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SUMMARY

Coronavirus disease 2019 (COVID-19) has become a worldwide threat to humans, and neutralizing antibodies
have therapeutic potential. We have purified more than 1,000 memory B cells specific to SARS-CoV-2 S1 or
its RBD (receptor binding domain) and obtain 729 paired heavy- and light-chain fragments. Among these, 178
antibodies test positive for antigen binding, and the majority of the top 17 binders with EC5o below 1 nM are
RBD binders. Furthermore, we identify 11 neutralizing antibodies, eight of which show IC5, within 10 nM, and
the best one, 414-1, with IC5q of 1.75 nM. Through epitope mapping, we find three main epitopes in RBD
recognized by these antibodies, and epitope-B antibody 553-15 could substantially enhance the neutralizing
abilities of most of the other antibodies. We also find that 515-5 could cross neutralize the SARS-CoV pseu-
dovirus. Altogether, our study provides 11 potent human neutralizing antibodies for COVID-19 as therapeutic

candidates.

INTRODUCTION

Over the last two decades in the 21st century, the outbreaks of
several viral infectious diseases affected millions of people
(Bauch and Oraby, 2013; Callaway et al., 2020; Chang et al.,
2016; Huang et al., 2020; Peiris et al., 2003; Wu et al., 2020b;
Zhou et al., 2020). Among these, three coronaviruses, SARS-
CoV, MERS-CoV (Middle East respiratory syndrome coronavi-
rus), and SARS-CoV-2 (Coronaviridae Study Group of the Inter-
national Committee on Taxonomy of Viruses, 2020), have
received significant attention especially due to the current
outbreak of COVID-19 caused by SARS-CoV-2, and high mortal-
ity rates of the infected individuals. Most patients died due to se-
vere pneumonia and multi-organ failure (Callaway et al., 2020;
Chen et al., 2020b). Despite the existence of rare exceptions
such as asymptomatic carriers, it is generally believed that if
the infected individuals could not develop effective adaptive im-
mune responses for viral clearance to prevent sustained infec-

Gheck for
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tion, there are high chances for transformation into severe acute
respiratory infection. Supporting this idea, treatment with conva-
lescent plasma to COVID-19 patients showed significant clinical
improvement and decreased viral load within days (Chen et al.,
2020a). However, the sources of convalescent plasma are
limited, and could not be amplified; therefore, effective and scal-
able treatments are still urgently needed.

Owing to recent rapid development of single-cell cloning tech-
nology, the process of antibody identification has been greatly
shortened, from years to months. Therefore, human and human-
ized neutralizing antibodies represent great hopes for a prompt
development of therapeutics in treating infectious diseases. In
support of this, cocktail treatment of three mixed antibodies
recognizing different epitopes, with one of them able to robustly
neutralize, was successfully used in the curation of a British
Ebola patient (Cao et al., 2018; Davey et al., 2016). Regarding co-
ronaviruses, neutralizing antibodies against MERS were tested
as effective in animals (Stalin Raj et al., 2018), although SARS-
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CoV neutralizing antibodies did not meet human requirements
due to lack of patients after the development. Interestingly one
of them, S309, was shown to be able to cross react with, and
neutralize, SARS-CoV-2 (Pinto et al., 2020). However, the RBD
(receptor binding domain) regions (which are key targets for viral
neutralization, also see below) only share 74% amino acid
sequence identity between the two SARS viruses (Tian et al.,
2020), raising concerns about the effectiveness of SARS-CoV
neutralizing antibodies against SARS-CoV-2.

The spike proteins of coronaviruses play an essential role in
viral entry into human target cells. The S1 region, especially
the RBD, primes the viral particle to human cell surface through
the interaction with the receptor protein angiotensin | converting
enzyme 2 (ACE2; Tai et al., 2020), which then triggers an infusion
process primarily mediated by the S2 region (Walls et al., 2020).
The primary amino acid sequences of the spike proteins of
SARS-CoV and SARS-CoV-2 share 76% amino acid sequence
identity throughout the full coding regions, with 79.59% similarity
and 74% identity in RBD domains (Chan et al., 2020; Ou et al.,
2020; Tian et al., 2020). Structure analyses revealed high 3D sim-
ilarity between the spike proteins of the two viruses, and both tri-
merize and interact with ACE2 through the RBD domains (Wrapp
et al.,, 2020). Importantly, the interaction between the SARS-
CoV-2 RBD and ACE2 was assessed at around 1.2 nM (Hoff-
mann et al., 2020; Walls et al., 2020), which is 4-fold stronger
than the SARS-CoV RBD. While this enhanced affinity may
explain a much stronger spreading ability of SARS-CoV-2, it
also suggests that finding potent neutralizing antibodies target-
ing SARS-CoV-2 RBD could be more challenging.

While this manuscript was under preparation, identification of
multiple human neutralizing monoclonal antibodies had been re-
ported (Cao et al., 2020; Chen et al., 2020c; Chi et al., 2020;
Wang et al., 2020; Wu et al., 2020d). While these groups and
ours all employed similar approaches and obtained authentic
viral neutralizing antibodies, the performances of these anti-
bodies varied in different assays, e.g., the correlation between
binding affinities, pseudoviral and authentic viral neutralizing
abilities. Nevertheless, more human antibodies either directly
neutralizing SARS-CoV-2 or opsonizing free viral particles for
rapid immune clearances are still needed.

Here, we report the identification of 178 S1 and RBD binding
human monoclonal antibodies from the memory B cells of 11
recently recovered patients. A total of 17 antibodies showed
binding affinities (ECso) lower than 1 nM. We further identified
eight antibodies showing robust authentic viral neutralizing activ-
ities, and the best one, 414-1, showed neutralizing ICso at
1.75 nM. Through epitope mapping, we found the eight anti-
bodies bound three different RBD epitopes, and epitope-B anti-
body 553-15 could substantially enhance neutralizing abilities of
most other neutralizing antibodies.

RESULTS

Serological Responses and Single B Cell Isolation

We screened sera samples from 11 patients recently recovered
from COVID-19, and found all individuals showed certain levels
of serological responses, with #507 and #501 being the weakest,
to SARS-CoV-2 spike RBD and S1 proteins (Figure 1A). We also

2 Cell Reports 32, 107918, July 21, 2020

Cell Reports

found that 10 sera, except for 507, showed neutralization abilities
against SARS-CoV-2 pseudoviral infection of HEK293T cells sta-
bly expressing human ACE2 (Figure 1B). Such observations, i.e.,
the sera from different individuals displayed a wide range of anti-
body responses, were consistent with a recent report (Wu et al.,
2020a). Of note, the #509 blood sample was obtained on the
second day after hospitalization (Table S2); the sera already
showed weak S1 antigen response and pseudoviral neutralizing
activities.

The RBD domain in the S1 region of SARS-CoV-2 spike pro-
tein is the critical region mediating viral entry through host recep-
tor ACE2. Using recombinant RBD and S1 antigens, we then iso-
lated RBD and S1-bound memory B cells for antibody
identification using the PBMCs (peripheral blood mononuclear
cells) from the 11 individuals by fluorescence activated cell sort-
ing (Figure S1A).

Sequences encoding immunoglobulin heavy (IGH) and
light (IGL) chains were amplified from single B cell comple-
mentary DNA samples after reverse transcription and then
cloned through homologous recombination into mammalian
expressing vectors (Robbiani et al., 2017). Overall, 729 natu-
rally paired IGH and IGL clones were obtained, and the
numbers of clones derived from each individual were listed
in Table S1.

Identification and Characterization of Human
Monoclonal Antibodies to SARS-CoV-2

In order to screen for SARS-CoV-2 spike antigen specific mono-
clonal antibodies, we used two primary assays based on ELISA
(enzyme linked immunosorbent assay) and FCA (flow cytometry
assay), respectively. Among the 729 candidate antibodies ex-
pressed in HEK293E cells, 178 were positive for RBD or S1 bind-
ing (Figure 2A). All the positive clones were then sequenced.
Notably, almost all (98.6%) of the sequences obtained were
unique ones (Figure 2B), similar to what were previously reported
in Ebola (Fan et al., 2020; Zhang et al., 2016) and yellow fever
(Calvert et al., 2016) studies.

Based on the ranking of ELISA values and FCA positivities,
we focused on 29 antibodies for further characterization. We
first measured the precise values of EC5 by ELISA, and iden-
tified 17 strong binders for S-ECD (extracellular domain) and
RBD with ECsg below 1 nM, and the most potent one showing
ECso at 0.057 nM (8.55 ng/mL; Figures 2C and S2A). Of note,
among these 29 antibodies, four antibodies (413-3, 414-4,
105-28, and 105-41) were FCA-negative but bound recombi-
nant RBD relatively well in ELISA (Figure 2C). On the other
hand, we also identified another four antibodies (505-8, 414-
3-1, 505-17, and 515-5) that showed strong FCA positivity
but with barely detectable ELISA signals (Figure 2C). These
findings indicated certain conformational differences might
exist between the recombinant and membrane-bound S
antigens.

We also noticed that the majority of the 17 strong binders were
RBD binders, except for 413-2, 553-13, and 553-18 (Figure 2C).
And we further confirmed that 553-13 and 553-18 were NTD
(N-terminal domain of spike protein) binders (Figure S2C). These
results indicated that the RBD represents the primary immuno-
genic region of the S protein.
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Figure 1. Serological Responses of 11 Convalescent COVID19 Patients
(A and B) Spike protein binding (A) and pseudoviral neutralizing tests (B) of donor plasma. RBD and S1 were coated at 1 ug/mL for binding ELISA. Plasma samples
of heathy donors were used as controls. The mean values and standard deviations of two technical replicates are shown in a pseudo-typed viral neutralization

assay.

Identification of Neutralizing Antibodies by

Pseudotyped and Authentic Viral Infection Assays
Toidentify neutralizing antibodies, we first employed pseudoviral
infection assays using HEK293T-ACE2 cells. From all the anti-
bodies tested, we found a total of 16 pseudoviral neutralizing an-
tibodies (Figure 2C, and Figure 3A, column 3). Among these, 11
could neutralize authentic virus entry into Vero-E6 cells, and
eight of them showed potent IC5q within 10 nM (Figure 3A, col-
umn 1). We next characterized the best one, 414-1, which was
able to effectively block authentic viral entry at ICsq of 1.75 nM
(Figure 3B, left). We also tested 414-1 expressing in Chinese
hamster ovary (CHO) cells, and found it could achieve
~300 mg/L without any optimization, suggesting great potential
in therapeutic development. Furthermore, the RBD binding affin-
ity of 414-1 was also tested by BLI (bio-layer interferometry
assay), and showed comparable Kp of 0.413 nM (Figure 3B,
right).

Since complementarity-determining region 3 (CDR3) is the
most critical region for antibody diversity, we then aligned the
CDRS3 sequences of the heavy (CDR3}) and light (CDR3,) chains
of the 11 authentic viral neutralizing antibodies and found nine
unique ones (Figure 3A, right). Interestingly, 505-3, 505-5, and
515-1 shared identical CDR3y and CDR3_ sequences, with
only a few amino acid variations outside the CDR regions. These
three antibodies indeed behaved very similarly in all assays
except for pseudoviral neutralization assay (Figure 3A, column

3) tests. Of note, they were obtained from two individuals
(#505 and #515).

Epitope Mapping of the Neutralizing Antibodies

To understand the neutralizing mechanism of the 11 antibodies,
we performed epitope-mapping experiments for the eight RBD
binders (note that 505-8, 413-2, and 515-5 were non-RBD
binders; Figures 2C and 3A). We first utilized RBD-ACE2 block-
ing ELISA, and found that six of the RBD binders could effectively
compete ACE2 binding to RBD with ICso below 3 nM (Figure 3A,
column 6), indicating their binding epitopes overlapping with the
ACE2 binding surface (Figure 3C, middle left).

We then carried out BLI competition and mutagenesis assays
for further analyses. Due to the identical CDR3 sequence and the
high similarities among 505-3, 515-1, and 505-5 mentioned
above, we only chose 505-3 as the representative in these as-
says. Based on BLI competition results, the eight RBD binders
could be classified into three groups, namely epitopes A, B,
and C (Figure 3A, column 2). We then utilized 15 point mutants
of recombinant RBD (Wu et al., 2020c), each having one amino
acid residue replaced in the non-ACE2 binding surface (Fig-
ure 3C, left) to locate these epitopes. All epitope-A antibodies
were largely unaffected by these mutations (Figure S3C, left),
indicating that epitope A is limited within ACE2 binding surface
(Figure 3C, middle left), considering that they complete ACE2
binding in blocking ELISA, as mentioned above. Epitope-B
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Figure 2. The Identification and Characterization of Spike Protein-Specific Monoclonal Antibodies

(A) Characteristics of antibodies binding with RBD and S-ECD. RBD and S-ECD dual binders, red dots; binders for S-ECD only, purple; binders for RBD only,
green; and weaker binders, black. Authentic neutralizing antibodies are represented by bigger dots.

(B) Maximum-likelihood phylogenetic tree analysis of the heavy chains of all sequenced monoclonal antibodies. Different colors indicate antibodies identified

from individual patients.

(C) Summary of the performance of the top 29 monoclonal antibodies in the indicated assays.

antibody, 553-15, was sensitive to the F374A, A372T, and C379A
mutations (Figure S3C, middle) and also complete ACE2 in
blocking ELISA (Figure 3A, column 6); therefore, we speculated
that epitope B should include these residues and partially over-
lap with the ACE2 binding surface (Figure 3C, middle right).
Finally, residues critical for epitope-C antibody binding were
shown in Figure 3C (right panel). Since they did not complete
ACE2 in blocking ELISA (Figure 3A, column 6), we proposed
epitope C at the indicated area of RBD (Figure 3C, right).
Notable, despite that the epitope C and non-RBD binders
could not block ACE2 binding for RBD (Figure 3A, column 6),
they all recognized freshly expressed membrane-bound S pro-
tein and completed ACE2 binding in FCA quite well (Figure 3A,
columns 7 and 8), indicating they might execute their neutralizing
activities through a membrane-dependent mechanism.

Cocktail Design for Neutralizing Antibodies

Since eight of the 11 authentic viral neutralizing antibodies were
mapped to three different epitopes in RBD with the other three
being non-RBD binders, these antibodies bound at least four
different regions in S protein. We then wanted to examine
whether certain cocktail combinations could significantly
enhance the neutralizing abilities of these antibodies. After sys-
tematic investigation using pseudoviral assay, we found that
epitope-B antibody, 553-15, could significantly enhance the
neutralizing abilities of epitope-A antibodies (414-1, 505-3, and
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553-63) by around 5 folds (Figure 3A, columns 3 and 4). Interest-
ingly, 553-15 also potentiated 553-60 and 505-8 in the same
assay.

Cross Reactivity with SARS-CoV Spike Protein

The spike proteins of SARS-CoV-2 share 76% and 35% of amino
acid identities with SARS-CoV and MERS-CoV, respectively.
Therefore, we wondered whether our antibodies could cross
react with the S proteins of these two other coronaviruses. In or-
der to do so, we overexpressed the S proteins of SARS-CoV-2,
SARS-CoV, and MERS-CoV in HEK293T, and tested the cross
reactivities by flow cytometry analyses. From this exercise, we
found three antibodies, 415-5, 415-6, and 515-5, cross recog-
nizing SARS-CoV S, but not MERS-CoV S (Figures 4A and 4B).
415-5 and 515-5 shared similar S protein affinities between
SARS-CoV-2 and SARS-CoV, but 415-6 had much lower affinity
toward SARS-CoV S compared to SARS-CoV-2 S (Figure 4C).
Furthermore, 515-5 showed relative weaker but detectable
neutralizing activity of pseudotyped SARS-CoV with ICso at
84 nM (Figure 4D), indicating a potential for further development
against the homologous SARS family virus.

DISCUSSION

Within the last few weeks, several groups have published a panel
of full human neutralizing antibodies against COVID19 (Brouwer
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Figure 3. Identification and Epitope Mapping of Neutralizing Antibodies

(A) Summary of the indicated characteristics of all authentic viral neutralizing antibodies. Column 1, IC5o of authentic SARS-CoV-2 neutralization; column 2,
epitope-mapping results (note that although 553-60 showed an identical pattern to 553-49 in the mutagenesis assay, it partially completed with 414-1, and
therefore was classified as epitope C/A); column 3, ICs, of pseudoviral neutralizing results; column 4, cocktail ICsq of pseudoviral neutralizing results of the
indicated antibodies together with 553-15 (note that 505-3 was used as representative for 515-1 and 505-5); columns 5 and 6, binding ELISA and blocking ELISA
results; columns 7 and 8, FCA results of the binding and ACE2 competition to freshly expressed membrane-bound S protein (color shading in the heatmaps
represents magnitude of intensities—light green, weak; darker green, strong); and columns 9 and 10, results of ELISA binding to RBD or S-ECD. Red highlights
the antibodies with similar CDR3 sequences.

(B) Left, neutralization results of 414-1 against authentic virus (SARS-CoV-2-SH01) using Vero-E6 (n = 2). Right, BLI examination of 414-1 and RBD binding
affinity.

(C) Left, positions of the 15 designed single amino acid replacements in the non-ACE2 binding surface of RBD, purple; middle-left, ACE2 binding surface, yellow;
middle-right, amino acid replacements that affected epitope-B antibody 553-15 binding to RBD, green; right, amino acid replacements that affected the RBD

bindings of 553-49 and 553-60, blue. Proposed epitopes A, B, and C were circled.

et al., 2020; Cao et al., 2020; Chen et al., 2020c; Chi et al., 2020;
Wang et al., 2020; Wu et al., 2020d). Here, we have added 11
more to the reservoir, with eight of them showed neutralizing
IC50 within 10 nM.

In our study, in order to provide good therapeutic candidates
of monoclonal antibodies, we have implemented multiple ap-
proaches during the triage processes before authentic viral
testing. Our triage approaches included: (1) RBD and S binding
abilities by ELISA; (2) the ability to recognize membrane-bound
S protein by FCA; (3) ACE2 competition abilities using both
ELISA and FCA; and (4) the pseudotyped and authentic viral
neutralization assay. The best three antibodies, 414-1, 505-3,
and 553-63, showed consistent performances in all of these as-
says (Figure S5). The other five antibodies with ICso within 10 nM
for authentic viral neutralization also showed relatively consistent
performances in most of the assays (Figure S5). In general, seven
of the top eight neutralizing antibodies showed robust binding in
ELISA (Figure 3A, columns 1 and 5). The only one exception is
505-8; however, it functioned well in membrane-bound S binding
and competition assays detected by FCA (Figure 3A, columns 7

and 8; also see below), indicating that binding abilities are the
fundamental quality for neutralizing activities in our study. And
we observed a general increase of neutralizing 1Cso values
compared to binding affinity ECso values. However, compared
with other studies mentioned above, we found that the leading
antibodies reported in the studies by Cao et al. (2020), Chi
etal. (2020), and Wu et al. (2020d) showed great neutralizing abil-
ities, with ICsq ranging from 0.1 to 1 nM, and EC5q of 0.8 to 70 nM.
Similarly, a 100-fold enhancement of neutralizing activity
compared to the affinity was also reported by Chi et al. (2020)
for their leading antibodies. The reason for such a discrepancy
is still unknown at this point, but conformation differences be-
tween recombinant S and RBD protein and their natural forms
may be one possibility; another possibility may be that assay
conditions could vary among different groups.

Among the top 29 antibodies (Figure 2C), 24 were obtained
from B cells isolated using the S1 protein. We found the majority,
18 of 24, are RBD binders; these findings indicated that the RBD
region is the primary epitope for immune responses. Similar ob-
servations were also reported elsewhere for SARS-CoV-2 (Cao
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Cross-reactivity analysis of the indicated antibodies against S proteins of SARS-CoV and MERS-CoV. Flow cytometry analyses were performed using HEK293T
cells expressing the S proteins of SARS-CoV-2, SARS-CoV, and MERS-CoV; 50 nM of the indicated antibodies were used. Non-transfected HEK293T were used

as controls.

(A) Heatmap summary of the results.

(B) Flow cytometry analyses of the three cross-reactive antibodies.
(C) Binding curves of the three cross-reactive antibodies.

(D) Cross neutralization of 515-5 to pseudoviruses of SARS-CoV-2 and SARS-CoV. Data were obtained from a representative experiment containing two rep-

licates. Data are represented as mean + SD, and n = 2.

et al., 2020; Wu et al., 2020d) as well as SARS-CoV (Berry et al.,
2010; Yuan et al., 2017). We also found another four antibodies,
505-8, 414-3-1, 505-17, and 515-5, showed barely any ELISA
signals toward both RBD and S, but could robustly bind freshly
expressed S protein in A549 membrane (Figure 2C, columns 4
and 6). These included two neutralizing antibodies 505-8
(mentioned above) and 515-5, indicating that the recombinant
RBD or S protein may differ from the membrane-bound S in
terms of 3D conformation. We would have missed these anti-
bodies if we had used ELISA, alone, for antibody triage. There-
fore, future antibody study should consider multiple approaches
for the initial identification and for quality control.

Through epitope mapping, we could largely locate the epi-
topes of the eight RBD binding neutralizing antibodies. Based
on all analyses, we propose that epitope A locates at the top of
RBD where direct ACE2 interaction occurs (Figure 3C).
Epitope-A antibodies also represented the largest group of
neutralizing antibodies in our study. Interestingly, we found that
all recently published human SARS-CoV-2 neutralizing anti-
bodies with structure information bound the same or similar
areas on RBD (Figure S3D). The findings of epitopes B and C,
and the non-RBD binders in neutralizing SARS-CoV-2, are of
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importance, particularly for epitope-B antibody 553-15, which
could substantially potentiate several other antibodies for their
neutralizing abilities. Future structure analysis will be needed
for detailed understanding of how the antibody binding of these
different epitopes result in neutralization of SARS-CoV-2
infection.

It's encouraging to see the increasing numbers of human
neutralizing antibodies against COVID-19. The combination of
different clones of potent neutralizing human monoclonal anti-
bodies recognizing different vulnerable sites of SARS-CoV2
can prevent the occurrence of mutant escapes when adminis-
tered clinically. Therefore, more candidate antibody sequences
could greatly facilitate the therapeutic development in curing
COVID-19 patients.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat anti-Mouse IgG Secondary Antibody HRP conjugated SAB Cat# L3032; RRID:AB_895481

Goat anti-Rabbit IgG Secondary Antibody HRP conjugated SAB Cati# L3012; RRID:AB_895483
HRP-Conjugated 6*His, His-Tag Antibody Proteintech Cat# HRP-66005; RRID:AB_2857904
F(ab’)2-Goat anti-Mouse IgG (H+L) Secondary Antibody, HRP Invitrogen Cat# A24512; RRID:AB_2535981
F(ab’)2-Goat anti-Human IgG (H+L) Secondary Antibody, HRP Invitrogen Cat# A24464; RRID:AB_2535933
Goat F(ab’)2 Anti-Human IgG - Fc (PE), pre-adsorbed Abcam Cat# ab98596; RRID:AB_10673825

Bacterial and Virus Strains

SARS-CoV-2 strain nCoV-SHO1 Fudan University N/A
SARS-CoV-2 pseudotyped virus This paper N/A
Top10 Competent Cells SMART-Lifesciences Cati# SLB010
Biological Samples
PBMCs from COVID-19 convalescent patients Shanghai Public Health N/A

Clinical Center
Chemicals, Peptides, and Recombinant Proteins
S Protein RBD-SD1 (Mammalian,C-mFc) Novoprotein Scientific Inc. Cat# DRA38
ACE-2 (Mammalian,C-6His) Novoprotein Scientific Inc. Cat# C419
SARS-CoV-2 Spike protein (ECD, His & Flag Tag) Genscript Cat# 203481
Mutant RBD proteins Ying Tianlei Lab N/A

Certified Fetal Bovine Serum (FBS) BI Cati# 04-001-1A
Polyethylenimine (PEI) Sigma Cat# 764604
DPBS, no calcium, no magnesium GIBCO Cat# 14190144
TMB Substrate Solution SMART-Lifesciences Cat# SLR006
rProtein A Beads 4FF SMART-Lifesciences Cat# SA012C
0.4% (w/v) Trypan blue stain ThermoFisher Cati# 15250061
EDTA 0.5M, pH8.0, RNase-free ThermoFisher Cat# AM9260G
Critical Commercial Assays

Bright-Glo™ Luciferase Assay System Promega Cat# E2620
Smart Assembly Cloning kit SMART-Lifesciences Cat# SC004250
Experimental Models: Cell Lines

HEK293E Xu Yanhui Lab N/A

Vero-E6 cells ATCC Cat# CRL-1586
Modified CHO cells ZHEJIANG HISUN N/A

PHARMACEUTICAL Co., LTD.

A549 ATCC Cat# CCL-185

Recombinant DNA

SARS-CoV-2 (YP_009724390.1) Genscript N/A

SARS-CoV (NP_828851.1) Genscript N/A

MERS (AFS88936.1) Genscript N/A

PCDNA3.4 modified This paper N/A

Software and Algorithms

Pymol Pymol N/A

GraphPad Prism 8 GraphPad Prism N/A

RAXML Kozlov et al., 2019 https://doi.org/10.1093/
bioinformatics/btz305
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents may be directed to and will be fulfilled by the Lead Contact, Fei Lan
(fei_lan@fudan.edu.cn)

Materials Availability
All unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer
Agreement.

Data and Code Availability
This study did not generate any unique datasets or code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and Viruses

Vero-EB, A549-Spike (A549 expressing SARS-CoV-2 Spike protein), and A549-ACE2 (A549 expressing human ACE2) cell lines were
supplied by Shanghai Public Health Clinical Center, Fudan University. Pseudovirus of SAR2-CoV-2 was generated by Shanghai Pub-
lic Health Clinical Center, and Fudan University and SARS-CoV-2-SH01 was from BSL-3 of Fudan University. The experiments
involving authentic COVID-19 virus were performed in Fudan University biosafety level 3 (BSL-3) facility. The overall study was re-
viewed and approved by the SHAPHC Ethics Committee (approval no. 2020-Y008-01).

METHOD DETAILS

B cell sorting and single cell RT-PCR

Samples of peripheral blood for serum or PBMCs isolation were obtained from Shanghai Public Health Clinical Center, per 5 mL
blood. PBMCs were purified using the gradient centrifugation method with Ficoll and cryopreserved in 90% heat-inactivated fetal
bovine serum (FBS) supplemented with 10% dimethylsulfoxide (DMSO), storage in liquid nitrogen.

The fluorescently labeled S1 bait was previously prepared by incubating 5 pg of His tag-S1 protein with Anti His tag antibody-PE
(Phycoerythrin) for at least 1 hr at 4°C in the dark, RBD bait performed as before. PBMCs were stained using 7AAD, anti-human CD19
(Allophycocyanin, APC), IgM [PE-Cy7], IgG (fluorescein isothiocyanate, FITC), PE labeled Antigen. Single antigen specific memory B
cells were sorted on BD FACS Aria Il into 96-well PCR plates (Axygen) containing 10 ul per well of lysis buffer (10 mM Dulbecco’s
phosphate buffered saline, DPBS, 4 U Mouse RNase Inhibitor, NEB). The final sorted cells were live cells, CD19* IgM™ IgG* and an-
tigen*. Plates were immediately frozen on dry ice and stored at —80°C or processed for cDNA synthesis.

Single cell RT-PCR reactions were performed following a published protocol using random N5 for initial priming of the first chain
synthesis (Ho et al., 2016). Reverse transcription and subsequent PCR amplification of heavy and light chain variable genes were
performed using SuperScript Ill (Life Technologies). First and second PCR reactions were performed in 50 pL volume with 5 puL of
reaction product using PCR mixture (SMART-Lifesciences). We used the primer sets published by Smith et al. (2009). PCR products
were then purified using DNA FragSelect XP Magnetic Beads (SMART-Lifesciences) and cloned into human IgG1, lambda or kappa
expression plasmids for antibody expression by seamless cloning method (see below). After transformation, individual colonies were
picked for sequencing and characterization. Sequences were analyzed using IMGT/ V-QUEST (http://www.imgt.org/IMGT_vquest)
and IgBlast (IgBLAST, http://www.ncbi.nlm.nih.gov/igblast).

Expression and purification of human monoclonal antibodies

The antibody VH/VL and constant region genes were then amplified and cloned into expression vector pcDNAS3.4 using SMART As-
sembly Cloning Kit (SMART-Lifesciences), subsequently antibodies plasmids were amplified in competent cells (SMART-Lifescien-
ces). HEK293E cells were transfected using polyethylenimine (PEI, Sigma), after 4-5 days of cell culture, antibodies purification was
processed from supernatants. Antibodies were purified by Protein A magnetic beads (SMART-Lifesciences) for 30 min at room tem-
perature, then eluted by 100 mM glycine pH 3.0 and quickly neutralized by TrisCl pH 7.4.

Enzyme linked immunosorbent assay (ELISA)

96-well plates (Falcon and MATRIX) were coated overnight at 4°C with 0.5 pg/mL SARS-CoV-2 RBD-mFC (Novoprotein Scientific
Inc.), and 0.6 ng/mL SARS-CoV-2 S-ECD (GenScript). After washes with PBST (SMART-Lifesciences), the plates were blocked using
3% non-fat milkin PBST for 1 h at 37°C. Series dilutions of antibodies in PBST were added to each well and incubated at 37°C for 1 h.
Then the antibodies were removed and washed 3 times by PBST (phosphate buffer solution with tween), HRP-conjugated anti-hu-
man IgG Fab antibody (Sigma) was added at the dilution of 1:10,000 in PBST containing 3% BSA (Sangon Biotech) and
incubated at 37°C for 0.5 h. After washing with PBST three times, tetramethylbenzidine (TMB) solution (SMART-Lifesciences) was
added to the microplate and incubated at room temperature for 5-10 min, followed by adding 1M HCI to terminate the reaction.
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The OD450 absorbance was detected by Synergy HT Microplate Reader (Bio-Tek). The curves and EC5q were analyzed by GraphPad
Prism 8.0.

Bio-layer interferometry assay (BLI)
Measuring Kinetics of antibodies interact with S protein RBD using by Bio-layer Interferometry. RBD diluted in a 2-fold series by assay
buffer (20mM Morpholinepropanesulfonic acid (MOPs), 50 nM KCI, pH 7.4).

Flow cytometry assays (FCA)

For Figure 4, flow cytometry analyses were performed to detect the binding abilities of antibodies to Spike protein in HEK293T cells
freshly expressing of SARS-CoV-2, SARS-CoV and MERS-CoV. Briefly, 10 thousand cells in 100 pl were incubated with indicated
antibodies for 30 min at room temperature, after twice washes then PE-labeled goat anti-human IgG-Fc antibody was added
(1:5,000; Abcam) for 30 min, followed by flow cytometry analyses.

Flow cytometry analysis was also performed to detect the ACE2 competition (Figures 3A and S3). Then 10 thousand S expressing
cellsin 100 pl were first incubated with free ACE2 at 50nM for 30 min at room temperature, then different concentrations of antibodies
were added for 30 min, followed by incubation with PE-labeled goat anti-human IgG-Fc antibody (1:5000; Abcam) for 30 min and
analyzed by flow cytometry.

For Figure S4, to test S protein expression on cell membrane, recombinant ACE2-Cter-6xHis labeled by rabbit anti-His-PE anti-
body in 1.2:1 (n:n) ratio was added to 10 thousand cells expressing S protein. Detection was done similarly as above.

Virus neutralization assay (pseudotyped and authentic)

Coding fragments of SARS-CoV-2 (YP_009724390.1),SARS-CoV (NP_828851.1) and MERS (AFS88936.1) Spike proteins were syn-
thesized (GenScript) and cloned into pcDNA3.1. SARS-CoV-2, SARS-CoV and MERS pseudotyped viruses were produced as pre-
viously described (Qiu et al., 2013). Briefly, pseudovirus were generated by co-transfection of 293T cells with pNL4-3.Luc.R-E- back-
bone and the SARS-CoV-2 spike protein expression plasmid and the supernatants were harvested after 48 hr, and followed by
centrifuge at 2,000 rpm for 5 min and stored in —80°C.

The neutralization assay was performed as the following steps. Pseudovirus was diluted in complete DMEM mixed with or without
an equal volume (50 pl) of diluted serum or antibody and then incubated at 37°C for 1 h. The mixtures were then transferred to 96-well
plate seeded with 20,000 293T-ACE2 cells for 12h and incubated at 37°C for additional 48 hr. Assays were developed with bright glo
luciferase assay system (Promega), and the relative light units (RLU) were read on a luminometer (Promega GloMax 96). The titers of
neutralizing antibodies and activities of plasma were calculated as 50% inhibitory dose (ID50) compared to virus control.

Cocktail neutralization assay was performed with 2 antibodies by 1:1 (n:n), and calculated IC5q by total antibodies concentrate ion.

All experiments related to authentic virus were done in BSL-3. Monoclonal antibodies were incubated with 200 PFU SARS-CoV-2
SHO1 at 37°C for 1 hour before added into Vero-E6 cell culture (96-well plate, 4 x 10* cells per well), and the cells were continued for
48 hr before microscopic analyses for CPE (cytopathic effect).

QUANTIFICATION AND STATISTICAL ANALYSES
The descriptive statistics mean + SEM or mean + SD were determined for continuous variables as noted. ECsp and ICsq values in this

study were determined after log10 transformation of antibody concentration using a 4-parameters nonlinear fit analysis (Prism V8.0,
GraphPad). Technical and biological replicates are indicated in the figure legends.
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