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Regulatory T cells (T,¢g) are critical players of immune tolerance that develop
in the thymus via two distinct developmental pathways involving CD25'Foxp3~
and CD25 Foxp3" precursors. However, the mechanisms regulating the
recently identified Foxp3'° precursor pathway remain unclear. Here, we find
that the membrane-bound lymphotoxin o3, (LTa;3,) heterocomplex is
upregulated during T,z development upon TCR/CD28 and IL-2 stimulation.
We show that Lta expression limits the maturational development of T,g from
Foxp3' precursors by regulating their proliferation, survival, and metabolic
profile. Transgenic reporter mice and transcriptomic analyses further reveal
that medullary thymic epithelial cells (mTEC) constitute an unexpected source
of IL-4. We demonstrate that LTa;[3,-lymphotoxin 3 receptor-mediated inter-
actions with mTEC limit T,., development by down-regulating IL-4 expression
in mTEC. Collectively, our findings identify the lymphotoxin axis as the first
inhibitory checkpoint of thymic T,y development that fine-tunes the Foxp3'°

Treg precursor pathway by limiting IL-4 availability.

Regulatory T cells (T,eg) constitute a subset of CD4" T cells that spe-
cifically express the transcription factor Foxp3 and CD25, also known
as IL-2Ra.. Naturally occurring CD25'Foxp3" T,eg critically prevent
autoimmune and inflammatory disorders by maintaining self-
tolerance through the suppression of autoreactive T cells that have
escaped thymic selection. The majority of CD25'Foxp3* T,z emerge in
the thymus from 3 days after birth'. In particular, medullary thymic
epithelial cells (mTEC) contribute to T, development by expressing
MHC class Il and CD80/86 molecules as well as a broad range of self-
antigens”™. T,y development follows a “two-step” model in the thymic
medulla®”. The first step is driven by the stimulation of the T-cell
receptor (TCR) and of CD28 in developing CD4" single-positive (SP)
thymocytes, leading to the generation of CD25'Foxp3™ precursors
(CD25" T,gP)**%. TCR and CD28 signals govern the expression of
tumor-necrosis factor receptor (TNFR) members, GITR and 0X40,

which promote CD25 expression’. The second step is driven by y-chain
cytokines, in particular IL-2 and IL-15, that convert CD25" T,.gP into
CD25'Foxp3* mature T,.g". In addition to Foxp3 upregulation, IL-2 also
modulates GITR and OX40 expression in mature T,eg'’. IL-2 was found
to be provided by autoreactive CD4* SP thymocytes", whereas IL-15 is
produced by mTEC™. More recently, a second CD25Foxp3" precursor
(Foxp3® T,egP), lacking CD25 and expressing low levels of Foxp3, was
identified”. Similarly to CD25" TP, this precursor has the ability to
generate CD25'Foxp3" mature T, upon intrathymic transfer'". The
differentiation of FOXp3'"* TyegP into mature T, also follows the “two-
step” model””. Although Foxp3" T,,P make a substantial contribution
to the mature T,z pool, the mechanisms controlling this recently
identified developmental pathway remain elusive. Peripheral Foxp3*
Treg Were shown to express the membrane-bound lymphotoxin o3,
(LTayf3,) heterocomplex, belonging to the TNF superfamily, which
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interacts with its unique cognate LT[ receptor (LTPR)*'®. However, it
remains unknown whether LTy 3, expression is induced in thymic Tyeg
and whether it controls their generation.

Here, we show that LTa 3, gradually increases during the
“two-step” model of thymic T,.; development. Its upregulation
depends on TCR/CD28 stimulation in CD25" and Foxp3'" T,egP,
and on IL-2 stimulation in CD25'Foxp3" mature T,g. Interestingly,
we observed an increased development of Foxp3" TP and
mature Teg in Foxp3°“xLta”” mice, indicating that Lta negatively
regulates CD25'Foxp3* T, generation from Foxp3' T,egP. This
phenotype was associated with an increased proliferation and
survival of Foxp3" TP and mature T, as well as an altered
metabolic profile. Strikingly, the maturational development of
Foxp3" T.egP and CD25'Foxp3™ T, increased in these mice. We
show that IL-4 stimulation substantially promotes the conversion
of Foxp3'" TP into CD25'Foxp3”" mature T.g and that mTEC
constitute an unexpected source of IL-4. We further demonstrate
that the LTa3,-LTPR axis negatively regulates the generation of
CD25'Foxp3” Tieg by limiting IL-4 expression in mTEC. Altogether,
this study reveals that LTayf,-LTBR interactions with mTEC

fine-tunes the Foxp3'° T..cP developmental pathway in an IL-4-
dependent manner.

Results

LTa,B, expression is upregulated during thymic T,eg
development

To characterize LToyp, expression during thymic T,.g development,
we used Rag2°™xFoxp3™*! mice expressing the green fluorescent
protein (GFP) and the membrane-bound Thyl.1 under the control of
Rag?2 and Foxp3 promoters, respectively’?°. These mice allowed us to
discriminate newly generated thymocytes (Rag2®") from more
mature T, that have been retained within the thymus or have recir-
culated from the periphery (Rag2°"")*%, Among Rag2°""* thymocytes,
we identified newly produced CD4* SP thymocyte subsets: CD4" Tcony
(CD25Foxp3’), CD25° TP (CD25'Foxp3), Foxp3® TP
(CD25 Foxp3") and mature T,eg (CD25'Foxp3*) (Fig. 1a). The expres-
sion of the membrane-bound LTa,f3, heterocomplex, detected using
the soluble LTBR-Fc receptor, was higher in CD25" T,zP and Foxp3"
TregP compared to CD4" Teony (Fig. 1b, ©). This expression was even
further increased in newly produced CD25'Foxp3’ T.g. In contrast, the
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Fig. 1| Membrane-bound LTa,f3, expression increases during thymic T,
development concomitantly with 0X40 and GITR. a Gating strategy used to
analyze conventional CD4" SP thymocytes (CD4" Tcony, CD4'CD8 Rag2¢™
CD25Foxp3; black), CD25" TregP (CD4"CD8 Rag2“™*CD25'Foxp3’; blue), Foxp3*
TregP (CD4'CD8 Rag2°""CD25 Foxp3"; green), and mature T, (CD4"CD8 Rag2%™
CD25'Foxp3'; red) in Rag2°"xFoxp3™*! mice by flow cytometry. b Representative
histograms and quantification of membrane-bound LTa,f3, expression, detected
using the soluble LTBR-Fc receptor, in CD4" Tcony, CD25" TregP, FOXP3® T,eP, and
mature T,eg from Rag2“xFoxp3™"! mice and Lta”~ controls. ¢ Geometric MFI
(gMFI) of LTay, expression in thymic Teg subsets (n=10 from three independent

experiments. d Correlation between LT3, and OX40 or GITR expression in thymic
Treg subsets (n=9 from three independent experiments). e Gates represent the
expression spectrum of CD25 and Foxp3 (left) in mature T,g that were analyzed for
LToyB, expression (right). The gray histogram corresponds to mature T, stained
with only the secondary antibody. f Correlation between LT3, and CD25 (left) or
Foxp3 expression (right) in each gates (n=10 from three independent experi-
ments). Correlations were calculated using the parametric two-tailed Pearson
correlation test for (d) and the non-parametric two-tailed Spearman correlation
test for (f). Error bars show mean + SEM, *p <0.05, **p < 0.01 and ***p < 0.0001
using one-way ANOVA. Source data are provided as a Source Data File.
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soluble LTBR-Fc receptor did not bind to thymic T, subsets from
Lta™™ mice (Fig. 1b). We also used the differential expression of CCR6,
which discriminates between newly produced T (CCR6") and recir-
culating T,eg (CCR6") in the thymus* and confirmed Lta and Ltb upre-
gulation during T,.; development using Foxp3:®* reporter mice, in
which an enhanced GFP reporter construct was introduced into the
Foxp3 locus (Supplementary Fig. 1). Interestingly, the gradual upre-
gulation of LTa; B, expression during T,.g development correlated with
that of 0X40 (Tnfrsf4) and GITR (Tnfrsf18) (Fig. 1d and Supplementary
Fig. 1c). Furthermore, cells with the highest CD25 expression also had
the highest Foxp3 expression in newly produced mature T,z and
LToyP, level tightly correlated with CD25 and Foxp3 levels (Fig. 1e,f).
These results show that LToypB, is gradually upregulated during Tieg
development in the thymus.

LTaypB; is upregulated by instructive signals of the “two-step
model” of T,.; development

Since we observed a tight correlation between LTy, and Foxp3
levels, we then asked whether LTa;[3, upregulation could be related to
TCR stimulation. To address this question, we used the transcription
factor Nur77 as a reliable readout of TCR signal strength®* and found a
significant positive correlation between LTa;3, and Nur77 in CD25"
TegP, FoXp3" T,egP and mature T, (Fig. 2a and Supplementary
Fig. 2a). We also analyzed LToyf3, expression in T,eg subsets stimulated
in vitro with increasing doses of anti-CD3e monoclonal antibody,
which upregulated LTa; 3, expression in both CD25" TP and Foxp3'°
TregP (Fig. 2b and Supplementary Fig. 2b). In contrast, CD3e stimula-
tion was unable to upregulate LToyf3, expression in mature Tye.. We
next assessed the effect of CD28 costimulation on LToy[3, expression.
To this end, we used Cd28’ mice, which showed decreased fre-
quencies and numbers of CD25" T;¢gP, Foxp3" T,egP, and mature Teg
(Supplementary Fig. 3a). Similarly to OX40 and GITR, LTay3, was
reduced in these cells (Fig. 2c and Supplementary Fig. 3b,c), indicating
that CD28 costimulation is implicated in LToyf3, upregulation in Tyeg
subsets.

Given thatIL-2 and IL-15 are crucial for the conversion of TP into
CD25'Foxp3* mature T,.o*'*” we hypothesized that these cytokines
could also be implicated in LToyB, upregulation. To address their
respective contribution, we used /2%° or /[15*° mice backcrossed with
Rag2*"xFoxp3™*! mice to analyze newly generated T .. In contrast to
HI5*°xRag2xFoxp3™* (l[157") mice (Fig. 2d), LTy, expression was
strongly altered in mature T,z from /[2*°xRag2°xFoxp3™* (I27")
mice (Fig. 2e). Because thymic IL-2 is important for T,.; development
and survival®?®, we next sought to demonstrate that IL-2 directly reg-
ulates LTay3, expression in mature T To this end, purified CD25
TregP, Foxp3" TregP and mature T, were stimulated in vitro with
increasing doses of IL-2. Interestingly, LT3, was upregulated in an IL-
2 dose-dependent manner in mature T,eg (Fig. 2f and Supplementary
Fig. 2c). Altogether, these results show that LT3, upregulation is
initially induced by TCR/CD28 signals in TP and further upregulated
by IL-2 stimulation in mature T,.g and thus, controlled by the signals of
the “two-step model” of T, development.

LTy, limits T,; generation through the Foxp3'" TP devel-
opmental pathway

To test whether Lta could be implicated in T,z development, we
backcrossed Lta”™ mice with Foxp3¢°™ mice (Foxp3¢“xLta’ mice),
in which membrane-bound LTa;B, expression is fully abolished'.
Remarkably, in contrast to CD25" T,.gP, frequencies and numbers of
Foxp3" T,egP and mature T, were substantially higher in 6-week-old
Foxp3°°™xLta” mice compared to Foxp3°°™ controls (Fig. 3a, b). This
phenotype was also observed in the thymus of 3-day-old neonates,
indicating that Lta regulates the development of Foxp3" T,e.P and
mature T,z from their emergence (Fig. 3¢, d). Moreover, 4-month-
old adult Foxp3*°™xLta’~ mice also showed an increased

representation of these cells, suggesting that Lta controls T,eg
development throughout the lifespan. Since we previously reported
an enhanced clonal deletion of CD4" Tcony in Lta” mice?, we further
analyzed the impact of Lta specifically on developing cells within the
T,eg lineage (Supplementary Fig. 4a). In accordance with the
increased cellularity of Foxp3" TegP and mature T,.; (Fig. 3a-d),
frequencies of these cells were enhanced in the T,y lineage of
Foxp3°“xLta”" mice (Supplementary Fig. 4a). In line with this phe-
notype, frequencies and numbers of Ki67* proliferating cells were
increased in Foxp3" T egP and mature T,eg subsets of Foxp3¢“*xLta”"
mice (Fig. 3e). Moreover, frequencies of annexin V" were reduced in
Foxp3'" T,gP from Foxp3:®™xLta”" mice (Fig. 3f). Lower levels of the
pro-apoptotic protein BIM, which is required for the apoptosis of
autoreactive thymocytes®**, were also observed in Foxp3' TP and
mature T,.g Of these mice (Fig. 3g). In contrast, Ki67* proliferating
cells were slightly increased while annexin V* cells and BIM levels
were unchanged in CD25" T,P (Supplementary Fig. 4c-e). Thus, the
increase of Foxp3® T,.cP and mature T,eg in Foxp3“xLta” mice
likely relies on enhanced proliferation and survival.

Given that cells of the T,y lineage are heterogeneous, we
further analyzed their maturational state in Foxp3°°""xLta”" mice
using a multiparametric flow cytometry analysis with develop-
mental markers (Fig. 3h). We performed an unsupervised cluster-
ing that revealed a high maturational heterogeneity within the T,¢g
lineage (Fig. 3i). Cell subsets were classified according to the
relative expression of the maturational markers used (Fig. 3j).
Subsets 1-5 corresponded to CD25" T,eP, subsets 6-8 to Foxp3"
T egP and subsets 9-10 to mature T, (Fig. 3i, j). In Foxp3*“xLta™"
mice, CD25" T,egP subsets (clusters 1-4) were under-represented,
while two immature Foxp3" T.csP subsets (clusters 6,7) were
unchanged (Fig. 3k). In contrast, the Foxp3" TP cluster 8
expressing high levels of H2K® and Qa2 and low levels of CD69 and
CD24, likely corresponding to more mature transitional Foxp3"
TregP, was over-represented in Foxp3°“**xLta™" mice. Strikingly, we
found an increased representation of mature T,eg subsets (clusters
9,10) in Foxp3°°*"xLta”" mice. These results reveal a bias in the Tyeg
maturational development via Foxp3" T.gP in Foxp3*xLta”
" mice.

Because the LToaf,-LTBR axis controls thymic medulla
organization'’?°, we analyzed the contribution of non-
hematopoietic cells in T.., development by generating bone
marrow (BM) chimeras in which lethally irradiated CD45.2 WT or
Lta™" recipients were reconstituted with CD45.1 Foxp3<*" BM
cells (Supplementary Fig. 5a). Six weeks later, similar frequencies
and numbers of CD25" TP, Foxp3® TregP, and mature T,z Were
observed in the thymus of WT and Lta™ recipients (Supplemen-
tary Fig. 5b), indicating that the stromal environment of Lta™””
mice is unlikely implicated in the enhanced T,., development.
Given that Lta is expressed by hematopoietic cells”, we next
wondered whether a partial reintroducion of WT BM cells with
Lta’”” BM cells could be sufficient to reverse the phenotype
observed in Lta’ mice. To this end, we generated mixed BM
chimeras in which lethally irradiated CD45.1/2 WT recipients were
reconstituted with BM cells from either CD45.1 Foxp3¢“* or
Foxp3°*PxLta”" mice in competition with CD45.2 WT BM cells
(Fig. 4a). Six weeks later, as opposed to CD25" TP, we found
increased frequencies of Foxp3' T.eeP and mature T, in
Foxp3¢°**xLta”’+ WT > WT chimeras (Fig. 4b). Moreover, we
observed enhanced frequencies of Foxp3" TregP and mature Tieg
by specifically analyzing cells of the T,g lineage (Fig. 4c). In line
with these observations, we found slightly decreased frequencies
of Ki67* CD25" T,.gP while Foxp3" T,.sP proliferation increased
(Fig. 4d). We next analyzed the maturational state of cells from
the T,eg lineage using a multiparametric flow cytometry analysis
(Fig. 4e). We performed an unsupervised clustering that revealed
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Fig. 2 | LTa;B, expression is upregulated during thymic T,; development by
TCR/CD28 and IL-2 signals. a Correlation between LTa;f3, and Nur77 expression
in CD25" T,¢gP (upper panel), Foxp3"° TreeP (middle panel), and CD25'Foxp3*
mature T (lower panel) in CCR6™ cells (n=8 from two independent experi-
ments). b Fold change in LTa,[3, expression measured in purified CCR6~ CD25*
TregP, FOXP3" TregP and mature Teg stimulated with 0.1pg/mL (diamond, n =11 for
CD25" TyegP, n =10 for Foxp3® T,eeP and n=9 for mature Teg), 1 pg/mL (triangle,
n=10 for CD25" T,¢gP, n =10 for Foxp3" TregP and n =9 for mature T,g), 2.5 pg/mL
(filled circle, n=11 for CD25" T,egP, =9 for Foxp3® TP and n=9 for mature
Treg) or with 5 pg/mL anti-CD3 antibodies (open circle, n =10 for CD25" T,egP, n=7
for Foxp3® TP and n =8 for mature T,eg). Unstimulated cells (square, n=11 for
CD25" TregP, N =10 for Foxp3" TregP, and n=7 for mature T,g) Were used as
controls. Data are pooled from two independent experiments. ¢ Representative
histograms of LTa;f3, expression (left) and fold change (right) in CCR6~ CD25"
TregP, FOXp3" TregP, and mature T,eg from WT (n = 6) and Cd28” (n = 5) mice. Data
are pooled from two independent experiments. d, e Representative histograms

(left) and quantification (right) of LTau3, expression levels in CD25" T,egP, Foxp3°
TreeP and mature T,g from littermate controls (n = 6), /l15*°xRag2” xFoxp3™*!
(111577) (n=3) (d) or I12¥° xRag2’*"xFoxp3™*(l[2"") (n=4) (e) mice. The gray his-
togram corresponds to mature T stained with only the secondary anti-

body. Data are pooled from two independent experiments. f Fold change in
LTayB, expression in purified CCR6™ CD25" TregP, FOXP3® TP and mature Teg
stimulated with 5ng/mL (diamond, n=7 for CD25" T,egP, n =7 for FOXp3" TegP
and n=7 for mature T,¢g), 20 ng/mL (triangle, n=7 for CD25" T,gP, n=7 for
Foxp3® TregP and n=7 for mature T,eg), 40 ng/mL IL-2 (circle, n=7 for CD25"
TregP, N=7 for Foxp3" TP and n=7 for mature T,eg) or unstimulated (square,
n=7 for CD25" TeeP, N =6 for FOXp3" T,egP and n=6 for mature T,eg). Data are
pooled from two independent experiments (n = 8). Correlations were calculated
using the non-parametric two-tailed Spearman correlation test for (a). Error bars
show mean = SEM, *p < 0.05, *p < 0.01, and ***p < 0.001 using Kruskal-Wallis test
for (b, f) and unpaired two-tailed Mann-Whitney U test for (c-e). Source data are
provided as a Source Data File.
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that CD25" TP subsets (clusters 2, 5 and 6) were under-
represented while clusters 7 and 8 corresponding to Foxp3'® T,egP
and clusters 10 corresponding to mature T,z Were increased in
Foxp3*“™xLta”” + WT > WT chimeras (Fig. 4f-h). Altogether, these
data confirm that Lta expression in thymocytes negatively reg-
ulates the Foxp3" TP developmental pathway, which could not

be rescued by the reintroduction of WT cells.

5

[ Foxp3°CFPxLta”

20

P=00381
P=0.0095

P=00095

P = 0.0095
0o

00

Lta expression controls the metabolic profile of T,z during their
thymic development
To define the impact of Lta on T,z development, we performed 3’-end
single-cell RNA sequencing (scRNA-seq) on purified T, lineage cells
from Foxp3°®" and Foxp3®““™xLta”~ mice (Fig. 5a). Our analysis
revealed that these cells separated into five distinct clusters (Fig. 5b, ).

Cer7 expression was detected in all clusters, indicating that both TP
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Fig. 3 | Lta negatively regulates T,e; maturational development from Foxp3"
T:cP- a, b Representative flow cytometry profiles of CD25 and Foxp3 expression in
CCR6°CD4" SP thymocytes (a), frequencies and numbers (b) of CD25" TygP, Foxp3"°
TregP and mature Teg from the thymus of Foxp3®“* (n=13) and Foxp3°“*xLta ™"
(n=12) mice. Data are pooled from four independent experiments.

¢, d Representative flow cytometry profiles, frequencies and numbers of CD25 and
Foxp3 expression in CCR6"CD4" SP thymocytes from 3 day- (n = 7 for Foxp3¢“"* and
n =6 for Foxp3***xLta™), 6 week- (n = 6 for Foxp3°“"” and n = 6 for Foxp3*“"*xLta™")
and 4-month-(n =5 for Foxp3¢“"* and n =4 for Foxp3°®"xLta™") old mice. Data are
pooled from 2 independent experiments. e Flow cytometry profiles, frequencies,
and numbers of Ki67" cells in CCR6™ Foxp3'" T,egP and mature T,eg Of Foxp3<*
(n=8) and Foxp3°“""xLta”" (n=9) mice. Data are pooled from three independent
experiments. fRepresentative annexin V staining and quantification in Foxp3" TregP
and mature T,eg subsets from Foxp3°®? (n=8) and Foxp3*“"xLta™ (n = 8) mice.
7AAD" dead cells were used as controls. The FMO is shown in T,g subsets from

Foxp3°°™” mice. Data are pooled from two independent experiments. (g) BIM
expression analyzed by flow cytometry in CCR6™ Foxp3" T,gP and mature Teg
subsets from Foxp3°“* (n =10) and Foxp3°“"*xLta™" (n = 9) mice. The FMO is shown
in Tyeg subsets from Foxp3°“” mice. Histograms show the quantification of BIM
gMFI. Data are pooled from three independent experiments. h-k t-SNE dimensional
reduction of flow cytometry data using maturation markers (h) allowing the iden-
tification of T,g clusters in cells of the T, lineage identified in Supplementary
Fig. 4a (i), fluorescence intensity heatmap of the markers used for the t-SNE con-
struction of each T, cluster (j) and quantification of these clusters (k) in Foxp3¢c®
(n=6) and Foxp3¢®"xLta”" (n=4) mice. Data are pooled from two independent
experiments. Error bars show mean + SEM, *p < 0.05, **p < 0.01, **p <0.001, and
***p < 0.0001 using unpaired two-tailed Student’s t test for (b), (e-f) and unpaired
two-tailed Mann-Whitney U test for (d), (g), (k). Source data are provided as a
Source Data File.

and mature T,g are located in the thymic medulla (Fig. 5d and Sup-
plementary Fig. 6a). Clusters O and 1 exhibited an immature pheno-
type, characterized by the expression of Cd24a and Cd69, with no or
poor Foxp3, Sell (CD62L) and Siprl expression. While cluster O
expressed /2rb (CD122), I22rg (CD132) and Tnfrsf18 (GITR), cluster 1
also expressed /2ra (CD25). This indicates that cluster O and 1 corre-
sponded to T pre-precursors (CD122°CD25 Foxp37)” and CD25*
TregP, respectively. Cluster 2 expressed low levels of Foxp3 and /2ra in
addition to high levels of TCR-signaling associated genes (Nr4al,
Nr4a3, and Tnfrsf4) (Fig. 5c, d), suggesting a transitional state towards
mature T,eg (transitional T,eg). Cluster 3 expressed low levels of Foxp3
while /2ra was not detected, suggesting that cells from this cluster
contained FOxp3" T,eP. All cells from cluster 3 expressed H2-KI (H2K")
while a fraction expressed Cd69 (Fig. 5d and Supplementary Fig. 6a). In
line with this observation, Foxp3'° TP contained mature CD69"H2K"*
(M1) and CD69 H2K"* (M2) cells while CD25* TregP contained semi-
mature CD69'H2K® (SM), M1 and M2 cells (Supplementary Fig. 6b),
indicating that Foxp3® TP have a more mature phenotype than
CD25" TegP. Accordingly, Foxp3'"° TregP resemble mature T based on
the differential expression of CD69 and H2K®. Furthermore, we cannot
exclude that cluster 3 included mature cells that could exit the thymus
since high levels of Sell, Kif2, and Sipr1 were detected. In line with this
observation, we found that Foxp3' TP expressed high level of
CD62L by flow cytometry (Supplementary Fig. 6¢). Cluster 4 expressed
the highest levels of Foxp3, Ilra, I2rb, and I2rg, suggesting that this
cluster corresponded to CD25'Foxp3* mature Teg (Fig. 5d and Sup-
plementary Fig. 6a), consistently with a high expression of Sell, Kif2
and Siprl.

We next performed trajectory analysis using the Monocle 3
package™ to assess the developmental trajectory within the T, line-
age. Three major branches were identified, starting at roots Y1, Y30,
and Y2 all of which converged to Y16 located in cluster 4 corre-
sponding to mature T,eg. (Supplementary Fig. 7a). The branch from Y1
to Y16 indicated a potential conversion of cells from cluster O, to
cluster 1, then to cluster 2, and finally to cluster 4. The Y30 to Y16
branch revealed another possible developmental route from cluster O
directly to cluster 4. The branch from Y2 to Y16 indicated a short
transition from cluster 3 to cluster 4. In line with the Seurat analysis
(Fig. 5b-d), the progressive upregulation of Foxp3 and /2ra was asso-
ciated with an upregulation of genes related to terminal maturation
(H2-K1, Sell and Siprl) along the pseudotime axis (Supplemen-
tary Fig. 7b).

We then compared changes in distinct cellular pathways in the
different clusters of Foxp3°“™" and Foxp3<®™"xLta”" mice to analyze the
impact of Lta on T,z development (Fig. 5e). We calculated module
scores of gene sets taken from the KEGG database and found meta-
bolic pathways substantially altered by Lta deficiency. Although
metabolic reprogramming regulates T function in the periphery®***,
the metabolic profile of thymic T..g remains unknown. Our analysis

revealed metabolic changes associated to T,.g development (Fig. 5f
and Supplementary Fig. 7c). Interestingly, the module score for the
oxidative phosphorylation (OXPHOS) gene set increased from cluster
0 (CDI122°CD25Foxp3™ pre-T.gP) to cluster 1 (CD25" TgP), then
decreased in cluster 2 (Transitional T.g) and further decreased in
cluster 4 (Mature T,.g). We also found the module scores for glycolysis/
gluconeogenesis, biosynthesis, and nucleotide metabolic pathways to
be higher in cluster 1 compared to all other clusters, suggesting that
CD25" TP have a high metabolic activity. In line with these obser-
vations, cluster 1 highly expressed both OXPHOS (Ndufa4, Ndufc2, and
Atp5b) and glycolysis (Ldha, Pgkl, and Tpil) hallmark genes (Fig. 5g),
while clusters 3 and 4 expressed mainly OXPHOS hallmark genes. On
the other hand, there is likely no implication of the fatty acid meta-
bolism during T,e; development suggested by the module score for
this pathway (Fig. 5f). Compared to Foxp3°“" mice, clusters 2, 3 and 4
of Foxp3°“"’xLta”’~ mice showed an enhanced score for OXPHOS
metabolism, indicating that Lta expression regulates the metabolic
profile of the most mature T, subsets (Fig. 5f and Supplemen-
tary Fig. 7d).

Given that scRNA-seq data suggest gene expression changes of
OXPHOS-related genes during T,.; development (Fig. 5f), we then
analyzed mitochondrial activity. In line with the transcriptomic ana-
lysis, CD25" TP displayed higher mitochondrial activity compared to
Foxp3® TregP and mature T,eg, as shown by MitoTracker Deep Red
staining (Fig. 6a). CD25" TregP and Foxp3" TP of Foxp3*“xLta™”
mice showed fewer active mitochondria compared to their respective
control counterparts (Fig. 6b). Since this functional defect in mito-
chondrial polarization was unforeseen in scRNA-seq data, we further
analyzed the metabolic profile of developing T,eg using a functional
assay. Given that low numbers of TP can be retrieved from the
thymus, we took advantage of the newly developed flow-cytometry-
based method, SCENITH™ (Single-Cell Metabolism by Profiling
Translation Inhibition)*, to analyze the metabolic profiles of T,.P and
mature Teg. This method is based on metabolism-dependent transla-
tion rates and puromycin incorporation into nascent proteins in
response to specific metabolic inhibitors. Thus, SCENITH™ permits the
assessment of glucose dependency, mitochondrial dependency, gly-
colytic capacity as well as fatty acid and amino acid oxidation capacity
in multiple rare cell types simultaneously. In line with our tran-
scriptomic (Fig. 5f) and MitoTracker analysis (Fig. 6a), CD25" TyegP
showed higher levels of protein synthesis than Foxp3" TP and
mature T, (Supplementary Fig. 8a), further confirming that CD25"
TregP are more metabolically active. Strikingly, CD25" T P and Foxp3®
TregP showed a distinct metabolic profile (Fig. 6¢ and Supplementary
Fig. 8b), with Foxp3" T,.cP being more similar to mature Tes. Speci-
fically, CD25" TgP showed 50% dependency on both glucose and
mitochondrial OXPHOS, while Foxp3"° TP showed 85% mitochon-
drial dependency similar to the 75% mitochondrial dependency of
mature T (Fig. 6¢). These results are in accordance with the OXPHOS
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Fig. 4 | Hematopoietic origin of Lta expression regulates thymic T,.. devel-
opment. a Experimental set up: lethally irradiated CD45.1/2 WT recipients were
reconstituted with CD45.2 WT + CD45.1 Foxp3°“™ or Foxp3°“xLta™ (ratio 1:1)
mixed BM cells. Six weeks later, CD45.1 CCR6™ T,z were analyzed in the thymus of
recipient mice. b Flow cytometry profiles and frequencies of CD25" TyegP, Foxp3'"
TregP and mature T, from CD45.1 Foxp3®“™ (n=12) or Foxp3**"xLta” (n=12)
BM cells. Data are pooled from four independent experiments. ¢ Representative
flow cytometry profiles and frequencies of CD25" TregP, FOXp3'" TP, and mature
Treg in the Teg cell lineage gate derived from CD45.1 Foxp3°“** (n=6) or
Foxp3°®™xLta” (n=7) BM cells. Data are pooled from two independent experi-
ments. d Frequencies of Ki67* cells in CD25" T,egP (n=9 for Foxp3*"" and n=10

for Foxp3°®*xLta™), Foxp3" TregP (n=10) and mature T,cg (n=10) derived from
CD45.1 Foxp3¢“™ or Foxp3<°™xLta”" BM cells. Data are pooled from three inde-
pendent experiments. e-h t-SNE dimensional reduction of flow cytometry data
using maturation markers (e) allowing the identification of T, clusters (f),
fluorescence intensity heatmap of the markers used for the t-SNE construction of
each T, cluster (g), and quantification of these clusters (h) in cells derived from
CD45.1 Foxp3°™* (n=4) or Foxp3*“xLta” (n=5) BM cells. Data are pooled from
two independent experiments. Error bars show mean + SEM, *p < 0.05, *p < 0.01,
and ***p < 0.0001 using unpaired two-tailed Student’s t test for (b) and unpaired
two-tailed Mann-Whitney U test for (c), (d) and (h). Source data are provided as a
Source Data File.

and glycolysis/gluconeogenesis module scores calculated using our
scRNA-seq analysis at steady state (Fig. 5f). Interestingly, we found that
Foxp3® TP and mature T, from Foxp3°*xLta™" mice exhibited an
exacerbated glucose dependency (Fig. 6d and Supplementary
Fig. 8c, d).

Next, we further explored the metabolic profiles of the dis-
tinct maturational stages of T,.,P and mature T,.s cells using
CD69 and H2K® developmental markers (Fig. 6e)*. In wild-type
conditions, the mitochondrial dependence increased while the
glycolytic capacity decreased during CD25" TP maturation

(Fig. 6f). We further found a distinct metabolic profile for the M1
subset within CD25" and Foxp3' TP, whereby M1 Foxp3" T,eoP
exhibited a higher mitochondrial dependence. Notably, CD25"
and Foxp3" TP M2 subsets had a similar metabolic profile
compared to M1 and M2 mature T,.g whose profile was char-
acterized by a high mitochondrial dependency and a low glyco-
lytic capacity. A similar profile was also observed in the Foxp3"
TegP M1 subset. These results suggest that the increase in mito-
chondrial dependency is tightly linked to T.., maturation. In
Foxp3°“*PxLta”’" mice, CD25" T,e,P SM cells showed an increased
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Fig. 5 | Single-cell RNA sequencing reveals that Lta deficiency affects the
metabolic program of developing T, subsets. a Gating strategy used to purify
Treg lineage cells from Foxp3°“* and Foxp3°“"xLta”~ mice. b Merged UMAP
visualization of T,eg lineage cells colored by cell types from Foxp3°“* and
Foxp3°“xLta”" mice. ¢ Heatmap showing the expression level of the top 5 differ-
entially expressed genes (adj-p-val<0.001) in each cluster. d Density scores of Treg
markers, Foxp3, I2ra, I2rb and I2rg, as well as maturation markers, Ccr7, Cd24a,
Cd69, Tnfrsf18, H2-K1, Sell, KIf2 and S1prl on merged data from Foxp3<"* and
Foxp3°“xLta”" mice. Scores were computed using the Nebulosa package in R.

-
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UMAP_1

e UMAP visualization of T lineage cells from Foxp3°" (1433 cells) and
Foxp3°®*xLta™’~ (1342 cells) mice. f Module score distributions per condition and
cluster for various metabolic pathways. g Density scores of glycolysis-associated
genes (Ldha, Pgkl, and Tpil) and OXPHOS-associated genes (Ndufa4, Ndufc2, and
AtpSb) on merged data from Foxp3°®™ and Foxp3°“*xLta”" mice. Scores were
computed using the Nebulosa package in R. Statistical comparison of module
scores between conditions for each cluster was performed using the Wilcoxon test
with Benjamini-Hochberg multitest correction. Error bars show mean +SD,
*p<0.05, *p < 0.01. Source data are provided as a Source Data File.
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Fig. 6 | LTa,B, expression regulates T,e; glucose dependence during their
development. a, b Representative histogram and fold change in the gMFI of
MitoTracker Deep Red (MDR) staining in CCR6™ CD25" T,gP, Foxp3" TregP and
mature Tyeg from Foxp3°® (n=9) mice (a) compared to Foxp3**"xLta™ (n=9)
mice (b). FMO are shown in Foxp3®“"" T, subsets. Data are pooled from two
independent experiments. ¢, d SCENITH metabolic profiling of CD25" TP, Foxp3'"
TregP, and mature Teg from Foxp3*“" (n=9) (c) and Foxp3*“*xLta” (n=8) (d)
mice. Graphs show the percentage of glucose dependence, mitochondrial depen-
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capacity of each cell subset. Data are pooled from three independent experiments.
e The table summarizes the phenotype of semi-mature (SM), mature 1 (M1) and
mature 2 (M2) CD4" SP thymocytes. f, g SCENITH metabolic profiling depending on
maturational state of CD25" TregP, FOXp3" TregP, and mature Teg from Foxp3®™
(n=9) and Foxp3*“*xLta”" (n=6) mice. Data are pooled from three independent
experiments. Error bars show mean + SEM, *p < 0.05, *p < 0.01, **p <0.001, and
****p < 0.0001 using one-way ANOVA for (a), (c) and (f), unpaired two-tailed Stu-
dent’s t test for (b) and (d), unpaired two-tailed Mann-Whitney U test for (g).
Source data are provided as a Source Data File.

mitochondrial dependence while the M2 cells exhibited an
increased glucose dependence (Fig. 6g). Moreover, the glucose
dependence was also increased in Foxp3" TP and mature Tieg
at M1 and M2 stages. Thus, Foxp3"° T,..P display a similar meta-
bolic profile to the most mature T, (M2) and Lta expression
negatively regulates their glucose dependency. Overall, these
findings show that LTa modulates the metabolic profile of T,eg
along their maturational development.

LTa,B,-regulated T,z development depends on IL-4 production
by mTEC

We then investigated the underlying mechanism of LToyB,-LTPR-
regulated T, development. We made the hypothesis that the LToy3,-
LTPR axis could regulate the expression of cytokines. Consistent with a
previous report”, we found that /l4ra was preferentially expressed in
Foxp3" TP compared to CD25" T,¢P, and its expression was further

upregulated in mature T,g at both mRNA and protein levels (Fig. 7a, b).
In contrast, cells of the T,z lineage did not produce IL-4, ruling out an
autocrine stimulation (Fig. 7a). This expression pattern suggests that
IL-4 may support the conversion of FOXp3" TP into CD25'Foxp3"
mature T,eg. To test this hypothesis, purified CD25" TP and Foxp3®
TrecP were stimulated with increasing doses of IL-4. In contrast to
CD25" TyegP, IL-4 stimulation promoted the robust conversion of
Foxp3'° TregP into CD25'Foxp3™ mature Tyeg (Fig. 7c and Supplemen-
tary Fig. 9). Interestingly, we found increased /4 expression in the
thymus of Lta”™ mice, which was associated with enhanced develop-
ment of IL-4-dependent Eomes* memory-like CD8" SP thymocytes”**
(Fig. 7d, e). Furthermore, frequencies and numbers of phospho-Stat6*
cells were substantially enhanced, further highlighting an IL-4-rich
environment in the thymus of Lta”™ mice (Supplementary Fig. 10a).
Among these cells, frequencies of phospho-Stat6" mature T; were
increased in Lta”’” mice (Supplementary Fig. 10b), suggesting that
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Fig. 7 | IL-4 controls the Foxp3'" TP developmental pathway in the thymus.
a UMAP visualization of T, lineage cells colored by cell types (left), feature, and
density UMAP representation of /[4ra (middle) and /l4 (right) expression from
Foxp3°¢“" mice. b Representative histogram and fold change in the gMFI of IL-4Rx
in CD25" TyegP, Foxp3® TregP, and mature T,g identified in CCR6 CD4" SP thymo-
cytes from Foxp3°®* mice (n=10). The FMO is shown in the CD25'Foxp3°** T,cg
subset. Data are pooled from three independent experiments. ¢ Frequencies of
CD25'Foxp3" mature T,eg generated from purified CD25" TegP or FOXp3™ TregP
stimulated with 0.5 ng/mL (diamond, n=35), 1.0 ng/mL (triangle, n=5), 100 ng/mL
of IL-4 (circle, n=5) or unstimulated (square, n =5). Data are pooled from two
independent experiments. d Relative expression of //4 in the thymus of WT (n=5)
and Lta” (n=8) mice. Data are pooled from two independent experiments. e Flow
cytometry profiles and frequencies of Eomes” CD8" SP thymocytes from WT (n=12)
or Lta™™ (n=12) mice. Data are pooled from two independent experiments.

f Relative expression of /[4 in the thymus of mixed BM chimeras (Foxp3¢“"+WT

mice, n=8 and Foxp3*“*"xLta”+WT mice, n =8). Data are pooled from two inde-
pendent experiments. g Frequencies of CCR6™ CD25" TegP, FOXp3® TyegP, and
mature T, derived from CD45.2 BM cells (Foxp3*“*+WT mice; n=12 and
Foxp3¢“™xLta”’+WT mice; n =14). Data are pooled from three independent
experiments. h Experimental set-up: Lta” mice were injected i.p. with neutralizing
anti-IL4 antibody or isotype control at postnatal day (PND) O and PND3. Pups were
sacrificed at PNDS. i, j Representative flow cytometry profiles, frequencies, and
numbers of Eomes” CD8" SP thymocytes (i) and CCR6 CD4" CD25" TygP, Foxp3°
TregP, and mature Teg (j) from the thymus of Lta” pups injected with an isotype
control (n=5) or a neutralizing anti-IL4 antibody (n =4). Data are pooled from two
independent experiments. Error bars show mean + SEM, *p <0.05, *p < 0.01,

***p < 0.001 and ***p < 0.0001 using one-way ANOVA for (b), Kruskal-Wallis

test for (c), unpaired two-tailed Mann-Whitney U test for (d) and (i, j) and
unpaired two-tailed Student’s t test for (e-g). Source data are provided as a
Source Data File.
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enhanced IL-4 expression affects mature T, In line with enhanced
Foxp3® T,egP and mature Teg in Foxp3¢®*xLta”+ WT > WT chimeras
(Fig. 4), Il4 expression was higher in the thymus of those recipients,
which was associated with increased frequencies of phospho-Stat6*
thymocytes (Fig. 7f and Supplementary Fig. 10c). Moreover, in line with
the reintroduction of WT BM cells in these chimeras, IL-4 and phospho-
Stat6 levels increased by only half of those observed in Lta” mice. This
partial increase in /4 expression was sufficient to enhance the fre-
quencies of Foxp3" TP and mature T,.; of CD45.2 WT origin (Fig. 7g).
This indicates that the Foxp3" T,,P developmental pathway is highly
sensitive to subtle variations in IL-4 levels. To investigate the role of IL-
4in vivo in T,eg development, Lta™ pups were injected with an anti-IL-4
neutralizing antibody during the emergence of T,.P at post-natal day
0 and 3 (Fig. 7h). Five days after birth, Eomes” memory-like CD8" SP
thymocytes were reduced, showing the effectiveness of IL-4 neu-
tralization (Fig. 7i). Interestingly, frequencies and numbers of Foxp3'°
TregP and CD25'Foxp3" mature subsets were substantially reduced
while CD25" T,.cP were over-represented (Fig. 7j). These results sug-
gest that IL-4 favors the Foxp3" T,cP developmental pathway at the
expense of the CD25" TP pathway.

Although type 2 natural killer T cells (NKT2) are an important
source of IL-4 in the thymus®, increased expression of /4 in Lta™”
mice was unlikely due to NKT2 cell enrichment (Supplementary
Fig. 10d), suggesting another cellular source of IL-4. We therefore
explored whether other thymic cells may express /4. Using a sSCRNA-
seq dataset*’, we found that //4 was not expressed by thymic DC and

macrophages (Fig. 8a). We next investigated the possibility that mTEC
could produce this cytokine and found that IL-4 was mainly expressed
by Aire' mTEC" and late-Aire mTEC in scRNA-seq datasets (Fig. 8b). We
confirmed by qPCR that the level of /l4 was higher in mTEC expressing
high levels of the CD80 costimulatory molecule (mTEC™) than in mTEC
expressing low levels of CD80 (mTEC®) and that the level in mTEC™
was similar to that observed in NKT cells (Fig. 8c). Using IL-4 reporter
mice on a C57BL/6 or BALB/c background, IL-4 expression was
detected both in NKT cells and mTEC (Fig. 8d and Supplementary
Fig. 10e), confirming that mTEC constitute a substantial source of IL-4
in the thymus. Given that the classical NF-kB member p65 (RelA) was
reported to upregulate //4 expression by binding to its promoter*, we
assessed its expression in mTEC" of Lta”~ mice and found enhanced
protein levels of p65 (Supplementary Fig. 10f). This suggests that the
increased expression of p65 may lead to elevated /[4 expression in
mTEC" of Lta™ mice.

Given that mTEC control the generation of CD25'Foxp3*
Treg”****, we explored the expression of LTBR within mTEC subsets by
reanalysing TEC scRNA-seq datasets**°. Ltbr was widely expressed in
mTEC subsets (Supplementary Fig. 11a). We confirmed by flow cyto-
metry this wide expression in mTEC'® and mTEC" (Supplementary
Fig. 11b,c). Next, we analyzed the TEC scRNA-seq with our thymic T,eg
scRNA-seq datasets to identify possible cell-cell interactions via the
LToyB2-LTPR axis using CellChat*’. CD25" TeoP and Foxp3® T,gP likely
interact with several mTEC subsets (Supplementary Fig. 11d). These
interactions seemed to be stronger with transitional and mature Ticg,
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consistent with the gradual increase of LTy, expression during Tieg
development (Fig. 1c and Supplementary Fig. 1c).

Next, to determine the contribution of mTEC in LTayB,-LTBR-
regulated T,z development, we used OTII transgenic mice that
possess CD4" SP thymocytes expressing an MHClII-restricted TCR
specific for the chicken ovalbumin (OVA). First, we verified that OTII
cells transit through the CD25" and Foxp3" TP developmental
pathways. To this end, we took advantage of RipmOVAXOTIIxRag2 ™"
mice in which the Rat Insulin Promoter (Rip) drives the expression of
the membrane-bound OVA (mOVA) form specifically in mTEC. In
these transgenic mice, high-affinity interactions between OVA-
expressing mTEC and OTIlI thymocytes are possible in vivo.
Whereas Foxp3" TregP and CD25'Foxp3™ mature T,z were unde-
tectable in OTIIxRag2”~ mice, these two T, subsets developed in

RipmOVAXOTIIxRag2 ™ mice, indicating that OTII thymocytes transit
through Foxp3" TP toward mature T, When the cognate self-
antigen is expressed in mTEC (Fig. 9a). We then performed in vitro
antigen-specific T.g conversion assays in which WT mTEC loaded
with the OVAs3,3.330 peptide were co-cultured with CD69" semi-
mature OTIl CD4" SP thymocytes, that expressed the membrane-
bound LTo,3, and were shown to contain cells with a high ability to
differentiate into mature T,.g* (Fig. 9b, c). After 18 h of co-culture,
mTEC presenting the cognate antigen had the capacity to induce
Foxp3" T,esP, further confirming that OTII thymocytes transit via a
Foxp3'" TP stage (Fig. 9d). To further investigate the role of Lta, we
performed this experiment with CD69°CD4" SP thymocytes purified
from OTIl mice backcrossed on an Lta”~ background (OTIIxLta”™
mice). Interestingly, the conversion in Foxp3'" TregP increased while
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Fig. 9 | The LTa,B,-LTPR axis provided by mTEC limits Foxp3" T, develop-
ment in an IL-4 dependent manner. a Representative flow cytometry profiles,
frequencies, and numbers of thymic CCR6"CD4" CD25" T,egP, FOXp3" T,oP and
mature T,eg from OTIIXRag2”~ and RipmOVAXOTIIxRag2”~ mice (n=S5 from two
independent experiments). b T,z conversion assay: OVAs;3330-loaded mTEC were
co-cultured with CD69* semi-mature CD4* thymocytes from OTII or OTIIxLta™”~
mice. ¢ LTayf3, expression in CD69* OTII CD4" thymocytes compared to control
(I ab). d Flow cytometry profiles and fold change in the frequencies of CD25" and
Foxp3" T,,P derived from CD69* OTII or OTIIxLta”” CD4" thymocytes after 18 h of
co-culture (n=16 from two independent experiments). e T, conversion assay:
OVAs33330-l0aded mTEC were co-cultured with CD69* semi-mature CD4* thymo-
cytes pretreated or not with the blocking LTBR-Fc receptor. f Flow cytometry
profiles and fold change in the frequencies of CD25" and Foxp3'° TP derived from
CD69* OTII CD4" thymocytes pretreated or not with the blocking LTBR-Fc receptor
after 18 h of co-culture (n=9 from two independent experiments). g, h Flow
cytometry profiles and fold change in the frequencies of CD25'Foxp3" mature Tyeg
derived from CD69* OTII (n=10) or OTIlIxLta”™ (n=9) CD4* thymocytes co-
cultured with OVAs,3 339-loaded mTEC (g), mTEC" or mTEC" (n=5 for OTII and
OTIIxLta™") (h) after 5 days. Data are pooled from three (g) and two (h)

independent experiments. i Flow cytometry profiles and fold change in the fre-
quencies of CD25'Foxp3" mature T,.g derived from CD69* OTII CD4" thymocytes
pretreated (n=7) or not (n=8) with the blocking LTBR-Fc receptor after 5 days of
co-culture. Data are pooled from two independent experiments. j Treg conversion
assay: OVAzp3.330-loaded mTEC were co-cultured with CD25" TigP or Foxp3"® TregP
from RipmOVAXOTIIXFoxp3°°"* mice. T,.gP were pretreated or not with the
blocking LTBR-Fc receptor. k, 1 Flow cytometry profiles (k) and fold change in the
frequencies of mature T,g (I) derived from the conversion of pretreated or not
CD25" TeP or Foxp3" T,oP after 72 h or 24 h of co-culture, respectively (n =7 from
two independent experiments). m Relative expression of /l4 and Rela in co-cultures
of OVAs,3.330-l0aded mTEC and CD69* semi-mature OTII or OTIIxLta”~ CD4" thy-
mocytes (n=9 from two independent experiments). n Fold change in the fre-
quencies of CD25'Foxp3* mature T, derived from CD69* OTIl or OTlIxLta - CD4*
thymocytes co-cultured with OVA3,3.330-l0aded mTEC with (n= 6) or without
(n=10) a neutralizing anti-IL4 antibody. Data are pooled from two independent
experiments. Error bars show mean + SEM, *p < 0.05, **p < 0.01, **p <0.001 and
****p < 0.0001 using unpaired two-tailed Mann-Whitney U test for (a), (g-i) and (I),
unpaired two-tailed Student’s t test for (d), (f) and (m) and Kruskal-Wallis test for
(nm). Source data are provided as a Source Data File.

that of CD25" T,egP decreased with CD69" CD4" from OTIIXLta”™ mice
compared to OTII mice. Moreover, blocking LToyf3,-LTPR interac-
tions using the soluble LTPR-Fc receptor, also resulted in an
increased Foxp3" T:egP conversion and a decreased CD25" TP
conversion (Fig. 9e, f), indicating that the lymphotoxin axis limits the
Foxp3" TP developmental pathway in favor of the CD25" TcoP
pathway. As previously reported*’, mTEC had the capacity to induce
antigen-specific CD25"Foxp3" mature T,cg after 5 days of co-culture
(Fig. 9g). We found a higher conversion in CD25'Foxp3* mature Tig
when OVA3;,3.330-l0aded mTEC were co-cultured with CD69°CD4" SP
thymocytes from OTIIxLta”~ mice compared to OTII mice. A similar
enhanced T, generation was observed irrespective of the mTEC
maturation state (Fig. 9h). Moreover, blocking LToy3,-LTBR interac-
tions, also resulted in an increased mature T, conversion after
5 days of co-culture (Fig. 9i). These results show that LTo;3,-LTBR
interactions with mTEC act as a negative regulator of CD25'Foxp3*
mature T, conversion via the Foxp3" T,..P developmental pathway.
To further define whether the LToyf3,-LTPR axis controls the con-
version of Foxp3" T.gP into CD25'Foxp3* mature T.g we back-
crossed RipmOVAxOTIIxRag2”~ mice with the Foxp3°’* reporter
mice, which allowed us to purified both T,..P. We performed antigen-
specific co-culture assays using OVAs;,3.330-l0aded mTEC with CD25"
or Foxp3" TP purified from RipmOVAXOTIIXFoxp3*“** mice and
treated them or not with the soluble LTBR-Fc receptor (Fig. 9j and
Supplementary Fig. 12). The addition in the co-culture of LTBR-Fc
receptor caused a greater conversion into CD25'Foxp3” mature Tyeg
by Foxp3" TP, but not by CD25" TP (Fig. 9k, ). Altogether, these
data reveal that the LToy3,-LTPR axis acts as a feedback mechanism
by which TP can limit their own differentiation.

We next evaluated whether the LTay,-LTPR axis regulates /4
expression in mTEC in these co-culture assays. Interestingly, we found
higher levels of /4 in OVAj;y3339-l0aded mTEC co-cultured with
CD69°CD4* SP thymocytes from OTIIxLta”~ compared to OTII mice,
demonstrating that Lta negatively regulates the expression of //4 in
mTEC (Fig. 9m). Consistently, Rela was also higher in co-cultures with
CD69°CD4* SP thymocytes from OTIIxLta” mice. To test the
hypothesis that /l4 overexpression observed in the absence of Lta may
be responsible for the enhanced conversion of CD69°CD4" SP thy-
mocytes into mature T, (Fig. 9g), we used a neutralizing anti-IL-4
antibody in these co-culture assays. Strikingly, the increased conver-
sion of CD69'CD4" SP thymocytes from OTIIxLta’” mice into
CD25'Foxp3" T,eg Was fully abolished by IL-4 neutralization (Fig. 9n).
Overall, these results demonstrate that the LToB,-LTBR axis nega-
tively regulates CD25'Foxp3" T, conversion by repressing IL-4
expression in mTEC.

Discussion

Recent advances have revealed that CD25'Foxp3” mature T arise
from two distinct developmental pathways involving CD25° and
Foxp3® T,egP****%. Although the CD25" T,,P pathway is well studied,
the more recently identified Foxp3" TP pathway remains poorly
investigated. Our study reveals that the LToyB,-LTBR axis plays an
unexpected role in limiting CD25'Foxp3" T, generation via the
Foxp3" TP developmental pathway.

Previous reports have found that the first step of T, develop-
ment is linked to the TCR signal strength, implicating transcription
factors of the Nr4a family*’. Concomitantly to TCR signaling, CD28
costimulation promotes T, generation by inducing Foxp3
expression®. We observed that Cd28”~ mice have decreased numbers
of both CD25" T,,P and Foxp3" T,egP, resulting in a drastic reduction
of mature T,.e. Our data show that the stimulation of TCR and CD28
also upregulates the expression of LTayf3, in CD25" TP and Foxp3®
TregP. In addition to TCR/CD28 signals, y-chain cytokines are
important regulators of T,.; development since /2 7~ and /157 mice
exhibit a severe reduction of T.P and mature T, in their
thymus'®*°. Interestingly, we found that IL-2 controls LTayf,
expression specifically in mature T,eg. Accordingly, LTy, and CD25
levels were tightly correlated and IL-2 in vitro stimulation led to a
dose-dependent LTa, 3, upregulation in mature T,g. A recent report
described that IL-2 also increases LToyf3, expression in peripheral
Treg', suggesting a conserved regulatory mechanism between the
thymus and the periphery.

Although Foxp3" TP leads to the generation of CD25'Foxp3"*
Treg Upon intrathymic transfer'*”, the underlying mechanisms that
control this newly identified developmental pathway remain unknown.
The generation of Foxp3°“xLta”~ mice revealed that Lta expression
limits T,z development from Foxp3" TregP. To our knowledge, LTa is
the first identified molecule that fine-tunes the Foxp3" TP devel-
opmental pathway. Although CD25" TsP express LTy, to some
extent, these cells remain poorly affected compared to Foxp3" T,egP in
Foxp3°“*PxLta” mice. We show that the increased cellularity of Foxp3'
TregP and mature T,g in Foxp3***xLta”™ mice was likely a direct con-
sequence of enhanced proliferation and survival. Moreover, given that
LTPR signaling was found to regulate the expression of chemokines
involved in thymocyte trafficking” and that the LTa;3,- LTBR axis has
been implicated in T.g trafficking in a model of pancreatic
islet allograft'®*?, future investigations are expected to clarify whether
Lta-deficiency could affect the intrathymic migration of T,.g subsets.
Multiparametric flow cytometry analyses based on maturational mar-
kers revealed an unexpected heterogeneity in both TP and mature
Treg. Our results highlight that CD25" TP is a highly heterogenous
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population, with cells at distinct maturational stages. Compared to
CD25" TyegP, Foxp3" T.gP contain more mature cells at M1 and
M2 stages, similarly to CD25'Foxp3" mature Teg. Our transcriptomic
and flow cytometry analyses highlight that CD25" T,.gP and Foxp3"
T,egP subsets contain not only precursors but also CD62L" mature
cells, which is a reliable marker for cells about to leave the thymus®.
Therefore, cells commonly called TP likely contain cells with the
ability to emigrate, although this requires further investigations. The
CD69'CD62L" Foxp3® TP population, displaying a mature pheno-
type characterized by high levels of H2K® and Qa2, increased in
Foxp3*“™xLta”’™ mice, suggesting that this putative transitional
stage towards mature T,g is regulated by Lta. Altogether, our data
identified LTa as a negative regulator of T, maturational
development.

A recent study performed scRNA-seq on thymic T,eg using pre-
sorted subpopulations from TCliBxTCRa" xFoxp3°™® mice and char-
acterized CD25'T,egP, Foxp3"T P and mature de novo T,eg"". In con-
trast, our cell-sorting strategy based on the entire T, lineage allowed
us to also capture CD122" pre-T,P and transitional T,g states from
Foxp3°®™ and Foxp3°°“™xLta” mice. Moreover, we characterized the
metabolic profile in our scRNA-seq experiment during T.eg develop-
ment, which remained unknown to date. Interestingly, whereas CD25"
TregP rely on both glucose and OXPHOS mitochondrial dependencies,
our transcriptomic and functional metabolic analyses revealed that
like mature Tieg, Foxp3' TeegP are highly dependent on OXPHOS
activity and have a lower dependency on glucose metabolism. These
findings are consistent with the fact that CD25" T P and FOxp3' TP
have a distinct transcriptomic profile'>**, In Foxp3°®™xLta™ mice, the
glucose dependency substantially increased in both T,.gP and mature
Treg, indicating that Lta regulates their metabolic profile. This higher
glucose dependency may be linked to the enhanced survival and/or
proliferation of T,eP and mature T, observed in Foxp3*“*xLta™”
mice. Further investigations will elucidate whether the distinct meta-
bolic profiles of CD25" TP and Foxp3"° TP depend on their
responsiveness to y-chain cytokines and influence their epigenetic
landscape. Understanding the intricate interplay between the two
TiegP and their respective stromal niches, which could modulate their
metabolic profiles and influence their differentiation, represents an
exciting area for future research.

Treg conversion assays using co-cultures of CD69" semi-mature
OTII CD4" SP thymocytes with mTEC that express LTPR revealed that
the LToyP,-LTPR axis acts as a negative regulator of CD25'Foxp3*
mature T, conversion. We found an enhanced generation of Foxp3®
TreeP from CD69* CD4" SP thymocytes in the absence of Lta in CD4* SP
thymocytes or when LTa;3,-LTPR interactions were blocked with the
soluble LTBR-Fc receptor. In line with these observations, this resulted
in an increased conversion into CD25'Foxp3* mature T,.g. Further-
more, Treg cONversion assays using co-cultures with T,.gP showed that
the LToyB,-LTPR axis acts as an inhibitory feedback by which Foxp3'°
TregP can limit their own differentiation into CD25'Foxp3" mature Tieg.
In agreement with a previous study”, we found that Foxp3' TP
express higher levels of IL-4Ra than CD25" T,gP both by scRNA-seq
and flow cytometry. Moreover, Foxp3" TP have a higher ability to
respond to IL-4 stimulation than CD25" T,P. Remarkably, /l4 expres-
sion was higher in Lta”™ mice, which correlated with a greater fre-
quency of Eomes” memory-like CD8" SP thymocytes and phospho-
Stat6" cells. In vivo IL-4 neutralization resulted in a substantial reduc-
tion of Foxp3"® TP and CD25'Foxp3* mature T, Whereas CD25
TP were over-represented, indicating that IL-4 favors the Foxp3°
TP pathway at the expense of the CD25" TP developmental
pathway. Future studies are expected to define the respective con-
tribution of T,egP and mature T,g in LToyB,-controlled IL-4 production
by mTEC.

ScRNA-seq, qPCR and IL-4°“* reporter mice revealed that mTEC
are a valuable source of IL-4 in addition to NKT2. Strikingly, mTEC

produced a larger amount of IL-4 upon antigen-specific co-cultures
with CD69'CD4" SP thymocytes purified from OTIIxLta”" mice
compared to OTII mice, indicating that Lta expression negatively
regulates //4 expression in mTEC. This higher production correlated
with a greater conversion into mature T,eg, Which was abrogated by a
neutralizing IL-4 antibody. The classical NF-kB member p65 has the
ability to bind to the P4/PRE-I and P1 sites of the /4 promoter and
upregulate its transcription’"*, Whereas the non-classical NF-kB
pathway is preferentially activated by lymphotoxin signaling at
steady state”~°, our data indicate a preferential usage of the classical
NF-kB pathway characterized by an upregulation of p65 when lym-
photoxin signaling is disrupted. Since IL-4 is regulated by the clas-
sical NF-kB member p65, which was overexpressed in Lta” mice, this
cytokine upregulation in Lta™ mice is likely induced by the classical
NF-kB pathway. Interestingly, previous studies have shown that IL-4
acts as a proliferation and survival factor of peripheral T,e” . Thus,
IL-4 may not only induce mature T,., conversion but also promote
their survival and proliferation. In line with this hypothesis, we found
reduced expression of the pro-apoptotic protein BIM in FOXp3" T gP
and mature T,.g of Foxp3®“*xLta”~ mice. Whereas IL-2 is crucial for
the CD25" T,oP developmental pathway'®*°, our findings show that
IL-4 preferentially regulates the Foxp3" TP developmental path-
way, indicating that these two cytokines play a non-overlapping role
in T, development. IL-15, also implicated in T,z development, is
expressed by mTEC'*'*", Therefore, by their ability to produce both
IL-15 and IL-4, mTEC likely constitute a privilege niche that controls
Treg development.

In summary, this study shows that instructive signals of the “two
step model” induce the gradual upregulation of the membrane-bound
LToyB, during Treg development. Importantly, we identify that LToy3,-
LTBR interactions act as an inhibitory checkpoint that limits the
Foxp3® TP developmental pathway by negatively regulating IL-4
production in mTEC (Supplementary Fig. 13). Interestingly, human
thymi, routinely removed during pediatric cardiac surgery, constitute
a novel source of stable T,.g for cell therapy that can be purified in
large quantities®®®. Given that CD25" and Foxp3" T,eg P-derived Tieg
likely exhibit a differential ability to protect against distinct auto-
immune disorders™®, targeting LTa;,-LTBR interactions may there-
fore be used to foster the Foxp3" TP pathway in order to treat
specific pathologies. Our findings are, thus, expected to pave the way
for therapeutic strategies tailored to treat distinct autoimmune and
inflammatory disorders.

Methods

Mice

All mice - CD45.1, CD45.2 and CD45.1/2 WT (Charles River), CD45.2
Lta’%, Rag2”**, Cd28"%, OTII*®, Rip-mOVA®, CD45.1 Foxp3°ces,
Rag2®™°, Foxp3™!120 [[15¥0%° and JI2X° (B6.129P2-112tm1Hor/), JAX
laboratories) - were on a pure C57BL/6 background. The IL-4°¢F
reporter (4get) mice’® were on a C57BL/6 or BALB/c background.
CD45.2 Lta’ mice were backcrossed with CD45.1 Foxp3°“* mice
(CD45.1 Foxp3*“xLta’™ mice). OTIl mice were backcrossed on a
Rag2” background (OTIIxRag2”~ mice) and OTIIxRag2” on a Lta’~
background (OTIIxRag2”/ xLta’~ mice). Rip-mOVA mice were back-
crossed with OTIIxRag2”~ mice (Rip-mOVAXOTIIxRag2”). Rip-
mOVAXOTIIxRag2”~ were backcrossed with Foxp3<® mice (Rip-
mOVAXOTIIXFoxp3°™). Foxp3™ mice were backcrossed with
Rag2“"" mice (Rag2°™xFoxp3™'! mice) and Rag2’"xFoxp3™* mice
on a [MIS° or /2 background (l15*°xRag2’®xFoxp3™ ! or
12¥°xRag2°xFoxp3™*! mice). All mice were maintained under spe-
cific pathogen free conditions at the CIML (Marseille, France). Mice
were housed under a standard 12 h/12 h light-dark cycle, with a con-
trolled ambient temperature of 22°C+2°C, and relative humidity
between 45% and 65%. Standard food and water were given ad libi-
tum. For all experiments, male and female mice were sex- and
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age-matched. Unless specified, adult mice were used between 6 and
8 weeks of age. Chimeras were generated between 6 and 12 weeks of
age. All experiments were done in accordance with National and
European laws for laboratory animal welfare (EEC Council Directive
2010/63/UE) and approved by the Marseille Ethical Committee for
Animal Experimentation no.14.

Bone marrow chimeras

Bone marrow chimeras were generated by co-injecting intravenously
(i.v.) 2x10° BM cells from CD45.2 WT mice with 2 x 10° BM cells from
either CD45.1 Foxp3°°* or Foxp3°“"xLta™ mice (ratio 1:1) into lethally
irradiated CD45.1/2 WT recipients (two doses of 500 rads, 12 h apart,
X-ray using a RS-2000 Irradiator, Rad Source Technologies). Similarly,
5x10° BM cells from CD45.1 Foxp3°“** mice were injected into lethally
irradiated CD45.2 WT or Lta™" recipients. Mice were analyzed 6 weeks
post-reconstitution.

Thymic cell isolation

For T,z isolation, thymi were mechanically dissociated on a 70 um cell
strainer. CD4" SP thymocytes were pre-enriched by depleting CD8" and
CD1ic’ cells using biotinylated anti-CD8a (clone 53.6.7; Biolegend) and
anti-CD1lc (clone N418; Biolegend) antibodies with anti-biotin
microbeads and ran on an AutoMACS Pro separator using the
Deplete program (Miltenyi Biotec). For TEC isolation, thymi were
digested 10 min at 37°C in HBSS medium containing 50 pg/ml of
Liberase™ (Roche) and 100 ug/ml DNase 1 (Roche) and were then
subjected to vigorous pipetting. This step was repeated until complete
tissue digestion. Cells were filtered through a 70 pm strainer to remove
clumps. CD45" hematopoietic cells were depleted using biotinylated
anti-CD45 antibodies (clone 30-F11; Biolegend) with anti-biotin
microbeads, and run on an AutoMACS Pro separator using the
DepleteS program (Miltenyi Biotec). CD69'CD4" SP thymocytes, TgP,
mature T, NKT, and mTEC subsets were cell-sorted using a FACSAria
1l cell sorter (BD Biosciences).

In vivo IL-4 neutralization experiments

Lta”™ neonates received an i.p. injection of either isotype control
(clone RTK2071, Biolegend) or neutralizing anti-mouse IL-4 antibody
(clone 11B11, BioXcell) on the day they were born (100 pg) and 3 days
later (100 ug). Mice were analyzed 5 days post-birth.

In vitro antigen-specific T,eg conversion assays

Co-culture assays between mTEC and CD69'CD4" SP thymocytes to
assess Tyeg conversion were performed”. Briefly, 1x 10° cell-sorted total
mTEC (CD45 EpCAM'LySI°UEA-1"), mTEC" (CD45 EpCAM'Ly51°UEA-
1"CD80"*) and mTEC® (CD45EpCAM'Ly51°UEA-1"CD80") from WT thymi
were loaded or not for 90 min with OVAs,3339 peptide (5 pg/ml, Poly-
Peptide) at 37°C. Cells were then co-cultured with 5x10° purified
CCR6°CD25CD69'CD4'CD8™ SP thymocytes from OTIIXRag2”~ mice
pre-incubated or not during 1h at 37°C with recombinant LTPBR-Fc
(2 pg/ml, RnD systems) or from OTIIxRag2” xLta” mice in a complete
medium containing D-MEM (ThermoFisher Scientific), 10 % FBS
(Sigma Aldrich), 2mM L-glutamine, 1mM sodium pyruvate, 2.10°M
2-mercaptoethanol, 100 IU/ml penicillin, and 100 pg/ml streptomycin
(all from ThermoFisher Scientific). In addition, total mTEC were co-
cultured with 5x10° purified CD25" T.gP or Foxp3® TregP from
Rip-mOVAXOTIIxFoxp3*“" mice pre-incubated or not during 1h at
37 °C with recombinant LTPBR-Fc (2 pg/ml, RnD systems). Alternatively,
10 ug/mL of neutralizing anti-mouse IL-4 antibody (clone 11BI11, BioX-
cell) was added in the co-cultures of OVAss_330-loaded mTEC
with  CCR6'CD25CD69'CD4'CD8” SP from OTIIxRag2”~ or
OTlIxRag2” xLta” mice. The conversion into CD25" TyegP, FOXP3° TegP,
or CD25'Foxp3* mature T,z Was analyzed by flow cytometry 18 h, 24 h,
72 h, or 5 days later, as indicated in the legends.

In vitro T,.,P conversion assays with IL-4 stimulation

1x10* purified CD25" TyegP Or FOXp3'® T(oP from Foxp3°* mice were
incubated in complete RPMI medium supplemented with different
doses of mouse IL-4 (0.5, 1 or 100 ng/mL; Peprotech). After 72 h, cells
were harvested, stained with anti-CD4 and anti-CD25 antibodies, and
analyzed by flow cytometry for the conversion into CD25"Foxp3¢F**
mature Tyeg.

In vitro activation of T,z cell subsets

For CD3e stimulation, 2 x10* purified CD25" T,egP, FOXp3" TyegP oOF
CD25'Foxp3* Tyeg from Foxp3°“™ mice were cultured with different
doses (0.1, 1, 2.5 or 5 ug/mL) of coated anti-CD3¢ antibody (clone 2C11,
BD Biosciences) in a complete RPMI medium containing soluble anti-
CD28 antibody (0.5 ug/mL, clone 37.51, Biolegend) in the presence of a
low dose of IL-2 (5 ng/mL, Immunotools). For IL-2 stimulation, 2 x 10*
purified CD25" T,egP, FOXp3" TP, Or mature T,g from Foxp3°“** mice
were cultured with a low dose of coated anti-CD3¢ antibody (2 ug/mL,
clone 2C11, BD Biosciences) in a complete RPMI medium containing
soluble anti-CD28 antibody (0.5 pg/mL, clone 37.51, Biolegend) in the
presence or not of different doses (5, 20 or 40 ng/mL) of IL-2 (Immu-
notools). After 16 h, cells were harvested and analyzed for LToyf3,
expression by flow cytometry.

Flow cytometry

Cells were stained with standard procedures using antibodies listed in
Supplementary Data 1. For intracellular staining, cells were fixed, per-
meabilized, and stained with the Foxp3 staining kit according to the
manufacturer’s instructions (ThermoFisher Scientific). Fluorescence
minus one (FMO) and secondary antibody controls were used to set
positive staining gates. NKT cells were detected using CD1d tetramers
loaded with PBS-57 or unloaded (obtained from the National Institutes
of Health Tetramer Core Facility). For LT3, staining, cells were
incubated with LTBR-Fc (1 ng/10° cells, R&D systems) for 45 min on ice,
and staining was visualized using an APC-conjugated donkey anti-
human IgG F(ab’), antibody (Jackson ImmunoResearch). For all panels,
we inferred the background levels observed in the respective cell
subsets from Lta”" mice. To evaluate mitochondrial activity, thymo-
cytes were stained with MitoTracker Deep Red (100 nM) (Thermo
Fisher) for 30 min at 37 °C in complete RPMI medium. For unbiased
clustering of the cells from the T, lineage, data from all samples were
concatenated and analyzed using the t-SNE plugin of the Flowjo soft-
ware (BD Life Sciences, version 10.8.1). The PhenoGraph plugin was
used for the unsupervised discrimination of T.g subsets (with a
k-nearest neighbor value of 130 for Fig. 3i and 120 for Fig. 4f), which
were then visualized on the t-SNE dimensional reduction and quanti-
fied. The color code representing the expression level of each marker
in heatmaps was normalized on the median intensity value for a given
marker. Levels of LToyf3, expression were measured in thymic Tyeg
subsets from Rag2’"xFoxp3™'! (Fig. 1b-f), Rag2°"xFoxp3™\xIl15"~
and Rag2°™xFoxp3™"x/[2”" (Fig. 2d, e) mice on a BD LSR Fortessa at
Infinity (Toulouse, France). The other flow cytometry experiments
were conducted using FACSCanto II, BD LSR II, and Symphony cyt-
ometers (BD Biosciences) at CIML (Marseille, France). Data were ana-
lyzed using the FlowJo software (BD Life Sciences).

SCENITH™ metabolic profiling

SCENITH kit containing all reagents (including anti-puromycin, clone
R4743L-E8) and protocols were obtained (www.scenith.com) and the
Treg metabolic profile was analyzed™. Briefly, 4 x 10° thymocytes were
plated at 40 x 10° cells/ml in complete medium in a 96-well plate and
treated with Puromycin (10 yg/mL) and DMSO (Co), 2-deoxy-glucose
(2DG; 100 mM), oligomycin (O; 1uM), a combination of 2DG and oli-
gomycin (DGO) or harringtonine (H; 2 uyg/mL) for 40 min at 37°C, 5%
CO,. Cells were washed in cold FACS buffer and incubated with a BD
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Horizon™ Fixable Viability Stain 700 (BD Biosciences). Then, cells were
stained with primary-conjugated antibodies for 25 min at 4 °C in FACS
Buffer and were fixed and permeabilized with the Foxp3 staining kit
according to the manufacturer’s instructions (ThermoFisher Scien-
tific). Intracellular staining with anti-puromycin and anti-Foxp3 anti-
bodies was performed by incubating cells during 1h at 4°C in
Permeabilization Buffer (ThermoFisher Scientific).

Immunofluorescence staining

20-um-thick-frozen thymic sections embedded in O.C.T (Sakura Fine-
tek) were stained’. Briefly, sections were fixed with 2% paraf-
ormaldehyde (Merck), saturated with 3% BSA, and 0.01 % Triton X100
in 0.1M Tris HCI buffer. Sections were then stained for 45 min with
anti-keratin 14 and anti-NK1.1 Alexa Fluor 647 (clone PK136, Biolegend)
in hybridization buffer (1% BSA and 0.02% Triton X100 in 0.1 M Tris-
HCI, pH 7.4). Keratin 14 staining was revealed with a Cy3-conjugated
anti-rabbit antibody (ThermoFisher Scientific). Sections were coun-
terstained with DAPI (1 ug/mL; Biolegend) and mounted with Mowiol
(Calbiochem). Confocal microscopy was performed with an LSM 880
confocal microscope (Carl Zeiss Microscopy) and analysed using Zen
Blue (3.5.093).

RT-qPCR

Total RNA was isolated with TRIzol (ThermoFisher Scientific) and
cDNA was synthesized with random oligo-dT primers and Superscript
Il reverse transcriptase (ThermoFisher Scientific). qPCR was per-
formed with SYBR Premix Ex Taq master mix (Takara) on an ABI 7500
fast real-time PCR system (Applied Biosystem). Reactions were con-
ducted in duplicates. Results were normalized to Actin mRNA. Primer
sequences are provided in Supplementary Data 2.

scRNA-seq library preparation

CD8- and CDllc-depleted thymocytes from Foxp3** and
Foxp3°“"xLta”’" mice were stained with fluorescently labeled anti-
bodies (Fig. 5a) and barcoded using TotalSeq-A antibodies (BioLe-
gend). FACS sorted Live Dead CD4'‘CD8 CCR6 CD3g* expressing
either CD25, Foxp3°™, or both were pooled and subsequently pre-
pared for single-cell sequencing using the Chromium Single Cell 3’ kit
v3 (10X Genomics) with a targeted number of 10,000 total cells.
Libraries were prepared according to the manufacturer’s instructions.
The concentration and quality of cDNA libraries were respectively
determined using the Qubit dsDNA HS Assay Kit (ThermoFisher Sci-
entific) for the Qbit fluorometer and the High Sensitivity DNA Analysis
Kit (Agilent) for the bioanalyzer. Libraries were sequenced on the
Illumina NextSeq2000 sequencer.

Data analysis for scRNA-seq analysis

mRNA and Cell Hashing FASTQ raw files were processed using Cell
Ranger v6.0.1 (10X genomics Inc.) software with default parameters to
perform alignment, filtering, barcode counting, and unique molecular
identifier (UMI) counting. Reads were aligned to the mm10 genome. A
total number of 4,798 cells were identified with a mean of 44,015 reads
per cell and a median of 1,992 genes per cell. Data sets were analysed
using the R package Seurat 4.0.57. First, cells were demultiplexed (with
the Cell Hashing tags) to their original sample groups using the HTO-
Demux function from Seurat R package with automated threshold
finding to define the best quantile. 302 doublet cells and 4 negative
cells were identified and removed. Quality control (QC) was performed
to remove poor quality cells. We observed co-variables using the ShIVA
interface and set the following thresholds™: cells with less than 603 or
more than 4128 detected genes, cells with less than 851 or more than
21,686 detected UMI, cells with more than 9.94% mitochondrial
gene expression, and cells with less than 11.5% ribosomal gene
expression were removed. Expression data was normalized using the

NormalizeData function of the Seurat R package (logNormalize
method and scale factor of 10,000). We centered the expression data
from these factors using the Seurat R package ScaleData function
(centering true and scaling false).

Feature selection was performed using the Seurat R package
FindVariableGene function; the variance-stabilizing transform (vst)
algorithm and 2,000 genes were selected. Principal component ana-
lysis (PCA) was ran using Seurat RunPCA function on those 2,000 most
variable genes. UMAP dimensionality reduction was ran using Seurat
RunUMAP function on the first 50 principal components from PCA.
Clustering was done with Seurat FindClusters based on the first 30
principal components from PCA dimensionality reduction and with an
initial resolution parameter set to 1.1. Markers for each cluster were
identified using Wilcoxon Rank Sum test from Seurat FindAllMarkers
with the log fold change threshold of 0.1 and an adjusted FDR
threshold of 0.001. Cell-cycle scores and cell phases were calculated
using CellCycleScoring with s.genes and g2m.genes from the Seurat
package. After cell type analysis using marker genes, we identified
several clusters to be contaminants, in proliferation or recirculating
cells and excluded them. PCA, UMAP, and clustering (with resolution
0.8) were performed again on the filtered dataset.

Heatmaps of gene expression data per cluster were created using
the Heatmap function of the ComplexHeatmap (v2.10.0)” R package.
Expression was presented as the mean of the expression of cells inside
each cluster. Values were scaled to make them more comparable.
Module scores of gene set list from the KEGG database were calculated
using the AddModuleScore function from the Seurat R package. The
Nebulosa package was used to visualize features on UMAP embed-
dings using kernel density estimation’.

Trajectory analysis were performed using Monocle 3*. Cells were
clustered using the Monocle 3 cluster cells function with a resolution
set to 0.003. Trajectories were computed using the Monocle 3
learn graph and order cells function. Gene set scores were computed
as previously described and plotted along the pseudotime trajectories.
All regression lines were computed using the ggplot2 geom smooth
function, setting the method to “loess”.

Statistical analysis

All statistical analyses were performed in GraphPad Prism 9.5.1 and
were considered statistically different at a p-value <0.05. Unpaired
Student’s t test, Mann-Whitney U test, one-way ANOVA, or
Kruskal-Wallis test were calculated. Normal distribution of the data
was assessed using d’Agostino-Pearson omnibus normality test. Cor-
relation was calculated using the parametric two-tailed Pearson cor-
relation test or the non-parametric two-tailed Spearman correlation
test. Statistical comparison of module scores between conditions for
each cluster was performed using the Wilcoxon test with Benjamini-
Hochberg multitest correction. *p<0.05; *p<0.01, **p<0.001,
***p < 0.0001. Error bars represent mean + SEM.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The scRNA-seq data generated in this study have been deposited in the
GEO database under accession number GSE237589. All data support-
ing the findings of this study are found within the paper and its Sup-
plementary Information. Source data are provided with this paper.

Code availability

Scripts used to analyze sequencing data have been deposited on
GitHub (https://github.com/CIML-bioinformatic/Mllab_LTaTreg-
Thymus) and Zenodo (https://doi.org/10.5281/zenodo.12705747)".
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