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ARTICLE INFO ABSTRACT

Keywords: Recent advances in next-generation sequencing have enabled rapid and efficient evaluation of the mutational
Whole exome sequencing (WES) landscape of cancers. As a result, many cancer-specific neoantigens, which can generate antitumor cytotoxic T-
Single nucleotide variant (SNV) cells inside tumors, have been identified. Previously, we reported a metastatic melanoma case with high tumor

Mutant neoantigen
Tumor-infiltrating lymphocyte (TIL)
Single-cell RNA sequencing

mutation burden, who obtained complete remission after anti-PD-1 therapy and surgical resection. The rib
metastatic lesion, which was used for whole-exome sequencing and gene expression profiling in the HOPE
project, showed upregulated expression of PD-L1 mRNA and a high single-nucleotide variants number of 2712.
In the current study, we focused on a metastatic melanoma case and candidate epitopes among nonsynon-
ymous mutant neoantigens of 1348 variants were investigated using a peptide-HLA binding algorithm, in vitro
cytotoxic T-cell induction assay and HLA tetramer staining. Specifically, from mutant neoantigen data, a total of
21,066 9-mer mutant epitope candidates including a mutated amino acid anywhere in the sequence were applied
to the NetMHC binding prediction algorithm. From in silico data, we identified the top 26 mutant epitopes with
strong-binding capacity. A cytotoxic T-cell induction assay using 5 cancer patient-derived PBMCs revealed that
the mutant ARMT1 peptide sequence (FYGKTILWF) with HLA-A*2402 restriction was an efficient neoantigen,
which was detected at a frequency of approximately 0.04% in the HLA-A24 tetramer stain. The present success in
identifying a novel mutant antigen epitope might be applied to clinical neoantigen screening in the context of an
NGS-equipped medical facility for the development of the next-generation neoantigen cancer vaccines.

1. Introduction largely account for the SNVs identified in cancers, which are generally

classified into two types; 1) driver mutations that activate cancer cell

Many cancers feature the accumulation of mutations, including signaling and lead to uncontrolled cell growth and tumor metastasis,

exonic single-nucleotide variants (SNV) comprising nonsynonymous, and 2) passenger mutations that may not contribute to the tumorigenic
nonsense, indel and frame-shift mutations. Nonsynonymous mutations phenotype, but increase immunogenicity [1-3].

Abbreviations: WES, whole exome sequencing; GEP, gene expression profiling; TMB, tumor mutation burden; HLA, human leukocyte antigen; DC, dendritic cell;
CTL, cytotoxic T cell; PBMC, peripheral blood mononuclear cell; CMV, cytomegalovirus
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Recent advances in next-generation sequencing (NGS) have pro-
moted the rapid evaluation of the mutational landscape of human
cancers and have strongly accelerated the development of novel
neoantigens that can be presented by HLA protein as mutant peptide
and induce potent cytotoxic T-cells that can recognize the single amino
acid difference between mutated and nonmutated peptides [4-6]. Ad-
ditionally, NGS technology has revealed some cancers with very high
tumor mutation burdens (TMBs), such as melanoma, non-small cell
lung and colorectal cancers, which have shown more than 500 SNVs or
20 TMBs [7-10]. Furthermore, regarding the profiling of neoantigens,
Schumacher et al., using genome data of more than 20,000 tumors,
demonstrated that the frequency of identified neoantigens was less than
0.1% and that CD8 T-cell neoantigen epitopes were derived from on-
cogene (8%) and passenger mutations (92%), whereas CD4 T-cell epi-
topes were all derived from passenger mutations [11].

In our HOPE project, which launched in 2014 and reached more
than 3000 tumor patients registered and analyzed using whole exome
sequencing (WES) and gene expression profiling (GEP), we identified
approximately 5% of hypermutator tumors with more than 500 SNVs in
3042 cases and verified that hypermutation was associated with PD-L1
gene expression level [12-15].

In the current study, we focus on a metastatic melanoma case with
high tumor mutation burden (2712 SNVs), that obtained complete re-
mission after anti-PD-1 therapy and surgical resection [16] and in-
vestigated candidate epitopes among nonsynonymous mutant neoanti-
gens of 1348 variants using a peptide-HLA binding algorithm, in vitro
cytotoxic T-cell induction assay and HLA tetramer staining.

2. Materials and methods
2.1. Reagents and cell lines

Recombinant human (rh) granulocyte macrophage colony-stimu-
lating factor (GM-CSF), rh-IL-1f, rhIL-2, rhIL-4, rhIL-7, and tumor ne-
crosis factor (TNF)-a were purchased from Pepro Tech Inc. (Rocky Hill,
NJ). Interferon (IFN)-a and IFN-y were purchased from Sumitomo and
Shionogi Pharmaceutical Co, Ltd., Japan, respectively. Poly 1/C was
obtained from Amersham Biosciences Corp. (Piscataway, NJ). TISI and
T2-A24 cells were used as target cells for the IFN-y production assay
and in vitro CTL stimulation, respectively.

2.2. Project HOPE at the Shizuoka cancer center

Project HOPE (High-tech Omics-based Patient Evaluation) was
conducted in accordance with the Ethical Guidelines for Human
Genome and Genetic Analysis Research and the study was approved by
the Institutional Review Board of the Shizuoka Cancer Center (SCC),
Japan. Comprehensive whole-exome sequencing (WES) with next-gen-
eration sequencers and gene expression profiling (GEP) with DNA mi-
croarray were performed using cancer tissues and PBMCs from 3052
registered cancer patients. Among them, 13 melanoma patients were
registered and characterized using multiomics analyses, including next-
generation sequencing (NGS).

In the current study, we focus on a metastatic melanoma case (MEL-
HOPEO002) with high tumor mutation burden (2712 SNVs), which
achieved a complete remission after anti-PD-1 therapy and surgical
resection, and investigated candidate epitopes among nonsynonymous
mutant neoantigens of 1348 variants using a peptide-HLA binding al-
gorithm, in vitro cytotoxic T-cell induction assay and HLA tetramer
staining.

2.3. GEP analysis
GEP was performed using SurePrint G3 Human GE 8 X 60K v2.0

arrays (Agilent Technologies, Santa Clara, CA, USA) as previously re-
ported [15]. Briefly, signal data analysis was performed using
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GeneSpring version 13.1.1 software (Agilent Technologies). Raw signal
intensity values in tumor were log transformed and normalized to the
75th percentile.

2.4. WES analysis and Sanger sequencing

WES and variant calling were performed using the Ion Proton
AmpliSeq Exome kit and the Ion Torrent server as previously reported
[12]. Briefly, all variants called by the variant caller were available.
However, the data presented in SCC represent those variants considered
to be of good quality, based on filtering: sequences with quality < 30,
frequency < 10% or coverage < 20 were discarded. After filtering a
second time to remove germline variants (using data from dbSNP, the
1000 Genomes Project), the obtained sequence data were likely so-
matic. Single-nucleotide variants (SNVs) of the total exonic mutations
for each sequenced tumor included nonsynonymous, synonymous, and
indels/frameshift mutations.

Sanger sequencing of PCR products was performed using a micro-
capillary DNA sequencer (Thermo Fisher Scientific, Waltham, CA,
USA). Acidic residue methyltransferase-1 (ARMT1)-specific PCR pri-
mers were synthesized by Invitrogen Inc. (Waltham, CA, USA). Tumor-
derived total RNA was extracted from FFPE sections from the MEL-
HOPEOO2 case using a High Pure FFPE RNA Micro kit (Roche,
Molecular Biochemicals, Mannheim, Germany). Reverse transcription
was performed with SuperScript™ III Reverse Transcriptase and random
hexamers (Thermo Fisher Scientific, Waltham, CA, USA). PCR reactions
were performed using the Ex Taq Hot Start Version (Takara Bio Inc.,
Seta, Shiga, Japan) and ARMT1-specific primers (forward primer:
5-TGAGGTTCATTTTTATGGAA-3’; reverse primer: 5-CCAGTCAGCCC
CACACTT-3’). For sequencing, the forward primer was used. PCRs
were performed using the following conditions: initial PCR activation
step at 94 °C for 2 min; 45 cycles of denaturation at 98 °C for 10s, an-
nealing at 55°C for 30s and extension at 72°C for 30s; and a final
extension step at 72 °C for 4 min.

2.5. HLA-binding prediction algorithm

The HLA-typing of the melanoma case in question was A*2402/
2402. Nonsynonymous mutations of 1348 variants from 1344 different
genes were collected, and 17 amino acid sequences, including 8 for-
ward and 8 backward amino acids from mutated amino acids, were
identified from 9 sets of 9-mer sequence containing mutated amino acid
from each mutated gene. A total of 12,066 candidate sequences were
applied to the HLA-binding prediction algorithm, NetMHC4.0 (http://
www.cbs.dtu.dk/services/NetMHC/). The HLA-A*2402-restricted se-
quence candidates with strong binding capacity (< 50nM) were se-
lected and evaluated for synthetic peptide candidates.

2.6. In silico HLA-A24 protein-peptide docking program

Briefly, to build the initial 3D structure of any given A24-restricted
epitope candidate peptide, we established HLA-A24-peptide docking
simulation software using MODELLER (version 9v5) and AutoDock
(version 4.0). Thus, we predicted the affinity between HLA-A24 and
neoantigen candidate peptides. The method to evaluate the docking
activity was described previously [17].

2.7. Peptide synthesis

Twenty-four HLA-A*2402-restricted sequence candidates with
strong binding capacity (< 50 nM) were selected for chemical synthesis
using the method reported previously [17] in our research institute. The
HLA-A24-restricted CMVpp65341.340 (QYDPVAALF) was used as a po-
sitive control.
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2.8. CTL induction assay and tetramer staining

Cultures of PBMCs from five HLA-A*2402" cancer patients (GB-
SCC017, 019, 024, 025 and 026) and three HLA-A*2402* healthy vo-
lunteers were used for in vitro CTL induction. The clinical research using
PBMCs was approved by the Institutional Review Board of Shizuoka
Cancer Center, Shizuoka, Japan. CTL induction cultures were described
previously [17]. Briefly, PBMCs were incubated in 6-well culture plates
(Corning Inc., Corning, NY, USA) at 4 X 10° cells/ml in RPMI1640
medium supplemented with L-glutamine (2 mM), penicillin (100 U/ml),
streptomycin (100 U/ml) and 5% FBS for 90 min. After the incubation,
the non-adherent cells were removed and the adherent monocyte-en-
riched population was cultured in the presence of 40 ng/ml of GM-CSF
and 40 ng/ml of IL-4. A combination of maturation cytokines, such as
TNF-a (50 ng/ml), IL-13 (25 ng/ml), IFN-a (3000 U/ml), IFN-y (1000
U/ml), and poly I/C (20 pg/ml) was added on day5 of culture. After 7
days culture, most dendritic cells (DC) were positive for maturation
markers like CD83, CD80, CD86, CD11c and HLA-DR in FACS analysis
(data not shown). Harvested DC were suspended with Dulbecco’s PBS
with calcium and magnesium [referred to as PBS(+)] containing 1%
human serum albumin (CSL Behring LLC, Kankakee, IL, USA) and in-
cubated with various HLA-A24 peptides (each final 25 pg/ml) for 2 h at
37°C. DC were irradiated (30 Gy) and incubated with non-adherent
autologous PBMC at a ratio of 1:50-100 in the presence of 10 ng/ml of
IL-7. After 7 day culture, the PBMC were re-stimulated with irradiated
same peptide-pulsed DC and incubated for a week. Human IL-2 was
added to PBMC cultures every 2-3 days at a final dose of 2.5ng/ml.
After 2 rounds of in vitro DC stimulation, PMBC were utilized for IFN-y
production assay. For HLA-A24 tetramer staining, CTLs after 2 rounds
of mature DC stimulation were cocultured with HLA-A24 peptide-
pulsed T2-A24 cells at the ratio of 10:1 and were used for tetramer
staining in the presence of FITC anti-CD8 antibody.

2.9. IFN-y production assay

TISI cells were incubated with HLA-A24 neoantigen peptides over-
night at 20 pg/ml suspended in PBS(+) containing 1% HSA and used as
target cells. Cultured PBMC (1 x 10°) and HLA-A24 peptide-pulsed TISI
cells (1 x 10%) were co-incubated in a round bottomed-96-well micro-
culture plate for 24 h. Finally, supernatants were collected and IFN-y
levels were measured using an ELISA kit specific for human IFN-y
(Biosource, Camallilo, CA).

2.10. Immunohistochemistry analysis of ARMT]I protein

For ARMT1 protein staining, rabbit anti-human ARMT1 polyclonal
antibody was purchased (Atlas Antibodies AB, Bromma, Sweden) and
used for immunohistochemistry (IHC) analysis.

2.11. Neoantigen-specific T-cell receptor gene repertoire analysis by human
TCR a/f profiling kit

A total of 715 ARMT1-A24 tetramer ™ CTLs were sorted and applied
to Switching Mechanisms at 5’ End of RNA Template (SMARTer )
human TCR o/f profiling kit (Clontech Laboratories Inc., Mountain
View, CA, USA). Briefly, first-strand cDNA synthesis is dT-primed (using
TCR-dT Primer) and performed by the MMLV-derived SMARTScribe™
Reverse Transcriptase (RT), which adds nontemplated nucleotides se-
quence upon reaching the 5 end of each mRNA template. This addi-
tional sequence, referred to as “SMART sequence”, serves as a primer-
annealing site for subsequent rounds of PCR. Following RT, two rounds
of PCR are performed in succession to amplify cDNA sequences corre-
sponding to variable regions of TCR-a and/or TCR-f transcripts.
Following post-PCR purification, size selection and quality analysis, the
library is available for MiSeq NGS analysis (Illumina, San Diego, CA,
USA). TCR repertoire analysis was performed based on hypervariable
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VDJ segment sequencing using MiTCR, software for T-cell receptor
sequencing data analysis, which is available from http://mitcr.
milaboratory.com/.

2.12. Neoantigen-specific T-cell receptor gene repertoire analysis by single-
cell RNA sequencing

Approximately 230 ARMT1-A24 tetramer * T cells and 5900 CMV-
A24 tetramer " T cells as a positive control were sorted and applied to
the Chromium™ single-cell controller (10x Genomics, Inc., Pleasanton,
CA, USA) using the Chromium" single cell 3° v2 reagent kit containing a
chip for the efficient capture of single cells. Single- cell partitioning,
lysis and barcoding were performed on the tip using rapid and efficient
microfluidics technology, resulting in a high-quality library of RNA
fragments. The library was sequenced using MiSeq NGS (Illumina, San
Diego, CA, USA) and TCR repertoire analysis was performed based on
hypervariable VDJ segment sequencing using Cell Ranger  informatics
and Loupe Cell and VDJ Browser™ visualization software programs.

2.13. Statistical analysis

Statistical differences were analyzed using Student’s t-test. Values of
P < 0.05 were considered statistically significant.

3. Results
3.1. Selection of mutated neoantigen candidate peptides

From the data containing 1348 nonsynonymous mutant sequences,
a total of 21,066 9-mer mutant epitope candidates including a mutated
amino acid anywhere in the sequence were applied to the NetMHC
binding prediction algorithm. HLA-A*2402-restricted 26 mutant pep-
tide sequences with strong binding affinity (< 50 nM) were detected,
and after in silico screening using HLA-A24-peptide docking simulation
software, 24 mutant peptides were ultimately verified as neoantigen
candidates and were chemically synthesized (Fig. 1, Table 1).

3.2. Expression levels of mutant genes and Sanger resequencing

GEP analysis revealed that 4 genes, PSMD6, TMEM45A, ARMT1 and
FBX046, showed positive expression in MEL-HOPE-002 case
(Supplementary Table 1). The specific base replacements were con-
firmed using Sanger sequencing (Fig. 2) in the 4 mutant genes, which
identified the following amino acid substitutions: S274 L in the PSMD6
gene, N239K in the TMEM45A gene, P286 L in the ARMT1 gene and
R450W in the FBX046 gene.

3.3. CTL induction assay and tetramer staining

PBMGCs from five HLA-A*2402" cancer patients (GB-SCC017, 019,
024, 025 and 026) were used for in vitro CTL induction. Five cancer
patients-derived PBMCs were used for the 1st screening assay testing all
24 peptides. Regarding the 1st screening, GB-SCC019 and 025 re-
sponded to no peptides, but other 3 cases responded to any YA7,8,14
and 25 peptides. The two more screening assay using GB-SCC017, 024
and 026 PBMCs, and 4 hit peptides, were performed. Eventually, only
GB-SCC024 PBMC-derived CTLs showed reproducibly higher IFN-y
production against ARMT1 mutant peptide (Supplementary Fig. S1,
Fig. 3A). However, GB-SCC024 PBMCs-derived CTLs did not respond to
ARMT1 wild type peptide (Fig. 3B). Additionally, three PBMCs derived
from healthy volunteers with HLA-A*2402 typing (VOL-1, 2 and 3)
responded to neither YA14 mutant nor YA14 wild-type pepride-treated
target cells (Fig. 3C).

For ARMT1 mutant peptide-tetramer staining, GB-SCC024 CTLs
stimulated with 2 rounds of mature DCs and 1-time HLA-A24 T2 cells
treated with mutant ARMT1 peptide were stained using FITC-anti-CD8
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Fig. 1. Platform for the melanoma neoantigen screening procedures. A metastatic melanoma tumor exhibited a high number of mutations (SNV 2712), and after
exclusion of germ line SNPs, 1348 nonsynonymous mutations were investigated for neoantigen screening. Through in silico binding affinity screening of 12,066
amino acid fragments with mutations, 26 strong binders were selected. Ultimately, 24 neoantigen peptides candidate were synthesized and used for CTL assay (IFN-y

production), and one neoantigen peptide was identified.

antibody and APC-HLA-A24 ARMT1 tetramer. As a result, HLA-A24
ARMT1 and CMV tetramer-positive CD8" T cells were identified in
0.04% and 0.15%, respectively, of cultured CTLs (Fig. 4). A total of 715
sorted CD8 TARMT1 tetramer™ T cells were used for TCR gene re-
pertoire analysis using human TCR o/ profiling kit. Meanwhile, a total
of 5900 CMV-A24 tetramer " T cells were for TCR analysis using single-
cell RNA sequencing.

3.4. Immunohistochemistry analysis of ARMT1I protein in metastatic
melanoma

Melanoma cells were partially positively stained at nuclear mem-
branes with anti-ARMT1 polyclonal antibody (Fig. 5).

Table 1
Neoantigen candidate peptide list.

3.5. TCR repertoire identification using NGS

After sorting the mutant ARMT1 tetramer-positive or CMV tetramer-
positive cell populations, TCR sequencing was performed using NGS.
The TCR sequence data obtained with a human TCR a/f profiling
(SMARTer ) kit and a single-cell RNA sequencing method (Chromium ")
are shown (Table 2). TCR analysis of mutant ARMT1 tetramer-positive
T cells in bulk using the SMARTer kit showed that major variable allele
clones with more than 10% frequency were identified in the TCR-a and
TCR- repertoires, TRAV24*01 and TRBV5-6*01, respectively
(Table 2A). TCR analysis of mutant ARMT1 tetramer-positive T cells via
single-cell RNA sequencing using Chromium”™ was not successful be-
cause of very small number of cells analyzed. However, TCR analysis of
CMV tetramer-positive T cells indicated that the most common single-
cell clone with the TRAV24 and TRBV5-1 pair was 48% (Table 2B).

Peptide name Gene name Position” Peptide Affinity(nM) Bind level” Meand G° (kcal/mol)
YA24-TMEM178B TMEM178B 1 RYPRYLYKL 10.3 SB 3.74
YA1-MMP2 MMP2 4 EYCKFSFLF 12.7 SB —6.83
YA4-DNAH12 DNAH12 6 WYLKVINLF 12.8 SB -3.75
YA12-PSMD6 PSMD6 1 RYSVFFQLL 13.6 SB —-1.03
YA25-MAS1 MAS1 1 LYYEYWSNF 15.7 SB 1.11
YA3-TRPA1 TRPA1 1 KYLQCPLKF 16.6 SB —4.68
YA2-OR4A5 OR4A5 3 IYVRPFSNF 16.8 SB -7.13
YA6-PDGFRA PDGFRA 3 SYEKIYLDF 20.3 SB —4.06
YA9-GABRQ GABRQ 1 SYGVRFNSF 20.7 SB —-3.94
YA7-TMEMA45A TMEM45A 8 KYAFITWLV 22.2 SB —4.63
YA10-SLAIN1 SLAIN1 0 YYSPQAQTL 24.4 SB —4.12
YA26-IL12B IL12B 2 TWSTPHFYF 26.9 SB -9.61
YA27-CLDN10 CLDN10 7 FYCRPHFTI 28.1 SB 1.4
YA15-UNC13C UNC13C 2 TYGESFHII 29.2 SB —3.64
YA28-OR5M11 OR5M11 7 RFHTPMYFF 29.8 SB -1.87
YAS5-SCN3A SCN3A 3 LMMSLSALF 33.0 SB -7.9
YA8-SLC26A7 SLC26A7 1 PYISGPLRF 33.1 SB —-7.74
YA13-TRRAP TRRAP 2 IYLLQYVTL 34.6 SB —5.88
ND HTR2C 3 NYFLMYLAI 35.7 SB 1.27
YA17-CAPN9 CAPN9 1 QWINLFLQF 36.4 SB —-2.43
YA11-TTC21B TTC21B 6 LYNAGLFLW 36.7 SB —-8.75
YA14-ARMT1 ARMT1 2 FYGKTILWF 40.5 SB -7.19
YA29-IL13RA2 IL13RA2 8 LLPPVYLTF 43.0 SB —-2.81
YA30-FBX046 FBX046 6 LYWHVSHDF 43.1 SB 3.38
YA16-HTR2C HTR2C 7 IYIGVSVPI 47.7 SB —6.85
ND LOC650293 2 YYKIVTYIL 49.4 SB -1.76
ND: not done.

2 Position: the position of mutated amino acid.
> Bind level: affinity less than 50 nM indicates strong binding.

¢ dG: in peptide-docking assay using algorithm, an affinity was calculated as the Gibbs free energy of (deltaG).
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Gene name Gene ID | Gene symbol SnpEff prediction Sequence
acidic residue methyltransferase 1 79624 ARMT1 missense:cCalcTa:P167L,P286L | VHFYGKTILWFVSDTTI
820 GTT CAT TTT TAT GGA AAA ACA ATT |CCA|TGG TTT GTT TCT 870
274 Val His Phe Tyr Gly Lys Thr Ile |Pro|Trp Phe Val Ser 290
GTTCA'TfFOTT.\TGGA.{.{?\OAC.\ATTCC.\?GGTTYGTTT:ZOT
Mutant
WT G TTCAT T T AT G

Fig. 2. Confirmation of the ARMT1 mutation using Sanger sequencing. The missense: cca/cta: P286L was successfully identified.

4. Discussion

Based on the successful achievement of immune checkpoint
blockade for PD-1/PD-L1 in the clinical trials, positive PD-L1 expres-
sion, high mutation burden and microsatellite instability (MSI) high
status are considered to be possible biomarkers for clinical responder
prediction and good prognosis in melanoma, non-small cell lung cancer
and colon cancer patients treated with PD-1/PD-L1 blockade [7,8,18].
Moreover, tumor-infiltrating lymphocyte (TIL) or CD8* T cells as
tumor microenvironment (TME) factor becomes more important para-
meters for determining good antitumor response and prognosis of
cancer patients [19,20].

Associated with high mutation load in cancer patients with good
responses to the immune checkpoint blockade, mutated cancer anti-
gens, so-called neoantigens, have been intensively focused upon and
investigated as cancer rejection antigens [21-24]. The specific me-
chanism responsible for hypermutation is demonstrated as a mutation
signature, such as the APOBEC family [25], meanwhile the elegant and
efficient technologies that enable us to identify a variety of neoantigens
have also been developed [26-31]. At first, in vivo model bearing mouse
tumors demonstrated that tumor-derived neoantigens could be identi-
fied and could trigger the efficient induction of cytotoxic T-cells against
cancers [4-6]. In parallel with the advance in NGS, many clinical stu-
dies have investigated the neoantigen profiling over a broad range of
cancers treated or not treated with immune checkpoint blockade. In
addition to NGS technology, proteomics-based technology was devel-
oped and has been successfully applied to the identification of neoan-
tigen candidate peptide sequences [32]. Interestingly, Kochin et al. [32]
established the procedure to isolate detergent-solubilized peptide-HLA-
A24 complexes from MSI-high colon cancer cell lines using protein A-
sepharose beads linked to anti-HLA-A24 monoclonal antibody
(C7709A2) and eventually identified HLA-A24-restricted peptides by
LC-MS/MS analysis. This technology contributes a novel approach and
can be an alternative way to detect neoantigen candidate besides NGS
methods.

56

In the current study, we also successfully identified functional HLA-
A24-restricted neoantigen peptides using NGS-based exome sequen-
cing, in silico programs and in vitro immunological assays. Importantly,
we have tried to determine the TCR repertoire CDR3 sequence from
tetramer-positive single cells using single-cell TCR RNA-sequencing.
Single-cell RNA-sequencing is a recently-developed advanced tech-
nology based on microfluidics and the NGS sequencing platform and, to
date, has been frequently applied to cancer exome sequencing and has
indicated heterogeneity in tumor tissues [33-37]. A few clinical studies
investigating the TCR repertoire from TIL or peripheral blood cells of
cancer patients have been demonstrated thus far and more evidence for
TCR repertoire and functional classification of TILs has been accumu-
lated [38-40]. Recently, Tirosh et al. applied single-cell RNA-sequen-
cing analysis to cancerous and immune cells from melanoma patients
and demonstrated a T cell exhaustion signature and their connection to
T cell activation, and concluded that single-cell RNA sequencing is an
efficient tool for analyzing TCR repertoire profiling [38]. Additionally,
Zheng et al. reported successfully performing deep single-cell TCR RNA
sequencing on 5063 T cells isolated from peripheral blood and tumor
from hepatocellular cancer patients and identified 11T cell subsets
based on their molecular and functional properties [39].

We identified specific TCR CDR3 sequence derived from ARMT-1
neoantigen peptide-HLA-A24 tetramer positive T cells (715 cells) using
a human TCR o/} profiling kit. ARMT1, called C6orf211 is an enzyme
that specifically targets proliferating cell nuclear antigen (PCNA) in
breast cancer cells [41]. Additionally, three open reading frame (ORF)
genes located immediately upstream (on 6q25.1) of ESR1, C60ORF96,
C60RF97 and C60RF211 (ARMT-1) were highly correlated with ESR1
expression [42]. Thus, the ARMT-1 gene is considered to be involved in
a breast cancer cell survival control mechanism mediated by the ESR-1
gene.

Finally, we have constructed a single-cell RNA sequencing platform
combined with microfluidics and NGS technology, that will enable
every clinical researcher to analyze TME biomarkers in terms of their
genetic, phenotypic and even functional properties. This valuable
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Fig. 3. CTL induction assay against neoantigen candidate peptides using cancer patients-derived PBMCs. (A) CTL induction activity of the YA14 neoantigen peptide
(mutant ARMT1). The data show a representative of three CTL assay experiments using 3 cancer patients (GB-SCC017, GB-SCC024 and GB-SCC026)-derived PBMCs.
(B) CTL induction activity of YA14 mutant peptide, YA14 wild type peptide and CMV pp65 peptide using GB-SCC024 PBMCs, and (C) three PBMCs derived from
healthy volunteers. Each column shows the mean = SD of triplicate assays. *; P < 0.05, **; P < 0.01, statistically significant.
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Table 2

TCRa and TCRb CDR3 sequence from ARMT1- or CMVpp65-specific CD8+ T cells.
A

ARMT1-TCRa sequence (more than 5%)

Immunology Letters 208 (2019) 52-59

Read count | Percentage CDR3 nucleotide sequence CDR3 amino acid sequence | V alleles | J alleles
0] 154542 34.7 TGTGCCTTTGCTGGTGGTACTAGCTATGGAAAGCTGACATTT CAFAGGTSYGKLTF TRAV24%01 | TRAJ52%01
@ 95225 21.4  [TGTGCTGTGCAGGCTGGGAACTATGGTCAGAATTTTGTCTTT CAVQAGNYGQNFVF TRAV20%01 | TRAJ26%01

ARMT1-TCR3 sequence (more than 5%)

Read count | Percentage CDR3 nucleotide sequence CDR3 amino acid sequence | V alleles | J alleles
® 16655 16.5 TGTGCCAGCAGTCGCGGGACACTTCACTATGGCTAGACCTTC CASSRGTLHYGYTF TRBV5-6+01 | TRBJ1-2x01
@ 7484 1.4 TGTGCCAGCAGCCTCGGACAGGGGATTGTAGCAATCAGCCCCAGCATTTT CASSLGQG™CSNQPQHF TRBV11-3+01 | TRBJ1-5%01
® 6504 6.5 TGTGCCAGCAGCTTGGGGGCAGCTCCTCAAGAGACCCAGTACTTC CASSLGAAPQETQYF TRBV5-6+01 | TRBJ2-5%01
@ 6435 6.4 m JCCGGGTGGTAGCGGGCAACAATGAGCAGTTCTTC CASSTRVVAGNNEQFF TRVA-1:02. TRBJ2-1%01

TRBV4-1+01
B
CMVpp65-the TCRa and TCRB pair sequence (more than 5%)
Read count | Percentage CDR3 nucleotide sequence CDR3 amino acid sequence | V alleles | J alleles
TRA: TGTGCCCGTTCAACTGGGGCAAACAACCTCTTCTTT TRA: CARSTGANNLFF TRAV24 TRAJ36
@ 85 .1 TRB: TGCGCCAGCAGCGATCCGGGACATCAATTATATGGCTACACCTTC [TRB: CASSDPGHQLYGYTF TRBVS-1 TRBJ1-2
® an 195 TRA: TGTGCCTCACCAGGGGCTGGTGGTACTAGCTATGGAAAGCTGACATTT TRA: CASPGAGGTSYGKLTF TRAV24 TRAJ52
TRB: TGTGCCAGCAGCTTATATACCGCGGTGGAGACCCAGTACTTC ITRB: CASSLYTAVETQYF TRBV7-8 TRBJ2-5
® 199 a TRA: TGTGCCCGCCTCCATGGCTCTAGCAACACAGGCAAACTAATCTTT TRA: CARLHGSSNTGKL IF TRAV24 TRAJ37
TRB: TGTGCCTGGAAAT TCCGGGACAGTACCTACGAGCAGTACTTC ITRB: CAWKFRDSTYEQYF TRBV30 TRBJ2-7
® " 51 ITRA: TGTGCCTCGCTAAGGGGGGCAAACAACCTCTTCTTT [TRA: CASLRGANNLFF TRAV24 TRAJ36
|TRB: TGTGCCAGCAGCCCGCTAACAGCCACAGATACGCAGTATTTT ITRB: CASSPLTATDTQYF TRBV7-8 TRBJ2-3

opportunity could be the next breakthrough in investigating tumor
immunity biology, which has recently come under the spotlight because
of immune checkpoint blockade therapy.
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