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CD8" cytotoxic T cells (CTLs) orchestrate antitumour immunity and exhibit inherent
heterogeneity"? with precursor exhausted T (T,,,,) cells but not terminally exhausted
T (T,,) cells capable of responding to existing immunotherapies®”. The gene regulatory
network that underlies CTL differentiation and whether T, cell responses can be
functionally reinvigorated are incompletely understood. Here we systematically
mapped causal gene regulatory networks using single-cell CRISPR screens in vivo and
discovered checkpoints for CTL differentiation. First, the exit from quiescence of T,
cellsinitiated successive differentiation into intermediate T, cells. This processis
differentially regulated by IKAROS and ETS], the deficiencies of which dampened and

increased mTORCIl-associated metabolic activities, respectively. IKAROS-deficient
cellsaccumulated as ametabolically quiescent T, cell population with limited
differentiation potential following immune checkpoint blockade (ICB). Conversely,
targeting ETS1improved antitumour immunity and ICB efficacy by boosting
differentiation of T ., to intermediate T, cells and metabolic rewiring. Mechanistically,
TCF-1and BATF are the targets for IKAROS and ETS], respectively. Second, the RBPJ-
IRF1axis promoted differentiation of intermediate T,, to terminal T, cells. Accordingly,
targeting RBPJ enhanced functional and epigenetic reprogramming of T, cells
towards the proliferative state and improved therapeutic effects and ICB efficacy.
Collectively, our study reveals that promoting the exit from quiescence of T, cells
and enriching the proliferative T,, cell state act as key modalities for antitumour
effects and provides a systemic framework to integrate cell fate regulomes and
reprogrammable functional determinants for cancer immunity.

Immunotherapies such as adoptive cell therapy and ICB represent
effective approachesin treating cancer®. However, the poor persistence
and proliferative capacity of T cells in the tumour microenvironment
(TME) limit immunotherapeutic efficacy®. Furthermore, although
T, cells are the major intratumoral CTL population and directly kill
tumours, they gradually lose proliferative capacity and, unlike T,
cells, are unresponsive to existingimmunotherapies® 7. Thus, thereis a
need to systemically interrogate the regulatory circuitry that underlies
T,ex to T, cell differentiation and identify strategies to functionally
reinvigorate T, cells.

Forward genetic screens enable the discovery of key immuno-
oncology targets'®. Most screening approaches rely on cell fitness or
established markers, which limits their abilities for unbiased biologi-
cal discovery. By contrast, single-cell CRISPR (scCRISPR) screening
methods—which combine pooled genetic perturbations with single-cell
RNA sequencing (scRNA-seq)—are permissive for transcriptome profil-
ing following individual genetic perturbations in a complex cellular
pool. They also enable precise mapping of co-functional modules
and gene expression programmes'®. Large-scale in vivo scCRISPR

screening has not yet been used for unbiased target discovery or
network reconstruction in primary immune cells.

scCRISPR screens of intratumoral CTL fate

Touse scCRISPR screening for gene regulatory network (GRN) mapping,
we re-engineered a dual-guide, direct-capture lentiviral single guide
RNA (sgRNA) vector™ to generate a modified Ametrine-expressing
retroviral vector that effectively transduced primary CD8" T cells
(Extended Data Fig. 1a,b). This was followed by the synthesis of a
scCRISPR knockout (KO) library that targeted transcription factors
(TFs), which are arguably the most potent regulators of cell fate deci-
sions. Toselect these TFs, we performed computational analyses (dif-
ferential expression, differential chromatin accessibility and TF motif
enrichment) of four public RNA-seq and ATAC-seq datasets profiling
CD8'T cell subsets (early compared with late exhausted cells or T,
cells compared with T,, cells)>?** (Extended Data Fig. 1c). The can-
didates enriched in at least two out of three analyses were compiled
(Supplementary Table1), and the final library targeted 180 curated TFs
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Fig.1|InvivoscCRISPRscreening ofintratumoral CTLs reveals connectivity
of co-functional modules and gene programmes. a, Schematic of the
scCRISPRscreening strategy. b, Relative ratio (log,(fold-change (FC))) of cells
with gene-level perturbation compared withsgNTC. Vertical line, TFs excluded
forinitial network analyses. ¢, Co-functional modules (with the six major
modules highlighted in red) and co-regulated programmes (A-D) were
identified by hierarchical clustering. d, Top enriched pathways (two-tailed
Fisher’sexacttest) inthe four co-regulated gene programmes. e, Representation
ofregulatory connections between the six major modules and gene programmes

(in360 dual-guide vectors) to ensure sufficient coverage for scCRISPR
screening®”and non-targeting controls (NTCs) (Supplementary Table 2).
Next, we transduced Cas9-expressing activated OT-1CD8" T cells
(specific for ovalbumin (OVA)) with the scCRISPR library, followed
by adoptive transfer to B16-OVA melanoma tumour-bearing mice®.
Single-cell sgRNA and transcriptome libraries from donor-derived
tumour-infiltrating lymphocytes (TILs) were assessed by droplet-based
sequencing 7 days later (Fig.1a). We detected at least one sgRNA in the
majority (82%) of cells, and about 81% of cells containing two sgRNAs
contained ones from the same vector (Extended DataFig.1d,e). Inthe
42,209 cells bearing asingle gene perturbation, we calculated theratio
of each genetic perturbation compared withthe NTC, which revealed
putative positive (Stat5a, Stat5b and Irf4) and negative (Nr4a3 and Flil)
regulators of intratumoral CTL accumulation (Fig. 1b).
Tointerrogate cellular heterogeneity and the underlying transcrip-
tional drivers, we visualized single-cell transcriptomes using uni-
form manifold approximation and projection (UMAP). Clusters 0-4

fromc.f, Theinteractionstrengths between modules. Arrow widthindicates
interactionstrength. g, The connectivity between the componentsofthe
indicated modules. Arrows indicate positive (red) and negative (blue)
regulatory effects. Bold arrows highlight stronginteractions between the
indicated TFs. Node ssize, relative to number of perturbation-induced
differentially expressed (DE) genes. h, UMAP showing the developmental
trajectory of T 1, Tpex2, Texland T, 2 cells among Tox" cells. i, Pseudotime
analysis of theindicated states from h.j, Relative expression of cell-state-
associated genes.

expressed Tox, a key regulator of exhaustion” . Within these, clus-
ters 0-2 expressed the stemness-associated markers Tcf7 (which
encodes TCF-1), Slamfé6 (which encodes Ly108) and Sell (which encodes
CD62L). Clusters 3 and 4 had abundant PdcdI (which encodes PD-1)
and Havcr2 (which encodes TIM-3) levels, with cluster 4 showing the
highest expression of the terminal exhaustion markers EntpdI (which
encodes CD39), Cd38 and Cd244a (Extended Data Fig. 1f-h). By con-
trast, cluster 5 (Tox'°Entpd1®) expressed high levels of effector mark-
ers Ifng, Gzma and Gzmb (which encodes granzyme B (GZMB)) and
Itgax (which encodes CD11c)? (Extended Data Fig. 1f-h). Based on
the expression of these markers'*and on T,.,, T., and effector T (T,¢)
cell signatures (Extended Data Fig. 1i), we annotated these clusters as
Toex (Tox Tcf7*Haver2'), T, (Tox* Tef7 Havcer2') and Ty cells (Tox ltgax®
Havcr2") (Extended Data Fig. 1g). The differential gene expression
profiles in T,, compared with T, cells were highly correlated with a
previous dataset’, and T,,, and T,, cells showed increased chromatin
accessibility of exhaustion-associated genes compared with T cells
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from acute lymphocytic choriomeningitis virus (LCMV) infection®
(Extended Data Fig.1j,k). Finally, intratumoral T, and T, cells (among
OT-Icells) displayed increased TOX expression compared with OT-I cells
from the spleen and tumour-draining lymph node (tdLN) (Extended
DataFig.1l). These results collectively provide support for their annota-
tionsas T, and T, cells. By contrast, T, cells showed reduced TOX and
CD39expressionrelative to T, cells and represented aminor population
(Extended DataFig.1m), aresult consistent with CTL adaptationtoan
exhausted state for better persistence in the TME2 Together, these
scCRISPR screensinvivo and transcriptome analyses reveal molecular
and cellular diversity in tumour-specific CTLs.

Co-functional modules and gene programmes

Toestablish co-functional modules and downstream gene programmes,
we first analysed differential gene expression patterns by comparing
172 TF perturbations (compared with NTC) with sufficient numbers of
cells detected®. We then calculated the regulatory effects of each TF
perturbation on target gene expression to identify co-functional TF
modules based on their similar regulatory effects and to group tar-
get genes into co-regulated gene programmes?. We identified nine
co-functional TF modules with convergent or divergent functional
effects (Fig. 1c and Supplementary Table 3), and four co-regulated
gene programmes associated with effector function (programme A),
exhaustion (programme B), stemness (programme C) and proliferation
(programme D) (Fig. 1c and Supplementary Table 4). These gene pro-
grammes showed distinct molecular signatures (Fig. 1d) and discrete
enrichmentsinthe T, T.,and Tcell clusters (Extended DataFig. 1n).

We next visualized the strength of perturbation effects of the nine
co-functional modules on the four co-regulated gene programmes
and identified six modules (M2, M3 and M5-M8) with marked effects
(Fig.leand Extended DataFig.10). The strongest negative and positive
regulators of effector function programme were M5 (including Bach2
and Bcl6) and M2 (Id2 and Zeb2), respectively. The strongest negative
and positive regulators of the exhaustion programme were M7 (Tcf7,
Myb and Ets1) and M3 (Nr4a2, Nr4a3 and Ikzf1 (which encodes IKAROS)),
respectively, whereas the stemness programme was boosted by M7 and
suppressed by M3. This result suggests that thereis reciprocal regula-
tion of exhaustion and stemness programmes by these two modules. M5
was another notable positive regulator for the stemness programme.
Finally, the top negative and positive regulators of proliferation pro-
gramme were M8 (Tox and Rbpj) and M6 (Foxol), respectively (Fig. 1e).
Theseresults demonstrate the complex but concerted effects of these
modules on effector function, exhaustion, stemness and proliferation
programmes.

To uncover intramodular and intermodular regulatory circuits, we
generated afocused GRN between the six main modules and assessed
theinteractionstrengths (Fig. 1f). Strong positive intramodularinterac-
tions within M3 and M7 were observed. There were also mutual posi-
tive intermodular interactions between the stemness-promoting M5
and M7 programmes, and between the exhaustion-promoting M2
and M3 programmes (Fig. 1f and Extended Data Fig. 10), which sug-
gested that there was intermodular self-reinforcements of stemness
and exhaustion. Conversely, the negative effectimposed by M3 on M7
suggested that inhibition of stemness by the exhaustion programme
may potentiate terminal differentiation (Fig. 1f). To uncover specific
regulation between individual TFs, we first constructed connectivity
maps between TFs within and across the modules and then defined
central hub TFs. Rbpj, Ikzf2 and KIf13 (M8), Runx3, Ikzfl and Nfat5 (M3),
Foxol (M6), Tcf7, Myb and Ets1 (M7), Bach2 (M5), and /d2 (M2) had
large regulatory effects in their respective modules (Fig. 1g), thereby
identifying themas central hub TFs. Beyond capturing knowninterac-
tions (for example, Tcf7 (ref. 3), Bach2 (ref.14) and Myb®), this analysis
revealed many previously uncharacterized interactions (Fig. 1g and
Supplementary Table 5). Collectively, we revealed intramodular and
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intermodular regulatory circuits and central hub TFs that probably
underlie intratumoral CTL responses.

State-specific transcriptional drivers

As TF perturbations may exert regulatory effects on gene programmes
by inducing cell population changes, we examined perturbation effects
onintratumoral CTL heterogeneity, focusing on T, and T, cell pop-
ulations. A perturbation-only population that did not contain cells
expressing NTC sgRNAs (sgNTCs) was identified and resembled T,
cells (cluster O; Extended Data Fig. 1g), whereas the remaining clus-
ters contained both sgNTC and perturbation sgRNA-transduced cells
(Extended Data Fig. 2a). Discrete T, -associated and T,,-associated
markers® and their progressive changes® were dynamically regulated
during tumour development (Extended Data Fig. 2b). Given the identifi-
cation ofintermediate and transitory T, cells in chronicinfection??, we
operationally classified T, and T, clusters as precursor exhausted-like
state 1(T,e,1), T,ex2, terminal exhausted-like state 1(T,,1) and T, 2 cells,
with pseudotime analysis predicting a trajectory from T,l, through
transitional T,,2 and T,1 cell states, to T,,2 cells (Fig. 1h,i). Accord-
ingly, the T.,2 but not the T, 1 cell proportion continuously increased,
whereas the two T, cell states decreased during tumour progression
(Extended Data Fig. 2¢). Finally, as expected, Tl and T,1 cells were
reduced following perturbation of Myb* and Thx21 (which encodes
T-bet)**, respectively (Extended Data Fig. 2d). These results provide
further support for these annotations.

Gene set enrichment analysis (GSEA) revealed an increased
activation-specific signature in T,,.,2 compared with T,,,1 cells and
a dysfunction-associated signature® in T,,2 compared with T,,1 cells
(Extended Data Fig. 2e). Furthermore, the Tl cell state expressed
stemness-associated genes that were progressively downregulated
during differentiation (Fig.1j). Conversely, the T2 cell state expressed
Ifng and the proliferative marker Mki67 and had higher activities of
mTORCl-associated and metabolism-associated signatures than the
T, cell state (Fig. 1j and Extended Data Fig. 2f). This resultindicated
their exit from astem-like, quiescent state thatis associated with meta-
bolic reprogramming®. Furthermore, T,,1 cells retained high Mki67
expression and, compared with T2 cells, showed higher metabolic
signatures but lower levels of terminal exhaustion markers® (Fig. 1j
and Extended Data Fig. 2f), which made them partially resemble inter-
mediate T,, cells**”. Accordingly, Ki67* T,., cellsandKi67* T, cells (cor-
responding to the T2 cell state and T,,1 cell state, respectively) had
higher mTORCI activity (based on phosphorylated S6 (pS6), CD98,
CD71and MitoTracker staining)** compared with their Ki67 coun-
terparts (T, and T,,2 cell states) (Extended Data Fig. 2g-i). Ki67" T,
cells also expressed the highest levels of GZMB, T-bet and BATF and
comparableIFNylevelstoKi67 T, cells (Extended DataFig. 2j,k), which
indicated that these cells have a strong effector function.

We next identified transcriptional activators and repressors for
each cell state based on sgRNA-mediated depletion or enrichment
(compared with the other three counterparts) (Extended Data Fig. 21
and Supplementary Table 6). This analysis also revealed shared and
selective (for example, Myb® and Thx21?**®) regulators for each state
(Extended Data Fig. 2m). Furthermore, visualization of the pertur-
bation effects after targeting the eight TFs (Fig. 1b) excluded from
the abovementioned transcriptome analysis revealed their effects
on cell states, including reduced T, cell percentages after targeting
Stat5a, Stat5b and Irf4 (Extended Data Fig. 2n). Altogether, analyses of
state-specificregulators identified transcriptional drivers that mediate
CTL heterogeneity.

To determine the extent to which CTL differentiation states are
shaped by the co-functional modules, we examined whether a mod-
ule was enriched among the top regulated genes within each state.
M7 was enriched as a positive and negative regulator of T, and T,
cell states, respectively (Extended Data Fig. 20), a finding consistent
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Fig.2|IKAROS promotesthe quiescence exit of T, 1 cells.a,b, sgNTC
(n=4)orsglkzfl(n=8) OT-1cells were co-transferred with sgNTC-expressing
(spike) cells (dual-colour transfer system) into B16-OVA tumour-bearing mice.
a, Relative frequency (normalized to spike) and number (per g of tumour tissue)
of OT-Icells. b, Frequencies and numbers of T, and T, OT-I cells. ¢, scRNA-seq
analysis of sgNTC and sg/kzf1 OT-I cells and cell cluster proportions from
B16-OVA tumours. d, Pseudotime analysis of cell states from c. e,f, Relative
(normalized to spike) geometric mean fluorescence intensities (gMFIs) of
indicated markers (e) or relative frequency of BrdU" (f) cells (dual-colour
transfer systemin B16-OVA tumours) (n=7forsgNTC and n =8 for sglkzfline;
Spergroupinf).g-i, Bl6-OVA tumour-bearing mice that received sgNTC or

with its stemness-promoting effects (Fig. 1e). Conversely, M3 and,
to alesser extent, M2 were negative regulators of T,,1 but positive
regulators of T,, cells (Extended Data Fig. 20), a result also consist-
ent with their effects on gene programmes (Extended Data Fig. 10).
Collectively, these results reveal state-specific transcriptional
drivers and co-functional modules that underlie progressive CTL
differentiation.

The IKAROS-TCF-1axis in T, cell quiescence exit

Targeting /kzfI (from M3) resulted in the strongest accumulation of
intratumoral CTLs (Fig. 1b). To explore cell-intrinsic roles of Ikzf1, we
used a dual-colour transfer system'®*, wherein the use of different fluo-
rescent proteins did not alter CTL responses (Extended Data Fig. 3a).
OT-I cells expressing /kzf1 sgRNA (sglkzfI) showed efficient IkzfI gene
targeting (Extended Data Fig. 3b and Supplementary Table 7) and were
markedly accumulated in the TME at day 7 after transfer (Fig. 2a). T,
cellsincreased after /kzf1 perturbation, whereas the percentage, but
not the number, of T, cells was reduced (Fig. 2b and Extended Data
Fig.3c). lkzf1deficiency exerted similar effects at day 21 after transfer
(Extended Data Fig. 3d,e). Besides the TME, sglkzf1 OT-I cells (mainly
Ly108*TIM-3") accumulated in the tdLN and spleen (Extended Data
Fig.3f,g). Notably, sglkzfl intratumoral OT-I cells had reduced expres-
sion of effector and cytotoxic molecules (Extended Data Fig. 3h,i). To
determine the role of /kzf1 in the T, to T, cell transition, we sorted
T, cells targeted with sgNTC or sglkzfI from B16-OVA tumours
and transferred them to new tumour-bearing mice®® (Extended
Data Fig. 3j). In this secondary transfer assay, /kzf1 deficiency was
associated with the accumulation of T, cells and a reductionin T,
cells (Extended Data Fig. 3k). Thus, IKAROS promotes T, to T, cell
differentiation.

sglkzfl1OT-Icellswere treated with anti-PD-L1or isotype control (n= 6 per
group). Frequencies of indicated subsets (g), Ki67 T, Ki67" T, Ki67" T,
andKi67 T, cells (h), or IFNy*and GZMB" OT-Icells (i).j, T e selectively and
T.-selectively accessible peaks in ATAC-seq analysis of sgNTC and sg/kzfI T,
and T, cells (n=5per group). k,I, Relative frequency of T, cells (k) or T, to T,
cellratio (1) of sgNTC (n =4), sglkzf1 (n=4),sgTcf7 (n=35) or sglkzf1withsgTcf7
(n=6) OT-1cells (dual-colour transfer systemin B16-OVA tumours). Data are
representative of three (a,b,e), two (f k,I) or one (g-i) independent experiments.
NS, notsignificant, **P < 0.01, ***P < 0.001; two-tailed unpaired Student’s t-test
(a,b,e,f) or one-way analysis of variance (ANOVA) (g,i,k,1). Data are presented
asthemean+s.e.m.

To establish the effect of /kzf1 deficiency on CTL heterogeneity in
an unbiased manner, we performed scRNA-seq analysis. sglkzfI OT-1
cells were transcriptionally distinct from sgNTC OT-I cells and con-
tained more T, cells, especially T,,1 cells, but fewer T, cells (Fig. 2c).
sglkzfI T, cells also upregulated stemness-associated TFs' and gene
signatures™® (Extended Data Fig. 31,m). Pseudotime analysis indicated
that sglkzf1 cells mainly accumulated in the T,,1 cell state (Fig. 2d),
afinding supported by sglkzfI enrichment among the top-most per-
turbations affecting the T,1to T2 cell ratio (Extended Data Fig. 3n
and Supplementary Table 8). Moreover, sglkzfI T, cells downregu-
lated multiple metabolic and mTORCI1 signatures® (Extended Data
Fig.30), which raised the possibility of aberrant metabolic quiescence™.
Indeed, sglkzfI T, cells showed reduced mTORCl-associated fea-
tures and reduced levels of MitoSOX and proliferation markers (Ki67
and bromodeoxyuridine (BrdU)) at day 7 after transfer (Fig. 2e,f and
Extended Data Fig. 3p), with such proliferative defects also evident
at day 21 (Extended Data Fig. 3q). Thus, targeting /kzf1 inhibits the
T,exl to T, 2 cell transition and associated metabolic rewiring and
quiescence exit?*,

AsICB induces differentiation of T, cells into T, cells>"*****!, we
tested the effect of /kzf1 deficiency on ICB responses by treating
tumour-bearing mice that received sgNTC or sglkzfI OT-I cells with
anti-PD-L1. Unlike sgNTC OT-I cells, sglkzfI OT-I cells did not increase
after anti-PD-L1 treatment or display altered differentiation states
(Fig.2g,hand Extended DataFig. 3r). sglkzfl cells also did not upregulate
IFNy or GZMB expression after anti-PD-L1treatment (Fig. 2i). Moreover,
tumour sizes were comparable in mice that received transfer of sglkzf1
orsgNTC OT-I cells alone or in combination with anti-PD-L1 (Extended
DataFig.3s). Thus, despite their increased accumulation, sgl/kzf1 cells
do not gain added antitumour effects, which is probably due to their
aberrant quiescence state and failure to differentiate into T, cells.
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numbers of totalintratumoral OT-I cells (b) and their T, and T, cell subsetsin
B16-OVA tumoursonday 7 (c) (n=7 per group). d,e, Relative frequencies of
GZMB*and IFNy* (n =7 for sgNTC and 6 for sgEts1) OT-I cells after OVA/H-2Kb
stimulation (d) orKi67* OT-1 populations (n =5 for sgNTC and 6 for sg£tsI) (e).
f,Numbers of total, T,,and T, OT-I cells after T,., (left,n=9 per group) or T,
(right, n=6 pergroup) cell secondary transfer. ND, not detected. g, B16-OVA
tumour growth with sgNTC or sgEts1 OT-1cell treatment. h, B16-F10 tumour
growthwith sgNTC or sgEtsI pmel cell treatment. i, B16-hCD19 tumour growth
withsgNTC or sgEts1hCD19 CART cell treatment. j, B16-OVA tumour growth
withindicated treatments. k, ETSIand /FNG expressioninmemory, exhausted

To gain additional mechanistic insights, we performed ATAC-seq
analysis. sglkzfI T, cells showed increased accessibility of T .-selective
openchromatinregions (OCRs) but reduced accessibility of T,,-selective
OCRs (Fig.2j), whichindicated an enhanced stemness-associated and
reduced exhaustion-associated epigenetic programme. TF footprinting
analysis predicted increased binding activity of stemness-associated
TCF/LEF family members in sglkzfI T, cells (Extended Data Fig. 3t).
To identify IKAROS downstream targets in a more unbiased manner,
we performed genetic interaction screens in vivo' by transducing OT-1
cellsexpressing sgNTC or sglkzfI together with the abovementioned TF
sgRNA library, followed by transfer to tumour-bearing mice (Extended
Data Fig. 3u). We nominated functionally relevant targets of IKAROS
by identifying perturbations that reversed the T, to T, cell ratio and
T,ex cell accumulation (Supplementary Table 9), and found that Tcf7
co-targeting blocked both of these parameters in sglkzfI cells (Extended
Data Fig. 3v). Accordingly, our validation experiments showed that
co-targeting /kzfland Tcf7rectified the alterationsin T, cellsand the
T,ex to T, cell ratio (Fig. 2k,I) observed in IkzfI-deficient cells. These
resultsindicate that IKAROS affects T, to T, cell differentiation largely
by restraining TCF-1.

The ETS1-BATF axis limits T, 1 cell generation

T, 1 cells showed increased effector-function-associated pathways
compared with T2 cells (Extended Data Fig. 4a). We therefore
focused on putative TFs that mediate the T2 to Tl cell transition
and identified EtsI (from M7) as one of the top negative regulators
(Extended DataFig.4b and Supplementary Table 8). Additionally, EtsI
expression was downregulated in T,,2 and T,,1 cell states (Extended
DataFig. 4c). To examine the role of ETS1in CTL heterogeneity, we
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and activated CD8" T cells from patients with BCC (data from Gene Expression
Omnibus (GEO) database identifier GSE123813). FDR, false discovery rate.l, TF
motifenrichmentanalysisinsgEtsI compared withsgNTC T, cells (n =4 per
group).m, Relative frequency and number of sgNTC (n = 3), sgEtsI (n =5), sgBatf
(n=5),orsgEtsl withsgBatf(n=5) T, cells.n, Relative frequencies of GZMB®,
IFNY* (n=5forsgNTC, n= 6 for sg£tsl and sgEtsl with sgBatf,and n=7 for
sgBatf) andKi67" (n=3forsgNTC, and n =5for sgEtsl, sgBatf,and sgEtsI with
sgBatf) intratumoral OT-Icells. Dataare representative of three (b-e,g), two
(f,h,i,m,n) orone (j)independent experiments.*P< 0.05,**P<0.01, ***P< 0.001;
two-tailed unpaired Student’s t-test (b-e), two-tailed paired Student’s t-test (f),
two-way ANOVA (g-j), two-tailed Wilcoxon rank-sum test (k) or one-way
ANOVA (m,n). Dataare presented asthe mean +s.e.m.

effectively targeted Ets1in OT-I cells (Supplementary Table 7) and
performed scRNA-seq. EtsI-deficient cells showed expansion of
T, cells, which was accompanied by a reduction in T, cell pro-
portion (Fig. 3a) and stemness-associated signatures in T, cells
(Extended Data Fig. 4d). Targeting EtsI also upregulated metabolic
gene signatures and mTORCl-associated features (Extended Data
Fig. 4e,f), which indicated an inhibitory effect of ETS1 on mTORC1
signalling.

Furthermore, Ets1 deficiency enhanced OT-land T, (but not T,,.,) cell
accumulationinthe TME but not spleenor tdLN (Fig.3b,cand Extended
DataFig.4g-j). Intratumoral EtsI-deficient cells also showed increased
expression of markers associated with effector function, cytotoxicity
and proliferation (Fig.3d,e and Extended Data Fig.4k-n), aresult that
isinagreement with the observed increased percentage of proliferative
T..1 cells (Fig. 3a). We next tested the extent to which Ets1 deficiency
affects T, to T, cell differentiation using a secondary transfer assay
of purified T, and T, cells (Extended DataFig. 5a). Following transfer
of EtsI-deficient T, cells, the numbers of total OT-1 and T, cells that
developed from T, cells’ increased, a finding associated with more
extensive proliferation (Fig. 3f and Extended Data Fig. 5b). Moreo-
ver, transfer of EtsI-deficient T,, cells resulted in enhanced T, (and
total OT-I) cell accumulation that was accompanied by more prolif-
eration (Fig. 3f and Extended Data Fig. 5¢c). These analyses suggest
that ETS1is a gatekeeper for T, to T, cell differentiation and T, cell
accumulation.

To test therapeutic effects, we performed adoptive cell therapy
experiments. Transfer of EtsI-deficient OT-I cells or pmel cells (rec-
ognizing the B16 melanoma antigen gp100) reduced B16-OVA and
B16-F10 tumour growth, respectively (Fig. 3g,h). EtsI-deficient
CART cells targeting human CD19 (hCD19) also showed increased


http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE123813

therapeutic effectsin hCD19-expressing B16 (B16-hCD19) tumours'>*
(Fig. 3i). Beyond these melanoma-related models, EtsI-deficient OT-I
cellsimproved therapeutic efficacy against OVA-expressing EL4 lym-
phoma (E.G7-OVA) and Lewis lung carcinoma (LLC-OVA) tumours
(Extended DataFig. 5d), which was associated with enhanced intratu-
moral OT-land T, cellaccumulation (Extended Data Fig. 5e-h). There-
fore, targeting EtsI improves antitumour effects of CTLs in multiple
tumour types.

The combinatorial treatment of OT-I cells deficient for EtsI with
anti-PD-L1 enhanced antitumour effects compared with control
groups in B16-OVA and E.G7-OVA tumours (Fig. 3j and Extended Data
Fig. 5i), which suggested that targeting £tsIin CD8" T cells enhances
the ICB response. Accordingly, ETS1 expressionin CD8" T cells had
aninverse correlation with ICB responsiveness in patients with mela-
noma® (Extended Data Fig. 5j). Furthermore, in scRNA-seq profiling
of CTLs from patients with advanced basal cell carcinoma (BCC)**,
anti-PD-1treatmentinduced an activated CD8" T cell population that
had lower ETS1and higher IFNG expression than the exhausted popula-
tion (Fig. 3k and Extended Data Fig. 5k), with similar effects observed
insquamous cell carcinoma (SCC) (Extended Data Fig. 51). Thus, ETS1
expression negatively correlates with ICB response, aresult consistent
with observations in mouse modelsin which targeting Ets1 overcomes
resistance to ICB.

To explore the mechanistic basis of ETS1-dependent effects, we
performed ATAC-seq of T, and T,, cells. TF motif enrichment and
footprinting analyses revealed that EtsI-deficient cells had enhanced
activity of BATF, a potent regulator of CTL effector function'¢%3
(Fig. 31 and Extended Data Fig. 5m,n). Accordingly, BATF expression
was increased in T, cells and total OT-I cells targeted with EtsI sgRNA
(sgEtsi) (Extended DataFig. 50). Next, we used secondary genetic inter-
actionscreensinvivo to identify functionally relevant ETS1targets (sim-
ilar to Extended DataFig. 3u), focusing on perturbations that reversed
the enhanced T, to T, cell differentiation and T, cell accumulation
(Supplementary Table 10). Targeting Batfin EtsI-deficient cells rectified
both parameters (Extended Data Fig. 5p). To validate these results, we
transferred OT-I cells transduced with sgNTC, sg£tsl, sgBatf or sgEtsl
with sgBatf OT-I cells into B16-OVA tumour-bearing mice and found
that targeting both Ets1and Batfreversed the increased accumulation
oftotaland T, cells (Fig. 3m and Extended Data Fig. 5q). Theincreased
percentages of GZMB', IFNy" and Ki67" EtsI-deficient cells were also
reversed by Batfco-targeting (Fig.3n). Therefore, the ETS1-BATF axis
limits T, cell accumulation and effector responses.

RBPJ drives the T, 1to T,,2 cell transition

Impaired functional and proliferative capacities of T, cells are abarrier
to successful immunotherapy®’°. We identified Rbpj perturbation as
atop candidate toincrease the T, 1to T,,2 cell ratio (Fig. 4a and Supp-
lementary Table 8). Rbpj sgRNAs were also enriched in T,,1 but not
T,,2 cells (Extended Data Fig. 6a), which suggested that its targeting
may represent a possible mechanism to overcome these immuno-
therapeutic limitations. Furthermore, Rbpj-deficient cells upregulated
proliferation signatures (Extended Data Fig. 6b and Supplementary
Table11), whichraised the possibility that RBP] represses intratumoral
CTLaccumulation. To test this hypothesis, we generated sgRNAs that
effectively depleted RBPJ expression (Extended DataFig. 6¢,d and Supp-
lementary Table 7) and observed greater OT-I cellaccumulationin the
TME but not spleen or tdLN in cells expressing these sgRNAs (Fig. 4b
and Extended DataFig. 6e,f). Furthermore, Rbpj deficiency increased
T.ccell proportion and accumulationbut decreased T, cell frequency
(Fig.4cand Extended DataFig. 6g,h). It alsoincreased T,, cell prolifera-
tion but did not alter apoptosis (Fig. 4d and Extended Data Fig. 6i,j).
Similar effects were observed after transfer of sgNTC or sgRbpj cells
separately to tumour-bearing mice (Fig. 4e and Extended Data Fig. 6k).
Therefore, RBPJ selectively limits T,, cell accumulation in the TME.

We next examined the regulation of Rbpj expressioninintratumoral
CTLs. Rbpjwas upregulatedinendogenous T, compared with T, cells
from mouse B16 melanoma? and MC38 colonadenocarcinoma®, and
was largely co-expressed with Havcr2in CD8' T cells from genetically
engineered mouse models (GEMMs) of breast cancer* and lung adeno-
carcinoma® (Extended Data Fig.7a-d). Furthermore, RBPJ expression
in OT-Icells was higher in T,, cells than other intratumoral or peripheral
CDS8'T cell populations (Fig. 4f). In T, likeand T,,-like CD8" T cells gen-
eratedinvitro®® (Extended Data Fig. 7e), concomitant to the expected
changesin TIM-3 and Ly108 expression®, RBP] expression was upregu-
lated in T,,-like cells (Extended Data Fig. 7f,g), which was consistent
within vivo observations.

Inthe secondary transfer assay of T,, cells®® (Extended Data Fig. 7h),
Rbpj deficiency increased T, cell accumulation, which was associated
withincreased proliferation (Fig. 4g,h). Conversely, following trans-
fer of T, cells, accumulation of T, and T, cells remained largely
unchanged after targeting Rbpj (Extended Data Fig. 7i). Thus, Rbpj
deficiency resultsin selective T, cellaccumulation, afinding that pro-
vides further supportforacell-intrinsicinhibitory effect of RBPJ on T,
cell accumulation and proliferation.

We next performed scRNA-seq analysis and found amarked increase
of T, 1 (but not T, 2) cellsamong Rbpj-deficient cells (Fig. 4i,j). In pseu-
dotime analysis, Rbpj-deficient cells were accumulated in the middle
ofthe differentiation trajectory based onintermediate Tcf7and Entpd1
expression and high Mki67 expression (Fig. 4k), which was validated by
increasedKi67' T,, cell percentage (Fig. 41). Therefore, Rbpj deficiency
results in the selective accumulation of T,,1 cells.

Exhaustionincreases RBPJ expressionin human
cancers

We explored whether RBPJexpression correlates with exhaustion pro-
grammes of human intratumoral T cells. RBP/ was increased in CD8*
T cells from human tumour tissues®, and co-expressed with HAVCR2
inintratumoral CD8' T cells from patients with non-small cell lung
cancer (NSCLC)*°and in patients with colorectal cancer (CRC)* (Fig. 5a
and Extended Data Fig. 8a). RBP/ expression was also upregulated in
TCF7 HAVCR2' CTLs fromindividuals with melanoma*andin patients
with hepatocellular carcinoma* (Extended Data Fig. 8b). Intratumoral
CDS8' T cells from patients with melanoma acquire naive-like, transi-
tional and dysfunctional states**, and RBPJ expression progressively
increased from naive-like to dysfunctional cells (Fig. 5b and Extended
Data Fig. 8c). Similarly, in a liver cancer GEMMP, Rbpj expression
was continuously upregulated during T cell exhaustion (Extended
DataFig. 8d). Collectively, these results show that upregulated RBP/
expression is a conserved feature of exhausted CD8" T cells in mice
and humans.

We next examined correlations between RBPJ/ and genes associ-
ated with clinical responses to anti-PD-1 therapy. In melanoma®,
RBPJ clustered with genes negatively associated with responsive-
ness to anti-PD-1 blockade (Extended Data Fig. 8e). The major path-
ologic response (MPR) predicts ICB efficacy and is correlated with
T cells specific for mutation-associated neoantigens (MANAs)*.
Accordingly, in NSCLC-derived MANA-specific T cells, RBP/ was
downregulated in MANA-specific T cells with the MPR (Extended
Data Fig. 8f). This result provides further support for the negative
correlation between RBP/ expression and ICB response. Moreover,
individuals with BCC or SCC and treated with anti-PD-1 (ref. 34) had
lower RBPJ expression in the ICB-induced activated T cell popula-
tion than the exhausted one (Extended Data Fig. 8g). Therefore, low
RBPJ expressionin CD8" T cells is associated with enhanced clinical
response to ICB.

We also tested whether RBPJ expression correlates with continu-
ous antigen exposure (CAE)-induced CART cell exhaustion. Similar
to HAVCR2 and TOX, RBPJ expression progressively increased and
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Fig.4 |RBPJdrives T, 1toT.2 cell differentiation. a, Enrichment (red) or
depletion (blue) of sgRNAs in T,,1 compared with T2 cells from scCRISPR
screening. b,c, Relative frequencies and numbers of OT-Icells (n = 6 for sgNTC
and n=7forsgRbpj) (b) and their T,,and T, subsets (n =7 forsgNTCandn=10
for sgRbpj) (c) in B16-OVA tumours on day 7 (dual-colour transfer system).

d, Relative frequencies of Ki67' (n =7 for sgNTC and n =10 for sgRbpyj; left) and
BrdU* (n=5forsgNTC and n = 6 for sgRbpj; right) cellsamong indicated subsets.
e, sgNTC or sgRbpj OT-I cells were individually transferred into B16-OVA tumour-
bearing mice. Frequency (left) and number (right) of OT-1 cells on day 7 after
adoptive transfer (n = 6 for sgNTC and n =4 for sgRbpj) (single-colour transfer
system). f, RBPJ expressionin OT-I cells from spleen (n=4) or tdLN (n=5) and
T,ex0r T, OT-I cells from B16-OVA tumours (n = 5) or naive endogenous splenic

reached the highest levels at day 28, when expression of IFNG and GZMB
reduced (Extended Data Fig. 8h). Furthermore, at day 28 after CAE,
RBPJexpression largely overlapped with known exhaustion markers*®
(Extended Data Fig. 8i). Moreover, re-analysis of a public ATAC-seq
dataset* revealed that the RBPJ gene locus had increased accessibil-
ity at day 28 after CAE, similarly to the exhaustion-promoting factors
SOX4 and /D3 (Extended Data Fig. 8j). These transcriptional and chro-
matin accessibility analyses revealed that RBP/ expression is associated
with exhaustion in human CAR T cells, consistent with the negative
correlation of RBP/with ICB response.

Rbpj deficiency improves immunotherapy responses

The above analyses suggested that targeting Rbpj may enhance CTL
effector function and antitumour effects. Accordingly, effector signa-
tures were highly enriched in the absence of Rbpj (Extended DataFig. 8k
and Supplementary Table 11). Rbpj-deficient cellshad increased GZMB*
and IFNy* frequencies and numbers and also upregulated expres-
sion of perforin and other effector-associated molecules (Fig. 5c and
Extended Data Fig. 81-p), which indicated enhanced cytotoxic and
effector features. scRNA-seq analysis also revealed that PrfI (which
encodes perforin), Gzmb and Gzmk were increased in Rbpj-deficient
T,, cells (Extended Data Fig. 8q). In line with their enhanced effector
function, Rbpj-deficient OT-I cells better controlled tumour growth
and extended the survival of B16-OVA tumour-bearing mice (Fig. 5d and
Extended Data Fig. 8r). Similar results were observed after pmel cell
transfer to B16-F10 tumour-bearing mice (Fig. 5e). To examine whether
targeting Rbpjin CTLs enhances ICB response, B16-OVA tumour-bearing
mice thatreceived Rbpj-deficient OT-I cells were given anti-PD-L1 treat-
ment. This strategy led to enhanced antitumour effects compared
with either treatment alone (Fig. 5f). Finally, we tested the effect of
Rbpj deficiency on the therapeutic efficacy of hCD19 CART cells.
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Rbpj-deficient CAR T cells had improved efficacy in limiting tumour
growth (Fig. 5g).

Toevaluate therapeutic effectsin other tumours, we challenged mice
bearing E.G7-OVA or LLC-OVA tumours and observed improved antitu-
mour effects from sgRbpj cells (Extended DataFig. 8s,t). Rbpj deficiency
alsoenhanced intratumoral OT-land T, (but not T,) cellaccumulation
in E.G7-OVA and LLC-OVA tumours (Extended Data Fig. 8u-x). Moreo-
ver, combinatorial treatment of E.G7-OVA tumour-bearing mice with
Rbpj-deficient OT-I cells with anti-PD-L1 enhanced antitumour effects
compared with control groups (Fig. 5h), which suggested that target-
ing Rbpjin CTLs also boosts ICB response in the lymphoma model.
Collectively, these results show that targeting Rbpjin CTLs induces
potent antitumour effects.

NOTCH-independent RBPJ signalling

As RBPJ has both NOTCH-dependent and NOTCH-independent func-
tions*’, we examined Notchl and Notch2 (Notchl/2) expression. In
contrast to Rbpj, Notchl/2 expression was comparable in T, and T,
cells (Extended Data Fig. 9a). Additionally, Notchl/2 co-targeting did
not alter the percentages of T,,, T, or Ki67" cells, or cells expressing
GZMB or IFNy (Extended Data Fig. 9b-e). Furthermore, Rbpj-deficient
T,e«and T, cells had largely unaltered Notchl/2 expressionand NOTCH
signalling signature (Extended Data Fig. 9a,f). Therefore, RBPJ)
functions independently of NOTCH signalling in intratumoral CTL
responses.

To identify alternative mechanisms that regulate RBPJ signalling,
we performed ATAC-seq analysis. Multiple OCRs in the Rbpj locus
had increased chromatin accessibility in T, compared with T, cells
(Extended Data Fig. 9g), which was consistent with the observed
increase in Rbpj expression in T, cells (Fig. 4f). TF motif enrichment
analysis of these OCRs revealed enrichment for BACH2, RUNX and JUN
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Fig.5|RBP) deficiency promotes CTL functional reinvigoration.

a, Expression of HAVCR2 and RBP/in tumour-derived human CD8' T cells:
NSCLC (datafrom GEO identifier GSE99254) and CRC (data from GEO identifier
GSE108989). b, Gene expression profilesin melanoma-derived human CD8*

T cell populations. ¢, Numbers of GZMB* and IFNy* sgNTC and sgRbpj OT-1 cells
isolated on day 7 after adoptive transfer to B16-OVA tumours with OVA/H-2Kb
stimulation (n =7 per group; dual-colour transfer). d, B16-OVA tumour growth
withsgNTC or sgRbpj OT-1cell treatment. e, B16-F10 tumour growth withsgNTC
(same samples as Fig.3h) or sgRbpjpmel cell treatment. f, B16-OVA tumour
growthwithindicated treatments. g, B16-hCD19 tumour growth with sgNTC
(same samples as Fig. 3i) or sgRbpjhCD19-CART cell treatment. h, E.G7-OVA
tumour growth withindicated treatments. i, TF motif enrichment analysis

(Extended Data Fig. 9h), whereas our scCRISPR results showed that
targeting Bach2 (but not Runxl, Runx2 or Jun) increased Rbpj expression
in OT-1, T,  and T, cells (Extended Data Fig. 9i,j). Furthermore, Bach2
and Rbpj showed reciprocal expressionin T, and T, cell subsets (Fig. 1j
and Extended Data Fig. 9k), which collectively suggested that BACH2
may inhibit RBPJ expression. Indeed, targeting Bach2 upregulated
RBPJ expressionin total OT-, T, and T, cells (Extended Data Fig. 91).
Furthermore, Rbpj expression was upregulated in TCR-stimulated
Bach2-deficient CD8" T cells*® (Extended Data Fig. 9m). Conversely,
Bach2 overexpression'* dampened Rbpj expression and gene acces-
sibility (Extended Data Fig. 9n,0). Therefore, BACH2 is necessary and
sufficient for inhibiting Rbpj expression.

RBPJ inhibits IRF1 activity

We next determined the downstream mechanisms for RBPJ in CTL
differentiation. Peak set enrichment analysis of ATAC-seq profiling
datarevealed that genes with enhanced chromatin accessibility in
Rbpj-deficient T, cells were enriched for pathways related to effector
function, whereas fewer changes were noted in T, cells (Extended
DataFig.10a,b). Accordingly, effector-function-associated genes had
enhanced chromatinaccessibility selectively in Rbpj-deficient T, cells
(Extended Data Fig. 10c). TF motif analysis of OCRs with increased
accessibility in Rbpj-deficient T, cellsidentified IRF1as the top enriched
motif, along with the effector-function-associated TFs BLIMPI (ref. 49)
and BATF'%* (Fig. 5i).

Next, we performed a secondary genetic interaction CRISPR screen
in vivo (similar to that in Extended Data Fig. 3u), and nominated

(n=3pergroup) by ATAC-seq of sgRbpj compared with sgNTC T, cells.

j.k, Relative frequency of total intratumoral OT-I cells (j) or T, OT-1 cells (k)
transduced with indicated sgRNAs (n =5 per group; dual-colour transfer).
1, Relative expression of DE genes (sgRbpjcompared with sgNTC) insgNTC
(n=4),sgRbpj(n=4),sglrfl (n=4),and sgRbpjwithsglrfl (n=3) OT-Icells.
m,n, Relative frequencies of Ki67* (n =5 per group) (m) or GZMB* (n=5 per
group) and IFNY* (n=5for sgNTC, sgRbpjwith sgirfl,and n = 4 for sgRbpj,
sglrfl) OT-Icells (n). Data are representative of three (c,d,f,g), two (e,j, k,m,n)
orone (h)independent experiments.*P<0.05,**P<0.01and ***P< 0.001;
two-tailed unpaired Student’s t-test (c), two-way ANOVA (d-h) or one-way
ANOVA (j, k,m,n). Dataare presented as the mean +s.e.m.

candidates based on their ability to rectify intratumoral OT-1 and T,
cellaccumulationand T, to T, cell ratio (Extended Data Fig.10d and
Supplementary Table 12). This analysis revealed IRF1as the only candi-
date meeting these criteria (Extended DataFig.10e). Accordingly, the
IRF1-binding motif, identified in OCRs upregulated in sgRbpj T, cells
compared with sgNTC T, cells in ATAC-seq analysis, was enriched in
genes associated with T cell effector function (Extended Data Fig. 10f).
Thus, these complementary approachesreveal IRF1asatop candidate.

To establish the functional relationship between RBPJ and IRF1, we
transferred OT-1cells transduced with sgNTC, sgRbpj, sgirfl or sgRbpj
with sglrfl into B16-OVA tumour-bearing mice. Targeting both Rbpj
and Irfl reduced the accumulation of total OT-1and T, cells caused by
Rbpj deficiency (Fig. 5j,k and Extended Data Fig. 10g). Furthermore,
alterationsintranscriptome profiles between sgNTC and sgRbpj cells
were mitigated by IrfI co-targeting (Fig. 5l and Extended Data Fig.10h),
with proliferation-related and effector-function-related pathways also
downregulated (Extended Data Fig.10i). Accordingly, such co-targeting
reversed theincreased percentages of Ki67*, GZMB* and IFNy* OT-I cells
caused by Rbpj deficiency in validation experiments (Fig. 5m,n) and
the enhanced antitumour effect (Extended Data Fig. 10j). Collectively,
these results show that IRF1is required for Rbpj deficiency-induced
proliferation and effector function of T,, cells and antitumour effects.

Discussion

T cell exhaustionrepresents an adaptive state of hyporesponsiveness
that is permissive for persistence in the TME?, with terminal differen-
tiation associated with poor antitumour responses. The causal GRN
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thatunderlies CTL differentiation and heterogeneity remains elusive.
Here we established the functional effects of three transcriptional
axes (IKAROS-TCF-1, ETS1-BATF and RBPJ-IRF1) on CTL heterogene-
ity withimportant therapeuticimplications (Extended DataFig.10k).
Specifically, IKAROS and ETS1 orchestrate successive steps in the
differentiation of T, cells to proliferative T,,1 cells. IKAROS promotes
metabolic activation in T,,1 cells and their differentiation into T,,2
cells, and targeting /kzfI dampened effector function and increased
stemness and persistence of intratumoral CTLs, which indicates that
Ikzf1 deficiency probably arrests cells in an excessively quiescent
state. Consequently, increased accumulation of /kzfI-deficient cells
did not improve antitumour immunity alone or in combination with
ICB. Conversely, ETS1is a gatekeeper for the T,,2 to T,,1 cell transi-
tion, probably by suppressing mTORCI1 activity and metabolic repro-
gramming. Targeting EtsI enhanced antitumour effects in multiple
immunotherapeutic systems, and ETSI expression was negatively
associated with ICB response in patients with cancer. Mechanisti-
cally, IKAROS and ETSI1 limit the respective activities of TCF-1and
BATF. Thus, quiescence exit and metabolic reprogramming repre-
sent an underappreciated modality for the transition from stem-like
T, to intermediate T, cells, and may serve as key therapeutic targets
for cancer.

T,, cellsare the major intratumoral population and directly contrib-
utetokilling tumour cells, but gradually lose proliferative capacity and
do not respond to existing immunotherapies®”’. How to functionally
reinvigorate T, cells to induce antitumour immunity remains unclear.
Here we showed that targeting Rbpjblocked terminal T,,2 cell differen-
tiationbut expanded T, 1 cells with enhanced proliferation and effector
function. RBPJ/expression correlated with terminal exhaustionin CTLs
from patients with cancer and from GEMMs, as well as with hyporespon-
siveness toimmunotherapiesin individuals with cancer. Accordingly,
targeting Rbpjimproved antitumour immunity in multiple therapeutic
models. Mechanistically, NOTCH-independent RBPJ signalling acts to
suppressIRF1function. Thus, targeting RBP) specifically reprogrammes
T.. cells and may act in synergy with ICB that targets T,., cells®”.

Together, our study provides a systemic framework of the genetic
circuitry and molecular determinants that underlie the functional
heterogeneity of intratumoral CTL responses, including three check-
points for progressive CTL differentiation. Our results highlight the
modalities of inducing the quiescence exit of T, cells and enriching
the proliferative T, cell state for functional reinvigoration of CTL
antitumour responses. Of note, the intramodular and intermodular
connectivity of co-functional modules may uncover unknown genetic
interactions and extend pathway mapping in systems biology, with
such approaches being scalable and applicable to other biological
systems. Collectively, these results established a perturbation map
of progressive differentiation of CD8' T cells in the TME and identified
putative actionable targets for the functional reprogramming of T,
and T, cells to improve cancer immunotherapies.
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Methods

Mice

The research conducted in this study complied with all of the rele-
vant ethical regulations. The animal protocols were approved by and
performed in accordance with the Institutional Animal Care and Use
Committee of St.Jude Children’s Research Hospital. C57BL/6, OT-I*°,
pmel® and Rosa26-Cas9 knock-in*? mice were purchased from The
Jackson Laboratory. Human CD19 CAR-transgenic (CAR-Tg) mice (T cells
expressing CARs that consist of anti-hCD19 scFv fragments, the CD8
transmembrane domain and 4-1BB-CD3 signalling tail) were provided
by T. Geiger®. We crossed Rosa26-Cas9 knock-in mice with OT-1, pmel
or CAR-Tg mice to generate OT-I-Cas9, pmel-Cas9 and CAR-Tg-Cas9
mice, respectively, that express Cas9 in antigen-specific CD8" T cells.
Sex-matched (male or female) mice with predetermined genotypes
(not blinded to investigators) were used at 7-12 weeks old unless
otherwise noted and assigned randomly to control and experimental
groups. All mice were kept in a specific-pathogen-free facility in the
Animal Resource Center at St.Jude Children’s Research Hospital. Mice
were kept with 12-h light-dark cycles that coincide with daylightin
Memphis, TN, USA. The St.Jude Children’s Research Hospital Animal
Resource Center housing facility was maintained at 30-70% humidity
and 20-25°C.

Celllines

The Plat-E cell line was provided by Y. -C. Liu (La Jolla Institute of
Immunology). The B16-OVA cell line was provided by D. Vignali (Uni-
versity of Pittsburgh). The B16-F10 cell line was purchased from the
American Type Culture Collection (ATCC). The B16-hCD19 cellline was
constructed by transducing B16-F10 cells with an amphotropic virus
containing hCD19 and sorting cells with the top 10% of hCD19 expres-
sion'2, The LLC cellline was purchased from the ATCC, and the LLC-OVA
cellline was produced by transduction of the parental LLC cell line with
the pMIG-II-neo-mOVA containing OVA protein fused with GFP, followed
by sorting of GFP-expressing cells**. All of the abovementioned cell lines
were culturedin Dulbecco’s modified essential medium (DMEM) (Gibco)
supplemented with10% (v/v) FBS and 1% (v/v) penicillin-streptomycin.
The E.G7-OVA (derivative of EL4) cell line was purchased from the ATCC
and cultured in RPMI 1640 medium (Gibco) supplemented with 10%
(v/v) FBSand 1% (v/v) penicillin-streptomycin. Nocommonly misidenti-
fied cell lines were usedin this study (International Cell Line Authentica-
tion Committee). Cell lines used in this study were notindependently
authenticated or tested for mycoplasma contamination.

Flow cytometry

For analysis of surface markers, cells were stained in PBS (Gibco) con-
taining 2% FBS. Surface proteins were stained for 30 min at room tem-
perature. For TF staining, cells were stained for surface molecules, fixed
using 2% paraformaldehyde (Thermo Fisher Scientific) for 30 min at
room temperature and permeabilized using 90% ice-cold methanol
for 30 min onice. Cells were stained with primary anti-RBPJ (1:100)
antibody for 30 minat roomtemperature followed by staining with goat
anti-rabbit IgG (H+L) (1:1,000) for another 30 min at room tempera-
ture. For pSé6 ex vivo staining, tumour-bearing mice were euthanized
and asmall portion of tumour was collected and fixed immediately in
2% paraformaldehyde (Thermo Fisher Scientific) for 30 min at room
temperature and permeabilized using 90% ice-cold methanol for
30 minonice. Cells were stained for surface molecules and anti-pS6
(S235/236) (1:100) for 30 min at room temperature. Intracellular
staining for cytokines was performed using a BD CytoFix/CytoPerm
fixation/permeabilization kit (BD Biosciences) after stimulation with
ionomycin (Sigma-Aldrich) and phorbol 12-myristate 13-acetate (PMA;
Sigma-Aldrich) inthe presence of GolgiSTOP (BD Bioscience) for 4 hor
stimulation with OVA/H-2Kb (1 uM) in the presence of GolgiSTOP for
5h. Active caspase-3 staining was performed using instructions and

reagents from an Active Caspase-3 Apoptosis kit (BD Biosciences).
BrdU staining (pulsed for 18 h for intratumoral OT-1 analyses on day 7
or 21 after adoptive transfer) was performed according to the manu-
facturer’s instructions using reagents from an APC BrdU Flow kit (BD
Biosciences).7-AAD (A9400, 1:200, Sigma-Aldrich) or fixable viability
dye (65-0865-14;1:1000, eBioscience) was used for dead-cell exclusion.
The following antibodies from eBioscience were used: PE-anti-TOX
(TXRX10, 12-6502-82, 1:100); APC-anti-perforin (OMAK-D, 17-9392-
80, 1:200); PE-cyanine 7-anti-TIM-3 (RMT3-23, 25-5870-82,1:400);
PE-anti-CD244.2 (2B4;244F4,12-2441-82,1:400); eFluor 450-anti-CD71
(R17217(R17 217.1.4), 48-0711-82,1:400); PE-cyanine 7-anti-CD44 (IM7,
25-0441-82,1:400); PerCP-eFluor 710-anti-CD39 (24DMSI1, 46-0391-82,
1:400); PerCP-eFluor 710-anti-BATF (MBM7C7, 46-9860-42,1:100);
PE-cyanine 7-anti-T-bet (4B10, 25-5825-82,1:100); Alexa Fluor 647-goat
anti-rabbitIgG (H+L) (A21245,1:1,000); and Alexa Fluor Plus 405-goat
anti-rabbitlgG (H+L) (A48254,1:1,000). The following antibodies from
BioLegend were used: Alexa Fluor 700-anti-CD8a (53-6.7,100730,
1:400); Brilliant Violet 785-anti-TCR[3 (H57-597,109249, 1:400); Bril-
liant Violet 650-anti-CD45.1 (A20, 110736, 1:400); APC-anti-TCR-Va:2
(B20.1,127810, 1:400); APC-anti-Ly108 (330-AJ, 134610, 1:400); Bril-
liant Violet 711-anti-CD366 (TIM-3) (RMT3-23,119727,1:400); Brilliant
Violet421-anti-CX3CR1(SA011F11,149023,1:400); Brilliant Violet 421-
anti-CD279 (PD-1) (29 F.1A12, 135217, 1:400); PE-anti-CD62L (MEL-14,
104408, 1:400); PE-cyanine 7-anti-CD98 (4F2, 128214, 1:400); PE-
anti-CD186 (CXCR6) (SA051D1,151104,1:400); PE-anti-TNF (MP6-XT22,
506306, 1:400); Alexa Fluor 647-anti-GZMB (GB11, 515405, 1:100);
PE-anti-IKAROS (2A9/IKAROS, 653304, 1:200); Pacific Blue-anti-Ki67
(16A8, 652422,1:400); and Brilliant Violet 650-anti-CD11c (N418,117339.
The following antibodies from BD Biosciences were used: Alexa Fluor
647-anti-active caspase-3 (C92-605, 560626, 1:100); Brilliant Violet
605-anti-Ly108 (13G3, 745250, 1:400); and Alexa Fluor 647-anti-BrdU
(3D4,560209,1:200). VioletFluor 450-anti-IFNy (XMG1.2, 75-7311-U100,
1:400) was from Tonbo Bioscience, APC-anti-RUNX3/CBFA3 (527327,
IC3765A,1:100) was from R&D Systems, and anti-RBP) (D10A4, 5313 T),
Alexa Fluor 647-anti-TCF-1(C63D9, 6709, 1:100) and APC-anti-pS6
(5235/236) (D57.2.2E,14733,1:100) were from Cell Signaling Technology.
Tomonitor celldivision, T, or T, cells were labelled with Cell Trace Vio-
let (Life Technologies). For mitochondrial staining, TILs were isolated
onday 7 after OT-ladoptive transfer and then incubated for 30 min at
37 °Cwith10 nMMitoTracker Deep Red (Life Technologies) or 100 nM
MitoSOX (Life Technologies) together with staining surface markers.
Flow cytometry datawere acquired using BD FACSDiva software (v.8)
on a LSRII, Symphony A3 or LSR Fortessa (BD Biosciences) and were
analysed using FlowJo (v.10.8.1; Tree Star).

Naive T cellisolation and viral transduction

Naive Cas9-expressing OT-I, pmel or hCD19 CAR-Tg T cells wereisolated
fromthe spleen and peripheral lymph nodes of OT-I-Cas9, pmel-Cas9
and CAR-Tg-Cas9 mice using a naive CD8«' T cellisolation kit (Miltenyi
Biotec) according to the manufacturer’s instructions. Purified naive
OT-1,pmeland hCD19 CAR-Tg T cells were activated in vitro for18-20 h
with 10 pg ml™ anti-CD3 (2C11; Bio-X-Cell), 5 pg ml™ anti-CD28 (37.51;
Bio-X-Cell) before viral transduction. Viral transduction was performed
by spin-infection at 900g at 25 °C for 3 h with 10 pg ml™ polybrene
(Sigma-Aldrich). For transduction with two different sgRNAs, the two
sgRNA viruses were mixed together and transduced by spin-infection
at900gat 25 °C for 3 hwith 10 pg ml polybrene (Sigma-Aldrich). After
transduction, cells were cultured in T cell medium with human IL-2
(201U mI%; PeproTech), mouse IL-7 (12.5 ng ml™*; PeproTech) and mouse
IL-15 (25 ng mI™%; PeproTech) for 4 days. Transduced cells were sorted
based onthe expression of Ametrine, GFP or mCherry (asindicatedin
thefigurelegends) using aReflection cell sorter (iCyt) before adoptive
transfer into recipient mice. sgRNAs were designed using an online
tool (https://portals.broadinstitute.org/gppx/crispick/public), and
the sgRNAs used in this study are listed in Supplementary Table 13.
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The retroviral sgRNA vector was previously described®?, Retrovirus
was produced by co-transfecting Plat-E cells with the core plasmid
(sgRNA plasmid or pMIG-overexpressing plasmid) and the helper
plasmid pCL-Eco (Addgene, no. 12371) and was collected 72 h after
transfection.

AdoptiveT cell transfer

B16-OVA tumour cells (5 x 10°) were subcutaneously injected into the
right flank of C57BL/6 mice. At day 12 after tumour inoculation, a total
of 4 x10° retrovirus-transduced OT-1 cells were adoptively transferred
intravenously to the B16-OVA tumour-bearing mice. In the dual-colour
transfer systemto establish cell-intrinsic effects, OT-I cells transduced
with the indicated sgRNAs labelled with Ametrine were mixed ata1:1
ratio with OT-I cells transduced with sgNTC labelled with GFP (called
spike), followed by adoptive transfer to the B16-OVA tumour-bearing
mice. TILs were collected for cellular assays (see below) as indi-
cated in the figures and figure legends. To calculate FC values in the
dual-colour transfer system, the frequency of indicated population
or gMFl of indicated protein is shown relative to spike (sgNTC) cells
from the same host. Specifically, the proportion of sgRNA-transduced
cells was divided by the proportion of spike cells and further normal-
ized to the ratio of pre-transfer input samples. The quantification of
cell number was performed by calculating the numbers of indicated
sgRNA-transduced cells and the sgNTC-transduced spike cells from the
same host, followed by normalization to the tumour weight?. The num-
bers of sgNTC-transduced cells and spike cells from the same host in
control group were comparable and are not depicted in the manuscript.
For the single-colour transfer system, the raw percentage and number
ofindicated population and gMFl of indicated proteinare shown. The
deletion efficiencies of sgRbpj + Irfl, sglkzf1 + Tcf7 and sgEtsl + Batf
in co-targeting experiments were examined by flow cytometry analyses.
Inthesingle-colour transfer system for tumour therapy assays, B16-OVA
(5x10°), B16-F10 (3 x 10°) or B16-hCD19 (3 x 10°) melanoma cells were
subcutaneously injected into the right flank of C57BL/6 mice. On day 12
after tumour inoculation, mice bearing tumours of a similar size were
randomly divided into indicated groups (8-10 mice per group). Then,
OT-I (for the treatment of B16-OVA melanoma), pmel (for the treat-
ment of B16-F10 melanoma) or hCD19 CAR-Tg (for the treatment of
B16-hCD19 melanoma) CD8" T cells (4 x 10°) transduced with sgNTC
or theindicated sgRNAs (with the same fluorescent reporter protein)
were adoptively transferred individually to tumour-bearing mice. For
analysis of other tumour models, E.G7-OVA (5 x 10°) or LLC-OVA (5 x 10°)
cells were subcutaneously injected into the right flank of sex-matched
C57BL/6 mice. Seven days after tumour inoculation®**, mice bear-
ing tumours of a similar size were randomly divided into indicated
groups (8-10 mice per group). Then, OT-Icells (2 x 10®for E.G7-OVA and
4 x10°for LLC-OVA) transduced with sgNTC or the indicated sgRNAs
(with the same fluorescent reporter protein) were adoptively trans-
ferredindividually to tumour-bearing mice. For anti-PD-L1 treatment,
the B16-OVA tumour-bearing mice received OT-I cells on day 12 after
tumour inoculation and were then treated with anti-PD-L1 (200 pg;
clone 10F.9G2, Bio-X-Cell) or IgG isotype control antibody (200 pg;
clone LTF-2, Bio-X-Cell) two times on days 15 and 18 after tumour inocu-
lation. Alternatively, E.G7-OVA tumour-bearing mice received OT-I
cells on day 7 after tumour inoculation and were then treated with
anti-PD-L1 (200 pg; clone 10F.9G2, Bio-X-Cell) or IgG isotype control
antibody (200 pg; clone LTF-2, Bio-X-Cell) two times on days 10 and
13 after tumour inoculation. Mice were monitored for tumour growth
and survival; tumours were measured every 2 days with digital calipers
and tumour volumes were calculated using the following formula®:
length x width x [(length x width)®®] x /6. Tumour size limits were
approved to reach amaximum of 3,000 mm? or <20% of body weight
(whichever was lower) by the Institutional Animal Care and Use Com-
mittee at StJude Children’s Research Hospital. To test the effect of /kzf1
deficiency on ICB response, OT-I cells transduced with sglkzf1 (GFP*)

were mixed at al:1ratio with cells transduced with sgNTC (Ametrine®)
and co-transferred to B16-OVA tumour-bearing mice on day 12 after
tumour inoculation, followed by treatment of anti-PD-L1 or isotype
control antibody treatment. sgNTC and sg/kzfI intratumoral OT-I cells
from the same recipient mice were analysed for various features on
day 7 after adoptive transfer.

TIL isolation

Toisolate TILs on day 7 or 21 after adoptive transfer asindicated in the
figure legends, B16-OVA melanoma, EG.7-OVA or LLC-OVA tumours
were surgically excised, minced and digested with 0.5 mg ml™ colla-
genase IV (Worthington) plus 200 IU ml™ DNase I (Sigma-Aldrich) for1h
at37 °C.Following the digestions, the tumour tissue was passed through
70-um filters to remove the undigested part. TILs were then isolated
by density-gradient centrifugation over Percoll (Life Technologies).

Measurement of genome editing efficiency

Pre-transfer OT-I cells or TILs isolated from B16-OVA tumours on day 7
after adoptive transfer were used for analyses of genome editing effi-
ciency. Approximately 1 x 10° cells were centrifuged at 2,000 r.p.m.
for 5 min and the cell pellets were lysed. These lysates were used to
generate gene-specific amplicons with partial Illumina adapters in
thefirstround of PCR, and thenindexed in asecond round of PCR, fol-
lowed by running the sample on aMiseq Sequencer System (Illumina)
to generate paired 2 x 250 bp reads. Insertion and deletion mutation
analysis was performed using CRIS.py (v.2)%*.

scCRISPR screening using the retroviral transcriptional factor
library

Modified dual-guide direct-capture retroviral sgRNA vector
(LMA-DC-EFS) design. To generate LMA-DC-EFS, we replaced the
hué-filler region of the previously described retroviral sgRNA vector
(with the use of Ametrine as a selection marker)'** with the mU6-CR1!
cassette from the pJR85 (Addgene, no. 140095) vector™. To facilitate
cloning and library construction, the PGK promoter of the result-
ing vector was further replaced by the EFla core promoter from the
pCLIP-All-EFS-tRFP vector.

Selection of 180 TFs for library design. To select the TFs that are
potentially involved in CD8" T cell exhaustion in the tumour context,
we performed bioinformatics analyses of DE genes, differential
accessibility (DA) of the chromatin state and motif enrichment (ME)
for TFs (gene ontology term: 0140110 TF regulatory activity) between
early and late exhaustion® and between T,,, and T, cells>"*** using
four published datasets from mouse tumour and chronic infection
models (Extended Data Fig. 1c). Specifically, DE and DA analyses were
performed using the R package DEseq2 (v.1.32.0)¥, and |log,(FC)| > 0.5
and FDR < 0.05 were used as the cut-off values to define DE genes or
DA chromatin regions. FIMO from MEME suite (v.4.11.3)* was used
for scanning TF motif (TRANSFAC database release 2019) matches in
the nucleosome-free regions, and two-tailed Fisher’s exact test (odds
ratio > 1.5 and FDR-corrected P value < 0.05) was used to determine
whether a motifwas significantly enriched in DA chromatin regions. For
each dataset,a TF enriched in atleast two out of three analyses (DE and
DA, DE and ME or DA and ME) was nominated as a putative regulator for
exhaustion. TFs were then ranked in descending order by the number
of datasets in which they were nominated as putative regulators. The
171top ranked TFs were selected together with 9 manually curated TFs
from literature?*>>**-% to construct the final library targeting 180 TFs
(see Supplementary Table 1for details).

Dual-guide direct-capture retroviral library construction. For the
curated gene list containing 180 TFs, a total of four gRNA sequences
distributed ontwo individual constructs were designed for each gene.
To construct thelibrary, a customized oligonucleotide pool containing
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720 oligonucleotides targeting those 180 TFs and 40 NTCs (each oli-
gonucleotide contains two guides targeting the same gene or NTC)
(Supplementary Table 2) was ordered from Twist Biosciences. The
oligonucleotide design follows the overall structure: 5’-PCR adapter-
CCACCTTGTTGG-protospacer A-GTTTCAGAGCAGTCTTCGTT
TTCGGGGAAGACAAGAAACATGG-protospacer B-GTTTAAGA
GCTAAGC-PCR adapter-3’. The dual-guide library was generated
using a two-step cloning strategy as previously described™. In brief,
the PCR-amplified oligonucleotide pool was digested with BstXI
and Bpul102I (Thermo Fisher) and ligated into a similarly digested
LMA-DC-EFS vector. The ligation product was then electroporated into
Endura Duos (Lucigen) and amplified, and the resulting intermediate
library was assessed for quality using next generationsequencing (NGS).
For quality control, sgRNA skewing was measured using the script
calc_auc_v1.1.py (ref. 64) tomonitor how closely sgRNAs are represented
inalibrary,and sgRNA distribution was plotted with the area under the
curve < 0.7 to pass quality control. The Python script count_spacers.py®
was used as an additional measure for quality control. Next, the
CR3“-hU6 insert from pJR89 (Addgene, no.140096) was isolated by
digestion with BsmBI followed by gel extraction. The intermediate
library from above was digested with Bbsl and treated with rSAP. Finally,
the CR3“!-hU6 insert was ligated into the intermediate library vector,
purified by isopropanol purification and electroporated into Endura
Duos. Electroporated cells were plated overnight at 32 °C, collected
the next day and the plasmid library extracted using endotoxin-free
maxiprep kits (Qiagen). The amplified library was then validated by
NGS asdescribed above.

In vivo screening. Thein vivo screening approach was modified from
previous studies'?. Inbrief, retrovirus was produced by co-transfecting
the dual-guide, direct-capture retroviral library with pCL-Ecoin Plat-E
cells. At 48 h after transfection, the supernatant was collected and
frozenat-80 °C. Cas9-expressing OT-Icells were transduced to achieve
20-30% transduction efficiency. Transduced cells were sorted based
on the expression of Ametrine, and an aliquot of 1 x 10° transduced
OT-I cells was saved as input. Transduced OT-I cells (4 x 10°) were then
transferred intravenously to B16-OVA tumour-bearing C57BL/6 mice
at day 12 after tumour inoculation. A total of 60 recipient mice was
usedin2experiments combined. Seven days later, donor-derived total
OT-Icells were sorted and pooled for scCRISPR analysis. Sixteen reac-
tions (Chromium Next GEM Single Cell 3’ kit (v.3.1), PN-1000268 and
3’Feature Barcode kit, PN-1000262;10x Genomics) in total were used
for eachreaction (see below).

Sequencing library preparation. Sorted OT-I cells were resuspend-
ed and diluted in 1x PBS (Thermo Fisher Scientific) containing 0.04%
BSA (Amresco) at a concentration of 1 x 10° cells per ml. Both the gene
expression library and the CRISPR screening library were prepared
using a Chromium Next GEM Single Cell 3’ kit with Feature Barcode
technology for CRISPR Screening (v.3.1; 10x Genomics). In brief, the
single-cell suspensions were loaded onto the Chromium Controller
accordingtotheir respective cell counts to generate 10,000 single-cell
gel beads in emulsion per sample. Each sample was loaded into four
separate channels. The resulting libraries were quantified and quality
checked using TapeStation (Agilent). Samples were diluted and loaded
onto aNovaSeq (Illumina) to asequencing depth of 500 millionreads
per channel for gene expression libraries and 200 million reads per
channel for CRISPR screening libraries.

Data analysis. Alignments and count aggregation of gene expression
and sgRNA reads were completed using Cell Ranger (v.6.0.0)%. Gene
expression and sgRNA reads were aligned using the cellranger count
command with default settings. Gene expression reads were aligned
to the mouse genome (mm10 from ENSEMBL GRCm38 loaded from
10x Genomics). sgRNA reads were aligned to our scCRISPR KO library

using the pattern GGG(BC)GTTT to capture bothsgRNA 1and 2 onthe
same vector. The quality control report indicated that an average of
26 sgRNA unique molecular identifiers (UMIs) were detected in each
cell. Only droplets with >1 sgRNA UMI were used in further analyses.
The filtered feature matrices were imported into Seurat (v.4.0.4)%8
to create assays for a Seurat object containing both gene expression
and CRISPR guide capture matrices. A third assay summarizing the
total gene-level counts of all four sgRNAs for each target gene was also
created, followed by pooling of 16 samples using the merge function.
Cellswereinitially quality filtered based on the percentage of mitochon-
drial reads <10% (to remove dead cells) and the number of detected
RNA features <6,000 and UMl feature <60,000 (removing doublets for
gene expression), and 82% cells were detected with at least1out of 720
sgRNAsinthelibrary. Because there were two sgRNAs (gland g2 or g3
and g4) targeting the same gene on each retroviral construct, the pres-
ence of sgRNAs derived from the same vector was detected in the major-
ity (81%) of the cells containing two sgRNAs. Cells detected with sgRNAs
targeting two or more genes were then removed to avoid interference
from multi-sgRNA-transduced cells. A total of 42,209 OT-I cells passed
quality filtering and were used for downstream analysis. A median
of 185 cells per target gene (median of 35 sgRNA UMIs per singlet)
were recovered, along with 5,371 cells with NTC guides. To evaluate the
enrichment or depletion of each perturbation compared with NTC, the
relativeratio (log,(FC)) of cellnumber with each perturbation (the four
sgRNAs targeting the same gene) compared with sgNTC (on average)
was calculated and normalized to account for the different numbers of
sgRNAs between gene-specific perturbationsand NTC. Eight gene per-
turbations (sgEzh2, sglrf4, sg Junb, sgKIf2, sgStatSa, sgStat5b, sgYyl and
sgZbtb32) with low cell counts (<48) were removed from the network
analysis, as around 50-100 cells are sufficient to accurately identify
the perturbation phenotype in scCRISPR experiment for most genes®.
However, the perturbation effects on the percentages of T, 1, T2, T, 1
and T2 cellswere analysed for these eight TFs. For cell clustering, the
FindClusters function of the Seurat package was used to identify the
clusters in OT-I1 T cells in an unbiased manner. Cluster-specific genes
were identified using the FindAlIMarkers function of Seurat. Six clus-
ters (Extended Data Fig. 1f) were annotated based on their distinct
signatures, shownin Extended DataFig. 1g,h.

To determine the molecular determinants for intratumoral CTL
developmental trajectory, Tox" cells were selected for further graph-
based clustering®® without including a perturbation-specific cluster
(Extended DataFig. 2a). Clusters were annotated as four cellular states
(Tpexd, Toex2, Texl and T, 2) based on Tcf7, Havcr2 and Mki67 expression.
Dot plots showing the relative average expression (after scaled nor-
malization) of marker genesin different clusters were visualized using
the DotPlot function in the Seurat R package. Pseudotime trajectory
analysis was performed using the Slingshot (v.2.0.0) R package®
with default settings. Activity scores of gene signatures (such as the
Hallmark mTORCI signalling gene set’) were calculated using the
AddModuleScore function of the Seurat package for the four cellular
states. Tovisualize the distribution of cells with aspecific perturbation
(atthegenelevel) onthe UMAP, contour density plots were generated
using the ggplot2 (v.3.3.5) R package. Additionally, the positive and
negative regulatorsin each subset were determined by comparing the
abundance of sgRNAs with that in the other three subsets, measured
by log,(FC). Similarly, the positive and negative regulators between
two subsets were determined by comparing the abundance of sgRNAs
in these two subsets.

Network analysis. Differential gene expression analysis was performed
onthe TF perturbations with sufficient number of cells (>48) detected
(representing atotal of 172 TFs). The FindMarker function of Seurat was
used for each perturbation compared with NTC. The log,(FC) values
were used to indicate the regulatory effect of a perturbation on the
targeted genes. To identify the regulatory effect on the regulomes for



OT-Icell differentiation, differential expression analysis of each of the
six clusters in Extended Data Fig. 1f compared with other clusters was
first performed. The top 100 DE genes (ranked by log,(FC)) in each of
the six clusters were combined as crucial genes for intratumoral OT-I
cell differentiation (redundant DE genes between different clusters
were removed; 369 genes remained). Then, a gene x perturbation
matrix (369 x 172) with log,(FC) values was constructed to generate
aperturbation map by ascertaining the effect of each genetic pertur-
bation on target gene programmes using the following procedures.
First, the co-regulated gene programmes were determined using
Pearson-correlation-based hierarchical clustering. Four main gene
programmes—effector (programme A), exhaustion (programme B),
stemness (programme C) and proliferation (programme D)—were
annotated based on their enrichmentin the corresponding pathways
inFig. 1d. Second, the co-functional TF modules were determined by
Spearman-correlation-based hierarchical clustering. A total of nine
co-functional modules were defined. Extended Data Fig. 1o depicts
the strength of the connections between all nine TF modules and gene
programmes. Specifically, the mean log,(FC) value of downstream
gene expression alterations (for each of the four gene programmes)
induced by the individual TF perturbations (compared with sgNTC)
were calculated within each of these modules, followed by measuring
the averaged values of all perturbations in that module. The strength
of the regulation from TF modules to individual gene programmes
was visualized using the ggalluvial R package (v.0.12.3), as indicated
by the width of the lines connecting them. The positive and negative
regulation effects are shown by red and blue lines, respectively, and
the height of each TF module shows the overall strength of that mod-
ule inregulating gene programmes. Six (M2, M3 and M5-M8) of the
nine co-functional modules with the strongest effects (either positive
or negative) on each of the four gene programmes (A-D) are further
highlighted in Fig. 1e. The connectivity between modules was calcu-
lated according to the average number of regulatory effects between
modules. Forexample, the number of edges (regulations) between the
individual TFs in two modules was aggregated and normalized by the
size (number of components) of the two modules. Third, to uncover
specific regulation between individual TFs, especially between the
putative central hubs”, functionally important central hub TFs were
identified based on the number of DE genes (Jlog,FC | > 0.5) affected
after perturbation of each TF within that module. Cytoscape software
(v.3.7.2) was then used to visualize both intramodular and intermodular
connectivity (edges), especially through the central hub TFs (nodes).

T,exand T, cell secondary transfer assays

C57BL/6 mice were subcutaneously injected with 3 x 10° B16-OVA mela-
noma cells on day 0. At day 12 after tumour inoculation, atotal of 4 x 10°
OT-Icells transduced with sgNTC (labelled with GFP or Ametrine) and
sgRbpj (labelled with Ametrine), sg£tslI (1abelled with GFP) or sglkzf1
(labelled with Ametrine) were mixed at a 1:1 ratio and intravenously
injected into the same B16-OVA tumour-bearing mice. sgNTC- and
sgRbpj-transduced, sgEtsI-transduced or sglkzfI-transduced T,
(Ly108'TIM-3") or T, (Ly108 TIM-3") cells among intratumoral OT-I
cellswere sorted 7 days after adoptive transfer of OT-I cells. After sort-
ing, sgNTC-transduced and sgRbpj-transduced, sgEtsI-transduced or
sglkzfl-transduced T, or T, cells were mixed at a 1:1ratio. The mixed
T,ex OF T, cells were labelled with 5 pM CellTrace Violet at 37 °C for
15 min and resuspended in PBS. A total of 1 x 10° (5 x 10* sgNTC and
5x10*sgRbpj, sgEtsl or sglkzfI) mixed T, or T, cells wereintravenously
transferred to C57BL/6 mice that had been subcutaneously implanted
with 5 x 10° B16-OVA cells on day 8 before adoptive transfer. TILs were
isolated and analysed 7 days after T, or T, cell transfer for analysis.

Invitro TCF-1" T,,-like and TCF-1" T, like cell cultures
To generate TCF-1" T,,-like or TCF-1" T,,,-like OT-I cells, we adopted an
established assay>®. In brief, splenocytes from Cas9-OT-I transgenic

mice were pulsed with100 nM OVA peptide (Macromolecular Synthesis
Core Facility, St Jude Children’s Research Hospital) at 1 x 10° cells mI™
inT cellmedium (Click’s medium (IrvineScientific) supplemented with
10%FBS (R&D Systems), 55 mM 2-mercaptoethanol (Sigma-Aldrich) and
1x penicillin-streptomycin-L-glutamine (Gibco)) at 37 °Cfor 24 h. Then,
the cells were cultured at 1 x 10° cells mlin T cell medium containing
either 20 ng ml™ of mouse IL-2 (mIL-2; PeproTech) and 10 ng mI™* of
mIL-12(PeproTech)or5 ng ml of mIL-2(PeproTech)togenerate TCF-1"T,,-
like or TCF-1" T, like cells, respectively. Cells were maintained at the
above concentration, and cytokines were replenished daily. Four days
later, TCF-1" T, -like or TCF-1" T ,,-like cells were enriched using lym-
phocyte isolation medium (LSM) to remove dead cells, followed by
flow cytometry and immunoblot analyses.

Proteinisolation and immunoblotting

Cells were lysed in RIPA buffer (Thermo Fisher Scientific), resolved in
a4-12% Criterion XT Bis-Tris protein gel (Bio-Rad) and transferred toa
PVDF membrane (Bio-Rad). Membranes were blocked using 5% non-fat
milk for 1 h at room temperature and then incubated overnight with
anti-RBPJ (D10A4,1:1,000) (Cell Signaling Technology) or anti-f3-actin
(AC-74,1:3,000) (Sigma-Aldrich) antibody at 4 °C. Membranes were
washed three times with TBST and then incubated with 1:5,000-diluted
HRP-conjugated anti-rabbit IgG or HRP-conjugated anti-mouse IgG
(Promega) for1hatroomtemperature. Following another three washes
with TBST, the membranes were exposed using enhanced chemilumi-
nescence detection reagents (Thermo Fisher Scientific) and images
were captured using an ODYSSEY Fc Analyzer (LI-COR).

scRNA-seq

C57BL/6 mice were subcutaneously implanted with 3 x 10° B16-OVA
melanoma cells on day 0. At day 12 after tumour inoculation, atotal of
4 x10°sgNTC-transduced and sglkzfI-transduced, sgEtsI-transduced
or sgRbpj-transduced OT-Icells were mixed atal:1ratio (different fluo-
rescent proteins were used between sgNTC and gene-specific perturba-
tion) andintravenously injected into the same B16-OVA tumour-bearing
mice. Intratumoral sgRNA-transduced OT-I cells were sorted fromthe
same hostand used in three batches for scRNA-seq analysis: (1) sgNTC-
transduced and sgl/kzfl-transduced cells; (2) sgNTC-transduced
and sgftsI-transduced cells; and (3) sgNTC-transduced and sgRbpj-
transduced cells. For longitudinal analysis of OT-I cells, at day 7 after
tumourinoculation, atotal of 4 x 10°sgNTC (GFP*)-transduced OT-I cells
wereintravenously injected into B16-OVA tumour-bearing mice. After
7,14 or 21 days, intratumoral sgNTC-transduced OT-I cells were sorted
and used for scRNA-seq analysis. After cell counting and centrifugation
at2,000 r.p.m.for 5 min, the supernatant was removed and cells were
resuspended and diluted in1x PBS containing 0.04% BSA at concentra-
tion of 1 x 10° cells per ml. Single-cell libraries were prepared using a
Chromium Single Cell 3’ Library and Gel Bead kit (v.3.1;10x Genomics).
In brief, the single-cell suspensions were loaded onto the Chromium
Controller according to their respective cell counts to generate 9,000
single-cell gel beads in emulsion per sample. Each sample was loaded
into aseparate channel. The cDNA content of each sample after cDNA
amplification of 12 cycles was quantified and quality checked using
a High-Sensitivity D5000 chip in a TapeStation (Agilent Technolo-
gies) to determine the number of PCR amplification cyclesto produce
asufficient library for sequencing. After library quantification and
quality checking using aD5000 chip (Agilent Technologies), samples
werediluted to 3.5 nMforloading ontoaHiSeq 4000 (Illumina) with a
2x100-bp paired-end kit using the following cycles: 28 cycles read 1,
10 cyclesi7 index, 10 cycles i5 index and 90 cycles read 2. An average
of 300 millionreads per sample was obtained (approximately 20,000
reads per cell).

Alignment, barcode assignment and UMI counting. The Cell Ranger
Single-Cell software suite (v.6.0.0; 10x Genomics) was implemented to



Article

process the raw sequencing data from the lllumina HiSeq run®®. This
pipeline performed demultiplexing, alignment (using the mouse
genome mm10 from ENSEMBL GRCm38) and barcode processing to
generate gene-cell matrices. The Seurat R package (v.4.0.4) was used
for downstream analysis. Specifically, for analysis of sgRbpj effects,
data from sgNTC and sgRbpj intratumoral OT-I cell samples (each
sample was pooled from two tumour-bearing mice) were used for
downstream analysis. For analysis of sglkzfI and sgEtsI effects, two
sgNTC and two sglkzf1 or sgEts1 OT-I cell samples (each sample from
one individual tumour-bearing mouse) were used for downstream
analysis. Cells with low UMI counts (potentially dead cells with broken
membranes) or high UMI counts (potentially two or more cellsin a
single droplet) were filtered. Potential dead cells with a high percent-
age (>10%) of mitochondrial reads were also removed. For the sglkzf1
experiment, a total of 28,945 cells (sgNTC-transduced, 14,044 cells;
sglkzfl-transduced, 14,901 cells) were captured, with an average of 3,012
mRNA molecules (UMIs, median:11,906; range:1,026—49,991). For the
sgFts1 experiment, a total of 20,618 cells (sgNTC-transduced, 10,562
cells; sgEtsI-transduced, 10,056 cells) were captured, with an average of
2,955 mRNA molecules (UMIs, median:12,477; range: 1,703-49,993). For
the sgRbpjexperiment, atotal 0f19,516 cells (sgNTC-transduced, 10,918
cells; sgRbpj-transduced, 8,598 cells) were captured, with an average
0f2,908 mRNA molecules (UMIs, median:11,327; range:1,265-49,887).
The expression datawere normalized using the NormalizeData function
in Seurat with scale.factor =10°. Raw and processed scRNA-seq data
have been deposited into the GEO database with the series identifier
GSE216800.

Data visualization. Underlying cell variations derived in Tox" intra-
tumoral CTLs (sgNTC-transduced and sglkzfi-transduced, sgEtsi-
transduced and sgRbpj-transduced OT-Icellsfrom TILs) in the single-cell
gene expression data were visualized using a two-dimensional projec-
tion by UMAP with the Seurat R package (v.4.0.4). sgNTC and sg/kzf1,
sgEtsl or sgRbpj OT-1 cells were further clustered and annotated in
an unbiased manner as four cellular states (Tjel, Tye2, Tl and T, 2)
based on Tcf7, Havcr2 and Mki67 expression. Violin and dot plots that
represent the expression levels of selective genes were generated
using the VInPlot and DotPlot function, respectively, in the Seurat
R package (v.4.0.4). Pathway scores were calculated using the AddMod-
uleScore function in Seurat (v.4.0.4). Ahmed CXCR5”*CD8", Ahmed
CXCR5™eCDS8" T cell signatures were curated from literature® and the
GSE41978 KLRGI"CDS* T cell signature’is from MSigDB C7 collection.
The stemness signature of CD8" T cells from chronicinfection was from
the literature®, whereas the stemness signature in CD8* T cells from
tumours were curated by identifying the significantly upregulated
genes (log,(FC) >1and Benjamini-Hochberg corrected P value < 0.05)
in TCF-1-GFP* compared with TCF-1-GFP~ antigen-specific CD8" T cells
(GSE114631)”. Pseudotime trajectory analysis was performed using
default parameters in the Slingshot R package (v.2.0.0)*° on the four
intratumoral CTL states.

Pre-ranked GSEA and Fisher's exact test. For scRNA-seq analysis, non-
parametric two-tailed Wilcoxon rank-sum test was used to compare the
gene expression of cells between two genotypes (sglkzfI compared with
sgNTC, sgFtsI compared with sgNTC or sgRbpj compared with sgNTC)
andthen genesin each comparisonwere ranked based ontheirlog,(FC)
values. Toidentify enriched pathways, pre-ranked GSEA”™, an analysis of
GSEA againstauser-supplied, ranked list of genes, was then performed
with the MSigDB collection using the fGSEA R package (v.1.18.0) for
each comparison. Two-tailed Fisher’s exact test was used to exam-
ine whether a MsigDB gene set was significantly (P < 0.05) enriched
among DE genes after genetic perturbation (significantly increased or
decreased (|log,(FC)| >0.5and FDR < 0.05) genesin sg/kzf1-transduced,
sgEtsI-transduced or sgRbpj-transduced OT-I cells compared with
sgNTC cells).

Comparison of public and in-house datasets for transcriptome
and chromatin accessibility of T, and T, cells

To test whether T, and T, cells identified in our scCRISPR experi-
ments resemble the established features corresponding to T, and T,
cells from the same B16-OVA tumour model, FC/FC plot analysis was
performed to compare gene expression profiles (based on log,(FC)
values) in T, and T, cells from in-house scCRISPR experiments with
those froma public dataset (GSE122713) of antigen-specific CD8* T cells
intheliterature’®. The Pearson correlation coefficient was calculated to
measure their correlation. The chromatin accessibility (by ATAC-seq)
of T, and T, cells from our model was further compared with that of
CDS8' T cells from an acute LCMV infection model (GSE160341) that
doesnotinduceT cell exhaustion®. OCRs with upregulated accessibil-
ityinboth T, and T, cells compared with CD8" T cellsin acute LCMV
infection (log,(FC) > 1, FDR < 0.05) were visualized using the Heatmap
functionin the ComplexHeatmap R package (v.2.8.0).

Public dataset analysis to examine the correlation of ETSI or
RBPJwith CD8' TIL exhaustion or responsiveness to ICB

Multiple public scRNA-seq datasets from the GEO and the European
Bioinformatics Institute databases were re-analysed to examine the
correlation of Rbpj (mouse), RBP/ (human) and ETS1 expression with
intratumoral CD8' T cell exhaustion. Seurat (v.4.0.4) R package® was
used for preprocessing and visualization, similar to that used for the
in-house generated data. For transplanted mouse tumours, Rbpj expres-
sioninPdcdI" Tcf7*Havcr2™ and PdcdI*Tcf7 Havcr2* cells fromboth B16
melanoma® (GSE86042) and MC38 tumours™® (E-MTAB-8832) was visu-
alized using the FeaturePlot functionin Seurat. For scRNA-seq datasets
from GEMMs for breast cancer® (GSE161983) and lung carcinoma®
(GSE164177), Rbpj and Havcr2 expressionin CD8" T cells was visualized
using the FeaturePlot functionin Seurat. For the RNA-seq dataset from
a GEMM for liver cancer (GSE89307)", the relative expression of Tcf7,
Pdcdl, Tox and Rbpj of tumour-specific CD8" T cells after adoptive
transfer was visualized using the Heatmap function in the Complex-
Heatmap R package (v.2.8.0). For human tumours, RBP/expression was
examined in T, and T, cells from multiple tumour datasets, includ-
ing pan-cancer® (GSE156728), NSCLC*® (GSE99254), melanoma****
(GSE72056 and GSE123139) and HCC** (GSE98638). ETS1 expression was
examined inintratumoral CD8'T cells before ICB (pre-ICB) treatment
in patients with melanoma (GSE120575)*. In the human melanoma
dataset (GSE123139), the naive-like, transitional and dysfunctional CD8"
T cellannotations were based on the reported markersin each subset**
(TCF7andIL7Rin naive-like; GZMK for transitional; HAVCR2 and ENTPD1
for dysfunctional). Pseudotime analysis was performed using monocle
3 R package (v1.0.0) with default settings and naive-like cells as the
starting point for trajectory inference.

The correlation of the responsiveness to ICB with RBP/ expression
in CD8" T cells was assessed in multiple human tumour types. For
melanoma® (GSE120575), the Pearson correlation between the gene
expression of RBP/and other reported markers for regulating ICB pro-
gression was performed in CD8* T cells in patients with melanoma
treated with ICB. For other skin cancers, such as BCC** (GSE123813)
and SCC* (GSE123813), RBP/and ETS1 expression was compared using
violinplotsinthe CD8"T cell clusters (originally annotated in the litera-
ture) after ICB treatment. For lung cancer®, the RBP/ gene expression
changes in MANA-specific CD8" T cells from patients that responded
toICB (assessed using the MPR, whichis associated with overall better
patient survival*) compared with those that failed to respond to ICB was
measured. Finally, the correlation of CAR T cell exhaustion with RBP/
expressionwas assessed inan in vitro exhaustion model*¢ (GSE160160).
RBPJ expression, together with the exhaustion-associated markers
HAVCR2, LAYN and SOX4in CART cells after CAE for 28 days, was visual-
ized using Loupe Browser (v.6.0.0;10x Genomics). In the same dataset,
gene expression (bulk RNA-seq) of RBP/ was assessed between CAR


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE216800
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE41978
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE114631
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE122713
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE160341
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE86042
http://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-8832/
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE161983
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE164177
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE89307
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE156728
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE99254
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE72056
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE123139
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE98638
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE120575
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE123139
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE120575
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE123813
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE123813
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE160160

T cellsat days 0,16 and 28 after CAE, with counts of each gene provided
in GSE160160. Differential expression analysis was performed using the
R package DEseq2 (v.1.32.0) to calculate the log,(FC) and P values using
day 16 compared with day 0, and day 28 compared with day 16. Gene
accessibility of RBP/was also assessed between CAR T cells at day O
and 28 after CAE by analysing the raw ATAC-seq data in GSE160160.

ATAC-seq

C57BL/6 mice were subcutaneously implanted with 3 x 10° B16-OVA
melanoma cellson day 0. At day 12 after tumour inoculation, a total of
4 x10°sgNTC (labelled with GFP)-transduced and sg/kzfI-transduced,
sgEtsI-transduced or sgRbpj-(labelled with Ametrine)-transduced OT-I
cellswere mixed atal:1ratioandintravenouslyinjected into the same
B16-OVA tumour-bearing mice. To prepare the ATAC-seq library, intra-
tumoral sgRNA-transduced OT-I cells or their T, (Lyl08'TIM-3") and T,
(Lyl08°TIM-3") subsets were sorted from the same host for ATAC-seq
analysis: sgNTC-transduced and sglkzfi-transduced, sgEtsI-transduced
or sgRbpj-transduced cells (n =3 biological replicates per group).
Sorted cells were incubated in 50 pl ATAC-seq lysis buffer (10 mM
Tris-HCI, pH 7.4, 10 mM NaCl, 3 mM MgCl, and 0.1% IGEPAL CA-630)
onice for10 min. The resulting nuclei were pelleted at 500g for 10 min
at4 °C.The supernatant was carefully removed with a pipette and dis-
carded. The pellet was resuspended in 50 p transposase reaction mix
(25 p12x TD buffer, 22.5 pl nuclease-free water and 2.5 pl transposase)
andincubated for 30 minat37 °C to allow tagmentation to occur. The
DNA was then cleaned up using a Qiagen MinElute kit. The barcoding
reaction of the tagmented DNA was run using a NEBNext HiFi kit based
onthe manufacturer’sinstructions and amplified for five cycles as previ-
ously described'®? using the same primers. The optimal cycle numbers
were determined from 5 pl (of 50 pl) from the previous reaction mix
using KAPA SYBRFast (Kapa Biosystems) and a 20-cycle amplification
onanApplied Biosystems 7900HT. The remaining 45 pl of PCRreaction
was amplified in the same reaction mix using the optimal cycle number,
whichis determined from the linear part of the amplification curve.

Data analysis. ATAC-seq analysis was performed as previously
described'®?, In brief, 2x 50-bp paired-end reads obtained from
NovaSeq were trimmed for Nextera adaptor by trimmomatic (v.0.36;
paired-end mode, with parameter LEADING:10 TRAILING:10 SLID-
INGWINDOW:4:18 MINLEN:25) and aligned to mouse genome mm9
downloaded from GenCode release M1 (https://www.gencodegenes.
org/mouse/releases.html) by BWA (v.0.7.16, default parameters).
Duplicated reads were then marked using Picard (v.2.9.4) and only
non-duplicated proper paired reads were kept according to SAMtools
(parameter -q1-F 1804’ v1.9). After adjustment of Tn5 shift (reads
were offset by +4 bp for the sense strand and -5 bp for the antisense
strand), reads were separated into nucleosome-free, mononucleo-
some, dinucleosome and trinucleosome as previously described” by
fragment size and generated “bigwig’ files by using the centre 80 bp
of fragments and scaled to 30 x 10° nucleosome-free reads. Reason-
able nucleosome-free peaks and a pattern of mononucleosome,
dinucleosome and trinucleosomes on IGV (v.2.4.13) were observed.
Allsamples had approximately 2 x 10® nucleosome-free reads, indica-
tive of good data quality. Next, peaks were called on nucleosome-free
reads using MACS2 (v.2.1.1.20160309, with default parameters with
‘~extsize 200-nomodel’). To ensure reproducibility, nucleosome-free
regions for each sample were finalized and retained a peak only if it
called with a higher cut-off (MACS2 -q 0.05). Consensus peaks for
each group were further generated by keeping peaks that were pre-
sent in at least 50% of the replicates and discarding the remaining,
non-reproducible peaks. Thereproducible peaks were further merged
betweensgNTC-transduced and sgl/kzfi-transduced, sgEtsI-transduced
or sgRbpj-transduced T, or T, samplesiif they overlapped by 100 bp
and nucleosome-free reads from each sample were counted using
bedtools (v.2.25.0). Toidentify the DA OCRs, the raw nucleosome-free

read was first normalized as counts per million followed by DA analysis
by implementation of the negative binomial model in the DESeq2 R
package®. FDR-corrected P values < 0.05, [log,(FC)| > 0.5 were used
as cut-off values for more-accessible or less-accessible regions in
sglkzfI-transduced, sgEtsI-transduced or sgRbpj-transduced T, and
T,, cells compared with their sgNTC-transduced counterparts. Prin-
cipal component analysis (PCA) was performed using the function
prcomp inR. To extract T,,-selective and T,-selective OCRs in the
ATAC-seqdataset of sgNTC and sg/kzfI cells for heatmap visualization,
OCRs from the first principal component (which accounted for the
difference between sgNTC T, and sgNTC T, cells) were first selected,
followed by further selection of T,.-selective (log,(FC) of T, com-
pared with T,, > 0.5) and T,-selective (log,(FC) of T, compared with
T, <-0.5) OCRs. The DA OCRsin the ATAC-seq data were assigned for
the nearest genes to generate alist of DA genes using HOMER software™.
FDR-corrected P values < 0.05, [log,(FC)| > 0.5 were used as cut-off val-
ues formore-accessible or less-accessible regions in sgRbpj-transduced
T,e«and T, cells compared with their sgNTC-transduced counterparts.
Functional peak set enrichment was then performed using MSigDB C7
immunological collection for those DA genes. For motifanalysis, 1,000
unchanged regions (log,(FC) < 0.05 and FDR-corrected P value > 0.5)
were selected as control regions for each comparison. FIMO from MEME
suite (v.4.11.3, ‘~thresh le-4-motif-pseudo 0.0001)*® was used for scan-
ning motifs (TRANSFAC database release 2019, only included Vertebrata
and not 3D structure-based) matches in the nucleosome-freeregions,
and two-tailed Fisher’s exact test was used to determine whether a motif
was significantly enriched in DA compared with the control regions.
For footprinting analysis of TF binding sites, the RGT HINT (v.0.13.2)
application was used to infer TF activity and to plot the results”. The
Rbpj gene locus associated OCRs that increased their accessibility in
T.xcompared with T, cells were scanned for TF motifs using HOMER
software to determine TFs regulating Rbpj expression. In-house gener-
ated raw and processed ATAC-seq data have been deposited into the
GEO database with the series identifier GSE216800.

Geneticinteraction CRISPR-Cas9 screening using retroviral TF
library

In vivo screening. The in vivo screening approach was modified
based on previous studies'®?. In brief, Cas9-expressing OT-I cells
were co-transduced with the virus containing the TF library (labelled
with Ametrine) in combination with a virus containing sgNTC virus
(labelled with mCherry) or sglkzf1, sgEts1 or sgRbpj (labelled with GFP)
to achieve 20-30% double transduction efficiency. Transduced cells
were sorted based on the co-expression of Ametrine and mCherry or
Ametrine and GFP, and an aliquot of 5 x 10° co-transduced OT-I cells
were saved as input. A total of 4 x 10° sgNTC (co-labelled with Ametrine
and mCherry) and sglkzf1, sgEts1 or sgRbpj (co-labelled with Ametrine
and GFP) co-transduced OT-I cells were mixed at a 1:1 ratio and intra-
venously injected into the same B16-OVA tumour-bearing C57BL/6
mice on day 12 after tumour inoculation. A total of 30 recipients were
randomly divided into 3 groups as biological replicates. Seven days
after adoptive transfer, total OT-I cells from the spleen and total OT-I
cells from TILs or their T, (Lyl08'TIM-3") and T, (Lyl08 TIM-3")
cell subsets (for 100-300x cell coverage per sgRNA) were sorted for
further analysis.

Sequencing library preparation. Genomic DNA was extracted
using DNeasy Blood & Tissue kits (Qiagen). Primary PCR was performed
using KOD Hot Start DNA polymerase (Millipore) and the following
pair of Nextera NGS primers: Nextera NGS readl-DC-F: TCGTCGG
CAGCGTCAGATGTGTATAAGAGACAGCTTGGAGAACCACCTTGTTGG;
Nextera NGS read2-DC-R: GTCTCGTGGGCTCGGAGATGTGTATAA
GAGACAGAGTTGTAAACGGACTAGCCTTATTTC. Primary PCR products
were purified using AMPure XP beads (Beckman). A second PCR was
performed by using KOD Hot Start DNA polymerase to add adaptors
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andindexestoeachsample.Second PCR products were purified using
AMPure XP beads. Hi-Seq 50-bp single-end sequencing (Illumina) was
performed.

Data analysis. For bulk secondary geneticinteraction CRISPR screens
with sgNTC, sglkzf1, sgEtsI or sgRbpj OT-1 cells, FASTQ read files
obtained after sequencing were demultiplexed using Hi-Seq analysis
software (Illumina) and processed using mageck (v.0.5.9.4) software’®,
Raw count tables were generated using the mageck count command
by matching the guide 1sequence of the aforementioned dual guide
scCRISPR KO library (720 sgRNAs from 180 TF genes and 80 NTC
sgRNAs). Read counts for sgRNAs were normalized against median
read counts across all samples for each screening.

For each gene or sgRNA in the scCRISPR KO library, the log,(FC)
for enrichment or depletion was calculated using the mageck test
command, with the gene-Ifc-method parameter as the mean and
control-sgrna parameter using the list of NTC sgRNAs. The log,(FC)
values of each genetic perturbation from sgNTC and sglkzf1, sgEts1
or sgRbpj OT-1 cell screens were then compared in a FC/FC plot. Two
IKAROS-dependent parameters were used for comparison to identify
the candidates: (1) intratumoral T, cells compared with input cells to
uncover factors mediating T, accumulation; and (2) T,., compared
with T, for factors enhancing the T,/ T, cell ratio. Within each param-
eter, cut-off values were applied in the FC/FC plot to identify those
factorsthatrectified the above parameters in sglkzfI-transduced OT-I
cells (log,(FCyu.p) < 1) andless effects in sgNTC-transduced OT-I cells
(log(FCygirr) < 10g2(FCgnrc) <1). TWo ETS1-dependent parameters were
used for comparison to nominate the candidates: (1) intratumoral
T, cells compared with input cells to uncover factors mediating T,
accumulation; and (2) T,,compared with T, for factors enhancing the
Tex/ Tpex cell ratio. Within each parameter, cut-off values were applied
in the FC/FC plot to identify those factors that had rectified above
parametersinsgEtsl-transduced OT-Icells (Iog,(FCyys,) < —1) and less
effectsinsgNTC-transduced OT-1cells (I0g,(FCygrsr) < 108(FCognrc) <1).
Three RBPJ-dependent parameters were used for comparison to
nominate the candidates: (1) intratumoral OT-lcompared with splenic
OT-I cells to identify factors with selective accumulation of intratu-
moral T cells; (2) intratumoral T, cells compared with input cells to
uncover factors mediating T.,accumulation; and (3) T, cells compared
with T, cells for factors enhancing the T,/T,., cell ratio. Within each
parameter, cut-off values were applied in the FC/FC plot to identify
those factors that had rescue effects on the above parameters only in
sgRbpj-transduced OT-I cells (10g,(FCygpp,,) < —1), without significant
effectsin sgNTC-transduced OT-I cells (-1 <10g,(FCygnrc) <1).

Microarray analysis

Mice were challenged with B16-OVA melanoma cells followed by
co-adoptive transfer of sgNTC-transduced cells (GFP*mCherry”*)
together with sgRbpj-transduced, sglrfI-transduced or sgRbpj +
Irfl-transduced OT-I cells (all GFP*Ametrine’) at day 12 after tumour
inoculation. OT-1cells (1 x 10%) were sorted from TILs 7 days after adop-
tive transfer (sgNTC, co-transferred cells from the sgirfl group, n=4;
sgRbpj, n=4; sglrfl, n=4; sgRbpj + Irfl, n=3; pooled from 3 mice per
biological replicate). RNA was isolated using a RNeasy Micro kit (Qiagen
74004) following the manufacturer’s instructions. The RNA concen-
tration was measured using an Agilent 2100 bioanalyzer, followed by
microarray analysis with a Clariom S mouse array platform (Thermo
Fisher Scientific).

Transcriptome profiling. To perform microarray analyses between
OT-I cells transduced with sgNTC, sgRbpyj, sglrf1 or sgRbpj + Irfl, the
gene expression signals were summarized using the robust multi-array
average algorithm (Affymetrix Expression Console v.1.1). Differential
expression analysis of genes was performed using the ImFit method
implemented in the R package limma (v.3.48.3)”. FDR was calculated

using the Benjamini-Hochberg method. PCA was performed using the
function prcomp in R. The PCA plot was generated using the ggbiplot
Rpackage (v.0.55). DE genesin sgRbpj compared with sgNTC OT-I cells
were defined by the thresholds of |log,(FC) | >0.5and FDR < 0.05. The
expression of these DE genes in the four genotypes was depicted in a
heatmap (ComplexHeatmap R package v.2.8.0). GSEA was performed
as previously described®® using GSEA software (v.4.2.3) and Hallmark
collections from the Molecular Signatures Database (MSigDB v.7.4)"
(https://www.broadinstitute.org/gsea/msigdb/).

Statistical analysis for biological experiments

For biological experiment (non-omics) analyses, data were analysed
using Prism 8 software (GraphPad) by two-tailed paired Student’s ¢-test
(when comparing with the co-transferred spike cells) or two-tailed
unpaired Student’s t-test (when comparing with the control group) or
one-way ANOVA (when comparing more than two groups). Two-way
ANOVA was performed for comparing tumour growth curves when
the first mouse reached the experimental end point for euthanasia
(thatis, when tumours measured 15 mm in the longest dimension).
Thelog-rank (Mantel-Cox) test was performed for comparing mouse
survival curves. Two-tailed Wilcoxon rank-sum test was applied for
differential expression or activity score analysis of scRNA-seq data.
Two-tailed Kolmogorov-Smirnov test was used for GSEA. Two-tailed
unpaired Student’s t-test was used for TF footprinting analysis of
ATAC-seq data. P < 0.05was considered significant, and exact P values
areprovidedinthe source datathataccompany this manuscript. Inall
bar plots, data are presented as the mean + s.e.m.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The data supporting the findings of this study are available within
the manuscript and its Supplementary Information. All microarray,
scCRISPR screening, ATAC-seq and scRNA-seq data described in the
manuscript have been deposited in the NCBI GEO database and are
accessible through the GEO SuperSeries access number GSE216800.
PublicscRNA-seq datasets are available through GSE156728, GSE99254,
GSE108989, GSE122713, GSE123813, GSE120575, GSE86042, GSE161983,
GSE164177, GSE72056, GSE123139, GSE98638 and E-MTAB-8832. Public
bulk RNA-seq datasets are available through GSE160160 and GSE89307.
Public ATAC-seq datasets are available through GSE160341. KEGG, C7
immunological, gene ontology and HALLMARK collections were from
the mSigDB (https://www.broadinstitute.org/gsea/msigdb/). Source
data are provided with this paper.

Code availability

All code generated for analysis is available from the author upon
request.
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Extended DataFig.1|scCRISPRscreening and molecular diversity of
intratumoral CTLs. a, Schematic of the dual sgRNA CRISPR KO vector used

for direct-capture Perturb-seq. PS, protospacer sequence. TF.g1, transcription
factor (TF) guideRNA1.TF.g2, TF guide RNA 2. CR, constant region. CS, capture
sequence. EFS, EFla short promoter. b, Percentage of dual sgRNA CRISPRKO
vector-transduced OT-1cells (Ametrine®). ¢, Bioinformatic approach that
nominated the180 TF targetsin the direct capture Perturb-seqlibrary

(see Methods). DE, differential expression. DA, differentially accessibility of
chromatin state; ME, motifenrichment.d,e, Percentage of intratumoral OT-I
cellswiththeindicated number of sgRNA(s) detected (d) or that contained two
sgRNAs from different vectors or the same vector (e). f, Uniform Manifold
Approximationand Project (UMAP) depicting the six clusters of CD8" T cells
obtained from graph-based clustering and Toxexpression. g, Relative expression
of CTLsignature genesinthe six clusters corresponding to Tpex (clusters 0,1
and2), Tex (clusters 3 and 4) and Teff (cluster 5) cells from (f). h, UMAP plots
showing the expression of genesrelated to T cell exhaustion (including Tpex
and Tex markers) or effector functioninintratumoral OT-I cells asidentified
inscCRISPRscreening. i, Activity scores of the curated Tpex-associated,
Tex-associated and Teff-associated gene signatures among the Tpex, Tex and
Teff cells from the scCRISPR experiment. j, Fold-change (FC)/FC plot comparing

transcriptomic profiles of Tex relative to Tpex cells from our scCRISPR
experiment (x-axis) with those from B16-OVA tumour-specific CD8" T cells
(y-axis). r, Pearson correlation coefficient. k, Relative intensity of peaks from
upregulated open chromatinregions (OCRs) inintratumoral Tpex and Tex cells
compared with splenic P14 cells from LCMV Armstronginfection (n =3 per
group).l, Geometric mean fluorescence intensity (gMFI) of TOX expression

in OT-Icellsfromspleen or tdLN and Tpex and Tex OT-I cells from B16-OVA
tumours (n =10 per group). Naive endogenous splenic CD8" T cells (n = 5).

m, Frequencies of Tpex (Lyl08'TIM-3"CD11c"), Tex (Lyl08 TIM-3°CD11c") and
Teff (Lyl08 TIM-3"CD11c") cellsinintratumoral OT-1 cells in B16-OVA tumours
onday 7 after adoptive transfer (upper). Lower, TOX or CD39 expressionin
indicated subsets (n =5 per group). n, Relative activity scores of the gene
programmes A-D (asindicated) in the six clusters from (f). o, Regulatory
connections between the nine TF modules and four gene programmes. Red
andbluelinesindicate positive and negative regulatory effects, respectively.
Linewidth shows regulation strength (see Methods for details). Dataare
representative of threeindependent experiments (I, m). ***P < 0.001; two-tailed
Wilcoxon rank sum test (i), two-tailed unpaired Student’s t-test (j) or one-way
ANOVA (I,m). Dataare presented asthemean +s.e.m.
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Extended DataFig.2|Characterization of CTL differentiationstatesand
identification of underlying drivers by scCRISPR screening.a, UMAP plots
with arrows depicting the combined Tpex and Tex (Tpex + Tex) and Teff cluster
distribution, and the perturbation-specific clusterinintratumoral OT-Icells
from scCRISPR screening. b, TOX, TCF-1, PD-1,and CD39 expression in
intratumoral Tpex or Tex OT-Icells, or frequencies of Ki67*, IFNy*, GZMB" or
TNF* cellsamong Tpex or Tex OT-Icellsondays 7 (n=5),14 (n=6) or 21 (n=6)
after adoptive transfer to B16-OVA tumour-bearing mice. ¢, Percentages of
indicated OT-Icell statesondays 7,14 or 21as in (b) as assessed by scRNA-seq.
d, Percentages of OT-I cell statesin cells transduced with sgNTC, sgMyb and
sgTbx21fromscCRISPRscreening. e, Pre-ranked GSEA analysis of Tpex2
compared with Tpex1and Tex2 compared with Tex1 cells using theindicated
genesignatures. NES, normalized enrichmentscore. f, Activity scores of
indicated gene signaturesin OT-1cell states,and n= 6,202 (Tpex1),n=3,246
(Tpex2),n=7,695(Tex1) or n=8,631(Tex2) cells examined over oneindependent
experiment. The boxes stand for 25% to 75% interquartile range (IQR), and

the whiskers stand for minimum (25% quantile - 1.5*IQR) to maximum

(75% quantile +1.5* IQR) values. g-k, Analyses of indicated intraumoral Tpex or
Tex populations or splenic naive CD8" T cells. Frequency of pSé6°* cells (n =5 for

splenic naive CD8" and 6 for Ki67 Tpex, Ki67" Tpex, Ki67* Tex, and Ki67 Tex) (g).
CD98and CD71expression (n = 6 per group) (h). MitoTracker levelsin cells
(n=6pergroup) (i). Frequencies of GZMB* (n =5 per group) and IFNy* (n = 6 per
group) cells (j). T-bet and BATF expression (n =4 for splenic naive CD8" and 8
forKi67 Tpex, Ki67* Tpex, Ki67* Tex, and Ki67 Tex) (k). FMO, Fluorescence
Minus One. 1, Top positive and negative regulators of each individual cell state
(compared with all other states) in scCRISPR screening. m, Venn diagrams
depicting the positive and negative transcriptional regulators of Tpex1
compared with Tpex2 or Tex1 compared with Tex2 states based on scCRISPR
screening, with their discrete and overlapping distributions shown.

n, Percentages of indicated cell statesamong cells with indicated perturbations
inscCRISPR screening. The same sgNTC cells are presented in (d). 0, Enrichment
scores (colour-coded) of a co-functional module as a positive or negative
regulator of the indicated cell states. Circle sizeindicates significance
(P<0.05). Dataarerepresentative of one (b), three (g,h,j, k) or two (i)
independent experiments. NS, not significant; *P < 0.05,**P<0.01,and

***P < 0.001; two-tailed unpaired Student’s t-test (b), two-tailed Wilcoxon rank
sum test (f), one-way ANOVA (g-k) or right-tailed Fisher’s exact test (0). Data
arepresentedasthe meanz*s.e.m.
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Extended DataFig. 3| Ikzf1deficiency promotes Tpex1cellaccumulation.
a, Gatingstrategies of flow cytometry analysis to identify the sgNTC OT-I cells
labeled with different fluorescent proteins and their Tpex and Tex subsetsin
the dual-colour transfer system. b, IKAROS expressionin total intratumoral
sgNTC (n = 8) or sglkzf1(n=9) OT-Icells (dual-colour transfer system).

c, Relative frequencies and numbers of sgNTC (n =4) and sglkzfI (n = 8) Tpex
(TCF-1'TIM-3") and Tex (TCF-1'TIM-3*) OT-I cells (dual-colour transfer system).
d,e, Relative frequencies and numbers of total (d), Tpex or Tex (e) sgRNA OT-I
cells (dual-colour transfer system) from B16-OVA tumours were analyzed on
day21afteradoptive transfer (n=>5for sgNTC and n=7 for sgl/kzfI).f, Numbers
of OT-IcellsintdLN and spleen (dual-colour transfer system) on day 7 after
adoptive transfer (n = 8 per group). g, Relative frequencies of Lyl08'TIM-3" cells
among tdLN and splenic OT-Icells (dual colour-transfer system) (n = 6 for
sgNTCand n=8forsglkzf1).h, T-bet, BATF, RUNX3 and CX3CR1expressionin
intratumoral OT-Icells (dual-colour transfer system) (n=4 forsgNTCandn=8
forsglkzf1).i, Relative frequencies of GZMB*and IFNy" OT-I cells (dual-colour
transfer system) after cognate antigen (n =7 for sgNTC and n = 8 for sg/kzf1)

or PMA plusionomycin (PMA +1ono) (n = 8 for sgNTC and n=9 for sglkzfI)
stimulation ex vivo. j,k, Schematic for secondary Tpex cell transfer assay (j).
Frequencies and numbers of Tpex and Tex cells from Tpex secondary transfer
assay (k) (n=7pergroup).l, Relative average expression of the selected genes
inindicated Tpex and Tex OT-I cells as profiled by scRNA-seq (see Fig. 2c).

m, Activity scores of stemness-associated signatures (see Methods) in the
sgNTC or sglkzfI Tpex OT-Icell subset fromFig.2c,and n=2,825 (sgNTC) or
n=9,151(sglkzf1) cells examined over oneindependent experiment. The boxes
stand for 25% to 75% interquartile range (IQR), and the whiskers stand for
minimum (25% quantile - 1.5* IQR) to maximum (75% quantile + 1.5* IQR) values.
n, Top enriched (red) and depleted (blue) perturbations in Tpexl compared

with Tpex2 cells. 0, Pathway enrichment analysis revealing enrichment of
metabolic pathway-related signatures among downregulated (DOWN) genes
insglkzfI Tpexcells compared with sgNTC Tpex cells. p, Relative frequencies
of Ki67" cellsamong total sgNTC (n=7) or sglkzf1 (n=8) intratumoral OT-I cells
and their Tpex and Tex subsets (dual-colour transfer system) on day 7 after
adoptive transfer. q, Relative frequencies of Ki67* (n = 5 for sgNTC and n=7 for
sglkzf1) and BrdU" (n = 5for sgNTC and n=6 for sglkzfI) cellsamongindicated
sgRNA-transduced intratumoral OT-I cell populations (dual-colour transfer
system) on day 21 after adoptive transfer.r, Numbers of totalintratumoral OT-I
cellsinmice giventheindicated treatments (n =5 for sgNTC OT-1+isotype,n=4
for sgNTC OT-1+anti-PD-L1, and n=6 for sglkzfI OT-1+isotype, sglkzfI OT-1+
anti-PD-L1).s, Left, B16-OVA tumour growth in mice thatreceived sgNTC (n=7)
orsglkzf1(n=6) OT-1cells. No cell transfer group (n = 4). Right, B16-OVA tumour
growthin micegiventheindicated treatments (n =4 for no cell transfer,n=8
forsgNTC OT-I1+isotype, n=7for sgNTC OT-1+anti-PD-L1and n=9 for sglkzf1
OT-1+isotype, sglkzfI OT-1+anti-PD-L1). t, Footprinting analysis of TCF-1and
TCF7L2in ATAC-seq analysis of sgNTC and sg/kzfI Tpex OT-Icells (n=5per
group).u, v, Schematic for geneticinteraction screening of sgRNA-transduced
OT-Icells (e.g., sgNTC or sglkzf1) (see Methods) (u). Sectored scatter plots of
gene-levellog,FC from sgNTC (x-axis) and sg/kzf1 (y-axis) OT-I cellsin genetic
interactionscreening. Theintratumoral Tpex compared with Tex cellsand
Tpex cellscompared with input are shown, with T¢f7 highlighted (v). Dataare
representative of three (b,c,f-h,p), one(d,e,q,r) or two (i,k,s) independent
experiments. NS, not significant; *P<0.05,**P<0.01,and ***P< 0.001; two-
tailed unpaired Student’s t-test (b-i,p,q), two-tailed paired Student’s t-test (k),
two-tailed Wilcoxon rank sum test (m), two-tailed Fisher’s exact test (0), one-
way ANOVA (r) or two-way ANOVA (s). Data are presented as the mean +s.e.m.
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Extended DataFig. 4 |Targeting EtsI promotes Tex1cell accumulation and
antitumour immunity. a, GSEA analysis revealing enrichment of indicated
signatures among genes upregulated (UP) in Tex1 compared with Tpex2 cells

as profiled by scCRISPR screening. b, Top enriched (red) and depleted (blue)
perturbationsin Texlcompared with Tpex2 cells. ¢, Expression of Ets1in
indicated OT-Icell states. d, Activity scores of the curated stemness-associated
signaturesinsgNTC and sgEtsI Tpex and Tex OT-I cells (from scRNA-seq analysis
showninFig.3a). e, GSEA analysis revealing enrichment of indicated signatures
insgEtsl compared withsgNTC total (upper) or Tex (lower) OT-Icells. f, Relative
expression of FSC-A,CD71and CD98inintratumoral OT-1cells (dual-colour
transfer system) (n =3 forsgNTC and n=7forsgEtsl). g, h, Relative frequencies
and numbers of total (g), Tpex (h) and Tex (h) OT-I cells in B16-OVA tumours on
day 21after adoptive transfer (n=5forsgNTC and n=7 for sgEtsI). The same
sgNTCOT-Icellsare presented in Extended DataFig.3d, e.i, Numbers of OT-I
cellsintdLN (left) and spleen (right) on day 7 after adoptive transfer (n = 5per
group).j, Frequencies of Lyl08'TIM-3 OT-IcellsintdLN and spleen (n = 6 per
group). Thesame sgNTC OT-Icells are presented in Extended Data Fig. 3g.

Tex OoT-l

oT-l Tpex

Tpex Tex

k, Relative expression of BATF, T-bet (n =5 for sgNTC and n=6 for sgEts1 for
both BATF and T-bet), CX3CR1(n =7 per group) and CXCR6 (n=7 per group) in
intratumoral OT-I cells (dual-colour transfer system). 1, Relative frequencies
of GZMB" and IFNy* OT-I cells (dual-colour transfer system) after PMA +lono
stimulation (n =7 for sgNTC and n = 6 for sgEtsI). m, Relative frequencies of
BrdU* cellsamongindicated intratumoral OT-1 cell populations (dual-colour
transfer system) (n =4 for sgNTCand n=5forsgEtsl) onday 7 after adoptive
transfer.n, Relative frequencies of Ki67* (n=5for sgNTC and n="7 for sgEtsI;
left) and BrdU* (n =5 for sgNTC and n = 6 for sgEtsI; right) cellsamong
intratumoral OT-Icell populations (dual-colour transfer system) on day 21
afteradoptive transfer. The same sgNTC OT-Icells are presented in Extended
DataFig.3q.Dataarerepresentative of three (f,i,j-1), one (g,h,n) or two (m)
independent experiments. NS, not significant; *P<0.05,**P<0.01, and
***P<0.001; two-tailed Kolmogorov-Smirnov test with FDR adjustments for
multiple comparisons (a,e), two-tailed Wilcoxon rank sum test (c,d) or
two-tailed unpaired Student’s t-test (f-n). Data are presented asthe mean +s.e.m.
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Extended DataFig. 5| ETS1-BATF axisimpinges upon Tpex to Tex cell
transition.a-c, Schematic of Tpex or Tex cell secondary transfer assay (a).
CellTrace Violet (CTV) levelsin total intratumoral OT-I cells after Tpex (b) or
Tex (c) cellsecondary transfer (n=9 per group for Tpex cellsand n=6 per group
for Tex cells).d, Left, E.G7-OVA tumour growthin mice given sgNTC (n=8) or
sgFts1(n=9)OT-1cells. Nocelltransfer (n = 4).Right, LLC-OVA tumour growth
inmicegivensgNTC (n=9) or sgEtsl (n=10) OT-Icells. No cell transfer (n=4).
e,f,sgNTC (n=6) orsgEtsl (n=7) OT-1cellswere transferred to E.G7-OVA
tumour-bearing mice (single-colour transfer system). Number of total
intratumoral OT-Icells (e). Frequencies and numbers of Tpex and Tex OT-1 cells
(F).g,h,sgNTC (n=5) orsgEtsl (n=7) OT-Icells were transferred to LLC-OVA
tumour-bearing mice (single-colour transfer system). Number of total
intratumoral OT-I cells (g). Frequencies and numbers of Tpex and Tex OT-I cells
(h).i,E.G7-OVA tumour growthinmice given theindicated treatments (n=3
fornocelltransferand 7 for all other groups). The same sgNTC OT-1+isotype
andsgNTC +anti-PD-L1groups are presented in Fig. 5h.j, ETSI expressionin
humanintratumoral CD8" T cells before ICB (Pre-ICB) treatmentinindividuals
with melanoma. k, scRNA-seq analysis of T cells from patients with basal cell
carcinoma (BCC) pre- and post-anti-PD-1treatments. UMAP shows three CD8*
Tcell subsets (memory (mem), exhausted (ex) and activated (act)) and the

distribution of CD8" T cells pre- or post-anti-PD-1treatment. 1, ETSI and IFNG
expressioninhuman CD8" T cell subsets from scRNA-seq analysis of T cells
from patients with squamous cell carcinoma (SCC) pre- and post-anti-PD-1
treatments. m, TF motif enrichment analysis of differentially accessible
chromatinregionsinsgFtsl compared withsgNTC Tpex cells by ATAC-seq (n=4
pergroup).n, Footprinting analysis of ATAC-seq peaks in sgNTC and sg£tsI Tex
cells, ranked by activity zscores. 0, BATF expressioninindicated intratumoral
OT-1cell populations (dual-colour transfer system) (n=5for sgNTCandn=6
forsgkEtsl). p, Geneticinteractionscreen of sgEtsI-transduced and sgNTC-
transduced OT-I cells (see Methods and similar schematic in Extended Data
Fig.3u).Sectored scatter plot of gene-level log,FC from sgNTC (x-axis) and
sgEtsl (y-axis) OT-Icellsingeneticinteractionscreening. The intratumoral Tex
compared with Tpex cells and Tex cells compared with input are shown, with
Batfhighlighted. q, Relative frequency and fold change of number of cells
expressing sgNTC (n=3),sgEts1 (n=5),sgBatf(n=5) or sgEtsl with sgBatf
(n=5) (dual-colour transfer system). Data are representative of two (b-d,q),
one (e-i) orthree (0) independent experiments. NS, not significant; *P < 0.05,
**P<0.01and ***P<0.001; two-tailed paired Student’s t-test (b,c), two-way
ANOVA (d,i), two-tailed unpaired Student’s ¢-test (e-h,n,0), two-tailed Wilcoxon
rank sumtest (j,1) orone-way ANOVA (q). Dataare presented asthe mean ts.e.m.
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Extended DataFig. 6 | Rbpjdeficiency selectively promotes Tex cell
accumulation. a, Contour density plots on UMAP showing distribution

of sgNTC and sgRbpjinindicated OT-1 cell states as profiled by scCRISPR
screening. Thearrow indicates the enrichment of the Tex1 cell populationin
sgRbpjcells.b, GSEA enrichment of Hallmark gene signatures in sgRbpj
compared withsgNTC OT-Icells (based ongene expressioninscCRISPR
screening). ¢, Immunoblot analysis of RBPJ expressionin OT-I cells transduced
withsgNTC or two individual sgRNAs targeting Rbpj (sgRbpj-#1 or sgRbpj-#2)
cultured for four days. The numbers show abundance of RBPJ (normalized to
B-Actin) relative to that of sgNTC OT-Icells. d, Relative expression of RBPJin
sgNTC (n=4) or sgRbpj (n=>5) intratumoral OT-I cells (dual-colour transfer
system). e-g, Number of OT-Icellsin tdLN (n =6 per group) and spleen (n=7
pergroup) (e). Frequencies of Lyl08'TIM-3" OT-IcellsintdLN and spleen (n=6
forsgNTC and n=7for sgRbpj). The same sgNTC OT-I cells are presented in
Extended DataFig.3g (f). Flow cytometry analysis of intratumoral Tpex and
Tex OT-I cellson day 7 after adoptive transfer (dual-colour transfer system) (g).

h, Relative frequencies and numbers of total intratumoral OT-Icells and their
Tpexand Tex cell subsets (dual-colour transfer system) on day 21 after adoptive
transfer (n=5forsgNTCand n=7 for sgRbpj). The same sgNTC OT-Icells are
presentedin Extended DataFig.3d, e. i, Relative frequencies of active caspase-3*
cellsamongintratumoral OT-I cells and their Tpex and Tex cell subsets (dual-
colour transfer system) on day 7 after adoptive transfer (n =7 for sgNTC and
n=10for sgRbpj).j, Relative frequencies of Ki67* (n =5 for sgNTC and n=7 for
sgRbpj;left) and BrdU* (n=5 per group; right) cellsamongindicated intratumoral
OT-Icell populations (dual-colour transfer system) on day 21 after adoptive
transfer. The same sgNTC OT-Icells are presented in Extended Data Fig. 3q.

k, Frequencies and numbers of Tpex and Tex OT-1cells after adoptive transfer
to B16-OVA tumour-bearing mice (single-colour transfer system) (n = 6 for
sgNTCand n=4for sgRbpj). Dataarerepresentative of two (¢, k), three (d-g,i)
orone (h,j) independent experiments. NS, notsignificant; *P<0.05,**P<0.01,
and ***P<0.001; two-tailed Kolmogorov-Smirnov test (b), two-tailed unpaired
Student’s t-test (d-f,h-k). Dataare presented asthe mean +s.e.m.
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Extended DataFig.7 | RBPJis expressed by and mainly functionsin Tex cells.
a,b, UMAP plots of CD8" T cells from B16 melanoma (a) or MC38 (b) tumour.
The Tpex and Tex cell subsets and distribution of Rbpjexpression are indicated.
¢,d, UMAP plots showing Havcr2 and Rbpj expressionin CD8" T cells from GEMMs
ofbreast cancer (c) and lung adenocarcinoma (d). e-g, Schematic for Tpex-like
and Tex-like cell generationinvitro (e). TIM-3 and Lyl08 expression on freshly-
isolated naive (CD62L'CD44°) CD8" T cells (n=2) from spleen or invitro-derived
Tpex-like (n=6) and Tex-like (n = 6) cells (f). Inmunoblot analysis of RBPJ protein

expressionin Tpex-like or Tex-like cells. The numbers show abundance of RBP)
(normalized to B-Actin) relative to that of Tpex-like cells (g). h,i, Diagram of
Tpexor Tex cell secondary transfer assays (h). Numbers of total intratumoral
OT-Icellsor their Tpex and Tex cell subsets in the Tpex cell secondary transfer
assay (n =7 per group;i). Dataare representative of three (f,i) or two (g)
independent experiments. NS, not significant; ***P<0.001; two-tailed
unpaired Student’s t-test (f) or two-tailed paired Student’s t-test (i). Dataare
presented asthe mean+ts.e.m.



Article

b

A (Dg: T cells in GSE156728 B TCF7-HAVCR2- B TCF7-HAVCR2: c Clusters d GSE89307  pay € GSE120575 CD8* T cells in melanoma
human pan-cancer) . . » Naive-like Correlation with ICB response
2 ( IEDR 2o 001 CD8+ T cells in GSE72056 (human melanoma) © Transitional 5 =)
8 FDR <0001 HAVCR2 TCF7 RBPJ * Dysfunctional ) .
s FDR <0.001 FDR <0.001 FDR<0.001 25 Lre u u o
g0 ‘ ‘ g7s o 6 g o 05
k] ] X
S 25 g 50 4 4 2 . 21 LGALST
S 825 2 2 -25 VCAM1 04
200t W 28 RBPJ
2 N 0= 0 0 SNAP47 0.2
g \oob &S CD8 T cells in GSE98638 (human HCC) -5 35 SNARE -
<@ * ,\O& HAVCR2 TCF7 RBPJ - F/AQASTLG 0.0
ive-il 60
< s FDR <0.001 FDR <0.001 8FDR <0.001 Naive-like i EPST11 02
2 [ 6 g ” 53 %8 GB 04
86 | . Transitional < s & PSMB -
2 4 | 4 < NDUFB3 06
w2 2 2 Dysfunctional |- Column z score CD38 I B
st b oA - i s
f Caushi et al. Nature 2021 g Pseudotime 2ot PRDX3 | -1.0
) CD8+ T cells in GSE123813 CD8- T cells in GSE123813
MPR versus non-MPR MANA T cells (human BCC) (human SCC)
25 — \ \ Human CAR T cells (GSE160160)
CD38 (anti-PD-1 treatment) (anti-PD-1 treatment)
20 —S0X4 A RBPJ RBPJ TOX R?PJ HAVCR2 ENTPD1 IFNG GZMB
2 ~ FDR < 0.001 ey o - e s s s oy
T o ENTRDI RO cD28 FDR <0.001 B = 510 - | mmg = m T T 1 :025 16
£ &3 83 g W70 =0 —7 3 =17 g =Day2s
] . . 2 8 .
8 100 naverz GzMK g2 g2 ™ 14 12 1B 12 16
5 g1 g1 Ye = 10 08 5=
[ 0
S oh & & oot & k ScRNA-seq OT-l cells C7 GSEA
-15-1.0-05 0.0 0.5 1.0 Qg o& P P i
logzFC 00% ey ® © & SgRbpj versus sgNTC
i HAVCR2 LAYN Exprossion j ATAC-seq GSE 15750 day 6 vs day 10 Traf6 KO effector CD8 T cell UP (]
4 High CART cells in GSE160160 GSE15750 day 6 vs day 10 effector CD8 T cell UP [ ]
| GSE10239 KLRG1int vs KLRG1niah effector CD8 T cell DOWN | @
Day 0
2‘ Low I “ ‘Hll- 1 I wl L Ll v Kaech naive vs day 8 effector CD8 T cell DOWN | @
<
|/ i I ll A ~logio(FDR)
% L LR I ﬂ”lm Ll 1 I'ﬁll' | , M|Day 28 Kaech day 8 effector vs memory CD8 T cell UP | @ ®20
So Sy o ~ ~ ~ Row z score . @25
59 &3 9 S & &S Goldrath naive vs effector CD8 T cell DOWN | ® '
g 89 S S S m2 ® 30
0 ©rNQ®o
) !
UMAP_1 NES
I Day 7 OVA/H-2Kb m Day 7 PMA + lono n Day 21 OVA/H-2Kb
o PN —— 5= o~ [N " b g = —_ ~ [N _
o) E36y = msNTC Eg' 3 g3 ¢ 23207 BF S| "smsntc Eg 4. £3 1B Ep 20k 53 107 n 'SQNTC‘
- -t 1 2 SE45lT 2 EE . EBs{ . ZE =5 157 EE_8] © osgRrop
=@ L ® osgRbpl £ & o 252 ra 35~ ° msgRby & E3210 o S o 2324 o
O% 0o Th 0o " ) e £2&2 2 3ES OS2 40d&l|’| =E2°
ce £ s TEC 210 FES £g 2 3 1.0 3 Ex
To £0 £ O 8 x4 = 85X -2 CEX g £0 Esx 49 [df
b2 L2, as! a5 L 205 - L5 1 oo ° L€ 057 L9 ,l&
s 8 = S5 8 >3 =3 z8 Z5 52 3
oL Ego Neo Ne o E® o Ls o a0 e o £& o Ee o
o Day 21 PMA + lono P Intratumoral OT-1
o &= o N [N ~ e = N . ~ o~ M -4
e £ V1= B¢ g3 ¢® msgNTC £2715] T2 22201 e 82072 B207 0 09617 Eef w4
- SE_8 P EE 6 o sqRboj £ g 3315 % 2815 2815 2 & 4] g @ 831 .
O3 =236 Og E2g . S9RbR 310 ) [ [ o Sg* So,| o osoRby
c2 T ES O o SE&44 o el 5210 5210 5210 s 022
So S5k 4 £ 85x 59 28 2 2 ° 2o °2, e
[ h o o LE Lo 2 205 LE05 L2095 C2g5 T2 T =1
S5 Sy 2 z o =5 ST =5 >0 23T ST £
R ge o =g £8 o 52 o 52 o 2 2 2 o 28l
q . r B16-OVA tumour S~ t - — No cell i
m sgNTC [ sgRbpj 7 o oe 2 g o cell transfer
Pr1 Gzmb Gamk _100 = Nocell transfer £ ;g E.G7-OVA tumour , — No cell transfer Egg LLC-OVAtumour — _ oNTC OT-I[«
FDR < 0.001 FDR < 0.001 FDR<0001 & 75 =SQNTCOTH | o 207 /, TSNTCOTl: o — sgRbpj OT-I| *
s 8 — 5100 ] c6 ] T 50 — sgRbpj OT-I 315 = sgRbpj OT-I :;/15
2 6 3 1.5 2 H @ 107 g10
g4 8 50 g4 a 5 51 > 5
X2 g 25 g 2 0 5 o ; 50
0 Yoo w g 0 10 20 30 40 50 £ 6 10 14 18 22 £ 9 13 17 21 25 29
Tpex Tex Tpex Tex Tpex Tex Days after tumour challenge £ Days after tumour challenge 2 Days after tumour challenge
u Day 7 E.G7-OVA \" Day 7 E.G7-OVA tumour (single-f:olourtransfer) w Day 7 LLC-OVA X Day 7 LLC-OVA tumour (single—(folour transfer)
(single-colour transfer) = sgNTC @ sgRbpj (single-colour transfer) = sgNTC @ sgRbpj
Intratumoral OT-| Tpex (Ly108+TIM-3-) Tex (Ly108-TIM-3+) Intratumoral OT-I Tpex (Ly108+TIM-3-) Tex (Ly108-TIM-3+)
- 13 weate 801 ., 5 2 NSO gu;g w5 87 . g 6 g . é 15 g R
?586 s asomon 5 ] § £55°1. % fel=PEis®] . 8554 £ g2g10 e 12855°
= = o o =) 3 E2% o 2 o 8
2E% 4 c41m 2ET0 £ 40 2854 3 2E%, £ 28X i 2Ex?
=g = =8 =2 —g8x 3O 20 T o
8y 2 g 82 5 8 20 82 1% 30 g 83 3 3o
s 9 oo 2 o 0 & o0 8 o = e o0 0 g o0

Extended DataFig. 8 |See next page for caption.




Extended DataFig. 8 | RBP/negatively correlates withimmunotherapiesin
human cancers and suppresses antitumour immunity. a, RBP/expressionin
human CD8" T cells from peripheral blood (blood), tumour-adjacent normal
tissues (normal), and tumour tissues. b, HAVCR2, TCF7 and RBPJ expressionin
TCF7'HAVCR2 and TCF7 HAVCR2' cells of human CD8' T cells fromindividuals
with melanomaor hepatocellular carcinoma (HCC). c, UMAP plot showing
cluster analysis (naive-like, transitional and dysfunctional cells) and lineage

trajectory of humanintratumoral CD8' T cells fromindividuals with melanoma.

The pseudotime of the three clusters along the developmental trajectory is
alsoshown.d, Relative expression of Tcf7, Pdcd1, Tox and Rbpjin tumour-
specificCD8" T cells froma GEMM of liver cancer at days 5 to 60 after tumour
induction. e, Correlation matrix displaying the expression of RBP/and genes
associated with responsiveness to anti-PD-1therapy. Kendall rank order
correlations are displayed fromblue tored. Genes positively (+; orange) or
negatively (-; green) associated with response to anti-PD-1blockade are
indicated. f, Differentially expressed genes in MANA-specific T cells (derived
from patients with NSCLC) with major pathologic response (MPR) compared
tothose without MPR (non-MPR). g, RBP/ expressionin human CD8" T cell
subsets (memory (mem), exhausted (ex) and activated (act)) from patients with
BCCorSCC pre-and post-anti-PD-1treatments. See also Extended Data Fig. 5k.
h, Expression of TOX, RBPJ, HAVCR2, ENTPD1,IFNG and GZMB from a public bulk
RNA-seqdataset of human CART cells* at days 0,16 and 28 after continuous
antigen exposure (CAE) invitro. The boxes stand for 25% to 75% interquartile
range (IQR), and the whiskers stand for minimum (25% quantile -1.5*IQR) to
maximum (75% quantile +1.5*IQR) values, and n = 4 biologically independent
samples examined over oneindependent experiment. i, UMAP plots showing
the expression of HAVCR2, LAYN, RBPJand SOX4 inhuman CART cellsat day 28
after CAE.j. Differentially accessible chromatin regions between days 0 and 28
after CAE, with selective genes showingaltered accessibility labeled. k, GSEA
enrichment of CD8" effector T cell-associated signatures in sgRbpjcompared
withsgNTC OT-I cells (from scRNA-seq profiling shown in Fig. 4i).1, Relative
frequencies of GZMB" and IFNy* intratumoral OT-1 cells (dual-colour transfer
system, isolated on day 7 after adoptive transfer) after cognate antigen
stimulation (n =7 per group). m, Relative frequencies and numbers of GZMB*

and IFNy* intratumoral OT-Icells (dual-colour transfer system, isolated on day 7
after adoptive transfer) after PMA +lono stimulation (n = 6 for sgNTCandn=7
for sgRbpj).n,o0, Relative frequencies and numbers of GZMB* and IFNy*
intratumoral OT-I cells (dual-colour transfer system, isolated on day 21 after
adoptive transfer) after cognate antigen (n; n=>5for sgNTC and n=7 for sgRbpj)
or PMA +lono stimulation (o; n = 5for sgNTC and n =7 for sgRbpj). p, Relative
expression of perforin (n=7 for sgNTC and n=10 for sgRbpj), RUNX3 (n =7 for
sgNTCand n=10 for sgRbpj), T-bet (n =7 for sgNTC and n =10 for sgRbpj), BATF
(n=6forsgNTCandn=7forsgRbpj), CXCR6 (n=7forsgNTCandn=10 for
sgRbpj), and CX3CR1(n=7forsgNTC and n=10 for sgRbpj) in total intratumoral
OT-Icells (dual-colour transfer system). q, Expression of Prfl, Gzmb and Gzmk
in Tpex and Tex cell subsets of intratumoral sgNTC and sgRbpj OT-I cells

(as profiled by scRNA-seqin Fig. 4i).r, Survival analysis of B16-OVA tumour-
bearing mice given sgNTC (n =5) or sgRbpj (n = 8) OT-Icells.No cell transfer
(n=5).s,E.G7-OVA tumour growthin mice thatreceived sgNTC (n = 8) or
sgRbpj(n=8) OT-1cells.No cell transfer (n=4). Thesame sgNTC OT-I cells are
presented in Extended DataFig. 5d. t, LLC-OVA tumour growth in mice given
sgNTC (n=9) orsgRbpj(n=10) OT-Icells. No cell transfer (n = 4). The same
sgNTC OT-Icellsare presentedin Extended DataFig.5d.u,v,sgNTC (n=6) or
sgRbpj (n=8)-transduced OT-1 cells were transferred (single-colour transfer
system) to E.G7-OVA tumour-bearing mice and analyzed seven days later.
Number of totalintratumoral OT-Icells (u). Frequencies and numbers of Tpex
and Tex OT-Icells (v). Thesame sgNTC OT-I cells are presented in Extended
DataFig.5e,f.w,X,sgNTC (n=>5) or sgRbpj (n = 6) OT-I cells were transferred to
LLC-OVA tumour-bearing mice (single-colour transfer system) and analyzed
sevendays later. Number of total intratumoral OT-I cells (w). Frequencies and
numbers of Tpex and Tex OT-1cells (x). The same sgNTC OT-I cells are presented
inExtended DataFig.5g, h. Dataarerepresentative of three (I, m,p,r), one
(n,0,u-x) ortwo (s,t) independent experiments. NS, not significant; *P< 0.05;
**P<0.01and ***P<0.001; two-tailed Wilcoxon rank sum test (a,b,g,q), two-
tailed Wald test (h), two-tailed Kolmogorov-Smirnov test (k), two-tailed
unpaired Student’s t-test (I-p,u-x), log-rank (Mantel-Cox) test (r) or two-way
ANOVA (s,t). Dataare presented asthe mean +s.e.m.
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Extended DataFig.9 |RBPJactsindependently of NOTCH1/2 and isrepressed
by BACH2. a, Expression of Notchl and Notch2in Tpex and Tex cell subsets
among sgNTC or sgRbpj OT-1cells (from scRNA-seq profiling shownin Fig. 4i).
b-e, Relative frequencies of Tpex (Lyl08'TIM-3" (b) or TCF-1'TIM-3" (c)) and
Tex (Lyl08 TIM-3*(b) or TCF-1 TIM-3* (c)) cellsamong sgNTC or sgNotch1/2
intratumoral OT-I cells (dual-colour transfer system). Relative frequencies

of Ki67* cellsamong indicated intratumoral OT-1 populations (d). Relative
frequencies of GZMB*and IFNy*intratumoral OT-I cells (e) (n =10 per group).
f, GSEA enrichment plots showing no enrichment of KEGG NOTCH signaturein
sgRbpj compared withsgNTC Tpex cells or sgRbpjcompared with sgNTC Tex
cells (from scRNA-seq profiling shown in Fig. 4i). g, Differential chromatin
accessibility profiles of Tex compared with Tpex cells from B16-OVA tumours.
Upregulated (red) chromatin accessibility regions of Rbpj are labeled.

h, Enrichment of transcriptional regulatorsin regions of the Rbpjlocus
(seeMethods). i, RbpjexpressioninsgBach2, sgRunxl, sgRunx2 or sg Jun OT-1
cellscompared with OT-Icells transduced with sgNTC and other sgRNAs
(sgRNAs forallthe other perturbations combined) in scCRISPR screening.

j,Relative expression of Rbpjin Tpex and Tex cell subsets of Cas9-expressing
OT-Icellstransduced with sgBach2, sgNTC and other sgRNAs (sgRNAs for all
the other perturbations combined) from scCRISPR screening. k, Relative
expression of Rbpjinindicated cell states (from scRNA-seq profiling sgNTC cells
showninFig. 4i).1, RBPJ expressioninindicated sgBach2 (n=9)-transduced
intratumoral OT-Icell populations (dual-colour transfer system). m, Rbpj
expressioninwild-type (WT) or Bach2-deficient (Bach2KO) naive CD8" T cells
after 0,8and 16 h after TCR stimulation. The boxes stand for 25% to 75%
interquartile range (IQR), and the whiskers stand for minimum (25% quantile -
1.5*IQR) to maximum (75% quantile + 1.5*IQR) values. n, Rbpj expressionin
controland Bach2 overexpressing (OE) CD8' T cells. o, Differential chromatin
accessibilityinBach2 OECD8' T cells compared with control CD8" T cells.
Downregulated (blue) chromatin accessibility regions in the Rbpjlocus are
labeled. Data arerepresentative of two (b-e) or three (I) independent
experiments. NS, not significant; two-tailed Wilcoxon sum-rank test (a,i,n),
two-tailed unpaired Student’s t-test (b-e,l) or two-tailed moderated t-test (m).
Dataarepresented asthe mean+s.e.m.
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Extended DataFig.10 | RBPJ-IRF1axisimpinges upon Tex cellaccumulation.
a-c, Principal component analysis (PCA) plot showing chromatin alterations
insgNTC (n=3)and sgRbpj (n=3) Tpex and Tex intratumoral OT-I cells (dual-
colour transfer system), with the percentage of variance shown (a). Peak set
enrichmentanalysis of effector-function-related pathways in Tpex and Tex cell
subsets (b). Relative intensity of differentially accessible peaks in Rbpj-deficient
compared with control Tex cells (Tpex peak intensity profiles are shown as
reference). Selective genes associated with effector function that display
enhanced chromatin accessibility in Rbpj-deficient Tex cells are labeled (c).

d, e, Sectored scatter plot of gene-level log,FC from sgNTC and sgRbpj OT-1
cellsingeneticinteraction screening. The tumour compared with spleen,
tumour Tex cells compared with input, and Tex compared with Tpex cell are
shown. Rbpjand Irflarelabeled as described in the text (d). Venn diagram
showing the number of overlapping candidates from geneticinteraction
screening with the indicated comparisons (e). f, OCRs upregulated in sgRbpj
compared withsgNTC Tex OT-I cells were analyzed for IRF1binding motif
(V_IRF1_06, from TRANSFAC database), followed by mapping to the nearest
genes. Functional enrichmentanalysis of CD8" T cell effector-function-associated
pathways of these genes. g, Relative number of Tex cells (dual-colour transfer
system) (n=5pergroup). h, PCA plot showing transcriptome changesinsgNTC
(n=4;co-transferred cells from the sg/rf1group), sgRbpj (n=4),sglrfl1(n=4),

and sgRbpjwith sgirfl (n=3)intratumoral OT-I cells (dual-colour transfer
system), with the percentage of variance shown. i, GSEA enrichment plot
showing downregulated cell-cycle-associated and effector-function-associated
signatures insgRbpjwith sglrfl OT-I1cells compared with sgRbpj OT-1cells
(frommicroarray showninh).j, B16-OVA tumour growth in mice that received
indicated sgRNA-transduced OT-I cells (n =7 per group). No cell transfer group
(n=4).k,Schematic ofin vivo scCRISPR screening and co-functional modules
orchestrating heterogeneity and differentiation of intratumoral CTLs.
Co-functional modules coordinately regulate gene expression programmes
underlying the CTL differentiation trajectory. This trajectory is characterized
by aprogressive loss of stemness, and anincrease in metabolismand
proliferative capacity in Tpex2 and Tex1cells, which are decreased in Tex2
cells.IKAROS (from TF M3) and ETS1 (from TF M7) reciprocally regulate the
transition from Tpex to intermediate Tex1 cells, which requires quiescence exit
of Tpex cells. Moreover, NOTCH-independent RBPJ (from TF M8)-IRF1axis
mediates Tex1to Tex2 cell differentiation, associated with reduced proliferation
(dotted line marks possible Tpex to Tex2 cell generation that may also arise).
Dataarerepresentative of two (g) or one (j) independent experiments. NS,
notsignificant; *P<0.05,**P<0.01, and ***P< 0.001; two-tailed Fisher’s exact
test (b,f), one-way ANOVA (g) or two-way ANOVA (j). Data are presented as the
meants.e.m.
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Software and code

Policy information about availability of computer code

Data collection  BD FACSDIva software (v8) was used to collect flow cytometry data on LSRII, Symphony A3 or Fortessa cytometers (BD Biosciences).

Data analysis FlowJo v10 (TreeStar) for FACS results;
GraphPad Prism v8 for statistics;
Affymetrix Expression console v1.1, limma R package v3.48.3 for microarray;
DESeq2 R package v. 1.32.0 for RNA-seq and ATAC-seq;
Picard (v.2.9.4), BWA (V0.7.16), SAMtools (v1.9),MACS2 V2.1.120160309, bedtools v2.25.0, RGT HINT v0.13.2, MEME v4.11.3, IGV v.2.4.13 for
ATAC-seq;
Cell Ranger v6.0.0, Loupe Browser v6.0.0, Seurat R package v4.0.4, Slingshot R package v2.0.0, monocle 3 R package v 1.0.0, fGSEA R package
v1.18.0, GSEA software v4.2.3, MSigDB v7.4, Cytoscape v.3.7.2, ggalluvial R package v.0.12.3, ggplot2 R package v.3.3.5, ggbiplot R package
v0.55 for scRNA-seq and scCRISPR screening;
mageck v0.5.9.4 software for bulk CRISPR screening;
ComplexHeatmap v2.8.0 for microarray, RNA-seq, ATAC-seq and scCRISPR screening;
CRIS.py v2 (https://github.com/patrickc01/CRIS.py) for insertion and deletion (indel) mutation analysis.
All codes used for analysis are available from the authors upon request (see Code Availability Statement).

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

The authors declare that the data supporting the findings of this study are available within the manuscript and its Supplementary Information. All microarray,
scCRISPR screening, ATAC-seq and scRNA-seq data described in the manuscript have been deposited in the NCBI Gene Expression Omnibus (GEO) database and are
accessible through the GEO SuperSeries access number GSE216800 (https://www.nchi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE216800).

Public scRNA-seq datasets are available through GSE156728 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE156728), GSE99254 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE99254), GSE108989 (https://www.ncbi.nim.nih.gov/geo/query/acc.cgi?acc=GSE108989), GSE122713 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE122713), GSE123813 (https://www.ncbi.nIm.nih.gov/geo/query/acc.cgi?acc=GSE123813), GSE120575 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE120575), GSE86042 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE86042), GSE161983 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE161983), GSE164177 (https://www.ncbi.nIm.nih.gov/geo/query/acc.cgi?acc=GSE164177), GSE72056 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE72056), GSE123139 (https://www.ncbi.nIm.nih.gov/geo/query/acc.cgi?acc=GSE123139), GSES8638 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE98638), E-MTAB-8832 (https://www.ebi.ac.uk/biostudies/arrayexpress/studies/E-MTAB-8832). Public bulk RNA-
seq datasets are available through GSE160160 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE160160), GSE89307 (https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE89307). Public ATAC-seq datasets are available through GSE160341 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE160341).
KEGG, C7 immunological, GO and HALLMARK collections were from the Molecular Signatures Database (mSigDB) (https://www.broadinstitute.org/gsea/msigdb/).

Human research participants

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

Reporting on sex and gender N/A

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

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 Sample sizes were selected based on those used in previous publications (Wei et al. Nature 2019; Huang et al. Cell 2021).
Data exclusions  No data were excluded.

Replication All the experimental findings were reliably reproduced as validated by at least three biological replicates in at least two independent
experiments unless otherwise noted.

Randomization  Age- and sex-matched mice, including samples other than those involving mice, were assigned randomly to experimental and control groups.

Blinding The investigators were not blinded to group allocation during data collection or analysis. This approach is considered standard for
experiments of the type performed in this study, as the genetic background of the input cells must be predetermined prior to analysis.

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

Materials & experimental systems Methods

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

Palaeontology and archaeology IZ D MRI-based neuroimaging
Animals and other organisms
Clinical data
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Antibodies

Antibodies used 1. The following antibodies were used for cell culture: anti-CD3 (2C11; Bio-X-Cell, BEOOO1-1) and anti-CD28 (37.51; Bio-X-Cell,
BEOO15-1).

2. The following antibodies were used for in vivo treatments: anti-PD-L1 antibody (10F.9G2, Bio-X-Cell) and rat IgG2b isotype control
(LTF-2, Bio-X-Cell).

3. For flow cytometry analysis: 7-AAD (A9400, 1:200, Sigma) or fixable viability dye (65-0865-14; 1:1,000, eBioscience) was used for
dead-cell exclusion. The following fluorescent conjugate-labeled antibodies were used: Alexa Fluor 700-anti-CD8a (53-6.7, 100730,
1:400), Brilliant Violet 785—-anti-TCRB (H57-597, 109249, 1:400), Brilliant Violet 650—-anti-CD45.1 (A20, 110736, 1:400), PE—anti-CD62L
(MEL-14, 104408, 1:400), PE-Cyanine7—anti-CD98 (4F2, 128214, 1:400), Brilliant Violet 421—anti-CX3CR1 (SA011F11, 149023, 1:400),
APC—anti-TCR-Va2 (B20.1, 127810, 1:400), APC—anti-Ly108 (330-AJ, 134610, 1:400), Brilliant Violet 711—anti-TIM-3 (RMT3-23,
119727, 1:400), PE—anti-CD186 (CXCR6) (SA051D1, 151104, 1:400), Brilliant Violet 421-anti-CD279 (PD-1) (29F.1A12, 135217, 1:400),
PE—anti-TNF (MP6-XT22, 506306, 1:400), Alexa Fluor 647—anti-granzyme B (GB11, 515405, 1:100), Pacific Blue—anti-Ki67 (16A8,
652422, 1:400), PE—anti-IKAROS (2A9/IKAROS, 653304, 1:200), Brilliant Violet 650—anti-CD11c (N418, 117339, 1:400) (all from
Biolegend); PE-Cyanine7—anti-CD44 (IM7, 25-0441-82, 1:400), eFluor 450-anti-CD71 (R17217, 48-0711-82, 1:400), PE-Cyanine7—anti-
TIM-3 (RMT3-23, 25-5870-82, 1:400), PE—anti-CD244.2 (2B4; 244F4, 12-2441-82, 1:400), PerCP-eFluor 710-anti-CD39 (24DMS1,
46-0391-82, 1:400), APC—anti-perforin (OMAK-D, 17-9392-80, 1:200), PerCP-eFluor 710-anti-BATF (MBM7C7, 46-9860-42, 1:100),
PE-Cyanine7—-anti-T-bet (4B10, 25-5825-82, 1:100), PE—anti-TOX (TXRX10, 12-6502-82, 1:100), Alexa Fluor 647—goat anti-rabbit 1gG
(H+L) (A21245, 1:1,000), Alexa Fluor Plus 405—goat anti-rabbit IgG (H+L) (A48254, 1:1000) (all from eBioscience); Brilliant Violet 605—
anti-Ly108 (13G3, 745250, 1:400), Alexa Fluor 647—anti-active caspase-3 (C92-605, 560626, 1:100), Alexa Fluor 647—anti-BrdU (3D4,
560209, 1:200) (all from BD Biosciences); VioletFluor 450-anti-IFNy (XMG1.2, 75-7311-U100, 1:400) (from Tonbo Bioscience); APC—
anti-RUNX3/CBFA3 (527327, IC3765A, 1:100) (from R&D systems); Alexa Fluor 647—anti-TCF1 (C63D9, 6709, 1:100), APC—anti-pS6
(S235/236) (D57.2.2E, 14733, 1:100) (all from Cell Signaling Technology).

4. The following antibodies were used for immunoblot analysis: anti-B-Actin (AC-74, 1:3,000, Sigma-Aldrich) and anti-RBPJ (D10A4,
1:1,000, Cell Signaling Technology). Primary antibodies were detected using HRP-conjugated anti-mouse 1gG (W4021, 1:5,000,
Promega) or anti-Rabbit IgG (W4011, 1:5,000, Promega).

Validation 1. The following antibodies for cell culture have been validated for the specificity and application by the manufacturers (see detailed
reference on the website)
anti-mouse CD3: www.bioxcell.com/invivomab-anti-mouse-cd3e-be0001-1
anti-CD28: www.bioxcell.com/invivomab-anti-mouse-cd28-be0015-1

2. The following antibodies for in vivo treatment have been validated for the specificity and application by the manufacturers (see
detailed reference on the website)

anti-mouse PD-L1 (B7-H1): www.bioxcell.com/invivomab-anti-mouse-pd-11-b7-h1-be0101

rat 1gG2b isotype control: www.bioxcell.com/invivomab-rat-igg2b-isotype-control-anti-keyhole-limpet-hemocyanin-be0090

3. The following antibodies for flow cytometry have been validated for the specificity and application by the manufacturers (see
detailed reference on the website)

7-AAD: www.sigmaaldrich.com/US/en/product/sigma/a9400

Fixable viability dye: www.thermofisher.com/order/catalog/product/65-0865-14?SID=srch-srp-65-0865-14

Alexa Fluor 700—anti-CD8a: www.biolegend.com/fr-ch/products/alexa-fluor-700-anti-mouse-cd8a-antibody-3387

Brilliant Violet 785—anti-TCRB: www.biolegend.com/fr-ch/products/brilliant-violet-785-anti-mouse-tcr-b-chain-antibody-17614
Brilliant Violet 650—anti-CD45.1: www.biolegend.com/fr-ch/products/brilliant-violet-650-anti-mouse-cd45-1-antibody-7644
PE—anti-CD62L: www.biolegend.com/fr-ch/products/pe-anti-mouse-cd62l-antibody-386

PE-Cyanine7—anti-CD98: www.biolegend.com/fr-ch/products/pe-cyanine7-anti-mouse-cd98-4f2-antibody-16518

Brilliant Violet 421—anti-CX3CR1: www.biolegend.com/fr-ch/products/brilliant-violet-421-anti-mouse-cx3crl-antibody-11852
APC—anti-TCR-Va2: www.biolegend.com/fr-ch/products/apc-anti-mouse-tcr-valpha2-antibody-4851

APC—anti-Ly108: www.biolegend.com/fr-ch/products/apc-anti-mouse-ly108-antibody-15660

Brilliant Violet 711—anti-TIM-3: www.biolegend.com/fr-ch/products/brilliant-violet-711-anti-mouse-cd366-tim-3-antibody-14918
PE—anti-CD186 (CXCR6): www.biolegend.com/fr-ch/products/pe-anti-mouse-cd186-cxcr6-antibody-12545

Brilliant Violet 421—anti-CD279 (PD-1): www.biolegend.com/fr-ch/products/brilliant-violet-421-anti-mouse-cd279-pd-1-
antibody-7330

PE—anti-TNF: www.biolegend.com/fr-ch/products/pe-anti-mouse-tnf-alpha-antibody-978

Alexa Fluor 647—anti-granzyme B: www.biolegend.com/fr-ch/products/alexa-fluor-647-anti-human-mouse-granzyme-b-
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antibody-6067

Pacific Blue—anti-Ki67: www.biolegend.com/fr-ch/products/pacific-blue-anti-mouse-ki-67-antibody-10553

PE—anti-IKAROS: www.biolegend.com/fr-ch/products/pe-anti-mouse-ikaros-antibody-8308

Brilliant Violet 650—anti-CD11c: www.biolegend.com/en-us/products/brilliant-violet-650-anti-mouse-cd11c-antibody-8840
PE-Cyanine7—anti-CD44: www.thermofisher.com/antibody/product/CD44-Antibody-clone-IM7-Monoclonal/25-0441-82

eFluor 450-anti-CD71: www.thermofisher.com/antibody/product/CD71-Transferrin-Receptor-Antibody-clone-R17217-RI7-217-1-4-
Monoclonal/48-0711-82

PE-Cyanine7—anti-TIM-3: www.thermofisher.com/antibody/product/CD366-TIM3-Antibody-clone-RMT3-23-Monoclonal/25-5870-82
PE—anti-CD244.2: www.thermofisher.com/antibody/product/CD244-2-2B4-Antibody-clone-eBio244F4-Monoclonal/12-2441-82
PerCP-eFluor 710—anti-CD39: www.thermofisher.com/antibody/product/CD39-Antibody-clone-24DMS1-Monoclonal/46-0391-82
APC—anti-perforin: www.thermofisher.com/antibody/product/Perforin-Antibody-clone-eBioOMAK-D-Monoclonal/17-9392-80
PerCP-eFluor 710—anti-BATF: www.thermofisher.com/antibody/product/BATF-Antibody-clone-MBM7C7-Monoclonal/46-9860-42
PE-Cyanine7—anti-T-bet: www.thermofisher.com/antibody/product/T-bet-Antibody-clone-eBio4B10-4B10-Monoclonal/25-5825-82
PE—anti-TOX: www.thermofisher.com/antibody/product/TOX-Antibody-clone-TXRX10-Monoclonal/12-6502-82

Alexa Fluor 647—goat anti-rabbit IgG (H+L): www.thermofisher.com/antibody/product/Goat-anti-Rabbit-IgG-H-L-Highly-Cross-
Adsorbed-Secondary-Antibody-Polyclonal/A-21245

Alexa Fluor Plus 405—goat anti-rabbit 1gG (H+L): www.thermofisher.com/antibody/product/Goat-anti-Rabbit-IgG-H-L-Highly-Cross-
Adsorbed-Secondary-Antibody-Polyclonal/A48254

Brilliant Violet 605—anti-Ly108: www.bdbiosciences.com/en-au/products/reagents/flow-cytometry-reagents/research-reagents/
single-color-antibodies-ruo/bv605-mouse-anti-mouse-ly-108.745250

Alexa Fluor 647—anti-active caspase-3: www.bdbiosciences.com/en-au/products/reagents/flow-cytometry-reagents/research-
reagents/single-color-antibodies-ruo/alexa-fluor-647-rabbit-anti-active-caspase-3.560626

Alexa Fluor 647—anti-BrdU: www.bdbiosciences.com/en-us/products/reagents/microscopy-imaging-reagents/immunofluorescence-
reagents/alexa-fluor-647-mouse-anti-brdu.560209

VioletFluor 450—-anti-IFNy: www.tonbobio.com/products/violetfluor-450-anti-mouse-ifn-gamma-xmg1-2

APC—anti-RUNX3/CBFA3: www.rndsystems.com/products/human-mouse-runx3-cbfa3-apc-conjugated-antibody-527327_ic3765a
Alexa Fluor 647—anti-TCF1: www.cellsignal.com/products/antibody-conjugates/tcf1-tcf7-c63d9-rabbit-mab-alexa-fluor-647-
conjugate/6709

APC—anti-pS6 (S235/236): www.cellsignal.com/products/antibody-conjugates/phospho-s6-ribosomal-protein-ser235-236-d57-2-2e-
xp-rabbit-mab-apc-conjugate/14733

4. The following antibodies for immunoblot have been validated for the specificity and application by the manufacturers (see detailed
reference on the website).

anti-B-Actin: www.sigmaaldrich.com/US/en/product/sigma/a2228

anti-Rbpsuh (also known as RBPJ): www.cellsignal.com/products/primary-antibodies/rbpsuh-d10a4-xp-rabbit-mab/5313?site-search-
type=Products&N=4294956287&Ntt=5313s&fromPage=plp&_requestid=5443643

HRP-conjugated anti-mouse IgG: https://www.promega.com/products/protein-detection/primary-and-secondary-antibodies/
anti_mouse-igg-h-and-l-hrp-conjugate/?catNum=wW4021

HRP-conjugated anti-Rabbit IgG: https://www.promega.com/products/protein-detection/primary-and-secondary-antibodies/anti-
rabbit-igg-h-and-I-hrp-conjugate/?catNum=wW4011

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

The Plat-E cell line was provided by Y.-C. Liu (La Jolla Institute of Immunology). The B16-OVA cell line was provided by D.
Vignali (University of Pittsburgh). The B16-F10 and E.G7-OVA (derivative of EL4) cell lines were purchased from ATCC. B16-
hCD19 cell line was constructed by transducing B16 F10 cells with an amphotropic virus containing human CD19 (hCD19) and
sorting cells with top 10% hCD19 expression. The Lewis lung carcinoma (LLC) cell line was purchased from ATCC, and the LLC-
OVA cell line was produced by transduction of the parental LLC cell line with the pMIG-II-neo-mOVA containing OVA protein
fused with GFP, followed by sorting of GFP-expressing cells.

The cell lines used were not authenticated.

Mycoplasma contamination The cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines  No commonly misidentified cell lines were used.

(See ICLAC register)

Animals and other research organisms

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

Research

Laboratory animals

Mice were housed and bred at the St. Jude Children’s Research Hospital Animal Resource Center in specific pathogen-free conditions.
Mice were on 12-hour light/dark cycles that coincide with daylight in Memphis, TN, USA. The St. Jude Children’s Research Hospital
Animal Resource Center housing facility was maintained at 20-25°C and 30-70 % humidity. C57BL/6, OT-l, pmel and Rosa26-Cas9-
transgenic mice were purchased from The Jackson Laboratory. Human CD19 CAR-transgenic mice (T cells express CARs that consist of
anti-human CD19 (human CD19) scFv fragments, CD8 transmembrane domain and 4-1BB-CD3 signaling tail) were provided by T.
Geiger. We crossed Rosa26-Cas9 knock-in mice with OT-I, pmel or CAR-transgenic mice to generate OT-I-Cas9, pmel-Cas9 or CAR-
transgenic-Cas9 mice that express Cas9 in antigen-specific CD8 T cells. Both male and female mice were used for analysis and
guantification. Sex-matched mice were used at 7-16 weeks old unless otherwise noted.
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Wild animals The study did not involve wild animals.

Reporting on sex Both male and female mice were included in all analyses reported in this manuscript, as there were no differences between sexes
observed in any of our biological or functional assays.

Field-collected samples  The study did not involve samples collected from the field.

Ethics oversight Experiments and procedures were approved by and performed in accordance with the Institutional Animal Care and Use Committee
(IACUC) of St. Jude Children’s Research Hospital.

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

Flow Cytometry

Plots
Confirm that:

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

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

All plots are contour plots with outliers or pseudocolor plots.

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

Methodology

Sample preparation

Instrument

Software

Cell population abundance

Gating strategy

The spleens, peripheral lymph nodes (PLNs) and tumor draining lymph nodes (tdLNs) were gently grinded under nylon mesh
using the flat end of a 3-mL syringes. Red blood cells were removed using ACK lysis buffer, followed by washing cells with
isolation buffer (HBSS containing 2% FBS). To isolate tumor infiltrating lymphocytes (TILs), B16-OVA melanoma, EG.7-OVA or
LLC-OVA tumors were excised, minced, and digested with 0.5 mg/ml collagenase IV (Worthington) plus 200 IU/m| DNase |
(Sigma) for 1 h at 37 C and then passed through 70-um filters to remove undigested tumor tissue. TILs were then isolated by
density-gradient centrifugation over Percoll (Life Technologies).

LSRII, Symphony A3 or LSR Fortessa (BD Biosciences); Reflection cell sorter (i-Cyt).

BD FACSDIva software (version 8) was used to collect flow cytometry data on LSRII, Symphony A3 or Fortessa cytometers (BD
Biosciences). FlowJo v10 (TreeStar) for FACS results.

The purities of the sorted cells were more than 98%.
For all experiments, FSC-A vs. SSC-A gates was used to identify population targeted viable cells. Singlet cells were separated

from doublets using FSC-A vs. FSC-H gating. Live viability dye was used to eliminate dead cells. Target populations were
further determined by specific antibodies, which were able to distinguish from negative populations.

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