IL-2 production by self-reactive CD4 thymocytes
scales regulatory T cell generation in the thymus
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Regulatory T (T reg) cells, a specialized subset of CD4* T cells, are essential to prevent fatal autoimmunity. Expression of the T
reg lineage-defining transcription factor Foxp3, and therefore their differentiation in the thymus, is dependent upon T cell
receptor (TCR) and interleukin-2 (IL-2) signaling. Here, we report that the majority of IL-2-producing cells in the thymus are

mature CD4 single-positive (CD4SP) thymocytes and that continuous IL-2 production sustained thymic T reg cell generation

and control of systemic immune activation. Furthermore, single-cell RNA sequencing analysis of CD4 thymocyte subsets
revealed that IL-2 was expressed in self-reactive CD4SP thymocytes, which also contain T reg precursor cells. Thus, our
results suggest that the thymic T reg cell pool size is scaled by a key niche factor, IL-2, produced by self-reactive CD4SP
thymocytes. This IL-2-dependent scaling of thymic T reg cell generation by overall self-reactivity of a mature post-selection
thymic precursor pool may likely ensure adequate control of autoimmunity.

Introduction

Regulatory T (T reg) cells, a specialized subset of CD4* T cells
defined by expression of Foxp3, are critical for protection
against life-threatening autoimmunity (Sakaguchi et al., 1995;
Kim et al., 2007; Lahl et al.,, 2007). Neonatal thymectomy
studies in mice demonstrated that the thymus serves as the
main source of suppressive T reg cells (Asano et al., 1996). T
reg cell differentiation in the thymus proceeds in a two-step
fashion. Upon strong TCR stimulation by self-peptide pre-
sented on MHC class II complexes, CD4 single-positive
(CD4SP) thymocytes undergo changes in gene expression,
among which up-regulation of CD25, the high-affinity subunit
of the IL-2 receptor, is particularly important. Induction of
CD25 expression endows immediate Foxp3~ T reg cell pre-
cursors with the ability to effectively compete for the limiting
amount of IL-2 in the thymic microenvironment (Burchill
et al., 2008; Lio and Hsieh, 2008). The resulting signaling
through the IL-2 receptor leading to STAT5 phosphorylation
in CD25*Foxp3-CD4* thymocytes facilitates induction and
maintenance of Foxp3, the X chromosome-linked lineage-
defining transcription factor, whose continuous expression
is required for T reg cell differentiation and function (Burchill
et al., 2007).

The size of the T reg cell population needs to be tightly
controlled, to ensure suppression of autoimmunity and inflam-
mation mediated by self-reactive T cells, while allowing for
protection against microbial and abiotic challenges (Lee et al.,
2012). One factor contributing to T reg cell differentiation in the
thymus is the random generation of self-reactive TCRs. How-
ever, according to the two-step model, cell-intrinsic TCR sig-
naling in T reg precursors confers potential to give rise to T reg
cells, but by itself is insufficient for their differentiation. Thus,
the mechanisms of scaling of the T reg cell population to the
overall pool of self-reactive T cells in the thymus remains
unknown.

On a general level, the size of differentiating cell populations
is defined by “niche” cells, which serve as a source of a limiting
key factor(s) and are frequently of a developmental origin dis-
tinct from their “client” cells. The former, by acting in a cell-
extrinsic manner, affect the pool size of differentiating cells or
their precursors. Considering the rather unique function of T
reg cells as a dominant negative feedback to control self-
reactivity, we hypothesized that contrary to a customary
distinct ontogeny of niche cells, a cell-extrinsic mechanism
controlling T reg population size is the limiting IL-2 produced by
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self-reactive thymocytes themselves. This ensures a newly
generated T reg cell population size proportional to the size of
the developing self-reactive T cell pool. Here we report that a
population of self-reactive CD4SP thymocytes (with a signature
of recent TCR engagement) are the major source of IL-2 in the
thymus that is required for efficient T reg cell differentiation
and maintenance of immune homeostasis.

Results and discussion

Continuous dependence of thymic T reg cell generation on IL-2
Germline deficiency in IL-2 or a T reg cell-specific deletion of
the IL-2 receptor subunits results in an early onset fatal auto-
immunity and wasting disease, characterized by a severe re-
duction of T reg cells in the thymus and periphery (D’Cruz and
Klein, 2005; Fontenot et al., 2005a; Chinen et al., 2016). Even
though T reg cells express the high affinity IL-2 receptor (IL2Ra/
CD25), they themselves do not produce IL-2 and are dependent
on paracrine sources of IL-2 (Thornton and Shevach, 1998; Pan
et al., 2009). Since early induction of systemic autoimmune
disease including severe anemia in mice congenitally lacking
IL-2 can obfuscate assessment of a role of IL-2 in T reg cell
generation and does not allow its assessment in adulthood, we
induced ablation of a conditional II2 allele (112f)) in adult mice and
observed a profound decrease in the frequency of T reg cells in
the thymus and effector CD4 T cell expansion and activation in
the periphery (Fig. 1 A; data not shown). This observation
highlighted a continuous dependence of thymic T reg cell gen-
eration on IL-2, consistent with its proposed role as a niche
factor.

IL-2-producing cells in the thymus

The cellular sources of IL-2 that promote T reg cell differentia-
tion in the thymus and maintenance in secondary lymphoid
organs or in nonlymphoid tissues have been the subject of
considerable debate, and specific features of these cells re-
mained unknown. Among candidate thymic IL-2 producers have
been thymocytes, thymic dendritic cells (DCs), and stromal cells
(Weist et al., 2015; Owen et al., 2018). To identify the specific
cellular sources of IL-2, we generated I12¢"*/*Rosa26lox-STOP-lox-Tom
mice, in which cells with a developmental or "life-history" of IL-2
expression were permanently marked by a fluorescent reporter
protein (tdTomato; tdTom), whose expression is induced by
Cre recombinase driven by the endogenous II2 locus. A small
percentage of cells in the thymus were tagged with tdTom
(Il2cre—fate-mapped [FM] cells), and these cells were mostly
TCRP-expressing CD4* thymocytes (Fig. 1, Band C; and Fig. S1A
and B). Labeled (“IL-2 fate-mapped”) CD4SP thymocytes could
already be detected in neonatal mice as early as postnatal day 3
(P3) and continued to increase into adulthood (Fig. 1 D, left
panel). Of note, in mice at P3, the thymus was the only tissue in
which labeled cells were detectable, and P3 coincided with the
first T reg cells emerging from the thymus, supporting the idea
that thymocyte production of IL-2 is a limiting factor for T reg
cell generation. We also consistently detected FM T reg cells in
the thymus, spleen, and lung of neonatal and adult mice, sug-
gesting a life-history of IL-2 expression in precursors of some T
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reg cells, even though their proportion was markedly lower
than that of FM non-T reg cells (Fig. 1 D, right panel). The
frequencies of labeled cells in the thymus were lower than in
spleen or lung, which might be a reflection of thymic emigra-
tion during Cre-mediated recombination and expression of the
fluorescent reporter or a preferential expansion of those cells
in the periphery. In contrast, we failed to detect tdTom-
expressing DCs or CD45~ stromal cells (Fig. S1 C). Consistent
with these observations, ablation of a conditional II2 allele in
DCs using a highly specific Cre driver (Il27Pt46cre/+) did not
affect T reg cell development in the thymus, and the peripheral
maintenance of immune homeostasis was unimpeded, ruling
out thymic DCs as a source of IL-2 biologically meaningful for T
reg cell generation (Fig. S1, D-F).

To assess the overall potential for stimulation-induced IL-
2 protein production by different thymocyte subsets, we assayed
bulk thymocytes ex vivo and detected IL-2 production by in-
tracellular cytokine staining in CD4SP thymocytes, but to a
much lesser degree in CD8SP, TCRy8* T cells, and natural killer
T cells (Fig. 1 E). Since CD4SP thymocytes represented the major
potential source of IL-2 in the thymus, we sought to more pre-
cisely define the IL-2 producers among them, specifically, by
dividing them into four major subsets: thymic T reg cells
(CD4*Foxp3*), CD4"CD25*Foxp3- cells, and CD4*CD25 Foxp3-
cells that were further subdivided into immature and mature
CD4SP cells based on CD24 and CD62L cell surface expression
(for gating strategy, see Fig. S2). These four subpopulations were
assessed for chromatin accessibility at the I12 locus measured by
ATAC-seq (Assay for Transposase-Accessible Chromatin using
sequencing) analysis. Strikingly, only the CD4*CD25*Foxp3-
subset exhibited an active II2 locus marked by open chromatin,
suggesting that this population is enriched in cells that express
IL-2, have the potential to express IL-2, or have a recent history
of its expression (Fig. 1 F). We surmised that these cells may
have recently received strong TCR stimulation upon self-pep-
tide:MHC class II recognition that led to IL-2 expression and
CD25 up-regulation. Indeed, in line with previously published
data, we found that CD4*CD25*Foxp3~ cells expressed high
levels of Nur77 when compared with the mature CD4SP subset,
supporting the idea that this population is enriched in self-
reactive T cells (Fig. 1 G; Moran et al., 2011). To further delin-
eate the ability of these various subsets to secrete IL-2, we sorted
the populations described above and stimulated them ex vivo.
Immature CD4SP and thymic T reg cells expressed and secreted
little IL-2. The majority of IL-2 was produced by mature CD4SP
and to a lesser degree by CD4*CD25* thymocytes (Fig. 1, Hand I).
These data represent the potential of all cells within each sub-
population to produce IL-2 after encountering strong TCR
stimulation through PMA and ionomycin (Fig. 1 H) or TCR cross-
linking (Fig. 1 I), irrespective of their TCR affinity for self-
antigens, the predominant source of TCR ligands encountered
by thymocytes in an unperturbed animal.

Thymocytes, but not peripheral T cells, provide IL-2 for T reg
cell generation

To confirm the role of thymocyte-derived IL-2 in thymic T reg
cell generation, we employed various genetic approaches.
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Figure 1. The majority of IL-2 producers in the thymus are self-reactive CD4SP thymocytes. (A) Frequency of T reg cells and precursors (CD25*Foxp3-)
in the thymus pregated on CD4SP thymocytes in control mice (I2%; n = 10) and mice with an inducible deletion of IL-2 ([[2UbcreER2/+; = 8) treated with a
tamoxifen diet for 4 wk. (B-D) Frequency of I[2<"-FM cells in representative flow cytometry plots (B) and relative make-up of the FM cells in the thymus of
1[2¢r¢/*xROSA26'!om/* (n = 5; C) or at various stages of development: P3 (n = 4; black squares), P9/10 (n = 4; black circles), adult (n = 6; open squares) in thymus,
spleen, or lung within CD4*Foxp3~ (left panel) or CD4*Foxp3* (right panel; D). (E) Relative (left panel) and absolute (right panel) quantification of
IL-2-producing thymocytes after 4 h ex vivo stimulation with PMA and ionomycin (n = 8). (F) ATAC-seq analysis of sort-purified CD4SP thymocytes; ac-
cessibility at the /12 locus is highlighted. Analysis was performed in duplicate, but for simplification only one track is shown per cell type. (G) Flow cytometry of
Nur77 expression in Nur77RFPFoxp3¢FP mice (n = 7), quantified over several mice in the right panel (shaded histogram, reporter negative; black line, immature
[imm.] CD4SP; blue line, mature [mat.] CD4SP; purple line, CD25*Foxp3~; red line, CD25-Foxp3*; green line, CD25*Foxp3*). (H and 1) IL-2 production of
purified CD4SP thymocyte subsets quantified by intracellular cytokine staining after ex vivo stimulation with PMA and ionomycin for 4 h (H) or by ELISA after
stimulation on aCD3/aCD28-coated plates for 12 h (I). Data in A, C-E, and G-I are means + SEM. Data in A-C, E, and G-I represent at least three independent
experiments. **** P < 0.0001; ***, P < 0.001 by unpaired t test.

Deleting an I2! allele in all T cells early during thymocyte dif- note, the overall frequency of Foxp3* thymocytes was only
ferentiation using proximal Lck promoter-Cre (Il2Pl<kere) or  slightly decreased, due to an increase in CD25 Foxp3* thymo-
CD4-Cre transgenes (data not shown) revealed a profound defect ~ cytes, a recently described putative T reg cell differentiation
in T reg cell differentiation in the thymus (Fig. 2 A). The fre- intermediate (Owen et al., 2019). This reduction of T reg cells
quency of CD25*Foxp3~ CD4SP was unchanged, but the was also evident in secondary lymphoid organs and was ac-
CD25*Foxp3* T reg cell compartment was reduced by ~50%. Of companied by increases in activated and proliferating CD4 and
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Figure 2. Deletion of IL-2 early during T cell development impairs T reg cell development and results in immune activation in secondary lymphoid
organs. (A) Frequency of T reg cells and precursors (CD25"Foxp3-) in the thymus pregated on CD4SP thymocytes in 7-wk-old control mice (L2 n = 3; black
squares) and mice with a T cell-specific deletion of IL-2 (I[2Pt<k<r¢; n = 3; open squares). (B-F) Frequency of Foxp3-expressing T reg cells (B), IFN-y-expressing
CD4* T cells (C), activated CD62L-CD44* CD4 T cells (D), CD8 T cells (E), and proliferating (Ki67*) CD4 and CD8 T cells (F) in secondary lymphoid organs of the
above-mentioned mice. The left panels of D and E are representative images of flow cytometry data showing an overlay of control (red) and I[2P-¢kre-derived
T cells (blue) plotted in the adjacent bar graphs. (G) Frequency of T reg cells and precursors (CD25"Foxp3~) in the thymus pregated on CD4SP thymocytes in
14-wk-old control mice (I2% n = 3; black squares) and mice with a T cell-specific deletion of IL-2 (/24-<kere) |ate during development (n = 4; gray squares; left
panel) and IL-2 production of various thymic T cell populations after a 4-h ex vivo stimulation with PMA and ionomycin (right panel). All data are presented as
means + SEM and are representative of at least three independent experiments. ****, P < 0.0001; ***, P < 0.001; ** P < 0.01; *, P < 0.05; ns, P > 0.05 by
unpaired t test. PP, Peyer’s patches; mLN, mesenteric LN; NKT, natural killer T cells.

CD8 T cells and elevated IFN-y production observable already in  possibility, we ablated IL-2 very late in thymocyte differentia-
young mice (Fig. 2, B-F). These findings raised the question tion and in peripheral T cells using a distal Lck (dLck)
whether a small number of IL-2-producing activated peripheral promoter-driven Cre transgene (I124<r¢). We found no dis-
CD4*CD25"Foxp3~ T cells re-enter the thymus and serve as a cernible impact on T reg cell differentiation in the thymus
source of IL-2 for T reg cell differentiation. To exclude the latter ~ (Fig. 2 G); yet peripheral T cell activation was observed, albeit
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less pronounced than in II2Ptekere mice (Fig. S3). In addition, our
IL-2 fate mapping in neonatal mice described above also strongly
supports a thymic origin of the IL-2 producers at the time of T
reg cell emergence (Fig. 1 D). These data combined with the
ATAC-seq results suggest that self-reactive CD25*Foxp3-CD4SP
thymocytes, a subset that also contains T reg precursor cells, are
the relevant source of IL-2 that promote T reg cell generation in
the thymus.

TCR-induced IL-2 production by CD4SP thymocytes promotes
T reg cell generation

To explore the relationship between producers and consum-
ers of IL-2, we set up an in vitro model of thymic T reg cell
differentiation based on a two-step process requiring strong
TCR stimulation followed by exposure to IL-2, leading to in-
duction of Foxp3 expression. Both immature and mature
CD4SP cells, upon stepwise TCR stimulation and exposure to
IL-2, could up-regulate Foxp3 protein expression. The effi-
ciency of Foxp3 induction scaled with the amount of IL-
2 provided, and was higher with mature CD4SP as a starting
population (Fig. 3 A). TCR stimulation was absolutely required
for Foxp3 induction, as IL-2 alone was not sufficient to induce
Foxp3 in either subset (Fig. 3 B). If starting with CD4*CD25*
CD4SP cells, which have presumably experienced strong TCR
signaling, exposure to IL-2 alone was sufficient to induce
Foxp3 expression, in agreement with a previous report (Fig. 3 C;
Lio and Hsieh, 2008). Exposure to conditioned media after
withdrawal of TCR stimulation was sufficient to induce Foxp3
expression in mature CD4SP, and the inducing activity was
reduced by =50% upon antibody-mediated blockade of IL-2
(Fig. 3 B). To isolate the Foxp3 expression-promoting effect of
IL-2 signaling from TCR stimulation and consequent IL-2
production, we next employed stimulation with the bacterial
super-antigen staphylococcal enterotoxin B (SEB), which
strongly stimulates T cells expressing TCR VB8 chains (White
et al., 1989). Expectedly, SEB preferentially induced Foxp3
expression in VB8-bearing T cells in a dose-dependent man-
ner, which was strongly impaired in the presence of blocking
antibodies against IL-2 (Fig. 3 D, gray bars). Up-regulation of
CD25, a surrogate for TCR stimulation, was also preferentially
observed in TCR V[8-expressing cells, but was largely
unaffected when IL-2 was neutralized (data not shown). In-
terestingly, we consistently observed differentiation of V(8-
negative self-reactive T cells, even if markedly less prominent
(Fig. 3 D, black bars). These results suggest that IL-2 produced
by VB8-expressing thymocytes in response to SEB stimulated
Foxp3 expression in “bystander” T reg cell precursors. Simi-
larly, treating mice with SEB led to an overall expansion of T
reg cells and IL-2 FM cells in the thymus at 48 h after injection.
While the majority of the increase was contributed by thymo-
cytes receiving strong TCR stimulation through VB8* TCR
chains, we observed consistent increases in VP5- and Vpe-
bearing T reg cells, albeit to a smaller degree (Fig. 3, E-G).
Importantly, the expansion of T reg cells was blunted in
Tl2ptekere mice injected with SEB (Fig. 3, H-J). These results
suggest that T reg precursor cells, upon receiving a strong TCR
signal, can produce IL-2, which in turn promotes their own
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differentiation into T reg cells, or differentiation of thymocytes,
which have received a TCR signal before paracrine IL-2
signaling.

Single cell RNA-sequencing (scRNA-seq) analysis of IL-2
production by CD4SP thymocytes
To gain insight into characteristic features of thymocytes pro-
ducing IL-2 in situ, we performed scRNA-seq analysis of mature
CD25-Foxp3-CD4SP, CD25*Foxp3-, and Foxp3* CDASP thymo-
cytes. After initial processing, a total of 11,874 individual cellular
transcriptomes were analyzed using unsupervised graphical
clustering and visualized using t-distributed stochastic neighbor
embedding (t-SNE). The three analyzed subsets had largely
distinct distribution patterns in the resulting t-SNE plots (Fig. 4
A). The cells yielded 12 distinct clusters (clusters 0-11; Fig. 4, C
and D). Performing unsupervised clustering of the top 30 dif-
ferentially expressed genes from each cluster revealed 7 distinct
groups of similarly regulated genes (Fig. 4 E). Clusters 1, 5, and 6
contained predominantly thymic T reg cells, enriched for ex-
pression of Foxp3, Il2rb, Izumolr, and Ctla4 strongly associated
with a T reg cell signature (Zemmour et al., 2018; Fig. 4, D and E,
group V). Cluster 6 in particular seemed to be enriched for genes
that are associated with T reg cell activation (Ccl5, Maf, Icos, and
Nrpl; Fig. 4, B and E). Cluster 11 cells were defined by a strong
IFN signaling signature (Statl, Ifitl, and Irf7), potentially en-
compassing cells undergoing late stages of T cell maturation
(Xing et al., 2016; Fig. 4 E, group VI). Cluster 9 cells were en-
riched for gene expression associated with recent TCR signaling
(Nr4al, CD69, Rel, and Orail). These same genes were also en-
riched, albeit to a somewhat lesser degree, in clusters 4, 7, and 8,
which contained CD25*Foxp3~ and Foxp3* cells, probably a re-
flection of recent TCR engagement (Fig. 4, D and E, group II).
To analyze the most significant sources of phenotypic vari-
ation in our dataset, we performed diffusion map analysis
(Fig. 4 F). The first three components correlated with signatures
for IL2-STATS signaling/T reg cell activation, apoptosis, and TCR
signaling (Fig. 4, F and G). Diffusion components 1 and 3 reca-
pitulated T reg cell differentiation in the thymus, including the
need for TCR signaling to progress from the mature CD4SP stage
to facilitate up-regulation of CD25 (Il2ra) to compete for IL-2 and
subsequent STAT5-dependent induction of Foxp3 (Fig. 4, B, F,
and G). The second diffusion component highlighted apoptosis,
specifically in the autoreactive CD25*Foxp3~ thymocyte popu-
lation, as reflected by the heightened expression of the pro-
apoptotic Bcl2lll gene, whereas most other cells expressed
increased levels of the anti-apoptotic Bcl2 gene (Fig. 4, B, F, and
G). These data suggest at least three cell fates for mature CD4SP
thymocytes: death by apoptosis largely restricted to a proportion
of the CD4*CD25* thymocytes or S1PRl-mediated emigration
as a CD4*Foxp3~ or a CD4*Foxp3* T cell (Fig. 4 E, group VIJ;
Matloubian et al., 2004). Within our dataset, we were able to
identify 428 cells with detectable II2 transcript (Fig. 4 B). Their
individual transcriptomes, visualized by t-SNE projection (Fig. 5
A), were enriched for genes associated with activation of the NF-
kB pathway (Nfkbl, Nfkbia) likely downstream of recent TCR
engagement evidenced by increased CD69 expression. This TCR
signaling signature is in strong support of our assumption that
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Figure 3. SEB-mediated expansion of the thymic T reg cell compartment requires T cell-derived IL-2. (A-D) In vitro assays to model Foxp3 induction in
the thymus. Foxp3 expression was quantified by flow cytometry at the end of the assay. (A) Sort-purified immature (black bars) or mature (gray bars) CD4SP
from three individual Foxp3°FP mice were stimulated in triplicates with plate-bound aCD3 and aCD28 for 10-12 h and then replated in the presence of in-
creasing amounts of rhiL-2 for an additional 12 h. (B) Immature and mature CD4SP were sort-purified and cultured in triplicates on aCD3/aCD28-coated (stim)
or uncoated (unstim) plates for 10-12 h and then replated in fresh media with 100 U/ml rhiL-2 (12h IL-2) or replated in their conditioned (cond.) media with or
without IL-2-blocking antibodies (alL-2). (C) Similar assay set-up to B, but the starting population consisted of CD25*Foxp3~ CD4SP thymocytes. (D) Mature
CD4SP thymocytes were isolated from Foxp35F” mice and co-cultured with splenic DCs and increasing concentrations of SEB for 24 h. Foxp3 induction was
assayed comparing TCR VB8* cells versus all other TCR VB-expressing thymocytes. (E-G) 112" FM mice were injected with DPBS (n = 8) or 20 pg SEB (n = 9)
i.v. and analyzed 48 h after treatment. (E) Frequency of Foxp3-expressing cells in control versus SEB-treated animals. (F) Frequency of /2e-FM cells within
CD4SP thymocytes expressing TCR VB5, TCR VB6, or TCR VB8. (G) Increase of Foxp3-expressing cells in SEB-treated mice plotted separately for TCR VB5-, TCR
VB6-, or TCR VB8-expressing CD4SP thymocytes. (H-J) Control mice (/27) or mice with a T cell-specific deletion of IL-2 (/[2Ptckere) were injected with DPBS
(n = 6andn = 4; black filled and open squares, respectively) or 20 ug SEB (n = 6 and n = 5; blue filled and open squares, respectively) i.v. and analyzed 48 h after
treatment. (H) Quantification of Foxp3* CD4SP thymocytes expressing TCR VB5, VB6, or VB8. (1) Frequency of CD25*Foxp3* CD4SP thymocytes. (])
Quantification of CD25*Foxp3* thymocytes (left panel) or CD25*Foxp3* TCR VB8-expressing cells (right panel). Data are plotted as means + SEM and rep-
resent cells sorted from three individual mice (A-C) or two individual mice (D) analyzed as three technical repeats and repeated independently at least twice,
pooled from three independent experiments (E-G), or pooled from two independent experiments (H-]). ****, P < 0.0001; ***, P < 0.001; **, P < 0.01; *, P <
0.05; ns, P > 0.05 by unpaired t test.

the IL-2 producers are enriched in the self-reactive pool of
CD4SP thymocytes, since self-antigens are predominantly pre-
sented by MHC class II in the thymus of an unperturbed mouse.
Consistent with a known role for NF-«B signaling in promoting

protection from TNF-mediated death, and the type I IFN path-
way (Isgl5, Statl) also required for late-stage maturation of
T cells in the thymus (Fig. 5, B-D; Xing et al., 2016). About a third
of the cells co-expressed Foxp3 and II2, consistent with the idea

survival, we observed increased Bcl2 expression, which offers that at least a fraction of IL-2-producing self-reactive precursor
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Figure 4. Single-cell transcriptomics of CD4SP thymocytes and their inferred developmental trajectories. (A) t-SNE projection of library size nor-
malized and log-transformed data for 11,874 transcriptomes profiled with scRNA-seq. Each dot represents a cell colored by input sample. (B) Normalized
expression of selected marker genes. (C) t-SNE map colored by inferred clusters using PhenoGraph. (D) Bar graph showing number of cells from each sample in
each cluster. (E) Heat map displaying unsupervised clustering of the normalized expression of the top 30 differentially expressed genes from each of the 12
clusters. The graph was further divided into seven groups of similar gene expression patterns (I-VII), and exemplary genes for each group are annotated. (F)
t-SNE map colored by the top diffusion components and assigned a label derived from the most correlated gene signature shown in G. The density of cells from
each input sample is plotted along each diffusion component. (G) Pearson correlations between each diffusion component (columns) and expression of
predefined gene signatures (rows; presented in Table S1). Mat., mature; rTreg, resting T reg; aTreg, activated T reg.

cells can differentiate into thymic T reg cells and in agreement  signaling is thought to promote IL-2 production in peripheral
with the presence of I12¢7-FM cells within the Foxp3* thymocyte conventional T cells by overriding T reg cell-mediated sup-
and peripheral population (Fig. 5 B and 1 D). Of note, a small pression, a mechanism potentially also at work in the thymus
proportion of IL-2-expressing cells also expressed pro-apoptotic ~ (Barsoumian et al., 2016).

Bim (Bcl2l11) and the co-stimulatory receptor 4-1BB (Tnfrsf9), and In aggregate, our studies suggest that in the thymus, IL-2
those cells were mostly found in the CD25*Foxp3~ thymocyte was expressed predominantly by self-reactive CD4SP thymo-
population (Fig. 5 B). This observation suggests that some self-  cytes, which also harbor CD25*Foxp3- T reg precursor cells. IL-
reactive thymocytes, upon TCR stimulation, produce IL-2 but 2-expressing thymocytes exhibited a gene expression pattern
then undergo apoptosis (Fig. 5, C and D). Interestingly, 4-1BB  characteristic of TCR engagement, NF-«B signaling, and tonic
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Figure 5. Unique features of ll2-expressing CD4SP thymocytes inferred from scRNA transcriptomics. (A) t-SNE projection of library size normalized and
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accounts for the majority of IL-2 production in the thymus. Expression of IL-2 induced by TCR signaling and coincident with up-regulation of CD25 is sufficient
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IL-2 inducing TCR stimulation is heterogeneous, with some of the cells contributing to the T reg cell lineage, some contributing to the self-reactive T cell pool,
and some undergoing apoptosis. rTreg, resting T reg; aTreg, activated T reg.

type I IFN signaling and served as a key source of IL-2 for
developing thymic T reg cells (Fig. 5 E). Thus, self-reactive
thymocytes regulate the size of the T reg cell population
generated in the thymus through production of a niche factor:
IL-2.
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Materials and methods

Mice

11211, T12¢ve/+, Foxp3©FP, and Foxp3™'! mice have been described
previously (Fontenot et al, 2005b; Liston et al, 2008;
Popmihajlov et al., 2012; Yamamoto et al., 2013). II2 mice were
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provided by Vandana Kalia (University of Washington School of
Medicine, Seattle, WA), Foxp3°™® and Foxp3™'! were main-
tained in house, and the rest of the mice were obtained from The
Jackson Laboratory. Nur778FF mice were generated using the
bacterial artificial chromosome (BAC) clone RP24-366]14, car-
rying a GFP cassette at the 5’ end of the Nr4al (Nur77) gene, a gift
from Kristin Hogquist (University of Minnesota, Minneapolis,
MN; Moran et al., 2011). The GFP was replaced with the tur-
boRFP coding sequence using standard recombineering proto-
cols, and the Nur77%¥? BAC clone was validated by PCR, Sanger
sequencing, and Spel digestion. Purified BAC DNA was then
injected into C57BL/6] embryos, and offspring were screened for
the presence of the transgene by PCR and bred to Foxp3®F® re-
porter mice for use in this study. II2f! mice were used to generate
Iopickere mice by breeding with B6.Cg-Tg(Lck-cre)548Jxm/J,
I2dtckere mice by breeding with B6.Cg-Tg(Lck-icre)3779Nik/],
[I2Zbtbasere/+ mice by breeding with B6.Cg-Zbtb4etm3-ere)Mnz/j,
and I12UbereER2/+ mice by breeding with B6.Cg-NdoriT9(UBC-cre/-
ERT2)IEB/] To induce deletion in the latter strain, mice were
placed on a tamoxifen citrate-containing diet (TD.130860; En-
vigo) at 6-8 wk of age for 4 wk. For genetic fate mapping of IL-
2-expressing cells, I12°7/+ mice were crossed with ROSA26!s!tom/+
mice (B6.Cg-Gt(ROSA)26Sortm4(CAG-tdTom)Hze ) and either Foxp3SFP
or Foxp3™'! reporter mice. All animals were maintained in the
Memorial Sloan Kettering Cancer Center animal facility under
specific pathogen-free conditions, and the experiments were
performed according to the institutional guidelines (Institutional
Animal Care and Use Committee 08-10-23). Mice aged 5-8 wk
were used for all experiments unless otherwise specified in the
figure legend. Mice were age matched and litter matched. Mice
were sex matched when possible.

Tissue preparation and cell isolation
For analysis of single-cell suspensions, thymus, spleen, LNs, and
Peyer’s patches were mechanically dissociated between frosted
glass slides or with the back of a syringe plunger and filtered
through a 100-pm nylon mesh. For isolation and analysis of DCs,
spleen and thymus were enzymatically digested with 300 pg/ml
Liberase TL (Roche) and 50 pg/ml DNasel (Sigma-Aldrich) in
RPMI-1640 for 20 min at 37°C while shaking. Splenic DCs were
further enriched using magnetic CD1lc MicroBeads UltraPure
and LS columns (Miltenyi Biotec). For analysis of immune cells
from liver, tissues were isolated after phosphate-buffered saline
(DPBS) perfusion, and liver tissue was enzymatically digested
with 1 mg/ml collagenase A from Clostridium histolyticum (Roche)
and 1 U/ml DNasel in RPMI-1640 with 2% FBS, 100 ug/ml pen-
icillin/streptomycin, 20 mM L-glutamine, and 10 mM Hepes for
30-45 min at 37°C while shaking in the presence of three 0.25-
inch ceramic spheres (MP Biomedicals). Digested tissue was
filtered through 100-pum cell strainers and further enriched
by 40% Percoll (GE Healthcare) centrifugation and resuspen-
ded in RPMI-10 (RPMI-1640, 10% FBS, 20 mM L-glutamine,
100 pg/ml penicillin/streptomycin, 10 mM Hepes, 1 mM sodium
pyruvate, 1x MEM nonessential amino acids, and 10> M 2-
mercaptoethanol).

To assess cytokine production after ex vivo re-stimulation,
single-cell suspensions were incubated for 3-4 h at 37°C with 5%
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CO, in the presence of 50 ng/ml PMA and 500 ng/ml ionomycin
with 1 ug/ml brefeldin A (all Sigma-Aldrich) and 2 uM monensin
(BioLegend).

Flow cytometry and antibodies
All flow cytometry data were collected on a BD LSRII (Becton
Dickinson) flow cytometer or the Aurora spectral analyzer
(Cytek) and analyzed using FlowJo 10.5 software (TreeStar
Software). Single-cell suspensions were re-suspended in DPBS
and stained with Ghost Dye Violet 510 or Ghost Dye Red 780
(Tonbo Biosciences) for dead-cell exclusion in the presence of
anti-CD16/32 (Tonbo Biosciences) to block binding to Fc re-
ceptors for 10 min at 4°C. Cell-surface antigens were stained for
20 min at 4°C in FACS buffer (DPBS, 0.5% BSA, and 2 mM
EDTA). Cells were analyzed unfixed, fixed with 2% parafor-
maldehyde (Thermo Fisher Scientific) for later analysis, or fixed
and permeabilized with the BD Cytofix/Cytoperm kit (for in-
tracellular cytokine staining) or the eBioscience Foxp3/Tran-
scription Factor staining buffer set. Fixation, permeabilization,
and intracellular staining were performed as recommended by
the manufacturer. All cells were re-suspended in FACS buffer
and filtered through 100-um nylon mesh before analysis on the
flow cytometer. 123count eBeads (eBioscience) were added at
5,000 beads per sample to quantify absolute cell numbers.
Antibodies used in this study were purchased from BioLegend,
BD Biosciences, eBioscience, Thermo Fisher Scientific, or Tonbo
Biosciences. The following clones were used: CD45 (30-F11),
CD45.1 (A20), CD45.2 (104), NKL1 (PK136), Ter-119 (Ter-119),
TCRyS (GL3), TCRB (H57-597), TCR VB5.1, 5.2 (MR9-4), TCR V6
(RR4-7), TCR VPB8.1, 8.2 (KJ16-133.18), CD3e (145-2Cl1), CD4
(RM4-5, GK1.5), CD8a (53-6.7), CD8b (YTS156.7.7), CD62L (MEL-
14), CD44 (IM7), CD24 (M1/69), CD25 (PCé61), CD90.1 (HIS51),
CD90.2 (30-H12, 53-2.1), Ki67 (SolAl15), B220 (RA3-6B2), CDI19
(6D5, 1D3), CDllc (HL3), MHCII (I-A/I-E; M5/114.15.2), Foxp3
(FJK-16s), IFNy (XMG1.2), and IL-2 (JES6-5H4).

Cell sorting and in vitro T reg cell induction assays
Thymi from Foxp3¢F? or Foxp3™'! reporter mice were dissected
and disassociated into a single-cell suspension. Cells were re-
suspended in depletion buffer (DPBS, 2% FBS, and 2 mM
EDTA) and enriched for CD4SP thymocytes by depleting CD8SP
and double-positive cells using the Dynabeads Flowcomp mouse
CD8 kit (Life Technologies). The enriched cells were stained
with fluorochrome-conjugated anti-CD45, anti-TCRp, anti-CD4,
anti-CD24, anti-CD62L, and anti-CD25 and biotinylated anti-
CD8, anti-TCRYS, and anti-NK1.1 (dump gate), followed by
fluorochrome-conjugated streptavidin before sorting on a BD
FACSAria II sorter. The populations were sorted using gates
shown in Fig. S2.

A typical in vitro T reg cell induction assay was set up with
2 x 10* to 5 x 10* cells per well of a flat-bottom 96-well tissue
culture plate (in most cases immature and mature CD4SP thy-
mocytes). The 96-well plates had been either coated with anti-
CD3 and anti-CD28 at 1 pg/ml in DPBS for 12 h at 4°C or left
untreated. Cells were cultured in RPMI-10 for 10-12 h in those
plates and then transferred to V-bottom 96-well plates and re-
suspended in fresh RPMI-10 supplemented with recombinant
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human IL-2 (Roche) at the indicated concentrations or re-
suspended in their own media (conditioned media) for an ad-
ditional 12 h. To block the effects of IL-2, a cocktail of
IL-2-blocking antibodies was added (S4B6-1, JES6-1A12; 5 pg/ml;
BioXcell) throughout.

For the SEB-mediated induction of Foxp3 expression, mature
CD4SP thymocytes were co-cultured with CD11c bead-enriched
splenic DCs that had been further FACS purified as CD11c*MHCII™
cells at a 2:1 ratio. SEB (Millipore) was added at a range of con-
centrations as indicated. After 12 h of culture, TCR stimulation was
blocked by addition of I-AP specific antibody Y3P (1 ug/ml), and
the cells were cultured for an additional 12 h before Foxp3 protein
induction was assessed.

ELISA

Quantification of IL-2 protein levels in cell culture supernatants
was performed using the Ready-SET-Go! Mouse IL-2 kit (eBio-
science) according to the manufacturer’s instructions. ELISAs
were read at OD450 on a Synergy HTX instrument (BioTek). IL-2
levels were calculated through extrapolation from a standard
curve using Prism 7 software.

In vivo mouse treatments

For SEB treatment, mice were injected with 20 ug SEB (Milli-
pore) or DPBS i.v. under isoflurane anesthesia and analyzed 48 h
after injection.

Statistical analysis

Graph Pad Prism (v. 7.0d) was used for all statistical analysis for
biological experiments. We calculated P values by unpaired
Student’s t test, and differences between groups were consid-
ered statistically significant with a P value cut-off of 0.05 or less.
Data are represented as means + SEM. In all cases, ****, P <
0.0001; ***, P < 0.001; **, P < 0.0L; *, P < 0.05; ns, P > 0.05; ND,
not detectable/below limit of detection.

ATAC-seq and computational analysis

Thymi from Foxp3®FF mice were dissociated, enriched for CD4SP
cells, and stained as described above. Cells were then sorted into
DNA Lo-bind tubes as follows: Foxp3-GFP* CD4* CD8~ TCRP*
(Foxp3*), CD25* Foxp3-GFP- CD4* CD8" TCRB* (CD25*Foxp3-),
CD25" Foxp3-GFP- CD4* CD8™ TCRBM CD24% (mature CD4SP),
and CD25~ Foxp3-GFP- CD4* CD8~ TCRP CD24M (immature
CD4SP). There were two biological replicates per cell population
with 40-50,000 cells.

Preparation of the ATAC-seq library

Immediately after sorting, cells were processed to generate
ATAC libraries as previously described with minor mod-
ifications (Buenrostro et al., 2015). Briefly, cells were pelleted in
a fixed-rotor mini-centrifuge at 500 xg for 5 min at 4°C. Cells
were then washed in 1 ml cold PBS and pelleted again. Super-
natant was aspirated, and cells were re-suspended in 50 pl ice-
cold cell lysis buffer (10 mM Tris-HCl, pH 7.4; 10 mM NaCl;
3 mM MgCly; and 0.1% NP-40) to disrupt plasma membranes.
Nuclei were pelleted at 1,000 xg for 10 min. Supernatant was
aspirated, and nuclei were re-suspended in 50 pl transposition
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reaction mixture (25 ul TD buffer; 2.5 pl TDEL and 22.5 pl
double-distilled H,0; Nextera DNA sample preparation kit).
Samples were incubated in a ThermoMixer at 1,100 rpm for
45 min at 42°C. DNA was then purified using a QIAGEN MinE-
lute PCR Purification Kit, per manufacturer instructions. DNA
was eluted in 10 pl buffer EB. Libraries were then barcoded and
amplified with NEBNext High-Fidelity Master Mix and primers
previously described (Buenrostro et al., 2013; 50 pl reaction with
10 pl DNA and 2.5 pl of 25 pM primers; one cycle of 5 min at 72°C
and 30 s at 98°C; five cycles of 10 s at 98°C, 20 s at 63°C, and
1 min at 72°C). A quantitative PCR on the product determined
that an additional 7 cycles (10 s at 98°C, 20 s at 63°C, and 1 min at
72°C) were required. The library was purified and size selected
with Agencourt AMPure beads: 45 pl of PCR product was in-
cubated with 18 pl of beads, and supernatant was collected
(beads bound larger >2,000-bp fragments). Supernatant (63 1)
was then incubated with an additional 63 pl of beads for 5 min,
supernatant was removed, beads were washed twice with 75%
ethanol, and DNA was eluted into 50 pl H,O by incubating for
2 min. Samples underwent quality control and quantification on
an Agilent BioAnalyzer by the Integrated Genomics Operation
core at Memorial Sloan Kettering Cancer Center before pooling
and sequencing on an Illumina HiSeq.

Computational analysis

Approximately 30-40 million paired-end ATAC-seq reads from
different samples were aligned to the mouse reference ge-
nome assembly GRCm38 using STAR (Dobin et al., 2013). The
genome was first indexed using the mode as: $STAR
--runMode genomeGenerate. To align the reads, the default
splicing alignment behavior was disabled. Only uniquely
mapped read pairs were reserved in the output BAM files.
The command for aligning the reads was as follows: $STAR
--runMode alignReads --genomeLoad NoSharedMemory
--readFilesCommand zcat --outSAMtype BAM SortedBy-
Coordinate --outBAMcompression 6 --outFilterMultimapNmax 1 --
outFilterMismatchNoverLmax 0.06 --outFilterMatchNminOverLread
0.55 --outFilterMatchNmin 30 --alignIntronMax 1 --alignEndsType
Local --clip3pAdapterSeq CTGTCTCTTA. With these parameters,
~23-32 million reads were uniquely mapped to the accessible chro-
matin regions. After removal of duplicates by Picard (http://
broadinstitute.github.io/picard/), a chromatin accessibility atlas
was created using all replicates from all cell types. Briefly, ATAC-seq
peaks for individual replicates were called using MACS2 (Zhang et al.,
2008) using the following parameters: $macs2 callpeak -g mm -p le-
2 --nomodel --shift 75 --extsize 200 --keep-dup all --call-summits.
Reproducibility of the peaks among replicates of a cell type was
evaluated as previously described (Li et al., 2011). After removing the
irreproducible peaks (confidence score > 0.05), the chromatin ac-
cessibility atlas was constructed by aggregating all the reproducible
peaks from the four cell types.

scRNA-seq and computational analysis

Mature CD4*, CD4*CD25*Foxp3™, and Foxp3* thymocytes were
sorted from CD4SP-enriched thymocytes pooled from three
Foxp3®F? mice as described above. Cells were re-suspended at
10%/ml in DPBS with 0.04% BSA.
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scRNA-seq and preprocessing

Individual samples were loaded on 10X Genomics Chromium
System. Libraries were prepared following 10X Genomics pro-
tocols (Chromium Single Cell 3’ Reagent Kits v2 Chemistry) and
sequenced on NovaSeq 6000 (Illumina S2 flow cell, paired-end).
FASTQ files were processed using the Sequence Quality Control
pipeline (Azizi et al., 2018), and reads were aligned to the mouse
genome mml0 from ENSEMBL GRCm38. Cells that contained a
percentage of mitochondrial transcripts >5% were filtered out,
resulting in 4,623 CD4*CD25" cells, 4,151 Foxp3* cells, and 4,548
mature CD4* cells that passed QC metrics, with a median of 3,523
molecules/cell. Cells with total molecule counts of <1,000, de-
termined by lower mode of distribution of total molecules per
cell, were additionally filtered out to remove putative empty
droplets. The resulting count matrices from all samples were
then combined, resulting in a final set of 11,874 cells, and nor-
malized to median library size, where library size is defined as
total molecule counts per cell. The normalized data are then log
transformed as log (0.1 + counts) for downstream analysis.

t-SNE visualization

For dimensionality reduction and visualization of data, we fur-
ther excluded genes with very low or very high expression of
transcripts (log average expression <0.012 or >3 and a dispersion
>0.5), and principle component analysis was performed on
log-transformed normalized data. By using 30 principal com-
ponents, where the number of principal components was de-
termined by the knee-point in eigenvalues, single-cell gene
expression was visualized in a two-dimensional projection with
t-SNE (van der Maaten and Hinton, 2008), as shown in Fig. 4 A.

Clustering

Clustering of cells was performed using PhenoGraph (Levine
et al,, 2015) and setting k = 30 nearest neighbors (Fig. 4 C).
One cluster of cells was subsequently removed since it was
uniformly comprised of cells with a relatively lower number of
total molecules compared with other populations. Another
cluster was removed because of its disparity with the rest of the
data (t-SNE projected this cluster as a separate component that
was comprised of cells from all three populations). Significant
differentially expressed genes in each cluster were identified
using a t test implemented in Single-Cell Analysis in Python
(Wolf et al., 2018) with default parameters. The top 30 differ-
entially expressed genes are shown in Fig. 4 E; ribosomal genes
were excluded from the heat map due to their higher capture
rates in scRNA-seq.

Diffusion component analysis

Due to the continuous structure of the data, we used diffusion
maps (Coifman et al., 2005) as a nonlinear dimensionality re-
duction technique to find the major nonlinear components of
variation across cells representing possible trajectories and
gradients. We used a Gaussian kernel of perplexity = 30, sym-
metric Markov normalization, and t = 8 diffusion steps im-
plemented in the tool MAGIC (van Dijk et al., 2018). Ribosomal
genes were excluded in computing diffusion components.
Fig. 4 F displays the top three diffusion components.
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Annotation of diffusion components

To identify processes associated with the nonlinear trajectories
across cells, we computed the Pearson correlation between each
diffusion component and the expression of predefined gene
signatures as described elsewhere (Azizi et al., 2018). The ex-
pression of a signature is defined as the mean normalized ex-
pression across all genes listed in the signature. In addition to
predefined signatures, we also included Hallmark signatures
that showed significant enrichment (P < 0.05; false discovery
rate < 0.1) in any of the diffusion components. This was achieved
by first computing the correlation between each gene and each
diffusion component, followed by ranking genes according to
the correlation values and performing gene set enrichment
analysis (Subramanian et al., 2005) on the preranked gene list
per component. For signatures comprised of human genes, the
genes were converted to their mouse orthologues. The full set of
signatures used for annotation is provided in Table SI.

Analysis of IL-2-expressing cells

For a focused analysis of IL-2-expressing cells, we selected cells
with nonzero expression of II2 (in raw un-imputed data),
achieving a subset of 428 cells that are projected using t-SNE in
Fig. 5 A. Diffusion component analysis and annotation were
performed independently on this subset using the same pa-
rameters as above (Fig. 5, C and D).

Data availability

CD4SP thymocyte subset ATAC-seq and scRNA-seq data have
been deposited to the Gene Expression Omnibus under accession
nos. GSE134366 and GSE134902, respectively.

Online supplemental material

Fig. S1 shows that limiting IL-2 deletion to the DC compartment
has no effect on T reg cell development. Fig. S2 shows gating
strategy to subset CD4SP thymocytes. Fig. S3 compares immune
activation upon IL-2 deletion early or late during T cell devel-
opment. Table S1 lists gene signatures used in scRNA-seq
analysis.
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