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研究成果の概要（和文）：ハイスループット構造モデリング（Repertoire Builder）、クラスタリング
（InterClone）、TCR-ペプチド-MHC複合体モデリング（ImmuneScape）用のツールを開発した。これらのツール
は、より低スループットなツールや、この目的のための唯一の既存のツール（RepertoireBuilderとInterClone
の場合）と同程度かそれらを上回る正確さを示した。これらのツールを適用して、COVID-19を含むいくつかの疾
患における抗体とTCRの構造的基礎を明らかにした。SARS-CoV-2から同定したTCR-ペプチド-MHC複合体を実験的
に確認した。

研究成果の概要（英文）：Tools for high-throughput structure modeling (Repertoire Builder), 
clustering (InterClone), TCR-peptide-MHC complex modeling (ImmuneScape) have been developed. These 
tools are at least as accurate as low-throughput tools, and for Repertoire Builder and InterClone 
are the only tools in their class. We applied these tools to understand the structural basis of 
antibodies and TCRs in several diseases, including COVID-19. We experimentally validated identified 
TCRs-peptide-MHC complexes from SARS-CoV-2.

研究分野：ゲノム情報解析分野

キーワード： Immunology　Protein Structure　Protein Function　Disease　Machine Learning　Single cell seque
ncing　SARS-CoV-2　CAR T cell
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令和

研究成果の学術的意義や社会的意義
免疫システムは、感染症から癌に至るまでさまざまな病気を予防するためにT細胞と抗体を用いる。しかし、T細
胞や抗体が、どのようにしてこのような病気に関連するタンパク質を自己由来のタンパク質と区別して認識する
のかはまだわかっていない。本計画では、T細胞と抗体の機能を分子レベルで理解するためのソフトウェアを開
発した。特に、SARS-CoV-2からT細胞とその標的エピトープを特定することに成功した。これらの結果によっ
て、本計画で開発したソフトウェアの有用性を実証した。

※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 
 
(1) Understanding how T cell and antibodies specifically recognize antigens is a major question 
in the field of immunology. One of the most important recent advances in this area is single-cell 
sequencing which allows us to obtain the amino acid sequences of large numbers of TCRs and 
antibodies under healthy and disease conditions.  
 
(2) Our lab pioneered a method (Kotai Antibody Builder) for accurately predicting the structure of 
antibodies in a high-throughput manner (Yamashita, K. et al Bioinformatics 2014), which formed 
the starting point of this project. 
 
 
２．研究の目的 
 
(1) The purpose of this project was to develop methods to model TCR-antigen complex structures 
and antibody-antigen complex structures from sequence information, and to estimate antigen and 
epitope (binding site) specificity based on these structures.    
 
(2) We aimed to apply the resulting methods to specific diseases by characterizing the repertoires 
of antibodies and TCRs associated with a given disease. In particular, we aimed to focus on 
infectious diseases. 
 
 
３．研究の方法 
 
(1) The first step was to construct Repertoire Builder, a method for modeling large numbers of 
either TCRs antibodies from single cell sequencing data (Schritt et al. MSDE 2019).  
 
(2) We next extended Repertoire Builder to enable TCR-pMHC modeling, resulting in the software 
ImmuneScape (Li, S. et al. Meth Mol Biol 2019). We further expanded these tools to allow 
clustering of TCR or antibody sequence data using features from the 3D models, resulting in the 
tool InterClone (Xu et al. MSDE 2019). The interoperability of these tools has been recently 
described (Teraguchi, S. et al. CSBJ 2020). 
 
 
４．研究成果 
 
(1) The construction of Repertoire Builder, ImmuneScape 
and InterClone established our group as one of the leading 
TCR and antibody structural modeling labs in the world. To 
our knowledge, Repertoire Builder is the only software that 
allows high-throughput modeling of both BCRs and TCRs. 
Generally, 10,000 models can be built in 30 minutes, which 
is sufficiently fast to enable analysis of single cell sequence 
datasets for individual donors (repertoires). Moreover, in both 
internal and third-party benchmarks, Repertoire Builder has 
consistently been shown to be at least as accurate as low-
throughput modeling web servers (Figure 1).  
 
(2) Given our strong computational foundation, we next aimed to apply our tools to the 
identification of antigens and their binding sites (epitopes) involved in specific diseases through 
collaboration with wet researchers. To this end, we have been successful, in several areas. In 
collaboration with immunologists at Osaka University, we helped to identify the antigens 
implicated in chronic rhinosinusitis with nasal polyposis (Takeda et al. J Allergy Clin Immunol 
2019). At present, we are working with the same group to further elucidate the associated T cells 
in this patient population. We also recently collaborated with an immunology group in Kyoto 
University to understand a vulnerability of helper T cells to HIV-1 (Yamasoba et al Nat Microbiol 
2019). We also recently tacked the problem of receptor clustering in CAR T cells, in collaboration 
with a US group treating acute lymphoblastic leukemia (Singh, N. et al Nat Med 2021). 

BCR TCR

Figure 1. Errors in BCR and TCR loop 
modeling by Lyra (LR), Pigs Pro (PP), 
AbodyBuilder (AB), Repertoire Builder 
(RB), TCRmodel (TM), and an “ideal” 
method (ID). Statistical significance is 
indicated by -log(p) above each pair.   



 
 
(3) The COVID-19 pandemic caused us to focus our attention on SARS-CoV-2 and its interaction 
with the host immune system. We first identified possible sites of interaction between the spike 
protein and human immune receptors by analyzing the evolution of the virus in human and non-
human hosts (Saputri, et al. Front Microbiol 2020). To our surprise, a significant number of the 
residue positions identified in this early work turned out to characterize emerging variants (Katoh 
and Standley Researchsquare 2021). Of these residue positions, we have subsequently learned 
that some are involved in antibody interactions. Of these, a subset actually appears to help the 
virus enter cells more efficiently using a novel method of antibody-dependent enhancement (Liu, 
Y. et al. Cell 2021).  
 
(4) We next analyzed the TCRs of a set of COVID-
19 patients and compared their Repertoire Builder 
structures with those of TCRs from healthy controls 
using InterClone. We identified several clusters that 
were enriched in the TCRs from COVID-19 
patients. We have so far tested the peptide-MHC 
specificity of TCRs in two of these clusters and 
found that all but one TCR in the cluster indeed 
targeted the same epitope. As shown in the lower-
part of Figure 2, each point on the x-axis represents 
a different pool of peptides. Reactivity is 
represented by the height of the bar. Therefore, all 
5 TCRs (118, 245, 438, 601 and 679) reacted to the 
same peptides, proving that they have the same 
epitope specificity. This is the first experimental 
validation of InterClone. We are optimistic that the 
same approach can work for TCRs and BCRs 
involved in other diseases. 
 
 
 
 

COVID-19 patients 

Healthy control

TCR clustersTCR models

Enriched in COVID-19 Not enriched

0

5

10

15

20

25

30

35

40

45

50

A1
.fc
s

A3
.fc
s

A5
.fc
s

A7
.fc
s

A9
.fc
s

A1
1.
fc
s

B1
.fc
s

B3
.fc
s

B5
.fc
s

B7
.fc
s

B9
.fc
s

B1
1.
fcs

C1
.fc
s

C3
.fc
s

C5
.fc
s

C7
.fc
s

C9
.fc
s

C1
1.
fcs

D1
.fc
s

D3
.fc
s

D5
.fc
s

D7
.fc
s

D9
.fc
s

D1
1.f
cs

E1
.fc
s

E3
.fc
s

E5
.fc
s

E7
.fc
s

E9
.fc
s

E1
1.f
cs

F1
.fc
s

F3
.fc
s

F5
.fc
s

F7
.fc
s

F9
.fc
s

G2
.fc
s

G4
.fc
s

G6
.fc
s

G8
.fc
s

H2
.fc
s

H4
.fc
s

H6
.fc
s

H8
.fc
s

InterClone cluster 28

118 245 438 601 679

Peptide specificity of enriched cluster 

Figure 2. Experimental validation of TCR epitope 
prediction in a set of COVID-19 patients. The upper-
part of the figure shows the computation-al workflow. 
The lower-part shows the peptide screening results 
for 5 TCRs in a cluster.  
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