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IL-23 stabilizes an effector T, cell programin
the tumor microenvironment
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Interleukin-23 (IL-23) is a proinflammatory cytokine mainly produced by
myeloid cells that promotes tumor growth in various preclinical cancer
models and correlates with adverse outcomes. However, as to how

IL-23 fuels tumor growth is unclear. Here, we found tumor-associated
macrophages to be the main source of IL-23 in mouse and human tumor
microenvironments. Among IL-23-sensing cells, we identified a subset of

tumor-infiltrating regulatory T (T,

) cells that display a highly suppressive

eg

phenotype across mouse and human tumors. The use of three preclinical
models of solid cancer in combination with genetic ablation of /[23rin T,
cellsrevealed that they are responsible for the tumor-promoting effect of
IL-23. Mechanistically, we found that IL-23 sensing represents a crucial signal
driving the maintenance and stabilization of effector T, cellsinvolving the
transcription factor Foxp3. Our data support that targeting the IL-23/IL-23R
axisin cancer may represent a means of eliciting antitumor immunity.

Regulatory T (T,,) cells are a functionally distinct T cell population
expressing the transcription factor Foxp3 that are critically involved
in maintaining immune homeostasis'. Like conventional T cells, T,
cells can undergo functional activation after T cell antigen receptor
(TCR) stimulation, converting naive to highly suppressive effector T,
(eT,,) cells’. This cellular subset is marked by augmented expression of
Foxp3, CTLA-4, interleukin-10 (IL-10), ICOS and TIGIT (among others)
andrepresents the dominant T, cell subpopulationin non-lymphoid
tissues and tumors>*.

In the context of cancer, both mouse and human tumor micro-
environments (TMEs) are enriched with T, cells, contributing to an
immunosuppressive niche suppressing antitumor immune responses
and limiting therapeutic success of immunotherapy>°. Although
generalized T, cell depletion has proven to be efficacious in most
preclinical tumor models™”, it also induces systemic inflammation™.
Consequently, strategies to reduce their suppressive capacities or
destabilize T, cells specifically in the TME are attractive targets for
cancerimmunotherapy.
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IL-23 is a member of the IL-12 superfamily of cytokines, which is
primarily produced by cells of the mononuclear phagocyte system.
IL-23 drives the pathophysiology ofimmune disorders, such as psoriasis
and inflammatory bowel disease, by inducing a pathogenic lympho-
cyte program promoting tissue inflammation'>", Paradoxically, in the
context of cancer, IL-23 exerts tumor-promoting functions. As such,
ablation of both IL-23 or its receptor leads to reduced tumor burden™",
The tumor-promoting effects of IL-23 appear to beindependent of IL-17
(ref.16), and ablation of IL-23 is associated with an enhanced infiltration
of CD8" T cells, natural killer (NK) cells and T, cells****"".

To understand the mechanisms underpinning the protumo-
rigenic functions of IL-23, we systematically interrogated both the
cellular sources and sensors of IL-23 in mouse and human TMEs. We
identified tumor-associated macrophages (TAMs) as the main cellu-
lar source of IL-23 and tumor-infiltrating T, cells as an IL-23 receptor
(IL-23R)-expressing cell type. IL-23 stabilizes €T, cell identity and
Foxp3 expression, thus enhancing immunosuppression, resulting in
decreased antitumor immunity. Our findings render the IL-23/IL-23R
axisapromising therapeutic target for the selective destabilization of
tumor-infiltrating eT,, cells for cancerimmunotherapy.

Results

IL-23R marks a highly activated T,, subset in the mouse TME
Toidentify the cellular sources of IL-23 inthe TME, we investigated the
expression of /[23a (encoding IL-23p19) in single-cell RNA-sequencing
(scRNA-seq) data of tumor-infiltrating myeloid cells in the mouse
B16-F10 tumor model' (hereafter B16; Fig. 1a-c) and mouse pan-tumor
T cells from 21 cancer entities” (Extended Data Fig. 1c). We identified
two TAM, four monocyte and three dendritic cell (DC) clusters (Fig. 1a
and Extended Data Fig. 1a,b). Although the expression of /[23a was
generally low, we assigned two TAM populations (Sppl* and C1q*
TAMs) as the major /[23a-producing cellsin the TME (Fig. 1b,c). In addi-
tion, monocytes (Hp* and Ccl7 monocytes) and conventional type
2 DCs (cDC2s) contributed to the total /[23a expression in the TME
(Fig. 1b,c), with only negligible amounts in tumor-infiltrating T cells
(TILs; Extended Data Fig. 1c).

In line with previous findings’, we found that flow cytometry
using anti-IL-23R, previously used by others® %, failed to faithfully
detect IL-23R as no IL-23R expression was observed in skin ygnermediate
(Vy4/Vy6) T cells (Extended Data Fig. 1d)**. Therefore, we generated
an IL-23R reporter mouse strain where endogenous mouse /[23r was
replaced by agene construct composed of human/L23R cDNA and tdTo-
mato (hereafter IL-23R"“™™®° mjce; Extended Data Fig. 1e). In line with
previous studies®, we detected IL-23R™™™® sjgnal in y§mermediate T cells
but not y8"&" (Vy5 T cells/dendritic epidermal T cells) or op T cells of
steady-state mouse skin (Extended Data Fig. If). Toreliably capture all
Tcellsubsetsincluding T, cells within the TME, we crossed IL-23R™™m
mice with Foxp3°™ %" mice and analyzed TILs (CD45'TCRB*TCRyYS"
cells) after challenge with B16 melanoma (Fig. 1d-f and Extended Data
Fig. 1g). Uniform manifold approximation and projection (UMAP)
dimensionality reduction followed by FlowSOM metaclustering®*
revealed that, besides y6 T cells and CD4" effector memory T (T, cells,

tumor-infiltrating Foxp3* T, cells also expressed IL-23R, representing
asizablefraction of total IL-23R-expressing T cellsin the TME (Fig. le,f).
Only minimal /23r expression was detected in myeloid cells (Extended
Data Fig. 1h). We also found /[23r to be expressed in purified T, cells
from tumors of B16 tumor-bearing Foxp3°™“*" mice, whereas those
from steady-state lymphnodes (LNs) and tumor-draining LNs (tdLNs)
were low in /[23r expression (Extended Data Fig. 1i,j).

We next compared the expression of several key mediators of T,
activation and suppressive functions between IL-23R" and IL-23R™ T,
cells (Fig. 1g and Extended Data Fig. 1k). IL-23R" T, cells exhibited a
strongly activated phenotype marked by the expression of GITR, ICOS,
PD-1,CD39,CD73, CCR8, CD44 and CD69, among others (Fig. 1g). Fur-
ther analysis of bulk RNA-seq data fromssorted T, cells of B16 tumors
orspleens” confirmed high expression of /[23rin tumor-infiltrating T,.,
cells, whichwas accompanied by aninduction ofkey eT,., genes, suchas
Pdcd1 (encoding PD-1), Tnfrsf9 (encoding 4-1BB), Icos and Lag3 (Fig. 1h).
Using immunofluorescence analysis of Foxp3, CD3 and IL-23RdTomat
in tdLNs or B16 tumors from IL-23R%™™® reporter mice, we found
IL-23R“™™-expressing T, cellsin both tdLNs (Extended Data Fig. 11)
and tumors (Fig. 1i). Taken together, we identified TAMs as the major
producers of IL-23 and found that IL-23R designates a highly activated
T cell subset in the mouse TME.

T, cells mediate the tumor-promoting functions of IL-23

We next sought to elucidate the contribution of IL-23R signaling in T,
cells to tumor progression by generating mice in which /[23r was spe-
cifically deleted in T, cells (Foxp3“* """ 1[23r""). The specificity of the
conditional gene targeting was shownon T, cells, y5 T cellsand CD4"
and CD8' T cells sorted by fluorescence-activated cell sorting (FACS;
Extended DataFig.2a,b). Tomodel different cancer environments, we
used the poorlyimmunogenic B16 melanomamodel and the two highly
infiltrated YUMMER1.7 and MC38 tumor models (Fig. 2a). We found that
tumor volume and weight were drastically reduced in /[23r%¢"% mice
compared toin/[23r""mice in all three tumor models (Fig. 2b-d), thus
confirming the previously reported protumorigenic function of IL-23/
IL-23Rssignaling™~". Importantly, T,.,-specific ablation of /23rled to an
equally reduced tumor burden, phenocopying thekinetics observedin
1231 mice, suggesting that T, cells are the relevant target of IL-23
(Fig. 2b-d and Extended Data Fig. 2c). Blockade of IL-23 with anti-p19
leadstoasimilar reductionin tumor growth (Extended DataFig. 2e). To
exclude the potential influence of Cre-mediated toxicity, we confirmed
reduced tumor growthin the absence of /[23rin T, cellsin Foxp3™**
and Foxp3°*"™1123r"" mice (Extended Data Fig. 2d).

Insummary, we found that T, cells mediate the tumor-promoting
functions of IL-23 across different preclinical cancer models.

IL-23Rsignaling in T, cells suppresses antitumor immunity

To investigate the mechanism by which IL-23R signaling in T, cells
alters antitumor immunity, we profiled TILs of Foxp3“ Y [[23711
mice and /123r"" controls. We identified eight T cell clusters includ-
ing yo T cells, T, cells and distinct differentiation stages of CD4*and
CDS8" T cells (Fig. 3a). Concomitant with the reduced tumor growth

Fig.1|IL-23R marks a highly suppressive T,,, cell subset in the mouse TME.
a-c, Analysis of a myeloid cell scRNA-seq dataset from mouse B16 tumors'®
(GSE188548; WT tumor). a, UMAP depicting tumor-infiltrating myeloid cell
clusters. b, UMAP displaying /[23a" myeloid cells. ¢, Pie chart displaying the
frequencies of myeloid cell subsets among total /[23a* myeloid cells.

d-g, Foxp3P™CFPIL-23R T mice were inoculated intradermally (i.d.) with B16
tumors. TILs were analyzed by flow cytometry on day 14. Data are shown from
onerepresentative experiment out of two independent experiments withn =5-6
biologically independent animals. d, UMAP with overlaid FlowSOM clustering
(gated on CD45'TCRB'TCRYS" cells). e, UMAP displaying IL-23R"“™™* T cells. f,
Pie chart depicting the frequencies of T cell subsets among total IL-23R"™mat* T
cells. g, UMAP with overlaid FlowSOM clustering displaying IL-23R™“™™*°*Foxp3*

and IL-23R"“™™° Foxp3* T,,, cell clusters (left). Box plots showing median
expression of surface markers on IL-23R" and IL-23R™ T, cells are shown on

the right. Box plots display the median and interquartile range (IQR; 25-75%),
with whiskers representing the upper and lower quartiles + IQR. Statistical
significance was calculated using two-tailed ¢-tests. h, Analysis of a bulk next-
generation sequencing dataset of T, cells sorted from B16 tumors or spleens
(Magnuson etal.”). A heat map depicting selected genes among the top 50 DEGs
isshown. Expression of /[23ris highlighted. i, Inmunofluorescence stainings of
tumors fromi.d. inoculated B16 tumor-bearing IL-23R“™™*® mice showing Foxp3
(green), IL-23R™°™° (red), CD3 (white), DAPI (blue) and merged signals (purple).
Scale bar: 5 pm. Images shown (n = 4) are representative of two independent
experiments; moDCs, monocyte-derived DCs; Ty, central memory T cells.

Nature Immunology | Volume 25 | March 2024 | 512-524

513


http://www.nature.com/natureimmunology
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE188548

Article

https://doi.org/10.1038/s41590-024-01755-7

observed in Foxp3“*Y"1123r"" mice, we found an increased infiltra-
tion of all T cell subsets in Foxp3°Y"*1[23r"" mice compared to in
1123r'"% controls (Fig. 3a,b). We then included a tailored set of markers
to profile activation, proliferation and dysfunction of T cells in our
high-parametric single-cell phenotyping (Fig. 3a,c). Interestingly, CD8"
Ty cells showed a more cytotoxic (granzyme B) and activated (CD38
and CD27) phenotype in tumors of Foxp3“""1123r"" mice (Fig. 3c).

Tumor-infiltrating myeloid cells

@ Inhba TAMs
@ Clga TAMs
@ Hp monocytes

Tumor-infiltrating myeloid cells

Similar observations were made in the MC38 model, where most T cell
clusters and granzyme B production in CD8" Ty, and CD4" T, cells
increased in Foxp3°Y"*1123r"" mice (Extended Data Fig. 3a—c). Also
in YUMMERL.7 tumors, TILs from mice lacking /[23rin T, cells, albeit
notincreasedin number (Extended Data Fig. 3d,e), displayed a highly
activated signature reflected by the expression of CD44, CD25, CD69

and Ki-67 and the transcription factors TCF-1and TOX (Extended Data
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Fig. 2| T, cells mediate the tumor-promoting functions of IL-23. a-d, /23r""

Foxp3°Y™1[23r"" and /[23r%/%¢' mice were inoculated i.d. with B16 tumor cells,
inoculated subcutaneously (s.c.) with YUMMERL.7 tumor cells or inoculated s.c.
with MC38 tumor cells, and tumors were analyzed around days 15, 14 and 24 after
inoculation. The data show the results of three independent experiments (B16:
n=31123r""mice, n = 51123r"/% mice, n = 8 Foxp3“=**1123r"" mice; MC38:n=12
123r"" mice, n =7 Foxp3“Y*1123r'"" mice, n = 7 1123r*/%' mice; YUMMERL.7: n =10
123r"" mice, n =7 Foxp3“=Y"1123r'"" mice, n = 8 1[23r**"* mice). a, Schematic

’

illustration of the experimental approach. b, Tumor volume kinetics of the
experimental groups measured by caliper gauge. Data are shown as mean + s.e.m.
Statistical significance was determined by two-way analysis of variance (ANOVA)
witha Sidak’s post hoc test. ¢, Tumor volume kinetics of individual mice
measured by caliper gauge. d, Bar graph displaying the final tumor weight. Data
are displayed as mean + s.e.m. Statistical significance was determined using two-
tailed t-tests.

Fig. 3f), which mark CD8" tumor-specific T cells transitioning toward
anintermediate dysfunctional stage?.

Next, analyses of tumor-infiltrating myeloid cells of Foxp3"*
1123r"" mice and Foxp3°¥™* control mice identified seven distinct
clusters, including macrophages, monocyte-derived cells, monocytes,
monocyte-derived DCs, DCs, eosinophils and neutrophils (Fig. 3d). The
numbers of myeloid subsets remained unchanged after loss of IL-23R
in T, cells (Fig. 3e). However, we observed phenotypical changes in
macrophages and other myeloid cellsin Foxp3° Y 1123r"" mice (Fig. 3f),
markedby reduced levels of arginase-1and CD206, which are classically
linked toimmunosuppression and tumor progression®~*'. By contrast,
the expression of proteins enabling enhanced antigen presentation or
co-stimulation, such as major histocompatibility complex class [l (MHC
class II) and CD86, increased (Fig. 3f). Last, we tested how neutraliza-
tion of IL-23 affected TILs. Albeit less pronounced than in the genetic
deletion models, we observed a more activated and less exhausted
phenotype marked by higher expression of CD25 on CD4" T cells and
KLRG1on CDS8*T cells, which featured lower PD-1levels (Extended Data

Fig.3g). We also observed changes associated with a less suppressive
signature in T, cells, denoted by decreased expression of CD38 and
PD-1(Extended DataFig. 3g).

In summary, we found that IL-23 sensing by T,., cells leads to
reduced activation of antitumorigenic T effector cells and the induc-
tion ofimmunosuppressive features of myeloid cells.

IL-23R signaling stabilizes eT,., cells
To elucidate the mechanism by which IL-23R signaling in T, cells
enhances immunosuppression, we generated Foxp3°Y/**[[23/1/1
female mice. In these animals, IL-23R-competent (wild-type (WT)) and
IL-23R-deficient T, cells (knockout (KO)) coexist due to stochastic
X chromosome inactivation®, resulting in amosaic-like Cre expression,
where yellow fluorescent protein (YFP) expression labels /[23r-ablated
cells (Extended Data Fig. 4a). This was confirmed by quantitative PCR
of 123r expression in T, cells (Extended Data Fig. 4b,c).

To explore the dynamics of /[23r-KO and WT T, cells, we analyzed
tumor-infiltrating and tdLN-derived T, cells on days 9 and 14 after
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Fig. 3| IL-23Rsignaling in T, cells suppresses antitumor immunity. a-f, /231"
and Foxp3“¥*1[23r"" mice (a—c) or Foxp3°***" and Foxp3“""*1123r"" mice

(d-f) wereinoculated i.d. with B16 tumor cells, and TILs (gated on CD45'TCR
B*TCRY&" cells; a-c) or myeloid cells (gated on CD45°CD90.2"CD19"NK1.1 cells;
d-f) were analyzed by flow cytometry on day 14 after inoculation. Data are shown
from one representative experiment out of two independent experiments
withn=3-7.a,d, UMAP with overlaid FlowSOM clustering (left) and heat map
depicting relative marker expression among identified cell clusters (right).

b,e, Violin plots depicting cell numbers of identified cell clusters per gram
(tumor). Data are displayed as mean + s.e.m. Statistical significance was
determined using a two-tailed Mann-Whitney U-test. c,f, Dot plot displaying

median marker expressioninidentified cell clusters comparing Foxp3°<*[[23r""
and /123r"" (control group) mice (c) or Foxp3Y"*1123r"" and Foxp3“¥™ (control
group) mice (f). Statistical significance was determined using two-tailed ¢-tests.
Color represents log (median expression Foxp3“"*1[23r""/median expression
control group); thatis, red indicates that median expression is decreased in
Foxp3e¥*1[23r"" mice compared to in the control group, and green indicates
that median expression is increased in Foxp3°Y"*1[23r"" mice compared toin
the control group. Circle size represents log (P value). Statistically significant
changes (P < 0.05) are highlighted with black lines around the circles;

Trw, resident memory T cells.

B16 tumor inoculation (Fig. 4a-f and Extended Data Fig. 4d-h). We
found that/[23r-KO and WT T, cells clustered separately (Fig. 4a and
Extended DataFig.4d)./[23r-KO T,., cellsaccounted for less than 20% of
total T, cellsin tumors (Fig. 4a,b) and less than 30%in tdLNs (Extended
DataFig. 4e) compared to approximately 35% in steady-state LNs and
40% in Foxp3“Y™"* control mice (Extended DataFig. 4f,g). This shows
that, especially within the TME, /123r-KO T,, cells compete poorly for
niche space compared to /[23r-WT T, cells. On day 9 after tumor inocu-
lation, we observed reduced expression of CTLA-4,KLRG1and ICOSin
123r-KO T, cells (Fig. 4c). On day 14, the differences between /[23r-KO
and WT T, cells further increased, as we found drastically reduced
expression ofkey functional T, cellmarkers (CTLA-4,1COS, PD-1,CD25
and GITR) as well as tissue homing factors, suchas CD62L and CCRS, in
123r-KO T, cells (Fig. 4c). Further, [123r-KO T,  cells in tumors (Fig. 4¢)
or tdLNs (Extended Data Fig. 4h) displayed a marked reduction of
Foxp3 expression, suggesting loss of T, stability. Diminished Foxp3
expressionwas preceded by areductionin expression of KLRGI1 (asur-
rogate marker for Blimp-1reported to stabilize Foxp3 expression*) on
day 9 (Fig. 4c). Foxp3 expression was equal in YFP* and YFP™ T, cells
in female Foxp3°™™* control mice (Extended Data Fig. 4i), ruling out
an artifactual Cre-mediated effect.

In agreement with previous studies’, the vast majority of intratu-
moral T, cells displayed an eT,, phenotype (CD44°CD62L; Fig. 4d).
By contrast, inthe tdLNs, weidentified three T, differentiation stages,
including activated T, cells, €T, cells and naive T, cells (Fig. 4d,e).
Althoughthe frequencies of /[23r-KOand WT T, cellswere almost equal
across naive T, cells (approximately 40% /[23r KO and 60% WT), the
proportion of /123r-KO T, cells within the activated and mostly within
the eT,, cluster was drastically diminished (approximately 5% /[23r KO
and 95% WT; Fig. 4f). This suggests that eT,., cellsin particular depend
onlL-23 sensing, which potentially explains the overall lower percent-
ages of /[23r-KO T, cells in tumors where eT,, cells are the dominant
T cellsubtype® (Fig. 4b and Extended DataFig. 4e). As eT, . cells are
also prominent in healthy non-lymphoid tissues, we analyzed the lev-
els of IL-23R expression and percentages of €T, cells of total T, cells
across different organs using Foxp3°P™ ¢PIL-23R ™Mo mjce (Fig. 4g,h).

We found that highIL-23R expression and high percentages of €T, cells
coincided in tumors and non-lymphoid tissues (steady-state skin and
colon), whereas low expression of IL-23R was associated with fewer
eT.cellsinlymphoid tissues (steady-state LNs, tdLNs and the thymus;
Fig.4g,h), further supporting that IL-23 sensing induces or maintains
€T, cells in the TME. Also, activation of human T, cells by poly-
clonal in vitro TCR stimulation induced IL-23R expression (Extended
DataFig. 4j).

We then analyzed the expression of effector cytokines
(interferon-y (IFNy), IL-10, tumor necrosis factor (TNF) and IL-17A)
in T, cells derived from tumors or tdLNs of Foxp3“Y"* /123" and
123r'"" mice (Fig. 4i and Extended DataFig. 4k). IL-17A levels remained
unchanged in the absence of IL-23 sensing, but IL-23R-deficient T,
cells showed enhanced expression of IFNy in tumors but not in tdLNs
(Fig. 4i and Extended Data Fig. 4k), which may actively contribute to
enhanced antitumor immunity. Also, whenwe cultured T, cells under
inflammatory conditions (IL-6 and IFNy), IL-23 stimulation stabilized
the expression of Foxp3 and the expansion of total T, cells, similar to
our observations in vivo (Extended Data Fig. 4],m). IL-23 stimulation
led to enhanced phosphorylation of STAT3 and STAT5 (Extended Data
Fig.4n), whichwas also observed when T, cells were cultured with IL-2
for 5d and stimulated with IL-23 for 30 min (Extended Data Fig. 40).
Also, 1123r-KO T, cells isolated from lymphoid tissues displayed
increased glycolytic rates compared to /[23r-WT T, cells (Fig. 4j,k),
which has been ascribed to T, cell instability**~. Of note, we found
that /[23r-KO T,., cells have significantly reduced suppressive capacity
compared to their WT counterparts (Fig. 41,m), and antibody-mediated
blockade of IL-23R reduced (albeit less pronounced) the suppressive
capacity of T, cells (Fig. 4n).

Together, our dataindicate thatIL-23 confers aselective advantage
foreT,,cellsandis crucial for T, stability and suppressive functions.

IL-23R sensing initiates an €T,., program in the murine TME

To identify the downstream effects of IL-23R signaling in T, cells,
we analyzed pre-enriched CD4" T cells isolated from B16 tumors
and tdLNs (day 13) of Foxp3°Y™** 1123 female mice using targeted

Fig. 4|IL-23R signaling confers aselective advantage on eT,., cells.

a—f, Foxp3°"*"*[[23r"" female mice were inoculated i.d. with B16 cells and

T, cells from tumors, and tdLNs were analyzed by flow cytometry on day 9 or
14 after injection. Data are shown from one representative experiment out of
two independent experiments with n =5-6.a, UMAP and FlowSOM clustering
displaying T, cell subsets in tumors. b, Frequency plots of /[23r-KO and WT
T.cells out of total T, cells in tumors. ¢, Spiral plot displaying the effect size

of differential marker expression between /[23r-KO and WT T, cells in tumors.
d, Representative contour plots depicting T, cells on day 14 after tumor
inoculation. e, UMAP and FlowSOM clustering displaying T, cells in tdLNs

on day 14 after tumor inoculation (left). A heat map depicting relative marker
expression is shown on the right. f, Frequency plots of subsets of //23r-KO and
WT T, cellsin tdLNs on day 14 after tumor injection. Statistical significance was
determined by two-way ANOVA with a Sidak’s post hoc test. g,h, Scatter plot

(g) and violin plots (h) displaying frequencies of IL-23R" T, and eT,., cellsamong

rex rex
total T, cells. Data are pooled from one to two experiments with n = 3-5.1, /23r""

and Foxp3“="™[[23r"" mice were inoculated i.d. with MC38 tumor cells. T, cells
were analyzed by flow cytometry on day 14 after inoculation. Violin plots display
the median expression (median fluorescence intensity (MFI)) of cytokines. The
datashown are from one experiment with n = 6-12. j, Extracellular acidification
rate (ECAR) measurement of T, cells from spleens and LNs of Foxp3*¥"*1[23r""
or Foxp3“*¥*mice under the specified conditions after stimulation with anti-
CD3/anti-CD28, IL-2 and IL-23 for 72 h. Data are representative of the results of
twoindependent experiments with n = 4.k, Quantification of glycolysis in /[23r-
KOand WT T, cells. I-n, Ex vivo suppression of CellTrace Violet-labeled CD4"
conventional T (T,,,) cell proliferation by /23r-KO and WT T, cells (land m) or
WT T, cells + anti-IL-23R (n). Data shown are from two independent experiments
with n = 5. Statistical significance was assessed by two-way ANOVA with a Sidak’s
post hoctest. Datainf, i, k,1and nare displayed as mean + s.e.m. Statistical
significance in c and i-k was determined using two-tailed ¢-tests;

2-DG, 2-deoxyglucose; NS, not significant.
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proteogenomic profiling, simultaneously capturing transcriptome
and surface marker expression at the single-cell level (Extended Data
Fig.5a). We mapped three subsets of /[23r-WT T, cells (proliferating
T.gcells,activated T, cells and eT,, cells) and two clusters of /[23r-KO
T cells (/123r-KO T, cell 1and /123r-KO T, cell 2; Fig. 5a, Extended
DataFig. 5b-eand Supplementary Table1). This confirmed a reduced

proportion of both /[23r-KO T, clusters compared to the /[23r-WT
clusters (Fig. 5a and Extended Data Fig. 5e). Furthermore, the /23r-KO
T, cell clusters showed a highly distinct expression signature (Fig. 5b
and Extended Data Fig. 5d). We then integrated our transcriptome
data to capture a broad spectrum of T, cell states that could be dif-
ferentially ascribed to tumors or tdLNs (Fig. 5c and Extended Data
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Fig.5|IL-23 sensing by T, cellsinitiates an €T, cell program in the murine
TME. a-h, Foxp3“Y™* (heterozygous) /[23r"" female mice were inoculated

i.d. with B16 tumor cells, and acombined transcriptome (scRNA-seq) and
protein expression analysis of sorted CD4" T cells was performed on day 13

after inoculation. Data are shown from one experiment withn = 6.a, UMAP
displaying identified tumor-infiltrating T, cell clusters (transcriptome; left)
and UMAP highlighting /23-KO and WT T, cells (right). b, Heat maps showing
adjusted Pvalue (top), average log, (fold change) (log, (FC); middle) and mean
expression (bottom) of subset markersin the identified T,., cell clusters assessed
by Wilcoxon rank-sum test and Benjamini-Hochberg correction. The complete
listis available in Supplementary Table 1. ¢, UMAP displaying identified clusters
of integrated tumor-infiltrating and tdLN-derived T, cells. d, UMAP of tdLN and
tumor T, cells with overlayed pseudotime and principal graph lines calculated
withMonocle 3. e, Violin plot (left) and UMAP (right) comparing the distribution

of WT and /[23r-KO T, cells along pseudotime (corresponding to

d). f, Neighborhood graph of DA testing results (left). Coloring indicates log
(fold change) of differentially abundant neighborhoods between WT and
123r-KO T, cells. White neighborhoods are not differentially abundant

(false discovery rate of 10%). Dot size corresponds to the number of cells per
neighborhood, and edges indicate the number of overlapping cells between
neighborhoods. Theindex cell position in UMAP space (a) determines ordering
of the neighborhood nodes. The Beeswarm plot (right) indicates the distribution
of differentially abundant neighborhoods across clustering-based T, cell
subsets. g, Violin plots depicting the normalized Foxp3RNA abundance among
identified T,., cell subsets. h, Dot plot displaying selected DEGs between
identified T, cell subsets encoding transcription factors/signaling proteins
(left) and surface or secreted proteins (right). The complete list is available in
Supplementary Table 2; cT,,, central T, cells.

Fig. 5f). As expected”, tumors were enriched for both eT,, cell clus-
ters. Conversely, tdLNs contained more central T, cells, including
a KO-specific central T, cell cluster. Trajectory inference analysis
confirmed that tumor-infiltrating eT,., cells represented the most dif-
ferentiated state (Fig. 5d). Strikingly, we found that /123r-KO T, cells
hadaprofoundreductioninthe proportion of €T, cells compared to
WT cells (Fig. 5e and Extended Data Fig. 5g,h). Mapping the signature
of intratumoral /23r-KO T, cells along a gradient from activated to
eT, cellsfurther revealed that /[23r-KO T, cells differ fromeT,, cells,
suggesting that the differentiation to an eT,,, stage requires IL-23R
signaling (Extended Data Fig. 5i).

Assigning single cells to partially overlapping neighborhoods on
ak-nearest neighbor graph’®, which allows for differential abundance
(DA) testing of graph neighborhoods, revealed that WT and /[23r-KO
T, cellsindeed formdistinct cellular states (Fig. 5fand Extended Data
Fig. 6a). By superimposing the DA results to the single-cell embedding,
we found that the mostly differing neighborhoods of I23r-WT T, cells
located to the €T, activated and proliferating T, cell clusters, as
opposed to /23r-KO T, cells, which showed showed no enrichment
inthese clusters (Fig. 5fand Extended Data Fig. 6a).

Theevaluation ofthe differentially expressed genes (DEGs) between
intratumoral T, cell subsets (Supplementary Table 2) confirmed a
marked reduction of Foxp3 expression in /[23r-KO T, cells (Fig. 5g).
This was accompanied by a decrease in Prdm1 (encoding Blimp-1)
expressioninboth/[23r-KO T, cell subsets and anincrease in expres-
sionof Dnmt3ainthe/[23r-KO T, cell 2 subset. Inaddition, the /[23r-KO
T cell 2 subset showed increased expression of Ifng, Csf2, Tbx21 and
Ybx3 (Fig. 5h and Extended Data Fig. 5f), previously associated with T,
celldestabilization®. Both /[23r-KO T,., cell clusters featured enhanced
expression of Rora, Stat3, Stat4, Stat5a and Staté6, profound changes
inthe expression of genes encoding chemokine receptors (Ccr2, Ccrs,
Ccré, Cxcr3and Ccr7; Fig. 5h and Extended Data Fig. 5d) and a marked
reductioninthe expression of Kirgl, which was confirmed at the protein
level (Extended Data Fig. 6b). Inline with this finding, we found that the
highest density of cells expressing Prdm1, Klrgl and Gzmb located to
WTI23r T, cell clusters, in contrast to Ifng, which showed the highest
density in /[23r-KO T, cells (Extended Data Fig. 6¢).

reg

Insummary, our datademonstrate that IL-23R signaling in mouse
T, cellsstabilizes their differentiation to an eT,., state with enhanced

function and stability.

IL-23R signalinginduces an €T,., program in the human TME
Toassess the translational value of our findings in the context of human
cancer, we analyzed three bulk and scRNA-seq datasets®***! (Fig. 6 and
Extended Data Figs. 7 and 8). In agreement with our data above, we
found that TAMs were the main source of IL23A (encoding IL-23p19)
across multiple human cancer entities* (Extended Data Fig. 7a-c).

To characterize IL23R expression in the TME at the single-cell
level, we analyzed an scRNA-seq T cell atlas including 21 malignant
entities from 316 individuals* (Fig. 6a-c and Extended DataFig. 7d-h).
We assigned eight CD8" and five CD4" T cell clusters including a T,
cell cluster (Fig. 6a and Extended Data Fig. 7e-h). Several CD4" T cell
clusters expressed /L23R, including CD4" memory T cells, T, cells and
follicular helper T cells (Fig. 6b,c), whereas CD8" mucosal-associated
invariant T cells, CD8" resident memory T cells and CD8" memory
T cellswereidentified as the main/L23R-expressing CD8" T cell clusters
(Fig. 6¢). T, cellsrepresented the main /L23R-expressing cancer T cell
cluster, accounting for over 50% of the IL23R*CD4" T cells (Fig. 6b,c)
and 29% of total IL23R" pan-cancer T cells (Fig. 6¢). IL23R-expressing
T, cells could be identified across a wide variety of human cancer
entities (Extended Data Fig. 7d).

To discern the cross-talk between T,
within the TME, we performed cell-cell communication analysis
on an scRNA-seq dataset of colorectal cancer tissue* (Fig. 6d,e and
Extended Data Fig. 7i,j). Among the three identified T, cell clusters,
two displayed an €T, gene signature and higher expression of /L23R
than the less activated T, cell cluster resembling that of peripheral
blood T, cells (Fig. 6d)*>. Among myeloid cells, we identified cDCls,
¢DC2s, monocytes and three macrophage subsets***. Cell-cell com-
municationanalysis revealed highly predicted ligand-receptor interac-
tionsviatheIL-23A +IL-12B/IL-23R + IL-12RB1 axis between myeloid cells
(macrophage cluster 1, monocytes and cDC2s) and eT ., cells (Fig. 6¢),
which was among the top 25 predicted interactions (Extended Data
Fig.8a-c).

cells and myeloid cells
42

Fig. 6 |IL-23R signaling induces an eT,., cell programin the human TME.
a-c,g h, Analyses of a human pan-cancer single-cell sequencing dataset*..

a, UMAP displaying pan-cancer CD4" T cells. b, UMAP highlighting /[L23R*CD4"
Tcells. ¢, Pie chart depicting the frequencies of T cell subsets among total
IL23R"CD4" T cells (left) and among total IL23R* T cells (right). d,e, Analysis of
an scRNA-seq dataset of human colorectal carcinomas (Liu et al.**). d, Dot plot
displaying /L23R expression across T, cell subsets. e, Interaction heat map based
oninferred ligand-receptor score between myeloid and T, cell subsets of the
IL-23A + IL-12B/IL-23R + IL-12RB1 axis computed with ICELLNET. The intensity of
communication score is depicted as color intensity value. f, Heat map depicting
the median expression of selected genes among the top 50 DEGs between T,
cellsisolated from healthy colon biopsies and from tumor tissue of individuals

with colorectal cancer from a bulk next-generation sequencing dataset
(Magnuson et al.”). Expression of IL23R is highlighted. g, Spiral plots displaying
the scaled (positive values between1and 2; negative values between -1

and -2) effect size of selected DEGs between /L23R"e" (IL23R expression > 0) and
IL23R"" (IL23R expression = 0) T, cells. The complete list of DEGs is available in
Supplementary Table 3. h, Selected significantly enriched pathways from

KEGG pathway analysis using G:Profiler comparing /L23R"&" and /L 23R"**

T cells. Significance was calculated by g:GOSt using a Fisher’s one-tailed test.
No downregulated pathways were detected. The complete list is available in
Supplementary Table 4; T, naive T cells; Ty, exhausted T cells; T, memory
Tcells; Ty, follicular helper T cells; MAIT, mucosal-associated invariant T cells;
P,4, adjusted Pvalue.
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In bulk RNA-seq data comparing T, cells from healthy colon
biopsies and tumor tissue from individuals with colorectal cancer”
(Fig. 6f and Extended Data Fig. 8d), we found elevated /L23R expres-
sionin tumor T, cells, which coincided with increased expression of
FOXP3anditstarget genes/L2RA, IKZF4,ENTPDI (encoding CD39) and
TNFRSF18 (encoding GITR; Fig. 6f).

TopinpointhowIL-23R signaling shapes T, cells at the single-cell
level, we next compared the gene expression profile of /L23R"e" and
IL23R"" pan-cancer T, cells from 21 different entities* (Fig. 6g,h). We
found 216 DEGs (Supplementary Table 3), which we categorized into
genesrelated to the ‘eT,., signature’, ‘transcription factors’, ‘cell metabo-
lism”and ‘T, cell trafficking and secreted mediators’ (Fig. 6g and Sup-
plementary Table 3). We additionally identified IL-23-induced pathways
in T cells*** (Fig. 6h and Supplementary Table 4). IL23R"#" T .., cells
showed an eT,, gene expression profile***” marked by higher expres-
sion of TNFRSF8 (encoding CD30), VDR, ENTPDI (encoding CD39),
TNFRSFI8 (encoding GITR), TNFRSF4 (encoding OX-40), TNFRSF9
(encoding41-BB), LAYN, LAG3,ILIRN, ILIR2, HAVCR2 (encoding TIM-3),
IL2RA (encoding CD25), CTLA-4 and others (Fig. 6g). In line with the
increased expression of several TNFRSFs and cytokine receptors,
TNF signaling and cytokine/cytokine receptor interaction pathways
were enrichedin /L23R"&" T, cells (Fig. 6h). Of note, the expression of
IL1I2RB2 was reduced in IL23R"" T, cells (Fig. 6g).

IL-23-sensing T, cells showed marked expression of BATF, PLAGLI,
SH2D2A, ZFP36L2, NDFIP2 and CFLAR (Fig. 6g)*. Also, the NF-kB signal-
ing pathway (Fig. 6h) and its associated genes, including NFKB2 and REL
(encoding Rel-c), as well as genes encoding trafficking and secreted
molecules (CCR1, CXCR6, ICAM-1, SIPRI, SELL (encoding L-selectin),
CXCR4, CCL20, LTA, CSF1 and FBRS) were elevated in expression in
IL23R"e" T, cells (Fig. 6g).

Overarchingly, we observed atrend toward higher FOXP3expres-
sion in IL23R"" T, cells in both the pan-cancer T cell atlas and in a
separate single-cell transcriptome dataset fromindividuals with colo-
rectal cancer® (Extended DataFig. 8e). IL23R"" T, cells also displayed
adistinct metabolic profile (Fig. 6g).

Together, these data indicate that IL-23R signaling in T, cells
is a prominent feature across human cancers, promoting a highly
suppressive eT,, cell signature®’.

Discussion

Here, we identified a crucial role for IL-23R signaling in stabiliz-
ing an effector T, cell program in the TME. Thus far, identifying
IL-23R-expressing cells has been challenging due to the poor specific-
ity of available antibodies and low expression of IL-23R. Nevertheless,
two reports have suggested that T, cells express IL-23R in preclini-
cal models of cancer'*?, By generating an IL-23R reporter mouse, we
demonstrated IL-23R expression in T, cells in the TME. Although we
found that other T cell subsets express IL-23R, specific ablation of
123rin T, cellsresulted in reduced tumor growth, phenocopying full
1123r-KO mice.

TAMs are the predominant IL-23 source in the mouse and human
TME, and ligand-receptor interaction analyses consequently indicated
potential interactions between these myeloid cells and T, cells. It is
well established that T, cells mediate some of their suppressive func-
tions via antigen-presenting cells through a variety of mechanisms,
including the theft of CD80/CD86 via CTLA-4 (refs. 51,52), the deple-
tion of MHC class II** or the reprogramming of macrophages toward an
anti-inflammatory phenotype®. Along thisline, we found anincreasein
CD86 and MHC class Iland adecrease in CD206 in several myeloid sub-
sets from tumors where T, cells cannot sense IL-23. We thus propose
that likely not only one but several mechanisms may be responsible for
the myeloid cell reprogramming observed in Foxp3°Y™* 1123/ mice.

In line with previous observations™*>", we found an expansion
of effector T cells and T, cells in the T, cell-specific /[23r-KO mouse
strainin two tumor models. Of note, the activation status of (non-T,)

TILs showed some model-specific variations, which may be explained
by differences in the degree of immunogenicity, growth kinetics and
time points of analysis. Nonetheless, the overall phenotype, including
enhanced activation and effector function, was maintained across
all models analyzed. Some differences observed when comparing
tumors from Foxp3“**1123r"" and control mice might stem from the
distinctive inflammatory milieus found in tumors of vastly different
sizes. We circumvented this problem using female Foxp3° Y™ [23/V1
mice, which allowed us to compare /[23r-KO and WT T, cells within
the same tumor. When coexisting in the same TME, /[23r-KO T, cells
displayed reduced expression of Foxp3 compared to WT T, cells,
whichwas preceded by adecreasein the expression of KLRG1, asurro-
gate marker for Blimp-1. We hypothesize that Blimp-1can be induced
by IL-23, preventing Foxp3 methylation and thus stabilizing T,., cell
identity within the TME®. Indeed, /[23r-KO T, cells exhibited areduc-
tion in the expression of Prdm1I (encoding Blimp-1) and an increase in
the expression of Dntm3a, which has been shown to methylate Foxp3
at the CNS2 region, thereby contributing to T, cell destabilization®’.
Furthermore, the genetic signature of Blimp-1-competent compared
to Blimp-1-deficient T, cells is reminiscent of the impact of IL-23 on
T,z cells™.

Furtherindicative of their instability, T, cells lacking /23r showed
halted differentiation to late €T, cell stages and a high expression of
IFNy, whichis usually suppressed via the Foxp3-Runxl axis in T, cells”.
Ofnote, IFNy productionby T, cells has recently been associated witha
defective eT,,cell program®, and IL-23R-deficient T, cells may directly
promote antitumor responses viaenhanced IFNy production. Further
supporting the notion thatIL-23 stabilizes T, cells, we found increased
glycolysis rates in T, cells lacking IL-23R. Unconstrained glycolysis,
which can be limited by Foxp3, contributesto T,., cell destabilization™.
Thisis consistent with arecent report showing reduced tumor growth
in Foxp3°*1123r" mice using the MC38 tumor model?. Wight et al.
observed increased /[12rb2 (but not /[12rb1) transcripts and IL-12RB2
protein expressionin/[23r-KO T, cells and proposed that lack of /23rin
T,z cells might enhance their sensitivity for IL-12 signaling by increasing
the availability of /[12rb1to form the IL-12 receptor with /[12rb2 (ref. 22).
Althoughwe also observedincreased expression of I[12rb2 transcripts
in/[23r-KO T, cells, /l12rb1 transcript expression remained unchanged
orwasslightly elevated, indicating that enhanced IL-12 responsiveness
might be one but not the only mechanism explaining the phenotype
of 1123r-KO T, cells. Overall, our data suggest that IL-23R transmits a
fundamental signal to promote €T, cell functioninvolving Foxp3 and
its downstream targets and therefore does not only serve as a decoy
mechanism to prevent the formation of the IL-12 receptor. Because
in vitro TCR stimulation of T, cells was sufficient to induce IL-23R
expression, we presume that T, cells, after antigen encounter in the
TME, undergo initial activation of IL-23R expression. In turn, IL-23
sensing allows the stabilization of the full eT,, phenotype and local
suppression of antitumor immunity. Interestingly, /[23r was among
the most upregulated genes in T, cells after loss of Blimp-1 (ref. 56),
suggesting afeedback loop that might also explain why only afraction
of eT,, cells expressed IL-23R. Importantly, we could translate our
preclinical findings to human cancer. We found that /L23R"" T, cells
derived from human tumors are marked by higher expression of key
genes encoding eT,., cell molecules.

This report reveals an unexpected immunosuppressive property
of an otherwise proinflammatory cytokine. In hindsight, it is not sur-
prising that mediators that can cause immunopathology also engage
with regulatory elements such as T, cells to limit tissue destruction
and terminate immune responses. We can speculate that this dichot-
omyisinherentacross other proinflammatory mediators. Inthe case of
IL-1B, this has recently been proposed®. Here, this unexpected role of
IL-23Rsignaling in stabilizing T, suppressive functions sets the sound
base for the therapeutic targeting of T, cells through IL-23 or IL-23R
blockade to expand the armamentarium of cancer immunotherapy.
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Methods

Mice

B6.129(Cg)-Foxp3™3CTRCIAY /] (Foxp3P™CFP) mice and B6.129(Cg)-
Foxp3m#YFrlierdyr /1 (Foxp3ceY™) mice were purchased from The Jackson
Laboratory (016958 and 016959, respectively). /[23r"" mice were
obtained from P. Rosenstiel, University of Kiel, Germany®°. /[23r"?
micewere crossed to a Deleter-Cre line CMV (Deleter) Cre (006054) to
obtain /[23r%! mice. IL-23R"™™®° mjce were generated by M. Oukka,
Children’s Hospital Seattle, USA and Biocytogen plasmid construction
service. Mice were maintained on a C57BL/6 background and were
housed inaspecific pathogen-free environment. Both female and male
mice were used for experiments at the age of 6-10 weeks. Mice were
socially housed with a dark/light cycle of 12 h, ambient temperature
of 22 °C and 45-65% humidity. All experiments were approved by the
Cantonal Veterinary Office of Zurich.

Mouse tumor models

B16 cells were originally received from Xenogen. The MC38 cell line was
received from M. Dettmer, ETH Zurich, Switzerland. The YUMMER1.7
cell line was purchased from Merck-Millipore. Mice were inoculated
i.d. with1.5 x10°B16 cells, s.c. with 2 x 10° YUMMER1.7 cells or s.c. with
3 x10° MC38 cells. Starting from day 7 after injection, tumor size and
body weight were measured. Measurements were first performed
three times aweek and later daily. Mice were killed by CO, inhalation.

Tissue processing

Tumorswere minced into pieces and digestedin RPMIsupplemented with
2% fetal calfserum (FCS),1 mg ml™ collagenase IV and 100 pg ml ' DNase
I (both Sigma-Aldrich) at 37 °C for 45 min. Tissues were then disrupted
with a syringe (18-gauge needle) and digested for another 15 min. Cells
were then filtered through 100-pm cell strainers and washed with PBS.
LNs and thymi were ground through 100-pum cell strainers and washed
withPBS.Immune cells were enriched using mouse CD45 TIL microbeads
(Miltenyi Biotec) following the manufacturer’s instructions.

To digest ear skin, skin was minced into pieces and digested in RPMI
supplemented with2% FCS,1 mg ml™ collagenase IV and 100 pg mI™ DNase
I(both Sigma-Aldrich) at 37 °Cfor 1.5 h (ref. 61). Skin tissue was disrupted
withasyringe (18-gauge needle) and filtered through 70-pm cell strainers.

Toisolateimmune cells from mouse colons, 6-cm-long midcolon
pieces were washed with cold PBS and incubated in HBSS (without cal-
cium/magnesium) supplemented with2% FCS,10 mM HEPES and 5 mM
DTTat80 r.p.m.and 37 °Cfor 8 minbefore beingincubated three times
in HBSS (without calcium/magnesium) supplemented with 2% FCS,
10 MM HEPES and 5 mM EDTA at 80 r.p.m. at 37 °C for 7 min. Next, the
colonswere rinsed in HBSS (with calcium/magnesium) supplemented
with 2% FCS and 10 mM HEPES at 80 r.p.m. at 37 °C for 5 min. Tissues
were then minced using a gentleMACS dissociator (Miltenyi Biotec) in
digestion buffer (HBSS (with calcium/magnesium) supplemented with
3%FCS,10 mMHEPES, 30 pg ml™ DNase land 100 pg ml™ Liberase and
incubated at120 r.p.m. at 37 °C for 25 min before being filtered through
a100-um cell strainer and washed with cold PBS.

Quantitativereal-time PCR

RNA from sorted cells was isolated using a Quick-RNA Microprep kit
(Zymogen). Reverse transcription of RNA to cDNA was performed using
M-MLVreverse transcriptase (Invitrogen). Quantitative real-time PCR
was performed on a CFX384 Touch Real-Time PCR Detection System
(Bio-Rad) using SYBR Green (Bio-Rad). The following primer pairs were
used: /[23r:forward CCAAGTATATTGTGCATGTGAAGA, reverse AGCTT-
GAGGCAAGATATTGTTGT; Polr2a: forward CTGGTCCTTCGAATCCG-
CATC, reverse GCTCGATACCCTGCAGGGTCA.

Flow cytometry
For intracellular cytokine labeling, cells were restimulated in
medium containingionomycin (500 ng ml%; Invitrogen) and phorbol

12-myristate 13-acetate (50 ng ml™; AppliChem; RPMI complete) with
GolgiPlug and GolgiStop (both 1:1,000; BD Biosciences) at 37 °C for
4 h. For surface antibodies, single-cell suspensions were incubated
withantibodiesin PBS at4 °C for 20 min. For intranuclear/intracellular
stainings, cells were fixed and permeabilized using the eBioscience
Foxp3/transcription factor fixation/permeabilization concentrate
anddiluent, 2% buffered formalin or BD Cytofix at 4 °C for 20 to 35 min.
Thereafter, cells were incubated with antibodies in permeabilization
buffer (BD) at 4 °C for 30 min, 2 h or overnight.

Viability dyes (1:500 dilution) were either purchased from BioLeg-
end (Zombie NIR) or BD Biosciences (LIVE DEAD Blue). Anti-mouse anti-
bodies, including anti-CD279 (BV785, clone 29F.1A12,1:200 dilution),
anti-ICOS (BV750, clone C398.4A, 1:200 dilution), anti-NK1.1 (BV711,
clone PK136,1:150 dilution), anti-CD25 (BV650, clone PC61,1:100 dilu-
tion), anti-CD152 (BV605, clone UC10-4B9,1:200 dilution), anti-CD62L
(BV570, clone MEL-14, 1:200 dilution), anti-granzyme B (Pacific Blue,
clone GB11,1:50 dilution), anti-neuropilin-1(BV421, clone 3E+12,1:200
dilution), anti-CD103 (Biotin, clone 2E7, 1:100 dilution), anti-Helios
(PE-Cy7, clone 22F6, dilution 1:30), anti-TCRp (PE-CyS5, clone H57-597,
dilution1:300), anti-KLRG1 (BV421, clone 2F1/KLRG1, dilution 1:200),
anti-KLRG1 (PE-Dazzle 594, clone 2F1/KLRG1, dilution1:400), anti-CD38
(APC-Fire 810, clone 90, dilution 1:400), anti-CCRS8 (Spark NIR 685,
clone SA214G2, dilution1:200), anti-TIM-3 (APC, clone RMT3-23, dilu-
tion 1:400), anti-TIM-3 (PE-Fire 810, clone RMT3-23, dilution 1:400),
anti-CD4 (Spark NIR 685, clone GK1.5,1:250 dilution), anti-CD206 (Alexa
Fluor 700, clone C068C2, dilution 1:600), anti-F4/80 (APC/Fire750,
clone BMS, dilution1:400), anti-CD86 (PE-Dazzle 594, clone GL1,1:1,200
dilution), anti-I-A/I-E (PE-Cy5, clone M5/114.15.2, 1:2,000 dilution),
anti-CD90.2 (Pacific Blue, clone 30-H12, 1:500 dilution), anti-CD11b
(BV510, clone M1/70, 1:1,500 dilution), anti-CD64 (BV605, clone X54-
5/7.1,1:100 dilution), anti-XCR1 (clone ZET, 1:300 dilution), anti-Ly6C
(BV711, clone HK1.4, 1:2,000 dilution), anti-CX3CR1 (BV785, clone
SAOQ11F11,1:400 dilution), anti-T-bet (BV711, clone 4B10, 1:50 dilution),
anti-IRF4 (Pacific Blue, clone IRF4.3E4,1:100 dilution), anti-GFP (Alexa
Fluor 488, clone FM264G, 1:50 dilution), anti-CD45 (PE-Fire 810, clone
S18009F, 1:150 dilution), anti-Ox-40 (APC-Fire750, clone Ox-86,1:200
dilution), anti-LAG-3 (custom conjugated to NovaFluor Blue 610/70S
(dye purchased from Thermo Fisher), clone C9B7W, 1:300 dilution),
anti-TNF (BV711, clone MP6-XT22, 1:600 dilution), anti-IL-2 (BV510,
cloneJES6-5H4,1:200) and anti-IL-10 (PE-Dazzle 594, clone JES5-16E3,
1:200 dilution), were obtained from BioLegend. Anti-mouse antibodies,
including anti-CD69 (BUV395, clone H1.2F3,1:100 dilution), anti-CD4
(BUV496, clone GK1.5,1:400 dilution), anti-CD357 (BUV563, clone DTA-
1,1:400 dilution), anti-CD304 (BUV661, clone V46-1954,1:400 dilution),
anti-ST2 (BUV737, clone U29-93,1:200 dilution), anti-CD8a (BUV805,
clone 53-6.7, 1:150 dilution), anti-CD73 (BB660 custom conjugate,
cloneTY/23,1:200 dilution), anti-Eomes (PE-CF594, clone X4-83,1:100
dilution), anti-Eos (PE, clone W7-486,1:200 dilution), anti-CD27 (R718,
clone LG.3A10, 1:200 dilution), anti-Ki-67 (BV480, clone B56, 1:200
dilution), anti-CD44 (BUV737, clone IM7, dilution 1:1,200), anti-Ly6G
(BUV563, clone 1A8, 1:700 dilution), anti-CD19 (BUV661, clone 1D3,
1:400 dilution), anti-CD45 (BUV395, clone 30-F11, 1:800 dilution),
anti-CD172a (BUV395, clone P84, 1:100 dilution), anti-CD88 (BV750,
clone20/70,1:200 dilution), anti-NK1.1(BB700, clone PK136,1:100 dilu-
tion), anti-Siglec-F (BB515, clone E50-2440,1:2,000 dilution), anti-IL-17A
(PE, clone TC11-18H10, 1:600 dilution), anti-pSTAT3 (pY705; PE, clone
4/pSTAT3,1:200 dilution), anti-pSTATS (pY694; Pacific Blue, clone 47/
Stat5(pY694),1:50 dilution), BB630 Streptavidin (custom conjugate,
1:200 dilution) and BUV615 Streptavidin (custom conjugate, 1:200
dilution) were purchased from BD Biosciences. Anti-mouse antibodies,
including anti-arginase-1(APC, clone Alex5, dilution 1:400), anti-CD11c
(PE-Cy5.5, clone N418,1:1,800 dilution), anti-NOS2 (PE-eFluor610, clone
CXNFT, 1:800 dilution), anti-MerTK (PE-Cy7, clone DSSMMER, 1:200
dilution), anti-CD39 (PerCP-eFluor 710, clone 24DMS], 1:400 dilution),
anti-Foxp3 (PE-Cy5.5, clone FJK-16s,1:200 dilution), anti-IFNy (PE-Cy7,
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clone XMG1.2,1:400 dilution) and anti-IL-22 (APC, clone IL22JOP, 1:200
dilution) were purchased from Thermo Fisher Scientific. Anti-TCF-1
(AlexaFluor 488, clone C63D9,1:200 dilution) was obtained from Cell
Signaling Technologies. Anti-TOX (PE, clone REA473,1:200 dilution)
was purchased from Miltenyi.

Data were acquired on a 5L Cytek Aurora (Cytek), and data were
analyzed using FlowJo software (Tree Star). Cell sorting was performed
on a 3L or 5L FACSAria Il (BD). Fluorochrome-conjugated monoclo-
nal antibodies were purchased from BioLegend, BD, Thermo Fisher,
Miltenyi or Cell Signaling Technologies. For blocking, TruStain FcX
(BioLegend; purified anti-CD16/32 (clone 93)) was used. Cellblox Block-
ing Buffer (Thermo Fisher Scientific) was used to further minimize
nonspecific binding.

Invitro cytokine stimulation of T, cells

T, cells derived from Foxp3<*¥* mice were isolated usinga CD4*CD25*
Regulatory T Cell Isolation kit (Miltenyi) and were cultured in the pres-
ence 0f 2,000 U ml recombinant IL-2 (Peprotech) and anti-CD3/CD28
beads of the mouse T, cell expansion kit (Miltenyi) with a ratio of
two beads per cell. In addition, recombinant mouse IL-6 (50 ng ml™;
Peprotech), IFNy (100 ng ml™; Peprotech) and recombinant IL-23
(20 ng mI™; BioLegend) were added, and the cells were cultured for
5d. For short-term stimulation, T, cells were, after the 5-d expansion,
stimulated with recombinant IL-23 (50 ng mI™; BioLegend) for 30 min.
Cellswerestained with LIVE/DEAD Zombie NIR for 15 minat 4 °Cand fixed
using I:1fixation concentrate and diluent of the Foxp3 transcription fac-
tor kit (Thermo Fisher). The cells were then stained intracellularly with
antibodies in perm buffer for 30 min at room temperature in the dark.

Invitro cultivation of human T, cells

T, cells were sorted by FACS from freshly isolated human peripheral
blood mononuclear cells (gated on FOXP3°CD45°'CD3°CD4"CD27°CD2
5'CD127") and incubatedin T, cell culture medium containing DMEM
supplemented with 10% fetal bovine serum, 1x penicillin/streptomy-
cin (Gibco), 1x MEM vitamin solution (Gibco), 1 mM sodium pyruvate
(Gibco), 1x MEM non-essential amino acid solution (Gibco), 100 mM
HEPES (Gibco), 0.5 mM 2-mercaptoethanol (Gibco), 1x GlutaMAX
(Gibco), recombinant humanIL-2500 U ml™ (Peprotech) and anti-CD3/
CD28stimulationbeads (four beads per cell; human T, cellexpansion
kit; Miltenyi) at 37 °Cfor2 d. CD45'CD3"CD4"CD25"CD27°'FOXP3" cells
were defined as T, cells (human) by flow cytometry.

Seahorse assay

Mouse T, cells of Foxp3“"*1123r"" or Foxp3“"™" mice were isolated
from steady-state spleens and LNs by using the mouse T, cell isola-
tion kit according to the manufacturer’s protocol (Miltenyi). Purity
was above 90% (assessed by flow cytometry). Isolated T, cells were
culturedin T, cell culture medium and stimulated using the mouse T,,
cell expansion kit (Miltenyi) with four beads per celland 2,000 U ml™
recombinant mouse IL-2 (Peprotech) for 3 d. The ECAR of cultured
T, cells was measured in a 96-well XFe Extracellular Flux Analyzer
(Agilent)®>. One hundred andfifty thousand T, cells were starved and
plated per wellin XF medium (non-buffered RPMI-1640 (Agilent) sup-
plemented with2 mML-glutamine) at 37 °C for 30 min. The respective
wells were treated with recombinant mouse IL-23 (50 ng ml™; Pepro-
tech) in the Seahorse plate 20 min before measurements. ECAR was
investigated at the basal level after glucose addition (final concentra-
tion of 10 mM) in response to oligomycin (final concentration of 1 uM)
and after 2-deoxyglucose (final concentration of 50 mM). Glycolysis
was calculated as maximum rate measurement before oligomycin
injection - last rate measurement before glucose injection.

Invitro T, cell suppression assay
Forinvitro T, suppressionassays®, red blood cell lysis was performed
using RBC lysis buffer (Abcam) on splenocytes of Foxp3“*"™" mice at

room temperature for 2 min. CD4" T cells were enriched using a CD4"
T cellisolation kit (Miltenyi), and T, cells were then purified by FACS.
T, cells were cultured and preactivated in vitro in the presence of
2,000 U ml recombinant IL-2 (Miltenyi) and CD3/CD28 Dynabeads
for3 d (ref. 64) toinduce €T, cell differentiation.

Antigen-presenting cells were enriched by depleting CD90.2*
splenocytes, exposed to 20 pg ml™ mitomycin C (Sigma) for 30 min
at37 °C and washed five times with PBS. Antigen-presenting cells were
plated at 2 x 10° cells per well and used for co-stimulation, and 1 pg ml™*
anti-CD3 (clone 17A2) was added for polyclonal TCR activation. CD4*
T cells were isolated using a naive T cell isolation kit (Miltenyi) and
labeled with CellTrace Violet according to the manufacturer’s protocol,
and 2.5 x10* cells were seeded per wellin 96-well plates. T,., cells were
added attheindicated ratios, and the assay was performed for 72 h. For
antibody treatment, 10 ug ml* anti-mouse IL-23R (clone 12B2B64) was
added. Percent suppression was assessed based on the divisionindex
(DI) calculated in Flowjo with the following formula: percent suppres-
sion =100 - (DlTreg:Tcon ratio/Dchon alone) x100 (rEf' 65)

Invivo cytokineblockade

Six- to 8-week-old C57BL/6 mice were subcutaneously inoculated with
3 x10°MC38 cells. The mice were randomized to respective treatment
groupsonday 6 afterinoculationandreceived atotal of three injections
of 100 pg of anti-p19 (clone G23-8, BioXcell) or isotype control (IgGl,
clone MOPC-21, BioXcell) every 72 hintraperitoneally.

Histology

Forimmunofluorescence stainings, tissues were fixed in 4% paraform-
aldehyde at 4 °C for 24 h. Tissues were then put into PBS with 30%
sucrose at4 °Cfor72 hand embedded in optimal cutting temperature
compound. Cut sections were incubated with working solution (PBS
supplemented with1% bovine serum albuminand 0.02% Tween 20) at
4 °Cfor30 min. Sections were thenincubated with primary antibodies
to Foxp3 and tdTomato diluted in working solution at 4 °C overnight.
Sections were washed three times with PBS supplemented with 0.01%
Tween for 5 min and were incubated with secondary antibodies and
DAPI diluted inworking solution at 4 °Cfor 30 min, followed by another
round of five wash steps with PBS and 0.01% Tween 20. Image acquisi-
tion was performed on a Leica Stellaris 5.

High-dimensional analysis of flow cytometry data

Raw fcs-files were preprocessed using Flowjo Software. Compensated
and pregated cellswereimportedinto RStudio using R (version 4.0/4.2.2)
and the flowCore package®. Data were transformed using a hyperbolic
arcsine (arcsinh) transformation and percentile normalized to obtain
expression values between 0 and 1. This was followed by dimensionality
reduction using UMAP by applying the umap package in R*. Automated
clustering and metaclustering were performed with the FlowSOM algo-
rithm?. This was followed by expert-guided merging of clusters®.

sCRNA-seq

Mouse tumors were digested as described above. CD4"and CD8" T cell
enrichment was then performed using CD4/CD8 (TIL) MicroBeads
(Milteny Biotec) following the manufacturer’s instructions. Enriched
cells were labeled with flow cytometry antibodies in PBS at 4 °C for
20 min. After a wash step with PBS supplemented with 2% FCS, cells
were labeled with antibody-seq oligonucleotides (BD) and sample tag
antibodies to MHC class I (626545 BD Single-Cell Multiplexing Kit) at
4 °C for 45 min in PBS supplemented with 2% FCS. Antibody-seq oli-
gonucleotides, including anti-CD27 (clone LG.3A10), anti-CD4 (clone
GK1.5), anti-CD103 (clone 2E7), anti-CD357 (clone DTA-1), anti-CD8a
(clone 53-6.7), anti-CD279 (clone RMP1-30), anti-CD44 (clone IM7),
anti-CD25 (clone PC6), anti-CD62L (clone MEL-14), anti-CD45RA (clone
14.8), anti-KLRGI (clone 2F1), anti-ICOS (clone DX-29) and anti-CD38
(clone 90/CD38), were obtained from BD Biosciences.
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Cells were then washed three times with PBS supplemented with
2%FCS,and CD45'CD90*CD4" live cells were sorted by FACS into RPMI
supplemented with 5% FCS. Sorted CD4 " T cells were washed once with
PBS supplemented with 2% FCS, and six sample tag-labeled samples
were multiplexed to obtain a total of 60,000 cells, which were loaded
onaBD Rhapsody cartridge. Single-cellisolation was performed with
the BD Rhapsody Express Single-Cell Analysis systemaccording to the
manufacturer’s protocol (BD Biosciences). Targeted cDNA library prep-
arationwas conducted with the targeted mRNA and AbSeq amplifica-
tionkit (BD Biosciences), the BD Rhapsody Immune Response Panel and
acomplementary custom-designed targeted panel. Size distribution
ofthe cDNA libraries was performed using a D1000 assay on a TapeSta-
tion system (Agilent Technologies). Sequencing was performed on
aNovaseq S1 (Illumina) by the Functional Genomics Center Zurich.

scRNA-seq analysis

Raw sequencing reads were uploaded to the SevenBridges analysis
platform. For each sample, the BD Rhapsody targeted analysis pipeline
(revision 0) was run using acustom amplicon and AbSeq antibody-tag
reference. All other app defaults were left unchanged.

Downstream analysis was performed using the Seurat (4.1.0/4.2.0),
SingleCellExperiment (version1.20.0) and scater (version1.26.1) pack-
ages. Cells with <200 or >2,500 genes were excluded from further
analysis.

The data were log normalized and scaled and underwent princi-
pal component analysis (PCA) based on all features. Subsequently,
clustering and UMAP dimensionality reduction was performed based
on 30 principal components and aresolution of 1.2. The clusters were
then manually assigned based on their differential marker expression.
The identified T, cell cluster was subsetted, and log normalization,
scaling and PCA were performed on the subsetted data as described
above. For differential expression analysis, anon-parametric Wilcoxon
rank-sum test was performed. Tumor and tdLN data were integrated
via the Seurat v4 pipeline using SelectIntegrationFeatures, FindInte-
grationAnchors and IntegrateData, followed by identical processing
as described above. For trajectory inference analysis, the integrated
Seurat object was converted into aMonocle 3 cell_data_set (cds) object
including previous embedding and clustering information. Using
learn_graph and order _cells, a principal graph was fitted on the data,
andthecellswere ordered along a pseudotemporal trajectory with an
automatic selection of the root node®* ™",

The AddModuleScore function was used to compute cluster-
specific scores. The SCpubr package” (version 1.0.4) was used for
visualizations of subset markers and cellular state plots. For the cel-
lular state plots, enrichment scores for each cluster were computed
using the AddModuleScore functionimplemented in Seurat based on
the 30 most DEGs between theidentified T, cell clusters. The do_Cel-
lularStatesPlot function of the SCpubr package was then leveraged to
visualize the enrichmentscores. DA testing based on partially overlap-
ping graph neighborhoods was performed using the Milo package
(version1.7.0)**. Subsetted T, cells were grouped in /[23r-KO and WT
T, cellsbased ontheir expression of ¥fp-cre, and the Seurat object was
converted into a SingleCellExperiment object before the Milo object
was generated. A k-nearest neighbors graph with 12 reduced dimen-
sions and k =10 for k-nearest neighbors refinement was applied. To
perform DA testing, a design matrix with YFP positivity as a covariate
totest for was applied. The built-in visualization functions of Milo were
then used to generate DA plots.

Publicly available scRNA-seq datasets were analyzed using the
Seurat (4.1.0/4.2.0) package in RStudio. Briefly, if available, cluster-
ing of publicly available data was used, and expert-guided merging
of clusters was performed in some cases. Otherwise, expert-guided
manual cell-type assignment to the unbiased clusters was performed.
Differential expression was assessed using the non-parametric
Wilcoxon rank-sum test.

Cell-cell communication network inference was performed on
myeloid and T, cell subsets extracted with Seurat using the ICELLNET
(version1.00) packages in RStudio*>”2.

Bulk RNA-seq analysis

Differential expression analysis on publicly available bulk RNA-seq
datasets was performed using the DESeq2 package (version1.37.4)".
Briefly, unnormalized count matrices were imported into RStudio
using R version 4.0. Prefiltering of low-count genes was performed by
selecting only genes with ten or more reads. A DESeqDataSet object
was then generated using the DESeqDataSetFromMatrix() function
with design ~ condition (for example, tumor T, cells versus spleen
T, cells). Rows with low gene counts (less than five) were removed
in the next step. The DESeq function was then applied with default
parameters, and the results were filtered for an adjusted P value
of <0.05 and log, (fold change) of >1.5. Consequently, a z score was
calculated on these genes.

Quantification and statistical analysis

Statistical significance was determined using GraphPad Prism 8 (Graph-
Pad Software). Two-tailed, unpaired t-tests were used to assess differ-
ences between two groups. Statistical significance for disease curves
was evaluated by two-way ANOVA with Bonferroni’s post hoc test.
nshows the number of biological replicates. Statistical details for each
experiment are indicated in the corresponding figure legends.

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

Data availability

scRNA-seq data generated for this study have been deposited in the
Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/) under
accession number GSE224072. Human TIL datafrom a pan-cancer T cell
atlasareavailable under the accession number GSE156728.scRNA-seq
data from tumor-infiltrating leukocytes from individuals with colo-
rectal cancer are accessible under the accession number GSE164522.
Bulk RNA-seq data of mouse and human tumor-infiltrating T, cells
are accessible under the accession number GSE116347. Source data
are provided with this paper.

Code availability
Code will be provided uponreasonable request by the corresponding
authors.
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig.1|IL23R marks a highly suppressive Treg cell subset

in the murine TME. (a, b, h) Myeloid cell-scRNAseq data from murine B16
tumors (Mujal et al. 2022, GSE188548). (a) Heatmap depicting the expression of
cell-type-defining genes. (b) Dotplot showing the expression of selected linage
markers. (c) scRNAseq data of murine pan-tumor T cells (Andreatta et al. 2022,
E-MTAB-9274). UMAP displaying T cell subsets (left) or [123a* T cells (right).

(d) Representative FACS plot (left) of steady state murine skin CD45"cells (left)
(pregated on live, CD45"cells). Representative FACS plots (right, pregated on
live, CD45", TCRy&") with gates of positive signal of respective IL23R-PE antibody
clones of dendritic epidermal T cells (DETCs) (upper gate) and y§™e™edi< T cells
(lower gate). Displayed data are from one experiment with n = 4. () Schematic
illustration of the IL23R*“™™°a]lele. (f) Representative FACS plot (left) of murine
skin T cells and histograms (right) depicting IL23R“™™ expression among T
cell subsets from IL23R™™® mjce and total T cells (‘T cells’) from WT mice. Data
shown from one representative experiment out of two independent experiments
withn=3.(g, k) T cells fromi.d. inoculated B16 tumors in Foxp3°™ "
IL23R“T™m° mice were analyzed by flow cytometry on day 14. Data shown from

one representative experiment out of two independent experiments with

n = 5-6. (g) Heatmap displaying marker expression among tumor-infiltrating

T cell subsets. (h) UMAP displaying 1123r* myeloid cells. (i) Gating strategy used to
FACS-sorty8, CD8", CD4" T cells and Foxp3* Treg cells from Foxp3°™ " mice.
(j) Bar graph depicting relative 1123r mRNA expression level (qQPCR) in FACS
sorted T cells from steady state LNs or tdLNs, ndLNs and tumors fromi.d.
inoculated B16 tumor-bearing Foxp3°™ %" mice. Pooled data from three
independent experiments. Biologically independent samples: n =2:ndLNs: y§
T cells, naive CD4 Tcon; ndLNs: naive CD8; tdLNs: CD8, CD4 Tcon; Tumor: CDS.
n=3:ndLNs: naive Treg cell, naive y5 T cells, y§ T cells; Tumor: y5 T cells, CD4
Tcon. n=8:ndLNs Tumor Treg cell. n =10: tdLNs: Treg cell; Tumor: Treg cell.
Data are displayed as mean +/- SEM. (k) Heatmap displaying relative marker
expressionamong IL23R*and IL23R Treg cellclusters. (I) Immunofluorescence-
stainings of tdLNs fromi.d. inoculated B16-tumor bearing IL23R"“™™ mijce.
Foxp3 (green), IL23R"™™° (red), CD3 (white) DAPI (blue), merged (purple).
Images (n = 4) are representatives from 2 independent experiments.
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Extended Data Fig. 2| Treg cells mediate the tumor-promoting functions

of IL-23. (a) Gating strategy to FACS sort y5 T cells and Treg cells from LNs of
Foxp3°Y*1123r" and 1123r"" mice for qPCR and example plot showing purity

of sorted Treg cells. (b) Bar graphs depicting relative mRNA expression level

of 1123r normalized to pol.2in FACS sorted yS T cells and Treg cells from steady
state LNs of Foxp3< Y1123 1123r"" and 1123r%¢/4 mice. Data shown from

one representative experiment out of two independent experiments with
n=5(Foxp3“®'™1123r"" and IL23R"" mice) or n = 3 (1123r%¢!) biologically
independent samples. Data are displayed as mean +/- SEM. Statistical
significance was determined using t-tests. (c) 1123r""and Foxp3°¥™1123r"" mice
were inoculated i.d. with B16 tumor cells, inoculated s.c. with YUMMERL1.7 tumor

cells orinoculated s.c. with MC38 tumor cells. Tumors were analyzed on day
15,14 or 24 post-inoculation. Pictures depict tumors after harvest. Data from
3independent experiments with n = 6-10. (d) Kinetics of tumor volume measured
by caliper gauge in B16 tumor cell-inoculated i.d. Foxp3°<Y" and Foxp3¢"™
1123r"" mice. Mean +/- SEM is displayed. Statistical significance was determined
using 2-way Anovas. n = 4 biologically independent animals. (e) Kinetics of tumor
volume measured by caliper gauge in MC38 tumor cell-inoculated s.c. C57BI/6
micei.p.injected either with anti-p19 blocking or isotype antibodies.n=6
(isotype) and n = 7 (anti p19 antibody) biologically independent animals. Mean
+/-SEM s displayed. Statistical significance was determined using 2-way Anovas.
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Extended Data Fig. 3| See next page for caption.
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Extended Data Fig. 3| IL23R signaling in Treg cells suppresses anti-tumor
immunity. (a-f) 1123r"" and Foxp3°"**1123r"" mice were inoculated s.c. with
MC38 tumor cells (a-c) or inoculated s.c. with YUMMERL.7 tumor cells (d-f)

and tumor-infiltrating T cells were analyzed by flow cytometry on day 24 (a-c)

or 14 (d-f) post-inoculation. TILs from MC38 tumors were re-stimulated with
PMA/lonomycin prior flow cytometry analysis. Data display 2 independent
experiments with n = 6-10. (a, d) UMAP with overlaid FlowSOM clustering (left)
(gated on CD45" TCRB" and TCRy&" cells) and heatmap depicting relative marker
expression among identified cell clusters (right). (b, e) Violin plots depicting cell
numbers ofidentified T cell clusters per gram tumor. Data are displayed as mean
+/- SEM. Statistical significance was determined using two-tailed Mann-Whitney
U-tests. (c, f) Dotplots displaying median marker expressioninidentified T

cell clusters comparing Foxp3©Y* 1123R" and 1123R"" mice. Color represents
log(median expression Foxp3“*"1123R""/ median expression I123R"");

thatis red means that median expression is decreased in Foxp3“* Y™ 1123R"%in
comparison to [123R"" mice; green means that median expressionisincreased

in Foxp3“* ¥ [123R"" mice in comparison to [123R"" mice. Circle size represent
log(p value). Statistically significant changes (p < 0.05) are highlighted with
black lines around the circles. Statistical significance was determined using
t-tests. (g) C57Bl/6 mice were s.c. inoculated with MC38 tumor cells and tumor-
infiltraring T cells were analyzed by flow cytometry on day 14 post-inoculation.
Dotplot displaying median marker expression of CD4'T cell and Treg cell
clusters comparing anti-p19 and isotype antibody treated mice. Color represents
log(median expression anti-p19/median expressionisotype). Circle size
represent log(p value). Statistically significant changes (p < 0.05) are highlighted
withblack lines around the circles. Data display one out of 2independent
experiments with n = 4-7. Statistical significance was determined using t-tests.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | IL23R signaling confers aselective advantage on

eTreg cells. (a) Schematic illustration of Tregs in Foxp3¢¥™/* 1123 female
mice. (b,c) FACS-gating strategy (b) and bar graphs (c) displaying 1123r mRNA
expression levels as assessed by qPCR in YFP* and YFP™ Treg cells from LNs of
Foxp3°Y**1123r" female mice. Data depict one experiment withn =2 (YFP") or

n =3 (YFP*). (d-h) Foxp3“¥***[123r"" female (d, e,f,h) and Foxp3°Y*** non-floxed
(g) mice were inoculated i.d. with B16 cells or left untreated. Treg cells in steady
state LNs or tumor and tdLNs on day 9 or 14 post-inoculation were analyzed

by flow cytometry. Data shown from one out of two independent experiments
with n=35-6. (d) Heatmap depicting marker expression among Treg cell clusters
(tumor). (e, f) Frequency plots of [123r KO and WT of total Treg cells in tdLNs (e) or
steady state LNs (f). (g) Contour plots showing YFP* Treg cells on day 14. (h) Spiral
plot displaying differential marker expression between 1123r KO and WT Treg
cells (tdLNs). (i) Bar graph displaying Foxp3-expressionin YFP/YFP*Treg cells
(tdLNs) of Foxp3“****non-floxed mice on day 14 post-inoculation. Data from 1
experiment with n =3. (j) Contour plots displaying IL23R expression as assessed
by flow cytometry in human Tregs from steady state PBMCs (gated on CD45"

CD3*CD4"CD25'CD27* FOXP3" cells) or 2 days anti-CD3/CD28 + IL2 stimulated
FACS sorted (CD45'CD3'CD4'CD27°'CD25'CD127 from steady state PBMCs)
Tregs (gated on CD45' CD3" CD4'CD25'CD27' FOXP3* cells). Data shown from
one experiment with n =2. (k) 1123r"" and Foxp3°Y"1123r"" mice were inoculated
i.d. with B16 cells. Treg cells in the tdLNs were analyzed by flow cytometry on day
14 post-inoculation. Violin plots displaying median expression (MFI) of
cytokines. Data from one experiment with n = 6-12. (I, m,n) Murine Treg cells
were ex vivo stimulated with IFN-y + IL-6, + /- IL-23 for 5 days and analysed by

flow cytometry. Boxplots showing the MFI of Foxp3 (I) and total cell numbers
(m). (I,m) n =5.(n) Histograms (left) and boxplots showing normalized MFls of
PSTAT3/pSTATS (right). Combined result from two independent experiments
withn = 8. (0) Murine Treg cells were ex vivo stimulated with anti-CD3/CD28 + IL-2
for 5 days and +/-1L-23 for 30 min. Histograms (left) and boxplots showing
normalized MFIs (flow cytometry). Representative result from two independent
experiments with n =5 (control) or n = 6 (IL-23). (c,i,k,I,n,0) Dataare displayed as
mean +/- SEM. (c,h,i,k,1I,n,0) Statistical significance was determined using,
two-tailed t-test (c,h), t-tests (i,k,I) or the two-tailed Mann-Whitney U-test (n,0).
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Extended Data Fig. 5| See next page for caption.
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Extended Data Fig. 5|IL-23 sensing by Treg cells initiates an eTreg cell
programin the murine TME. (a-i) Foxp3°<Y™* (heterozygous) 1123r"" female
mice were inoculated i.d. with B16 tumor cells and combined transcriptome
(scRNAseq) and protein expression analysis of sorted CD4'T cells was performed
onday 13 post-inoculation. Data shown from one experiment withn = 6.

(a) Schematicillustration of the experimental workflow. (b) UMAP displaying
clustered (based on transcriptome expression) and manually annotated cell
subsets passing quality control. (c) Dotplot depicting the 10 most variable
featuresin allidentified cell subsets. (d) Dotplot displaying the 10 most

variable features across identified Treg cell subsets. (e) Bar chart displaying the
frequencies of Treg cell subsets of total tumor Treg cells. (f) Dotplot of the most
variable features of Treg cell subsets of integrated tumor and tumor-draining
lymph node Treg cells. (g) UMAPs highlighting the distribution of 1123r KO and
WT Treg cells across identified clusters in tumors and tumor-draining lymph
nodes. (h) Bar chart of percentages of 123r KO and WT Treg cells across Treg

cell clusters. (i) Cellular state plot displaying enrichment of module scores of
identified Treg cell subsets compared to gene modules of activated vs. eTreg cells
(x-axis) and KO Treg cells (y-axis).
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Extended Data Fig. 6 | IL-23 sensing by Treg cells initiates an eTreg cell marked inred, neighborhoods with spatial FDR > 0.1 marked in grey (top).
program in the murine TME. (a-c) Foxp3“**™/* (heterozygous) 1123r"" female Heatmap depicting average gene expression of most variable markers across
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(scRNAseq) and protein expression analysis of sorted CD4'T cells was markers between the identified Treg cell clusters. (c) Expression density of
performed on day 13 post-inoculation. (a) Log fold change of DA neighborhoods selected variable features overlayed on UMAP displaying tumor Treg cells.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7| IL23R signaling induces an eTreg cell programin the
human TME. (a-c) Analyses of human myeloid pan-cancer single-cell sequencing
dataset from (Chengetal. 2021) from n = 210 individual patients across 15 human
cancer types. (a) UMAP displaying pan-cancer myeloid cells. (b) UMAP depicting
pan-cancer myeloid cells with overlaid IL23A expression. (c) Box plot displaying
average IL23A expression in different pan-cancer myeloid cell clusters (grouped
by cell type). Boxplots display the median and interquartile range (IQR; 25-75%)
with whiskers representing the upper and lower quartile +/- IQR. (d) Box plot

displaying IL23R expression among Treg cells from patients with different cancer
types. Boxplots display the median and interquartile range (IQR; 25-75%) with
whiskers representing the upper and lower quartile +/- IQR. (e-i) Analyses of
human pan-cancer single-cell sequencing data set from Zheng et al.”!

(e, f, g, h) and analyses of scRNAseq dataset of human colorectal carcinomas

(Liu et al.”?) (i, j). (g) UMAP depicting pan-cancer CD8' T cells. (e, h, i) Heatmap
depicting the expression of cell-type defining genes. (f, j) Dotplots showing the
expression of selected cell lineage markers.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

X

A description of all covariates tested
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A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

X ][]

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Software and code

Policy information about availability of computer code

Data collection  Flow cytometry data: Cytek Aurora 5L; SpectroFlo Software (v3.0 & v3.1).
BD FACSAria™ 3L or 5L, FACS Diva Software v9.1.
Immunofluorescence: Leica SP5 confocal microscope.
BD Rhapsody single cell RNA sequencing: mouse cells were sorted using BD FACSAria™ 5L and loaded on the BD Rhapsody cartridges. Libraries
were prepared according to the manufacturer's instructions and sequenced on an lllumina Novaseq S1.

Data analysis Flow cytometry data:
FlowJo software (v10, BD)
Prism software (GraphPad v9)
R-studio (v4.0 & v4.2.2). Mapping and clustering were performed using FlowSOM.

Single Cell RNA Sequencing:

R (v4.0; v4.2.2), Seurat (v4.1.0 and v4.2.0) and scater (v. 1.26.1) for single cell RNA sequencing analyses. Milo (v1.7.0) for neighborhood
analysis of mouse Tregs. SCpubr (v.1.0.4) for visualization of scRNAseq data. ICELLNET (v.1.00) for cell-cell communication analysis between
myeloid cells and Tregs in human colorectal cancer. DESeq?2 (v.1.37.4) for analysis of bulk RNA sequencing data. Monocle 3 was used for
trajectory analysis.
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- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Single-cell sequencing data generated for this study have been deposited in the Gene Expression Omnibus (GEO) under accession number GSE224072. The
accessibility of publicly available datasets used in this study is as follows : Human tumor-infiltrating T cell data from a pan cancer T cell atlas is available under the
accession number GSE156728, scRNA-seq data from tumor-infiltrating leucocytes of colorectal cancer patients is accessible under the accession number
GSE164522, bulk-RNA sequencing data of mouse and human tumor-infiltrating Tregs is accessible under the accesion number GSE116347.

Other data will be available from the corresponding authors upon request.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size We did not perform sample size calculations. The sample size in flow cytometry experiments was greater than or equal to 3 mice per group.
This is widely accepted in the field of immunology, if 2-3 independent experiments are performed. For single cell RNA sequencing processed
on the BD Rhapsody platform 6 biological replicates were chosen, since only one independent experiment was performed. The chosen sample
sizes are commonly used in the field of immunology and are similar to those in previous publications (Kim et al. Nature Immunology 2023,
Wang et al. Nature Immunology 2020).

Data exclusions  No animals were excluded from the analysis. In the B16 experiment presented in figure 3 and MC38 experiment presented in Extended Data
Figure 3 we excluded one outlier sample in each experiment, which we identified leveraging the ROUT method for detection of significant
statistical outliers.

For single cell RNA sequencing, Seven Bridges analysis was used to identify multiplets and cells that could not be linked to a sample tag. These
cells were then excluded from further analysis.

Replication Experiments were succesfully repeated and the number of experiments is stated in the figure legends. Cytokine staining in MC38 model was
performed once, as we used at least 7 mice per group and observed the same tumor phenotype as in the other tumor models. This also
complies with the 3R principle in animal research.

scRNA sequencing was performed once, since sequencing results are highly robust due to the high number of individual cells, which are
analyzed. In addition, scRNAseq experiments are cost-intensive and therefore it is common practice to only perform them once.

Randomization  Mice were grouped by genotype (when using Foxp3-Cre/I123r floxed and 1123r floxed or Foxp3-Cre control mice), age and sex.

Blinding Tumor inoculations and measurement of tumor size by caliper gauge were performed in a blinded fashion.

>
Q
—
(e
(D
1®)
(@)
=
S
c
-
(D
©
O
=
>
(@)
w
[
3
=
Q
<




Behavioural & social sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description

Research sample

Sampling strategy

Data collection

Timing

Data exclusions

Non-participation

Randomization

Briefly describe the study type including whether data are quantitative, qualitative, or mixed-methods (e.g. qualitative cross-sectional,
quantitative experimental, mixed-methods case study).

State the research sample (e.g. Harvard university undergraduates, villagers in rural India) and provide relevant demographic
information (e.g. age, sex) and indicate whether the sample is representative. Provide a rationale for the study sample chosen. For
studies involving existing datasets, please describe the dataset and source.

Describe the sampling procedure (e.qg. random, snowball, stratified, convenience). Describe the statistical methods that were used to
predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a
rationale for why these sample sizes are sufficient. For qualitative data, please indicate whether data saturation was considered, and
what criteria were used to decide that no further sampling was needed.

Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper,
computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and
whether the researcher was blind to experimental condition and/or the study hypothesis during data collection.

Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample
cohort.

If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the
rationale behind them, indicating whether exclusion criteria were pre-established.

State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no
participants dropped out/declined participation.

If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if
allocation was not random, describe how covariates were controlled.

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description

Research sample

Sampling strategy

Data collection

Timing and spatial scale

Data exclusions

Reproducibility

Randomization

Blinding

Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested,
hierarchical), nature and number of experimental units and replicates.

Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets,
describe the data and its source.

Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Describe the data collection procedure, including who recorded the data and how.
Indicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which

the data are taken

If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them,
indicating whether exclusion criteria were pre-established.

Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were
controlled. If this is not relevant to your study, explain why.

Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your study.

Did the study involve field work? |:| Yes |Z| No
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
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Clinical data

XXOXOOs

Dual use research of concern

Antibodies

Antibodies used Anti-mouse antibodies including anti-CD279 (BV785, clone 29F.1A12,1:200 dilution), anti-ICOS (BV750, clone C398.4A, 1:200
dilution), anti-NK1.1 (BV711, clone PK136, 1:150 dilution), anti-CD25 (BV650, clone PC61, 1:100 dilution), anti-CD152 (BV605, clone
UC10-4B9, 1:200 dilution), anti-CD62L (BV570, clone MEL-14, 1:200 dilution), anti-Granzyme B (Pacific Blue, clone GB11, 1:50
dilution), anti-Neuropilin-1 (BV421, clone 3E+12, 1:200 dilution), anti-CD103 (Biotin, clone 2E7, 1:100 dilution), anti-Helios (PE-Cy7,
clone 22F6, dilution 1:30), anti-TCRB (PE-Cy5, clone H57-597, dilution 1:300), anti-KLRG1 (BV421, clone 2F1/KLRG1, dilution 1:200),
anti-KLRG1 (PE-Dazzle 594, clone 2F1/KLRG1, dilution 1:400), anti-CD38 (APC-Fire 810, clone 90, dilution 1:400), anti-CCR8 (Spark NIR
685, clone SA214G?2, dilution 1:200), anti-TIM-3 (APC, clone RMT3-23, dilution 1:400), anti-TIM-3 (PE-Fire 810, clone RMT3-23,
dilution 1:400), anti-CD4 (Spark NIR 685, clone GK1.5, 1:250 dilution), anti-CD206 (Alexa Fluor 700, clone CO68C2, dilution 1:600),
anti-F4/80 (APC/Fire750, clone BMS, dilution 1:400), anti-CD86 (PE-Dazzle 594, clone GL1, 1:1200 dilution), anti-I-A/I-E (PE-Cy5, clone
M5/114.15.2, 1:2000 dilution), anti-CD90.2 (Pacific Blue, clone 30-H12, 1:500 dilution), anti-CD11b (BV510, clone M1/70, 1:1500
dilution), anti-CD64 (BV605, clone X54-5/7.1, 1:100 dilution), anti-XCR1, clone ZET, 1:300 dilution), anti-Ly6C (BV711, clone HK1.4,
1:2000 dilution), anti-CX3CR1 (BV785, clone SA011F11, 1:400 dilution), anti-T-bet (BV711, clone 4B10, 1:50 dilution), anti-IRF4
(Pacific Blue, clone IRF4.3E4, 1:100 dilution), anti-GFP (Alexa Fluor 488, clone FM264G, 1:50 dilution), anti-CD45 (PE-Fire 810, clone
S18009F, 1:150 dilution), anti-Ox40 (APC-Fire750, clone Ox-86, 1:200 dilution), anti-LAG-3 (custom conjugated to NovaFluor Blue
610/70S (dye purchased from ThermoFisher), clone C9B7W, 1:300 dilution), anti-TNF (BV711, clone MP6-XT22, 1:600 dilution), anti-
IL-2 (BV510, clone JES6-5H4, 1:200), anti-IL-10 (PE-Dazzle 594, clone JES5-16E3, 1:200 dilution), were obtained from BioLegend.
Anti-mouse antibodies including anti-CD69 (BUV395, clone H1.2F3, 1:100 dilution), anti-CD4 (BUV496, clone GK1.5, 1:400 dilution),
anti-CD357 (BUV563, clone DTA-1, 1:400 dilution), anti-CD304 (BUV661, clone V46-1954, 1:400 dilution), anti-ST2 (BUV737, clone
U29-93, 1:200 dilution), anti-CD8a (BUV805, clone 53-6.7, 1:150 dilution), anti-CD73 (BB660 custom conjugate, clone TY/23, 1:200
dilution), anti-Eomes (PE-CF594, clone X4-83, 1:100 dilution), anti-Eos (PE, clone W7-486, 1:200 dilution), anti-CD27 (R718, clone
LG.3A10, 1:200 dilution), anti-Ki67 (BV480, clone B56, 1:200 dilution), anti-CD44 (BUV737, clone IM7, dilution 1:1200), anti-Ly6G
(BUV5S63, clone 1A8, 1:700 dilution), anti-CD19 (BUV661, clone 1D3, 1:400 dilution), anti-CD45 (BUV395, clone 30-F11, 1:800
dilution, anti-CD172a (BUV395, clone P84, 1:100 dilution), anti-CD88 (BV750, clone 20/70, 1:200 dilution), anti-NK1.1 (BB700, clone
PK136, 1:100 dilution), anti-Siglec-F (BB515, clone E50-2440, 1:2000 dilution) and IL-17A (PE, clone TC11-18H10, 1:600 dilution),
BB630 Streptavidin (custom conjugate, 1:200 dilution) and BUV615 Streptavidin (custom conjugate, 1:200 dilution) were purchased
from BD Biosciences. Anti-mouse antibodies including anti-Arginase-1 (APC, clone, dilution 1:400, Alex5), anti-CD11c (PE-Cy5.5,
clone N418, 1:1800 dilution), anti-NOS2 (PE-eFluor610, clone CXNFT, 1:800 dilution), anti-MerTK (PE-Cy7, clone DSSMMER, 1:200
dilution), anti-CD39 (PerCP-eFluor 710, clone 24DMS1, 1:400 dilution), anti-Foxp3 (PE-Cy5.5, clone FJK-16s, 1:200 dilution), anti-IFNy
(PE-Cy7, clone XMG1.2, 1:400 dilution) and anti-IL-22 (APC, clone IL22JOP, 1:200 dilution) were purchased from ThermoFisher
Scientific. Anti-TCF1 (Alexa Fluor 488, clone C63D9, 1:200 dilution) was obtained from Cell Signaling technologies. Anti-TOX (PE, clone
REA473, 1:200 dilution) was purchased from Miltenyi.

Anti human antibodies including anti-CD8 (BV785, clone RPA-TS8, 1:100 dilution), anti-CD127 (BV605, clone A019D5, 1:50 dilution),
anti-CD45 (Pacific Blue, clone HI-30, 1:200 dilution), anti-CD4 (Alexa Fluor 488, RPA-T4, 1:50 dilution), anti-CD25 (PE-Cy7, clone
MA251, 1:40 dilution), anti-CD3 (APC, clone UCHT1, 1:100 dilution), anti-CD27 (BUV563, clone M-T271, 1:150 dilution) were either
bought from BioLegend or BD.

anti-IL23R (unconjugated,clone EPR22838-4, 1:100 dilution) was obtained from Abcam, secondary Goat anti-rabbit antibody (Alexa
Fluor 647, 1:1000 dilution) was purchased from ThermoFisher.

Validation All antibodies used in our study are commercially available and have been titrated in-house. All antibodies have been validated by the
commercial manufacturers. Validation data are available on the manufacturer’s website.

Eukaryotic cell lines

Lc0c Y21o

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) B16-F10 cell line was originally received from Xenogen. MC38 cell line was received from Michael Dettmer and originally
derived from American Type Culture Collection (ATCC). YUMMER1.7 cell line was purchased from Merck-Millipore.

Authentication None of the cell lines were authenticated in these studies, for experiments cell lines with low passage numbers were used.




Mycoplasma contamination All cell lines used in the study tested negative for mycoplasma contamination.

Commonly misidentified lines  No commonly misidentified cell lines were used.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

B6.129(Cg)-Foxp3tm3(DTR/GFP)Ayr/J (Foxp3DTR-GFP) mice and B6.129(Cg)- Foxp3tm4(YFP/icre)Ayr/J (Foxp3Cre-YFP) mice were
purchased from the Jackson Laboratory (J#016959). 1123rfl/fl mice were obtained from Philip Rosenstiel (Aden et al., 2016). 1123rfl/fl
mice were crossed to a Deleter Cre mouse line CMV (Deleter) Cre (J#006054) to obtain I123rdel/del mice. IL23RtdTomato mice were
generated by Mohammed Oukka and Biocytogen plasmid construction service. All mice were maintained on a C57/BL6 background
and were housed in a specific-pathogen-free environment. Both female and male mice were used for experiments at the age of 6-10
weeks. Mice were socially housed with a dark/light cycle of 12h, ambient temperature of 22°C and 45-65% humidity.

No wild animals were used.

Findings do not only apply to one sex. Sex of the animals was considered as part of assigning experimental groups. Sex-based
analyses did not reveal differences.

No field-collected samples were used in the study.

All experiments were approved by the cantonal veterinary office of Zurich.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

IE The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

IZ All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Tumors were minced into small pieces and digested in RPMI 2% FCS supplemented with 1mg/ml Collagenase IV and 100 pg/
ml DNAse | (both Sigma-Aldrich) at 379C for 45 mins. After this, the tissue was disrupted with a syringe with an 18 G needle
and digested for another 15mins. After digestion, the disrupted tissue was filtered through a 100 um cell strainer and washed
with PBS. LNs and thymi were grinded through 100 um cell strainers and washed with PBS. Immune cell enrichment was
performed using mouse CD45 TIL microbeads (Miltenyi Biotec) following the manufacturer’s instructions.

Ear skin was digested as previously described. In brief, skin was minced into small pieces and digested in RPMI 2% FCS
supplemented with 1mg/ml Collagenase IV and 100 pug/ml DNAse | (both Sigma-Aldrich) at 372C for 1.5 hours. After
digestion, the skin tissue was disrupted with a syringe with an 18-gauge needle and filtered through a 70-um cell strainer.

To isolated immune cells from murine colons, 6cm long pieces from the mid-colon were collected and washed with cold PBS.
Isolated tissues were incubated in HBSS (without calcium/magnesium) supplemented with 2% FCS, 10mM HEPES and 5mM
DTT at 80 rpm at 37°C for 8 mins, before being incubated 3 times in HBSS (without calcium/magnesium) supplemented with
2% FCS, 10mM HEPES, 5mM EDTA at 80 rpm at 37°C for 7 mins. Next, the colons were rinsed in HBSS (with calcium/
magnesium) supplemented with 2% FCS and 10mM HEPES at 80 rpm at 37 °C for 5 mins. Then, the tissues were minced using
a gentleMACS™ (Miltenyi Biotec) in digestion buffer (HBSS (with calcium/magnesium) supplemented with 3% FCS, 10mM
HEPES, 30ug/ml DNAse | and 100ug/ml Liberase TM) and incubated at 120 rpm at 37 °C for 25 mins before being filtered
through 100-um cell strainer and washed with cold PBS.

Instrument Cells were analyzed using a Cytek Aurora 5L spectral flow cytometer, cells were sorted using a BD FACS Aria Il 3L or 5L
system.

Software SpectroFlo (Cytek) or BD FACS Diva software was used for data acquisition, Flowjo (BD) v10 was used for data analysis.

Cell population abundance For single cell RNA sequencing LIVE CD4+ T cells after FACS purification had a purity of >99% (based on FACS assessment).

Gating strategy

Human LIVE CD4+CD25+CD27+CD127- Tregs had a purity of >99% after FACS purification.

FSC-A and SSC-A gating was applied to exclude debris, doublets were excluded by FSC-Area vs. FSC-Height gating. Dead cells
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Gating strategy were excluded using Zombie NIR Live/Dead fixable staining reagent (BioLegend) or LIVE/DEAD Blue fixable staining reagent
(ThermoFisher).
Gating strategies to identify cell populations of interest include:
v T cells: CD45+CD3+TCRyS+
CD8+ T cells: CD45+CD3+CD8+CD4-
CD4+ Tcons: CD45+CD3+CD8-CD4+Foxp3-DTR-GFP-
Treg: CD45+CD3+CD8-CD4+Foxp3-DTR-GFP+ or CD45+CD3+CD8-CD4+Foxp3-Cre-YFP+
1123r KO Treg: CD45+CD3+CD4+CD8-CD25+CD27+YFP+
1123r WT Treg: CD45+CD3+CD4+CD8-CD25+CD27+YFP-

Human Treg: CD45+CD3+CD4+CD8-CD25+CD27+CD127-

|Z| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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