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SUMMARY

PD-1 blockade exerts clinical efficacy against various types of cancer by reinvigorating T cells that directly
attack tumor cells (tumor-specific T cells) in the tumor microenvironment (TME), and tumor-infiltrating lym-
phocytes (TILs) also comprise nonspecific bystander T cells. Here, using single-cell sequencing, we show
that TILs include skewed T cell clonotypes, which are characterized by exhaustion (Tey) or nonexhaustion sig-
natures (Ton-ex)- AMong skewed clonotypes, those in the Ty, but not those in the T,,on-ex, Cluster respond to
autologous tumor cell lines. After PD-1 blockade, non-preexisting tumor-specific clonotypes in the Ty clus-
ter appear in the TME. Tumor-draining lymph nodes (TDLNs) without metastasis harbor a considerable num-
ber of such clonotypes, whereas these clonotypes are rarely detected in peripheral blood. We propose that
tumor-infiltrating skewed T cell clonotypes with an exhausted phenotype directly attack tumor cells and that
PD-1 blockade can promote infiltration of such T, clonotypes, mainly from TDLNSs.

INTRODUCTION T cell function, causing T cells to fall into a dysfunctional state

called exhaustion (Blank et al., 2019; Wherry, 2011; Wherry

The gain of immune escape mechanism(s), including increases in
the expression of various immunosuppressive molecules, such
as PD-1/PD-1 ligands, is an important process during cancer
development and progression (Schreiber et al., 2011; Topalian
etal., 2015; Zou et al., 2016). Therefore, inhibition of such mole-
cules with monoclonal antibodies (mAbs) has been tested in the
clinic, and PD-1 blockade therapies have been shown to be
effective against various types of cancer (Borghaei et al., 2015;
Brahmer et al., 2015; Ferris et al., 2016; Hodi et al., 2010; Larkin
et al., 2015; Topalian et al., 2015; Zou et al., 2016).

PD-1, which interacts with PD-1 ligands, is primarily ex-
pressed following the activation of T cells and suppresses
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and Kurachi, 2015). PD-1 blockade reinvigorates exhausted
CD8"* T cells (Tey), leading to tumor regression (Topalian et al.,
2015; Zou et al., 2016). While tumor-infiltrating CD8" T cells
reportedly play a crucial role in PD-1 blockade-mediated anti-
tumor immunity (Herbst et al., 2014; Topalian et al., 2015; Tumeh
et al., 2014; Zou et al., 2016), tumor-infiltrating CD8* T cells do
not always attack tumor cells, and they frequently contain
nonspecific bystander T cells (Oliveira et al., 2021; Scheper
et al., 2019; Simoni et al., 2018). T cells recognize cancer anti-
gens presented on the major histocompatibility complex (MHC)
through their T cell receptors (TCRs) (Coulie et al., 2014; Hulpke
and Tampe, 2013). Thus, TCR analysis can be used to identify
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tumor-specific T cells. Indeed, a previous study demonstrated
that tumor-infiltrating PD-1*CD8" T cells possess clonal TCR
repertoires that respond to tumor cells (Gros et al., 2014).
Another study showed that T cells in tumor samples obtained
from patients who respond to PD-1 blockade exhibit a highly
skewed clonal TCR repertoire (Amaria et al., 2018; Bassez
et al., 2021; Forde et al., 2018; Sade-Feldman et al., 2018;
Tumeh et al., 2014; Yost et al., 2019). Therefore, skewed T cell
clonotypes in the tumor microenvironment (TME) may represent
tumor-specific T cells.

Recent progress in single-cell RNA sequencing (scRNA-seq)
has impacted broad areas of cancer research and improved
our understanding of the TME (Lim et al., 2020; Papalexi and Sat-
ija, 2018; Stuart and Satija, 2019). Moreover, it is now possible to
integrate transcriptome and TCR sequencing at the single-cell
level (scTCR-seq). Several recent studies using this technology
have revealed that skewed T cell clonotypes bear high expres-
sion of well-known exhaustion signature genes, such
as PDCD1, TNFRSF9, ENTPD1, and ITGAE (encoding PD-1,
4-1BB, CD39, and CD1083, respectively) and that such Te, clono-
types are expected to be tumor specific (Li et al., 2019; Sade-
Feldman et al., 2018; Tirosh et al., 2016). Other studies provide
evidence of the dynamic change in tumor-infiltrating T cell clono-
types after PD-1 blockade (Bassez et al., 2021; Yost et al., 2019).
However, the actual tumor specificity —that is, which tumor anti-
gens are recognized by tumor-infiltrating T cells—has not been
fully examined (Oliveira et al., 2021). In addition, it remains un-
clear how PD-1 blockade influences this dynamic clonal change.

In this study, we used both scRNA-seq and scTCR-seq to
analyze tumor-infiltrating T cells from melanoma patients treated
with an anti-PD-1 mAb. Tumor-infiltrating T cells presented
skewed T cell clonotypes, which were characterized by exhaus-
tion or nonexhaustion signatures (Tnon-ex)- Among them, the
skewed clonotypes in the Tey, but not those in the Tpon-ex, Cluster
responded to autologous tumor cell lines. Following PD-1
blockade, preexisting tumor-specific Tex clonotypes expanded,
and other clonotypes in the Toy cluster also appeared in the
TME of a superresponder. These non-preexisting clonotypes re-
sponded to not only posttreatment but also pretreatment autol-
ogous cancer cell lines. Thus, this appearance of clonotypes in
the Tex cluster was promoted by PD-1 blockade. While such
Tex clonotypes were rarely found in the peripheral blood, consid-
erable numbers of these cells were detected in tumor-draining
lymph nodes (TDLNs). FTY720, which locks lymphocytes in
LNs, negated the efficacy of PD-1 blockade, significantly
decreased T, infiltration, and abolished the increased T, infil-
tration after PD-1 blockade in mouse models. Hence, skewed
clonotypes in the Te. cluster are tumor specific, and PD-1
blockade promotes such Tey clonal expansion and infiltration
from TDLNs, resulting in PD-1 blockade-mediated antitumor
immunity.

RESULTS
PD-1 blockade superresponders have a considerable
population of skewed T, clonotypes in the TME

First, we used both droplet-based 5’ scRNA-seq and scTCR-seq
to analyze four tumor-infiltrating T cell samples from three mela-
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noma patients who received PD-1 blockade therapy. Patient
characteristics are summarized in Table S1. MELO1 acquired
resistance due to the loss of B2M after the initial response to
PD-1 blockade, as previously reported (Inozume et al., 2019).
In contrast, MELO2 and 03 achieved complete responses to
PD-1 blockade therapy during more than 2 years (superrespond-
ers) (Table S1; Figure S1). Tumor-infiltrating lymphocytes (TILs)
were obtained from MELO1 at the appearance of acquired resis-
tance (Inozume et al., 2019) and from MELQ3 before the initiation
of PD-1 blockade therapy (Table S1; Figure S1). In MELOQ2,
because only the inguinal lymph node (LN) metastasis did not
radiologically respond, surgical resection was performed after
the treatment (Table S1; Figure S1). Then, TILs from site-
matched tumors were collected before PD-1 blockade therapy
(MELO2-1) and after treatment (MELO2-2) (Figure S1). Severe
inflammation with CD8* T cell infiltration and reduced residual tu-
mor cells upon PD-1 blockade were observed in the lesion
(MELO2-2) with pathological analyses, indicating a favorable
response in MELO2 (Figure S1).

We obtained paired TCR sequences in 34,033 out of 42,617
T cells (79.9%, Table S2). T cells were classified into eight clus-
ters based on gene expression profiling, as previously reported
(Figures 1A, 1B, and S2A; Table S3) (Yost et al., 2019). The reg-
ulatory T (T,eg) cell cluster accounted for more than 10% of all
samples from tumor tissues, which is consistent with our previ-
ous studies (Kamada et al., 2019; Kumagai et al., 2020a,
2020b; Togashi et al., 2019). The three tumor samples from
two responders contained a considerable population of the Tey
cluster, which was characterized by exhaustion-associated
signature genes, such as PDCD1, TNFRSF9, ENTPD1, and IT-
GAE (Figures 1A, 1B, and S2B). We next focused on T cell clono-
types since skewed T cell clonotypes in the TME are expected to
be tumor specific (Gros et al., 2014; Li et al., 2019; Tirosh et al.,
2016; Tumeh et al., 2014). The sensitive tumor samples (MELO2-
1, MELO2-2, and MELO3) had skewed clonotypes, especially in
the Tex cluster (Figures 1C and 1D). In contrast, T cells in the
resistant sample (MELO1) had highly diverse clonotypes
compared with those in the sensitive samples (Figures 1C and
1D). In addition to the T, cluster, T,on-ex Clusters also possessed
considerably skewed clonotypes (Figure 1D). These findings
suggest that skewed Tg, clonotypes in the TME may play an
important role in PD-1 blockade-mediated antitumor immunity,
although skewed T cell clonotypes are detected in both Ty
and Tpon-ex Clusters.

Skewed clonotypes in the T, but not the T,,o,.ex Clusters
from the TME are tumor specific

We previously obtained a tumor-specific T cell clone from
MELO1 TILs (named clone #01) (Figure S3A; Table S4) (Inozume
et al., 2019). Similarly, two T cell clones were developed from
MELO2-1 TILs (named clones #02-4 and #02-5) (Figure S3A; Ta-
ble S4), and the IFN-y response and killing activity of each T cell
clone were observed against an autologous tumor cell line (Fig-
ures 2A and 2B). Then, three clonotypes from these T cell clones
were highlighted in the UMAP figure, showing that clones #02-4
and #02-5 in MEL02-1 were highly skewed in the T, Cluster (49/
66 and 175/194, respectively) (Figure 2C); thus suggesting that,
among the skewed clonotypes, those in the T, cluster are tumor
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Figure 1. Skewed T cell clonotypes of tumor-infiltrating T cells were classified into both T, and T, on-ex Clusters
(A) Clustering of T cells from melanoma patients. Four tumor samples were digested to extract TILs. Sorted CD3* T cells from TILs and PBLs were analyzed with
single-cell sequencing. Merged data of four TIL and two PBL samples were clustered using gene expression. UMAP figure (left) and the summary of TILs (right) are

shown.
(B) Representative gene expression in each cluster. Representative genes that

are frequently used for annotation are presented.

(C) Diversity of T cell clonotypes. The Shannon evenness indexes of each sample and each cluster are summarized.
(D) Distribution of the top 10 clonotypes in each TIL sample. The distribution of the top 10 clonotypes from each TIL sample in the UMAP figure is shown.

See also Figures S1 and S2; Tables S1, S2, and S3.

specific. In sharp contrast, the clonotype from clone #01 was
hardly found in this UMAP figure, suggesting that tumor-specific
T cells were scarcely detected in the TME from the patient with
acquired resistance due to the loss of B2M (Figure 2C).

When we explored the top 10 skewed clonotypes from
MELO2-1, only two clonotypes belonged to the T cluster, while
the others belonged to the T, on-ex Clusters, including activated

CD8"* T cells, memory CD8" T cells, and regulatory T cell clusters
(Figure 1D). To further address the tumor specificity of these clo-
notypes, NFAT-luciferase reporter Jurkat cell lines transduced
with each TCR (NFAT-Jurkat cell line) were developed from
skewed T cell clonotypes in MELO2-1 cells and cocultured with
the autologous tumor cell line (Figure S3B). The top 8 skewed
TCRs against which antibodies were commercially available

Cell Reports 38, 110331, February 1, 2022 3




¢? CellP’ress Cell Reports

OPEN ACCESS

A ELISA B Clonotype #02-4 Clonotype #02-5 c Tumor-specific T cell clonotype
40 40 Exhausted CD8" T cell (T,
& 5 ~
=) 304 = 30{ = B ?
9 o d
B = * . e ~ Py ® #01
e 220 20 o MELO2-1 o' g ® #02-4
= 3 -s- Control <0 ¢ A
z = NS = “ ® #02-5
= 10 10 NS =]
MELO21celle + T+ by ol o= = o
-1cells - + + - + + S 9 & O 9
AtiMHCA mAb - - + - - + MU 0
Clone Clone E/T ratio E/T ratio = g B
#02-4  #02-5 UMAP_1
D Luciferase activity E Tex Cluster
8 1.0 =
- 0.8
g, c
=3 Sos6
@ T ex
o Q
§ 2 g 04 I:]Tnon-ex
© 0.2
1 0.0
B R PR PR £ &
Clonotype W 6Qe’ (\,QQQ
o T clonotype °
© Tponex Clonotype
F #1 #3 # #6 #7 #8
0 - T f 1 o 1
wi -t f | ! (H it
1081 0.84% ] 17.3% |} 0.38% 1 0.32% 1 13.4% || 061% || 066% |, 0.15%
04 i H i H i F i
i i 1 1 1 1 ] 1
0 10° 104105 0 10° 10¢ 105 0 103 10¢ 105 O 10® 10¢ 105 O 10° 10¢ 105 O 10° 10¢ 105 O 10° 10¢ 105 O 10® 10¢ 108
(Gated on CD8* T cells)
#0 Mock
108 1 -,
10¢ 4 f 1 '
[6) i i
3_'1103 ‘ 0.28% ] 0.017%
E 04 i
O a 4

0 10® 10¢ 105 0 10® 10¢ 10°
IFN-y (BV421)

-

Figure 2. Among skewed clonotypes, those in the Ty, but not the T,,on-ex; Cluster from the TME are tumor specific

(A) IFN-y release assay of enriched clones from MEL02-1 TILs. After coculture with the autologous tumor cell line, the IFN-y concentrations in the supernatants
were analyzed with ELISA. For the negative control, an anti-MHC class | (MHC-I) mAb was added.

(B) Killing assay of enriched clones from MELO2. Calcein-AM-labeled tumor cells (target cells; T) were cocultured with each T cell clone (effector cells; E) at the
indicated E/T ratios and then centrifuged. At 3 h of incubation, fluorescence was measured. The B2M-transduced MELO1 cell line was used as a negative control
(Inozume et al., 2019).

(C) Distribution of the clonotypes from tumor-specific clones in MELO2. The TCRa and TCRp chain V regions of enriched clones from MELO1 (#01) and MEL02-1
(#02-4 and #02-5) TILs were analyzed with the 5" RACE method, and the clonotypes are highlighted in the UMAP figure.

(D) Tumor specificity of each clonotype in MEL02. Each TCR-transduced NFAT-Jurkat cell line was cocultured with an autologous tumor cell line. Luciferase
activity was analyzed after 24 h of coculture. The top 8 skewed TCRs against which antibodies were commercially available were selected among cytotoxic T cell
clonotypes from MELO2-1 TILs (#1 to #8). We compared the data with those from experiments without autologous tumor cell lines for statistical analyses. The fold
change in each NFAT-Jurkat cell line without an autologous tumor cell line is presented. T clonotypes were defined as those from which more than 20% of the
T cells were classified as Tex. Control clonotype #0 was selected from among the minor clonotypes in the TME that were frequently found in MHC-matched
adaptive PBL datasets (Emerson et al., 2017).

(E) Comparison of the proportion of T, clones between tumor-specific and nonspecific T cells. We used the top 8 skewed clonotypes that were tested in (D)
(#2 and #5, tumor specific versus #1, #3, #4, #6, #7, and #8, nonspecific).

(F) Representative flow cytometry staining of IFN-y production. Each TCR-transduced CD8* T cells were analyzed with flow cytometry after 24 h of coculture with
the autologous tumor cell line.

All in vitro experiments were performed in triplicate, and the means and SEMs are shown. One-way ANOVA tests with Bonferroni corrections were used in (A),
paired t tests were used in (B and D), and Fisher’s exact test was used in (E) to calculate statistical significance. *p < 0.05, **p < 0.01; NS, not significant.

See also Figures S1 and S3; Tables S1 and S4.
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were selected among cytotoxic T cell clonotypes from MEL02-1
TILs (#1 to #8) (Table S4; Figure S3C). The luciferase activities of
the two clonotypes (#2 and #5) from the Ty clusters, which were
the same TCR clonotype as clones #02-5 and #02-4, respec-
tively (Table S4), were significantly increased after coculture
with the autologous tumor cell line, meaning that these two
clonotypes were tumor specific (Figure 2D). In contrast, the lucif-
erase activities of the other six T,,on.ex ClONOtypes were compa-
rable during culture, suggesting that they were not tumor specific
(Figure 2D). These tumor-specific clones (#2 and #5) were domi-
nantly classified into the T, cluster, as opposed to the nonspe-
cific clones (#1, #3, #4, #6, #7, and #8) (224/260 versus 28/659,
p < 0.01) (Figure 2E). Indeed, primary CD8* T cells transduced
with Tex TCRs but not Thon-ex TCRs produced IFN-y and had
high CD69 expression after coculture with the autologous tumor
cell line (Figures 2F and S3D). Similarly, we confirmed that Tex
clonotypes in MELO3 TILs were tumor specific using the same
luciferase assays (Figure S3E; Table S4). In line with Simoni
et al. (2018), Scheper et al. (2019), and Oliveira et al. (2021), these
findings indicate that tumor-infiltrating T cells include both tu-
mor-specific and nonspecific T cells with skewed clonotypes
and that the clonotypes in the T¢, cluster are tumor specific.

Preexisting clonotypes in the T, cluster expand, and
other clonotypes appear in the TME after PD-1 blockade
in a superresponder

To elucidate the impact of PD-1 blockade therapy on the TME,
samples collected before and after PD-1 blockade (MELO2-1
and MELO2-2, respectively) were compared. Within the Tey
clonotypes, the expression of genes associated with cytolytic

Cytotoxic CD4* T cell

change dynamically after PD-1 blockade
therapy

(A) Gene expression related to cytotoxicity in the
Tex Cluster after PD-1 blockade. Each T cell was
classified according to its gene expression, and
violin plots of GZMA, GZMB, and PRF1 expression
in the Tex clusters from MEL02-1 (pretreatment)
and MELO2-2 (posttreatment) TILs are shown.

(B) T cell cluster change after PD-1 blockade. The
comparison of T cell cluster frequencies between
MELO02-1 and MEL02-2 TILs is shown.

(C) Clonotype change after PD-1 blockade. We
merged the clonotypes of MEL02-2 TILs with those
of MELO2-1 TILs, which were grouped into non-
preexisting, expanded, persistent, or contracted
clonotypes according to their frequencies in the
TME. The clonotype groups (left) and frequencies
of Tex (right) are shown.

(D) The proportions of T cell clusters in the TME.
The summary according to the clonotype groups
(non-preexisting, expanded, persistent, and con-
tracted) is shown.

See also Figure S1 and Table S1.

W MEL02-1
W MEL02-2

Activated CD8' T cell
Memory CD8* T cell
Exhausted CD8' T cell

activity was increased from MEL02-1 to

MELO02-2 (Figure 3A). In addition, the Tex

cluster became abundant in the TME (Fig-

ure 3B). Follicular helper T (Ty,) cell and
Treg Cell clusters also increased after PD-1 blockade (Figure 3B),
as was previously observed (Bassez et al., 2021; Yost et al.,
2019).

We next merged clonotypes of MEL0O2-2 TILs with MEL02-1
TILs. The clonotypes were classified into four groups: non-pre-
existing, expanded, persistent, and contracted (Figure 3C). Teyx
clonotypes were mainly detected in the non-preexisting and
expanded groups and scarcely detected in the persistent group
or in the contracted group (Figures 3C and 3D). These findings
are consistent with previous studies (Bassez et al., 2021;
Sade-Feldman et al., 2018; Yost et al., 2019), suggesting that
PD-1 blockade promotes tumor-specific T cell clonal changes
through expansion and infiltration of fresh T cell clonotypes, in
addition to reinvigoration of preexisting clonotypes.

PD-1 blockade promotes clonal expansion and
infiltration of T,

A dynamic clonal change in the Tex cluster could be induced by
antigenic alteration of cancer cells during treatment, as sug-
gested by a previous study showing antigenic changes after
PD-1 blockade (Anagnostou et al., 2017). Thus, we investigated
whether each clonotype could respond to autologous tumor cell
lines derived from pretreatment (MEL02-1) and posttreatment
(MELO02-2) samples using the NFAT-Jurkat cell line (Tables S4
and S5). The top 8 skewed TCRs against which antibodies
were commercially available were selected among cytotoxic
T cell clonotypes from MELO2-2 TILs (#9 to #16) (Tables S4
and S5; Figure S4A). All clonotypes in the Ty cluster responded
to both cell lines, even if they were classified into the non-preex-
isting group (Figure 4A). In contrast, no clonotype in Thon-ex
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Figure 4. T cell clonotypes in the T, cluster respond to both pretreatment and posttreatment tumor cell lines, which recognize neoantigens
(A) Tumor specificity of each clonotype. Tumor specificity was analyzed as described in Figure S3B. The fold change in luciferase activity in each NFAT-Jurkat cell
line without autologous tumor cell lines was calculated. The top 8 skewed TCRs against which antibodies were commercially available were selected among
cytotoxic T cell clonotypes (CD8* or cytotoxic CD4* T cells) from MEL0O2-2 TILs (#9 to #16). Tex clonotypes were defined as those in which more than 20% of the
T cells were classified as Tey.

(B and C) The comparison between our own TIL data and public datasets of TCR sequences. We used adaptive PBL data (Emerson et al., 2017) in an MHC-
matching manner (B) and TCGA data (Li et al., 2016) in an MHC-nonmatching manner (C). Merged figures with public data based on CDR3 sequences (left) and the
occurrence of the Te, clonotype of our own TILs in public data (right) are shown.

(D) Venn diagram of nonsynonymous somatic mutations. Whole-exome sequencing of MEL02-1 and MEL02-2 cell lines was performed. The numbers of non-
synonymous somatic mutations are shown.

(E) Peptide assay. Seven TCR-transduced NFAT-Jurkat cell lines that responded to autologous tumor cell lines were cocultured with irradiated autologous cells
after CCDC121_P134L peptide pulse. Luciferase activity was analyzed after 24 h of coculture. The fold change in each NFAT-Jurkat cell line with wild-type
peptide pulses is shown, and we compared it with wild-type pulse data for statistical analyses.

Allin vitro experiments were performed in triplicate, and the means and SEMs are shown. Paired t tests were used to calculate statistical significance in (A and E).
*p < 0.05, *p < 0.01; NS, not significant.

See also Figures S1 and S4; Tables S1, S4, S5, and S6.

clusters, regardless of group, responded to the autologous tu-  tumor-specific clonotypes in the T cluster in our study recog-
mor cell lines (Figure 4A). Therefore, dynamic tumor-specific  nized unique cancer antigens derived from somatic mutations
clonal changes after PD-1 blockade, especially expansion and  (neoantigens) (Rizvi et al., 2015). Although a significant clonal
infiltration, are caused by PD-1 blockade but not antigenic alter-  change was observed in cancer cells from MEL02-1 to MEL02-
ation of cancer cells. 2 after PD-1 blockade, more than half of the somatic mutations

The comparison between our own TIL data and public data- overlapped (Figures 4D and S4B). We then predicted neoantigen
sets of TCR sequences from MHC-matched peripheral blood candidates with strong binding using NetMHCpan version 4.0
lymphocytes (PBLs) and TCGA datasets revealed that the Tox  (%Rank <0.5) (Hoof et al., 2009; Jurtz et al., 2017) from the
clonotypes detected in our study were rarely detected in any overlapping somatic mutations because the T¢, clonotypes re-
public datasets (Emerson et al., 2017; Li et al., 2016) (Figures  sponded to the autologous tumor cell lines from both the pre-
4B and 4C). These findings prompted us to investigate whether  treatment and posttreatment samples (Table S6). In addition,
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(B) The comparison of clonotypes between TILs and PBLs. We merged the PBL clonotypes and TIL clonotypes in each patient and then classified them as
correlated, TIL dominant, or PBL dominant according to their frequencies. Merged figures are shown.

(C) The proportions of T cell clusters. T cell cluster proportions according to the clonotype group (correlated, TIL dominant, and PBL dominant) in each patient are

shown.
See also Figures S1 and S5; Table S1.

cancer/testis (CT) antigens including Melan A/MART-1 and
gp100 were also evaluated using representative well-known
peptides (Melan A/MART-1, ELAGIGILTV; gp100, YLEPGPVTA)
and predicted peptides by NetMHCpan version 4.0 (Table S6).
We evaluated the fold changes of mutated to wild-type peptides
for neoantigens, or peptide-pulsed to nonpulsed conditions for
CT antigens, respectively. Among all tested peptides, a Tex clo-
notype (#2) responded to a unique peptide derived from
CCDC121_P134L (Figures 4E, S4C, and S4D).

Few T, clonotypes are found in the peripheral blood

We next compared these TIL data with PBL data. The naive CD4"*
T cell cluster was dominant in PBLs, and significant differences
in the frequency of each cluster were observed between TILs
and PBLs in MELO1 and MELO2 (Figures 5A and S2B). T cell
clonotypes were merged in each patient, and three groups of
clonotypes were developed: correlated, TIL-dominant, and
PBL-dominant groups (Figure 5B). Tex clonotypes were highly
detected in the TIL-dominant group of MEL02, and few Ty clo-
notypes coincided in TILs and PBLs (Figures 5B and 5C). In addi-
tion, the correlated and PBL-dominant groups mostly consisted
of clonotypes in T,on-ex Clusters (Figures 5B and 5C). Clonotypes
in Thon-ex Clusters that were considerably (more than 1% [#1
and #3]) skewed in both TILs and PBLs did not respond to the

autologous tumor cell lines (Figure 4A; Table S5), meaning that
these clonotypes are not tumor specific. These findings suggest
that few tumor-specific T cell clonotypes are found in peripheral
blood, although tumor nonspecifically skewed clonotypes in
Thon-ex Clusters are significantly detected in both TILs and
PBLs, in accordance with previous studies (Wu et al., 2020;
Yost et al., 2019) (Figure S5).

TDLNs contain a significant number of T,

Recent studies showing that TDLNs retain T4 in mouse models
(Dammeijer et al., 2020; Francis et al., 2020) and that shared
TCRs between tumor tissues and TDLNs in neoantigen-rich can-
certypes (Inamori et al., 2021) prompted us to investigate TDLNs
in human clinical samples. We collected paired samples of TILs,
TDLN lymphocytes (LNLs), and PBLs from three cancer patients
(two lung cancers and one head and neck cancer) (Table S1).
Dissected TDLNs were cut in half at the maximum circumfer-
ence, and one-half was submitted to pathological examination.
The remaining halves of those TDLNs that were pathologically
diagnosed as nonmetastatic LNs were subjected to further ana-
lyses. These paired samples were analyzed with both droplet-
based 5 scRNA-seq and scTCR-seq. In total, we obtained
paired TCR sequences from 61,220 out of 77,952 T cells
(78.5%, Table S2). The T cells were classified into seven clusters
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based on gene expression profiling (Figures 6A, 6B, and S6; Ta-
ble S7) (Yost et al., 2019). Considerable amounts of T cells in
LNLs were classified into the naive, Tr,, and Tg cell clusters,
whereas T cells in TILs were overwhelmingly classified into the
Tex Cluster (Figures 6A, 6B, and S6). A considerable number of
Tex cells in TILs, which could be tumor specific, were found in
LNLs, although they were rarely detected in PBLs (Figure 6C).
Interestingly, many such clonotypes in LNLs were also mainly
classified into Ty clusters, whereas most Tyon-ex ClOnotypes of
TILs were classified into Thon-ex Clusters in LNLs (52/73 versus
1/82, p < 0.01) (Figures 6D, 6E, and S6C). In summary, TDLNs
contain a considerable number of T, clonotypes, which can
be tumor-specific T cells.

PD-1 blockade promotes infiltration of T, clonotypes
into the TME from TDLNs in mouse models

Next, we validated our human data with in vivo mouse models
treated with or without FTY720, which locks lymphocytes in
LNs (Figure 7A). To this end, we employed MC-38/0OVA and
E.G7 as PD-1 blockade-sensitive tumor models and B16F10
as a PD-1 blockade-resistant tumor model (Figures 7B and
S7A). PD-1 expression by CD8" T cells in the TME significantly
increased after PD-1 blockade in PD-1 blockade-sensitive tu-
mor models, whereas it was comparable in a PD-1 blockade-
resistant tumor model (Figures 7C and S7). We next analyzed
the TCR repertoire of PD-1*CD8* T cells (Te,) in the TME of a
PD-1 blockade-sensitive MC-38/OVA tumor model. Non-pre-
existing PD-1*CD8" T cell clonotypes tended to infiltrate into
the TME after PD-1 blockade, leading to higher diversity of
the TCR repertoire in PD-1*CD8" T cells (Figure 7D). In
contrast, FTY720 diminished the effectiveness of PD-1
blockade in PD-1 blockade-sensitive tumor models (Figure 7B).
Accordingly, PD-1 expression by CD8" T cells in the TME signif-
icantly decreased and did not increase after PD-1 blockade un-
der the treatment with FTY720 (Figure 7C). These results were
consistent with our findings in human clinical samples, support-
ing the importance of infiltration of tumor-specific T¢x clono-
types from TDLNs in PD-1 blockade-mediated antitumor
immunity.

DISCUSSION

PD-1 blockade provides a remarkable clinical response in mul-
tiple cancer types, whereas efficacy is otherwise unsatisfactory
(Borghaei et al., 2015; Brahmer et al., 2015; Hodi et al., 2010;
Larkin et al., 2015; Topalian et al., 2015; Zou et al., 2016). PD-
1 blockade reportedly reinvigorates tumor-specific T cells in
the TME, leading to tumor regression (Topalian et al., 2015;
Zou et al.,, 2016). Nevertheless, not all tumor-infiltrating
T cells are tumor specific, and they include nonspecific
bystander T cells (Oliveira et al., 2021; Scheper et al., 2019; Si-
moni et al., 2018), indicating the importance of identifying the
critical fraction(s) that are essential for tumor regression.
Several studies have revealed that clonally skewed T cells in
the TME can be tumor specific and that the T cell population ex-
presses T cell exhaustion-associated signature molecules,
such as PD-1, 4-1BB, CD39, and CD103 (Gros et al., 2014; Li
et al., 2019; Tirosh et al., 2016; Tumeh et al., 2014). However,
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these previous studies have neglected a critical aspect of
T cell responses in antitumor immunity: the tumor specificity
has not been fully addressed. Here, we show detailed
scRNA-seq and scTCR-seq analyses of tumor-infiltrating
T cells from melanoma patients. Considerable amounts of clon-
ally skewed T cells were observed in the TME. However, these
skewed clonotypes include both Tgx and T,on.ex Clusters.
Tumor-specific T cells were detected solely in clonotypes in
the Tox cluster using autologous tumor cell lines. In contrast,
T cells in Tyon-ex Clusters were not tumor specific even though
they harbored skewed clonotypes in the TME. These are
consistent with a recent study (Oliveira et al., 2021). Overall,
many skewed clonotypes in the Tey cluster are tumor (neoanti-
gen) specific, suggesting that we can identify tumor-specific
T cell clonotypes by combination with clonal skewing and im-
mune profiling; therefore, immune monitoring can be focused
on these populations as effective antitumor immunity.

A dynamic change (clonal expansion and infiltration of the Ty
cluster) in the Tgx clonotypes upon PD-1 blockade was demon-
strated in accordance with previous studies (Bassez et al.,
2021; Yost et al., 2019). However, it remains unclear whether it
is antigenic changes in tumor cells due to genetic alterations
that occur during PD-1 blockade or the PD-1 blockade by itself
that causes the dynamic clonal changes. We clearly show that
PD-1 blockade intrinsically induces dynamic clonal changes.
Although the T, clonotypes were changed after PD-1 blockade,
all clonotypes in the T¢x cluster responded to both pretreatment
and posttreatment tumor cell lines. In addition, Ts, cell and Teq
cell clusters also increased after PD-1 blockade, as was previ-
ously observed (Bassez et al., 2021; Yost et al., 2019). Ty, cells
induce maturation of B cells and reportedly have high PD-1
expression, which is consistent with proliferation of these cells
after PD-1 blockade (Crotty, 2019). Accordingly, recent studies
have demonstrated that tumor-infiltrating Ty, cells and B cells
play important roles in antitumor immunity (Cabrita et al., 2020;
Helmink et al., 2020; Hollern et al., 2019; Niogret et al., 2021; Pe-
titprez et al., 2020). We previously showed that tumor-infiltrating
Teg Cells also had high PD-1 expression and that PD-1" T4 cells
in the TME were increased by PD-1 blockade, contributing to
resistance to PD-1 blockade (Kamada et al., 2019; Kumagai
et al.,, 2020a; Togashi et al., 2019). Our present scRNA-seq
data are consistent with our previous studies, strongly suggest-
ing that such PD-1" T4 cells are a therapeutic candidate for
cancer immunotherapy.

Based on our present and recent studies (Bassez et al., 2021;
Yost et al., 2019), one essential question is raised: where do the
tumor-specific clonotypes in the T cluster infiltrate from? It is
envisioned that such clonotypes may be derived from the periph-
ery. However, very few tumor-specific clonotypes overlapped
between TILs and PBLs. Previous studies also showed that
such clonotypes in the Tey cluster of TILs rarely overlapped
with PBLs (Wu et al., 2020; Yost et al., 2019). Since T cells are
primed by antigen-presenting cells that capture tumor antigens
in tumor tissues and infiltrate into TDLNs (Chen and Mellman,
2013; Forster et al., 2012), TDLNs may be a primary source of
newly infiltrating tumor-specific clonotypes in the T¢y cluster pro-
moted by PD-1 blockade. Indeed, recent studies have revealed
that T cells in TDLNs are enriched for tumor-specific T cells in
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Figure 6. TDLNs have considerable tumor-specific T cell clonotypes

(A) Clustering of T cells from LCO1, HN02, and LC03. Three tumor samples and three TDLN samples from the patients (LC01 and LCO03, lung adenocarcinoma;
HNO2, head and neck squamous cell carcinoma) were digested to extract TILs and LNLs, respectively. Sorted CD3* T cells from TILs, LNLs, and PBLs were
analyzed with single-cell sequencing. Merged data for three TIL, three LNL, and three PBL samples were clustered using gene expression. UMAP figure (left) and
the summary (right) are shown.

(B) Representative gene expression in each cluster. Representative genes that are frequently used for annotation are presented.

(C) The comparison of T cell clonotypes among TILs, LNLs, and PBLs from three patients. Overlapping clonotypes at each site are connected by lines; purple lines
indicate T,y clonotypes of TILs, and the circle size indicates the frequency of clonotype in each sample. T, clonotypes were defined as those in which more than
20% of the T cells were classified as Te.

(D) Clusters belonging to overlapping T cell clonotypes. We selected the top 10 overlapping Tex (Ieft) or Ton-ex (right) clonotypes of TILs among CD8* T cells from
LCO1.

(E) The proportion of Tex clonotypes in LNLs among overlapping CD8* T cell clonotypes with TILs. The comparison between Tex and Tpon-ex Clonotypes of TILs
from three patients is shown.

Fisher’s exact test was used to calculate statistical significance in (E). **p < 0.01.

See also Figure S6; Tables S1, S2, and S7.
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Figure 7. T.x and its TCR diversity increase in the TME of mouse PD-1-sensitive tumor models after PD-1 blockade

(A) Graphic of the experimental schema of in vivo experiments. TILs were extracted at baseline and at 10 days after initiation of treatment with or without FTY720
and were subjected to analyses.

(B) Tumor growth of each tumor model. Cells (1 x 108) were injected subcutaneously, and tumor volume was monitored twice a week. Mice were grouped when
the tumor volume reached approximately 100 mm? (n = 6 per group), after which anti-PD-1 mAb or control mAb was administered intraperitoneally three times at
intervals of 3 days, and FTY720 was administered intraperitoneally every day.

(C) PD-1 expression by CD8* T cells in the TME. Representative flow cytometry staining (left) and summaries (right) are shown.

(D) TCR unique clonotype numbers (left) and diversities (right) in tumor-infiltrating PD-1*CD8* T cells. Sorted PD-1*CD8" T cells from TILs that were extracted as
described in (A) were sequenced. Shannon’s index was calculated to evaluate diversity.

All in vivo experiments were performed in duplicate and produced similar results in both cases; the means and SEMs are shown. Two-way ANOVA, one-way
ANOVA with Bonferroni correction, and t tests were used to calculate statistical significance in (B, C, and D), respectively. *p < 0.05, *“p < 0.01; NS, not significant.

See also Figure S7.

mouse models (Dammeijer et al., 2020; Francis et al., 2020). In
these models, tumor-specific T cells express PD-1 in TDLNs.
Furthermore, we recently showed significantly shared TCRs be-
tween tumor tissues and TDLNs in neoantigen-rich cancer types
compared with PBLs or neoantigen-poor cancer types (Inamori
et al., 2021). Following these previous studies, we have shown
that TDLNs in human clinical samples have a considerable num-
ber of tumor-specific T cell clonotypes and that such clonotypes
exhibit the exhausted phenotype. In addition, FTY720, which
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locks lymphocytes in LNs, diminished the efficacy of PD-1
blockade, significantly decreased PD-1*CD8" T cells in the
TME, and abrogated the increased PD-1*CD8"* T cells in the
TME after PD-1 blockade, suggesting infiltration of tumor-spe-
cific T cell clonotypes from TDLNs and its importance in anti-
tumor immunity.

Since we do not always have the opportunity to access tumor
tissues, peripheral blood is useful in clinical settings. However,
we found few of the tumor-specific T cell clonotypes that were
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found in TILs as tumor-specific clonotypes in the Te, cluster in
PBLs. In addition, the clonotypes that were shared between
TILs and PBLs were mostly tumor-nonspecific clonotypes in
Thon-ex Clusters, in accordance with previous studies (Wu et al.,
2020; Yost et al., 2019). Our findings indicate that such clono-
types are expanded in TILs and LNLs but rarely expanded in
PBLs. Such T cell clonotypes can be recruited into the TME
through blood from TDLNs. However, it can be difficult to detect
such few clonotypes due to several limitations including tech-
nical limitations. Indeed, we recently showed significantly shared
TCR repertoires between tumor tissues and TDLNs compared
with PBLs (Inamori et al., 2021). While a previous study revealed
that PD-1*CD8* T cells in PBLs could be tumor and neoantigen
specific (Gros et al., 2016), it may be difficult to identify all tumor-
specific clonotypes from PBLs.

In summary, we found that tumor-infiltrating T cells
comprised skewed clonotypes in both Teyx and Ty on-ex Clusters.
Among them, clonotypes in the Ty, but not those in the T, on-exs
cluster were tumor and neoantigen specific. After PD-1
blockade, preexisting tumor-specific T cell clonotypes were
expanded, and other such T cell clonotypes also infiltrated
the TME. The increased T¢x and infiltration promoted by PD-1
blockade was also observed in mouse models. We also
showed that TDLNs had a considerable number of T, clono-
types, which can be the origin of clonotype infiltration promoted
by PD-1 blockade. Therefore, PD-1 blockade not only reinvigo-
rates tumor-specific T cells in the Ty cluster but also promotes
expansion and infiltration of tumor-specific T cell clonotypes,
which can play an important role in PD-1 blockade-mediated
antitumor immunity.

Limitations of the study

One of limitations is the limited patient population. However,
similar findings, such as increased Ty clusters and infiltration
of non-preexisting Tex clonotypes, were also observed in other
studies and our PD-1 blockade-sensitive mouse tumor models
(Bassez et al., 2021; Yost et al., 2019). Furthermore, FTY720
diminished the efficacy of PD-1 blockade, significantly
decreased PD-1*CD8" T cells in the TME, and abrogated the
increased PD-1*CD8" T cells in the TME after PD-1 blockade
in our PD-1 blockade-sensitive mouse tumor models. Thus, we
propose that PD-1 blockade promotes tumor-specific clonal
expansion in the Ty cluster and infiltration from TDLNSs for effec-
tive antitumor immunity. While our data reveal the appearance of
non-preexisting tumor-specific clonotypes, this finding could be
due to technical limitations. We analyzed fewer than 1 x 10*
T cells in each sample and there was an approximately 20%
dropout in scTCR-seq, suggesting not enough cells to find
such rare clonotypes. Intratumoral heterogeneity could also
induce a sampling problem. Thus, it cannot be excluded that
"non-preexisting" clones are clones that simply were not
sampled in the tumor samples.

There are some concerns about the resolution of scRNA-seq
gene expression data (Stoeckius et al., 2017). The problems of
resolution may responsible for the many naive CD4" T cells in
our scRNA-seq data. To resolve this problem, CITE-seq using
oligonucleotide-conjugated antibodies can help us (Stoeckius
etal., 2017).
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Anti-human CD3-Alexa Fluor 700 (UCHT1)
Anti-human CD8a-PE-Cy7 (RPA-T8)
Anti-human CD137-APC (4B4-1)

PE anti-human CD69 Antibody

Anti-human TCR Vf5.2-FITC (36213)
Anti-human TCR VB2-FITC (MPB2D5)
Anti-human TCR VB14-FITC (CAS1.1.3)
Anti-human TCRVp8-FITC (56C5.2)
Anti-human TCR VB3-FITC (CH92)
Anti-human TCR VB13.1-FITC (IMMU 222)
Anti-human TCR Vf21.3-FITC (1G125)
Anti-human TCR VB4-FITC (WJF24)
Anti-human TCRVB1-FITC (BL37.2)
Anti-human TCR VB17-FITC (E17.5F3.15.13)
Anti-human TCR VB12-FITC (VER2.32.1)
Anti-human IFN-g-BV421 (B27)

Anti-mouse CD3-V500 (500A2)

Anti-mouse CD4-PE-Cy7 (RM4-5)
Anti-mouse CD8a-PerCP-Cy5.5 (53-6.7)
Anti-mouse CD279 (PD-1)-BV421 (29F.1A12)
Anti-human CD8a (EP1150Y)

Purified anti-human CD3 (OKT3)
Anti-mouse PD-1 (RMP1-14)

Purified Rat IgG2a « isotype control (RTK2758)

Fc Receptor Binding Inhibitor Functional Grade
Polyclonal Antibody

BD Biosciences
Biolegend

BD Biosciences
Biolegend
Beckman Coulter
Beckman Coulter
Beckman Coulter
Beckman Coulter
Beckman Coulter
Beckman Coulter
Beckman Coulter
Beckman Coulter
Beckman Coulter
Beckman Coulter
Beckman Coulter
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
Biolegend
Abcam

Thermo Fisher Scientific
Biolegend
Biolegend
Thermo Fisher Scientific

Cat# 557943; RRID:AB_396952
Cat# 301012; RRID:AB_314130
Cat# 550890; RRID:AB_398477
Cat# 310905; RRID:AB_314840
Cat# IM1482; RRID:AB_130872
Cat# IM2407; RRID:AB_131047
Cat# IM1558; RRID:AB_131024
Cat# IM1233; RRID:AB_130922
Cat# IM2372; RRID:AB_131046
Cat# IM1554; RRID:AB_130874
Cat# IM1483; RRID:AB_131021
Cat# B07084

Cat# IM2406; RRID:AB_130880
Cat# IM1234; RRID:AB_131007
Cat# IM1587; RRID:AB_131028
Cat# 562988; RRID:AB_2737934
Cat# 560771; RRID:AB_1937314
Cat# 552775; RRID:AB_394461
Cat# 551162; RRID:AB_394081
Cat# 135217; RRID:AB_10900085
Cat# ab93278; RRID:AB_10563532
Cat# 16-0037-81; RRID:AB_468854
Cat# 114111; RRID:AB_2566089
Cat# 400502

Cat# 16-9161-73; RRID:AB_469272

Biological samples

Healthy donor PBMC CTL N/A

Chemicals, peptides, and recombinant proteins

Fetal Bovine Serum Cytiva Cat# SH30396
RPMI 1640 Medium Thermo Fisher Scientific Cat# 11875093
Collagenase type IV Sigma-Aldrich Cat# C4-28-100MG
Hyaluronidase type V Sigma-Aldrich Cat# H6254-500MG
Deoxyribonuclease | type IV Sigma-Aldrich Cat# D5025-15KU

Penicillin-streptomycin

Amphotricin B

rhiL-2

CCDC121_P134L (AEGPRRLLPLYHSLINNFV)
DYX1C1_N305S (KGNKLFATESYLAAINAYN)
SOX5_D286H (PLMIPVFPPHQRTLAAAAQ)
TP53_C238K (TTIHYNYMCKNSSCMGGMN)
ATHL1_H37Y (NAYLGTRVFYDTLHVSGVY)
TDG_G154R (AAYKGHHYPRPGNHFWKCL)

Thermo Fisher Scientific
Thermo Fisher Scientific
PeproTech

GL Biochem

GL Biochem

GL Biochem

GL Biochem

GL Biochem

GL Biochem

Cat# 14150122
Cat# 15290018
Cat# 200-02
N/A

N/A

N/A

N/A

N/A

N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
CCDC121 (AEGPRRLLPPYHSLINNFV) GL Biochem N/A
DYX1C1 (KGNKLFATENYLAAINAYN) GL Biochem N/A

SOX5 (PLMIPVFPPDQRTLAAAAQ) GL Biochem N/A

TP53 (TTIHYNYMCNSSCMGGMN) GL Biochem N/A

ATHL1 (NAYLGTRVFHDTLHVSGVY) GL Biochem N/A

TDG (AAYKGHHYPGPGNHFWKCL) GL Biochem N/A
MART-1_1 (ELAGIGILTV) GL Biochem N/A
MART-1_2 (ALMDKSLHV) GL Biochem N/A
MART-1_3 (GILTVILGV) GL Biochem N/A
gp100_1 (YLEPGPVTA) GL Biochem N/A
gp100_2 (AVIGALLAV) GL Biochem N/A
gp100_3 (KTWGQYWQV) GL Biochem N/A
gp100_4 (SQVWGGQPV) GL Biochem N/A
gp100_5 (MLGTHTMEV) GL Biochem N/A
gp100_6 (AQVTTTEWV) GL Biochem N/A

7-AAD Thermo Fisher Scientific Cat# A1310
Calcein-AM Thermo Fisher Scientific Cat# C1430
FTY720 sigma Cat# SML0700

Critical commercial assays

Foxp3/Transcription Factor Staining Buffer Set

Fixation/Permeabilization Solution Kit with
BD GolgiStop

Target Retrieval Solution

LSAB2 Kit

AEC Substrate Chromogen Ready-to-Use

PCR Mycoplasma Detection Kit

Lipofectamine 3000

RetroNectin

IFN gamma Human Uncoated ELISA Kit with Plates
QUANTI-Luc

Bright-Glo™ Luciferase Assay System
SMARTer RACE 5/3’ Kit

SMARTer Mouse TCRa/b Profiling Kit
Chromium Next GEM Chip K Single Cell Kit
Chromium Next GEM Single Cell 5’ Kit
Chromium Single Cell Human TCR Amplification Kit
Dual Index Kit TT set A

Library Construction Kit

Dynabeads MyOne SILANE

SPRIselect beads

QIAamp DNA Mini Kit

RNeasy Mini Kit

NEBNext Ultra DNA Library Prep Kit for lllumina
SureSelect Human All Exon Kit V6

NEBNext Ultra RNA Library Prep Kit for lllumina

Thermo Fisher Scientific
BD Biosciences

Dako

Dako

Dako

TaKaRa

Thermo Fisher Scientific
TaKaRa

Thermo Fisher Scientific
InvivoGen

Promega

TaKaRa

TaKaRa

10x Genomics

10x Genomics

10x Genomics

10x Genomics

10x Genomics

Thermo Fisher Scientific
Beckman Coulter
QIAGEN

QIAGEN

New England BiolLabs
Agilent Technologies
New England BioLabs

Cat# 00-5523-00
Cat# 554724

Cat# K2367
Cat# K0675
Cat# K3464
Cat# CY232
Cat# L3000008
Cat# T100B
Cat# 88-7316-22
Cat# rep-qglc2
Cat# E2610
Cat# 634858
Cat# 634402
Cat# 1000287
Cat# 1000265
Cat# 1000252
Cat# 1000215
Cat# 1000190
Cat# 37002D
Cat# B23318
Cat# 51304
Cat# 74104
Cat# E7370S
Cat# 5190-8869
Cat# E7530S

Deposited data

Single-cell sequencing for melanoma samples

Single-cell sequencing for lung cancer and
head and neck cancer samples
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This paper

DDBJ: JGAS000285
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REAGENT or RESOURCE SOURCE IDENTIFIER

WES and RNA-seq This paper DDBJ: JGAS000285
Mouse TCR sequencing This paper DDBJ: DRA013159

Publicly available TCR datasets of healthy donors

Publicly available TCR datasets of TCGA

Previously published scRNA-seq, scTCR-seq,
and bulk TCR-seq datasets

Emerson et al. (2017)

Li et al. (2016)

Yost et al. (2019)

https://clients.adaptivebiotech.com/
pub/Emerson-2017-NatGen

https://clients.adaptivebiotech.com/
pub/Liu-2016-NatGenetics

GEO: GSE123814

Experimental models: Cell lines

B2M-transduced MELO1 N/A N/A
MELO2-1 N/A N/A
MEL02-2 N/A N/A
MELO3 N/A N/A
E.G7 ATCC Cat# CRL-2113
B16F10 ATCC Cat# CRL-6475
MC-38 Kerafast Cat# ENH204
Jurkat, Clone E6-1 ATCC Cat# TIB-152
Experimental models: Organisms/strains
C57BL/6 CLEA N/A
Recombinant DNA
pMSCV VectorBuilder N/A
pVSV-G TaKaRa Cat# 631530
pGL4.30 [luc2P/NFAT-RE/Hygro] Luciferase Promega Cat# 9PIE848
Reporter Vectors
Software and algorithms
FlowJo 10.0.8 BD Biosciences N/A
GraphPad Prism 7 GraphPad Software Inc. N/A
R version 4.0.2 R Foundation for Statistical Computing N/A
Seurat versions 3.2, 4.0beta https://satijalab.org/seurat/ N/A
MiXCR version 3.0.13 Bolotin, D., Poslavsky, S., Mitrophanov, N/A

I. et al. MiXCR: software for comprehensive

adaptive immunity profiling. Nat Methods

12, 380-381 (2015). https://doi.org/

10.1038/nmeth.3364
Python version 3.8.3 Python Software Foundation N/A
Seaborn version 0.11.0 https://seaborn.pydata.org/index.html 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, but we may require a completed materials transfer

agreement.

Data and code availability

® scRNA-seq, scTCR-seq, TCR-seq, RNA-seq and Whole-exome sequencing data have been deposited at DDBJ and are
publicly available as of the date of publication. Accession numbers are listed in the key resources table. Original plate
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reader measurements and flow cytometry measurements ported in this paper will be shared by the lead contact upon
request.

® 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 SUBJECT DETAILS

Patients and samples

Three patients with melanoma who underwent surgical resection and received PD-1 blockade therapy at Yamanashi University
Hospital from 2017 to 2019 and 3 patients with other cancers (lung adenocarcinoma and head-and-neck squamous cell carcinoma)
who underwent surgical resection and did not receive PD-1 blockade therapy at Chiba Cancer Center in 2020 were enrolled in this
study (Table S1). To collect nonmetastatic TDLNSs, the dissected TDLNs were halved at the greatest circumference (maximum sur-
face) and subjected to pathological examination; for those samples diagnosed as non-metastatic LNs, the remaining portions were
subjected to further analyses. The patients’ clinical information was obtained from their medical records. The protocol for this study
was approved by the appropriate institutional review board and ethics committees at the Yamanashi University Hospital and Chiba
Cancer Center. This study was conducted in accordance with the Declaration of Helsinki.

Patient tumor and LN specimens were processed as described previously (Inozume et al., 2019). Briefly, surgically resected sam-
ples were enzymatically digested with 0.1% collagenase type IV, 0.01% hyaluronidase type V, and 30 U/mL deoxyribonuclease | type
IV (Sigma-Aldrich, St. Louis, MO) in RPMI 1640 (Thermo Fisher Science, Waltham, MA) at room temperature. After filtration and
separation by density gradient, the digested tumor cells were cryopreserved until use.

Cell lines

To establish tumor cell lines, 1 x 107 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 approx-
imately 80%-90% confluence and used when free of fibroblasts and proliferated beyond the 10th passage. The MELO1 cell line was
generated from a previously reported melanoma patient who acquired resistance after an initial response to PD-1 blockade therapy
(Inozume et al., 2019). This cell line exhibited B2M gene loss and no MHC class | expression (Inozume et al., 2019). Both MELO2 and
MELOS cell lines were generated from melanoma superresponders to PD-1 blockade therapy. The MELO2-1 cell line was obtained
before initiation of PD-1 blockade therapy, and the MELO2-2 cell line was obtained after PD-1 blockade therapy in a site-matched
manner (Table S1 and Figure S1).

E.G7 (mouse lymphoma), B16F10 (mouse melanoma), and Jurkat cell lines were purchased from ATCC (Manassas, VA; ATCC
Cat#CRL-2113, RRID: CVCL_3505, ATCC Cat#CRL-6475, RRID: CVCL_0159, and ATCC Cat#TIB-152, RRID: CVCL_0367, respec-
tively). The MC-38 cell line (mouse colon cancer) was purchased from Kerafast (Boston, MA; Cat# ENH204, RRID: CVCL_B288).
E.G7, B16F10, 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 tumor cells were used after confirming that
they were Mycoplasma (—) by the PCR Mycoplasma Detection Kit (TaKaRa, Shiga, Japan) according to the manufacturer’s
instructions.

In vivo animal models

Female C57BL/6J mice (6-8 weeks old) were purchased from CLEA Japan (Tokyo, Japan). Cells (1 x 10 were injected subcutane-
ously, and the tumor volume was monitored twice a week. The means of the long and short tumor diameters were used to generate
tumor growth curves. Mice were grouped when the tumor volume reached approximately 100 mm? (day 0), and anti-PD-1 mAb
(200 pg/mouse) or control mAb was administered intraperitoneally three times every 3 days thereafter with or without FTY720.
FTY720 (25 ng/mouse on day 1 and 5 pg/mouse on day 2~) was administered intraperitoneally every day. Tumors were harvested
at baseline (approximately 100 mm?®) and at 9 days after initiation of treatment to collect TILs for evaluation. Rat anti-mouse PD-1 mAb
(RMP1-14) and control rat IgG2a mAb (RTK2758) were purchased from BioLegend (San Diego, CA), and FTY720 was purchased from
Sigma-Aldrich (St. Louis, MO). We confirmed that the PD-1 clone RMP1-14 was not competitive with clone 29F.1A12, which we used
to analyze PD-1 expression by flow cytometry (Figure S7B). In vivo experiments were performed at least twice. All mice were main-
tained under specific pathogen-free conditions in the animal facility of the Institute of Biophysics. Mouse experiments were approved
by the Animal Committee for Animal Experimentation of the Chiba Cancer Center. All experiments met the U.S. Public Health Service
Policy on the Humane Care and Use of Laboratory Animals.

METHOD DETAILS
Immunohistochemistry

Sections of formalin-fixed, paraffin-embedded tissue (5 pm) were dried and subsequently dewaxed and rehydrated. Endogenous
peroxidase activity was blocked by incubation with 0.3% hydrogen peroxide in methanol. After antigen retrieval by boiling for
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10 minin 10 mmol/L citrate buffer (pH 9.0), the tissue sections were incubated overnight with anti-CD8 mAb (Abcam, Cambridge, UK;
clone EP1150Y). Then, immunoreactivity was detected using the LSAB2 Kit and AEC Substrate Chromogen (Dako, Copenhagen,
Denmark), and counterstaining was performed using Mayer’s hematoxylin.

scRNA-seq and scTCR-seq

The scRNA-seq and scTCR-seq libraries were prepared using the 10x Single Cell Immune Profiling Solution Kit according to the
manufacturer’s instructions. In brief, CD3* T cells sorted by FACSAria (BD Biosciences, Franklin Lakes, NJ) were washed and
resuspended in PBS with 0.5% FBS. Cells were captured in droplets at a targeted cell recovery of <10,000 cells. Following reverse
transcription and cell barcoding in droplets, the emulsions were broken, and the cDNA was purified using Dynabeads MyOne SILANE
(Thermo Fisher Scientific), followed by PCR amplification. Amplified cDNA was then used for both 5’ gene expression library con-
struction and TCR enrichment. For gene expression library construction, 2.4-50 ng of amplified cDNA was fragmented, end-repaired,
double-sided size-selected with SPRIselect beads (Beckman Coulter, Brea, CA), PCR-amplified with sample indexing primers, and
again double-sided size-selected with SPRIselect beads. For TCR library construction, TCR transcripts were enriched from 2 pL of
amplified cDNA by PCR. Following TCR enrichment, 5-50 ng of enriched PCR product was fragmented and end-repaired, size-
selected with SPRIselect beads, PCR-amplified with sample-indexing primers, and again size-selected with SPRIselect beads.
The scRNA libraries were sequenced on a HiSeq 3000 (lllumina, San Diego, CA) or DNBSEQ-G400 (MGl Tech, Shenzhen, China) in-
strument to a minimum sequencing depth of 25,000 reads per cell. The single-cell TCR libraries were sequenced on a HiSeq 3000 or
DNBSEQ-G400 instrument to a minimum sequencing depth of 5,000 reads per cell. Sequencing read lengths were adjusted for each
library type according to the manufacturer’s instructions and reagent version.

Data analysis for single cell sequencing

Single-cell library reads were processed using CellRanger software (version 4.0.0). UMI count matrices were loaded using the Seurat
R package (Hafemeister and Satija, 2019), and cells with a mitochondrial content above 10% and cells with less than 200 or more than
4000 genes detected were considered outliers (dying cells, empty droplets, doublets, respectively) and filtered out. The Seurat
NormalizeData function was used for normalization, and data were integrated using the IntegrateData function. Finally, dimension-
ality reduction was performed by running PCA and then computing UMAP embeddings using the first 25 components of the PCA for
visualization and clustering. Clusters were manually annotated based on the expression of known flow cytometry and single-cell
marker genes, includingCD3D, CD3E, and CD2 (T cells), CD8A, CD4, and CCR7 (naive CD4*/CD8" T cells), FOXP3 (regulatory
T cells), GZMA (combined with CD4 detection and lack of CD8, cytotoxic CD4" T cells), CD200 (follicular helper T cells), EOMES
(memory CD8* T cells), PDCD1 and HAVCR2 (exhausted CD8" T cells). Clusters were also confirmed on the basis of differentially
expressed marker genes for each cluster and comparison to known cell-type-specific marker genes.

TCR reads were aligned to the GRCh38 reference genome, and consensus TCR annotation was performed using cellranger vdj
(10x Genomics, version 4.0.0). TCR libraries were sequenced to a minimum depth of 5,000 reads per cell. TCR annotation was per-
formed using the 10x cellranger vdj pipeline according to the manufacturer’s instructions. Because most of the matching to public
bulk TCR datasets is performed at the TCRp level, cells without a reconstructed TCRa clonotype were kept, while cells lacking a
TCRB clonotype were not retained for downstream analysis. For cells with two or more clonotypes for a given chain, the clonotype
with the highest number of UMIs was used, and cells were labeled as ambiguous if the second clonotype had more than half the
number of UMIs of the top clonotype.

In vitro expansion of TILs

TILs were expanded as described previously (Inozume et al., 2019). In brief, melanoma tumor digests were inoculated into RPMI 1640
supplemented with 10% human AB serum, antibiotics, and recombinant human interleukin-2 (rhiL-2: 6,000 IU/mL, PeproTech, Cran-
bury, NJ) in a humidified 37°C incubator with 5% CO.. After 5 days, half of the media was aspirated from the wells and replaced with
fresh complete medium and rhiL-2; this procedure was repeated every 2-3 days thereafter as needed.

Enrichment of tumor-specific T cell clones, cloning, and identification of TCR clonotypes

The procedure is summarized in Figure S3A. Briefly, CD8" T cells (1 x 10° cells per well) purified from expanded TILs were cocultured
with a 100-Gy-irradiated autologous tumor cell line (1 x 108 cells per well). After 12 h, the cells sorted using anti-human CD137-APC
mADb (4B4-1, BD Biosciences) were expanded with irradiated PBMCs from allogeneic donors and anti-CD3 mAb (30 ng/mL OKT-3,
Thermo Fisher Scientific). rhlL-2 (300 IU/mL) was added on the next day, and the medium was replenished on day 5. Thereafter, T cell
clones were established by limiting dilution as previously described (Inozume et al., 2019). The clonality of the expanded T cells was
verified by TCRa. and TCRp chain V region (TRAV and TRBV, respectively) analysis based on the 5 RACE method using the SMARTer
RACE 5'/3' Kit (TaKaRa) as previously described (Inozume et al., 2019).

Constructs, virus production, and transfection

Each TCRa- and B-transduced pMSCV vector created by VectorBuilder (Chicago, IL) and pVSV-G vector (TaKaRa) were transfected
into packaging cells using Lipofectamine 3000 Reagent (Thermo Fisher Scientific). After 48 hours, the supernatant was concentrated
and transfected into the NFAT-Jurkat cell line or CD8" T cells from healthy donors using RetroNectin Reagent (TaKaRa).
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IFN-y release assay

Cultured autologous tumor cell lines (10° cells/well) were used as stimulator cells. Clonally enriched CD8* T cells or TCR-transduced
CD8" T cells at 10*-10° cells/well were added to the tumor cells and incubated for 48 hours. Supernatants were assayed by ELISA for
IFN-y (Thermo Fisher Science), and IFN-y production by T cells was analyzed with flow cytometry. In vitro experiments were per-
formed in triplicate.

Killing assay

Killing assays were performed using calcein-AM (Thermo Fisher Science). Briefly, calcein-AM-labeled tumor cells (target cells; T)
were cocultured with clonally enriched CD8" T cells (effector cells; E) at the indicated E/T ratios and then centrifuged to ensure con-
tact between the cell populations. Fluorescence was measured at 3 hours of incubation. In vitro experiments were performed in
triplicate.

Luciferase reporter assay for tumor-specificity

A stable pGL4.30 [luc2P/NFAT-RE/Hygro] vector (Promega, Madison, WI)-transduced Jurkat cell line was established (NFAT-Jurkat
cell line). Each TCR-transduced NFAT-Jurkat cell line, which was confirmed using anti-TCR mAb, was cocultured with autologous
tumor cell lines. At 24 hours after coculture, luciferase activity 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 autologous tumor cell lines
for statistical analyses, and the fold change in each NFAT-Jurkat cell line without tumor cell lines was calculated. Control clonotypes
#0 and #3-0 were selected from minor clones in the TME that were frequently found in MHC-matched Adaptive Biotechnologies pub-
lic PBL datasets (Emerson et al., 2017). In vitro experiments were performed in triplicate.

Whole-exome sequencing

Genomic DNA was isolated from each cell line using a QlAamp DNA Mini Kit (QIAGEN, Hulsterweg, Netherlands) and enriched for
exonic fragments using the SureSelect Human All Exon Kit v6 (Agilent Technologies, Santa Clara, CA). Massively parallel sequencing
of isolated fragments was performed with a HiSeq3000 instrument (lllumina, San Diego, CA) using the paired-end option. Whole
exome sequencing reads which were masked nucleotides with less than quality value 20 were independently aligned to the human
reference genome (hg38) using BWA (http://bio-bwa.sourceforge.net/) and Bowtie2 (http://bowtie-bio.sourceforge.net/bowtie2/
index.shtml). Both somatic synonymous and non-synonymous mutations were called using our in-house caller and two publicly avail-
able mutation callers: Genome Analysis Toolkit (https://gatk.broadinstitute.org/hc/en-us) MuTect2 and VarScan2 (http://varscan.
sourceforge.net/). Mutations were discarded if any of the following criteria were met: the total read number was <20, the variant allele
frequency in tumor samples was <0.05, the mutant read number in the germline control samples was >2, the mutation occurred in
only one strand of the genome, or the variant was present in normal human genomes in either the 1000 Genomes Project dataset
(https://www.internationalgenome.org/) or our in-house database. Gene mutations were annotated by SnpEff (https://pcingola.
github.io/SnpEff/). Copy number status was analyzed using our in-house pipeline, which determines the logR ratio (LRR) as follows:
(1) SNP positions in the 1000 Genomes Project database that were in a homozygous state (VAF <0.05 or >0.95) or a heterozygous
state (VAF 0.4-0.6) in the genomes of respective normal samples were selected, (2) normal and tumor read depths at the selected
position were adjusted based on the G+C percentage of a 100 bp window flanking the position, (3) the LRR was calculated as log 2;—
where n; and t; are normal and tumor-adjusted depths at position i, and (4) each representative LRR was determined as the median of
a moving window (1 Mb) centered at position i.

Transcriptome sequencing and expression analysis

Total RNA was extracted from each cell line with an RNeasy Mini Kit (QIAGEN). RNA integrity was evaluated using a TapeStation
(Agilent Technologies). Sequencing libraries for RNA-seq were prepared with a NEBNext Ultra RNA Library Prep Kit (New England
BioLabs, Ipswich, MA) in which cDNA was prepared from polyA-selected RNA. Prepared RNA-seq libraries underwent next-gener-
ation sequencing from both ends (paired-end reads). The expression level of each gene was calculated using DESeq2 (http://
bioconductor.org/packages/release/bioc/html/DESeq2.html) with VST transformation.

Clonal analysis in tumor cells

Copy number alterations were detected with FACETS (Shen and Seshan, 2016). The cellular prevalence of clones carrying individual
nonsynonymous mutations was determined with PyClone (Roth et al., 2014). The determined cellular prevalence was used as input,
and the phylogenetic relationships of the clones were inferred with LICHeE (Popic et al., 2015). The results were visualized with the
Timescape package in R (Smith et al., 2017).

Analyses of public datasets

We merged our TIL data with two publicly available TCR datasets. We first used Adaptive Biotechnologies’ publicly available healthy
donor PBL datasets (Emerson et al., 2017). From these datasets, a subset of patients sharing at least one HLA-A or HLA-B allele with
our patients was used, and the comparison was performed at the TCRp (TRBV gene, CDR3, and TRBJ gene) level. We next used a
previously published dataset of CDR3s extracted from TCGA RNA-seq data (Li et al., 2016) and performed comparisons at the CDR3
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level without MHC matching. In addition, we reanalyzed previously published scRNA-seq, scTCR-seq, and bulk TCR-seq datasets
(Yost et al., 2019).

Antigen prediction

The NetMHCpan algorithm version 4.0 was used to predict the possible neoantigens from the whole-exome and transcriptome
sequencing data (Hoof et al., 2009; Jurtz et al., 2017). The residues surrounding the amino acids resulting from nonsynonymous mu-
tations expressed from transcriptome data were scanned to identify candidate 9-mer peptides that were predicted to bind to the
MHC class | alleles of the cells. In addition, the amino acid sequences of Melan A/MART-1 and gp100 were also scanned similarly.
Strong binding peptides with %Rank <0.5 were used for assays (Table S6).

Peptide assay

TCR-transduced NFAT-Jurkat cell lines that responded to autologous tumor cell lines were cocultured with irradiated autologous
tumor cells after each peptide pulse. We used predicted antigen peptides derived from somatic mutations, wild-type peptides of
these antigens, representative well-known Melan A/MART-1 and gp100 (CT antigens) peptides binding to HLA-A *02:01 (26-35,
ELAGIGILTV; 280-288, YLEPGPVTA respectively), and predicted Melan A/MART-1 and gp100 peptides binding to HLA-A *02:06
(Table S6). Luciferase activity was analyzed after 24 hours of coculture. We compared wild-type peptide-pulse data (predicted
mutated antigens) or nonpulse data (CT antigens) for statistical analyses, and the fold change in each NFAT-Jurkat cell line that
received a wild-type-peptide pulse (predicted mutated antigens) or did not receive a peptide pulse (CT antigens) was calculated.
In vitro experiments were performed in triplicate.

Mouse TCR sequencing and data analyses

After PD-1*CD8" T cells were sorted using FACSMelody (BD Biosciences), the extracted RNA was subjected to TCR sequencing with
the SMARTer Mouse TCRa/b Profiling Kit (TaKaRa) according to the manufacturer’s instructions. TCR libraries were sequenced
using the lllumina MiSeq platform (lllumina) and a 2 x 300 bp paired-end kit. Reads were assembled and aligned to mouse VDJ
reference genes using MiXCR software with the default parameters (Bolotin et al., 2015).

Flow cytometry analyses

Flow cytometry assays were performed as described (Kumagai et al., 2020b). Briefly, cells were washed with PBS containing 2% FBS
and subjected to staining with surface antibodies. Intracellular staining was performed with specific antibodies and the FOXP3/
Transcription Factor Staining Buffer Set (Thermo Fisher Scientific) according to the manufacturer’s instructions. For intracellular
cytokine staining, GolgiStop reagent (BD Biosciences) was added for the last 4 hours of culture. Samples were assessed with a
BD FACSVerse instrument (BD Biosciences) and FlowJo software (BD Biosciences). The staining antibodies were diluted following
the manufacturer’s instructions.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism 7 (GraphPad Software, San Diego, CA) and R version 4.0.2 (R Foundation for Statistical Computing, Vienna, Austria)
were used for the 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 categorical variables were compared between
two groups using the Fisher exact test. The relations of continuous variables between or among groups were compared using a t test
or one-way ANOVA, respectively. For multiple testing, Bonferroni correction was employed. The relations between tumor volume
curves were compared using two-way ANOVA. p values < 0.05 were considered statistically significant. All of the statistical details
can be found in the figure legends.
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