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ST Methods & Database Contents

Where possible, the following information is documented for each entry:

1. The published name of the antibody/nanobody

2. Antigens that the antibody/nanobody has been proven to bind and/or neutralise.

3. The protein domain targeted by the antibody/nanobody (e.g. spike protein receptor
binding domain)

4. The developmental origin of the antibody/nanobody (e.g. engineered/

naturally raised, species information, etc.)

5. Sequence information including: (a) the entire variable domain sequence for the anti-
body/nanobody, highlighting the CDR3 regions, and (b) V and J gene germline assign-
ments.

6. Links to any available structures involving the antibody/nanobody

7. (If Fv/VHH sequence available) A homology model of the antibody /nanobody

8. References to the primary literature on the antibody/nanobody



9. Timestamps to show when the antibody/nanobody was added and last updated
10. Any steps we are taking to follow up on the entry (e.g. to source its sequence and/or
add further metadata)

As of 5% August 2020, CoV-AbDab contains 1402 entries from 66 papers [1, 2, 4, 5,
6,7,8,9,10, 11, 12, 14, 17, 18, 19, 20, 21, 23, 24, 25, 26, 29, 30, 32, 33, 34, 35, 36, 37, 38,
40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64,
65, 66, 67, 68, 70, 71, 72, 74, 75, 76, 77, 78] and 21 patents (see Patents). The following

reviews were helpful for tracing relevant literature [13, 16, 27, 54, 79].

Number of SARS-CoV-2 Binders: 1131
...of which neutralising: 271 [24.0%]

Number of SARS-CoV-1 Binders: 483
...of which neutralising: 95 [19.7%]

Number of MERS-CoV Binders: 147
...of which neutralising: 95 [64.6%)]

CoV-AbDab already contains links to 84 relevant CoV-antibody structures across
40 distinct antibodies/nanobodies, with structures of a further 10 antibodie/nanobodies
anticipated based on preprints. These solved structures indicate that many coronavirus
binding antibodies use both their heavy and light chain complementarity-determining
regions to engage the RBD, highlighting the importance of capturing full Fv information
3, 15, 28, 45, 55, 60, 70, 69)].

Our database does not contain Next-Generation Sequencing (NGS) data from SARS-
CoV-2 responding antibody repertoires (e.g. [22, 39, 49]); case studies from these papers
have only been included if binding/neutralising activity has been confirmed experimen-
tally. Processed and annotated NGS data from Nielsen et al. [39] is now available from
our Observed Antibody Space database [31].

Patents

As of 5™ August 2020, the following patents are primary sources of antibody/nanobody
sequences: CN1664100, CN1903878, CN100374464, CN104447986, CN106380517,
EP1857116, EP2112164, JP2018203632, KR101828794, KR101969696, KR20190122283,
KR20200020411, US7396914, W02005/012360, W0O2005/054469, W0O2005/060520,
WO02006/095180, WO2008/035894, WO2015/179535, W0O2016/138160, and
W02019/039891.



SI Analysis

Here, we describe a preliminary analysis on the contents of CoV-AbDab, comparing the

data gathered for binders to SARS-CoV-2, SARS-CoV-1, and MERS-CoV.

Biological /Synthetic Origins

First we investigated the reported biological /synthetic origins of each known binder to
SARS-CoV-1, MERS-CoV, and SARS-CoV-2 (Fig. S1).

An immediate observation was the increase in the role of nanobodies being used
to target MERS-CoV and SARS-CoV-2 relative to SARS-CoV-1. Nanobodies used in
MERS-CoV therapy tend to have natural sources (e.g. infected camels, reflecting the ge-
ographical region of the epidemic), whereas the advance in ‘sybody’ (synthetic nanobody)
technology has lead to phage display becoming the primary origin of anti-SARS-CoV-2
nanobodies.

Antibody coronavirus binders too have significantly changed in their origins over
time, with a clear move away from harvesting animal (mouse, chicken, rhesus) antibody
response repertoires. Coupled with this, there has been a decrease in the use of phage
display to isolate human antibody binders, with antigen baiting technologies becoming the
dominant way of isolating human binders. Human B-cells are the biological origin of 96%
of the SARS-CoV-2 antibodies, compared to 42% of SARS-CoV-1 antibodies (excluding
cross-reactive SARS-CoV-1/SARS-CoV-2 antibodies isolated in 2020, this number falls
to 23%).

Together this results indicate that there have been discernible shifts in the meth-
ods used to isolate binding antibodies/nanobodies since 2003. These trends should be

carefully considered when comparing published binders to different coronaviruses.

Target Antigens

We next investigated the protein target for each documented antibody/nanobody coro-
navirus binder, to the domain resolution if possible (Fig. S2). Note that many of these
categories are not mutually exclusive (e.g. an S; N-Terminal Domain [NTD] binder would
also fit into the category of S; S1 non-Receptor Binding Domain [RBD], however there is
experimental evidence to assign it specifically to the NTD domain).

For all three coronaviruses, the RBD is the target for most binding antibodies and
nanobodies. It is unsurprising that the RBD is the most investigated domain, as a
well-understood mode for viral neutralisation involves direct competition for the native
human receptor (Angiotensin-converting Enzyme-2 (ACE-2) for SARS-CoV, or Dipep-
tidyl Peptidase-4 (DPP4) for MERS-CoV). An increased bias towards identifying RBD

binders could also be attributable to the increased usage of RBD baits as well as entire



spike protein baits to isolate relevant antibodies from human serum.

Heavy V-Gene Germline Origins

Finally, we compared the heavy V-gene (IGHV) germline origins of human antibody
binders to all targets of SARS-CoV-2, SARS-CoV-1, and MERS-CoV (Fig. S3).

Certain germlines were expanded in both SARS-CoV-2 and SARS-CoV-1 human an-
tibody binders, for example the IGHV3-30 gene is represented in 13% of SARS-CoV-2
human antibodies over at least 7 studies ([3, 9, 24, 45, 49, 52, 53]) and 19% of SARS-
CoV-1 human antibodies over at least 10 studies ([3, 5, 12, 25, 33, 45, 49, 53, 56] and
patent CN1903878), but only in 4% of MERS-CoV human antibodies over at least 4
studies (26, 57, 75] and patent W0O2105179535).

In contrast, the IGHV3-53 gene represented 6% of SARS-CoV-2 human antibody
binders, yet appeared in < 2% SARS-CoV-1 human antibody binders and no IGHV3-53
MERS-CoV binder has yet been reported. The SARS-CoV-2 IGHV3-53 epitopes have
been explored structurally by Yuan et al. [73] and Wu et al. [69].



SARS-CoV-2 (2019)

(Ab) Human B-cells;
CoV-1 Patient [207]

MERS-COV(2012)

(Ab) Human B-cells;
MERS-CoV Patient [23]

(Ab) Human PD Library
(Non-immune) [51]

SARS-CoV-1 2003

(Ab) Human B-cells;
CoV-1 Patient [176]

(Nb) Immunised Alpaca [3]

/ (Nb) Immunised Llama [14]

(Nb) PD Library (Non-immune) [147]

(Ab) Immunised Mouse [26]
(Ab) Human PD Library (Immune) [10]

(Ab) Human B-cells;
CoV-2 Patient [709]

(Nb) Immunised Llama Nb [1]
(Nb) Humanised Llama Nb [1]

(Nb) Bone Marrow;
Infected Dromedary Camels [33]

(Ab) Immunised Rhesus Macaque [5]

(Ab) Immunised Mouse [14]

(Ab) Transgenic Mouse [19]

(Ab) Engineered/Humanised [9]
(Ab) Immunised Mouse [15]
/// (Ab) Chicken PD Display (Non-immune) [19]
__ (Ab) Transgenic Mouse [25]
___(Ab) Human PD Library (non-Immune) [25]
——(Ab) Human PD Library (Immune) [4]

(Ab) Human B-cells;
CoV-2 Patient [207]

Figure 1: Donut plots comparing the biological /synthetic origin of documented binders
to SARS-CoV-2 (2019 pandemic), MERS-CoV (2012 epidemic), and SARS-CoV-1 (2003
epidemic). Absolute numbers of binders in brackets. Ab: Antibody; Nb: Nanobody; PD:

Phage Display.



SARS-CoV-2 2019

S; Unk 205

S; S2[22]
S; NTD [42] ~

S; RBD [594]
S; S1 non-RBD [265]

MERS-COV(2012) Unk [3]

M[1]
S;Unk[14] 7 §;52[4]

$;NTD [2] —_
g

S; S1 non-RBD [!

S; RBD [114]

SARS-CoV-1 o003

S; Unk [184] S; RBD [156]

/4 — S; non-RBD/RBD [2]
s

S; NTD [4]
S; non-RBD [124]
Figure 2: Donut plots comparing the protein epitopes of documented binders to SARS-
CoV-2 (2019 pandemic), MERS-CoV (2012 epidemic), and SARS-CoV-1 (2003 epidemic).
Absolute numbers of binders in brackets. M = Membrane Protein; N = Nucelocapsid
Protein; NTD = N-Terminal Domain; RBD = Receptor Binding Domain; S = Spike
protein; Unk = Unknown.



Number of SARS-CoV-2 Binders [Percentage]

IGHV Gene
3-30

118 [12.9%]

1-69 115 [12.5%]
3-53 55 [6.0%]
1-2 35 [3.8%]
3-23, 3-66, 4-39 34 [3.7%]
3-9, 3-30-3 32 [3.5%]
1-46, 5-51 29 [3.2%]
4-4,4-34 24 [2.6%]
3-7,3-33 23 [2.5%]
1-18 22 [2.4%)
4-59 20 [2.2%]
3-48, 7-4-1 19 [2.1%]
1-8,3-21 17 [1.9%]
1-24,2-5 15 [1.6%)
1-58 14 [1.5%)
3-13 13 [1.4%)
3-11, 3-64(D), 4-31, 4-61 12 [1.3%]
3-20 9 [1.0%]
3-49 8[0.9%]
2-70, 3-15 7 [0.8%]
2-26 5 [0.5%]
3-74, 4-38-2 4[0.4%]
1-3,4-30-4 3[0.3%]
3-43, 5-10-1 2[0.2%]
3-23,3-72, 4-38 1[0.1%]

Number of SARS-CoV-1 Binders [Percentage]

B IGHV Gene
330

77 [16.7%]

1-69 75 [16.3%]
3-23 38 [8.2%]
1-18 19 [4.1%]
1-2, 3-30-3 18 [3.9%]
3-7 17 [3.7%]
3-33,5-51 12 [2.6%]
1-46, 3-9, 3-11, 4-4 11 [2.4%]
4-39 10 [2.2%]
4-34, 4-59 9 [2.0%]
2-5,4-61 8 [1.7%]
3-13,3-48 7 [1.5%]
1-8, 3-20, 3-21, 3-53, 7-4-1 6 [1.3%]
3-49, 3-66, 4-31 5[1.1%]
3-64(D), 3-72 4[0.9%]
1-24, 4-38-2 3[0.7%]
1-58, 2-26, 3-43, 3-64, 6-1 2 [0.4%]
1-3,3-15, 3-23,3-74 1[0.2%]

Number of MERS-CoV Binders [Percentage]

IGHV Gene
1-69

37 [39.4%]

3-23 20 [21.3%]
4-39 6 [6.4%]
2-5 5 [5.3%]
3-30 4[4.3%)
4-59 3[3.2%]
1-3,1-18, 3-11, 3-15, 3-21 2 [2.1%]
1-2, 1-46, 3-9, 3-30-3, 4-4, 4-34, 6-1 1[1.1%]

Figure 3: Tables comparing the human antibody heavy chain V-gene origin of documented

binders to (A) SARS-CoV-2, (B) SARS-CoV-1, and (C) MERS-CoV.
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The Coronavirus Antibody Database

(2 CoV-AbDab

B D > Search Dotobase oy Atrioute

To view all entries, leave all search fields as 'All' and click ‘Search'

Database (CSV)

Heavy ) Gene: A

ANARCI Numberings (json) Type: Al .

PDB Structures (targz) Binds to: Al "

Homology Models (targz) Doesn't bind to:  All .

Tracked Datasets (xlsx) Neutralising against: Al .

Not neutralising against: Al .

Origin: | Al .

Enter a sequence (either a full length varial A WG | 2 5
your query 1
I

Only database entries that are the same len

Light V Gene
Light ] Gene: ~ All -

E Show 10 v entries Search:  Yon Wu et al, 2020

Query sequence:

Heavy V Gene Heavy J Gene Light V Gene Light J Gene CDRH3 CDRL3 Structures ABB Homology Model
IGHV3-53 I6KV1-9 PDB entry 7BZ5

IGHI6 (Human) IGKI2 (Human)  AREAYGMDV QQLNSYPPYT
(Human) (Human) P SAbDa
IGHV1-2 IGKV2-40

IGHI2 (Human) 1GKI4 (Human) ARVPYCSSTSCHRDWYFDL MQRIEFPLT ND download or vie
(Human) (Human)

F

Database Entry CDR Sequence Identity Ab or Nb Binds to

B38 H3 100.00% Ab SARS-CoV2

165 106 107 168 109 114 115 116 117
A R 3 A Y G M D v
A R E A Y G M D \

c148 H3 66.67% Ab SARS-CoV2

165 106 107 168 109 114 115 116 117
A R E A Y G M D v
A R 1 A N Y M D v

Figure 4: The CoV-AbDab Web Application. (A) CoV-AbDab homepage logo (back-
ground image credit: David Goodsell). (B) All CoV-AbDab data can be downloaded.
(C) The database can be queried by sequence (full chain or CDRH3). (D) The database
can be queried by attribute (neutralisation profile, developmental origin, germlines, etc.).
(E) All results filtered by a particular study ([70]). Shown is the information required for
clonotyping, a solved structure for B38, and a homology model for H4. (F) The result of
using the sequence search feature from ”C” with the CDRH3 from B38. Alignments and
metadata are given for the top ten closest matches. (G) The in-browser viewer displaying
the homology model of H4.



References

1]

Priyamvada Acharya, Wilton Williams, Rory Henderson, Katarzyna Janowska, Kar-
tik Manne, Robert Parks, Margaret Deyton, Jordan Sprenz, Victoria Stalls, Megan
Kopp, Katayoun Mansouri, Robert J Edwards, R. Ryan Meyerhoff, Thomas Oguin,
Gregory Sempowski, Kevin Saunders, and Barton F. Haynes. A glycan cluster on
the SARS-CoV-2 spike ectodomain is recognized by Fab-dimerized glycan-reactive
antibodies. bioRziv, 2020.

Wafaa B. Alsoussi, Jackson S. Turner, James B. Case, Haiyan Zhao, Aaron J.
Schmitz, Julian Q. Zhou, Rita E. Chen, Tingting Lei, Amena A. Rizk, Katherine M.
Meclntire, Emma S. Winkler, Julie M. Fox, Natasha M. Kafai, Larissa B. Thackray,
Ahmed O. Hassan, Fatima Amanat, Florian Krammer, Corey T. Watson, Steven H.
Kleinstein, Daved H. Fremont, Michael S. Diamond, and Ali H. Ellebedy. A Potently
Neutralizing Antibody Protects Mice against SARS-CoV-2 Infection. The Journal
of Immunology, 2020.

Philip J. M. Brouwer, Tom G. Caniels, Karlijn van der Straten, Jonne L. Snitselaar,
Yoann Aldon, Sandhya Bangaru, Jonathan L. Torres, Nisreen M. A. Okba, Math-
ieu Claireaux, Gius Kerster, Arthur E. H. Bentlage, Marlies M. van Haaren, Denise
Guerra, Judith A. Burger, Edith E. Schermer, Kirsten D. Verheul, Niels van der
Velde, Alex van der Kooi, Jelle van Schooten, Mariélle J. van Breemen, Tom P. L.
Bijl, Kwinten Sliepen, Aafke Aartse, Ronald Derking, Ilja Bontjer, Neeltje A. Koot-
stra, W. Joost Wiersinga, Gestur Vidarsson, Bart L. Haagmans, Andrew B. Ward,
Godelieve J. de Bree, Rogier W. Sanders, and Marit J. van Gils. Potent neutralizing
antibodies from COVID-19 patients define multiple targets of vulnerability. Science,
2020.

Yunlong Cao, Bin Su, Xianghua Guo, Wenjie Sun, Yonggiang Deng, Linlin Bao,
Qinyu Zhu, Xu Zhang, Yinghui Zheng, Chenyang Geng, Xiaoran Chai, Runsheng
He, Xiaofeng Li, Qi Lv, Hua Zhu, Wei Deng, Yanfeng Xu, Yanjun Wang, Luxin
Qiao, Yafang Tan, Liyang Song, Guopeng Wang, Xiaoxia Du, Ning Gao, Jiangning
Liu, Junyu Xiao, Xiao-Dong Su, Zongmin Du, Yingmei Feng, Chuan Qin, Chengfeng
Qin, Ronghua Jin, and X. Sunney Xie. Potent neutralizing antibodies against SARS-
CoV-2 identified by high-throughput single-cell sequencing of convalescent patients’
B cells. Cell, 2020.

Weizao Chen, Emily D. Streaker, Daniel E. Russ, Yang Feng, Ponraj Prabakaran,
and Dimiter S. Dimitrov. Characterization of germline antibody libraries from hu-

man umbilical cord blood and selection of monoclonal antibodies to viral envelope



[10]

[11]

glycoproteins: Implications for mechanisms of immune evasion and design of vaccine
immunogens. Biochem. Biophys. Res. Commun., 417(4):1164-1169, 2012.

Xiangyu Chen, Ren Li, Zhiwei Pan, Chunfang Qian, Yang Yang, Renrong You, Jing
Zhao, Pinghuang Liu, Leiqiong Gao, Zhirong Li, Qizhao Huang, Lifan Xu, Jianfang
Tang, Qin Tian, Wei Yao, Li Hu, Xiaofeng Yan, Xinyuan Zhou, Yuzhang Wu, Kai
Deng, Zheng Zhang, Zhaohui Qian, Yaokai Chen, and Lilin Ye. Human monoclonal
antibodies block the binding of SARS-CoV-2 spike protein to angiotensin converting
enzyme 2 receptor. Cell. Mol. Immunol., 17:647-649, 2020.

Zhe Chen, Linlin Bao, Cong Chen, Tingting Zou, Ying Xue, Fengdi Li, Qi Lv,
Songzhi Gu, Xiaopan Gao, Sheng Cui, et al. Human neutralizing monoclonal anti-
body inhibition of Middle East Respiratory Syndrome coronavirus replication in the

common marmoset. J. Inf. Dis., 215(12):1807-1815, 2017.

Man Cheng, Ceci W. L. Chan, Randy C. F. Cheung, Rama Kamesh Bikkavilli,
Qi Zhao, Shannon W. N. Au, Paul K. S. Chan, Susanna S. T. Lee, Gregory Cheng,
Walter K. K. Ho, and Wing-Tai Cheung. Cross-reactivity of antibody against SARS-

coronavirus nucleocapsid protein with IL-11. Biochem. Biophys. Res. Commun.,

338(3):1654-1660, 2005.

Xiangyang Chi, Renhong Yan, Jun Zhang, Guanying Zhang, Yuanyuan Zhang, Meng
Hao, Zhe Zhang, Pengfei Fan, Yunzhu Dong, Yilong Yang, Zhengshan Chen, Yingy-
ing Guo, Jinlong Zhang, Yaning Li, Xiaohong Song, Yi Chen, Lu Xia, Ling Fu,
Lihua Hou, Junjie Xu, Changming Yu, Jianmin Li, Qiang Zhou, and Wei Chen. A
neutralizing human antibody binds to the N-terminal domain of the Spike protein
of SARS-CoV-2. Science, 2020.

Jang-Hoon Choi, Hye-Min Woo, Tae-young Lee, So-young Lee, Sang-Mu Shim, Woo-
Jung Park, Jeong-Sun Yang, Joo Ae Kim, Mi-Ran Yun, Dae-Won Kim, Sung Soon
Kim, Yi Zhang, Wei Shi, Lingshu Wang, Barney S. Graham, John R. Mascola,
Nanshuang Wang, Jason S. McLellan, Joo-Yeon Lee, and Hansaem Lee. Charac-
terization of a human monoclonal antibody generated from a B-cell specific for a

prefusion-stabilized spike protein of Middle East respiratory syndrome coronavirus.

PLoS ONE, 15(5):1-19, 2020.

Davide Corti, Jincun Zhao, Mattia Pedotti, Luca Simonelli, Sudhakar Agnihothram,
Craig Fett, Blanca Fernandez-Rodriguez, Mathilde Foglierini, Gloria Agatic, Fab-
rizia Vanzetta, et al. Prophylactic and postexposure efficacy of a potent human
monoclonal antibody against MERS coronavirus. Proc. Natl. Acad. Sci. USA,
112(33):10473-10478, 2015.

10



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Melissa Coughlin, Gin Lou, Osvaldo Martinez, Stephanie K. Masterman, Ole A.
Olsen, Angelica A. Moksa, Michael John Farzan, S. Babcook, and Bellur S. Prab-
hakar. Generation and characterization of human monoclonal neutralizing anti-

bodies with distinct binding and sequence features against SARS coronavirus using

XenoMouse. J. Virol., 361(1):93-102, 2007.

Melissa M. Coughlin and Bellur S. Prabhakar. Neutralizing human monoclonal
antibodies to severe acute respiratory syndrome coronavirus: target, mechanism of
action, and therapeutic potential. Rev. Med. Virol., 22:2-17, 2012.

Tania F. Custédio, Hrishikesh Das, Daniel J Sheward, Leo Hanke, Samuel Pazicky,
Joanna Pieprzyk, Michele Sorgenfrei, Martin Schroer, Andrey Gruzinov, Cy Jeffries,
Melissa Graewert, Dmitri Svergun, Nikolay Dobrev, Kim Remans, Markus A. Seeger,
Gerald M MclInerney, Ben Murrell, B. Martin Héallberg, and Christian Low. Selection,
biophysical and structural analysis of synthetic nanobodies that effectively neutralize
SARS-CoV-2. bioRziv, 2020.

Thomas Desautels, Adam Zemla, Edmond Lau, Magdalena Franco, and Daniel Fais-
sol. Rapid in silico design of antibodies targeting SARS-CoV-2 using machine learn-

ing and supercomputing. bioRziv, 2020.

Lanying Du, Yang Yang, Yusen Zhou, Lu Lu, Fang Li, and Shibo Jiang. MERS-CoV
spike protein: a key target for antivirals. Fzpert Opin. Ther. Targets, 21(2):131-143,
2016.

Lanying Du, Guangyu Zhao, Yang Yang, Hongjie Qiu, Lili Wang, Zhihua Kou,
Xinrong Tao, Hong Yu, Shihui Sun, Chien-Te K Tseng, et al. A conformation-
dependent neutralizing monoclonal antibody specifically targeting receptor-binding
domain in Middle East respiratory syndrome coronavirus spike protein. J. Virol.,
88(12):7045-7053, 2014.

Shuo Du, Yunlong Cao, Qinyu Zhu, Guopeng Wang, Xiaoxia Du, Runsheng He,
Hua Xu, Yinghui Zheng, Bo Wang, Yali Bai, Chenggong Ji, Ayijiang Yisimayi,
Qisheng Wang, Ning Gao, X. Sunney Xie, Xiao-dong Su, and Junyu Xiao. Structures
of potent and convergent neutralizing antibodies bound to the SARS-CoV-2 spike

unveil a unique epitope responsible for exceptional potency. bioRziv, 2020.

Jinzhu Duan, Xin Ji, Jing Feng, Wei Han, Panhe Zhang, Wuchun Cao, Xueming
Guo, Cai Qi, Dongling Yang, Gang Jin, Guangxia Gao, and Xiyun Yan. A human
neutralizing antibody against a conformational epitope shared by oligomeric SARS
S1 protein. Antivir. Ther., 11(1):117-123, 2006.

11



[20]

[21]

[22]

23]

[25]

[26]

Jinzhu Duan, Xiyun Yan, Xueming Guo, Wuchun Cao, Wei Han, Cai Qi, Jing Feng,
Dongling Yang, Guangxia Gao, and Gang Jin. A human SARS-CoV neutraliz-
ing antibody against epitope on S2 protein. Biochem. Biophys. Res. Commun.,
333(1):186-193, 2005.

Thomas J. Esparza and David L. Brody. High Affinity Nanobodies Block SARS-CoV-
2 Spike Receptor Binding Domain Interaction with Human Angiotensin Converting
Enzyme. bioRziv, 2020.

Jacob D. Galson, Sebastian Schaetzle, Rachael J. M. Bashford-Rogers, Matthew
I. J. Raybould, Aleksandr Kovaltsuk, Gavin J. Kilpatrick, Ralph Minter, Donna K.
Finch, Jorge Dias, Louisa James, Gavin Thomas, Wing-Yiu Jason Lee, Jason Betley,
Olivia Cavlan, Alex Leech, Charlotte M. Deane, Joan Seoane, Carlos Caldas, Dan
Pennington, Paul Pfeffer, and Jane Osbourn. Deep sequencing of B cell receptor
repertoires from COVID-19 patients reveals strong convergent immune signatures.
biroRxiv, 2020.

Michael J. Gubbins, Frank A. Plummer, Xin Y. Yuan, Darrell Johnstone, Mike
Drebot, Maya Andonova, Anton Andonova, and Jody D. Berry. Molecular character-
ization of a panel of murine monoclonal antibodies specific for the SARS-coronavirus.

Mol. Immunol., 42(1):125-136, 2005.

Johanna Hansen, Alina Baum, Kristen E. Pascal, Vincenzo Russo, Stephanie Gior-
dano, Elzbieta Wloga, Benjamin O. Fulton, Ying Yan, Katrina Koon, Krunal Pa-
tel, Kyung Min Chung, Aynur Hermann, Erica Ullman, Jonathan Cruz, Ashique
Rafique, Tammy Huang, Jeanette Fairhurst, Christen Libertiny, Marine Malbec,
Wen-yi Lee, Richard Welsh, Glen Farr, Seth Pennington, Dipali Deshpande, Jem-
mie Cheng, Anke Watty, Pascal Bouffard, Robert Babb, Natasha Levenkova, Calvin
Chen, Bojie Zhang, Annabel Romero Hernandez, Kei Saotome, Yi Zhou, Matthew
Franklin, Sumathi Sivapalasingam, David Chien Lye, Stuart Weston, James Logue,
Robert Haupt, Matthew Frieman, Gang Chen, William Olson, Andrew J. Murphy,
Neil Stahl, George D. Yancopoulos, and Christos A. Kyratsous. Studies in human-
ized mice and convalescent humans yield a SARS-CoV-2 antibody cocktail. Science,

2020.

William C. Hwang, Yaqiong Lin, Eugenio Santelli, Jianhua Sui, Lukasz Jaroszewski,
Boguslaw Stec, Michael Farzan, Wayne A. Marasco, and Robert C. Liddington.
Structural Basis of Neutralization by a Human Anti-severe Acute Respiratory Syn-
drome Spike Protein Antibody, 80R. J. Biol. Sci., 281(45):34610-34616, 2006.

Liwei Jiang, Nianshuang Wang, Teng Zuo, Xuanling Shi, Kwok-Man Vincent Poon,
Yongkang Wu, Fei Gao, Danyang Li, Ruoke Wang, Jianying Guo, et al. Potent

12



[27]

[28]

[29]

[32]

[33]

neutralization of MERS-CoV by human neutralizing monoclonal antibodies to the
viral spike glycoprotein. Sci. Transl. Med., 6(234):234ra59, 2014.

Shibo Jiang, Christopher Hillyer, and Lanying Du. Neutralizing Antibodies against
SARS-CoV-2 and Other Human Coronaviruses. Trends Immunol., 41(5):355-359,
2020.

Bin Ju, Qi Zhang, Xiangyang Ge, Ruoke Wang, Jiazhen Yu, Sisi Shan, Bing Zhou,
Shuo Song, Xian Tang, Jinfang Yu, Jiwan Ge, Jun Lan, Jing Yuan, Haiyan Wang,
Juanjuan Zhao, Shuye Zhang, Youchun Wang, Xuanling Shi, Lei Liu, Xinquan Wang,
Zheng Zhang, and Linqgi Zhang. Potent human neutralizing antibodies elicited by
SARS-CoV-2 infection. Nature, 2020.

Xiaoping Kang, Bao-an Yang, Yuyang Hu, Hui Zhao, Wei Xiong, Yinhui Yang,
Bingyin Si, and Qingyu Zhu. Human Neutralizing Fab Molecules against Severe
Acute Respiratory Syndrome Coronavirus Generated by Phage Display. Clin. Vac-
cine Immunol., 13(8):953-957, 2006.

Sang Il Kim, Jinsung Noh, Sujeong Kim, Younggeun Choi, Duck Kyun Yoo, Yonghee
Lee, Hyunho Lee, Jongtak Jung, Chang Kyung Kang, Kyoung-Ho Song, Pyo-
eng Gyun Choe, Hong Bin Kim, Eu Suk Kim, Nam-Joong Kim, Moon-Woo Seong,
Wan Beom Park, Myoung-don Oh, Sunghoon Kwon, and Junho Chung. Stereotypic
Neutralizing VH Clonotypes Against SARS-CoV-2 RBD in COVID-19 Patients and
the Healthy Population. bioRziv, 2020.

Aleksandr Kovaltsuk, Jinwoo Leem, Sebastian Kelm, James Snowden, Charlotte M.
Deane, and Konrad Krawczyk. Observed Antibody Space: A Resource for Data
Mining Next-Generation Sequencing of Antibody Repertoires. The Journal of Im-
munology, 201(8):2502-2509, 2018.

Christoph Kreer, Matthias Zehner, Timm Weber, Meryem S. Ercanoglu, Lutz
Gieselmann, Cornelius Rohde, Sandro Halwe, Michael Korenkov, Philipp Schom-
mers, Kanika Vanshylla, Veronica Di Cristanziano, Hanna Janicki, Reinhild Brinker,
Artem Ashurov, Verena Kriahling, Alexandra Kupke, Hadas Cohen-Dvashi, Manuel
Koch, Jan Mathis Eckert, Simone Lederer, Nico Pfeifer, Timo Wolf, Maria J.G.T.
Vehreschild, Clemens Wendtner, Ron Diskin, Henning Gruell, Stephan Becker,
and Florian Klein. Longitudinal Isolation of Potent Near-Germline SARS-CoV-2-
Neutralizing Antibodies from COVID-19 Patients. Cell, 2020.

Yu-Ching Lee, Sy-Jye C. Leu, Chaur-Jong Hu, Neng-Yao Shih, I-Jen Huang, Hsueh-
Hsia Wu, Wen-Shyang Hsieh, Bor-Luen Chiang, Wen-Ta Chiu, and Yi-Yuan Yang.
Chicken single-chain variable fragments against the SARS-CoV spike protein. .J.
Virol. Methods, 146(1):104 — 111, 2007.

13



[34]

[35]

[36]

[37]

[38]

[39]

Yu-Ching Lee, Sy-Jye C. Leu, Han-Chang Hung, Hsueh-Hsia Wu, I-Jen Huang,
Wen-Shyang Hsieh, Wen-Ta Chiu, Ming-Song Hsieh, Tsui-Fen Cheng, and Yi-Yuan
Yang. A dominant antigenic epitope on SARS-CoV spike protein identified by an
avian single-chain variable fragment (scFv)-expressing phage. Vet. Immunol. Im-

munopathol, 117(1):75-85, 2007.

Jinye Liu, Hongxia Shao, Yanlin Tao, Bin Yang, Lisheng Qian, Xiaoli Yang, Brian
Cao, Gengxi Hu, Hiroshi Tachibana, and Xunjia Cheng. Production of an Anti-
Severe Acute Respiratory Syndrome (SARS) Coronavirus Human Monoclonal Anti-
body Fab Fragment by Using a Combinatorial Immunoglobulin Gene Library Derived
from Patients Who Recovered from SARS. Clin. Vaccine Immunol., 13(5):594-597,
2006.

Lihong Liu, Pengfei Wang, Manoj S. Nair, Jian Yu, Yaoxing Huang, Micah A. Rapp,
Qian Wang, Yang Luo, Vincent Sahi, Amir Figueroa, Xinzheng V. Guo, Gabriele
Cerutti, Jude Bimela, Jason Gorman, Tongqing Zhou, Peter D. Kwong, Joseph G.
Sodroski, Michael T. Yin, Zizhang Sheng, Lawrence Shapiro, and David D. Ho.
Potent Neutralizing Monoclonal Antibodies Directed to Multiple Epitopes on the
SARS-CoV-2 Spike. bioRziv, 2020.

Zheng-Xue Liu, Guo-Hua Yi, Yi-Peng Qi, Ying-Le Liu, Jun-Peng Yan, Juan Qian,
En-Qi Du, and Wei-Fang Ling. Identification of single-chain antibody fragments

specific against SARS-associated coronavirus from phage-displayed antibody library.
Biochem. Biophys. Res. Commun., 329(2):437-444, 2005.

Zhe Lv, Yong-Qiang Deng, Qing Ye, Lei Cao, Chun-Yun Sun, Changfa Fan, Weijin
Huang, Shihui Sun, Yao Sun, Ling Zhu, Qi Chen, Nan Wang, Jianhui Nie, Zhen Cui,
Dandan Zhu, Neil Shaw, Xiao-Feng Li, Qianqian Li, Liangzhi Xie, Youchun Wang,
Zihe Rao, Cheng-Feng Qin, and Xiangxi Wang. Structural basis for neutralization
of SARS-CoV-2 and SARS-CoV by a potent therapeutic antibody. bioRziv, 2020.

Sandra C. A. Nielsen, Fan Yang, Ramona A. Hoh, Katherine J. L. Jackson, Katha-
rina Roeltgen, Ji-Yeun Lee, Arjun Rustagi, Angela J. Rogers, Abigail E. Powell,
Peter S. Kim, Taia T. Wang, Benjamin Pinsky, Catherine A. Blish, and Scott D.
Boyd. B cell clonal expansion and convergent antibody responses to SARS-CoV-2.
Research Square (Nature Preprint), 2020.

Peihua Niu, Senyan Zhang, Panpan Zhou, Baoying Huang, Yao Deng, Kun Qin,
Pengfei Wang, Wenling Wang, Xinquan Wang, Jianfang Zhou, et al. Ultrapotent
human neutralizing antibody repertoires against Middle East respiratory syndrome
coronavirus from a recovered patient. J. Inf. Dis., 218(8):1249-1260, 2018.

14



[41]

[42]

[44]

[45]

[46]

[47]

Tal Noy-Porat, Efi Makdasi, Ron Alcalay, Adva Mechaly, Yinon Levi, Adi Bercovich-
Kinori, Ayelet Zauberman, Hadas Tamir, Yfat Yahalom-Ronen, Ma’ayan Israeli,
Eyal Epstein, Hagit Achdout, Sharon Melamed, Theodor Chitlaru, Shay Weiss, Eldar
Peretz, Osnat Rosen, Nir Paran, Shmuel Yitzhaki, Shmuel C. Shapira, Tomer Israely,
Ohad Mazor, and Ronit Rosenfeld. Tiger team: a panel of human neutralizing mAbs
targeting SARS-CoV-2 spike at multiple epitopes. bioRxiv, 2020.

John E. Pak, Chetna Sharon, Malathy Satkunarajah, Thierry C. Auperin, Cheryl M.
Cameron, David J. Kelvin, Jayaraman Seetharaman, Alan Cochrane, Francis A.
Plummer, Jody D. Berry, and James M. Rini. Structural Insights into Immune

Recognition of the Severe Acute Respiratory Syndrome Coronavirus S Protein Re-
ceptor Binding Domain. J. Mol. Biol., 388(4), 2009.

Jesper Pallesen, Nianshuang Wang, Kizzmekia S Corbett, Daniel Wrapp, Robert N
Kirchdoerfer, Hannah L Turner, Christopher A Cottrell, Michelle M Becker, Lingshu
Wang, Wei Shi, et al. Immunogenicity and structures of a rationally designed prefu-
sion MERS-CoV spike antigen. Proc. Natl. Acad. Sci. USA, 114(35):E7348-E7357,
2017.

Kristen E Pascal, Christopher M Coleman, Alejandro O Mujica, Vishal Kamat,
Ashok Badithe, Jeanette Fairhurst, Charleen Hunt, John Strein, Alexander Berrebi,
Jeanne M Sisk, et al. Pre- and postexposure efficacy of fully human antibodies

against Spike protein in a novel humanized mouse model of MERS-CoV infection.

Proc. Natl. Acad. Sci. USA, 112(28):8738-8743, 2015.

Dora Pinto, Young-Jun Park, Martina Beltramello, Alexandra C. Walls, M. Ale-
jandra Tortorici, Siro Bianchi, Stefano Jaconi, Katja Culap, Fabrizia Zatta, Anna
De Marco, Alessia Peter, Barbara Guarino, Roberto Spreafico, Elisabetta Cameroni,
James Brett Case, Rita E. Chen, Colin Havenar-Daughton, Gyorgy Snell, Amalio
Telenti, Herbert W. Virgin, Antonio Lanzavecchia, Michael S. Diamond, Katja Fink,
David Veesler, and Davide Corti. Structural and functional analysis of a potent sar-

becovirus neutralizing antibody. bioRxiv, 2020.

Ponraj Prabakaran, Jianhua Gan, Yang Feng, Zhongyu Zhu, Vidita Choudhry, Xi-
aodong Xiao, Xinhua Ji, and Dimiter S. Dimitrov. Structure of Severe Acute Respira-

tory Syndrome Coronavirus Receptor-binding Domain Complexed with Neutralizing

Antibody. J. Biol. Chem., 281(23):15829-15836, 2006.

V Stalin Raj, Nisreen MA Okba, Javier Gutierrez-Alvarez, Dubravka Drabek,
Brenda van Dieren, W Widagdo, Mart M Lamers, Ivy Widjaja, Raul Fernandez-
Delgado, Isabel Sola, et al. Chimeric camel/human heavy-chain antibodies protect
against MERS-CoV infection. Sci. Adv., 4(8):eaas9667, 2018.

15



[48]

[49]

[51]

[52]

Juan Reguera, Cesar Santiago, Gaurav Mudgal, Desiderio Ordono, Luis Enjuanes,
and Jose M Casasnovas. Structural bases of coronavirus attachment to host
aminopeptidase N and its inhibition by neutralizing antibodies. PLoS Pathog., 8(8),
2012.

Davide F. Robbiani, Christian Gaebler, Frauke Muecksch, Julio C. C. Lorenzi, Zi-
jun Wang, Alice Cho, Marianna Agudelo, Christopher O. Barnes, Anna Gazumyan,
Shlomo Finkin, Thomas Hagglof, Thiago Y. Oliveira, Charlotte Viant, Arlene Hur-
ley, Hans-Heinrich Hoffmann, Katrina G. Millard, Rhonda G. Kost, Melissa Cipolla,
Kristie Gordon, Filippo Bianchini, Spencer T. Chen, Victor Ramos, Roshni Patel,
Juan Dizon, Irina Shimeliovich, Pilar Mendoza, Harald Hartweger, Lilian Nogueira,
Maggi Pack, Jill Horowitz, Fabian Schmidt, Yiska Weisblum, Eleftherios Michailidis,
Alison W. Ashbrook, Eric Waltari, John E. Pak, Kathryn E. Huey-Tubman, Nicholas
Koranda, Pauline R. Hoffman, Anthony P. West, Charles M. Rice, Theodora Hatzi-
ioannou, Pamela J. Bjorkman, Paul D. Bieniasz, Marina Caskey, and Michel C.
Nussenzweig. Convergent Antibody Responses to SARS-CoV-2 Infection in Conva-
lescent Individuals. Nature, 2020.

Anjeanette Roberts, William D. Thomas, Jeannette Guarner, Elaine W. Lamirande,
Gregory J. Babcock, Thomas C. Greenough, Leatrice Vogel, Norman Hayes, John L.
Sullivan, Sherif Zaki, Kanta Subbarao, and Donna M. Ambrosino. Therapy with a
Severe Acute Respiratory Syndrome—Associated Coronavirus—Neutralizing Human
Monoclonal Antibody Reduces Disease Severity and Viral Burden in Golden Syrian
Hamsters. J. Inf. Dis., 193(5):685-692, 2006.

Barry Rockx, Davide Corti, Eric Donaldson, Timothy Sheahan, Konrad Stadler, An-
tonio Lanzavecchia, and Ralph Baric. Structural Basis for Potent Cross-Neutralizing
Human Monoclonal Antibody Protection against Lethal Human and Zoonotic Se-
vere Acute Respiratory Syndrome Coronavirus Challenge. J. Virol., 82(7):3220-3235,
2008.

Thomas F. Rogers, Fangzhu Zhao, Deli Huang, Nathan Beutler, Alison Burns, Wan-
ting He, Oliver Limbo, Chloe Smith, Ge Song, Jordan Woehl, Linlin Yang, Robert K.
Abbott, Sean Callaghan, Elijah Garcia, Jonathan Hurtado, Mara Parren, Linghang
Peng, Sydney Ramirez, James Ricketts, Michael J. Ricciardi, Stephen A. Rawlings,
Nicholas C. Wu, Meng Yuan, Davey M. Smith, David Nemazee, John R. Teijaro,
James E. Voss, lan A. Wilson, Raiees Andrabi, Bryan Briney, Elise Landais, Devin
Sok, Joseph G. Jardine, and Dennis R. Burton. Isolation of potent SARS-CoV-2
neutralizing antibodies and protection from disease in a small animal model. Science,
2020.

16



[53]

[54]

[55]

[57]

Emilie Seydoux, Leah J Homad, Anna J MacCamy, Katherine R Parks, Nicholas K
Hurlburt, Madeleine F Jennewein, Nicolas R Akins, Andrew B Stuart, Yu-Hsin Wan,
Junli Feng, Rachael Nelson, Suruchi Singh, Kristen W Cohen, Julie M McElrath,
Janet A Englund, Helen Y Chu, Marie Pancera, Andrew T McGuire, and Leonidas
Stamatatos. Characterization of neutralizing antibodies from a SARS-CoV-2 infected
individual. btoRxiv, 2020.

Balamurugan Shanmugaraj, Konlavat Siriwattananon, Kittikhun Wangkanont, and
Waranyoo Phoolcharoen. Perspectives on monoclonal antibody therapy as potential
therapeutic intervention for Coronavirus disease-19 (COVID-19). Asian Pac. J.
Allergy, 38:10-18, 2020.

Rui Shi, Chao Shan, Xiaomin Duan, Zhihai Chen, Peipei Liu, Jinwen Song, Tao
Song, Xiaoshan Bi, Chao Han, Lianao Wu, Ge Gao, Xue Hu, Yanan Zhang, Zhou
Tong, Weijin Huang, William Jun Liu, Guizhen Wu, Bo Zhang, Lan Wang, Jianxun
Qi, Hui Feng, Fu-sheng Wang, Qihui Wang, George Fu Gao, Zhiming Yuan, and
Jinghua Yan. A human neutralizing antibody targets the receptor binding site of

SARS-CoV-2. Nature, 2020.

Jianhua Sui, Daniel R. Aird, Azaibi Tamin, Akikazu Murakami, Meiying Yan, Anu-
radha Yammanuru, Huaiqi Jing, Biao Kan, Xin Liu, Quan Zhu, Qing-an Yuan, Gre-
gory P. Adams, William J. Bellini, Jianguo Xu, Larry J. Anderson, and Wayne A.
Marasco. Broadening of Neutralization Activity to Directly Block a Dominant
Antibody-Driven SARS-Coronavirus Evolution Pathway. PLoS Pathog., 4(11):1-14,
2008.

Xian-Chun Tang, Sudhakar S Agnihothram, Yongjun Jiao, Jeremy Stanhope,
Rachel L Graham, Eric C Peterson, Yuval Avnir, Aimee St Clair Tallarico, Jared
Sheehan, Quan Zhu, et al. Identification of human neutralizing antibodies against
MERS-CoV and their role in virus adaptive evolution. Proc. Natl. Acad. Sci. USA,
111(19):E2018-E2026, 2014.

Jan ter Meulen, Edward N van den Brink, Leo L. M Poon, Wilfred E Marissen,
Cynthia S. W Leung, Freek Cox, Chung Y Cheung, Arjen Q Bakker, Johannes A
Bogaards, Els van Deventer, Wolfgang Preiser, Hans Wilhelm Doerr, Vincent T
Chow, John de Kruif, Joseph S. M Peiris, and Jaap Goudsmit. Human Monoclonal
Antibody Combination against SARS Coronavirus: Synergy and Coverage of Escape
Mutants. PLoS Med., 3(7):e237, 2006.

Edward N. van den Brink, Jan ter Meulen, Freek Cox, Mandy A. C. Jongeneelen,
Alexandra Thijsse, Mark Throsby, Wilfred E. Marissen, Pauline M. L. Rood, Alexan-
der B. H. Bakker, Hans R. Gelderblom, Byron E. Martina, Albert D. M. E. Oster-

17



[60]

[61]

[62]

[63]

[64]

[65]

[66]

haus, Wolfgang Preiser, Hans Wilhelm Doerr, John de Kruif, and Jaap Goudsmit.
Molecular and Biological Characterization of Human Monoclonal Antibodies Bind-
ing to the Spike and Nucleocapsid Proteins of Severe Acute Respiratory Syndrome
Coronavirus. J. Virol., 79(3):1635-1644, 2005.

Alexandra C Walls, Xiaoli Xiong, Young-Jun Park, M Alejandra Tortorici, Joost
Snijder, Joel Quispe, Elisabetta Cameroni, Robin Gopal, Mian Dai, Antonio Lan-
zavecchia, et al. Unexpected receptor functional mimicry elucidates activation of
coronavirus fusion. Cell, 176(5):1026-1039, 2019.

Justin D. Walter, Cedric A.J. Hutter, Iwan Zimmermann, Jennifer Earp, Pascal
Egloft, Michele Sorgenfrei, Lea M. Hiirlimann, Imre Gonda, Gianmarco Meier, Sille
Remm, Sujani Thavarasah, Philippe Plattet, and Markus A. Seeger. Synthetic
nanobodies targeting the SARS-CoV-2 receptor-binding domain. bioRziv, 2020.

Jinkai Wan, Shenghui Xing, Longfei Ding, Yongheng Wang, Chenjian Gu, Yanling
Wu, Bowen Rong, Cheng Li, Siging Wang, Kun Chen, Chenxi He, Dandan Zhu,
Songhua Yuan, Chengli Qiu, Chen Zhao, Lei Nie, Zhangzhao Gao, Jingyu Jiao,
Xiaoyan Zhang, Xiangxi Wang, Tianlei Ying, Haibin Wang, Youhua Xie, Yanan Lu,
Jianqing Xu, and Fei Lan. Human-IgG-Neutralizing Monoclonal Antibodies Block
the SARS-CoV-2 Infection. Cell Reports, 32(3):107918, 2020.

Chunyan Wang, Wentao Li, Dubravka Drabek, Nisreen M.A. Okba, Rien van
Haperen, Albert D.M.E. Osterhaus, Frank J.M. van Kuppeveld, Bart L. Haagmans,

Frank Grosveld, and Berend-Jan Bosch. A human monoclonal antibody blocking

SARS-CoV-2 infection. Nat. Commun., 11:2251, 2020.

Lingshu Wang, Wei Shi, James D Chappell, M Gordon Joyce, Yi Zhang, Masaru
Kanekiyo, Michelle M Becker, Neeltje van Doremalen, Robert Fischer, Nianshuang
Wang, et al. Importance of neutralizing monoclonal antibodies targeting multiple

antigenic sites on the Middle East respiratory syndrome coronavirus spike glycopro-
tein to avoid neutralization escape. J. Virol., 92(10):¢02002-¢02017, 2018.

Lingshu Wang, Wei Shi, M Gordon Joyce, Kayvon Modjarrad, Yi Zhang, Kwanyee
Leung, Christopher R Lees, Tongqing Zhou, Hadi M Yassine, Masaru Kanekiyo,
et al. Evaluation of candidate vaccine approaches for MERS-CoV. Nat. Commun.,
6(1):1-11, 2015.

Nianshuang Wang, Osnat Rosen, Lingshu Wang, Hannah L. Turner, Laura J Stevens,
Kizzmekia S Corbett, Charles A Bowman, Jesper Pallesen, Wei Shi, Yi Zhang, et al.
Structural Definition of a Neutralization-sensitive Epitope on the MERS-CoV S1-
NTD. Cell Rep., 28(13):3395-3405, 2019.

18



[67]

[68]

[71]

[72]

Anna Z. Wec, Daniel Wrapp, Andrew S. Herbert, Daniel P. Maurer, Denise Haslwan-
ter, Mrunal Sakharkar, Rohit K. Jangra, M. Eugenia Dieterle, Asparouh Lilov, Deli
Huang, Longping V. Tse, Nicole V. Johnson, Ching-Lin Hsieh, Nianshuang Wang,
Juergen H. Nett, Elizabeth Champney, Irina Burnina, Michael Brown, Shu Lin,
Melanie Sinclair, Carl Johnson, Sarat Pudi, Robert Bortz, Ariel S. Wirchnianski,
Ethan Laudermilch, Catalina Florez, J. Maximilian Fels, Cecilia M. O’Brien, Bar-
ney S. Graham, David Nemazee, Dennis R. Burton, Ralph S. Baric, James E. Voss,
Kartik Chandran, John M. Dye, Jason S. McLellan, and Laura M. Walker. Broad
neutralization of SARS-related viruses by human monoclonal antibodies. Science,
2020.

Daniel Wrapp, Dorien De Vlieger, Kizzmekia S. Corbett, Gretel M. Torres, Wander
Van Breedam, Kenny Roose, Loes van Schie, VIB-CMB COVID-19 Response Team,
Markus Hoffmann, Stefan Pohlmann, Barney S. Graham, Nico Callewaert, Bert
Schepens, Xavier Saelens, and Jason S. McLellan. Structural Basis for Potent

Neutralization of Betacoronaviruses by Single-domain Camelid Antibodies. Cell,
181(5):1004-1015.e15, 2020.

Nicholas C. Wu, Meng Yuan, Hejun Liu, Chang-Chun D. Lee, Xueyong Zhu, Sandhya
Bangaru, Jonathan L. Torres, Tom G. Caniels, Philip J.M. Brouwer, Marit J. van
Gils, Rogier W. Sanders, Andrew B. Ward, and lan A. Wilson. An alternative
binding mode of IGHV3-53 antibodies to the SARS-CoV-2 receptor binding domain.
bioRziv, 2020.

Yan Wu, Feiran Wang, Chenguang Shen, Weiyu Peng, Delin Li, Cheng Zhao, Zhao-
hui Li, Shihua Li, Yuhai Bi, Yang Yang, Yuhuan Gong, Haixia Xiao, Zheng Fan,
Shuguang Tan, Guizhen Wu, Wenjie Tan, Xuancheng Lu, Changfa Fan, Qihui Wang,
Yingxia Liu, Chen Zhang, Jianxun Qi, George Fu Gao, Feng Gao, and Lei Liu. A
noncompeting pair of human neutralizing antibodies block COVID-19 virus binding

to its receptor ACE2. Science, 368(6496):1274-1278, 2020.

Tianlei Ying, Lanying Du, Tina W Ju, Ponraj Prabakaran, Candy CY Lau, Lu Lu,
Qi Liu, Lili Wang, Yang Feng, Yanping Wang, et al. Exceptionally potent neu-
tralization of Middle East respiratory syndrome coronavirus by human monoclonal
antibodies. J. Virol., 88(14):7796-7805, 2014.

Tianlei Ying, Ponraj Prabakaran, Lanying Du, Wei Shi, Yang Feng, Yanping Wang,
Lingshu Wang, Wei Li, Shibo Jiang, Dimiter S Dimitrov, et al. Junctional and
allele-specific residues are critical for MERS-CoV neutralization by an exceptionally
potent germline-like antibody. Nat. Commun., 6(1):1-10, 2015.

19



[73]

[75]

[77]

78]

Meng Yuan, Hejun Liu, Nicholas C. Wu, Chang-Chun D. Lee, Xueyong Zhu, Fangzhu
Zhao, Deli Huang, Wenli Yu, Yuanzi Hua, Henry Tien, Thomas F. Rogers, Elise
Landais, Devin Sok, Joseph G. Jardine, Dennis R. Burton, and Ian A. Wilson.
Structural basis of a public antibody response to SARS-CoV-2. bioRziv, 2020.

Meng Yuan, Nicholas C. Wu, Xueyong Zhu, Chang-Chun D. Lee, Ray T. Y. So,
Huibin Lv, Chris K. P. Mok, and Tan A. Wilson. A highly conserved cryptic epitope
in the receptor-binding domains of SARS-CoV-2 and SARS-CoV. Science, 368:630—
633, 2020.

Senyan Zhang, Panpan Zhou, Pengfei Wang, Yangyang Li, Liwei Jiang, Wenxu Jia,
Han Wang, Angela Fan, Dongli Wang, Xuanling Shi, et al. Structural definition of a
unique neutralization epitope on the receptor-binding domain of MERS-CoV spike
glycoprotein. Cell Rep., 24(2):441-452, 2018.

Aizhi Zhao, Weijun Qin, Yueheng Han, Weihong Wen, Wenhong Zhang, Zhonghui
Lian, Gang Chen, Zhuoli Zhang, Jiangiang Peng, He Wang, and Yinglu Guo. Iso-
lation and identification of an scFv antibody against nucleocapsid protein of SARS-
CoV. Microbes and Infection, 9(8):1026-1033, 2007.

Daming Zhou, Helen ME Duyvesteyn, Cheng-Pin Chen, Chung-Guei Huang, Ting-
Hua Chen, Shin-Ru Shih, Yi-Chun Lin, Chien-Yu Cheng, Shu-Hsing Cheng, Yhu-
Chering Huang, Tzou-Yien Lin, Che Ma, Jiandong Huo, Loic Carrique, Tomas Ma-
linauskas, Reinis R Ruza, Pranav NM Shah, Tiong Kit Tan, Pramila Rijal, Robert F.
Donat, Kerry Godwin, Karen Buttigieg, Julia Tree, Julika Radecke, Neil G Pater-
son, Piyasa Supasa, Juthathip Mongkolsapaya, Gavin R Screaton, Miles W. Carroll,
Javier G. Jaramillo, Michael Knight, William James, Raymond J Owens, James H.
Naismith, Alain Townsend, Elizabeth E Fry, Yuguang Zhao, Jingshan Ren, David I
Stuart, and Kuan-Ying A. Huang. Structural basis for the neutralization of SARS-
CoV-2 by an antibody from a convalescent patient. bioRziv, 2020.

Haixia Zhou, Yingzhu Chen, Shuyuan Zhang, Peihua Niu, Kun Qin, Wenxu Jia,
Baoying Huang, Senyan Zhang, Jun Lan, Lingi Zhang, et al. Structural definition of
a neutralization epitope on the N-terminal domain of MERS-CoV spike glycoprotein.
Nat. Commun., 10(1):1-13, 2019.

Yusen Zhou, Yang Yang, Jingwei Huang, Shibo Jiang, and Lanying Du. Advances
in MERS-CoV Vaccines and Therapeutics Based on the Receptor-Binding Domain.
Viruses, 11(1):60, 2019.

20



