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Abstract

With the widespread use of programmed death receptor-1 (PD-1) blockade therapy,
sensitive and specific predictive biomarkers that guide patient selection are urgently
needed. T-cell receptor (TCR) repertoire, which reflects antitumor T-cell responses
based on antigen specificity, is expected as a novel biomarker for PD-1 blockade
therapy. In the present study, the TCR repertoire of eight patients with gastrointesti-
nal cancer treated with anti-PD-1 antibody (nivolumab) was analyzed. To analyze the
tumor-associated T-cell clones in the blood and their mobilization into the tumor, we
focused on T-cell clones that presented in both blood and tumor (blood-tumor over-
lapping clones). Responders to PD-1 blockade tended to exhibit a higher number of
overlapping clones in the tumor and a higher total frequency in the blood. Moreover,
a higher total frequency of overlapping clones in blood CD8" T cells before treatment
was associated with a favorable clinical response. Collectively, these results suggest
the possibility of blood-tumor TCR repertoire overlap to predict clinical response to

PD-1 blockade and guide patient selection before the treatment.
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1 | INTRODUCTION

With the widespread use of immune checkpoint inhibitors (ICls)
for cancer therapy, including anti-programmed death receptor-1
(PD-1)/programmed death-ligand 1 (PD-L1) monoclonal antibodies,
a biomarker that guides patient selection is urgently needed. The
density of tumor-infiltrating lymphocytes (TILs)! or expression level
of PD-L1 in the tumor,? which represents the existence of an im-
mune response, have been reported as predictive factors for the
efficacy of PD-1 blockade. Tumor mutational burden (TMB), which
may reflect the immunogenic potential of the tumor,? is also a novel
candidate. However, the sensitivity and specificity of these factors
are low.* Given the mode of action, the strength of antitumor T-cell
responses, determined by the amount and variety of tumor-specific
T cells, is an essential factor for responsiveness to PD-1 blockade.
Therefore, indices reflecting tumor-specific T-cell responses would
be ideal biomarkers to predict and diagnose patient response to
PD-1 blockade.

Tumor-specific T cells recognize cancer antigens via the T-
cell receptor (TCR), which determines the specificity of T cells,
and then undergo clonal expansion. Thus, the TCR repertoire,
the collection of TCRs in tumor-bearing hosts, reflects antitumor
T-cell responses based on antigen specificity and is a potential
biomarker for PD-1 blockade.® Several clinical studies focused on
the repertoire of tumor-infiltrating T cells. These demonstrated
that the presence of more expanded T-cell clones in the tumor be-

fore treatment®®”

and the increase in the clonal expansion after
treatment® are correlated with clinical response to PD-1 block-
ade. Another study analyzed the blood T-cell repertoire and es-
tablished that the increase in the expanded clones of blood CD8*
T cells is also associated with response to ICls.® However, several
studies reported conflicting results, and there is no consensus
on how the characteristics of TCR repertoire are associated with
clinical responses to ICls.

Besides the reinvigoration of dysfunctional T cells residing in
the tumor microenvironment, the importance of the replacement
of tumor-reactive T-cell repertoire and mobilizing novel tumor-
associated clones has recently been pointed out for PD-1 blockade
therapy.”%® In the series of steps generating antitumor immunity
(“cancer-immunity cycle”), tumor-reactive T cells are primed in
the tumor-draining lymph node (dLN) and trafficked to the tumor
via blood circulation.’* Based on this notion, overlapping TCR rep-
ertoire between the blood and tumor (“blood-tumor overlap”) is
thought to include clones being mobilized into the tumor, contribut-
ing to tumor T-cell repertoire replacement. We have demonstrated
that the mobilization of tumor-reactive CD8" T-cell clones into the
cancer-immunity cycle by transient CD4" cell depletion appears as
an increase in the TCR repertoire that overlaps with the tumor, dLN,
and the blood.’®'® In the present study, we performed a TCR rep-
ertoire analysis on eight patients treated with anti-PD-1 antibody
(nivolumab), focusing on the blood-tumor overlapping clones. This
study explored the possibility of TCR repertoire analysis to predict

the responsiveness to PD-1 blockade therapy.

2 | MATERIALS AND METHODS
2.1 | Study design

The blood T cells and tumor biopsies were collected from patients
enrolled in a multicenter phase Il study of nivolumab monotherapy
in advanced gastrointestinal cancer patients with high tumor mu-
tation burden (TMB-H; UMIN000033182). Patients with advanced
gastrointestinal cancers with high TMB confirmed by Guardant360
(Guardant Health, Inc.), a 74-gene sequencing circulating tumor DNA
assay, received intravenous nivolumab monotherapy of 360 mg
every 3 weeks. Computed tomography was performed at baseline
and every 6 weeks thereafter until disease progression or the begin-
ning of subsequent treatment. Tumor response was evaluated as the
maximum change of sum of diameter of measurable lesions per the

Response Evaluation Criteria in Solid Tumors v1.1.

2.2 | T-cellisolation from PBMCs

Ten milliliters of patient's blood was taken at four time points (P1;
day 0, P2; day 21-27, P3; day 39-55, P4; disease progression). PBMCs
were prepared by density gradient centrifugation by Ficoll®-Paque
Plus (GE Healthcare Japan). The PBMCs were separated into two
samples, and then CD8" T cells and CD4" T cells were enriched using
CD8 MicroBeads or CD4 MicroBeadsfor humans (Miltenyi Biotec
Inc). The purity was checked by FACSCanto Il (BD Biosciences)
by staining with CD8a-APC (clone RPA-T8, Tonbo Biosciences),
CD3-FITC (clone UCHT1, Tonbo Biosciences), CD4-PE (clone SK3,
BioLegend), and Ghost Dye Red 780 (Tonbo Biosciences). The purity
of enriched cells was routinely more than 95%.

2.3 | Extraction of RNA from biopsies

Tumor biopsy was conducted before (day 0) and after the treatment
(day 39-55). Presence or absence of tumor tissue in biopsies was de-
termined pathologically. Tumor biopsies were homogenized in TRIzol
(Ambion). RNA was extracted from each sample using the RNeasy
mini kit (Qiagen, # 74106), and amounts and purity were measured
with the Agilent 2200 TapeStation (Agilent Technologies). Five mi-
crograms of total RNA was diluted with 1 mL of cell lysis buffer and
used for TCR sequencing.

2.4 | TCRlibrary construction and sequencing

TCR sequencing libraries for next-generation sequencing were pre-
pared according to a previous report (GSE 115425) with some modifica-
tions.*? PolyA RNAs were isolated according to another previous report
with some modifications (GSE110711).** To amplify the TCR cDNA con-
taining complementarity-determining region 3 (CDR3), nested PCR of
the TCR locus was performed as follows. Beads with containing cDNA
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were resuspended with the first-PCR mixture composed of 0.8 plL of
10 pmol/L primer mix (trP1, Trac_ex,and Trbc_ex),4.2 pL of DW (distilled
water), and 5 pL of KAPA Hifi HotStart ReadyMix (KAPA Biosystems,
#KK2602). The thermal cycling conditions were programmed as fol-
lows: denaturation at 95°C for 3 minutes, five cycles of denaturation for
20 seconds at 98°C, annealing for 15 seconds at 65°C, and extension for
30 seconds at 72°C, followed by a final extension at 72°C for 2 minutes.
Next, 10 pL of the first-PCR products were used for purification with
an Agencourt AMPure XP kit (Beckman Coulter, #A63881) at a 0.7:1
ratio of beads to sample and eluted with 15 pL of DW. The second-PCR
mixture consisted of 1.75 pL of 10 pmol/L primer mix (5' WTA, Trac_in-
Bio, and Trbc_in-Bio), 10.75 pL of the template, and 12.5 pL of KAPA
Hifi HotStart ReadyMix. The thermal cycling conditions were the same
as the first PCR except for the cycle number (21 cycles). Next, 25 pL of
the second-PCR products were purified using Agencourt AMPure XP
kit (Beckman Coulter) at a 0.7:1 ratio of beads to sample and eluted in
18 uL of DW. Fragmentation and adaptor ligation were performed using
10-20 ng of the second-PCR product as a template with NEBNext FS
DNA Library Prep Kit (New England Biolabs, #E7805) with some modi-
fications. NEBNext Adaptor for lllumina in the “adaptor ligation” step
was substituted by 5 pmol/L Adaptor P1, and the reaction volume was
one fourth of the recommended in all steps. Adaptor-ligated DNA was
purified using Agencourt AMPure XP kit (Beckman Coulter) at a 0.8:1
ratio of beads to sample and eluted in 20 pL of DW. The third PCR was
carried out using barcoded primers to enrich the TCRp cDNA flanked
with sequencing adapters. The third-PCR mixture consisted of 1 uL of
10 pmol/L trP1 primer, 1 pL of 10 pmol/L lonA-BC-Trbc primer, 3 pL
of template, and 5 pL of NEBNext Ultra Il Q5 Master Mix (accessory
of NEBNext FS DNA Library Prep Kit). The thermal cycling conditions
were programmed as follows: denaturation at 98°C for 30 seconds, 10
cycles of denaturation for 10 seconds at 98°C, and annealing and ex-
tension for 1 minute 15 seconds at 65°C, followed by a final extension
at 65°C for 5 minutes. The PCR product was purified and subjected to
size selection using Agencourt AMPure XP kit (Beckman Coulter) at a
1.0:1 ratio of beads to sample and eluted with 20 pL of Tris-HCI (pH 8.0).
Amplified TCR libraries were quantified using a KAPA SYBR Fast qPCR
Kit (KAPA Biosystems, #KK4621), and size distribution was analyzed
by agarose electrophoresis and SYBR Gold staining (Thermo Fisher
Scientific, #511494). Primers used for library preparations are summa-
rized in Table S1.

Final TCRp libraries, whose lengths were 200-300 base pairs,
were pooled and sequenced using an lon 540 Kit Chef, an lon 540
Chip kit, and an lon GeneStudio S5 Sequencer (Thermo Fisher
Scientific, # A27759, #A27766, # A38194) according to the man-
ufacturer's instructions, except the input library concentration
(65 pmol/L) and flow number (500). The raw data have been depos-
ited at the NCBI GEO; accession GSE154539.

2.5 | Data processing of TCR sequencing

Adapter trimming and quality filtering of sequencing data
were performed by using Cutadapt’® and PRINSEQ-0.20.4.¢
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Sequencing data were processed by MiXCR-3.0.5.2 In MIXCR,
filtered reads were aligned to reference human TCR V/D/J se-
quences with the following parameters: -vParameters.geneFea-
tureToAlign = VTranscript -vjAlignmentOrder = JThenV; then,
identical sequences were assembled and grouped in clones with
PCR and sequencing error correlation with the following pa-
-badQualityThreshold=10,
--only-productive = true, -region-of-interest = CDR3. The variable

rameters: -separateByV = true,
(V) and joining (J) segments of TCRs were represented in IMGT gene
nomenclature.

The list of final clones was analyzed by VDJtools-1.2.1.'8
Then, the sequencing reads of samples were normalized by the
"DownSample" command of VDJtools as the following: for samples
from PBMC, equal to the cell count in each sample. for tumor bi-
opsy samples, 50 000 reads. T-cell clones were determined as TCR
reads with the same TCR V segment, J segment, and CDR3 nucleo-
tide sequence. If multiple biopsies were obtained at the same time
point in a patient, TCRseq and subsequent data processing were
performed separately; then, clonotype tables were pooled by the
“PoolSamples” command of VDJtools. The processed data have been
deposited at the NCBI GEO; accession GSE154539.

2.6 | Calculation of clonality index of TCR repertoire

The 1-Pielouindexwasusedtoevaluatetheclonality of TCRrepertoire,
which was calculated using the formula1 - "  p;log, (p;)/log, (n),

where p;is the frequency of clone i for a sample with n unique clones.

2.7 | ldentification of expanded and
contracted clones

Significantly expanded/contracted clones were defined described in
Dewitt et al,’ using Fisher’s exact test on an estimated cell count of
T-cell clones, including clones detected only at one time point. The
estimated cell count was obtained by rounding off 100 000 times
the frequency of each clone, and g values corresponding the P-
values of Fisher's exact test were calculated using the gvalue pack-
age in Microsoft R open 3.6.0. We adopted g < 0.01 for threshold of

expanded/contracted clones.

2.8 | Transcriptomic and quantitative real-time
PCR analyses

PolyA RNAs were isolated according to a previous report with some
modifications (GSE110711).24 Beads with containing cDNA were re-
suspended with whole transcript amplification mixture composed of
2 puL of 10 pmol/L primer mix (trP1 and 3’'WTA), 10.5 uL of DW, and
12.5 uL of KAPA Hifi HotStart ReadyMix (KAPA Biosystems). The
thermal cycling conditions were programmed as follows: denatura-

tion at 95°C for 3 minutes, 12 cycles of denaturation for 20 seconds
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at 98°C, annealing for 15 seconds at 65°C, and extension for 5 min-
utes at 72°C, followed by a final extension at 72°C for 5 minutes.
Next, 25 pL of the first-PCR products were used for purification
with an Agencourt AMPure XP kit (Beckman Coulter) at a 0.7:1 ratio
of beads to sample and eluted with 15 pL of DW. Fragmentation
and adaptor ligation were performed using 10-60 ng of the second-
PCR product as a template with NEBNext FS DNA Library Prep
Kit (New England Biolabs) with some modifications. NEBNext
Adaptor for Illumina in the “adaptor ligation” step was substituted
by 1.5 umol/L CS1 adaptor, and the reaction volume was one fourth
of the recommended in all steps. Adaptor-ligated DNA was added
with 7.125 plL of 10x TE and then purified using Agencourt AMPure
XP kit (Beckman Coulter) at a 0.4:1 ratio of beads to sample to re-
move large fragments and a 0.7:1 ratio of beads to sample to remove
smaller fragments; finally, it was eluted with 20 pL of Tris-HCI (pH
8.0). The second PCR was carried out using barcoded primers to en-
rich the TCR cDNA flanked with sequencing adapters. The second-
PCR mixture consisted of 2.5 pL of 10 pmol/L trP1 primer, 2.5 pL
of 10 pmol/L lonA-BC primer, 7.5 pL of template, and 12.5 pL of
NEBNext Ultra Il Q5 Master Mix (accessory of NEBNext FS DNA
Library Prep Kit). The thermal cycling conditions were programmed
as follows: denaturation at 98°C for 30 seconds, 11 cycles of dena-
turation for 10 seconds at 98°C, and annealing and extension for
1 minute 15 seconds at 65°C, followed by a final extension at 65°C
for 5 minutes. The PCR product was purified and subjected to size
selection using Agencourt AMPure XP kit (Beckman Coulter) at a
0.7:1 ratio of beads to sample and eluted with 20 pL of Tris-HCI (pH
8.0). Amplified TCR libraries were quantified using a KAPA SYBR
Fast qPCR Kit (KAPA Biosystems, #KK4621), and size distribution
was analyzed by agarose electrophoresis and SYBR Gold staining
(Thermo Fisher Scientific, #511494). Primers used for library prepa-
rations are summarized in Table S1.

Final RNAseq libraries, whose lengths were 200-300 base
pairs, were pooled and sequenced using an lon 540 Kit Chef, an
lon 540 Chip kit, and an lon GeneStudio S5 Sequencer (Thermo
Fisher Scientific, # A27759, #A27766, # A38194) according to the
manufacturer's instructions, except the input library concentration
(65 pmol/L) and flow number (550). The raw data have been depos-
ited at the NCBI GEO; accession GSE154539.

gPCR analysis was performed using a THUNDERBIRD Probe
gPCR Mix (Toyobo, #QPS-101) on a QuantStudio 6 real-time PCR
system (Applied Biosystems). Sequences of the primers for TRBC are
as follows: forward 5'- GCTGTGTTTGAGCCATCAGAA -3/, reverse
5'- GTGCACCTCCTTCCCATTCACCC-3/, probe 5'- AAGGCCACACT
GGTGTGCCTGGCCACAG-3'. TagMan Gene Expression Assay
probes for ACTB (Hs.PT.39a.22214847), GZMB (Hs00188051_
m1), IFNG (Hs00989291_m1), PDCD1 (Hs01550088_m1),
CD8A (Hs00233520_m1), FOXP3 (Hs01085834_m1), CD274
(Hs00204257_m1), and CD4 (Hs01058407_m1) were purchased
from Applied Biosystems. The expression levels of all target mRNAs
were normalized against the expression level of ACTB in each

sample.

2.9 | Transcriptome data analysis

Adapter trimming and quality filtering of sequencing data were
performed using cutadapt v1.18.* Filtered reads were mapped
to hg38 Refseq RNA using Bowtie2-3.4.22° with the following pa-
rameters: -t -N 1 -D 200 -R 20 -L 20 -i 5,1,0.50 --nofw. Tag num-
bers of each gene were quantified as the expression level of each
gene. Between-sample normalization was performed against raw
count data using Microsoft R open 3.6.1 (https://mran.microsoft.
com/open/) and TCC package (DDD-D method).?! Genes with
fold change 24 and maximum expression 220 were identified
as differentially expressed genes. Coexpressed gene modules
among differentially expressed genes were detected using the
WGCNA package.?? For WGCNA, the power value was 19, the
merge threshold value was 0.1, the threshold value for the out-
put of coexpression interactions was 0.25, and other calculation
settings were set to defaults. The genes in gene modules associ-
ated with partial response (PR) were further clustered into up-
regulated and downregulated genes in patients with PR using the
hclust function of the stats package. Among genes upregulated
in PR (1606 genes), genes associated with antitumor immune re-
sponses were extracted. If multiple biopsies are obtained at the
same time point in a patient, RNAseq and subsequent data pro-

cessing were performed separately.

2.10 | Statistical analysis

Statistical analyses were performed using GraphPad Prism (ver7)
software (GraphPad Software). Unpaired t-test was run on the
comparison of repertoire parameters between responders and
nonresponders. Paired t-test was run on the comparison of rep-
ertoire parameters between P1 and P3 among responders or
nonresponders. R-value was calculated as the Pearson correlation

coefficient.

3 | RESULTS

3.1 | Number of overlapping clones in the tumor
increased in responders following treatment

In this study, the TCRp repertoire of eight patients with ad-
vanced gastrointestinal cancer treated with an anti-PD-1 antibody
(nivolumab) was analyzed. The best overall responses were the fol-
lowing: two patients with PR, three patients with stable disease
(SD), and three patients with progressive disease (PD; Table 1).
Hereafter, we defined “responders” as patients whose tumor size
decreased (ID1, 2, 5, 13) and “nonresponders” as those whose
tumor size increased (ID3, 7, 11, 23). We collected peripheral blood
samples enriched with CD4" and CD8" T cells at four time points
(P1; day 0, P2; day 21-27, P3; day 39-55, P4, disease progression)
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and day-matched biopsies from primary tumor site before (day 0)
and after the treatment (day 39-55; Table 1). No viable tumor cells
remained in six biopsies collected from four patients determined
pathologically (Table 1 and 2). This is presumably due to prior
treatments (Table S2).

The TCR repertoire of blood and tumor biopsies was first an-
alyzed separately, and the extent of clonal expansion in each rep-
ertoire was quantified in line with previous reports.2¢%23 wWe
evaluated the clonality of the TCR repertoire, reflecting the extent
of the clonal expansion of T cells using the 1-Pielou index.?* There
was no association between the blood CD4* and CD8" T-cell reper-
toire clonality and clinical responses (Figure 1A,B). Regarding tumor
biopsies, clonality tended to decrease in both responders and non-
responders, while the number of clones in the tumor tended to be
higher in responders after treatment (Figure 1C). Clonality and the
number of clones in the tumor showed a negative and positive cor-
relation with TCRB mRNA expression level, respectively (Figure 1D).
These results suggest that tumor infiltration of a variety of T-cell
clones occurs after treatment.

Then, we examined the blood-tumor overlapping T-cell clones
in tumor biopsies to analyze the mobilization of T-cell clones from
the peripheral circulation. T-cell clones found in the tumor, which
also presented in blood CD4" or CD8" repertoire at the correspond-
ing time point, were identified (Figure 2A, left). Then, the number
and total frequency of these overlapping clones were calculated
(Figure 2B). The number of CD4" and CD8" overlapping clones
tended to increase in responders after treatment (Figure 2C). In
contrast, the total frequency of CD4" and CD8" overlapping clones
did not show clear trends (Figure 2D). The total number of CD4*
or CD8" overlapping clones and the change in their number after
treatment was correlated with Cd4 or Cd8a mRNA expression levels,
respectively. These results suggest that an increase in the number of
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overlapping clones reflected an infiltration of T cells into the tumor
(Figure 2E,F).

3.2 | TCRrepertoire overlap in the blood was
greater in responders throughout the treatment

Next, we focused on the blood-tumor overlapping clones in the
blood (Figure 2A, right). Responders exhibited a greater number
and total frequency of overlapping CD4" or CD8" T-cell clones in
the blood before (P1) and after (P2 and P3) treatment (Figure 3A-C).
Notably, the correlation between the extent of blood-tumor over-
lapping clones in the blood and the levels of Cd4 or Cd8a mRNA
expression in the tumor was weaker than that between the number
of overlapping clones in the tumor and Cd4 or Cd8a mRNA expres-
sion levels (Figures 2E and Figure 3D,E). From transcriptome analysis
of tumor biopsies (Figure S1), we observed a higher expression of
immune-related genes, such as Cd3e, Nfatc1, and Tnf, in patients ID 1
and ID 13 who showed a greater extent of blood-tumor overlap and
achieved PR after treatment. Interestingly, patient ID 1 exhibited a
higher frequency of CD8" overlapping clones in the blood, while the
expression level of immune-related genes in the tumor was equiva-
lent to that of nonresponders before treatment. Therefore, the ex-
tent of blood-tumor overlapping clones in the blood did not merely
represent the extent of T-cell infiltration in the tumor.

Then, we tried to summarize the pattern of blood-tumor over-
lap, represented by the number or total frequency of overlap-
ping clones (“OLnumber” or “OLfreq”) in blood CD4" or CD8" T
cells (“CD4” or “CD8") at three time points (“P1” or “P2” or “P3").
Unsupervised hierarchical clustering using 12 parameters represent-
ing the blood-tumor overlap grouped the patients into two clusters
(Figure 3F). Three responders (ID 1, ID5, and ID 13) belonged to the

TABLE 1 Characteristics of patients and samples analyzed in this study

Patient characteristics Peripheral blood (d)?

Biopsy sample (d)

Cancer

Patient ID type Sex Age P1 P2 P3 P4

1 EC M 71 0 23 44 219 O
2 CRC F 35 0 21 42 86 0
3 EC M 57 0 22 55 78 0
5 GC F 64 0 22 42 135 0
7 CRC M 70 0 23 46 71 0
11 EC M 80 0 27 39 228 0
13 EC M 80 0 26 49 103 0
23 CRC F 77 0 21 41 —d 0

e
iy

Presence of Presence of Max. change of Best

tumor tissue P3 tumor tissue  tumor size® response

- 44 b -68.8% PR
42+ -8.5% SD
55  + 50.0% PD

- 42+ -37.5% SD

+ —d 22.3% PD

+ 39+ 6.3% SD

- 49 b -54.5% PR

b 41+ 37.7% PD

Abbreviations: CRC, colorectal cancer; EC, esophageal cancer; F, female; GC, gastric cancer; M, male; PD, progressive disease; PR, partial response;

SD, stable disease.
2Peripheral blood samples represent both CD4" and CD8" T-cell samples.
PNo viable tumor cells were found in histopathological tissues analyzed.

“Maximum change in sum of tumor diameters from baseline, measured by computed tomography.

INot sampled.
Clinical response of patient ID23 was determined by metastatic lesion.
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Patient ID P1

1 Parakeratosis with basal cell atypia®

2 Adenocarcinoma

3 Squamous cell carcinoma

5 Parakeratosis and chronic inflammation?
7 Adenocarcinoma

11 Squamous cell carcinoma

13 Granulation tissue®

23 Tubular adenoma®

#No viable tumor cells were found.
PNot sampled.
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TABLE 2 Histological features of
biopsy samples
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FIGURE 1 T-cell receptor (TCR) repertoire analysis on whole T cells in the blood or the tumor. A and B, Temporal tracking of clonality
of blood CD4" (A) and CD8" (B) T-cell repertoire. Raw values (left) and their changes from the baseline (right) are depicted for each patient.
Clonality was evaluated by 1-Pielou index. C, Clonality (left) and number (right) of T-cell clones of tumor biopsies. D, Correlation between
the mRNA expression level of TRBC and clonality (left) or number (right) of T-cell clones of tumor biopsies. Clonality of the repertoire is
calculated as the 1-Pielou index. D, R? value, calculated as the square of the Pearson correlation coefficient, is shown on the plot. Clinical
response of patients (responders, n = 4; nonresponders, n = 4) is depicted in the legend. Multiple unpaired t-tests (C and D, responder vs

nonresponder); paired t-tests (C and D, P1 vs P3); **P < .01, *** P < .001

same cluster, in which a higher number of overlapping CD8" T-cell
clones in the blood were commonly observed. Principal component
analysis of the same 12 parameters was also performed. Principal
component 1 (PC1), reflecting the number of overlapping clones in
CD4" and the total frequency of overlapping clones in CD8" T cells
in the blood, correlated well with the maximum changes in the tumor
diameter (Figure 3G and Table 3). Moreover, responders tended to
exhibit lower PC1 value than nonresponders (Figure 3H). Overall,
these results suggested that blood-tumor repertoire overlap might
be a biomarker to classify responders and nonresponders to PD-1

blockade therapy.

3.3 | Emergence of new clones and the expansion of
pre-existing clones contribute to the increase in the
TCR repertoire overlap

An increase in repertoire overlap in the blood can be explained by (a)
the expansion of pre-existing clones and (b) the emergence of new
clones. To evaluate these two events separately, we categorized the
overlapping clones into “appeared” (not existing in blood at P1, but
at P3), “disappeared” (existing in blood at P1, but not at P3), and “per-
sisting” (existing in blood at both P1 and P3) clones, and calculated

the number and total frequency in each group. Moreover, persisting
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FIGURE 2 T-cell clones in tumor overlapped with the blood. A, Scheme of our analysis on T-cell clones that overlap between the

blood and tumor T-cell receptor (TCR) repertoire. First, we identified the T-cell clones in the tumor that also presented in the blood at the
corresponding time point (“overlapping clones in the tumor,” left). Next, we identified the T-cell clones in the blood that also presented in
the tumor at the corresponding time point (“overlapping clones in blood,” right). B, Frequency of blood overlapping clones in tumor before
(P1, left) and after (P3, right) the treatment. Clones that overlapped with blood CD8" (red) or CD4" (blue) T-cell repertoire were colored
differently. C, Number of CD4" (left) and CD8" (right) overlapping clones in tumor. D, Total frequency of CD4" (left) and CD8" (right)
overlapping clones in the tumor. E, Correlation between the mRNA expression level of CD4 (left) or CD8A (right) and changes in the number
of CD4" (left) or CD8" (right) overlapping clones in the tumor. F, Correlation between fold change in the mRNA expression level of CD4
(left) or CD8A (right) and changes in the number of overlapping clones in tumor. E and F, R? value, calculated as the square of the Pearson
correlation coefficient, is shown on the plot. Clinical response of patients (responders, n = 4; nonresponders, n = 4) is depicted in the legend.
Multiple unpaired t-tests (A, B, and C); paired t-tests (C, P1 vs P3); *P < .05, **P < .01, *** P < .001

clones were further grouped into “expanded,” “contracted,” and “un- of “appeared” CD4" and CD8" T-cell clones (Figure 4B and Figure
changed” clones based on the changes in their frequency (Figure 4A, S2A); however, the proportion of these “appeared” clones in the TCR

see “Materials and Methods"). Responders exhibited a higher number repertoire overlap was small. “Expanded” clones occupied the largest
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in blood. F, Heat map of the T-cell receptor (TCR) repertoire parameters following the treatment. Patients are grouped by unsupervised
hierarchical clustering based on the Z values of the parameters representing the blood-tumor repertoire overlap. Each row represents a
repertoire parameter used in clustering, and each column represents a patient. The maximum changes in the sum of tumor diameter are also
plotted as the annotation of each column. Colors of patient IDs indicate the cancer types as in the legend (gastric cancer, n = 1; esophageal
cancer, n = 4; colorectal cancer, n = 3). G and H, Principle component analysis on TCR repertoire parameters. Principle components are
calculated using parameters of the blood-tumor repertoire overlap. G, Patients are plotted with the value of PC1 and maximum changes in
the sum of tumor diameter. H, The value of PC1 was compared between responders (Res.) and nonresponders (Nonres.). Clinical response of
patients (responders, n = 4; nonresponders, n = 4) is depicted as in the legend. Unpaired t-tests (H); *P < .05

CD4" T cells (Figure S2B). These results suggested that both the emer-

gence of new clones and the expansion of pre-existing clones under-

proportion of the repertoire overlap in blood CD8" T cells after treat-
ment in two responders (ID 13 and ID 1; Figure 4C). Notably, ID 13

also exhibited a higher total frequency of expanded clones in blood laid the increase in TCR repertoire overlap in the blood.
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TABLE 3 Correlation between T- cell receptor (TCR) repertoire
parameters and the principle components in Figure 3G

Correlate with PC1
R-
Rank? Repertoire value®
1 Blood_OLnumber_CD4_P2 -0.991
2 Blood_OLfreq_CD8_P2 -0.968
3 Blood_OLfreq_CD8_P1 -0.964
4 Blood_OLnumber_CD4_P3 -0.924
5 Blood_OLfreq_CD8_P3 -0.916
6 Blood_OLnumber_CD4_P1 -0.910

®The pairs of principle components and repertoire parameter are ranked
according to the absolute value of Pearson’s correlation coefficient.
PPearson’s correlation coefficient.

3.4 | Greater extent of blood-tumor repertoire
overlap was observed in responders before treatment

Finally, we tested whether the extent of blood-tumor TCR reper-
toire overlap before treatment is associated with the efficacy of
PD-1 blockade. To this end, only the samples collected before the
treatment (P1) were used to identify overlapping clones (Figure 5A).
First, overlapping CD8" T-cell clones in the blood were identified for
all clones present in the tumor. However, no apparent correlation
was observed between change in the tumor diameter and the total
frequency of overlapping CD8"* T-cell clones in the blood (Figure
S3A). Then, overlapping clones with frequencies over 0.01% in the
tumor were examined to exclude minor clones from the analysis
(Figure 5B).2° Considering that small amounts of blood-borne cells
exist in the vasculature of tumor tissue,?® filtering minor clones in
the tumor TCR repertoire reduced the possible contamination of pe-
ripheral blood T cells. We revealed an apparent correlation between
tumor diameter changes and the total frequency of overlapping
clones in the blood, except for patient ID 7 (Figure 5C). An associa-
tion between the total frequency of CD4" overlapping clones and
the clinical response was not observed (Figure S2B). Collectively,
these results suggested that a higher frequency of blood CD8" T-cell
clones that a higher frequency of CD8" overlapping clones in blood

was indicative of a better clinical response to PD-1 blockade.

4 | DISCUSSION

This study proposed a potential advantage of blood-tumor TCR rep-
ertoire overlap analysis for monitoring antitumor T-cell responses
following PD-1 blockade. In the tumor, the number of blood-tumor
overlapping clones after treatment tended to increase in respond-
ers, which was associated with increased T-cell infiltration into the
tumor. In the blood, responders exhibited a greater extent of blood-
tumor overlapping clones, which was also observed before the treat-
ment when focusing on middle and major clones in the tumor. To

our knowledge, this is the first study demonstrating the possible
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association of a greater blood-tumor TCR repertoire overlap and
favorable clinical responses after PD-1 blockade in gastrointestinal
cancer.

An advantage of the blood-tumor overlap analysis is that this
analysis can enrich tumor-associated T-cell clones in the blood. The
blood TCR repertoire contains clones that are not associated with
cancer, such as virus-specific clones?” and autoreactive clones.?®?°
Thus, it is unclear to what extent the blood TCR repertoire changes
represent antitumor T-cell responses during PD-1 blockade therapy.
Indeed, the clonality of the blood T-cell repertoire containing both
overlapping and nonoverlapping clones exhibited only weak asso-
ciations with responses to PD-1 blockade in this study. Moreover,
recent studies indicate the importance of T-cell clones supplied from
outside the tumor for the antitumor effect of PD-1 blockade.”1°
Therefore, monitoring the blood-tumor overlap enables evaluation
of the replenishment of tumor-reactive T cells from the blood to the
tumor. Consistent with these observations and hypotheses, several
studies analyzing the TCR repertoire in neoadjuvant ICI treatment
have reported that the expansion or emergence of tumor overlap-
ping clones in the blood is associated with better clinical effects.3%%!
Further studies are needed to examine whether the blood-tumor
overlapping T-cell clones actually recognize cancer and contribute to
the antitumor effect of PD-1 blockade.

Analyses of the blood-tumor TCR repertoire overlap in the tumor
revealed distinct patterns in two patients with PR. One patient, pa-
tient ID 1, showed a large amount of overlapping CD8" T-cell clones
inthe blood and upregulation of gene expression signature related to
T-cell activation only after treatment. The other patient, patient ID
13, showed a large amount of overlapping CD4" T-cell clones in the
blood and CD8" T-cell clones to a lesser extent. This patient ID 13
exhibited a strong T-cell activation signature in the tumor not only
after but even before the treatment, suggesting that pre-existing
antitumor responses were presumably mediated by CD4" T cells.
Several studies reported a beneficial role of CD4" T-cell responses
in the antitumor effect of PD-1 blockade.??® Importantly, analyzing
CD4"* and CD8" T-cell repertoires separately made it possible to clar-
ify differences in the dominance of CD4* and CD8" T-cell responses
between the two patients with PR. Further studies are required to
establish the significance of blood-tumor overlap of CD4" T cells
in antitumor responses and the benefit of analyzing the CD4" and
CD8" T-cell repertoire separately.

A greater baseline of the blood-tumor overlap in blood CD8" T
cells was associated with better clinical responses not only after
but also before treatment. One interpretation of this observation
is that, in patients with greater blood-tumor overlap, the immune
response inside the tumor had previously been activated (ie, “hot
tumor”), and the level of T-cell infiltration from the blood into
the tumor was high before treatment. However, this was incon-
sistent with the transcriptome analysis results on biopsies; one
patient with PR (ID 1) showed lower expression of genes asso-
ciated with antitumor T-cell responses, but the proportion of
overlapping CD8" T-cell clones in the blood was large before the

treatment. Another interpretation is that overlapping clones in
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FIGURE 4 Changes in the abundance of individual overlapping clones in blood. A, Scatter plot of overlapping clones in blood CD4" (top)
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the changing pattern in their abundance following the treatment. The total frequency of clones in each group is calculated at each time
point. Clinical response of patients (responders, n = 4; nonresponders, n = 4) is depicted as in the legend

the blood functioned as a reservoir of tumor-reactive T cells acti-
vated by PD-1 blockade. This possibility is supported by previous
researches demonstrating that (a) the repertoire of blood CD8"
PD-1" T cells show a higher overlap with CD8* PD-1" T cells in the
tumor®* and that (b) PD-1 blockade mainly activates CD8* PD-1*
T cells in the blood.®® These findings support that the extent of
blood-tumor overlapping clones in the blood might represent anti-
tumor potential not reflected by immune-related gene expression
in the tumor.

One of the main limitations of this study was that some tumor
biopsy samples were pathologically determined to lack viable tumor
cells, presumably due to prior treatment. However, it has been
demonstrated that tumor-reactive T cells remain as tissue-resident

memory T cells after removing a tumor, at least in a mouse model.¢

Considering this, we hypothesize that the overlapping T-cell clones
between the blood and biopsies lacking tumor cells can also be used
for monitoring antitumor T-cell responses following PD-1 blockade.
Another limitation was the small size of the cohort analyzed. Due to
the limited number of patients in this study, it was difficult to get the
results with statistical significance by analyzing blood-tumor reper-
toire overlap. In addition, although we could not find an apparent
association between blood-tumor overlap and a specific tumor type
(Figures 3F and 5C), it is possible that the extent of blood-tumor
overlap was confounded by tumor types. We think similar studies in
a larger cohort will answer this question.

Despite these limitations, we suggest the possibility of TCR rep-
ertoire analysis and subsequent blood-tumor overlap analysis to

predict clinical response to PD-1 blockade. Blood-tumor repertoire
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FIGURE 5 Blood-tumor overlapping clones before the anti-PD-1 treatment. A, Scheme of our overlapping repertoire analysis for early
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in tumor at P1. B, Scatter plot of the T-cell clones which overlap between the tumor and the blood. Each dot on the plot represents a single
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clones represent their abundance in the tumor as in the legend. C, P1 overlapping clones in the blood CD8" T-cell repertoire. Patients were
plotted with the maximum changes in the sum of tumor diameter and the total frequency of overlapping clones at P1. The overlapping
clones are defined for clones whose frequency is over 0.01% in the tumor. Colors indicate the cancer types of patients as in the legend

(gastric cancer, n = 1; esophageal cancer, n = 4; colorectal cancer, n = 3)

overlap seems to reflect tumor-specific T-cell responses of hosts,
while PD-L1 expression or TMB represents factors of tumor cells
affecting antitumor immune responses. Therefore, blood-tumor rep-
ertoire overlap and PD-L1 expression or TMB appear to be comple-
mentary, and a combination of these biomarkers can improve the
stratification of patients for PD-1 blockade therapy. Further exten-
sive clinical research would establish blood-tumor TCR repertoire

overlap as a novel predictive biomarker for PD-1 blockade.
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