At both the chromatin and transcriptional
levels, aTregs presented a weaker and more variegated response,
even under saturating doses of the cytokine doses. This disparity
between rTreg and aTreg is consistent with prior observations
(50, 51). Smigiel et al. previously reported a low responsiveness
to IL2 in CD44"CCR7" Tregs (51), interestingly attributing it
to an inability of those cells to use CCR7 to home to locales of
high IL2 concentration. Since the injected IL2/JES6 complexes
in our experiments are diffusible and not constrained by local
production, the present results probably negate this interpreta-
tion. Instead, they indicate an intrinsically low response of
aTregs to IL2 relative to rTregs, that involves, in a cell-autonomous
manner, all players (receptor, STAT, chromatin) in the Treg
response to IL2: aTregs express less CD25, exhibit less STATS
phosphorylation upon IL2 exposure, and show weaker accessi-
bility changes in STAT5 motif-containing regions. These results
are congruent with the relative insensitivity of aTregs to acute
CD25 ablation, which might have been attributed to compen-
sating homeostatic expansion that pushes Tregs into an aTreg
state (52). Together, they suggest a shift toward other homeo-
static regulators. There is certainly the precedent of ST2+ aTreg
cells that are driven by IL33 (53, 54, 55), but our results suggest
a wider shift, which might be worth exploring since aTregs rep-
resent the primary effector state for Tregs.

The diversity in Treg responses to IL2 extends beyond the rTreg/
aTreg dichotomy: A small group of rTreg cells with high CD25
expression (cluster 3 in Fig. 5) seem to eschew the broad cell acti-
vation response (ribogenesis, activation of transcription, and trans-
lation) driven by IL2 and Myc in most Tregs, and instead only
induce a smaller subset of responding genes, several of which are
typical Treg genes. Overall, these results hint at a more modular
IL2 response architecture, where certain functional modules (e.g.,
suppressive capacity) can be uncoupled from others (e.g., prolif-
eration, metabolism). This concept could have significant impli-
cations for designing IL2-based therapeutics that aim to boost
regulatory function without necessarily expanding the Treg pool.
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Even more heterogeneity was detected in the activation of ISGs by
IL2. It was biphasic: first, a very fast response (1 to 2 h) which we
attribute to a cell-autonomous activation of STAT1 by IL2 (1, 3),
which was followed by a delayed wave that might reflect interferon
released by NK and Tconv cells in response to IL2. But it was clear
that these responses were again not uniform, even among rTreg cells,
especially at early times (Fig. 5D). Indeed, the divergence between
the induction of ISGs and of IL2-early signatures at the early time-
points (Fig. 5G) suggested that individual cells vary in the degree of
Statl vs. Stat5 signaling, perhaps by variable recruitment of Stat pro-
teins at the IL2R/JAK complex.

Finally, these results carry translational implications. Several
[L2-based immunotherapies (low-dose IL2, IL2 muteins, immu-
nocytokines, etc.) are already in clinical development (23). Our
data show that rTregs are the most readily transcriptionally repro-
grammable targets of such treatments, but also that Tregs exposed
to IL2 do eventually adopt an aTreg phenotype (Fig. 4), with the
induction of several effector molecules (Fig. 1). In addition, the
results of Fig. 2 indicate that although biasing IL2 toward activa-
tion of either the trimeric or dimeric IL2 receptor successfully
skews its activities toward Tregs or NK cells, respectively, effects
at the genome level are still present on both cell types. It is thus
important to consider the response to IL2-based interventions on
both targeted and untargeted cells.

In conclusion, IL2 is not a monolithic “go” signal for Treg cells
but instead a temporal and context-dependent sculptor of identity
and function.

Materials and Methods

Mice and Treatments. Foxp3”es'9f’J/Bé (56) mice on the Bé background (bred in
our colony),and C57BI6J (Jackson) were used at 6 to 8 wk of age, under HMS IACUC
1S00001257.1L2/JES6-1 complexes were administered i.v.as described (31),at 10
pg IL2 to 100 pg JES6-1. Forimmunocytokines (purified as described (37-39), 10
pg doses (equivalent to ~5 pg IL2) were administered i.v.in 100 L PBS.

RNA and Chromatin Profiling. For low-input population profiling, the standard
ImmGen SmartSeq? protocol was used, using 1,000 double-sorted splenicTreg
cells. External gene signatures (Dataset S3) include the IL2 signature gene sets
for NK cells (31), panimmunocyte 1SGs (42), cell cycle signature genes (57), and
alreg/rTreg signatures (41). scRNA-seq experiments were performed on the 10x
Genomics Chromium 3’ v2 platform as described (44), samples from different
time points were run together with TotalSeq hashtags (BioLegend). Data were
processed using CellRanger (10x Genomics) and analyzed with Seurat (10903).
scATACseq on the 10x Genomics Chromium instrument (17). used hashtagged
cells with a modification of ASAP-seq (40). Data were processed and analyzed
as described (17) with Signac v1.14.0 (58). For comparisons across conditions,
we used a common set of Treg-specific OCRs (17) Bias-corrected relative motif
accessibility was calculated using chromVAR (59).

Data, Materials, and Software Availability. RNAseq and scATACseq data have
been deposited in GEO (GSE297025) (60).
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S| APPENDIX FIGURE LEGENDS

Fig. S1. Transcriptomic changes after stimulation with different doses of IL2. A.
FOXP3'RES-CFP mice were stimulated with different doses of IL2 equivalent from 0.1ug to 10ug
showing similar level of induced and repressed gene expression patterns. B. Plot showing the

induction index for the different injected doses of IL2 equivalent.

Fig. S2. scRNAseq cluster composition across the IL2 treatment timecourse A. Table of
cell frequencies (as % of total Tregs at that timepoint), in each of the Louvain clusters shown in
Fig. 3A. B. Significance of the change in cell frequency for each cluster across the time of
response, computed by a Fisher's exact on raw cell numbers (see methods), shown as —
logl0(FDR). C. rTregs and aTregs signature scores were calculated for each cell based on the

signatures from Dataset S3, and shown on a scatter plot (each dot is a cell at a given timepoint).

Fig. S3. sCATAC-seq of IL2 treatment timecourse A. UMAP of scATAC-seq of IL2 treatment
timecourse, colored by density of cells assigned to each condition by label transfer from
corresponding scRNA-seq data. B. Relative chromatin accessibility (chromVAR scores) of
chromatin regions increased in accessibility by 2h IL2 stimulation (from Fig 6) in cells assigned
to each of the indicated timepoints, as in Fig S3A. C. Heatmap, as in Fig 7A, showing the motif
enrichment (-log10 FDR, permutation test) of the indicated transcription factor (TF) motifs in
OCRs linked to gene sets induced or repressed at early, mid-late, and late timepoints. D. The
correlation (x-axis) between TF expression and accessibility of target open chromatin regions
(OCR) which contain the cognate TF motif and are linked to genes from the indicated gene sets

(computed in the PBS condition) versus gene set motif enrichment (y-axis, -log10 FDR as in Fig



7A). Transcription factors highlighted in red indicate |correlation|>0.1 (with permutation FDR <

0.05) and motif enrichment FDR < 0.10.

Fig. S4. Alternative motif-centered IL2 regulatory network. Network based on correlation
between accessibility of TF target OCRs and the expression of their linked genes across cells

from the indicated timepoints. Positive correlations in pink, negative correlations in green.
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Figure S2
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Figure S3
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Figure S4
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S| APPENDIX DATASET LEGENDS

Dataset S1: Summary of IL2-induced changes over time (population RNAseq data).
Dataset S2: Summary of changes induced by Immunocytokine directed IL2 activation
between cell types.

Dataset S3: Transcriptional signatures used in this study.

Dataset S4: OCR to Gene Links.

Dataset S5: (A) Gene set motif enrichment, corresponds to Fig 7A, S3C. (B) Source
data for volcano plots in Fig 7B.

Dataset S6: (A) IL2 TF Regulatory Network (Gene-Gene Correlation), corresponds to
Fig 7C. (B) IL2 TF Regulatory Network (TF target OCR accessibility-Gene Expression

Correlation), corresponds to Fig S4.
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