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Introduction
Colorectal cancer (CRC) that is mismatch repair–deficient (dMMR) or microsatellite instability–high 
(MSI-H) accounts for approximately 15% of  all CRCs (1). Mismatch repair deficiency is characterized by 
loss of  function in MLH1, MSH2, PMS2, or MSH6 protein, leading to the accumulation of  somatic muta-
tions inside the cancer genome (2). Since dMMR-CRCs and other solid cancers are sensitive to immune 
checkpoint inhibitors (ICI), dMMR or MSI-H was approved by the FDA as the first tissue-agnostic bio-
marker across cancer types (3–5). Somatic nonsynonymous mutations in tumor cells give rise to mutated 
peptides, which may be presented by HLA and surveyed by host T cells. Because somatic mutations are 
unique to cancer, those mutated HLA ligands, or neoantigens, are not tolerated by hosts and often elicit 
T cell responses (6). Mutation-derived neoantigens are likely to be a major target of  ICI-induced T cell 
responses (7, 8). Moreover, the adoptive transfer of  tumor-infiltrating lymphocytes (TILs) containing neo-
antigen-specific T cell subsets has resulted in objective tumor regression in patients with epithelial cancers, 

Although CD8+ T cells recognize neoantigens that arise from somatic mutations in cancer, only a 
small fraction of nonsynonymous mutations give rise to clinically relevant neoantigens. In this 
study, HLA class I ligandomes of a panel of human colorectal cancer (CRC) and matched normal 
tissues were analyzed using mass spectrometry–based proteogenomic analysis. Neoantigen 
presentation was rare; however, the analysis detected a single neoantigen in a mismatch 
repair–deficient CRC (dMMR-CRC) tissue sample carrying 3967 nonsynonymous mutations, 
where abundant tumor-infiltrating lymphocytes (TILs) and inflamed gene expression status 
were observed in the tumor microenvironment (TME). Using the HLA class I ligandome data 
and gene expression profiles, a set of nonmutated tumor-associated antigen (TAA) candidates 
was concomitantly identified. Interestingly, CD8+ TILs predominantly recognized the detected 
neoantigen over the array of TAA candidates. Neoantigen-reactive CD8+ TILs showed PD-1 
positivity and exhibited functional and specific responses. Moreover, T cell receptor (TCR) profiling 
identified the sequence of the neoantigen-reactive TCR clonotype and showed its expansion in 
the TME. Transduction of the sequenced TCR conferred neoantigen specificity and cytotoxicity to 
peripheral blood lymphocytes. The proteogenomic approach revealed the antigenic and reactive T 
cell landscape in dMMR-CRC, demonstrating the presence of an immunogenic neoantigen and its 
potential therapeutic applications.
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including CRCs (9–11). Neoantigen vaccination allows for the activation of  inherent host T cell responses 
in patients with melanoma or glioblastoma (12–14). All of  these findings highlight the presence of  clini-
cally relevant neoantigens and their roles in patient T cell responses against tumor cells — in particular, 
against cells with high tumor mutation burden (TMB).

Neoantigens hold great promise as a more reliable predictive biomarker of response to ICI than TMB 
itself, or as therapeutic targets. However, the search for clinically relevant neoantigens within a vast mutation 
pool remains a daunting task. The majority of somatic mutations are passenger mutations unique to individu-
als. Therefore, neoantigens must be screened for individual patients. In addition, neoantigens must be presented 
by HLA at levels sufficient to elicit a host T cell response. Unfortunately, the specificity of current in silico neo-
antigen prediction solely based on the binding affinity between peptides and HLA molecules is not satisfactory 
because intracellular antigen processing is not fully understood and cannot be integrated into prediction (15).

Meanwhile, an approach using the biochemical isolation of  HLA-bound peptides followed by tandem 
mass spectrometry (MS/MS) sequencing has allowed for the comprehensive and direct identification of  
antigens that are naturally processed and presented by cells of  interest. The MS-based approach, which com-
bines conventional proteomics with genomic data for searching neoantigens, is referred to as proteogenom-
ics (16, 17). Seminal studies using mouse models have demonstrated the advantage of  the proteogenomic 
approach in identifying neoantigens that are associated with tumor rejection in vivo (7, 18, 19). Likewise, 
neoantigen detection from human cell lines or patient-derived organoid models established in vitro has been 
demonstrated (20–22). However, clinical relevance of  detected neoantigens remains elusive in most human 
cases; moreover, the successful detection from clinical tissues, which can serve as unbiased samples, to date 
has been limited to melanoma samples (23, 24). In the present study, we explored the HLA class I ligan-
domes of  a panel of  CRC tumor tissues and matched normal tissues using the proteogenomic approach. We 
show the feasibility of  neoantigen identification directly from CRC tissue, demonstrating the presence of  an 
immunogenic neoantigen in dMMR-CRC tissue, despite the rarity of  neoantigen HLA presentation.

Results
Cytotoxic CD8+ T cell infiltration with inflamed gene expression signature in the TME of  dMMR-CRC tissue. Five 
surgically resected mismatch repair proficient (pMMR) and 1 dMMR primary CRC tissue were used as 
experimental samples. They were histologically diagnosed as adenocarcinoma with or without metastasis 
(Supplemental Figure 1; supplemental material available online with this article; https://doi.org/10.1172/
jci.insight.146356DS1). A dMMR-CRC, CRC111, was characterized by the loss of  MLH1 protein expres-
sion. In contrast to the other samples, the tumor region of  the CRC111 tissue was accompanied by CD8+ 
T cell infiltration (Figure 1A). An increased number of  CD8+ TILs inside the tumor parenchyma is a char-
acteristic of  inflamed-type cancer and is often observed in MSI-H CRCs (25–27). The tumor cells in the 
CRC111 tissue also showed an increased PD-L1 expression (Supplemental Figure 1). PD-L1 expression 
implies the presence of  spontaneous T cell recognition, followed by the activation and production of  IFN-γ 
on-site, which provides predictive values for the responses of  patients with melanoma, non–small cell lung 
cancer, and bladder cancers to ICI monotherapy (28). Transcriptome analysis using RNA sequencing 
(RNA-seq) and the Microenvironment Cell Populations counter (MCP-counter) algorithm also suggested 
cytotoxic lymphocyte infiltration (29), most likely of  CD8+ T cells, in the tumor region of  the CRC111 
tissue but not in the matched normal counterpart (Figure 1B). CD8+ T cell infiltration in CRC111 was 
accompanied by increases in cytotoxic granules (granzymes and perforin) and checkpoint gene expression 
(Figure 1C). Thus, our CRC tissue panel included an inflamed dMMR-CRC tissue with spontaneous T cell 
response, as well as noninflamed or moderately inflamed pMMR-CRC tissues.

Conventional HLA class I ligandome analysis identifies the candidates of  nonmutated TAAs. Conventional HLA 
ligandome analysis was performed without using mutation data to identify the HLA class I immunopepti-
dome of CRC tissues for canonical tumor-associated antigens (TAAs) irrelevant to somatic mutations. All of  
the patients enrolled in this study were HLA-A*24:02 positive (Supplemental Table 1). The HLA ligandome 
analysis via MS coupled with affinity purification of peptide–HLA-A24 complexes (pHLA-A24) revealed an 
average of 964 unique peptides per sample presented by CRC tumor or matched normal tissues (Supplemental 
Table 2 and Figure 2A). In total, 2768 nonredundant peptide sequences were identified, 70.3% of which were 
shared across 2 or more tumor or normal tissues, indicating a trend in peptide presentation (Figure 2B). Among 
the immunopeptidomes of the 6 tumor tissues, 9-mer peptides were found to be dominant in length, and 
HLA-A24 binding anchor motifs were conserved at P2 and PΩ (Figure 2C). The genes encoding the natural 
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HLA ligands were biased toward those with high expression levels, suggesting a positive correlation between 
HLA peptide presentation and transcriptional abundance (30, 31).

By comparing tumor and normal tissue immunopeptidomes, 61.6% (1706 of  2768) of  HLA ligands 
were shared or found in normal samples, leaving 1062 peptides as potential candidates for canonical TAAs 
(Figure 2D). Since spontaneous T cell response and the inflamed TME were observed in CRC111, we 
combined the peptidome data with gene expression profiles, comparing the transcriptional abundance of  
the 789 HLA ligands that were detected in the CRC111 tumor but not in any of  the normal tissues (Figure 
2E). Despite the fact that the gene expression levels were mostly comparable between CRC111 tumor and 
normal samples, some genes encoding the HLA ligands were found to increase over 20-fold in the tumor 
(Figure 2F). These HLA-A24 ligands were possibly overexpressed in tumor samples and were therefore 
chosen as nonmutated TAA candidates of  CRC111, which comprised peptides encoded by the KLK8, 
DEFA3, STRIP2, MMP1, FSCN1, TBX15, and PHLDA1 genes (Supplemental Table 3). These peptides were 
shared across 2 or more CRC tumor tissues in our panel. The peptides except for KL9 have been reported 
as natural HLA class I ligands identified using MS across cancer types (32–34).

Neoantigen identification using a proteogenomic approach. Mutation calling by whole-exome sequencing 
(WES) was performed to obtain somatic mutation data unique to each sample. In contrast to 5 CRC 
tissues with pMMR, CRC111 exhibited a considerably high TMB, containing 3367 and 600 missense 
and frameshift mutations, respectively (Figure 3A). First, mutation-derived neoantigens were predict-
ed in silico solely using the WES and RNA-seq data. Due to the high TMB, prediction considering 
NetMHC scores (%rank score < 2.0), gene expression profiles (transcripts per million [TPM] > 0), 

Figure 1. CD8+ T cell infiltration and gene expression signature in a panel of CRC and patient-matched normal tissues. 
(A) Numbers of CD8+ cells per HPF (an average of 10 HPFs) in a panel of CRC tumor tissues based on IHC in Supplemen-
tal Figure 1. CD8+ cells that resided in the tumor parenchyma (intraepithelial) and outside of the tumor parenchyma 
(stromal) were counted separately. Box-and-whisker plots represent the median (solid bars), interquartile range (boxes), 
and 1.5× interquartile range (vertical lines). Dots denote observations outside the range of adjacent values. (B) Estimated 
proportions of immune cells across the tumor and matched normal tissues calculated using MCP-counter with RNA-seq 
data. (C) Gene expression signature of cytotoxic granules, inflammatory cytokines, and checkpoint molecules between 
the tumor and matched normal tissues. The bar graphs represent the TPM values as determined via RNA-seq (n = 1). 
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Figure 2. Characterization of natural HLA class I ligands and candidates for nonmutated TAAs found in CRC tissues. (A) Nonredundant numbers of 
nonmutated HLA-A24 ligands detected in a panel of CRC tumor and matched normal tissues by HLA ligandome analysis. Analysis was performed once per 
sample. (B) The number of HLA-A24 ligands shared between 2 or more samples is shown in the center of the diagram. The numbers of private HLA-A24 
ligands unique to each sample are shown along the rim of the circle. Tumor and normal tissues are shown in red and blue, respectively. (C) Length dis-
tribution (left) and sequence logos of 9-mer peptides (middle) of HLA-A24 ligands. In the kernel density estimation of the transcripts expressed in the 
indicated samples (right), the black and red lines represent the whole transcriptome and transcripts encoding the HLA-A24 ligands, respectively. (D) Venn 
diagram showing the number of HLA-A24 ligands overlapping between tumor and normal tissues. (E) Differential gene expression between CRC111 tumor 
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and peptide lengths (8–11 amino acids) yielded 3465 HLA-A24 neoantigen candidates in the CRC111 
tumor sample (Figure 3B). This computational approach predicted that 31.0% (1230 of  3967) of  the 
mutations encoded at least 1 HLA-A24–presented neoantigen. Next, to further focus on naturally pre-
sented neoantigens, all the expressed transcripts harboring missense and frameshift mutations were 
virtually translated per sample and used to build personalized reference databases in the search for 
neoantigens from MS-based HLA ligandome data (Supplemental Figure 2). Although neoantigens were 
not detected in pMMR-CRC tissues, the proteogenomic approach identified a 9-mer neoantigen, RAF9, 
in the HLA-A24 ligandome of  CRC111 (Figure 3C). At a stringent FDR of  0.01, RAF9 was the only 
neoantigen detected in the CRC111 tissue. RAF9 arose from a missense mutation (c.994 A>G) of  
the TUBB gene, which led to a single amino acid substitution (p.T332A) at peptide position 4 (Figure 
3D). The variant allele frequency based of  the mutation was 94 of  434 and 0 of  544 reads in CRC111 
tumor and matched normal tissues, respectively. The TUBB c.994 A>G mutation was not registered in 
the COSMIC (https://cancer.sanger.ac.uk/cosmic) nor in the TCGA (https://portal.gdc.cancer.gov) 
databases, suggesting that it was a passenger event unique to CRC111. TUBB transcripts were abun-
dantly expressed across a variety of  normal organs, as well as in our CRC panel with a mean TPM of  
474.5 (Supplemental Figure 3). In accordance with the positive correlation between HLA presentation 
and gene expression, the WT counterpart of  RAF9 was also detected across CRC tumor and normal 
tissue samples (Table 1). Thus, we concluded that the proteogenomic approach directly identified a mis-
sense-mutation–derived neoantigen, RAF9, which was naturally processed and presented by HLA-A24 
of  tumor cells in the dMMR-CRC. In our analysis, neoantigens derived from frameshift mutations, 
which often increase in MSI-CRCs and correlate with CD8+ T cell infiltration (35), were not detected.

Tumor-infiltrating CD8+ T cells predominantly recognize an identified neoantigen over nonmutated TAA candi-
dates. The presence of  patient immune surveillance against tumor cells may lead to the accumulation of  
CD8+ T cells in the TME. Neoantigens are a possible target of  CD8+ TILs in patients with gastrointestinal 
cancers (36, 37). To clarify the antigen specificity in the inflamed TME of  the CRC111 tissue, we expanded 
TILs and assessed their recognition against the identified candidates. Every candidate antigen successfully 
formed stable pHLA-A24 on the surface of  T2-A24 cells (Figure 4A). Comparable pHLA-A24 stability 
between the neoantigen (RAF9) and WT peptide (RTF9) indicated that the mutation at position 4 did not 
affect HLA binding — in particular, RAF9 was a non–anchor-type neoantigen. Interestingly, the assessment 
based on intracellular IFN-γ production, as well as CD107a expression, demonstrated the predominant 
CRC111-CD8+ TIL recognition against the RAF9 neoantigen (Figure 4, B and C). At the detection thresh-
old of  the assay, neither canonical TAA candidates, WT RTF9, nor an HIV antigen as a negative control 
were recognized by the TILs. Likewise, the measurement of  cell-surface 4-1BB expression as an activation 
marker showed the same trend (Figure 4D). The upregulation of  4-1BB secondary to RAF9 was observed in 
KI9; however, the TILs did not produce IFN-γ in response to the KI9 peptide. Thus, the CD8+ TILs predom-
inantly responded to RAF9 presented by T2-A24 cells, while they ignored or barely responded to the other 
antigens. The identified RAF9 neoantigen was a recognizable target of  CRC111-CD8+ TILs, indicating the 
presence of  patient immune surveillance against it. Despite the fact that our experimental setting was limited 
to the HLA-A24 ligandome, the results suggested that the antigen specificity of  CRC111 patient TILs was 
likely biased toward the neoantigen over canonical TAAs.

Cytotoxic function and phenotype of  neoantigen-reactive CD8+ TILs. Next, we investigated the functional 
properties of  the neoantigen-reactive TILs derived from CRC111. To this end, 3 CD8+ TIL clones recog-
nizing RAF9 were established using single-cell sorting of  4-1BB+ subsets followed by in vitro expansion. 
In the IFN-γ–ELISpot assay, all 3 clones produced IFN-γ in response to T2-A24 cells pulsed with RAF9 
peptide, but not to T2 cells that lacked HLA-A24 expression (Figure 5A). HLA class I restriction of  
the response was validated through a blocking assay using specific antibodies (Supplemental Figure 4). 
In addition, the responses were specific to RAF9, with limited cross-reactivity to RTF9. We also mea-
sured the functional avidities of  3 IFN-γ–producing RAF9-reactive clones. The clones 1E8, 1G3, and 2F4 
demonstrated EC50 values of  2.27 nM, 1.40 nM, and 1.54 nM, respectively, which were consistent with 
the neoantigen-specific high-functional avidity often observed in the TIL population (Figure 5B) (38). 

and matched normal tissues. Only the genes encoding HLA-A24 ligands that were detected in CRC111 tumor tissue, but not in normal tissues, are plotted. 
Genes with a more than 20-fold increase in tumors are shown in red. (F) Candidates of nonmutated TAAs and their source genes. The numbers in the 
heatmap indicate the TPM values of the genes in CRC111 tumor and normal tissues.
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Moreover, the lactate dehydrogenase–mediated (LDH-mediated) cytotoxicity assay showed the cytotox-
icity of  1G3, in which 85.5% of  T2-A24 cells pulsed with RAF9 peptide were lysed at the effector/target 
(E/T) ratio of  9:1 (Figure 5C).

The RAF9-reactive TIL clones carried an antigen-experienced T cell phenotype resembling effec-
tor memory CD8+ T cells (CD3+, CD8+, CD28+, CD45RO+, CD45RA–, CD62L–, and CCR7–) (Figure 
5D). The presence of  TILs with a CD3+CD45RO+ memory phenotype may play a role in preventing 

Figure 3. Proteogenomic identification of a neoantigen directly from dMMR-CRC tissue. (A) Numbers of nonsynonymous (missense and frameshift) 
somatic mutations in CRC tumor tissues with pMMR (CRC009, -052, -054, -057, and -059) and dMMR (CRC111). (B) Numbers of neoantigens predicted in 
silico using WES and RNA-seq data under the condition of NetMHCpan-4.1 %rank < 2.0 or < 0.5, the TPM of the source genes > 0 and the peptide length 
of 8–11 amino acids. (C) Neoantigen and its WT counterpart sequences identified in CRC111 tumor tissue using a proteogenomic approach at an FDR of 
0.01. MS/MS spectra and the corresponding b- and y-fragment ions of both endogenous and synthetic peptides are shown. (D) Coverage track of the 
TUBB gene mutation in CRC111 tumor tissue visualized using the Integrative Genomics Viewer (IGV) (http://software.broadinstitute.org/software/igv/).
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recurrence or metastasis in CRCs (39). Although TILs often comprise a heterogeneous mixture of  
tumor-specific and many irrelevant bystander T cells, tumor-reactive CD8+ TILs may be characterized 
by the upregulation of  programmed cell death 1 (PD-1) and CD39 expression (40, 41). Consistent with 
the previous findings, RAF9-reactive clones showed PD-1 and CD39 expression on the cell surface 
(Figure 5E). These results support the presence of  functional and specific TIL response against the 
RAF9 neoantigen in the CRC111 patient.

RAF9 is an immunogenic neoantigen leading to the expansion of  reactive CD8+ TILs in the TME. In a semi-
nal study of  patients with advanced melanoma, a more clonal TCR repertoire was observed in pretreat-
ment tumor samples of  responders, suggesting the requirement of  preexisting antitumor responses for 
ICI-mediated tumor regression (42). In addition, melanoma cells can be eliminated by a limited number 
of  patient neoantigen-reactive T cell clonotypes (24). Therefore, only a few tumor antigens and specific 
T cells could mediate spontaneous antitumor responses and lead to therapeutic effects. To assess TIL 
diversity in our CRC panel, the frequency of  TCRβ clonotypes was estimated using RNA-seq data and 
the MiXCR algorithm with complementarity-determining region 3 (CDR3) as well as V, D, J, and C 
gene sequences (43). Given an extremely diverse repertoire of  TCRαβ in normal PBMCs, we focused 
on TCRβ clonotypes accounting for over 2% of  the entire repertoire (44, 45). These expanded TCRβ 
clonotypes were mainly observed in tumor regions rather than matched normal tissues — in particular, 
in the tumor sample of  CRC111, suggesting the presence of  T cell surveillance against tumor cells (Fig-
ure 6A). None of  the expanded TCRβ clonotypes were shared across individuals. The TCR repertoire 
of  CRC111 TME contained at least 5 expanded TCRβ clonotypes (Figure 6B). All 5 clonotypes were 
observed mainly in tumors but not in patient-matched normal tissues, suggesting the tumor specificity 
of  these TILs (Figure 6C). We found that one of  the expanded clonotypes was fully matched to that 
of  RAF9-reactive CD8+ TIL clones, in which all 3 established T cell clones shared the identical TCRβ 
clonotype (Figure 6B and Table 2). The RAF9-reactive CD8+ T cell clones accounted for approximately 
2.7% of  the TCR repertoire of  the CRC111 tumor tissue. These results demonstrate that RAF9 was an 
immunogenic neoantigen, which led to the clonal expansion of  RAF9-reactive CD8+ T cell clones in 
the TME of  the CRC111 patient. The antigen specificity and HLA restriction of  the other 4 expanded 
CRC111-clonotypes remained unknown.

TCR transduction conferred neoantigen specificity to peripheral blood lymphocytes. TME facilitates tumor 
escape from T cell surveillance through tolerance or inhibiting existing responses, so host neoanti-
gen-reactive TILs often become dysfunctional. In contrast, peripheral blood lymphocytes (PBLs) 
include less-differentiated naive T cell subsets that have high proliferative potential. Therefore, PBLs 
transduced with neoantigen-reactive TCRs may serve as an alternative source of  effector cells in adop-
tive cell transfer targeting neoantigens (46, 47). To assess the feasibility of  outsourcing RAF9-reactive 
T cells, we first validated the antigen specificity of  the identified TCR by transferring their sequences 
into irrelevant lymphocytes. SUP-T1 cells were transduced with 2 pMX retroviral vectors encoding the 
TCRα and TCRβ sequences found in RAF9-reactive clones. The increase in CD3 expression suggested 
that approximately 6% of  the cells expressed paired TCRαβ on their surfaces (Figure 7A). The transduc-
ed SUP-T1 was positive for the RAF9–HLA-A24 tetramer, demonstrating the RAF9 recognition by the 
TCR (Figure 7B). Next, the TCRα and -β sequences were concatenated and cloned into a pMX retrovi-
ral vector and transduced into healthy donor–derived (HD-derived) PBMCs, in which 1.5% of  the CD8+ 
cells were also positive for the RAF9–HLA-A24 tetramer (Figure 7C). Most of  the tetramer+CD8+ cells 
exhibited a naive phenotype (CD45RA+, CD45RO–, CD62L+, CCR7+) and were negative for PD-1 (Fig-
ure 7D). Finally, the ELISpot assay showed that the TCR-transduced PBLs produced IFN-γ in response 
to T2-A24 cells pulsed with RAF9 but not RTF9 synthetic peptide. The transduced cells also responded 

Table 1. A pair of neoantigen and WT counterpart identified in dMMR-CRC111 tumor tissue

Gene ID Gene Peptide name Sequence
%Rank 

(NetMHCpan-4.1)

MS detection (FDR 0.01)
Normal Tumor

CRC052 CRC054 CRC057 CRC059 CRC111 CRC009 CRC052 CRC054 CRC057 CRC059 CRC111
NM_001293212 TUBB RAF9 (Neo) RYLAVAAVF 0.0182           

RTF9 (WT) RYLTVAAVF 0.0167           
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to the 293T-A24 cells endogenously expressing the RAF9 minigene, producing IFN-γ (Figure 7E). Anti-
gen specificity and function were validated using PBMCs derived from 2 different individuals. More-
over, the RAF9 tetramer+CD8+ fraction of  the transduced PBMCs were enriched using a cell sorter 
(Supplemental Figure 5). The enriched PBMCs exhibited cytotoxicity specific to RAF9, in which 67.7% 
of  RAF9-pulsed T2-A24 cells were lysed at an E/T ratio of  9:1 (Figure 7F). Thus, the identified TCR 

Figure 4. CRC111 TILs predominantly recognize the RAF9 neoantigen over nonmutated TAA candidates. (A) Peptide-HLA-A24 stabilization assay using 
T2-A24 cells pulsed with an indicated concentration range of synthetic peptides. Cells were stained with anti–HLA-A24, and the change in mean fluores-
cence intensity (ΔMFI) was calculated as the experimental MFI minus background MFI without a peptide pulse. A neoantigen and its WT counterpart are 
shown in red and blue, respectively. CMVpp65 and GK12 serve as controls for known HLA-A24 binding and nonbinding peptides, respectively. Data are rep-
resentative of 2 independent experiments. (B) Intracellular IFN-γ production of CRC111 TILs in response to T2-A24 cells pulsed with 1 μM of the indicated 
peptides. Neoantigen, red; WT, blue. The results for CD3+CD8+ cells, and more than 20,000 CD3+CD8+ cells, were collected in each panel. Numbers in the 
upper right quadrant indicate the proportion of IFN-γ+CD107a+ cells in CD3+CD8+ cells. (C) Summary of IFN-γ production by TILs in B. Data in B and C are 
representatives of 2 independent experiments. (D) Summary of 4-1BB surface expression on CRC111 TILs in response to T2-A24 cells pulsed with 1 μM of 
indicated peptides, measured using flow cytometry. The y axis indicates the proportion of 4-1BB+ (CD137+) cells in CD3+ CD8+ cells. Data are representative 
of 2 independent experiments.
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pair was RAF9 specific, and that TCR transfer conferred neoantigen-specific cytotoxicity to the naive 
PBLs. These results highlight the potential therapeutic applications of  neoantigens identified through 
the proteogenomic approach and clonally expanded neoantigen-reactive TCRs.

Discussion
We found an immunogenic neoantigen that induced a spontaneous patient CD8+ T cell response and 
expansion in the TME of  a surgically resected dMMR-CRC tissue. Importantly, such an immunogenic neo-
antigen could be identified directly from the native CRC tissue sample without relying on in vitro tumor cell 
culture or reactive T cell expansion. A major advantage of  a proteogenomic approach using MS compared 
with in silico prediction relying solely on genomic data is the direct capture of  HLA-presented peptides in 
a comprehensive manner, which significantly reduces the number of  corresponding candidate mutations 
(18). A peptide repertoire displayed by HLA class I is an outcome of  an endogenous peptide competition; 
this is elaborately controlled by antigen processing, which comprises multiple steps across intracellular 
compartments (48). The expression of  the antigen processing machinery is heterogeneous across cancer 

Figure 5. Functions and phenotypes of the RAF9-reactive CD8+ TIL clones. (A) IFN-γ ELISpot assay of RAF9-reactive CD8+ T cell clones derived from 
CRC111 TILs (1E8, 1G3, and 2F4) in response to T2-A24 or T2 cells pulsed with 100 nM of the indicated peptides. Data are representative of 4 independent 
experiments. (B) Functional avidity of 1E8, 1G3, and 2F4 measured by IFN-γ-ELISpot assay against T2-A24 pulsed with a range of indicated concentra-
tions of RAF9 peptide. The number of positive spots was normalized (%). Data represent means ± SEM (n = 3). (C) LDH-release cytotoxicity of 1G3 against 
T2-A24 cells pulsed with RAF9 or a control peptide at the indicated effector/target (E/T) ratio. The y axis indicates LDH release (%) by target cells. Data are 
representative of 3 independent experiments. (D) Flow cytometry of 1G3 stained with the indicated antibodies (red) or PBS (gray). (E) Flow cytometry of 
1G3 (red) and HD-derived CD8+ PBMCs. Data are representative of 2 independent experiments.
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types — or even within the same tumor mass. For instance, the loss of  the transporter associated with 
antigen processing or tapasin is often observed in cancers, which leads to alterations of  peptide repertoires 
and T cell responses against tumor cells (49–51). Therefore, the direct identification of  naturally presented 
peptides from samples benefits in detecting clinically relevant antigens over prediction from source genes, 
which must take the complicated antigen processing into account.

In the case of  CRC111 carrying 3967 nonsynonymous missense and frameshift mutations, the natural-
ly presented neoantigen accounted for only 1 of  877 detected HLA-A24 ligands. Although the precise size 
of  HLA class I ligandomes is not fully understood, the frequency of  neoantigen HLA presentation seems 
to be rare even in tumors with dMMR. Meanwhile, we cannot not rule out the possibility of  overlooked 
neoantigens in our analysis due to limitations in sensitivity. Tissue samples contain not only tumor cells, 
but also normal stromal cells, which may dilute the proportion of  tumor cells within the sample. During 
MS analysis, ionized peptides that are abundant in a sample are preferentially detected. A small number 
of  peptides may be ignored compared with the next-generation sequencing, in which nucleotides can be 
amplified. Peptides with insufficient MHC binding affinity could also be lost during the affinity purification 
process. In fact, NetMHC combined with gene expression data predicted 3465 candidates as HLA-A24–
presenting neoantigens in the CRC111 tumor. Again, our results do not necessarily deny the possibility 
of  the HLA presentation of  the in silico–predicted neoantigen candidates. Nevertheless, considering the 
limited number of  expanded TCR clonotypes in the TME (e.g., only 5 TCRβ clonotypes exceeded 2% of  
the whole repertoire), an overwhelming majority of  the 3465 predicted sequences should be irrelevant to 
the spontaneous patient responses leading to the T cell expansion. It is plausible that, even if  presented by 
HLA molecules on cell surfaces, not every neoantigen becomes immunogenic. The intrinsic determinants 
of  immunogenicity remain unclear; however, the presence of  immunogenic neoantigens likely leads to 
ICI-mediated T cell responses in dMMR-CRCs. As previously observed in patients with melanoma, our 
data support the notion that a limited set of  neoantigens serves as the target of  patient immune surveillance 
even in dMMR-CRCs with high TMB (24).

Patient immune surveillance often edits and eliminates immunogenic neoantigens throughout clin-
ical courses (52, 53). Our data show that RAF9 was not eliminated by the patient’s initial response and 
was consequently detected in the established cancer tissue (pT4N0M0). The exhaustion of  RAF9-re-
active CD8+ T cells characterized by upregulated PD-1 and CD39 expression partly accounts for the 

Figure 6. TCR repertoire analysis of CRC tissues and the sequence of the RAF9-reactive CD8+ TCR. (A) Clone counts of frequently observed TCRβ clo-
notypes, which accounted for more than 2% of all the TCRβ clonotypes found in the indicated CRC tumor or normal tissue samples. ND, no data. (B) Pie 
charts showing the frequency of TCRβ clonotypes found in CRC111 tumor tissue (left), and the clonotypes of 3 RAF9-reactive TIL clones (right). The abun-
dant clonotypes with more than 2% of frequency were colored. (C) Clone counts of the top 5 TCRβ clonotypes frequently observed in CRC111 tumor tissue 
are shown in comparison with those in CRC111 normal tissue.
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escape from immune surveillance. Given their intact HLA presentation, most MS-detectable immu-
nogenic neoantigens may be accompanied by the exhaustion or dysfunction of  reactive T cells in the 
TME. In contrast, immunogenic neoantigens are likely undetectable from tumor samples that have a 
loss of  neoantigen gene expression or loss of  HLA presentation (54–56). Hence, vaccination or adoptive 
T cell transfer, which induces or provides functional T cells, holds great promise as a therapeutic strat-
egy targeting MS-identified neoantigens. Although neoantigen vaccination in patients with melanoma 
successfully broadens T cell responses, it remains a challenge to precisely predict responsible epitopes 
prior to vaccination (12–14). Therefore, the efficient selection of  immunogenic neoantigens is of  clin-
ical importance. It has been shown that vaccination with MS-identified neoantigens, rather than those 
predicted using an MHC binding affinity algorithm, effectively mediated tumor rejection in a mouse 
tumor model, suggesting the reliability of  MS-identified neoantigens as a source of  therapeutic targets 
(19). Moreover, we demonstrated the feasibility of  transferring a TCR recognizing an MS-identified 
neoantigen. This strategy allows the outsourcing of  tumor-reactive T cells from PBLs, which generally 
contain less-differentiated naive T cells, and it may provide opportunities for the future development of  
T cell–based therapies.

In the present study, the detected neoantigen-dominated TIL responses over nonmutated TAAs, 
implying the neoantigen-oriented antigenic and reactive T cell landscape of  the dMMR-CRC tissue. 
However, we must mention that the antigen specificity of  4 of  5 TCRβ clonotypes expanded in the 
TME of  CRC111 remains unknown (Figure 6B). Considering their biased clonotype counts enriched 
in tumor tissues, these TCRs likely recognize tumor cells but not their normal counterparts (Figure 
6C). Although the sensitivity issue must be considered, RAF9 was the only neoantigen captured from 
CRC111 tumor tissue. It is possible that these expanded T cells still recognize neoantigens, which were 
presented by HLA other than HLA-A24 and were, therefore, not detected in our analysis. Another 
interpretation follows from the presence of  immunogenic antigens that are irrelevant to somatic muta-
tions. Considering that PD-1+CD8+ T cell infiltration in the TME was correlated with ICI-mediated 
pathological responses even in pMMR-CRCs, patient immune surveillance related to therapeutic effects 
is not frequent yet present against TMB-low CRC cells (57). The source of  tumor antigens is indeed 
diverse; for instance, cryptic translation products, which were not analyzed in this study, may be pre-
sented by HLA class I molecules and serve as targets for host T cell surveillance against tumors (58, 59). 
These remaining issues should be investigated in future studies.

In summary, the antigenic landscape and antigen specificity of  CD8+ TILs in CRC tissues were 
explored. We found an immunogenic neoantigen in a dMMR-CRC tissue, which predominantly elicited a 
CD8+ TIL response and clonal expansion in the TME. Our results show that such clinically relevant neoan-
tigens can be captured directly from native CRC tissue. The direct identification of  clinically relevant neo-
antigens from CRC tissue samples, and possibly from other epithelial cancer tissues, using a proteogenomic 
approach could contribute to the design and development of  a predictive biomarker for ICI responses, as 
well as clinical interventions, such as vaccines or adoptive cell transfer.

Table 2. CDR3 sequences and VDJ segments of TCRβ clonotypes found in CRC111 tumor tissue and those of RAF9-reactive TIL clones

Clonotype CDR3 sequence V D J C

#1 CASSYPARNYNEQFF
6-2*00 2*00 2-1*00 2*00
6-3*00

#2 CASSLAGRGGETQYF
7-2*00 1*00 2-5*00 2*00

1*00
#3 CASVGRGWTYEQYF 2*00 1*00 2-7*00 2*00
#4 CASSTTSSPWEQYF 7-9*00 2*00 2-7*00 2*00
#5 CASSHTGQGSYEQYF 4-2*00 1*00 2-7*00 2*00

Clone CDR3 sequence V D J C
2F4 CASSTTSSPWEQYF 7-9*00 2*00 2-7*00 2*00
1G3 CASSTTSSPWEQYF 7-9*00 2*00 2-7*00 2*00
1E8 CASSTTSSPWEQYF 7-9*00 2*00 2-7*00 2*00
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Methods
Patient material. All CRC patients included in this study were histologically diagnosed with adenocarci-
noma. Patient material was immediately sampled after surgery and analyzed at Sapporo Medical Univer-
sity. Approximately 0.5–2.0 g each of  tumor and nontumor regions were selected with careful removal 
of  extra connective tissues by pathologists and used for TIL expansion. The remaining samples were 
immediately snap frozen and cryopreserved. DNA samples prepared using the Allprep DNA/RNA/
Protein Kit (Qiagen) from patient PBMCs were used for HLA genotyping. All patients enrolled in this 
study were confirmed to be HLA-A*24:02 positive.

Cell lines. The T2 cell line was purchased from ATCC (CRL-1992), while T2-A24 cell line (TAP-defi-
cient T2 stably expressing HLA-A*24:02) was gifted by K. Kuzushima (Aichi Cancer Center Research 
Institute, Nagoya, Japan). The 293T cell line was purchased from ATCC, and 293T-A24 stably expresses 
HLA-A*24:02. Unless mentioned otherwise, the cells were cultured in the complete RPMI 1640 (Nacalai 
tesque) or DMEM (Nacalai tesque) supplemented with 10% FBS, 1% penicillin/streptomycin (Thermo Fish-
er Scientific), 1% GlutaMAX (Thermo Fisher Scientific), 10 mM HEPES (Thermo Fisher Scientific), 1 mM 

Figure 7. Isolation of RAF9-reactive TCR and transduction to peripheral blood lymphocytes. (A and B) Flow cytometry of SUP-T1 cells transduced 
with retroviral vectors encoding the TCRα and -β sequences isolated from a RAF9-reactive TIL clone (1E8). The numbers (%) represent the frequency 
of CD3+ cells (A) or RAF9–HLA-A24 tetramer+ cells in CD8+ cells (B). (C) Flow cytometry of healthy donor 1–derived (HD1-derived) PBMCs transduced 
with a retroviral vector encoding concatenated RAF9-reactive TCRα and -β sequences. The numbers (%) represent the frequency of RAF9–HLA-A24 
tetramer+ cells in CD8+ cells. (D) Flow cytometry of the CD8 and RAF9 tetramer–double-positive fraction of HD1-PBMCs transduced with RAF9-TCRαβ. 
The numbers (%) represent the frequency of cells in the indicated fraction in the whole CD8 and tetramer double-positive cells. (E) IFN-γ ELISpot assay 
of the transduced PBMCs in response to T2-A24 cells pulsed with 100 nM of the indicated peptides (left) or 293T-A24 cells expressing minigenes encod-
ing RAF9 or RTF9 peptide (right). The experiments were independently performed using PBMCs from 2 individuals (HD1 and HD2). (F) LDH-release 
cytotoxicity of the transduced PBMCs against T2-A24 cells pulsed with the indicated peptides at the indicated effector/target (E/T) ratio. The y axis 
represents LDH release (%) by the target cells. Data are representative of 3 independent experiments.
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sodium pyruvate (Thermo Fisher Scientific), and 55 µM 2-mercaptoethanol (Thermo Fisher Scientific) in 5% 
CO2 incubators at 37°C.

TIL. After carefully removing the surrounding connective tissues, primary CRC tissues were manually 
minced and cultured in complete AIM-V medium (Thermo Fisher Scientific) supplemented with 6000 U/
mL IL-2 (Peprotech) and 2.5 μg/mL amphotericin B (Thermo Fisher Scientific) for 4–6 weeks. The com-
plete AIM-V medium contained 10% human AB serum (Biowest), 1% penicillin/streptomycin, 1% Gluta-
MAX (Thermo Fisher Scientific), 10 mM HEPES, 1 mM sodium pyruvate, and 55 μM 2-mercaptoethanol. 
TILs were further expanded using the rapid-expansion protocol as previously described (60). Briefly, the 
cells were cultured in the complete AIM-V supplemented with 6000 U/mL IL-2, 30 ng/mL anti-CD3 
(OKT3, BioLegend 317302), and 2.5 μg/mL amphotericin B along with irradiated (100 Gy) HD-derived 
PBMCs for an additional 2 weeks. Expanded TILs were cryopreserved until use.

IHC. Formalin-fixed paraffin-embedded cancer tissues were mounted and stained with H&E, anti–
pan HLA class I (EMR8-5, Hokudo), anti-CD8 (C8/144B, DAKO), anti–PD-L1 (E1L3N, Cell Signaling 
Technology 13684), and anti-MLH1 (ES05, DAKO M3640) on Dako autostainers at Sapporo Clinical 
Laboratory. Both intraepithelial and stromal CD8+ cells in 10 high-power fields (HPF, ×400) were counted 
by pathologists in a blinded fashion. Cells inside and outside of  the tumor parenchyma were histologically 
defined as intraepithelial and stromal cells, respectively.

WES and mutation calling. Genomic DNA was prepared using the Allprep DNA/RNA/Protein Kit (Qia-
gen) from CRC and matched normal tissues, or patient PBMCs. Exome capture libraries were prepared using 
SureSelect Human All Exon V6 (Agilent), and sequencing was performed using NovaSeq 6000 (Illumina) with 
150 bp paired-end reads with a target depth of 150× coverage per sample. For the CRC009 samples, mutation 
calling was performed using the Genomon2 pipeline (https://genomon.readthedocs.io/ja/latest/) (61). For 
the CRC052, -054, -057, -059, and -111 samples, mutation calling was performed by Macrogen using DNA 
of CRC tissues and matched normal tissues. Briefly, the reads were mapped to the human reference genome 
(hg38) using BWA (v0.7.17). PCR duplicates were removed using Picard tools (2.18.2). Exome-based variants 
were called using GATK (v4.0.5.1). Detected variants were annotated using SnpEff (v4.3t) and filtered with 
dbSNP and SNPs from the 1000 Genomes Project (www.internationalgenome.org). Single nucleotide variants 
or indel mutations were called using the Mutect2 tool in the default parameter settings.

RNA-seq. Total RNA was isolated from CRC and matched normal tissues, or RAF9-reactive T cell 
clones, using Allprep DNA/RNA/Protein Kit (Qiagen) or TRIzol Reagent (Invitrogen) with validated 
quality of  RNA integrity number (RIN) > 7. Poly A-selected libraries were prepared using the TruSeq 
Stranded mRNA LT Sample Prep Kit (Illumina). The libraries were sequenced on NovaSeq 6000 (Illumi-
na) with 200M (cancer and normal tissues) or 40M (T cell clones) of  100 bp paired-end reads per sample. 
Read quality was validated and low-quality reads, adaptor sequences, contaminant DNA, or PCR dupli-
cates were removed using FastQC (v0.11.7) and Trimmomatic (v0.38). The reads were mapped to the 
human reference genome (hg38) using HISAT2 (v2.1.0) and Bowtie2 (v2.3.4.1). The abundance of  genes 
or transcripts was calculated as TPM using StringTie (v2.1.3b), and only genes with TPM > 0 were con-
sidered as expressed. Library preparation and sequencing were performed by Macrogen. The resulting 
data were analyzed using MCP-counter and MiXCR to calculate tissue infiltrating cell populations and 
TCR profiles, respectively (29, 43).

Isolation of  HLA class I ligands from tissues. We followed the established protocol with slight modifications (62). 
Briefly, more than 1.5 g of each frozen tissues was ground under cryogenic conditions and lysed with lysate buf-
fer containing 0.25% sodium deoxycholate (Wako), 0.2 mM iodoacetamide (Wako), 1 mM EDTA (Dojindo), 
protease inhibitor cocktail (P8340, MilliporeSigma), 1 mM PMSF (MilliporeSigma), and 1% octyl-β-D gluco-
pyranoside (Dojindo) in DPBS (Thermo Fisher Scientific). The peptide–HLA-A24 complexes were captured 
using affinity chromatography of HLA-A24 mAb coupled to CNBr-activated Sepharose 4B (GE Healthcare) 
overnight. The HLA ligands were eluted with 0.2% TFA (Thermo Fisher Scientific) and desalted using Sep-
Pak tC18 (Waters) with 28% ACN (Kanto Chemical) in 0.1% TFA and ZipTip U-C18 (MilliporeSigma) with 
50% ACN in 1% FA (Wako). The samples were dried using vacuum centrifugation at 25°C and resuspended in 
5% ACN in 0.1% TFA for liquid chromatography–MS/MS (LC-MS/MS) analysis. For the preparation of the 
HLA-A24 mAb, C7709A2 hybridoma (gifted by P.G. Coulie, Institut de Duve, Brussels, Belgium) was cultured 
in Hybridoma serum-free medium (SFM) (Thermo Fisher Scientific) supplemented with 1% penicillin/strepto-
mycin in CELLine Bioreactor Flasks (CL1000, Corning). Condensed mAbs were collected and purified using 
HiTrap Protein G HP (GE Healthcare).
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LC-MS/MS. Samples containing HLA-A24 ligands isolated from tissues were loaded into a nano-flow 
LC (Easy-nLC 1000 system, Thermo Fisher Scientific) online-coupled to an Orbitrap mass spectrometer 
equipped with a nanospray ion source (Q Exactive Plus, Thermo Fisher Scientific). Nano-flow LC separa-
tion was performed with a linear gradient ranging from 3% to 30% buffer B (100% ACN and 0.1% FA) at 
a flow rate of  300 nL/min for 80 minutes using a 75 μm × 20 cm capillary column with a particle size of  3 
μm (NTCC-360, Nikkyo Technos). In MS, survey scan spectra were acquired at a resolution of  70,000 at 200 
m/z with an AGC target value of  3e6 ions and a maximum IT of  100 ms, ranging from 350 to 2000 m/z with 
charge states between 1+ and 4+. A data-dependent top 10 method was employed. MS/MS resolution was 
17,500 at 200 m/z with an AGC target value of  1e5 ions and a maximum IT of  120 ms.

Proteogenomic identification of  neoantigens and nonmutated HLA class I ligands. MS/MS data were searched 
against personalized custom databases (see below) using the Sequest HT along with the Percolator algorithm 
on the Proteome Discoverer 2.3 platform (Thermo Fisher Scientific). The tolerance of  precursor and fragment 
ions was set at 10 ppm and 0.02 Da, respectively. The oxidation of  methionine (+15.995 Da) was selected as 
a dynamic modification. No specific enzyme was selected for the search. Concatenated target-decoy selection 
was validated based on q values, and a FDR of 0.01 was used in the Percolator node as a peptide detection 
threshold. A customized database for MS data search was constructed per tissue using Python scripts. Each 
database comprised 2 sets of  sequences: (a) the GENCODE protein-coding transcript translation sequences 
(release 31) and (b) the protein sequences altered by the missense or frameshift mutation in the sample, start-
ing from 30 amino acids upstream of a mutated residue and ending with 30 amino acid downstream residues 
(missense) or stop codons (frameshift). Only the protein sequences with source gene expression (TPM > 0) 
were registered in both data sets. Only the 8–11 mer peptides with %rank score (NetMHCpan-4.1) < 2.0 were 
counted as natural HLA-A*24:02 ligands for both mutated and nonmutated antigens.

Synthetic peptides and peptide-HLA class I stabilization assay. Synthetic peptides (RYLAVAAVF, RAF9; RYLT-
VAAVF, RTF9; RYLDWIKKI, RI9; IYQGRLWAF, IF9; EYVSQHLVF, EF9; KYLEKYYNL, KL9; KYL-
TAEAFGF, KF10; KYQPRVHVI, KI9; KYMYFTVVM, KM9; QYDPVAALF, CMVpp65; RYLRDQQLLGI, 
HIVenv584–594; and GYISPYFINTSK, GK12) with > 80% purity were purchased from MilliporeSigma (CMVpp65, 
HIVenv584–594, and GK12) and Cosmo Bio (RAF9, RTF9, RI9, IF9, EF9, KL9, KF10, KI9, and KM9). The sta-
bility of peptide–HLA-class I complexes on cell surfaces was assessed using T2-A24 cells. The TAP-deficient 
T2-A24 cells were precultured overnight at 25°C. The following day, the cells were incubated with the indicated 
peptides in a range of the indicated concentrations for 1 hour at 25°C, followed by incubation for 3 hours at 
37°C. Next, the cells were stained with the HLA-A24 mAbs (C7709A2), followed by goat anti–mouse IgG-
FITC (KPL, 02-18-09), and analyzed using FACS Canto II (BD Biosciences). The stability was calculated by 
the difference in mean fluorescence intensity values (ΔMFI) between samples with and without a peptide pulse.

Establishment and characterization of  neoantigen-reactive TIL clones. Bulk TILs were cultured in the pres-
ence of  1 μM RAF9 peptide, and CD8+ and 4-1BB+ (CD137+) cell populations were isolated using FACS 
Aria II (BD Biosciences) and sorted into U-bottom 96-well plates. Each single cell was expanded in 
complete AIM-V medium supplemented with 3000 U/mL IL-2, 5 μg/mL phytohemagglutinin (PHA, 
WAKO), and irradiated human PBMCs. For T cell phenotype analysis, the cells were prestained with 
human FcR blocking reagent (Clear Back, MBL, MTG-001) and stained with following antibodies at 
4°C for 20 minutes: anti–CD3 PE (UCHT1, BioLegend, 300408), anti–CD8 PE (SK1, BD Biosciences, 
340046), anti–CD28 PE (CD28.2, BioLegend, 302907), anti–CD45RA FITC (HI100, BD Biosciences, 
555488), anti–CD45RO PE (UCHL1, BioLegend, 304206), anti–CD62L PE-Cy5 (DREG-56, BD Biosci-
ences, 555545), anti–CCR7 PE (150503, R&D Systems, FAB197P), anti–PD-1 APC (EH12.2H7, BioLeg-
end, 329908), and anti–CD39 PerCP/Cy5.5 (A1, BioLegend, 328218).

T cell analysis using flow cytometry. The functions and phenotypes of  TILs or CD8+ TIL clones were 
analyzed using FACS Canto II (BD Biosciences) with FACS Diva (BD Biosciences) or FlowJo (Tree Star 
Inc.). For T cell functions, CD107a mobilization and intracellular IFN-γ production were assessed using 
Fixation/Permeabilization Solution Kit with BD GolgiPlug (BD Biosciences), according to the manu-
facturer’s instructions. Briefly, T2-A24 cells were pulsed with 1 μM of  the indicated synthetic peptides 
for 1 hour at 25°C. Expanded CRC111 TILs were cultured with the peptide-pulsed T2-A24 cells for 4 
hour at 37°C in the presence of  human FcR blocking reagent (Clear Back, MBL MTG-001), GolgiPlug, 
and anti–CD107a PE (H4A3, BioLegend, 328608). Next, the cells were stained with anti–CD3 PE-Cy7 
(SK7, BD Biosciences, 341091) and anti–CD8 PC5 (T8, Beckman Coulter, 6607011), followed by per-
meabilization and staining with anti–IFN-γ FITC (B27, BD Biosciences, 552887). Likewise, 4-1BB was 
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used as an activation marker. TILs were cultured with T2-A24 cells pulsed with or without 1 μM of  
indicated synthetic peptides for 24 hours at 37°C and stained with anti–CD3 PE-Cy7 (SK7, BD Biosci-
ences, 341091), anti–CD8 PE (SK1, BD Biosciences, 340046), and anti–4-1BB FITC (REA765, Miltenyi 
Biotec, 130-110-765). The other antibodies used for cell staining are as follows: anti–CD3 PE (UCHT1, 
BioLegend, 300408), anti–CD8 FITC (T8, Beckman Coulter, 6603861), anti–PD-1 APC (EH12.2H7, 
BioLegend, 329908), anti–CD45RO BV421 (UCHL1, BD Horizon, 562649), anti–CCR7 PerCP-Cy5.5 
(150503, BD Pharmingen, 561144), anti–CD45RA PE-Cy7 (L48, BD Pharmingen, 337167), and anti–
CD62L APC (DREG-56, BD Pharmingen, 561916). The HLA-A24 tetramers complexed with RAF9 or 
HIVenv584–592 were purchased from MBL.

IFN-γ ELISpot. Antigen presenting cells (T2 or T2-A24) were incubated with or without 100 nM, or 
a range of  indicated concentrations, of  synthetic peptides for 2 hours at 25°C. Neoantigen-reactive CD8+ 
T cell clones were mixed with the antigen-presenting cells at a 1:1 ratio and were cultured on the human 
IFN-γ ELISpot plate (BD Biosciences) for 24 hours at 37°C, according to the manufacturer’s instructions. 
The contents of  the plate were reacted with a biotinylated anti–human IFN-γ for 2 hours at 25°C, followed 
by the ELISpot Streptavidin-HRP for 1 hour at 25°C, and positive spots were visualized using the ELISpot 
AEC Substrate Set (BD Biosciences). In a peptide titration for measuring functional avidity, the peptide 
concentration of  a half-maximal IFN-γ production was calculated as EC50.

LDH cytotoxicity assay. T2-A24 cells preincubated with or without 20 μM synthetic peptides for 2 hours 
at 25°C served as target cells. Neoantigen-reactive T cell clones were cultured with 1 × 104 target cells at 
indicated effector/target ratios (E/T) for 6 hours at 37°C. The amount of  LDH released from lysed target 
cells was measured using the LDH Cytotoxicity Detection Kit (Takara Bio) according to the manufactur-
er’s instructions. The percentage of  LDH released was calculated as follows:

(Equation 1)

Spontaneous, minimal, and maximal LDH releases were values of  T cell alone, target cells alone, and 
target cells treated with 2% NP-40 (Sigma-Aldrich), respectively.

Isolation of  TCRαβ from a TIL clone. TCRαβ sequences were isolated from 1E8, an RAF9-reactive clone, via 
5′-rapid amplification of cDNA ends (RACE) PCR using a SMARTer RACE 5′/3′ kit (Takara Bio) as previ-
ously described (63). The following primers were used for amplification: a supplied 5′-RACE primer (first PCR 
for both TCRα and -β), 5′-GGAGAGTTCCCTCTGTTTGGAGAG-3′(first PCR for TCRα), 5′-TTTATC-
GTCGACCACTGTGCTGGCGGCCGCTCGAGTCAGAAATCCTTTCTCTTGACC-3′ and 5′-ATCGTC-
GACCACTGTGCTGGCGGCCGCTCGAGCTAGCCTCTGGAATCCTTTCTCTTGACC-3′(first and 
second PCR for TCRβ), 5′-GTGTGGTGGTACGGGAATTCAAGCAGTGGTATCAACGCAGAGT-3′ 
(supplied 5′-RACE primer with modified extension, second PCR for both TCRα and β), and 5′-ACCACTGT-
GCTGGCGGCCGCTCAGCTGGACCACAGCCGCAGCG-3′ (second PCR for TCRα). The second PCR 
products of TCRα and -β were cloned into a pMX retroviral vector using the NEBuilder HiFi DNA Assembly 
Master Mix (NEB) according to the manufacturer’s instructions. The PCR products were sequenced, and their 
TCR clonotypes were determined according to the IMGT database (http://www.imgt.org).

TCR transduction. In the following experiments, PLAT-A cells (Cosmo Bio, RV-102) were transfected with 
the corresponding pMX vectors using TransIT293 (Mirus Bio), and the culture supernatant was subsequently 
used for transduction into a packaging cell line, PG13 (ATCC, CRL-10686). The culture supernatant of  the 
infected PG13 cells was used for transduction into SUP-T1 cells (ATCC, CRL-1942) or HD PBMCs. For trans-
duction into SUP-T1 cells, pMX vectors for RAF9-TCRα and -β sequences were simultaneously introduced. 
For transduction to HD PBMCs, TCRβ and TCRα were concatenated and cloned into a single pMX vector, 
as previously described (64). Briefly, the 3′ region of  TCRβ was followed by a furin cleavage site, an SGSG 
spacer sequence, a P2A sequence (5′- AGAGCCAAGAGATCTGGCAGCGGCGCCACAAACTTCAG-
CCTGCTGAAACAGGCTGGCGACGTGGAAGAGAACCCCGGACCT-3′), and the 5′ region of  TCRα. 
PBMCs were isolated from HD peripheral blood using Lymphoprep (Cosmo Bio) and transduced using the 
collected PG13 supernatant after stimulation with 50 ng/mL anti-CD3 mAb (OKT3, BioLegend, 317302) for 
3 days. The transduced cells were used for flow cytometry or the IFN-γ ELISpot assay, as described above. 
The target cells for the ELISpot assay were T2-A24 cells pulsed with 100 nM of peptides or 293T-A24 cells 
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transiently transfected with RAF9 minigene constructs. The RAF9-specific CD8+ fraction of  the transduced 
PBMCs (HD1) was also enriched using a cell sorter (FACS Aria II; BD Biosciences) with RAF9–HLA-A24 
tetramer PE and anti–CD8 FITC (T8, Beckman Coulter 6603861). More than 98% of the enriched cells were 
double-positive for the tetramer and CD8. The enriched cells were then expanded in complete AIM-V medi-
um supplemented with 100 U/mL IL-2, 30 ng/mL anti-CD3 (OKT3, BioLegend, 317302) and irradiated 
PBMCs for 2 weeks, and they were used for the LDH assay as described above.

DNA constructs for antigen expression. Sequences encoding RAF9 or RTF9 antigens following a signal 
sequence (RAF9: 5′-CGATACCTCGCCGTGGCTGCTGTCTTC-3′, RTF9: 5′-CGATACCTCACCGTG-
GCTGCTGTCTTC-3′) were synthesized and cloned into pcDNA3.1. For the IFN-γ ELISpot assay, 293T-A24 
cells were transfected with the corresponding vectors, and they served as targets 48 hours after transfection.

Data availability. MS raw data and personalized FASTA files generated based on WES and RNA-seq 
data have been deposited to the ProteomeXchange Consortium via the jPOSTrepo partner repository 
(https://repository.jpostdb.org) with the data set identifier PXD026573.

Statistics. Data analysis was performed using GraphPad Prism (v8). Data are shown as the mean ± SEM.
Study approval. The study was conducted with the approval of  the IRB (no. 312-1134) and the Research 

Ethics Committee of  Sapporo Medical University (no. 29-2-69).
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