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STAT3 regulates CD8* T cell differentiation and
functions in cancer and acute infection

Qinli Sun'®, Xiaohong Zhao'@®, Ruifeng Li*?®, Dingfeng Liu>*®, Birui Pan'®, Bowen Xie?®, Xinxin Chi'®, Dongli Cai**®, Peng Wei?®, Wei Xu'?
®, Kun Wei'®, Zixuan Zhao'@®, Yujie Fu*@®, Ling Ni'®, and Chen Dongt?*>@®

In cancer, persistent antigens drive CD8* T cell differentiation into exhausted progenitor (T.,”"°€) and terminally exhausted
(Texte™) cells. However, how the extrinsic and intrinsic regulatory mechanisms cooperate during this process still remains not
well understood. Here, we found that STAT3 signaling plays essential roles in promoting intratumor T,,'*™ cell development
by enhancing their effector functions and survival, which results in better tumor control. In tumor microenvironments, STAT3
is predominantly activated by IL-10 and IL-21, but not IL-6. Besides, STAT3 also plays critical roles in the development and
function of terminally differentiated effector CD8* T cells in acute infection. Mechanistically, STAT3 transcriptionally
promotes the expression of effector function-related genes, while it suppresses those expressed by the progenitor T, subset.
Moreover, STAT3 functions in collaboration with BATF and IRF4 to mediate chromatin activation at the effector gene loci. Thus,

we have elucidated the roles of STAT3 signaling in terminally differentiated CD8* T cell development, especially in cancer,
which benefits the development of more effective immunotherapies against tumors.

Introduction

In acute infection and vaccination, effector CD8* T cells develop
into two subpopulations: one subpopulation is KLRG1*IL-7Rlo%
short-lived effector CD8* T cells, also termed terminally
differentiated effector CD8* T cells, and another, KLRG1-IL-7Rh
memory precursors, which can subsequently develop into
memory CD8* T cells after the clearance of antigens (Joshi et al.,
2007; Rutishauser et al., 2009). However, in cancer and chronic
infection, persistent antigenic stimulation drives CD8* T cells
into an exhaustion state (McLane et al, 2019; Pauken and
Wherry, 2015). Exhausted CD8* T cells (T.,) are functionally
distinct from effector and memory CD8* T cells observed in
acute infections and are characterized by elevated expression of
inhibitory receptors (PD-1, LAG3, TIGIT, etc.), poor effector
functions, altered epigenetic and transcriptional landscapes, and
skewed metabolic status (McLane et al., 2019). Similar to the
classification of effector CD8* T cells, in cancer, tumor-specific
Tex cells are mainly classified into two subpopulations, named
progenitors (T.?™¢) and terminally differentiated CD8* T
(Teyter™) cells (Miller et al., 2019; Siddiqui et al., 2019). Tumor-
specific T.,P™8 cells are stem-like and highly express TCF1
transcription factor, which persist long term and are capable of

differentiating into Te,"™ cells for long-term tumor control
(Miller et al., 2019; Siddiqui et al., 2019). A distinguishing feature
of memory CD8* T cells is their ability to rapidly expand and
efficiently generate effector functions in response to antigen re-
stimulation. Although T.,P™8 cells are stem-like, their memory
potentials are progressively lost and not at the levels of memory
CD8* T cells generated in acute infection (Angelosanto et al.,
2012; Huang et al., 2022; Kaech and Cui, 2012; McLane et al.,
2019). In contrast, tumor-specific TIM-3* T '™ cells have
characteristics of potent cytotoxicity, active proliferative ca-
pacity, and high-level apoptosis (Miller et al., 2019; Siddiqui
et al, 2019). However, the transcriptional and epigenetic
mechanisms underlying CD8* T cell differentiation and main-
tenance, especially T,*™ cells in cancer, remain elusive, and
the cell-intrinsic and -extrinsic factors controlling T, cell dif-
ferentiation also need to be further identified.

T cell differentiation is generally regulated by three signals:
signal 1 from antigen receptors, signal 2 from costimulatory or
inhibitory molecules, and signal 3 from inflammatory cytokines
(McLane et al., 2019). During chronic infection and cancer,
persistent T cell receptor stimulation sustains the activation of
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NFAT and induces high-level expression of TOX and Nr4al,
which limit T cell function and promote T cell exhaustion (Chen
et al., 2019; Khan et al.,, 2019; Liu et al., 2019; Martinez et al.,
2015; Scott et al., 2019). In addition, elevated expression of co-
inhibitory receptors (e.g., PD-1 and CTLA-4) in T, cells also
enforces exhaustion, and the blockade of their signaling has
shown clinical benefits in various human cancer types (Callahan
et al., 2016; Kamphorst et al., 2017). Moreover, it has been re-
ported that diminished TCR and costimulatory signaling in es-
tablished chronic infection preferentially programs T, cells into
TCF1* memory-like subset (Snell et al., 2018). Importantly, in
addition to TCR and costimulatory/inhibitory molecules, Ty cell
generation is also shaped by a broad range of inflammatory
cytokines (McLane et al., 2019). Among them, JAK-STAT cyto-
kines are critical in regulating T cell development in immune
responses (Dong, 2021). For example, STATI is critical in pro-
moting T cell expansion and antitumor response in cancer (Ryan
et al.,, 2020). Consistently, STAT1 upstream cytokines, including
type I IFN and IL-27, function to drive TIM-3* Te cell differ-
entiation in both cancer and chronic infection (Chihara et al.,
2018; Wu et al., 2016; Yang et al., 2012). In addition, IL-2-STAT5
axis functions as an inducer of exhaustion and promotes the
generation of TIM-3* T,y cells within tumors (Liu et al., 2021).
STAT3 is a cytoplasmic transcription factor belonging to the
signal transducer and activators of transcription (STAT) family
(Darnell, 1997). It can be phosphorylated and activated by mul-
tiple cytokines (e.g., IL-6, IL-10, IL-21, and IL-23), and it tran-
scriptionally regulates the fate decisions of various CD4* T
lymphocyte lineages (Dong, 2021). The IL-6/IL-23-STAT3 axis
induces RORyt expression during Th17 cell development (Chang
et al., 2020; Yang et al., 2007), and the IL-6/IL-21-STAT3 path-
way also promotes Bclé expression during Tth cell differentia-
tion (Nurieva et al., 2009; Xu et al., 2019). However, the role of
STAT3 in regulating CD8* T cell differentiation and function
remains controversial and lacks mechanistic understanding.
More importantly, its role in tumor-specific Ty cell develop-
ment still remains unclear. STAT3 was long considered to pro-
mote memory CD8* T cell development (Cui et al., 2011; Hanna
et al., 2021; Olson and Jameson, 2011; Siegel et al., 2011). A pre-
vious study showed that Stat3 deficiency impaired the matura-
tion and self-renewal of IL-7RMKLRG1'®" memory CD8" T cells in
acute LCMV virus-infected mice (Cui et al., 2011). The devel-
opment and maintenance of human central memory CD8* T cells
were also diminished in autosomal-dominant hyper-IgE syn-
drome patients with STAT3 mutations (Siegel et al.,, 2011).
Moreover, in the chronic lymphocytic leukemia model, Stat3
deletion lowered the frequencies of memory-like PD-1'"**TCF-1*
CD8" T cells (Hanna et al., 2021), and the leptin-induced STAT3
activation in obesity-driven breast cancer inhibited IFN-y pro-
duction and CD8* T cell effector function (Zhang et al., 2020).
However, contrary to these findings, another study showed that
Stat3 deficiency decreased KLRG-1* effector CD8* T cells in
HSV-1 infection (Yu et al., 2013) and reduced the expression of
Blimpl, BATF, and Granzyme B in IL-21-stimulated CD8* T cells
in vitro (Xin et al,, 2015). Thus, the role of STAT3 signaling in
CD8* T cell differentiation and function, especially in the context
of tumor antigen-driven exhaustion, urgently needs to be
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clarified via a detailed mechanistic approach, and its upstream
inducers within the tumors also need to be systematically
identified.

In this study, we illustrated the function of STAT3 signaling
in terminally differentiated CD8* T cells, especially in cancer.
Activated by IL-10 and IL-21, STAT3 played critical roles in
promoting tumor-specific Te,*™ cell development and their
effector functions in cancer. It was also intrinsically critical in
promoting the development and function of terminally differ-
entiated effector CD8* T cells in acute infection. Mechanistically,
STATS3 transcriptionally promoted the expression of Te,"™™-as-
sociated genes and inhibited that of T.4P ™8 genes, thus enforcing
the Te,™™ transcriptional program. STAT3 functioned by epi-
genetically activating multiple T.,'**™-related gene loci. In ad-
dition, STAT3 cooperated with BATF and IRF4 to mediate T, %™
cell differentiation. Altogether, this study has mechanistically
clarified the role of STAT3 signaling in terminally differentiated
CD8* T cells, especially in cancer, which may benefit the de-
velopment of novel cancer immunotherapies.

Results
STAT3 promotes the effector function of CD8* T cells
To first understand the function of STAT3 in the regulation of
anti-cancer CD8* T cells, we analyzed public single-cell RNA
sequencing (scRNA-seq) data of human patients with lung
cancer, colorectal cancer (CRC), and hepatocellular carcinoma
(HCG; Guo et al., 2018; Zhang et al., 2018; Zheng et al., 2017). We
found that STAT3 expression was elevated in tumor-infiltrating
CD8* T cells, especially in PD-1* T, cells, as compared with
peripheral CD8* T cells in the blood (Fig. S1 A). High levels of
Stat3 expression were also found in tumor-infiltrating CD8*
T cells in murine B16-OVA and E.G7 tumor models at both
transcriptional and protein levels (Fig. S1, B and C).

To investigate the function of STAT3 in anti-tumor CD8*
T cells, we generated Stat3%/1Cd8a®" mice, in which Stat3 was
specifically deleted in mature CD8* T cells (Maekawa et al.,
2008; Takeda et al., 1998). CD8" T cell development was intact
in the thymus and peripheral lymphoid organs in 6-8-wk-old
Stat31/1Cd8ac e mice as compared with Stat3®/% mice (Fig. S1, D
and E), and their homeostasis in peripheral spleens and lymph
nodes was not significantly affected by the deficiency of Stat3
(Fig. S1 F). To further explore the roles of STAT3 in CD8" T cell
function in tumor models, we inoculated Stat3f/iCd8aC*e mice,
as well as Stat3%/f1 control mice, with B16-OVA or E.G7 tumor
cells. We found that Stat3 deficiency in CD8* T cells resulted in
enhanced growth of B16-OVA and E.G7 tumors (Fig. 1 A). As a
result of Stat3 deficiency, the numbers of CD8* T cells decreased
substantially in both tumor-draining lymph nodes (TDLNs) and
tumors (Fig. 1 B), and so did the ratio of CD8* T cells to CD4*
T cells (Fig. S1 G). More importantly, the frequencies of OVA-
specific tumor-infiltrating CD8* T cells (TILs) and CD44*PD-1*
antigen-experienced CD8* TILs were significantly reduced in
E.G7-bearing Stat3f/Cd8ac e mice (Fig. S1, H and I). In addition,
the cytotoxic function of PD-1*-exhausted Stat3~/~ CD8* T cells
was dramatically reduced as indicated by decreased production
of IFN-y and Granzyme B in both B16-OVA and E.G7 models
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Figure 1. STAT3 promotes the effector function of CD8* T cells. (A) Mean volumes of B16-OVA tumors (left panel) in Stat3"" (n = 6) and Stat3Vfcd8aCre
(n = 6) mice, or E.G7 tumors (right panel) in Stat3f (n = 7) and Stat3/Cd8ac" (n = 6) mice. (B) Numbers of CD8* T cells in TDLNs and tumors from Stat3%/" and
Stat3VCd8acre mice. (C) Representative plots (left panel) and quantifications (right panel) of IFN-y and Granzyme B production in CD44*PD-1* CD8" TILs from

B16-OVA (left panel) or E.G7 (right panel) tumors. (D) Experimental design

for adoptive cotransfer of naive WT and Stat3-/~ OT-I cells and B16-OVA

tumor-challenge assay. (E) OT-I TIL frequencies among total CD8*TILs from B16-OVA tumors on day 14 and day 20 after tumor inoculation. (F) Representative
plots (left panel) and quantifications (right panel) of IFN-y and Granzyme B production in OT-I TILs from B16-OVA tumors. (G) Frequencies of OVA-specific
CD8* T cells and their numbers (P = 0.0590) in LM-OVA-infected Stat3V" and Stat3/1Cd8acre mice on day 8. (H) Representative plots (left panel) and
quantifications (right panel) of IFN-y and Granzyme B production in splenic CD44* CD8* T cells on day 8 after LM-OVA infection. Data are representative of two

(A [left], B [left], C [left], G, and H) or three (A [right], B [right], C [right], and D

-F) independent experiments. Data are shown as mean + SEM. ¥, P < 0.05; **,

P < 0.01; *** P < 0.001; ****, P < 0.0001 by two-way ANOVA (A), unpaired two-tailed Student’s t test (B, C, G, and H), or paired two-tailed Student’s t test (E

and F).

(Fig. 1 C). These data indicated a critical role of STAT3 in anti-
tumor response of CD8* T cells.

To further understand the function of STAT3 in tumor-
specific CD8* T cells and to rule out the impact of tumor vol-
umes, we crossed Stat31/fCd8acre mice into CD45.2 OT-I strain

Sun et al.
STAT3 regulates CD8* T cell differentiation and functions

and cotransferred equal numbers of their naive OT-I cells and
CD45.1/2 WT OT-I cells into CD45.1 recipients with B16-OVA
tumors (Fig. 1 D). Consistent with the above results, the fre-
quencies of Stat3~/~ OT-I cells among total CD8* TILs were
dramatically reduced as compared with WT OT-I cells on both

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20220686

3of21


https://doi.org/10.1084/jem.20220686

day 14 and day 20 after inoculation (Fig. 1 E). The percentages of
Stat3~/~ OT-I cells were also substantially decreased in TDLNs on
day 20 (Fig. S1]). Importantly, IFN-y and Granzyme B produc-
tion was significantly defective in Stat3~/~ OT-I TILs (Fig. 1 F).
However, Ki-67 expression in OT-I TILs was not affected by Stat3
deficiency (Fig. S1 K). These results demonstrated that STAT3
was intrinsically required for the homeostasis and cytotoxic
function of CD8* T cells in cancer.

We next examined STAT3 functions in effector CD8* T cells
using an acute infection model. We infected Stat3%/1Cd8a¢re mice
and their littermate Stat3®/f! mice with Listeria-OVA (LM-OVA)
bacteria and analyzed them on day 8. Consistent with the data in
tumor models, reduced percentages and numbers of OVA-
specific CD8* T cells were observed in spleens from infected
Stat31/11Cd8ac e mice (Fig. 1 G), and the percentages of Granzyme
B-producing cells were significantly decreased by Stat3 deletion
in splenic CD8* T cells (Fig. 1 H). However, the frequency of Ki-
67-expressing cells was comparable in Stat3?/fCd8a®r and
Stat3% mice (Fig. S1 L). These results altogether indicated a
critical role of STAT3 in the homeostasis and function of ter-
minally differentiated CD8* T cells in both tumor and acute in-
fection models.

STAT3 promotes the development of terminally differentiated
CD8* T cells
Since Tex"™ vs. TexP™8 cells mediate the cytotoxic function and
long-term maintenance of T, cells, respectively (Miller et al.,
2019), we next investigated whether STAT3 plays any role in the
regulation of tumor-specific Te, cell fates. By analyzing co-
transferred WT and Stat3~/~ OT-I cells from B16-OVA tumors, we
found that the percentages of Lyl08 TIM-3* T, "™ cells were
dramatically reduced, while those of Lyl08*TIM-3" T8 cells
were significantly increased by the deficiency of Stat3 on both
day 14 and day 20 (Fig. 2 A). Importantly, both the T, '™ and
TexP™8 TIL numbers significantly decreased as a result of the
deficiency in Stat3 on day 14 and day 20, and T.,"*™ cells were
reduced to a greater extent than T.,P™¢ cells (Fig. 2, B and A).
Moreover, by comparing the numbers of T, *™ and T,,P™8 TILs
between day 14 and day 20, we found that the maintenance of
Tex®™ and T,P™8 cells was both decreased by the deletion of
Stat3, especially the T, '*™™ cells (Fig. 2 B). Consistently, de-
creased frequencies of TIM-3* cells in Stat3~/~ OT-I cells were
also observed in TDLNs, while almost all OT-I cells were main-
tained as Lyl08* progenitor cells and a lesser number was TIM-
3* Tex'™™ cells in TDLNs, as previously reported (Schenkel et al.,
2021; Fig. S2 B). In addition, the frequencies of TCF1* and
Bcl6*Blimpl- cells in Stat3~/~ OT-1 TILs became higher than those
in WT OT-I TILs, while the percentages of CX3CR1*Ly108~ and
Bclé Blimpl* cells in Stat3/~ OT-I TILs significantly decreased
(Fig. S2, C and D). Moreover, the mean fluorescence intensities
of TOX staining in Stat3~/~ OT-I TILs increased, while those of
T-bet decreased as compared with WT OT-I TILs (Fig. S2 E).
These results indicated that STAT3 might function to promote
Tex®™ vs. T.P™8 cell differentiation, and it was also critical for
the maintenance of Tey cells, especially the T, '™ cells.

To further analyze tumor-specific Stat3~/~ CD8* TILs at the
transcriptional level, we performed RNA-seq for cotransferred
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WT and Stat3~/~ OT-I TILs from B16-OVA tumors on about day
16. Consistent with the above flow cytometry results, GSEA
(Gene Set Enrichment Analysis) results revealed that the tran-
scriptome of WT OT-I TILs was relatively more similar with
TCF1™ Te.'*™ subset, while Stat3~/- OT-I TILs were more tran-
scriptionally related to TCF1* T8 cells (Fig. 2 C). In addition,
signature genes of effector CD8* T cells and Thi cells were more
enriched in WT OT-I TILs, while those of memory CD8* T cells
and Tth cells were relatively concentrated in Stat3~/~ OT-I TILs
(Fig. S2 F). The expression of 263 genes was significantly
downregulated in Stat3~/~ OT-1 TILs, while that of 381 genes was
elevated by the deficiency of Stat3 (Fig. S2 G and Table S1).
Specifically, the mRNA expression of Te,®™™-related surface
molecules (Havcr2, Entpdl, Cx3crl, etc.) and transcriptional fac-
tors (Prdml, 1d2, Batf, etc.) was significantly downregulated,
while the expression of numerous TP™2-associated surface
molecules (Cxcr5, Cer7, Slamf6, Btla, etc.) and transcriptional
factors (Tcf7, Id3, Bcl6, Bach2, etc.) was upregulated in Stat3~/~
OT-1 TILs (Fig. 2 D), which were consistent with their protein
expression. In addition, pathway analyses revealed that several
cell killing-related pathways were downregulated in Stat3~/-
OT-1 TILs (Fig. 2 E), consistent with the decreased expression of
cytotoxic molecules (Gzmb and Ifng) at both transcriptional and
protein levels. Moreover, multiple pathways involved in lym-
phocyte differentiation, activation, adhesion, and migration
were also significantly affected by the deficiency of Stat3 (Fig. 2
E). However, the expression of many cell cycle-related genes
was comparable in WT and Stat3~/~ OT-I TILs at the transcrip-
tional level (Fig. S2 H), which was consistent with the above Ki-
67 staining results (Fig. S1 K), indicating that STAT3 might have
limited effect on CD8* T cell proliferation in tumors. In addition,
GSEA analysis revealed that genes involved in the OXPHOS
pathway were relatively enriched in WT OT-I cells as compared
with Stat3~/~ OT-I TILs, and mRNA levels for some of them de-
creased dramatically in Stat3~/~ OT-I TILs (Fig. S2, I and ]). These
results suggested that STAT3 might be critical in promoting
OXPHOS and maintaining the mitochondrial fitness of Ty cells
within tumors, which was consistent with its functions previ-
ously found in regulating cellular respiration and homeostasis
(Huynh et al., 2019; Wegrzyn et al., 2009).

To further analyze the specific roles of STAT3 in regulating
the cytotoxic function of T.xP™8 and T, ™™ cells, we assessed
the Granzyme B expression in Stat3~/~ T.,P™8 and T, '™ cells.
Granzyme B expression levels were significantly reduced in
Stat3-deficient T, ™ cells, while those in T..P ™2 cells were not
affected, as compared with the corresponding WT cells (Fig. 2 F),
indicating that STAT3 might play more important roles in pro-
moting the cytolytic function of T,*™ cells.

To further analyze the role of STAT3 in antigen-specific CD8*
T cells in acute infection, we next adoptively cotransferred naive
CD45.1/2 WT and CD45.2 Stat3~/~ OT-1 cells at 1:1 ratio into
CD45.1 recipients 1 d prior to LM-OVA infection. Consistent with
the results in tumors, TCF1-Granzyme B* cell frequencies were
significantly reduced and TCF1*Granzyme B~ cell percentages
were increased in the absence of Stat3 (Fig. 2 G). T-bet expres-
sion levels were also downregulated in splenic Stat3-/~ OT-I cells
(Fig. S2 K). Consistently, the percentages of CDI127-KLRGI1*
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Figure 2. STAT3 promotes the development of terminally differentiated CD8* T cells. (A) Representative plots (left panel) and quantifications (right
panel) of Ly108 and TIM-3 expression on OT- cells from B16-OVA tumors on day 14 and day 20 after tumor inoculation. (B) Stacked bar graphs showing the
numbers (x 10%) of Lyl08*TIM-3~ T8 and Ly108~TIM-3* T, ™ cells based on experimental results in Fig. S2 A. The width of the stacked bar represents cell
numbers (x 10%). (C) GSEA results for identifying gene signatures of WT and Stat3~/~ OT-I TILs compared with other T cell subsets (GEO accession no.
GSE114631). NES, normalized enrichment score; FDR, false discovery rate g-value. (D) Heatmaps illustrating the relative expression of signature genes in WT
and Stat3~/~ OT-I TILs. (E) Lists of top 15 Gene Ontology (GO) biological pathways for DEGs of WT and Stat3~/~ OT-I TiLs. P value presented as ~log;o(P vaue),
Columns designate ~logyo® v2#¢) and circles designate gene ratio (%). (F) Representative plots (left panel) and quantification (right panel) of Granzyme B
production level in TIM-3" T8 and TIM-3* T, ™ OT-| cells from B16-OVA tumors. (G) Representative plots (left panel) and quantifications (right panel) of
TCF1 and Granzyme B expression in splenic OT-I cells on day 8 after LM-OVA infection. (H) Absolute frequencies of TCF1* and Granzyme B* OT-I cells in the
spleen, which were the product of OT-I cell frequencies and TCF1* or Granzyme B* cell ratios. Data are representative of two (G and H) or three (A-C and F)

independent experiments. Data are shown as mean + SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 by paired two-tailed Student’s t test (A and
F-H).

short-lived effector CD8" T cells were reduced and those of
CD127*KLRG1™ memory precursors were increased in the defi-

TCF1*Granzyme B~ and TCF1-Granzyme B* OT-I cell numbers
were decreased by Stat3 deletion (Fig. 2 H and Fig. S2 N).

ciency of Stat3 (Fig. S2 L). Moreover, the expression levels of
Granzyme B in TCF1-Granzyme B* Stat3~/~ OT-I cells were also
significantly reduced (Fig. S2 M). These results support the
essential role of Stat3 in the development of cytolytic effector
CD8* T cells. Consistently, Stat3 deficiency resulted in
lower percentages of OT-I cells in the spleen, and both
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However, the proliferation of OT-I cells was unaffected in the
absence of Stat3 as indicated by the similar percentages of Ki-
67-expressing cells (Fig. S2 0).

These results altogether indicated that STAT3 played critical
roles in regulating the differentiation, survival, and function of
CD8* T cells in cancer and acute infection, especially in favoring
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terminally differentiated CD8* T cell fitness and effector
functions.

IL-10 and IL-21 promote STAT3 activation in T,,t™ cells in
cancer

Multiple STAT3-activating cytokines have been implicated in
tumor immunity (Cui et al., 2021; Guo et al., 2021; Hanna et al.,
2021; Yu et al., 2014; Yu et al., 2009). Thus, to identify the up-
stream extracellular inducers for STAT3 activation within
tumor-infiltrating CD8* T cells, we first analyzed the expression
of receptors for its canonical inducing cytokines in CD8* TILs
from public single-cell datasets of human cancer patients (Guo
et al., 2018; Zhang et al., 2018; Zheng et al., 2017). We found that
IL-10 receptors (ILIORA and ILIORB) were highly expressed in
tumor-infiltrating CD8* T cells in lung cancer, CRC, and HCC
patients (Fig. 3 A). IL2IR expression was also elevated in PD-1*
CD8* TILs as compared with peripheral CD8* T cells (Fig. 3 A).
However, IL6RA was barely expressed in CD8* TILs in lung
cancer and CRC patients although high mRNA levels of IL6ST
(encoding GP130) were found in CD8* TILs (Fig. 3 A). In addi-
tion, IL23R and SIPRI were also almost not expressed in tumor-
infiltrating CD8* T cells (Fig. 3 A). Moreover, although leptin
was reported to regulate CD8* T cells via STAT3 signaling in
murine breast cancer (Zhang et al.,, 2020), its receptor was
hardly expressed in CD8* TILs in human lung cancer, CRC, and
HCC patients at the mRNA level (Fig. 3 A). In addition, growth
factor receptors, GPCRs, TLRs, and CSF receptors also had lim-
ited mRNA expression in tumor-infiltrating CD8* T cells (data
not shown). Thus, IL-10 and IL-21 might be two candidate up-
stream inducers for STAT3 activation in CD8* TILs within hu-
man tumors.

Next, we further examine the ability of IL-10 and IL-21 in
inducing STAT3 phosphorylation and activation in murine
tumor-infiltrating CD8* T cells. Consistent with the above hu-
man T cell data, IL-10 and IL-21, but not IL-6, induced STAT3
phosphorylation at both Tyr705 (pY705) and Ser727 (pS727)
sites in CD8* TILs from both B16-OVA and E.G7 tumors (Fig. 3, B
and C). Importantly, pY705 levels in CD8* TILs were much
higher than those in CD44~ and CD44* CD8* T cells from TDLNs
(Fig. 3 B), consistent with elevated STAT3 expression in CD§*
TILs mentioned above (Fig. S1, B and C). In addition, though IL-6
failed to induce pSTAT3 in tumor-infiltrating T, cells, it po-
tently induced STAT3 phosphorylation in CD44~ and CD44*
CD8* T cells from TDLNSs, while IL-10 was not able to induce
pSTATS3 in naive CD8* T cells (Fig. 3 B). The differential abilities
of IL-6 and IL-10 to induce pSTAT3 were consistent with the
expression of their receptors. IL-6Ra expression was highly
enriched in naive CD8* T cells but was downregulated during
activation and was diminished in Te, cells within tumors
(Fig. 3 D; Yang et al., 2016). Conversely, ILIORA expression was
gradually upregulated in CD8* T cells during activation and
differentiation and highly expressed in tumor-infiltrating CD8*
T cells (Fig. 3 D; Emmerich et al., 2012).

We further compared the phosphorylated levels of STAT3 in
TexP™8 and T.,"™ subsets and found that IL-10 and IL-21 in-
duced relatively higher levels of pSTAT3 at both Y705 and S727
sites in T, ™™ cells as compared with those in T,P*¢ cells from
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B16-OVA and E.G7 tumors (Fig. 3 E), which was consistent with
higher Stat3 expression in PdcdIMHaver2* CD8* TILs than in
PdcdiMHavcr2- CD8* TILs observed from single-cell data of B16-
OVA-infiltrated CD8* T cells (Fig. 3 F). Consistently, the mRNA
level of STAT3 was also increased in PDCDIMHAVCR2P CD8* TILs
as compared with that in PDCDIMHAVCR2'*" CD8* TILs in human
lung cancer, CRC, and HCC patients (Fig. 3 G). These results
suggest that STAT3 signaling might more preferentially regulate
Tex ™™ TILs, consistent with the above results on the potent
regulation of T.,*™ cell maintenance and effector function by
STATS3 (Fig. 2, A and F).

IL-10 and IL-21 signaling intrinsically promotes the
development of T,t™ cells

Next, to understand the activation of STAT3 signaling in CD8*
TILs, we functionally analyzed and compared the roles of IL-10
and IL-21 signaling. We stimulated in vitro-activated WT and
Stat3-deficient CD8* T cells with IL-10 or IL-21 for another 3 d,
with IL-6 as the control (Fig. 4 A). Results showed that IL-10 and
IL-21 significantly induced the generation of CD25MTIM-3*
subsets in vitro as compared with unstimulated control, while
TCF1 expression was dramatically decreased by the stimulation
of both IL-10 and IL-21 (Fig. 4, B-D). Importantly, IL-10 failed in
inducing the generation of CD25MTIM-3* population in Stat3~/~
CD8* T cells, indicating that the induction of CD25MTIM-3* cells
by IL-10 was STAT3-dependent (Fig. 4, C and D). IL-21 induced
increased frequencies of CD25MTIM-3* cells in WT CD8* T cells
than in Stat3~/~ CD8* T cells, with a great portion of CD25MTIM-
3* cells found in Stat3-deficient CD8* T cells (Fig. 4, C and D),
indicating that IL-21 inducing TIM-3* cell development partially,
not totally, relied on STAT3 signaling, which might be due to IL-
21 activation of STAT1 and STATS5 in addition to STAT3 signaling
in CD8" T cells (Delgoffe and Vignali, 2013; Mujib et al., 2012). It
should also be noticed that IL-21 induced a much higher per-
centage of CD25MTIM-3* cells than IL-10 or IL-6, and TCF1* cell
percentages were also reduced the most in IL-21-stimulated
CD8* T cells (Fig. 4, B-D), associated with higher pSTAT3 lev-
els following IL-21 treatment of in vitro-activated CD8* T cells as
compared with IL-6 and IL-10 treatment (Fig. S3 A). IL-6 had
limited effects in promoting CD25MTIM-3* cell development or
inhibiting TCF1 expression in activated CD8* T cells (Fig. 4, B-D),
perhaps due to dramatically downregulated IL6-Ra expression
in the process of priming, with little or no expression in CD8*
T cells activated in vitro (Yang et al., 2016). Moreover, the ex-
pression of CD25 and CD39 was significantly upregulated, while
that of Ly108 and CD62L was downregulated in WT CD8* T cells
exposed to IL-10 and IL-21 as compared with unstimulated
control or Stat3~/~ CD8* T cells (Fig. S3, B and C). These results
suggest that the IL-10/21-STAT3 axis plays critical roles in
promoting T.,*™ cell generation after activation.

Next, to further explore whether the IL-10/21-STAT3 axis
regulated CD8* T cell differentiation via an intrinsic and direct
way, we cocultured naive WT and Stat3~/- CD8* T cells in vitro
and stimulated them with cytokines for another 3 d after acti-
vation. We found in the coculture system that IL-10 and IL-21
significantly induced CD25MTIM-3* cell generation and in-
hibited TCF1 expression in WT, but less in cocultured Stat3~/~
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Figure 3. IL-10 and IL-21 promote STAT3 activation in T,,t*™ cells in cancer. (A) mRNA levels of cytokine receptors in CD8* T cells from peripheral blood

and tumors in human cancer patients (GEO accession nos. GSE99254, GSE108989, and GSE98638). (B) Representative plots of phosphorylated STAT3 at the
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Y705 site in CD8* T cells from TDLNs and B16-OVA tumors (left panel) or E.G7 tumors (right panel). Cells were stimulated by IL-6, IL-10, or IL-21 for 30 min
in vitro. (C) Representative plots of phosphorylated STAT3 at the S727 site in CD8* T cells from B16-OVA (left panel) and E.G7 (right panel) tumors. Cells were
stimulated by IL-6, IL-10, or IL-21 for 30 min in vitro. (D) IL6-Ra (CD126) and ILIORA (CD210) expression on CD8* T cells from TDLNs and tumors.
(E) Representative plots (upper panel) and quantifications (bottom panel) of pSTAT3(Y705) and pSTAT3(S727) in PD-1*TIM-3" and PD-1*TIM-3* CD8"* TILs from
B16-OVA (left panel) or E.G7 (right panel) tumors. Cells were stimulated by IL-10 or IL-21 for 30 min in vitro. (F) mRNA level of Stat3 in PdcdI"Havcr2- and
Pdcd1MHavcr2* CD8* T cells from B16-OVA tumors (GEO accession no. GSE122675). Pdcd1™, Pdcdl expression value >1; Havcr2*, Havcr2 expression value >0;
Havcr2-, Haver2 expression value = 0. (G) mRNA level of STAT3 in PDCDIMHAVCR2'%% and PDCDIMHAVCR2" CD8* T cells from tumors in human cancer patients
(GEO accesssion nos. GSE99254, GSE108989, and GSE98638). PDCDIM, PDCDI expression value >5; PDCDIM cells were ranked by HAVCR2 expression value, top
50% are HAVCR2M, and the other 50% are HAVCR2'*™. Data are representative of three (B-D) or two (E) independent experiments. Data are shown as mean +
SEM. *, P < 0.05; **, P < 0.01; *** P < 0.001; ****, P < 0.0001 by one-way ANOVA (A), paired two-tailed Student’s t test (E) and unpaired two-tailed Student’s

t test (F and G).

CD8* T cells and unstimulated CD8* T cells (Fig. S3, D-F). These
data indicated that the function of IL-10 and IL-21 in Stat3-
deficient CD8* T cells could not be rescued by the factors in
the supernatant of IL-10/21-treated WT CD8* T cells. Hence, the
IL-10/21-STAT3 axis intrinsically regulates CD8* T cell fate de-
cision after activation.

Moreover, IL-10/21 signaling significantly promoted Gran-
zyme B expression in activated WT CD8* T cells as compared
with Stat3~/~ CD8* T cells and unstimulated control (Fig. 4 E). To
further assess the function of STAT3 in the regulation of CD8*
T cell killing on targeted tumor cells, we used IL-10 to activate
STAT3 in OT-I cells primed in vitro for 3 d, then performed a
killing assay with B16-OVA tumor cells as targets. IL-
10-stimulated WT OT-I cells had a greater cytolytic capacity
for tumor cells than IL-10-treated Stat3~/~ OT-I cells and un-
stimulated control (Fig. 4 F), indicating that active STAT3 sig-
naling could efficiently enhance CD8* T cell-mediated tumor
killing. In addition, we found IL-10/21 signaling dramatically
enhanced the proportion of viable cells in WT CD8* T cells
in vitro, resulting in greater numbers of live CD8* T cells as
compared with Stat3~/~ CD8* T cells and unstimulated control
(Fig. 4, G and H), indicating a critical role of STAT3 in pro-
moting CD8* T cell survival. However, IL-10/21-STAT3 axis did
not enhance the proliferative activity of activated CD8* T cells,
illustrated by CellTrace Violet (CTV) dilution, in IL-10- and IL-
21-stimulated WT and Stat3-/- CD8* T cells (Fig. S3 G).

In vivo, by analyzing cotransferred WT and IlOra~/~ OT-I
cells within B16-OVA tumors, we found the frequencies of
Lyl08-TIM-3* T, "™ cells were decreased by the deficiency of
Ilior as previously reported, while the percentages of Lyl108*
TIM-3" T..P™8 cells were increased (Fig. S3, H-J). IL-10-Fc was
shown to further expand tumor-specific TIM-3* cells in B16F10
tumors (Guo et al., 2021), which was consistent with the results
obtained in vivo by the deletion of Stat3. Moreover, I121r defi-
ciency impaired the differentiation and function of cytolytic Tey
cells in B16F10 and KP-HELLO solid tumor models (Cui et al.,
2021; Zander et al., 2019), which was also consistent with the
results of Stat3-deficiency. In contrast, Iléra deficiency in acti-
vated OT-I cells did not affect the development of T, '™ vs.
TexP"¢ cells within tumors as expected (Fig. S3, H and K).

To further comprehensively analyze the functional relation-
ships between IL-10- and IL-21-STAT3 signaling, we compared
the RNA-seq data of WT and Stat3~/~ OT-I cells from B16-OVA
tumors (Fig. S2 G) with previously reported RNA-seq results of
tumor-specific PD-1*TIM-3* CD8* TILs from IL-10-Fc-treated
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B16F10-bearing mice (Guo et al., 2021) and in vitro IL-
21-stimulated activated CD8* T cells (Hermans et al., 2020).
GSEA results revealed that both IL-10-Fc- and IL-21-induced
signature genes were relatively enriched in tumor-infiltrating
WT Ty cells, while their suppressed feature genes were signif-
icantly concentrated in Stat3~/- CD8* TILs (Fig. 4 I). In addition,
both IL-10-Fc- and IL-21-stimulated CD8* T cells were more
similar to Te,™™ cells in their gene expression, while their in-
hibited genes were relatively more enriched in T.P™8 cells
(Fig. 4 I; Siddiqui et al., 2019). Moreover, by overlapping IL-10-
Fc- and STAT3-regulated genes, we found their regulated genes
were significantly correlated (Fig. 4 J). Specifically, IL-10 upre-
gulated the expression of numerous T,'*"™-related genes (Id2,
Entpdl, Gzmb, etc.) as STAT3 did, while it inhibited the expres-
sion of multiple T.P™8-related genes (Ccr7, Slamfé, etc.), which
were simultaneously repressed by STAT3 (Fig. 4 J). IL-21 and
STATS3 also had identical functions in promoting the expression
of T ter™-related genes (Id2, Havcr2, Gzmb, etc.) and in sup-
pressing those of TP 8-related genes (Tcf7, Id3, Cxcr5, etc,;
Fig. 4 K).

These results, therefore, indicate that IL-10 and IL-21 are two
inducers of STAT3 activation, and thereby regulate T, cells
within tumors. STAT3 signaling not only plays critical roles in
promoting Te,"™™ cell maintenance but is also essential for
Tex™™ cell development.

STATS3 transcriptionally regulates T, cell differentiation

To systematically understand the transcriptional mechanisms
whereby STAT3 regulates CD8* T cell differentiation, we further
analyzed the genome-wide occupancy of phosphorylated STAT3
in activated CD8* T cells. Since pY705 was predominantly re-
sponsible for the nuclear translocation of STAT3 dimer and the
binding to DNA consensus sequence (Huynh et al.,, 2019), we
performed chromatin immunoprecipitation coupled with high-
throughput sequencing (ChIP-seq) analysis using in vitro acti-
vated CD8* T cells stimulated by IL-6, IL-10, or IL-21 to induce
phosphorylation at Y705. Results showed that IL-6-, IL-10-, and
IL-21-induced pSTAT3 significantly bound to 3,987, 7,113, and
9,549 genomic sites, respectively (Fig. 5, A and B; and Table S2).
Almost all sites occupied by pSTAT3 induced by IL-6 and IL-10
were also bound by pSTAT3 induced by IL-21 (Fig. 5 A). Stronger
binding signals could be detected in IL-6-, IL-10-, and IL-
21-induced pSTAT3 cobinding sites as compared with their
own unshared binding sites (Fig. S4 A). Thus, IL-6/10/21-
induced pSTAT3 bound to a shared genomic profile, and the
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Figure 4. IL-10 and IL-21 signaling intrinsically promotes the development of Tc,te™ cells. (A) Experimental design for in vitro culture of WT and Stat3~/~
CD8* T cells with the stimulation of IL-6, IL-10, or IL-21. (B-D) Representative plots (B and C) and quantifications (D) of TCF1 and TIM-3 expression in/on
in vitro-stimulated WT and Stat3~/~ CD8* T cells (n = 4 in each group). (E) Representative plots (left panel) and quantification (right panel) of Granzyme B
production in in vitro-stimulated WT and Stat3~/~ CD8* T cells (n = 4 in each group). (F) Killing assay of WT and Stat3~/~ OT-I cells to B16-OVA tumor cells
indicated by intracellular cleaved caspase 3 (n = 3 in each group). Activated CD8* T cells were stimulated with IL-10 for 3 d or not. (G) Representative plots (left
panel) and quantifications (right panel) of viable dye and Annexin V staining on in vitro-stimulated WT and Stat3~/~ CD8* T cells (n = 4 in each group).
(H) Numbers of in vitro-stimulated WT and Stat3~/~ CD8* T cells (n = 4 in each group). (I) GSEA results for comparing the enrichment of IL-10-Fc- or IL-
21-regulated feature genes in the transcriptomes of WT and Stat3~/~ OT-I TILs (left panel), or Te o™ and T.,P¢ cells (right panel) (GEO accession nos.
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GSE168990, GSE143903, and GSE114631). NES, normalized enrichment score; FDR, false discovery rate g-value. FDR presented as -log1oFPR). (J) Correlation
analysis for DEGs identified in IL-10-Fc- and STAT3-relevant RNA-seq (GEO accession no. GSE168990). DEGs were filtered by fold change >1.5 and P value
<0.05. (K) Correlation analysis for DEGs identified in IL-21- and STAT3-relevant RNA-seq (GEO accession no. GSE143903). DEGs were filtered by fold change
>1.5and P value <0.05. Data are representative of three (B-E and H) or two (F and G) independent experiments. Data are shown as mean + SEM. *, P < 0.05; **,
P < 0.03;, ***, P < 0.00L; ****, P < 0.0001 by unpaired two-tailed Student’s t test (D, E, G, and H) and two-way ANOVA (F).

binding affinities in activated CD8* T cells correlated with the
pSTATS3 levels induced by these three cytokines (Fig. S3 A and
Fig. S4 A). Consistently, genes bound by IL-6/10/21-induced
PSTAT3 were significantly enriched in biological pathways re-
lated to T cell differentiation, T cell receptor signaling, cyto-
toxicity, and other immunological pathways (Fig. S4 B).

Further analyses revealed that pSTAT3-binding sites were
mainly distributed in the distal intergenic, intron, and promoter
regions (Fig. 5 B), and above 38% of binding sites fell into 10-50
kb upstream or downstream of the transcription start sites
(TSS), with another 13-17% and 11-13% binding sites located at
0-1 and 50-100 kb away from TSS, respectively (Fig. 5 B).
Consistently, density maps and peak plots showed that extensive
H3K27ac and H3K4mel modifications, markers for actively
transcribed regions and enhancers, respectively (Kurachi et al.,
2014), were localized within +10 kb regions centered around
pSTAT3-binding sites (Fig. S4 C). These results indicated that
PSTAT3 mostly bound to enhancers or other distal regulatory
elements to regulate gene transcription, consistent with its role
in shaping active enhancer landscape found in CD4* T cells
(Vahedi et al., 2012), while another major portion of STAT3
binding was also in promoter and intron regions.

To identify pSTAT3-regulated genes in tumor-specific Tex
cells, we integrated pSTAT3 ChIP-seq data with RNA-seq data of
WT and Stat3~/~ OT-I TILs and got STAT3-induced and STAT3-
suppressed genes (Fig. 5 C, Fig. S2 G, Fig. S4 D, and Table S2). To
pinpoint STAT3-regulated genes that were directly involved in
tumor-infiltrating Tey cell fate decision, we overlapped STAT3-
regulated genes with the signature genes of tumor-specific
TCF1* TexP™8 or TCF1~- Te*™ cells from B16-OVA tumors,
respectively (Siddiqui et al., 2019). Interestingly, numerous
STAT3-induced genes were identified as T.,""™ signature genes,
including Id2, Havcr2, Entpdl, Gzmb, and Cxcré, whereas T,P™8
feature genes were not found (Fig. 5, D and E). Moreover, a
broad range of TP signature genes (Tcf7, Id3, Sell, Btla, Cxcr5,
Ccr7, etc.) were directly inhibited by STAT3 while none of the
Te*™ feature genes were suppressively bound by STAT3
(Fig. 5, D and E). Consistently, GSEA results revealed that IL-6-,
IL-10-, and IL-21-STAT3-induced genes were all relatively en-
riched in TCF1~ Te,*™ subset, while their inhibited genes were
significantly concentrated in the TCF1* T,P™8 subset (Fig. S4 E).
To investigate the relevance of STAT3-regulated genes in tumor-
infiltrating CD8* T cells from human cancers, we utilized pub-
lished scRNA-seq data from human head and neck cancer and
melanoma patients (Puram et al., 2017; Sade-Feldman et al.,
2018). A memory-like CD8* T cell subset was identified with
higher expression of memory hallmark genes such as TCF7, IL7R,
and CCR7 (Fig. 5 F and Fig. S4 F). Another subset showed high-
level transcripts of effector and cytotoxicity signature genes,
including GZMB, HAVCR2, and PRDMI, and thus was identified as
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a cytolytic subset (Fig. 5 F and Fig. S4 F). In line with the above
murine data, STAT3-induced genes showed higher transcript
expression in the cytolytic subset in both human head and neck
cancer and melanoma patients (Fig. 5 G and Table S3). Alto-
gether, these results indicated the potent transcriptional func-
tions of STAT3 signaling in regulating Ty cell differentiation,
especially in promoting effective T,*™ cell development.

To further analyze the specific occupancy of pSTAT3 on open
chromatin regions (OCRs) of its target genes in tumor-
infiltrating CD8* T cells, we aligned pSTAT3 ChIP-seq tracks
with transposase-accessible chromatin with high-throughput
sequencing (ATAC-seq) tracks of OVA-specific T.,**™ and T,-
prog cells from B16-OVA tumors (Miller et al., 2019), as well as
RNA-seq tracks of the above mentioned WT and Stat3~/~ OT-I cells
from B16-OVA tumors. We found that pSTAT3 occupied the pro-
moter regions of multiple T, **"™-related genes, including Id2, Batf,
Gzmb, and Prfl, which might lead to their enhanced transcriptional
activities (Fig. 5 H and Fig. S4 G). Also pSTAT3 occupied the
promoters of Te,P™8-related genes, including Cxcr5 and II7r, ac-
companied by their reduced transcripts (Fig. 5 H and Fig. S4 G).
Moreover, pSTAT3 was found to directly bind to multiple distal
intergenic regions of TP ™8-associated genes, including Id3, Tcf7,
Ccr7, Cxcr5, and I17r along with decreased transcriptional activities
(Fig. 5 H and Fig. S4 G). In addition, pSTAT3 also inductively
bound to the introns of Havcr2 and Prdml genes, and suppressively
bound to those of Ccr7, Bach2, and Sell genes, and these loci were all
accessible in tumor-specific T,y cells (Fig. 5 H and Fig. S4 G).

To further confirm the transcriptional regulation of STAT3
on the identified target genes, we used IL-10 to activate STAT3
signaling in CD8* T cells primed in vitro and then analyzed their
mRNA levels. We found that Id2 and Gzmb expressions were
dramatically upregulated in IL-10-stimulated WT CD8" T cells as
compared with IL-10-stimulated Stat3~/~ CD8* T cells and un-
stimulated control (Fig. 5 I). In the meantime, Id3 and Ccr7 ex-
pressions were significantly downregulated by IL-10 in WT CD8*
T cells, as expected (Fig. 5 I).

Thus, these results demonstrate that STAT3 signaling pro-
motes Te,"*™ cell differentiation via transcriptionally upregu-
lating the expression of their signature genes, including Id2,
Havcr2, Gzmb, etc. In the meantime, STAT3 also inhibits T.,P™8 cell
fate commitment by directly suppressing the expression of their
fate-associated genes, including Id3, Ccr7, Tcf7, etc. It should be
noticed that although IL-6 transiently induces STAT3 activation in
CD8* T cells in vitro, it fails in constantly regulating CD8* T cell
differentiation via STAT3 signaling after activation due to the
diminishing IL6-Ra expression (Fig. 4, B-D; Yang et al., 2016).

STAT3 regulates the epigenetic landscape of T,y cells in cancer
Since T, cells exhibit specific epigenetic landscapes (Miller
et al., 2019), we further explored whether STAT3 has a
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Figure 5. STAT3 transcriptionally regulates T, cell differentiation. (A) Venn diagram of pSTAT3-binding peaks in IL-6-, IL-10-, and IL-21-stimulated
CD8* T cells across the whole mouse genome (mm10). (B) Genetic feature distribution (upper panel) or distribution relative to TSS (bottom panel) of pSTAT3-
binding peaks in CD8* T cells. (C) Venn diagrams of pSTAT3-binding genes and DEGs in WT or Stat3~/~ CD8* OT-I TILs. (D) Venn diagrams of STAT3-regulated
genes and DEGs in T, ™ or T,,P™8 TILs (GEO accession no. GSE114631). (E) Representative STAT3-regulated feature genes of T, ™ (left panel) or T,,Pro&
(right panel) cells. (F) UMAP plots identifying tumor-infiltrating memory-like and cytolytic CD8* T cell clusters from human head and neck cancer (left panel) or
melanoma (right panel) patient (GEO accession nos. GSE103322 and GSE120575). (G) Average expression of STAT3-induced (left panel) or -suppressed (right
panel) signature gene clusters in memory-like or cytolytic tumor-infiltrating CD8* T cells. STAT3-induced or -suppressed signature genes are listed in Table S3.
(H) pSTAT3 ChiP-seq tracks aligned with RNA-seq tracks of WT and Stat3~/~ CD8* TiLs, and ATAC-seq tracks of T,P™8 or T, '™ cells at the specific gene loci
(GEO accession no. GSE123236). (1) mRNA levels of specific genes in in vitro activated WT and Stat3~/~ CD8* T cells with the stimulation of IL-10 for 2 d or not.
Data are representative of three (I) independent experiments. Data are shown as mean + SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 by
unpaired two-tailed Student’s t test (G and I).
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function in regulating the chromatin accessibilities of Tey cells
using ATAC-seq on cotransferred WT and Stat3~/~ OT-I cells
from B16-OVA tumors (Fig. 1 D). Results showed that the chro-
matin accessibilities of Tey cells were globally reduced by the
deficiency of Stat3 (Fig. 6 A). 1,253 OCRs had reduced accessi-
bilities across the whole genome in Stat3~/~ OT-I TILs, with only
71 OCRs showing increased accessibilities in Stat3~/~ OT-I TILs
(Fig. 6 A and Table S4), suggesting a critical role of STAT3
mainly in activating the chromatin accessibility of CD8* T cells
during T cell exhaustion in cancer. The altered OCRs were
mainly distributed in the promoter, distal intergenic, and intron
regions (Fig. 6 B), and mainly located at 0-1 kb and 10-50 kb
distance from TSS (Fig. 6 C).

To further investigate the regulation of STAT3 on the chro-
matin structures of Te,"™ or T.,P™¢ signature genes, we com-
pared the accessibilities of the differentially accessible peaks
(DA peaks) in WT and Stat3~/~ T cells (Miller et al., 2019). We
found that the overall accessibilities of both T.,*™ and T.,P™8
DA peaks were reduced in Stat3~/~ Ty cells as compared with
WT T,y cells (Fig. 6 D). To further illustrate the epigenetic reg-
ulation by STAT3, we also analyzed the genome-wide profiling
of H3K27ac modification in in vitro IL-10-stimulated WT and
Stat3~/- CD8* T cells. Consistent with ATAC-seq results, the
H3K27ac modification was globally reduced in IL-10-stimulated
Stat3~/- CD8* T cells as compared with IL-10-stimulated WT
CD8* T cells (Fig. 6 E and Table S5). Moreover, Stat3 deficiency
decreased H3K27ac modification profiling around both the Te,-
term and T..P™8 DA Peaks (Fig. 6 F). Importantly, peak set en-
richment analysis (PSEA) results revealed that the epigenetic
signatures of Te,"™ and effector CD8* T cells were strongly
enriched in WT OT-I TILs, while signature OCRs in T,*™8 and
memory CD8* T cells were significantly concentrated in Stat3~/~
OT-I TILs (Fig. 6 G). Thus, these results indicated that STAT3
exerted a critical function in the epigenetic regulation of T, cell
chromatin profiles, especially in favoring T.,™™ epigenetic
program. Moreover, the feature OCRs with reduced accessibil-
ities in anti-IL-10R-treated PD-1M CD8* T cells in the leukemia
model (Hanna et al., 2021) were relatively enriched in WT CD8*
T cells, while those with increased accessibilities were signifi-
cantly associated with Stat3~/~ CD8* T cells (Fig. 6 H), revealing
the identical role of IL-10 and STATS3.

Moreover, we found that H3K27ac modification profiling
around TSS in Stat3~/~ CD8* T cells declined as compared with
that in WT CD8* T cells (Fig. 6 I), and the chromatin accessi-
bilities and H3K27ac modifications around pSTAT3-binding
peaks were also significantly reduced as a result of Stat3 defi-
ciency (Fig. 6, ] and K), indicating that the STAT3 binding to
target gene loci might be critical for the openness and tran-
scriptional activation in these sites.

STAT3 cooperates with BATF and IRF4 to mediate T,

cell development

In addition to the above results, known motif enrichment
analyses for STAT3-regulated OCRs revealed that Stat3 defi-
ciency resulted in decreased enrichment for binding motifs of
numerous AP-1, ETS, and RUNX family members (Fig. 7 A).
Moreover, plenty of STAT, AP-1, ETS, and RUNX family
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members were also significantly enriched in pSTAT3-occupied
peaks (Fig. S5 A). These indicated that there might exist sig-
nificant crosstalk between STAT3 and other transcription fac-
tors. AP-1 transcription factors play critical roles in T cell
activation, differentiation, and exhaustion (Philip and
Schietinger, 2021). To further explore the relationships be-
tween STAT3 and AP-1 family members, we compared their
binding profiles in detail using previously published datasets
(Kurachi et al., 2014). Density maps and peak plots revealed that
a great deal of AP-1-occupied peaks was shared with pSTAT3-
binding sites around the genome, especially BATF and IRF4 (Fig.
S5 B), and compared with TCF1 and T-bet binding, that of BATF
and IRF4 was significantly enriched at pSTAT3-occupied sites
(Fig. 7 B). Moreover, increased pSTAT3 occupancy was found at
genomic sites cobound by BATF or IRF4 or both as compared
with pSTATS3 unshared binding sites (Fig. 7 C). Similarly, greater
binding signals of BATF or IRF4 were also detected in their co-
binding sites with pSTAT3 than in their own unshared occupied
peaks (Fig. S5, C and D). Importantly, the overall chromatin
accessibilities and H3K27ac modifications located at BATF- or
IRF4-occupied sites were significantly reduced in Stat3~/~ Tex
cells (Fig. 7, D and E; and Fig. S5 E).

BATF and IRF4 have been demonstrated to play vital roles in
promoting the expansion and cytolytic function of exhausted
effector CD8* T cells in chronic infection and cancer (Chen et al.,
2021; Man et al., 2017; Seo et al., 2021; Xin et al., 2015), and
STAT3 could directly promote BATF expression in CD8* T cells
(Fig. 2 D and Fig. S4 G; Xin et al., 2015). To further explore the
functional relationships between STAT3 and BATF or IRF4 in
CD8* T cells during their exhaustion, we next compared their
regulated transcriptomes. GSEA results revealed that both
BATF- and IRF4-induced signature genes were significantly
enriched in WT TILs, while their inhibited genes were relatively
concentrated in Stat3~/~ TILs (Fig. 7 F; Man et al., 2017; Seo et al.,
2021). By overlapping their regulated genes identified from their
RNA-seq data, we found that a set of Te,*™™ feature genes
(Entpdl, Gzmb, Havcr2, Cxcré, etc.) were coupregulated by STAT3
and BATF, or by STAT3 and IRF4 (Fig. S5, F and G), and multiple
T.xP*¢ signature genes (Id3, Ccr7, Tcf7, Slamf6, etc.) were
downregulated jointly by STAT3 and BATF or IRF4 (Fig. S5, F
and G). This implied that the function of STAT3 in regulating T.,
cell differentiation might be in collaboration with BATF or IRF4.
To further explore the transcriptional program coordinated by
these three factors, we overlapped their binding genes identified
from their ChIP-seq data and found they co-occupied to nu-
merous gene loci (Fig. S5 H; Kurachi et al., 2014). We further
overlapped their cobinding genes with BATF- or IRF4-regulated
genes identified from their RNA-seq data respectively, and
found that STAT3 occupied numerous genes directly regulated
by BATF or IRF4 (Fig. 7 G and Table S6). For example, STATS3,
BATF, and IRF4 all occupied the promoter of Gzmb gene, and both
the chromatin accessibility and H3K27ac modification were re-
duced at this locus in Stat3~/~ CD8* T cells (Fig. 7 H). In addition,
these three transcription factors were shown to cobind to the
intron and promoter regions of Havcr2 gene and the distal
enhancer of Tbx21 gene, and Stat3 deficiency declined the ac-
cessibilities and H3K27ac modifications at these gene loci
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Figure 6. STAT3 regulates the epigenetic landscape of T, cells in cancer. (A) Volcanic plot showing OCR peak changes between WT and Stat3~/~ OT-I
TiLs. (B) Genetic feature distribution of changed OCR peaks between WT and Stat3~/~ OT-I TiLs. (C) Distribution relative to TSS of changed OCR peaks
between WT and Stat3~/~ OT-I TiLs. (D) Violin plots showing the signal values of OCR peaks in WT and Stat3~/~ OT-I TILs at T, ™ or T,P™€ DA peaks (GEO
accession no. GSE123236). (E) Volcanic plot showing differentially H3K27ac modified regions (DMRs) between IL-10-stimulated WT and Stat3~/~ CD8* T cells.
DMRs were filtered by fold change >1.25 and P value <0.05. (F) Peak plots (left panel) and heatmaps (right panel) showing the deposition of H3K27ac
modification centered on Te, '™ or T,P& DA peaks in WT and Stat3~/~ OT-I TILs (GEO accession no. GSE123236). P value by Fisher test was added in the plot.
(G and H) PSEA results for comparing the enrichment of signature OCR peaks in other CD8* T cell subsets in WT and Stat3~/~ OT-I TILs (GEO accession nos.
GSE123236, GSE86797, and GSE116389). NES, normalized enrichment score; FDR, false discovery rate g-value. (1) Peak plot (upper panel) and heatmap (bottom
panel) showing the deposition of H3K27ac modification centered on TSS in WT and Stat3~/~ OT-I TILs. P value by Fisher test was added in the plot. (J) Violin
plots showing the signal values of OCR peaks in WT and Stat3~/~ OT-I TILs at pSTAT3-binging sites. (K) Peak plots (left panel) and heatmaps (right panel)
showing the deposition of H3K27ac modification centered on pSTAT3-binding peaks in WT and Stat3~/~ OT-I TILs. P value by Fisher test was added in the plot.
* P < 0.05 ** P < 0.0]; *** P < 0.001; **** P < 0.0001 by unpaired two-tailed Student’s t test (D and J).
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Figure 7. STAT3 cooperates with BATF and IRF4 to mediate T,,'*™ cell development. (A) Enrichment of known transcription factor-binding motifs in DA
OCR peaks between WT and Stat3~/~ OT-I TiLs. The x and y axes represent the log? ¥2“¢ and fold change of motif enrichment separately. Targeted motifs were
compared to the whole genome background to calculate the P value and fold change. (B) Peak plots for read density profiles of BATF, IRF4, TCF1, and T-bet
occupations centered on pSTAT3-binding peaks in CD8* T cells (GEO accession nos. GSE54191, GSM5016615, and GSE96724). Values were normalized to the
total number of reads. P value by Chi-squared test was added in the plot. (C) Signal values of pSTAT3-binding peaks in IL-6-, IL-10-, and IL-21-stimulated CD8*
T cells at BATF- or IRF4-binding sites or not. (D) Violin plots showing the signal values of OCR peaks in WT and Stat3~/~ OT-I TILs at BATF- or IRF4-binging
sites. (E) Peak plots showing the deposition of H3K27ac modification centered on BATF- or IRF4-binging sites in WT and Stat3~/~ OT-I TILs. P value by Fisher
test was added in the plot. (F) GSEA results for comparing the enrichment of BATF- and IRF4-regulated feature genes in the transcriptomes of WT and Stat3~/
OT-1TILs (GEO accession nos. GSE154745 and GSE84820). NES, normalized enrichment score; FDR, false discovery rate g-value. FDR presented as —log;o(FOR).
(G) Venn diagrams of pSTAT3 and BATF-cobinding genes and BATF-regulated genes (left panel), or of pSTAT3 and IRF4-cobinding genes and IRF4-regulated
genes (right panel) in CD8* T cells. (H) Aligned ChIP-seq tracks of pSTAT3, BATF, and IRF4 in CD8* T cells, ATAC-seq tracks of WT and Stat3~/~ OT-I TILs, and
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H3K27ac ChIP-seq tracks of WT and Stat3-/~ CD8* T cells at the specific gene loci. (I) ChIP assays were performed with in vitro IL-10-stimulated WT and
Stat3~/~ CD8* T cells with anti-BATF or anti-IRF4. The relative amount of immune-precipitated DNA was detected by real-time PCR and normalized relative to
the input control. Data are representative of two (I) independent experiments. Data are shown as mean + SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001; **** P <

0.0001 by unpaired two-tailed Student’s t test (C, D, and I).

(Fig. 7 H). Similar occupancies and epigenetic changes were also
found in Prdmi, Il2ra, and Prfl gene loci as shown (Fig. S5 I).

It was previously reported that STAT3-binding efficiency
was greatly diminished in Irf4-deficient CD4* T cells (Kwon
et al., 2009). To further investigate whether STAT3 had any
effect on the occupation of BATF and IRF4 around the genome,
we determined the binding of BATF and IRF4 to their target
genes in Stat3~/~ CD8* T cells. ChIP-qPCR results showed that the
binding of BATF and IRF4 to the loci of Gzmb, Havcr2, and Il2ra
genes was significantly reduced in IL-10-stimulated Stat3~/~ as
compared with IL-10-stimulated WT CD8" T cells (Fig. 71I). Thus,
these results altogether indicate that STAT3 might function co-
operatively with BATF and IRF4 in regulating T ™ cell de-
velopment and function.

Discussion

The molecular mechanisms whereby the extrinsic factors reg-
ulate CD8* T cell differentiation and function, especially in
cancer, are still not well understood. In this study, we found that
Stat3 deficiency in CD8* T cells impaired their effector functions
and worsened tumor controls. IL-10 and IL-21 activate STAT3
signaling to promote Te,*™ cell development and survival and
enhance their effector functions in cancer. Moreover, STAT3
also plays a similar role in promoting terminally differentiated
effector CD8* T cell development and function in acute infection.
Mechanistically, STAT3 directly promotes the expression of
Tex®™-related genes, while it suppressed those of the TP g
cells. Moreover, STAT3 also regulates the chromatin accessibil-
ity for T.,*™ fate commitment, in collaboration with BATF
and IRF4.

STATS3 is a polyfunctional transcription factor that can be
activated by various extrinsic and intracellular molecules (Kane
et al., 2014). During CD8* T cell priming and exhaustion, mul-
tiple cytokines are involved in STAT3 activation (Guo et al.,
2021; Xin et al.,, 2015). IL-6 specifically induces STAT3 activa-
tion in naive CD8* T cells and has a role in CD8* T cell activation
(Bottcher et al., 2014), but with limited functions in Ty cells
within tumors. In contrast, IL-10 specifically functions in the
process of T cell exhaustion but not early activation in tumor
models, and the IL-21-STAT3 axis acts on CD8" T cells during
both activation and exhaustion. Moreover, both IL-10 and IL-21
are previously shown to be enriched in the tumor microenvi-
ronment, mainly derived from CD4* T cells (Cui et al., 2021;
Sawant et al., 2019; Snell et al., 2018; Zander et al., 2019). Besides
IL-10 and IL-21, there may exist other mediators inducing STAT3
phosphorylation in Tey cells within tumors, which needs to be
further investigated (Yu et al., 2014). For example, IL-27, a
member of the IL-6/IL-12 family regulating CD8* T cell ex-
haustion in chronic infection and cancer, is shown to induce
STATS3, besides STATI, activation in T cells (Chihara et al., 2018;
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Hirahara et al., 2015; Huang et al., 2019; Owaki et al., 2008). In
addition, some microRNAs and even hypoxia may also induce
STAT3 activation in immune cells within tumors (Gao et al.,
2017; Yu et al., 2014). Moreover, besides canonical homodimer,
STAT3 can also interact with STATI, STAT4, or STATS5 and form
heterodimers in response to cytokines and CSF signaling
(Delgoffe and Vignali, 2013), which implies the other potential
mechanisms of STAT3 activation and function.

IL-10 and IL-21 functions, though have been reported in
previous studies (Cui et al., 2011; Elsaesser et al., 2009; Fréhlich
et al., 2009; Guo et al., 2021; Hanna et al., 2021; Ren et al., 2020;
Xin et al., 2015; Yi et al., 2009; Zander et al., 2022), still remain
controversial and lack mechanistic analysis. Briefly, IL-10 is
shown to promote memory CD8* T cell development in acute
LCMYV infection and the leukemia model (Cui et al., 2011; Hanna
et al., 2021), but is also reported to enhance TIM-3* CD8* T cell
development and expansion in B16 melanoma models (Guo et al.,
2021; Sawant et al., 2019). IL-21 is shown not only to be critical in
memory CD8* T cell maturation in acute LCMV infection (Cui
et al., 2011) but also functions to enhance CX3CR1* or Granzyme
B* effector CD8* T cell development in chronic LCMV infection
and tumor models (Cui et al., 2021; Snell et al., 2018; Zander
et al., 2022; Zander et al., 2019). Here, we systematically de-
termined the functions of IL-10 and IL-21 in STAT3 signaling by
phenotypical and transcriptional analyses. Both IL-10 and IL-21
had critical roles in promoting Te,"™ cell development, at least
partially, in a STAT3-dependent manner. In addition, IL-10 and
IL-21 also exert potent functions in promoting cytotoxicity,
protecting against apoptosis, and enhancing the fitness of
CD8* T cells via STAT3 signaling. In addition to Te,®™ cells,
STATS3 signaling also plays an important role in T.,P™¢ cells in
cancer, although it is not absolutely required for their devel-
opment. Considering the importance of T.,P*™2 cells in the
long-term persistence of antitumor immunity and their abil-
ity to develop into T.,t™ cells (Miller et al., 2019), it is pos-
sible that in the absence of STAT3, T, ™™ cells were defective,
at least in part, secondary to impaired T.,P*8 cells, especially
at a later stage.

In acute infection, CD8* T cells differentiate into TCF1*
memory precursors and Granzyme B-producing terminally
differentiated CD8* T cells, similar to tumor-specific T.,P*¢ and
Tex "™ cells, respectively, in their transcriptomes and functions
to some extent. However, there are differences in the micro-
environment between cancer and acute infection, resulting in
many differences between tumor-specific Te, cells and effector
or memory CD8" T cells (McLane et al., 2019). One major dif-
ference is the increased and sustained expression of inhibitory
receptors, including PD-1, TIM-3, TIGIT, 2B4, and LAG3, which
are induced by chronic TCR stimulation (McLane et al., 2019).
Terminally differentiated CD8* T cells arise from TCF-1* stem-
like T cells in tumor microenvironments, in which STAT3 plays
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critical roles. Its role in the differentiation of effector T cells in
acute infection requires further investigation.

There are two functional phosphorylated sites in the STAT3
protein located at Tyr705 and Ser727 residues (You et al., 2015).
Phosphorylation of Tyr705 residue dominantly leads to the di-
merization and nuclear translocation of STAT3 protein for the
binding and transcriptional regulation of target genes (You et al.,
2015). Phosphorylation at Ser727 residue mainly mediates mi-
tochondrial localization and favors mitochondrial functions and
OXPHOS (Huynh et al., 2019; Wegrzyn et al., 2009; You et al.,
2015). pS727 can also facilitate transcriptional regulation by
STAT3 (Wen et al., 1995). In this study, both Tyr705 and Ser727
residues are deleted in mature CD8* T cells in Stat31/1CdgaCre
mice (Takeda et al., 1998). By performing ChIP-seq for
STAT3(pY705)-binding sites in the whole genome, we demon-
strated that pSTAT3 directly bound to the loci of numerous
Texte™-related genes (e.g., Id2, Prdmi, and Havcr2) and tran-
scriptionally promoted their expression for Te,*™ cell devel-
opment in cancer. Moreover, pSTAT3 also directly regulated the
expression of Gzmb and Prfl via binding to their promoters,
thereby enhancing cytotoxic responses. In addition, STAT3 was
also shown to be critical in promoting OXPHOS of Ty cells
within tumors in this study. It is previously demonstrated that
promoting OXPHOS in Te,*™ cells dramatically enhances their
expansion and cytotoxicity (Guo et al., 2021). Thus, it is possible
that besides transcriptional regulation, STAT3 may also function
via S727 phosphorylation to further promote Te,"™ cell fitness
and function, which needs to be further investigated.

The cooperation of STAT3 with AP-1 transcription factors
(e.g., BATF and IRF4) has been reported in B cells and CD4*
T cells (Ciofani et al., 2012; Kwon et al., 2009; Xu et al., 2019). It
is demonstrated that IRF4 cooperates with STAT3 to regulate IL-
21-dependent gene expression in B cells (Kwon et al., 2009; Li
and Leonard, 2018) and the IL-21-STAT3-BATF axis is required
for sustaining the effector function of CD8* T cells in chronic
infections (Xin et al., 2015). Here, we analyzed the functional
relationships between STAT3 and BATF/IRF4 in T cell differ-
entiation by multiomics approaches. STAT3 had extensive co-
occupancy in T, fate-related gene loci with BATF and IRF4
across the whole genome in CD8* T cells. Moreover, it epige-
netically promoted chromatin accessibility for the efficient
binding of BATF and IRF4 to target loci in activated CD8* T cells.
Hence, these data revealed a complex regulatory network in-
volving STATS3 and AP-1 factors (e.g., BATF and IRF4) in the fate
determination of CD8* T cells during exhaustion.

Harnessing STAT3 signaling in improving cancer im-
munotherapies has been attempted a few times. For example,
it is shown that fusing a STAT3-binding motif from IL-21 re-
ceptor into CD19 CAR against acute B lymphoblastic leukemia,
with the goal of activating STAT3 signaling, results in superior
antitumor effects (Kagoya et al., 2018). Recombinant human IL-
6/IL-6Ra fusion protein and constitutively active GP130 or p40
subunit from IL-23/IL-12 both improve CAR-T cells in antitu-
mor efficacy against B cell leukemia and solid tumors (Jiang
et al., 2020; Ma et al., 2020). Moreover, it is reported that IL-
21-primed polyclonal antigen-specific CD8* T cells combined
with CTLA-4 blockade induces long-term remission in a

Sun et al.
STAT3 regulates CD8* T cell differentiation and functions

melanoma patient (Chapuis et al.,, 2016), and human CAR-
modified CD8* T cells treated with affinity-enhanced IL-10
variants, with greater STAT3 activation, display robust anti-
tumor activities in vitro against leukemic cells (Gorby et al.,
2020). Therefore, our research has provided a mechanistic
basis for a STAT3-enhancing strategy in cancer im-
munotherapies and may benefit the further development of
novel T cell- and cytokine-based therapies in the future.

Materials and methods

Mice

C57BL/6, CD45.1, Terbd~/-, and OT-I (TCR specific for E.G7 and
B16-OVA KPOVA,s;.064) congenic mice were maintained in-
house. Stat3fl/fl (Takeda et al., 1998) and Il6raf/fl mice
(McFarland-Mancini et al., 2010) were crossed with Cd8a mice
(Maekawa et al., 2008) and then were bred with OT-I mice.
Rosa26-Cas9 mice were bred with OT-I mice. All animal ex-
periments conducted at Tsinghua University were approved by
the Institutional Animal Care and Use Committee. 6-8-wk-old,
male and female, age and sex-matched mice were used for all
experiments.

Listeria monocytogenes (LM) infection

Erythromycin-resistant LM expressing OVA;s;.564 (LM-OVA)
were grown in brain heart infusion media supplemented with
5 pg/ml erythromycin. 1 x 105 CFU of LM-OVA were re-
suspended in 100 ul PBS and injected intravenously (i.v.) into
6-8-wk-old mice. The infected mice were analyzed on day 8
after injection.

Tumor inoculation

B16-OVA cells were cultured in a DMEM medium with 10% FBS,
penicillin, and streptomycin. E.G7 (EL4-OVA) cells were cul-
tured in RPMI 1640 medium with 10% FBS, penicillin, and
streptomycin. 1 x 10% E.G7 or 2 x 10° B16-OVA cells were re-
suspended in 100 pl PBS and injected subcutaneously (s.c.) into
6- to 8-wk-old mice. Tumor growth was monitored every 2 or 3
d. Tumor volume was calculated by the following formula: tu-
mor volume = 7 x length x width?/e.

Isolation of TILs

E.G7 and B16-OVA tumors were digested with 1 mg/ml colla-
genase D supplemented with 10 U/ml DNase I for 40 min at 37°C
prior to centrifugation on a discontinuous Percoll gradient (GE
Healthcare).

Flow cytometry

Single cells were suspended in PBS and incubated with anti-
bodies against surface molecules for 30 min at 4°C. Dead cells
were excluded based on viability dye staining (Fixable viability
dye eF506; eBioscience). For intracellular cytokine detection,
cells were stimulated with PMA (50 ng/ml; Sigma-Aldrich) and
ionomycin (500 ng/ml; Sigma-Aldrich) in the presence of Bre-
feldin A (Golgiplug, BD Bioscience) for 5 h prior to staining. For
intracellular staining, surface-stained cells were fixed and per-
meabilized with the Foxp3/Transcription Factor Staining Buffer
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Set (eBiosciences), followed by incubation with fluorochrome-
conjugated antibodies.

For the detection of phosphorylated STAT3, cells were cul-
tured in a fresh medium supplied with cytokines for 30 min,
resuspended in cold PBS, and stained with antibodies against
surface molecules. Then the cells were fixed with Phosflow
Lyse/Fix buffer (BD Bioscience), followed by 90% methanol
permeabilization and staining with antibodies against phos-
phorylated STAT3 in PBS. For analysis, the cells were acquired
on an LSRFortessa (BD) flow cytometer, and data were analyzed
using Flow]Jo 10.4.

Naive CD8* T cell adoptive transfer

CD8* T cells were purified from spleens and lymph nodes using
Dynabeads FlowComp Mouse CD8 Kit (Invitrogen). Naive
CD8*CD25-CD44!°“CD62LM T cells were FACS-sorted from pu-
rified CD8* T cells on a FACS Aria (BD) flow cytometer. The
purity of the sorted cells was >99%. Then 0.3 million FACS-
sorted naive CD45.1/2 WT and CD45.2 Stat3~/~ OT-I cells were
mixed at a 1:1 ratio and transferred (i.v.) into CD45.1 recipients
1d prior to B16-OVA tumor inoculation.

In vitro activation and stimulation

FACS-sorted naive CD8* T cells were activated with the plate-
bound anti-CD3 (clone 145-2Cl1, 5 pg/ml; BioXCell) and anti-
CD28 (clone 37.51, 1 pg/ml; BioXCell) for 3 d. Then activated
CD8* T cells were cultured at 37°C for another 3 d in fresh me-
dium with 10 ng/ml IL-6, 10 ng/ml IL-10, or 10 ng/ml IL-21.

1110ra knockout

Single-guide RNA targeting IlIOra were designed on the CHOP-
CHOP website as sg-Il0ra-1 (5'- TGATCTCACAACGTTCACCC-3')
and sg-Il0ra-2 (5'-GATCTGTATCACCGAAGCTA-3'). Single-
guide RNA was cloned into pWKO retroviral expression vec-
tors which also encoded IRES-BFP cassettes. Empty vectors were
used as controls. Retrovirus plasmids and pCL-ECO (packaging
plasmid) were transfected into the Phoenix cell line using cal-
cium phosphate. Retrovirus supernatant was harvested 48 h
after transfection. FACS-sorted naive CD8* T cells were activated
with the plate-bound anti-CD3 (5 pg/ml) and anti-CD28 (5 pg/
ml) for 48 h. Activated CD8* T cells were infected with ret-
rovirus in the presence of polybrene (1 pg/ml) with spin
(1,800 rpm, 32°C) for 90 min, and medium was replaced 4 h
after infection.

In vitro killing assay

Naive WT and Stat3~/~ OT-I cells were activated in vitro for 3 d
and then stimulated with IL-10 for another 3 d. B16-OVA tumor
cells were labeled with CFSE at 37°C for 5 min, mixed with CD8*
T cells at 1:10, 1:4, 1:2, 1:1, and 2:1 ratios, and incubated at 37°C for
5 h. Intracellular cleaved caspase 3-PE in CFSE* B16-OVA tumor
cells were measured by flow cytometry.

In vitro proliferation assay

Naive WT and Stat3~/- CD8* T cells were mixed and activated
in vitro for 3 d and then labeled with CTV at 37°C for 5 min. CTV-
labeled CD8* T cells were stimulated by IL-6, IL-10, or IL-21 in
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anti-CD3/anti-CD28-bound plate. 2 or 3 d later, CTV in CD8*
T cells was measured by flow cytometry.

RNA processing and real-time quantitative PCR (RT-qPCR)
analysis

Total cellular RNA was extracted from CD8* T cells with Magzol
reagent (Magen). M-MLV reverse transcription kit (Invitrogen)
was used for generating cDNA. Gene expression at the mRNA
level was measured using the SYBR real-time kit (Bio-Rad Lab-
oratories). For RT-qPCR analysis, the data shown were nor-
malized to the expression of the reference gene Actb. The
following genes were amplified with primers as described: Actb,
5'-TGGAATCCTGTGGCATCCATGAAAC-3’ and 5-TAAAACGCA
GCTCAGTAACAGTCCG-3'; Id3, 5'- CTGTCGGAACGTAGCCTGG-
3’ and 5-GTGGTTCATGTCGTCCAAGAG-3'; Ccr7, 5'-CTTTCT
TGTATGCCTTCATC-3' and 5’- GGTTAAGCAGTTTCTTAGGT-3';
Id2, 5'-ATGAAAGCCTTCAGTCCGGTG-3' and 5'-AGCAGACTC
ATCGGGTCGT-3'; and Gzmb, 5'-CCACTCTCGACCCTACATGG-3’
and 5'-GGCCCCCAAAGTGACATTTATT-3'.

RNA-seq and ATAC-seq
Cotransferred WT and Stat3~/~ OT-I cells were FACS-sorted from
B16-OVA tumors at about day 16 after inoculation for RNA-seq
and ATAC-seq. For RNA-seq, total RNA was extracted and sent
to BGI Genomics for library construction. The library products
were sequenced via Illumina Hiseq4000 by BGI Genomics. Low-
quality reads and adaptor sequences were removed by Trim
Galore v0.4.4. The clean reads were aligned to mm10 by bowtie2
with default parameter (Langmead and Salzberg, 2012), and
uniquely mapping reads were summarized by featureCounts
(from Subread package). Differentially expressed genes (DEGs)
were identified by at least twofold change and a false discovery
rate (FDR) adjusted P value of 0.05 by using DESeq2. Cluster-
Profiler (R package) was used for pathway analysis (Yu et al.,
2013).

For ATAC-seq, FACS-sorted OT-I TILs were processed and
analyzed as indicated (Chang et al., 2020). PSEA was performed
as indicated (Khan et al., 2019).

ChIP-seq and ChIP-qPCR
FACS-sorted naive CD8* T cells were activated with the plate-
bound anti-CD3 (5 pg/ml) and anti-CD28 (1 ug/ml) for 3 d. For
PSTAT3 ChIP-seq, the activated WT CD8"* T cells were cultured
at 37°C for 30 min in fresh medium with 10 ng/ml IL-6, 10 ng/ml
IL-10, or 10 ng/ml IL-21. For H3K27ac ChIP-seq, the activated WT
and Stat3~/~ CD8* T cells were stimulated by 10 ng/ml IL-10 for
another 3 d. For BATF and IRF4 Chip experiment, the activated
WT and Stat3~/~ CD8* T cells were stimulated by 10 ng/ml IL-10
for another 3 d. Then CD8* T cells were fixed by 1% parafor-
maldehyde, followed by digestion and sonication. Chromatin
from 1 x 107 lived cells was used for each ChIP experiment. 7.5 pg
anti-pSTAT3(Y705) antibody, 1 pg anti-H3K27ac antibody, 7.5 pg
anti-BATF antibody, or 7.5 ug anti-IRF4 antibody was used.
The ChIP experiment was performed as indicated (Xu et al.,
2019). Sequencing reads were mapped to the mouse genome
mmlO0 by bowtie2 (Langmead and Salzberg, 2012). PCR dupli-
cates were removed using Picard MarkDuplicates. The uniquely
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mapped reads were used to call peak with MACS2 using a P
value cutoff of 0.01 (Zhang et al., 2008). ChIPseeker was used for
peak annotation (Yu et al., 2015). Overlapped peaks were iden-
tified by bedtools intersect. Deeptools was used for comparing
profiles of different ChIPseq samples (including those from Gene
Expression Omnibus [GEO] datasets; Ramirez et al., 2016). HO-
MER was used for motif discovery.

The enriched heatmaps of pSTAT3 ChIP-seq signal profiles
were generated with Deeptools (V3.5.0; Ramirez et al., 2016).
The computeMatrix was used to calculate scores for the top
3,000 peak sites of pSTAT3 with the following parameters:
reference-point--referencePoint center. The plotHeatmap was
used to create the heatmap for scores associated with the ge-
nomic regions with the following parameters: --zMin 1 --zMax
10 --kmeans 1.

For ChIP-qPCR analysis, the following DNA fragments were
amplified with primers as described: Gzmb promoter, 5’-TAC
CATAGGCTACAAACCCCACCC-3' and 5'-CGTCAAGAGTGTTGT
CCTTGCTC-3’; Havcr2 intron-1, 5'-TGAGTGCAACCTGGGTTGC-
3’ and 5'-TTCACCACATGCAATCTCTAAAGTG-3'; Havcer2 intron-
2,5 -AACTTTTGTGTGTATGGCTGC-3' and 5'-GTAAGAGGCCAA
CATGGTCAG-3'; Havcr2 intron-3, 5'-GAGGACAGCCTCTTGTTC
TAGTC-3' and 5-GTTAGGAGAGCACATTCAGACATG-3’; and
IRra promoter, 5'-TGACAGACTGAGAGGCCTGA-3’ and 5'-TGG
GTCAACCCCTTTACTGC-3'.

scRNA-seq analysis

Gene expression information was downloaded from the website
for public human scRNA-seq database (Lung, http://lung.
cancer-pku.cn; HCC, http://hcc.cancer-pku.cn/; and CRC,
http://crc.cancer-pku.cn/; Guo et al., 2018; Zhang et al., 2018;
Zheng et al., 2017). The expression unit was normalized ex-
pression/log(TPM+1). PD-1% cells were filtered using an ex-
pression value cutoff of 5.00.

Statistical analysis

Statistical analysis was performed with Graph Prism 8.2.0
(GraphPad software) and presented as mean * SEM unless
specifically indicated. For two group comparisons, statistical
analysis was performed with unpaired or paired two-tailed
Student’s t tests. For multiple group comparisons, statistical
analysis was performed with one-way ANOVA followed by Tu-
key’s multiple comparisons test. Tumor growth data were
compared by two-way ANOVA followed by Tukey’s multiple
comparisons test. P values <0.05 were considered statistically
significant (¥, P < 0.05; **, P < 0.01; *** P < 0.001; *** P <
0.0001). Statistical details for each experiment can be found in
the figures and the legends.

Online supplemental material

Fig. S1 shows data further supporting the results in Fig. 1. Fig. S2
shows data further supporting the results in Fig. 2. Fig. S3 shows
data further supporting the results in Fig. 4. Fig. S4 shows data
further supporting the results in Fig. 5. Fig. S5 shows data fur-
ther supporting the results in Fig. 7. Table S1 lists the DEGs in
WT vs. Stat3~/~ OT-I cells from B16-OVA tumors. Table S2 lists
STAT3-binding and -regulated genes. Table S3 lists STAT3-
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induced or -suppressed feature genes. Table S4 lists DA peaks
in WT vs. Stat3-/~ OT-I cells from B16-OVA tumors. Table S5 lists
differentially H3K27ac modified regions (DMRs) between IL-
10-stimulated WT and Stat3~/- CD8* T cells. Table S6 lists
STAT3- and BATF/IRF4-coregulated genes.

Data availability

Data from RNA-seq of WT vs. Stat3~/~ OT-I cells transferred into
B16-OVA-bearing mice (Fig. 2) are available in the GEO database
under accession no. GSE217375. Data from ATAC-seq of WT vs.
Stat3~/~ OT-I cells transferred into B16-OVA-bearing mice
(Fig. 6) are available in the GEO database under accession no.
GSE217372. ChIP-seq of pSTAT3 in CD8* T cells (Fig. 5) and
ChIP-seq of H3K27ac in WT vs. Stat3~/~ CD8* T cells (Fig. 6) are
available in the GEO database under accession no. GSE217374.
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Figure S1.  STAT3 is intrinsically critical for the effector function of CD8* T cells. (A) mRNA level of STAT3 in CD8* T cells from peripheral blood or tumors
in human cancer patients (GEO accession nos. GSE99254, GSE108989, and GSE98638). scRNA-seq data of CD8* T cells in tumors and peripheral blood from
lung, CRC, and HCC patients were previously processed and uploaded by others (http://crc.cancer-pku.cn/, http://hcc.cancer-pku.cn/, http://lung.cancer-pku.
cn/; Guo et al,, 2018; Zhang et al,, 2018; Zheng et al., 2017), and we obtained the STAT3 expression values from the above websites. The expression unit was
normalized expression/log,(""M+1), We compared the STAT3 expression values in CD8* T cells from peripheral blood, and in PD-1-negative (PDCD1 expression
value = 0) and -positive (PDCD1 expression value >0) CD8* T cells from tumors. (B) STAT3 protein expression in CD8* T cells from spleens, TDLNs, and tumors
in B16-OVA (upper plot) and E.G7 (bottom plot) models. (C) mRNA levels of Stat3in CD8* T cells from TDLNs and tumors in B16-OVA (left panel) and E.G7 (right
panel) models. (D) Frequencies of CD8* T cells in thymuses, spleens, and lymph nodes in 6- to 8-wk-old Stat3"® (n = 5) and Stat3VfCd8ac (n = 5) mice.
(E) Ratios of CD8* T cells to CD4* T cells in the thymuses, spleens, and lymph nodes from 6- to 8-wk-old Stat3"" (n = 5) and Stat3"fiCd8acre (n = 5) mice.
(F) Representative plots (left panel) and quantifications (right panel) of CD44 and CD62L expression on CD8* T cells in the spleens and lymph nodes from 6- to
8-wk-old Stat3"f (n = 5) and Stat3"Cd8acre (n = 5) mice. (G) Ratios of CD8* T cells to CD4* T cells in TDLNs and tumors. (H) Representative plots (left panel)
and quantifications (right panel) of H-2K(b) tetramer* CD8" T cells among total CD8* T cells from TDLNs and E.G7 tumors. (1) Representative plots (left panel)
and quantifications (right panel) of CD44* PD-1* CD8* T cells among total CD8* T cells from TDLNs and E.G7 tumors. (J) OT-I TIL frequencies among total
CD8+T cells from TDLNs in B16-OVA model on day 20 after tumor inoculation. (K) Representative plots (left panel) and quantifications (right panel) of Ki-67
expression in OT-I TILs from B16-OVA tumors on day 20 after tumor inoculation. (L) Representative plots (left panel) and quantifications (right panel) of Ki-67
expression in splenic CD44* CD8* T cells on day 8 after LM-OVA infection. Data are pooled from three independent experiments (H), or are representative of
two (B-F, G [left], ], and L) or three (G [right], |, and K) independent experiments. Data are shown as mean + SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****,
P < 0.0001 by one-way ANOVA (A and C), unpaired two-tailed Student’s t test (D-I and L) or paired two-tailed Student’s t test (] and K). Source data are
available for this figure: SourceData FS1.
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Figure S2. STAT3 promotes the development of terminally differentiated CD8* T cells. (A) Numbers of T, (upper panel) and T,t™ (bottom panel)
OT-I cells from B16-OVA tumors on day 14 and day 20 after tumor inoculation. (B) Representative plots (upper panel) and quantifications (bottom panel) of
Ly108 and TIM-3 expression on OT-I cells from TDLNs in B16-OVA tumor model on day 20 after tumor inoculation. (C) Representative plots (left panel) and
quantifications (right panel) of Bcl6 and Blimp1 expression in OT-1 cells from B16-OVA tumors on day 14 and day 20 after tumor inoculation. (D) Representative
plots (left panel) and quantifications (right panel) of TCF1 and CX3CR1 expression in/on OT-I cells from B16-OVA tumors on day 20 after tumor inoculation.
(E) Representative plots (upper panel) and quantifications (bottom panel) of TOX and T-bet expression in OT-I cells from B16-OVA tumors on day 20 after
tumor inoculation. (F) GSEA results for identifying gene signatures of WT and Stat3~/~ OT-I TILs compared with other T cell subsets (GEO accession nos.
GSE65660 and GSE8678). NES, normalized enrichment score; FDR, false discovery rate g-value. (G) Volcanic plot showing DEGs in WT and Stat3~/~ OT-I TlLs.
(H) Heatmap illustrating the relative expression of signature genes related to cell cycle pathway in WT and Stat3~/~ OT-I TILs. (I) GSEA result for identifying
gene signatures of WT and Stat3~/~ OT-I TILs compared to OXPHOS feature genes (GSEA: MM3893). NES, normalized enrichment score; FDR, false discovery
rate g-value. (J) Heatmap illustrating the relative expression of signature genes related to OXPHOS pathway in WT and Stat3~/~ OT-I TILs. (K) Representative
plots (left panel) and quantification (right panel) of T-bet expression in splenic OT-I cells on day 8 after LM-OVA infection. (L) Representative plots (left panel)
and quantifications (right panel) of CD127 and KLRG1 expression on splenic OT-I cells on day 8 after LM-OVA infection. (M) Representative plots (left panel) and
quantification (right panel) of Granzyme B expression in TCF1-Granzyme B* splenic OT-I cells on day 8 after LM-OVA infection. (N) OT-I cell frequencies among
total splenic CD8+T cells on day 8 after LM-OVA infection. (O) Representative plots (left panel) and quantification (right panel) of Ki-67 expression in splenic
OT-I cells on day 8 after LM-OVA infection. Data are representative of two (K-0) or three (A-E) independent experiments. Data are shown as mean + SEM. *,
P < 0.05 ** P < 0.03; *** P < 0.001; **** P < 0.0001 by paired two-tailed Student’s t test (A-E and K-0).
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Figure S3. IL-10 and IL-21 signaling intrinsically promotes the development of T,,t*™ cells. (A) Phosphorylation levels of STAT3 at the Y705 site in
in vitro activated CD8* T cells with the stimulation of IL-6, IL-10, or IL-21 for 30 min. (B and C) Quantifications (B) and representative plots (C) and of CD25,
CD39, Ly108, and CD62L expression on in vitro-stimulated WT and Stat3~/~ CD8* T cells. (D-F) Representative plots (D and E) and quantifications (F) of TIM-3
and TCF1 expression on/in in vitro cocultured WT and Stat3~/~ CD8* T cells with the stimulation of IL-6, IL-10, or IL-21 for 3 d. (G) Proliferation of in vitro
cocultured WT and Stat3~/~ CD8" T cells marked by CTV dilution. (H) Experimental design for adoptive cotransfer of WT and Sg-Il10ra or Il6ra~/~ OT-1 cells and
B16-OVA tumor-challenge assay. (1) Representative plots of ILLORA (CD210) expression on WT and Sg-Il10ra OT-I TiLs from B16-OVA tumors. (J) Repre-
sentative plots (left panel) and quantifications (right panel) of Ly108 and TIM-3 expression on WT and Sg-Il10ra OT-I TILs from B16-OVA tumors. (K) Rep-
resentative plots (left panel) and quantifications (right panel) of Ly108 and TIM-3 expression on WT and Il6ra~/= OT-I TILs from B16-OVA tumors. Data are
representative of three (B-F, I, and K) or two (A, G, and J) independent experiments. Data are shown as mean = SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001;
**¥% P < 0.0001 by unpaired two-tailed Student’s t test (B) and paired two-tailed Student’s t test (F, G, J, and K).
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Figure S4. STAT3 transcriptionally regulates T., cell differentiation. (A) Signal values of pSTAT3-binding peaks in IL-6-, IL-10-, and IL-21-stimulated
CD8* T cells. (B) Top 20 KEGG pathways for pSTAT3-binding genes in in vitro activated CD8* T cells with the stimulation of IL-6, IL-10, or IL-21. (C) Heatmaps
and peak plots for read density profiles of H3K27ac, H3K27me3, H3K36me3, H3K4mel, and H3K4me3 occupations centered on pSTAT3-binding peaks (GEO
accession no. GSE54191). Values were normalized to the total number of reads. (D) Venn diagrams of STAT3-regulated genes in in vitro activated CD8* T cells
with the stimulation of IL-6, IL-10, or IL-21. (E) GSEA results for comparing the enrichment of IL-6/10/21-STAT3 regulated genes in the transcriptomes of TCF1-
Tete™ and TCF1* T,,P8 cells (GEO accession no. GSE114631). NES, normalized enrichment score; FDR, false discovery rate g-value. FDR presented as
-log10(FOR). (F) Violin plots illustrating the mRNA amounts of signature genes between tumor-infiltrating memory-like and cytolytic CD8* T cells. (accession
nos. GSE103322 and GSE120575). (G) pSTAT3 ChIP-seq tracks aligned with RNA-seq tracks of WT and Stat3~/~ CD8* TiLs, and ATAC-seq tracks of T8 or
Text™ cells at the specific gene loci (GEO accession no. GSE123236). Data are shown as mean = SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.00L; ****, P < 0.0001
by unpaired two-tailed Student’s t test (A and F).
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Figure S5. STAT3 cooperates with BATF and IRF4 to mediate T,t*™ cell development. (A) Enrichment of known transcription factor-binding motifs in
pSTAT3-binding peaks. The x and y axes represent the log” ¥2“¢ and fold change of the motif enrichment separately. Targeted motifs were compared to the
whole genome background to calculate P value and fold change. (B) Peak plots showing the read density profiles of BATF, IRF4, JunB, JunD, and c-Jun oc-
cupations centered on pSTAT3-binding peaks in CD8* T cells (GEO accession no. GSE54191). Values were normalized to the total number of reads. (C) Signal
values of BATF-binding peaks in CD8* T cells at pSTAT3- or IRF4-binding sites or not (GEO accession no. GSE54191). (D) Signal values of IRF4-binding peaks in
CD8* T cells at pSTAT3- or BATF-binding sites or not (GEO accession no. GSE54191). (E) Heatmaps showing the deposition of H3K27ac modification centered
on BATF- or IRF4-binding peaks in WT and Stat3~/~ OT-I TILs (accession GEO: GSE54191). (F) Correlation analysis for DEGs identified in BATF- and STAT3-
relevant RNA-seq (GEO accession no. GSE154745). DEGs were filtered by fold change >1.5 and P value <0.05. (G) Correlation analysis for DEGs identified in
IRF4- and STAT3-relevant RNA-seq (GEO accession no. GSE84820). DEGs were filtered by fold change >1.5 and P value <0.05. (H) Venn diagram of pSTAT3-,
BATF-, and IRF4-binding peaks and genes. (1) Aligned ChIP-seq tracks of pSTAT3, BATF, and IRF4 in CD8* T cells, ATAC-seq tracks of WT and Stat3~/~ OT-I TLs,
and H3K27ac ChiP-seq tracks of WT and Stat3~/~ CD8* T cells at the specific gene loci. Data are shown as mean = SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001;
**%% P < 0.0001 by unpaired two-tailed Student’s t test (C and D).
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Provided online are Table S1, Table S2, Table S3, Table S4, Table S5, and Table S6. Table S1 lists DEGs in WT vs. Stat3~/- OT-I cells
from B16-OVA tumors. Table S2 lists STAT3-binding and -regulated genes. Table S3 lists STAT3-induced or -suppressed feature

genes. Table S4 lists DA peaks in WT vs. Stat3~/~ OT-I cells from B16-OVA tumors. Table S5 lists differentially H3K27ac modified
regions (DMRs) between IL-10-stimulated WT and Stat3-/~ CD8* T cells. Table S6 lists STAT3- and BATF/IRF4-coregulated genes.
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