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Abstract

Stem-like CD8* T cells are regulated by T cell factor 1 (TCF1) and are considered requisite

for immune checkpoint blockade (ICB) response. However, recent findings indicate that reliance
on TCF1*CD8* T cells for ICB efficacy may differ across tumor contexts. We find that TCF1

is essential for optimal priming of tumor antigen-specific CD8* T cells and ICB response in
poorly immunogenic tumors that accumulate TOX* dysfunctional T cells, but is dispensable

for T cell priming and therapy response in highly immunogenic tumors that efficiently expand
transitory effectors. Importantly, improving T cell priming by vaccination or by enhancing antigen
presentation on tumors rescues the defective responses of TCF1-deficient CD8* T cells upon

ICB in poorly immunogenic tumors. Our study highlights TCF1’s role during the early stages
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of anti-tumor CD8* T cell responses with important implications for guiding optimal therapeutic
interventions in cancers with low TCF1*CD8™" T cells and low neo-antigen expression.

eTOC Blurb

Escobar et al. uncover that TCF1 expression in CD8* T cells is required for ICB response in
poorly, but not highly, immunogenic tumors. They further show that therapeutic vaccination can
rescue ICB response in low antigen-expressing tumors in TCF1-deficient settings.

Graphical Abstract

TCF1 DEFICIENCY
POORLY IMMUNOGENIC TUMORS HIGHLY IMMUNOGENIC TUMORS

DEFECTIVE PRIMING EFFECTIVE PRIMING

—

/,h

TCF1-deficient

| CD8'stem-like )

)| Teells |

$ Differentiation ‘ Differentiation to
to TOX*CD8* CD8* transitory

dysfunctional
cells

DEFECTIVE ICB RESPONSE EFFECTIVE ICB RESPONSE

Introduction

Immune checkpoint blockade (ICB) therapy represents a breakthrough in cancer treatment
but fails to elicit durable clinical benefit in many patients, underscoring the need to identify
the cellular and molecular mechanisms underlying ICB responsel. In this regard, a CD8*
T cell subset that retains stemness and memory potential has emerged as a key player in
the response to ICB and other immune-harnessing therapies. We, and others, have shown
that intra-tumoral CD8* stem-like T cells are tumor-antigen specific, have polyfunctional
effector capacity, and provide the proliferative burst that seeds the effector response upon
ICB28, Stem-like T cells depend, at least in part, on T cell factor 1 (TCF1; encoded

by 7cf7)°. Genetic ablation of 7¢f7in mature CD8" T cells compromises, but does not
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completely abrogate, their maintenance and function, thereby limiting the efficacy of ICB in
experimental cancer models34.

The clinical relevance of TCF17CD8* stem-like T cells is supported by studies in melanoma
patients. One study showed that the frequency of 7CF7-expressing CD8* T cells correlated
with positive response to ICB’. However, other studies have shown that the frequency of
TCF1*CD8* T cells associated with progression free survival (PFS) but did not stratify ICB
responders versus non-responders3-2. In advanced clear cell renal carcinoma patients treated
with ICB, the frequency of TCF1*CD8* T cells failed to predict any clinical outcomes?0.
Such findings indicate that the reliance on TCF1*CD8* stem-like T cells for ICB efficacy
may not be equal across patients or tumor contexts. Moreover, that loss of TCF1 in mature
CD8™* T cells neither completely abrogates the presence of stem-like CD8* T cells in tumors
nor the response to ICB, raises the important question of what determines reliance on

TCF1 for effective anti-tumor responses. Recent studies have highlighted the tumor-draining
lymph node (TDLN) as a reservoir of tumor-specific TCF1*CD8* stem-like precursors

that are the direct targets of ICB therapy1~1°5. How TCF1 regulates the priming of these
TCF1*CD8" precursors and shapes the quality of anti-tumor CD8" T cell responses remains
an open question.

Here, we investigated a role for TCF1 during the priming of tumor-antigen specific CD8* T
cells in the TDLN and in shaping the intra-tumoral CD8* T cell response in different tumor
contexts and upon ICB.

Reliance on TCF1 for ICB response is determined by tumor immunogenicity

Our previous work and that of others indicated that loss of TCF1 in CD8" T cells limits,

but does not completely abrogate, the response to ICB and other immune-based therapies3+4.
We therefore examined the reliance on TCF1 for the induction of effective anti-tumor
responses upon ICB in different tumor contexts. We generated conditional knock-out mice
in which Cre-mediated 7¢f7 (encoding TCF1) deletion was driven by the £8/enhancer
(E8i-Crex TefAVfl: TCF1 cKO), which becomes active after thymic positive selection in
the CD8* T cell lineage only®. We observed no abnormalities in thymocyte development

in TCF1 cKO mice as compared to wild-type controls ( 7cf7AVf: WT) (Figure 1A). Indeed,
we observed limited (~24%) 7c¢f7deletion in CD8* thymocytes but nearly complete (~91%)
deletion in peripheral CD8" T cells in TCF1 cKO mice (Figure 1B). Next, we implanted
B16-F10 melanoma or MC38 colon carcinoma, both expressing ovalbumin (OVA) as a
common ectopic tumor antigen in WT and TCF1 cKO mice. The MC38-OVA cell line

we used in this study has high MHC-I expression, in contrast to the cell line we used
previously? (Figure S1A). B16-OVA had lower expression of total MHC-I (Figure S1A-

B) and of MHC-I presenting SIINFEKL (Figure 1C) compared to MC38-OVA tumors /in
vivo. When tumors were established, we treated with isotype (ISO) or ICB (anti-TIM-3

+ anti-PD-L1) (Figure 1D). Surprisingly, we found that loss of TCF1 in CD8* T cells
limited 1CB response in mice bearing B16-OVA tumors but had no effect in mice bearing
MC38-OVA tumors (Figure 1E). These data indicated differential reliance on TCF1*CD8*
stem-like T cells to seed the effector response in these different tumor contexts. Accordingly,
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we next investigated the frequency of stem-like CD8" tumor-infiltrating lymphocytes (TILs)
and their transition to effectors in the two tumor models at comparable tumor dimensions
(Figure S1C). We implanted tumors into WT and 7¢f7~GFP mice, in which GFP reports
7Tcf7 locus activityl?, and used PD-1, TIM-3, SLAMF6, CX3CR1, and CD39 expression

to distinguish four CD8* TIL subsets (Figure 1F): PD-1*TIM-3"SLAMF6TCX3CR1"~
stem-like cells (population 1), PD-1*TIM-3"SLAMF6!oW/NeICX3CR1* early effectors
(population 2), PD-1*TIM-3*CD39!ow/neds| AMF6* pre-dysfunctional cells (population

3) and PD-1*TIM-3*CD39*SLAMF6~ terminally dysfunctional cells (population 4). We
observed a reduced proportion of stem-like cells (population 1) and a higher proportion and
number of early effectors (population 2) in MC38-OVA compared to B16-OVA tumors
(Figure 1G and S1D). Furthermore, MC38-OVA tumors contained higher numbers of
PD-1*TIM-3* CD8" T cells (populations 3 and 4) (Figure S1D), although the proportions
of these PD-1*TIM-3* subsets were similar compared to B16-OVA tumors (Figure 1G). We
observed similar differences within OVA-dextramer* CD8* TILs in the two tumor models
(Figure 1H and S1E). Notably, OVA-dextramert CD8* T cells were detected in all MC38-
OVA tumors analyzed (n=15) but only in a fraction (n=7/16; 44%) of B16-OVA tumors,

in line with their differential immunogenicity (Figure S1F). We next examined TCF1
expression and 7c¢f7-locus activity. As expected, TCF1 expression and 7c¢f7-locus activity
was highest in stem-like T cells (population 1), reduced in both early effectors (population
2) and pre-dysfunctional cells (population 3), and mostly absent in terminally dysfunctional
cells (population 4) (Figure 1G—H). Notably, TCF1 expression and/or 7cf7-locus activity
were significantly diminished in populations 1 and 2 from MC38-OVA as compared to
B16-OVA tumors (Figure 1G and S1G). However, when examining only OVA-dextramer*
CD8™" TILs, we observed a similar proportion of TCF1-expressing cells in population 2
between the two tumors, likely reflecting strong TCF1 downregulation by cells that have
undergone successful effector transition upon TCR triggering by SIINFEKL in the two
models. Altogether, these data indicated that tumors that failed to promote potent stem-like
to early effector transition relied on a pool of TCF1* CD8" stem-like T cells to sustain ICB
response.

Effective priming of tumor-antigen specific CD8* precursors in the TDLN requires TCF1 in
low tumor antigen contexts.

The observed differential requirement for TCF1 in the two tumor contexts prompted us to
examine underlying mechanisms. Despite conflicting data on the contribution of peripheral
tumor-antigen specific CD8" T cells to ICB efficacy3:11:18-22 several studies have shown
that the TDLN plays an important role in the priming of productive anti-tumor CD8* T cell
responsesi1~15, We therefore investigated whether the failure of TCF1 cKO mice to respond
to ICB when bearing B16-OVA, but not MC38-OVA, tumors might reflect a differential
reliance on TCF1 during the priming of tumor-antigen specific T cells in the TDLN.

We transferred naive WT or TCF1 cKO OTI T cells into B16-OVA or MC38-OVA tumor-
bearing mice followed by treatment with one dose of ICB or ISO prior to assessment of T
cell proliferation in the TDLN as indicated in Figure 2A. We observed equal proportions

of WT and TCF1 cKO OTI T cells in the TDLN of both tumor models (Figure S2A).
However, in B16-OVA-bearing mice, only WT OTI T cells underwent efficient proliferation
(37.9 £ 4.5% proliferating cells) upon ICB whereas TCF1 cKO OTI T cells proliferated
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less irrespective of treatment (cKO ICB: 17.4 + 4.6% proliferating cells; cKO ISO: 20 +
2.7% proliferating cells). Accordingly, a greater proportion of WT OTI T cells achieved >5
cell divisions (7.1 + 1.8 %) as compared to TCF1 cKO OTI T cells (3.8 £ 1.4 %) upon

ICB (Figure 2B). In contrast, in MC38-OVA-bearing mice, although TCF1 cKO OTI T cells
exhibited a modest defect at baseline (ISO), they proliferated equally well as WT OTI T
cells upon a single dose of ICB (Figure 2C). Notably, OTI T cells proliferated to a much
greater extent in MC38-OVA- (up to 8 divisions) as compared to B16-OVA-bearing (up to 5
divisions) mice. These data indicated that TCF1 was required for optimal activation of tumor
antigen-specific CD8* T cells in the TDLN of mice bearing poorly immunogenic tumors but
was dispensable in the context of highly immunogenic tumors. We confirmed these results
in a co-transfer setting (Figure S2B-C). We further examined WT and TCF1 cKO Pmel T
cells co-transferred into B16-F10 tumor-bearing mice (Figure S2D). In line with the low
affinity of the Pmel TCR for its cognate antigen, WT Pmel T cell proliferation was low

even upon ICB treatment (16.2% =+ 4.3 proliferating cells) compared to WT OTI T cell
proliferation (24.5% + 4.6 proliferating cells) in B16-OVA tumor-bearing mice (co-transfer
setting) (Figures S2B and D). Nonetheless, we observed a proliferation defect in TCF1 cKO
Pmel T cells at baseline (ISO) and upon ICB, although the latter did not reach statistical
significance (Figure S2D).

The differential reliance on TCF1 for optimal T cell activation could reflect quantitative
and/or qualitative differences in antigen presentation in the two models. To address this, we
transferred naive WT or TCF1 cKO OTI T cells into WT mice implanted with a 5:1 mixture
of parental and OVA-expressing MC38 cells and examined proliferation upon ICB or 1SO
administration as in Figure 2A. Strikingly, we found that a five-fold reduction in OVA
antigen levels was sufficient to reveal defective proliferation of TCF1 cKO OTI T cells upon
one dose of ICB, similar to our observation in the B16-OVA model (Figure 2D). Conversely,
WT OTI T cells proliferated well upon one dose of ICB. Importantly, we confirmed these
data in a co-transfer setting (Figure 2E-G).

TCF1 regulates T cell responsiveness to low TCR triggering

Our observations indicated differential effects of TCF1 deficiency depending on the strength
of TCR triggering. We therefore examined how WT and TCF1 cKO OTI T cells responded
to different TCR signal strengths. We activated naive WT and TCF1 cKO OTI T cells with
high vs low doses of anti-CD3 + anti-CD28 antibodies /n vitro. We found that WT and
TCF1 cKO OTI T cells proliferated equally well, with TCF1 ¢cKO OTI T cells showing a
slightly accelerated accumulation of cells undergoing >6 divisions, when stimulated with

a high dose of anti-CD3 + anti-CD28 (Figure 3A). Accordingly, both WT and TCF1

cKO OTI T cells decreased CD62L and increased CD44, PD-1, and CD28 expression

with TCF1 cKO cells showing a small, but significant, increase in PD-1 and CD28 as
compared to WT cells (Figure 3B and S3A). Conversely, TCF1 cKO OTI T cells showed
defective proliferation commencing with the first division, reduced CD62L downregulation,
and reduced acquisition of CD44, PD-1, and CD28 compared to WT OTI T cells when
activated with a low dose of anti-CD3 + anti-CD28 (Figure 3A-B and S3A). Phosphoflow
further revealed reduced phosphorylation of key TCR signaling molecules (LAT, ZAP70,
ERK, and AKT) in TCF1 cKO OTI T cells (Figure 3C). In line with reduced ERK
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activation, we observed reduced phosphorylation, and thus activation, of SHP2, which
sustains ERK activation23, in TCF1 cKO OTI T cells. Importantly, we further confirmed
the generalizability of these results in WT and TCF1 cKO T cells expressing the Pmel TCR
or a native TCR repertoire (Figure S3B-H).

To study TCF1’s role in the context of different TCR stimulations in a more physiological
setting, we co-cultured naive WT or TCF1 cKO OTI T cells with bone marrow-derived
dendritic cells (BM-DC) pulsed with different doses of SIINFEKL. In line with our results
using anti-CD3 + anti-CD28 stimulation, we found defective proliferation and acquisition of
an activated phenotype in TCF1 cKO OTI T cells cultured with BM-DC pulsed with a low,
but not a high, dose of SIINFEKL (Figure 3D). When repeating the experiment using the
SIVFEKL variant (V4), which has low affinity for OTI (SIIVV EC5p = 680 vs. SIIN ECsq =
1)24, we observed defective proliferation, reduced down-regulation of CD62L, and reduced
acquisition of CD44 and PD-1 expression in TCF1 cKO T cells even when SIIVFEKL was
tested at the same high (17.78nM) dose used for SIINFEKL (Figure 3E-F). Accordingly,
when testing additional SIINFEKL variants (SIHHQFEKL EC5p=18, SIITFEKL ECgy=70),
we observed defective proliferation of TCF1 cKO T cells even when using high peptide
doses (Figure S4A). To confirm these results /in7 vivo, we assessed the priming of WT or
TCF1 cKO OTI T cells after co-transfer into mice implanted with MC38 cells expressing
comparable levels of SIINFEKL or SHQFEKL (Figure 3G). In line with our /n vitro data,
we found defective proliferation of TCF1 cKO as compared to WT OTI T cells in the

TDLN of mice implanted with MC38-SIIQFEKL but not MC38-SIINFEKL (Figure 3H).
Of note, we did not observe WT or TCF1 cKO OTI T cell proliferation in mice bearing
MC38-SIIVFEKL, indicating that the affinity of OTI for SIIVFEKL was below the threshold
required for activation /n vivo (Figure S4B—C). Together, these data suggested that TCF1 can
poise T cells for optimal antigen responsiveness, particularly in settings with limiting doses
of antigen and low TCR signals.

TCF1 is required for optimal activation of stem-like CD8* T cells in the TDLN of mice
bearing poorly immunogenic tumors

To study how TCF1 affects the activation of tumor-antigen specific T cells in the TDLN,

we repeated the experiment in Figure 2A and performed single-cell RNA-seq (SCRNA-seq).
Unsupervised clustering of the single-cell data identified 6 cell clusters: 1) naive cells; 2)
XclI-expressing cells; 3) early activated cells, expressing early activation (Lck, Fyb, Slamf6)
and memory-associated (/d3) transcripts but lacking effector transcripts; 4) early effectors
and 5) effectors, both expressing effector-associated genes (S100a4, S100a6, 1d2, Cxcr3,
Cd48, S1prd) with effectors exhibiting more proliferative capacity ( 7opZa, mKi67), and

6) late effectors expressing genes important for effector differentiation (£zA2, Suv39h1,
Dnmtl) and showing the highest proliferative capacity (7op2a, Miki67) (Figure 4A-B).

T cell differentiation trajectory analysis using pseudotime (Methods) showed highest
expression of progenitor-associated genes (K/72, Lef1, Sell) in naive T cells (the starting
node of the trajectory) with effector-associated genes (Cxcr3, Irf8, EzhZ2) progressively
increasing along the trajectory and showing highest expression in late effectors (the last node
of the trajectory) (Figure 4C). We then compared the distribution of WT and TCF1 cKO

OTI T cells along the pseudotime trajectory. In the highly immunogenic MC38-OVA model,
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one dose of ICB boosted WT OTI T cell activation, as shown by the increased frequency

of late effectors and concomitant decrease of naive cells (Figure 4D-E). Interestingly,
although TCF1 cKO OTI T cells showed reduced proportions of early activated and effector
populations at baseline (1SO), one dose of ICB rescued the defective priming of TCF1 cKO
OTI T cells (Figure 4D-E). In the poorly immunogenic B16-OVA model, one dose of ICB
boosted the activation of WT OTI T cells as shown by the increased frequency of early
activated cells, but could not rescue the defective activation of TCF1 cKO OTI T cells. The
more robust activation of OTI T cells in MC38-OVA- compared to B16-OVA-bearing mice
was consistent with the increased levels of MHC-1 and MHCI-SIINFEKL in MC38-OVA
tumors (Figure 1C and S1A-B). Altogether, these data indicated that TCF1 is required for
effective priming of stem-like CD8* T cells in suboptimal antigen presentation settings,
providing insight into mechanisms underlying the requirement for TCF1 for ICB efficacy in
B16-OVA but not MC38-OVA tumors (Figure 1E).

Loss of TCF1 expands naive precursors poised to become short-lived effector cells

We next examined whether intrinsic differences in the composition or transcriptome of
naive T cells between WT and TCF1 cKO mice were responsible for the defective priming
observed in the B16-OVA model. We assessed differentially expressed genes between WT
and cKO OTI T cells in the naive cluster from the TDLN of B16-OVA-bearing mice after
one dose of ICB (Table S1). We found increased expression of chemokine ligands and
receptors (Cxcr6, Ccr9, Ccl5)and IFN responsive genes (/rf1, Statl, Ifi214, 1fi206, Ifi47,
11i208, 1fi203) in naive TCF1 cKO OTI T cells. Interestingly, we also observed increased
expression of both effector- (Prf1, Ly6c2, Ly6a, Runx3) and naive-associated (K172, S1prl,
Sell, 117r, Lef1, FoxpI) genes, indicating that although TCF1-deficient naive cells are poised
to become effectors, they fail to undergo efficient T cell activation in low antigenic settings.
Conversely, we observed reduced naive-associated transcripts in naive WT OTI T cells

in B16-OVA-bearing mice upon ICB, suggesting more effective initiation of activation
programs. Indeed, we found increased expression of genes encoding ribosomal proteins in
naive WT as compared to TCF1 cKO OTI T cells already at baseline, indicative of their
preparedness to rapidly mount an immune response?® (Table S1). Naive TCF1 cKO OTI

T cells also had decreased expression of Jun, both at baseline and upon ICB, which has
been shown to enhance expansion and persistence of CAR T cells?6. Thus, reduced Jun
expression in TCF1 cKO T cells may contribute to their reduced ability to sustain anti-tumor
responses in the B16-OVA tumor model. Finally, although we observed increased effector
and chemokine ligand/receptor genes in naive TCF1 cKO OTI T cells from MC38-OVA
bearing mice upon ICB, notably, we did not see increased naive-associated genes (Table
S1), indicating that TCF1-deficient cells can undergo effective T cell activation in a more
antigenic setting.

To address whether these transcriptional changes reflected differences in the naive cell
composition between WT and TCF1 cKO OTI T cells, we performed unsupervised
clustering of the naive cells from our scRNA-seq data. We identified five cell clusters
(Figure 5A and S5A). Cluster 5, characterized by increased expression of Cc/5, Cxcré, and
Cxcr3, stood out as the most distinct (Figure 5B). This cluster also expressed Ly6c2, which
has been shown to mark a subset of naive cells poised to give rise to short-lived effectors
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in acute viral infections?’ (Figure 5B). Notably, cluster 5 was largely absent in WT but was
expanded in naive TCF1 cKO OTI T cells (Figure 5C).

To gain insight into the transcriptional regulation of these cells, we ran SCENIC (Single-Cell
rEgulatory Network Inference and Clustering)2®. We found that cluster 5 had higher activity
of the Eomes regulon (comprising 19 genes) (Figure 5D). To confirm SCENIC results, we
examined cluster 5 cells (CXCR3* Ly6C™) among naive T cells in tumor-free WT and TCF1
cKO mice. The frequency of CXCR3*Ly6C™ naive cells was increased in TCF1 cKO mice
expressing either the OTI TCR or a native TCR repertoire (Figure 5E) and this population
had the highest EOMES expression among all naive cells (Figure 5F) with no changes

in EOMES levels between TCF1 cKO and WT T cells (Figure S5B). Analysis of OTI T
cells in the TDLN of MC38-OVA-bearing mice confirmed highest EOMES expression in
CXCR3*Ly6C™ naive cells (Figure 5G and S5C) and increased frequency of this subset

in TCF1 cKO OTI T cells (Figure 5H). Similar results were found in B16-OVA-bearing
mice (not shown). Although TCF1 has been reported to positively regulate EOMES?9, the
observed increase in EOMES-expressing cells in naive TCF1-deficient T cells indicates

that other factors besides TCF1 regulate EOMES expression. Further, in line with our
scCRNA-seq data, we observed higher CXCR6 expression in naive TCF1 cKO OTI T cells

in the TDLN of MC38-OVA-bearing mice (Figure 51). Collectively, these data indicated

that TCF1 deficiency affects the composition of naive T cells at baseline, resulting in an
increased proportion of naive cells poised to give rise to terminal effectors. In highly, but
not poorly, immunogenic tumors this naive population is readily activated to deploy potent
anti-tumor responses.

Highly and poorly immunogenic tumors differentially instruct the CD8* T cell
differentiation trajectory.

To examine how the defect in early TCF1 cKO T cell activation in the TDLN affected
intra-tumoral CD8" T cell responses and ICB efficacy, we implanted WT or TCF1 cKO
mice with either MC38-OVA or B16-OVA and then administered two doses of ICB or

ISO prior to harvesting CD8* TILs for scRNA-seq (Figure S6A). Unsupervised clustering
identified 8 clusters of CD8* TILs (Figure 6A-B and Table S2). These included a naive/
stem-like T cell cluster that showed highest 7¢f7expression among all clusters and a cluster
characterized by Cxcr3expressionl®. The CXCR3 cluster expressed intermediate 7¢77 levels
and showed higher Pdcdl (encodes PD-1) expression as compared to the naive/stem-like
cluster (Figure 6B and Table S2). Projection of a stem-like CD8* T cell signature® showed
highest expression in the naive/stem-like cluster (Figure S6B and Table S3). We also found
a cluster characterized by high expression of interferon stimulated genes (1ISG: /fit3, /fit1,
1sg15, 1fi209), and effector transcripts (Gzma, Gzmk, Ccl5) (Figure 6B and Table S2). This
cluster showed strongest enrichment for a short-lived effector T cell signature3° (Figure S6B
and Table S3). We identified 5 clusters of cells co-expressing Pdcdl and Haver2 (encodes
TIM-3). The Xc/I-expressing cluster had overall low expression of genes encoding for
cytotoxic molecules and co-inhibitory receptors (Figure 6B and Table S2). The Cc/3and
Ccl4-expressing cluster had high expression of effector genes (/fng, Prf, Tnf, Gzmb,Zeb2)
and highest expression of Nuclear Receptor Subfamily 4 members (Nr4aZ, Nr4a3, Nrdal).
The PD-1*TIM-3* cells-1 cluster had low expression of effector cytokine genes but high
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expression of genes encoding co-inhibitory and co-stimulatory molecules (Lag3, Pdcd],
Haver2, Icos, Cd28), effector-associated transcription factors (/d2, Runx2, Zbtb32), and
chemokine receptors (Cxcré6, Cx3crl). The PD-1*TIM-3* cells-2 cluster was enriched for
transcripts encoding granzymes (Gzmf, Gzme, Gzmad, Gzme, Gzmb) and metallothioneins
(M1, Mt2). Finally, we observed a cluster characterized by high expression of proliferation
genes (Figure 6B and Table S2). Projection of a T cell dysfunction signature3! showed broad
expression and failed to distinguish the PD-1*TIM-3" clusters (Figure S6B and Table S3).

We compared the distribution of cells among these clusters between MC38-OVA and
B16-OVA tumors and found different proportions irrespective of TCF1 expression. MC38-
OVA tumors mostly accumulated cells in the PD-1*TIM-3* cells-1 and -2 (Figure

6C-D) at baseline (ISO), which increased upon ICB. Notably, we found that the
PD-1*TIM-3* cells-1, and to a lower extent the PD-1*TIM-3* cells-2, were enriched

for the gene signature of transitory effector cells that have been shown to contribute to

ICB efficacy in chronic viral infection models32:33 (Figure 6E). Conversely, B16-OVA
tumors accumulated the proliferating PD-1*TIM-3* cluster at baseline and upon ICB and
expanded the PD-1*TIM-3*CCL3NMCCL4N cluster upon ICB (Figure 6C-D). The cluster of
PD-1*TIM-3* proliferating cells that accumulated in poorly immunogenic B16-OVA tumors
shared transcriptional regulators with a proliferative dysfunctional cluster described in
melanoma patients3* (Figure 6E and Table S3). Importantly, pseudotime analysis identified a
differentiation trajectory that stemmed from the naive/stem-like T cell cluster and ended

in the PD-1*TIM-3* cells-1 and -2 in the MC38-OVA model or in the proliferating
PD-1*TIM-3* cells in the B16-OVA model (Figure 6F). Altogether, these data indicated

that poorly and highly immunogenic tumors differentially instructed the fate of CD8* T cells
with B16-OVA tumors favoring the accumulation of dysfunctional CD8* T cells.

Next, we compared the cluster composition between WT and TCF1 cKO mice within

each tumor model upon ICB. In MC38-OVA, we found that both WT and TCF1 cKO

mice similarly expanded transitory effector PD-1*TIM-3* cells-1 upon ICB (Figure 6C-D).
Moreover, upon ICB both WT, and to a lesser extent TCF1 cKO mice showed a reduction

in CXCR3™ early effectorsl®. WT, but not TCF1 cKO, mice treated with ICB also greatly
expanded PD-1"TIM-3* cells-2 whereas TCF1 cKO mice retained a higher frequency of
short-lived GZMANISGN effectors (Figure 6C—D and Table S3), reflecting the increased
proportion of naive cells poised to become short-lived effectors in the TDLN of TCF1

cKO mice (Figure 5). The observed expansion of PD-1*TIM-3* cells-1 that share features
with transitory effectors in both TCF1 cKO and WT mice likely accounted for the strong
anti-tumor response observed upon ICB in both groups. Conversely, in B16-OVA tumors,
we found that both WT and TCF1 cKO mice accumulated proliferating PD-1*TIM-3*

cells, expanded PD-1*TIM-3*CCL3MCCL4M cells, and failed to increase transitory effectors
(PD-1*TIM-3* cells-1 and -2) upon ICB (Figure 6C-D). As observed in MC38-OVA, TCF1
cKO, but not WT, mice retained higher proportions of GZMANISGhi short-lived effectors
upon ICB.
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Loss of TCF1 destabilizes the dysfunctional T cell state in poorly immunogenic tumors

To understand the requirement for TCF1 for ICB response in poorly immunogenic tumors,
we focused on the PD-1*TIM-3" proliferating T cell cluster that was enriched in B16-
OVA tumors. We found that TOX, which is required for the survival and persistence

of dysfunctional CD8"* TILs but dispensable for the generation of memory and effector
CD8* T cells in acute viral infections35-39 was highly expressed in this cluster (Figure

7A and 6B). Indeed, we detected lower TOX protein in PD-1*TIM-3* TILs in MC38-
OVA as compared to B16-OVA tumors (Figure 7B). Accordingly, we also found that
highly immunogenic Yummer 1.7 melanomas harbored low TOX*PD-1*TIM-3* TILs,
indicating that reduced accumulation of TOX* dysfunctional cells is a feature of highly
immunogenic tumors (Figure S6C). ICB further diminished TOX expression in both WT and
TCF1 cKO PD-1*TIM-3* TILs from MC38-OVA-bearing mice. Conversely, in the poorly
immunogenic B16-OVA tumors TOX expression was high at baseline and post-1CB in WT
but was reduced upon ICB in TCF1 cKO PD-1*TIM-3* TILs (Figure 7B). Analysis of

the differentially expressed genes in proliferating PD-1*TIM-3* cells from mice bearing
B16-OVA tumors confirmed lower 7oxin TCF1 cKO as compared to WT cells upon

ICB (Figure 7Cand Table S4). Reduced TOX levels in TCF1 cKO T cells correlated

with reduced survival as CASPASE3™ cells were increased in PD-1*CD8* TCF1cKO T
cells from B16-OVA-bearing mice treated with ICB (Figure 7D). Besides reduced levels

of 7ox, we also found increased effector-associated genes (Ly6c2, Gzmb, Gzma, 1d2,
Ly63) in the PD-1*TIM-3* proliferative cluster from TCF1 cKO mice (Figure 7C and
Table S4). Conversely, PD-1*TIM-3* proliferating WT T cells expressed more Jun, which
has been shown to enhance the persistence of CAR T cells?® (Figure 7C and Table S4).
Our paradoxical observation that proliferating PD-1*TIM-3* TCF1 ¢cKO T cells, although
expressing more effector-like genes, failed to control tumor growth and survive in B16-OVA
tumors was reminiscent of a destabilized dysfunctional T cell phenotype recently described
for EGR2 KO CD8* T cells in chronic viral infection??. Indeed, the signature of EGR2 KO
CD8™ T cells was significantly enriched in PD-1*TIM-3* TCF1 cKO T cells as compared
to WT cells (Figure 7E). Finally, we also observed reduced Jurn expression in the naive/
stem-like cluster from ICB-treated TCF1 cKO mice bearing B16-OVA, but not MC380VA,
tumors (Figure 7F and Table S5). Together, our data indicated that loss of TCF1 in poorly
immunogenic tumors was associated with an altered stem-like T cell phenotype and a
destabilized TOX* dysfunctional T cell state, culminating in a reduced capacity of TCF1
cKO T cells to persist in the TME and contribute to ICB response.

Our data showed that TCF1 was required not only for the activation/priming of stem-

like precursors but also for the stability of dysfunctional T cells that contribute to anti-
tumor responses. To determine the therapeutic implications of the latter, we scored a
signature shown to be associated with failure to respond to ICB in patients*! (Table S3)

on our SCRNA-seq data. We found that this signature was enriched in the dysfuntional
TOX*PD-1*TIM-3* proliferating cluster and showed higher expression in TCF1 cKO T
cells (Figure S6D-E), further supporting that dysfunctional T cells became unfit to sustain
ICB responses in the absence of TCF1. To substantiate these findings, we computed a TCF1
cKO signature from the differentially expressed genes between TCF1 cKO and WT cells
within the TOX*PD-1*TIM-3* dysfunctional T cell cluster (Figure 7C) and scored this
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signature on the scRNA-seq data of CD8* TILs from melanoma patients treated with ICB”.
We found that the TCF1 cKO signature scored highly in the post-treatment samples from
patients that failed to respond to either anti-PD-1 or anti-PD-1 + anti-CTLA-4 (Figure 7G).
To further test the clinical relevance of this observation, we evaluated the predictive power
of the TCF1 cKO signature. We found that expression of the TCF1 cKO signature in the pre-
treatment CD8* TIL samples could predict failure to respond to anti-PD-1 (Figure 7H). We
could not assess the predictive power of the TCF1 cKO signature in the anti-CTLA-4 + anti-
PD-1 cohort due to the limited numbers of pre-treatment patient samples (non-responder
(NR) n=1, responder (R) n=4).

Therapeutic vaccination or enhancement of tumor antigen presentation rescues defective
ICB responses in TCF1 cKO mice bearing poorly immunogenic tumors

Besides differences in the level of tumor antigen presentation, B16-OVA and MC38-OVA
tumors also vary in cellular composition and soluble factors present in the TME. Such
differences could contribute to the differential reliance on TCF1 for ICB efficacy in these
models. We therefore tested the reliance on TCF1 for ICB response using a B16-F10 tumor
cell line engineered to stably express H-2Kb MHC-142 (B16-K1, Figure 8A). Analysis of
CDS8* TILs in B16-K1 and parental B16-F10 tumors at similar tumor dimensions (Figure
S7A) revealed reduced proportion and number of stem-like T cells (population 1) and
increased proportions and number of early effectors (population 2) in B16-K1 tumors
(Figure 8B and S7B). Furthermore, both populations 1 and 2 showed reduced TCF1
expression in B16-K1 tumors (Figure 8B). These results resembled the changes in CD8*
TIL composition and TCF1 expression observed between MC38-OVA and B16-OVA tumors
(Figure 1G). Next, we implanted WT or TCF1 cKO mice with B16-F10 or B16-K1 cells and
treated the mice with 1SO or ICB controlling for equivalent tumor sizes at time of treatment
(Figure 8C). As expected, ICB response was limited in TCF1 cKO mice bearing parental
B16-F10 tumors (Figure 8D), akin to the B16-OVA model (Figure 1E), but was highly
effective in TCF1 cKO mice bearing B16-K1 tumors. These data indicated that increasing
the antigen presentation of poorly immunogenic melanomas rescued effector differentiation
and ICB responses in TCF1 cKO mice. We additionally examined the effect of vaccination,
as a clinically relevant strategy to boost CD8* T cell priming, in combination with ICB

in rescuing defective responses in TCF1 cKO mice bearing poorly immunogenic B16-OVA
tumors. We generated SIINFEKL-CpG polyplex-like nanoparticles*3 and confirmed their
ability to activate DCs and stimulate proliferation of naive OTI T cells /in vitro (Figure
S7C-D) prior to testing /n vivo (Figure 8E). In line with our previous data (Figure 1E),

ICB alone failed to achieve tumor control; however, the combination of ICB + vaccine
induced effective tumor control (Figure 8F). Therapeutic responses were accompanied by
increased frequency of total and OVA-dextramer™ CD8" TILs (Figure 8G-H) and expansion
of both stem-like (population 1) and early effector (population 2) CD8" TILs (Figure 8I).
Together, these data indicated that enhancement of either antigen presentation on tumor
cells or therapeutic vaccination could overcome defective ICB responses in TCF1 cKO mice
bearing poorly immunogenic tumors.
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Discussion

Here we showed that reliance on TCF1 for ICB efficacy is dependent on tumor
immunogencity. By investigating tumor-specific T cell activation in the TDLN, we found
that TCF1 poises CD8" T cells for optimal activation in suboptimal priming (i.e. low tumor
antigen expression or low TCR affinity for cognate antigens) conditions commonly found in
tumors with low mutational burden. Importantly, defective TCF1 expression during tumor-
specific CD8* T cell activation resulted in de-stabilized dysfunctional intra-tumoral CD8* T
cells that shared features with CD8* T cells in ICB non-responder patients, highlighting the
clinical relevance of our findings.

That TCF1 poises naive CD8* T cells for optimal activation is in line with the observation
that TCF1 pre-programs memory CD8* T cells for the bioenergetic and proliferative demand
required during secondary challenges by enabling chromatin opening and optimal induction
of genes required for rapid recall responses®*. Similarly, that naive WT T cells in the TDLN
retained higher expression of ribosomal genes as compared to TCF1 cKO T cells is in line
with the observation that maintenance of a reservoir of idling ribosomes poises naive CD4*
T cells to mount rapid immune responses?®. Thus, TCF1 has an important role in regulating
the fitness, not only of memory, but also of naive CD8* T cells.

We found that TCF1 deficiency led to the emergence of a CXCR3*Ly6C*CD8* naive

T cell subset in the TDLN that resembled a subset previously described to have low
memory potential and poised to give rise to short-lived effectors2’. Indeed, TCF1 cKO
mice had increased proportions of intra-tumoral short-lived CD8" effectors as compared

to WT mice upon ICB. In highly immunogenic tumors (i.e. MC38-OVA), the increased
proportion of short-lived effectors did not impact the ability of TCF1 cKO T cells to deploy
potent anti-tumor responses. However, these cells were not suited to elicit effective immune
responses in poorly immunogenic tumors (i.e. B16-OVA) upon ICB. It has been suggested
that TCF1 opposes the generation of short-lived effectors thereby ensuring the formation of
“dysfunctional” T cells that are better equipped to persist in chronic stimulation settings®°.
In line with this, our data indicate that the genetic program regulated by TCF1 is pivotal

for the generation of intra-tumoral TOX* dysfunctional T cells that are fit to survive in

the TME, albeit TCF1 is no longer active in these cells. These TOX* dysfunctional T

cells accumulate in poorly immunogenic tumors and, in the absence of TCF1, showed
reduced TOX expression and survival. Although TOX* dysfunctional T cells from TCF1
cKO mice shared features with destablized dysfunctional CD8* T cells that arise in EGR2-
deficient mice?0, we did not observe any differences in EGR2 expression between WT and
TCF1 cKO cells. This could indicate that TCF1 and EGR2 have independent, but partially
overlapping functions, in shaping CD8" T cell differentiation. We also found that JUN,
which has been shown to enhance function and persistence in CAR T cells26, was reduced in
both the stem-like and TOX* dysfunctional TIL clusters in TCF1 cKO as compared to WT
mice bearing B16-OVA tumors. These findings further enforce that TCF1 determines the
fitness of tumor-antigen specific T cells to respond to ICB. A limitation of the study is that
the extent to which TCR affinity, antigen loading and presentation, or other cues in the TME
or TDLN influence the generation of TOX* dysfunctional TILs will require further detailed
study.
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Our findings have multiple clinical implications. It is known that tumor environments

vary widely across cancer patients, even in patients with the same tumor type. Thus, it

is likely that reliance on TCF-1* CD8" T cells for ICB response may not be equal across
patients. Indeed, retrospective studies correlating the frequency of TCF-1* CD8* T cell

with ICB response are discordant on the ability to stratify responders and non-responders
patients® 7810 Although more investigations are needed, the results of previous studies
combined with our data, raise questions regarding the utility of TCF1 as a sole biomarker for
universally predicting response to ICB. Compounding this is the fact that single nucleotide
polymorphisms in 7CF7in the human population and have been linked with susceptibility
to multiple autoimmune diseases*6-4°. In light of our findings, it is interesting to speculate
whether TCF7polymorphisms may, in similar fashion, influence response to ICB in cancer
patients. Our findings further lead us to speculate whether in highly immunogenic settings,
such as in virally-induced tumors, an abundant reservoir of TCF1* stem-like T cells may

be dispensable for effective ICB responses. Conversely, in tumors expressing low antigen
levels, the presence of a stable abundant reservoir of TCF1* stem-like T cells is likely
critical for effective ICB responses. It is important to note that our findings do not dispel

the importance of stem-like T cells for anti-tumor responses, rather our findings indicate that
some tumors may be less reliant on these cells for achieving effective anti-tumor immunity.
Importantly, we believe that in tumors with low antigen expression or low frequency of
tumor-specific TCF1* precursors in the TDLN and/or intra-tumoral TCF1* stem-like T cells,
vaccination or agonistic treatments should be combined with ICB to drive effective priming
of tumor-specific TCF1* T cells.

Our work further highlights the importance of dysfunctional T cells for tumor control in
low-antigen expressing, poorly immunogenic tumor settings. In this regard, it is important
to remember that the “dysfunctional” T cell state is an adapted state meant to balance

a certain level of tumor or viral control and protection of the host from damage caused

by uncontrolled inflammation in chronic stimulation settings. Indeed, reports have shown
that dysfunctional T cells are heterogenous and include cells that can contribute to therapy
responses®0:51, Thus, treatments aimed at promoting the stability of dysfunctional cells may
represent an important therapeutic option.

RESOURCE AVAILABILITY
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Anderson (acanderson@bwh.harvard.edu).

Materials availability

Requests for plasmids generated in this study should be directed to the Lead Contact, Ana C.
Anderson (acanderson@bwh.harvard.edu).

Data availability

Single-cell RNA-seq data have been deposited at GEO and are publicly available as of the
date of publication. Accession numbers are listed in the key resources table.
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This paper analyzes existing, publicly available data. The accession number for the dataset is
listed in the key resources table.

Code availability

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available
from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse Models

8-10-week-old male or female C57BL/6 (Stock No. 000664), OTI (Stock No. 003831),
Pmel (Stock No. 005023) and CD45.1 (Stock No. 002014) mice were purchased from

the Jackson Laboratory. TCF1 cKO (E8F-Cre* x Tcf/VM) were generated as previously
described® and £8/-Cre™9 x Tcf /M littermates were used as controls. TCF1 cKO mice
were crossed to OTI or Pmel mice. 7¢f7~GFP reporter mice were generously provided by
Hai-Hui Xue and were generated as previously described!”. All mice were housed in a
vivarium under SPF conditions, in cages of up to five mice, and fed a special rodent diet. All
experiments involving laboratory animals were performed under protocols approved by the
Harvard Medical Area Standing Committee on Animals (Boston, MA) and followed IACUC
guidelines on the ethical care and use of animals.

Mouse Tumor Cell Lines

MC38-OVA and B16-OVA cell lines were kindly provided by Dr. Kai Wucherpfennig

and Dr. Nick Haining, respectively. B16-K1 were kindly provided by Dr. Bruno Segui.
B16-OVA were grown in RPMI supplemented with 10% FBS, pen/strep, glutamin (2mM),
sodium pyruvate (1mM), non-essential amminoacids (1X) and hepes (5mM) and injected
subcutaneously into the flank of mice at 4x10° cells per mouse. Prior to in vivo injection
B16-OVA cells were cultured for one passage in medium containing geneticin (0.5mg/ml)
to select OVA-expressing cells followed by one passage in normal medium prior to
injection into mice. MC38-OVA, MC38-mScarlet-SIINFEKL, MC38-mScarlet-SIIQFEKL
and MC38-mScarlet-SIIVFEKL cells were grown in DMEM supplemented with 10% FBS,
pen/strep, glutamine (2mM), sodium pyruvate (1mM), non-essential amminoacids (1X) and
injected subcutaneously into the right flank of mice at 1x10° cells per mouse. Prior to

in vivo injection MC38-OVA cells were cultured for one passage in medium containing
puromycin (4 ug/ml) to select OVA-expressing cells followed by one passage in normal
medium prior to injection into mice. B16-K1 were grown in DMEM supplemented with
10% FBS, pen/strep and GlutaMAX and injected subcutaneously into the flank of mice at
5x10° cells per mouse.
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METHOD DETAILS
Generation of MC38 cells expressing SIINFEKL, SIIQFEKEL and SIIVFEKL peptides

To generate SIINFEKL expressing plasmid the Med-SIINFEKL-miR-30a-shRNA-Apc®2
was purchased from Addgene (# 185664) and the miR-30a-shRNA-Apc sequence was
excised by Blpl and EcoRV-HF (NEB) digestion followed by blunting (#£1201S NEB)

and ligation (#M2200S NEB) according to manufacturer’s instructions. The SIIQFEKL and
SIIVFEKL plasmids were generated by site-specific mutagenesis (#£0554S NEB) starting
from the SIINFEKL plasmid using the following primers:

SHQFEKL_Fw: GAGTATAATCCAGTTTGAAAAACTGTAATGACG,;
SHQFEKL_Rv: TCGAGCTGCTCCTTGTAC;

SIVFEKL_Fw GAGTATAATCGTCTTTGAAAAACTGTAATGACGTAC,;
SIHVFEKL_Rv TCGAGCTGCTCCTTGTAC;

To generate MC38 cells expressing the different constructs, VSVg-pseudotyped lentiviral
vectors were generated as previously described®3. Parental MC38 cells were transduced at
diffent multiplicity of infections (MOIs) and the MOI resulting in one copy of integrated
vector per genome was selected in order to have comparable expression of the different
OVA peptide variants across the cell lines generated. Transduced cells were sorted based on
mScarlet expression, expanded, and used /n vive.

Tumor experiments with immune checkpoint blockade

Vaccination

Tumor size was measured in two dimensions by caliper and are expressed as the product
of two perpendicular diameters. For immune checkpoint blockade experiments, mice were
treated intraperitoneally with a combination of anti-PD-L1 (10F.9G2, 200ug per mouse)
and anti-TIM-3 (RMT3-23, 200ug per mouse) antibodies or control immunoglobulins (Rat
IgG2a and Rat 1gG2b) on the indicated days specified for each experiment. Mice were then
monitored every two days for tumor growth.

SIINFEKLRRR/CpG polyplexes were assembled as previously described*3. Briefly,
aqueous solutions of CpG DNA (ODN 1826, Invitrogen) and SIINFEKL peptide

(Genscript) modified with three arginine groups were combined at different mass ratios of
SIINFEKLRRR : CpG ranging from 1:20 to 20:1. The concentration of CpG was kept fixed
at 0.4mg/mL while varying the amount of SIINFEKLRRR in a fixed volume. A SYBR green
exclusion assay was then used to confirm polyplex formation as previously described*3.

The size and polydispersity of polyplexes was measured by dynamic light scattering. Based
on condensation efficiency, as measured by the SYBR green exclusion assay, and polyplex
size, the mass ratio of 2:1 SIINFEKLRRR : CpG was selected for in vitro and in vivo
vaccination experiments. For /n vitro vaccine characterization, 10° splenic CD11c¢* DCs
were pulsed with increasing dilutions of SIIN-polyplexes or PBS as control for 18 hours
prior to staining of DCs for surface markers of activations. 1x polyplexes contained 4ug CpG
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and 8ug SIINFEKLRRR. For T cell proliferation, 10° splenic CD11c¢* DCs were pulsed
with increasing dilutions of the SIIN-polyplexes overnight. The next day, 3 x 10° naive
CTV-labelled OTI T cells were added to the culture and three days later T cell proliferation
(CTV dilution) was assessed by flow. For /in vivo vaccination, mice were injected into the
tail base with SIIN-polyplexes (20ug CpG + 40ug SIINFEKLRRR) on day 7 post tumor
injection followed by a vaccine boost at day 9 post tumor injection.

TILs were isolated by dissecting the tumor mass and mincing the tumor tissue prior to
digestion with Collagenase D (2.5 mg/ml) for 20 minutes at 37°C. Tumors were then
dissociated to single cell suspensions by passing tissue through a 70uM filter prior to
centrifugation and analysis by flow cytometry.

Flow cytometry

Single cell suspensions were first incubated with anti-mouse Fcyl11/11 receptor (Cd16/Cd32)
blocking antibodies for 15 min followed by staining with antibodies for 20 minutes at 4°C.
Fixable viability dye Zombie UV (Biolegend) or 7AAD (Biolegend) were used to exclude
dead cells. For nuclear staining, eBioscience Foxp3/Transcription Factor Staining Buffer Set
was used according to manufacturer’s protocol. All data were collected on a BD Symphony
(BD Biosciences) or LSR Fortessa (BD Biosciences) instruments and analyzed with FlowJo
10.7.1 software (TreeStar). For quantitative flow cytometry we used absolute counting beads
(Thermo Fisher Scientific, Cat. C36950) according to manufacturer’s instruction.

Adoptive cell transfers

Tumor cells were injected into the flanks of recipient mice as outlined above. TCF1 cKO
and WT OTI or Pmel T cells were purified from the spleen and lymph nodes of congenically
marked donor mice using the naive CD8a™ T Cell Isolation Kit (Miltenyi, Cat. 130-096-543)
or the CD8 T Cell Isolation Kit (Miltenyi, Cat. 130-104-075) following manufacturer’s
instructions. Prior to /n vivotransfer, T cells were stained with the cell trace violet dye
(CTV) according to manufacturer’s instructions (Invitrogen, Cat. C34571). On day 5 post
tumor implantation, mice were randomized by tumor size and given 1x10% CTV-labelled
TCF1 cKO or WT OTI T cells resuspended in PBS via tail vein injections. For co-transfer
experiments between 0.8 — 1.4 x 106 total CTV-labelled congenically marked WT and cKO
OTI or Pmel T cells were co-transferred (i.e. 4 x10° — 7x10° T cells per genotype) into mice
at day 5 post tumor injection. Mice were then treated on day 6 post tumor injection with one
dose of ICB (anti-PD-L1 + anti-TIM-3, 200ug each) or control antibodies (Rat IlgG2a and
Rat 19gG2b). On day 8 post tumor injection the inguinal tumor-draining lymph node (TDLN)
was dissected and dissociated to single cell suspensions by passing tissue through a 70uM
filter prior to centrifugation and analysis by flow cytometry. For co-transfer experiments into
mice bearing MC38 cells engineered to express SIINFEKL peptide variants, congenically
marked WT and TCF1 cKO OTI T cells were co-transferred into mice (0.4 x 108 cells per
genotype) at day 6 post tumor injection. The inguinal TDLN was harvested at day 9 post
tumor injection for flow cytometric analysis.
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scRNA-seq on CD8* T cells from B16-OVA and MC38-OVA tumors

WT (7cfVfy or TCF1 cKO (£8i-Cret x TefVf) mice were injected with 4x10° B16-
OVA or 1x10% MC38-OVA cells subcutaneously in the right flank. On day 6 and 9,

mice were randomized and treated intraperitoneally with a combination of anti-PD-L1
(10F.9G2, 200pg per mouse) and anti-TIM-3 (RMT3-23, 200ug per mouse) antibodies or
control immunoglobulins (Rat 1gG2a and Rat 1gG2b). Two (for MC38-OVA tumors) or
three (for B16-OVA tumors) days after the second ICB/ISO dose, tumors were harvested
(n=3-5 per group) dissociated to single cell suspensions prior to fluorescence-activated cell
sorting. An equal amount of CD45* TCRb* CD8* T cells were sorted from each mouse
(10,000 cells/mouse) within each experimental group. Cells from the same group were
pooled (n=3-5 mice per group) and loaded for encapsulation on the Chromium system (10x
Genomics). Libraries were prepared using 3’ sequencing 10X Genomics kit v2 according to
the Manufacturer’s protocol. Libraries were sequenced on an Illumina HiSeq or NextSeq.

scRNA-seq on OTI T cells from the TDLN of B16-OVA and MC38-OVA-bearing mice

CD45.1 C57BI/6 mice were injected with 4x10° B16-OVA or 1x106 MC38-OVA cells
subcutaneously in the right flank. On day 5 post tumor implantation, mice were randomized
by tumor size and given 1x108 TCF1 cKO or WT OTI naive T cells resuspended in PBS
via tail vein injections. Mice were then treated on day 6 post tumor injection with one dose
of ICB (anti-PD-L1 + anti-TIM-3, 200ug each) or control antibodies (Rat IlgG2a and Rat
IgG2b). On day 8 post tumor injection the inguinal TDLN were dissected and dissociated
to single cell suspensions by passing tissue through a 70uM filter prior to centrifugation
and fluorescence-activated cell sorting. CD45.2*CD8*TCRVa2* OTI T cells were purified
from the TDLN of n=4-5 mice per group and loaded for encapsulation on the Chromium
system (10x Genomics). Libraries were prepared using 3’ sequencing 10X Genomics kit v2
according to the Manufacturer’s protocol. Libraries were sequenced on an lllumina HiSeq or
NextSeq.

Single cell RNA-seq computational analysis

The Illumina raw BCL sequencing files were processed through the CellRanger

software (10x Genomics) for generating FASTQ files and count matrixes (https://
support.10xgenomics.com/single-cell-gene-expression/software/overview/welcome). The
count matrixes were then used as input for the SEURAT V4.0 (https://satijalab.org/

seurat/) and MONOCLES3 (http://cole-trapnell-lab.github.io/monocle-release/) R tools for
single cell genomics analyses. Briefly, single cell barcodes were filtered for the ones
containing mitochondrial gene content lower than 15%. For the single cell analysis in

the tumor an additional filter was added to exclude CD4 and CD34 expressing cells

to clear the CD8™* cell fraction from residual CD4* T cells and CD34" tumor cells
contaminants, respectively. Expression data were then normalized, scaled, and searched for
variable features using the SCTransform function of SEURAT V4.0 followed by UMAP
dimensionality reduction and clustering using the FindClusters function. The plots shown
in Figure 4A,D, Figure 5A and Figure 6A,C,E and Figure 7A as well as Figure S5A and
Figure S6B,D were generated running UMAP coordinates on the R package ggplot2 (https://
cran.rproject.org/web/packages/ggplot2/index.html). The analyses of Figure 4B, Figure 5B
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and Figure 6B were generated using the DotPlot function of SEURAT V4.0. The pseudotime
analysis of Figure 4C and Figure 6F was created using MONOCLES3 using the “Naive” and
the “Naive-like/stem-like cells” as starting clusters, respectively. To generate the barplots

of Figure 4E, Figure 5C, and Figure 6D the absolute single cell counts were extracted

from the meta.data table of the SEURAT objects and relative single cell representation

was calculated for each cluster as percent of total single cells. The heatmap of Figure

5D was created with the ComplexHeatmap R Package (https://bioconductor.org/packages/
release/bioc/html/ComplexHeatmap.html) using the regulonAUC output of the SCENIC R
package (https://scenic.aertslab.org/) generated starting from the SEURAT gene expression
matrix and setting the parameter coexMethod=NULL. The following gene signatures (Table
S3) have been used to generate the density plot of Figure 6E, and Figure S6B,D: Transitory
effector signature32 (density map generated extracting single cells from the SEURAT object
expressing the signature at min.cutoff=0.05); TF associated with dysfunctional cells 34
(density map generated extracting single cells from the SEURAT object expressing the
signature at min.cutoff=0.01); Stem-like T cell signature8 (density map generated extracting
single cells from the SEURAT object expressing the signature at min.cutoff=0.001); Short-
lived effector signature3C (density map generated extracting single cells from the SEURAT
object expressing the signature at min.cutoff =0.9); Dysfunctional T cell Signature3?
(density map generated extracting single cells from the SEURAT object expressing the
signature at min.cutoff=0.1); Signature associated with Non-Responders to ICB*! (density
map generated extracting single cells from the SEURAT object expressing the signature at
min.cutoff=0.001). For the analysis in Figure 7E and S6E the signature score (destabilized
dysfunctional T cell signature 40 and non responder to ICB signature®, Table S3) for each
single cell belonging to each sample was calculated using the UCell R package (https://
github.com/carmonalab/UCell). Samples scores were then plotted with GraphPad Prism
V9.3.1 and analyzed for statistical differences using a two-tailed Mann-Whitney test. For
Figure 7G—H, the public scRNA-seq data of tumor infiltrating immune cells from melanoma
patients before and after checkpoint blockade therapy were obtained from GSE120575.
Cell type annotations were obtained from Figure 1B and Table S1 of the original paper. To
isolate CD8* T cells from the data, we firstly filtered the cells based on the provided cell
type annotations to keep only the T cells (clusters retained are lymphocytes, regulatory T-
cells, exhausted/HS CD8* T-cells, dendritic cells, memory T-cells, lymphocytes exhausted/
cell-cycle, cytotoxicity lymphocytes, and exhausted CD8* T-cells). Next, we performed

a clustering analysis on the T cells to identify the CD8* subset using Seurat v4.1.0 %4,
Default parameters were used in the functions unless otherwise noted. Expression data
were log-normalized (NormalizeData function) and z-normalized across cells (ScaleData
function). Principle Component Analysis (PCA) was then performed using the RunPCA
function on the top 2000 highly variable genes (FindVariableFeatures function). Then,

a Shared Neares Neighbor (SNN) graph was constructed (FindNeighbors function) and
clusters were identified using a modularity maximization algorithm®® (FindCluster function;
resolution set to 0.3 to avoid over-clustering). Clusters were then annotated based on their
upregulated genes (identified using the FindAllMarkers function). Signature scores were
computed for the CD8* T cells (T cell clusters 0, 3, and 4) using the AddModuleScore
function. Wilcoxon rank-sum test was applied to test the differences in the signature scores
between responders and non-responders, stratified by therapies (anti-CTLA-4+PD-1 or anti-
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PD-1; anti-CTLA-4 only was excluded because data were available for only one patient).
Receiver Operating Characteristic (ROC) curves and corresponding areas under the curve
(AUCSs) were computed for the TCF1 cKO signature at the single cell level and sample level
using the pROC package in R%. The predictors are the signature scores of the pre-treatment
cells, and the true class labels are the treatment responses of the patient to whom the cells
belong.

In vitro T cell activation with anti-CD3 and anti-CD28 antibodies

For in vitroT cell activation experiments, naive T cells were purified from the spleen and
lymph nodes of TCF1 cKO or WT OTI mice, TCF1 cKO or WT Pmel mice, or TCF1 cKO
or WT mice expressing a native TCR repertoire using the naive CD8a* T Cell Isolation

Kit (Miltenyi, Cat. 130-096-543). T cells were stained with the cell trace violet (CTV) dye
(Invitrogen, Cat. C34571) and then activated in 96-well plates pre-coated with anti-CD3 and
anti-CD28 antibodies. 1-4ug/ml or 0.3ug/ml of anti-CD3 and anti-CD28 antibodies were
used for high and low TCR stimulation, respectively. T cells were cultured for 48 hours on
anti-CD3/CD28-coated plates in DMEM supplemented with 10% FBS, pen/strep (100U/ml),
glutamine (2mM), sodium pyruvate (1.5mM), non-essential amminoacids (1X, Lonza Cat.
13-114E), vitamins (1X, Thermo Fisher Scientific, Cat. 11120052), arginine, aspargine, folic
acid (14uM), b-mercaptoethanol (57.2uM) and recombinant mouse I1L2 (30U/ml). On day
three post activation, T cells were stained for flow cytometric analysis. For phosphoflow
analyses, T cells were stimulated for 24 (OTI T cells) or 48 (Pmel T cells) hours on

plates pre-coated with 1ug of CD3/CD28 antibodies. Cells were then stained following the
BD phosphoflow protocol Il (https://www.bdbiosciences.com/content/dam/bdb/marketing-
documents/Phosflow_Protocol_for_Human_PBMCs.pdf) and using the Perm Buffer 111 (BD,
cat 558050) for staining intracellular phosphorylated proteins.

In vitro T cell activation with OVA-peptide pulsed BM-DC

Bone marrow derived DCs (BM-DC) were generated as previously described®’ and activated
overnight by adding 2ug/ml of DMXAA murine STING ligand (Invivogen, Cat# tlrl-dmx)
prior to peptide pulsing. Pulsing of BM-DC with the indicated OVA-specific peptides
(Genscripts) was done by incubating BM-DC for 2.5 hours with different concentrations

of OVA peptides at 37C in RPMI supplemented with 10% FBS, pen/strep (100U/ml),
glutamine (2mM), hepes (25mM), non-essential amminoacids (1X), sodium pyruvate (1
mM), b-mercaptoethanol (55uM), 100ng/mL recombinant human FIt3L-Fc (BioXcell, Cat#
BE0098) and 5ng/mL recombinant mouse GM-CSF (BioLegend, Cat #576306). At the end
of the incubation, BM-DC were washed three times and then plated with CTV-labelled naive
TCF1 cKO or WT OTI T cells at a 1:5 ratio (10* BM-DC : 5x10* T cells) in U bottom plates
in T cell medium (described above) supplemented with low dose (30U/ml) recombinant
mouse IL2. Three days later, T cells were analyzed by flow cytometry.

QUANTIFICATION AND STATISTICAL ANALYSIS

Values are expressed as mean + standard error of the mean (SEM) as indicated in the
figure legends. Statistical analyses were performed using GraphPad Prism 9 using unpaired
Student’s t test or Mann-Whitney U test, One-way ANOVA followed by Dunnett’s post-test
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correction or two way-ANOVA followed by Sidak post-test correction, unless otherwise
indicated. Differences were considered statistically significant at *p < 0.05, **p < 0.01, ***p
< 0.001 and **** p<0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. TCF1 regulates the fitness and composition of naive CD8" T cells

. TCF1 promotes optimal tumor-specific CD8" T cell priming in low antigenic
settings

. TCF1-deficient T cells resemble dysfunctional T cells in ICB non-responders

. Boosting antigen presentation can overcome dependency on TCF1 for ICB
response
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Figure 1. TCF1 is dispensable for ICB efficacy in highly but not poorly immunogenic tumors.
(A) Representative plots and frequency of the indicated populations in the thymus of WT or

TCF1 cKO mice (n=4, one experiment). (B) Frequency of TCF1™ cells in the indicated
populations in WT or TCF1 cKO mice from (A). Student’s t test, ****p<0.0001 (C)
Representative histograms and frequency of MHC-I-SIINFEKL expression in B16-OVA or
MC38-OVA tumors 14 days post implant (n=4, one experiment). (D) Experimental scheme.
ICB: anti-PD-L1 + anti-TIM-3; ISO: 1gG2a + 1gG2b (E) Tumor area over time in WT

and TCF1 cKO mice treated as in (D) (n=4-7 per group. B16-OVA: shown one out of 10
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experiments; MC38-OVA: shown one out of 7 experiments). Two-way ANOVA and Sidak’s
multiple comparisons test, *p<0.05, **p<0.01, ***p < 0.001, ****p<0.0001. (F) Gating
strategy and marker expression in the indicated subsets of CD8* TILs in MC38-OVA and
B16-OVA tumors. (G-H) Frequency (top panel) of the TIL subsets defined in (F) and of
TCF1-expressing cells (bottom panel) within total (G, n=11, two experiments combined,)
or OVA-dextramer* CD8* TILs (H, n=5-15, two experiments combined) in MC38-OVA or
B16-OVA tumors, 14 days post tumor implant into WT mice. Student’s t test, **p<0.01,
***n<0.001, ****p<0.0001. All values are reported as mean+SEM.

See also Figure S1.
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Figure 2. Defective proliferation of TCF1 cKO T cells in the TDLN of poorly immunogenic

tumors.

(A) Experimental scheme. ICB: anti-PD-L1 + anti-TIM-3; I1SO: 1gG2a + 1gG2b. (B-D)
Representative plots and frequency of proliferating WT or TCF1 cKO OTI T cells in the
TDLN of mice implanted with (B) B16-OVA (n=6-7, two experiments combined out of

5 experiments), (C) MC38-OVA (n=3-5, one out of 3 experiments shown), or (D) a 1:5
mixture of MC38-OVA + MC38 tumor cells (h=4-5, one experiment) and treated as shown
in (A). (E) Experimental scheme. ICB: anti-PD-L1 + anti-TIM-3; ISO: 1gG2a + 1gG2b. (F)
Chimerism of WT and TCF1 cKO OTI T cells before and 3 days after adoptive transfer. (G)
Frequency of proliferating WT or TCF1 cKO OTI T cells in the TDLN of mice treated as
shown in (E) (n=6, one experiment). In Figure 2B-D and 2G, one-way ANOVA is used to
calculate the statistics related to the total frequency of proliferating cells and within each cell
division (all comparisons are done versus WT+ICB group). *p<0.05, **p<0.01. All values

are reported as mean+SEM.
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See also Figure S2.
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Figure 3. TCF1 lowers the activation threshold and poises T cells for optimal responses to low
TCR triggering.
(A) WT and TCF1 cKO T cells were activated with a high (Lug/ml each, n=3, shown one

out of 3 experiments) or low (0.3ug/ml each, n=5-6, two experiments combined) dose of
anti-CD3 + anti-CD28 for 48 hrs. Representative histograms and frequency of WT and
TCF1 cKO OTI T cells in each cell division three days post activation. Student’s t test,
*p<0.05, **p<0.01, ***p<0.001. (B) Frequency of PD-1 and CD28 positive cells in WT
and TCF1 cKO OTI T cells activated as in (A). Two-way ANOVA and Sidak’s multiple
comparison test, *p,0.05, **p<0.01, ***p<0.001, ****p<0.0001. n=3, one experiment. (C)
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Level (MFI) of phospho-AKT, phospho-LAT, phospho-SHP2, phospho-ERK and phospho-
ZAP70 in WT and TCF1 cKO OTI T cells, 24 hours post /n vitro activation with anti-CD3

+ anti-CD28 (1ug/ml each). n=3, shown one out of 2 experiments. (D) Representative
histograms and frequency of WT and TCF1 cKO OTI T cells in each cell division three

days post co-culture with BM-DC pulsed with a high (17.78nM) or low (3pM) dose of
SIINFEKL. The phenotype of WT and TCF1 cKO T cells at day three is shown. Student’s

t test, *p<0.05, **p<0.01. n=3, one experiment. (E) Frequency of WT and TCF1 cKO OTI

T cells in each cell division three days post co-culture with BM-DC pulsed with a high
(17.78nM) dose of SIIVFEKL (V4). n=3, one experiment. (F) Phenotype and frequency of
PD-1 positive cells in WT and TCF1 cKO T cells from (E). (G) Expression of mScarlet-SIIN
or mScarlet-SI1Q in MC38 tumor cells engineered with the indicated lentiviral vectors. (H)
Frequency of proliferating WT or TCF1 cKO OTI T cells in the TDLN three days post
transfer in mice implanted with MC38-mScarlet-SIIN or MC38-mScarlet-SI1Q tumors. n=8-
10 mice, one experiment. All values are reported as mean+SEM.

See also Figures S3 and S4.
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Figure 4. Defective activation of TCF1 cKO OTI T cells in the TDLN of poorly but not highly
immunogenic tumors.

(A) Combined Uniform Manifold Approximation and Projection (UMAP) of single-cell
transcriptomes from WT (n=3-5) and TCF1 cKO OTI T cells (n=3-5) sorted from the
TDLN of B16-OVA- or MC38-OVA-bearing mice treated as shown in Figure 2A. Left,
cluster annotation. Right, single-cell density. (B) Dot plot showing expression of cluster
defining genes. Circle size indicates the percentage of cells expressing the gene in each
cluster. Color scale indicates average gene expression level. (C) Pseudotime trajectory of
single-cells (starting node: naive cell cluster). Left, pseudotime projected on the UMAP.
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Right, expression profiles of selected genes along the pseudotime. (D) Single-cell density in
WT or TCF1 cKO OTI T cells sorted from the TDLN of MC38-OVA- or B16-OVA-bearing
mice treated as in Figure 2A. (E) Frequency of single-cells in each cluster and condition
analyzed.
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Figure 5. TCF1 cKO T cells contain a higher proportion of CXCR3*Ly6C* naive cells poised to
become short-lived effectors.

(A) UMAP of single-cell transcriptomes from naive WT and TCF1 cKO OTI T cells from
Figure 4A. (B) Dot plot showing cluster defining genes. Circle size indicates the percentage
of cells expressing the gene in each cluster. Color scale indicates average gene expression
level. (C) Frequency of single-cells in each naive cell cluster expressed as percentage

of the overall naive population in each condition analyzed. (D) Heatmap showing the
inferred activity (red, active; blue, inactive) of 34 selected regulons (i.e. regulons relevant in
stem-like CD8* T cells) in the naive cell clusters. Single cells are ordered in columns and
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grouped by cluster. Rows represent regulons named by the relative transcription factor. For
each regulon, the number of the downstream target genes co-expressed with the indicated
transcription factor is given. (E) Representative plots and frequency of the three naive
subsets defined using CXCR3 and Ly6C markers among naive (CD62L*CD447) T cells
expressing either a OTI (n=8-9 mice, three experiments combined) or a native (n=6 mice,
two experiments combined) TCR repertoire from tumor-free WT or TCF1 cKO mice.
Student’s t test, ***p<0.001, ****p<0.0001. (F) Representative histograms and frequency
of EOMES™ cells in the naive subsets defined in (E) from tumor-free WT or TCF1

cKO mice (n=6 mice, two experiments combined). One-way ANOVA, *p<0.05, **p<0.01,
****p<0.0001 (G) Frequency of EOMES™ cells in the naive subsets defined in (E) and
present in adoptively transferred WT or TCF1 cKO OTI T cells harvested from the TDLN of
MC38-OVA-bearing mice (n=8, shown one out of two experiments) three days post transfer.
One-way ANOVA, ****p<0.0001. (H) Frequency of CXCR3*Ly6C* naive WT or TCF1
cKO OTI T cells harvested from the TDLN of MC38-OVA-bearing mice three days post
adoptive transfer. Student’s t test, **p<0.01. (n=4, shown one out of two experiments).

(1) Frequency of CXCR6™ cells in naive (CTVNINCD62L*CD44~ ) WT or TCF1 cKO T
cells harvested from the TDLN of MC38-OVA-bearing mice (n=4, shown one out of two
experiments) three days post transfer. Student’s t test, **p<0.01, ****p<0.0001. All values
are reported as mean+SEM.

See also Figure S5 and Table S1.
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Figure 6. Poorly versus highly immunogenic tumors instruct distinct CD8* T cell fates.
(A) UMAP of single-cell transcriptomes from CD8" TILs harvested from WT or TCF1 cKO

mice (n=3-5) inoculated with B16-OVA or MC38-OVA tumors and treated with two doses
of anti-PD-L1 + anti-TIM-3 (ICB) or control antibodies (ISO) at days 6 and 9 post tumor
inoculation. Left, cluster annotation. Right, single-cell density. (B) Dot plot showing cluster
defining genes. Circle size indicates the percentage of cells expressing the gene within each
cluster. Color scale indicates average gene expression level. (C) Density of single-cell events
in WT or TCF1 cKO CD8™ TILs from MC38-OVA- or B16-OVA-bearing mice treated as
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indicated. (D) Frequency of single-cells in each cluster from (A) expressed as percentage

of the overall population in WT or TCF1 cKO CD8 TILs from B16-OVA or MC38-OVA
tumors treated as indicated. (E) Projection of a transitory effector signature32 and of a
signature comprising transcription factors enriched in dysfunctional cells from melanoma
patients34 on the UMAP from (A). (F) Pseudotime trajectory of single cells (starting node:
naive/stem-like cell cluster). Cells are colored along the trajectory based on a blue-to-yellow
color gradient.

See also Figure S6 and Tables S2 and S3.
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Figure 7. TOX* dysfunctional CD8" TILs from B16-OVA-bearing TCF1 cKO mice have a
destabilized phenotype resembling cells from patients that fail to respond to ICB.

(A) Toxexpression on the UMAP from Figure 6A. (B) TOX expression (frequency,
mean+SEM) in PD-1*TIM-3* CD8* TILs in MC38-OVA- or B16-OVA-bearing WT or
TCF1 cKO mice (n=4-6, one experiment) treated with anti-PD-L1 + anti-TIM-3 (ICB) or
control (1SO) antibodies at day 6 and 9 post tumor injection. Analysis is done on day12.
Student’s t test, *p<0.05. (C) Heatmap showing differentially expressed genes between WT
and TCF1 cKO cells within the proliferating TOX*PD-1*TIM-3*CD8* TIL (cluster 8) from
Figure 6A in B16-OVA tumors treated with ICB at day 6 and 9 post tumor inoculation.
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(D) CASPASE-3 expression (frequency, meantSEM) in PD-1*CD8* TILs from B16-OVA-
bearing WT or TCF1 cKO mice, three days after the second dose of ISO/ICB (n=6-13 mice,
two experiments combined). ANOVA, ***p<0.001 (comparison is done vs WT ICB group).
(E) Expression of the indicated signature© on proliferating TOX*TIM-3*PD-1*CD8" TILs
(cluster 8) from figure 6A in B16-OVA tumors in WT or TCF1 cKO mice treated with two
doses of ICB at day 6 and 9 post tumor inoculation. Mann-Whitney test, ****p<0.0001. (F)
Violin plot of Junexpression in the naive/stem-like T cell cluster (cluster 1) from Figure
6A from WT or TCF1 cKO TILs in B16-OVA- and MC38-OVA-bearing mice treated with
ICB at day 6 and 9 post tumor inoculation. Mann-Whitney test, ****p<0.0001. Standard
violin plot (G) Expression of the TCF1 cKO signature in CD8* TILs from post-treatment
melanoma patients treated as indicated and stratified as responder (R) or non-responder
(NR)’. Dots represent individual cells. (H) Left: True positive (y axis) and true negative

(x axis) rates when predicting the clinical response based on expression of the TCF1 cKO
signature in pre-treatment CD8" TILs from melanoma patients subsequently treated with
anti-PD-17. Right: expression of the TCF1 cKO signature in CD8* TILs from pre-treatment
melanoma patients stratified as responders (R, n=4) and non-responders (NR, n=8). Dots
represent individual cells. For box plot: Bottom, middle and upper lines denote lower
quartile (Q1), median and upper quartile (Q3), respectively. Whiskers denote minimum (Q1
- 1.5 x interquartile range) and maximum (Q3 + 1.5 x interquartile range).

See also Figure S6 and Tables S3-S5.
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Figure 8. Enhancing antigen presentation on melanoma cells or T

cell priming by therapeutic

vaccination can rescue defective ICB responses in TCF1 cKO mice.
(A) Representative histograms of MHC-I (H-2KP/H-2DP) expression on B16-F10 or B16-K1

cells. (B) Frequency (top panel) of the TIL subsets defined in Figure 1F and of TCF1
positive cells (bottom panel) in these CD8* TIL subsets present in B16-F10 or B16-K1
tumors. Analysis is done at comparable tumor dimensions (B16-F10: day 13; B16-K1 day
17 post tumor implant into WT mice). Student’s t test, *p<0.05, ****p<0.0001, n=6, one
experiment. (C) Experimental scheme. (D) Tumor area over time in WT and TCF1 cKO
mice treated as shown in (C) (n = 5-6 mice per group; B16: one experiment. B16K1:
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shown one out of two experiments). Two-way ANOVA, Sidak’s multiple comparisons test,
*p<0.05, **p<0.01, ***p < 0.001, ****p<0.0001. (E) Experimental scheme. (F) Tumor
area over time in TCF1 cKO mice treated as shown in (E) (h=5-6, one experiment).
Two-way ANOVA, Sidak’s multiple comparisons test, *p<0.05, **p<0.01, ***p<0.001,
****n<0.0001. (G-H) Frequency of total (G) or OVA-specific (H) CD8" TILs present in
tumors from mice in (F). One-way ANOVA. **p<0.01; ****p<0.0001 (I) Frequency of
stem-like cells (population 1 as in Figure 1F: PD-1*Slamf6*CX3CR1") and effector cells
(population 2 as in Figure 1F: PD-1*Slamf6/0W/nedCX3CR1*) within total CD8* TILs in
tumors from mice in (F). ICB: anti-PD-L1 + anti-TIM-3; ISO: 1gG2a + 1gG2b. All values
are reported as mean = SEM.

See also Figure S7.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Mouse CD8 BUV805 Clone 53-6.7 BD Cat:# 612898 RRID: AB_2870186
Anti-Mouse CD8 Bv421 Clone 53-6.7 Biolegend Cat:# 100753 RRID: AB_2562558
Anti-Mouse CD45.2 Percp5.5 Clone 104 Biolegend Cat:# 109828 RRID: AB_893350
Anti-Mouse CD45.2 Bv785 Clone 104 Biolegend Cat:# 109839 RRID: AB_2562604
Anti-Mouse CD45.2 AlexaFluor700 Clone 104 Biolegend Cat:# 109822 RRID: AB_493731
Anti-Mouse CD45.1 APCFire-750 Clone A20 Biolegend Cat:# 110752 RRID: AB_2629806
Anti-Mouse CD45.1 Bv421 Clone A20 Biolegend Cat:# 110732 RRID: AB_2562563
Anti-Mouse Ly108 APC Clone 330-AlJ Biolegend Cat:# 134610 RRID: AB_2728155
Anti-Mouse PD1 Bv605 Clone 29F.1A12 Biolegend Cat:# 135220 RRID: AB_2562616
Anti-Mouse PD1 PE-Cy7 Clone 29F.1A12 Biolegend Cat:# 135216 RRID: AB_10689635
Anti-Mouse Tim3 BUV395 Clone 5D12 BD Cat:# 747620 RRID: AB_2744186
Anti-Mouse Tim3 APC Clone 5D12 BD Cat:# 567164

Anti-Mouse Tim3 PE Clone 5D12 BD Cat:# 566346 RRID: AB_2739702
Anti-Mouse CX3CR1 Bv785 Clone SA011F11 Biolegend Cat:# 149029 RRID: AB_2565938
Anti-Mouse CX3CR1 Bv421 Clone SA011F11 Biolegend Cat:# 149023 RRID: AB_2565706
Anti-Mouse CD39 PE-Dazzle Clone Duha59 Biolegend Cat:# 143811 RRID: AB_2750321
Anti-Mouse CD39 PE-Cy7 Clone Duha59 Biolegend Cat:# 143806 RRID: AB_2563394
Anti-Mouse/Human CD44 Bv785 Clone IM7 Biolegend Cat:# 103059 RRID: AB_2571953
Anti-Mouse/Human CD44 APC Clone IM7 Biolegend Cat:# 103012 RRID: AB_312963
Anti-Mouse CD62L Bv650 Clone MEL-14 Biolegend Cat:# 104453 RRID: AB_2800559
Anti-Mouse CD62L Bv711 Clone MEL-14 Biolegend Cat:# 104445 RRID: AB_2564215
Anti-Mouse CD62L PE-Cy7 Clone MEL-14 Biolegend Cat:# 104417 RRID: AB_313102
Anti-Mouse CD28 PE-CY7 Clone 37.51 Biolegend Cat:# 102126 RRID: AB_2617011
Anti-Mouse CXCR3 PE Clone CXCR3-173 Biolegend Cat:# 126506 RRID: AB_1027650
Anti-Mouse Ly6C AF700 Clone HK1.4 Biolegend Cat:# 128024 RRID: AB_10643270
Anti-Mouse TCRValpha2 PE Clone B20.1 Biolegend Cat:# 127807 RRID: AB_1134184
Anti-Mouse TCRValpha2 PERCP5.5 Clone B20.1 Biolegend Cat:# 127814 RRID: AB_1186116
Anti-Mouse TCR b-chain BUV737 Clone H57 597 BD Cat:# 564799

Anti-Mouse H2-Kb/H2-Db APC Clone 28-8-6 Biolegend Cat:# 114612 RRID: AB_492931
OVA-dextramer PE Immudex Cat:# JD2163-PE
Anti-Mouse/Human TCF1 PE Clone C63D9 Cell Signaling Technology Cat:# 14456S

Anti-Mouse/Human TCF1 Alexa Fluor-647 Clone C63D9 | Cell Signaling Technology Cat:# 6709S

Anti-Mouse/Human TCF1 Alexa Fluor-488 Clone C63D9 | Cell Signaling Technology Cat:# 6444S

Anti-Mouse TOX PE Clone TXRX10 eBioscience Cat:# 12-6502-82 RRID: AB_10855034
Anti-Mouse Eomes Alexa Fluor-488 Clone Danl1lmag eBioscience Cat:# 53-4875-82 RRID: AB_10854265
Anti-Mouse/Human pAkt PE Clone M89 61 BD Cat:# 560378 RRID: AB_1645328
Anti-Mouse/Human pLAT Alexa Fluor-488 Bioss Cat:# BS-10128R-A488
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REAGENT or RESOURCE SOURCE IDENTIFIER
Anti-Mouse/Human pSHP2 Clone L99 921 BD Cat:# 560390 RRID: AB_1645439
Anti-Mouse/Human pZAP70 Clone 17A/P ZAP70 BD Cat:# 557881 RRID: AB_396919

Anti-Mouse/Human pERK Unconjugated

Cell Signaling Technology

Cat:# 4370T

Anti-Mouse CD28 Clone PV-1 Bio X Cell Cat:# BE0015-5
Anti-Mouse CD3 Clone 145-2C11 Bio X Cell Cat:# BP0001-1
Anti-Mouse PDL1 Clone 10F.9G2 Bio X Cell Cat:# BE0101
Anti-Mouse Tim3 Clone RMT3-23 Bio X Cell Cat:# BE0115
Bacterial and virus strains

One Shot™ SthI3™ Chemically Competent E. coli Invitrogen Cat:# C737303
Biological samples

Chemicals, peptides, and recombinant proteins

DMEM GIBCO Cat#:11-965-118
RPMI Thermo Scientific Cat:# 11875119
NEEA GIBCO Cat:# 11140050
GlutaMAX Supplement Thermo Scientific Cat:# 35050061
NaPyruvate GIBCO Cat:# 11360070
Fetal Bovine Serum SIGMA Cat:# F2442
Collagenase D GIBCO Cat:# 17104019
DMXAA Invivogen Cat:# tlrl-dmx
ODN1826 (CpG DNA) Invivogen Cat:# tlrl-1826-1
Beta-mercaptoethanol SIGMA Cat:# M3148
Recombinant mouse GM-CSF Biolegend Cat:# 576304

Recombinant mouse 1L.2

Miltenyi Biotec

Cat:# 130-120-662

Recombinant human FLT3L-Ig Bio X Cell Cat:# BE0098
CountBright™ Absolute Counting Beads Thermo Fisher Cat:# C36950
Zombie UV fixable viability dye Biolegend Cat:# 423108
CellTrace Violet Cell Proliferation Kit Thermo Scientific Cat:# C34557
SIINFEKL peptide Genscript Cat:# RP10611
SIIQFEKL peptide Genscript Custom order
SIIVFEKL peptide Genscript Custom order
SIITFEKL peptide Genscript Custom order
SIINFEKLRRR Genscript Custom order
Blpl New England Bioscience Cat:# R0585S
EcoRV-HF New England Bioscience Cat:# R3195S

Critical commercial assays

FoxP3 Transcription Factor Staining Buffer Set eBioscience Cat:# 00-5523-00
Perm Buffer 111 BD Cat:# 558050
Quick Blunting™ Kit New England Bioscience Cat:# E1201S
Quick Ligation™ Kit New England Bioscience Cat:# M2200S
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REAGENT or RESOURCE SOURCE IDENTIFIER
Q5 Site-Directed Mutagenesis Kit New England Bioscience Cat:# E0554S
Deposited data

scRNA-seq data This manuscript GSE217038
scRNA-seq data on Human CD8 TILs Ref8 GSE120575
Experimental models: Cell lines

B16F10 melanoma ATCC #CRL-6475
MC38 colon carcinoma Laboratory of Dr. Mark Smyth N/A
MC38-OVA colon carcinoma Laboratory of Dr. Nick Haining N/A

MC38 SIINFEKL colon carcinoma This manuscript N/A

MC38 SIIQFEKL colon carcinoma This manuscript N/A

MC38 SIIVFEKL colon carcinoma This manuscript N/A
B16-OVA melanoma Laboratory of Dr. Kai Wucherpfennig | N/A
Yummerl.7 melanoma Laboratory of Dr. Marcus Bosenberg N/A
B16-K1 melanoma Laboratory of Dr. Bruno Segui N/A
Experimental models: Organisms/strains

C57BL/6 mice Jackson laboratory 000664
C57BL/6 CD45.1 mice Jackson laboratory 002014

OTI mice Jackson laboratory 003831
Pmel mice Jackson laboratory 05023
E8i-CRE+ x Tcf7fl/fl mice Previously generated in our lab® N/A
E8i-CRE+ x Tcf7fl/fl x OTI mice This manuscript N/A
E8i-CRE+ x Tcf7fl/fl x Pmel mice This manuscript N/A
TCF7-GFP mice Laboratory of Dr. Hai-Hui Xue Refl?
Oligonucleotides

Recombinant DNA

Med-SIINFEKL-miR-30a-shRNA-Apc Addgene Cat:# 185664
Med-SIINFEKL This manuscript N/A
Med-SIIQFEKL This manuscript N/A
Med-SIIVFEKL This manuscript N/A
Software and algorithms

FlowJo software

Tree Star

https://flowjo.com

Prism 9

GraphPad Software, Inc

https://www.graphpad.com/

CellRanger software

10X Genomics

https://support.10xgenomics.com/
single-cell-gene-expression/software/
overview/welcome

SEURAT V4.0

(https://satijalab.org/seurat/)

SCENIC R package

(https://scenic.aertslab.org/)

MONOCLE3

http://cole-trapnell-lab.github.io/
monocle-release/
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