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In brief
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produced by cancer-specific exhausted
CD8* T cells in the TME recruits Tgy cells,
a part of which exhibits cytotoxicity. The
BLIMP1/TCF1 axis determines the nature
of these Try cells, which resembles the
concept of stem-like progenitor/
terminally differentiated exhaustion in
CD8* T cells.

¢? CellPress


mailto:george.nagasaki.1985@gmail.com
mailto:ytogashi1584@gmail.com
https://doi.org/10.1016/j.celrep.2024.113797
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2024.113797&domain=pdf

Cell Reports ¢ CellPress

OPEN ACCESS

Stem-like progenitor and terminally
differentiated Tgy-like CD4™ T cell exhaustion
in the tumor microenvironment

Wenhao Zhou, %312 Shusuke Kawashima,*>12 Takamasa Ishino,"-%>¢ Katsushige Kawase,*>” Youki Ueda,’

Kazuo Yamashita,® Tomofumi Watanabe,’-° Masahito Kawazu,5 Hiromichi Dansako,’ Yutaka Suzuki,'®

Hiroyoshi Nishikawa,?'! Takashi Inozume,**° Joji Nagasaki,’->* and Yosuke Togashi’-511.13.*

1Department of Tumor Microenvironment, Okayama University Graduate School of Medicine, Dentistry and Pharmaceutical Sciences,
Okayama 700-8558, Japan

2Department of Immunology, Nagoya University Graduate School of Medicine, Nagoya 466-8550, Japan

3Department of Urology Surgery, Affiliated Hospital of North Sichuan Medical College, Nanchong, China

4Department of Dermatology, Chiba University Graduate School of Medicine, Chiba 260-8670, Japan

5Chiba Cancer Center, Research Institute, Division of Cell Therapy, Chiba 260-8717, Japan

6Department of Gastroenterology, Graduate School of Medicine, Chiba University, Chiba 260-8670, Japan

“Department of Otorhinolaryngology/Head & Neck Surgery, Graduate School of Medicine, Chiba University, Chiba 260-8670, Japan
8KOTAI Biotechnologies, Inc. Osaka 565-0871, Japan

9Department of Urology, Okayama University Graduate School of Medicine, Dentistry and Pharmaceutical Sciences, Okayama 700-0932,
Japan

10Department of Computational Biology and Medical Sciences, Graduate School of Frontier Sciences, The University of Tokyo, Kashiwa,
Kashiwa 277-8568, Japan

11Division of Cancer Immunology, National Cancer Center, Research Institute/Exploratory Oncology Research and Clinical Trial Center
(EPOC), Tokyo 104-0045, Kashiwa 277-8577, Japan

12These authors contributed equally

13 ead contact

*Correspondence: george.nagasaki.1985@gmail.com (J.N.), ytogashi1584@gmail.com (Y.T.)
https://doi.org/10.1016/j.celrep.2024.113797

SUMMARY

Immune checkpoint inhibitors exert clinical efficacy against various types of cancer through reinvigoration of
exhausted CD8" T cells that attack cancer cells directly in the tumor microenvironment (TME). Using single-
cell sequencing and mouse models, we show that CXCL 13, highly expressed in tumor-infiltrating exhausted
CD8" T cells, induces CD4* follicular helper T (Tgy) cell infiltration, contributing to anti-tumor immunity.
Furthermore, a part of the Try cells in the TME exhibits cytotoxicity and directly attacks major histocompat-
ibility complex-ll-expressing tumors. Try-like cytotoxic CD4* T cells have high LAG-3/BLIMP1 and low TCF1
expression without self-renewal ability, whereas non-cytotoxic Tgy cells express low LAG-3/BLIMP1 and
high TCF1 with self-renewal ability, closely resembling the relationship between terminally differentiated
and stem-like progenitor exhaustion in CD8" T cells, respectively. Our findings provide deep insights into
Ten-like CD4* T cell exhaustion with helper progenitor and cytotoxic differentiated functions, mediating
anti-tumor immunity orchestrally with CD8* T cells.

INTRODUCTION standing of anti-tumor immune responses, including interactions

in the TME, are necessary for boosting immunotherapy.

The immune system comprises a sophisticated machinery that
protects the host from various infectious diseases and cancer.
Cancer immunotherapies, especially immune checkpoint inhibi-
tors (ICls), act by reinvigoration of effector CD8" T cells in the tu-
mor microenvironment (TME); they have revolutionized cancer
therapy across multiple types of cancer.'™ Although durable
response and favorable clinical prognosis have been reported
in a fraction of patients, the low response rate, severe immune-
related adverse events, and acquired resistance limit the use
of ICls."™ Therefore, predictive biomarkers and further under-

uuuuu

Follicular helper T cells (Tgy cells) are a subgroup of CD4*
T cells characterized by the expression of programmed cell
death protein 1 (PD-1) and CXCRS5, along with the transcription
factor BCL6.%° A canonical T cell differentiation usually occurs
in secondary lymphoid organs, where naive CD4* T cells are
primed by peptide-major histocompatibility complex (MHC)
class Il (MHC-II) complexes and co-stimulatory signals from den-
dritic cells.”® Subsequently, Try cells upregulate lineage-spe-
cific transcription factors such as BCL6, leading to elevated
expression of PD-1 and CXCRS5.”*® After interacting with B cells
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Figure 1. CXCL13 gene expression in scRNA-seq data and Tgy cell infiltration in mouse models

(A) Volcano plots in the comparison between exhausted CD8* T cells and other CD8* T cell clusters. Differences in mean expression levels for each gene were
compared between exhausted CD8" T cells and the other CD8" T cell clusters. The x axis is plotted as log, fold change (FC) for differences in expression levels.
They axis is plotted as p values at —log4o. Log, FC > 0.6 or < —0.6 and p < 0.05 were considered statistically significant. Red dots, significantly upregulated genes
in exhausted CD8" T cells; blue dots, significantly downregulated genes in exhausted CD8* T cells.
(B) CXCL13 gene expression. CXCL13 expression in the uniform manifold approximation and projection (UMAP) figure (left) and the expression change during
PD-1 blockade in Tgy cell or exhausted CD8* T cell cluster (right) are shown. We used natural logarithm of read counts as the unit.

2 Cell Reports 43, 113797, February 27, 2024

(legend continued on next page)



Cell Reports

at the T-B cell border, Tgy cells migrate via CXCR5 response to
CXCL13, which is abundant in B cell follicles, to promote
germinal center formation, long-lived plasma B cell maturation,
and high-affinity antibody production.”® As Try cells are critical
in regulating humoral immunity, the aberrant number and func-
tion of Tgy cells could cause immunodeficiency and autoimmune
diseases.”® Recently, an increasing number of studies have
highlighted the role of Tgy cells in anti-tumor immunity. In many
cancers, intratumoral Tgy and B cells and tertiary lymphoid
structure (TLS) contribute to anti-tumor immunity and predict
longer overall survival and higher response rates to ICls.* @

We previously reported that PD-1*-exhausted CD8" T cells in
the TME were related to ICl efficacy and that such T cells at-
tacked cancer cells directly (cancer-specific T cells).’®? In the
present study, we found that such cancer-specific exhausted
CD8"* T cells in the TME highly express CXCL13, according to
single-cell RNA sequencing (scRNA-seq) data for tumor-infil-
trating lymphocytes (TILs) of patients with melanoma. In mouse
models, CXCL13 produced by tumor-infiltrating PD-1*-ex-
hausted CD8* T cells recruited Tgy cells in the TME, which
played important roles in anti-tumor immunity. In addition, the
scRNA-seq data for TILs from MHC-Il-expressing tumors
showed that some tumor-infiltrating Tg cells exhibited cytotox-
icity and directly attacked MHC-II-expressing tumors, which was
validated in mouse models. The BLIMP1/TCF1 axis determined
the differentiation between these non-cytotoxic Tgy cells with
self-renewal ability and Try-like cytotoxic CD4™ T cells without
self-renewal ability in the TME, which is similar to stem-like pro-
genitor and terminally differentiated exhaustion in CD8* T cells,
respectively.”'*” We propose a concept of Tgy-like CD4* T cell
exhaustion with helper progenitor and cytotoxic differentiated
functions, mediating anti-tumor immunity orchestrally with
CD8" T cells.

RESULTS

CXCL13 is highly expressed in tumor-infiltrating cancer-
specific exhausted CD8* T cells

We analyzed tumor-infiltrating T cells from a patient with mela-
noma (MELO04) who responded to PD-1 blockade therapy with
single-cell sequencing (both RNA and T cell receptor [TCR]), as
well as three samples, previously published, from two re-
sponders (MELO2 and 03) and merged TIL data from these four
samples. Patient characteristics are summarized in Table S1.
We obtained paired TCR sequences in 17,213 out of 24,724
T cells from four TIL samples (69.3%; Table S2). T cells were
classified into nine clusters based on gene expression profiling,
as previously reported (Figures STA-S1C and Table S3).7%2%24
All samples had a considerable population of exhausted CD8*
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T cell cluster, which was characterized by exhaustion-related
signature genes such as PDCD1, TNFRSF9, ENTPD1, and IT-
GAE (Figures S1A-S1C), and this cluster showed skewed
T cell clones (Figure S1D). Next, we compared gene expression
between exhausted CD8* T cell and the other CD8" T cell clus-
ters and found that the exhausted CD8* T cell cluster showed
high expression of CXCL 13 (Figures 1A and 1B), which is consis-
tent with the results from previous studies.'”>**° Furthermore,
exhausted CD8" T cells were classified into four populations,
and CXCL13 was homogeneously and highly expressed in all
populations (Figures S2A and S2B). CXCL13, a ligand for
CXCRS5, reportedly recruited CXCR5™ Tg cells,>° also exhibiting
high CXCL13 expression (Figure S2C). CXCL13 expression in
exhausted CD8* T cells and Tgy cells in the TME, along with
Ten cell infiltration, increased after treatment with anti-PD-1
monoclonal antibody (mAb) in MELO2 (Figures 1B, S1A, and
S1E), which is consistent with the results of previous
studies.?0?%2°

Tumor-infiltrating Tgy cells play important roles in PD-1
blockade-mediated anti-tumor immunity
We focused on Tgy cell infiltration in mouse models, generally
defined as PD-1*CXCR5*CD4" T cells.>® Consistent with this,
PD-1"CXCR5"FOXP3~CD4" T cells gated using isotype controls
showed higher Bcl6 expression than non-Tgy FOXP3~-CD4*
T cells in MC-38 mouse tumors (Figures S3A and S3B). In
contrast, T-bet and GATAS3 were highly expressed in non-Tgy
FOXP3~CD4* T cells (Figures S3A and S3B). We used the
E.G7 and MC-38 cell lines as sensitive models to PD-1 blockade
and the B16F10 and LL/2 cell lines as resistant models
(Figures 1C, and S3C). TIL analyses demonstrated high Tgy
cell infiltration in the sensitive tumors but low infiltration in the
resistant tumors (Figure 1D). However, for Ty1, T42, and regula-
tory T (T.eg) cell infiltration, no consistent tendencies were
observed between the sensitive and resistant tumors (Figure 1E).
We next evaluated the role of tumor-infiltrating Tgy cells in PD-1
blockade-mediated efficacy. As was observed in MELO2, PD-1
blockade increased Tgy cell infiltration in the MC-38 sensitive tu-
mor model, consistent with the results from previous scRNA-
seq studies (Figures 2A, S1A, and S1E).?%?*° We evaluated
anti-tumor immunity using Ty cell knockout mice (Bcl6™"Cd4c™
mice) (Figure S3D). While TCF1 expression in CD4* T cells also
decreased in Bcl6™"Cd4°™ mice as previously reported,®’ the fre-
quency of CD44*CD62LCD4* effector T cells in TILs and MC-38
tumor growth was comparable with that in control mice
(Figures 2B, S3E, and F). Otherwise, PD-1 blockade-mediated ef-
ficacy was impaired in Bcl6""Cd4°® mice (Figure 2B), similar to
the results of previous studies.'” Accordingly, the activation of
CD8* T cells was also impaired in the Tgy cell knockout mice

(C) Efficacy of PD-1 blockade against various tumors. Cells were injected subcutaneously into C57BL/6J mice on day 0, and tumor volume was monitored twice a
week. Mice were grouped when the tumor volume reached approximately 100 mm?, and anti-PD-1 mAb or control mAb was administered intraperitoneally three

times every 3 days thereafter.

(D and E) Frequency of the tumor-infiltrating CD4™ T cell population. The cells were injected subcutaneously into C57BL/6J mice on day 0, and the tumors were
harvested on day 14 to collect TlLs for evaluation. Representative flow cytometry staining of Tgy cells (left) and summary of the data (right) are shown in (D).
Summaries of other population data (left, T1 cells; middle, T2 cells; right, T4 cells) are also shown in (E). All in vivo experiments were performed in duplicate,
and similar results were obtained. Two-way ANOVA was used in (C) and one-way ANOVA with Bonferroni corrections was used in (D) and (E) for statistical
analyses. *p < 0.05; **p < 0.01; ***p < 0.0001; ns, not significant; bars, mean; error bars, SEM. See also Figures S1, S2, and S3 and Tables S1, S2, and S3.
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Figure 2. Role of tumor-infiltrating Ty cells in anti-tumor immunity

(A) Frequency of tumor-infiltrating Tgy cells subjected to PD-1 blockade. MC-38 cells were injected subcutaneously into C57BL/6J mice on day 0. Mice were
grouped when the tumor volume reached approximately 100 mm?, and anti-PD-1 mAb or control mAb was administered intraperitoneally three times every 3 days
thereafter. Tumors were harvested 7 days after treatment initiation to collect TILs for evaluation. Representative flow cytometry staining (left) and summary of
these data (right) are shown.

(B) Efficacy of PD-1 blockade in Cd4°™ or Bcl6™Cd4°" mice. In vivo experiments were performed as described in (A) using Cd4°" or Bcl6™"Cd4°™ mice. Tumor
volume was monitored twice a week. The growth curves are shown.

(legend continued on next page)
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(Figures 2C and 2D). In addition, high CXCL13 gene expression
was related to a good prognosis by PD-1 blockade therapies
from a publicly available dataset (Figure S3G).>® These findings
suggest that tumor-infiltrating Try cells play important roles in
PD-1 blockade-mediated anti-tumor immunity.

Tumor-infiltrating exhausted CD8* T cells recruit Tey
cells via CXCL13

Our scRNA-seq data indicated high CXCL13 production in can-
cer-specific exhausted CD8* T cells in the TME and prompted us
to conduct further in vitro and in vivo experiments. When antigen
clearance fails and exposure is maintained, as observed in
chronic infection or cancer, exhaustion may occur in CD8*
T cells.®?*® Thus, we investigated whether TCR stimulation in-
duces CXCL13 expression. TCR stimulation induced CXCL13
and PD-1 expression, and CXCL13 and PD-1 were co-ex-
pressed in CD8" T cells (Figures 3A-3C). These findings were
validated by gene expression (Figure 3D). Accordingly, in the
sensitive tumors, CXCL13 was produced by tumor-infiltrating
PD-1*CD8* T cells but not by PD-1"CD8" T cells from both
gene expression and flow cytometric analyses (Figures 3D and
3E). CD8* T cell deletion by anti-CD88 mAb and CXCL13
blockade by anti-CXCL13 mAb inhibited Tgy cell infiltration
(Figures 3F and 3G).

Somatic mutation-derived neoantigens, which can be recog-
nized as non-self antigens, reportedly induce strong T cell acti-
vation similar to foreign antigens.>**> Thus, neoantigens are
very important for the ICI response.®>*” When OVA peptide
was introduced into cancer cells as a neoantigen for mice,
both CXCL13 production in PD-1"CD8™" T cells and Tgy cell infil-
tration significantly increased (Figures 4A and 4B). Because the
full-length OVA peptide reportedly includes both peptide epi-
topes presented by MHC-I (OVA-I) and MHC-II (OVA-II),*® we
introduced only OVA-I or OVA-Il into the cancer cells (Fig-
ure S3H), showing that OVA-l, but not OVA-Il, increased
CXCL13 production by PD-1*CD8* T cells and Ty cell infiltration
(Figures 4A and 4B). Accordingly, B2m deletion completely in-
hibited CXCL13 production and Tgy cell infiltration, which was
not recovered by MHC-II expression (mCiita overexpression)
(Figures 4G, 4D, and S3I). These findings indicate that tumor-
infiltrating cancer-specific exhausted CD8"* T cells recruit Try
cells via CXCL13 and that TCR stimulation, such as with neoan-
tigens against MHC-I but not MHC-II, promotes CXCL13 pro-
duction and Tgy cell infiltration.

Ten cells exhibit cytotoxicity against MHC-Il-expressing
tumors

From the scRNA-seq data, we found high GZMA expression in a
part of the tumor-infiltrating Try cells (Figures S1A and S1B), as
well as two gradient populations in the tumor-infiltrating Ty cells
(Figures 5A, S4A. and Table S4). One population was character-
ized by high expression of cytotoxicity-related genes such as
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GZMA/B and PRF1 and inflammation-related genes such as
CCL4/5 and CXCRS6 (cytotoxic population) (Figure 5A). Addition-
ally, we analyzed tumor-infiltrating Tey cells extracted from pub-
licly available scRNA-seq data on melanoma, lung cancer, and
colorectal cancer TILs.?”"?® As shown in Figure S4B, the Tgy cells
also had gradient cytotoxic and non-cytotoxic populations in the
publicly available scRNA-seq data. Because all melanoma cells
used in our study (MELO2-1, MELO2-2, MELO3, and MELO4)
showed MHC-II expression, especially after treatment with
IFN-y (Figure 5B), we analyzed the specificities of Try-like cyto-
toxic CD4* T cells from the cytotoxic population against MHC-II-
expressing cancer cells. We created several TCR-transduced
CD4* NFAT-Jurkat cell lines from the skewed Tg-like cytotoxic
CD4* T cell clonotype of MELO4 and co-cultured them with
MHC-IlI-expressing MEL04 cells (MELO4/hCIITA) (Figures S5A
and S5B; Table S5). Each TCR-transduced NFAT-Jurkat cell
line from the cytotoxic population responded to MELO4/hCIITA
cells, indicating that these Try-like cytotoxic CD4™ T cells at-
tacked MHC-II-expressing cancer cells directly (Figure 5C). In
addition, we confirmed direct cytotoxicity from killing assays us-
ing each TCR-transduced primary CD4" T cell (Figure 5D). We
performed RNA velocity and latent time analysis to identify the
polarity of differentiation in non-T,eg CD4* T cells; the results
showed that the differentiation of Ty cells, including both popu-
lations, from naive CD4" T cells was different from that of acti-
vated or memory CD4" T cells (Figure S4C). When we focused
on Tgy cells, the Try-like cytotoxic CD4* T cells were at the
late stage of differentiation, and some non-cytotoxic Tgy cells
could differentiate into Tgu-like cytotoxic CD4* T cells
(Figures 5E and 5F). We additionally evaluated clonotypes from
TCR sequences and found considerable overlapping clonotypes
between the gradient cytotoxic and non-cytotoxic populations
(Figure 5G). Among the overlapping clonotypes, the cytotoxic
population had more expanded clones than the non-cytotoxic
population (Figure 5H). These findings suggest that Tgy-like
cytotoxic CD4* T cells are differentiated from non-cytotoxic
Trn cells. Accordingly, TCRs mainly from the non-cytotoxic pop-
ulation also responded to MEL04/hCIITA cells (Figure 5C), sug-
gesting that both non-cytotoxic Tgy cells and Tgy-like cytotoxic
CD4* T cells are cancer-specific CD4" T cells.

We validated these findings using a mouse model. Accord-
ingly, PD-1*CXCR5"CD4" Tgy cells showed cytotoxicity in the
TME of MHC-Il-expressing tumors, which was increased by
PD-1 blockade (Figure 6A). Indeed, Ty cells from OT-/ mice ex-
hibited cytotoxicity against OVA-overexpressing MHC-I"MHC-
I cancer cells (MC-38/OVA/B2mKO/mCiita) (Figure 6B).
Furthermore, Try cell transfer from OT-/l mice showed efficacy
against OVA-overexpressing MHC-I"MHC-II* tumors but not
MHC-II" tumors in vivo (Figures 6C, and S5C). Altogether, a
part of the tumor-infiltrating Try cells directly attacks MHC-II-ex-
pressing tumors, and such Tgy-like cytotoxic CD4* T cells are
continuously differentiated from non-cytotoxic Ty cells.

(C and D) CD69 expression (C) and IFN-y production (D) in tumor-infiltrating CD8* T cells subjected to PD-1 blockade in Cd4°™ or Bcl6™"Cd4°™® mice. Tumors
were harvested 7 days after treatment initiation to collect TILs for evaluation. Representative flow cytometry staining (left) and summary of these data (right) are
shown. All in vivo experiments were performed in duplicate, and similar results were obtained. One-way ANOVA with Bonferroni corrections was used in (C) and
(D), a t test was used in (A), and two-way ANOVA with Bonferroni corrections was used in (B) for statistical analyses. *p < 0.05; **p < 0.01; **p < 0.001;
****p < 0.0001; ns, not significant; bars, mean; error bars, SEM. See also Figure S3.
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Figure 3. CXCL13 produced by tumor-infiltrating exhausted CD8* T cells and Tgy cell infiltration

(A-C) PD-1 and CXCL13 expression in CD8" T cells after TCR stimulation. Peripheral blood mononuclear cells (PBMCs) from healthy donors were stimulated by
anti-CD3 and anti-CD28 mAbs for 48 h. PD-1 expression and CXCL13 expression in CD8" T cells were subsequently analyzed with flow cytometry. Repre-
sentative flow cytometry staining (A) and the expression of PD-1 (B; left) and CXCL13 (B; right) and CXCL13 expression according to PD-1 expression (C) are
shown.

(D) CXCL13 gene expression in CD8* T cells. PBMCs from healthy donors were stimulated as described in (A)~(C). Sorted PD-1* or PD-1~ CD8* T cells were
subsequently analyzed with quantitative reverse transcription PCR. In addition, cancer cells were injected subcutaneously into C57BL/6J mice on day 0, and
tumors were harvested on day 14 to collect TILs, from which PD-1* or PD-1~ CD8" T cells were sorted and analyzed with quantitative reverse transcription PCR.
We calculated FCs to paired PD-1~ CD8* T cells and summaries (left, human PBMC; right, MC-38 TIL) are shown.

(E) CXCL13 expression in tumor-infiltrating CD8™ T cells in mouse models. In vivo experiments were performed as described in (D). Representative flow cytometry
staining in the MC-38 tumors and summary of CXCL13 expression according to PD-1 expression are shown.

(legend continued on next page)
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The BLIMP1/TCF1 axis determines the differentiation
between Tgy-like cytotoxic CD4* T cells and non-
cytotoxic Tgy cells

We compared gene expression between the gradient cytotoxic
and non-cytotoxic populations using scRNA-seq data. The
Trn-like cytotoxic CD4* T cells showed high PRDM1 and low
TCF7 expression (encoding BLIMP1 and TCF1, respectively)
(Figures S4D and S4E). LAG3 was explicitly expressed in Tgy-
like cytotoxic CD4* T cells (Figures S4D and S4E). In publicly
available datasets,””*® high PRDM1/LAG3 and low TCF7
expression in Tgy-like cytotoxic CD4* T cells were also observed
(Figure S4B). Thus, we analyzed these molecules in TILs of MHC-
Il-expressing mouse tumors. Consistently, MHC-II* tumors had
more LAG-3* Tg cell infiltration than MHC-II~ tumors (Figure 7A),
and we found high BLIMP1 and low TCF1 expression in LAG-3*
Ten cells and low BLIMP1 and high TCF1 expression in LAG-3~
Ten cells in the TME (Figure 7B). In addition, LAG-3* Tg cells ex-
hibited greater cytotoxicity in the TME than LAG-3™ Tgy cells
(Figures 7C, and S6A). Furthermore, the production of cytokines,
such as IFN-y and TNF-q, also increased in LAG-3* Ty cells in
TILs (Figure S6A). In the killing assay, LAG-3" Tgy cells in TILs ex-
hibited greater direct cytotoxicity than LAG-3~ Tgy cells (Fig-
ure 7D). The cytotoxicity was decreased by mTcf7 overexpres-
sion or mPrdm1 knockdown in in vitro experiments in mouse
Ten cells (Figures 7E, and S6B).

According to our scRNA-seq and experimental data, the Tgy
cell clusters exhibited high TOX expression in addition to
PDCD1 expression (Figure S1B), and both non-cytotoxic Tgy
cells and Try-like cytotoxic CD4* T cells are cancer-specific
CD4* T cells, which are similar to exhausted CD8*
T cells.'®?%4% |n addition, non-cytotoxic Tgy cells in the TME
showed high TCF1 and low BLIMP1/LAG-3 expression; this
phenotype is similar to that of stem-like progenitor exhausted
CD8" T cells in the TME.?"?? In contrast, Teu-like cytotoxic
CD4* T cells showed low TCF1 and high BLIMP1/LAG-3 expres-
sion; this phenotype is similar to that of terminally differentiated
exhausted CD8" T cells.”"?> Stem-like progenitor exhausted
CD8"* T cells reportedly maintain the capacity for proliferation,
self-renewal ability, and responsiveness to PD-1 blockade,
whereas loss of TCF1 with concomitant upregulation of multiple
inhibitory immune checkpoint molecules is associated with the
terminally differentiated exhaustion phenotype and a further
decline in functions.?’*** Thus, we next analyzed proliferation,
apoptosis, and responsiveness to ICls. Similar to stem-like pro-
genitor exhaustion, LAG-3~ non-cytotoxic Tgy cells sorted from
TILs were more proliferative, according to 5-(and 6)-carboxy-
fluorescein diacetate succinimidyl ester (CFSE) staining, and
less apoptotic, according to Annexin V staining, than LAG-3*
Ten-like cytotoxic CD4* T cells (Figures 7F and S6C). Although
PD-1 blockade increased cytotoxicity in tumor-infiltrating Tey
cells (Figure 6A), these bulk Tgy cells included both LAG-3~
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and LAG-3* Tgy cells. Thus, we further performed ex vivo assays
using tumor-infiltrating LAG-3~ and LAG-3"* Tgy cells separately.
PD-1 single blockade activated not LAG-3" Tgy-like cytotoxic
CD4* T cells but LAG-3~ Tgy cells, whereas PD-1 and LAG-3
double blockade activated LAG-3" Tgy-like cytotoxic CD4*
T cells (Figures 7G, and S6D). Overall, both gradient Tgy-like
CD4* T cell populations are cancer specific, and the BLIMP1/
TCF1 axis determines the differentiation between Try-like cyto-
toxic CD4* T cells with high LAG-3 expression and non-cytotoxic
Trn cells with low LAG-3 expression. Particularly, Tgy-like cyto-
toxic CD4™* T cells in the TME directly attack MHC-II-expressing
tumors. In addition, non-cytotoxic Tgy cells, which are less
apoptotic and more proliferative, respond to PD-1 single
blockade, whereas Tgy-like cytotoxic CD4* T cells, which are
more apoptotic and less proliferative, do not respond. These
gradient Try-like CD4* T cell populations are similar to stem-
like progenitor and terminally differentiated exhausted CD8*
T cells (Figure S6E).

A previous study using a chronic infection model classified
CD4* T cells into naive CD4" T cell, progenitor CD4* T cell,
effector CD4* T cell, Tey cell, and Teq cell clusters.®’ To align
with this previous study, we extracted non-naive/non-T,.q cells
from the CD4" T cells and reclassified them into progenitor
CD4* T cell, effector CD4™ T cell, and T4 cell clusters (including
non-cytotoxic and cytotoxic populations) (Figure S4F). PDCD1,
CXCRS5, ICOS, CD200, and CXCL13 were highly expressed in
Ten cell clusters compared to the progenitor or effector CD4*
T cell clusters. High CCR7 and CD69 expression was observed
in the progenitor and effector CD4™ T cells, respectively. TCF7
expression in the non-cytotoxic Tgy cells was as high as that in
the progenitor CD4™ T cells, suggesting that the non-cytotoxic
Ten cells had progenitor-like functions. Cytotoxicity was the
strongest in Try-like cytotoxic CD4* T cells, along with high
LAG3/PRDM1 and low TCF7 expression. In addition, consider-
ably overlapping TCR clonotypes between the cytotoxic and
non-cytotoxic Tgy cell populations were observed, whereas
there were few overlapping between the progenitor or effector
CD4* T cell cluster and Ty cell clusters (Figure S4G), suggesting
a different differentiation between the identified gradient Tg cell
populations and previously reported progenitor or effector
clusters.

Ten-like cytotoxic CD4* T cells increase in the TME after
PD-1 blockade

We analyzed the kinetic changes in these Tg cell clusters in the
TME of MHC-Il-expressing tumors during PD-1 blockade at
several time points (day 5, immediately before PD-1 blockade;
days 14 and 21). As shown in Figure S7A, the frequency of total
Tkn cells increased in the TME over time, even in the absence of
PD-1 blockade. Additionally, PD-1 blockade further increased
this cluster. TCR repertoire analyses revealed that novel TCRs

(F and G) Frequency of tumor-infiltrating Tgy cells treated with anti-CD8B mAb (F) or anti-CXCL13 mAb (G). In vivo experiments were performed as described in
(D). Anti-CD8B mAb or control mAb was administered intraperitoneally on days —1 and 6. Anti-CXCL13 mAb or control mAb was administered intraperitoneally
three times in a week. Tumors were harvested on day 14 to collect TILs for evaluation. Representative flow cytometry staining (left) and summary of these data
(right) are shown. All in vitro experiments were performed in triplicate, and all in vivo experiments were performed in duplicate, and similar results were obtained.
One-way ANOVA with Bonferroni corrections was used in (B), and t tests were used in (C)—(G) for statistical analyses. **p < 0.01; ***p < 0.001; ***p < 0.0001; ns,

not significant; bars, mean; error bars, SEM. See also Figure S3.

Cell Reports 43, 113797, February 27, 2024 7




¢? CellPress

OPEN ACCESS

Control

PD-1*CXCL13*CD8* T cell

OVA

OVA-I

104 108

PD-1 (BV421)
103

0

Skasad o octiid 0 bl et

14.0

OVA-II

4.6

i N Y P OV PP BT PO B
AN

[ -

"0 10° 10¢
CXCL13 (APC)

10

Control

R Mt

0 10° 104 10

OVA

OVA-|

0 103 104 10°

*Gated on CD8* T cells

OVA-II

108

104

PD-1 (BV421)
0 108

s

0 103 10¢ 108 0 103 10¢ 10
CXCRS (FITC)
c PD-1*CXCL13*CD8* T cell
MHC-*MHC-II MHC-IMHC-II MHC--MHC-II*
& ]
i 1.4 E 2
=5 ] ]
g -
2 ] ]
z ] ]
to i 1
0 100 10+ 105 0 10% 104 105 0 10° 104 10
CXCL13 (APC)
*Gated on CD8* T cells
D Tey cell
MHC-I*MHC-II MHCIMHCAI MHC-FMHC-II*
Ny _ _
=5 ] ]
g ] ] 15 ] 1.2
E""c:_,. i _
Aoi F . i
o 3 3 3
0 10° 10% 10 0 103 10¢ 10 0 10° 10¢ 10
CXCRS (FITC)

*Gated on CD4* T cells

Figure 4. Antigenicity of MHC-I, CXCL13 production, and Tgy cell infiltration
(A and B) Frequencies of tumor-infiltrating PD-1*CXCL13*CD8" T cells (A) and Ty cells (B) according to antigenicity. MC-38 (control), MC-38/OVA, MC-38/OVA-
1, or MC-38/OVA-II cells were injected subcutaneously into C57BL/6J mice on day 0, and tumors were harvested on day 14 to collect TILs for evaluation.

Representative flow cytometry staining (left) and summary of these data (right) are shown.
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(C and D) Frequencies of tumor-infiltrating PD-1*CXCL13*CD8" T cells (C) and Ty cells (D) according to MHC expression. In vivo experiments were performed as
described in (A) and (B) using MC-38 (MHC-I"MHC-II7), MC-38/B2mKO (MHC-I"MHC-II"), or MC-38/B2mKO/mCiita (MHC-I~MHC-II") cells. Representative
flow cytometry staining (left) and summary of these data (right) are shown. Allin vivo experiments were performed in duplicate, and similar results were obtained.
One-way ANOVA with Bonferroni corrections was used in (A)—(D) for statistical analyses. **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant; bars, mean;
error bars, SEM. See also Figure S3.
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Figure 5. Further classification of tumor-infiltrating Tgy cells into cytotoxic and non-cytotoxic populations

(A) Populations in tumor-infiltrating Tgy cells. Tumor-infiltrating Tgy cells were extracted from the merged data of four samples, which were reclassified into two

populations. UMAP figure (top) and representative cytotoxicity-related or inflammation-related genes (bottom) are shown.

(B) MHC-II expression in melanoma cell lines. Cancer cells were treated with or without IFN-y for 24 h and subsequently analyzed with flow cytometry.

Representative flow cytometry staining is shown.

(C) Reactivity of each T cell clonotype from the cytotoxic or non-cytotoxic population. Each TCR from the cytotoxic or non-cytotoxic population of MEL04 was

transduced into CD4* NFAT-Jurkat cells. All TCR-transduced CD4* NFAT-Jurkat cells were co-cultured with MHC-Il-expressing MELO4/hCIITA cells. 24 hours
(legend continued on next page)
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were increased in tumor-infiltrating Try cells after PD-1 blockade
(Figure S7B). However, the frequency of GZMB* cytotoxic Tgy
cells temporarily increased in the TME but decreased without
PD-1 blockade (Figure S7C). PD-1 blockade increased infiltra-
tion, but this tendency was similar to that observed without
PD-1 blockade (Figure S7C). Similarly, PD-1 blockade increased
cytotoxic Tgy cell infiltration in the TME of MELO2 (Figure S7D).
Clonal replacement of tumor-infiltrating Tgy cells was observed
in MELO2 (Figure S7E), similar to exhausted CD8" T cells in the
TME, as we previously reported.?® Particularly, most cytotoxic
Tew cell clonotypes in the TME before PD-1 blockade
(MELO2-1) disappeared after treatment (MELO2-2), but some
non-cytotoxic Tgy cell clonotypes remained cytotoxic Ty cells
after the treatment (Figure S7E). This indicates that increased
cytotoxic Tgy cell clonotypes mainly originate from outside the
TME; however, some of them are differentiated from non-cyto-
toxic Ty cell clonotypes, which is consistent with stem-like pro-
genitor and terminally differentiated exhaustion features in non-
cytotoxic and cytotoxic Ty cells, respectively. We also analyzed
other CD4* T cell populations in the TME. Although each popu-
lation was small, we found that the kinetic changes in the total
Tu1 and GZMB* Ty1 cell infiltration were similar to those in the
total Try and GZMB™ cytotoxic Try cell infiltration without PD-1
blockade, respectively (Figures S7F and S7G). PD-1 blockade
further increased infiltration, but the tendency was similar to
that observed without PD-1 blockade (Figure S7F).

DISCUSSION

High PD-1 expression, a feature of T cells,”® suggests that PD-1
blockade therapies can produce effects on Ty cells in the TME.
Consistent with our study, previous studies with human clinical
samples have shown that PD-1 blockade increases tumor-infil-
trating Try cells.?>*7?° In addition, several previous studies have
demonstrated that CXCL13 produced by tumor-infiltrating ex-
hausted CD8" T cells contributes to Ty cell infiltration and that tu-
mor-infiltrating Try cells play important roles in anti-tumor immu-
nity.® 8242 In particular, Try cell mediated interleukin (IL)-21, B
cell maturation, and TLS formation reportedly play important roles
in anti-tumor immunity, including PD-1 blockade-mediated immu-

Cell Reports

nity.?~'®4" While these previous studies mainly focused on such
helper functions,®'®*! we validated the cancer specificity of Try
cells and identified Try-like cytotoxic CD4* T cells that attack
MHC-II-expressing tumors directly. Furthermore, the same clono-
types were considerably found in both cytotoxic and non-cyto-
toxic populations, suggesting that a continuous differentiation
can be observed between both gradient populations and that
such cancer-specific CD4* T cell clonotypes contribute to anti-tu-
mor immunity via both helper and cytotoxic functions. While recent
studies have shown the cytotoxic effect of similar Tr-like CD4*
T cells,**** we have additionally demonstrated that non-cytotoxic
TrH cells exhibit a stem-like progenitor exhaustion phenotype with
high TCF1 and low BLIMP1/LAG-3 expression and that Tgy-like
cytotoxic CD4* T cells exhibit a terminally differentiated exhaustion
phenotype with low TCF1 and high BLIMP1/LAG-3 expression.
PD-1 single blockade could activate non-cytotoxic Tgy cells but
not Try-like cytotoxic CD4* T cells, whereas PD-1/LAG-3 double
blockade could activate Tgy-like cytotoxic CD4* T cells. Similar
findings have been reported for CD8" T cell exhaustion.?"??
Thus, these findings provide deep insights into cancer-specific
Ten-like CD4™ T cell exhaustion with both helper progenitor and
cytotoxic differentiated functions, resembling CD8" T cell exhaus-
tion. Overall, tumor-infiltrating cancer-specific exhausted CD8*
T cells recruit cancer-specific Tgy-like CD4* T cells in the TME
via CXCL13, orchestrally mediating anti-tumor immunity via both
helper and cytotoxic functions.

We have demonstrated that tumor-infiltrating exhausted CD8*
T cells that directly attack cancer cells recruit Tgy cells via
CXCL13, consistent with previous reports.'”?*~%° Furthermore,
CXCL13 reportedly contributes to B cell recruitment and TLS for-
mation, which is related to a good prognosis and good response
to immunotherapies.®'®*" Previous studies showed that TGF-B
with TCR stimulation induced CXCL13 expression in CD8*
T cells'” and that TGF-B mediated Tgy cell differentiation.*® In
addition to these findings, we determined that strong TCR stim-
ulation is important for CXCL13 production by tumor-infiltrating
exhausted CD8" T cells, both in vitro and in vivo, particularly
using OVA-overexpressing tumors. Thus, the neoantigen
presented by MHC-I, which can induce strong TCR stimulation,
could promote Tgy cell infiltration via CXCL13. However, MHC-II

after co-culture, luciferase activity was analyzed. We compared the data with those from experiments without MELO4/hCIITA cells for statistical analyses and
calculated the FC. The control clonotype TCR #0 was selected from a minor CD4™* T cell clone in the TME that were frequently found in MHC-matched Adaptive
Biotechnologies public peripheral blood datasets.*”

(D) Killing assay. Calcein-AM-labeled MEL0O4/hCIITA cells (target cells; T) were co-cultured with each TCR-transduced CD4" T cell (effector cells; E) at the
indicated E/T ratios and subsequently centrifuged. Three hours later, fluorescence was measured.

(E) RNA velocity in Tey cells. We used the velocyto and scVelo software for RNA velocity analysis to predict the direction of cell differentiation in Tg cells. The RNA
velocity (direction and speed of migration) of individual cells was estimated from the ratio of unspliced/spliced in the mRNA count data for each gene. The
obtained RNA velocities are projected as arrows in the UMAP figure. Long arrows represent rapid differentiation.

(F) Latent time in Tg cells. The latent time represents the real time experienced by cells as they differentiate; it was calculated from RNA velocity. We applied
diffusion maps as a nonlinear dimensionality reduction technique to determine the direction of cell differentiation. Latent time (left) and cell type (right) are shown in
the diffusion maps.

(G and H) Clonotype classification of tumor-infiltrating Ty cells (G) and the expansion of overlapping clonotypes (H). When all cells were classified into the
cytotoxic or the non-cytotoxic population, such clonotypes were named as cytotoxic only or non-cytotoxic only clonotypes, respectively. The others were named
as overlapping clonotypes. Plots of three categorized clonotypes in the UMAP figure (G; left) and Venn diagram of clonotype number (G; middle) or cell number (G;
right) are shown. Expansion of overlapping clonotypes is shown in (H). An arrow indicates top 10 overlapping clonotypes. In vitro experiments were performed in
triplicate; t tests were used in (C) for statistical analyses. In (D), the area under the curve values for the killing curve was calculated, and one-way ANOVA with
Bonferroni corrections was used for comparing the area under the curve values. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant; bars, mean;
error bars, SEM. See also Figures S4 and S5, and Tables S1, S2, S4, and S5.
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Figure 6. Cytotoxicity of Tgy cells against MHC-II-expressing mouse tumors

(A) GZMB expression in Ty cells according to MHC expression. MC-38 (MHC-I"MHC-II") or MC-38/mCiita (MHC-I*MHC-II*) cells were injected subcutaneously
into C57BL/6J mice. Mice were grouped when the tumor volume reached approximately 100 mm®, and anti-PD-1 mAb or control mAb was administered
intraperitoneally three times every 3 days thereafter. Tumors were harvested 7 days after the initiation of treatment to collect TILs for evaluation. Representative
flow cytometry staining (left) and summary of these data (right) are shown.

(B) Killing assay for Tg cells. PD-1*CXCR3*, PD-1*CXCR5™, or PD-1~ CD25-CD4* T cells were sorted from OT-// or C57BL/6J (wild-type) splenocytes. Calcein-
AM-labeled MC-38/0VA/B2mKO/mCiita cells (MHC-1-MHC-II*) (target cells; T) were co-cultured with each T cell (effector cells; E) at the indicated E/T ratios and
subsequently centrifuged. 3 hours later, fluorescence was measured.

(C) Efficacy of Try cell adaptive transfer. MC-38/0OVA/B2mKO/mCiita cells (MHC-1"MHC-II*) were injected subcutaneously into B6 SCID mice on day 0. Mice
were injected intraperitoneally with or without 2 x 10° T, cells sorted from OT-// splenocytes on days 0, 4, and 10. Tumor volume was monitored twice a week. All
in vitro experiments were performed in triplicate, and all in vivo experiments were performed in duplicate, and similar results were obtained. One-way ANOVA with
Bonferroni corrections was used in (A), and two-way ANOVA was used in (C) for statistical analyses. In (B), the area under the curve values for the killing curve were
calculated, and one-way ANOVA with Bonferroni corrections was used for comparing the area under the curve values. **p < 0.01; ***p < 0.001; ***p < 0.0001; ns,
not significant; bars, mean; error bars, SEM.

expression in cancer cells was not related to Try cell infiltration.
Consistent with this result, several studies have shown high
CXCL13 expression in neoantigen-reactive CD8" T cells in the
TME.?"+?® Thus, tumor-infiltrating exhausted CD8" T cells recog-
nize neoantigens and directly attack cancer cells, producing
CXCL13, recruiting Tgy and B cells in the TME, and promoting

TLS formation. These results indicate that exhausted CD8*
T cells and Tgy cells in the TME synergistically contribute to
anti-tumor immunity.

Cytotoxic CD4" T cells are found in mice and humans in
various pathological conditions, including cancer.*®™° Several
attempts have been made to define markers, including
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Figure 7. Stem-like progenitor and terminally differentiated exhaustion phenotypes of Tgy-like CD4* T cells in the TME

(A) LAG-3 expression according to MHC-II expression. MC-38 (MHC-I"MHC-II") or MC-38/mCiita (MHC-I*MHC-II*) cells were injected subcutaneously into
C57BL/6J mice. Tumors were harvested on day 14 to collect TILs for evaluation. Representative flow cytometry staining (left) and summary of these data (right)
are shown.

(B) TCF1 and BLIMP1 expression in tumor-infiltrating Tgy cells according to LAG-3 expression. MC-38/mCiita (MHC-I"MHC-II*) cells were injected subcuta-
neously into C57BL/6J mice. Tumors were harvested on day 14 to collect TILs for evaluation. Representative flow cytometry staining (left) and summary of these
data (right) are shown.

(C) GZMB expression in tumor-infiltrating Tey cells according to LAG-3 expression. In vivo experiments were performed as described in (B). TILs were treated with
anti-CD3 and CD28 mAbs 6 h before flow cytometry analyses. Representative flow cytometry staining (left) and summary of these data (right) are shown.

(legend continued on next page)

12 Cell Reports 43, 113797, February 27, 2024



Cell Reports

transcription factors that characterize cytotoxic CD4* T cells;
however, no consensus has been reached regarding the exis-
tence of such markers. Granzyme or perforin-secreting cytotoxic
CD4* T cells exhibit activation markers, cytokines, and transcrip-
tion factors associated with different Ty cell subsets.®""°* T-bet
and Eomes are potential candidates for transcription factors
because of their well-established role in controlling Ty1 cell re-
sponses and inducing granzyme and perforin expression in
CD8* T and natural killer cells.*>® A study in a virus infection model
showed that the cytotoxic program does not correlate with T-Bet
or Eomes expression and instead is in direct opposition to the
Bcl-6-driven Ty cell differentiation program.®® These virus-
induced cytotoxic T cells exhibit higher expression of BLIMP1,
which was previously shown to inhibit Bcl-6 and TCF1 expres-
sion in CD4* T cells.*>" Similarly, we identified Try-like cyto-
toxic CD4" T cells that directly attack cancer cells in the TME
and are regulated by the BLIMP1/TCF1 axis. Additionally, a pre-
vious transcriptional analysis of the acquisition of the cytotoxic
program in CD4* T cells revealed that the development of cyto-
toxic CD4* T cells in the TME depended on BLIMP1 but not on
the Ty1 cell transcriptional program factors (T-bet and Eomes).*®
Furthermore, recent studies demonstrated that neoantigen-spe-
cific CD4" T cells had cytotoxic activity with Tgy cell-like pheno-
type®’?%*? and that PD-1 and ICOS coexpression, similar to the
Ten cell phenotype, reportedly marks tumor-reactive CD4*
T cells.®® While these findings are consistent with our present
study showing the cancer specificity of Try-like CD4* cells, we
demonstrated the strong direct cytotoxicity of Try-like cytotoxic
CD4* T cells and the weak cytotoxicity of non-cytotoxic Tgy cells
against MHC-Il-expressing cancer cells. In addition, we
observed overlapping clonotypes and continuous differentiation
between Try-like cytotoxic CD4* T cells and non-cytotoxic Try
cells. Our trajectory analyses have also shown that the differen-
tiation of Try-like CD4* T cells, including both populations, from
naive CD4* T cells is different from that of other CD4* T cells and
that the Try-like cytotoxic CD4* T cells are at the late stage of
differentiation from non-cytotoxic Ty cells. Similar Try-like cyto-
toxic CD4* T cells have been identified in the available scRNA-
seq datasets for TILs from melanoma, lung cancer, and colo-
rectal cancer.”’’*® Altogether, TCF1, which inhibits BLIMP1,
maintains the differentiation of cancer-specific non-cytotoxic
Ten cells with helper function, and BLMP1, which inhibits
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TCF1, promotes the differentiation of cancer-specific Trgy-like
cytotoxic CD4* T cells in the TME from the same clonotypes;
both mediate anti-tumor immunity.

TCF1 reportedly plays a crucial role in stem-like progenitor-ex-
hausted CD8* T cells, which maintain the capacity for prolifera-
tion and responsiveness to PD-1 blockade.?'**” In contrast, loss
of TCF1 with concomitant upregulation of multiple inhibitory im-
mune checkpoint molecules is associated with the terminally
differentiated exhaustion phenotype and a further decline in
function.?’*? A recent study has shown that Bcl-6-dependent
TCF1* progenitor cells maintain effector and helper CD4* T cell
responses to persistent antigen.®' In our present study, non-
cytotoxic Tgy cells with high TCF1 and low BLIMP1/LAG-3
expression were more proliferative and less apoptotic with
responsiveness to PD-1 blockade than Tgy-like cytotoxic CD4*
T cells with low TCF1 and high BLIMP1/LAG-3 expression, which
were less proliferative and more apoptotic without responsive-
ness to PD-1 blockade. Accordingly, detailed clonotype ana-
lyses revealed that most cytotoxic Try cell clonotypes in the
TME before PD-1 blockade disappeared after treatment; howev-
er, some of the non-cytotoxic Ty cell clonotypes remained Tgy-
like cytotoxic CD4* T cells after the treatment. This relationship
between non-cytotoxic Tgy cells and Tgy-like cytotoxic CD4*
T cells appears to be similar to that between stem-like progenitor
and terminally differentiated exhaustion in CD8" T cells.”"** We
previously reported high PD-1 and LAG-3 expression in tumor-
infiltrating CD4* T cells in MHC-Il-expressing tumors in mouse
models.*® They appear to serve as good markers for Try-like
cytotoxic CD4* T cells in the TME, and they are so-called
exhaustion-related molecules,” suggesting that our identified
CD4* T cells could be called exhausted CD4* T cells.®®¢" In
particular, the Tgy cell cluster showed high TOX expression,
which is noted in CD8" T cell exhaustion, as TOX has recently
been found to initiate the epigenetic changes associated
with the exhausted phenotype.*® Considering their features,
cancer-specific non-cytotoxic Tgy cells and Tgy-like cytotoxic
CD4* T cells with continuous differentiation with respect to
each other could correspond to stem-like progenitor and termi-
nally differentiated exhausted CD4" T cells, respectively, resem-
bling cancer-specific exhausted CD8* T cells.

While similar Tg cell populations have been reported mainly in
viral infection settings,**>°>* we also identified them in the TME.

(D) Killing assay. MC-38/mCiita (MHC-I"MHC-II") cells were injected subcutaneously into OT-Il mice. Tumors were harvested on day 14 to collect TILs. LAG-3*
Ten, LAG-3™ Ty, or PD-17 CD4™ T cells were sorted from the TILs, which were subsequently used for killing assays. Calcein-AM-labeled MC-38/OVA/B2mKO/
mCiita cells (MHC-I-MHC-II") (target cells; T) were co-cultured with each T cell (effector cells; E) at the indicated E/T ratios and subsequently centrifuged. Three
hours later, fluorescence was measured.

(E) GZMB expression in mTcf7-overexpressing or mPrdm1-knockdown Tgy cells. Splenocytes from C57BL/6J mice were expanded, into which each lentiviral
vector was transduced 4 days after expansion, resulting in mTcf7 overexpression or mPrdm1 knockdown. These cells were stimulated with anti-CD3 and CD28
mAbs for 6 h and analyzed with flow cytometry. Representative flow cytometry staining (left) and summary of these data (right) are shown.

(F) Apoptosis in tumor-infiltrating Tgy cells according to LAG-3 expression. Apoptosis of sorted LAG-3~ or LAG-3" Tg cells from MC-38/mCiita tumors 14 days
after inoculation was evaluated by flow cytometry using Annexin V 3 days after the treatment with anti-CD3 and CD28 mAbs. Representative flow cytometry
staining (left) and summary of these data (right) are shown.

(G) GZMB expression in tumor-infiltrating Tgy cells subjected to PD-1 and/or LAG-3 blockade. Ex vivo experiments were performed as described in (F). Anti-PD-1
mADb and/or anti-LAG-3 mAb were added at the same time with stimulation. Twenty-four hours later, cells were analyzed using flow cytometry. Summaries of
these data are shown. Allin vitro experiments were performed in triplicate, and all in vivo and ex vivo experiments were performed in duplicates with similar results;
t tests were used in (A)-(C) and (F), and one-way ANOVA with Bonferroni corrections was used in (E) and (G) for statistical analyses. The area under the curve
values for the killing curve were calculated, and a one-way ANOVA with Bonferroni correction was used to compare the area under the curve values in (D).
**p < 0.01; **p < 0.001; ***p < 0.0001; ns, not significant; bars, mean; error bars, SEM. See also Figures S6 and S7.
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Furthermore, in addition to the clonal linkage of two gradient Tgy
cell populations in TILs, we found different features, especially
TCF1 high/BLIMP1 low stem-like and TCF1 low/BLIMP1 high
terminally differentiated features, and demonstrated direct cyto-
toxicity and differentiation determined by the TCF1/BLIMP1 axis.
In a recent study using a chronic infection model, non-naive/non-
Treg CD4* T cells were classified into progenitor, effector, and
Tey cell clusters.®! According to these data, we classified the
non-naive/non-Tq CD4* T cells into three clusters, including
the gradient Tgy cell populations. Based on gene expression
and overlapping TCRs, our identified Tgy cell populations
seemed to be different from previously reported progenitor or
effector CD4" T cell clusters; however, non-cytotoxic Tgy cells
had progenitor-like functions. Accordingly, our trajectory ana-
lyses have also shown that the differentiation of Tgy cells,
including both populations, from naive CD4* T cells differs
from that of other CD4* T cells.

Another previous study of a virus infection revealed that PD-1
and LAG-3 blockade promoted cytotoxic CD4™ T cell differenti-
ation rather than Tgy cell differentiation,>* and we previously re-
ported high PD-1 and LAG-3 expression in tumor-infiltrating
CD4* T cells in MHC-lI-expressing tumors in mouse models.*’
Additionally, our present study has demonstrated that not
PD-1 single blockade but PD-1 and LAG-3 double blockade re-
activates Tgy-like cytotoxic CD4™ T cells. Therefore, PD-1 and
LAG-3 are promising therapeutic targets for Tgy-like cytotoxic
CD4™" T cells. Indeed, melanoma reportedly has high frequencies
of MHC-Il expression in cancer cells, as observed in our present
study,®? and LAG-3 blockade combined with PD-1 blockade ex-
hibited efficacy against advanced melanoma in a recent phase lll
trial.®®

In summary, we have demonstrated the importance of tumor-
infiltrating exhausted CD8* T cells and antigen stimulation via
MHC-I (i.e., neoantigens) in recruiting Tgy cells via CXCL13,
which contributes to anti-tumor immunity. In addition, we identi-
fied Tey-like cytotoxic CD4* T cells that directly attack MHC-II-
expressing cancer cells in the TME. The same clonotypes and
continuous differentiation were observed between Tgy-like cyto-
toxic CD4* T cells and non-cytotoxic Try cells, indicating that
both populations are cancer-specific CD4* T cells. In addition,
the BLIMP1/TCF1 axis regulated the development of these cyto-
toxic CD4* T cells. Additionally, we showed that non-cytotoxic
Ten cells exhibit a stem-like progenitor exhaustion phenotype
with high TCF1 and low BLIMP1/LAG-3 expression and that
Try-like cytotoxic CD4* T cells exhibit a terminally differentiated
exhaustion phenotype with low TCF1 and high BLIMP1/LAG-3
expression, which has been reported in CD8* T cell exhaustion.
Our findings provide deep insights into cancer-specific Try-like
CD4" T cell exhaustion with helper progenitor and cytotoxic
differentiated functions, which mediate anti-tumor immunity
orchestrally with cancer-specific exhausted CD8" T cells.

Limitations of the study

One limitation is the small sample size of the scRNA-seq. Thus,
we confirmed these gradient cytotoxic and non-cytotoxic Tgy-
like CD4* T cell populations using publicly available datasets
(melanoma, lung cancer, and colorectal cancer), whereas
MHC-II expression in tumors may be unknown in these co-
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horts.?”*?® In addition, we obtained paired samples from only
one patient before and after anti-PD-1 mAb administration.
Although our gating of Tgy cells was based on isotype controls
and similar to that of another previous study,'” the gating strat-
egy using PD-1 and CXCR5 in mouse models was somewhat un-
convincing. Also, all our panels include live/dead and CDS3 stain-
ing, which indicates that they accurately identified living CD3*
T cells (Figure S3A), but the possibility of other immune cell
contamination such as CXCR5 high B cells has not been
completely ruled out. We used Bcl6™"Cd4°™ mice for Tey cell
knockout, but Bcl6 deletion also reportedly affects effector
CD4* T cells.®" Although CD44*CD62L~CD4" effector T cells
were comparable, TCF1 expression in CD4* T cells decreased
in these mice, which might be related to the unexpected results.
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Anti-mouse CD4-PE-Cy7 (RM4-5)
Anti-mouse CD4-PE-Cy5 (GK1.5)
Anti-mouse CD4-PerCP-Cy5.5 (RM4-5)
Anti-mouse CD8a-PerCP-Cy5.5 (53-6.7)
Anti-mouse CD44-BV510 (IM7)

Anti-mouse CD62L-PE (MEL-14)
Anti-mouse CD62L-PE-Cy5 (MEL-14)

Anti-mouse CD279 (PD-1)-BV421 (29F.1A12)
Anti-mouse CD279 (PD-1)-APC (29F.1A12)
Anti-mouse CD279 (PD-1)-PE-Cy7 (29F.1A12)
Anti-mouse Granzyme B-PE (QA16A02)
Anti-mouse Granzyme B-PerCp-Cy5.5 (QA16A02)
Anti-mouse Perforin-APC (S16009B)
Anti-mouse CXCL13-APC (DS8CX13)
Anti-mouse CD185 (CXCR5)-FITC (L138D7)
Anti-mouse CD183 (CXCR3)-PE (CXCR3-173)
Anti-mouse Bcl-6-PE (7D1)

Anti-mouse Bcl-6-PerCP-Cy5.5 (K112-91)
Anti-mouse TCF-7-Alexa Fluor 647 (S33-966)
Anti-mouse Blimp-1-BV421 (5E7)

Anti-mouse GATA3-PE (16E10A23)

Anti-T-bet Antibody-BV605 (4B10)

Anti-mouse CD223-BV711 (C9B7W)
Anti-mouse CD223-APC (C9B7W)
Anti-mouse FoxP3-PE-CF594 (R16-715)
Anti-mouse TOX-PE (TXRX10)
Anti-mouse CD69-FITC (H1.2F3)
Anti-mouse IFN-y-BV421 (XMG1.2)
Anti-mouse IFN-y-APC (XMG1.2)
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BD Biosciences

Thermo Fisher Scientific

Biolegend
BD Biosciences
BD Biosciences
Biolegend
BD Biosciences
Biolegend
BD Biosciences
BD Biosciences
BD Biosciences

BD Biosciences
Biolegend

Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend

Thermo Fisher Scientific

Biolegend
Biolegend
Biolegend
BD Biosciences
BD Biosciences
BD Biosciences
Biolegend

Biolegend

BD Biosciences
BD Biosciences
BD Biosciences
eBioscience
Biolegend

BD Biosciences
BD Biosciences

Cat# 564323; RRID:AB_2738745
Cat# MA5-23666; RRID:AB_2610226
Cat# 306706; RRID:AB_314644

Cat# 560771; RRID:AB_1937314
Cat# 557984; RRID:AB_396972
Cat# 100222; RRID:AB_2242784
Cat# 552775; RRID:AB_394461

Cat# 100409; RRID:AB_312694

Cat# 550954; RRID:AB_393977
Cat# 551162; RRID:AB_394081

Cat# 563114,
RRID:AB_2738011

Cat# 553151; RRID:AB_394666

Cat# 104410
RRID:AB_313097

Cat# 135217; RRID:AB_10900085
Cat# 135210; RRID:AB_2159183
Cat# 135215; RRID:AB_10696422
Cat# 372208; RRID:AB_2687032
Cat# 372211; RRID:AB_2728378
Cat# 1544083; RRID:AB_2721464
Cat# 17-7981-80; RRID:AB_2762702
Cat# 145520; RRID:AB_2562866
Cat# 126506; RRID:AB_1027650
Cat# 358504; RRID:AB_2562152
Cat# 562198; RRID:AB_11153136
Cat# 566693; RRID:AB_2869823
Cat# 564270; RRID:AB_2738720

Cat# 653803
RRID:AB_2562722

Cat# 644817
RRID: AB_11219388

Cat# 563179; RRID:AB_2737398
Cat# 562346; RRID:AB_11153127
Cat# 567373; RRID:AB_2916572
Cat# 12-6502-80; RRID:AB_10853657
Cat# 104506; RRID:AB_313109

Cat# 563376; RRID:AB_2738165
Cat# 554413; RRID:AB_398551
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Anti-mouse TNF-a-BV421 (MP6-XT22) Biolegend Cat# 506327; RRID:AB_10900823
Anti-mouse TNF-a-BV605 (MP6-XT22) Biolegend Cat# 506329; RRID:AB_11123912
Anti-mouse H-2-PE (M1/42) Biolegend Cat# 125508; RRID:AB_1236470
Anti-mouse I-A/I-E-Alexa Flour 488 (M5/114.15.2) Biolegend Cat# 107616; RRID:AB_493523

Purified anti-human CD3 (OKT3)

Purified anti-human CD28 (CD28.2)

Purified anti-human CD3 (145-2C11)

Purified anti-mouse CD28 (37.51)

Anti-mouse CD8b (Lyt 3.2) (53-5.8)
Anti-mouse CXCL13 (143614)

Anti-mouse PD-1 (RMP1-14)

Anti-mouse LAG-3 mAb (C9B7W)

Purified Rat IgG2a « isotype control (RTK2758)

Brilliant Violet 421™ Rat IgG2a,
k Isotype Ctrl Antibody

FITC Rat IgG2b, « Isotype Ctrl Antibody

Fc Receptor Binding Inhibitor Functional
Grade Polyclonal Antibody

Thermo Fisher Scientific
Thermo Fisher Scientific
Biolegend

Biolegend

Bio X Cell

R&D Systems
Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Thermo Fisher Scientific

Cat# 16-0037-81; RRID:AB_468854
Cat# 16-0289-85; RRID:AB_468926
Cat# 100359; RRID:AB_2616673

Cat# 102116; RRID:AB_11147170
Cat# BE0223; RRID:AB_2687706
Cat# MAB470-500; RRID:AB_2086062
Cat# 114111; RRID:AB_2566089

Cat# 125217; RRID:AB_2566284

Cat# 400502; RRID:AB_326523

Cat#; 400535
RRID:AB_10933427

Cat#; 400634
RRID:AB_893662

Cat# 16-9161-73; RRID:AB_469272

Chemicals, peptides, and recombinant proteins

Fetal Bovine Serum

RPMI 1640 Medium

D-MEM Medium

Collagenase type IV
Hyaluronidase type V
Deoxyribonuclease | type IV
Penicillin-streptomycin
Hygromycin B Solution
Puromycin Dihydrochloride
Amphotricin B

rhiL-2

rhIFN-y

Fixable Viability Dye-eFluor 780
7-AAD

Calcein-AM

Lymphocyte Separation Solution

Cytiva

Thermo Fisher Scientific
Wako

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Thermo Fisher Scientific
nacalai tesque

Wako

Thermo Fisher Scientific
PeproTech

PeproTech

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
NACALAI TESQUE INC

Cat# SH30396
Cat# 11875093
Cat# 044-29765
Cat# C4-28-100MG
Cat# H6254-500MG
Cat# D5025-15KU
Cat# 14150122
Cat# 09287-84
Cat# 166-23153
Cat# 15290018
Cat# 200-02

Cat# AF-300-02
Cati# 65-0865-14
Cat# A1310

Cat# C1430

Cat# 20828-15

Critical commercial assays

Foxp3/Transcription Factor Staining Buffer Set
Protein Transport Inhibitor (Containing Monensin)
PCR Mycoplasma Detection Kit

Lipofectamine 3000

RetroNectin

In-Fusion Snap Assembly Master Mix

KOD -Plus- mutagenesis kit

TrueCut Cas9 Protein v2

Lipofectamine CRISPRMAX Cas9
Transfection Reagent

RBC Lysis Buffer (10X)
MojoSort Mouse CD4 T cell Isolation Kit

Thermo Fisher Scientific
BD Biosciences

Takara Bio

Thermo Fisher Scientific
Takara Bio

Takara Bio

TOYOBO

Thermo Fisher Scientific
Thermo Fisher Scientific

Biolegend
Biolegend

Cat# 00-5523-00
Cati# 554724
Cat# CY232

Cat# L3000008
Cat# T100B

Cat# Z8947N
Cat# SMK-101
Cat# A36498
Cat# CMAX00008

Cat# 420301
Cati# 480005

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bright-Glo™ Luciferase Assay System Promega Cat# E2610

PE Annexin V Apoptosis Detection Kit with 7-AAD BioLegend Cat# 640934
CellTrace™ CFSE Cell Proliferation Kit Thermo Fisher Scientific Cat# C34554
PrimeScript RT Master Mix TaKaRa Cat# RRO36A

TB Green Premix Ex Taq Il TaKaRa Cat# RR820
Deposited data

Single-cell sequencing for melanoma samples This paper DDBJ: JGAS000285
Bulk TCR-sequencing of mice This paper DDBJ: DRA016998
Single-cell sequencing for lung cancer samples Hanada et al.”® dbGaP: phs002792.v1.p1
Single-cell sequencing for melanoma, lung cancer, Lowery et al.”” dbGaP: phs002748.v1.p1
and colorectal cancer samples

Publicly available bulk RNA-sequencing data for Gide et al.” BioProject: PRUEB23709
melanoma patients who received anti-PD-1 mAb

Experimental models: Cell lines

MELO02-1 N/A N/A

MELO02-2 N/A N/A

MELO3 N/A N/A

MEL04 N/A N/A

E.G7 ATCC Cat# CRL-2113
B16F10 ATCC Cat# CRL-6475
Jurkat, Clone E6-1 ATCC Cat# TIB-152

LL/2 ATCC Cat# CRL-1642
MC-38 Kerafast Cat# ENH204
Experimental models: Organisms/strains

C57BL/6 Japan SLC N/A

B6 SCID RIKEN BRC N/A

oT-ll Jackson Laboratories N/A

CD4Cre Jackson Laboratories N/A

BCL6fl Jackson Laboratories N/A

Recombinant DNA

pcDNAS-TfR-OVA

pMX-hCD4

pMDLg/pRRE

pRSV-REV

pMD2.G

pPBABE puro

pMSCV-hCIITA
pMSCV-hTCRB-hTCRA vector
pLV-mTcf7-EGFP
pLV[shRNA]-EGFP-mPrdm1

Diebold et al.*®
Landau et al.®*

Dull et al.®®

Dull et al.®®
Didier Trono
Morgenstern et al.®
VectorBuilder
VectorBuilder
VectorBuilder

VectorBuilder

Addgene_64600
Addgene_14614
Addgene_12251
Addgene_12253
Addgene_12259
Addgene_1764

Cat# VB210215-1026npf
N/A

Cat# VB220318-1209zdc
Cat# VB220318-1204rzb

mouse Ciita cDNA K.K. DNAFORM Cat# 100015714
pGL4.30 [luc2P/NFAT-RE/Hygro] Promega Cat# 9PIE848
Luciferase Reporter Vectors

pVSV-G Takara Bio Cat# 631530
Oligonucleotides

sgRNA mouse b2m 5-TTCGGCTTC Thermo Fisher Scientific Cat# A35533
CCATTCTCCGG-3'

sgRNA human TCRA 5'-CTCGACC Integrated DNA Technologies N/A

AGCTTGACATCAC-3'
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REAGENT or RESOURCE SOURCE IDENTIFIER
sgRNA human TCRB 5'-AGAAGG Integrated DNA Technologies N/A
TGGCCGAGACCCTC-3'

Human CXCL13-Forward Eurofins N/A
(TATCCCTAGACGCTTCATTGATCG)

Human CXCL13-Reverse Eurofins N/A
(CCATTCAGCTTGAGGGTCCACA)

Mouse Cxcl13-Forward Eurofins N/A
(CATAGATCGGATTCAAGTTACGCC)

Mouse Cxcl13- Reverse Eurofins N/A
(GTAACCATTTGGCACGAGGATTC)

Human GAPDH-Forward Eurofins N/A
(GACTCATGACCACAGTCCATGC)

Human GAPDH-Reverse Eurofins N/A
(GAGGAGACCACCTGGTGCTCAG)

Mouse Gapdh-Forward Eurofins N/A
(CATCACTGCCACCCAGAAGACTG)

Mouse Gapdh-Reverse Eurofins N/A
(ATGCCAGTGAGCTTCCCGTTCAG)

Other

FlowJo 10.0.8 BD Biosciences N/A
GraphPad Prism 8 GraphPad Software Inc. N/A
R version 4.0.2 R Foundation for Statistical Computing N/A
Python v3.9.13 Python Software Foundation N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Yosuke
Togashi (ytogashi1584@gmail.com).

Materials availability
Plasmids and cell lines generated in this study are available from the lead contact; however, we may require a completed materials
transfer agreement.

Data and code availability
® scRNA-seq and scTCR-seq data have been deposited at DDBJ, and they are publicly available as of the date of publication.
Accession numbers are listed in the key resources table. Original plate reader measurements and flow cytometry measure-
ments reported in this paper will be shared by the lead contact upon request.
e This paper does not report original code.
® Any additional information required for reanalyzing the data reported in this paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patients and samples
Three patients (all male in their 60s-80s) with melanoma, who underwent surgical resection at Yamanashi University Hospital from
2017 to 2019, were enrolled in this study for establishing autologous cancer cell lines and cultured TILs (Table S1). All patients pro-
vided written informed consents before sampling, according to the Declaration of Helsinki. The protocol for this study was approved
by the appropriate institutional review board and ethics committees at the Yamanashi University Hospital, Chiba University Hospital,
Okayama University Hospital and Chiba Cancer Center.

Tumor specimens were excised aseptically. All resected specimens were obtained for pathologic confirmation of the diagnosis,
and we used remaining samples. Surgically resected samples were enzymatically digested with collagenase, hyaluronidase, and
deoxyribonuclease (Sigma-Aldrich, St. Louis, MO) in RPMI 1640 (Thermo Fisher Science, Waltham, MA). After filtration and
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separation by density gradient using Lymphocyte Separation Solution (NACALAI TESQUE INC, Kyoto, Japan), the digested tumor
cells were cryopreserved until use.*”

Cell lines
For establishing cancer cell lines, 1x107 digested tumor cells were cultured in RPMI 1640 containing 10% fetal bovine serum
(FBS; Cytiva, Tokyo, Japan), penicillin-streptomycin, and amphotericin B (Thermo Fisher Science). Tumor cells were passaged at
approximately 80%-90% confluence and used when free of fibroblasts and proliferated beyond the 10th passage. All patients
were responders to anti-PD-1 mAb. The MELO2-1 and MEL02-2 cell lines were generated from the same patient before and during
the treatment, respectively.?®

The E.G7, B16F10, LL/2, and Jurkat cell lines were purchased from ATCC (Manassas, VA; Cat#CRL-2113, RRID: CVCL_3505;
Cat#CRL-6475, RRID: CVCL_0159; Cat#CRL-1642, RPID: CVCL_4358; and Cat#TIB-152, RRID: CVCL_0367, respectively). The
MC-38 cell line (mouse colon cancer) was purchased from Kerafast (Boston, MA; Cat# ENH204, RRID: CVCL_B288). The E.G7,
B16F10, LL/2, and Jurkat cell lines were maintained in RPMI 1640 medium supplemented with 10% FBS, and the MC-38 cell line
was maintained in DMEM (Thermo Fisher Science) supplemented with 10% FBS. All cell lines were used after confirming that
they were mycoplasma (—) after mycoplasma testing using the PCR Mycoplasma Detection Kit (Takara Bio; Shiga, Japan) according
to the manufacturer’s protocol.

Mouse models

The following mouse strains were used in this study: Female C57BL/6J mice (6-8 weeks old) were purchased from Japan SLC
(Shizuoka, Japan). C57BL/6J-Prkdc<scid>/Rbrc mice (B6 SCID; RBRC01346) were provided by RIKEN BRC (Tsukuba, Japan)
through the National BioResource Project of the MEXT/AMED, Japan. B6.Cg-Tg(TcraTcrb)425Cbn/d mice (OT-II; IM-
SR_JAX:004194), B6.Cg-Tg(Cd4-cre)1Cwi/BfluJ mice (Cd4°"; IMSR_JAX:022071), and B6.129S(FVB)-Bcl6tm1.1Dent/J mice
(Bcl6™; IMSR_JAX:023727) were obtained from Jackson Laboratories (Bar Harbor, ME).

MC-38, B16F10, LL/2 cells, or E.G7 cells (1x10° cells) were injected subcutaneously on day 0, and the tumor volume was moni-
tored twice a week. The means of the long and short tumor diameters were used for generating tumor growth curves. The mice were
grouped when the tumor volume reached approximately 100 mm?2, and anti-PD-1 mAb (200 pg/mouse) or control mAb was admin-
istered intraperitoneally three times every 3 days on day 5. Tumors were harvested on day 5, 14, and 21, or 7 days after treatment
initiation for TIL analyses or sorting. When cytotoxicity was evaluated, we stimulated TILs with anti-CD3 and CD28 mAbs (BioLegend;
San Diego, CA) for 6 h after harvesting. For CD8 deletion, anti-CD8f mAb (100 pg/mouse) was administered intraperitoneally on
days —1 and 6. For CXCL13 blockade, anti-mouse CXCL13 mAb (100 ng/mouse) was administered intraperitoneally three times
in a week. Rat anti-mouse PD-1 mAb (RMP1-14) and control mAb (RTK2758) were purchased from BioLegend. An anti-mouse
CD8B mAb (53-5.8) was purchased from Bio X Cell (West Lebanon, New Hampshire). An anti-CXCL13 mAb (143614) was purchased
from R&D systems (Minneapolis, MI).

For T cell transfer, 1x10® MC-38/0OVA/B2mKO/mCiita or MC-38/OVA cells were injected subcutaneously in B6 SCID mice on day
0, and 2x10° PD-1*CXCR5*CD25 CD4" T cells (T4 cells) sorted from OT-/I splenocytes using FACSMelody or FACSAria (BD Bio-
sciences; San Jose, CA) in Central Research Laboratory, Okayama University Medical School were injected intraperitoneally on days
0, 4, and 10. The means of the long and short tumor diameters were used for generating tumor growth curves.

In vivo experiments were performed at least twice. All animals were bred and housed under specific pathogen-free conditions at
the Chiba Cancer Center Research Institute and Okayama University. Mouse experiments were approved by the Animal Committee
for Animal Experimentation of the Chiba Cancer Center and Okayama University. All experiments met the U.S. Public Health Service
Policy on the Humane Care and Use of Laboratory Animals.

METHOD DETAILS

scRNA/TCR-seq

The libraries for scRNA-seq and scTCR-seq were prepared using the 10x Single-Cell Immune Profiling Solution Kit according to the
manufacturer’s protocol (10x Technologies Inc., Pleasanton, CA). CD3* T cells sorted by FACSAria were washed and resuspended in
PBS with 0.5% FBS. Cells were captured in droplets at a targeted cell recovery rate of <10,000 cells. After reverse transcription and
cell barcoding in droplets, the emulsions were broken, and the purified cDNA was amplified using Dynabeads MyOne SILANE
(Thermo Fisher Scientific), followed by PCR amplification. To construct 5’ gene expression libraries, 2.4-50 ng of amplified cDNA
was fragmented, end-repaired, double-sided size-selected with SPRIselect beads (Beckman Coulter, Brea, CA, USA), PCR-ampli-
fied with sample indexing primers, and double-sided size-selected with SPRIselect beads. TCR transcripts were enriched from 2 uL
of amplified cDNA using PCR to construct TCR libraries. Following enrichment, 5-50 ng of the enriched PCR product was fragmented
and end-repaired, size-selected with SPRIselect beads, PCR-amplified with sample indexing primers, and size-selected with
SPRIselect beads. We sequenced the scRNA and scTCR libraries using a HiSeq 3000 instrument to a minimum sequencing depth
of 25,000 and 5,000 reads per cell, respectively. Sequencing read lengths were adjusted for each library type according to the man-
ufacturer’s protocol and the reagent version.?°
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Data analysis for scRNA/TCR-seq

The reads were processed using the CellRanger software (10x Technologies Inc., version 6.0.2). Using UMI count matrices loaded via
the Seurat R package (version 4.2.0),%” cells with a mitochondrial content above 10% and cells with less than 200 or more than 4000
detected genes were filtered out as dying cells, empty droplets, and doublets, respectively. For normalization, the Seurat
NormalizeData function was used, which was subsequently integrated using the IntegrateData function. The dimension was reduced
by running PCA and then computing the UMAP embeddings using the first 15 components of the PCA for visualization and clustering.
Finally, we manually annotated each cluster according to the expression of known marker genes, including CD3D, CD3E, and CD2 (T
cells); CD4 and CCRY7 (naive CD4" T cells); CD4 and FOXP3 (T g cells); CD4, CD200, and CXCL13 (Tgy cells); CD4 and CD69 (acti-
vated CD4* T cells); CD4, CXCR3, CCR4, and IL7R (memory CD4* T cells); CD8A and CD69 (activated CD8" T cells); CD8A, CXCR3,
EOMES, and IL7R (memory CD8" T cells); CD8A, GZMA, and PRF1 (effector CD8* T cells); and CD8A, PDCD1, and HAVCR2
(exhausted CD8* T cells).20 In addition, exhausted CD8" T cells, Tgy cells, and non-naive/non-T,y CD4" T cells were extracted
and reclassified. In brief, the dimension was reduced by running PCA and then computing the UMAP embeddings using the first
10 components of the PCA for visualization and clustering. For the Tgy cells, we manually annotated the population with high expres-
sion of GZMA, GZMB, PRF1, CCL4, CCL5, and CXCRE6 as cytotoxic Ty cells and the other population as non-cytotoxic Ty cells. For
non-naive/non-Tq CD4* T cells, we manually annotated the populations with high expression of CXCL13, CD200, CXCR5, GZMA,
and PRF1 (cytotoxic Try cells); CXCL13, CD200, CXCR5, and TCF7 (non-cytotoxic Try cells); TCF7 and CCR7 (progenitor CD4*
T cells); CD69, GZMA, and IFNG (effector CD4* T cells).

TCR reads were aligned to the GRCh38 reference genome, and cellranger vdj pipeline (10x Technologies, Inc, version 6.0.2) was
used for consensus TCR annotation according to the manufacturer’s protocol. As matching to public bulk TCR datasets is usually
performed at the TCR level, cells with no reconstructed TCRa clonotype were retained, while cells with no TCR clonotype were
not retained for subsequent analysis. The clonotype with the highest number of UMIs was used for cells with two or more clonotypes.
If the number of UMlIs in the second clonotype was more than half of that in the top clonotype, the cells were labelled as ambiguous.

RNA velocity

We used velocyto v0.17.17 to generate loom files from bam files, which were generated using Cell Ranger.®® Next, the individual loom
files were merged and Harmony-integrated using scanpy v1.8.2 in python v3.9.13.%° We then ran scVelo v0.2.4 using default settings
to obtain RNA velocity and latent time.”® The RNA velocity (direction and speed of migration) of individual cells were estimated from
the ratio of unspliced/spliced in the mRNA count data for each gene.

Diffusion map analysis

We applied a diffusion map as a nonlinear dimensionality reduction technique to examine the major components of variation across
different cell types for latent time. We computed Diffusion Components (DCs) using the ‘scanpy.tl.diffmap’ function of the scanpy
v1.8.2 in python v3.9.13.%°

Publicly available dataset analysis
Bulk RNA-seq public data obtained from melanoma patients who received anti-PD-1 mAb were downloaded from NCBI (BioProject:
PRJEB23709).>° Bulk RNA-seq reads were aligned to the GRCh38 reference genome using STAR v2.7.1.”" Next, we quantified gene
expression levels and calculated TPM values from genome mapping data using RSEM v1.3.3 in R v4.2.0.”? These data were tied to
patient information, and survival curves were plotted for progression free survival (PFS) and overall survival (OS) using survival v3.3.1
(Therneau, T. M. (2020). A Package for Survival Analysis in R. https://CRAN.R-project.org/package=survival). The cut-off value for
CXCL13 gene expression was calculated from the receiver operating characteristic (ROC) curve plotted using pROC v1.18.0 in R
v4.2.0.7°

scRNA-seq data for melanoma, lung cancer, and colorectal cancer TILs were downloaded from the dbGaP portal (accession no:
phs002792.v1.p1 and phs002748.v1.p1).?”?® The merged data were analyzed as described in the above section “Data analysis for
scRNA/TCR-seq”.

Constructs
The following constructs were gifts: pcDNA3-TfR-OVA, from Sandra Diebold & Martin Zenke (Addgene plasmid #64600; http://
n2t.net/addgene:64600; RRID: Addgene_64600)*°; pMX-hCD4, from Dan Littman (Addgene plasmid #14614; http://n2t.net/
addgene:14614; RRID: Addgene_14614)%*; pBABE-puro, from Hartmut Land & Jay Morgenstern & Bob Weinberg (Addgene plasmid
#1764; http://n2t.net/addgene:1764; RRID: Addgene_1764)°°; pMDLg/pRRE, from Didier Trono (Addgene plasmid #12251; http://
n2t.net/addgene:12251; RRID: Addgene_12251)°°; pRSV-Rev, from Didier Trono (Addgene plasmid #12253; http://n2t.net/addg-
ene:12253; RRID: Addgene_12253)%°; and pMD2.G, from Didier Trono (Addgene plasmid #12259; http://n2t.net/addgene:12259;
RRID: Addgene_12259). mCiita cDNA was purchased from DNAFORM (Kanagawa, Japan). pMSCV-hCIITA (VB210215-1026npf),
pMSCV-hTCRB-hTCRA, pLV-mTcf7-EGFP (VB220318-1209zdc), and pLV[shRNA]-EGFP-mPrdm1 (VB220318-1204rzb) vectors
were created by VectorBuilder (Chicago, IL). A pGL4.30 [luc2P/NFAT-RE/Hygro] vector was purchased from Promega (Madison, WI).
TfR-OVA or mouse Ciita (mCiita) cDNA was cloned into the pBABE-puro vector using In-Fusion Snap Assembly Master Mix (Takara
Bio) according to the manufacturer’s protocol. The OVA epitope presented by MHC-1 (OVA-I) or MHC-II (OVA-Il) was deleted from the
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pBABE-puro-TfR-OVA vector using the KOD-Plus-mutagenesis kit (TOYOBO; Osaka, Japan) to obtain pBABE-puro-TfR-OVA-Il and
pBABE-puro-TfR-OVA-I, respectively, according to the manufacturer’s protocol (Figure S3H). The integrities of TfR-OVA, TfR-OVA-I,
and TfR-OVA-II were confirmed by DNA sequencing.

Virus production and transfection
pBABE-puro-mCiita, pBABE-puro-TfR-OVA, pBABE-puro-TfR-OVA-I, pBABE-puro-TfR-OVA-Il, pMX-hCD4, pMSCV-hCIITA, or
each pMSCV-hTCRB-hTCRA vector was transfected with pVSV-G vector (Takara Bio) into packaging cells using Lipofectamine
3000 Reagent (Thermo Fisher Scientific). pLV-mTcf7-EGFP or pLV[shRNA]-EGFP-mPrdm1 vector was transfected with pMDLg/
pRRE, pRSV-REV, and pMD2.G into packaging cells using Lipofectamine 3000 Reagent. After 48 h, the supernatant was concen-
trated and transfected into cells.

MC-38 cell lines transfected with mCiita, TfR-OVA, TfR-OVA-I, TfR-OVA-II, and mCiita and TfR-OVA were named MC-38/mCiita,
MC-38/0OVA, MC-38/0OVA-I, MC-38/OVA-II, and MC-38/OVA/mCiita, respectively. hCIITA-transfected MELO4 cell line was named
MELO4/hCIITA.

Mouse B2m-deletion and human TCR-deletion using CRISPR/Cas9 technology
Mouse B2m-deleted MC-38 cell line and endogenous TCR-deleted Jurkat cells were generated using the CRISPR/Cas9 technology.
Targeting guide RNA (gRNA) sequences (5'-TTCGGCTTCCCATTCTCCGG-3' for mouse B2m, 5'-CTCGACCAGCTTGACATCAC-3'
for human TCRA, and 5'-AGAAGGTGGCCGAGACCCTC-3' for human TCRB) were used for editing the genomic locus. The gRNA
and Cas9 protein (Thermo Fisher Scientific) were transduced into MC-38 cells or Jurkat cells using the electroporation machine
(BIORAD Catalog# 1652660J1). The expression was evaluated using flow cytometry.

B2m-deficient MC-38, MC-38/mCiita, and MC-38/0OVA/mCiita cell lines were named MC-38/B2mKQO, MC-38/B2mKO/mCiita, and
MC-38/0VA/B2mKO/mCiita, respectively.

In vitro assays for human PBMCs

To evaluate PD-1 and CXCL13 expression in CD8* T cells, PBMCs from healthy donors were cultured with indicated concentrations
of anti-CD3 mAb, 10 ug/mL anti-CD28 mAb, and 30 IU/mL IL-2 (PeproTech, Cranbury, NJ) for 48 h and were subjected to flow
cytometry.

Gene expression analysis

PD-1" or PD-17CD8" T cells from stimulated PBMCs of healthy donors or TILs of MC-38/OVA tumors sorted using a FACSAria in-
strument in Central Research Laboratory, Okayama University Medical School were subjected to quantitative reverse transcription
PCR using PrimeScript RT Master Mix (TaKaRa, Cat# RR036A) and TB Green Premix Ex Taq Il (TaKaRa, Cat# RR820S) according to
the manufacturer’s instructions. We used human GAPDH or mouse Gapdh as internal controls and calculated AC;.

Luciferase reporter assay for cancer specificity

The endogenous TCR-deleted Jurkat cells were transduced using a pGL4.30 [luc2P/NFAT-RE/Hygro] vector, and antibiotic selection
was performed with 100 ng/mL hygromycin for at least 2 weeks; these cells were named NFAT-Jurkat cells. pMX-hCD4 and each
pMSCV-hTCRB-hTCRA vector were transduced into these selected cells (Figure S5A). Each TCR-transduced CD4* NFAT-Jurkat
cells were co-cultured with MHC-II-expressing MELO4/hCIITA cells (Figure S5B). Twenty-four hours after co-culture, luciferase ac-
tivity was analyzed using the Bright-Glo Luciferase Assay System (Promega) according to the manufacturer’s instructions. We
compared the data with those from experiments without MELO4/hCIITA cells for statistical analyses and calculated the fold change.
TCRs (#1-4) were selected from skewed Tg-like cytotoxic CD4* T cell clonotypes from the cytotoxic population, and TCRs (#5 and 6)
were selected from skewed non-cytotoxic Tgy cell clonotypes from the non-cytotoxic population (Table S5). Control clonotype TCR
#0 was selected from a minor CD4* T cell clone in the TME that was frequently found in MHC-matched Adaptive Biotechnologies
public peripheral blood datasets.® In vitro experiments were performed in triplicate.

Killing assay

Killing assays were performed using calcein-AM (Thermo Fisher Science). Briefly, PD-1*CXCR3*, PD-1*CXCR5", or PD-1~
CD25-CD4* T cells were sorted from C57BL/6J or OT-Il mouse splenocytes using FACSMelody or FACSAria in Central Research
Laboratory, Okayama University Medical School. In addition, LAG-3"PD-1"CXCR5", LAG-3 PD-1*CXCR5", or PD-1~
CD257CD4* T cells were sorted from MC-38/mCiita tumors in OT-/l mice 14 days after inoculation using FACSMelody or
FACSAria in Central Research Laboratory, Okayama University Medical School. Calcein-AM-labelled MC-38/OVA/B2mKO/mCiita
cells (target cells; T) were co-cultured with sorted T cells (effector cells; E) at the indicated E/T ratios and centrifuged to ensure contact
between the cell populations. Furthermore, Calcein-AM-labeled MEL04/hCIITA cells (T) were co-cultured with TCR-transduced
CD4* T cells (E) at the indicated E/T ratios and centrifuged to ensure contact between the cell populations. Fluorescence was
measured after 3 h of incubation. In vitro experiments were performed in triplicate.
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EXx vivo assays of Tgy cells

Sorted LAG-3*PD-1"CXCR5"CD25 CD4* T cells (LAG-3* Ty cells) and LAG-3"PD-1*CXCR5*CD25 CD4" T cells (LAG-3~ Tgy
cells) from MC-38/mCiita tumors 14 days after inoculation were labelled with 0.5 uM CFSE for 5 min at 37°C. Both Tgy cells were
cultured separately in the presence of 0.5 pg/mL anti-CD3 and 10 pg/mL anti-CD28 mAbs, and 30 IU/mL IL-2 (PeproTech). Prolifer-
ation was assessed 3 days later by dilution of CFSE-labelled cells with flow cytometry. Apoptosis was also evaluated by flow cytom-
etry using PE Annexin V Apoptosis Detection Kit with 7-AAD (BioLegend) 3 days after the treatment with anti-CD3 and anti-CD28
mAbs according to the manufacturer’s protocol. Furthermore, anti-PD-1 mAb (BioLegend) and/or anti-LAG-3 mAb (BioLegend)
were added at a concentration of 10 pg/mL simultaneously with anti-CD3 and anti-CD28 mAbs. Twenty-four hours later, the cells
were analyzed for cytotoxicity using flow cytometry. Ex vivo experiments were performed at least twice.

In vitro transduction and analyses for Tgy cells from mouse splenocytes
Splenocytes from C57BL/6J mice were expanded with 0.5 pg/mL anti-CD3, 10 pg/mL anti-CD28 mAbs, 30 IU/mL IL-2, and irradiated
allo-splenocytes from Balb/c mice, into which each lentiviral vector was transduced 4 days after expansion, resulting in mTcf7-over-
expression or mPrdm1-knockdown. These cells were stimulated with 1.0 ng/mL anti-CD3 and 10 pg/mL anti-CD28 mAbs for 6 h and
analyzed with flow cytometry. In vitro experiments were performed in triplicates.

Mouse TCR sequencing and data analyses

PD-1"CXCR5"CD25~CD4* T cells (Tgy cells) and the other CD25-CD4* T cells (CD4* non-Tgy cells) were sorted from MC-38/mCiita
tumors before anti-PD-1 mAb treatment on day 5 and after the treatment on day 14 using a FACSAria instrument in Central Research
Laboratory, Okayama University Medical School. The extracted RNA was subjected to TCR sequencing using a SMARTer Mouse
TCRa/b Profiling Kit (TaKaRa Bio), according to the manufacturer’s instructions. TCR libraries were sequenced using a MiSeq instru-
ment (lllumina) and a 2 x 300 bp paired-end kit. Reads were assembled and aligned to mouse VDJ reference genes using the MiXCR
software with default parameters.”*

Flow cytometry analysis

Cells were washed with phosphate-buffered saline (PBS) containing 2% FBS and subjected to staining with surface antibodies. The
antibodies used in the FCM analyses are summarized in Key Resource Table. Intracellular staining was performed with specific an-
tibodies and the FOXP3/Transcription Factor Staining Buffer Set (Thermo Fisher Scientific) according to the manufacturer’s instruc-
tions. Forintracellular cytokine staining, GolgiStop or GolgiPLUG reagent (BD Biosciences) was added for the last 4 h of culture. Sam-
ples were assessed using a BD FACSVerse or a BD FACSFortessa instrument (BD Biosciences) and the FlowJo software (BD
Biosciences).”° The staining antibodies were diluted following the manufacturer’s instructions. When we used IFN-¥ (PeproTech,
1000 IU/mL), the cells were treated for 48 h before analyses. Annexin V (Fisher Scientific) staining was performed after cell surface
staining as per the manufacturer’s instructions. The same gating strategy was used in all figures to identify Tg cells.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism 8 (GraphPad Software, San Diego, CA) and R version 4.0.2 (R Foundation for Statistical Computing, Vienna, Austria)
were used for statistical analyses. Differential gene expression analysis on single-cell datasets was performed through the
FindMarkers function of the Seurat R package using the Wilcoxon rank-sum test. The relations of continuous variables between
or among groups were compared using a t test or one-way ANOVA, respectively. The relations between tumor volume curves
were compared using two-way ANOVA. For multiple testing, a Bonferroni correction was employed. PFS and OS were defined as
the time from the initiation of anti-PD-1 mAb until the first observation of disease progression or death from any cause and until death
from any cause, respectively. Survival curves were analyzed using the Kaplan—-Meier method and compared among groups using the
log rank test. p values <0.05 were considered statistically significant. All statistical details are provided in the figure legends.
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