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研究成果の概要（和文）：T細胞はHLA提示された体細胞変異由来ネオアンチゲンを認識しがん細胞を識別する。
しかし、どのような変異が免疫原性を生じるのかよくわかっていない。本研究ではプロテオゲノミクスHLAリガ
ンドーム解析により大腸がん細胞からネオアンチゲンを検出し、ネオアンチゲン間で抗原性が異なることを確認
した。さらにネオアンチゲンの変異アミノ酸を置換したバリアントパネルを作成し、それぞれの抗原性を検証し
た。その結果、抗原性の高いネオアンチゲンほど、ペプチドHLA複合体（pHLA）の立体構造が野生型と異なるこ
とを見出した。この構造差を数値化し、ネオアンチゲンの免疫原性を予測する新しい指標を確立した。

研究成果の概要（英文）：CD8 T cells recognize neoantigens that arise from somatic mutations, 
discriminating cancer cells. However, the nature of neoantigens that confer immunogenicity on 
wild-type peptides remains unclear. Here, we conducted proteogenomic HLA ligandome analysis and 
identified a series of neoantigens naturally displayed by a human colon cancer line. We found that 
the antigenicity to induce healthy donor-derived CD8 T cells varies among the identified 
neoantigens. Further, we prepared a panel of neoantigen variants that differed in substituted amino 
acids, and assessed their antigenicity. As a result, we found that the antigenicity was positively 
associated with the difference between the neoantigen variants and wild-type peptides in their pHLA 
3D structure. Delta ASA (accessible surface are of pHLAs between neoantigen and wild type) scores 
based on 3D structure may benefit immunogenicity prediction of neoantigens.

研究分野： 腫瘍免疫

キーワード： 腫瘍免疫　腫瘍抗原　ネオアンチゲン　HLA　CD8 T細胞
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研究成果の学術的意義や社会的意義
腫瘍の体細胞遺伝子変異量（TMB）は免疫チェックポイント阻害剤の効果バイオマーカーである。しかし、多く
のがん種類で奏効率は20%程度にとどまっている。今回、免疫応答を惹起する変異を予測する新しい方法を開発
できた。pHLAの立体構造差に基づくアルゴリズムである。つまり、従来バイオマーカーである変異「量」に変異
の「質」的評価を上乗せすることが出来る。本法は新しい免疫チェックポイントバイオマーカーとして役立つ可
能性があり、免疫チェックポイント阻害剤患者コホートを用いた検証を検討している。臨床応用による社会貢献
を目指す。

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景 
 
 患者 T 細胞免疫系はがん細胞 HLA に提示された体細胞変異由来ネオアンチゲンを認識する。
そのためがん細胞の遺伝子変異量は免疫チェックポイント阻害剤効果のバイオマーカーとして
利用されている。しかし実際には、免疫原性ネオアンチゲンとなり患者体内で T 細胞反応を惹
起する変異はごくわずかである。CD8 と CD4+T 細胞反応を惹起しうる変異はそれぞれ変異全
体の 1%弱と報告されている(Tran E 2015 Science, Parkhurst MR 2019 Cancer Discovery)。
NetMHC に代表される HLA 結合性の in silico アルゴリズムを用いて変異アミノ酸を含むネオ
アンチゲン候補配列を予測することは可能である。しかし、HLA 結合性と T 細胞誘導を惹起
する免疫原性は必ずしもイコールではない。どのような変異が免疫原性ネオアンチゲンとなる
のかよくわかっていない。 
 
２．研究の目的 
 
本研究では、がん細胞から検出されたナチュラルな免疫原性ネオアンチゲンをモデルに、免疫
原性を付与する変異の特徴を探る。原則的に、免疫寛容のため、患者免疫系は野生型には反応
しないはずである。変異によるアミノ酸置換が生じたことで免疫原性がうまれている。そこで
本研究では変異アミノ酸による野生型との立体構造差に着目し、抗原性との相関性を探る。配
列毎に、反応を惹起しやすい、あるいはしにくい変異があるはずである。結果を可及的に数値
化し、免疫原性を予測するアルゴリズムを確立する。 
 
３．研究の方法 
 
全エクソーム解析とマススペクトロメトリー解析を組み合わせたプロテオゲノミクス HLA リ
ガンドーム解析（図１）を用いて dMMR 大腸がん細胞の HLA クラス I 提示ペプチドームを網
羅的に解析したところ、8 種類のネオアンチゲンが検出された。 

図１ プロテオゲノミクス HLA リガンドーム解析ワークフロー。本研究では β2マイクログロ
ブリン遺伝子導入したヒト dMMR 大腸がん細胞株 HCT15 を解析した。 
 
検出したネオアンチゲンをモデルに、置換アミノ酸と抗原性の相関性を検証した。具体的には、
実際に生じたアミノ酸置換に加えそれ以外の仮想アミノ酸置換それぞれについて抗原性を検証
した。 
 
さらに置換アミノ酸ごとにペプチド-HLA 複合体（pHLA）の立体構造をモデリングし、構造を数
値化した。野生型 pHLA の構造とそれぞれのアミノ酸置換で生じる pHLA 構造を比較し、その差
を数値化し評価した。 
 

  



４．研究成果 
 
（１）上記のとおりプロテオゲノミクス HLA リガンドーム法にて検出した８種類のネオアン
チゲンはいずれも、HLA にナチュラル提示された「HLA と結合する」ネオアンチゲンといえ
る。しかし、複数の健常人 PBMC を用いて検証したところ、反応 T 細胞の誘導効率がネオア
ンチゲン間で異なっていた。即ち、HLA に提示されたネオアンチゲンでも抗原性を確認できた
もの、あるいは確認できなかったものが存在していた（図２）。 

図２ 各種ネオアンチゲンの抗原性比較。健常人 PBMC を表記したネオアンチゲンで刺激し
11日後にそれぞれのネオアンチゲンを認識するCD8+T細胞の割合を評価した（Shinkawa T et 
al. 2021 Oncoimmunology）。 
 
検証した８種類のうち、AKF9 が最も抗原性の強いネオアンチゲンであることがわかった。
AKF9 配列は以下の通り。 
 
野生型(ANF9), AYLEAIHNF； 変異型(AKF9), AYLEAIHKF 
 
（２）AKF9 で生じた 8番目アミノ酸（p8）の N>K アミノ酸置換は野生型に抗原性を付与す
ることがわかった。そこで、N>K 以外のアミノ酸についてもペプチドパネルを準備して抗原性
を検証した（図３）。 

図３ ネオアンチゲン AKF9（p8, N>K）のバリアント AXF9（p8, N>X）の抗原性（Shinkawa 
T 2021 Oncoimmunology） 
 
興味深いことに、AKF9 以外にも、特定の AKF9 バリアント（AHF9 と AYF9および ADF9）
がそれぞれ pHLA に特異的な健常人 CD8+T 細胞を誘導した。一方、他の AKF9 バリアントで
は抗原性を全く確認できなかった。 
 
抗原性を確認できた AKF9 バリアントの置換アミノ酸の構造をみてみると、K, H, Y はいずれ
も側鎖の構造が大きいグループ（large structural change）に属することがわかった。 
  

CD8+ T-cell responses to naturally presented HLA-A24 
neoantigens

The immunogenicity of antigens is defined as the ability to 
elicit a host immune response, which is influenced by both the 
host immune cell repertoire and intrinsic properties of anti-
gens. To assess the immunogenicity of the detected neoanti-
gens, peripheral blood derived mononuclear cells (PBMCs) 
were obtained from a panel of six healthy donors (HD) who 
did not have responsible gene mutations (Figure S4). Although 
the evaluation of patient-derived materials, such as TILs, 
directly shows the presence of spontaneous T-cell responses 
in cancer lesions, HD-derived T cells are potentially unbiased 
by the immunosuppressive tumor microenvironment; there-
fore, they often contain a broader repertoire of neoantigen- 
reactive T cells.35 As such, a naive T-cell subset of HD PBMCs 
was cultured with autologous dendritic cells (DCs) pulsed with 
a cocktail of HLA-A24 neoantigens (Figure S5A and B).36 The 
frequency of CD8+ T cells recognizing four natural neoantigens 
presented by HLA-A*24:02 was assessed using neoantigen- 
HLA-A24 tetramers before and after in vitro stimulation. 
Neoantigens with an increased frequency of responding 
T cells (≥ 4-fold increase compared with the naive population, 
with ≥ 0.1% of tetramer+ CD8+ cells) were considered immu-
nogenic in this setting. Here, varied responses across six HD 

PBMCs were observed, where four HDs responded to one or 
more neoantigens, while the other two HDs did not respond, 
indicating heterogeneity among individuals in the host T-cell 
repertoire responding to the neoantigen (Figure 2A, B, and 
Figure S6A.

Meanwhile, a trend in the immunogenicity of these neoan-
tigens was observed. AYLEAIHKF (AKF9) and TLPEEFHEF 
(TEF9) were found to be immunogenic, eliciting CD8+ T-cell 
responses in three and two HDs, respectively. We previously 
reported the cytotoxicity and specificity of CD8+ T cells 
induced by AKF9.17 Both neoantigens arose from missense 
mutations in genes with abundant expression (AP2S1 and 
RAD21), harboring amino-acid substitutions at position 8 
(P8). The p.N86K mutation in AP2S1 that gave rise to AKF9 
did not influence HLA-A*24:02 binding because: (1) both the 
NetMHCpan-4.1 score and peptide-HLA class I (pHLA I) 
stability were unaltered by amino-acid substitutions, and (2) 
the WT was detected by HLA ligandome analysis (Table 1 and 
Figure 2C). In contrast, the p.D116E mutation of TEF9 
increased both the binding affinity and stability of pHLA I, 
suggesting that the substitution led to HLA presentation. 
Therefore, AKF9 and TEF9 were regarded as HLA-binding 
non-anchor and anchor-type neoantigens, respectively. Both 
types of neoantigens were capable of eliciting T-cell responses. 

a

b

c d

Figure 2. Immunogenicity of HLA class I neoantigens inducing healthy donor (HD)-naive CD8+ T-cell responses. Naive CD8+ T cells derived from HD-PBMCs were 
stimulated with autologous dendritic cells (DCs) pulsed with a cocktail of HLA-A24 neoantigens along with CMVpp65. On days −1 (before stimulation) and 11 (after 
stimulation), the frequency of reactive CD8+ T cells was measured using the corresponding peptide-HLA-A24 tetramers. (A) Representative responses of T-cell induction 
in HD5 cells. Numbers indicate the proportion of tetramer-positive CD8+ cells. (B) Summary of T-cell induction in six HD-PBMCs. The frequency of CD8+ T cells 
recognizing four unique HLA-A24 neoantigens before and after stimulation is shown. Asterisks indicate T-cell responses in which the frequency increased ≥ 4-fold after 
stimulation, with ≥ 0.1% tetramer+ CD8+ cells. (C) Peptide-HLA-A24 stability assay using T2-A24 cells in a range of indicated peptide concentrations. The change in 
mean fluorescence intensity (ΔMFI) was calculated as the experimental MFI minus the background MFI without a peptide pulse. The stability of neoantigens (red) and 
WT (blue) is shown. CMVp65 and GK12 served as positive and negative HLA-A24-binding controls, respectively. (D) Comparison of ∆MFI in a peptide-HLA class I stability 
assay at a peptide concentration of 1 µM. Error bars represent SEM (n = 3). *p<.05, **p<.01, ns, not significant, two-tailed t-test.
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Immunogenic prioritization of AKF9 variants with 
structural di!erences

Any substitutions were stably presented by HLA-A*24:02, 
where neither HLA binding affinity nor stability stratified the 
variants (Figure 4A and Table 2). However, the immunogeni-
city to elicit T-cell responses in the seven HD PBMCs was not 
comparable. Stimulation using autologous DCs pulsed with 
a cocktail of the AKF9 variants along with the WT demon-
strated that substitutions from Asn to His, Lys, Tyr, and Asp 
(in AHF9, AKF9, AYF9, and ADF9, respectively) increased the 
frequency of reactive CD8+ T cells, as assessed by staining with 
neoantigen-HLA-A24 tetramers, while other variants, includ-
ing the WT, failed to elicit responses (Figure 4B, C and Figure 
S6B). Although we cannot exclude the possibility that T-cell 
precursors responding to ‘non-immunogenic’ neoantigens 
were not included due to the limited number of naive T cells 
in the panel of HD-derived samples, the results showed that 
T-cell responses varied, even among mutations that did not 
alter HLA binding affinity and stability. In this experimental 
setting, the variants with large structural changes (3 of 3), in 
contrast to the variants with moderate structural changes (1 
of 4), predominantly induced CD8+ T-cell responses.

Despite a previous notion of the preference for hydrophobic 
TCR-contact residues in immunogenic neoantigens,43,44 

hydrophobicity was not a determinant in this model. An alter-
native physicochemical property possibly linked to immuno-
genicity was the difference in charge status between 
neoantigens and the WT (Table 2). Therefore, the structural 
difference, possibly along with altered charge status, may allow 
TCRs to discriminate non-anchor-type neoantigens from the 
wild-type counterpart.

Functions, speci"city, and cross reactivity of 
neoantigen-reactive T cells

Lastly, to assess induced T-cell functions, CD8+ subsets posi-
tive for neoantigen-HLA-A24 tetramers were sorted, and mul-
tiple CD8+ T-cell clones were established for each of the three 
immunogenic AKF9 variants. The clones reactive to AKF9 
responded to AKF9 only in the presence of HLA-A24, and 
produced IFNγ in response to HCT15/β2 m cells that had the 
corresponding AP2S1 mutation. This demonstrated that the 
T-cell response functions in an HLA-A24 restricted manner as 
well as the natural presentation of the AKF9 neoantigen 
(Figure 5A). Likewise, both AYF9 and ADF9 variants induced 
reactive clones; however, the clones failed to recognize HCT15/ 
β2m cells as expected. Thus, this approach using naive CD8+ 

T cells, along with autologous DCs, induced functional CD8+ 

a b

c

Figure 4. Immunogenic prioritization of non-anchor-type neoantigen variants with single amino-acid substitutions. (A) Peptide-HLA-A24 stability assay using T2-A24 
cells in a range of indicated peptide concentrations. The change in mean fluorescence intensity (ΔMFI) was calculated as the experimental MFI minus the background 
MFI without a peptide pulse. (B) Representative responses of T-cell induction against AKF9 and ADF9. Numbers indicate the proportion of tetramer-positive CD8+ cells. 
Naive CD8+ T cells derived from HD-PBMCs were stimulated with autologous DCs pulsed with a cocktail of neoantigen variants along with the WT and CMVpp65. On days 
−1 (before stimulation) and 11 (after stimulation), the frequency of reactive CD8+ T cells was measured using the corresponding peptide-HLA-A24 tetramers. (C) 
Summary of T-cell induction in seven HD-PBMCs. The frequency of CD8+ T cells recognizing neoantigen variants or the WT before and after stimulation is shown. 
Asterisks indicate T-cell responses in which the frequency increased ≥ 4-fold after stimulation, with ≥ 0.1% tetramer+ CD8+ cells. The HDs with the same numbers are in 
common with those in Figure 2.

Table 2. Physicochemical properties of AKF9 neoantigen variants.

Sequence Mutated residues MW NetMHC pan-4.1 (%Rank) GRAVY hydrophobicity index Net charge PAM1 (P8)

ANF9 AYLEAIHNF Polar uncharged 1077.205 0.0008 0.3556 −0.7834 -
AKF9 AYLEAIHKF Positively charged 1091.275 0.0006 0.3111 0.2165 25
ATF9 AYLEAIHTF Polar uncharged 1064.206 0.0005 0.6667 −0.7834 13
ASF9 AYLEAIHSF Polar uncharged 1050.179 0.0009 0.6556 −0.7834 34
AIF9 AYLEAIHIF Nonpolar 1076.260 0.0019 1.2444 −0.7834 3
AHF9 AYLEAIHHF Positively charged 1100.242 0.0005 0.3889 −0.5431 18
ADF9 AYLEAIHDF Negatively charged 1078.189 0.0031 0.3556 −1.7826 42
AYF9 AYLEAIHYF Aromatic 1126.277 0.0009 0.6000 −0.7842 3
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（３）そこで in silico ですべての AKF9 バリアントを 3D 立体構造モデリングし、pHLA の
TCR側表面積（Accessible Surface Area, ASA）を具体的に計算した。ASA 値と野生型と比較
し、野生型との差を指標化した（ΔASA）（図４）。 

図４ 各種 AKF9 バリアントの pHLA 立体構造モデリングおよびそれぞれのΔASA
（Shinkawa T 2021 Oncoimmunology） 
 
その結果、ΔASA が抗原性とよく相関していることが明らかになった。即ち、野生型との立体
構造が異なれば異なるほど、抗原性が増加していることになる。 
 
この事実は患者体内でも同様と推測され、ΔASA は患者での免疫原性を生む変異の予測の精度
向上に貢献できる可能性がある。pHLA 立体構造に基づいて免疫原性ネオアンチゲンを予測す
る新しいアルゴリズムを確立することができたと考えている。 
 
一方、本研究では健常人８名の PBMC を用いて検証を行ったが、誘導性には個人間でばらつ
きがあった。即ち、今回 pHLA 立体構造の重要性を発見できたものの、抗原性は決して抗原側
要素だけで決定されるわけではないことも同時に強調した。TCRレパートリーを始めとした宿
主側の要素も重要な要素と考える。本研究の次のステージとして、今回確立したアルゴリズム
が免疫チェックポイント阻害剤の効果予測バイオマーカーとなりうるかどうかを患者コホート
を用いて検証する予定である。 
 

Some possible properties that differentiated these two immu-
nogenic neoantigens from other neoantigens included pHLA 
I stability and their HLA-binding affinity (Figure 2D).35,37 

Regardless of the HLA-binding anchor type, both AKF9 and 
TEF9 showed significantly higher pHLA I stability, which was 
measured based on stable pHLA I formation on transporter 
associated with antigen processing (TAP)-deficient T2-A24 
cells, than the other two natural neoantigens (VYI9 and HI9) 
that failed to induce T-cell responses. Thus, the immunogeni-
city of the HLA-A24 neoantigens was prioritized, whereby 
AKF9 predominantly induced CD8+ T-cell responses in three 
of six HD-PBMCs.

A panel of AKF9 variants with single amino-acid 
substitutions

Given the absence of the wild-type presentation of TEF9, it 
is plausible that an abrupt HLA presentation of TEF9 was 
new to the HD T-cell repertoires, eliciting a T-cell response. 
In accordance with this notion, the difference in MHC 
binding affinity between neoantigens and WTs is correlated 
with the immunogenicity observed both in preclinical mouse 
models and human samples.29,38–40 Meanwhile, many non-
synonymous somatic mutations potentially give rise to non- 
anchor-type neoantigens, in which mutations do not affect 
HLA presentation. Capietto et al. proposed the absolute 
values of HLA-binding affinity as a predictor of immuno-
genicity of non-anchor-type neoantigens.30 However, non- 
anchor-type neoantigens with high binding affinity do not 
always induce T-cell responses, and the intrinsic properties 

of neoantigens that prioritize immunogenicity remain 
unclear. Because WTs were simultaneously presented by 
the HLA in this setting, T cells must sense and discriminate 
changes in amino-acid substitutions.

Here, we hypothesized that structural changes in mutated 
residues confer immunogenicity to non-anchor-type neoanti-
gens. To test this hypothesis, AKF9 was chosen as a model, and 
its single amino-acid substitution variants were prepared based 
on single-nucleotide missense mutations that possibly 
occurred within the same codon (Figure 3A). Although P8 is 
next to the C-terminal residue that projects toward the deep 
F-pocket of HLA class I in a 9-mer peptide, P8 is often exposed 
to TCR contact surfaces.41 3D modeling of the complexes of 
the AKF9 variants and HLA-A*24:02 classified variants into 
two groups: a variant group with large structural changes, 
where the positively charged or aromatic side chains of His, 
Lys, and Tyr protruded toward the solvent surface faced with 
a T-cell receptor (TCR), and another variant group with mod-
erate structural changes caused by the substitution of Ile, Thr, 
Asp, and Ser for the wild-type peptide, Asn (Figure 3B). To 
validate the structural differences, accessible surface areas 
(ASA) of neoantigen peptides predicted by the online server 
PEP-FOLD3.5 were employed (Figure 3C).42 While this 
approach did not take into account the influence of an HLA 
molecule forming a pHLA I complex, it allowed the assessment 
of the surface areas of neoantigens without using crystal struc-
ture data. As anticipated, the difference in ASA between each 
AKF9 variant and the WT (∆ASA) demonstrated a difference 
between the group with large structural changes (mean ∆ASA: 
43.0) and those with moderate changes (mean ∆ASA: −0.9).

a c

b

Figure 3. 3D-Modeling of AKF9 variants with single amino-acid substitutions complexed with HLA-A24. (A) Variants of the immunogenic AKF9 neoantigen, where wild- 
type Asn at position 8 (P8) was substituted with the indicated amino acids encoded by possible single nucleotide mutations within the wild-type codon (AAC). (B) 3D- 
modeling of the neoantigen-HLA-A24 complexes. Neoantigen complexes superimposed on the wild-type complex are shown. The upper and lower panels show the 
view from the top (T-cell contact surface) and the side (C-terminal end of the peptide) of the complexes, respectively. The ribbon diagram in gray represents the α1 and 
α2 helices of an HLA-A24 molecule. Stick models in light blue represent a peptide backbone with the side chains of mutated (red) and wild-type (blue) residues at P8. (C) 
Differences in the accessible surface area between the neoantigen and the WT (∆ASA) of AKF9 variants. Error bars represent the SEM (n = 3).
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