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研究成果の概要（和文）：本研究では、ペプチドや蛋白質分子レベルでの標的情報に合わせた精密な分子設計シ
ステム構築を行い、標的蛋白質の構造解析とも組み合わせることで分子デザイン技術を開拓することを目的とし
た。その結果、ウイルス膜融合タンパク質のprefusion型構造およびpostfusion型構造、細胞侵入に関連するウ
イルス糖蛋白質に対する特異的阻害分子・ペプチド・抗体の構造情報に基づくデザインを行い、高機能性分子の
単離や作製、作用機序の解明に成功した。

研究成果の概要（英文）：In this study, we attempted to establish a precision molecular design system
 tailored to target information at the peptide and protein level, and to explore molecular design 
technology by combining it with structural analysis of target proteins as well. Consequently, we 
have succeeded in isolating and producing highly functional molecules and elucidating their 
mechanisms of action by designing them based on the structural information of prefusion and 
postfusion structures of viral membrane fusion proteins, and specific inhibitory molecules, 
peptides, and antibodies against viral glycoproteins related to cell entry.

研究分野：ウイルス学

キーワード： ウイルス学　構造生物学　感染阻害　分子デザイン

  １版

令和

研究成果の学術的意義や社会的意義
新型コロナウイルスによるパンデミックを筆頭に、ウイルス感染症による社会的・人的損失は非常に大きい。し
かし、治療薬やワクチンを理論的にデザインする手法は未だに確立したものが無く試行錯誤が続いている。本研
究では、構造情報を利用した精密な分子設計システム構築に挑戦し、感染症創薬に貢献できる構造情報の取得と
デザイン技術の構築を行った。これらの技術・情報は理論的な治療薬やワクチン開発に貢献することが期待され
る。

※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。



様 式 Ｃ－１９、Ｆ－１９－１（共通） 
 
 
１．研究開始当初の背景 
 
(1) 我々は半世紀以上前に抗ウイルス活性がある
とされていた、化学修飾された tri-ペプチド
（Chemically-modified peptide: CM Pep）による
ウイルス感染阻害の採用機序を構造解析によ
り解明した（Hashiguchi T et al. PNAS. 2018）。
その結果、疎水性の高い化学修飾部分が麻疹
ウイルス膜融合蛋白質の疎水性ポケットに結
合し、その周囲のアミノ酸残基の配置に応じ
てペプチド部分が相互作用することで、わず
か数アミノ酸配列でも特異性を発揮している
ことが明らかとなった（図１）。 

 
(2) 上記の抗ウイルス活性を示す CM pepの作用機序を解明するために、麻疹ウイルス（ヒトに
急性に感染して発症する熱性発疹性疾患である麻疹（はしか・ましん）を引き起こす病原体）
の fusion 蛋白質を機能性のある prefusion 型構造として蛋白質発現と精製を行う必要があ
った。しかし、細胞外ドメインを単純に分泌型として発現させる従来の方法では機能性の失
われた postfusin 型構造になってしまうため、蛋白質分子デザインを行い準安定化状態の
prefusion 型構造を固定する変異を導入、もしくは、scaffold による安定化を図る必要があ
った。この分子デザインを行うには予測される構造情報を下に変異導入して、実験的な手法
で蛋白質発現や構造を評価する必要があり、多くのコンストラクトを検討して prefusion型
構造を固定することに成功した（図１）。 

 
以上の(1)と(2)の研究背景から、構造情報に基づきペプチドや蛋白質レベルでの分子デザインを
精密に行う技術基盤の確立と阻害剤/分子の作用機序の解明は、創薬研究の効率的な推進を可能
にすることから、当該技術の開拓が求められていた。 
 
２．研究の目的 
 
阻害剤・機能性分子の開発研究では、主にライブラリー等から実験的に取得する必要があり、目
的とする結合・相互作用部位や機能を満たす分子取得には膨大な労力と時間がかかる。従って、
標的情報に合わせた精密な分子設計/取得システムは次世代技術として待望されている。そこで、
本研究では、ペプチドや蛋白質分子レベルでの標的情報に合わせた精密な分子設計システム構
築を行い、標的蛋白質の構造解析とも組み合わせることで分子デザイン技術を開拓することを
目的とした。 
 
３．研究の方法 
 
エンベロープ(細胞由来の脂質二重膜)に覆われた全てのウイルスは膜融合蛋白質を保持してお
り、膜融合蛋白質はその性質および構造上、必ず prefusion型構造と postfusin型構造が存在す
る。そこで、背景（１）に対応して、ウイルス膜融合タンパク質の prefusion型構造および細胞
侵入に関連するウイルス糖蛋白質に対する特異的阻害分子・ペプチド・抗体の構造情報に基づく
デザインを行い、ウイルス学的な手法による細胞侵入阻害効果や膜融合能阻害効果の評価・解析
を行った。また、背景（２）に対応して、ウイルス膜融合タンパク質の prefusion型構造を固定
する変異や scaffoldの検討、および、阻害分子による作用機序解明のため、標的タンパク質との
構造解析（X 線結晶構造解析・クライオ電子顕微鏡単粒子構造解析）を行った。これらの研究を
総合することで、構造情報に基づきペプチドや蛋白質レベルでの分子デザインを精密に行う技
術基盤の確立を目指した。 
 
４．研究成果 
 
（１）ウイルス糖蛋白質発現・精製系の構築 
ヒト培養細胞を用いたウイルス糖蛋白質発現・精製系の構築は、精製ウイルス糖蛋白質をプロー
ブとした機能性分子（化合物やペプチド・抗体）の効率的な単離・取得に役立つだけでなく、感
染阻害機能を持つ化合物やペプチド・抗体との複合体の構造解析を通じた作用機序の解明にも
大きく貢献する。そこで、精製ウイルス糖蛋白質を得るためのラージスケールでの発現精製系の
プロトコールをまとめて報告した（Kubota M, Hashiguchi T. Large-Scale Expression and 
Purification of Mumps Virus Hemagglutinin-Neuraminidase for Structural Analyses and 



Glycan-Binding Assays. Methods Mol Biol. 2020;2132:641-652.）。 
 
(２)麻疹ウイルスに対する感染阻害剤の分子デザイン 

麻疹（はしか）の原因である麻疹ウイルスは、パラミクソウイルス科に属する RNAウイルスで、
免疫系細胞に感染し一過性の免疫抑制を起こす。また、麻疹ウイルスは低頻度ながら極めて予後

不良の亜急性硬化性全脳炎(SSPE)や麻疹封入体脳炎（MIBE）などの中枢神経系感染を起こす場

合がある。麻疹ウイルスは、エンベロープ上に受容体結合能を担う Hemagglutinin (H)蛋白質と
膜融合能を担う Fusion (F) 蛋白質の 2 つの糖蛋白質を持ち、受容体結合に伴い、H蛋白質と F蛋
白質が相互作用をして連鎖的に構造変化することで膜融合を引き起こし細胞侵入する。 
 我々は、麻疹ウイルス H 蛋白質に対する中和抗体の作用機序解明と抗体デザインによる抗体

の感染阻害能の向上を目的に、ホモロジーモデリング、ドッキングシミュレーション、MD シミ

ュレーション、および in silicoアラニンスキャニングに基づき、安定性と結合親和性の双方に関

与する可能性のある残基を計算により予測し、抗麻疹ウイルス H 抗体の物理化学的特性を実験

的に解析した（図２）。その結果、複数の抗体が受容体結合部位をエピトープとしており、麻疹

ウイルス H蛋白質に対して 1nM以下の高い結合親和性を示したが、安定性には差があった（図

２）。ペアワイズ点突然変異解析により、これらの違いが明らかになり、抗麻疹ウイルス H抗体
の親和性と安定性の間に関係がある可能性が示唆された（図２）（Paul R, et.al. Unveiling the 
affinity-stability relationship in anti-measles virus antibodies: a computational approach for hotspots 
prediction. Front Mol Biosci. 2024 Mar 1;10:1302737.）。また、麻疹ウイルス F蛋白質に対する阻害

CM pepである FIP（図１）を構造情報を下に改良デザインを施し、50%阻害濃度（IC50）を 10
倍から 100 倍程度に向上させることにも成功している。 

 
 
（３）インフルエンザウイルス HA蛋白質に対する広域 in vivo 防御抗体の作用機序の解明と抗

原デザイン 
インフルエンザの原因である A 型インフルエンザウイルスは、オルソミクソウイルス科に属す

る RNAウイルスで、発熱、頭痛、全身倦怠感、筋肉痛・関節痛、上気道炎症状を起こす。イン

フルエンザウイルスは、エンベロープ上に受容体結合能を担う HA1 サブユニットと膜融合能を

担う HA2 サブユニットが一体となった糖蛋白質 HA を持ち、受容体結合に伴い、HA1 と HA2
が連鎖的に構造変化することで膜融合を引き起こし細胞侵入する。 
 我々は、中和能を示さないものの複数の亜型に対して in vivoで感染防御能を示すヒトモノク

ローナル抗体の詳細な解析を行った（図３）。抗体 LAH31は、postfusion型構造特異的なステム

ヘリックスのキンクドループエピトープを標的とすることで、IgG Fc 依存的な広範な防御能を

示した。構造解析と分子モデリングにより、体細胞変異を起こした軽鎖に依存するエピトープ特

異性と主要な認識部位が明らかになった（図３）。 
抗体 LAH31 は細胞表面に発現

している prefusion 型構造は認

識できなかったが、感染細胞上

に存在する HA 構造には結合し、
Fcを介したクリアランスに機能

的に貢献した。これらの結果は、

postfusion 型構造で出現する新

しい非ネイティブエピトープが

防御抗原デザインに有用である

ことを示した（図３）。 

in the heavy chain and 77.8% in the light chain were located
within the CDRs. Throughout this study, we followed Chothia
numbering scheme (Chothia and Lesk, 1987; Al-Lazikani et al.,
1997) to define CDRs (Figures 1A, B). Moving on to the
8F6 antibody, we identified 36 interacting residues in MVH,
with 74.4% of them belonging to the core epitope region.
Additionally, we found 27 interacting residues in the
8F6 antibody, out of which 18 were in the heavy chain, and
all of them situated within the CDRs. From this analysis, we
deduced that the CDRs of the heavy chain exhibited a reasonable
number of interacting residues in the antibodies, particularly in
the case of 8F6. Notably, the light chain of 7C6 exhibited a higher
presence of interfacial residues than the heavy chain,
emphasizing its importance in the interactions.

To computationally assess the validity of the predicted
interacting residues of the antibody-antigen complexes, we
employed MD simulations. In MD simulations, model
structures are refined as they interact with surrounding
explicit water molecules. This makes MD simulations a
common tool for refining model structures (Heo et al., 2021).
To confirm the quality of the simulations we first checked
convergence of the three independent MD simulations for
each antibody-antigen complex. The convergence of the
predicted complex is difficult to achieve since the crystal
structure of the MVH (PDB ID: 2ZB6) we used in our

docking simulations has missing residues (167–183 and
240–246) in the non-epitope region (Figure 1C). Therefore, we
trimmed the terminals of MVH and repaired the missing residues
240–246 through Modeller (Fiser et al., 2000; Webb and Sali,
2016) before the MD simulations. In addition, we modeled the
constant regions of the antibody to mimic the Fab format used in
experiments. The contribution of the modeled regions was
evident in the simulation runs which caused the higher
structural deviations in the trajectories. Given that our above
interface analysis of the docked models indicated that the
interacting residues were primarily located in the core epitope,
we focused our attention on verifying the potential interactions
within the core epitope and Fv of antibody. Therefore, we
checked the convergence using the root mean square deviation
(RMSD) of the Cα atoms for these regions, which remained quite
stable after 170 ns (Supplementary Figure S3). We used the last
70 ns of the trajectories after achieving convergence in the
analyses below.

To identify the residue-wise contributions of interactions
between antibody CDRs and the core epitope more
quantitatively, we computed the interaction energies
(comprising van der Waals and coulomb energy) based on
the MD trajectories (Figure 3). The probability distribution
function of the non-bonded energy components for both
antibodies showed strong interaction energies toward the core

FIGURE 2
Workflow of hotspots identification pipeline. (A, B) display the steps for hotspots identification and their link to affinity-stability trade-offs. (A)
presents the workflow of the in silico experiments, which involves checking the interaction energies of the complex structure by using MD simulations.
We identify the residue N exerting strongest interaction energy (total non-bonded interaction energy (ETot)). We then perform in silico alanine scan (Ala
scan) on the structures (both apo and holo forms). After averaging the ΔΔG from both apo and holo structures, we check whether residue N shares a
high-low ΔΔG pattern with its neighbor residues N-1 and N+1. If it does, we pair the residues and predict the pair as hotspots. Finally, we check the relative
hydropathy of the pair by calculating spatial aggregation propensity (SAP). This step helps in understanding the interplay between affinity-stability trade-
offs. (B) illustrates the workflow shown in (A). The residues are displayed as atoms in sphere style, with color coding based on the IMGT-defined
hydropathy and SAP score.
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(Table 1; Supplementary Figure S1). Despite this discrepancy, all
four antibodies exhibited better binding affinity than the
receptors, particularly 7C6 and 8F6. Although the reported
thermal stability of the 2F4 Fab was 76°C (Tadokoro et al.,
2020), our DSC measurements revealed a decrease in melting
temperature (Tm = 72.7°C ± 0.1°C). Antibodies 7C6 and
10B5 demonstrated higher stability with melting temperatures
of 73.9°C ± 0.3°C and 73.9°C ± 0.1°C, respectively, while
8F6 exhibited lower thermal stability of 68.0°C ± 0.1°C
(Table 1; Supplementary Figure S2).

Based on these observations, we classified the antibodies into
two affinity groups (Table 1). Subsequently, we focused on the high
binding affinity (<1 nM) antibodies 7C6 and 8F6, which showed a
significant difference in thermal stability (ΔTm, ~6°C). Analyzing
these characteristics may provide insights into the relationship
between binding affinity and thermal stability in anti-MVH
antibodies.

2.2 Homology modeling and antibody-
antigen local docking

As the crystal structure of the antibodies are unavailable at
the time of this writing, we performed antibody structure
modeling with the RosettaAntibody protocol (Weitzner et al.,
2017). The variable fragment of the antibody was modeled from
the amino acid sequences (Figures 1A, B), and the best scored
model was selected for docking with the MVH crystal structure
(PDB ID: 2ZB6). While there was no prior binding information
available for the high-affinity antibodies (7C6 and 8F6), it was
available for the receptors. The head domain of the MVH has 6-
bladed β-propeller folds (β1–6). It is the main target of
neutralizing antibodies (Tahara et al., 2016). Among them,
the receptor binding epitope, which is a group of amino acids
in the receptor binding site, stands out because, as the name
suggests, it is also recognized by the three receptors to MVH, as
well as by antibody 2F4. It is worth noting that several other
antibodies, which were not included in this study, have also been
reported to target this epitope (Tahara et al., 2016). The receptor
binding epitope is located primarily within β5 with some
extension in β4 and β6. Since 2F4 is reported to interact with
the receptor binding epitope (Tahara et al., 2016), we first
constructed a putative structure of the 2F4 with MVH by
placing the antibody within 7 Å of the MVH near the
receptor binding epitope, so that the CDRs and the receptor

binding epitope roughly face each other. Next, we performed a
Monte Carlo-based rigid body docking using RosettaDock
(Chaudhury et al., 2011), that predicted favorable binding
modes of 2F4 with MVH. The best docking score obtained
was −26.9 Rosetta Energy Unit (REU). The visual inspection
of this docked model showed that amino acids 190, 533 and 541,
which reported to recognize 2F4 is within 5 Å, in agreement with
the reported experimental data (Tahara et al., 2013; 2016). The
2F4 docked model helped in our knowledge-based docking
approach and we used it as a reference to construct the
putative model for 7C6 and 8F6 followed by flexible
antibody-antigen docking (Weitzner et al., 2017). The “core
epitope” utilized in this study encompasses the following
amino acids in the receptor binding site of MVH: 187,
190–200 and 571–579 in β6, 483 in β4, 505–552 in β5
(Figure 1C). Binding of antibodies to this core epitope could
identify key interacting residues.

Subsequently, with the SnugDock algorithm (Sircar and Gray,
2010), we obtained the best docking scores of −41 REU
and −39.5 REU for 7C6 and 8F6 antibodies, respectively. The
order of these docking scores aligns with the experimental KD

values (0.4 ± 0.2 and 0.9 ± 0.2 nM for 7C6 and 8F6,
respectively). We also employed docking local refinement in
Rosetta to compute the docking score for the available crystal
structure of the receptor-antigen complex as a positive control.
The best docking scores for receptors SLAM (PDB ID: 3ALZ)
(Hashiguchi et al., 2011), CD46 (PDB ID: 3INB) (Santiago et al.,
2010) and Necin-4 (PDB ID: 4GJT) (Zhang et al., 2013)
were −38.9, −33.7 and −30.9 REU, respectively. These docking
scores are aligned well with the reported experimental binding
affinity (KD 170, 200 and 670 nM for SLAM, CD46 and Nectin-
4, respectively) (Hashiguchi et al., 2007; Santiago et al., 2010). The
resulting models for antibodies, representing the predicted holo
form, were then further evaluated through in silico and in vitro
assessments. The workflow for the in silico assessments is depicted
in Figure 2.

2.3 Visual inspection and MD simulations to
identify interacting residues in predicted
complex structures

In line with our proposed workflow for hotspot prediction
(Figure 2), our initial step involves identifying the interface
residues contributing to binding between the antibody and

TABLE 1 Physicochemical analysis of the wild type anti-MVH antibodies. Kinetic parametersa and melting temperature (Tm) are shown.

Physicochemical analysis (wild type) < 1 nM affinity group > 50 nM affinity group

7C6 8F6 2F4 10B5

Binding affinity kon (×105 M−1s−1) 11.4 ± 4.8 3.4 ± 2.9 1.2 ± 0.5 0.1 ± 0.1

koff (×10−4 s−1) 4.1 ± 1.7 2.8 ± 1.7 65.8 ± 29.1 8.6 ± 0.4

KD at 25°C (nM) 0.4 ± 0.2 0.9 ± 0.2 54.1 ± 0.1 60.3 ± 19.4

Thermal stability Tm (°C) 73.9 ± 0.3 68.0 ± 0.1 72.7 ± 0.1 73.9 ± 0.1

aThe simple 1:1 Langmuir binding model was used to fit and calculate the kinetic parameters of the binding.
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stability. For the pairs identified in 7C6, which has two types of pairs
within CDR3 (Figure 4C), in addition to introducing alanine, we also
predicted other amino acid substitutions at the same positions using
standard in silico tools.

We employed two methods to predict new mutations based on
the high-low ΔΔG pattern derived from Ala scan analysis of FoldX.
For residues with high ΔΔG values (such as 7C6 L-Y91 and H-W97),
which we hypothesized have an impact on stability, we utilized

TABLE 2 Kinetic and thermal stability parameters of the 7C6 and 8F6 mutants.

kon (×105 M−1s−1) koff (×10–4 s−1) KD at 25°C (nM) Tm (°C) ΔTm (°C)

7C6 WT 11.4 ± 4.8 4.1 ± 1.7 0.4 ± 0.2 73.9 ± 0.9

L-Y91A 1.8 ± 0.5 168.8 ± 35.0 97.5 ± 8.2 71.3 ± 0.7 −2.6

L-D92A 7 ± 0.4 4.6 ± 0.4 0.7 ± 0 73.7 ± 1.7 −0.3

H-D96A 14.2 ± 0.3 90.8 ± 0.2 6.4 ± 0.1 75 ± 1.7 1.0

H-W97A 43.6 ± 5.1 37.6 ± 1.6 0.9 ± 0.1 72.9 ± 0.3 −1.0

L-Y91F 27.0 ± 1.0 13.2 ± 0.3 0.5 ± 0 71.7 ± 1.1 −2.2

L-D92F 14.4 ± 0.2 4.4 ± 0.2 0.3 ± 0 72.7a −1.2

H-D96F 14.4 ± 1.3 363.1 ± 27.3 25.2 ± 0.4 72.8 ± 0.8 −1.1

8F6 WT 3.4 ± 2.9 2.8 ± 1.7 0.9 ± 0.2 68.4 ± 0.9

H-I98A 2.2 ± 0.8 153.3 ± 48.8 70.5 ± 2.4 69.1 ± 1.0 0.7

H-Y99A 0.1 ± 0 8.9 ± 0.2 99.5 ± 2.8 68.6 ± 0.4 0.2

H-Y100cA - - - - N.D. 69.7 ± 0.7 1.3

H-R100dA 0.1 ± 0 40.5 ± 0.3 284.0 ± 0.9 70.2 ± 0.4 1.8

N.D., not determined as kinetic fitting was not applicable.
aTm measurements for 7C6 L-D92F were conducted only once due to insufficient protein quantity.

FIGURE 5
Effect of mutations on binding affinity. Binding affinity is measured by SPR. Effect on binding affinity was measured in terms of KD ratio = KD of
mutant/KD of wild type. The wild type (WT) 7C6 and 8F6 antibodies served as the baseline (i.e 0), indicating no change in binding affinity. Error bars were
calculated from three independent measurements, and asterisks denote mutants that exhibit a significant change in binding affinity, which corresponds
with the > 30-fold decrease in binding affinity (Akiba and Tsumoto, 2015).
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図２. 抗⿇疹ウイルスH抗体の構造シミュレーションと機能性解析

Fig 3. LAH31 epitope is concealed in prefusion state but exposed and stabilized upon the postfusion conversion. (A) Binding region of
LAH31 was investigated using ELISA with 15-residue overlapping LAH peptides. Amino acid sequence of individual peptides is indicated below
each bar. Sequence corresponding to LAH31 binding is colored in red. Peptides sharing core sequences, yet undetectable by LAH31, are partially
colored in white. The assay was conducted in duplicates and representative data from two independent experiments are represented as
mean ± SD. (B) The core region of LAH31 epitope is highlighted in the schematic model of the trimeric form of the prefusion HA (PDB: 1ha0)
or postfusion HA2 (PDB: 1qu1). Each HA protomer or LAH31 epitope region are colored in black, grey, and white or in yellow-red, orange, and
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図３. 抗インフルエンザウイルスHA抗体のpostfusion構造を認識
する抗体LAH31と抗原の複合体構造と抗原結合能



（Tonouchi K, et al., Structural basis for cross-group recognition of an influenza virus hemagglutinin 
antibody that targets postfusion stabilized epitope. PLoS Pathog. 2023 Aug 9;19(8):e1011554.） 
 
（４）SARS-CoV-2 S蛋白質に対する広域中和抗体の効率的な抗体単離と作用機序の解明 
COVID-19の原因である severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)は、コロナ

ウイルス科に属する RNAウイルスで、発熱・上気道炎症状を起こし、ときに嗅覚異常・味覚異

常を引き起こすことがある。また、肺炎を合併する事例もある。特に基礎疾患を持つ患者や高齢

者で予後が悪い。SARS-CoV-2 は、エンベロープ上に受容体結合能を担う S1 サブユニットと膜

融合能を担う S2 サブユニットが一体となった糖蛋白質 Spike (S)を持ち、受容体結合に伴い、S1
と S2が連鎖的に構造変化することで膜融合を引き起こし細胞侵入する。 
  我々は、複数の SARS-CoV-2 変異株に対して広域な中和能を示す抗体を抗原蛋白質をプロー

ブとして利用することで効率的に回復期患者から単離する手法と広域中和抗体 9-105 を報告し

た（図４）。9-105は、S蛋白質の受容体結合ドメイン（RBD）を非常に高い親和性で認識し、オ

ミクロン以前の複数の変異株を中和した。同手法を用いて、さらに広域性の高い中和抗体 4-66
の単離と構造解析による作用機序の解明にも成功しており（図４）、抗体デザインや抗原デザイ

ンの基盤となる構造情報の決定を行うことが出来た。（Kaku Y, et al., Resistance of SARS-CoV-2 
variants to neutralization by antibodies induced in convalescent patients with COVID-19. Cell Rep. 
2021 Jul 13;36(2):109385.） 

 
 
 本研究では、構造情報に基づきペプチドや蛋白質レベルでの分子デザインを精密に行う技術基
盤の確立と阻害剤/分子の作用機序の解明に挑戦し、以上の研究成果を得ることが出来た。 
 
 
 
 
 
 

New SARS-CoV-2 variants with multiple mutations in the S
protein have emerged from the D614G variant (Elbe and Buck-
land-Merrett, 2017; Rambaut et al., 2020). Variants, including
B.1.1.7 (also known as VOC-202012/01 or 501Y.V1) and
B.1.351 (also known as 501Y.V2), have emerged in the UK and
South Africa, respectively, and have since been detected in other
countries (Leung et al., 2021; Tegally et al., 2021). P.1, In Brazil, a
variant with unique mutations, has emerged in Brazil (Fujino
et al., 2021; Maggi et al., 2021). It is important to clarify whether
neutralizing antibodies from convalescent patients infected with
the prototypic virus are effective against emerging SARS-CoV-2
variants for therapy using plasma or antibodies from convales-
cent patients. Therefore, we examined the sensitivity of neutral-
izing mAbs and plasma from convalescent patients to emerging
SARS-CoV-2 variants.

RESULTS

Isolation of neutralizing mAbs from two convalescent
patients
To identify potent neutralizing mAbs against SARS-CoV-2, we
selected two patients, A and B, who had recovered from severe
COVID-19 (Table S1). These patients were infected in March
2020, during the first wave of SARS-CoV-2 prevalence in Japan.

Plasma samples from these patients had high binding activity to
the SARS-CoV-2 Wuhan-Hu-1 S protein (Figures 1A and S1A).
Significant binding of plasma samples to S was observed even
at a 1:1,000,000 dilution, although the level of binding declined
202 days post-symptom onset (DPSO) in patient A. Neutralizing
activity against SARS-CoV-2, which was measured using an
HIV-1-based pseudovirus with the SARS-CoV-2 S protein car-
rying 614G, was detected in these plasma samples (Figure 1B).
The potency of plasma sample neutralizing activity correlated
with their binding activity, but their neutralizing activity, deter-
mined by 50% of the maximal inhibitory concentration (IC50)
values ranging from 1:640 to 1:2,800 dilution, was low compared
with their strong binding activity (Figures 1A and S1A). Further-
more, these plasma samples had weak cross-neutralization ac-
tivity against SARS-CoV and Middle East respiratory syndrome
coronavirus (MERS-CoV) (Figure 1B).
We sorted IgG+ memory B cells from patients A and B, and

mAbs were produced from the amplified immunoglobulin genes
(Figures 1C and 1D). The recombinant antibodies were screened
for their reactivity to the S protein of SARS-CoV-2 Wuhan-Hu-1
strain (Figure 1E). S-binding antibodies were examined for their
neutralizing activity using a pseudovirus expressing SARS-
CoV-2 S. Overall, 444 and 658 antibodies were isolated from
the immunoglobulin-G-positive (IgG+) memory B cells of patients

Figure 1. Isolation of neutralizing mAbs from two convalescent patients
(A) Binding activity of plasma samples from patients A and B to the SARS-CoV-2 S protein was analyzed by flow cytometry. Binding of IgG to cells expressing

SARS-CoV-2 S at 310,000 dilution of plasma samples is shown as a histogram. Dotted line, no plasma control; orange line, plasma from a healthy donor.

(B) Neutralization activity of plasma samples analyzed using pseudoviruses expressing the S protein from SARS-CoV-2, SARS-CoV, andMERS-CoV. IC50 values

(dilution) are summarized.

(C) Strategy to isolate neutralizing mAbs is shown schematically.

(D) A representative flow cytometry plot is shown. CD3!CD14!CD8! cells were used to sort memory B cells (7AAD!CD19+IgM!IgG+CD27+ cells), as shown in

dotplots.

(E) Numbers of recombinant IgGs, S binders, RBD binders, and neutralizers from patients A and B are summarized.
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