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Introduction
CD8' T cells mediate potent antitumor functions and play a critical
role in immunotherapy-induced immune responses against cancer
(1-3). Functionality and metabolic fitness are central determinants
of CD8" T cell efficacy in cancer immunotherapy (4). Importantly,
the functional integrity of CD8* T cells is tightly coupled to metabol-
ic reprogramming (5-7). Proliferating CD8* T cells not only utilize
aerobic glycolysis to support the rapid production of ATP but also
engage mitochondrial metabolism to generate sufficient amounts
of bioenergetic intermediates and fulfill bioenergetic and biosyn-
thetic demands (4, 8, 9). However, tumor-infiltrating CD8* T cells
typically undergo metabolic exhaustion, which is associated with
T cell dysfunction, in the tumor microenvironment (TME) (10-13).
The mechanism by which CD8* T cell metabolic and functional
activity is metabolically regulated in the TME remains unclear.
Oxidative stress, which is reflected by elevated levels of ROS
in the TME, is a hallmark of many cancers (14, 15). Physiological
levels of ROS are important for T cell activation, expansion, and
effector function (16-19). Specific ROS-dependent signaling events
are needed for T cell activation in vitro and antigen-specific T cell
expansion in vivo (18). Persistent dysfunction of oxidative metabo-
lism leads to impaired T cell antitumor functions in vivo (20). On the
other hand, increased ROS production induced by mitochondrial
dysfunction drives T cell exhaustion, and ROS neutralization slows T
cell terminal differentiation (21). Notably, the mechanism by which
oxidative stress shapes CD8" T cell metabolic and functional fitness
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The functional integrity of CD8* T cells is tightly coupled to metabolic reprogramming, but how oxidative stress directs CD8*

T cell metabolic fitness in the tumor microenvironment (TME) remains elusive. Here, we report that SUMO-specific protease
7 (SENP7) senses oxidative stress to maintain the CD8* T cell metabolic state and antitumor functions. SENP7-deficient

CD8* T cells exhibited decreased glycolysis and oxidative phosphorylation, resulting in attenuated proliferation in vitro and
dampened antitumor functions in vivo. Mechanistically, CD8* T cell-derived ROS triggered cytosolic SENP7-mediated PTEN
deSUMOylation, thereby promoting PTEN degradation and preventing PTEN-dependent metabolic defects. Importantly,
lowering T cell-intrinsic ROS restricted SENP7 cytosolic translocation and repressed CD8* T cell metabolic and functional
activity in human colorectal cancer samples. Our findings reveal that SENP7, as an oxidative stress sensor, sustains CD8* T cell
metabolic fitness and effector functions and unveil an oxidative stress-sensing machinery in tumor-infiltrating CD8* T cells.

in the TME remains elusive. Clarifying the oxidative stress-sensing
machinery of tumor-infiltrating CD8* T cells would be valuable.

SUMOylation is a reversible posttranslational modification
(PTM) and regulates the subcellular localization, stability, and tran-
scriptional activity of target proteins (22, 23). Notably, SUMOylation
acts as a sensitive sensor of redox species and is strongly connected
with oxidative stress (24). We and others have shown that SUMO-spe-
cific protease 3 (SENP3) is a redox sensor involved in multiple phys-
iological and pathological processes (15, 25-27). Cytosolic accumu-
lation of SENP3 is induced to enhance autophagosome formation in
a ROS-dependent manner upon cellular starvation (28). Moreover,
ROS-induced SENP3 protein stability is responsible for regulatory T
cell maintenance and DC function in the TME (15, 27). SUMO-specif-
ic protease 7 (SENP7), another SUMO2/3-specific protease, is known
for regulating epithelial-mesenchymal transition, DNA repair, and
innate immune responses (29-32). However, whether SENP7 senses
oxidative stress to affect the phenotype and function of tumor-infil-
trating CD8" T cells has not previously been defined.

Here, we present biochemical, genetic, and functional evidence
that SENP7, as an oxidative stress sensor, sustains CD8* T cell met-
abolic and functional states. We found that ROS-induced cytosolic
translocation of SENP7 promoted PTEN degradation and prevented
PTEN-dependent metabolic defects, thereby enhancing CD8* T cell
antitumor function. Accordingly, pharmacological targeting of ROS
dampened the metabolic fitness of intratumoral CD8* T cells and
impaired their effector functions. These findings highlight the oxi-
dative stress-sensing machinery of CD8* T cells in the TME and sug-
gest that targeting this process may improve cancer immunotherapy.

Results

ROS trigger cytosolic translocation of SENP7 in tumor-infiltrating
CD8" T cells. To investigate the expression profile of SENP7 in
tumor-infiltrating T cells, we isolated CD4* T cells and CD8" T
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cells from patient-derived colorectal cancer (CRC) tissue for immu-
noblot analysis. Intriguingly, SENP7 was highly accumulated in
tumor-infiltrating CD8* T cells (Figure 1, A and B). Similarly, SENP7
expression was greatly increased in CD8* T cells from WT mice
(Figure 1C). Notably, SENP7 cytosolic translocation was induced in
CD8" T cells upon activation by the TCR signals, although SENP7
protein levels were not altered (Figure 1D). Since TCR signals trig-
ger ROS production in CD8" T cells (33), we sought to determine
the potential connection of ROS with SENP7 cytosolic translo-
cation. Addition of H,0, promoted the cytosolic translocation of
SENP7 in CD8" T cells (Figure 1E). Incubation of activated CD8*
T cells with N-acetylcysteine (NAC), a well-defined ROS inhibitor,
prevented TCR-induced cytosolic translocation of SENP7 (Figure
1F). Furthermore, tumor-infiltrating CD8" T cells exhibited higher
levels of ROS and cytosolic SENP7 than did splenic CD8* T cells
from tumor-bearing mice (Figure 1, G-I). In response to NAC treat-
ment, SENP7 in tumor-infiltrating CD8" T cells did not localize to
the cytoplasm (Figure 1]). Importantly, the levels of ROS and cyto-
solic SENP7 in CD8* T cells from human CRC tissue were higher
than those in CD8" T cells from PBMCs (Figure 1, K-M). Pharma-
cologic inhibition of ROS prevented SENP7 cytosolic translocation
in CD8* T cells from CRC tissue (Figure 1N). Collectively, these
results indicate that ROS trigger SENP7 cytosolic translocation in
tumor-infiltrating CD8" T cells.

SENP? ablation dampens CD8"* T cell antitumor responses in vivo.
To explore the role of SENP7 in CD8" T cell antitumor function, we
crossed Senp7"# mice with Cd4-Cre mice to obtain Senp7"? (des-
ignated WT) and Senp7"? Cd4-Cre (designated KO) mice (Sup-
plemental Figure 1A; supplemental material available online with
this article; https://doi.org/10.1172/JCI155224DS1). The KO mice
did not show obvious abnormalities in thymocyte development or
peripheral T cell frequency (Supplemental Figure 1, B-D). In addi-
tion, the percentages of Tregs in the thymus, spleen, and lymph
nodes were comparable between WT and KO mice (Supplemental
Figure 1E). Since CD8* T cells play a crucial role in cell-mediated
tumor killing (34), we inoculated WT and KO mice with MC38
murine colon cancer cells to determine whether SENP7 is required
for antitumor T cell immune responses in vivo. Compared with WT
mice, KO mice exhibited a profound increase in tumor size (Figure
2A). CD8* T cells in the draining lymph nodes from tumor-bearing
KO mice produced less IFN-y than did those from tumor-bearing
WT mice, whereas the frequencies of IFN-y-producing CD4* T cells
in the draining lymph nodes were similar between tumor-bearing
KO mice and tumor-bearing WT mice (Figure 2B). The tumor-bear-
ing KO mice displayed decreased numbers of tumor-infiltrating
CD8" T cells (Figure 2C). Moreover, the tumor-bearing KO mice
had decreased frequencies of tumor-infiltrating IFN-y-producing,
TNF-o-producing, and granzyme B-producing CD8" T cells (Fig-
ure 2, D and E). By contrast, the frequencies of IFN-y-producing
CD4* T cells in the tumors were similar between tumor-bearing
KO mice and tumor-bearing WT mice (Supplemental Figure 2A).
Parallel studies revealed that the KO mice also displayed impaired
CD8' T cell-mediated antitumor immunity in the B16-F10 murine
melanoma model (Figure 2, F and G). To further confirm the CD8*
T cell-specific role of SENP7 in antitumor function, we adoptive-
ly transferred OT-I cells isolated from Senp7"# Cd4-Cre OT-I (KO
OT-I) mice and their WT OT-I littermates into WT mice bearing
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chicken OVA-expressing MC38 (MC38-OVA) tumors. As expect-
ed, mice transferred with KO OT-I T cells displayed a weaker sup-
pression of tumor growth and tumor-induced lethality (Figure 2, H
and I). However, the tumor size and tumor-induced lethality were
similar between the recipients of WT OT-II cells and KO OT-II cells
(Supplemental Figure 2, B and C), indicating that SENP?7 is dis-
pensable for CD4* T cell antitumor function. These results suggest
a CD8* T cell-specific role of SENP7 in antitumor function in vivo.

SENP7 is indispensable for CD8" T cell proliferation in vivo and
in vitro. To clarify the mechanism underlying the reduced antitu-
mor activity of SENP7-deficient CD8* T cells, we isolated tumor-
infiltrating CD8" T cells from tumor-bearing WT and KO mice for
transcriptomic analysis. Cell proliferation-related genes, including
Mki67, Cdkl, Plkl, and Ccnbl, were downregulated in tumor-infil-
trating SENP7-deficient CD8* T cells (Figure 3A). Consistent with
this finding, the percentage of Ki-67* tumor-infiltrating CD8" T
cells was lower in tumor-bearing KO mice (Figure 3B). By contrast,
tumor-bearing WT and KO mice had similar percentages of Ki-67*
tumor-infiltrating CD4* T cells (Figure 3C). Although anti-pro-
grammed cell death 1 (anti-PD-1) treatment efficiently inhibited
tumor progression in tumor-bearing WT mice, this efficiency was
largely suppressed in tumor-bearing KO mice (Figure 3D), indicat-
ing that SENP7-dependent CD8* T cell proliferation contributed to
the antitumor immune response to checkpoint blockade.

To confirm that SENP7 is required for CD8* T cell proliferation,
we examined CD8" T cell activity in vitro. Indeed, expression of the
cell proliferation marker Ki-67 after TCR and CD28 stimulation
was attenuated in SENP7-deficient CD8" T cells (Figure 3E). Con-
sistent with this finding, defective proliferation of SENP7-deficient
CD8" T cells was observed after TCR and CD28 stimulation (Fig-
ure 3F). On the other hand, neither the induction of T cell activa-
tion markers (Supplemental Figure 3, A and B) nor the frequency of
apoptotic cells (Figure 3G) was affected in SENP7-deficient CD8*
T cells. Furthermore, the expression of Ki-67 in SENP7-deficient
CD4" T cells was similar to that in WT CD4* T cells (Supplemental
Figure 3C). Therefore, SENP7 is indispensable for CD8" T cell pro-
liferation in vivo and in vitro.

SENP7 promotes glycolysis and oxidative phosphorylation in CD8*
T cells. To explore SENP7-dependent transcriptional programs, we
analyzed the gene expression profiles of tumor-infiltrating CD8*
T cells. Intriguingly, the phosphoinositide 3-kinase/mTOR (PI3K/
mTOR) signaling pathway-related gene expression profile was
altered in tumor-infiltrating SENP7-deficient CD8" T cells (Fig-
ure 4A). We further performed RNA-Seq using naive CD8" T cells
activated in vitro to confirm the gene expression profiles. As expect-
ed, the levels of genes involved in the PI3K/mTOR signaling path-
way were modulated in SENP7-deficient CD8" T cells (Figure 4B).
Immunoblot and flow cytometric analyses revealed that activation
of mTORCI (assessed by measuring the phosphorylation of ribo-
somal protein S6) and mTORC2 (assessed by measuring the phos-
phorylation of AKT at Ser473) was impaired in SENP7-deficient
CD8' T cells stimulated with anti-CD3 and anti-CD28 antibodies
(Figure 4, C and D). Because the PI3K/mTOR signaling pathway
mediates metabolic reprogramming to sustain T cell proliferation
and effector function (34), we next assessed CD8* T cell metabolic
fitness. Interestingly, SENP7-deficient CD8* T cells had significantly
lower baseline and maximum glycolytic rates than did WT CD8* T
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Figure 1. ROS trigger cytosolic translocation of SENP7 in tumor-infiltrating CD8* T cells. (A and B) Immunoblot analysis of the indicated proteins (A) and
quantification of SENP7 expression (B, n = 6) in CD4* and CD8" T cells from CRC tissues. (C) Immunoblot analysis of the indicated proteins in CD4* and

CD8* T cells from WT mice stimulated with anti-CD3 and anti-CD28 antibodies (a-CD3/28). (D-F) Immunoblot analysis using whole-cell lysates (WL) and
nuclear (NF) and cytoplasmic (CF) fractions of CD8* T cells from WT mice stimulated with anti-CD3 and anti-CD28 antibodies (D), CD8* T cells from WT
mice treated with 0.2 mM H,0, for 1 hour (E), and CD8" T cells from WT mice stimulated with anti-CD3 and anti-CD28 antibodies plus 10 mM NAC for 1 hour
(F). (G and H) Histogram shows the MFI of ROS (G) and quantification of the MFI of ROS (H, n = 7) in CD8* T cells from the spleens (Spl) and tumors (TIL)

of tumor-bearing mice (day 7 after injection of tumors with MC38 cells). (I and J) Immunoblot analysis using CD8* T cells from the spleens and tumors of
tumor-bearing mice (l) and tumor-infiltrating CD8* T cells treated with 10 mM NAC for 1 hour (J). (K and L) Histogram shows the MFI of ROS (K) and quanti-
fication of the MFI of ROS (L, n = 4) in CD8* T cells from patient-derived PBMCs and CRC tissues. (M and N) Immunoblot analysis of the indicated proteins
in CD8* T cells from patient-derived PBMCs and CRC tissues (M) and CD8* T cells from CRC tissues treated with 10 mM NAC for 1 hour (N). Representative
data are shown from 2 (A, M, and N) and 3 (C-F, |, and }) independent experiments. *P < 0.05 and **P < 0.01, by Student’s t test (B, H and L).

cells (Figure 4E). Moreover, SENP7-deficient CD8" T cells displayed
decreased oxidative phosphorylation (OXPHOS) rates at maximum
capacity (Figure 4F). Hence, SENP7 promotes activation of PI3K/
mTOR signaling to sustain CD8* T cell glycolysis and OXPHOS.
SENP7-dependent reduction in PTEN controls CD8"* T cell metab-
olism and function. Our results revealed that SENP7 deficiency
inhibited phosphorylation of AKT at Thr308 in CD8" T cells (Figure
5A), indicating that the upstream pathway of PI3K/mTOR signal-
ing is regulated by SENP7. However, PI3K activity was compara-
ble in WT and KO CD8" T cells (Figure 5B). Since PTEN serves as
the main negative regulator of PI3K (35), we next examined the
activity of PTEN. Interestingly, TCR and CD28 stimulation led to
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a reduction of PTEN protein expression in WT CD8* T cells (Fig-
ure 5C). Notably, SENP7 deficiency strongly prevented the T cell
receptor- (TCR-) and CD28-induced reduction in PTEN expression
(Figure 5C). To validate the contribution of PTEN activity to the
observed phenotypes of SENP7-deficient CD8* T cells, we crossed
Senp7/# Cd4-Cre (KO) mice with Pten” mice to generate Senp7"#
Pten? Cd4-Cre (double-KO [DKO]) mice. Compared with stimu-
lated Senp7## Cd4-Cre (KO) CD8" T cells, stimulated DKO CD8*
T cells showed markedly enhanced mTORCI activity (Figure 5D).
Ki-67 expression and the proliferation of activated SENP7-deficient
CD8* T cells were considerably augmented by deletion of PTEN
(Figure 5, E and F). Furthermore, the glycolytic and OXPHOS

:



:

RESEARCH ARTICLE

The Journal of Clinical Investigation

A B (o] D
e WT e WT
® KO ® KO
= g
& 250 = —_ =40 = *k
= = 3
£ 200 WS T =] =30 8401 -,
9 150 P a 3 S 20 o
@ 100 {2+ " * % = 5 o 201 ||+
g 50 2 2 (L 10 €10f| ["
5 w (@] Z &
- t— = 0 @ 0
8 10 12 14 16 18 20 5
Days after tumor injection
E TLs
WT WT KO
5 05' ]
10°4 15.5 322 ! 13.0 T
104 ﬁ 10“ 4
b d 1 S m
o I ﬁ' Al A B
5102, <t " 'f“’z' c 1 ; &
i 0 ! ] E -1—- —— "—!'!:nl'-—l ey vy eyt g
0102 10% 10¢ 108 0102 10% 10¢ 10° 0102 10% 10¢ 10°
cD8 > cD8 » CD8 >
F G H I
o WT e WT ® WT OT-l ® WTOT-I
KO ® KO ® KO OT-l ® KOOT-
— 30, NS _ 80 = ]
T 250 . s ; g i 250 i ﬁ100
£ 200 " = 00 + 60 £ 200 a0 -
g 150 * 3 a o 150 e = 601
N P ) o 40 N [}
2 100 S0l = 21009, 2 40 *k
5 T 20 5 g
£ 50 z z £ 50 @ 20 '—l
= [T = p=
- ot =0 0 F 0 0 . v . .
8 10 12 14 16 18 8 1012141618202224 0 10 20 30 40

Days after tumor injection

Days after tumor injection Days after tumor injection

Figure 2. SENP7 ablation dampens CD8" T cell antitumor responses in vivo. (A) Tumor growth in Senp7™" (WT) and Senp7"/f Cd4-Cre (KO) mice injected
s.c. with MC38 murine colon cancer cells (n = 10 mice per group). (B) Flow cytometric analysis of the frequency of IFN-y-producing CD8* or CD4* T cells in
the draining lymph nodes of WT and KO mice injected s.c. with MC38 murine colon cancer cells (day 14, n = 6). (C) CD8* T cell numbers in tumors (TILs) of
WT and KO mice injected s.c. with MC38 murine colon cancer cells (day 14, n = 4) were normalized to 100 mg tumor tissue. (D and E) Flow cytometric
analysis of IFN-y-producing, TNF-a-producing, or granzyme B-producing CD8* T cells in the tumors of WT and KO mice injected s.c. with MC38 murine
colon cancer cells (day 14, n = 5). The data are presented as summary graphs in D and as representative plots in E. (F) Tumor growth in WT and KO mice
injected s.c. with B16-F10 melanoma cells (n = 10 mice per group). (G) Frequency of IFN-y-producing CD4* T cells or CD8* T cells in the tumors of WT and
KO mice injected s.c. with B16-F10 melanoma cells (day 14, n = 5). (H and 1) Tumor growth and survival curves for B6.SJL mice injected s.c. with MC38-0VA
cancer cells adoptively transferred with WT OT-1 or Senp7™/ Cd4-Cre (KO) OT-1 CD8* T cells on day 7 after tumor cell inoculation (n = 10 mice per group).
Representative data are shown from 3 independent experiments. Data are presented as the mean + SEM. *P < 0.05 and **P < 0.01, by 2-tailed Student’s

t test (A-D and F-H) and log-rank (Mantel-Cox) test (I).

rates in activated SENP7-deficient CD8* T cells were considerably
increased by deletion of PTEN (Figure 5, G and H). Importantly,
SENP7-sufficient and SENP7-deficient CD8* T cells displayed com-
parable levels of S6 phosphorylation, Ki-67 expression, cell prolif-
eration, glycolysis, and OXPHOS in the absence of PTEN (Figure
5, D-H). We further reconstituted Ragl-KO mice with WT, Senp7*#
Cd4-Cre (KO), Pten? Cd4-Cre (Pten-KO), or Pten’? Senp7™ Cd4-
Cre (DKO) CD8" T cells along with an equal number of WT CD4*
T cells. After MC38 tumor challenge, Ragl-KO mice reconstitut-
ed with PTEN-deficient CD8" T cells plus WT CD4" T cells had
enhanced antitumor immunity (Figure 5, I and J). Importantly,
the tumor size and frequency of IFN-y-producing CD8* T cells in
tumors were similar between the recipients of DKO CD8* T cells

plus WT CD4" T cells and the recipients of Pten-KO CD8" T cells
plus WT CD4* T cells (Figure 5,1 and J). These results suggest that a
SENP7-dependent reduction in PTEN maintains CD8* T cell meta-
bolic fitness and effector function.

SENP7-mediated PTEN deSUMOylation facilitates PTEN deg-
radation. We next sought to determine whether SENP7 mediates
deSUMOylation to regulate PTEN activity. SENP7 was found to
interact with PTEN in CD8" T cells (Supplemental Figure 4A).
Transfection of human embryonic kidney 293T (HEK293T) cells
with the corresponding constructs further confirmed the interac-
tion between SENP7 and PTEN (Supplemental Figure 4B). When
we coexpressed PTEN with SENP7, PTEN SUMOylation was dra-
matically inhibited, but this effect did not occur with coexpression

J Clin Invest. 2022;132(7):e155224 https://doi.org/10.1172/)CI155224
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Figure 3. SENP7 is indispensable for CD8* T cell proliferation in vivo and in vitro. (A) Heatmap of downregulated genes associated with T cell prolifera-
tion in tumor-infiltrating WT and SENP7-deficient CD8* T cells. CD8* T cells were isolated from tumor-bearing WT and KO mice on day 7 after injection of

tumors with MC38 murine colon cancer cells. (B and C) Flow cytometric analys
cells (C) from WT and KO mice injected s.c. with MC38 murine colon cancer cel

is of the frequency of Ki-67* tumor-infiltrating CD8* T cells (B) and CD4* T
Is (day 14, n = 5). (D) Tumor growth in WT and KO mice injected with MC38

colon cancer cells (n = 6) followed by i.p. injection with 50 pg anti-PD-1 antibody or control antibody (Ctrl) on days 7, 10, and 13. (E) Flow cytometric analysis
of the frequency of Ki-67* WT and KO CD8* T cells stimulated with anti-CD3 and anti-CD28 antibodies for 2 days (n = 7). (F) Flow cytometric analysis of the
division of WT and KO CD8" T cells. Naive WT and KO CD8" T cells labeled with CFSE were stimulated for 72 hours with antibodies against CD3 and CD28.
(G) Flow cytometric analysis of apoptotic WT and KO CD8* T cells stimulated with anti-CD3 and anti-CD28 antibodies for 1day (1 = 5). Data are represen-
tative of 3 or more independent experiments and are presented as the mean + SEM. *P < 0.05 and **P < 0.01, by 2-way ANOVA with Geisser-Greenhouse

correction (D) and 2-tailed Student’s t test (B, C, and E-G).

of the catalytically inactive SENP7 (Figure 6A). Consistent with
this finding, PTEN was transiently SUMOylated in KO CD8* T cells
upon TCR and CD28 stimulation, but this effect was not observed
in WT CD8" T cells (Figure 6, B and C), indicating that SENP7 pre-
vents the SUMOylation of PTEN in activated CD8* T cells. Treat-
ment with a protein synthesis inhibitor, cycloheximide (CHX), led
to substantial loss of PTEN in activated WT CD8* T cells but not in
activated KO CD8* T cells (Figure 6D), indicating that SENP7 reg-
ulates PTEN degradation. Because K48-linked ubiquitin chains are
the primary signal for protein degradation (36), we next examined

J Clin Invest. 2022;132(7):e155224

the level of K48-linked ubiquitination (K48Ub) of PTEN in activat-
ed CD8" T cells. Blocking protein degradation with a proteasome
inhibitor, MG132, resulted in accumulation of PTEN in WT CD8*
T cells, similar to that observed in SENP7-deficient CD8" T cells
(Figure 6E). In this condition, we observed abundant K48-linked
ubiquitination of PTEN in activated WT CD8* T cells (Figure 6E),
and this modification is likely responsible for TCR- and CD28-
induced PTEN degradation. However, this phenomenon did not
occur in activated SENP7-deficient CD8* T cells (Figure 6E), indi-
cating that dramatically increased PTEN SUMOylation inhibits
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Figure 4. SENP7 promotes glycolysis and OXPHOS of CD8" T cells. (A) RNA-Seq analysis using WT and KO CD8"* T cells isolated from the tumors of mice
injected s.c. with MC38 colon cancer cells (day 7 after injection). Heatmap shows PI3K/mTOR signaling pathway-related genes. (B) RNA-Seq analysis using
naive WT and KO CD8* T cells stimulated with anti-CD3 and anti-CD28 antibodies for 8 hours. Heatmap shows PI3K/mTOR signaling pathway-related
genes. (C) Immunoblot analysis of the indicated proteins in WT and KO CD8* T cells stimulated with anti-CD3 and anti-CD28 antibodies for the indicated
durations. (D) Flow cytometric analysis of p-S6 expression in WT and KO CD8* T cells stimulated with anti-CD3 and anti-CD28 antibodies for 2 hours.

(E) ECAR of WT and KO naive CD8* T cells stimulated for 6 hours with antibodies against CD3 and CD28 under minimum (Min) or maximum (Max) condi-
tions with the addition of different reagents (n = 4). (F) OCR of WT and KO naive CD8* T cells stimulated for 6 hours with antibodies against CD3 and CD28
under minimum or maximum conditions with the addition of different reagents (n = 3). Data are representative of 3 independent experiments and are
presented as the mean + SEM. **P < 0.01, by Student’s t test. Glu, glucose; Oli, oligomycin; R+A, rotenone/antimycin A.

the K48-linked ubiquitination and degradation of PTEN in activat-
ed SENP7-deficient CD8" T cells. On the other hand, loss of SENP7
did not change the SUMOylation status or stability of PTEN in acti-
vated CD4" T cells (Supplemental Figure 4C), which is most likely
due to the low levels of SENP7 (Figure 1C).

We further examined the potential connection of TCR-triggered
PTEN degradation with TCR-induced SENP7 cytosolic transloca-
tion. In response to treatment with leptomycin B (LMB), an inhibitor
of nuclear export, TCR signal-induced SENP7 cytosolic translocation
was largely blocked in WT CD8* T cells (Figure 6F). We observed
abundant SUMOylation of PTEN in the cytoplasm but not the nucle-
us of activated SENP7-deficient CD8* T cells (Figure 6, G and H).
Notably, PTEN stability was greatly restored in activated WT CD8*
T cells after the treatment with LMB (Figure 6I). Moreover, LMB
treatment markedly increased the SUMOylation and reduced the
K48-linked ubiquitination of PTEN in the cytoplasm but not the
nucleus of activated WT CD8" T cells (Figure 6, ] and K). By contrast,
LMB treatment did not alter the stability, SUMOylation, or K48-
linked ubiquitination of PTEN in activated SENP7-deficient CD8* T
cells (Supplemental Figure 4, D-F). These data indicate that cytosolic
SENP7 mediates PTEN deSUMOylation to facilitate the K48-linked
ubiquitination and degradation of PTEN in activated CD8* T cells.

ROS are required for SENP7-dependent CD8" T cell metabolism
and function. To assess whether ROS are involved in the regulation of
SENP7-dependent CD8* T cell metabolism and function, we treat-
ed WT and SENP7-deficient OT-I cells with NAC. NAC treatment
substantially increased the SUMOylation and reduced the K48-
linked ubiquitination of PTEN in WT OT-I cells (Figure 7, A and B).
Furthermore, NAC-treated WT OT-I cells exhibited decreased gly-
colysis and OXPHOS (Figure 7, C and D). To explore the role of ROS
in CD8* T cell antitumor function, WT OT-I cells stimulated with
anti-CD3 and anti-CD28 antibodies plus NAC in vitro were trans-
ferred into tumor-bearing mice. NAC treatment effectively reduced
the ROS levels of activated OT-I CD8" T cells induced by anti-CD3
and anti-CD28 (Supplemental Figure 5A). Compared with untreat-
ed WT OT-I cells, NAC-treated WT OT-I cells were significantly
more potent in promoting tumor progression (Figure 7E). In addi-
tion, treatment of WT OT-I cells with NAC reduced the frequen-
cies of IFN-y* and Ki-67* OT-I cells in tumors (Figure 7F). By con-
trast, NAC treatment did not alter the SUMOylation or K48-linked
ubiquitination of PTEN, glycolysis, or OXPHOS in activated
SENP7-deficient OT-I cells (Supplemental Figure 5, B and C, and
Figure 7, C and D). Moreover, mice injected with SENP7-deficient
OT-Icellstreated or not with NAC displayed no apparent differences
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Figure 5. SENP7-dependent reduction of PTEN controls CD8* T cell metabolism and function. (A) Immunoblot analysis of the indicated proteins in WT
and KO CD8* T cells after stimulation with anti-CD3 and anti-CD28 antibodies. (B) PI3K activity in WT and KO CD8* T cells stimulated with anti-CD3 and
anti-CD28 antibodies was analyzed using an Echelon kit (n = 3). PIP,, phosphatidylinositol (3,4,5)-trisphosphate. (C) Immunoblot analysis of the indicated
proteins in WT and KO CD8* T cells after stimulation with anti-CD3 and anti-CD28 antibodies. (D and E) Flow cytometric analysis of p-S6 (D) and Ki-67

(E) expression in WT, Senp7™/ Cd4-Cre (KO), Pten®/f Cd4-Cre (Pten-KO0), and Pten®/f Senp7™/ Cd4-Cre (DKO) CD8* T cells stimulated with anti-CD3 and anti-
(D28 antibodies for 2 hours (D, n = 3) or 2 days (E, n = 4). (F) Flow cytometric analysis of the division of WT, KO, Pten-KO, and DKO CD8"* T cells labeled with
CFSE upon stimulation with anti-CD3 and anti-CD28 antibodies for 72 hours (n = 3). (G and H) ECAR (G) and OCR (H) of WT, KO, Pten-KO, and DKO CD8* T
cells stimulated for 6 hours with anti-CD3 and anti-CD28 antibodies. (I) Tumor growth of MC38 tumor-bearing Rag7-KO mice injected with 2 x 10° WT, KO,
Pten-KO, or DKO CD8* T cells along with 2 x 10° WT CD4* T cells on day 7 after tumor cell inoculation (n =10). (J) Flow cytometric analysis of IFN-y-produc-
ing CD8* T cells in the tumors of Rag7-KO mice from I (day 12, n = 4). Data shown are representative of 3 independent experiments and are presented as
the mean + SEM. *P < 0.05 and **P < 0.01, by 1-way ANOVA with Tukey's multiple-comparison test (D-H and }); 2-way ANOVA with Geisser-Greenhouse
correction (I); and 2-tailed Student’s t test (B).

in tumor growth or the frequencies of tumor-infiltrating IFN-y*and  infiltrating CD8" T cell activity in human CRC. Indeed, we found
Ki-67* OT-I cells (Supplemental Figure 5, D and E). These results  that NAC treatment restored PTEN stability in CD8" T cells from
suggest that ROS inhibition perturbs tumor-infiltrating CD8* Tcell ~ CRC tissue (Figure 7G). Additionally, NAC-treated tumor-infil-
metabolism and function in an SENP7-dependent manner. trating CD8* T cells exhibited decreased glycolysis and OXPHOS

Given the potential importance of ROSin CD8 T cell antitumor ~ (Figure 7H). Accordingly, NAC treatment reduced the expression of
function, we analyzed the relationship between ROS and tumor-  Ki-67in CD8" T cells from CRC tissue (Figure 7I). Collectively, these

J Clin Invest. 2022;132(7):e155224 https://doi.org/10.1172/)C1155224 7



RESEARCH ARTICLE The Journal of Clinical Investigation

A Flag-PTEN + + + B WT KO c o WT
RH-SUMO3 + + + ® KO
HASENPT — + M a-CD3/28(h) 0 2 4 0 2 4 z

l_
¥ ‘ o
IP: a-Flag PTEN- IP: o-PTEN PTEN- &
IB: «-SUMO2/3 | sumoz3 IB: 0-SUMO2/3 SUMO2/3 o
& 3
" ’ ®
Cell lysates =4
Cell lysates _ y:'?’EN =
HA-SENP7 w4l - am—- o 2 4
Flag-PTEN ‘e— PrACHN o ————— -CD3/28 (h)
D E WT KO F
WT KO i}
0-CD3/28(h) 0 2 4 0 2 4 0-CD3/28

CHX (min) 0 30 60 90 0 30 60 90 ) IMB — +

PTEN @ e =  EDEDE & IP: a-PTEN PTEN- SENP7 SRS |
IB: u-K48Ub K48Ub GAPDH  —
BrACHN | S ——— 4 | SENP7 sl
Cell lysates Lamin B s NF
PTEN |- SENP7 il
R — p-Actin s |
a CF NF H I
C o to o wWT
= ¥ =¥ pra ® KO a-CD3/28 (h)
15
IP: a-PTEN PTEN- = * Ctrl LMB
IB: «-SUMO2/3 & 1.0
“ SUMO2/3 Q 0240 2 4
da 2 os pren R
Cell lysates z )
i -ACHN |———————
PTEN sl - E oo [
J CF NF K CF NF
Mg - + -— + LMB — + -— +
IP. a-PTEN PTEN-  |P: a-PTEN l l PTEN-

I1B: a-SUMO2/3 SUMO2/3  |B: u-K48Ub ’ K48Ub

Cell lysates Cell lysates )
PTEN s e PTEN s s G

Figure 6. SENP7-mediated PTEN deSUMOylation facilitates PTEN degradation. (A) HEK293T cells cotransfected with Flag-tagged PTEN, Ubc9, and
RH-SUMO3 in the presence of WT or catalytically inactive (C979S) mutant (M) SENP7 were immunoprecipitated with anti-Flag antibody and assessed

by immunoblotting (IB) with anti-SUMO02/3. HA, hemagglutinin; RH, arginine(R)-glycine(G)-serine(S)-histidine. (B) PTEN SUMOQylation assays were
performed by immunoprecipitating PTEN under denaturing conditions followed by detection of SUMOylated PTEN using anti-SUMO02/3 antibodies in CD8*
T cells stimulated with anti-CD3 and anti-CD28 antibodies. (C) Quantifications of PTEN-SUMO2/3:PTEN levels in CD8* T cells stimulated with anti-CD3
and anti-CD28 antibodies (n = 3). (D) Immunoblot analysis of the indicated proteins in CD8* T cells stimulated with anti-CD3 and anti-CD28 antibodies for
1 hour following incubation with CHX (50 pg/mL) for the indicated durations. (E) PTEN ubiquitination assays in CD8* T cells stimulated with anti-CD3 and
anti-CD28 antibodies in the presence of MG132. (F) Immunoblot analysis of the indicated proteins in CD8* T cells from WT mice stimulated with anti-CD3
and anti-CD28 antibodies plus LMB for 2 hours. (G) PTEN SUMOylation assays using nuclear and cytoplasmic fractions of WT and KO CD8* T cells stimu-
lated with anti-CD3 and anti-CD28 antibodies for 2 hours. (H) Quantification of PTEN-SUMO2/3:PTEN levels in the cytoplasmic fractions of WT and KO
CD8* T cells stimulated with anti-CD3 and anti-CD28 antibodies for 2 hours (n = 4). (I) Immunoblot analysis of the indicated proteins in CD8* T cells from
WT mice stimulated with anti-CD3 and anti-CD28 antibodies plus LMB for 0, 2, and 4 hours. () and K) PTEN SUMOQylation (J) and ubiquitination (K) assays
using nuclear and cytoplasmic fractions of CD8* T cells from WT mice stimulated with anti-CD3 and anti-CD28 antibodies plus LMB for 2 hours. Data are
representative of 3 independent experiments and presented as the mean + SEM. *P < 0.05 and **P < 0.01, by Student’s t test.
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Figure 7. ROS involve SENP7-dependent CD8" T cell metabolism and function. (A and B) PTEN SUMOylation (A) and ubiquitination (B) assays using WT
OT-I cells stimulated with anti-CD3 and anti-CD28 antibodies plus NAC for 2 hours. (C and D) ECAR (C) and OCR (D) of WT and KO OT-I cells stimulated
with anti-CD3 and anti-CD28 antibodies plus NAC for 6 hours. (E) Tumor growth of MC38-0VA tumor-bearing WT mice (day 6 after tumor cell inoculation)
injected i.v. with WT OT-I cells stimulated with anti-CD3 and anti-CD28 antibodies plus 10 mM NAC for 8 hours in vitro (control: n = 8; NAC: n = 9). (F) Flow
cytometric analysis of the frequency of IFN-y-producing and Ki-67* OT-I cells in the tumors of mice from E (day 17 after tumor injection, n = 6). (G) Immu-
noblot analysis of the indicated proteins in CD8* T cells from CRC samples incubated in vitro for 2 hours in complete media containing 10 mM NAC. (H)
ECAR and OCR of CD8* T cells from CRC samples incubated in vitro for 2 hours in complete media containing 10 mM NAC. (I) Flow cytometric analysis of
the frequency of Ki-67* CD8* T cells from CRC samples incubated in vitro for 6 hours in complete media containing 10 mM NAC (n = 3). Data are representa-
tive of 3 independent experiments and presented as the mean + SEM. *P < 0.05 and **P < 0.01, by 1-way ANOVA with Tukey’s multiple-comparison test

(C and D) and 2-tailed Student’s t test (E, F, H, and ).

results suggest that ROS are required for SENP7-dependent the
metabolic fitness and antitumor function of CD8* T cells.

Discussion

In this work, we revealed a crucial role of oxidative stress in CD8*
T cell metabolic fitness and effector function by manipulating
SENP?7 activity. SENP7 was required for the metabolic reprogram-
ming of CD8" T cells, which is critical for their proliferation in vitro
and antitumor immune responses in vivo. In response to TCR-
induced ROS, SENP?7 rapidly translocated from the nucleus to the
cytoplasm to mediate PTEN deSUMOylation and in turn promoted
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PTEN degradation, thereby maintaining the CD8" T cell metabol-
ic state. Importantly, SENP7 sensed ROS to suppress PTEN-de-
pendent metabolic dysfunction and functional decline in human
CRC samples. These findings not only suggest that SENP7 sustains
the metabolic and functional integrity of CD8* T cells but also high-
light what we believe to be a new link between oxidative stress and
CD8'* T cell metabolic reprogramming.

Oxidative stress is mediated by ROS and involves CD8* T cell
activation, expansion, and function (18). ROS elevation upon TCR
stimulation is essential for antigen-specific T cell expansion in vivo
(18). Impaired oxidative metabolism with reduced ROS production

:
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results in antitumor T cell dysfunction (20). We obtained strong
evidence that T cell-intrinsic ROS are indispensable for CD8* T
cell metabolic fitness and effector functions. Pharmacologically
targeting of ROS disrupted the metabolism and impaired the anti-
tumor functions of tumor-infiltrating CD8" T cells. At a minimum,
our findings suggest that SENP7 serves as a ROS sensor to facilitate
CD8" T cell metabolic reprogramming during naive-to-effector dif-
ferentiation. Notably, aberrantly increased mitochondrial ROS in
CD8* T cells under hypoxia drive an exhaustion-like dysfunctional
program (21). In addition, abnormal ROS accumulation induced
by G6pd mutation disrupts CD8" T cell responses to tumorigenesis
(33). Physiological levels of ROS are likely critical for CD8* T cell
metabolic fitness and effector function, whereas excessive ROS
production can cause CD8* T cell dysfunction. Whether different
CD8" T cell subtypes have different intensities of ROS production
and how SENP7 senses these different ROS levels to shape CD8* T
cell identity remain to be clarified.

Activation of PI3K/mTOR signaling in early-phase T cell acti-
vation involves metabolic reprogramming (9, 37, 38). PTEN acts as
an inhibitor of PI3K/mTOR signaling, and its TCR signal-induced
translocation to the plasma membrane is required for its phospha-
tase activity to terminate PI3K/mTOR signaling (34). Our previous
results revealed that the lipid kinase AGK rapidly phosphorylates
PTEN at Ser380, Thr382, and Thr383 during early T cell activation,
thereby attenuating PTEN activity and preventing premature signal
termination in CD8" T cells (34). Subsequently, PTEN undergoes
ubiquitination and proteasomal degradation upon TCR stimulation.
Here, we provide in-depth insight into the molecular mechanism
underlying PTEN degradation-mediated metabolic control in acti-
vated CD8" T cells. Our current results showed that TCR-induced
SENP7 cytosolic translocation facilitated the deSUMOylation,
ubiquitination, and degradation of PTEN, thus allowing sustained
activation of PI3K/mTOR signaling and metabolic reprogramming,
thus collectively suggesting a model of SENP7-dependent PTEN
restriction in activated CD8" T cells.

SENP?7 contains a conserved nuclear export sequence (NES)
and regulates SUMO-mediated nuclear events, including tran-
scription, DNA repair, and nuclear transport (30, 39-41). Although
SENP7 has been reported to potentiate cGAS activation and con-
tribute to the expansion of proinflammatory y3T cells in inflam-
matory bowel disease, the related studies used an in vivo model of
SENP7 knockdown (31, 42). Using Senp7-conditional KO mice, we
revealed a ROS-dependent function of SENP7 in regulating CD8* T
cell metabolic and functional states. In resting CD8* T cells, SENP7
accumulated mainly in the nucleus; however, the TCR signal-
induced ROS triggered the translocation of SENP7 from the nucle-
us to the cytoplasm, thus limiting PTEN-dependent metabolic
defects. Upon treatment with the ROS inhibitor NAC or the nuclear
export inhibitor LMB, TCR signal-induced SENP7 cytosolic trans-
location was largely blocked, resulting in PTEN accumulation in
activated CD8" T cells. These data suggest that TCR signals initiate
SENP?7 cytosolic translocation in CD8* T cells in a ROS-dependent
manner. However, the mechanism by which ROS cause SENP7
cytosolic translocation remains to be identified.

CD4' T cells and CD8" T cells have unique transcriptional and
metabolic programs (43, 44). We showed here that CD4" T cells had
much lower expression levels of SENP7 than did CD8* T cells. The
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difference in SENP7 expression levels in CD4* T cells and CD8* T
cells is probably due to the different transcriptional programs. Dif-
ferences in specific protein levels in CD4" T cells and CD8* T cells
have also been reported in previous studies (34, 45). For example,
the protein levels of ACAT2 are higher in CD4* T cells than those in
CD8" T cells, whereas the protein levels of acylglycerol kinase are
higher in CD8" T cells than those in CD4* T cells (34, 45). There-
fore, the unique transcriptional program governing SENP7 expres-
sion in CD8* T cells remains to be further studied.

In summary, we found that SENP7 sensed oxidative stress to
sustain CD8* T cell metabolic and functional fitness and was crit-
ical for effective antitumor immunity. Our results reveal an oxida-
tive stress-sensing machinery in tumor-infiltrating CD8" T cells.
These findings will inform the search for oxidative stress-related
agents and help to improve cancer immunotherapy outcomes.

Methods

Human samples. Patient-derived PBMCs and CRC tissues were
obtained from Ruijin Hospital. Solid tumor tissues were freshly isolat-
ed and digested. Immune cells were enriched by density-gradient cen-
trifugation. Human CD4" T cells and CD8" T cells were purified using
CD4 MicroBeads (130-045-101, Miltenyi Biotec) and CD8 MicroBeads
(130-045-201, Miltenyi Biotec), respectively.

Mice. Senp7-floxed mice were generated at the GemPharmatech
using a LoxP-targeting system. The Senp7-floxed mice were crossed
with Cd4-Cre transgenic mice (The Jackson Laboratory) to produce
age-matched Senp7"/ and Senp7"" Cd4-Cre mice. The Pten-floxed mice
(The Jackson Laboratory) were crossed with Senp7"#" Cd4-Cre mice to
produce Senp7*/* Pten”' Cd4-Cre (Pten-KO) and Senp7"" Pten/! Cd4-
Cre (DKO) mice. Ragl-KO mice, OT-I TCR-transgenic mice, OT-II
TCR-transgenic mice, and B6.SJL mice were from The Jackson Labora-
tory. Male and female mice were sex matched and used at 6 to 10 weeks
of age. Mice were maintained in a specific pathogen-free (SPF) facility
at the Shanghai Jiao Tong University School of Medicine.

Cell culturing. HEK293T cells (American Type Culture Collection
[ATCC]), MC38 murine colon cancer cells (Kerafast), and MC38-OVA
cancer cells (provided in-house) were cultured in DMEM medium
supplemented with 10% FBS and 100 units/mL penicillin-streptomy-
cin. B16-F10 melanoma cells (ATCC) and isolated mouse and human
CD4" and CD8" T cells were cultured in RPMI 1640 medium supple-
mented with 10% FBS and 100 units/mL penicillin-streptomycin.

Plasmids, antibodies, and reagents. HA-tagged mouse WT or mutant
(C979S) SENP7 were subcloned into the pcDNA3.1-HA vector, and
Flag-tagged mouse PTEN was subcloned into the lentiviral vector
pLVX-IRES-ZsGreenl. Antibodies against SENP7 (PA5-36089; 1:500
for Western blotting [WB]) were purchased from Invitrogen (Thermo
Fisher Scientific). Antibodies against GAPDH (97166T; 1:1000 for WB);
S6 (2217S;1:1000 for WB); AKT (4691P; 1:1000 for WB); phosphorylat-
ed S6 (p-S6) (4858S;1:1000 for WB); p-AKT (Thr308) (2965S; 1:1000
for WB); p-AKT (Ser473) (4060S; 1:1000 for WB); PTEN (9559S;
1:1000 for WB); SUMO2/3 (4971S; 1:1000 for WB); APC-conjugat-
ed p-S6 (D57.2.2E); and K48-ubiquitin (12805S; 1:1000 for WB) were
purchased from Cell Signaling Technology. HRP-conjugated anti-HA
antibody (3F10; 1:2000 for WB) was purchased from Roche. Anti-Flag
(M2, F3165; 1:2000 for WB) and anti-B-actin (A2228-100UL; 1:5000
for WB) antibodies were from MilliporeSigma. The fluorochrome-
conjugated antibodies against CD4 (GK1.5); CD8 (53-6.7); human
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CDS8 (RPA-T8); CD44 (IM7); CD69 (H1.2F3); CD62L (MEL-14); Ki-67
(SolA15); Foxp3 (FJK-16s); IFN-y (XMG1.2); TCRa2 (B20.1); CM-H2D-
CFDA (C6827); TNF-a (MP6-XT22); and granzyme B (GB11) were pur-
chased from Thermo Fisher Scientific. NAC, LMB, N-ethylmaleimide
(NEM), and CHX were purchased from MilliporeSigma. Anti-mouse
PD-1 (clone J43) and isotype control IgG (hamster IgG) antibodies were
purchased from Bio X Cell.

Flow cytometry. To detect the surface markers including CD44,
CD69, CD4, and CD8, cells were stained in PBS containing 2% FBS
with the indicated antibodies. Apoptotic cells were detected by FITC-
annexin V and propidium iodide (PI) staining (BD Biosciences). The
fluorogenic dye H2DCFDA was used to detect ROS production. Intra-
cellular IFN-y production was determined according to the manufac-
turer’s instructions (Thermo Fisher Scientific). Intracellular Foxp3
and Ki-67 staining was performed according to the manufacturer’s
instructions (Thermo Fisher Scientific). For the intracellular staining
of p-S6, stimulated T cells were fixed in Fix Buffer I (BD) for 10 min-
utes and then incubated in cold Perm Buffer III (BD) for 20 minutes,
followed by antibody staining and flow cytometric analysis.

T cell isolation and stimulation. Naive CD4* and CD8" T cells were
sorted using the MagniSort Mouse CD4 Naive T cell Enrichment Kit
(8804-6824-74, Thermo Fisher Scientific) and the Naive CD8a* T Cell
Isolation Kit (30-096-543, Miltenyi Biotec), respectively. The sorted
cells were stimulated with anti-CD3 (1 pg/mL) and anti-CD28 (1 pg/
mL) antibodies in 96-well plates (1 x 107 cells per well) for flow cyto-
metric analysis, or stimulated with anti-CD3 (1 pg/mL) and anti-CD28
(1 pg/mL) antibodies in 6-well plates (5 x 10° cells per well) for immu-
noblot analysis or metabolic analysis.

Tumor models. MC38 and MC38-OVA murine colon cancer cells
were injected s.c. into 6- to 8-week-old mice (5 x 10° cells per mouse).
B16-F10 melanoma cells were injected s.c. into 6- to 8-week-old mice
(5 x 10° cells per mouse). To minimize individual variations, 6 to 8
age- and sex-matched mice in each group were used. For the adoptive
transfer experiments, OT-1 and OT-II cells (2 x 106 cells per mouse)
were injected i.v. into MC38-OVA tumor-bearing mice on 7 day after
tumor injection. The tumor-challenged mice were monitored for
tumor size (tumor area indicates tumor size). Tumor-induced lethality
was defined as a tumor size reaching 225 mm?.

RNA-Seq analysis. Naive CD8" T cells isolated from the spleens of
WT and KO mice were stimulated with anti-CD3 (1 pg/mL) and anti-
CD28 (1 pg/mL) antibodies for 8 hours in vitro. Fresh tumor-infiltrat-
ing WT and KO CD8" T cells were isolated from the tumor-bearing
mice injected s.c. with MC38 colon cancer cells (on day 7 after injec-
tion). Total RNA was isolated from in vitro-activated CD8* T cells and
in vivo tumor-infiltrating CD8* T cells using TRIzol (Invitrogen, Ther-
mo Fisher Scientific) and subjected to RNA-Seq using the Illumina
NextSeq 500 System. The RNA-Seq data reported here are deposited
in the NCBI’s Sequence Read Archive (SRA) under BioProject acces-
sion numbers PRJNA745501 and PRJNA745514.

Metabolic measurement. Seahorse XFe96 Extracellular Flux Ana-
lyzer (Agilent Technologies) was used for metabolic analysis. Naive
CD8* T cells stimulated with anti-CD3 (1 pg/mL) and anti-CD28 (1
pg/mL) antibodies for 8 hours or tumor-infiltrating CD8* T cells from
human CRC samples treated or not with NAC were seeded at a density
of 2x10° cells per well. The extracellular acidification rate (ECAR) and
oxygen consumption rate (OCR) for each well were calculated, while
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the cells were subjected to the XF Glycolytic stress or the XF Cell Mito
test using the following concentrations of injected compounds: 10 mM
glucose, 2 uM oligomycin, 50 mM 2-deoxy-D-glucose (2-DG), 1 uM
carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP), and
0.5 uM rotenone/antimycin A. The XF Glycolytic stress or the XF Cell
Mito test kits were purchased from Agilent Technologies.
Immunoblotting, immunoprecipitation, and ELISA. T cells were
washed with ice-cold PBS and lysed on ice for 30 minutes in RIPA buf-
fer containing protease inhibitor. Cell lysates were immunoprecipitated
with the appropriate antibodies using protein A/G agarose beads. Sam-
ples were then used for immunoblot analysis with the indicated anti-
bodies. PI3K activity was detected using the PI3-Kinase Activity ELISA
Kit (K-1000s, Echelon) according to the manufacturer’s instructions.
Statistics. Statistical analysis was performed using GraphPad Prism
(GraphPad Software). Two-way ANOVA, where applicable, was per-
formed to compare continuous outcomes across multiple experimental
groups. One-way ANOVA and 2-tailed, unpaired Student’s ¢ tests were
also performed. Survival curves were analyzed by log-rank (Mantel-Cox)
test. A Pvalue of less than 0.05 was considered statistically significant.
Study approval. The patient-derived PBMC and human colorectal
cancer sample collection was approved by the Clinical Research Eth-
ics Committee of Ruijin Hospital and complied with all relevant ethics
regulations. Informed consent was obtained from each patient, and the
study protocol was approved by the Clinical Research Ethics Commit-
tee of Ruijin Hospital and complied with all relevant ethics regulations.
All animal procedures were performed according to protocols approved
by the IACUC of the Shanghai Jiao Tong University School of Medicine.
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