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The PDCDI-encoded immune checkpoint receptor PD-1is a key tumor
suppressorin T cells thatis recurrently inactivated in T cell non-Hodgkin
lymphomas (T-NHLs). The highest frequencies of PDCDI deletions are
detected in advanced disease, predicting inferior prognosis. However, the
tumor-suppressive mechanisms of PD-1signaling remain unknown. Here,
using tractable mouse models for T-NHL and primary patient samples,

we demonstrate that PD-1signaling suppresses T cell malignancy by
restricting glycolytic energy and acetyl coenzyme A (CoA) production. In
addition, PD-1inactivation enforces ATP citrate lyase (ACLY) activity, which
generates extramitochondrial acetyl-CoA for histone acetylation to enable
hyperactivity of activating protein 1 (AP-1) transcription factors. Conversely,
pharmacological ACLY inhibitionimpedes aberrant AP-1signaling in
PD-1-deficient T-NHLs and is toxic to these cancers. Our data uncover
genotype-specific vulnerabilities in PDCDI-mutated T-NHL and identify PD-1
asregulator of AP-1activity.

Tcellnon-Hodgkinlymphomas (T-NHLs) represent aheterogeneous group
of highly aggressive cancers that typically originate from mature CD4"
Tcells". The therapeutic options for these malignancies are limited, which
islargely duetotheirill-defined molecular pathogenesis'. However, recent
genomicanalyses of large cohorts of patients with T-NHL revealed numer-
ousoncogenic, gain-of-functionalterationsin T cell antigen receptor (TCR)
signaling pathways. In addition, PDCD1, which encodes the inhibitory
immune receptor PD-1, emerged as a key tumor suppressor in T-NHL?.
Inactivating mutationsin PDCDI predict an aggressive clinical phenotype,

andthey portend poor overall survival in patients. Inaddition, anti-PD-1
checkpoint inhibitors have been correlated with the emergence of sec-
ondary T-NHLs in patients with other primary malignancies>*. Moreover,
clinical trials in patients with T-NHL have reported hyperprogression of
individual T celllymphomas, which were apparently stillunder PD-1con-
trol, after anti-PD-1 treatment (NCT02631746 (refs. 5,6), NCT03075553
(ref. 7)). While all these clinical observations highlight the critical
importance of inhibitory PD-1 signaling in T cell malignancies, the
tumor-suppressive mechanisms of PD-1remain unknown.

A full list of affiliations appears at the end of the paper.
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Innon-transformed T cells, acute PD-1 engagement leads to inhi-
bition of the (phosphoinositide 3-kinase (PI3K))-AKT axis®, and per-
sistent PD-1signaling triggers T cell exhaustion, adysfunctional state
with specific metabolic and epigenetic characteristics”'°. Inaddition,
RNA-sequencing (RNA-seq) analysis from primary humanand murine
PD-1-deficient T-NHLs? demonstrates that these tumors are character-
ized by distinct gene expression that is presumably also shaped by
epigenetic mechanisms. Nevertheless, the molecular link between
PD-1signaling and metabolic and epigenetic reprogramming during
lymphomagenesis remains unclear.

Here, we identify PD-1 as a major gatekeeper for the oncogene-
triggered metabolic switch to glycolysis. We show that PDCDI muta-
tions enforce the induction of key metabolic molecules for glucose
uptake, metabolization and generation of energy carriers. In addi-
tion, PD-1regulates ACLY, which uses extramitochondrial citrate to
fuel acetyl-CoA pools for histone acetylation and enables aberrant
AP-1 activity in the tumor cells. These AP-1-inducing mechanisms
are hijacked in aggressive PD-1-deficient [ymphomas but not in their
PD-1-competent counterparts and link PD-1 signaling to epigenetic
reprogrammingin T-NHL.

Results

To dissect T cell ymphoma pathogenesis, we previously engineered
agenetically controllable murine model of human T-NHL based on
tamoxifen-inducible irreversible expression of the T-NHL oncogene
ITK-SYK, which enforces strong oncogenic TCR signaling™, together with
an enhanced green fluorescent protein (eGFP) reporter in individual
mature CD4" T cells in vivo (ITK-SYK°*CER2 mice; for the experimental
system, see Fig. 1a,b)"""2. While acute expression of interleukin (IL)-
2-inducible T cell kinase (ITK)-spleen-associated tyrosine kinase (SYK)
(together with eGFP) in otherwise unperturbed primary T cells can
trigger lymphocyte proliferation for a few days, it is unable to induce
overt malignancy, which requires the acquisition of additional genetic
hits (Extended Data Fig. 1a)"""%. However, loss of the tumor-suppressor
gene Pdcdlis sufficient to enableimmediate unrestricted clonal expan-
sion of lymphomatous T cells uponsingle oncogene expression that is
lethal to the host (Extended Data Fig.1a)">. These cells can transmit the
malignant disease to secondary recipients'. We leveraged this geneti-
cally tractable mouse model for human T-NHL to investigate the very
early events of T cell transformation.

Loss of Pdcd1 enables oncogene-enforced glycolysis
To identify the potent PD-1-controlled tumor-suppressor programs
thatpreventT cell transformation upon oncogenic T cell signaling, we
induced ITK-SYK expression in vivo in primary CD4" T cells with and
without Pdcdl by injecting tamoxifen into /TK-SYKP*CERT2 and ITK-SYK™
+CreERT2pied]™ mice. Three days after ITK-SYK expression, we purified
oncogene-expressing cells by flow cytometry for RNA-seq. Among the
top 20 differentially expressed genes, Hifla, encoding a master regula-
tor of cellular metabolism, was specifically upregulated in the absence
of Pdcd]1 (Fig.1c; adjusted P < 0.0001). Inaddition, gene set enrichment
analysis (GSEA) revealed an enrichment of multiple gene expression
signatures thatindicate global activation of the PI3K-AKT-mammalian
target of rapamycin (mTOR)-hypoxia-inducible factor (HIF)1x axis®
upon PD-1loss. Furthermore, enrichment of multiple gene expression
signatures suggests enhanced glucose metabolismin the PD-1-deficient
lymphoma cells compared to their premalignant ITK-SYK'PD-1" coun-
terparts (Fig. 1d). These gene expression data were corroborated by
protein expression analysis of HIF1a and several enzymes that mediate
glycolysis, including hexokinase 2, phosphofructokinase 1, aldolase
Aandenolaselin ex vivoisolated, acute oncogene-expressing T cells
from tamoxifen-injected /TK-SYKP+CERT2 and JTK-SYKP+ CreERTZ, pre 17/
mice (Fig. 1e,f)™*",

Based on these findings, we next performed direct ex vivo func-
tional analyses of glucose metabolism of acute ITK-SYK-expressing

T cells with and without PD-1 function. Upon oncogenic T cell signal-
ing, we detected enhanced glucose uptake in PD-1-deficient T cells
compared to that of wild-type cells (Extended Data Fig.1b; P= 0.0017).
Moreover, extracellular flux analysis revealed a greater extracellular
acidification rate (ECAR) in transformed ITK-SYK'PD-1" T cells than
in their premalignant ITK-SYK'PD-1" T cell counterparts, whereas
the oxygen-consumption rate (OCR) remained unchanged (Fig. 1g,h;
P<0.0001 and P, not significant (NS)). Because the increase in ECAR
implies aerobic glycolytic conversion of pyruvate to lactate, we next
measured the production of this metabolite. Lactate generation
was enhanced in the transformed ITK-SYK'PD-1" T cells compared
to in their premalignant counterparts (Fig. 1i; P= 0.034). To study
glucose metabolism in vivo, we used the glucose analog tracer [*®F]
fluorodeoxyglucose (['*F]FDG) and positron emission tomography
(PET). The maximum [*F]FDG uptake in individual mice was meas-
ured in the spleens of both ITK-SYKP+CreERT2 and JTK-SYKCD+CreErT2,
Pdcd1” mice (Fig. 2a and Extended Data Fig. 2a). The overall ['*FIFDG
uptake and maximum uptakein single voxels was significantly higherin
ITK-SYKP+CreERT2- pe 17/~ animals than in PD-1-proficient /TK-SYKP* CreERT2
mice, demonstrating augmented glucose uptake in vivo (Fig. 2b;
P=0.005). Tomeasure glycolytic conversion, we infused hyperpolar-
ized [1-®C]pyruvate intravenously into tamoxifen-injected animals
and compared [1-*C]lactate/[1-°C]pyruvate signal ratiosin the spleens
using hyperpolarized ®C magnetic resonance spectroscopic imaging
(MRI)*. The [1-*C]lactate/[1-*C]pyruvate signal ratio was substantially
higher in oncogene-expressing ITK-SYK*>*“"*R12:pqcd1~ animals thanin
ITK-SYKP+CeERT2 mijce, confirming enhanced lactate productionin vivo
(Fig.2c,d and Extended Data Fig. 2a,b; P=0.0284).

Altogether, these sets of genetically controlled in vivo and ex vivo
experiments demonstrate that deficiency in PD-1forces T cells with
oncogenic signaling to adapt their metabolism to aerobic glycolysis.
Thisis characteristic of the Warburg effect that promotes theinitiation
and progression of most cancer types” .

PD-1represses mTOR and HIF1a in premalignant cells
To determine how PD-1 inactivation promotes glycolysis, we
acutely blocked PD-1 function in ITK-SYK-expressing T cells with
anti-programmed cell death ligand 1 (PD-L1) checkpoint inhibitors as
experimental toolsin vivo or ex vivo. This strategy allowed us to control
the inactivation of PD-1signaling in oncogene-expressing T cellsin a
time-dependent manner. Similar to genetic deletion of Pdcd]l, injec-
tion of anti-PD-L1 antibody into tamoxifen-treated /TK-SYK P+ CreERT2
miceinduced unrestricted expansion of oncogene-expressing T cells,
which rapidly killed the host (Extended Data Fig. 2¢)"*. These acutely
PD-1-inhibited cells also switched to glycolysis withanincreasein ECAR
and no changeintheir basal OCR (Extended Data Fig. 2d-f; P< 0.0001
and P, NS). Intracellular flow cytometric analysis directly after acute
PD-1 blockade demonstrated that inactivation of the PD-1 signal
resulted in prompt activation of the AKT and mTOR pathways within
oncogene-expressing T cells (Fig. 2e) and in direct upregulation of
HIF1a expression®. Furthermore, we observed an induction of HIF1ax
transcriptional targets, including the glucose transporter GLUT1and
hexokinase 2, which are rate-limiting factors for glucose uptake and
glucose utilization, respectively, in normal and malignant lymphocytes
(Fig.2e)*. Thus, these key metabolic switches in premalignant cells are
under the direct negative control of PD-1tumor-suppressor signaling.
To test the dependency of fully transformed lymphomas with
Pdcdl deletion on the released mTOR-HIFla-glycolysis cascade,
we incubated ITK-SYK'PD-1 cells with small-molecule inhibitors of
mTOR, HIF1a or glycolysis?**. Direct inhibition of glycolysis with
2-deoxy-D-glucose (2-DG) reduced the production of lactate, similar
results were observed with theinhibition of mTOR or HIF1a (Extended
Data Fig. 3a-c), and all three treatments were toxic to PD-1-deficient
lymphoma cells (Extended DataFig. 3d-f). Moreover, treatment of ITK-
SYK'PD-1" lymphoma-bearing mice with the mTOR inhibitor torin-1,
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Fig.1|Loss of Pdcdl enables oncogene-enforced glycolysisin T cells.

a, Transgenic ITK-SYK allele with eGFP reporter sequence and Cre-induced
excision of the stop cassette. IRES, internal ribosome entry site; TAM, tamoxifen.
b, Experimental strategy to explore early molecular events upon ITK-SYK
inductionin the presence or absence of Pdcd1. ¢, Top 20 differentially expressed
genes between ITK-SYKP+C 52 (‘Pdcd**’)- and ITK-SYKP+ 12, pdcd 17/
(‘Pdcd1”™)-derived ITK-SYK-expressing T cells. RNA-seq was performed using
spleen-derived eGFP* T cells, sorted by flow cytometry on day 5 after tamoxifen
injection (n =4 mice per group). Expression values are normalized z scores.

d, GSEA of the indicated signatures. FDR, color intensity of circles; NES, circle
diameter. Blue and red indicate the group in which the signature was positively
enriched; NES, normalized enrichment score; FDR, false discovery rate. e, Flow
cytometry for HIF1a in ITK-SYK-expressing T cells. Spleen-derived single-cell
suspensions were generated from /TK-SYK+CreERT2 and [TK-SYKP+CreER12; pdc 17/
mice on day 5 after tamoxifen injection. Max, maximum. f, Western blot analysis
from lysates of ITK-SYK-expressing eGFP* T cells, sorted by flow cytometry
from ITK-SYKSP+CreERT2 and JTK-SYKP+CER12: e 17~ mice on day 5 after tamoxifen

injection. g, ECAR metabolic flux analysis of ITK-SYK-expressing CD4" T cells
isolated from ITK-SYKP+CreERT2 and JTK-SYKP+CrERT2: ped 17/~ mice on day 5 after
tamoxifen injection (n = 3 biological replicates per group). Data were normalized
using total cellular protein. P, two-sided Student’s ¢-test. Middle line denotes
the median, the top and bottom box edges denote 0.25 and 0.75 quantiles,
respectively, and the whiskers denote the minimum and maximum values.

h, OCR metabolic flux analysis from the same experiment asing. P, two-sided
Student’s t-test. i, Lactate concentration in cell culture supernatants. ITK-SYK-
expressing eGFP’ cells were sorted by flow cytometry from /TK-SYK®+CreERT2 gnd
ITK-SYKP*+CrER12: pded 17~ mice on day 5 after tamoxifen injection and incubated
overnightinvitro (n =3 and n = 4 biological replicates per group). Data were
normalized using viable cell numbers. P, two-sided Student’s t-test. Shown are
the mean + s.d. and individual data points. c¢,d, Data from one experiment.

e, f, Representative data from two independent experiments with two
biological replicates per group. g,h, Representative data from two independent
experiments with three biological replicates per group. i, Representative data
from two independent experiments.

whichblocks mTOR activity withintumor cellsin vivo (Extended Data
Fig. 3g), significantly prolonged survival (Fig. 2f and Extended Data
Fig.3h; P=0.0057). Together, these pharmacological studies demon-
strate that glycolytic reprogramming is key for the transformation and
survival of oncogene-expressing PD-1-deficient T cells.

PD-1limits oncogene-triggered energy metabolism

In general, cancer cells use the metabolism of glucose to gener-
ate ATP for energy supply, rapidly assimilate biomass and generate
signaling molecules that can regulate gene expression'®. To identify
glycolysis-dependent lymphoma-enabling mechanismsin an unbiased
manner, weincubated acute oncogene-expressing ITK-SYK'PD-1"T cells
and their premalignant ITK-SYK'PD-1" counterparts with uniformly
labeled [U-*Clglucose ex vivo and performed LC-MS/MS analysis to
trace [U-2C]glucose-derived metabolites®. The amount of *C-labeled
glycolysisintermediates, fructose 1,6-bisphosphate, dihydroxyacetone
phosphate, glyceraldehyde 3-phosphate, 3-phosphoglycerate, phos-
phoenolpyruvate and lactate, was elevated in PD-1-deficient lymphoma
cells (Fig.3a), indicating enhanced glucose usage within the canonical

upper glycolytic pathway. This pathway is particularly important for
energy production®. Indeed, inactivation of PD-1signaling boosts ATP
levels (Fig. 3b; P< 0.0003), indicating that loss of PD-1 function can
overcome the energy deficit in premalignant T cells that is required
to fuel overt malignancy.

In addition, we detected increased glucose utilization in the
pentose phosphate pathway in ITK-SYK'PD-1" lymphoma cells, with
augmented generation of [U-®Clglucose-derived glucono-lactone
6-phosphate, 6-phospho-D-gluconate, ribose 5-phosphate, sedohep-
tulose 7-phosphate and erythrose 4-phosphate (Fig. 3c). The overall
abundance of [U-®C]glucose-derived tricarboxylic acid cycle (TCA)
metabolites only slightly differed between transformed ITK-SYK'PD-1-
T cells and their premalignant ITK-SYK'PD-1" counterparts, although
the specific levels of citrate (m +2) showed a more than twofold
increase in the absence of PD-1 (Fig. 3d; P=0.0045).

PD-1facilitates glycolysis-dependent histone acetylation
Thereisincreasing evidence that metabolite abundanceis also highly
relevant for regulation of the tumor epigenome®*?. In particular,
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Fig.2|PD-1represses mTOR and HIF1a in premalignant cells. a, Whole-body
standardized uptake value (SUV) maps from ['*F]FDG PET measurements of
C57BL/6 mice, ITK-SYKP+CreERT2 and JTK-SYKP+CRT2: pcd 17~ mice together with
anatomical MRl acquisition. The ["*F]FDG PET measurements were conducted

on day 5 after tamoxifen application. Magnified ['*FIFDG PET signals from

lymph nodes are shown (insets). White arrows indicate spleens. Color intensity
represents the calculated uptake of ['*F]FDG in units of MBq mI™. b, SUV,,,, for
theindicated genotypes (n =3 for C57BL/6,n =9 for Pdcd1"* and n= 6 for Pdcdl™~
mice) from the experiment shownin a. SUV,,,, denotes the maximum signal
foundin asingle voxel across the entire tumor lesion. P, one-way ANOVA and two-
sided Student’s t-test. Shown are the mean + s.e.m. and individual data points.c,
Exemplary 7-T MRI chemical shift imaging (CSI)-derived >C magnetic resonance
spectra showing [1-*C]pyruvate and [1-*C]lactate amplitudes in the splenic
region of interest of ITK-SYK+CretRT2 and [TK-SYKP+CrERT2: pcd 17/~ mice following
injection of hyperpolarized [1-*C]pyruvate on day 5 after tamoxifen injection.
AU, arbitrary units. d, Ratio of [1-*C]pyruvate and [1-*C]lactate amplitudes in
spleens measured by 7-T MRIin /TK-SYK+CreERT2 and JTK-SYKP+CreERT2: peie 1/

mice on day 5 after tamoxifen injection (n = 3 mice per genotype). P, two-sided
Student’s t-test. Shown are the mean + s.d. and individual data points. e, Flow
cytometry for p-AKT**%, p-mTOR***%, HIF1a, GLUT1and hexokinase 2 in ITK-
SYK-expressing T cells. Spleen-derived single-cell suspensions were generated
from ITK-SYKP+CER12 mice on day 5 after tamoxifen injection. Before fixation,
anti-PD-L1or control antibodies were added for 4 hin vitro.f, Survival of
ITK-SYK'PD-1" lymphoma-bearing NSG mice treated with torin-1or vehicle.
Onday 0, NSG mice received 1,000 ITK-SYK-expressing eGFP* cells from an ITK-
SYKPHCreERT2: ped 17~ mouse, sorted by flow cytometry on day 5 after tamoxifen
injection. Mice received 6 mg per kg torin-1or vehicle daily via intraperitoneal
injection (n = 6 mice per group) from day 3 post tamoxifen on. P, two-sided
log-rank test. a, Representative mice from two independent experiments.

b, Pooled data from two independent experiments. ¢, Representative amplitudes
from one experiment. d, Pooled data from two independent experiments.

e, Representative data from two independent experiments with two biological
replicates per group. f, Pooled data from two independent experiments.

histone acetylationis extremely sensitive to the availability of extrami-
tochondrial acetyl-CoA?. In this context, glucose-derived citrate, after
export from the mitochondrion, is converted by ACLY to oxalacetate
and cytosolic acetyl-CoA, which is subsequently used by acetyltrans-
ferases to mediate the acetylation of target proteins. After entering
the nucleus, this pool of acetyl-CoA is critical for histone acetyltrans-
ferases to mediate histone acetylation for chromatin opening®>*.
Because these pathways can link glucose metabolism to epigenetic
regulation, which is frequently altered in T cell malignancy’, we next
studied the effects of PD-1inactivation on histone acetylation in ITK-
SYK oncogene-expressing primary CD4" T cells. Intriguingly, upon
oncogenic T cell signaling, both the genetic deletion of Pdcdl and acute
pharmacological blockade of PD-1 triggered a significant increase in
histone H4 and H3 lysine 27 (H3K27) acetylation (H3K27ac; Fig.3e and
Extended DataFig.4a).Ex vivoincubation of ITK-SYK'PD-1"lymphoma
cells with glucose at increasing concentrations demonstrated that
the level of H3K27ac depends directly on glucose availability (Fig. 3f;
r=0.9339)*". Conversely, inhibition of glycolysis with 2-DG resulted
inareduction in H3K27ac in PD-1-deficient lymphoma cells (Fig. 3g;
P=0.0003)*’, demonstrating a link between PD-1inactivation and
glucose-dependent histone acetylationin oncogene-expressing T cells.

Toexplore whether thislink involves glycolysis-dependent de novo
generation of acetyl-CoA, we directly incubated ITK-SYK-expressing
T cells from tamoxifen-injected ITK-SYKP+CeERT2 an( JTK-SYKCP*+CreERT2
;PdcdI” mice ex vivo with [U-®C]glucose and studied acetyl-CoA

production by targeted LC-MS/MS analysis. Indeed, in the trans-
formed ITK-SYK'PD-1"T cells, there was a significantincreasein [1,2-
Clacetyl-CoA and total acetyl-CoA ([1,2->Clacetyl-CoA +[1,2-C]
acetyl-CoA) generation (Fig. 3h and Extended Data Fig. 4c; P= 0.0002
and P=0.0206), whereas the levels of [1,2-?Clacetyl-CoA did not dif-
fer (Extended Data Fig. 4b; P, NS). Next, we isolated histones from
these oncogene-expressing primary T cells incubated with [U-C]
glucose for high-resolution LC-MS/MS analysis. We observed higher
denovo acetylation of histones H3 and H4 with [U-*C]glucose-derived
[BCJacetyl marks at H3K27, H3 lysine 9 (H3K9), H3 lysine 14 (H3K14),
H3 lysine 18 (H3K18) and H3 lysine 23 (H3K23) in transformed ITK-
SYK'PD-1"T cells than in PD-1-proficient ITK-SYK*PD-1* cells (Fig. 3i and
Extended Data Fig. 4d; P=0.047)*. These data indicate that histone
acetylation requires glycolysis-dependent acetyl-CoA synthesis after
PD-linactivationinT cells with oncogenic T cell signaling.

ACLY is a critical effector molecule downstream of PD-1

Asindicated above, ACLY is the key enzyme that mediates the gen-
eration of glucose-derived extramitochondrial acetyl-CoA (Fig. 4a)**.
Toexplore the function of ACLY in PD-1-regulated histone acetylation,
we treated tamoxifen-injected ITK-SYKP* “FRT2 mice with anti-PD-L1or
isotype control antibodies and isolated oncogene-expressing CD4*
Tcells. Next, we incubated these cells in vitro with the small-molecule
ACLY inhibitor BMS-303141 for 3 h*’. This treatment reduced histone
acetylationin ITK-SYK" cells in comparison to the dimethyl sulfoxide
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Fig.3|PD-1facilitates glycolysis-dependent histone acetylation.

a, Intracellular C abundance within the glycolysis pathways detected by targeted
LC-MS/MS relative to intracellular [U-*Clglucose in ITK-SYK' T cells with or
without PD-1, cultured with uniformly labeled [U-*C]glucose for 3 hin vitro. Data
are normalized to viable cell number and z scores per metabolite. Min, minimum.
b, Time-dependent ATP measurement in ITK-SYK" T cells with or without PD-1. P,
two-sided Student’s ¢-test. Data are presented as the mean + s.e.m. and individual
data points for each animal. The cross indicates death of the animal. ¢, lon count
forintracellular C-labeled metabolites in the pentose phosphate pathway
(PPP).d, lon count for intracellular ®C-citrate (m + 2) isotopomers. P, two-sided
Student’s t-test. Shown are the mean + s.d. and individual data points. e, Western
blot analysis of acetylated histones in ITK-SYK" T cells with or without PD-1. H4ac,
H4 acetylation. f, Flow cytometry for H3K27ac in wild-type CD4"* or ITK-SYK"*
Tcellsafter a4-hin vitroincubation with different glucose concentrations.
r,Pearson’s correlation coefficient. Data are presented as mean + s.d. and
individual data points. g, Flow cytometry for H3K27ac in ITK-SYK'PD-1" cells after

a4-hinvitro culture with 2-DG (1 mM) or DMSO. P, paired two-sided Student’s
t-test. Data are presented as mean +s.d. h, Levels of [U-®Clglucose-derived
intracellular [1,2-2CJacetyl-CoA determined by targeted LC-MS/MS in ITK-SYK"
T cells with or without PD-1 cultured with uniformly labeled [U-C]glucose

(11 mM) for 4 hin vitro (n = 4 mice per genotype). Data were normalized asin

a. P, two-sided Student’s t-test. Data are presented as mean + s.e.m. i, Levels of
[U-®C]glucose-derived *C-H3K27ac (m + 2) determined by orbitrap LC-MS/MS.
Experiment asin h (with n =3 mice per genotype). Datawere normalized asina. P,
two-sided Student’s ¢-test. Data are presented as mean + s.d. a-d, Representative
datafrom two independent experiments with n =3 biological replicates per
group. e, Representative data from two independent experiments with two
biological replicates per group. f, Representative data from two independent
experiments. g, Representative data from two independent experiments

with three biological replicates per group. h, Representative data fromone
experiment with four biological replicates per group. i, Representative data from
one experiment with three biological replicates per group.

(DMSO) vehicle control (Fig.4b). Notably, the dependence of H3K27ac
on ACLY function was significantly higher in ITK-SYK-expressing cells
with pharmacologically inactivated PD-1pathway (Fig.4b; P= 0.0131).
Consistent with published results, exogenous supplementation of
acetate at physiological levels (100 pM) could not restore decreased
H3K27acsignalsin ACLY inhibitor-treated lymphoma cells (Extended
DataFig. 4e).

The activity of ACLY itself can in principle be regulated by AKT,
which canphosphorylate ACLY at serine 455, a key point of control for
this enzyme® . As PD-1 inactivation results in (PI3K)-AKT signaling
in oncogene-expressing T cells (Fig. 2e), we hypothesized that these

events could additionally trigger ACLY activation®. To test this hypoth-
esis, weinduced ITK-SYK expressionin CD4" cells by injecting tamox-
ifen into ITK-SYK** €52 mice and acutely blocked PD-1function with
anti-PD-L1treatment. Inactivation of PD-1signaling resulted in direct
activation of ACLY, as measured by phosphospecific phosphorylated
(p)-ACLY*** antibodies (Fig. 4c), and this phosphorylation could be
reversed by PI3K inhibition with wortmannin or LY294002 (Fig. 4¢)*°.

To determine whether ACLY activity isrequired for PD-1-deficient
lymphomacell survival, we next incubated transformed ITK-SYK'PD-1-
T cells from tamoxifen-injected ITK-SYK*°**ERT2, pdcd]™~ mice withan
ACLY inhibitor. This treatment killed ITK-SYK'PD-1" lymphoma cells
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Fig. 4| ACLY is a critical effector molecule downstream of PD-1. a, Schematic
of glucose flux to histone acetyl groups. b, Flow cytometry for H3K27ac in ITK-
SYK® cells after 4 h of in vitro culture with the ACLY inhibitor BMS-303141

(iACLY’, 15 uM) or DMSO. ITK-SYK" cells were sorted by flow cytometry from
ITK-SYKP*CERT2 mijce on day 5 after tamoxifen injection and 12 h of anti-PD-L1 or
isotype control antibody treatment (intraperitoneal, 200 pg). P, paired two-sided
Student’s t-test. Data are presented as the mean + s.d. ¢, Western blot analysis in
lysates from ITK-SYK'PD-1" cells. Spleen-derived single-cell suspensions were
sorted by flow cytometry from ITK-SYK>* <512 mice on day 5 after tamoxifen
injection and cultured in vitro overnight with anti-PD-L1 or isotype control
antibodies and the PI3K inhibitors (‘iPI3K’) wortmannin (20 nM), LY294002

(20 pM) or DMSO. d, Flow cytometry for CD4 and eGFP in viable lymphocytes
derived from spleens of acutely induced /TK-SYK°*+CER12: pdcd 17~ mice after 3 d of
invitro culture with BMS-303141 (5 uM) or DMSO. e, Fold change in viable
ITK-SYK-expressing eGFP* cells in medium supplemented with BMS-303141

(5 M) or DMSO. Spleen-derived lymphocytes, sorted by flow cytometry from
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ITK-SYKP*+CrER12; pded 17~ mice on day 5 after tamoxifen injection, fixed and
processed for anti-H3K27ac ChIP-seq analysis. b, Representative data from
three independent experiments with three biological replicates per group.

¢, Representative data from two independent experiments with two biological
replicates. d,e, Representative data from three independent experiments.

f.g, Data from one experiment with n =5 mice per group. h, Data from asingle
experiment with two biological replicates per group.

(Extended DataFig. 4f; P= 0.0037). Importantly, co-cultures with sple-
nocytes demonstrated that ITK-SYK'PD-1"T cells were highly sensitive
to ACLY inhibition, whereas ITK-SYK'PD-1" T cells and normal T cells
were less affected (Fig. 4e,f; P=0.019 and P= 0.010).

Togenetically define whether ACLY is necessary for PD-1-deficient
lymphoma growth in vivo, we disrupted Acly in transformed ITK-
SYK'PD-1"T cells using CRISPR-Cas9-mediated gene editing and trans-
planted these cells into syngeneic wild-type hosts (Fig. 4f). While the
control-edited ITK-SYK'PD-1" cells proliferated rapidly in vivo, as meas-
ured by eGFP monitoring, and killed all recipient animals as expected

inless than 80 d, ACLY-deficient ITK-SYK'PD-1" T cells were unable to
expand (Extended DataFig.4g and Fig. 4i; P=0.0072). The acetyl-CoA
pool can be used for both histone acetylation and other acetyl-CoA
dependent pathways such as fatty acid synthesis. To distinguish the
importance of these pathways, we used pharmacological inhibitors.
Our experiments demonstrated that ITK-SYK'PD-1" cells were more
sensitive to direct inhibition of histone acetylation with inhibitors of
histone acetyltransferases p300 and CBP than their PD-1-competent
counterparts. By contrast, inhibition of fatty acid synthase did not
reveal asignificant difference (Extended Data Fig. 4h,i; P=0.0156).
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Together, these functional and genetic datademonstrate that loss
of PD-1tumor-suppressor function results in enhanced ACLY activity
viaenforced (PI3K)-AKT signaling and that this mechanism s critical
for both glucose-dependent histone acetylation and the malignant
expansion of PD-1-deficient lymphomatous T cells.

PD-1controls epigenetic reprogramming and AP-1activity
After establishing enhanced histone acetylation as a consequence
of Pdcdl inactivation in oncogene-expressing T cells, we next tested
the epigenetic effects of this mechanism on genome regulation using
genome-wide assays. Because H3K27 showed the greatest dependence
on glucose-dependent de novo acetylation, we immunoprecipitated
H3K27-acetylated histones from ITK-SYK-expressing T cells with or
without PD-1 activity and performed high-throughput chromatin
immunoprecipitation followed by sequencing (ChIP-seq*'). Overall,
deletion of PdcdI increased H3K27ac in oncogene-expressing T cells,
particularly within promoter regions and around gene transcription
startsites (TSS), indicating direct effects on transcriptional regulation
(Fig. 4h and Extended Data Fig. 4j,k)***’. To assess how these events
would affect chromatin accessibility for transcription factor occu-
pancy, we conducted agenome-wide assay for transposase-accessible
chromatin using sequencing (ATAC-seq**) and performed transcrip-
tion factor footprint analysis* *. Intriguingly, in PD-1-deficient ITK-
SYK-expressing T cells, we observed increased activity scores for the
AP-1family transcription factors c-FOS, FOSL1, FOSL2, c-JUN, JUNB
and BATF (Fig. 5a,b). Next, we tested whether the histones at the AP-1
family target gene sequences are hyperacetylated in PD-1-deficient ITK-
SYK-expressing T cells by performing GSEA using the H3K27ac ChIP-seq
dataset (Fig. 4h; ChIP-Enrich analysis*®) and the transcription factor
target gene sets from the ENCODE, JASPAR and ChEA databases***~",
We detected a significant enrichment of ¢-FOS, FOSL1, FOSL2, ¢c-JUN,
and BATF target genes in H3K27ac ChIP-seq peaks upregulated in
ITK-SYK'PD-1" lymphoma cells compared to their premalignant ITK-
SYK'PD-1" counterparts (Fig. 5c). Furthermore, global expression of
AP-1target mRNA species also increased with positive enrichment
of the c-FOS, FOSL1, FOSL2, c-JUN and BATF gene sets in transformed
ITK-SYK'PD-1" cells (Fig. 5d).

To investigate the underlying mechanism for AP-1 hyperactiva-
tion, we focused on the top-ranking motifin PD-1-deficientlymphoma
cells, whichwas the c-FOS-c-JUN heterodimer (Fig. 5a). We performed
additional ex vivo experiments to determine the PD-1-dependent phos-
phorylation status of c-FOS at serine 32 and of c-JUN at serine 73, respec-
tively. These post-translational modifications are known to increase
protein stability, nuclear localization and transcriptional activity>>*>.
To capture immediate changes upon PD-1 pathway inactivation, we
used pharmacological blockade of PD-1asintroduced above (Fig. 2e).
Our Phosflow data revealed a significant increase in p-c-FOSS* and
p-c-JUN"signals in ITK-SYK-expressing cells isolated from animals
thathad beentreated with anti-PD-L1checkpointinhibition, suggesting
that PD-lindeed controls the transduction of oncogenic signals to AP-1
family members (Fig. 5e,f; P=0.0317 and P= 0.0412).

We asked whether AP-1 hyperactivity in ITK-SYK*PD-1" lymphoma
cells isinduced by ACLY activity and subsequently inflated acetyl-CoA
pools. To address this question, we again isolated ITK-SYK'PD-1* and
ITK-SYK'PD-1" cells from tamoxifen-treated /TK-SYKP+CeERT2 and
ITK-SYKP+CeERT2, pe {1/~ animals. This time, we incubated the cellsin vitro
inthe presence of the ACLY inhibitor BMS-303141or DMSO for 3 h. Next,
we sorted eGFP" cells by flow cytometry and performed ATAC-seq and
transcription factor footprint analysis. In agreement with the ex vivo
results (Fig. 5a), we detected AP-1family members as top motifs enriched
in PD-1-deficient cells (Fig. 5g). Strikingly, upon pharmacological inhibi-
tion of ACLY, AP-1footprints were de-enriched in Pdcdl-deleted cells in
comparison to their counterparts with intact PD-1 pathway (Fig. 5h).

Altogether, these results from our genetically defined mouse
models demonstrate that the loss of PD-1 signaling unleashes ACLY

activity and thereby triggers glucose-dependent production of extram-
itochondrial acetyl-CoA to mediate de novo acetylation of histones
to open chromatin and enable the enhanced activity of oncogenic
AP-1 family transcription factors. Importantly, AP-1 hyperactivation
in PdcdI-deleted lymphoma cells was critically dependent on ACLY
activity. Thus, our results indicate a link between glucose-derived
acetyl-CoA availability and selective opening of compact chromatin
at AP-1-binding sites, which is mediated by the PD-1 pathway (for a
schematic model, see Extended Data Fig. 5a).

Glycolysis and AP-1activationin human PDCDI-mutated
T-NHL

Toelucidate whether these PD-1-dependent metabolic and epigenetic
changes are also present in human T cell lymphoma, we analyzed
leukemic stage primary patient samples from cohorts of clinically
annotated T-NHLs of cutaneous origin by isolating malignant lym-
phomacells by flow cytometry. We first examined a cohort of patients
who experienced rapid disease progression, where the blood tumor
burdenincreased by >400% in less than a 1-month period, which we
termed ‘hyperprogression’ (Fig. 6a). TCR clonotyping confirmed
that post-hyperprogression samples originated from identical T cell
clones as the pre-hyperprogression samples (Extended Data Fig. 5b).
Intriguingly, in all three instances, hyperprogressive disease was asso-
ciated with profound downregulation of PDCDI transcripts (Fig. 6b,c;
P=4.6x107,log, (fold change) = -3.3). Notably, one of these cancers
acquired agenetic deletion of PDCDI upon disease progression (Fig. 6d),
whereas the others lost PDCDI expression by still uncharacterized
mechanisms. These pre- and post-hyperprogression lymphomas
were used for comparative RNA-seq and GSEA analysis. Consistent
with our mouse model, we detected a significant enrichment of all
signatures that represent enhanced activity of the (PI3K)-AKT-mTOR
pathway, enforced HIF1a activity and increased glucose metabolism
in post-hyperprogression samples with impaired PDCD1 expression
compared to pre-hyperprogression samples (Fig. 6e).

In addition, we studied a second cohort of patients with cuta-
neous T cell ymphoma (CTCL) that were either PDCDI wild type or
PDCDI mutant at initial diagnosis. In line with previously reported
frequencies®?, we detected PDCDI deletions in seven of the 21 speci-
mens (Fig. 7a). RNA-seq and GSEA revealed a significant enrichment
of the key gene sets for (PI3K)-AKT-mTOR signaling and HIF1x acti-
vation (Fig. 7b) in PDCDI-mutant patients. Again, we also observed
enhanced activity of glycolysis gene sets in PDCDI-mutant lympho-
mas compared to PDCDI-wild-type lymphomas (Fig. 7b). None of the
analyzed primary patient samples harbored the rare ITK-SYK fusion
oncogene that we used in the mouse to model oncogenic TCRsignaling.
Instead, PDCDI-mutant human tumors harbored diverse and numer-
ous oncogenic TCR signaling mutations including in CD28, PLCG1
and RHOA, suggesting that transcriptional effects are not tied to the
identity of the oncogene (Extended Data Fig. 6a). Interestingly, mul-
tiple PDCDI-mutant lymphomas carried mutations in another tumor
suppressor encoded by CDKN2A (Extended Data Fig. 6a).

Next, we used viable primary patient samples from these two
cohortsto functionally assess our findings on the (PI3K)-AKT-mTOR
axis, which is under PD-1 control in normal and malignant T cells, and
our discovery of ACLY as a PD-1 target molecule in T-NHL. First, we
probed theimpact of PDCDI deletions on (PI3K)-AKT-mTOR signaling
and glucose uptake based onsix individual patients, three with mutant
PDCDI and three with wild-type PDCDI. Inline with our findingsin the
murine model, PDCDI-mutant lymphoma cells exhibited a significant
increase in S6 ribosomal protein phosphorylation, demonstrating
enhanced mTOR activity compared to PDCDI-wild-type cells (Fig. 7c;
P=0.0309)**. Moreover, uptake of the fluorescent glucose analog
2-NBDG was also significantly increased in PDCDI-mutant lymphoma
cells (Fig. 7d; P=0.03)%. To perturb (PI3K)-AKT-mTOR signaling,
glycolysis or ACLY activity inviable PDCD1-wild-type and PDCDI-mutant
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Fig.5|PD-1controls AP-1activity in an acetyl-CoA-dependent manner.

a, Differential transcription factor footprint analysis of ATAC-seq data. ITK-
SYK' cells were sorted by flow cytometry from /TK-SYKP*CER2 and JTK-SYK™*
CreERT2, pdedl™ mice on day 5 after tamoxifen injection and immediately processed
for ATAC-seq.JASPAR database motif names for the selected AP-1family
transcription factors are indicated. Enrichment of a transcription factor motif
isindicated by motif score, motif rank and color. b, Binding profiles of selected
transcription factors for the indicated genotypes from the experiment shown
ina. ¢, ChIP-Enrich analysis of ChIP-seq data shown in Fig. 4h for the indicated
gene sets. FDR, color intensity of the circles; ChIP-seq peaks in gene set, circle
diameter. Blue and red indicate the genotype in which a signature was positively
enriched. d, GSEA for the indicated gene sets. FDR, color intensity of circles;
NES, circle diameter. Blue and red indicate the group in which a signature was
positively enriched. e, Phosflow analysis of p-c-FOS**2in ITK-SYK" cells. Single-
cell suspensions were generated from lymph nodes of ITK-SYK®*“f'12 mice on

day 5 after tamoxifen injection and 12 h of anti-PD-L1 or isotype control antibody
treatment (intraperitoneal, 200 pg). P, paired two-sided Student’s t-test. Data
are presented as mean + s.d. f, Phosflow analysis of p-c-JUN. Same experiment
asine.g,h, Differential transcription factor footprint analysis of ATAC-seq data
from ITK-SYK'PD-1"and ITK-SYK'PD-1 cells after 3 h of in vitro incubation with
BMS-303141 (5 uM, h) or DMSO (g). Spleen-derived eGFP* cells were sorted by
flow cytometry from /TK-SYKSP+CreERT2 and ITK-SYKP+CrERT2; pcd 17/~ mice on day

5 after tamoxifen injection, incubated in iACLY- or DMSO-containing medium
and processed for ATAC-seq. Legend asin a. a,b, Data from a single experiment
with three biological replicates per genotype. ¢, Data from one experiment

with two biological replicates per group. d, Data from asingle experiment

with four biological replicates per genotype. e,f, Representative data from two
independent experiments with three biological replicates per group. g,h, Data
from one experiment with three biological replicates per genotype. var., variant.

lymphoma cells, we incubated the six primary patient samples with
respective small-moleculeinhibitors of these pathways. Treatment with
the mTORCl inhibitor everolimus, which is currently in clinical trials
for T-NHL therapy (NCT00918333 and NCT01075321), reduced viability
and division of PDCDI-mutant cancer cells (Fig. 7e). Similarly, inhibition
of glycolysis with2-DG or ACLY blockage with BMS-303141 also signifi-
cantlyimpaired cell proliferation in PD-1-deficient lymphomas (Fig. 7e).
Importantly, stage-matched PD-1-wild-type tumors were resistant to
everolimus, 2-DG and inhibition of ACLY. These data suggest that PD-1
loss confers therapeutic vulnerability to these inhibitors (Fig. 7e).
Finally, we assessed chromatin accessibility in primary cells from
three PDCDI-wild-type and three PDCDI-mutant CTCLs by ATAC-seq
and performed transcription factor footprint analysis (Fig. 7f,g).
Similar to the murine model, the top transcription factor motifs most
enriched in the PDCDI mutant compared to the wild type were AP-1

family members, including c-FOS, FOSL1, FOSL2, c-JUN, JUNB and
BATF, which we corroborated with functional in vitro assays (Fig. 7f,g
and Extended Data Fig. 6b,c). Furthermore, at the global transcript
level, both PDCDI-mutant and post-hyperprogression T-NHL samples
showed a significant enrichment in c-FOS, FOSL1, FOSL2, c-JUN and
BATF target genes (Fig. 7h).

Discussion

Here, we identified the key components of the PD-1tumor-suppressor
programin T cell ymphoma. Using a combination of genetic mouse
models and primary human T-NHL samples, our results highlight the
role of PD-1as a critical gatekeeper molecule curtailing the glycolytic
switch during neoplastic transformation of a T cell. We provide evi-
dence that metabolic reprogramming via the (PI3K)-AKT-mTOR~-
HIF1x axis leads to induction of rate-limiting factors for glucose uptake
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Fig. 6 | PD-1inactivation and glycolytic switch in hyperprogressive T-NHLs.
a, Serial longitudinal analysis of the tumor burden index and white blood cell
(WBC) count for three individual patients with CTCL and hyperprogressive
disease. Hyperprogression, rapid increase in tumor burden index (‘after’,
shadedinred) after an extended period of stable disease course (‘before’,
shaded inblue). b, Differential gene expression analysis of RNA-seq data derived
from the three patients with CTCL in abefore and after hyperprogression.
Data points for selected glycolysis-related genes and PDCDI are indicated. P,
two-sided Wald test. ¢, RNA-seq read count of PDCDI transcripts before and
after hyperprogression shown for each patient individually. d, Whole-genome
sequencing-based copy number aberration analysis of PDCDI-containing

chromosomal region 2q36.3-2q37.3. The time point of genomic DNA isolation
relative to hyperprogression isindicated (‘before’ versus ‘after’). The patient
shown corresponds to the first patientin a. Top: the dashed box indicates the
genomic region on human chromosome 2 that is shown in detail at the bottom.
Bottom: copy number aberration analysis. The location of the PDCD1 locus is
shown. e, GSEA for the indicated gene sets based on RNA-seq data derived from
three patients with hyperprogression (a). The time point of RNA extraction
relative to hyperprogressionisindicated (‘before’ versus ‘after’). FDR, color
intensity of circles; NES, circle diameter. Blue and red indicate the group in which
asignature was positively enriched. a, Longitudinally collected data from three
individual patients. b-e, Data from a single experiment with three patients.

and metabolization to enforce tumor cell energy production. This
tumor-suppressive activity of PD-1 specifically suppresses glycolytic
reprogramming but not oxidative phosphorylation.

Interestingly, our data presented here and previous work? indi-
cate that PD-1-mutation status could serve as a potential biomarker
for genotype-specific vulnerabilities in T cell ymphomas. For exam-
ple, mTOR is currently being evaluated as a target in T-NHL with het-
erogeneous clinical results®. We provide evidence that molecular
stratification based on genetic PDCDI status could help to identify
patients who will likely respond to mTOR pathway inhibition. Moreo-
ver, our datasuggest enhanced ACLY activity as aselective vulnerabil-
ity in PDCDI-mutant T-NHLs. Furthermore, we describe a previously
unknown link between PD-1 signaling and metabolite-controlled
epigenetic reprogramming. Upon PD-1 loss, increased pools of
glycolysis-derived citrate permit enhanced acetyl-CoA production.
This in turn enforces opening of compact chromatin at AP-1-binding
sites and enhanced transcription of AP-1 target genes. Conversely,
pharmacological inhibition of ACLY curtails AP-1hyperactivation and
istoxic to PDCDI-mutant lymphomas. Notably, antigenic stimulation
of non-transformed T cells also induces AP-1 activity and enforces
AP-1-directed chromatin remodeling®’. However, in contrast to
oncogenic AP-1activation in T-NHL, this process strictly depends on
externalinduction of co-stimulatory pathways such as CD28 (ref. 57)
through still ill-defined mechanisms.

While our results identify PD-1 as a metabolic gatekeeper for
T-NHL energy metabolism and induction of the epigenetic ACLY-AP-1
axis, several questions remain open. On the one hand, it is unclear
whether unleashed ACLY activity in PDCDI-mutant lymphomas regu-
lates acetyl-CoA-dependent metabolic pathways apart from histone
acetylation, similar to de novo generation of lipids. Onthe other hand,
it is undefined how PD-1 signaling regulates individual AP-1 family
members. While our datashow enhanced phosphorylation of key serine
residues within the transactivation domains of c-JUN and c-FOS in the
absence of PD-1signaling, the precise mechanisms that underlie these
effects remain tobe uncovered. Inthis context, it will also be critical to
elucidate how acetyl-CoA abundance can selectively enhance recruit-
ment of AP-1factors to AP-1-DNA binding sites and whether related
pathways are also active in non-transformed T cells and during T cell
exhaustion, whichis frequently associated with chronic PD-1signaling
and dysregulated AP-1activity™.

Insum, our findings establish PD-1as a central regulator for tumor
cell energy metabolism and AP-1 activity in T-NHL. We demonstrate
that PD-1restricts glycolysis, glucose-derived acetyl-CoA production
and chromatin remodeling. PD-1-deficient T-NHLs acquire epigenetic
changes that increase access for AP-1factors in otherwise compact
DNA. This mechanismis highly conserved between human and murine
lymphomas. Our results link PD-1 mutations with AP-1 hyperactiva-
tion, which has been demonstrated to be a hallmark of aggressive,
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Fig.7| ACLY dependence and AP-1activation in human PD-1-defective T-NHL.
a, Genomic region within q37.3 on chromosome 2 in 21 patients with CTCL. CNA,
copy number aberrations. PDCDI™", PDCD1 mutant; PDCD1"", PDCD1 wild type.

b, GSEA for the indicated gene sets based on RNA-seq data from the 21 patients
with CTCL shownin a. ¢, Phosflow analysis of serine 240 and 244 of S6 ribosomal
proteinin PDCDI-mutant (n =3) and PDCDI-wild-type (n=3) primary CTCL cells
andin CD4" T cells from healthy donors (n = 3). P, one-way ANOVA and two-sided
Student’s t-test. Shown are the mean + s.d. and individual data points. d, Uptake of
the glucose analog 2-NBDG in PDCDI-mutant (n = 3) and PDCDI-wild-type (n =3)
primary CTCL cellsand in CD4* T cells from healthy donors (n = 3). Malignant cells
sorted by flow cytometry were stimulated with anti-CD3 and anti-CD28 beads,
and 2-NBDG uptake was determined at the indicated time points. P, two-sided
Student’s t-test. Shown are the mean + s.e.m. and individual data points. e, Relative
divisionindex of malignant T cells from three patients with mutated PDCDI or

reduced PD-1expression after hyperprogression compared to three PDCDI-wild-
type samples and healthy CD4" T cells (n = 3) in the presence of 2-DG (1 mM),
everolimus (0.1 M) or BMS-303141 (iACLY, 10 pM). P, two-sided Student’s ¢-test.
Data are presented as the mean * s.e.m. and individual data points. f, Differential
transcription factor footprint analysis of ATAC-seq data from three patients with
CTCL with (‘PDCDI™") and three patients without (‘PDCDI"") mutated PDCDI.
Legend asin Fig. 5a. g, Binding profile for the JASPAR FOS-JUN heterodimer
motif for the indicated genotypes from the experiment showninf. h, GSEA for
the indicated gene sets with RNA-seq data from 21 patients with CTCL who were
PDCDI mutant or PDCDI wild type and three patients with hyperprogression.
a,b, Datafromasingle experiment with 21 patients. c¢,d, Data from one experiment
with three patients per group and three healthy donors. e, Data from one
experiment with three patients and three healthy donors. f,g, Data from one
experiment with three patients per group. h, Data from a single experiment.

drug-resistant T-NHLs*. Moreover, our data highlight the (PI3K)-AKT-
mTOR-HIF1a-ACLY-axis as a genotype-specific therapeutic vulner-
ability in aggressive T cell ymphomas with defective PD-1 function,
which should be tested in future clinical interventions.

Methods
We confirm that all experiments with mice and human patient-derived
material were performed in accordance with local animal-protection
guidelines (Regierung von Oberbayern, Munich, Germany) or after
approval by the Northwestern University Institutional Review Board,
respectively.

Mice

Mice of both sexes aged 6-12 weeks were used for all experiments.
Littermate controls were used whenever possible. Randomi-
zation and blinding were not performed. /TK-SYKP+CERT2 and
ITK-SYKP+CERT2- ped 17/~ animals were described earlier and maintained

on a C57BL/6 genetic background™. Pdcdl”~ (028276), B6).129(Cg)-
Gt(ROSA)26Sor ™ 1(AC<as" £CPFezh /) (Cas9, 026179) and NOD.CG-Prkdc™™
1L2rg™"/Sz] (NOD-SCID gamma (NSG), 005557) mice were purchased
from Jackson Laboratory. All animal experiments were performed in
accordance with local guidelines (Regierung von Oberbayern, Munich,
Germany). Mice were euthanized if they exhibited signs of ymphoma
(lymph node enlargement, palpable tumor, labored breathing, ascites)
oriftheylost20% or more of their body weight. None of the approved
thresholds were exceeded at any time. Mice were keptingreenline cages
(Tecniplast Typ I superlong) at temperatures between 20 and 24 °C
and at 45-60% humidity, receiving pelleted food (1324SP, Altromin)
and autoclaved water ad libitum. A light-dark rhythm changed every
12 hwithincluded dimming phases. For peripheral T cell lymphomas,
both sexes showed nearly identical trends in survival, although inci-
dencerates were higher in males thanin females (https://seer.cancer.
gov). Inaccordance with this, we used both female and male mice. We
indicate also that our mouse models did not reveal any differences in
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PD-1expressionand survival after PD-linactivation based upon sex. We
used the same numbers of male and female mice in each experiment
whenever possible.

Induction of spontaneous ITK-SYK expression in peripheral
Tcells

Tamoxifen (T5648, Sigma) was dissolved in pure ethanol (with heat-
ing) and subsequently diluted in migliol (3274, Caesar & Loretz) to a
final concentration of 10 mg ml™. Toinduce expression of ITK-SYK in
peripheral CD4" T cells, /TK-SYKP+CreERT2 and JTK-SYKP+CrERT2- el ]/~
mice were intraperitoneally injected with tamoxifen at the indicated
concentrations.

RNA-seq of mouse samples

ITK-SYKPHCTERT2 o ITK-SYKP+CreERTZ: prc 17/~ mice received a single dose
of 2 mg tamoxifen. Five days later, spleens were collected, and 1,000
eGFP' ITK-SYK-expressing CD4" T cells from both genotypes were
directly sorted (FACSAria Fusion, BD Biosciences) into a 96-well PCR
plate prefilled with 10 pl of 1x TCL buffer (1070498, Qiagen) containing
1% (vol/vol) B-mercaptoethanol (M6250, Sigma). Library preparation
for bulk 3’ sequencing of poly(A) RNA was performed as outlined ear-
lier®®, Briefly, for each sample, barcoded full-length complementary
DNA (cDNA) was generated with Maxima RT polymerase (EP0742,
Thermo) using oligonucleotide-dT primer-containing barcodes,
unique molecular identifiers (UMIs) and an adaptor. The addition of
atemplate switch oligonucleotide resulted in extension of the 5’ ends
of the cDNA, and full-length cDNA was amplified with a primer bind-
ing tothe template switch oligonucleotide site and the adaptor. cDNA
was fragmented using the Nextera XT kit (FC-131-1096, lllumina), and
only the 3’ end fragments were amplified using primers with Illumina
P5 and P7 overhangs. Compared to ref. 60, the P5 and P7 sites were
exchanged to allow sequencing of the cDNA in read 1 and barcodes
and UMIs in read 2 to achieve better cluster recognition. The library
was sequenced on the NextSeq 500 platform (Illumina) with 75 cycles
for cDNA and 16 cycles for barcodes and UMIs. Raw sequencing data
were processed with DropSeq-tools (version 1.12) using gene annota-
tions fromthe Ensembl GRCm38.87 database to generate sample-and
gene-wise UMI tables®’. Downstream analysis was conducted using R
version 3.4.452 and DESeq?2 version 1.18.153 (ref. 62). Technical rep-
licates with <100,000 total UMIs were excluded before differential
expressionanalysis, and the remaining replicates were collapsed. Genes
with <10 reads across all conditions were excluded. Prior differential
expression analysis and dispersion of the data were estimated using
a parametric fit. GSEA 4.1.0 was used to calculate enrichment for the
indicated signatures. All signatures were derived from MSigDB and

Harmonizome®-%%,

Western blot analysis of cytosolic proteins and histones
ITK-SYKCP+CreERT2 T GYKCP+CreERT2 pred 17/~ or C57BL/6 mice were
intraperitoneally injected with a single dose of 2 mg tamoxifen and
received 200 pg anti-PD-L1 antibody (BE0O101, BioXcell) or isotype
control antibody (BEO090, BioXcell), depending on the experimen-
tal condition. At the indicated time points, single-cell suspensions
were generated, and eGFP’ cells were sorted by flow cytometry and
lysed onice in protein lysis buffer (50 mM Tris, 150 mM NaCl, pH 8,
1% NP-40) supplemented with protease and phosphatase inhibitors
(4906845001 and 539131, Sigma). The following antibodies were
used at 1:1,000 or 1:10,000 (actin) dilutions for protein detection:
anti-hexokinase 2 (ab209847, Abcam), anti-phosphofructokinase
1 (PFKM; MAB7687-SP, R&D Systems), anti-aldolase A (8060, CST),
anti-enolase 1 (3810T, CST), anti-actin (3700, CST), anti-histone H3
(9715, CST), anti-acetyl-histone H3 Lys27 (8173, CST), anti-histone
H4 (2935, CST), anti-acetyl-histone H4 (06-598, Millipore), anti-ACLY
(4332, CST), anti-p-ACLY (4331, CST), anti-AKT (4691, CST) and
anti-p-AKT (4060, CST).

Analysis of p-ACLY***%, For the analysis of PD-1-dependent ACLY phos-
phorylation at serine 455, single-cell suspensions from the spleens
of acutely induced ITK-SYKP+CERT2 mice were incubated overnight
with anti-PD-L1 antibody (4 pg ml™, BEO101, BioXcell), isotype con-
trol (4 pg ml™, BEO090, BioXcell), DMSO, wortmannin (2 pM, 12-338,
Sigma) or LY294002 (10 puM, S1105, SelleckChem). The next day, cells
were sorted by flow cytometry for the eGFP* phenotype and lysed as
described above.

Analysis of histones. For western blotting of histones, single-cell
suspensions were generated from the spleens of acutely induced
ITK-SYKP+CreERT2 gnd JTK-SYKP+CrER12: pcd]™~ mice. Subsequently,
eGFP” cells sorted by flow cytometry were cultured for 4 h in vitro
in glucose-free DMEM (11966025, Thermo) supplemented with 1%
dialyzed fetal calf serum (FCS; A3382001, Thermo) and 1 mM glu-
cose (G8270, Sigma). Next, cells were washed with ice-cold PBS, and
acid-based histone extraction was performed according to published
protocols®.

Glucose assay of cell culture supernatants

ITK-SYKP+CrERT2 and JTK-SYKP+CERT2, pdcd]™/ mice were intraperi-
toneally injected with a single dose of 2 mg tamoxifen. On day five,
single-cell suspensions were generated, and eGFP" cells were sorted by
flow cytometry. Two hundred thousand T cells were cultured invitroin
glucose-free DMEM (11966025, Thermo) supplemented with 10% dia-
lyzed FCS (A3382001, Thermo),2 mM glutamine (25030149, Thermo)
and 10 mMglucose for 3 h. Theremaining glucose in the supernatants
was measured using the Amplex Red Glucose/Glucose Oxidase Assay
Kit (A22189, Thermo).

Seahorse assays

ECAR and OCR were measured using a Seahorse XFe96 Analyzer (Agi-
lent) in XF medium (non-buffered RPMI 1640 medium containing
2 mMglutamine and 1 mM sodium pyruvate (11360070, Thermo) and
25 mM glucose). Two hundred thousand eGFP* ITK-SYK-expressing
T cells per well were sorted by flow cytometry and centrifuged onto
poly-D-lysine (P6403, Sigma)-coated 96-well plates (101085-004, Agi-
lent) and pre-incubated at 37 °C for 45 min in the absence of CO,. Five
days before the experiment, ITK-SYK P+ CERT2 gand JTK-SYKCP*CreErT2,
Pdcdl” mice received asingle dose of 2 mg tamoxifenand, depending
on the experiment, intraperitoneal injections of anti-PD-L1 antibody
(200 pg, BEO101, BioXcell) or isotype control (200 pg, BEO090, BioX-
cell) asindicated in the figure legends.

In vivo metabolicimaging using PET-CT and hyperpolarized
BC magnetic resonance imaging

C57BL/6, ITK-SYKPHCreERT2 o ITK-SYKP+CreERTZ: ped ™~ mice received
a single dose of 2 mg tamoxifen. For PET-CT imaging, mice were
injected with ['**F]FDG (-12 MBq), and tracer uptake was measured
after 90 min using a preclinical Siemens Inveon PET-CT system.
Splenic standardized uptake values were calculated using Inveon
Research Workplace software. Hyperpolarized *C MRI of the ani-
mals was performed using a preclinical 7-T magnetic resonance
scanner (Agilent-GE Discovery MR901 magnet and gradient system,
Bruker AVANCE Il HD electronics). The animals were injected with
hyperpolarized [1-®C]pyruvate (250 pul, 80 mM, HyperSense DNP,
Oxford Instruments), and both [1-*C]pyruvate and [1-*C]lactate were
recorded in vivo using a static 2D FID-CSI (matrix size, 18 x 12; FOV,
30 mm x 20 mm; slice thickness, 3 mm; flip angle, 12°; number of
points, 128; bandwidth, 2,000 Hz). T,-weighted images (*H-RARE;
matrix size, 150 x 100; FOV, 30 mm x 20 mm; slice thickness, 1 mm)
were recorded for co-registration and determination of spleen size.
Peak heights for [1-*C]pyruvate versus [1-*C]lactate were determined
and summed over the spleen region of interest using MATLAB code
developedin house.
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Intracellular flow cytometry and Phosflow of murine cells
Exvivo. TK-SYKP+CeERT2 o ITK-SYKP+CERTZ: pdcd] - mice were intraperi-
toneally injected with a single dose of 2 mg tamoxifen. At the indicated
time points, cells wereisolated and immediately fixed in 4% PFA (28906,
Thermo), permeabilized using methanol, stained for CD4 (100437,
BioLegend), p-AKT>*” (48-9715-42, Thermo), p-mTORS**8 (2971, CST),
hexokinase 2 (ab209847, Abcam), GLUT1 (PA1-46152, Thermo), p-S65%%
$244(5364S, CST), acetyl-histone H3 Lys27 (13027, CST), HIF1x (36169,
CST), Alexa Fluor 647 p-c-FOS*®* (8677, CST) and PE p-c-JUN” (8752,
CST) and assessed by flow cytometry. Surface and intracellular antibod-
ieswere used at dilutions of 1:300 and 1:100, respectively. The following
antibodies were used at a dilution of 1:300 as secondary antibodies:
PE donkey anti-rabbit IgG (406421, BioLegend) or PE goat anti-mouse
IgG (405307, BioLegend). Data were acquired using a FACSCanto Il or
an LSRFortessaflow cytometer (BD Biosciences). FlowJo software was
used for data analyses (FlowJo).

Invitro.eGFP* T cells sorted by flow cytometry from tamoxifen-injected
C57BL/6 and ITK-SYK®®*“®R2;pdcd1™~ mice were cultured in vitro in
glucose-free DMEM (11966025, Thermo) supplemented with 1% dia-
lyzed FCS (A3382001, Thermo). After 4 h, the cells were fixed in 4% PFA
and processed as described above. An exemplified gating strategy is
provided in Supplementary Fig. 1.

Metabolomics
ITK-SYKP+CreERT2 and JTK-SYKP+CERT2, pded 1~ mice were intraperito-
neally injected with a single dose of 2 mg tamoxifen per mouse. Five
days later, spleen- and lymph node-derived single-cell suspensions
were sorted by flow cytometry for the eGFP* phenotype. Subsequently,
cells were incubated in glucose-free DMEM (11966025, Thermo) sup-
plemented with 10% dialyzed FCS (A3382001, Thermo) and 11 mM
uniformly labeled [U®C]glucose (CLM-1396, Cambridge Isotope Labo-
ratories). After 3 hofin vitro culture, cells were washed with ice-cold
0.9% NaCl and resuspended in 1 ml of ice-cold 80% methanol-water
solution (vol/vol; 51140, Thermo; AE71.1, Carl Roth), including internal
standards, followed by incubation for 8 h at =80 °C. The cell suspen-
sion was centrifuged at 13,000g and 4 °C for 10 min, and then the
supernatants were dried in a SpeedVac concentrator (Savant, Thermo).
Lyophilized samples were reconstituted in 40 pl of LC-MS-grade
water, vortexed and centrifuged again for 10 min at 13,000gand 4 °C.
Samples were analyzed using an Agilent 1200 series HPLC system inter-
faced with an AB Sciex 5500 hybrid triple quadrupole/linear ion trap
mass spectrometer equipped with an electrospray ionization source
operating in positive or negative mode. Q1 (precursor ion) and Q3
(fragmention) transitions, the metabolite identifier, dwell times and
collisionenergies for both positive and negative ion modes were used
according to published methods with additional transitions for our
internal standards®*“". Five microliters of sample was injected onto an
XBridge Amide HPLC column (3.5 pm; 4.6 mm x 100 mm, 186004868,
Waters). Mobile phases were runat 400 pl min™and consisted of HPLC
buffer A (pH 9.0, 95% (vol/vol) water, 5% (vol/vol) acetonitrile (ACN),
20 mM ammonium hydroxide, 20 mM ammonium acetate) and HPLC
buffer B (100% ACN). The HPLC settings were as follows: from O to
0.1 min, the mobile phase was maintained at 85% buffer B; from 0.1
to 3 min, the percentage of buffer B was decreased from 85% to 30%;
from 3 to 12 min, the percentage of buffer B was decreased from 30%
to 2% and was maintained at 2% for an additional 3 min. At 15 min, the
percentage of buffer B was increased again to 85%, and the column
was flushed for an additional 8 min with 85% buffer B. MultiQuant
(version 2.1.1, AB Sciex) software was used for data analysis. Metabolite
peaks were normalized by cell number and internal standards before
statistical analyses.

Theretention times for all metabolites were verified using individ-
ual purified standards from Sigma: Glycolysis/Gluconeogenesis Metab-
olite Library (MLOO13-1KT), Pentose Phosphate Metabolite Library

(MLOO012), TCA Cycle Metabolite Library (ML0010)), L-glutathione
reduced (G4251), L-glutathione oxidized (G6654), L-serine (S4500) and
«-D-glucose 1-phosphate (G6750) using the same chromatographic
method. Metabolites were quantified by integrating the chromato-
graphic peak area of the precursor ion.

For measurements without*C labeling, eGFP* cells sorted by flow
cytometry from acutely induced ITK-SYK P+ ER2: pdcd1™~ mice were
incubated overnight in vitro in glucose- and glutamine-free DMEM
(A1443001, Thermo) supplemented with10% dialyzed FCS (A3382001,
Thermo) and 11 mMglucose (G8270, Sigma), 11 mM galactose (G0O750,
Sigma) or 11 mM galactose combined with 2 mM N-acetylcysteine
(A7250, Sigma). The next day, metabolites were isolated and quanti-
fied as described above.

For measurement of acetyl-1,2-[*C,]CoA, cells from the indicated
genotypes were prepared as previously described. LC-MS/MS analy-
sis was performed with the following modifications: 10 pl of sam-
ple was injected onto an XSelect HSS T3 XP Column (100 A, 2.5 um,
2.1mm x 100 mm, 186006151, Waters). Mobile phases were run at
350 pl min™and consisted of HPLC buffer A (20 mM ammonium hydrox-
ide, 20 mM ammonium acetate in water (pH 9)) and HPLC buffer B
(20 mM ammonium acetate in methanol). The HPLC settings were as
follows: from 0 to1 min, the mobile phase was maintained at 2% buffer
B; from1to 6 min, the percentage of buffer Bwasincreased from2%to
80%; from 6 to 9 min, the percentage of buffer Bwasincreased from80%
to100% and was maintained at 100% for an additional 4 min. At 13 min,
the percentage of buffer Bwas decreased again to 2%, and the column
was flushed for an additional 5 min with 2% buffer B. The transitions
used are listed in Supplementary Table 1.

To establish the method, the following purified standards were
purchased: acetyl-1,2-[*C,]CoA lithium salt (658650, Sigma), acetyl-CoA
sodiumsalt (A2056, Sigma) and CoA hydrate (C4282, Sigma).

LC-MS/MS analysis of histone post-translational
modifications

ITK-SYKPHCTeERT2 and JTK-SYKP* R pdcd]™ mice received a single
dose of 2 mg tamoxifen. Five days later, cells were isolated from the
spleen, and eGFP* cells were sorted by flow cytometry and cultured
in glucose-free DMEM (Thermo, 11966025) supplemented with 10%
dialyzed FCS (A3382001, Thermo) and 1 mM [U"*Clglucose (CLM-1396,
Cambridge Isotope Laboratories). After 4 hofin vitro culture, the cells
were washed once with PBS and snap frozenin liquid nitrogen. For his-
tone post-translational modification analysis, approximately 1 million
cells were extracted with acid. The pelleted cells were resuspended in
100 pl of 0.2 M H,SO,, and histones were extracted by rotating over-
nightat4 °C. Cell debris was removed by centrifugationat 20,817g for
10 min at 4 °C. Histones were precipitated by adding trichloroacetic
acid (85183, Thermo) to a final concentration of 26%. The tubes were
mixed and incubated at 4 °C for 2 h and centrifuged at 20,817g for
15 min. Pellets were washed three times with ice-cold 100% acetone
(AA22928-K2,VWR) (5 min of rotation at4 °C, 15 min of centrifugation
at20,817gand 4 °C between washes), dried for 15 min at roomtempera-
ture, resuspended in 20 pl of 1x Laemmli sample buffer per million cells
andboiled at 95 °C for 5 min.Samples were stored at —20 °Cuntil further
use. Precast polyacrylamide (4-20%) gels (43277.01, Serva) were used
to separate the histones corresponding to 0.5 x 10° cells. Gels were
briefly stained with InstantBlue Coomassie Protein Stain (ab119211,
Abcam). For targeted mass spectrometry analysis, histone bands were
excised, washed once with LC-MS-grade water (1153331000, Sigma)
and destained twice (or until transparent) by incubating for 30 min at
37 °C with 200 pl of 50% ACN (8825.2, Carl Roth) in 50 mM NH,HCO,
(T871.1, CarlRoth). Gel pieces were then washed twice with 200 pl LC-
MS-grade water and twice with 200 pl of100% ACN to dehydrate them.
Histones were acylated in gel by adding 20 pl of propionic anhydride
(175641, Sigma) and 40 pl of 100 mM NH,HCO,. After 5 min, 140 pl of
1MNH,HCO,was slowly added to the reaction. The pH was confirmed

Nature Cancer | Volume 4 | October 2023 | 1508-1525

1519


http://www.nature.com/natcancer

Article

https://doi.org/10.1038/s43018-023-00635-7

to be approximately 7 for each sample (when the reaction was acidic,
afew microliters of 1 M NH,HCO, was added). The samples were incu-
batedat37 °Cfor 45 minat 550 r.p.m. Afterward, samples were washed
five times with 200 pl of 100 mM NH,HCO,, four times with 200 pl
MS-grade water and four times with 200 pl of 100% ACN. They were
centrifuged briefly, and all the remaining ACN was removed. Gel pieces
wererehydratedin 50 pl trypsinsolution (25 ng ml trypsinin 100 mM
NH,HCO;) (V5111, Promega) with 1-pl spike tides (SPT-ME-TQL, JPT Pep-
tide Technologies) and incubated at 4 °C for 20 min. After the addition
of 150 plof 50 mM NH,HCO;, histones were digested in gel overnight at
37°Cand 550 r.p.m. Peptides were sequentially extracted by incubating
for 10 min at room temperature with 150 pl of 50 mM NH,HCO,, twice
with150 pl of 50% ACN (in LC-MS-grade water), 0.1% trifluoroacetic acid
(TFA) and twice with 100 pl of 100% ACN. During each of the washing
steps, thesamples were sonicated for 3 mininawater bath followed by
brief centrifugation. The obtained peptides were dried using a centrifu-
gal evaporator and stored at —20 °C until resuspensionin 30 plof 0.1%
TFA.For desalting, peptides were loaded ina C18 StageTip (prewashed
with 20 pl of methanol followed by 20 pl of 80% ACN and 0.1% TFA and
equilibrated with 20 pl of 0.1% TFA), washed twice with 20 pl 0.1% TFA
and eluted three times with 10 pl of 80% ACN and 0.25% TFA. The flow-
through obtained from loading peptides in C18 was further desalted
with TopTip Carbon (TT1ICAR.96, GlyGen) by loading the flowthrough
three times (prewashed three times with 30 pl of 100% ACN followed
by equilibration three times with 30 pl of 0.1% TFA), washed five times
with30 plof 0.1% TFA and eluted three times with 15 pl of 70% ACN and
0.1% TFA. Eluted peptides from both desalting steps were combined
and evaporated in a centrifugal evaporator, resuspended in 17 pl of
0.1% TFA and stored at —20 °C. The resuspended samples were injected
into an UltiMate 3000 RSLCnano system (Thermo) and separatedina
25-cm Aurora column (lonOpticks) with a 50-min gradient from 6% to
43% of 80% ACN in 0.1% formic acid and a 50-min gradient from 5% to
60% ACN in 0.1% formic acid. The effluent from the HPLC was directly
electrosprayed into a Q Exactive HF system (Thermo) operated in
data-dependent mode to automatically switch between full-scan MS
and MS/MS acquisition. Survey full-scan MS spectra (from m/z 250
to 1,600) were acquired with a resolution of R= 60,000 at an m/z of
400 (AGC target of 3 x 10°). The ten most intense peptide ions with
charge states between 2 and 5 were sequentially isolated to a target
value of 1 x 10° and fragmented at 27% normalized collision energy.
Typical mass spectrometric conditions were as follows: spray voltage,
1.5kV; nosheath and auxiliary gas flow; heated capillary temperature,
250 °C;ion-selection threshold, 33.000 counts. Peak integration was
performed using Skyline®®. Quantified data were further analyzed in
Rusing a previously published formula®.

Chromatinimmunoprecipitation followed by sequencing

ChIP-seqwas performed as previously described” but with the inclu-
sion of a spike-in strategy to allow for relative quantification of the
detected ChIP signal in control versus experimental conditions”.
Briefly, ITK-SYKSP4CreERT2 o [TK-SYKEP+CrERT2- pfc 17/~ mice were injected
with 2 mg tamoxifen. Five days later, 300,000 cells from the spleens
were sorted by flow cytometry for the eGFP* phenotype, immedi-
ately cross-linked (1% formaldehyde, 10 min at room temperature),
lysed in 100 pl Buffer-B-0.3 (50 mM Tris-HCI, pH 8.0, 10 mM EDTA,
0.3%SDS, 1x protease inhibitors, Roche) and sonicated in amicrotube
(C300010011, Diagenode) using a Bioruptor Pico device until most
of the DNA fragments were 200-500 bp long (settings: temperature,
4 °C; 20 cycles with 30 s on and 30 s off). After shearing and centrifu-
gation at 4 °C and 12,000g for 10 min, the supernatant was diluted
1:1 with dilution buffer (1 mM EGTA, 300 mM NacCl, 2% Triton X-100,
0.2% sodium deoxycholate, 1x protease inhibitors, Roche). Sonicated
chromatin, supplemented with 50 ng of Drosophila spike-in chromatin
(53083, Active Motif), was then incubated for 4 h at 4 °C on a rotat-
ing wheel with 2 pg anti-H3K27ac (C15410174, Diagenode) and 1 pg

anti-H2Av (61686, Active Motif) antibodies conjugated to 15 pl Protein
G Dynabeads (10003D, Thermo). Beads were washed five times with
buffer A (10 mM Tris-HCI, pH 7.5,1mM EDTA, 0.5 mM EGTA, 1% Triton
X-100, 0.1%SDS, 0.1% sodium deoxycholate, 140 mM NaCl, 1x protease
inhibitors) and once with buffer C (10 mM Tris-HCI, pH 8.0, 10 mM
EDTA).Beads were thenincubated with 70 pl elution buffer (0.5% SDS,
300 mM NaCl, 5 mM EDTA, 10 mM Tris-HCI, pH 8.0) containing 2 pl
proteinase K (20 mg mI™) for 1 h at 55 °C and 8 h at 65 °C to reverse
formaldehyde cross-linking, and the supernatant was transferred to
anew tube. After adding 30 pl elution buffer to the beads again, the
eluates were combined and incubated with another 1 pl of proteinase
Kfor1hat55 °C.Finally, DNA was purified using SPRIAMPure XP beads
(A63880, Beckman Coulter) (1:2 sample-to-bead ratio). Purified DNA
was used as input for library preparation using the MicroPlex Library
PreparationKitv2(C05010012, Diagenode) and processed according
to the manufacturer’sinstructions. Libraries were controlled for qual-
ity with the Qubit and Agilent DNA Bioanalyzer. Deep sequencing was
performed on HiSeq 1500 systems accordingto the standard Illumina
protocol for 50-bp single-end reads. Reads were aligned to the mouse
genome (mm?9) and the Drosophila genome (dmé6) using the Bowtie
2 alignment package’. Aligned reads were sorted and indexed using
SAMtools (version1.11)’. Sambamba (version 0.8.0) was used to filter
out unmapped, multi-mapped and duplicate reads’™. bamCoverage
from deepTools (version 3.3.2) was used with spike-in (Drosophila)
reads asanormalization factor to extract bigwig files for visualization
of data”. For differential analysis, peaks were called using the MACS2
package (version 2.2.7.1)”°. DiffBind (version 2.6.6.2) was used for dif-
ferential analysis using the built-in spike-in (Drosophila) normaliza-
tion option. GSEA for ChIP-seq peak data was performed using the
ChIP-Enrich package (version2.0.1)*,

Cell culture

Unless otherwise indicated, murine cells were cultured in DMEM con-
taining 20% FCS. The following compounds were used for in vitro
experiments: glycolysis inhibitor 2-DG (D8375, Sigma), mTOR inhibi-
tor torin-1(S2827, SelleckChem), HIF1a inhibitor PX-478 2HCI (S7612,
SelleckChem), ACLY inhibitor BMS-303141 (4609, Tocris), fatty acid syn-
thase inhibitor FT113 (56666, SelleckChem) and BET-p300-CBP dual
inhibitor NEO2734 (S9648, SelleckChem). Inhibitors were dissolvedin
DMSO or water, and the cell culture medium was supplemented with
theindicated concentrations of the compound or DMSO or water (as
acontrol).

Torin-linhibitor treatmentinvivo

Forinvivo treatment with the mTORC1and mTORC2 inhibitor torin-1,
NSG recipient micereceived 1 x 10°eGFP* T cells sorted by flow cytom-
etry from ITK-SYK>*“®R12: pdcd1™~ mice, which had been injected with
asingle dose of 2 mg tamoxifen (T5648, Sigma) 5 d earlier. Three days
after transplantation, NSG mice received torin-1(S2226, SelleckChem)
orvehicle (20%NMP and 50% PEG 400 in ultra-pure water, 494496 and
202398, Sigma) by intraperitoneal injection (10 mg per kg per day),
5dperweek.

CRISPR-Cas9-mediated deletion of Acly

CRISPR-Cas9ribonucleoproteins (RNPs) were assembled from crRNA-
tracrRNA duplexes and Alt-R S.p. Cas9 nuclease (1081059 and 1072534,
IDT) according to the manufacturer’srecommendations. Briefly, equi-
molar amounts of crRNA and tracrRNA were mixed and resuspended
inIDTE buffer ata concentration of 44 pM. This mixture was heated to
95 °Cfor 5 minandallowed to coolto room temperature before adding
36 UM Cas9 enzyme. A resting phase of 20 min at room temperature
followed, before the RNPs were used for electroporation. ITK-SYK®
+CreERT2, ped 17~ mice received asingle injection of 2 mg tamoxifen. Five
days later, eGFP* cells from the spleen were sorted by flow cytometry.
Atotal of 2 x 10° cells were washed twice with PBS and resuspended in
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80 pl P3 solution (V4XP-3032, Lonza), 20 pl RNPs and 1 pl Alt-R Cas9
Electroporation Enhancer (1075916, IDT). Cells were electroporated
with a 4D-Nucleofector device (AAF-1002B, Lonza) with pulse code
EH115. Immediately after electroporation, 1 ml prewarmed culture
medium was added to the cuvettes, and cells were kept at 37 °C for
10 min. Afterward, cells were washed twice, and 1 x 10°eGFP"* cells were
intravenously injected into wild-type recipient mice with constitutive
Cas9 expression (026179, Jackson Laboratory) to avoid the immuno-
genicity of the Cas9 protein. The following crRNA species were used:
GTTCAATGAGAAAGTTCTTGfor Acly(Mm.Cas9.ACLY.1.AJ) and negative
control crRNA1(1072544, IDT).

Isolation of primary human CTCL cells

This study was approved by the Northwestern University Institutional
Review Board. Patients provided informed consent for inclusionin the
study. Clinical and demographic information on human participants
is listed in Supplementary Table 2. Peripheral blood mononuclear
cells were isolated from the blood of patients with leukemic CTCL by
Ficoll-Hypaque gradient centrifugation (17144003, Cytiva). Leukemic
cellswere sorted by flow cytometry (FACSAria5, BD Biosciences) using
cell surface markers that uniquely identified the neoplastic clones. If
the antibody to TCRv[ was available, we isolated the CD3*"TCRv[3*CD8"
population. If not, weisolated CD3"CD26 CD8" cells. We found that the
mutational spectra of cells were similar, regardless of the method of
isolation. The resulting CTCL cells had amedian purity of >90%. The fol-
lowing antibodies were used: Pacific Blue anti-CD3 (317313, BioLegend),
APC anti-CD3 (317318, BioLegend), PerCP-Cy5.5 anti-CD8 (45-0088-42,
eBioscience), PEanti-CD26 (302705, BioLegend), PE anti-TCRv[32 (130-
110-095, Miltenyi), FITC anti-TCRv[313 (11-5792-41, eBioscience), PE
anti-TCRvf14 (130-108-804, Miltenyi) and PE anti-TCRv17 (IM20438,
Beckman Coulter). For in vitro experiments, CTCL cellsand T cells from
healthy human donors were cultured in RPMI medium with 10% FCS
(Gemini) and 1% penicillin—-streptomycin (Gibco). The tumor burden
for each patient was determined using well-validated clinical markers,
taking whichever value was higher between Sezary cell counts or the
CD26-negative cell number by clinical flow cytometry. These were
analyzed in conjunction with white blood cell and absolute lympho-
cyte counts.

DNA sequencing

Genomic DNA was extracted using a QIAamp MicroKit (56304, Qiagen).
DNA libraries were prepared using a KAPA HyperPrep Kit (KK8504,
KAPA Biosystems), and 150-bp paired-end sequencing was performed
on an lllumina HiSeq 2000. Sequencing reads were aligned to the
human genome (hg19) using the Burrows-Wheeler Aligner”.

Somatic copy number calling

To identify somatic copy number aberrations in whole-genome
sequencing datafrom primary CTCL cells, we used Patchwork (version
2.4) withawindow size 0f 10,000 bp. For quality control, we excluded
calls with discordant log, read ratios and delta B allele frequency or
high-frequency callsingnomAD, as previously described”” .

RNA-seq human and TCR-a and TCR-8 sequence analyses

RNA was extracted using the RNeasy Plus Micro Kit (74034, Qiagen).
RNA quality was assessed with a Bioanalyzer 2100 (Agilent Technolo-
gies), and RNA was quantified using a Qubit RNA HS assay (Q3285,
Thermo). cDNA libraries were generated using SMART-Seq version
4 (634891, Clontech) and Nextera XT (FC-131-1024, Illumina) and
sequenced onanllluminaHiSeqwith aread length of 150-bp paired-end
reads. The sequencing reads were aligned using STAR (version 2.4.2),
gene-specific transcripts were quantified using HTSeq (version 0.6.0),
and differentially expressed transcripts were identified using DESeq2
(version1.30.1). MiXCR software was used (version 2.1.10)* toidentify
TCRsequences from RNA-seq data.

Phosflow analysis of human cells

Malignant CTCL cells were sorted by flow cytometry as described
above. CD4" T cells were immunomagnetically isolated from healthy
donor-derived peripheral blood mononuclear cells (11331D, Thermo
Scientific). Next, cells were stimulated with anti-CD3 and anti-CD28
beads (1:1ratio, 11132D, Thermo) for 30 min, washed once with PBS
and subsequently fixed and permeabilized (GAS004, Invitrogen).
Phosflow staining was performed with anti-p-S652**/52* (5364S, CST)
and secondary Alexa Fluor 647 anti-rabbit IgG Fab2 (4414S, CST) anti-
bodies at dilutions of 1:100. Cells were analyzed using an LSR Il flow
cytometer (BD Biosciences).

Experiments withJurkat T cells

Jurkat cells (clone E6-1, ATCC) and Raji cells (CCL-86, ATCC) were cul-
tured in RPMI with 10% FCS (Gemini) and 1% penicillin-streptomycin
(Gibco). For p-c-JUNS” experiments, Jurkat cells transduced with a
lentiviral vector encoding PDCDI1 or an empty vector control were
co-cultured at a 1:1 ratio with PD-L1-overexpressing Raji cells with or
without anti-CD3 and anti-CD28 beads (11161D, Thermo) for 1 h. Fix-
ablelive-dead staining was used (L34960, Thermo), and the cells were
fixed (554722, BD). Cells were then permeabilized with cold methanol,
washed and stained with Alexa Fluor 488-conjugated anti-p-c-JUN"
antibody (12714, CST) ata1:100 dilution before flow cytometry analysis.
For AP-1reporter assays, cells were transduced with a retrovirus encod-
ing an AP-1 fluorescent reporter construct (Addgene, 118095) with
near-infrared fluorescent protein (iRFP) as the fluorescent reporter.
AP-1reporter]urkat cells were then transduced with PDCD1 or anempty
vector control and co-cultured atal:1ratio with PD-L1Raji cells withor
without anti-CD3 and anti-CD28 beads. After 24 h, AP-1reporter activity
was determined by flow cytometry.

Glucose-uptake assay in human cells

Malignant CTCL cells were isolated, and CD4" T cells from healthy
donors were isolated as described above. Cells were cultured in vitro
with anti-CD3 and anti-CD28 beads (1:1 ratio, 11132D, Thermo). The
medium was supplemented with the fluorescent glucose analog
2-NBDG (100 pg ml™, 600470, Cayman). At the indicated time
points, cells were processed according to the manufacturer’s proto-
col (600470, Cayman) and analyzed on an LSR II flow cytometer (BD
Biosciences).

Inhibitor treatment of human cells in vitro

Malignant CTCL cells and CD4" T cells from healthy donors were iso-
lated as previously described. Next, cells were stained with the Cell
Division Tracker Kit (423801, BioLegend) and cultured in vitro with
anti-CD3 and anti-CD28 beads (1:1 ratio, 11132D, Thermo) and 2-DG
(54701, SelleckChem) at the indicated concentrations, everolimus (HY-
10218, MedChemExpress), BMS-303141 (SML0O784, Sigma) or DMSO
vehicle control. After 6 d, the cells were analyzed by flow cytometry,
and the division index was determined using the FlowJo proliferation
tool (version10.6, Flow)o).

Preparation of mouse and human ATAC-seq libraries

Ex vivo. For mouse ATAC-seq, ITK-SYKP+CTERT2 o [TK-SYK P+ CreErT2, p
dcdl”” mice received a single dose of 2 mg tamoxifen. Five days after
theinjection, single-cell suspensions were generated from the spleens,
and 50,000 eGFP" cells sorted by flow cytometry were used for the
transposase reaction. For human ATAC-seq, 50,000 malignant cells
from patients with CTCL with and without the PDCDI mutation were
sorted by flow cytometry as described above. The transposase reac-
tion was performed as previously described®.. In brief, 50,000 cells
were pelleted and resuspended in lysis buffer (10 mM Tris-HCI, pH
7.4,10 mM NaCl, 3 mM MgCl,, 0.1% NP-40 (11332473001, Roche), 0.1%
Tween-20 (P1379, Sigma) and 0.01% digitonin (G944A, Sigma)). Lysis
was performed on ice for 3 min before washing with 10 mM Tris-HCI,
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pH 7.4,10 mM NaCl and 3 mM MgCl, buffer containing 0.1% Tween-
20. Nuclei were pelleted, and transposition (Tagment DNA Enzymel,
15027865, lllumina) was performed at 37 °C for 30 min with shaking
at 1,000 r.p.m. in 10 mM Tris-HCI, pH 7.6, 5 mM MgCl,, 10% dimethyl
formamide (D4551, Sigma), PBS, 0.1% Tween-20, 0.01% digitonin. DNA
was column purified (TL030L, NEB), and the transposed DNA was ampli-
fied as previously described® in 50-pl reaction volumes with amodified
version of custom-designed primers**. The reaction was monitored
after four cycles with qPCR using a 5-pl PCR reaction mixture and the
same primers in a total volume of 15 pl (KK4617, Roche). Cycles were
added as calculated, and then the amplified samples were purified and
size selected using SpeedBeads (GE65152105050250, Sigma) in 22%
PEG. Libraries were quality controlled using the Qubit and Bioanalyzer
(5067-4626, Agilent), and 76-bp paired-end sequencing was performed
onan lllumina NextSeq 500.

In vitro. For ATAC-seq experiments involving inhibitor incubation,
single-cell suspensions were generated from spleens of acutely induced
ITK-SYKP+CreERT2 o ¢ ITK-SYK P+ CeERT2: e~ mice. Next, cells were incu-
batedinvitrofor3 hinthe presence of 5 pMACLY inhibitor BMS-303141
or DMSO. Finally, ITK-SYK-expressing eGFP" cells were sorted by flow
cytometry andimmediately processed for ATAC-seq as described above.

ATAC-seq analysis in mice and humans

For mouse ATAC-seq analysis, Cutadapt (version 3.1) was used to
remove adaptor sequences. Next, reads were aligned to the mm9
genome using Bowtie 2 (version 2.4.0)72. Afterward, duplicates were
marked with MarkDuplicates (Picard, version 2.24.0) and removed
with SAMtools (version 1.11). To filter properly mapped reads, we
used SAMtools with the following options: exclude multi-mapped
reads (MAPQ < 30) and reads with flag 1796 or 1804. Next, SAMtools
withthe option ‘-f2’ was used to filter properly paired reads. Adjust-
ment using the Tn5 shift was performed with alignmentSieve (deep-
Tools, version 3.3.2). Next, we filtered for nucleosome-free reads
(0-100 bp) as previously described**. Visual inspection after filter-
ing was performed using the bamPEFragmentSize function from
deepTools (version 3.3.2). Next, we used MACS2 (version 2.2.7.1) to
call ATAC-seq peaks with the following parameters: ‘-nomodel -nol-
ambda -keep-dup auto -call-summits’ (ref. 76). HINT-ATAC was used
to calculate transcription factor profiles based on JASPAR version
2020 (refs. 45,46). chromVAR (version 1.14.0) was used to calculate
motif scores”. Human ATAC-seq analysis was performed similarly
with the following modifications: adaptor sequences were trimmed
using Trimmomatic (version 0.36)*?, and mapping was performed
using the hgl9 reference genome.

Statistical analysis of biological experiments and
reproducibility

All statistical tests were performed using R software (version 3.5.0
or higher, R Foundation for Statistical Computing). In each experi-
ment, appropriate statistical tests, including non-parametric tests,
were used, as indicated in the figure legends. Multiple comparisons
were performed using ANOVA, Tukey’s post hoc test and corrected
Pvalues. Parametric or non-parametric tests were used based on the
datadistribution. No specific test for normality or equal variances was
conducted. Nostatistical methods were used to predetermine sample
size estimates. No data were excluded from the analyses, except one
animal that died before the respective time of analysis. The experi-
ments were notrandomized, and the investigators were notblinded to
allocation during experiments and outcome assessment. The statistical
significance level was set at P < 0.05.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

All data are available from the corresponding authors upon reason-
able request. For mouse data, RNA-seq, ATAC-seq and ChIP-seq data
have been depositedinthe Gene Expression Omnibus database under
accessions GSE212832, GSE213180 and GSE183530. For human data,
whole-genome sequencing, RNA-seq and ATAC-seq data for consenting
patients are deposited in the database of Genotypes and Phenotypes
under accession codes phs002456.v1.p1(for previously published data
from ref. 2) and phs003312. Raw data from RNA-seq and metabolic
experiments can be found in Supplementary Tables 3-14. All other
data supporting the findings of this study are available from the cor-
responding authors onreasonable request. Source dataare provided
with this paper.

Code availability

The MATLAB code used to determine the [1-°*Clpyruvate versus [1-°C]
lactate peak heightsis available from the corresponding authorsupon
reasonable request.

References

1.  Fiore, D. et al. Peripheral T cell lymphomas: from the bench to the
clinic. Nat. Rev. Cancer 20, 323-342 (2020).

2. Park, J. et al. Integrated genomic analyses of cutaneous T cell
lymphomas reveal the molecular bases for disease heterogeneity.
Blood 138, 1225-1236 (2021).

3. Anand, K. et al. T-cell lymphoma secondary to checkpoint
inhibitor therapy. J. Immunother. Cancer 8, e000104 (2020).

4. Marks, J. A., Parker, D. C., Garrot, L. C. & Lechowicz, M. J.
Nivolumab-associated cutaneous T-cell lymphoma. JAAD Case
Rep. 9, 39-41(2021).

5. Rauch, D. A. et al. Rapid progression of adult T-cell leukemia/
lymphoma as tumor-infiltrating T, after PD-1 blockade. Blood
134, 1406-1414 (2019).

6. Ratner, L., Waldmann, T. A., Janakiram, M. & Brammer, J. E.

Rapid progression of adult T-cell leukemia-lymphoma after
PD-1inhibitor therapy. N. Engl. J. Med. 378, 1947-1948
(2018).

7.  Bennani, N. N. et al. A phase Il study of nivolumab in patients with
relapsed or refractory peripheral T-cell lymphoma. Blood 134, 467
(2019).

8. Patsoukis, N., Li, L., Sari, D., Petkova, V. & Boussiotis, V. A. PD-1
increases PTEN phosphatase activity while decreasing PTEN
protein stability by inhibiting casein kinase 2. Mol. Cell. Biol. 33,
3091-3098 (2013).

9. Sen, D.R. etal. The epigenetic landscape of T cell exhaustion.
Science 354, 1165-1169 (2016).

10. Franco, F., Jaccard, A., Romero, P., Yu, Y. R. & Ho, P. C. Metabolic
and epigenetic regulation of T-cell exhaustion. Nat. Metab. 2,
1001-1012 (2020).

1. Pechloff, K. et al. The fusion kinase ITK-SYK mimics a T cell
receptor signal and drives oncogenesis in conditional mouse
models of peripheral T cell lymphoma. J. Exp. Med. 207,
1031-1044 (2010).

12. Wartewig, T. et al. PD-1is a haploinsufficient suppressor of T cell
lymphomagenesis. Nature 552, 121-125 (2017).

13. Chi, H. Regulation and function of mTOR signalling in T cell fate
decisions. Nat. Rev. Immunol. 12, 325-338 (2012).

14. Luo, F. et al. Hypoxia-inducible transcription factor-1a promotes
hypoxia-induced A549 apoptosis via a mechanism that involves
the glycolysis pathway. BMC Cancer 6, 26 (2006).

15. Schodel, J. et al. High-resolution genome-wide mapping of
HIF-binding sites by ChIP-seq. Blood 117, e207-e217 (2011).

16. Topping, G. J. et al. Acquisition strategies for spatially resolved
magnetic resonance detection of hyperpolarized nuclei. MAGMA
33, 221-256 (2020).

Nature Cancer | Volume 4 | October 2023 | 1508-1525

1522


http://www.nature.com/natcancer
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE212832
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE213180
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE183530
http://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs002456.v1.p1
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs003312

Article

https://doi.org/10.1038/s43018-023-00635-7

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

30.

Vander Heiden, M. G., Cantley, L. C. & Thompson, C. B.
Understanding the Warburg effect: the metabolic requirements of
cell proliferation. Science 324, 1029-1033 (2009).

Liberti, M. V. & Locasale, J. W. The Warburg effect: how does it
benefit cancer cells? Trends Biochem. Sci 41, 211-218 (2016).
Warburg, O. Uber den Stoffwechsel der Carcinomzelle.
Naturwissenschaften 12, 1131-1137 (1924).

Dodd, K. M., Yang, J., Shen, M. H., Sampson, J. R. & Tee, A.

R. mTORC1 drives HIF-1a and VEGF-A signalling via multiple
mechanisms involving 4E-BP1, S6K1and STAT3. Oncogene 34,
2239-2250 (2015).

Muschen, M. Metabolic gatekeepers to safeguard against
autoimmunity and oncogenic B cell transformation. Nat. Rev.
Immunol. 19, 337-348 (2019).

Liu, Q. et al. Development of ATP-competitive mTOR inhibitors.
Methods Mol. Biol. 821, 447-460 (2012).

Welsh, S., Williams, R., Kirkpatrick, L., Paine-Murrieta, G. & Powis,
G. Antitumor activity and pharmacodynamic properties of PX-478,
an inhibitor of hypoxia-inducible factor-1a. Mol. Cancer Ther. 3,
233-244(2004).

Yuan, M. et al. Ex vivo and in vivo stable isotope labelling of
central carbon metabolism and related pathways with analysis by
LC-MS/MS. Nat. Protoc. 14, 313-330 (2019).

DeBerardinis, R. J. & Chandel, N. S. We need to talk about the
Warburg effect. Nat. Metab. 2, 127-129 (2020).

Kinnaird, A., Zhao, S., Wellen, K. E. & Michelakis, E. D. Metabolic
control of epigenetics in cancer. Nat. Rev. Cancer 16, 694-707
(2016).

Peng, M. et al. Aerobic glycolysis promotes T helper 1 cell
differentiation through an epigenetic mechanism. Science 354,
481-484 (2016).

Sivanand, S., Viney, |. & Wellen, K. E. Spatiotemporal control of
acetyl-CoA metabolism in chromatin regulation. Trends Biochem.
Sci. 43, 61-74 (2018).

Wellen, K. E. et al. ATP-citrate lyase links cellular metabolism to
histone acetylation. Science 324, 1076-1080 (2009).

Campbell, S. L. & Wellen, K. E. Metabolic signaling to the nucleus
in cancer. Mol. Cell 71, 398-408 (2018).

Cluntun, A. A. et al. The rate of glycolysis quantitatively mediates
specific histone acetylation sites. Cancer Metab. 3, 10 (2015).

Li, J. J. et al. 2-hydroxy-N-arylbenzenesulfonamides as ATP-citrate
lyase inhibitors. Bioorg. Med. Chem. Lett. 17, 3208-3211 (2007).
Volker-Albert, M. C., Schmidt, A., Forne, I. & Imhof, A. Analysis of
histone modifications by mass spectrometry. Curr. Protoc. Protein
Sci. 92, e54 (2018).

Icard, P. et al. ATP citrate lyase: a central metabolic enzyme in
cancer. Cancer Lett. 471, 125-134 (2020).

Lee, J. V. et al. Akt-dependent metabolic reprogramming
regulates tumor cell histone acetylation. Cell Metab. 20,
306-319 (2014).

Martinez Calejman, C. et al. mTORC2-AKT signaling to ATP-citrate
lyase drives brown adipogenesis and de novo lipogenesis. Nat.
Commun. 1, 575 (2020).

Covarrubias, A. J. et al. Akt-mTORCI1 signaling regulates Acly to
integrate metabolic input to control of macrophage activation.
eLife 5, e11612 (2016).

Migita, T. et al. ATP citrate lyase: activation and therapeutic
implications in non-small cell lung cancer. Cancer Res. 68,
8547-8554 (2008).

Potapova, I. A., El-Maghrabi, M. R., Doronin, S. V. & Benjamin,

W. B. Phosphorylation of recombinant human ATP:citrate lyase
by cAMP-dependent protein kinase abolishes homotropic
allosteric regulation of the enzyme by citrate and increases the
enzyme activity. Allosteric activation of ATP:citrate lyase by
phosphorylated sugars. Biochemistry 39, 1169-1179 (2000).

40.

41.

42.

43.

44,

45,

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Vlahos, C. J., Matter, W. F., Hui, K. Y. & Brown, R. F. A specific
inhibitor of phosphatidylinositol 3-kinase, 2-(4-morpholinyl)-
8-phenyl-4H-1-benzopyran-4-one (LY294002). J. Biol. Chem. 269,
5241-5248 (1994).

Mardis, E. R. ChIP-seq: welcome to the new frontier. Nat. Methods
4, 613-614 (2007).

Mizzen, C. A. & Allis, C. D. Linking histone acetylation to
transcriptional regulation. Cell. Mol. Life Sci. 54, 6-20 (1998).
Kurdistani, S. K., Tavazoie, S. & Grunstein, M. Mapping global
histone acetylation patterns to gene expression. Cell 117, 721-733
(2004).

Buenrostro, J. D., Giresi, P. G., Zaba, L. C., Chang, H. Y. & Greenleaf,
W. J. Transposition of native chromatin for fast and sensitive
epigenomic profiling of open chromatin, DNA-binding proteins
and nucleosome position. Nat. Methods 10, 1213-1218 (2013).

Li, Z. et al. Identification of transcription factor binding sites using
ATAC-seq. Genome Biol. 20, 45 (2019).

Fornes, O. et al. JASPAR 2020: update of the open-access
database of transcription factor binding profiles. Nucleic Acids
Res. 48, D87-D92 (2020).

Schep, A. N., Wu, B., Buenrostro, J. D. & Greenleaf, W. J. chromVAR:
inferring transcription-factor-associated accessibility from
single-cell epigenomic data. Nat. Methods 14, 975-978 (2017).
Welch, R. P. et al. ChIP-Enrich: gene set enrichment testing for
ChIP-seq data. Nucleic Acids Res. 42, €105 (2014).

Lachmann, A. et al. ChEA: transcription factor regulation

inferred from integrating genome-wide ChIP-X experiments.
Bioinformatics 26, 2438-2444 (2010).

Consortium, E. P. The ENCODE (Encyclopedia of DNA Elements)
Project. Science 306, 636-640 (2004).

Rouillard, A. D. et al. The Harmonizome: a collection of processed
datasets gathered to serve and mine knowledge about genes and
proteins. Database 2016, baw100 (2016).

Dauvis, R. J. Signal transduction by the JNK group of MAP kinases.
Cell103, 239-252 (2000).

Sasaki, T. et al. Spatiotemporal regulation of c-Fos by ERK5 and
the E3 ubiquitin ligase UBR1, and its biological role. Mol. Cell 24,
63-75 (2006).

Ferrari, S., Bandi, H. R., Hofsteenge, J., Bussian, B. M. & Thomas,
G. Mitogen-activated 70K S6 kinase. Identification of in vitro 40 S
ribosomal S6 phosphorylation sites. J. Biol. Chem. 266,
22770-22775 (1991).

Yamada, K., Saito, M., Matsuoka, H. & Inagaki, N. A real-time
method of imaging glucose uptake in single, living mammalian
cells. Nat. Protoc. 2, 753-762 (2007).

Kim, S. J. et al. A phase Il study of everolimus (RADOOT1), an

mTOR inhibitor plus CHOP for newly diagnosed peripheral T-cell
lymphomas. Ann. Oncol. 27, 712-718 (2016).

Yukawa, M. et al. AP-1 activity induced by co-stimulation is
required for chromatin opening during T cell activation. J. Exp.
Med. 217, €20182009 (2020).

Lynn, R. C. et al. c-Jun overexpression in CAR T cells induces
exhaustion resistance. Nature 576, 293-300 (2019).

Qu, K. et al. Chromatin accessibility landscape of cutaneous T cell
lymphoma and dynamic response to HDAC inhibitors. Cancer Cell
32, 27-41(2017).

Parekh, S., Ziegenhain, C., Vieth, B., Enard, W. & Hellmann, I. The
impact of amplification on differential expression analyses by
RNA-seq. Sci. Rep. 6, 25533 (2016).

Macosko, E. Z. et al. Highly parallel genome-wide expression
profiling of individual cells using nanoliter droplets. Cell 161,
1202-1214 (2015).

Love, M. I., Huber, W. & Anders, S. Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 15, 550 (2014).

Nature Cancer | Volume 4 | October 2023 | 1508-1525

1523


http://www.nature.com/natcancer

Article

https://doi.org/10.1038/s43018-023-00635-7

63. Mootha, V. K. et al. PGC-1a-responsive genes involved in oxidative
phosphorylation are coordinately downregulated in human
diabetes. Nat. Genet. 34, 267-273 (2003).

64. Subramanian, A. et al. Gene set enrichment analysis: a
knowledge-based approach for interpreting genome-wide
expression profiles. Proc. Natl Acad. Sci. USA 102, 15545-15550
(2005).

65. Liberzon, A. et al. The Molecular Signatures Database (MSigDB)
hallmark gene set collection. Cell Syst. 1, 417-425 (2015).

66. Shechter, D., Dormann, H. L., Allis, C. D. & Hake, S. B. Extraction,
purification and analysis of histones. Nat. Protoc. 2, 1445-1457
(2007).

67. Yuan, M., Breitkopf, S. B., Yang, X. & Asara, J. M. A positive/
negative ion-switching, targeted mass spectrometry-based
metabolomics platform for bodily fluids, cells, and fresh and fixed
tissue. Nat. Protoc. 7, 872-881(2012).

68. Maclean, B. et al. Skyline: an open source document editor
for creating and analyzing targeted proteomics experiments.
Bioinformatics 26, 966-968 (2010).

69. Lauterbach, M. A. et al. Toll-like receptor signaling rewires
macrophage metabolism and promotes histone acetylation via
ATP-citrate lyase. Immunity 51, 997-1011 (2019).

70. Cernilogar, F. M. et al. Pre-marked chromatin and transcription
factor co-binding shape the pioneering activity of Foxa2. Nucleic
Acids Res. 47, 9069-9086 (2019).

71.  Li, H. & Durbin, R. Fast and accurate short read alignment with

Burrows-Wheeler transform. Bioinformatics 25, 1754-1760 (2009).

72. Langmead, B. & Salzberg, S. L. Fast gapped-read alignment with
Bowtie 2. Nat. Methods 9, 357-359 (2012).

73. Li, H. etal. The Sequence Alignment/Map format and SAMtools.
Bioinformatics 25, 2078-2079 (2009).

74. Tarasov, A., Vilella, A. J., Cuppen, E., Nijman, I. J. & Prins,

P. Sambamba: fast processing of NGS alignment formats.
Bioinformatics 31, 2032-2034 (2015).

75. Ramirez, F., Dundar, F., Diehl, S., Gruning, B. A. & Manke, T.
deepTools: a flexible platform for exploring deep-sequencing
data. Nucleic Acids Res. 42, W187-W191 (2014).

76. Feng, J., Liu, T., Qin, B., Zhang, Y. & Liu, X. S. Identifying ChIP-seq
enrichment using MACS. Nat. Protoc. 7,1728-1740 (2012).

77. Choi, J. et al. Genomic landscape of cutaneous T cell lymphoma.
Nat. Genet. 47,1011-1019 (2015).

78. Daniels, J. et al. Cellular origins and genetic landscape of
cutaneousy & T cell lymphomas. Nat. Commun. 11, 1806 (2020).

79. Karczewski, K. J. et al. The mutational constraint spectrum
quantified from variation in 141,456 humans. Nature 581,
434-443 (2020).

80. Bolotin, D. A. et al. MiXCR: software for comprehensive adaptive
immunity profiling. Nat. Methods 12, 380-381(2015).

81. Corces, M. R. et al. Animproved ATAC-seq protocol reduces
background and enables interrogation of frozen tissues. Nat.
Methods 14, 959-962 (2017).

82. Bolger, A. M., Lohse, M. & Usadel, B. Trimmomatic: a flexible
trimmer for Illumina sequence data. Bioinformatics 30, 2114-2120
(2014).

Acknowledgements

We thank K. Burmeister, A. Doddajjappanavar, V. Hofl, N. Prause,

M. Arens, K. Pechloff, W. Lee, Z. Kurgyis, P. Gaulard and A. Wahida
for providing excellent technical assistance or helpful discussions
and the Core Facility Cell Analysis at TranslaTUM at Klinikum rechts
der Isar of the Technical University Munich for their support. We
also acknowledge core facilities at Northwestern including the flow
cytometry core and the Skin Biology and Disease Resource Center.
This work was supported by research grants from the Deutsche
Forschungsgemeinschaft (DFG, German Research Foundation)

(project ID 210592381, SFB 1054; project ID 360372040, SFB 1335;
project ID 395357507, SFB 1371; project ID 369799452, TRR 237;
project ID 452881907, TRR 338, RU 695/9-1, RU 695/12-1), The Leukemia
& Lymphoma Society and the European Research Council under the
European Union’s Horizon 2020 Research and Innovation Programme
awarded grant agreement 834154 to J.R. and grant agreement 820374
to F.S. F.S. was further supported by the DFG (project ID 68647618,
SFB 824). J.C. was supported by the National Institutes of Health
(1DP2A1136599-01), the American Cancer Society (Research Scholar
Grant RSG-20-050-01), the Bakewell Foundation and the Leukemia
Lymphoma Society Scholar Award (1377-21). TW. was supported by
the Cancer Research Institute (CRI4029) and is currently funded by
NIH-NCI (1K99CA277586-01). J.D. was supported by NIH-NCI grants
F30 CA265107 and T32 CA0O09560.Work in G.S.’s laboratory was
funded by the DFG (project ID 213249687, SFB 1064 TP3; project ID
329628492, SFB 1321 TP13). D.B. was supported by FNR CORE grants
(C21/BM/15796788 and C18/BM/12691266). M.M. was supported by
research grants from the National Institutes of Health (R35CA197628,
RO1CA157644, RO1CA213138 and PO1CA233412) and the Howard
Hughes Medical Institute (HHMI-55108547). Work in the laboratory

of A.l. was funded by research grants from the DFG (project ID
325871075-SFB1309) and the Bundesministerium fir Bildung und
Forschung (FKZ, FKZ161L0214F, ClinspectM).

Author contributions

TW., J.D., E.H., J.C. and J.R. conceived and designed the study. TW.
and A.J. performed mouse experiments, bioinformatic analyses and
metabolomic assays. M.S. and E.M. performed mouse experiments
and signaling studies. J.D., J.P.,, C.L., Y.L. and S.C. performed
experiments with primary patient samples and bioinformatic analyses.
E.H. and AVV. performed mouse experiments and metabolic assays.
F.K.and JV. Gabler performed mouse experiments. AV.V., |.F.and A.l.
performed LC-MS/MS analysis of histones. F.M.C. and G.S. generated
ChIP-seq data. F.H.A.v.H., C.H. and F.S. performed FDG PET and MRI
imaging. H.S. guided metabolic LC-MS/MS experiments. C.K. and
R.R. performed ATAC-seq and RNA-seq of murine cells. H.K., M.M.,
S.J., D.MW., N.O., J. Guitart, J Giustinani and D.B. provided intellectual
input and critical reagents. TW., E.H., M.S., AVV. and J.D. generated
the figures. TW., J.D., M.S., J.C. and J.R. wrote the paper. J.C. and J.R.
secured funding. All authors discussed the results and contributed to
the paper.

Competinginterests

TW., J.D., J.C. and J.R. are listed as inventors on a patent application
related to this work. The other authors declare no competing interests.
D.M.W. is an employee of MSD-Merck. He has equity interest in
Travera, Ajax and Bantam.

Additional information
Extended data is available for this paper at
https://doi.org/10.1038/s43018-023-00635-7.

Supplementary information The online version
contains supplementary material available at
https://doi.org/10.1038/s43018-023-00635-7.

Correspondence and requests for materials should be addressed to
Jaehyuk Choi or Jiirgen Ruland.

Peer review information Nature Cancer thanks Ping-Chih Ho, Keisuke
Kataoka and the other, anonymous, reviewer(s) for their contribution
to the peer review of this work.

Reprints and permissions information is available at
www.nature.com/reprints.

Nature Cancer | Volume 4 | October 2023 | 1508-1525

1524


http://www.nature.com/natcancer
https://doi.org/10.1038/s43018-023-00635-7
https://doi.org/10.1038/s43018-023-00635-7
http://www.nature.com/reprints

Article https://doi.org/10.1038/s43018-023-00635-7

Publisher’s note Springer Nature remains neutral with regard to article are included in the article’s Creative Commons license, unless
jurisdictional claims in published maps and institutional affiliations. indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
Open Access This article is licensed under a Creative Commons use is not permitted by statutory regulation or exceeds the permitted
Attribution 4.0 International License, which permits use, sharing, use, you will need to obtain permission directly from the copyright
adaptation, distribution and reproduction in any medium or format, holder. To view a copy of this license, visit http://creativecommons.

as long as you give appropriate credit to the original author(s) and the org/licenses/by/4.0/.
source, provide a link to the Creative Commons license, and indicate
if changes were made. The images or other third party material in this © The Author(s) 2023

TranslaTUM, Center for Translational Cancer Research, Technical University of Munich, Munich, Germany. 2Institute of Clinical Chemistry and
Pathobiochemistry, School of Medicine, Technical University of Munich, Munich, Germany. *Center of Molecular and Cellular Oncology, Yale
School of Medicine, Yale University, New Haven, CT, USA. “Department of Biochemistry and Molecular Genetics, Northwestern University,
Feinberg School of Medicine, Chicago, IL, USA. *Department of Dermatology, Northwestern University, Feinberg School of Medicine, Chicago,
IL, USA. 8German Cancer Consortium (DKTK), Heidelberg, Germany. "Protein Analysis Unit, Biomedical Center, Faculty of Medicine, Ludwig-
Maximilians-Universitat Munich, Martinsried, Germany. ®Department of Molecular Biology, Biomedical Center, Faculty of Medicine, Ludwig-
Maximilians-Universitat Munich, Martinsried, Germany. °Department of Nuclear Medicine, School of Medicine, Technical University of Munich,
Munich, Germany. "Institute of Molecular Oncology and Functional Genomics, School of Medicine, Technical University of Munich, Munich,
Germany. "Experimental and Molecular Immunology, Department of Infection and Immunity, Luxembourg Institute of Health, Esch-sur-Alzette,
Luxembourg. YImmunology and Genetics, Luxembourg Centre for Systems Biomedicine, University of Luxembourg, Belvaux, Luxembourg.
Bnstitut Mondor de Recherche Biomédicale, Inserm U955, Paris-Est Créteil University, Créteil, France. “Department of Immunobiology, Yale
University, New Haven, CT, USA. ®Dana-Farber Cancer Institute, Harvard Medical School, Boston, MA, USA. ®Department of Medicine II, School
of Medicine, Technical University of Munich, Munich, Germany. "Pathology Department, AP-HP Inserm U955, Henri Mondor Hospital, Créteil,
France. ®*Odense Research Center for Anaphylaxis, Department of Dermatology and Allergy Center, Odense University Hospital, University of
Southern Denmark, Odense, Denmark. ®Robert H. Lurie Comprehensive Cancer Center, Northwestern University, Chicago, IL, USA. 2°Center for
Genetic Medicine, Northwestern University, Feinberg School of Medicine, Chicago, IL, USA. #Center for Human Immunobiology, Northwestern
University, Feinberg School of Medicine, Chicago, IL, USA. #Center for Synthetic Biology, Northwestern University, Evanston, IL, USA. 2German
Center for Infection Research (DZIF), partner site Munich, Munich, Germany. **Present address: Merck Research Laboratories, Boston, MA, USA.
BThese authors contributed equally: Tim Wartewig, Jay Daniels, Miriam Schulz. < e-mail: jachyuk.choi@northwestern.edu; j.ruland@tum.de

Nature Cancer | Volume 4 | October 2023 | 1508-1525 1525


http://www.nature.com/natcancer
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:jaehyuk.choi@northwestern.edu
mailto:j.ruland@tum.de

Article https://doi.org/10.1038/s43018-023-00635-7

a _ Pdcd 17 b
— Pdcd1* p=0.0017
~— 10
°
2w -
8 (C) 0.8
R
©%
2 o6
©
R
O O
TAM e
Extended DataFig. 1| Increased glucose uptake upon Pdcdl1loss. a, Percentage  supernatants were harvested, and glucose concentrations were determined by
of eGFP-expressing cells as determined by flow cytometric analysis of peripheral colorimetric measurements. All animals received single-dose intraperitoneal
blood. A cross indicates death of the animal. Individual data points are shown injections of tamoxifen five days before the experiment (n = 6 and n = 4 mice per
(n=3mice per genotype). TAM, tamoxifen. b, Remaining glucose in cell culture genotype). Data was normalized to viable cell number. P=two-sided Student’s
supernatants. ITK-SYK-expressing T cells were sorted by FACS for eGFP* from the t-test. Shown are the mean + SD and individual data points. a, Representative
spleens of acutely induced ITK-SYKP#<tR72 (‘Pdcd1”*’) and ITK-SYKP#<retR12: results from 8 independent experiments with three biological replicates per

PdcdI” mice (‘Pdcdl” %) and cultured in vitro for four hours. Next, the cell culture group. b, Representative results from 2 independent experiments.
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experiment. b, Exemplary splenic T1-weighted sequence of an acutely induced
ITK-SYKP*<reER2-pdcd 17~ animals with indicated ROl used for 7T-MRI [1-C]
pyruvate and [1-C]lactate measurements. ROI, region of interest. ¢, Percentage
ofviable lymphocytesin the peripheral blood of anti-PD-L1or isotype control
antibodies treated ITK-SYK®*“®R”2 mice. All animals received a single dose

of tamoxifen on day zero. Cross indicates death of the animal (n = 3 mice per
genotype). d, Schematic outline of metabolic flux analysis experiment. e, ECAR
metabolic flux analysis of ITK-SYK-expressing T cells FACS sorted for eGFP* from
the spleens of acutely induced ITK-SYKP*““*R2 mijce. Asindicated in (d), the mice
received anti-PD-L1 or isotype control antibodies on days one, three and five
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line denotes the median, the top and bottom box edges denote the 0.25and 0.75
quantiles, respectively, and the whiskers denote the minimum and maximum
values. f, OCR metabolic flux analysis from the same experiment as in (e) OCR,
oxygen consumption rate. P=two-sided Student’s t-test. b, Representative data
from asingle mouse within the experiment shownin Fig. 2c, d. ¢, Representative
results from Sindependent experiments with three biological replicates per
group. e,f, Representative data from two independent experiments with three
biological replicates per group.
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Extended Data Fig. 3| Transformed T cells with Pdcd1 deletion depend on
the mTOR-HIF1a-glycolysis cascade. a,b,c, Lactate concentrations in the cell
culture supernatants of eGFP* FACS sorted cells derived from the spleens of
acutely induced ITK-SYKP**tR12:pdcd 17~ mice and incubated in vitro for 48 hin
the presence of the mTOR inhibitor Torin-1(a; 0.1 pM), HIF1a inhibitor PX-478
(b; iHIF1a, 5 uM) or glycolysis inhibitor 2-DG (¢; 1 mM) or DMSO as a control
(n=3biological replicates). Lactate concentrations were normalized to the
viable cell numbers. P=paired two-sided Student’s t-test. d,e,f, Number of viable
ITK-SYK'PD-1 cells cultured in vitro for 72 h with the mTOR inhibitor Torin-1

(d; 0.1 uM), HIF1a inhibitor PX-478 (e; iHIF1a, 5 pM) or glycolysis inhibitor 2-DG
(f;1mM) or DMSO as a control (n =3 biological replicates). eGFP* T cells were
sorted by FACS from acutely induced /TK-SYKP+<*R"2:pdcd1~ animals (n =3

biological replicates). P=paired two-sided Student’s t-test. g, Phosflow analysis
of serine 240/244 of S6 ribosomal protein in ITK-SYK'PD-1 cells isolated from
NSG mice treated with Torin-1or vehicle. Cells were fixed and permeabilized
immediately after isolation. h, eGFP percentage of viable lymphocytesin the
peripheral blood of Torin-1or vehicle-treated NSG mice, which were transplanted
with1,000 eGFP* FACS-sorted ITK-SYK'PD-1 cellsisolated from acutely induced
ITK-SYKP*+r*tR12:pdcd 17/~ mice. Blood was taken seven days after initiation of
treatment. a,b,c,d,e,f, Representative results from 2 independent experiments
with three biological replicates per group. g, Representative results from two out
of the six animals analyzed. h, Representative results from two out of the thirteen
animals analyzed.
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Extended Data Fig. 4 | PD-1controls ACLY-dependent epigenetic
reprogramming. a, H3K27ac in CD4 + GFP + T cells of ITK-SYKP*<R12 or C57BL /6
mice on d5 after TAM +/-anti-PD-L1antibody treatment. b, ¢, Non-labeled (b) and
labeled (c) acetyl-CoA determined by targeted LC-MS/MS in ITK-SYK* T cells +/-
PD-1 cultured with uniformly labeled [U-2C]glucose (11 mM) for 4 hin vitro (n =4
mice genotype). Normalization to viable cell numbers. P=two-sided Student’s
t-test; mean + SEM. d, [U-®Clglucose-derived *C-acetyl groups on histones
determined by orbitrap LC-MS/MS in ITK-SYK' T cells +/- PD-1 cultured with
uniformly labeled [U-*C]glucose (11 mM) for 4 h in vitro (n =3 mice genotype).
Normalization asin (b, ¢). P=two-sided Student’s t-test; mean + SD. e, H3K27ac
inITK-SYK' T cells +/- PD-1after 3 h invitro incubation with BMS-303141 (iACLY’,
15 pM) +/-acetate (100 uM; n = 3 biological replicates). P=paired two-sided
Student’s t-test; mean + SD. f, Viable ITK-SYK'PD-1 cells after 72 hin vitro culture
with BMS-303141 (iACLY, 5 pM) or DMSO (n =3 biological replicates).

P=paired two-sided Student’s t-test. g, Viable ITK-SYK" cells in the blood of
sgACLY or sgMOCK:-injected mice (n =4 per group). P=two-sided Student’s t-test.

h, Viable ITK-SYK" cells +/— PD-1after 3-day in vitro incubation with FT113 (1 uM)
or DMSO (n =3 biological replicates). P=two-sided Student’s t-test; mean + SD.

i, Viable ITK-SYK" cells in presence of NEO2734 (50 nM). Experiment as in (e).
P=two-sided Student’s t-test; mean + SD. j, Percentage of H3K27ac ChIP-seq
peak distribution over different genomic features as determined from the
experimentin (d). k, Genome-wide average H3K27ac scoresin a3 Kb window
around the TSS. ChIP-seq was performed as indicated in Fig. 4 h. ChIP-seq,
chromatinimmunoprecipitation sequencing; TSS, transcription start site. a,
Representative data from two independent experiments with n = 3 biological
replicates per genotype. b, ¢, one experiment, n =4 biological replicates. d, Data
from one experiment. e, Representative data from one experiment withn=3
biological replicates per genotype. f, Representative data from two independent
experiments. g, Data from a single experiment. h,i, Representative data from
three independent experiments with n = 3 biological replicates per genotype.
Jj-k, Datafrom one experiment.
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TCR-alpha
Sample Percent of TCR reads Nucleotide sequence V segment D segment J segment C segment Amino acid sequence
NU115 pre 40.72 TGTGCTGTATATTCAGGAGGAGGTGCTGACGGACTCACCTTT TRAV36DV7 TRAJ45 TRAC CAVYSGGGADGLTF
NU115 post 36.50 TGTGCTGTATATTCAGGAGGAGGTGCTGACGGACTCACCTTT TRAV36DV7 TRAJ45 TRAC CAVYSGGGADGLTF
NU78 pre 37.03 TGTGCTCTCTACACGGGCAGGAGAGCACTTACTTTT TRAV9 -2 TRAJS TRAC CALYTGRRALTF
NU78 post 51.63 TGTGCTCTCTACACGGGCAGGAGAGCACTTACTTTT TRAV9 -2 TRAJS TRAC CALYTGRRALTF
NU56 pre 26.46 TGTGCAGCAAGCGGCGGATATTACAGCAGTGCTTCCAAGATAATCTTT TRAV23DV6 TRAJ3 TRAC CAASGGYYSSASKIIF
NU56 post 26.72 TGTGCAGCAAGCGGCGGATATTACAGCAGTGCTTCCAAGATAATCTTT TRAV23DV6 TRAJ3 TRAC CAASGGYYSSASKIIF
TCR-beta
Sample Percent of TCR reads Nucleotide sequence V segment D segment J segment C segment Amino acid sequence
NU115 pre 49.40 TGTGCCAGCAGTTTCCCCCAGGGGGCTAACTATGGCTACACCTTC TRBV28 TRBD1 TRBJ1-2 TRBC1 CASSFPQGANYGYTF
NU115 post 51.03 TGTGCCAGCAGTTTCCCCCAGGGGGCTAACTATGGCTACACCTTC TRBV28 TRBD1 TRBJ1-2 TRBC1 CASSFPQGANYGYTF
NU78 pre 53.96 TGTGCCAGCAGCGCCTTGGGGCTCCTCTATGGCTACACCTTC TRBV9 TRBD1 TRBJ1-2 TRBC1 CASSALGLLYGYTF
NU78 post 33.18 TGTGCCAGCAGCGCCTTGGGGCTCCTCTATGGCTACACCTTC TRBV9 TRBD1 TRBJ1-2 TRBC1 CASSALGLLYGYTF
NU56 pre 62.86 TGTGCCAGCAGCTCTCTAGCGGGAGCGCTCAATGAGCAGTTCTTC TRBV27 TRBD2 TRBJ2- 1 TRBC2 CASSSLAGALNEQFF
NU56 post 71.33 TGTGCCAGCAGCTCTCTAGCGGGAGCGCTCAATGAGCAGTTCTTC TRBV27 TRBD2 TRBJ2-1 TRBC2 CASSSLAGALNEQFF

Extended Data Fig. 5| PD-1tumor suppressor function. a, Schematic model:
Loss of PD-1tumor suppressor function enables enhanced glucose uptake

and glycolytic remodeling upon oncogenic T cell signaling. These events are
critical for energy production in pre-malignant cells, for providing building
blocks for rapid proliferation and preserving redox balance during T cell
transformation and lymphoma progression. In addition, loss of PD-1signaling
unleashes ACLY activity and thereby triggers glucose-dependent production of

extramitochondrial acetyl-CoA to mediate the de novo acetylation of histones to
open chromatin and enhance the activity of oncogenic AP-1family transcription
factors. b, T-cell receptor sequence analysis of three CTCL patients with
hyperprogressive disease. The nucleotide sequence, V-D-J-C segments, amino
acid sequence, and percentage of T-cell receptor reads are shown for each sample
before (‘pre’) and after (‘post’) hyperprogression. b, Data from one experiment.
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Extended Data Figure 6

Extended DataFig. 6 | PD-1controls post-translational AP-1activation and
transcriptional activity. a, Oncoplot depicting mutationin T cell receptor (TCR)
signaling pathway or other pathways detected in CTCL. Samples are grouped

by PD-1status, either wild-type (‘wt’) or mutant (‘mut’). b,c, MFl of p-c-Jun (b,

n =4) and percentage of cells positive for AP-1reporter (¢, n =3) in Jurkat cells
co-cultured with PD-L1 overexpressing Raji cells, with or without anti-CD3/CD28

- +
anti-CD3/CD28

beads. Jurkat cells were transduced with a lentivirus encoding either PD-1or an
empty vector control. Inb, cells were co-cultured for 1 hour prior to analysis.Inc,
cells were co-cultured for 24 hours prior to analysis. P = 2-way ANOVA followed by
Sidak’s multiple comparison test. MFI, mean fluorescence intensity. The dataare
presented as the mean + SEM and individual data points are shown. a, Data from
one experiment. b,c, Representative data from 2 independent experiments.
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Statistics

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

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

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

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

X

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

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

X

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

X

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

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

X ][]

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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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  BD FACSDiva v9.0.1 was used to collect flow cytometry data.
ABSciex Analyst v1.6.3 was used for the ABSciex 5500 hybrid triple quadrupole/linear ion trap mass spectrometer.
Thermo XCalibur 4.1.50 was used for the Thermo Qexactive HF hybrid quadrupole-Orbitrap mass spectrometer.
HiSeq Control v2.0.12 for lllumina HiSeq 1500 and HiSeq 2000.
NextSeq Control v2.2.0 for Illumina NextSeq 500.
Agilent Wave v2.3 was used for Agilent Seahorse XFe96 Analyzer.
Siemens Inveon Acquistion Workplace v2.0 was used for PET/CT aquisition.
Bruker Paravision v6.1 was used for aquisition of hyperpolarized 13C magnetic resonance imaging.

Data analysis Methods describe the software used to analyze RNA-seq, ATAC-seq, ChIP-seq and Whole-Genome sequencing data in detail and are publicly
available.
Flowjo v9.3.2 or higher was for flow cytrometry.
R v3.5.0 or higher was used for statistics.
ABSciex MultiQuant v2.1.1. was used for analysis of metabolomics data.
Skyline v4.2 was used for analysis of histone PTM peaks.
Siemens Inveon Research Workplace v4.2 was used for PET/CT analysis.
ImageJ v1.52m for quantification of western blot densities.
MathWorks Matlab v.8.5 was used for hyperpolarized 13C magnetic resonance imaging and the used Matlab code is available upon request.
MiXCR v2.1.10 was used to identify T cell receptor sequences from RNA-seq data

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.
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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

All data are available from the corresponding authors upon reasonable request. For mouse data, RNA-sequencing, ATAC-sequencing and ChIP-sequencing data
have been deposited in the Gene Expression Omnibus database (GEO) with accessions GSE212832, GSE213180, and GSE1835530. For human data, whole
genome sequencing, RNA-sequencing and ATAC-sequencing data for consenting patients is deposited in the database of Genotypes and Phenotypes (dbGaP)
under the accession codes phs002456.v1 (for previously published data in Park et al, 2021) and phs003312.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender The sex of each patient is reported in Supplemental Table 1. Both male and female patients were analyzed, but sex-specific
analyses were not performed due to limitations in the number of patients total.

Relevant characteristics including ethnicity, sex, age at diagnosis, and the clinical diagnoses are indicated in Supplemental

Population characteristics Table 1. This information was determined through patient medical records.

Recruitment Patients diagnosed with cutaneous T cell lymphoma and who had sufficient stored samples for analysis were included in
this study. Participants were recruited through the cutaneous lymphoma clinic at Northwestern University and provided
informod concent Thic ctudyu wiac annraved by tha Nagrthwiactarn Lnivarcity Inctititional Boaview Board
informed-consent.This-study-was-approved-bythe-Northwestern-University-Institutional Review-Board-

Ethics oversight Study protocol was approved by the Northwestern University Institutional Review Board.

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

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

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

Sample size Samples sizes were not pre-determined based on statistical power calculations but were based on our experience with these assays.
Data exclusions  No data were excluded.

Replication The number of independent experiments and biological replicates for each data panel is indicated in the figure panels. For human samples,
repetition was not always possible due to limited patient material.

Randomization  No randomization techniques were used. However, samples were allocated randomly to experiments and processed in an arbitrary
order.

Blinding The investigators were not blinded to group allocation during data collection or analysis, as there was no subjective measurement in our
experiments.

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.
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
™ Antibodies ] ChiP-seq
Eukaryotic cell lines |:| Flow cytometry

Palaeontology and archaeology |2} |:| MRI-based neuroimaging
Animals and other organisms

Clinical data
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Dual use research of concern

Antibodies

Antibodies used The following antibodies were used for western blotting (1:1000):
hexokinase 2 (clone epr20839, ab209847, Abcam)
phosphofructokinase-1/PFKM (clone 842735, MAB7687-SP, R&D Systems)
aldolase A (clone D73H4, 8060, CST)
enolase 1 (3810T, CST)
actin (clone 8H10D10, 3700, CST)
histone H3 (9715, CST)
acetyl-histone H3 Lys27 (clone D5E4, 8173, CST)
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histone H4 (clone L64C1, 2935, CST)
acetyl-histone H4 (06-598, Millipore)
ACLY (4332, CST)

p-ACLY (4331, CST)

AKT (clone C67E7, 4691, CST)

p-AKT (clone D9E, 4060, CST)

The following antibodies were used for flow cytrometry of murine cells:
CD4 (clone GK1.5, 100437, BioLegend); 1:300

p-AKTS473 (clone SDRNR, 48-9715-42, Thermo) ; 1:100
p-mTORS2448 (2971, CST) ; 1:100

hexokinase 2 (clone epr20839, ab209847, Abcam) ; 1:100
glut 1 (21829-1-AP, Proteintech) ; 1:100

p-S65240/244 (clone D68FS8, 5364S, CST) ; 1:100
acetyl-histone H3 Lys27 (clone D5E4, 13027, CST) ; 1:100
HIF1a (clone D1S7W, 36169, CST) ; 1:100

p-c-Jun (9164, CST) ; 1:100

p-c-Fos (clone D82C12, 5348, CST) ; 1:100

The following antibodies were used as secondary antibodies for mouse cells:
PE donkey anti-rabbit IgG (406421, Biolegend) ; 1:300
PE goat anti-mouse IgG (405307, Biolegend) ; 1:300

The following antibodies were used for flow cytrometry of human cells:
Pacific blue CD3 (317313, BioLegend) ; 1:300

APC CD3 (clone OKT3, 317318, BioLegend) ; 1:300

PerCPCy5.5 CD8 (clone RPA-T8, 45-0088-42, eBioscience) ; 1:300

PE CD26 (clone BASb, 302705, Biolegend) ; 1:300

PE TCR VB2 (clone REA654, 130-110-095, Miltenyi) ; 1:300

FITC TCR VB13 (clone H131, 11-5792-41, eBioscience) ; 1:300

PE TCR VB14 (clone REA557, 130-108-804, Miltenyi) , 1:300

PE TCR VB17 (clone E17.5F3.15.13, 1M2048, Beckman Coulter) ; 1:300
anti-p-565240/244 (clone D68F8, 5364S, CST), AF488 p-c-JunS73 (clone D47G9, 12714,
CST); 1:100

The following antibodies were used as secondary antibodies for human cells:
AlexaFluor647 anti-rabbit IgG Fab2 (4414S, CST) ; 1:300

The following antibodies were used for ChIP-seq (amount see methods section):
H3K27ac (C15410174, Diagenode)
H2Av (clone 10E9.D1, 61686, Active Motif)

Validation All antibodies are commercially available and have been validated by the manufacturer for the applications used in our
experiments as indicated on the websites:

Western blotting, mouse:

hexokinase 2 (ab209847, Abcam) https://www.abcam.com/hexokinase-ii-antibody-epr20839-ab209847.html
phosphofructokinase-1/PFKM (MAB7687-SP, R&D Systems) https://www.rndsystems.com/products/human-mouse-rat-muscle-
phosphofructokinase-pfkm-antibody-842735_mab7687

aldolase A (8060, CST) https://www.cellsignal.com/products/primary-antibodies/aldolase-a-d73h4-rabbit-mab/8060

enolase 1 (3810T, CST) https://www.cellsignal.com/products/primary-antibodies/enolase-1-antibody/3810




AMPK (5832, CST) https://www.cellsignal.com/products/primary-antibodies/ampka-d63g4-rabbit-mab/5832

tubulin (2144, CST) https://www.cellsignal.com/products/primary-antibodies/a-tubulin-antibody/2144

histone H3 (9715, CST) https://www.cellsignal.com/products/primary-antibodies/histone-h3-antibody/9715

acetyl-histone H3 Lys27 (8173, CST) https://www.cellsignal.com/products/primary-antibodies/acetyl-histone-h3-lys27-d5e4-xp-
rabbit-mab/8173

histone H4 (2935, CST) https://www.cellsignal.com/products/primary-antibodies/histone-h4-164c1-mouse-mab/2935
acetyl-histone H4 (06-598, Millipore) https://www.emdmillipore.com/US/en/product/Anti-acetyl-Histone-H4-
Antibody,MM_NF-06-598

ACLY (4332, CST) https://www.cellsignal.com/products/primary-antibodies/atp-citrate-lyase-antibody/4332

p-ACLY (4331, CST) https://www.cellsignal.com/products/primary-antibodies/phospho-atp-citrate-lyase-ser455-antibody/4331
AKT (4691, CST) https://www.cellsignal.com/products/primary-antibodies/akt-pan-c67e7-rabbit-mab/4691

p-AKT (4060, CST) https://www.cellsignal.com/products/primary-antibodies/phospho-akt-ser473-d9e-xp-rabbit-mab/4060

Flow cytometry, mouse:

BV421 CD4 (100437, BioLegend) https://www.biolegend.com/en-us/search-results/brilliant-violet-421-anti-mouse-cd4-
antibody-7142

eFluor 450 p-AKTS473 (48-9715-42, Thermo) https://www.thermofisher.com/antibody/product/Phospho-AKT1-Ser473-Antibody-
clone-SDRNR-Monoclonal/48-9715-42

p-mTORS2448 (2971, CST) https://www.cellsignal.com/products/primary-antibodies/phospho-mtor-ser2448-antibody/2971
hexokinase 2 (ab209847, Abcam) https://www.abcam.com/hexokinase-ii-antibody-epr20839-ab209847.html

glut 1 (21829-1-AP, Proteintech) https://www.ptglab.com/products/SLC2A1,GLUT1-Antibody-21829-1-AP.htm

p-565240/244 (5364S, CST) https://www.cellsignal.com/products/primary-antibodies/phospho-s6-ribosomal-protein-ser240-244-
d68f8-xp-rabbit-mab/5364

Alexa Fluor 555 acetyl-histone H3 Lys27 (13027, CST) https://www.cellsignal.com/products/antibody-conjugates/acetyl-histone-h3-
lys27-d5e4-xp-rabbit-mab-alexa-fluor-555-conjugate/13027

HIF1la (36169, CST) https://www.cellsignal.com/products/primary-antibodies/hif-1a-d1s7w-xp-rabbit-mab/36169

p-c-Jun (9164, CST) https://www.cellsignal.com/products/primary-antibodies/phospho-c-jun-ser73-antibody/9164
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p-c-Fos (5348, CST) https://www.cellsignal.com/products/primary-antibodies/phospho-c-fos-ser32-d82c12-xp-rabbit-mab/5348

PE donkey anti-rabbit 1gG (406421, Biolegend) https://www.biolegend.com/en-us/products/pe-donkey-anti-rabbit-igg-minimal-x-
reactivity-9751?GrouplD=BLG3472

PE goat anti-mouse IgG (405307, Biolegend) https://www.biolegend.com/en-us/products/pe-goat-anti-mouse-igg-minimal-x-
reactivity-1418

Flow cytometry, human:

Pacific blue CD3 (317313, BioLegend) https://www.biolegend.com/en-us/products/pacific-blue-anti-human-cd3-antibody-3648?
GrouplD=BLG4203

APC CD3 (317318, BioLegend) https://www.biolegend.com/en-gb/search-results/apc-anti-human-cd3-antibody-6198

PerCPCy5.5 CD8a (45-0088-42, eBioscience) https://www.thermofisher.com/antibody/product/CD8a-Antibody-clone-RPA-T8-
Monoclonal/45-0088-42

PE CD26 (302705, Biolegend) https://www.biolegend.com/en-us/products/pe-anti-human-cd26-antibody-611?GrouplD=BLG1985
PE TCR VB2 (130-110-095, Miltenyi) https://www.miltenyibiotec.com/US-en/products/tcr-vb2-antibody-anti-human-reafinity-
rea654.html#tgref

FITC TCR VB13 (11-5792-41, eBioscience) https://www.thermofisher.com/antibody/product/TCR-V-beta-13-1-Antibody-clone-H131-
Monoclonal/11-5792-41

PE TCR VB14 (130-108-804, Miltenyi) https://www.miltenyibiotec.com/US-en/products/tcr-vb14-antibody-anti-human-reafinity-
rea557.html#gref

PE TCR VB17 (IM2048, Beckman Coulter) https://www.beckman.com/reagents/coulter-flow-cytometry/antibodies-and-kits/single-
color-antibodies/tcr-vb17/im2048

anti-p-565240/244 (5364S, CST) https://www.cellsignal.com/products/primary-antibodies/phospho-s6-ribosomal-protein-
ser240-244-d68f8-xp-rabbit-mab/5364

Alexa Fluor 647 anti-rabbit IgG Fab2 (4414S, CST) https://www.cellsighal.com/products/secondary-antibodies/anti-rabbit-igg-h-I-f-
ab-2-fragment-alexa-fluor-647-conjugate/4414

ChlIP-seq, mouse:
H3K27ac (C15410174, Diagenode) https://www.diagenode.com/en/p/h3k27ac-polyclonal-antibody-classic-50-mg-42-ml

ChlIP-seq, drosophila:
H2Av (61686, Active Motif) https://www.activemotif.com/catalog/details/61751/histone-h2av-antibody-mab-clone-10e9-d1

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) The Jurkat and Raji cell lines used in this study were purchased from ATCC.

Authentication All cell lines were authenticated by STR profiling. S
=

Mycoplasma contamination All cell lines were routinely tested for mycoplasma infection. \&_

Lt

The tests were always negative.

Commonly misidentified lines  No commonly misidentified cell line was used.
(See ICLAC register)




Palaeontology and Archaeology

Specimen provenance N/A
Specimen deposition N/A
Dating methods N/A
|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight N/A

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

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 Mice of both sexes aged 6-12 weeks were used for all experiments. Littermate controls were used whenever possible. Randomization
and blinding were not performed. ITK-SYKCD4-creERT2 and ITK-SYKCD4-creERT2;Pdcd1-/- animals were described earlier and
maintained on a C57BL/6 genetic background. Pdcd1-/- (02827677), B6J.129(Cg)-Gt(ROSA)26Sortm1.1(CAG-cas9*,-EGFP)Fezh/J
(Cas9, 02617978), and NOD.CG-Prkdcscid IL2rgtm1W;jl/SzJ (NSG, 005557) mice were purchased from the Jackson Laboratory.

Wild animals No wild animals were used.

Reporting on sex For peripheral T-cell lymphomas both sexes showing nearly identical trends in survival, although incidence rates are higher in males
compared to females (seer.cancer.gov). In accordance with this, we used both female and male mice. We indicate also that our
mouse models did not reveal any differences in PD-1 expression and survival after PD-1 inactivation based upon sex. We used the
same numbers of male and female mice in each experiment whenever possible.

Field-collected samples  No field-collected samples were used.
Ethics oversight All animal experiments were performed in accordance with local guidelines (Regierung von Oberbayern, Munich, Germany). Mice

were euthanized if they exhibited signs of lymphoma (lymph node enlargement, palpable tumor, labored breathing, ascites) or if they
lost 20% or more of their body weight. None of the approved thresholds were exceeded at any time.

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

Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  Although this study includes clinical data, this study is not a clinical trial.

Study protocol Clinical trial study protocols were not utilized. Ethical approval for this study was obtained from institutional review boards.
Data collection Clinical data was obtained from the electronic medical records of each patient, when available.
Qutcomes We did not predefine outcomes in this study as in a clinical trial.

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:
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Yes

|:| Public health

|:| National security

|:| Crops and/or livestock
|:| Ecosystems

|:| Any other significant area

XXX X X &

Experiments of concern

Does the work involve any of these experiments of concern:
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No | Yes

|Z| |:| Demonstrate how to render a vaccine ineffective

|Z |:| Confer resistance to therapeutically useful antibiotics or antiviral agents

|Z| |:| Enhance the virulence of a pathogen or render a nonpathogen virulent

|:| Increase transmissibility of a pathogen

X |:| Alter the host range of a pathogen

X |:| Enable evasion of diagnostic/detection modalities

X |:| Enable the weaponization of a biological agent or toxin

X |:| Any other potentially harmful combination of experiments and agents
ChlIP-seq

Data deposition
Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|Z Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE183530
May remain private before publication.  Secure token: qvknycccjdsrxcv

Files in database submission Raw data files:
GS1296_WT_H3K27ac.rl_ATCACGTT.fastq.gz
GS1301_WT_H3K27ac.r2_GCCAATGT fastq.gz
GS1297_KO_H3K27ac.rl_CGATGTTT.fastq.gz
GS1302_KO H3K27ac.r2_ CAGATCTG .fastq.gz

Processed data files:

GS1296_WT_H3K27ac.ri_m1_filtered_nodups.ucsc.bigWig
GS1301_WT_H3K27ac.r2_m1_filtered_nodups.ucsc.bigWig
GS1297_KO_H3K27ac.rl_m1_filtered_nodups.ucsc.bigWig
GS1302_KO_H3K27ac.r2_m1_filtered_nodups.ucsc.bigWig

Genome browser session https://genome.ucsc.edu/s/timwartewig/PD1_Metab
(e.g. UCSC)

Methodology
Replicates For each genotype, we used two biological replicates
Sequencing depth Read length: 50bp, single-end

Sample: GS1296_WT_H3K27ac.rl_ATCACGTT
Total Reads: 42284243

Uniquely mapped reads to mm9: 4806047
Uniquely mapped reads to dm6: 977936

Sample: GS1297_KO_H3K27ac.rl_CGATGTTT
Total Reads: 46328389

Uniquely mapped reads to mm9: 38253486
Uniquely mapped reads to dm6: 684970

Sample: GS1301_WT_H3K27ac.r2_GCCAATGT
Total Reads: 47574042

Uniquely mapped reads to mm9: 38620617
Uniquely mapped reads to dm6: 1108937




Sample: GS1302_KO_H3K27ac.r2_CAGATCTG
Total Reads: 49311683

Uniquely mapped reads to mm9: 38934676
Uniquely mapped reads to dm6: 677615

Antibodies H3K27ac (C15410174, Diagenode), polycloncal, Lot A7071-001P, https://www.diagenode.com/en/p/h3k27ac-polyclonal-antibody-
classic-50-mg-42-ml
H2Av (61686, Active Moitif), clone 10E9.D1, https://www.activemotif.com/catalog/details/61751/histone-h2av-antibody-mab-
clone-10e9-d1

Peak calling parameters The reads were aligned to the mouse genome (mm9) using the Bowtie2 alignment package:
bowtie2 -p 20 -x ./bowtie2-mm9/bowtie-mm9 -U input.sam

Aligned reads were sorted and indexed using Samtools (v1.11):
samtools view -S -b input.sam > input.bam

samtools sort input.bam -o input.sorted.bam -@ 20

Peaks were called using the MACS2 package (v2.2.7.1) with the calling parameters: macs2 callpeak --broad --broad-cutoff 0.1
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Data quality Spike-in normalisation was used to ensure properly normalised reads after immuno-precipitation and library preparation.
FastQC was used to perform quality control for fastq files. Aligned bam files were visualised via IGV to ensure proper coverage across
samples and different loci.
Peaks were called with MACS2 and cross verified.
Peaks above 5-fold enrichment:
GS1296_WT_H3K27ac.r1_ATCACGTT 39365
GS1301_WT_H3K27ac.r2_GCCAATGT 38297
GS1297_KO_H3K27ac.r1_CGATGTTT 39949
GS1302_KO_H3K27ac.r2_CAGATCTG 38888

Software For differential analysis, the peaks were called using the MACS2 package (v2.2.7.1). DiffBind (v2.6.6.2) was used for differential
analysis using the built-in spike-in (Drosophila) normalization option. GSEA for ChIP-seq peak data was performed using the chip-
enrich package (v2.0.1).

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.

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

Methodology

Sample preparation Mouse sample preparation: Spleens and lymph nodes were gently ground under nylon mesh using the flat end of a 3-mL
syringes. Red blood cells were removed by ACK lysing buffer, followed by washing cells with FACS staining buffer (PBS
containing 2% FCS). Cells were then filtered, pelleted and stained for FACS or, depending on the experiment, incubated in
vitro and subsequently stained for FACS. As described in the methods, fixation and permeabilization was performed prior to
staining for the indicated experiments. Collected murine peripheral blood was directly mixed with ACK lysing buffer, followed
by washing cells with FACS staining buffer and staining for FACS.

Human sample preparation:

Peripheral blood mononuclear cells (PBMCs) were isolated from the blood of patients with leukemic CTCL by Ficoll-Hypaque
gradient centrifugation. Leukemic cells were sorted by FACS using cell surface markers that uniquely identified the neoplastic
clones. If the antibody to TCRV was available, we isolated the CD3+TCRVB+CD8- population. If not, we isolated CD3+CD26
-CD8- cells. We found that the mutational spectra of cells were similar, regardless of the method of isolation.

Instrument BD FACSCanto I, BD LSRFortessa, BD LSRII, BD FACSAria Fusion, BD FACSAria 5,

Software BD FACSDiva 7.0 or higher for sample collection. FlowJo 9.3.2 or higher for FACS analysis.

Cell population abundance FACS sorted mouse cells had a purity >99%. FACS sorted CTCL cells had a median purity of >90%.

Gating strategy Based on the pattern of FSC-A/SSC-A, cells in the lymphocyte gate were used for analysis. Singlets were gated

according to the pattern of FSC-H vs. FSC-A. Positive populations were determined by the specific antibodies, which were
distinct from negative populations. Isotype control was used to distinguish between background and marker-positive events.

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




Magnetic resonance imaging

Experimental design

Design type N/A
Design specifications N/A

Behavioral performance measures  N/A
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Acquisition
Imaging type(s) N/A
Field strength N/A
Sequence & imaging parameters N/A
Area of acquisition N/A
Diffusion MRI [ ] used X] Not used

Preprocessing

Preprocessing software N/A
Normalization N/A
Normalization template N/A
Noise and artifact removal N/A
Volume censoring N/A

Statistical modeling & inference

Model type and settings N/A

Effect(s) tested N/A
Specify type of analysis: [ | Whole brain ROl-based [ | Both
Anatomical location(s)

Statistic type for inference N/A
(See Eklund et al. 2016)

Correction N/A

Models & analysis

n/a | Involved in the study
|:| Functional and/or effective connectivity
|:| Graph analysis

|:| Multivariate modeling or predictive analysis
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