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ABSTRACT

Background Tumor-associated antigen (TAA)-specific
CD8(+) T cells are essential for nivolumab therapy,

and irradiation has been reported to have the potential

to generate and activate TAA-specific CD8(+) T cells.
However, mechanistic insights of T-cell response during
combinatorial immunotherapy using radiotherapy and
nivolumab are still largely unknown.

Methods Twenty patients included in this study

were registered in the CIRCUIT trial (ClinicalTrials.

gov, NCT03453164). All patients had multiple distant
metastases and were intolerance or had progressed after
primary and secondary chemotherapy without any immune
checkpoint inhibitor. In the CIRCUIT trial, eligible patients
were treated with a total of 22.5 Gy/5 fractions/5 days of
radiotherapy to the largest or symptomatic lesion prior to
receiving nivolumab every 2 weeks. In these 20 patients,
T-cell responses during the combinatorial immunotherapy
were monitored longitudinally by high-dimensional flow
cytometry-based, multiplexed major histocompatibility
complex multimer analysis using a total of 46 TAAs and
10 virus epitopes, repertoire analysis of T-cell receptor
[3-chain (TCRP), together with circulating tumor DNA
analysis to evaluate tumor mutational burden (TMB).
Results Although most TAA-specific CD8(+) T cells
could be tracked longitudinally, several TAA-specific
CD8(+) T cells were detected de novo after irradiation,
but viral-specific CD8(+) T cells did not show obvious
changes during treatment, indicating potential irradiation-
driven antigen spreading. Irradiation was associated

with phenotypical changes of TAA-specific CD8(+) T

cells towards higher expression of Killer cell lectin-like
receptor subfamily G, member 1, human leukocyte
antigen D-related antigen, T-cell immunoglobulin and
immunoreceptor tyrosine-based inhibitory motif domain,
CD160, and CD45R0 together with lower expression of
CD27 and CD127. Of importance, TAA-specific CD8(+) T
cells in non-progressors frequently showed a phenotype
of CD45R0(+)CD27(+)CD127(+) central memory T cells
compared with those in progressors. TCRP clonality
(inverted Pielou’s evenness) increased and TCRP diversity
(Pielou’s evenness and Diversity Evenness score)

WHAT IS ALREADY KNOWN ON THIS TOPIC

= It was reported that radiotherapy has the potential
to generate and activate tumor-associated antigen
(TAA)-specific CD8(+) T cells. However, the mech-
anism of T-cell response in combinatorial immu-
notherapy with irradiation in patients with gastric
cancer is poorly understood.

WHAT THIS STUDY ADDS

= We revealed that oligo-fractionated irradiation
(22.5Gy/5 fractions/5days) induces TAA-specific
CD8(+) T cells and that these CD8(+) T cells express
a phenotype of CD45R0(+)CD27(+)CD127(+) cen-
tral memory T cells in patients with unresectable
advanced or recurrent gastric cancer who respond
to the combination of radiotherapy and nivolumab.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Our results suggest that the combinatory treat-
ment of oligo-fractionated irradiation (22.5Gy/5
fractions/5 days) with anti-programmed cell death
protein-1 therapy may be effective in a subset of
patients with gastric cancer.

decreased during treatment in progressors (p=0.029,
p=0.029, p=0.012, respectively). TMB score was
significantly lower in non-progressors after irradiation
(p=0.023).

Conclusion Oligo-fractionated irradiation induces

an immune-modulating effect with potential antigen
spreading and the combination of radiotherapy and
nivolumab may be effective in a subset of patients with
gastric cancer.

BACKGROUND

Immune checkpoint inhibitors  (ICIs)
targeting programmed cell death protein-1
(PD-1) axis have become a standard therapy
for patients with advanced gastric cancer
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(GC). Although response rate to monotherapy of PD-1
inhibitor is still limited in patients with GC, combina-
tion therapy with chemotherapy was shown to prolong
overall survival and progression-free survival compared
with chemotherapy alone."™ Currently, combinatorial
immunotherapy with chemotherapy is being devel-
oped to enhance the therapeutic efficacy of ICIs and is
considered to be the first line treatment for patients with
advanced GC.”°

It was reported that irradiation activates the cancer
immunity cycle and results in the expansion of tumor-
associated antigen (TAA)-specific CD8(+) T cells, which
are essential for anti-PD-1 therapy.” We also reported
that cancer-testis antigen-specific CD8(+) T cells were
induced by chemoradiation in 38% of patients with
advanced esophageal squamous cell carcinoma.'’ In
several clinical trials, a combination therapy of radio-
therapy with ICIs targeting PD-1 axis induced the clin-
ical benefit in patients with non-small-cell lung cancer
(PACIFIC trial), metastatic triple negative breast cancer
(TONIC trial).""™"* We recently conducted a single-arm,
phase I/1I trial in 41 patients with unresectable advanced
or recurrent GC treated with a combination of oligo-
fractionated irradiation and nivolumab (CIRCUIT trial) (
ClinicalTrials.gov, NCT03453164), in which radiotherapy
of total 22.5 Gy/5 fractions/5 days was given to the largest
or symptomatic lesion, followed by nivolumab adminis-
tration every 2 weeks.'* As a result, we reported that this
combinatorial immunotherapy has a promising clinical
effect of median survival time of 230 days without obvious
additional adverse events.'* Thus, our and other reports
suggest that combinatorial immunotherapy using radio-
therapy and ICI targeting PD-1 axis is an attractive treat-
ment strategy in any type of cancer, including GC.

Although previous articles indicated that radiotherapy
generates and activates TAA-specific CD8(+) T cells and
modifies diversification of T-cell repertoire and T-cell
exhaustion, mechanistic insights of T-cell response during
combinatorial immunotherapy using irradiation are still
largely unknown.” ' * 1 In order to gain a better under-
standing of T-cell responses during the combinatorial
immunotherapy using radiotherapy and ICIs targeting
PD-1 axis in patients with GC, we performed comprehen-
sive immunological and molecular profiling in patients
with GC enrolled in the CIRCUIT trial. In this study,
peripheral blood samples were monitored longitudinally
by high-dimensional flow cytometry-based, multiplexed
major histocompatibility complex (MHC) multimer
analysis using a total of 46 TAAs, next-generation
sequencing-based repertoire analysis of T-cell receptor
B-chain (TCRP), and tumor mutational burden (TMB)
analysis by using plasma-derived circulating tumor DNA
(ctDNA). Our findings show that several TAA-specific
CD8(+) T cells were detected de novo after irradiation
and those in non-progressors frequently showed a pheno-
type of CD45RO(+)CD27(+)CD127(+) central memory
T cells compared with those in progressors, and TCRf
clonality significantly increased and TCRP diversity

significantly decreased during this combination therapy
in progressors.

METHODS

Patient cohorts and sample collection

Forty-one patients with unresectable advanced or recur-
rent GC were enrolled in the CIRCUIT trial (Clinical-
Trials.gov, NCT03453164) and all enrolled patients were
treated with a total of 22.5 Gy/5 fractions/5 days of radio-
therapy to the largest or symptomatic lesion prior to
receiving nivolumab every 2 weeks.'* The human leuko-
cyte antigen (HLA) genotype test was performed in 30
out of enrolled patients and 24 patients were expressing
HLA-A*02:01 and/or HLA-A%*24:02. Of these 24 patients,
20 patients were included in this study for whom periph-
eral blood samples were completely collected at three
time points; before treatment (Pre), 10-17days after
the completion of radiotherapy and before nivolumab
administration (radiotherapy (RT)), and after nivolumab
administrations (Nivo).'* All peripheral blood samples
were analyzed to longitudinally assess treatment-induced
immune modulation. The CIRCUIT trial ended on
January 31, 2021, and overall survival was defined as the
time from the start date of radiotherapy until the date of
death from any cause and the confirmation of survival in
this study was conducted on December 31, 2022.

For each blood collection, a tube of BD PAXgene Blood
ccfDNA Tube (cat. no. 768165; Becton, Dickinson and
Company, Franklin Lakes, New Jersey, USA) was used for
the collection of plasma and two tubes of BD Vacutainer
CPT Cell Preparation Tube with Sodium Heparin™ (cat
no. 362753, Becton, Dickinson and Company) were used
for the collection of peripheral blood mononuclear cell
(PBMC). Plasma samples were stored in a —80° freezer
and used for ctDNA analysis, and PBMC samples were
stored in a liquid nitrogen tank and were used for highly
multiplexed flow cytometric analysis and TCR repertoire
analysis.

Highly multiplexed flow cytometric analysis

Highly multiplexed flow cytometric analysis was conducted
by ImmunoScape Private Limited (Singapore). We used
16 different fluorescently labeled antibodies for immune
cell subset discrimination and phenotypic profiling
(online supplemental table S1), and a total of 56 epitopes
restricted to HLA-A*02:01 or HILA-A*24:02, which
included 46 TAAs and 10 virus-derived peptides (online
supplemental table S2). PBMCs were stained with triple-
coded, fluorescently labeled peptide-MHC tetramer cock-
tails containing 56 epitope antigens followed by staining
with 16 different fluorescently labeled antibodies.'” For
the generation of a triple-coded tetramer staining cocktail,
three out of eight different fluorescently labeled strepta-
vidins were randomly combined by using an automated
pipetting device (Tecan Group, Mannedorf, Switzerland)
resulting in a total of 56 unique possible combinations to
encode asingle peptide candidate. All samples were run in
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technical replicates, with the same peptide in each repli-
cate labeled by a different combination of fluorescently
labeled streptavidin molecules. Tetramer and surface
antibody labeled cells were further stained for live cells
using Live/Dead Fixable Blue (Thermo Fisher Scientific,
Waltham, Massachusetts, USA). As positive control for
antigen-specific T-cell identification, one healthy donor
PBMC sample that matched at least one of the patients’
HILA alleles was included in each experiment. All samples
were acquired on an FACSymphony flow cytometer (BD
Biosciences, San Jose, California, USA).

All data were exported from FACSDiva software (BD
Biosciences) and imported into FlowJo software V.10.7.1
(Tree Star, Ashland, Oregon, USA). After the compensa-
tion matrix was adjusted, immune cell subsets were identi-
fied by gating on live lymphocytes using a classical gating
strategy (online supplemental figure S1A). CD8(+) T cells
from each sample underwent a specific manual tetramer
gating sequence for the detection of triple-coded antigen-
specific CD8(+) T cells. Bona fide antigen-specific T
cells were further validated based on the following
criteria'®; (1) the detection cut-off threshold (>2 events
to be detected in each technical replicate, ie, a total of
at least four positive events), (2) the background noise
(the frequencies of specific CD8(+) T-cell events must be
greater than events from the CD4(+) T-cell population),
(3) the difference between the frequencies of a hit in the
two technical replicates must be less than 2.5-fold (online
supplemental figure S1B).

Antigen-specific CD8(+) T cells were further phenotyp-
ically profiled using high-dimensional analysis methods
and assessed for phenotypic changes in response to treat-
ment through ImmunoScape’s cloud based analytical
pipeline tool Cytographer. For high-dimensional analysis,
we included all samples and downsampled to a maximum
of 10,000 cells per sample. Uniform Manifold Approxi-
mation and Projection (UMAP) was used as dimension-
ality reduction technique for data visualization.'” Data
plots were generated using GraphPad Prism V.8 software
(GraphPad Software, La Jolla, California, USA).

TCR repertoire analysis

Purification of RNA from PBMC samples and next
generation sequencing-based repertoire analysis of TCR[3
was conducted by Repertoire Genesis Incorporation
(Osaka, Japan).” Briefly, total RNA was extracted from
each patient’s PBMC sample using the RNeasy mini kit
(QIAGEN, Valencia, California, USA) and converted to
complementary DNA (cDNA) with SuperScript Il reverse
transcriptase (Thermo Fisher Scientific). The double-
stranded cDNA (ds-cDNA) was synthesized and P10EA/
P20EA adaptor was ligated to the 5’ end of the ds-cDNA,
and then the adaptor-ligated ds-cDNA was digested with a
Not I restriction enzyme. After removal of the primer and
adaptor with MinElute Reaction Cleanup Kit (QIAGEN),
PCR was performed with TCRP constant region-specific
primer and P20EA, and the second PCR was performed
using the first PCR product with nested primer and

P20EA. After amplification, high-throughput sequencing
was performed using amplicons with the Illumina MiSeq
paired-end platform (2x300base pairs). Each sequence
read was analyzed by the bioinformatics software created
by Repertoire Genesis Incorporation, and each sequence
read having identical TCRB-V-gene (TRBV) and TCRp-
J-gene (TRBJ), and deduced amino acid sequence of
complementarity-determining region three was defined
as a unique read. Out-offrame sequences were excluded
from the analyses. The diversity of TCRP repertoires was
described by Pielou’s evenness and Diversity Evenness
score (DE50), and the clonality was described by inverted
Pielou’s evenness (1 — Pielou’s evenness).

Assessment of TMB using plasma derived ctDNA

Briefly, ctDNA was extracted from 1 mL of plasma sample
by using QIAamp MinElute ccfDNA kit (QIAGEN) as
per manufacturer’s instruction. After isolation of ctDNA
the samples were subjected for library preparation by
using QIAseq TMB Panel (QIAGEN). This commercial
panel has covered the variants in 486 genes related to
tumor and immune biology, covering a total 1.3Mb of
DNA. After library preparation paired end sequencing
was performed using Illumina NovaSeq 6000 platform.
After sequencing run TMB score was calculated for each
sample by counting the number of synonymous and non-
synonymous mutations across 1.3 Mb region spanning 486
genes with computational germline status and oncogenic
driver filtering, which were performed by CLC Genomics
Workbench V.22 (QIAGEN) using QIAseq TMB ready-
to-use bioinformatics workflows in Biomedical Genomics
Analysis plugin.

Statistical analysis

Statistical analyses were performed using the R software
(V.4.0.3.). Two groups were compared by Wilcoxon’s
rank-sum test. Comparisons between Pre and RT, Pre and
Nivo, RT and Nivo in each target were performed with
Wilcoxon’s sign-rank test, followed by the adjustment
using Bonferroni method. Due to the small number of
subjects, no multiplicity adjustment for testing across
categorical variables in each data set was performed. All p
values<0.05 were considered to be statistically significant.

RESULTS
Patient’s characteristics
In the present study, in order to perform the comprehen-
sive immunological monitoring including TAA-specific
CD8(+) T cells, we enrolled 20 patients with HLA-A*02:01
or HLA-A*24:02 that are major HLA-A types in Japanese
from the phase I/II trial (CIRCUIT trial) in 41 patients
with unresectable advanced or recurrent GC treated
with a combination of oligo-fractionated irradiation and
nivolumab.'* The baseline characteristics of 20 patients in
this study are presented in table 1.

Since all of the patients in this study had multiple distant
metastases at the registration of CIRCUIT trial, they were
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Table 1 Patients and tumor characteristics

No Age HLA-A type (0F] BOR HER2score Pathology Laurén classification = cStage
1 50-59 A*24:02, A*31:01 34 PD 2+ por, sig, tub2 Diffuse type VB
2 60-69  A*02:01, A*31:01 73 PD 0 por Diffuse type VB
3 70-79 A*02:07, A*24:02 83 PD Unknown Unknown Not determined IVB
4 30-39 A*24:02, A*24:02 95 PD 3+ tub2>tub1 Intestinal type IVB
5 60-69  A*02:06, A*24:02 157 PD 0 tub1>tub2 Intestinal type IVB
6 60-69  A*24:02, A*24:.02 158 PD 0 tub2 Intestinal type IVB
7 70-79  A*24:02, A*26:01 167 PD 2+ tub2>>por Intestinal type IVB
8 60-69  A*11:01, A24:02 174 PD 0 tub1, tub2 Diffuse type IVB
9 70-79  A™24:02, A*31:01 202 PD 0 tub1, tub2 Intestinal type IVB
10 70-79 A*02:01, A*33:03 290 PD 3+ tub2, por Intestinal type IVB
11 60-69  A*02:06, A*24:02 303 SD 2+ tub1, tub2 Intestinal type IVB
12 60-69 A*11:01, A*24:02 330 SD 0 tub2>por Intestinal type IVB
13 70-79  A*02:01, A*24:02 342 SD 1+ tub1>tub2 Intestinal type IVB
14 80-89 A*24:02, A*26:01 435 PR 1+ Unknown Not determined IVB
15 70-79  A*24:02, A*24:02 651 CR 3+ tub Intestinal type IVB
16 70-79  A™24:02, A*33:03 888 PR Unknown tub2>tub1 Intestinal type IVB
17 70-79  A*02:01, A*02:06 1111  SD 0 pori Diffuse type VB
18 70-79  A*24:02, A*26:01 1118 CR 2+ tub1>tub2>por1 Intestinal type IVB
19 70-79  A*02:06, A*24:02 1160 CR 0 por2 Diffuse type IVB
20 70-79  A*11:01, A*24:02 1489 PR 0 tub2 Intestinal type IVB

Cases with italicized case number were survivors as of the date of confirmation of survival. Clinical stage (cStage) was determined by the
eighth Edition of the UICC tumor, node, metastases Classification of Malignant Tumors for the stomach.

BOR, best overall response; CR, complete response; HER2, human epidermal growth factor receptor 2; HLA, human leukocyte antigen; OS,
overall survival; PD, progressive disease; por1, poorly differentiated adenocarcinoma, solid type; por2, poorly differentiated adenocarcinoma,
non-solid type; por, poorly differentiated adenocarcinoma; PR, partial response; SD, stable disease; sig, signet-ring cell carcinoma; tub1,
tubular adenocarcinoma, well differentiated; tub2, tubular adenocarcinoma, moderately differentiated; tub, tubular adenocarcinoma; UICC,

Union for International Cancer Control.

all at clinical stage IVB determined by eighth Edition of
the Union for International Cancer Control tumor, node,
metastasis Classification of Malignant Tumors for the
stomach (table 1). The summary of treatments adminis-
tered prior to the treatment protocol of CIRCUIT trial
was shown in online supplemental table S3. All patients in
this study were intolerant or had progressed after primary
and secondary chemotherapy, and no patient was admin-
istered an immune checkpoint inhibitor in previous
treatments. The treatment protocol of CIRCUIT trial
was initiated 29 days after the completion of the previous
treatment.

The best overall response was evaluated according to
Response Evaluation Criteria in Solid Tumors guide-
line V.1.1. The complete response (CR) rate was 15.0%
(3/20), partial response (PR) rate was 15.0% (3/20),
stable disease (SD) rate was 20.0% (4/20), and progres-
sive disease (PD) rate was 50% (10/20), and three patients
were alive as of the date of confirmation of survival
(table 1). Patients with PD were classified as progressors
and patients with CR or PR or SD were classified as non-
progressors in this study.

Longitudinal analysis of lymphocyte subpopulations
Peripheral blood samples were collected from all enrolled
patients before treatment (Pre), after radiotherapy (RT),
and after nivolumab administration (Nivo), details
of which are described in “METHODS”. We used 16
different fluorescently labeled antibodies for immune
cell subset discrimination and phenotypic profiling of
PBMC collected on Pre, RT, and Nivo (online supple-
mental table S1).

In all patients, the frequency of CD3(+) T cells and
regulatory T (Treg) cells significantly increased on RT
compared with Pre, while that of natural killer (NK) cells
and B cells significantly decreased on RT compared with
Pre, and a significant decrease compared with Pre in NK
cells frequency continued on Nivo (figure 1A, left top).
The frequency of B cells significantly decreased and that
of Treg cells significantly increased on RT compared with
Pre in progressors (figure 1A, left middle), and that of NK
cells significantly decreased on RT compared with Pre in
non-progressors (figure 1A, left bottom). The number of
CD3(+) T cells, NK cells, and B cells significantly decreased
on RT compared with Pre, which further continued on
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Figure 1 Immune cell subsets in response to treatment. Peripheral blood mononuclear cell samples were evaluated by the
highly multiplexed flow cytometric analysis. The frequency (%) and number (/pL) of immune cell subsets were analyzed among
treatments (A) and between progressors (Prog) and non-progressors (Non-prog) (B). *p<0.05, **p<0.01, ***p<0.001. Error bars
represent+SD. Nivo, after nivolumab administrations; NK, natural killer; Pre, before treatment; RT, after radiotherapy; TFH, T
follicular helper; Treg, regulatory T.
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Nivo in all patients (figure 1A, right top). In progres-
sors, the number of NK cells significantly decreased on
Nivo compared with Pre and that of B cells significantly
decreased on RT compared with Pre (figure 1A, right
middle). On the other hand, the number of CD3(+) T
cells, NK cells, and B cells significantly decreased on RT
compared with Pre, which further continued on Nivo in
non-progressors (figure 1A, right bottom).

Next, we compared the frequency and number of
each immune cell subset between progressors and non-
progressors at each time point. The frequency of T follic-
ular cells, which are involved in the humoral response,
significantly increased in non-progressors on Nivo
(figure 1B). Overall, it is likely that there was a minor
difference between progressors and non-progressors in
the dynamic change of immune cell subset during this
combination therapy.

Immune cell activation and exhaustion parameters

T-cell activation during this combination therapy was
assessed based on the expression of HLA D-related antigen
(HLA-DR), CD39 and CD160. CD4(+) T cells showed a
higher activation status on Nivo compared with Pre in all
patients and non-progressors (figure 2A). On the other
hand, CD8(+) T cells were characterized by a higher acti-
vation phenotype on RT compared with Pre, which was
further maintained on Nivo in all patients (figure 2A).
This tendency was also observed in both progressors and
non-progressors (figure 2A). Interestingly, the prevalence
of CD160(+)CD8(+) T cells decreased, but the frequency
of CD8(+) T cells expressing C-X-C chemokine receptor
type b (CXCR5) was upregulated on RT compared with
Pre in non-progressors (figure 2A, bottom).

PD-1, T-cell immunoglobulin and immunoreceptor
tyrosine-based inhibitorymotif domain (TIGIT),and T-cell
immunoglobulin-3 (TIM-3) expression were assessed to
measure T-cell exhaustion. Irradiation induced upregula-
tion of PD-1 expression on CD4(+) T cells in all patients
and progressors, however, PD-1 expression on both
CD4(+) and CD8(+) T cells was not detectable on Nivo,
most likely because of competition of nivolumab with
the antibody used for staining (figure 2A). Of note, the
frequency of TIGIT (+)CD8(+) T cells increased on Nivo
compared with RT and TIM-3(+) CD8(+) T cells increased
on RT compared with Pre in all patients (figure 2A).

Subsequently, the frequency of CD4(+) and CD8(+) T
cells expressing each activation and exhaustion param-
eter at each time point was compared between progres-
sors and non-progressors. The frequency of CXCR5(+)
CD4(+) T cells significantly increased in non-progressors
on both Pre and Nivo (figure 2B, left). Although there
was a significant difference in PD-1(+)CD4(+) T cells on
Nivo, their frequencies were marginal (figure 2B, left).
Regarding CD8(+) T cells, the frequency of PD-1(+) T
cells on Pre and CD27(+) T cells on Nivo significantly
increased in non-progressors (figure 2B, right).

Diversity and clonality of T cells by longitudinal TCR repertoire
analysis

To study T-cell clonality, we performed a next-generation
sequencing-based repertoire analysis of TCRB and eval-
uated expression of TRBV and TRBJ as markers of
T-cell repertoire diversity (figure 3A). The basic stat of
TCR repertoire analysis was presented in online supple-
mental table S4. The clonality was evaluated by the
inverted Pielou’s evenness (1 — Pielou’s evenness) and
the frequency of top 30 most frequent clonotypes.21 *In
the analysis of the inverted Pielou’s evenness, we observed
a significant increase of clonality on RT compared with
Pre, which was further maintained on Nivo in all patients
(figure 3B, upper). Furthermore, the clonality signifi-
cantly increased on Nivo compared with RT in progressors
but not in non-progressors (figure 3B, upper). There was
no significant difference in the clonality between progres-
sors and non-progressors at each time point (figure 3B,
lower). Analysis of the top 30 most frequent clonotypes
showed that many sequence-reads, which were not found
on Pre, appeared on RT and Nivo (figure 3C, green and
orange bars).

Repertoire diversity was then evaluated by Pielou’s even-
ness and DE50. In contrast to clonality, repertoire diver-
sity was reduced on RT compared with Pre and this trend
was maintained on Nivo in all patients and progressors
but not in non-progressors (figure 3D, left). There was no
significant difference in the diversity between progressors
and non-progressors at each time point (figure 3D, right).
Taken together, the clonality significantly increased and
diversity significantly decreased during this combination
therapy in progressors.

TMB score reduced on RT in non-progressors

Next, we performed the TMB analysis using ctDNA
derived from plasma samples. The concentration of
ctDNA at each time point was presented in online supple-
mental table S5. We observed no significant changes
in TMB score during this combination therapy (online
supplemental figure S2A). However, it was observed that
a significantly lower TMB score in non-progressors on RT
(online supplemental figure S2B), suggesting that TMB
score might reflect tumor volume during the treatment.

Characterization of antigen-specific CD8(+) T cells during

this combination therapy using multiplexed MHC multimer
analysis

Antigen-specific CD8(+) T-cell responses in PBMC were
assessed using a total of 56 peptide epitopes restricted
to HLA-A*02:01 or HLA-A*24:02, which included 46
TAAs and 10 virus epitopes according to the previously
published data (online supplemental table S2). Across
the three time points, we detected a total of 16 TAA-
specific CD8(+) T cells in 8 of the 20 patients analyzed
(figure 4A and online supplemental table S6). Detected
TAA HLA-A*24:02 epitopes were MELK 87-95 (EYCP-
GGNLF), p-Cadherin (DYLNEWGSRF), and DEPDCI-
294 (EYYELFVNI), and detected TAA HLA-A*02:01
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epitopes were hTERT 572-580 (YLFFYRKSV) and PRAME
100-108 (VLDGLDVLL). Of note, after irradiation, five
de novo TAA-specific CD8(+) T cells were detected in
five of the patients (figure 4A and online supplemental
table S6), indicating that irradiation may be inducing
antigen-spreading with novel TAA-specific CD8(+) T-cell
responses. In addition, we also detected T cells specific
for viral epitopes including a total of 54 reactivities against
cytomegalovirus (CMV) and influenza-derived epitopes
in the same cohorts (figure 4A and online supplemental
table S6). Of importance, frequencies of virus-specific
CD8(+) T cells did not show obvious changes during this
combination therapy (figure 4A and online supplemental
table S6). Taken together, these results suggest that irra-
diation may be inducing tumor antigen spreading, but
does not affect pre-existing T-cell responses against viral
antigens.

We further analyzed the phenotypes of TAA-specific and
virus-specific CD8(+) T cells identified by multiplexed
MHC multimer analysis. TAA-specific CD8(+) T cells
showed a unique phenotype with a higher expression of
HLA-DR and TIGIT as compared with influenza-specific
CD8(+) T cells, and with higher frequencies of HLA-DR
and TIM-3 as compared with CMV-specific CD8(+) T cells
(figure 4B). Subsequently, UMAP was used as dimension-
ality reduction technique for data visualization and to
display the expression intensity of all phenotypic markers
analyzed (figure 4C, upper)."” This was apparent when
we visually delineated distinct cell clusters of the possible
phenotypes observed across all TAA-specific CD8(+)
T cells and displayed the phenotypes of these clusters
(figure 4C, lower left), based on the mean fluorescence
intensity of each marker assessed, as heat map for each
cluster (figure 4C, lower right). Quantitative analysis
showed a substantial decrease of cells present in clusters
1-3 (mainly CD27(+) and CD127(+)), but an increase
of cells distributed across clusters 4-8 (mainly killer cell
lectin-like receptor subfamily G, member 1 (KLRGI) (+),
CD160(+), HLA-DR(+), TIGIT(+), and CD45RO(+))
following irradiation and nivolumab treatment in TAA-
specific CD8(+) T cells (figure 4D, upper). In contrast,
CMV=specific CD8(+) T cells did not change their pheno-
types following treatment and were largely distributed
at similar frequencies across the same clusters at the
different time points assessed (figure 4D, lower).

Phenotypes of TAA-specific CD8(+) T cells in non-progressors
Next, we focused on eightpatients whom we were able to
identify the TAA-specific CD8(+) T cells (online supple-
mental table S6). Across all eight analyzed patients, irra-
diation induced an enrichment of TAA-specific CD8(+) T
cells with a high expression of KLRG1, HLA-DR, TIGIT
and CD160, while driving lower expression of CD27 and
CD127 (figure 5A, purple contour plots). Moreover, these
phenotypic patterns on TAA-specific CD8(+) T cells are
maintained during nivolumab treatment. Interestingly,
TAA-specific CD8(+) T cells in progressors (n=3) revealed
a relatively homogenous profile with a late differentiated

phenotype characterized by a high expression of KLRGI
and a low expression of CD45RO (figure bA, red contour
plot), while those in non-progressors (n=5) showed
a more heterogeneous phenotype including an early
memory effector phenotype characterized by a high
expression of CD27, CD127 and low expression of CD160
(figure 5A, blue contour plot).

Consistent with the above observations, principal
component analysis (PCA) showed a distinct differen-
tiation profile of TAA-specific CD8(+) T cells in non-
progressors as compared with progressors, which was
mainly driven by different expressions of CD45RO,
CD27, CD127 and KLRGI (figure 5B). Moreover, most
TAA-specific CD8(+) T cells in progressors clustered at
the right upper quadrant of the PCA plot (figure 5B). In
contrast, TAA-specific CD8(+) T cells in non-progressors
tended to be distributed across different quadrants in
the PCA representation (figure 5B). Interestingly, TAA-
specific CD8(+) T cells in non-progressors frequently
showed a phenotype of CD45RO(+)CD27(+)CD127(+)
central memory T cells compared with those in progres-
sors (figure 5C).

DISCUSSION
In the present study, in order to perform the comprehen-
sive immunological monitoring including TAA-specific
CD8(+) T cells, we enrolled 20 patients with HLA-A*02:01
or HLA-A*24:02 that are major HLA-A types in Japanese
from the phase I/II trial (CIRCUIT trial) (ClinicalTrials.
gov, NCT03453164) in 41 patients with unresectable
advanced or recurrent GC treated with a combination of
oligo-fractionated irradiation and nivolumab."*
Multiplexed MHC multimer and phenotypic analysis was
performed to longitudinally evaluate the immune modu-
lating effectinduced by radiotherapy and nivolumab treat-
ment. Post-irradiation, we detected the presence of several
new TAA-specific CD8(+) T cells which were not detected
before irradiation, suggesting that irradiation drove some
degree of antigen spreading and resulted in expansion of
de novo TAA-specific CD8(+) T cells or pre-existing T-cell
clones that were below sensitivity of detection in pretreat-
ment samples (figure 4A and online supplemental table
S6). Previous report by Huang et al indicated that major
tumor infiltrating T cells can also be found in periph-
eral blood and we have been able to detect TAA-specific
CD8(+) T cells in PBMC of patients with cancer, in which
expansion of novel TAA-specific CD8(+) T cells in the
periphery may have been induced by tumor cell death
and generation of novel antigens taken up, processed and
presented by dendritic cells.'®* Moreover, in the present
study, irradiation was associated with phenotypic changes
in TAA-specific CD8(+) T cells including higher expres-
sion of KLRG1, HLA-DR, TIGIT, CD160, and CD45RO,
together with lower expression of CD27 and CDI127
(figure 4, C-D). In particular, we observed that the prev-
alence of CD8(+) T cells expressing CD160 was reduced
and that of T cells expressing CXCR5 increased following
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irradiation in non-progressors (figure 2A, bottom). Since
CD160 is a marker associated with the impairment of
functional CD8(+) T cells and CXCRb5 enables T cells to
migrate to lymph nodes, irradiation may activate CD8(+)
T cells and accelerate the generation of a functional anti-
tumor immune response.”* * Although it is necessary to
prove the correlation between these T-cell markers and
effector function by a functional assay, irradiation may
be inducing immunological modulation with antigen
spreading to some degree.

The stereotactic body radiation therapy for renal cell
carcinoma reported that intratumoral T-cell clonality was
modulated by radiotherapy, and that pre-existing T-cell
clones within the tumor microenvironment expand into
peripheral blood.*® Moreover, it has been reported that
increased CD8(+) T-cell effector function and increased
TCR diversity with extended activation of selective tumor
infiltrating CD8(+) T cells were associated with antitumor
effects, and the degree of expansion and contraction
of peripheral blood T-cell clones has been shown to be
the strongest predictors of clinical responses to radio-
therapy combined with ICL?°?" It has also been reported
that responders to anti-PD-1 therapy have less clonality
and more diversity of TCRP repertoire at treatment base-
line.' *® In the present study, we evaluated the modula-
tion of TCRP repertoire in response to the combination
treatment and found that the TCRP clonality significantly
increased and TCRp diversity significantly decreased
during this combination therapy in progressors (figure 3,
B and D). It has been reported that radiotherapy and
ICIs targeting PD-1 axis augmented the diversity of the
TCR repertoire of tumor infiltrating lymphocytes,!
and it was also reported that TCR repertoires of tumor
infiltrating T cells were different from those in periph-
eral T cells, when responded to treatment.”* * There-
fore, there is still controversy regarding the relationship
between TCR repertoires and efficacy of the treatment,
and the relationship between TCR repertoires in tumor
infiltrating T cells and those in peripheral T cells.

In association with previous papers describing poten-
tial biomarkers for ICI treatments, the present study indi-
cated that the frequencies of both PD-1(+)CD8(+) T cells
and CXCR5(+)CD4(+) T cells on Pre were significantly
higher in non-progressors (figure 2B) and TMB score
was significantly lower in non-progressors on RT (online
supplemental figure S2B).*® " In addition, we also
found that TAA-specific CD8(+) T cells in non-progressors
frequently showed a phenotype of CD45RO (+)CD27(+)
CD127(+) central memory T cells compared with those
in progressors (figure 5C). Furthermore, we recently
reported that the frequency of peripheral CD45RA (+)
CD27(+)CD127(+) central memory CD4(+) and CD8(+)
T cells was significantly reduced during the treat-
ment course in non-responders to nivolumab therapy
for advanced esophageal squamous cell carcinoma.'®
Although further investigation is necessary, the frequency
of peripheral central memory CD8(+) T cells expressing
CD27 and CD127 may correlate with a favorable response

to anti-PD-1 therapy and/or combinatory treatment of
irradiation with anti-PD-1 therapy.

As for the optimization of radiation-induced immuno-
genicity, there is still controversy between non-ablative
oligo-fractionated irradiation and definitive irradiation
conditions to enhance the synergistic effect of irradiation
with ICIs. Of importance, it has been reported that acti-
vation of cyclic guanosine monophosphate—adenosine
monophosphate synthase (cGAS)-stimulator of interferon
genes (STING) (cGAS-STING) pathway and its related
chemokine profile is strongly associated with synergistic
effect of irradiation with ICL*’ For example, comparison
of oligo-fractionated irradiation with a single high-dose
of irradiation showed a completely different profile for
immune response including cGAS-STING pathway and its
downstream recruitment of dendritic cells and activation
of CD8(+) T cells. Moreover, we have recently reported
that irradiation can induce remodeling of the tumor
microenvironment through tumor cell-intrinsic expres-
sion of cGAS-STING.*® Therefore, better understanding
for immunological remodeling of tumor microenviron-
ment induced by irradiation would be necessary, in order
to further enhance the synergistic effect of irradiation
with ICL

There are several limitations in the present study. First,
the total number of analysis population was small and the
power of statistical analysis was weak. Second, although
we have shown that some immune and exhaustion
markers of peripheral T cells were statistically significant
between non-progressors and progressors, the differ-
ences were not so marked. Therefore, it would be difficult
to directly apply these markers for predictive biomarkers
for the present combinatory treatment. Further analysis
of peripheral blood T cells using liquid biopsy samples
obtained from phase III clinical trials would be desirable
in the future.

Taken together, the present study suggests that oligo-
fractionated irradiation (22.5Gy/5 fractions/bdays)
may induce an immune-modulating effect with antigen
spreading. Furthermore, we found that TAA-specific
CD8(+) T cells in non-progressors frequently showed a
phenotype of CD45RO(+)CD27(+)CD127(+) central
memory T cells,and TCR clonality significantly increased
and TCRP diversity significantly decreased during this
combination therapy in progressors.
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