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The Type-I interferon (IFN-I) response is the major outcome of stimulator of interferon
genes (STING) activation in innate cells. STING is more abundantly expressed in
adaptive T cells; nevertheless, its intrinsic function in T cells remains unclear.
Intriguingly, we previously demonstrated that STING activation in T cells activates
widespread IFN-independent activities, which stands in contrast to the well-known
STING-mediated IEN response. Here, we have identified that STING activation induces
regulatory T cells (Tregs) differentiation independently of IRF3 and IEN. Specifically,
the translocation of STING from the endoplasmic reticulum to the Golgi activates
mitogen-activated protein kinase (MAPK) activity, which subsequently triggers tran-
scription factor cAMP response element-binding protein (CREB) activation. The acti-
vation of the STING-MAPK-CREB signaling pathway induces the expression of many
cytokine genes, including interleukin-2 (IL-2) and transforming growth factor-beta 2
(TGF-B2), to promote the Treg differentiation. Genetic knockdown of MAPK p38 or
pharmacological inhibition of MAPK p38 or CREB markedly inhibits STING-mediated
Treg differentiation. Administration of the STING agonist also promotes Treg differen-
tiation in mice. In the TrexI™~ autoimmune disease mouse model, we demonstrate that
intrinsic STING activation in CD4+ T cells can drive Treg differentiation, potentially
counterbalancing the autoimmunity associated with ZTrex! deficiency. Thus, STING-
MAPK-CREB represents an IFN-independent signaling axis of STING that may have
profound effects on T cell effector function and adaptive immunity.
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A fundamental principle of the innate immune system is its remarkable ability to distin-
guish between “self” and “nonself.” Detecting foreign nucleic acids is a crucial strategy
employed by the innate immune system to recognize invading pathogens. In mammals,
pathogen-derived DNA is sensed in the cytosol by DNA sensor Cyclic GMP-AMP syn-
thase (cGAS) (1), which produces a second messenger called 2'3’-Cyclic guanosine
monophosphate-adenosine monophosphate (2'3'-cGAMP) to activate the signaling adap-
tor stimulator of interferon genes (STING) (1-4). Binding 2'3’-cGAMP to STING
induces its translocation from the Endoplasmic Reticulum (ER) to the ER-Golgi inter-
mediate compartment (ERGIC) and the Golgi, where it recruits kinase TBK1 and tran-
scription factor IRF3 to induce the expression of type I interferons (IFN-I) and
IFN-stimulated genes (5). While the primary outcome of STING activation is the induc-
tion of IFN-I, it has recently become evident that the STING pathway evolved over 600
Mya, predating the evolution of IFN-I (6). STING signaling beyond IFN-I and innate
immunity remains largely unknown.

STING is highly expressed in T cells. Unlike the dominant IFN-I response of STING
in macrophages, STING activation in T cells predominantly induces IFN-independent
activities, such as nuclear factor kappa B (NF-kB), nuclear factor of activated T cells
(NFAT), unfolded protein response (UPR), IL-2 pathways, TCR signaling, and cell death,
among others (7). STING activation suppresses mTOR signaling, thus inhibiting T cell
proliferation (8). STING impairs Roryt-mediated 7/1 7a transcription, thereby restraining
Th17 differentiation (9). STING activation has been shown to induce Thl- and
Th9-mediated antitumor immunity (10). It has been recently reported that STING pro-
motes the expansion of regulatory B cells, a process dependent on IRF3 but independent
of IFNAR, ultimately attenuating NK cell-mediated anti-tumor immunity (11). One of
the major IFN-independent activities of STING is STING-mediated T cell death
(7, 12—14), which was also shown in gain-of-function Sting""*>* mice (14). Sting">>%*
mice suffer from T cell cytopenia and cell death, a condition that is genetically independent
of cGAS, IRF3, or IFNAR (15-17). The Sting"**"* mutation (N154S in human STING)
causes STING to constitutively translocate from the ER to the Golgi, resulting in altered

PNAS 2024 Vol.121 No.29 2320709121

https://doi.org/10.1073/pnas.2320709121

Significance

The STING-mediated IFN
response is well known, STING
signaling beyond IFN and innate
immunity, particularly in the
context of T cell biology and
adaptive immunity, remains
largely unexplored. Here, we have
identified that STING trafficking
activates MAPK-CREB signaling to
induce the expression of IL-2 and
TGF-B2, thereby facilitating Treg
differentiation. In the Trex1™~
autoimmune disease mouse
model, the prevailing view
suggests that the disease is driven
by constitutive STING-mediated
IFN response, leading to T cell
autoactivation. However, our
findings indicate that CD4 T cell
intrinsic STING activation induces
Treg differentiation, potentially
counterbalancing the
autoimmunity associated with
Trex1 deficiency. Overall, the
STING-MAPK-CREB pathway
represents an IFN-independent
activity of STING with the
potential to profoundly impact

T cell effector functions.

Author contributions: W.L. and J.W. designed research;
W.L, CS., T.L, H.T., and J.W. performed research; W.L.,
CS., T.L, HT, XW,, and J.W. analyzed data; and W.L.,
C.S., T.L, H.T.,, X.W., and J.W. wrote the paper.

The authors declare no competing interest.
This article is a PNAS Direct Submission.

Copyright © 2024 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).

'W.L,, C.S., T.L, and H.T. contributed equally to this work.

2To whom correspondence may be addressed. Email:
WUJ9@ccf.org.

This article contains supporting information online at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2320709121/-/DCSupplemental.

Published July 10, 2024.

10f 12


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:WUJ9@ccf.org
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2320709121/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2320709121/-/DCSupplemental
https://orcid.org/0009-0003-0987-8207
https://orcid.org/0000-0002-4202-8218
https://orcid.org/0000-0002-5530-0911
https://orcid.org/0000-0002-2995-935X
mailto:
https://orcid.org/0000-0003-4518-8361
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2320709121&domain=pdf&date_stamp=2024-7-8

20f12

ER calcium homeostasis as well as elevated ER stress and UPR,
leading to T cell death (14). STING-mediated T cell death is also
physiologically important in tumor immune evasion (7). In a pre-
clinical study of STING agonist therapy, high doses of ADU-S100
treatment led to a complete loss of CD8+ T cells in the tumors
(18). We have also demonstrated that CD8+ T cells experience
significant cell death, which is partly attributable to STING acti-
vation by tumor-derived cGAMP in implanted syngeneic mouse
tumors (7). Thus, IFN-independent activities of STING in T cells
are clearly physiologically important and merit further study.

Emerging evidence suggests that the cAMP response element-
binding protein (CREB) is a key transcription factor that regulates
T cell functions (19). The CRE has been identified in the promoters
and enhancers of many T cell-specific genes, including Tcra, Terb,
Cd3d, Cd8a, 112, and TgfPi2, thereby regulating their expression in
T cells (20-25). A transgenic mouse engineered to express a dominant-
negative form of CREB under the T cell-specific promoter, exhibited
a significant impairment in proliferation and IL-2 production, ult-
mately leading to apoptotic cell death in T cells (26). Moreover, it has
been reported that CREB stabilizes and induces FOXP3 expression,
promoting the maintenance of the regulatory T cell (Treg) phenotype
(27). CREB has been shown to be activated by several different
serine-threonine kinases, including cAMP-dependent protein kinase
A (PKA), protein kinase C (PKC), and Mitogen-activated protein
kinases (MAPKs) (28).

The unique feature of STING activation requires its trafficking
from ER to Golgi (5). It has been proposed that STING trafficking
introduces a second dimension that regulates STING signaling
(5). In fact, STING trafficking is required to initiate several
IFN-independent activities, including autophagy, calcium signa-
ling, and UPR. For instance, STING-mediated autophagy requires
STING to translocate from the ER to ERGIC, a known source of
autophagic membrane (29). STING-mediated UPR and calcium
flux require a STING ER exit (14). Interestingly, both STING-
mediated UPR and autophagy activities are mapped to the same
motif (an a-helix containing amino acid 322 to 343), which is
essential for STING trafficking (14, 29). In the current study, we
have demonstrated that STING trafficking from the ER to the
Golgi is sufficient to activate MAPK signaling, which in turn acti-
vates the transcription factor CREB to induce the expression of
TGEF-p2 and IL-2, thereby facilitating Treg differentiation. STING
agonist administration or CD4+ T cell intrinsic STING activation
caused by 7rexI deficiency also drives Treg differentiation in vivo.
Thus, the STING-MAPK-CREB axis represents an IFN-independent
signaling pathway that may have a profound impact on T cell
effector function and adaptive immunity.

Results

STING Activation Triggers Treg Differentiation Independently of
IRF3 and IFN-I. STING is more abundantly expressed in T cells,
and its activation in T cells triggers widespread IFN-independent
activities that have not been previously appreciated (7). One of the
major IFN-independent activities of STING is the induction of cell
death (7). To investigate how different subsets of T cells respond
to STING-mediated cell death, we polarized naive CD4+ T cells
isolated from Foxp3"" reporter mice into ThO and Treg cells. We
observed significant Treg differentiation, as indicated by a substantial
proportion (~39%) of T cells becoming Foxp3'™* cells (S7 Appendix,
Fig. S1A4). We then treated ThO and Treg cells with the STING
agonist 5,6-dimethylxanthenone-4-acetic acid (DMXAA) to induce
cell death. We found that the CD4+ T cells polarized under Treg
conditions were less susceptible to STING-mediated cell death
compared to those polarized under ThO conditions (SI Appendix,
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Fig. S1B). Interestingly, under Treg polarization conditions, FOXP3+
cells (~39%) resisted STING-mediated cell death, while FOXP3- cells
(~61%) were sensitive to STING-mediated cell death (S7 Appendix,
Fig. S1 A and C), suggesting that FOXP3+ Tregs are not responsive
to STING-mediated cell death. To substantiate these findings, we
treated naive CD4 T cells from both WT and Sting”~ mice with
our optimized Treg polarization condition, achieving a notable
Treg differentiation efficiency of approximately 85% (S Appendix,
Fig. S1D). We then treated these terminally differentiated Tregs
with DMXAA to assess their sensitivity to STING-mediated cell
death. Our results revealed that FOXP3+ cells in WT CD4+ T cells
exhibited complete resistance, whereas FOXP3- cells in the same
cell population were susceptible to STING-mediated cell death.
As a control, CD4+ T cells lacking STING exhibited no response
to DMXAA-induced cell death, regardless of FOXP3 expression
(SI Appendix, Fig. S1 D and E). We next evaluated how natural
Tregs respond to STING-mediated cell death. We treated the Tregs
from spleens with different doses of DMXAA and then assessed their
response to cell death. We found that FOXP3- cells in the CD4+
T cell population committed rapid cell death, whereas FOXP3+
cells in the same population exhibited a much slower cell death rate
(SI Appendix, Fig. S1 Fand G).

To understand the roles of STING in Tregs, we investigated Treg
differentiation. TGF-p and IL-2 are the cytokines widely used to
polarize naive CD4+ T cells into Tregs. We treated WT and Sting™~
naive CD4+ T cells with TGF- and IL-2 to induce Treg differenti-
ation. We observed that TGF-B-induced Treg differentiation is
comparable between WT and Sting”~ CD4+ T cells (SI Appendix,
Fig. S2 A and B). Furthermore, STING agonist stimulation doesnt
alter Treg differentiation (S/ Appendix, Fig. S2 A and B), suggesting
that STING is not required for TGF-p-mediated Treg differentiation.
Interestingly, when we treated naive CD4+ T cells from WT mice
with DMXAA or cGAMP alone, it significantly induced Treg differ-
entiation (Fig. 1 A-C), suggesting that STING activation is sufficient
to induce Treg differentiation. The classic paradigm of STING sig-
naling involves the activation of downstream IRF3 and IFN-I sign-
aling. To test whether STING-mediated Treg differentiation is
dependent on the IRF3-IFN pathway, we induced Treg differentia-
tion in Sting™S35A [r37- and Ifnarl™”~ CD4+ T cells. We pre-
viously demonstrated that the Sting’?®¥5364 mutation precisely
ablates STING-mediated IFN-I signaling while retaining STING-
mediated IFN-independent activities (7). Our results indicate that
DMXAA treatment induces a similar percentage of Treg differentia-
tion in Sting* 345364 CD4+ T cells compared to that in WT CD4+
T cells (Fig. 1 D and E). Furthermore, the deficiency of IRF3 or
IFNARI does not affect STING-mediated Treg differentiation
(Fig. 1 Dand E).

Type II IEN (IFNY) is well known for its role in regulating Treg
development. Interestingly, recent research has shown that IFNy is
implicated in T cell-mediated autoinflammation in STING-associated
vasculopathy with onset in infancy (SAVI) mice (30). SAVI mice lack-
ing IFNYRI partially restore T cell death and proliferation deficiency,
as well as improving Treg development (30). To investigate whether
STING-mediated Treg differentiation depends on Type II IFN
(IFNY), we examined Treg differentiation in [fgr/”~ CD4+ T cells.
We found that deficiency of IFNYR1 does not alter DMXAA- or
c¢GAMP-mediated Treg differendation (Fig. 1 /~H). Collectively,
these data suggest that STING activation is sufficient to induce Treg
differentiation independently of IRF3, Type-I, and Type-II IEN.

STING Induces TGF-f2 and IL-2 Expression to Facilitate Treg
Differentiation. Itis well established that TGF-f signaling can polarize

naive CD4+ T cells into Tregs. We sought to investigate whether
STING-mediated Treg differentiation is dependent on TGF-f.
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Fig. 1. STING activation induces Treg differentiation independently of IRF3 and IFN. (A-C) DMXAA or cGAMP treatment induces Treg differentiation. Wild-type
(WT) naive CD4 T cells were treated with mock, DMXAA (2.5 pg/mL), or cGAMP (10 ug/mL) for 3 d, and Treg differentiation was analyzed by intracellular staining
of Foxp3 and FACS analysis. Representative FACS plots are shown in (A), Treg percentages (B) and cell numbers (C) are shown in bar graphs. (D and E) IRF3 or
IFNAR1 deficiency does not affect STING-mediated Treg differentiation. WT, Sting™~, Sting>3¢*#536%A, |rf37~, and Ifnar1~~ naive CD4 T cells were treated with mock
or DMXAA (2.5 pg/mL) for 3 d, and Treg differentiation was analyzed by intracellular staining of Foxp3 and FACS analysis. Representative FACS plots are shown in
(D), and statistics are shown in (E). (F-H) IFNGR1 deficiency does not affect STING-mediated Treg differentiation. WT and Ifngr1~~ naive CD4 T cells were treated
with mock, DMXAA (2.5 pg/mL), or cGAMP (20 pg/mL) for 3 d, and Treg differentiation was analyzed. Representative FACS plots are shown in (F), Treg percentages
(G), and cell numbers (H) are shown in bar graphs. Error bars: SEM; ****P < 0.0001; *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant. Two-way ANOVA test.

Data shown are representative of at least two independent experiments.

We found that DMXAA-induced Treg differentiation is entirely
blocked by TGF-p inhibitor treatment (Fig. 2 A and B), suggesting
that STING-mediated Treg differentiation is indeed dependent on
TGE-p. The TGF-p family is composed of three members, including
TGEF-p1, TGF-2, and TGF-p3, which share similar biochemical
properties in inducing TGF-f signaling (31). We observed that both
c¢GAMP and DMXAA stimulation significantly induced TGF-32
expression, but not TGF-p1 or TGF-B3 expression, in WT but
not Sting”~ CD4+ T cells (Fig. 2C). Concurrently, we observed
significant FOXP3 expression in response to STING activation in
CD4+ T cells (Fig. 2C). Furthermore, STING activation induced
similar levels of TGF-P2 and FOXP3 expression in Sting5355A/5365A,
[7]‘3'/ -, and Ifnarl = CD4+ T cells compared to that of WT CD4+
T cells (Fig. 2 D and E), suggesting that STING-mediated TGF-$2
and FOXP3 expression is independent of IRF3 and IFN-I. IL-2 is
another important cytokine that is required for Treg differentiation.
We also found that STING activation dramatically induces IL-2
expression in WT and Sting?®45364 CD4+ T cells but not in
Sting”~ CD4+ T cells (Fig. 2F). To investigate whether IL-2 is
required for STING-mediated Treg differentiation, we introduced
anti-IL2 neutralizing antibodies. We found that the neutralization
of IL2 efficiently blocked STING-mediated Treg differentiation
(Fig. 2 G and H). Taken together, our results suggest that STING
activation in CD4+ T cells induces TGF-B2 and IL-2 expression to
facilitate Treg differentiation.

STING Activates CREB to Induce TGF-f32 and IL-2 Expression. To
investigate how STING transcriptionally induces TGF-p2 and IL-2
expression, we aimed to identify the transcription factors activated
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by STING to facilitate this process. Previously, we performed
RNA-sequencing to compare STING-induced gene expression
in WT, Sting™", and Sting 45354 T cells, and identified many
STING-mediated IFN-independent gene expressions (7). Here,
we performed ingenuity pathway analysis (IPA) to reanalyze our
RNA-sequencing data and identified a dozen STING-mediated
transcription factor activation (Fig. 34). Among these candidates,
IRF3 and STAT1 were two transcription factors more potently
activated in WT compared to Sting?V3S4 T cells (Fig. 34),
suggesting their activation in a STING-mediated IFN-dependent
manner. Indeed, IRF3 and STAT1 are two key transcription
factors playing a crucial role in the STING-mediated IFN-I
pathway. Interestingly, we also identified a group of transcription
factors activated by STING in both WT and Sting™ V54 AT cells
(Fig. 34), indicating their activation in a STING-mediated IFN-
independent manner. Among these transcription factors, NFxB
was known to be activated by STING independently of IFN-I.
Notably, we observed that CREB1, a critical transcription factor
known to transcriptionally induce TGF-f2 and IL-2 expression
(20, 24, 25, 32, 33), was also activated by STING independently
of IFN-I (Fig. 34). Our RNA-sequencing results also identified
many CREB-associated gene expressions, including TGF-p2 and
IL-2, in both WT and Sting 3453654 T cells, but not in Sting™"
T cells, in response to STING activation (S Appendix, Fig. S3).
We scanned the 7¢gfJ2 and /2 promoter sequences and identified
critical CREB1 binding motifs in both gene promoter sequences
(Fig. 3B). To verify whether STING activation can activate CREB,
we isolated CD4+ T cells and stimulated them with DMXAA. We
indeed found that DMXAA treatment induces the rapid activation
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Fig. 2. STINGinduces TGF-p2 and IL-2 expression to promote Treg differentiation. (A and B) TGF-p inhibitor treatment inhibits STING-mediated Treg differentiation.
WT naive CD4+ T cells were treated with DMXAA (2.5 pg/mL) in the presence or absence of TGF-p inhibitor SB 431542 (5 pM) for 3 d. Treg differentiation was
analyzed by intracellular staining of Foxp3 and FACS analysis. Representative FACS plots are shown in (A), and statistics are shown in (B). (C) STING induces Tgfs2 and
Foxp3 expression. WT and Sting”~ CD4+ T cells were treated with mock, DMXAA (2.5 pg/mL), or cGAMP (10 pg/mL) for 3 d. Tgf1, Tgfp2, Tgfp3, and Foxp3 expression
were detected by qRT-PCR. (D and E) The deficiency of IRF3 or IFNAR1 does not affect STING-mediated Tgfs2 and Foxp3 expression. WT, Sting™", Sting>3654/53654,
Irf37, and Ifnar1”- CD4+ T cells were treated with mock or DMXAA (2.5 pg/mL) for 3 d. Tgf2 (D) and Foxp3 (E) expression were detected by qRT-PCR. (F) STING
activation induces //2 expression. WT, Sting™~, and Stings36°¥/53654 CD4+ T cells were treated with mock or DMXAA (2.5 pg/mL), and /12 expression was detected by
gRT-PCR. (G and H) IL-2 neutralization inhibits STING-mediated Treg differentiation. WT naive CD4+ T cells were treated with cGAMP (10 pg/mL) in the presence
or absence of IgG control, anti-IL2 neutralizing antibody JES6-1A12 (10 pg/mL) or S4B6-1 (10 pg/mL) for 3 d. Treg differentiation was analyzed. Representative
FACS plots are shown in (G), and statistics are shown in (H). Error bars: SEM; **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, not significant. Two-way ANOVA test.

Data shown are representative of at least two independent experiments.

of CREB in WT but not Sting”~ CD4+ T cells, as early as 2 h post-
STING activation (Fig. 3 C and D). Together, our data suggest
that STING activation promotes CREB activation to induce
TgfP2 and /2 expression independently of IFN-L

STING Trafficking Is Required to Activate MAPK-CREB Signaling.
We then investigated how STING activates CREB. We found that
STING does not directly interact with CREB in CD4+ T cells,
regardless of STING activation (SI Appendix, Fig. S44). CREB
is a crucial transcription factor known to be activated by several
serine-threonine kinases, including PKA, PKC, and MAPK (28).
We examined these signaling pathways in CD4+ T cells following
STING activation. STING agonist stimulation dramatically
activated MAPK signaling, including MEK1/2, p38, ERK, and
RSK, in WT but not Sting”~ CD4+ T cells (Fig. 4 A and B).

https://doi.org/10.1073/pnas.2320709121

Moreover, the Sting*3®4$%4 mutation or deficiency of IRF3 or
IFNARI did not affect STING-activated MAPK—CREB signaling
(Fig. 44), suggesting that STING activates MAPK-CREB signaling
independently of IRF3 and IEN-I. To further precisely identify
the essential STING signaling activity necessary for MAPK-
CREB activation, we reconstituted Sting'/ - CD4+ T cells with
specific STING mutants, including with STINGR*PP (STING
trafficking deficient) (14, 29), STING"7?* (TBK1 binding &
NFkB deficient) (34) and STING>*** (IRF3 binding & IFN
deficient) (7, 35, 36), each designed to halt STING signaling at
a specific stage (Fig. 4C). After reconstitution, STINGY! restored
DMXAA-induced phosphorylation of CREB, p38, STING,
TBK1, and IRF3; STING%* was deficient in DMXAA-induced
IRF3 phosphorylation but still capable of inducing TBK1, CREB,
and p38 phosphorylation; and STING!7?A abrogated both
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Fig. 3. STING activates CREB1 to induce TGF-B2 and IL-2 expression in T cells. (A) IPA prediction of transcription factor activation by STING. WT, Sting™

/*I and Stin, g53’65A/5355A

T cells were treated with mock or DMXAA, followed by RNA-sequencing analysis (7). The RNA-seq data were analyzed by IPA to predict transcription factor activation
by STING. (B) CREB1 binding site is predicted to exist in the Tgf2 and /2 promoter sequence. Tgf2 and /I2 promoter sequences were scanned by JASPAR (https://
jaspar2020.genereg.net/) and found to contain a CREB1 binding motif, which is highlighted in red. (C and D) STING activates CREB1. WT and Sting”~ CD4+ T cells
were treated with DMXAA for the indicated hours, and CREB and STING signaling were detected by Western blotting (C). Densitometry analysis is performed and
normalized to the mock sample (D). The red arrow indicates the p-CREB band. Data shown are representative of at least two independent experiments.

DMXAA-induced TBK1 and IRF3 phosphorylation but still
able to induce CREB and p38 phosphorylation (Fig. 4 D and E).
In contrast, the STINGRRPP mutant, which we have previously
shown to be deficient in STING trafficking (14), was unable to
activate CREB and p38 (Fig. 4 D and E). Taken together, our
results suggest that STING trafficking from the ER to the Golgi
is required to activate MAPK—CREB signaling independently of
IFN-L.

MAPK p38-CREB Signaling Is Required for STING-Mediated Treg
Differentiation. To explore the correlation between STING-
mediated MAPK activation and Treg differentiation, we examined
the kinetics of these processes during STING activation. We found
that MAPK p38 exhibited rapid activation as early as 2 h post-
STING activation, with this signaling persisting for the subsequent
8 h. In contrast, ERK1/2 activation occurred more gradually
following STING activation (Fig. 5 A-C). We then investigated
Treg differentiation at various time points during STING
activation. Interestingly, we observed that STING failed to induce
Treg differentiation on day 1 but elicited robust Treg differentiation
on days 2 and 3 post-STING activation (Fig. 5 D and E). These
findings suggest that STING-mediated MAPK activation does not
directly trigger Treg differentiation. Instead, it appears to facilitate
Treg differentiation through downstream effects.

To investigate whether MAPK is required for STING-mediated
Treg differentiation, we used lentiviral-based shRNA to knock
down p38 expression in CD4+ T cells, then assessed its impact
on Treg differentiation. Our results indicated that knocking down
p38 (SI Appendix, Fig. S4B) significantly reduced DMXAA- or
c¢GAMP-mediated Treg differentiation (Fig. 5 Fand G). Additionally,
pharmacological inhibition of p38 also dramatically inhibited
STING-mediated Treg differentiation (Fig. 5 H and /). CREB is
the transcription factor known to be activated by p38 (28). We
also found that knocking down p38 diminished CREB activation
in response to STING signaling (SI Appendix, Fig. S4B). Inhibition
of CREB similarly greatly reduced STING-mediated Treg differ-
entiation (Fig. 5 H and J). Taken together, our results suggest an
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essential role of MAPK-CREB signaling in STING-mediated Treg
differentiation.

STING Activation Promotes Treg Induction in Mice. We next
sought to investigate whether STING activation can induce Treg
differentiation in mice. We treated mice with the STING agonist
DMXAA and then assessed Tregs and other immune cell populations.
Our results suggest that DMXAA treatment significantly increased the
frequency and numbers of Treg cells in the periphery, while reducing
the effector-to-Treg ratio (Fig. 6 A-D). Furthermore, we analyzed
naive, central memory, and effector T cells in both CD4+ and CD8+
T cell populations. STING activation led to a significant reduction
in naive and central memory T cells but promoted effector T cells
in frequency and number in CD4+ T cells (Fig. 6 £~K). Similarly,
STING activation reduced naive T cells but enhanced central memory
and effector T cells in CD8+ T cells (Fig. 6 L—R). Together, our results
indicate that STING promotes Treg differentiation in mice.

T Cell Intrinsic STING Activation Induces Treg Differentiation in
a Trex1”~ Autoimmune Disease Mouse Model. Chronic STING
activation is associated with autoimmune and autoinflammatory
diseases in humans (37). Various mouse models, including gain-
of-function Sting"*3* and TrexI™~, have been developed to
investigate STING-associated autoimmune diseases (15, 17,
38-44). Although disease development in Sting""*** and TrexI
mice is caused by constitutive STING activation (15, 17, 38-44),
the downstream signaling driving disease pathogenesis differs. The
gain-of-function Sting">** mutation induces T cell death and
cytopenia independently of IFN-I, leading to Severe Combined
Immunodeficiency (SCID) (14, 17, 41). In contrast, Trex!
deficiency (7rexI™") results in constitutive STING-mediated
IFN-I signaling, leading to T cell activation and autoinflammation
(43, 44) (Fig. 7A4). We sought to use these mouse models to
investigate the impact of T cell intrinsic STING activation on
Treg differentiation. Initially, we analyzed total CD4+ T cells and
Tregs in both frequence and number and found no significant
changes in Sting”™ and Sting*3©#53%4 mice compared to those
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Fig. 4. STING trafficking activates MAPK-CREB signaling in T cells. (A and B) Naive CD4 T cells from WT, Sting™-, Sting®365#536%4, |rf3™~, and Ifnar1~~ mice were
activated with anti-CD3 + anti-CD28 antibodies for 2 d, followed by treatment with mock or DMXAA (2.5 pg/mL) overnight. Cell lysates were then collected for
the detection of MAPK-CREB signaling. Densitometry analysis is performed and normalized to the mock sample (B). (C) The schematic representation of STING
mutations designed to selectively block STING signaling at specific stages. (D and E) Reconstitution of Sting”~ CD4+ T cells with STING mutants. Sting”~ CD4+ T cells
were reconstituted with STING WT or various mutants, followed by stimulation with mock or DMXAA (2.5 pg/mL) overnight. MAPK-CREB and STING signaling
were assessed by Western blotting. Densitometry analysis is shown in (E). The data presented are representative of at least three independent experiments.

in WT mice, suggesting that STING at the resting stage is not
required for Treg development (Fig. 7 B~F). Next, we explored the
impact of activated STING on Treg differentiation. The gain-of-
function Sting""*"* mutation induced T cell death (14), resulting
in reduced CD4+ T cells and Tregs as expected (Fig. 7 B-F).
However, CD4+ T cells showed no significant changes in Trex!™/~
mice (Fig. 7 Cand D), indicating that STING activation primed
by TrexI deficiency is not sufficient to induce CD4+ T cell death.
In contrast, Treg cells significantly increased in Zrex! = mice
compared to WT mice (Fig. 7 £ and F). We also observed that
the effector-to-Treg ratio was significantly increased in Sting'">*¥*
mice, but not in ZrexI”~ mice (Fig. 7G).

We then analyzed naive, central memory, and effector T cell sub-
sets in both CD4+ and CD8+ T cells from these mice. The frequency
and number of these subsets were comparable between WT, Stz'ng'/ 5
and StingB“A/““A mice (S Appendix, Fig. S5). However, in StingN 1535
mice, the gain-of-function STING mutation significantly reduced
the frequency and number of naive T cells in both CD4+ and CD8+
T cells compared to WT mice (S/ Appendix, Fig. S5 B, E, I, and L).
While the percentage of central memory T cells showed a slight
increase, their absolute numbers were notably decreased in both
CD4+ and CD8+ T cell populations in Sting"">* mice compared to
WT mice (87 Appendix, Fig. S5 C, F, J, and M). The Sting"">** muta-
tion also resulted in an increased frequency, but not number, of effec-
tor T cells in both CD4+ and CD8+ T cells compared to WT mice
(81 Appendix, Fig. S5 D, G, K, and N). TrexI-deficient mice exhibited
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asimilar reduction in naive T cell frequency and number (CD4+ and
CD8+) as Sting"* mice (SI Appendix, Fig. S5). However, Trex]
deficiency had a distinct effect, expanding both central memory and
effector T cells within both CD4+ and CD8+ subsets (ST Appendix,
Fig. S5).

We next investigated whether STING activation driven by
TrexI deficiency also promotes Treg differentiation in vitro. Naive
CD4+ T cells from WT and Zrex! ™~ mice were treated with mock,
DMXAA, or cGAMP to induce Treg differentiation. We found
that intrinsic STING activation in ZrexI™~ CD4+ T cells without
ligand stimulation is sufficient to drive Treg differentiation (Fig. 7
H and 1). Moreover, further STING activation by an agonist can
boost Treg differentiation of both WT and Trex1”~ CD4+ T cells
to a similar level (Fig. 7 H and /). Consistently, we also observed
increased expression of 7gfb2 and Foxp3in Trex1™~ CD4+ T cells
compared to WT CD4+ T cells (87 Appendix, Fig. S4C).

To investigate whether the increased Tregs induction in Zrex!™
mice is dependent on STING, we generated TrexI™~Sting™~ mice.
The increased Treg cells in 7rex!™~ mice were returned to the WT
level upon STING deletion in Trex! ™ mice (ZrexI™~Sting™",
Fig. 7 J and K), suggesting that constitutive STING activation
drives Treg differentiation in Z7exI~~ mice.

To further investigate whether this is a T cell-intrinsic or extrinsic
effect of STING, we conducted T cell adoptive transfer experiments.
We isolated naive CD4+ T cells from W'T, Trex!™~and TrexI ™ Sting™
mice and then adoptively transferred these cells into Rag/™~ mice to
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Fig. 5. MAPK-CREB is required for STING-mediated Treg differentiation. (A-C) WT Naive CD4 T cells were activated with anti-CD3 + anti-CD28 antibodies for
2 d, followed by treatment with mock or DMXAA (2.5 pug/mL) for indicated hours. Cell lysates were then collected for the detection of MAPK-CREB signaling.
Densitometry analysis was performed and normalized to the mock sample (B and (). (D and E) WT naive CD4+ T cells were stimulated with mock or DMXAA
(2.5 pg/mL) for 1 to 3 d, followed by Treg analysis. Representative FACS plots are shown in (D), and statistics are shown in (E). (Fand G) Knockdown of p38 inhibits
STING-mediated Treg differentiation. WT naive CD4+ T cells were transduced with lentiviral-mediated sh-luciferase control or sh-p38, followed by stimulation
with mock, DMXAA (2.5 ug/mL), or cGAMP (20 pg/mL) for 3 d. Representative FACS plots are shown in (F), and statistics are shown in (G). (H and /) p38 or CREB
inhibitor treatment inhibits STING-mediated Treg differentiation. WT naive CD4+ T cells were treated with mock or cGAMP (20 pg/mL) in the presence or absence
of p38 inhibitors sb203850 (10 uM) or sb202190 (10 uM), or CREB inhibitor 666-15 (1 uM), for 3 d. Treg differentiation was analyzed by intracellular staining of
Foxp3 and FACS analysis. Representative FACS plots are shown in (H), and statistics are shown in (/). Error bars: SEM; *P < 0.05, ***P < 0.001, ****P < 0.0001; ns,
not significant. Two-way ANOVA test. Data shown are representative of two independent experiments.

allow for their homeostatic proliferation and differentiation in the
lymphopenic environment in vivo (Fig. 7L). We confirmed the com-
plete depletion of Tregs in our isolated naive CD4+ T cells before
adoptive transfer (Fig. 7M). After 1 mo, T cells were isolated from
both the spleen and lymph nodes, and Treg differentiation was ana-
lyzed. We observed a significant increase in Treg differentiation in
mice that received adoptive transfer of Zrex!”~ naive CD4+ T cells
compared to those that received WT naive CD4+ T cells (Fig. 7
N-P). Interestingly, the elevated Treg differentiation observed in mice
that received TrexI™~ naive CD4+ T cells returned to WT levels
upon STING deletion in ZrexI™~ CD4+ T cells (TrexI™~Sting™),
both in the spleens and lymph nodes (Fig. 7 N—P). Collectively, our
data suggest that intrinsic STING activation in CD4+ T cells induces
Treg differentiation in vivo.

Discussion

STING is a crucial innate immune sensor that recognizes cGAMP
produced by ¢GAS to induce IFN-I expression. Extensive research has
focused on the STING-mediated IFN response in innate cells. Despite

PNAS 2024 Vol.121 No.29 2320709121

being more abundantly expressed in adaptive T cells, its intrinsic func-
tions in T cells remain unclear. We previously demonstrated that
STING activation in T cells induces widespread IFN-independent
activities, including the activation of a cell death pathway (7). In our
current study, we uncovered an IFN-independent signaling pathway
of STING. We found that STING trafficking can activate MAPK
signaling, leading to CREB transcription activation, which in turn
induces the expression of TGF-f2 and IL-2 to facilitate Treg differen-
tiation (S] Appendix, Fig. S6). Administration of a STING agonist or
T cell-intrinsic STING activation primed by 77ex! deficiency pro-
motes Treg differentiation in mice. Thus, the STING-MAPK-CREB
axis represents an IFN-independent signaling pathway that may pro-
foundly impact T cell effector function and adaptive immunity.

The unique characteristic of STING signaling is that STING
activation requires its translocation from the ER to the Golgi.
STING trafficking has been demonstrated to mediate several
IFN-independent activities, including NFkB signaling, autophagy,
calcium signaling, and UPR (14, 29, 45). A recent discovery
revealed STING’s new function as a direct proton channel, medi-
ating proton efflux from the Golgi (46, 47). Here, we found that
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Fig. 6. STING activation promotes Treg differentiation in mice. Six-week-old mice were i.p. injected with vehicle or DMXAA (10 mg/kg) for 10 consecutive days.
Splenocytes were harvested and stained for CD4, CD8, CD44, CD62L, and Foxp3. (A-C) Analysis of Treg cells. Representative FACs plots are shown in (A). Treg
cell percentages and numbers are shown in (B and C). (D) The ratio of effector T cells to Treg cells. (E-K) Analysis of naive, central memory, and effector CD4+
T cells. Representative FACs plots are shown in (E). The percentage (F-H) and cell number (/-K) of naive, central memory, and effector CD4+ T cells are shown in
bar graphs. (L-R) Analysis of naive, central memory, and effector CD8+ T cells. Representative FACs plots are shown in (L). The percentage (M-0) and cell number
(P-R) of naive, central memory, and effector CD8+ T cells are shown in bar graphs. Error bars: SEM; *P < 0.05, ***P < 0.001, ****P < 0.0001; ns, not significant.

Two-way ANOVA test.

STING trafhicking is sufficient to activate MAPK—CREB signaling
independently of IRF3 and IFN. CREB is a transcription factor
known for its role in cell proliferation, differentiation, and survival
(28). Given that STING trafficking is conserved across evolution,
even in single-cell organisms (48), it is likely that STING may
regulate cell growth and development in those lower organisms
through the regulation of MAPK-CREB signaling.

How does STING trafficking activate the MAPK pathway?
We previously demonstrated that STING activation induces ER
stress in T cells (14). It has been reported that ER stress could
activate Apoptosis signal-regulating kinase 1 (ASK1), an essen-
tial kinase that directly activates MAPK signaling (49).
Additionally, we presented evidence that the STING ER exit
induces calcium flux (14), which can also trigger MAPK acti-
vation (50). As T cell receptor (TCR) stimulation can activate
MAPK signaling (51), it is possible that STING can enhance

https://doi.org/10.1073/pnas.2320709121

this process, and the STING signaling can synergize with TCR
to induce MAPK activation.

Emerging evidence underscores the pivotal roles of CREB in
immune responses, promoting the proliferation, survival, and reg-
ulation of T'and B lymphocytes (19). CREB has been demonstrated
to transcriptionally regulate many genes closely associated with
T cell effector function, such as TCRa, TCRpB, CD3d, CD8a, IL-2,
CD25/IL-2Ra, and IL-2Rg, suggesting that CREB may play a
broad role in T cell function (20-23). In this study, we examine the
transcriptional regulation of IL-2 and TGF-p2 by CREB in Treg
differentiation. Our transcriptional analysis, comparing STING-
induced gene expression in W'T, Sting™~, and Sting**4S3AT cells,
identified many differentially expressed genes (DEGs) associated
with T cell effector function (7). Future validation of which DEGs
are induced by CREB will provide insights into the roles of STING-
MAPK-CREB signaling in the induction of other cytokine gene
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Two-Way ANOVA test. Data shown are representative of at least two independent experiments.

expressions, which may potentially influence T cell lineage devel-
opment beyond Tregs. A recent study also showed that STING
activation induces FOXP3 expression through the activation of
SMAD?3 and STAT (52). It is possible that multiple transcriptional
programs might be activated by STING to regulate FOXP3 expres-
sion beyond CREB.

STING has been found to activate both type I (IFNa and
IFN) and type II IFN (IFNYy) responses (30). Interestingly, SAVI
disease has been defined as a type II interferonopathy, as deletion
of IFNYR1 has been shown to improve multiple clinical features in
SAVI mice, including lung disease and T cell cytopenia, including
Tregs (30). Since IFNY plays a crucial role in Treg development, it

PNAS 2024 Vol.121 No.29 2320709121

is possible that STING might regulate Treg differentiation through
IFNYy. However, our data indicate that deletion of IFNy does not
affect STING-mediated Treg differentiation. Instead, knockdown
of MAPK p38 or pharmacological inhibition of MAPK p38 or
CREB markedly inhibits STING-mediated Treg differentiation.
Thus, the STING-MAPK-CREB signaling axis represents an
intrinsic T cell signaling pathway distinct from the STING-IFNy
signaling pathway in regulating Treg differentiation.

Throughout our study, we used different ligands, DMXAA and
cGAMRP, to activate STING. We also included STING knockout and
other genetically modified STING as controls to exclude the
STING-independent off-target effects of DMXAA. We demonstrated
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that administering the STING agonist DMXAA induces Treg devel-
opment in WT mice. Although DMXAA is widely used asa STING
agonist both in vitro and in vivo, it may have unknown targets. For
example, we observed very mild MEK1/2 and p38 activation in
STING knockout cells in response to DMXAA treatment (Fig. 4),
albeit to a much lesser extent than in WT cells. Therefore, DMXAA-
mediated Treg development (or other effects) may depend on STING
along with another unknown target. To further clarify this finding,
we analyzed Treg development in STING gain-of-function mice,
including TrexI™~ and Sting"">** mice. We found that a gain-of-
function STING mutation (Sting"**) induces Treg cell death,
while constitutive activation of STING in ZrexI™~ T cells promote
Treg expansion. This finding further confirms that STING activation
can promote Treg development in mice. To clarify the differential
effects of STING activity on Treg development, we propose two pos-
sibilities. One possible explanation is that this may be related to
STING signaling intensity. It is likely that intensive STING activation
caused by STING gain-of-function mutation induces Treg cell death,
while moderate STING activation caused by 77ex! deficiency pro-
motes Treg differentiation. Another possible scenario may be related
to how STING gets activated. The Sting">** mutation-induced
STING activation is independent of ligand binding, whereas STING
activation in ZrexI™ T cells relies on STING ligand cGAMP binding.
The distinct ways in which STING gets activated may determine
which downstream signaling pathways would be activated.

Treg expansion in ZrexI ™~ mice depends on STING signal-
ing, as this phenomenon disappears when STING is further
deleted in 7rexI”mice. This is likely a T cell intrinsic effect,
as the adoptive transfer of TrexI™~ naive CD4+ T cells into
Ragl™~ mice also results in expansive Treg differentiation.
Loss-of-function mutations in the human 7rex] gene cause
autoimmune and autoinflammatory diseases, including Aicardi—
Goutiéres syndrome (AGS) and systemic lupus erythematosus
(SLE) (53, 54). Trex1”~ mice develop autoimmune phenotypes
that recapitulate several clinical features in human patients.
TrexI”"-mediated autoimmunity initiates in nonhematopoietic
cells but progresses via T' lymphocytes (43). It has been pro-
posed that STING-mediated IEN signaling caused by 7rex!
deficiency promotes antigen presentation to activate T cell-
mediated autoimmunity (43). However, the relative contribu-
tion of T cell intrinsic STING activation to T cell auto-activation
is not well understood. STING activation in T cells promotes
Th1 and Th9 differentiation (10), which may contribute to
autoimmunity in 7rexI™~ mice. However, we have shown that
Treg cell percentage and number significantly increase in
Trex1™~ mice due to T cell intrinsic STING activation. This
finding leads us to propose the hypothesis that intrinsic STING
activation in Tregs promotes Treg development, which may act
as a rheostat to counter T cell-mediated autoimmunity in
Trex1”~ mice. The conditional deletion of STING in different
subtypes of T cells in 77ex!~"mice should provide more critical
insights into how intrinsic STING functions in different subsets
of T cells contribute to Trex1-associated autoimmunity. In fact,
it has been reported that STING potently suppresses inflam-
mation in a model of systemic lupus erythematosus (SLE) (55).
Thus, the multifaceted functions of STING in pro- or anti-T cell
activation may be critical to maintaining a homeostatic immune
environment.

In summary, we have identified an IFN-independent signaling
axis of STING in T cells, whereby STING trafficking triggers
MAPK-CREB signaling to facilitate Treg differentiation both
in vitro and in vivo. STING-MAPK-CREB signaling represents
an IFN-independent pathway that may have a profound effect on
T cell effector function beyond Treg differentiation.

https://doi.org/10.1073/pnas.2320709121

Materials and Methods

Mice and Cells. The Sting™", Sting"'*35"*, Sting®36*#4%54 and Trex1*'~ mice
were obtained from Nan Yan (UT Southwestern Medical Center). /3~ mice
were obtained from Ganes Sen and Laura Nagy (Lerner Research Institute) with
permission from Tadatsugu Taniguchi. fnar1~"~, Ifngr1~'-, Rag1~/~, and Foxp3'"*
reporter mice were purchased from Jackson Labs. All mice were maintained in the
Lerner Research Institute Biological Resources Unitand were used in accordance
with protocols approved by the Institutional Animal Care and Use Committee at
the Cleveland Clinic Foundation. HEK293Tand MEFs were maintained in DMEM
with 10% (vol/vol) FBS, 2 mM L-glutamine, 10 mM HEPES, and 1T mM sodium
pyruvate (complete DMEM) with the addition of 100 U/mL penicillin and 100
mg/mL streptomycin and cultured at 37 °C with 5% C02.

Antibodies. The following antibodies were used for flow cytometry: anti-CD8«
(53 to 6.7), anti-CD4 (L3T4), anti-CD3e (145-2C11), anti-CD25 (PC61.5),
anti-CD69 (H1.2F3), anti-CD44 (IM7), and anti-Foxp3 (MF-14) all from
BioLegend. The splenocytes or T cells were stained with the indicated panel of
antibodies according to the manufacturers' instructors, and then analyzed by BD
FACSymphony™ Flow Cytometer. Purified anti-CD3g (145-2C11) and anti-CD28
(37.51; both from BioXCell) were used at the appropriate concentration for T cell
activation. The following antibodies were used forimmunoblotting analysis: anti-
STING (D2P2F; Cell Signaling), anti-pSTING (D8F4W; Cell Signaling), anti-TBK1
(D1B4; Cell Signaling), anti-pTBK1 (D52C2; Cell Signaling), anti-IRF3 (D83B9,
Cell Signaling), anti-pIRF3 (4D4G, Cell Signaling), Phospho-CREB (87G3, Cell
Signaling), Phospho-p38 (D3F9; Cell Signaling), Phospho-SAPK/INK (81E11;
Cell Signaling), Phospho-MEK1/2 (41G9; Cell Signaling), Phospho-p44/42
MAPK (Erk1/2) (D13.14.4E; Cell Signaling), Phospho-p90RSK (D3H11; Cell
Signaling), total CREB (48H2, Cell Signaling), total p38 (D13E1, Cell Signaling),
and Phospho-MSK1 (Thr581; Cell Signaling).

RNA Isolation and qRT-PCR. Total RNAwas isolated with a TRI reagent according
to the manufacturer's instructions (Sigma-Aldrich). cDNA was synthesized with
an iScript cDNA synthesis kit (Bio-Rad). The iTaq Universal SYBR Green Supermix
(Bio-Rad) and an CFX96 Touch Real-Time PCR Detection System (Bio-Rad) were
used for gRT-PCR analysis (primer sequences listed in S/ Appendix, Table S1).
Gapdh were used as housekeeping genes for data normalization.

T Cell Adoptive Transfer. T cell adoptive transfer was performed as described
previously (7). Briefly, the spleen was isolated, crushed, and passed through a
70-pM strainer to get the single cell suspension. Red blood cells were lysed by
ACK lysis buffer. Naive CD4+ T cells were isolated with the T Cell Isolation Kit
(Miltenyi, #130-104-453) according to the manufacturer's instructions. T cell
purity was examined by staining CD4 and CD25 expression and flow cytome-
try analysis. 5 x 10 naive CD4+ T cells were then adoptively transferred into
Rag1~'~ mice by i.v.injection. One month later, spleens and lymph nodes were
harvested and analyzed for Treg differentiation in vivo by staining CD4 and
FOXP3 expression.

T Cell Activation and Differentiation In Vitro. Treg differentiation was per-
formed according to the procedure described previously (56). 1 x 10° CD4+
T cells were isolated and activated in 24-well plates precoated with 10 mg/mL
anti-CD3(145-2C11, BioXCell)and 10 mg/mLanti-CD28 mAb (37.51, BioXCell).
For Treg differentiation, 5 ng/mL TGF-B (Biolegend, #781802), 20 ng/mL IL-2
(Peprotech, #212-12), 5 ug/mL anti-IFNy (BioLegend, #505834), and 5 pg/mL
anti-1L4 (BioLegend, #504122) were added to the culture for 3 d. The FOXP3 intra-
cellularstaining kit (ThermoFisher, #00-5523-00) was used to quantify Treg differ-
entiation according to the manufacturer's instructions. For STING-mediated Treg
differentiation, STING agonist DMXAA (2.5 pg/mL, Invivogen, #tlrl-dmx) or 2'3’-
cGAMP (10 pg/mL, Invivogen, #tlrl-nacga23-02), 5 pg/mLanti-IFNy (BioLegend,
#505834),and 5 pg/mLanti-IL4 (BioLegend, #504122) were added to the culture
for 3 d.The Treg differentiation were quantified by FOXP3 intracellular staining.

Viral Transduction of T Cells. For ectopic gene expression, we cloned STING
into the MSCV-puromycin (Addgene #68469) by Gibson HIFI assembly (NEB
#E2621L). The point mutants of STING were made using the Quikchange Il Site-
Directed Mutagenesis Kit (Agilent Technologies, Inc.). To produce recombinant
retroviruses, HEK293T cells were grown to a confluency of 80 to 90% for transfec-
tion. Retroviral constructs were transfected with pCL-Eco (Addgene#12371) ata

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2320709121#supplementary-materials

3:Tratioin HEK293T cells using Lipofectamine 2000 (ThermoFisher) per the man-
ufacturer's instructions. Viruses were collected at day 2 to 3 after transfection and
stored at —80 degrees. For retroviral transduction, CD4+ T cells were activated
in 24-well plates precoated with 10 mg/mLanti-CD3 (145-2C11, BioXCell) and
10 mg/mLanti-CD28 mAb (37.51, BioXCell) for 24 h, and then spin-inoculated
at 800 g with indicated recombinant virus in the presence of 5 mg/mL polybrene
(Sigma-Aldrich) and 10 mM HEPES buffer (GIBCO) for 90 min. Transduced cells
were selected by adding 4 mg/mL puromycin in the culture medium for 2 d.
For shRNA-mediated RNAi, p38 shRNA was cloned into the pLKO.1 len-
tivector, which carries puromycin resistance genes for transduction selection.
HEK293T cells were grown to a confluency of 80 to 90% for transfection. For
lentivirus production, the p38 shRNA lentivector, pMD2.G (Addgene #12259), and
psPAX2 (Addgene #12260) were transfected at a 10:5:9 ratio in HEK293T cells.
Lentivirus collection and T cell transduction were performed as described above.

DMXAA Administration of the Mice. Six-week-old female WT mice were intra-
peritoneally injected with either vehicle or DMXAA(10 mg/kg) for 10 consecutive
days. Splenocytes were harvested and subjected to cell surface staining for CD4,
(D8, CD44, CD62L, and Zombie Aqua. Subsequently, FOXP3 staining was per-
formed using the eBioscience™ Foxp3/Transcription Factor Staining Buffer Set
(cat# 00-5523-00) according to the manufacturer's instructions. The stained cells
were then analyzed using a BD FACSymphony™ Flow Cytometer.
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