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T cell receptor (TCR) signaling is precisely tuned to prevent self-reactivity
while allowing protective immunity. Here we found that acetylation
modulated TCR signaling. The loss of SIRT2 deacetylase activity in

T cellsled to amplified calcium mobilization and phosphorylation of key
proximal TCR moleculesin naive T cells and reversed dampened TCR
signalingin anergic T cells. During thymic selection, SIRT2 deficiency
lowered the TCR signaling threshold and resulted in abroader TCR
repertoire diversity. Mechanistically, we identified acetyl-lysine K228 on
thelinker region of LCK as a substrate specific for SIRT2 that governed

LCK conformation and activity. SIRT2 inhibition in exhausted mouse

and human tumor-infiltrating T cells restored TCR responsiveness and
antitumor immunity. These findings highlighted SIRT2-modulated protein
acetylationasaregulatory mechanism that set the TCR threshold in T cells.

T cell receptor (TCR) engagement with cognate peptide presented
by major histocompatibility complex (MHC) initiates a cascade
of intracellular signaling events crucial for T cell development
and activation'. The strength of this interaction, influenced by
co-stimulatory and co-inhibitory receptors, determines the bal-
ance between immune activation and tolerance. Thus, TCR signal-
ing must be tightly regulated to ensure effective immunity while
preventing autoimmunity.

Antigen recognition is transmitted through immunoreceptor
tyrosine-based activation motifs (ITAMs) present on the TCR CD3y/&/
/T chains®. These ITAMs are phosphorylated by Src family kinases, pri-
marily LCK**, initiating recruitment of adaptor molecules and tyrosine
kinases that activate phospholipase Cyl (PLCy1). PLCyl catalyzes the
generation of diacylglycerol (DAG) and inositol (1,4,5)-trisphosphate
(IP3). IP3 induces calcium (Ca*) release from the endoplasmic reti-
culum into the cytosol’, which activates calcineurin and promotes
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nuclear translocation of NFAT®. Concurrently, DAG recruits RasGRP1
and protein kinase C theta (PKCO). The Ras activator RasGRP1signals
through ERK1/2 to promote formation of the AP-1 complex (JUN and
FOS) that drives interleukin (IL)-2 (/I2) transcription”®. Meanwhile,
PKCO promotes IKK degradation, resulting in the release and nuclear
translocation of nuclear factor (NF)-kB°.

LCK activation represents a key step in proximal TCR signal trans-
duction. Four conformational states of LCK have been described:
closed and inactive (Y505-phosphorylated), primed but inactive
(Y505-dephosphorylated), open and active (Y394-phosphorylated)
and a dual-phosphorylated active form’. A pool of preactivated LCK
is present at steady state, enabling rapid signal transduction upon
TCR engagement. CD45-mediated dephosphorylation of the inhibi-
tory residue Y505 primes LCK for autophosphorylation at Y394 (ref.
4). whereas the protein tyrosine kinase CSK re-establishes LCK inac-
tivation by re-phosphorylating Y505 (ref. 10). Dephosphorylation of
Y394 is regulated by a network of phosphatases, SHP-1, CD45, PTPN2
and PTPN22, which fine-tune LCK activity and prevent aberrant TCR
signaling®" ™,

Post-translational modifications of LCK, ZAP70 and LAT were
shown to control the initiation, persistence and termination of TCR
signaling. These modifications, including phosphorylation, ubig-
uitination and S-acylation have important roles in shaping both the
magnitude and duration of TCR signaling™ . Post-translational modi-
fications allow rapid and reversible changes in protein activity to meet
acute cellular demands'®. Among these, lysine acetylation has emerged
as a key regulatory mechanism across cellular pathways', yet its role
in proximal TCR signaling remains poorly understood. Sirtuins are
NAD*-dependent deacetylases (SIRT1-7) with distinct subcellular local-
ization and functions®. SIRT2, the only predominantly cytoplasmic
member, regulates the cell cycle, metabolism and inflammation?. Here
we found that SIRT2 modulated TCR signaling by deacetylating LCK.

Results

Loss of SIRT2 amplifies Ca** flux and TCR signaling

Because intracellular Ca** flux represents the pivotal event during TCR
signaling, we characterized the impact of SIRT2 deficiency on Ca*'
mobilization following TCRligation, which occurs within seconds after
TCR engagement, using Indo-1,a Ca* fluorescent ratiometric dye. Mark-
edly elevated Ca* flux was observed in Sirt2”" T cells freshly isolated
fromspleenor lymphnodes (LNs) compared to wild-type (WT) T cells
upon TCRligationwith CD3 antibodies (Abs) (Fig.1a). Consistent with
enhanced TCR sensitivity, physiological antigenic stimulation with
gpl00-loaded EL4 mouse thymoma cells (used as antigen-presenting
cells) triggered stronger Ca*" mobilization in Sirt2”~ gp100-specific
CD8* TCR transgenic PMEL T cells compared to WT T cells (Fig. 1b).
No Ca2* flux was detected in response to unloaded EL4 cells (Fig. 1b),
confirming the antigen-specific response by PMEL T cells. Enhanced
Ca?* signaling in SIRT2-deficient T cells was further validated using
live-cellimaging, where Sirt2”~ OVA-specific CD4* TCR transgenic OT-II
T cells exhibited greater Ca2* flux than their WT counterparts following
stimulation with OVA-loaded B cells (Extended Data Fig. 1a).

To determine whether the amplified TCR signaling observed in
Sirt2”" T cells reflected a lowered activation threshold, we measured
Ca?*mobilizationin response to varying doses of CD3 Ab stimulation.
To probe subtle differences in TCR signaling thresholds, we first used
suboptimal doses of CD3 Abs to mimic the weak antigenic stimulation
within the tumor microenvironment. Sirt2”~ T cells exhibited increased
Ca?* flux compared to WT T cells, even at low (0.015-0.250 pg ml™)
CD3 Ab concentrations (Fig. 1c), indicating enhanced sensitivity
to TCR engagement. Similarly, when using a broader CD3 Ab range
(1-10 pg m1™), Sirt2”" T cells consistently displayed stronger TCR
responses than WT T cells (Fig. 1d).

In anergic T cells, there is a profound reduction in Ca?* mobiliza-
tion upon restimulation'®?, Consistently, WT T cells cultured in vitro

for 48 h with CD3 antibodies in the absence of CD28 co-stimulation
(anergic conditions), exhibited a complete decoupling of proximal
TCR signaling, as evidenced by minimal Ca** mobilization upon res-
timulation (Fig. 1e). Sirt2”~ T cells cultured in the same conditions
preserved their capacity for Ca®* mobilization upon restimulation
(Fig. 1e). Additionally, Ca** mobilization was significantly increased
inIL-15-differentiated Sirt2”~ CD4* OT-1l or CD8* PMEL memory-like T
(Ty-like) cells compared to WT counterparts (Fig. 1f).

Next, we investigated the cascade of phosphorylation events
upstream of Ca®* mobilization that mediate proximal TCR signaling.
Consistent with increased Ca* mobilization upon TCR ligation, higher
amounts of the active form of phospho-LCK (p-Y394) was apparentin
Sirt2” T cells (Fig. 1g,h and Extended Data Fig. 1d). While phospho-
rylationat theinhibitory tyrosine Y505 (p-Y505) decreased upon TCR
stimulationinboth WT and Sirt2”~ T cells, Sirt2~ T cells retained higher
p-Y505 compared to WT T cells at both baseline and after activation
(Extended Data Fig. 1c-e), reflecting the elicitation of compensatory
inhibitory feedback mechanism. Similarly, enhanced phosphoryla-
tion of proximal TCR signaling molecules including the proteinkinase
ZAP70 and PLCyl was observed in preactivated Sirt2”" T cells, as well
asinIL-15-differentiated CD4* OT-lland CD8" Sirt2”- PMEL T-like cells
(Fig. 1i and Extended Data Fig. 1f,g). Increased Ca** mobilization and
proximal TCR complex phosphorylation were also observed in CRISPR
Sirt2”"humanJurkat cells (Extended DataFig. 1h,i). Re-introduction of
SIRT2in Sirt2”" T cellsreduced phosphorylation of LCK, as well as that
ofthe LCK-downstream targets ZAP70 and adaptor LAT following TCR
ligation (Fig. 1j), confirming that SIRT2 directly impacted proximal
TCRsignaling.

SIRT2 negatively regulates the activity of key metabolic enzymes
such as hexokinase 1, phosphofructokinase P, enolase-1 and lactate
dehydrogenase® and its inhibition promotes metabolic resilience
and supports the bioenergetic fitness required for effective T cell
responses?. To test whether the enhanced TCR signaling observed
in Sirt2”" T cells could be attributed, at least in part, to altered meta-
bolic activity, we pretreated WT and Sirt2”~ T cells with the glycolysis
inhibitor 2-deoxy-D-glucose (2-DG) or the mitochondrial ATP synthase
inhibitor oligomycinbefore TCR stimulation. As expected, metabolic
inhibition globally suppressed proximal TCR signaling in both Sirt2”/
and WT T cells (Extended DataFig. 1j,k), but WT T cells exhibited slightly
stronger proximalsignaling than Sire2”~ T cells (Extended Data Fig. 1j,k),
suggesting that the enhanced TCR signaling in Sirt2”" T cells might
be partially driven by their elevated metabolic activity. These results
indicated that SIRT2 deficiency amplified TCR signaling and reduced
the activation threshold throughout T cell ontology, whereas SIRT2
deficiency reversed dampened TCR signaling in anergic T cells.

SIRT2 binds and deacetylates LCK to regulate its activity

To gaininsight into the molecular mechanisms underlying amplified
TCRsignaling with SIRT2 deficiency, we analyzed the SIRT2 interactome
in T cells using a published dataset (PXD012811)*. Mass spectrometry
(MS) analysis revealed interactions between SIRT2 and several proximal
TCReffector molecules, most prominently LCK (Fig. 2a), so we focused
on characterizing the interaction between SIRT2 and LCK. Binding
between SIRT2 and LCK was detected through co-immunoprecipitation
(IP) and reverse co-IP followed by immunoblot assays on CD3* T cell
lysates (Fig. 2b,c). Direct binding was tested using purified SIRT2 and
LCK-His proteins (Fig. 2d). Analysis of the acetylation levels of LCK in
WT versus Sirt2”~ T cells by IP with acetyl-Lys (acK) Abs, followed by
immunoblot for LCK indicated increased acetylation of LCK in Sirt2”/"
versus WT CD3" T cells and Jurkat cells (Fig. 2e,f), suggesting that LCK
was a deacetylase target of SIRT2.

We next conducted anin-depth profiling of LCK post-translational
modifications. Immunoprecipitation followed by LC-MS/MS analysis
of LCK from WT and Sirt2”" primary mouse CD3* T cells and human
Jurkat cellsrevealed aunique acetylationsite at lysine 228 (K228) within
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Fig. 1| SIRT2 deficiency enhances Ca* flux and proximal TCR signaling in

T cells. a, Ca* flux in naive CD4"* (left) and CD8* (right) T cellsisolated from
the spleen of WT and Sirt2”~ mice, loaded with Indo-1AM and 0.5 pg mI™
biotinylated CD3 Abs. Baseline fluorescence ratio was recorded for 60 s before
simulation with 2.5 pg mi™ streptavidin (black arrow). lonomycin was added
later (gray arrow) as a control of maximal Ca** release. n = 3 mice per group.

b, Ca* fluxin WT or Sirt2”~CD8* PMEL T cells treated as inaand stimulated
with gp100-loaded or empty EL4 cells. n =3 mice per group. ¢, Ca* fluxin WT
or Sirt2”~CD4" T cells treated as in a and stimulated with a concentration range
(0.015,0.03,0.06, 0.125 and 0.25 pg ml™) of biotinylated CD3 Abs. n = 3 mice
pergroup. d, Ca* fluxin WT or Sirt2”” CD4" T cells treated as inaand stimulated
with a concentration range (1, 5 and 10 pg ml™) of biotinylated CD3 Abs.n =3
mice per group. e, Ca* flux in preactivated WT or Sirt2”~ CD4* and CD8" T cells
prestimulated with 5 pg ml™ plate-bound CD3 for 48 h, and then re-stimulated
with 0.5 pg ml™ biotinylated CD3 asin a.n =3 mice per group. f, Ca® fluxin

WT or Sirt2”~ CD4* OT-1l (left) and CD8* PMEL (right) T cells cultured with IL-15
for 5 days following 72 h OVA or gp100 stimulation to generate Ty,-like cells,

Vehicle Empty SIRT2 pga.
SIRT2 ‘

GAPDH |

and then treated asinawith 2.5 pg ml™ biotinylated CD3 Abs. n = 3 mice per
group. g, Flow cytometry analysis of p-Y394 LCK (left) and frequency of p-Y394
LCK*CD4" T cells (right) before and after stimulation of WT or Sirt2” naive
CD4"' T cells with 0.5 ug mI™ CD3 Ab for 0-30 min. Each dot represents one
mouse (n =3 mice per group). Data are mean + s.e.m. h, Immunoblot analysis
of p-Y394 and total LCK in WT and Sirt2” naive CD3" T cells before and after
stimulation with plate-bound CD3 Abs for 0 min and 5 min. i, Immunoblot
analysis of phosphorylated and total forms of ZAP70 and PLCylin WT and
Sirt2”- CD4*OT-II T cells preactivated with OVA peptide for 48 h, before and
after stimulation with plate-bound CD3 Abs for 0, 1,2 and 5 min. j, Immunoblot
analysis of phosphorylated and total forms of LCK, ZAP70 and LAT in Sirt27"

T cells transduced with empty or SIRT2-expressing lentivector, before and
after stimulation with plate-bound CD3 Abs for 0,1, 2 and 5 min (top) and
immunoblot of SIRT2 expression in Sirt2”" T cells transduced with vehicle,
empty lentivector or SIRT2-expressing lentivector. In h-j, glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) levels were used as loading control. Data
arerepresentative of two (b-e,j) and three (a,f-i) independent experiments.
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Fig. 2| IP-MS/MS analysis identifies K228 as a SIRT2-regulated acetylation
site that controls LCK kinase activity. a, Collision-induced dissociation
spectraof the LCK_ILEQSGEWWK peptide detected by LC-MS/MS following
SIRT2 immunoprecipitation from mouse CD3* T cell lysates. b,c, Immunoblot
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addition of SIRT2 served as control (lane 2). Equal protein inputs are shown.
e,f, Acetylation of LCK detected by immunoblot analysis of LCK following
acetyl-lysineimmunoprecipitation from WT and Sirt2”" activated mouse CD3*
Tcells (e) or NTC (Cas9-crRNA nontargeting control) and crSirt2 (Cas9-crRNA
targeting SIRT2) (f). LCK or GAPDH blots from total lysates serve as loading
controls. g, Sequence alignment of LCK orthologs showing conservation of the
LR (purple) and K228 (red font) across species; the underlined PQKP sequence
indicates an SH3-binding motif. h,i, Quantification of LCKK228 acetylation in
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thelinker region (LR) of LCK (Extended DataFig.2a,b). This residue was
highly conservedin mouse and human T cellsandis adjacent toaknown
SH3-binding motif (PQKP)* (Fig. 2g). We found increased acetylation
levels of K228 in preactivated Sirt2/-CD3" T cells, IL-15-differentiated
CD4" OT-1l T-like cells and Jurkat cells compared to their WT counter-
parts (Fig. 2h,i and Extended Data Fig. 2c). Notably, differential K228
acetylation were observed among T cell subsets, with the highest
levels in effector-like (Tg-like) CD44°CD62L™ T cells and the lowest
inIL-15 differentiated CD44"'CD62L" Ty-like cells, followed by B16F10
tumor-infiltrating lymphocytes freshly isolated from subcutane-
ous (s.c.) tumors and unstimulated CD44 CD62L" naive T (Ty) cells
(Extended DataFig. 2d).

LCK activity is controlled by intramolecular interactions that
regulateits conformational state. Inresting T cells, LCK predominantly
adopts an inactive closed conformation, which is stabilized by two
intramolecular inhibitory interactions: binding of the phosphoryl-
ated inhibitory Y505 residue on the negative regulatory (NR) domain
to the Srchomology 2 (SH2) domain, and binding of the LR to the SH3
domain* (Extended Data Fig. 2e,f). To explore whether acetylation of
K228 altered SH3-LR interaction, we performed AlphaFold3-based
structural docking analysis®, which predicted that K228 is accom-
modated in a shallow surface pocket of the SH3 domain, flanked by
Tyr72, Glu73 and Ser75 (Extended Data Fig. 2g,h) In this configura-
tion, unacetylated K228 forms favorable electrostatic interactions
with Glu73 in the SH3 domain, stabilizing the closed conformation
(Extended Data Fig. 2g,h). In contrast, K228 acetylation disrupts
this electrostatic interaction, favoring an open, primed LCK state
(Extended DataFig.2g,h). These structural predictions were validated
by fluorescence polarization (FP) assays, showing that LR peptides
with acetylated K228 (LR*“***) had significantly lower binding affinity
for the SH3-gluthatione-S-transferase (GST) domain (K; =71+ 2.2 uM)
than non-acetylated peptides (LR*??®) (K, =31+ 1.5 uM) (Fig. 2j). As a
negative control, the GST protein alone showed no binding activity to
either peptide (Extended Data Fig. 3a).

Next, we used the K228Q and K228R mutants of LR (LR***2and
LR*??8®) to mimic the acetylated and non-acetylated states of LCK,
respectively. FP assays demonstrated that the LR¥**® peptide bound
more tightly to the SH3 domain than the LR***#? peptide (Fig. 2k).
Furthermore, GST pulldown assays followed by immunoblotting
confirmed that SH3-GST preferentially bound LR"" and LR¥**® gver
LR¥??5Q (Fig, 21). An HPLC-based assay using recombinant SIRT2 and
LRA¥28 peptides showed efficient deacetylation of LR**??¢ by SIRT2
(Extended Data Fig. 3b,c), indicating acetyl-K228 LCK was a direct
substrate of SIRT2.

To understand the functional relevance of K228 deacetylation
by SIRT2 on LCK kinase activity, Lck”~ Jurkat clones, primary mouse

CD3"* T cells and human CD3* T cells from healthy donors were
reconstituted with an empty vector, LCK"T or LCK¥**%R and LCK*?*52
mutants. The acetylation-mimetic LCK**%? consistently promoted
increased LCK phosphorylation, Ca?* mobilization and transcrip-
tion of Nr4al, an early transcriptional target downstream of TCR
signaling (Extended Data Fig. 3d-k), upon TCR ligation compared
to LCK"™. In contrast, the deacetylation-mimetic LCK****® induced
LCK phosphorylation, Ca2* mobilization and Nr4al transcription lev-
els comparable to those induced with LCK*" following TCR ligation
(Extended DataFig.3d-k). To further define the direct contribution of
SIRT2-mediated deacetylation of LCK at K228 to the regulation of TCR
signaling, we generated Lck”~ and Lck™Sirt2”" Jurkat clones and recon-
stituted them with LCK"", LCK**%® or LCK**?%2, Reconstituted LCK""
displayed markedly increased phosphorylation following TCR stimula-
tioninLck”Sirt2”" Jurkat cell compared to the Lck ™ Sirt2"* Jurkat cells
(Fig.2mand Extended DataFig. 4a), consistent with enhanced LCK**?®
acetylationand LCK hyperactivationin Sirt2”" cells. In contrast, recon-
stituted LCK****! remained hypophosphorylated in both Lck™ Sirt2"*
and Lck™Sirt2”" Jurkat cells, whereas reconstituted LCK¥?2*Q exhibited
robust phosphorylation in both Lck™Sirt2** and Lck™Sirt2™” Jurkat
cells (Fig. 2m and Extended Data Fig. 4a). LCK activation closely cor-
related with phosphorylation of downstream TCR signaling interme-
diates, including LAT and PLC-y1 (Fig. 2m and Extended Data Fig. 4a),
further supportingarole for K228 acetylation in tuning proximal TCR
signaling. Similar results were observed in LCK-deficient primary
mouse T cells (Extended Data Fig. 4b). These structural, biochemical
and functional dataindicated that SIRT2 directly reduced LCK activity
by deacetylating K228.

SIRT2 deficiency augments downstream TCR signaling
Toinvestigate the downstream consequences of an amplified proximal
TCRsignalingin Sirt2”~ T cells, we assessed activation of the NFAT and
ERK-MAPK-AP-1signaling axes, induction of Nr4al transcriptionand
L-selectin (CD62L) shedding in Sirt2”~ and WT T cells following TCR
stimulation (Extended Data Fig. 5a). Nuclear translocation of NFATc2
(Fig. 3a and Extended Data Fig. 5b,c) phospho-ERK1/2 (Fig. 3b,c and
Extended Data Fig. 5d) and phosphorylation and nuclear transloca-
tion of c-Jun (Fig. 3a and Extended Data Fig. 5b,c) were increased in
Sirt2”" T cells compared to WT T cells upon TCR ligation, suggesting
robust TCR signaling.

NFAT cooperates with Fos-Jun to induce the transcription of
cytokine and activation-associated genes*. When unable to interact
with AP-1, NFAT promotes T cell anergy and exhaustion by inducing
the expression of signaling molecules that dampen TCR signaling?.
The colocalization of NFATc2 and c-Jun was significantly increased in
the nucleus of Sirt2”~ T cells compared to WT T cells upon TCR ligation

Fig. 3| SIRT2 deficiency augments downstream TCRsignalingin T cells.

a, Immunoblots of NFATc2, phospho-S73 and total c-JUN in cytosolic and nuclear
fractions of WT and Sirt2”~ mouse naive CD3* T cells before and after stimulation
with 5 pg ml™ plate-bound CD3 for 30 min. GAPDH and HDAC1 serve as cytosolic
and nuclear loading controls, respectively. b, Inmunoblot of p-Y202/204 and
total ERK1/2in WT and Sirt2” naive CD3* T cells before and after stimulation
with 5 pg ml™ plate-bound CD3 Abs for 0, 1,2 and 5 min. GAPDH was used as
loading control. ¢, Representative flow cytometry analysis of p-ERK1/2 (left)

and frequencies of p-ERK1/2" CD4 T cells (left) before and after stimulation

with 0.5 pgml™ CD3 Abfor0,1,2,5,15and 30 min, in WT or Sirt2”~ naive CD4*

T cells. Each dot represents one mouse (n = 3 mice per group). d-f, Relative Nr4al
mRNA expressionin WT and Sirt2”~ CD3* T cells freshly isolated (T cells) or
preactivated for 48 hwith 5 ug ml™ plate-bound CD3 (preactivated T cells) after
isolation from the spleen of C57BL/6 mice (d), CD4* T cells freshly isolated (Ty
cells), preactivated for 48 h with 10 pg ml™ OVA peptide (preactivated T cells)

or differentiated into T,-like cells by 5 days of culture with IL-15 (T, cells) after
isolation from the spleen of OT-Il mice (e), or CD8" T cells freshly isolated (Ty
cells), preactivated for 48 hwith1 pg mi gp100 peptide (preactivated T cells)

or differentiated by 5 days of culture with IL-15 (T, cells) after isolation from the
spleen of PMEL mice (f) and analyzed by RT-qPCR before (O h) and after (2 h)
stimulation with 5 ug mI™ plate-bound CD3 Abs for 2 h. Each dot represents

one mouse (n =3 mice per group). g, Representative flow cytometry analysis of
CD62L expression (left) and frequencies of CD62L™ T cell subsets (right) in CD4*
and CD8* T cells from WT and Sirt2” mice before and after stimulation with
0.25 pg ml™ CD3 Abs for 90 min. Each dot reprersents one mouse (1 =3 mice

per group). h,j, Representative flow cytometry analysis of CD62L expressionin
CFSE-labeled Sirt2”-and CTV-labeled WT T cells preactivated with 0.5 ug ml™
CD3 Abs for1h (h) or left unstimulated (j) before injection into C57BL/6 recipient
mice. ik, Representative flow cytometry analysis (right) and frequencies
normalized to WT T cells within each mouse (right) of CFSE* Sirt2”/-and CTV*
WTT cells preactivated as in h (i) or left unstimulated (k) before injection and
intheblood, LNs and spleens of recipient mice 1 h after co-transfer transfer (1:1)
into C57BL/6 recipient mice. Each dot represents one recipient mouse (n=5).
Data are mean +s.e.m. Pvalues were determined by two-way analysis of variance
(ANOVA) (c-g,i k). Dataare representative of at least two (a,b) and three (c-k)
independent experiments.
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(Extended DataFig.5e-g). We observed elevated transcription of Nr4al,
anearly target of TCRsignaling that encodes the protein Nur77,israp-
idlyinduced upon T cell activation and used as a quantitative readout
of TCR signal strength?, in naive and preactivated Sirt2”" T cells, as

well as IL-15-differentiated OT-11 and PMEL Sirt2” T,-like cells com-
pared to WT T cells (Fig. 3d-f). Upon TCR engagement, expression
of the homing molecule CD62L undergoes downregulation through
proteolytic shedding of its ectodomain?®. Sirt2” T cells stimulated
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with CD3 Abs exhibited rapid downregulation of surface CD62L expres-
sion, whereas WT T cells showed only a modest decrease (Fig. 3g).
CD62L mediates lymphocyte rolling into the high endothelial venules
of peripheral lymphoid tissues®”. When carboxyfluorescein succin-
imidyl ester (CFSE)-labeled WT and CellTraceViolet (CTV)-labeled
Sirt2”" T cellswere stimulated with CD3 Abs to induce CD62L shedding
and thenintravenously (i.v.) transferred into recipient C57BL/6 mice,
lower numbers of preactivated Sirt2”~ compared to WT T cells were
recruited from the bloodstream into the LNs or spleen of recipient
mice (Fig. 3h,i). When nonstimulated naive WT and Sirt2”" T cells
were injected into recipient mice at a 1:1 ratio, no significant differ-
ences in migration profiles were observed (Fig. 3j k). Similar results
were obtained when the labeling dyes were swapped and CTV-labeled
WT and CFSE-labeled Sirt2”~ T cells were adoptively transferred into
C57BL/6 mice (Extended Data Fig. 5h,i). Altogether, these findings
indicated that SIRT2 deficiency increased signaling through proximal
and downstream TCR pathways.

Loss of SIRT2 alters T cell development

Because T cell development relies on pre-TCR and TCR signaling
through LCK*°, we investigated the potential impact of SIRT2 defi-
ciency on thymocyte development in polyclonal TCR (C57BL/6) and
monoclonal TCR transgenic (OT-Iland PMEL) mice. Sirt2” thymifrom
C57BL/6, OT-Iland PMEL transgenic backgrounds showed normal dis-
tribution of double-negative (DN) DN1-DN4, double-positive (DP),
CD4*and CD8" single-positive (SP) compartments compared to WT
thymi (Extended Data Fig. 6a-c), suggesting that SIRT2 deficiency
did not markedly affect the balance between positive and negative
selection under steady-state conditions; however, when mixed BM
chimeras (BMCs) were generated by transferring a 1:1 mixture of WT
(CD45.1) and Sirt2”~ (CD45.2) BM cells into lethally irradiated CD45.1
CD45.2 WT mice (Extended Data Fig. 6d-k), the frequency of Sirt27
DN1,DN2,DN3,DN4, DP,CD4*SPand CD8* SP thymocytes was higher
than WT thymocytes (Fig. 4a) and there was an increased output of
mature Sirt2”’~CD4*and CD8* SP T cellsin the periphery, including the
spleenand LNsin comparisonto WT T cells (Fig. 4b). Equal engraftment
of Sirt2”-and WT hematopoietic stem cells (HSCs) was observed in the
bone marrow (BM) of recipient mice (Fig. 4c), whereas enrichment
of Sirt2”~ thymocytes was observed beyond the DN3 stage (Fig. 4d),
indicating that loss of SIRT2 conferred a competitive advantage in
thymocytes during thymopoiesis and selection.

To assess whether the TCR repertoire was impacted by loss of
SIRT2, we performed deep TCR-3 sequencing on CD8* SP thymocytes
isolated from WT and Sirt2”" mice. Sirt2”~ CD8* SPs exhibited abroader
TCR-B repertoire diversity, with a significantly increased number of
unique productive V(D)) rearrangements compared to WT CD8* SPs
(Fig. 4e). Repertoire diversity is inversely related to clonality, which
measures the evenness of clonal distribution, with values near 1indi-
cating monoclonality or oligoclonality and values near 0 indicating
maximal polyclonality®. Consistently, Sirt2”~ CD8* SP thymocytes dis-
played lower clonality compared to WT (Fig. 4f). Strong and persistent
TCRsignaling promotes FoxP3* regulatory T (T,..) cell developmentin
the thymus®. In C57BL/6, OT-1land PMEL mice, we observed no signifi-
cant differences in the frequency of FoxP3* T, cells between WT and
Sirt2”" mice (Extended Data Fig. 7), indicating that SIRT2 deficiency
did not impair T, cell development under steady-state conditions.
Together, these findings indicated that SIRT2 deficiency offered a
competitive advantage during T cell development and broadened TCR
repertoire diversity.

Loss of SIRT2 augments T cell responses to antigenic
stimulation

To evaluate whether enhanced TCRsignaling in Sirt2”" T cells translated
into heightened T cell activationin physiological conditionsin vivo, we
transferred CTV-labeled CD4* OT-1lor CD8* PMELT cells from CD45.2

WT or Sirt2”” miceinto CD45.1 WT mice, followed by vaccination with
peptide-loaded dendritic cells (OVA for OT-1I; gp100 for PMEL), or left
unvaccinated as controls, and evaluated T cell response on day 3 and
day 5 post-immunization (Extended Data Fig. 8a-d). Both donor Sirt2™7~
OT-Il or PMEL T cells had higher frequencies and more pronounced
CTV dilution in peripheral lymphoid tissues than donor WT T cells
(Extended Data Fig. 8e-j), indicating that Sirt2”" T cells exhibited sig-
nificantly greater expansionthan WT T cellsin vivo. Sirt2”~ T cells also
exhibited elevated expression of the activation markers CD25 and CD69
(Extended Data Fig. 8k), along with increased production of effector
molecules, including interferon (IFN)-y, tumor necrosis factor (TNF)
and granzyme B (Extended Data Fig. 8],m). No activation or prolif-
eration was observed in unvaccinated mice (Extended Data Fig. 8e),
confirming these responses were antigen-specific. Sirt2”~ OT-Il and
PMEL T cells also exhibited a higher frequency of CD44'CD62L" Ty,
cells, asubset known for its superior proliferative capacity, long-term
persistence and robust recall responses, all of which are associated with
sustained immune protection and enhanced antitumor immunity®, in
the spleen and LNs of recipient mice (Extended Data Fig. 8n-p).

We next evaluated whether SIRT2 deficiency altered the bal-
ance between immune tolerance and autoimmunity by assessing
spontaneous autoimmune manifestations in aged mice. Compre-
hensive necropsies and histological analyses showed no evidence of
spontaneous inflammation or autoimmune pathology in young and
aged WT and Sirt2”~ mice (Extended Data Fig. 9a). Additionally, no
anti-double-stranded DNA activity was detected in the sera of either
young or aged WT and Sirt2” mice (Extended Data Fig. 9b), suggest-
ing that central tolerance mechanisms remained intact, and that the
lowered TCR threshold in Sirt2”" thymocytes still permitted effective
negative selection of autoreactive clones; however, in the concanavalin
A (ConA)-induced hepatitis model of T cell-driven inflammation®*,
Sirt2”” mice exhibited significantly increased liver damage following
ConA injection, as indicated by elevated serum alanine aminotrans-
ferase (ALT) and aspartate aminotransferase (AST) compared to
WT mice, whereas no differences were observed under basal condi-
tions (Extended Data Fig. 9c). To confirm that this phenotype was
T cell-intrinsic, WT or Sirt2”~CD3* donor T cells were adoptively trans-
ferred into immunodeficient Rag2”’ mice followed by ConA adminis-
tration. Efficient T cell engraftment was confirmed by flow cytometry
analysis of spleens from recipient Rag2”’ mice (Fig. 4g). Rag2” mice
that received Sirt2”" T cells exhibited exacerbated liver damage and
increased mortality compared to Rag2” mice that received WT T cells
(Fig.4h). Histological analysis of hematoxylin and eosin (H&E)-stained
liver sections revealed widespread hepatic necrosis in Rag2” mice that
received Sirt2”" T cells (Fig. 4i) and serum ALT and AST were signifi-
cantly higher in the Sirt2”" T cell group compared to the WT T cells or
vehicle group (Fig. 4j). Thus, while SIRT2 deficiency did not promote
spontaneous autoimmunity, the heightened T cell activation in Sirt2”~
T cells lead to amplified responses to induced autoimmunity.

SIRT2 blockade restores TCR response and delays

tumor growth

Tumor-reactive T cells typically exhibit weak TCR signaling and low
affinity for tumor antigens®. Despite attempts to isolate higher-affinity
T cell clones or engineer affinity-enhanced TCRs to improve the antitu-
mor response, success has been limited®*”, Therefore, we examined the
TCRresponsiveness of murine melanoma tumor-infiltrating lympho-
cytes (TILs) obtained froms.c. B16F10 tumorsin WT and Sirt2” mice.
Mouse Sirt2”" TILs displayed increased phosphorylation of LCK (Y394)
and ZAP70, elevated Ca** mobilization and higher Nr4al transcription
comparedto WT TILs (Extended Data Fig.10a-d). Additionally, pathway
enrichmentanalysis of differentially expressed genes revealed upregu-
lation of pathways downstream of TCR signalingin Sirt2”~ compared to
WT CD4"and CD8" TILs (Extended DataFig.10e). We also examined the
impact of SIRT2 inhibition on TCRresponse in human T cells obtained
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and Sirt2”” mice determined by TCR deep sequencing (n = 6 mice per group).

g, Representative flow cytometry analysis of TCRB* cells in the spleen of Rag2 ™"~
mice 24 h after adoptive transfer of vehicle or CD3* T cells from WT or Sirt2™~
donor mice (n=5mice per group). h, Survival of Rag2” mice injected i.v. with
15mg kg body weight ConA 24 h after adoptive transfer of vehicle, WT or Sirt2™~
CD3" Tcells, assessed 12 h after ConA injection. Vehicle, n =9 mice; WT, n=12
mice; and Sirt2”7", n =14 mice. i, Representative H&E staining of liver sections
from Rag2”~ mice adoptively transferred with vehicle, WT CD3* T cells and Sirt2”~
CD3* Tcellsasinhat 24 h after ConAinjection. Areas of necrosis are circled. Scale
bar, 700 pm. j, Quantification of liver damage area, serum ALT and serum AST at
24 hafter ConA injectionin Rag2” mice adoptively transferred with vehicle, WT
CD3* T cellsand Sirt2”~CD3* T cells asin h. n = 5mice per group. Data are shown
asmean +s.e.m. Statistical analysis was performed using two-way ANOVA (a,b,d),
two-tailed Student’s ¢-test (c), two-sided Dunn’s test (e,f), two-sided Fisher’s exact
test (h) and one-way ANOVA (j). Data are representative of two (f-n) and four (a)
independent experiments.
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from healthy donors and TILs isolated from non-small cell lung cancer
(NSCLC) or small cell lung cancer (SCLC) biopsies. The selective SIRT2
inhibitors thiomyristoyl (TM)*® and AGK2 (ref. 39) or SIRT2 CRISPR/
Cas9 knockout restored proximal TCR signaling and Ca** mobiliza-
tion in human T cells from healthy donors and exhausted TILs from
patients with NSCLC and SCLC following TCR engagement (Fig. 5a-d
and Extended Data Fig.10f-k). When Sirt2”~and WT mice weres.c. chal-
lenged with either Yumm1.7 melanoma cells or KPMSH2*" lung cancer
cells*° and tumor growth was monitored over time, tumor growth was
significantly delayed in Sirt2”~ mice compared to WT mice in both
models (Fig. 5e,f), demonstrating the potential therapeutic benefit
of SIRT2 deficiency in enhancing antitumor immunity.

We also evaluated the impact of SIRT2 manipulation in the con-
text of TIL therapy using patient-derived xenograft (PDX) models of
NSCLC and SCLC, each paired with autologous TILs isolated from the
same patient tumor. When tumor-bearing PDX mice were infused with
either nontargeting control (NTC) human TILs or CRISPR-deleted
SIRT2-deficient human TILs, mice that received Sirt2-deficient TILs
showed significantly delayed tumor growth compared to those receiv-
ing vehicle or NTC TILs in both NSCLC and SCLC models (Fig. 5g-j).
To determine whether the delayed tumor growth was mediated by
enhanced TCRsignaling, weisolated infused human NSCLC TILs from
the tumors of PDX mice and evaluated the effects of SIRT2 deletion on
their TCR responsiveness. Sirt2-deficient human NSCLC TILs exhibited
increased phosphorylation of LCK at Y394 following TCR stimula-
tion compared to NTC controls (Fig. 5k). These Sirt2-deficient TILs
alsoshowed elevated cytokine production (Fig. 51), further indicating
enhanced activation. Collectively, these findings highlighted SIRT2
blockade as a promising therapeutic strategy to enhance antitumor
immunity by boosting TCR signalingin TILs.

Discussion

Here, we showed that SIRT2 regulated TCR signaling through deacetyla-
tionof LCK atlysine 228, aconserved residue withinitsLR. Acetylation
atK228disrupted the intramolecular SH3-LRinteraction, favoringan
open, active LCK conformation. Consequently, SIRT2 loss amplified
proximal TCR signaling, Ca2* flux and downstream activation of NFAT
and ERK, resulting in heightened T cell responses.

LCK activation is regulated by conformational changes*. K228
within the LCK-LR, a highly conserved domain*’, was hyperacety-
lated in mouse Sirt2”" T cells and human Jurkat cells compared to
WT controls. While X-ray crystallography evidence for conforma-
tional changes induced by K228 acetylation is lacking, disruption
of the LR-SH3 interaction by K228 acetylation supports a model in
which SIRT2 controls the stoichiometry of the closed, primed and
open form of LCK, thereby modulating proximal TCR signaling. The
LCK**#2mutant, which mimicked K228 acetylation, reproduced the
phenotype observed in SIRT2-deficient T cells, confirming that K228

acetylation enhances LCK activity. Notably, mutations of neighbor-
ing residues (K232E and P233G) on the LR of LCK also increases LCK
activity*?, supporting a structural link between this region and LCK
conformational changes.

K228 acetylationincreased upon T cell activation but declinedin
Ty-like cellsand melanoma TILs. This pattern parallels SIRT2 upregula-
tion in Ty cells and TILs*, suggesting that SIRT2-mediated deacetyla-
tion of LCK in these states. The accumulation of acetylated LCK in
Te-like cells likely stabilizes an open LCK conformation and facili-
tates robust signaling, whereas reduced LCK acetylationin Ty, T;and
exhausted T cells may favor theinactive state and limit responsiveness
inthese quiescent cells.

LCK has key roles in thymic development***, Although Sirt27~
mice displayed normal thymic architecture at steady state, mixed
WT:Sirt2”~ BMCs showed increased Sirt2”~ thymocytes from the DN3
stage onward, consistent with enhanced pre-TCR signaling during
B-selection. Stronger pre-TCR or TCR signaling in Sirt2”~ thymocytes
may therefore promote their developmental progression. We also
detected anincreased frequency of Sirt2 ™~ early thymic progenitor cells
inchimeric mice, although these cellslack pre-TCRand TCR expression,
and the mechanism underlying this increase remains unclear. The
broader TCRrepertoirein Sirt2”" micelikely reflects alower TCR signal-
ingthreshold that allows positive selection of more low-affinity clones
while maintaining negative selection and self-tolerance. Consistent
with this, Sirt2”~ mice lacked spontaneous autoimmunity but showed
greater susceptibility to ConA-induced hepatitis, indicating that exces-
sive TCR activation may exacerbate inflammatory responses. The
subtle T cell developmental phenotype of Sirt2”~ mice closely resem-
bles that observed in c-Cbhl” mice, in which lack of E3 ubiquitin ligase
activity at thelevel of proximal TCR signaling results in normal thymic
development, but enhanced positive selection and a broader TCR
repertoire due to lower TCR signaling thresholds**¢. While strong and
persistent TCR signaling seems to drive Foxp3* T, cell developmentin
the thymus®, Sirt2”~ mice did not exhibit significant changes in T, cell
development compared to WT mice, with or without tumor challenge?.

Tumor-reactive T cells typically display weak TCR signaling
due to central and peripheral tolerance mechanisms eliminating
high-affinity clones"” and to chronic inhibitory signaling in tumors*:,
Our data indicate that SIRT2 contributes to this hyporesponsive
state, as its expression increased in activated and tumor-infiltrating
T cells. Pharmacological SIRT2 inhibition restored TCR signaling
in exhausted human TILs, suggesting that SIRT2 acts as a brake on
TCR responsiveness within tumors. These findings are particularly
relevant in the context of ongoing efforts to enhance T cell-based
immunotherapies by restoring functional TCR signaling®. While
promising, such approaches often fail in the metabolically restricted
tumor microenvironment, where T cell persistence and responsive-
ness are severely compromised*’. SIRT2 inhibition enhances both

Fig. 5| SIRT2 inhibition restores TCR responsiveness in exhausted

human TILs and delays tumor growth in vivo. a,b, Imnmunoblot analysis of
phosphorylated and total LCK, ZAP70 and PLCyl in TILs from NSCLC patient
no.3 (a) and patient no. 7 (b) that were electroporated with Cas9-crRNA

NTC or Cas9-crRNAs targeting SIRT2 (Cr#1, Cr#2 and Cr#3) and stimulated
with 2.5 ug ml™ CD3 Abs for 5 min. ¢,d, Ca* flux analysis of NSCLC patient

no. 3-derived (c) and patient no. 7-derived (d) TILs loaded with Indo-1AM

and labeled with 2.5 pg ml™ biotinylated CD3 Abs in response to 2.5 ug ml™
streptavidin (black arrow) and ionomycin (gray arrow). e, Growth curve at day
0-15 (left) and volume at day 14 (right) of s.c. Yumml.7 tumors in WT and Sirt2™~
mice (n =7 mice per group). f, Growth curves at day 0-15 (left) and volumes at
day 16 (right) of s.c. KPMSH2"™ tumors in WT and Sirt2”~ mice (n = 6 mice per
group). g,i, Immunoblot of SIRT2 expression in TILs expanded from SCLC (g)
and NSCLC (i) donors 1 month post-electroporation with Cas9-crRNANTC

or Cas9-crRNAs targeting SIRT2 (Cr#1, Cr#2 and Cr#3), with GAPDH (g) and
B-actin (i) as loading controls. h, Growth curves at day 0-15 (left) and volume

atday 43 (right) of NSCLC tumor cells injected s.c. in NSG mice treated with
vehicle, NTC or SIRT2-deficient TILs (crSirt2#2, crSirt2#3) at 21 days after tumor
injection. Vehicle (n =9 mice), NTC (n = 8 mice), crSirt2#2 (n =10 mice) and
crSirt2#3 (n=10 mice).j, Growth curves at day 0-50 (left) and volume at day 44
(right) of NSCLC tumor cells injected s.c.in NSG mice treated with vehicle, NTC
or SIRT2-deficient TILs (crSirt2#3) at 21 days after tumor injection. Vehicle (n =5
mice), NTC (n = 5mice) and crSirt2#3 (n = 6 mice). k, Flow cytometry analysis of
p-Y394 LCK before and after stimulation with 2.5 ug mI™ CD3 Abs for 0, 1,2, 5and
15 minin NTC and crSirt2#3 TILs isolated at end point from NSCLC-PDX tumors
grown in NSG mice infused with NTC or crSirt2#3 TILs, as inj. 1, Flow cytometry
analysis of IFN-y, TNF, perforin and granzyme B expression in NTC and crSirt2#3
TILsisolated at end point from NSCLC-PDX tumors grown in NSG mice infused
with NTC or crSirt2#3 TILs, as inj. Data are shown as mean + s.e.m. Statistical
analysis was performed using a two-tailed Student’s ¢-test (e,f) and one-way
ANOVA (h,j). Data are representative of two independent experiments.
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T cell metabolic fitness* and proximal TCR signaling, providing dual
metabolic and signaling benefits. Together, these effects position
SIRT2inhibitionasaunique strategy torestore T cell responsivenessin
metabolically suppressed tumors and toimprove the efficacy of T cell
and checkpoint-based immunotherapies.
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Methods

Ethics statement

All animal experiments were performed under the approval of the
Institutional Animal Care and Use Committee of Mayo Clinic (animal
study protocols AO0007348 and AO0007297) and were conducted
in accordance with the regulations of the Association for Assess-
ment and Accreditation of Laboratory Animal Care International
(AAALAC International).

Mice

C57BL/6) mice, C57BL/6SJL mice, PMEL mice with gp100-reactive
TCR: B6.Cg-Thy1*/Cy Tg(TcraTcrb)8Rest/J, OT-1l mice with MHC II-
restricted OVA-specific TCR: B6.Cg-Tg(TcraTcrb)425Cbn/), Sirt2™~
mice: B6.129-Sirt2™'™3/J and B6.Cg-Rag2tm1.1Cgn/J (Rag2™’") and
NSG mice: NOD.Cg-Prkdcs I12rg™"!'/Sz) were purchased from The
Jackson Laboratory. PMEL mice and OT-ll mice were crossed with
Sirt2”" mice to generate Sirt2”~ PMEL mice and Sirt2”~ OT-Il mice,
respectively. C57BL/6) (CD45.2) and C57BL/6.SJL-Ptprca (CD45.1)
mice were crossed to generate F1 hybrid CD45.1 x CD45.2 mice. All
mice were bred and maintained under specific-pathogen-free con-
ditions at the animal facility of the Mayo Clinic. Mice were housed
under controlled environmental conditions with a 12-h light-dark
cycle, ambient temperature of 20-24 °C and relative humidity of
40-60%, with ad libitum access to autoclaved food and water. All
animal protocols were approved by the Institutional Animal Care
and Use Committee of the Mayo Clinic and conducted inaccordance
withinstitutional and National Institutes of Health guidelines. Mice
were used at 7-8 weeks of age, with age- and sex-matched controls
includedin all experiments.

Mouse T cell culture

Spleens, LNs and thymi collected from WT and Sirt2” mice on C57BL/6,
PMEL or OT-lI backgrounds and processed into single-cell suspensions.
CD3", CD4" and CD8" T cells were negatively enriched using Mouse
PanT cell, CD4" T cell and CD8" T cell isolation kits (Miltenyi Biotec),
respectively according to the manufacturer’sinstructions. The purity
oftheisolated cells was confirmed by flow cytometry (>95%). Purified
T cells were cultured in complete RPMI-1640 medium (Thermo Fisher
Scientific) supplemented with 10% fetal bovine serum (FBS; Biowest)
and 1% penicillin-streptomycin (P/S) (Thomas Scientific).

To generate preactivated T cells (T-like cells), WT and Sire2”~
T cells were stimulated under the following conditions for 48 h: (1)
C57BL/6T cellswereactivated onanti-CD3-coated plates (S pg ml™, clone
145-2C11; BioXCell); (2) PMEL T cells were stimulated with gp100,s_;;
peptide (1 ug ml™; AnaSpec); and (3) OT-II T cells were stimulated with
OVA,,;_35 peptide (10 pg ml™?; InvivoGen).

Togenerate T,-like cells ex vivo, PMEL and OT-lI splenocytes were
activated with 1 pg ml™ gp100,5_s; (AnaSpec) and 10 pg ml™ OVA,,; 550
(InvivoGen), respectively for 3 days and subsequently cultured in the
presence of 10 ng ml™IL-15 (R&D) for 4 days.

For metabolicinhibition experiments, purified CD3"T cells from
WT and Sirt2” mice were treated with either 2-deoxy-D-glucose (2-DG;
1 mM; Sigma-Aldrich) to inhibit glycolysis or oligomycin (100 nM;
Sigma-Aldrich) to block mitochondrial ATP synthase. Inhibitors were
added for 2 hbefore stimulation on anti-CD3-coated plates (5 pg ml™,
clone145-2C11; Bio X Cell) for the indicated time points (0-5 min). Cells
were then collected and lysed for immunoblot analysis of proximal
TCRssignaling.

Human PBMCs

Human peripheral blood mononuclear cells (PBMCs) were obtained
from healthy donors (LifeSouth) by density gradient centrifugation
using Ficoll-Paque PLUS Media (GE Healthcare). CD3" T cells were
negatively enriched using a human Pan T cell isolation kit (Milte-
nyi Biotec). Enriched CD3" T cells were cultured in complete RPMI

medium and activated with anti-CD3 Abs-coated plates (5 pg ml™,
OKT-3, BioXCell).

Primary human cell culture

Primary cultures of SCLC cells were established by plating 1 ml of
malignant pleural effusionin the presence of the Rho kinase inhibitor
Y-27632 (10 pM; Tocris) ontoirradiated fibroblast feeder cells derived
from a different patient with lung cancer, as previously described>'.
Cells were cultured in F12:DMEM (Thermo Fisher Scientific) supple-
mented with10%FBS, insulin (5 pug ml™, Sigma-Adrich), EGF (10 ng ml™;
Sigma-Aldrich), hydrocortisone (400 ng ml™; Sigma-Aldrich), adenine
(24 pg mI%; Sigma-Aldrich) and Y-27632 (Tocris). After three passages,
cultures were maintained without feeder cells.

Rapid expansion protocol

Human TILs were isolated from tumor biopsies of patients with
advanced NSCLC or SCLC. Collection and expansion of human TILs
were approved by an Institutional Review Board protocol. All human
samples provided were and remained de-identified.

For TIL expansion, 5 x 10° TILs were stimulated with 30 ng mI™
human anti-CD3 (OKT-3, BioLegend) in the presence of 1 x 10 irradi-
ated (5,000 rad) allogenic PBMC feeder cells. TILs were cultured in
REP Medial consisting of RPMI-1640 medium supplemented with 10%
human AB serum (Valley Biomedical), 2 mM L-glutamine (HyClone,
Thermo Fisher Scientific),1 mMHEPES (Sigma-Aldrich), 1% P/S (Thomas
Scientific), 50 pg ml™ gentamicin (Thermo Fisher Scientific) and 50 uM
B-mercaptoethanol (Thermo Fisher Scientific). On day 5, 70 % of the
mediumwasreplaced with REP Mediall consisting of a1:1 (v:v) mixture
of REPMedialand AIMV (Invitrogen), supplemented with recombinant
human IL-2 (3,000 IU ml™; PeproTech). After 14 days, TILs were col-
lected, counted and rested before future analysis.

Human TILs were cultured incomplete RPMImediumin the pres-
ence of dimethylsulfoxide (DMSO) (vehicle) or the indicated concen-
trations of thiomyristoyl (2 uM, Selleck Chemicals) or AGK2 (5-10 pM,
Selleck Chemicals).

Celllines

Human Jurkat cells, murine EL4 cells, B16F10 and Yumm1.7 murine
melanomacells,and 293T human embryonickidney cells were obtained
fromthe American Type Culture Collection. Cells were passaged mini-
mally and maintained in complete Dulbecco’s modified Eagle medium
(DMEM)/F12 (Thermo Fisher Scientific) containing 10% FBS (Biowest)
and 1% P/S (Thomas Scientific. Cell lines were routinely tested for nega-
tive mycoplasma contamination.

KPMSH2*™ lung cancer cells, which express the same epitope
recognized in human G12D-mutated KRAS, were obtained from
J. Conejo-Garcia (Duke University)*. Cells were routinely cultured in
RPMI-1640 (Thermo Fisher Scientific) supplemented with 10% FBS
(Biowest),1% P/S,2 mM L-glutamine and 0.5 mM sodium pyruvate (all
from Thermo Fisher Scientific).

Subcutaneous tumor models

Anesthetized mice were injected s.c. in the flank with either 2 x 10°
B16F10 or Yumm1.7 melanoma cells, or 1 x 10 KPMSH2*™ lung cancer
cells,suspendedin100 pl of sterile PBS. Tumor volumes were measured
twice weekly for 2 weeks and calculated using the formula:
volume = length x width? = 2.

Histology

Comprehensive necropsies were performed for autoimmune pathol-
ogy assessment. Animals were killed, and awide range of tissues were
collected, including the entire alimentary tract (esophagus, stomach,
duodenum, jejunum, ileum, cecum and colon), mesentery, mesen-
teric, inguinal and cervical LNs, skin, subcutis, skeletal muscle, sali-
vary glands, reproductive tract, liver, gall bladder, spleen, pancreas,
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kidneys, adrenal glands, larynx, trachea with attached thyroid and
parathyroid glands, heart, thymus and lungs. The small intestine was
insufflated with 10% neutral buffered formalin and rolled into Swiss
rolls for histological processing. All tissues were fixed in 10% neutral
buffered formalin until further processing, thenembedded in paraffin,
sectioned at 4-5-pm thickness and mounted on poly-L-lysine-coated
slides. Sections were stained with H&E to assess general cellular
morphology. Histopathological evaluation was performed by light
microscopy, focusing on features indicative of autoimmunity, includ-
ing glomerular basement membrane thickening and inflammation of
theileal lamina propria or submucosa.

Inthe ConA-induced hepatitis model, livers were processed simi-
larly and stained with H&E. Areas of hepaticinjury, including apoptosis
and necrosis, were quantified using ImageScope software. For each
mouse, liver injury was assessed using three tissue sections taken at
different levels, and the cumulative injury area was calculated and
reported in um?,

Detection of serum autoantibodies

Anti-dsDNA Abs were detected by ELISA kit (Alpha Diagnostics). Sera
were diluted 100-fold before assay, and the manufacturer’s proto-
col was followed for procedure and determination of positive versus
negative results.

ConA-induced hepatitis

Concanavalin A (ConA; Sigma-Aldrich) was administered i.v. at a
dose of 15 mg kg™. Mice were killed 24 h later, and livers were col-
lected for histopathological analysis. Sera were collected and ana-
lyzed for ALT and AST levels using ELISA kits (Abcam) following the
manufacturer’s instructions.

Patient-derived xenograft mouse models

NSCLC-PDX models were generated by implanting fresh tumor biop-
sies from patients with NSCLC into 4-6-week-old NSG mice. At theend
point, tumors were collected, enzymatically digested into single cells
andresuspended in a1:1 mixture of RPMI-1640 and Matrigel (Thermo
Fisher Scientific). A total of 1 x 10° cells were injected subcutaneously
into the flanks of new NSG recipient mice.

SCLCPDX models were established by injecting 1 x 10° primary cul-
ture cells from SCLC suspended inal:1 mix of RPMI-1640 and Matrigel
(Thermo Fisher Scientific).

For bothmodels, once tumors became palpable, mice were rand-
omizedinto control and treatment groups andi.v.administered 5 x 106
patient-matched (autologous) TILs. Tumor volumes were monitored
three times per week and calculated as: volume = length x width =+ 2.

Isolation of TILs

Lymphocytes from s.c. tumors were isolated by dicing the tissues
followed by enzymatic digestion in PBS containing collagenase type
4 (2 mg ml™, Worthington Biochemical) and DNase 1 (0.25 mg ml™,
Sigma-Aldrich) for 45 min with occasional shaking at 37 °C. Cell sus-
pensions were successively filtered through 100-pum and 40-pm cell
strainers (Thermo Fisher Scientific) to obtain single-cell suspension
followed by aPBS wash and red blood cell lysis using RBC Lysis Buffer
(BioLegend). TILs were finally isolated by density gradient centrifuga-
tion using Percoll (GE Healthcare) and were further purified using a
CD3eMicroBeads kit (MiltenyiBiotec) according to the manufacturer’s
instructions. Fresh TILs were used directly for TCR signaling studies.

Construction and production of lentivectors

Human and mouse LCK point mutations (K228Q/R) express-
ing vectors were generated by site-directed mutagenesis from
human and mouse pLenti-LCK-mGFP-P2A-Puro vectors (Ori-
Gene) using a QS5 Site-Directed Mutagenesis kit (New England
Biolab). The following primers were used to generate human

LCKK228Q forward: 5-CCAGACCCAGcAGCCCCAGAAGC-3’ and
reverse: 5-CAGGGGCGGCTCAACCGT-3’; human LCKK228R for-
ward: 5- CAGACCCAGAgGCCCCAGAAGCC-3’ and reverse: 5'-
GCAGGGGCGGCTCAACCG-3’; mouse LCKK228Q forward: 5’- CCAG
ACCCAGCcAGCCCCAGAA-3 and reverse: 5'- CAAGGACGGCTCA
ACTTTG-3;and mouse LCKK228R forward: 5'- CAGACCCAGAgGCCCC
AGAAA-3 andreverse: 5- GCAAGGACGGCTCAACTTTG-3.

The mouse SIRT2 open reading frame was cloned from the
pCMV6-Sirt2-expressing vector (Origene) into the pLenti-C-mGFP-
P2A-Puro Tagged Cloning Vector (Origene).

Lentivectors were generated using Lenti-vpak Packaging kit (Ori-
gene) by transfecting 293T cells with the lentiviral expressing vectors
and the packaging plasmids. Viral supernatants were collected 48
and 72 h after transfection, spun at 3,000 rpm for 10 min and filtered
through 0.45-mmfilters. Lentivectors were finally concentrated using
Lenti-X Concentrator (Takara Bio) according to the manufacturer’s
instructions (Clontech).

CRISPR/Cas9-mediated knockout of SIRT2 and LCK

crRNA targeting human S/RT2 cr#1: 5- UCUGGGAGAAUAAGUUCC
GCGUUUUAGAGCUAUGCU-3’, cr#2: 5’- UCUGCUGGACGAGCUG
ACCUGUUUUAGAGCUAUGCU-3" and cr#3: 5- GACUUUCGCUCU
CCAUCCACGUUUUAGAGCUAUGCU-3, crRNA targeting human
LCK cr#1: 5’- AUCCGUAAUCUGGACAACGGGUUUUAGAGCUAUG
CU-3’, cr#2: 5-GACCCACUGGUUACCUACGAGUUUUAGAGCU
AUGCU-3 and cr#3: 5-GCCCUCUCACGACGGAGAUCGUUUUAG
AGCUAUGCU-3’, crRNA targeting mouse Lck cr#1: 5-GCGGAC
UAGAUCGUGCAAUCGUUUUAGAGCUAUGCU-3, cr#2: 5-GCUUU
CGCCACGAAGUUGAAGUUUUAGAGCUAUGCU-3 and cr#3: 5- GUC
GAAGUCUCUGACCGACAGUUUUAGAGCUAUGCU-3',and crRNANTC
(allfrom IDT) were reconstituted to 100 uMin Nuclease-Free Duplex
Buffer (IDT). crRNAs were then mixed at equimolar concentrations
with Alt-R CRISPR-Cas9 tracrRNA, ATTO 550 (IDT) in asterile PCR tube.
crRNA-tracrRNA duplexes were annealed by heating at 95 °C for 5 min
in PCR thermocycler, then slowly cooled to room temperature. Then,
9 pl of crRNA-tracrRNA duplexes were mixed with 6 pl (180 pmol) of
TrueCut Cas9 Proteinv.2 (Invitrogen), followed by incubation at room
temperature for 10 min to form Cas9 ribonucleoproteins (RNPs). To
ablate SIRT2 or LCK from primary human and/or mouse T cells, 2 x 10°
activated CD3" T cells were resuspended in 100 pl buffer T (Neon
Transfection System; Thermo Fisher) and 15 pl of the Cas9 RNPs were
added to the resuspended cells and electroporation was performed
at1,350V,10 ms, three cycles. T cells were then cultured in X-VIVO 20
(LONZA) supplemented with 20% FBS with 500 U mlI™ IL-2. Ablation
of SIRT2 or LCK from Jurkat cells was performed similarly; however,
2 x10° cells were resuspended in buffer R, and the electroporation
was performed at 1,400 V, 10 ms for three cycles. ATTO 550-positive
cells were sorted 3 days post-electroporation and the loss of SIRT2
or LCK was confirmed by immunoblot, 2 weeks later.

Lentivector transduction

Enriched CD3" T cells were stimulated for 24 h in anti-CD3
Abs-coated plates (5 pg ml™, 145-2C11, BioXCell). Freshly concen-
trated lentivectors were spun-inoculated into activated T cells or
Jurkat cells supplemented with Polybrene (6 mg ml™, Sigma) at
2,000rpm, 32°Cfor2h.

L-Selectin shedding assay

WT versus Sirt2”~ CD3"* T cells were purified from mouse spleens and
thensurface stained with anti-CD62L. Stained cells remained unstimu-
lated or stimulated with anti-CD3-biotin Abs (0.5 pg ml™; clone 145-
2Cl11, BD Biosciences) for 20 min at room temperature, followed by
anti-CD3 crosslinking with 2.5 pg ml™ streptavidin (Thermo Fisher
Scientific) for 90 min. CD62L shedding was determined by comparing
L-selectin expression on WT versus Sirt2”~ T cells.
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Invivo trafficking experiments

CD3* T cells were purified from spleen of WT and Sirt2”~ mice. Sirt2”"
CD3"Tcells were labeled with 2 uM of CellTrace CFSE (Thermo Fisher
Scientific) and WT CD3" T cells were labeled with 1 uM CTV (Thermo
Fisher Scientific) for 30 min at room temperature. Ina parallel experi-
ment, dye assignments were reversed to exclude potential dye-related
artifacts. Labeled T cells remained unstimulated or stimulated with
0.5 pg ml™ anti-CD3-biotin Abs (Clone 145-2C11, BD Biosciences)
for 20 min on ice, followed by anti-CD3 crosslinking with 2.5 pg ml™
streptavidin (Thermo Fisher Scientific) for 1 h at 37 °C CO, incuba-
tor. WT and Sirt2”" T cells were then washed twice, counted, and
mixed at 1:1 ratio of CFSE:CTV-labeled cells. Then, 10 x 10° 1:1 ratio
CFSE:CTV-labeled cells were injectedi.v.into C57BL/6 recipient mice.
After1h, therecipient mice were killed and LNs, spleens and heparin-
ized blood were collected for downstream flow cytometry analysis.

Adoptive cell transfer

A total of 5 x10° purified CD45.2'CD8* PMEL T cells or CD45.2'CD4"*
OT-II T cells from WT or Sirt2”~ mice were labeled with CTV (Thermo
Fisher Scientific) and i.v. transferred into CD45.1" recipient mice. At
1week later, mice were vaccinated s.c. with 0.5 x 10° dendritic cells
(DCs) pulsed with either gp100,;_,; peptide (Anaspec, PMEL model)
or OVA,,; ;3 peptide (InvivoGen, OT-Il model). On days 3 and 5
post-immunization, spleens and LNs were collected and T cell prolif-
eration and activation were assessed by flow cytometry.

Inthe ConA-induced hepatitis model, 5 x 10° purified CD3* T cells
from WT or Sirt2”~ C57BL/6 mice were i.v. transferred into Rag2™”’"
recipient mice 1 day before ConA administration. A control group of
Rag2’~ micedid not receive T cells.

Invitro generation of DCs

BM cells were isolated from the femurs of C57BL/6 mice and cultured
at1x10°cells ml™in complete RPMI-1640 medium supplemented with
20 ng ml™ murine granulocyte-macrophage colony-stimulating fac-
tor and 10 ng ml murine IL-4 (both from PeproTech) for 7 days. Fresh
cytokine-supplemented medium was added on days3and 6.0Onday 7,
BM-derived DCs were activated with lipopolysacharide (LPS; 20 ng ml™;
Thermo Fisher Scientific). On day 8, nonadherent and loosely adher-
ent cellswere collected, washed and pulsed for 4 hat 37 °Cwith either
gp100,5_;; peptide (1 pg ml™, Anaspec), OVA peptide (10 pg ml™, Invi-
voGen) or left unloaded as a control. After peptide loading, cells were
washed three times with PBS before injection. DC purity, maturation
and activation status were confirmed by flow cytometry.

Mixed BMCs

Togenerate mixed BMCs, bone-marrow cells from Sirt2”’~CD45.2* donor
mice were mixed atal:1ratio with BM cells from WT CD45.1" mice. Then,
0.5 x10° total mixed BM cells were injected i.v. into 800Gy-irradiated
C57BL/6xC57BL/6SJL F1 recipient mice. Chimeras were rested for at
least 8 weeks to allow for BM reconstitution.

Flow cytometry

For surface marker analysis, mouse T cells were stained in PBS con-
taining 2% BSA (FACS buffer) with the following Abs: CD3 (APC or
BUV395, clone 145-2C11), CD4 (BUV8O0S5 or BV785, clone GK1.5), CD8
(Alexa Fluor 700, 53-6.7), CD44 (Alexa Fluor 488, IM7), CD25 (BV510
or BV711), CD62L (PE-Cy7, MEL-14), CD69 (PE-CF594, H1.2F3), TCR
(PE), CDS5 (BV605), CD24 (BV711), CD45.2 (BV650) CD45.1(BV510), TCR
VB5.1/5.2 (PE), TCRVB13 (PE) and NK1.1 (BV605). To exclude non-T cells,
a dump channel was used consisting of B220, CD19, CD11b, Gr-1and
TER119 all conjugated to APC-Cy7. Cells were incubated at 4 °C for
20 minto1h, washed twice with FACS buffer and fixed in PBS contain-
ing1% paraformaldehyde. Dead cells were excluded using the Zombie
Violet or Zombie NIR Fixable Viability kit (BioLegend), following the
manufacturer’sinstructions.

For human T cells staining the following Abs were used: CD8
(BUV395), CD3 (BUV496), CD4 (BUV737) and CD45RA (FITC) from
BD Biosciences.For cytokine intracellular staining, cells were first
re-stimulated with phorbol 12-myristate 13-acetate (10 ng ml™,
Sigma-Aldrich) and ionomycin (1 pM, Sigma-Aldrich) for1 h, followed
by GolgiPlug treatment (1%, BD Biosciences) for anadditional 6 h. Cells
were then surface stained before fixation/permeabilization using the
Cytofix/Cytopermkit (BD Biosciences), followed by intracellular stain-
ing with the following Abs: TNF (PE-Cy7, BioLegend), IFN-y (BB700 or
BV711, BD Biosciences), IL-2 (APC), IL-4 (BV605), granzyme B (PE or APC,
BD Biosciences) and perforin (Alexa Fluor 647 or BV605, BioLegend).

For FoxP3 intracellular staining, cells were processed using the
eBioscience Foxp3/Transcription Factor Staining Buffer Set (Thermo
Fisher Scientific) according to the manufacturer’sinstructions. Intra-
cellular staining was performed with FoxP3 (PE, BioLegend).

For Nur77intracellular staining, cells were processed using the BD
Pharmingen Transcription Factor Buffer Set (BD Biosciences) accord-
ing to the manufacturer’s instructions. Intracellular staining was per-
formed with Nur77 (PE or AF647, BioLegend).

For proximal TCR signaling analysis, cells were surface stained
before fixation/permeabilization with Cytofix/Cytoperm kit (BD
Biosciences), followed by staining with LCK Phospho Tyr394 (PE,
BioLegend), LCK Phospho Tyr505 (PerCP-eFluor 710, Thermo Fisher
Scientific), Phospho-ERK1/2 Thr202/Tyr204 (APC, Thermo Fisher
Scientific), Phospho-ZAP70 (Tyr319/Tyr352, APC, eBioscience) and
Phospho-ZAP70 (Tyr493, FITC, eBioscience).

For BMC experiments, BM, thymus, spleen and LN single-cell sus-
pensions were stained in FACS buffer with the following Abs: CD3 (APC,
clone 145-2C11), TCRp (PE), CD4 (BV785, GK1.5), CD8 (Alexa Fluor 700,
53-6.7),CD45.2 (BV421),CD45.1(BV510), CD69 (PE-CF594, H1.2F3), CDS5
(BV605), CD24 (BV711), CD44 (Alexa Fluor 488, IM7), CD25 (PE-Cy5),
CD62L (PE-Cy7, MEL-14), c-Kit (BV650) and Sca-1(AF647). Dump channel
Absincluded CD19,B220, CD11b, Gr-1, TER119 and NK1.1, all conjugated
to APC-Cy7. Dead cells were excluded using the Zombie NIR Fixable
Viability Kit (BioLegend).

For assessing DC maturation and activation, single-cell sus-
pensions were stained in FACS buffer with the following Abs: CD11b
(BV605), CD11c (Alexa Fluor 488), CD86 (BV510), MHC class I1 1A/IE
(Alexa Fluor 647) and F4/80 (BV711). T cells were excluded using CD3
(APC). A dump channel was used to exclude non-DC populations,
consisting of CD19, B220, Gr-1, TER119 and NK1.1, all conjugated to
APC-Cy7.Dead cells were excluded using Zombie Violet Fixable Viability
Dye (BioLegend).

Cells were acquired on a BD FACSymphony A5, LSR Il (Becton
Dickinson), and Cytek (Biosciences) and data were analyzed with FlowJo
v.10.0 software.

Ca* flux assay

In brief, 2 x10° T cells were washed twice with PBS and loaded with
1pM Indo-1 AM Ca*" indicator dye (Thermo Fisher Scientific) at 37 °C
for30 minin1 mIDMEM.T cells were washed again twice with PBS and
incubated foradditional 30 minat37 °Cin1 ml complete medium. After
washing, cells were surface stained, thenincubated with the indicated
concentration of biotinylated anti-CD3e monoclonal antibody (0.015-
10 pg ml™) for 20 min at4 °C. Indo-1fluorescence ratios were recorded
for 30 s or 60 s to obtain the baseline relative Ca®* levels, followed by
the addition of streptavidin (2.5 pg ml™, Thermo Fisher Scientific) at
90 s or 120 s and this was followed by the addition of 1 M ionomycin
(Thermo Fisher Scientific) at 360 s.

Inasimilar experimental setting, EL4 cells were loaded with gp100
peptide or left unloaded (control cells) and CD8* PMEL T cells were
loaded with Indo-1 AM. Indo-1 fluorescence ratios were recorded for
60 sto obtain the baseline relative Ca* levels, followed by the addition
of gp100-loaded EL4 at 120 s and this was followed by the addition of
1puMionomycin (Thermo Fisher Scientific) at 480 s.
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Ca* live imaging

Freshly prepared OT-II T cells loaded with Ca* indicator Fluo-4-AM
(Thermo Fisher Scientific) and Ova-pulsed B cells (APCs) labeled with
Cell Tracker Orange CMRA Dye (Thermo Fisher Scientific) were mixed
1:1and were then immediately loaded onto a TomoDish (Tomocube).
Samples onaTomoDish were placed ona TomoChamber (Tomocube) to
maintain CO, (5%) and temperature (37 °C) levels. Cells were subjected
to time-lapse imaging with an objective and a condenser lens, UPLA-
SAPO x60 W1.2NAlens (Olympus), onaholotomographic microscope,
HT-2 (Tomocube). Holographicimages were generated frominterfered
images at the camera plane between the two split 532 nm laser beams
of areference beam and a sample illuminated beam obtained at vari-
ous incident angles modulated by a high-speed illumination scanner
using adigital micromirror device. Following the holographicimaging
acquisitionin400 ms, single z-plane fluorescentimages of Fluo-4 AM
for T cellsand the Cell Tracker Orange CMRA for B cellsilluminated with
an LED light source (470 and 570 nm, respectively) were sequentially
acquired with 100-ms exposure time. The refractive index distribu-
tion wasreconstructed and visualized for the three-dimensional ODT
images and the trace of Fluo-4 AM fluorescence intensities was deter-
mined using TomoAnalysis software (Tomocube v.1.5).

Confocal imaging

After isolation from mouse spleens, WT and Sirt2”" T cells were acti-
vated with anti-mouse CD3g Abs-coated 24-well plates (5 pg ml™, 145-
2Cl11,InVivoMab) for the indicated time periods. T cells were then fixed
with paraformaldehyde (4%, 15 min, 37 °C) and permeabilized with 0.2%
Triton X-100 in PBS for 5 min. Following a blocking step in blocking
buffer (0.1% Triton X-100, 10% donkey serum, 60 min, room tempera-
ture), T cells were incubated with NFATc2 mouse Abs (Invitrogen, cat.
MA1-025, Clone no. 25A10.06.02; 1:500 dilution) and AP-1 rabbit Abs
(PeproTech; cat. no. 22114-1 AP; 1:250 dilution) in PBS with 2% normal
goat serum overnight at 4 °C. After washing, T cells were labeled with
secondary Abs goat anti-mouse Alexa Fluor 488 (Invitrogen, cat. no.
A281751:500 dilution) and goat anti-rabbit Alexa Fluor 647 (Invitrogen,
cat. no. A21245;1:500 dilution) in 0.1% Triton/PBS for 1 h. T cells were
then mounted in mounting medium with DAPI (4’,6’-diamidino-2-phen
ylindole; Vector Laboratories) and analyzed using a Carl Zeiss LSM
confocal microscopy.

Quantification of nuclear NFATc2 and AP-1signal was performed
using ImageJ software by gating the nucleus. Mean fluorescence
intensity values for NFATc2 and AP-1 within the nucleus are reported.
The colocalization index was calculated using Pearson’s correlation
coefficient (r), where values ranged from -1 (no colocalization) to +1
(perfect colocalization).

RNA isolation and reverse transcription quantitative PCR

Total RNAs were extracted from cells using the RNeasy Mini kit (QIA-
GEN) according to manufacturer’sinstructions. Following extraction,
1pg of total RNAs was reverse transcribed using the iScript reverse
transcription kit (Bio-Rad). Quantitative PCR of the indicated genes
were performed using SsoAdvanced Universal SYBR Green Supermix
(Bio-Rad) in the CFX Connect Real-Time System (Bio-Rad). Sense and
antisense primers for mouse Nr4al, mouse Actb, human NR4A1 and
human ACTB were predesigned by Bio-Rad and provided as a mixture,
PrimePCR SYBR Green Assay.

Immunoprecipitation

ForIP assays, activated CD3" T cells were lysed in IP lysis buffer (20 mM
HEPES, pH7.9,180 mMKCl, 0.2 mM EDTA, 1.5 mM MgCl,, 20% glycerol
and 0.1% Nonidet P-40, containing a mixture of protease inhibitors).
Celllysates wereincubated overnight at4 °C with specific Abs against
acetyl-lysine (9441, 1:50 dilution) from Cell Signaling, SIRT2 (ab211033,
1:50 dilution) and LCK (ab227975, 1:50 dilution) from Abcam. Rabbit
monoclonal AbsIgG (Cell Signaling, 3900) was used as isotype control.

After addition of anti-rabbit Ig agarose-beads (TrueBlot, Rockland),
samples were incubated at 4 °C for 2 h. Beads were washed five times
withIPlysis buffer and proteins were released from the beads by boiling
in3x SDS sample loading buffer and loaded into 10 % SDS-PAGE gel for
immunoblot analysis.

Subcellular protein extraction

Cell extracts from WT and Sirt2”" T cells were fractionated by the
ProteoExtract Subcellular Proteome Extraction kit (Millipore Sigma)
according to the manufacturer’sinstructions.

Immunoblotting analysis

Whole cell lysates were prepared using lysis buffer (Pierce RIPA buffer,
Thermo Fisher Scientific) supplemented with cOmplete protease
inhibitor cocktailand PhosSTOP phosphatase inhibitor cocktail (Roche
Applied Science).

Celllysates (20 pg) or IPsamples were loaded onto10% SDS-PAGE
and separated by electrophoresis followed by semi-dry transfer into
polyvinylidene fluoride membranes (Immun-Blot PVDF membrane,
Bio-Rad) using Trans-Blot Turbo transfer system (Bio-Rad). After
transfer, the membranes were blocked at RT with Tris-buffered saline
containing 0.05% Tween-20 (TBST) and 5% nonfat dry milk for 1 hand
thenincubated overnight at 4 °C with specific primary Abs (indicated
below). The membranes were washed three times with TBST and then
incubated for 1 hwith horseradish peroxidase (HRP)-conjugated goat
anti-mouse IgG H&L (Abcam, no. ab97051, 1:3,000 dilution) for regu-
lar immunoblot analysis, or HRP-conjugated mouse anti-rabbit IgG
light-chain specific (Cell Signaling, 93702,1:1,000 dilution) for IPsam-
ples. After washing three times with TBST, bound Abs were detected by
chemiluminescence using the Pierce ECL Western Blotting Substrate
and the Super Signal West Femto Maximum Sensitivity Substrate kits
(Thermo Fisher Scientific). Image acquisition was performed with the
Amershamimager 600 system (GE Healthcare Bio-Sciences).

Immunoblotting was performed using primary Abs against
acetyl-lysine (9441, 1:1,000 dilution), SIRT2 (12650, 1:1,000 dilution),
LCK (2752,1:1,000 dilution), ZAP70 (3165,1:1,000 dilution) LAT (45533,
1:1,000 dilution) SLP-76 (25361,1:1,000 dilution), PLCy1(5690,1:1,000
dilution), Erk1/2 (9102,1:1,000 dilution), GFP (2956,1:1,000 dilution),
Phospho-LAT (Tyr220) (20172, 1:1,000 dilution), Phospho-PLCyl
(Tyr783) (14008, 1:1,000 dilution), Phospho-SLP-76 (Ser376) (14745,
1:1,000 dilution), Phospho-ZAP70 (Tyr319)/Syk (Tyr352) (2717,1:1,000
dilution), Phospho-Src Family (Tyr416) (6943, 1:1,000 dilution),
phospho-LCK (Tyr505) (37458,1:1,000 dilution) and Phospho-p44/42
MAPK (Erk1/2) (Thr202/Tyr204) (4370, 1:1,000 dilution) from Cell
Signaling, B-actin (ab8227,1:5,000 dilution) and GAPDH (ab181602,
1:10,000 dilution) from Abcam.

Pulldown polyHis protein-protein interaction assay

Human histidine-LCK fusion protein was manufactured, immobilized
on HisPur cobalt resin (Thermo Fisher Scientific) and used as a bait
protein. Human SIRT2 protein was manufactured and used as prey
proteins. The pulldown assay was performed following the manufac-
turer’s protocol (Pierce Pulldown PolyHis Protein:Protein Interaction
kit, Thermo Fisher Scientific). A nontreated gel control (minus bait,
plus prey) and the immobilized bait control (plus bait, minus prey)
wereincluded. The eluted proteins were subjected to SDS-PAGE (4-12%
gel) and transferred to PVDF membranes forimmunoblotting analysis.
Immunoblotting was performed using primary Abs against SIRT2
(12650,1:1,000 dilution), LCK (2752,1:1,000 dilution) and His-tag (2365,
1:1,000 dilution) from Cell Signaling.

Pulldown GST protein-protein interaction assay

The coding region of the LCK-SH3 domain (183 bp) was cloned into
the pcDNA3.1(+)-N-GST vector (GenScript). The resulting vector
expresses a fusion protein of LCK-SH3 with GST at the N terminus.
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Similarly, the coding region of the LCK-LR domain (60 bp), includ-
ing the WT sequence or mutants K228R and K228Q, was cloned into
the pcDNA3.1(+)-N-eGFP vector (GenScript). The resultant vectors
express fusion proteins of LCK-LR whether WT or mutants with GFP
atthe N terminus.

Each vector was transfected into 293T cells using Lipofectamine
3000 Transfection Reagent (Thermo Fisher Scientific). The 293T cell
lysates expressing LCK-SH3-GST fusion proteins were applied to glu-
tathioneresin (GenScript). The glutathione resin, bound with SH3-GST,
was washed five times before the introduction of 293T cell lysates
expressing either Empty or LCK-LR (WT, K228R or K228Q mutants)
GFP fusion proteins. After another five rounds of washing, the bound
SH3-GST/LR-GFP proteins were eluted with 10 mmol I of reduced
glutathione. The eluted proteins were subjected to 4-12% SDS-PAGE
gel and transferred to PVDF membranes for immunoblotting analy-
sis. Immunoblotting was performed using primary Abs against GFP
(29565, 1:1,000 dilution) and GST-Tag (2625, 1:1,000 dilution) from
CellSignaling.

Structural modeling using AlphaFold

Structural predictions were performed using AlphaFold (v.2.3.1)* to
investigate LCK-LR binding to the LCK-SH3 domain. Modelingincluded
the following peptides: unacetylated K228 LCK-LR, acetylated K228
LCK-LR and the K228R and K228Q mutant LCK-LR peptides. Struc-
tural comparison and visual inspection were performed using PyMOL
(Schrodinger) for figure preparation and structural interpretation.

Fluorescence polarization assays

The FP experiments were performed in 384-well black plates (Thermo
Fisher Scientific) and the sample signals were read by aSynergy 2 plate
reader (Biotek). The polarization was measured at room temperature
with anexcitation wavelength at 485 nm and an emission wavelength at
535 nm. AllFP experiments were performed in an assay buffer of25 mM
HEPES (pH 7.4),100 mM NaCl, 0.01% Triton X-100 and 100 pg mi™
y-globulin. The final reaction volume was set to 15 pl.

In the FP saturation experiments investigating interactions
between LCK-SH3-GST and LCK-LR peptides, four peptide variants
were tested: acetylated K228, deacetylated K228, K228R and K228Q.
The concentration of the fluorescently labeled LCK-LR tracer was
fixed at 10 nM in assay buffer, while LCK-SH3-GST was titrated across
a concentration range of 0 to 160 pM. After combining each peptide
variant with the indicated concentrations of LCK-SH3-GST, assay plates
were incubated for 3 h at room temperature in the dark on an orbital
shaker before measurement of FP signals.

To assess nonspecific interactions, LCK-LR peptides were also
combined with empty-GST proteins at various concentrations under
the same conditions before recording the polarization signals.

The data were analyzed by nonlinear least-square analyses using
GraphPad Prism v.8.0 to derive the K, value. Each experiment was
repeated three times. The results were expressed as mean = s.e.m.

HPLC-based SIRT2 deacetylase activity assay
Thedeacetylation activity of SIRT2 was assessed by high-performance
liquid chromatography (HPLC). Acetylated K228 LCK-LR peptides
(32 uM) were incubated with or without purified SIRT2 (0.2 pM) inthe
reaction buffer (20 mM Tris, pH 8.0, 1 mM dithiothreitol (DTT) and
1mMNAD") at 37 °C. To quench the reactions, acetonitrile was added
into the reaction mixture. After centrifuging at10,000g for 10 min, the
supernatant was collected and lyophilized to concentrate the samples.
Then, 50 pl of biological water was added to each sample which was
thenanalyzed by HPLC onaLuna C18(2) column (100 A, 250 x 4.6 mm,
5 pm Phenomenex).

Solvents used for HPLC were water with 0.1% trifluoroacetic acid
(solvent A) and acetonitrile (solvent B). The gradient for HPLC condi-
tionwas 5% B for2 min,5-20%Bin2 min,20-40%B in14 min, 40-95%B

in3 min, 95% B for 4 min, 95—5% B in4 mins then 5% B for 1 min. The flow
rate was 0.75 ml min™. UV-Vis detector was set to measure at wavelength
280 nm. Tolocate the product, substrateand NAD* peaks, asample with
the standard product, substrate peptide and NAD" was ran under the
same chromatographic gradient conditions.

RNA sequencing analysis
RNA sequencing analysis was performed at the Molecular Genomics
Core Facility of H. Lee Moffitt Cancer Center.

CD4"and CD8' TiLs wereisolated from B16F10s.c. tumors fromWT
and Sirt2”"mice (n =4 per group). Total RNAs were extracted using the
RNeasy Micro kit (QIAGEN; cat. no. 74004) according to the manufac-
turer’s instructions. Extracted RNAs were quantitated with the Qubit
Fluorometer (Thermo Fisher Scientific) and screened for quality on the
Agilent TapeStation 4200 using the high-sensitivity RNA ScreenTape
(Agilent Technologies). The samples were then processed for RNA
sequencing using the Takara SMARTer Stranded Total RNA-seq Kit v.2
Pico Input Mammalian kit (Takara Bio USA). Briefly, 1 ng of RNA was
used togenerate cDNA and astrand-specific ribosomal RNA-depleted
library following the manufacturer’s protocol. Quality control steps
were performed, including TapeStation size assessment and quantifica-
tionusing the Kapa Library Quantification kit (Roche). The final librar-
ies were then normalized, denatured and sequenced on the lllumina
NextSeq2000 sequencer withthe P3-200 cycle reagentkit to generate
atleast 60 million 100-base read pairs per sample (Illumina).

T cell receptor sequencing

CD8* SP thymocytes were isolated from WT and Sirt2”~ mouse
thymi. Total DNA was extracted using DNeasy Blood & Tissue Kit
(QIAGEN). Amplification and sequencing of the TCR  complementarity-
determining region 3 (CDR3) sequences were performed using the
ImmunoSEQ platform (Adaptive Biotechnologies)*>**. Clonality scores
based on Shannon’s entropy were calculated using the ImmunoSEQ
Analyzer software v.3.0 (https://clients.adaptivebiotech.com/) and
reportedonascaleofOto1, with Oandlindicatingamaximally diverse
and completely monoclonal T cell population, respectively.

LC-MS/MS
LC-MS/MS analysis was performed at the Proteomics Core Facility of
H. Lee Moffitt Cancer Center.

For theidentification of LCK acetylated-lysine sites, WT and Sirt2 ™
preactivated murine CD3" T cells, CD4" OT-1I T,-like cells, BI6F10 TILs
and human Jurkat cells were washed twice with PBS and lysed in the
IP lysis buffer (Thermo Fisher Scientific). IP assay was performed as
described previously using Anti-Lck Abs (Abcam).

IPbeads were resuspendedin 20 pl of SDS-PAGE MOPS running
buffer (Bio-Rad, cat.no.1610788), 10 pl of loading buffer (Bio-Rad, cat.
no. 1610791) and 2 pl of reducing agent (Bio-Rad, cat. no. 1610792),
then boiled and denatured at 95 °C for 5 min. Samples were cooled
and loaded onto a 10% Bis-Tris Criterion XT Precast Gel (Bio-Rad).
SDS-PAGE was performed at 125V for 90 min. The gel bands were
thenstained with Coomassie Brilliant Blue, imaged and cut. Anin-gel
digestion was performed with TCEP reduction (2 mM) and IAA alkyla-
tion (20 mM) followed by digestion with200 ng of trypsin overnight.
Then, 200 ng more of trypsin was added the next day for an additional
2-h digest. Peptides were extracted from the gel pieces using 50%
acetonitrile, 0.1% trifluoroacetic acid, then dried down in a vacuum
centrifuge. Peptides were resuspended in 200 pl of 0.1% trifluoro-
acetic acid for C18 desalting using a Thermo SOLAu plate. Eluted,
desalted peptides were dried down in a vacuum centrifuge before
being resuspended in 20 pl of 2% acetonitrile, 0.1% formic acid for
MS analysis.

Ananoflow ultra high-performance liquid chromatograph (RSLC,
Dionex) coupled to anelectrospray bench top orbitrap mass spectrom-
eter (Q-Exactive plus, Thermo) was used for tandem mass spectrometry
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peptide sequencing experiments. The sample was first loaded onto a
pre-column (2 cm x 100 um ID packed with C18 reversed-phase resin,
5pm, 100 A) and washed for 8 min with aqueous 2% acetonitrile and
0.04% trifluoroacetic acid. The trapped peptides were eluted onto the
analytical column, (C18, 75 pm ID x 25 cm, 2 pm, 100 A, Dionex). The
120-min gradient was programmed as 95% solvent A (2% acetonitrile
+0.1% formic acid) for 8 min, solvent B (90% acetonitrile + 0.1% formic
acid) from 5% to 38.5% in 90 min, then solvent B from 50% to 90% B in
7 minand held at 90% for 5 min, followed by solvent B from 90% to 5% in
1minandre-equilibrate for 10 min. The flow rate on analytical column
was 300 nl min™. Spray voltage was 1,900 V. Capillary temperature
was 275 °C. S lens RF level was set at 50. Data-dependent acquisition
was performed using top 16 precursors. The resolutions for MS and
MS/MSwere set at 70,000 and 17,500 respectively. Dynamic exclusion
was 15 s for previously sampled peaks.

Raw files were loaded into Proteome Discoverer v.3.0 for database
searching with Mascot and Sequest. Scaffold v.5.0 and Skyline v.23.1
were used to visualize the data.

LCK sequence alignment
Sequences of LCK orthologs from various species were found by search
using the NCBI nucleotide database. Multiple Sequence Alignment
was performed on Clustal Omega program at https://www.ebi.ac.uk/
Tools/msa/clustalo/ ref. 54.

Enrichment analysis

For gene set enrichment analysis, the list of upregulated genes in
Sirt2”" versus WT TILs was uploaded to MSigDB* and the overlap
with the HALLMARK gene sets was calculated™. A false discovery rate
g-value < 0.1was used as a cutoff.

Quantification and statistical analysis

Statistical analyses were performed with Prism software v.7.01 (Graph-
Pad Software) using a two-tailed unpaired or paired Student’s ¢-test,
Dunn’s test, chi-squared test and a one- or two-way ANOVA. In all cases,
statistical significance was considered when P < 0.05. Error bars show
mean +s.e.m. and P values were represented as *P < 0.05, *P< 0.01,
***p<(0.001and ***P<0.0001.

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

Data availability

The RNA sequencing dataset generated during this study has been
submitted in the Gene Expression Omnibus under accession no.
GSE265880.

The TCRsequencing datahave beendepositedintothe ImmuneACCESS
platformat https://clients.adaptivebiotech.com/pub/hamaidi-2024-s.
Source data are provided with this paper.

Code availability
No custom code was used in this study. All analyses were performed
using standard software packages as described in Methods.
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Extended Data Fig. 1| Sirt2 deficiency enhances calcium flux and proximal
TCRsignalingin T cells. a, Tomocube microscopy of WT and Sirt2”~ OT-II T
cellslabeled with Fluo-4-AM (green) undergoing calcium flux after mixing with
OVA-loaded B cells labeled with Cell Tracker Orange CMRA (orange). Overlays
of fluorescent and bright-field images are shown. Scale bar, 15 pm. n =5 mice
per group. b, Flow-cytometric analysis of p-Y394 LCK in naive WT and Sirt2”

CD8* T cells before and after stimulation with 0.5 pg mI™ CD3 Abs for 0-30 min.

Frequencies of p-Y394-LCK* CD8* T cells shown on right. Each dot = one mouse
(n=3mice per group). Data=mean + SEM. P values by two-way ANOVA.

c-e, Immunoblot analysis of phosphorylated and total proximal TCR molecules
before and after stimulation with 2.5 ug ml™ CD3 Abs for 0-5 minin WT and
Sirt2”-CD3*(c), CD4* OT-Il (d) and CD8* PMEL (e) T cells. f,g, Inmunoblot
analysis of phosphorylated and total proximal TCR molecules before and after
stimulation with 2.5 pg mI™ CD3 Abs for 0-5 min of WT and Sirt2”-CD4"* OT-Il
(f)and CD8* PMEL (g) T\-like cells generated by OVA and gp100 stimulation

respectively followed by 5 days culture inIL-15. h, Calcium flux in Cas9-crRNA
nontargeting control (NTC) and Cas9-crRNA SIRT2-targeted (crSirt2) Jurkat
cellsloaded with Indo-1AM and labeled with 0.5 pg mI™ biotinylated CD3 Abs.
Baseline fluorescence recorded for 60 s before stimulation with 2.5 pg ml™
streptavidin (black arrow) and ionomycin (gray arrow). n = 3 independent clones.
i, Immunoblot analysis of phosphorylated and total proximal TCR molecules
after stimulation with 2.5 pg ml™ CD3 Abs for 2 and 5 minin NTC and crSirt2
Jurkat clone no. 5and no. 6.j,k, Inmunoblot analysis of phosphorylated and
total proximal TCR signaling molecules in CD3* T cells from WT and Sirt2”~ mice
treated with either the glycolysis inhibitor 2-deoxy-D-glucose (2-DG, 1 mM) (j)

or the oxidative-phosphorylation inhibitor oligomycin (100 nM) (k) for 24 h,
followed by stimulation with 2.5 pg ml™ CD3 Abs for 0-5 min. ¢-g, i-k, GAPDH was
used as loading control. Data are representative of one (a) two (j,k) and three (b-i)
independent experiments.
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Extended Data Fig. 2| IP-MS/MS analysis identifies K228 as an

acetylation site modulating LCK conformation. a,b, CID spectra of
LSRPCQTQKPQKPWWEDEWEVPR peptide derived from LCK carrying acetylation
on K228 identified by LC-MS/MS from LCK-immunoprecipitated primary

mouse T cell lysates (a) and human Jurkat cell lysates (b). ¢, Quantification of
LCKK228 acetylation in NTC (Cas9-crRNA non-targeting control) and crSIRT2
(Cas9-crRNA targeting SIRT2) Jurkat cell lysates by LC-MS/MS following LCK
immunoprecipitation. Acetylated peptide intensity was normalized to total
peptide intensity. n = 3 biological replicates. Data are mean + SEM. P values by
two-tailed Student’s t-test. d, Quantification of LCKK228 acetylationin freshly
isolated T cells (Ty), OVA-activated OT-II T cells (Tg-like), IL-15-differentiated OT-
11 Ty,-like cells and mouse TILs isolated from B16F10 subcutaneous by LC-MS/MS
following LCK immunoprecipitation. Intensities of acetylated peptides shown
relative to Ty cells. Ty, n=1(pooled from 10 mice); Tg, n =4 independent mice;
Tw, n=4independent mice; TILs, n =1 (pooled from 10 mice). e, Schematic of
LCK domains. Src homology 4 (SH4), unique region (UR), SH3, SH2, linker region

(LR), kinase domain and negative-regulatory tail (NR) are depicted. f, Model of
LCK conformational control by intramolecular interactions. Left, inactive closed
form stabilized by: (i) phospho-Y505 (on the NR) binding to the SH2 domain

and (ii) LR-SH3 interaction. Right, active open form achieved through: (i) Y505
dephosphorylation releasing the NR from SH2 and (ii) LR disengagement from
SH3.g,h, Predicted binding mode of the LCK linker region to the SH3 domain
modeled using AlphaFold3 and visualized in PyMOL. Left panels depict the
non-acetylated form; right panels show the structural rearrangement upon
K228 acetylation, which disrupts charge interaction and excludes the side chain
from the pocket. g, Surface representation showing a shallow pocket on the

SH3 domain (circled in blue) predicted to accommodate K228. The sequence

of the LCK linker region (residues Q225-P232) was labeled. h, Stick model of

the same complex showing the linker region (Q225-P232) and the three SH3
domainresidues Y72, E73 and S75 defining the pocket predicted to accommodate
K228. Data are representative of one (d), three (b,c) and four (a) independent
experiments.
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retention times 0f 15.797 min and 14.553 min, respectively. d,e, Inmunoblots mouse CD3* T cells (i; n = 4 technical replicates from 5 pooled mice) and human
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independent Lck™" Jurkat clones reconstituted with empty, LCK"T, LCK¥?2%R or three (a,d-k) independent experiments.

LCK**%2vectors. f, Calcium fluxin Lck™” Jurkat cells reconstituted with LCK"T,
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Extended Data Fig. 4 | Loss of SIRT2 enhances LCK activation and downstream
TCRssignaling through LCKK228 acetylation. a, Immunoblot analysis of
phosphorylated and total LCK, LAT and PLCy1 following TCR stimulation

with 2.5 pg/ml CD3 Abs for 2-5 min in CRISPR-Cas9-generated LCK-deficient
Jurkat clones (Lck”Sirt2**, C1and C2) and double LCK-SIRT2-deficient Jurkat
clones (Lck™Sirt2”~,C4,C7 and C8) reconstituted with empty, LCK"", LCK*?®

or LCK*??Qyectors. b, Immunoblot analysis of phosphorylated and total LCK
following stimulation with 2.5 pg/ml CD3 Abs for 2-5 min in LCK-deficient
primary mouse CD3" T cells in WT or Sirt2”~ backgrounds reconstituted with
empty, LCK"", LCK*??%® or LCK¥**Qvectors. GAPDH used as loading control. Data
representative of three independent experiments.
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Extended Data Fig. 5| Sirt2 deficiency augments downstream TCR signaling in
Tcells. a, Schematic of downstream TCR signaling. Antigen recognition by TCR
triggers recruitment of protein tyrosine kinases and adaptor molecules, leading
to PLCyl activation. PLCyl catalyzes DAG and IP; production. IP; induces Ca%*
release promoting NFAT nuclear translocation. DAG recruits RasGRP1 and PKC6.
RasGRP1signals through ERK1/2, leading to AP-1activation, while PKC6 promotes
NF-kB activation. Nr4alis an early-gene upregulated post-TCR activation, and
CD62L is downregulated via ectodomain shedding by ADAM17. Created using
BioRender.com. b,c, Immunoblots of NFATc2, phospho-S73 and total c-JUNin
cytosolicand nuclear fractions before and after stimulation with 5 pg/ml CD3
Abs for 30 minin WT and Sirt2”~ CD4* OT-ll cells pre-stimulated with OVA peptide
for 48 h (b) or cultured for additional 5 days with IL-15 (c). GAPDH and HDAC1
serve as cytosolic and nuclear loading controls, respectively. d, Flow cytometry
plots (left) and frequencies of p-ERK1/2°CD8* WT and Sirt2”~ T cells (left) before
and after stimulation with 0.5 pg/mICD3 Abfor 0, 1,2, 5,15and 30 min. Each dot =

one mouse (n =3 mice per group). e-g, Confocal microscopy of NFATc2 and c-JUN
localizationin WT and Sirt2”~ CD3" T cells before and 30 min after stimulation. e,
Representative images showing DAPI (blue), NFATc2 (Alexa 488; red) and c-JUN
(Alexa 647; green) and overlays fluorescence. Scale bar, 10 um. f, Nuclear NFATc2
and c-JUN mean fluorescence intensity (MFI) before and after stimulation. g,
Colocalization index of nuclear NFATc2 and c-JUN before and after s stimulation
(r; -1, no colocalization; +1, perfect colocalization). n = 5.

h, Experimental design of CTV-labeled Sirt2” T cells and CFSE-labeled WT T cells
stimulated with CD3 Abs, mixed at a 1:1ratio and transferred into C57BL/6 mice.
Created using BioRender.com. i, Fow-cytometric plots (right) and frequencies of
pre-activated CFSE* WT and CTV* Sirt2”~ T cells normalized to WT T cells within
each mouse (right) before injection and 1 h after co-transfer (1:1) in blood, lymph
nodes (LN) and spleens of recipient mice. Each dot = one mouse (n = 5). Data

are mean + SEM. Pvalues are determined by two-way ANOVA (d,f,g,i). Data are
representative of two (b,c,e,f,g) and three (d,i) independent experiments.
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Extended Data Fig. 6 | Loss of SIRT2 alters T cell development under
competitive bone marrow reconstitution. a-c, representative flow-cytometric
plots showing CD4 and CD8 distribution in WT and Sirt2”~ thymi from C57BL/6
(a), OT-1I (b), and PMEL (c) mice. Frequencies of DN (DN1-DN4), DP and SP
thymocytes for CD4*and CD8* subsets are indicated in the right panel. Each
dot=one mouse (n =3 per group). d, schema of experimental design of mixed
bone marrow chimeras generated by reconstituting lethally irradiated C57BL/6
x C57BL/6.SJL F1recipient mice (n =4) with a1:1 mixture of bone marrow cells
from WT (CD45.1*) and Sirt27/~ (CD45.2*) donors. Mice were sacrificed 8 weeks
after bone marrow transplantation. e, Flow-cytometric plots of WT CD45.1* and
Sirt2”’~ CD45.2* bone marrow cells from WT (CD45.1), Sirt2”~ (CD45.2) donor mice
and the I:1 mix prior injection. f, Flow-cytometric plots of hematopoietic stem
cells (HSCs) identified as lineage™ (Lin~), mature T cell~ (CD3"), c-kit* and Sca-1*

(left) and the distribution of WT CD45.1* and Sirt27~ CD45.2* HSC at 8 weeks post-
reconstitution in the bone marrow of recipient mice. g-i, Flow-cytometric plots
of donor-derived WT CD45.1* and Sirt2”~ CD45.2* DN1-DN4, DP, CD4* SP and
CD8* SP thymocytes in the thymus of lethally irradiated C57BL/6 x C57BL/6.S)L
Flrecipient mice analyzed 8 weeks after reconstitution with al:1 mixture of WT
and Sirt2”~ bone marrow cells. Analysis was based on the distribution of CD4 and
CD8 markers in CD45.1* (WT) and CD45.2* (Sirt2"") T cells. DN stages (DN1-DN4)
were defined by CD44 and CD25 expression, and DN1 cells were further assessed
for c-Kit*Sca-1* expression. j,k Flow-cytometric plots of WT CD45.1* versus Sirt2”"
CD45.1* CD4* and CD8" T cellsin the spleen (j) and lymph nodes (k) of recipient
mice asind at 8 weeks post-reconstitution. Data are mean + SEM. Pvalues are
determined by two-way ANOVA (a-c). Data are representative of three (a-c) and
four (d-k) independent experiments.

Nature Immunology


http://www.nature.com/natureimmunology

Article https://doi.org/10.1038/s41590-025-02377-3

a Thymus Spleen LN
wWT Sirt2- WT Sirt2”- WT Sirt2* 5700008 08322 05790 ® WT

1 2] vt [l B vt 2581 a4 - — e Sirt2”

i . : : { i X 3 o %0

] Py N o ] b I T o
w i e e = 2 ° _:_
3 f ] a : a e
£ 0 » .

CD25-BV 510 Thymus Spleen LN
b Thymus Spleen LN

oT-l WT OT-ll Sirt2* oT-Il WT OT-ll Sirt2* oT-l WT OT-ll Sirt2* 3109975 09995 09924 ® OTI-WT

1] v s ves|] el o - — — e OT-ll Sirt2”"
— 1 \' { i ’ X2

, : J : u %"-‘*‘_1 J ] i ’1‘*/ og ® o
R | ] e | - e To
)
Q- i i i T °°
P — R e .k WHEBLSSR— 0

CD25-BV 510 —— Thymus Spleen LN
c Thymus Spleen LN

Pmel WT Pmel Sirt2"- Pmel WT Pmel Sirt2" Pmel WT Pmel Sirt2*- 04877 09932 06616 ® PmelWT
il il ] il il w %= T T e Pmelsit2"
] ] T ] ] S
& : 0814 )

] e g EI 1 K 2 -
|5|._I_| W ] i ] 4 — Ve - 2 )
@“é i i 1 i i <° 0o 8°
- 1 oL — P o

CD25-BV 510 — ThymusSpleen LN

Extended DataFig. 7| SIRT2 deficiency does notimpact T,., cell development. spleens from C57BL/6 (a), OT-11 (b) and PMEL (c) mice. Each dot represents one
a-c, representative flow-cytometric plots (left) and frequencies (right) of T, cells  mouse (n=3 mice per group). Data are mean + SEM. P values were determined by
based on CD44 and FoxP3 expressions in WT and Sirt2”~ thymi, lymph nodes and two-way ANOVA. Data are representative of two independent experiments.

Nature Immunology


http://www.nature.com/natureimmunology

Article

https://doi.org/10.1038/s41590-025-02377-3

a Sacrifice:
Spleen/LN analysis
£
L ——
cell . Adoptive ’ D3 D5
isolation (- ‘transfer . "7 days ¥ ¥
CD45.2 -Cell trace violet CD45.1 Vaccination
OT-I/PMEL labeling mice  Qva-loaded DCs/
WT vs. Sirt2* gp100-loaded DCs
Sirt2- OT-Il WT Pmel Sirt2’-Pmel
—WT T —wr .
. — Sirtz” . — sirt2-
o
>
(I).
“ w “
o
; o
. =
©
. 5 ! ‘
d cTV ——— cmv > f
Control mice Vaccinated mice Day 3 Day 5
—DCs . —WTOTI —Wr
CrFmo — Sirt2 OT-I — sinz*
A
b
< . .
o
E ad a4 a4 1) o
CD11b-BV60S—> |A-IE-AF647—> F4/80-BV711—> CD86-BV510—» CTv- —
g Spleen LN h Spleen LN
WTOT-lI Sirt2 OT-II WT OT-ll Sirt2- OT-Il WT Pmel Sirt2* Pmel WT Pmel Sirt2’-Pmel
T 1.48 5.37 ] 0.67 273 T 12.7 ] 321 17.2
Qi El f=4
0 n
© Oy
S ] =
a1} i1}
& ] &3
wn w 3
< | <
a 1 0.3
[ E— . o
TCRVp5.1,2-PE - TCRVB13-PE —
! J k 0.0173
WT OT-lI Sirt2*- OT-Il 15
700090 02872® WT =~ ©7<00001 002870 WT —wToTI : q o
o — — o Sint2" 4 ® Sirt2 — Sirt2+ OT-ll 3.71 18 1 = ey
0\030 ) E %10 ° °
—
w . '(_-> Lo ]
S B = s
o &= °
10 T
0: ¢ T N e O T A
Spleen LN Spleen LN CD69-PE-CF594— WT Sirt2
m n
Spleen LN _ irt2- OT-|
—WTPme Pl T T [ T & [P 0w oo sosms s WT
— Sirt2*Pmel L os 866 113 487 = °® Sirtz:
« L 100
LI>)‘ 3 '61 .z o
w
8] c o %
° 2 8 50 [ ]
-
2. s |e®
Granzyme B-APC——— CD44-AF488 Tem Terr Tem Tn
o Spleen LN
WT Pmel Sirt2* Pmel 50 0.0246 WT Pmel Sirt2”- Pmel WT Pmel Sirt2*-Pmel 58801 4 0430 00213° w1 n
, T, < , < i —2 Ve Sirt2’
K oM e © It Tn Tem
0 40 2 60 °
[N - — ~ oy
8" Bole® o 3 o ©
g g s ol % % °
gn. Tem © 10 @ [] t‘ °
81196 768 QE_ . §.]765 DE.
" ‘m " o 'A "‘);‘ M T T ‘“ﬂg‘ "':" e “‘m’ T !
CD44-AF488 — > WTSirt2""  cD4sa-AFass Spleen LN

Extended Data Fig. 8 | See next page for caption.

Nature Immunology


http://www.nature.com/natureimmunology

Article

https://doi.org/10.1038/s41590-025-02377-3

Extended Data Fig. 8| SIRT2 deficiency enhances OT-Iland PMELT cells
proliferation, activation, and effector function following cognate antigen
challenge invivo. a, Experimental design of adoptive cell transfer showing CD4*
and CD8* T cells isolated from spleens of WT and Sirt2”7-OT-Il and PMEL mice,
respectively, labeled with CTV and transferred into CD45.1* congenic mice. One
week later, recipient mice were vaccinated subcutaneously with OVA-loaded
DCs (OT-II) or gp100-loaded DCs (PMEL). Mice were sacrificed ondays 3and 5
post-vaccination, and lymph nodes (LN) and spleens were collected. Created
using BioRender.com. b,c, Flow-cytometric analysis of CTV labeling (left)

and maturation status (right) of WT and Sirt2”~ CD4* OT-Il (b) and CD8* PMEL
(c) T cells before transfer. d, Flow-cytometric analysis of DCs based on CD11c
and CD11b expression; activation status assessed by I-A/I-E, F4/80 and CD86
expression. e, CTV dilution profiles of WT and Sirt2”~ OT-l cells from vaccinated
and non-vaccinated mice at day 3 post-immunization. f, CTV dilution

profiles of WT and Sirt2”- PMEL T cells at day 3 and day 5 post-vaccination.

g-j, Flow-cytometric plots of CD45.2*TCRV[5.1/5.2* OT-II (g) and
CD45.2*TCRVB13* PMEL (h) transferred T cellsin spleen and LN at day 5
post-vaccination. Frequencies of OT-1I (i) and PMEL (j) T cells shown. Each dot =
one mouse (n =4 per group).k,l, Flow-cytometric plots (left) and frequencies
(right) of CD69 (k) and dual TNF/IFN-y expression (I) in WT and Sirt2”~ OT-1l

T cells at day 5 post-immunization. Each dot = one mouse (n = 4 per group).

m, Flow-cytometric analysis of Granzyme B expressionin WT and Sirt2”~ PMEL
Tcells at day 5 post-vaccination. Histograms show MFlin spleen. Each dot =

one mouse (n=4 per group). n-p, Flow-cytometric plots of Ty, T, Tgyand Tey
subsets based on CD62L and CD44 expression within CD4* OT-1I (n, day 5) and
CD8*PMEL T cells (o, day 3; p, day 5). Frequencies of T cellsindicated. Each dot
=onemouse (n =4 per group). Dataare mean + SEM. Pvalues are determined by
two-tailed Student’s ¢-test (k,1,m,0) and two-way ANOVA (i,j,n,p).

Nature Immunology


http://www.nature.com/natureimmunology

Article https://doi.org/10.1038/s41590-025-02377-3

Old mice Young mice

b c
= =
£ 1.51 £ 3405043 <0.0001 £ 3.>09999  <0.0001 o WT
S 2 | - 2| Te e Sit2”
< S [S
8310 22 22 %
”n O ~— 3 ~—
®s X f X
TLO5f "ot tmmgTmmmmme =1 1
<% o L 2 2 L]
2 = S ® IS
0.0L— : : . so ¥ Soleae
Old  Old  Young Youn ¢ Vehicle ConA @ Vehicle ConA
WT Sirt2” WT Sirt2”
Extended DataFig. 9 | Sirt2 deficiency does not induce spontaneous averaged, and net A,s, values (after blank subtraction) were plotted per group.
autoimmunity but exacerbates ConA-induced autoimmune activation. Each dot represents one mouse (n =3 per group). The dashed line represents the
a, Smallintestines and kidneys, from old (> 1year) and young (7 weeks) WT and limit of normal/non-immune range values (A5, < 0.425; anti-dsDNA activity
Sirt2”" mice, were fixed, sectioned, and stained with H&E. All mice isplayed <50 U/ml). ¢, Serum ALT (left) and AST (right) levels in WT and Sirt2”~ mice
normal glomeruli (arrows) and tubules (T) with no evidence of inflammation 24 h after injection of vehicle or ConA to induce fulminant hepatitis. Each
inthe ileum lamina propria (LP) or submucosa (SM). Images from one dot represents one mouse (n =3 per group). Data are mean + SEM. Pvalues
representative mouse of n =3 per group are shown. b, Anti-double-stranded are determined by one-way ANOVA (b) and two-way ANOVA (c). Data are
DNA (dsDNA) activity measured by ELISA on sera from old ( >1year) and young representative of two independent experiments.
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Nature Immunology


http://www.nature.com/natureimmunology

Article

https://doi.org/10.1038/s41590-025-02377-3

CD4* TiLs CD8* TlLs CD4* TILs CD8* TiLs CD4* TlLs CD8* TlLs
~ [ Sirt2”- 2min
/\ / — Sirt2* Omin
L . - | | } CIWT 2min
/ y — WT Omin
TN\ T A ’ CIFMO
-'103 ”; 103 -‘103 0 1[)3 -103 0 1[)3 -103 0 ;03 ) -103 0 103 -10:l 0 103
p-Y394 LCK-PE p-Y319 ZAP70-APC —————— > p-Y493 ZAP70-FITC —8M8 ™
€., LCK p—Y39043 . Sia Zap70 p-Y319 £, Zap70p-Y493 —wT T/|Ls
E : E 00289 E™ 0.0046 o Sirt2- Sirt2* TiLs
o 129 2 1.24 L 124 é
CD4* TiLs g 114 g - :12: ol N‘o“
®© © 1 =1
O 1.04 ° © A\
= = 1.0 = 104
S 09 E % d 200'I'ime (sec;m -
E B T T T T T T
Omin 2min Omin 2min Omin 2min
= 1_3_ _______ _5_13__ - === __2_13__ _______ ; 405717 00002 © WT .
E" 00741 E o029 E 0.0137 4 ° Sirt2
€3
o 1.2 S 1.2 9 1.24 P Fd
2 1.1 2 ] “8 2
CD8" TiLs & % 1.1 % 144 4 < 3
9 1.0 o o =
= = 1.0 = 1.0 R 1
LEL 0.9 T T L§" T T E T T =
Omin  2min Omin  2min omin  2min 0 oh o
e CD4* TiLs CDS8* TILs

Hallmark_Interferon_Gamma_Response
Hallmark_Interferon_Alpha_Response
Hallmark_Heme_Metabolism
Hallmark_Allograft_Rejection
Hallmark_TNFa_Signaling_Via_NFkB
Hallmark_Kras_Signaling_Up
Hallmark_DNA_Repair
Hallmark_Inflammatory_Response
Hallmark_Hypoxia
Hallmark_lI2_Stat5_Signaling
Hallmark_mTORc1_Signaling
Hallmark_Glycolysis

f

0 min 5 min

DMSO TM DMSO TM

kDa:

LCK p-Y394 56

ZAP70 p-Y319 | 70

LAT p-Y220 36

PLCy1 p-Y783 155

GAPDH D T - 7

-
ZAP70 tot *‘ 70

LAT ot M S S o
PLOYT ot 15

LCK tot

Hallmark_TNFa_Signaling_Via_NFkB
Hallmark_Interferon_Alpha_Response
Hallmark_Interferon_Gamma_Response
Hallmark_Peroxisome
Hallmark_Bile_Acid_Metabolism
Hallmark_Apical_Surface
Hallmark_lI2_Stat5_Signaling
Hallmark_Estrogen_Response_Early
Hallmark_mTORc1_Signaling
Hallmark_Myogenesis

Hallmark_Androgen_Response ---q=0.1
5 10 15 20 o 1 2 3 4 5
-log1q (g-value) -log1q (g-value)
0 min 5 min 0 min 1 min 2 min
DMSO TM DMSO TM kDa: DMSO T DMSO TM DMSO TM
LCK p-Y394 56 LCK p-Y394 M N 0 I - 56

LCK tot +ss NS S S 50
GAPDH "<l G emms e 37

h

0 min 5 min
DMSO TM DMSO TM kDa:
LCK p-Y394 e i 56

LCK tot (NS GNEND GNND G 56
GAPDH il (s @ e 37
i

L pvzo [ S
GAPDH S S — a— w—— 7
LOK tot N S . S e s 56

LATtor [ - >
0 min 1 min 2 min

DMSO AGK2 DMSO AGK2 DMSO AGK2

LOK p-Yaos L N N N N I 5
Lok tor M ——— 5

0 min 2 min GAPDH D g S Sy e e 37
AGK2: OpM  5uM  10pM  OpM  5uM  10pM kDa
LAT p-Y220 - 36
GAPD! | R ————

Extended DataFig. 10 | See next page for caption.
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Extended Data Fig. 10 | SIRT2 deficiency restores TCR responsiveness
inexhausted mouse and human TILs. a, Flow-cytometric analysis of
phospho-Y394 LCK, phospho-Y319 ZAP70 and phospho-Y493 ZAP70 before and
2 min after stimulation with 2.5 pg/ml CD3 Abs in WT and Sirt2”- CD4*and CD8*
TILsisolated from B16F10 subcutaneous tumors. FMO, fluorescence minus one.
b, Mean fluorescence intensity (MFI) of phospho-Y394 LCK, phospho-Y319 ZAP70
and phospho-Y493 ZAP70 before and 2 min after TCR stimulation normalized to
baseline. Each dot represents one mouse (n = 3 mice per group). ¢, Calcium flux in
WT and Sirt2”~ B16F10 TILs loaded with Indo-1 AM and labeled with biotinylated
CD32.5 pg/ml Abs. Baseline fluorescence ratio was recorded for 60 s before
simulation with 2.5 pg/ml streptavidin (black arrow). lonomycin was added later
(gray arrow) as a control of maximal Ca* release. d, Nr4al mRNA expression
relative to actin quantified by QRT-PCRin resting WT and Sirt2”~ B16F10 TILs

and 2 hafter stimulation with 2.5 pg/ml plate-bound CD3 Abs (n = 3 biological

replicates). e, Gene set enrichment analysis (GSEA) of upregulated differentially
expressed genes in Sirt2”" versus WT CD4* (left) and CD8* (right) BI6F10 TiLs.
False discoveryrate (FDR) q < 0.1was used as the cut-off. f-i, Immunoblot analysis
of phosphorylated and total proximal TCR signaling molecules before and after
stimulation with 2.5 pg/ml CD3 Abs for 0-5 minin human TILs from four lung
cancer patients pre-treated with vehicle (DMSO) or SIRT2 inhibitor TM (2 uM;
f-h) or AGK2 (5-10 pM; i) for 24 h. j,k, Immunoblot analysis of phospho-Y394

and total LCK before and after stimulation with 2.5 pg/ml CD3 Abs for 0-2 min
inhuman CD3"* T cells from two healthy donors pre-treated with vehicle (DMSO)
or SIRT2 inhibitor TM (2 uM; j) or AGK2 (5 pM; k) for 24 h. GAPDH (f-k) levels

were used as loading controls. Data are mean + SEM. Pvalues are determined by
two-way ANOVA (b,d). Data are representative of one (e), two (f-k) and three (a-d)
independent experiments.
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Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

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

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

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

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

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

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

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

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

OXX O O 00 O000F%

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

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection | ¢ Flow cytometry data were acquired using BD FACSymphony™ A5, BD LSR Il (Becton Dickinson), and Cytek® Aurora (Cytek Biosciences)
instruments. BD FASC Diva™ software version 8 and Cytek SpectroFlo v3.2.1 were used to collect data from flow cytometry.
* Bulk RNA-seq libraries were sequenced on an lllumina NextSeq 2000 sequencer (lllumina, San Diego, CA).
« Confocal microscopy images were acquired using a Zeiss LSM 880 confocal microscope (Carl Zeiss AG, Oberkochen, Germany).
* qRT-PCR was performed using the CFX Connect™ Real-Time PCR System (Bio-Rad).
« Histology slides were scanned using the Aperio AT2 digital whole-slide scanner (Leica Biosystems).
* Fluorescence and absorbance measurements were collected using a Synergy™ HTX multi-mode microplate reader (BioTek Instruments).
 Calcium imaging was conducted using a holotomographic microscope (HT-2, Tomocube, Republic of Korea).
* Western blot and chemiluminescent imaging were performed using the Amersham Imager 600 (GE Healthcare) and Bio-Rad ChemiDoc™
systems.
* HPLC-based SIRT2 deacetylase activity assays were performed using a Luna® C18(2) column (Phenomenex) and UV-Vis detection at 280Bnm.
¢ TCRB CDR3 sequencing was performed using the ImmunoSEQ® platform (Adaptive Biotechnologies).
o LC-MS/MS analysis was conducted at the Proteomics Core Facility of H. Lee Moffitt Cancer Center. Immunoprecipitated LCK proteins from
murine and human T cells were subjected to SDS-PAGE, in-gel digestion, and C18 desalting. Peptides were analyzed on a Dionex RSLC
nanoflow UHPLC system coupled to a Q-Exactive Plus Orbitrap mass spectrometer (Thermo Scientific). Data were acquired using Top16 data-
dependent acquisition and analyzed using Proteome Discoverer 3.0 (Mascot and Sequest), with visualization in Scaffold 5.0 and Skyline
(v23.1).

Data analysis All software used for data analysis is publicly available unless otherwise stated:
* Flow cytometry data were analyzed using FlowJo™ v10 (BD Biosciences).
e Statistical analyses and graph generation were performed using GraphPad Prism 10.0 (GraphPad Software).
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« Western blot quantification and confocal image intensity measurements were performed using ImageJ v1.54d.

« Histological analysis (areas of hepatic apoptosis and necrosis) was conducted using ImageScope x64 (Leica Biosystems).

 Proteomics data (IP-MS/MS) were analyzed using MASCOT and SEQUEST (commercial software) for protein identification, and MaxQuant
v1.2.2.5 (academic software) for identification and quantification of acetyl-lysine—containing peptides.

* Heatmaps were generated using Cluster 3.0 and Java TreeView v1.1.6r4.

« Gene set enrichment analysis (GSEA) of RNA-seq data was performed using MSigDB (http://software.broadinstitute.org/gsea/msigdb/) with
hallmark gene sets.

« TCR clonality scores based on Shannon’s entropy were calculated using the ImmunoSEQ Analyzer 3.0 platform (https://
clients.adaptivebiotech.com/).

« Multiple sequence alignment was performed using the Clustal Omega online tool (https://www.ebi.ac.uk/Tools/msa/clustalo/).

 Calcium imaging fluorescence intensities were quantified using TomoAnalysis software (Tomocube, Version 1.5).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

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

* The RNA-sequencing dataset generated during this study has been submitted in the Gene Expression Omnibus under the accession number GSE265880. To review
the RNA-sequencing data, go to https://www.nchi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE265880 and enter the token mbcjaewghjwzfuj.

* The TCR sequencing data have been deposited into the ImmuneACCESS platform and can be accessed at https://clients.adaptivebiotech.com/pub/hamaidi-2024-s
(DOI: 10.21417/hamaidi2024s).

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or  N/A
other socially relevant

groupings

Population characteristics Human peripheral blood mononuclear cells (PBMCs) were obtained from de-identified adult healthy donors. Buffy coats were
purchased from OneBlood.
Tumor-infiltrating lymphocytes (TILs) were isolated from de-identified tumor biopsies of patients with non-small cell lung
cancer (NSCLC) and small cell lung cancer (SCLC). All human samples were fully de-identified prior to analysis in accordance
with institutional guidelines and ethical regulations.

Recruitment None

Ethics oversight Institutional Review Board (IRB) approval was not required for the use of human peripheral blood mononuclear cell (PBMC)

samples from healthy adult donors, as these were purchased de-identified from OneBlood.

Studies involving the collection and expansion of tumor-infiltrating lymphocytes (TILs) from patients with non-small cell lung
cancer (NSCLC) and small cell lung cancer (SCLC) were conducted under approved IRB protocols. All human TIL samples were
provided in a fully de-identified manner.

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

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

Sample size No statistical methods were used to predetermine sample size for the experiments reported in this manuscript. All sample sizes are clearly
indicated in the corresponding figure legends. Sample sizes were chosen to maximize the likelihood of detecting biologically meaningful
differences while maintaining statistical power.

For in vivo experiments, efforts were made to minimize unnecessary use of animals. Typically, more than five animals per group were used,
based on the availability of transgenic genotypes and age- and sex-matched controls.

For in vitro functional assays involving primary mouse T cells and human tumor-infiltrating lymphocytes (TILs), sample sizes were determined
based on the availability and yield of viable target cells from each donor or mouse.

Data exclusions  We are not excluding data
Replication The number of biologically independent replicates for each experiment is indicated in the figure legends. All key experiments were

independently repeated at least twice, with sufficient replicates per group to ensure statistical robustness. All attempts at replication were
successful and produced consistent results.
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Randomization  To study any difference relating to genotype between WT and Sir2KO mice, animals were not intentionally randomized. Mice were allocated
to groups based on their genotype with age- and sex-matched.
For other different treatments, mice with the same genotype were assigned randomly to experimental and control groups.

Blinding No blinding method was used. Blinding was not relevant in this study because all data were obtained through automated or quantitative
analyses that eliminate observer bias.

Reporting for specific materials, systems and methods

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

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| ChiIP-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Clinical data
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Plants

Antibodies

Antibodies used 1- Immunoprecipitation
* Antibody, Supplier, #Catalogue No, Clone No. (if available), Dilution
* Anti-SIRT2, Abcam, #ab211033, Clone: EPR20411-105, 1:30
* Anti-LCK, Abcam, #ab227975, Clone: EPR20798-107, 1:30
 Anti-acetyl-lysine, Cell signaling technology, #9441, 1:50
» Rabbit mAb IgG, Cell signaling technology, #3900, Clone: DA1E, 1:50
2- Western blotting analysis
* Antibody, Supplier, #Catalogue No, Clone No. (if available), Dilution
» Anti-acetyl-lysine, Cell signaling technology, #9441, 1:1,000
* Anti-B-Actin, Abcam, #ab8227, 1:5,000
« Anti-GAPDH, Abcam, #ab181602, Clone: EPR16891, 1:10,000
* Goat Anti-Rabbit IgG-HRP H&L, Abcam, #ab97051, 1:3000
* Mouse Anti-Rabbit IgG-HRP (Light-Chain Specific), Cell signaling technology, #93702, Clone: D4W3E, 1:1,000
* Anti-SIRT2, Cell signaling technology, #12650, Clone: D4050, 1:1,000
¢ Anti-LCK, Cell signaling technology, #2752, 1:1,000
* Anti-Zap70, Cell signaling technology, #3165, Clone: D1C10E, 1:1,000
* Anti-LAT, Cell signaling technology, #45533, Clone: E3U6J, 1:1,000
* Anti-SLP-76, Cell signaling technology, #25361, Clone: E4N7E, 1:1,000
* Anti-PLCy1, Cell signaling technology, #5690, Clone: D9H10, 1:1,000
* Anti-p44/42 MAPK (Erk1/2), Cell signaling technology, #9102, 1:1,000
* Anti-GFP, Cell signaling technology, #2956, Clone: D5.1, 1:1,000
* Anti-Phospho-LAT (Tyr220), Cell signaling technology, #20172, Clone: E3S5L, 1:1,000
¢ Anti-Phospho-PLCy1 (Tyr783), Cell signaling technology, #14008, Clone: D6M9S, 1:1,000
¢ Anti-Phospho-SLP-76 (Ser376), Cell signaling technology, #14745, Clone: D9D6E, 1:1,000




» Anti-Phospho-Zap-70 (Tyr319)/Syk (Tyr352), Cell signaling technology, #2717, Clone: 65E4, 1:1,000

» Anti-Phospho-Src Family (Tyr416), Cell signaling technology, #6943, Clone: D49G4, 1:1,000

» Anti-Phospho-Lck (Tyr505), Cell signaling technology, #37458, Clone: E3Z5E, 1:1,000

» Anti-Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204), Cell signaling technology, #4370, Clone: D13.14.4E, 1:1,000
3- Flow cytometry

» Antibody (Color), Supplier, #Catalogue No. Clone No., Dilution

* Anti-CD3 (BUV395), BD Biosciences, #563565, Clone: 145-2C11, 1:50

* Anti-CD3 (APC), Biolegend, #100312, Clone: 145-2C11, 1:50

» Anti-CD4 (BUV805), BD Biosciences, #564922, Clone: GK1.5, 1:200

* Anti-CD4 (BV785), Biolegend, #100453, Clone: GK1.5, 1:50

* Anti-CD8 (Alexa Fluor 700), Biolegend, #100730 Clone: 53-6.7, 1:200

* Anti-CD44 (Alexa Fluor 488), Biolegend, #103016, Clone: IM7, 1:200

* Anti-CD25 (BV510), Biolegend, #102042, Clone: PC61, 1:50

* Anti-CD25 (BV711), Biolegend, #102049, Clone: PC61, 1:50

* Anti-CD25 (PE/Cyanine5), Biolegend, #102010, Clone: PC61, 1:50

* Anti-CD62L (PE-Cy7), Biolegend, #104418, Clone: MEL-14, 1:200

* Anti-CD69 (PE-CF594) BD Biosciences, #562455 Clone: H1.2F3, 1:50

* Anti-TCR VB5.1, 5.2 (PE), Biolegend, #139504, Clone: MR9-4, 1:50

* Anti-TCR VB13 (PE), Biolegend, #140704, Clone: MR12-4, 1:50

* Anti-TCR B (PE) Biolegend, #109208, Clone: H57-597, 1:50

* Anti-CD45.2 (Brilliant Violet 420), Biolegend, #109831, Clone: 104, 1:50

* Anti-CD45.2 (Brilliant Violet 650), Biolegend, #109836, Clone: 104, 1:50

* Anti-CD45.1 (Brilliant Violet 510), Biolegend, #110741, Clone: A20, 1:50

* Anti-NK-1.1 (APC/Cyanine7), Biolegend, #156510, Clone: S17016D, 1:50

* Anti-NK-1.1 (Brilliant Violet 605), Biolegend, #156547, Clone: S17016D, 1:50

* Anti-CD11b (APC/Cyanine7), Biolegend, #101226, Clone: M1/70, 1:50

* Anti-Ly-6G/Ly-6C (Gr-1) (APC/Cyanine7), Biolegend, #108424, Clone: RB6-8C5, 1:50
* Anti-CD19 (APC/Cyanine7), Biolegend, #152412, Clone: 1D3/CD19, 1:50

* Anti-B220 (APC/Cyanine7), Biolegend, #103224, Clone: RA3-6B2, 1:50

» Anti-TNF-a (PE/Cyanine7), Biolegend, #506324, Clone: MP6-XT22, 1:50

* Anti-CD24 (Brilliant Violet 711), Biolegend, #101851, Clone: M1/69, 1:50

* Anti-CD5 (Brilliant Violet 605), Biolegend, #100651, Clone: 53-7.3, 1:50

* Anti-IFN-y (Brilliant Violet 711), Biolegend, #505836, Clone: XMG1.2, 1:50

* Anti-IL-2 (APC), Biolegend, #503810, Clone: JES6-5H4, 1:50

» Anti-IL-4 (Brilliant Violet 605), Biolegend, #504126, Clone: 11B11, 1:50

» Anti-Granzyme B (PE), Biolegend #372208, Clone: QA16A02, 1:50

» Anti-Granzyme B (APC), Biolegend, #372204, Clone: QA16A02, 1:50

» Anti-Perforin (Alexa Fluor® 647) Biolegend, #308110, Clone: dG9, 1:50

» Anti-FOXP3 (PE), Biolegend, #126404, Clone: MF-14, 1:50

* Anti-CD11b (Brilliant Violet 605), Biolegend, #101257, Clone: M1/70, 1:50

* Anti-CD11c (Alexa Fluor® 488), Biolegend, #117311, Clone:

N418, 1:50

» Anti-CD86 (Brilliant Violet 510), Biolegend, #105040, Clone: GL-1, 1:50

* Anti-I-A/I-E (Alexa Fluor® 647), Biolegend, #107618, Clone: M5/114.15.2, 1:50

* Anti-F4/80 (Brilliant Violet 711), Biolegend, #123147, Clone: BMS8, 1:50

* Anti-CD117 (c-kit) (Brilliant Violet 650), Biolegend, #105853, Clone: 2B8, 1:50

* Anti-Ly-6A/E (Sca-1) (Alexa Fluor® 647), Biolegend, #108118, Clone: D7, 1:50

* Anti-Nur77 (Alexa Fluor® 647), BD Bioscience, #566735, Clone: 12.14, 1:50

* Anti-Nur77 (PE), ThermoFisher Scientific, #12-5965-82, Clone: 12.14, 1:50

» Anti-LCK Phospho Tyr394 (PE), Biolegend, #933104, Clone: A18002D, 1:50

» Anti-Phospho-LCK (Tyr505) (PerCP-eFluor™ 710), ThermoFisher Scientific, #46-9076-42, Clone: SRRCHA, 1:50
» Anti-Phospho-ERK1/2 (Thr202, Tyr204) (APC), ThermoFisher Scientific, #17-9109-42, Clone: MILANSR. 1:50
» Anti-Phospho-ZAP70/Syk (Tyr319, Tyr352) (APC), ThermoFisher Scientific, #17-9006-4, Clone: n3kobu5, 1:50
» Zombie Violet™ Fixable Viability Kit, Biolegend #432113 was used to exclude dead cells 1:1000
» Zombie NIR™ Fixable Viability Kit, Biolegend # 423106 was used to exclude dead cells 1:1000
4-Confocal imaging

* Anti-NFATc2 mouse Abs, Invitrogen, #MA1-025, Clone: 25A10.06.02; 1:500

* Anti-AP1 rabbit Abs, PeproTech, #22114-1 AP; 1:250

» Goat anti-mouse Alexa Fluor™ 488, Invitrogen, #A28175; 1:500

» Goat anti-rabbit Alexa Fluor™ 647, Invitrogen, #A21245; 1:500
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Validation All antibodies were obtained from commercial sources, validated by the vendors, and their validation data are accessible on the
manufacturers’ websites or have been previously reported in the literature. Western blot detection of SIRT2 and LCK was
independently confirmed using genetically deficient mouse and human T cells that do not express these proteins. Prior to use, each
antibody was titrated according to the manufacturer’s recommendations to determine the optimal dilution and ensure specificity
and signal quality in the relevant applications.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) e Human Jurkat cells, murine EL4 cells, B16F10 and Yumm1.7 murine melanoma cells, and 293T human embryonic kidney
cells were obtained from the American Type Culture Collection (ATCC).




Authentication

o KPMSH2KIN lung cancer cells, which express the same epitope recognized in human G12D-mutated KRAS, were obtained
from Dr. José Conejo-Garcia (Duke University).

e Primary murine T cells were isolated from spleens, lymph nodes, or subcutaneous tumor nodules of mice, as detailed in the
Methods section.

e Human peripheral blood mononuclear cells (PBMCs) were purified from peripheral blood of healthy donors via density
gradient centrifugation using Ficoll-Paque™ PLUS Media (GE Healthcare).

¢ Primary human tumor cells and matched tumor-infiltrating lymphocytes (TILs) were isolated from tumor biopsies of
patients with non—small cell lung cancer (NSCLC) or small cell lung cancer (SCLC).

No formal cell line authentication was performed, as the majority of cells used in this study were primary cells.

Human Jurkat cells, murine EL4 cells, B16F10 and Yumm1.7 murine melanoma cells, and 293T human embryonic kidney cells
were obtained directly from the American Type Culture Collection (ATCC) and used at low passage numbers. All ATCC cell
lines were maintained under standard culture conditions and were regularly monitored for morphology and proliferation
rates. No abnormal behavior or morphology was observed in culture.

Mycoplasma contamination All cell lines used in this study were routinely tested for mycoplasma contamination and were confirmed to be negative.

Commonly misidentified lines  no commonly misidentified lines were used.

(See ICLAC register)

Animals and other research organisms

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

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

» C57BL/6J Mice, Jackson Laboratories.

» C57BL/6SIL mice, Jackson Laboratories.

* PMEL mice with gp100-reactive TCR: B6.Cg-Thyla/Cy Tg(TcraTcrb)8Rest/J, Jackson Laboratories.

e OT-Il mice with MHC lI-restricted OVA-specific TCR: B6.Cg-Tg(TcraTcrb)425Cbn/J, Jackson Laboratories.

e Sirt2-/- mice: B6.129-Sirt2tm1.1Fwa/J, Jackson Laboratories.

* B6.Cg-Rag2tm1.1Cgn/J (Rag2-/-), Jackson Laboratories.

* NSG mice: NOD.Cg-Prkdcscid 112rgtm1Wjl/SzJ, Jackson Laboratory.

* PMEL mice and OT-Il mice were crossed with Sirt2-/- mice to generate Sirt2-/- PMEL mice and Sirt2-/- OT-Il mice, respectively.

» C57BL/6J (CD45.2) and C57BL/6.SJL-Ptprca (CD45.1) mice were crossed to generate F1 hybrid CD45.1 x CD45.2 mice.

All mice were bred and maintained under specific pathogen—free (SPF) conditions at the animal facility of Mayo Clinic, Jacksonville,
FL. Mice were housed under controlled environmental conditions with a 12-hour light/dark cycle, ambient temperature of 20-24 °C,
and relative humidity of 40-60%, with ad libitum access to autoclaved food and water. All animal protocols were approved by the
IACUC of Mayo Clinic and conducted in accordance with institutional and NIH guidelines. Mice were used at 7-8 weeks of age, with
age- and sex-matched controls included in all experiments.

No wild animals were involved in this study.
Both, male and female mice were used.
No field collected samples were involved in this study.

All animal protocols were approved by the Institutional Animal Care and Use Committee:
-IACUC protocol #: AO0007348
-IACUC protocol #: AO0007297

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

Plants

Seed stocks

Novel plant genotypes

Authentication

N/A

N/A

N/A

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




Flow Cytometry

Plots
Confirm that:

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

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

All plots are contour plots with outliers or pseudocolor plots.

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

Methodology

Sample preparation

Instrument

Software

Cell population abundance

Gating strategy

* Mouse spleens and lymph nodes were harvested, mechanically dissociated between frosted glass slides, and filtered
through 70um cell strainers. Red blood cells were lysed using RBC Lysis Buffer (BioLegend). CD3*, CD4*, and CD8"* T cells were
negatively enriched using Pan T Cell, CD4* T Cell, and CD8* T Cell Isolation Kits (Miltenyi Biotec).

¢ Human PBMCs were isolated from healthy donor peripheral blood by density gradient centrifugation using Ficoll-Paque™
PLUS (GE Healthcare). CD3* T cells were negatively enriched using a human Pan T Cell Isolation Kit (Miltenyi Biotec).

* Tumor-infiltrating lymphocytes (TILs) were isolated from subcutaneous tumor nodules by enzymatic digestion with
collagenase type IV (2mg/mL, Worthington Biochemical) and DNase | (0.25mg/mL, Sigma-Aldrich) for 45 minutes at 37°C with
agitation. Digested tissues were filtered sequentially through 100um and 40um strainers (Thermo Fisher Scientific), washed
with PBS, and treated with RBC Lysis Buffer (BioLegend). TILs were enriched by Percoll density gradient centrifugation (GE
Healthcare) and purified using the CD3e MicroBeads Kit™ (Miltenyi Biotec).

e For surface marker analysis, mouse T cells were stained in PBS containing 2% BSA (FACS buffer) with combinations of
directly labelled antibodies for extracellular markers. Cells were incubated at 4@°C for 20 minutes to 1 hour, washed twice
with FACS buffer, and fixed in PBS containing 1% paraformaldehyde. Dead cells were excluded using the Zombie Violet or
Zombie NIR Fixable

« For cytokine intracellular staining, cells were first re-stimulated with phorbol 12-myristate 13-acetate (PMA, 10ng/ml,
Sigma-Aldrich) and ionomycin (1uM, Sigma-Aldrich) for 1 hour, followed by GolgiPlug™ treatment (1%., BD Biosciences) for
an additional 6 hours. Cells were then surface stained prior to fixation/permeabilization using the Cytofix/Cytoperm™ Kit (BD
Biosciences), followed by intracellular staining with combinations of directly labelled antibodies for cytokines.

« For FoxP3 intracellular staining, cells were first surface stained prior to fixation/permeabilization using the eBioscience™
Foxp3/Transcription Factor Staining Buffer Set (Thermo Fisher Scientific) according to the manufacturer’s instructions,
followed by intracellular staining with FoxP3 (PE, BioLegend).

» For Nur77 intracellular staining, cells were first surface stained prior to fixation/permeabilization using the BD
Pharmingen™ Transcription Factor Buffer Set (BD Biosciences) according to the manufacturer’s instructions, followed by
intracellular staining with Nur77 (PE or AF647, BioLegend).

« For proximal TCR signaling analysis, cells were surface stained before fixation/permeabilization with Cytofix/Cytoperm™ Kit
(BD Biosciences), followed by intracellular staining with combinations of directly labelled antibodies for proximal TCR targets.

Data were acquired using BD FACSymphony™ A5, BD LSR Il (Becton Dickinson), and Cytek® Aurora (Cytek Biosciences)
instruments. BD FASC Diva™ software version 8 and Cytek SpectroFlo v3.2.1 were used to collect data from flow cytometry.

¢ Flow cytometry data were acquired using BD FACSDiva™ Software v8.0 (BD Biosciences) and SpectroFlo® Software v3.2.1
(Cytek Biosciences).
» Data were further analyzed using FlowJo™ v10 (BD Biosciences).

An aliquot of sorted cell populations was routinely collected and analyzed by flow cytometry to verify sample purity, which
consistently exceeded 95%.

Cell frequencies and population abundances are indicated in flow cytometry plots (insets) and are quantitatively represented
in accompanying histograms.

Flow cytometry analysis was performed using the following sequential gating strategies:

¢ T cells: Lymphocytes were first gated based on FSC-H vs. SSC-H, followed by singlet selection using FSC-H vs. FSC-A and SSC-
H vs. SSC-A. Live cells were identified as Zombie-. B cells were excluded (B220-), and T cells were gated as CD3+. CD4+ and
CD8+ subsets were then identified.

e Regulatory T cells (Tregs): Gating followed the same initial steps (lymphocyte, singlet, live). Cells were gated on CD3+,
followed by CD4+CD8- cells. Tregs were defined as CD44+Foxp3+ within the CD4+ population.

¢ NK cells: Following lymphocyte, singlet, and live cell gating, lineage-negative cells were selected (B220-, CD19-, CD11b-,
Grl-). T cells were excluded (CD3-), and NK cells were identified as NK1.1+.

¢ Dendritic cells (DCs): Myeloid cells were gated based on FSC-H vs. SSC-H, followed by singlet and live cell gating. Non-DCs
were excluded (B220-, CD19-, TER119-, Gr1-, NK1.1-, CD3-), and DCs were defined as CD11b+CD11c+.

¢ Hematopoietic stem cells (HSCs) in bone marrow: Cells were gated on FSC-H vs. SSC-H, singlets were selected, and live cells
identified as Zombie-. Lineage-negative cells (B220-, CD19-, TER119-, CD11b-, Grl-, NK1.1-) were gated, with mature T cells
excluded (CD3-). HSCs were defined as c-Kit+Sca-1+.

¢ T cell development: In thymus, spleen, and lymph nodes of bone marrow chimeric mice, CD45.1+ (WT) and CD45.2+
(Sirt2-/-) T cells were assessed for CD4 and CD8 expression. DN1-DN4 stages were gated based on CD44 and CD25
expression, and DN1 cells were further analyzed for c-Kit+Sca-1+ phenotype.

Gating thresholds for positive and negative populations were set using isotype or biological control samples. Cytokine-
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producing populations were identified by comparison to isotype-stained controls.

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

uiodal | oljojuod sinjeu

=
3
3
Q
<




	SIRT2-mediated deacetylation of LCK governs the magnitude of T cell receptor signaling

	Results

	Loss of SIRT2 amplifies Ca2+ flux and TCR signaling

	SIRT2 binds and deacetylates LCK to regulate its activity

	SIRT2 deficiency augments downstream TCR signaling

	Loss of SIRT2 alters T cell development

	Loss of SIRT2 augments T cell responses to antigenic stimulation

	SIRT2 blockade restores TCR response and delays tumor growth


	Discussion

	Online content

	Fig. 1 SIRT2 deficiency enhances Ca2+ flux and proximal TCR signaling in T cells.
	Fig. 2 IP–MS/MS analysis identifies K228 as a SIRT2-regulated acetylation site that controls LCK kinase activity.
	Fig. 3 SIRT2 deficiency augments downstream TCR signaling in T cells.
	Fig. 4 SIRT2 deficiency alters T cell development and exacerbates ConA-induced autoimmune activation.
	Fig. 5 SIRT2 inhibition restores TCR responsiveness in exhausted human TILs and delays tumor growth in vivo.
	Extended Data Fig. 1 Sirt2 deficiency enhances calcium flux and proximal TCR signaling in T cells.
	Extended Data Fig. 2 IP-MS/MS analysis identifies K228 as an acetylation site modulating LCK conformation.
	Extended Data Fig. 3 Lysine K228 is a SIRT2-regulated acetylation site controlling LCK kinase activity.
	Extended Data Fig. 4 Loss of SIRT2 enhances LCK activation and downstream TCR signaling through LCKK228 acetylation.
	Extended Data Fig. 5 Sirt2 deficiency augments downstream TCR signaling in T cells.
	Extended Data Fig. 6 Loss of SIRT2 alters T cell development under competitive bone marrow reconstitution.
	Extended Data Fig. 7 SIRT2 deficiency does not impact Treg cell development.
	Extended Data Fig. 8 SIRT2 deficiency enhances OT-II and PMEL T cells proliferation, activation, and effector function following cognate antigen challenge in vivo.
	Extended Data Fig. 9 Sirt2 deficiency does not induce spontaneous autoimmunity but exacerbates ConA-induced autoimmune activation.
	Extended Data Fig. 10 SIRT2 deficiency restores TCR responsiveness in exhausted mouse and human TILs.




