
Articles
https://doi.org/10.1038/s41564-022-01155-3

1State Key Laboratory of Cell Biology, Shanghai Institute of Biochemistry and Cell Biology, Center for Excellence in Molecular Cell Science, Chinese 
Academy of Sciences, University of Chinese Academy of Sciences, Shanghai, China. 2Key Laboratory of Medical Molecular Virology (MOE/NHC/CAMS), 
Department of Medical Microbiology and Parasitology, School of Basic Medical Sciences, Shanghai Institute of Infectious Diseases and Biosecurity, 
Shanghai Medical College, Fudan University, Shanghai, China. 3Shanghai Public Health Clinical Center and Institutes of Biomedical Sciences, Shanghai 
Medical College, Fudan University, Shanghai, China. 4School of Life Science and Technology, ShanghaiTech University, Shanghai, China. 5Institute of 
Geriatrics, Affiliated Nantong Hospital of Shanghai University, Sixth People’s Hospital of Nantong, Shanghai Engineering Research Center of Organ Repair, 
School of Medicine, Shanghai University, Nantong, China. 6Center for Infectious Disease Research, Westlake Laboratory of Life Sciences and Biomedicine, 
Key Laboratory of Structural Biology of Zhejiang Province, School of Life Sciences, Westlake University, Hangzhou, China. 7Shanghai Institute of Biological 
Products Co., Ltd, Shanghai, China. 8Institut Pasteur of Shanghai, Chinese Academy of Sciences, Shanghai, China. 9Children’s Hospital, Shanghai Medical 
College, Fudan University, Shanghai, China. 10These authors contributed equally: Xiaoyu Sun, Chunyan Yi, Yuanfei Zhu, Longfei Ding, Shuai Xia, Xingchen 
Chen. ✉e-mail: lingzhiyang@sibs.ac.cn; jpding@sibcb.ac.cn; lul@fudan.edu.cn; xujianqing@fudan.edu.cn; yhxie@fudan.edu.cn; bsun@sibs.ac.cn

On the basis of antigenic and genetic criteria, coronaviruses 
are organized into four genera: α-, β-, γ- and δ- coronavi-
ruses1. There are three major public health threats caused by 

highly pathogenic coronaviruses: severe acute respiratory syndrome 
coronavirus (SARS-CoV) in 2002–20032,3, Middle East respiratory 
syndrome coronavirus (MERS-CoV) in 20124 and SARS-CoV-2, 
which was first identified in 20195,6. The COVID-19 pandemic 
caused by SARS-CoV-2 has had a profound impact on the world 
economy and global health. In addition, several common epidemic 
human coronaviruses including the β-coronaviruses HCoV-OC43, 
HCoV-HKU1 and the distantly related α-coronaviruses HCoV-
229E and HCoV-NL63 circulate annually and cause mild or mod-
erate upper respiratory diseases7,8. The recurrent spillover events 
of coronaviruses into humans highlight the need to develop broad 
therapeutics and preventions.

One current research focus is the mutation of the SARS-CoV-2 
during transmission9. A series of mutants have been identified 

within the spike (S) protein, which may weaken the protective activ-
ity of vaccines or antibodies that were designed on the basis of the 
original SARS-CoV-210,11. The identification of resistant variants 
suggests potential risks in the application of current vaccines and 
antibodies12–14.

Most neutralizing antibodies against SARS-CoV-2, SARS-CoV 
and MERS-CoV target the receptor-binding domain (RBD) of S1, thus  
blocking viral attachment to target cells. However, RBD antibodies 
are usually subgenus or strain specific, and pose a selective pres-
sure causing the rapid emergence of new variants15–18. Nevertheless, 
only a few RBD antibodies have shown a narrow cross-reactivity, 
which is limited within the β-coronavirus genus19–21. Broad neutral-
izing antibodies (bnAbs) targeting conserved functional domains  
of viral surface proteins have been discovered to protect against 
global circulating viruses, such as influenza A virus (IAV), hepati-
tis C virus (HCV) and human immunodeficiency virus (HIV)22–28.  
The S2 subunit is more conserved than the S1 subunit among 
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and therapeutic murine animal models. Structural and functional studies revealed that 76E1 targets a unique epitope within the 
spike protein that comprises the highly conserved S2’ site and the fusion peptide. The epitope that 76E1 binds is partially buried 
in the structure of the SARS-CoV-2 spike trimer in the prefusion state, but is exposed when the spike protein binds to ACE2. 
This observation suggests that 76E1 binds to the epitope at an intermediate state of the spike trimer during the transition from 
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diverse coronaviruses. S2 antibodies (B6 and S2P6) have shown 
cross-reactivity to β-coronaviruses, but not to α-coronaviruses 
as reported by targeting the conserved stem helix region, pre-
vent S2 subunit refolding from the pre- to the postfusion state 
and thus block virus entry by inhibiting membrane fusion21,29–32. 
Here we report a human antibody 76E1 with cross-neutralization 
to the representative strains from α- and β-coronavirus and even 

has cross-binding activity to the peptides containing the antibody 
epitope from γ- and δ-coronavirus genera. This antibody showed 
cross-protection in mice against SARS-CoV-2 and phylogeneti-
cally distant HCoV-OC43. Structural and functional analyses 
indicate that the epitope recognized by 76E1, including the fusion 
peptide and the S2’ site, was highly conserved among α-, β-, γ- and 
δ-coronaviruses. The recognition pattern is also interesting as the 
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Fig. 1 | Neutralization of SARS-CoV-2 by 76E1 in vitro and in vivo. a, The EC50 values of 76E1 binding to the soluble S-ECD proteins of SARS-CoV-2 and its 
variants of concern, including B.1.1.7, P.1, B.1.351, B.1.617.1, B.1.617.2 and B.1.1.529 (Omicron BA.1). An IAV antibody 28-1253 was included as isotype control 
(Isoctrl). b, 76E1-mediated neutralization of pseudotyped SARS-CoV-2 and its variants in 293T-hACE2 cells. Unrelated VSV-G pseudovirus was included 
as a negative control. c, Authentic SARS-CoV-2 neutralization of 76E1 in Vero-E6, HeLa-hACE2 and Calu-3 target cells. n = 3. Representative data are 
shown from 2 independent experiments (a–c). d–f, Protective efficacy of 76E1 against authentic SARS-CoV-2 infection in hACE2 transgenic mice. d, The 
mouse study outline. Prophylaxis: the mice were infused with 15 mg kg−1 76E1 (n = 7) or PBS (n = 4) intraperitoneally 1 d before inoculating with 1 × 104 
p.f.u. SARS-CoV-2 via intranasal infection. Therapy: the mice were treated with 25 mg kg−1 76E1 8 h after SARS-CoV-2 infection (n = 4). The prophylactic 
and therapeutic experiments were concurrently conducted and the PBS-administered mice were included as control for both experiments. The mice body 
weight from prophylactic (e) and therapeutic (f) groups were monitored for 3 d after infection. Lung virus titres of each mouse at 3 d.p.i. were determined 
by qRT-PCR with 3 replicates. Results are depicted as mean ± s.d. (c,e,f). Two-sided unpaired t-test; ***P < 0.001, ****P < 0.0001.
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epitope is partially buried in the structure of the prefusion S trimer  
but could be exposed during the receptor-binding process. 76E1 
inhibits membrane fusion possibly by blocking S2’ cleavage. The 
identification of the conserved epitopes will guide the design of pan- 
coronavirus vaccines and antivirals against both current and future 
emerging SARS-CoV-2 variants and other coronavirus genera.

Results
Isolation of S2-targeting human antibodies. We initially measured 
the antigen binding potencies of the plasma from five COVID-19 
convalescent patients as compared with that of healthy people. The 
S2 regions are conserved among multiple human coronaviruses 
(Extended Data Fig. 1a). Antibodies that were cross-reactive to 
the S2 regions of SARS-CoV-2, SARS-CoV and MERS-CoV were 
detected, especially in sample 76 (Extended Data Fig. 1b–d). The 
tested plasmas also reacted well to the S proteins of HCoV-NL63, 
HCoV-OC43, HCoV-229E and HCoV-HKU-1, with higher anti-
body endpoint titres than the healthy donors’ plasmas (Extended 
Data Fig. 1e), indicating the potential existence of bnAbs, mostly 
targeting the S2 region in COVID-19 convalescent patients.

We then conducted single-cell PCR experiments to isolate human 
monoclonal antibodies (mAbs) from memory B cells of the COVID-19 
convalescent patients by using the SARS-CoV-2 extracellular domain 
of S protein (S-ECD), without introduction of any mutations and 
modifications, as the bait. CD19+IgG+SARS-CoV-2 S-ECD+-specific 
single memory B cells were isolated by flow cytometry. The mAbs 
generated directly from single memory B cells were screened by the 
binding activities to RBD, S1, S2 and full S-ECD proteins, followed by 
assessing the pseudovirus neutralizing activities against SARS-CoV-2, 
SARS-CoV and MERS-CoV (Supplementary Tables 1 and 2). We 
identified 25 antibodies, 9 of which reacted to the SARS-CoV-2 
S2 (Supplementary Tables 1 and 2). Three antibodies (555D6, 
125C1 and 76E1) showed cross-reactivity to both SARS-CoV and 
MERS-CoV S2/S-ECD. Most of the S2 antibodies could not neutralize 
SARS-CoV-2 pseudovirus, except for 76E1 and 555E6 which had IC50 
values (the concentration of antibody required for 50% viral inhibi-
tion) of 0.418 µg ml−1 and 9.79 µg ml−1, respectively (Supplementary 
Table 1). 76E1 was derived from donor 76 and engages IGHV3-43*02 
and IGLV2-8*01 as the germline genes (Supplementary Table 3).

76E1 neutralizes SARS-CoV-2 and its variants. 76E1 was selected 
for further in-depth characterization and was found to react well to 
the S-ECD proteins of SARS-CoV-2 variants of concern including 
B.1.1.7 (Alpha), B.1.351 (Beta), P.1 (Gamma), B.1.617.1 (Kappa), 
B.1.617.2 (Delta) and B.1.1.529 (Omicron, BA.1) (Fig. 1a and 
Extended Data Fig. 2). We subsequently observed that 76E1 could 
neutralize all the pseudotyped SARS-CoV-2 variants tested (Fig. 1b). 
76E1 also showed comparable potency in Vero-E6, HeLa-hACE2 
(human ACE2) and Calu-3 cells against authentic SARS-CoV-2, 
with IC50 values ranging from 0.373 to 0.727 μg ml−1 (Fig. 1c).

To evaluate the prophylactic efficacy of 76E1 in vivo, human 
ACE2 transgenic mice were intraperitoneally (i.p.) administered 

15 mg kg−1 mAbs or PBS 24 h before challenge with a dose of 104 p.f.u. 
SARS-CoV-2 via intranasal inoculation. All mice were monitored for 
body weight daily and euthanized at 3 d post-infection (d.p.i) to allow 
for measurement of lung virus titres (Fig. 1d). Mice pretreated with 
15 mg kg−1 76E1 showed minor weight loss and apparently reduced 
(104 times) lung viral titres compared with control mice (Fig. 1e).  
76E1 at 50 and 150 mg kg−1 also exhibited similar protective efficacy 
in weight loss and lung virus titres (Extended Data Fig. 3). For the 
therapeutic experiment, mice were treated with 25 mg kg−1 mAbs 8 h 
after intranasal challenge with 104 p.f.u. of SARS-CoV-2 (Fig. 1d) 
and found to display minor weight loss and ~103 times lower lung 
virus titres than control mice (Fig. 1f). We conclude that 76E1 treat-
ment can reduce virus burden in mice infected by SARS-CoV-2.

Broad neutralization of multiple human coronaviruses by 76E1. 
Seven coronaviruses have historically spilled over into humans and 
caused severe or mild diseases. We further assessed the broad reac-
tivity of 76E1 to S-ECD proteins of seven human coronaviruses 
consisting of two α-coronaviruses (HCoV-229E and HCoV-NL63) 
and five β-coronaviruses (SARS-CoV-2, SARS-CoV, MERS-CoV, 
HCoV-OC43 and HCoV-HKU1) (Fig. 2a). 76E1 bound to all the 
S-ECD proteins tested with high activities (Fig. 2b and Extended 
Data Fig. 2). Moreover, 76E1 neutralized the pseudotyped or 
authentic coronaviruses, with IC50 values ranging from 0.373 to 
4.821 µg ml−1 (Fig. 2c–h). To determine the cross-protective effi-
cacy of 76E1 on an HCoV-OC43 infection mouse model, new-born 
mice were prophylactically treated with 15 or 50 mg kg−1 of 76E1, 
50 mg kg−1 of isotype control antibody or with PBS, before challenge 
with a lethal dose of HCoV-OC43. The weight loss and survival 
rate were monitored daily for 14 d. Parallel groups of mice were 
euthanized at day 5 to determine viral titre in brains. We found that 
50 mg kg−1 76E1 was sufficient to protect mice from weight loss and 
death, while the body weight of mice pretreated with 15 mg kg−1 
slightly decreased since day 7 and recovered soon after at day 9, 
causing 66.7% protection (Fig. 2i,j). For the therapeutic experi
ment, 50 mg kg−1 76E1 resulted in 50% survival protection in mice  
(Fig. 2l,m). Moreover, 76E1 treatment also resulted in a significant 
reduction in brain viral loads on the 5th day, compared with the 
isotype control and PBS groups (Fig. 2k,n).

Structural and functional basis for the broad reactivity of 76E1. 
We initially found that 76E1 reacts well to the denatured S-ECD 
protein (Extended Data Fig. 2e), indicating that this antibody 
might recognize a continuous amino acid sequence. We aligned 
amino acid sequences of the S proteins from 2 α-coronaviruses 
and 5 β-coronaviruses, and identified 7 conserved sequences in 
the S2 subunit. Among these conserved sequence motifs, only pep-
tide809–833 (SARS-CoV-2 numbering) shows reactivity to 76E1, indi-
cating that the S peptide809–833 comprises the epitope recognized by 
76E1 (Fig. 3a, Extended Data Fig. 4 and Supplementary Table 4). 
To investigate the molecular basis for the broad specificity of 76E1 
and the interaction between the 76E1 fragment of antigen binding 

Fig. 2 | Broad binding and neutralization of multiple α- and β-coronaviruses by 76E1. a, Phylogenetic tree of 28 coronaviruses constructed via MEGA 
(Molecular Evolutionary Genetics Analysis) and maximum likelihood analysis of full S amino acid sequences downloaded from the NCBI database. Seven 
human coronaviruses are denoted in filled red diamonds. b, Binding affinity of 76E1 to soluble S-ECD proteins of the seven human coronaviruses measured 
by biolayer interferometry (BLI) and enzyme linked immunosorbent assay (ELISA). n.d., not determined. c–e, 76E1-mediated neutralization of pseudotyped 
SARS-CoV in 293T-hACE2 cells, MERS-CoV and HCoV-229E in HuH-7 cells. n = 3. f–h, 76E1-mediated neutralization of authentic HCoV-OC43 in RD cells, 
HCoV-NL63 in LLC-MK2 cells and HCoV-229E in HuH-7 cells. n = 3. i–k, Prophylactic efficacy of 76E1 in mice against HCoV-OC43. New-born mice were 
treated with 76E1, isotype control antibody (15 or 50 mg kg−1) or PBS 24 h before challenge with a lethal dose of HCoV-OC43. Body weight (i) and survival 
rate (j) were monitored for 14 d after infection. n = 6. k, Virus titre in brain of each mouse was determined by calculating CPE on RD cells and expressed as 
TCID50 g−1. l–n, Protective efficacy of 76E1 treatment after HCoV-OC43 infection in mice. New-born mice were treated with 76E1, isotype control antibody 
(50 mg kg−1) or PBS 2 h after challenge with HCoV-OC43. Body weight (l) and survival rate (m) were monitored for 14 d after infection. n = 6. n, Virus 
titre in brain of each mouse. n = 5. Representative data from 2 independent experiments are shown (b–n). Results are depicted as mean ± s.d. Two-sided 
unpaired t-tests; **P < 0.01, ****P < 0.0001; NS, not significant.
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(Fab) and the epitope, we carried out crystal structural study of  
the 76E1 Fab in complex with the S peptide809–833. The crystal struc-
ture of the 76E1 Fab-peptide complex was solved at a resolution  
of 2.6 Å (Supplementary Table 5). There are two Fab-peptide com-
plexes in an asymmetry unit, related by a 2-fold non-crystallographic 
symmetry axis. The overall structure of the 76E1 Fab shows a canon-
ical β sandwich immunoglobulin fold, with the heavy chain folding 
into the VH and CH domains and the light chain into the VL and CL 

domains, and an elbow angle of ~210° (Fig. 3b). Residues 812–826 of 
the S peptide are well defined in the electron density map (Fig. 3c).  
Disordering of the residues at both ends of the peptide indicates  
that these residues have relatively higher flexibility and are not 
required for binding. This is consistent with the isothermal titration 
calorimetry (ITC) analysis results showing that the 76E1 Fab has 
a higher binding affinity (about 9-fold) for peptide809–828 and pep-
tide809–833 than peptide809–823 (Extended Data Fig. 5).
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In the structure of the 76E1 Fab-peptide complex, the peptide 
folds into an α-helix and is embedded in a binding pocket formed 
by the complementary determinant region (CDR) loops H1, H2, 
H3 and L3 of 76E1 Fab (Fig. 3d). The peptide residues interact 
with the 76E1 Fab residues via a network of salt bridges, hydro-
gen bonds and hydrophobic interactions, burying 676.7 Å2 of the 
solvent-accessible surface area of the Fab (Fig. 3d). The sidechain 
of Arg815 inserts into the cleft between the Fab heavy chain CDRs 
H1 and H3, forming hydrogen bonds with the mainchain carbon-
yls of Leu99H, Asp108H and Phe110H (the suffixes H and L refer to 
the Fab residues in heavy chain and light chain, respectively). A salt 
bridge triad is formed by the peptide residues Glu819 and Asp820 
and the Fab residue Arg50H. Leu822 and Phe823 of the peptide are 
accommodated in a hydrophobic pocket formed by the Fab resi-
dues His35H, Arg50H, Ile101H, Phe34L, Tyr93L and Leu99L (Fig. 3e). 
In particular, the sidechain of Phe823 is stabilized by π-π interac-
tion with Tyr93L and cation-π interaction with Arg50H. In addition, 
Lys825 makes several hydrogen bonds with the sidechains of Asn97L 
and Tyr32L (Fig. 3f). To verify the functional roles of the critical epi-
tope residues involved in 76E1 binding, we performed ELISA-based 
alanine substitutions on the peptide809–833. The R815A, E819A and 
F823A peptide mutants showed complete loss of reactivity to 76E1, 
confirming the importance of the interaction between 76E1 and 
these residues. Additionally, the D820A, L822A and K825A peptide 
mutants partially disrupted the binding to 76E1 (Fig. 3g). These 
residues are highly conserved among the sequences aligned from 
four coronavirus genera, including α-, β-, γ- and δ-coronavirus  
(Fig. 3h). Of note, Arg815 is the S2’ cleavage site, which is critical  
for the cleavage event that initiates fusion activation33,34. As 
expected, 76E1 bound well to peptides809–833 from α-, β-, γ- and 
δ-coronaviruses (Fig. 3i), indicating a wide breadth of this antibody.

To further validate the conservation of the epitope recognized 
by 76E1, we analysed the natural viral mutations within the 76E1 
epitope. Most of the mutations exhibit extremely lower frequency 
among circulating SARS-CoV-2 isolates, with less than 100 out of 
5,506,473 sequences as of 19 November 2021 for each substitution, 
except for L822F (1,525 isolates) (Extended Data Fig. 6a,d). Most 
of the mutations completely or partially reduced the infectivity 
of SARS-CoV-2, indicating that these mutations were not able to 
induce widespread transmission (Extended Data Fig. 6b). Although 
L822F did not affect virus infectivity, 76E1 neutralized L822F  
pseudovirus comparably with the wild-type virus. For other pseu-
doviruses with natural mutations, 76E1 also exhibited compa-
rable neutralizing IC50 values with wild-type virus (Extended Data  
Fig. 6c,d). These data suggest that 76E1 might have a high barrier 
for the pressure selection of SARS-CoV-2 escape mutants.

The epitope of 76E1 is partially buried in the prefusion S trimer. 
Structural comparison shows that the conformation of the S peptide  
in the Fab-peptide complex is slightly different from that of the  
corresponding region in the cryo-EM structure of the SARS-CoV-2 

prefusion S trimer (Protein Data Bank (PDB) code 6XR8)34. In 
the structure of the prefusion S trimer, residues 817–823 fold into 
an α-helix, while residues 814–816 and residues 824–826 assume 
loop conformations (Fig. 3j). Intriguingly, the key epitope residues 
involved in the 76E1 binding are fully or partially buried in the inte-
rior core of the prefusion S trimer. In particular, Arg815 is partially 
shielded by the upstream loop (residues 806–804), and the side-
chains of Ser816, Glu819, Leu822 and Phe823 are oriented towards 
the interior core of the S trimer and thus are solvent inaccessible 
(Extended Data Fig. 7a,b). Overlay of the Fab-peptide complex onto 
the structure of the prefusion S trimer based on superposition of 
the peptide shows clear steric clash between the Fab and the prefu-
sion S trimer (Fig. 3j). Consistently, our in vitro binding assay shows 
that 76E1 has no measurable binding with the S trimer in the prefu-
sion state; in contrast, 76F6 which targets the RBD of the S trimer 
exhibits tight binding (Fig. 3k). These results suggest that a confor-
mational change should take place to expose the epitope during the 
transition from the prefusion state to the postfusion state, and 76E1 
would bind the epitope at the intermediate state of the S protein 
during the transition process.

ACE2 promotes the exposure of the 76E1 epitope in SARS-CoV-2. 
We further set out to elucidate how 76E1 gains access to the cryptic 
epitope within the S2’ site and the fusion peptide as this region is par-
tially buried in the prefusion S trimer. Other groups proposed that 
receptor binding would promote the exposure of the S2’ cleavage 
site and the fusion peptide33,35,36, which is also the epitope of 76E1. 
We constructed a cell line with stable expression of SARS-CoV-2 
S protein on A549 cells (A549-S). A549-S cells were treated with 
recombinant hACE2 protein before trypsin cleavage. Interestingly, 
hACE2 increases S2’ cleavage by trypsin, resulting in more S2’  
fragments than observed in the control (Fig. 4a). Notably, 76E1 
competes with trypsin and inhibits hACE2-induced S2’ cleavage 
(Fig. 4b). We further performed flow cytometry to confirm whether 
hACE2 would enhance 76E1 binding to A549-S cells. A substan-
tially higher frequency of 76E1 binding (1.5-fold) and mean fluores-
cence intensity (MFI, 4-fold) are observed for hACE2-treated cells 
than for untreated cells. The frequency of RBD antibody-binding 
cells decreases upon treatment with hACE2, as hACE2 competes 
with this antibody for the epitope (Fig. 4c,d). In conclusion, the 
receptor-binding process promotes the exposure of 76E1 epitope 
and 76E1 shows obvious inhibitory effect on S2’ cleavage. Since 
76E1 inhibits S2’ cleavage by targeting the S2’ site (Arg815), it also 
strongly prevents membrane fusion induced by HeLa-S cells and 
HeLa-hACE2 cells in a dose-dependent manner, while the isotype 
control antibody shows no inhibitory effect (Fig. 4e).

As 76E1 mainly binds S protein after the receptor-binding pro-
cess, we thus proposed that the RBD antibodies might lose anti
viral activity earlier than 76E1. Time-of-addition experiments 
were conducted, in which SARS-CoV-2 pseudovirus was incubated 
with 76E1 before (pre-attachment) or after (post-attachment) virus 

Fig. 3 | Crystal structure of 76E1 Fab in complex with the SARS-CoV-2 S peptide809–833. a, ELISA-based binding activity of 76E1 to 7 conserved peptides 
within 7 human coronaviruses. Data are presented as mean values of duplicates. b, Overall structure of the 76E1 Fab-peptide complex in ribbon diagram. 
Heavy and light chains of the 76E1 Fab are shown in light blue and pink, respectively. The SARS-CoV-2 S peptide809–833 is shown in green. c, Representative 
simulated annealing composite omit map (contoured at 1.0 σ level) for the peptide. d, Structure of the Fab-peptide interaction interface showing that the 
peptide assumes an α-helical conformation and is embedded into a cleft formed by the Fab CDR loops H1, H2, H3 and L3. The interacting residues of 
the peptide are shown in stick model. e, Hydrogen-bonding interactions between the peptide and the Fab. f, Residues Leu822 and Phe823 of the peptide 
are located in a hydrophobic pocket of the Fab. g, ELISA-based alanine scanning on the S peptide809–833 of SARS-CoV-2, shown as EC50 values (ng ml−1). 
h, Sequence alignment of peptide809–833 (SARS-CoV-2 numbering) among 28 coronaviruses from α, β, γ and δ genera. The epitope residues are shown 
in red colour. i, ELISA-based binding activity of 76E1 to the S peptides809–833 of coronavirus from α, β, γ and δ genera, shown as EC50 values. j, Overlay of 
the crystal structure of the 76E1 Fab-peptide complex (cyan) onto the cryo-EM structure of the SARS-CoV-2 prefusion S trimer (grey) (PDB code 6XR8) 
based on superposition of the α-helical peptide. The zoomed-in section shows the superposition of the α-helical peptide in the crystal structure of the 
76E1 Fab-peptide complex (green) onto the cryo-EM structure of the SARS-CoV-2 S trimer (orange). k, The binding affinity of 76E1 and 76F6 (an RBD 
antibody isolated in this project) to the prefusion S trimer as determined by BLI. Representative data from 2 independent experiments are shown (a,g,i,k).
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absorption to the surface of HeLa-hACE2 cells at 4 °C. The data 
showed that the RBD antibody CB6 lost the neutralizing activity at 
the post-attachment step, while 76E1 still retained the neutralizing 
ability (Fig. 4f).

The synergistic effect of 76E1 and hACE2 or RBD antibodies. 
We further determined whether 76E1 was synergistic with hACE2 
in neutralizing authentic SARS-CoV-2 using the CompuSyn pro-
gramme which has been described previously37,38. Dose-dependent 
neutralizing activity of 76E1, hACE2 or their combination was then 
evaluated by serial 3-fold dilutions in concentrations from 81 times 

the IC50 (Fig. 4g). The combination index (CI) was analysed to eval-
uate the synergy of the two drugs. The CI values of the mixture at 
ED50, ED75 and ED90 are presented as 0.623, 0.67 and 0.722, respec-
tively, which are less than 1—a hallmark of synergism (Fig. 4g and 
Supplementary Table 6). The dose reduction index was calculated 
by comparing the dose required to reach 50%, 75% or 90% neutral-
ization when 76E1 or hACE2 was treated alone and in combina-
tion. The data showed that 76E1 and hACE2 in combination caused 
2.474~3.687-fold reduction at IC50, IC75 or IC90, further demonstrat-
ing the synergy of 76E1 and hACE2 (Supplementary Table 6). We 
also determined the synergistic effect between 76E1 and an RBD  
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antibody CB6 in neutralizing authentic SARS-CoV-2. Similar to 
hACE2, CB6 is synergistic with 76E1, with CI values of the mixture  
being <1 at ED50, ED75 and ED90 (Fig. 4h and Supplementary  
Table 7). Interestingly, we also found that CB6 is an ACE2-mimicking 
antibody, which could promote the binding of 76E1 to A549-S cells 
(Extended Data Fig. 7a). P2C-1F11 is a previously reported anti-
body with ACE2 mimicry feature39. From pseudovirus synergistic 
neutralization experiments, we confirmed that both P2C-1F11 
and CB6 were synergistic with 76E1 (Extended Data Fig. 8b–g). 
Another RBD antibody with lower ability in promoting 76E1 bind-
ing to A549-S cells also exhibits a certain degree of synergistic effect 
(Extended Data Fig. 8h–j). These data indicate a potential com-
bination use for 76E1 and hACE2 or RBD antibodies to combat 
SARS-CoV-2.

Proposed model for 76E1 neutralization of SARS-CoV-2. On 
the basis of the mechanism study, we propose a model for 76E1 
neutralization. The closed RBD in the prefusion S trimer cannot 
recognize the hACE2 receptor of the host cell while occasionally, 
one RBD may hold up and bind to hACE2 through conformational 
change. The process of receptor binding to ACE2 induces obvious 
conformational change of the prefusion S trimer, especially for the 
exposure of the fusion peptide and the S2’ site. Once the fusion 
peptide and S2’ site is exposed, 76E1 will immediately target the 
epitope and inhibit S2’ cleavage, thus avoiding a cascade of rear-
rangement of S protein and blocking virus–host cell membrane 
fusion and viral entry. Most of the RBD antibodies, such as CB616, 
compete with the S protein in binding the cell surface-expressed 
receptor ACE2. Another class of antibodies target the peptide 
1147SFKEELDKYFKNKTS1161 within the stem helix of the S2’ frag-
ment, such as S2P6 and B6, which are reported to disrupt the stem 
helix bundle and prevent S2’ fragment refolding from the pre- to the 
postfusion state30,32 (Fig. 5). Therefore, 76E1 represents a new class 
of neutralizing antibody against SARS-CoV-2.

Discussion
The S2 region of coronaviruses is more conserved than the S1 
region and is thus a promising target for broad coronavirus antibod-
ies and vaccines. Several reported S2 antibodies, such as S2P6, B6, 
28D9 and CC40.8 have shown cross-reactivity to β-coronaviruses, 
but not other coronavirus genera21,29–31. In our work, 76E1 shows 
broad reactivity against pan-coronavirus genera, including α- and 

β-coronaviruses, and even several γ- and δ-coronaviruses. The 
highly conserved epitope recognized by 76E1 determines the 
broad reactivity of this antibody. Less than 0.032% of the isolated 
SARS-CoV-2 sequences have mutations within the epitope residues 
of 76E1, and all the SARS-CoV-2 variants of concern harbour no 
residue mutations within this epitope. Notably, the major natural 
mutations within the 76E1 epitope did not alter the neutralizing 
potency of 76E1. Some mutations even severely reduced the virus 
infectivity, which might restrict virus spread. The broad spectrum 
defines 76E1 as an attractive agent to combat the challenge of viral 
escape mutations and cope with a possible new coronavirus out-
break in the future. It must be emphasized that the highly conserved 
key 76E1 epitope residue Arg815 is the ‘fusion activation’ proteo-
lytic site (S2’) of SARS-CoV-2, which indicates that the S2’ site is a 
promising target for broad coronavirus inhibitors.

The neutralizing potency of 76E1 against SARS-CoV-2 is  
lower than that of some of the potent RBD antibodies. Indeed, the 
reported S2-targeting antibodies also showed moderate neutral-
ization activity29–31. This phenomenon is consistent with influenza 
virus, in which the neutralizing potency of antibodies targeting the 
conserved haemagglutinin stem region is lower than the ones target-
ing the head region22. Our in vivo data showed that 76E1 displayed 
both prophylactic and therapeutic effects against SARS-CoV-2 
and HCoV-OC43 infection, indicating its potential for clinical 
application.

Our structural data show that several key residues involved in 
the antibody–antigen interactions are fully or partially buried in the 
prefusion S trimer. The moderate neutralization potency of 76E1 
might be the result of limited epitope exposure. This suggests that a 
conformational change has to take place during the transition from 
the prefusion state to the postfusion state, leading to the exposure 
of the epitope to permit the binding of 76E1. We found that bind-
ing to ACE2 promoted the exposure of the S2’ site and the fusion 
peptide, perhaps by structural rearrangement of the S protein, thus 
removing the obstacles shielding this epitope and providing acces-
sibility for 76E133,35. 76E1 is synergistic with hACE2 in preventing 
SARS-CoV-2 infection, which might indicate two possible mecha-
nisms: a synergy where 76E1 binds to the S2’ site and the fusion 
peptide in an S conformation that needs to be primed by receptor 
binding; another synergy between the receptor blocking process 
and the membrane fusion process. We also found that some RBD 
antibodies might mimic ACE2 to promote 76E1 binding to the 
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A549-S cells, with different synergistic potencies. Our data provide 
a potential combination of 76E1 and hACE2 or RBD antibodies to 
prevent or treat SARS-CoV-2 infection.

Epitope-based vaccine design has shed light for the control of 
respiratory syncytial virus, influenza virus and other viruses40,41. 
We found that 11 out of 36 plasmas from COVID-19 convalescent 
patients showed obvious reactivity to peptide809–833 (Extended Data 
Fig. 9). Although 3 (76E1, 555D6 and 125C1) out of 9 S2-targeting 
mAbs were isolated in this study and showed binding activity to 
peptide809–833, 555D6 and 125C1 could not neutralize SARS-CoV-2 
pseudovirus. The non-neutralizing property of 555D6 and 125C1 
might be because they were not able to inhibit S2’ cleavage (Extended 
Data Fig. 10). Thus, although it is possible to isolate 76E1-like anti-
bodies using peptide809–833 as a probe, not all the peptide809–833 bind-
ing mAbs possess neutralizing activities. These findings suggest 
that eliciting high titres of 76E1-like mAbs by vaccination is a big 
challenge for developing pan-coronavirus vaccines. Epitope-based 
de novo antigen design and immunization strategy design might be 
promising routes to expose the epitope in a proper state and induce 
broad coronavirus antibodies.

Methods
Ethics statement. This study was approved by the Shanghai Public Health 
Clinical Center Ethics Committee of Fudan University. Blood was collected from 
patients who had recovered from SARS-CoV-2 infection after they had signed the 
informed consent form. The animal experiments were approved by the Institutional 
Laboratory Animal Care and Use Committee at Fudan University. All manipulations 
were strictly conducted in compliance with ethics guidelines and approved protocols.

Cells and viruses. HeLa, RD, LLC-MK2, HuH-7 and HEK 293T cells were all 
obtained from the American Type Culture collection and cultured in Dulbecco’s 
modified Eagle’s medium (DMEM, Gibco) with 10% fetal bovine serum (FBS). 
CHO cells (Thermo Fisher) were cultured in Expi CHO expression medium 
(Thermo Fisher, A2910001). HEK 293T cells stably expressing human ACE2 
(293T-hACE2) were generated and cultured in DMEM with 10% FBS. A549 cells 
stably expressing SARS-CoV-2 spike were generated and cultured in DMEM with 
10% FBS. The SARS-CoV-2 clinical isolate nCoV-SH01 (GenBank: MT121215.1) 
was amplified in Vero-E6 cells.

Recombinant proteins and antibodies. To generate recombinant human ACE2 
protein, a DNA fragment encoding the extracellular domain of human ACE2 
(residues S19 to S740) was cloned into a refined pGT128 vector containing an 
antibody signal peptide in the N terminus and human IgG1 crystallizable fragment 
(Fc) in the C terminus. A flexible ‘GSGGGG’ linker was inserted between ACE2 
and human IgG1 Fc. The recombinant hACE2 protein was expressed in CHO 
cells and purified with Protein A (MabSelect Prism A, GE Healthcare) and size 
exclusion chromatography using a Superdex 200 10/300 column (GE Healthcare).

To generate the prefusion S trimer, the extracellular domain of the S protein 
(1–1,208 amino acids) was cloned into the pCAG vector with a ‘GSAS’ substitution 
at residues 682–685, two proline substitutions at residues 986 and 987, and a T4 
fibritin trimerization motif in the C terminus.

The S-ECD is the extracellular domain of the S protein lacking the 
transmembrane region and without any mutations and modifications in the 
sequence. The following S-ECD proteins were expressed either from baculovirus 
or mammalian expression systems and utilized for binding assays: SARS-CoV-2 
S-ECD-His (Sino Biological, 40589-V08B1), SARS-CoV S-ECD-His (Sino 
Biological, 40634-V08B), MERS-CoV-2 S-ECD-His (Sino Biological, 40069-V08B), 
HCoV-NL63 S-ECD-His (Sino Biological, 40604-V08B), HCoV-229E S-ECD-His 
(Sino Biological, 40605-V08B), HCoV-OC43 S-ECD-His (Sino Biological, 
40607-V08B), HCoV-HKU1 S-ECD-His (Sino Biological, 40606-V08B), 
SARS-CoV-2 S1-His (Sino Biological, 40150-V08B1), SARS-CoV-2 S2-His 
(Sino Biological, 40590-V08B), SARS-CoV-2 RBD-SD1–His (Novoprotein, 
DRA42), SARS-CoV S1-His (Sino Biological, 40150-V08B1), SARS-CoV 
S2-His (Sino Biological, 40150-V08B3), SARS-CoV RBD-His (Sino Biological, 
40150-V08B2), MERS-CoV S1-His (Sino Biological, 40069-V08H), MERS-CoV 
S2-His (Sino Biological, 40070-V08B) and MERS-CoV RBD-His (Sino Biological, 
40071-V08B1); B.1.1.7 S-ECD-His (Sino Biological, 40589-V08B6), P.1 
S-ECD-His (Sino Biological, 40589-V08B8), B.1.351 S-ECD-His (Sino Biological, 
40589-V08B7), B.1.617.1 S-ECD-His (Sino Biological, 40589-V08B15), B.1.617.2 
S-ECD-His (Sino Biological, 40589-V08B16) and B.1.1.529 S-ECD-His (Sino 
Biological, 40589-V08B33).

Isolation, cloning, expression and purification of 76E1. Fresh peripheral blood 
mononuclear cells were isolated from the collected blood using the Ficoll-Paque 
gradient (GE Healthcare, 17144002). Percp-CY5.5-CD4−, Percp-CY5.5-CD14−, 

Percp-CY5.5-CD8−, APC-Cy7-780-dead−, FITC-CD19+, APC-IgG+ and 
biotinylated SARS-CoV-2 S-ECD protein+-streptavidin-SA BV421+ specific single 
memory B cells were isolated by a Sony MA900 flow separator and sorted into a 
96-well plate containing 10 μl RNase-free water (Sangon Biotech) and 20 U RNase 
inhibitor (Promega) in each well. Complementary DNA was produced using 
reverse transcriptase PCR kit (Yeasen). Antibody VH and VL genes were amplified 
by nested PCR using DNA polymerase (TransGen Biotech). The PCR products 
were sequenced by BioSune Biotech. Antibody sequences were then analysed 
using the National Center for Biotechnology Information (NCBI)-IgBLAST 
(https://www.ncbi.nlm.nih.gov/igblast/) and IMGT/V-QUEST (http://www.imgt.
org/IMGT_vquest). The genes encoding VH and VL genes of the antibodies were 
cloned into vectors Abvec-HIgG1-VH for the heavy chain, and Abvec-HIgG1-VK 
and Abvec-HIgG1-Vλ for the light chain. The VH and VL plasmids were 
cotransfected into Expi CHO cells, which were cultured and collected according 
to the manufacturer’s instructions. The antibodies were purified using Protein A, 
followed by size exclusion chromatography.

ELISA. To determine the binding properties of the antibodies and sera, the RBD, S1, 
S2 or S-ECD proteins or peptides (0.5 µg ml−1 in 100 µl per well) were captured on 
96-well plates overnight and blocked with 2% bovine serum albumin in PBS-Tween 
20 (PBST) for 2 h. Antibodies or sera were serially diluted and incubated in the wells 
for 2 h. The samples were washed three times, and an anti-human Fc-HRP antibody 
(Sigma-Aldrich) was used to determine binding affinity, followed by incubation 
with tetramethylbenzidine (Beyotime), which was stopped by adding 1 M HCl. 
The absorbance at 450 nm was recorded by a plate reader (Bio-Tek Epoch 2). For 
the receptor competition assay, hACE2 (5 µg ml−1) was coated on the microplates. 
The isolated antibodies were serially diluted and incubated with biotinylated S 
protein (0.3 µg ml−1) for 1 h and then added to the wells after washing and blocking. 
Streptavidin-conjugated HRP was used as the detection antibody. To evaluate 
the reactivity of 76E1 to the denatured or untreated S-ECD protein, ELISA was 
performed as mentioned above. S-ECD protein was denatured with 0.1% SDS and 
50 mM dithiothreitol (DTT) in a metal block at 100 °C for 5 min.

Biolayer interferometry (BLI) analysis. BLI was performed using OCTET DATA 
acquisition instrument (ForteBio). To test the binding affinity between 76E1 and 
different S-ECD proteins, 76E1 (15 µg ml−1) was immobilized on an anti-human 
IgG-Fc-coated biosensor surface for 300 s. The baseline interference phase was 
then read for 180 s in kinetics buffer (KB: 1× PBS), followed by subsequent 
association phase immersion of the sensors into wells containing 2-fold serial 
dilutions of S-ECD protein (from 200 nM to 6.25 nM) in KB for 600 s. Then, the 
sensors were immersed in KB for dissociation for up to 600 s. The mean association 
rate constant (Kon), dissociation rate constant (Koff) and dissociation constant (KD) 
values were calculated using the global fit to a 1:1 Langmuir binding model with an 
R2 ≥ 0.95 by Fortebio Data Analysis software. To determine the binding affinity of 
76E1 to the prefusion S trimer, biotinylated S trimer (15 µg ml−1) was immobilized 
on a streptavidin biosensor for 300 s. The following phases were as described above 
except for the association phase in which the sensors were immersed into wells 
containing serially diluted 76E1 (500-250-125-62.5 nM) or control antibody 76F6 
(100-50-25-12.5-6.25 nM).

Pseudovirus neutralization assay. The neutralization activity of 76E1 was 
determined against pseudotyped SARS-CoV (S gene GenBank: AAP13567.1), 
SARS-CoV-2 (S gene GenBank: MT121215.1), MERS-CoV (S gene GenBank: 
AFS88936.1) and HCoV-229E (S gene GenBank: APT69883.1) viruses as 
previously described42. Briefly, plasmids encoding the full-length S gene and 
pNL4-3.luc.RE were cotransfected into HEK 293T cells in 10 cm dishes. The 
medium was replaced after 6 h, and virus supernatants were collected 48 h after 
transfection. HEK 293T-hACE2 cells were plated in 96-well plates and grown 
overnight. The virus was then diluted in DMEM with 10% FBS mixed with an 
equal volume of serially diluted antibodies and incubated at 37 °C. One hour 
later, the mixtures were transferred to HEK 293T-hACE2 cells in 96-well plates. 
The cells were incubated at 37 °C for 48 h, followed by cell lysis and luciferase 
activity assays (Promega). Data were collected using BioTek Synergy NEO. The 
percent neutralization was calculated by comparing the luciferase value of the 
antibody-treated cells to that of the untreated control. IC50 values were analysed 
by GraphPad Prism 7.0 software. The amino acid sequences of S genes of the 
SARS-CoV-2 variants of concern used in the preparation of pseudoviruses are 
identical with Wuhan-Hu-1 isolates (NCBI reference sequence: YP_009724390.1) 
with mutations as summarized in Extended Data Fig. 2a. The neutralizing potency 
of 76E1 against these variants was determined as described above.

Authentic virus neutralization assay. The authentic SARS-CoV-2 experiments 
were performed in the BSL-3 laboratory of Fudan University under the guidelines 
of Fudan University. Vero-E6, HeLa-hACE2 and Calu-3 cells were plated into 
96-well plates and grown overnight. One hundred 50% cell culture infectious dose 
(TCID50, 50 µl) of live SARS-CoV-2 virus (nCoV-SH01) was mixed with 50 µl  
of 3-fold serially diluted 76E1 and incubated at 37 °C for 1 h. The supernatants  
were discarded, and the antibody–virus mixture was mixed with the target cells. 
After incubation at 37 °C for 1 h, the DMEM containing 1% methylcellulose and 
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2% FBS was added. The cells were incubated at 37 °C for 24 h, fixed with 1% 
formaldehyde for 1 h, washed three times with PBS and permeabilized in 0.2% 
Triton-X in PBS with gentle shaking for 10 min at r.t. The wells were then blocked 
with 2% BSA for 2 h at r.t. The cells were first incubated with a primary antibody 
recognizing SARS-CoV-2 nuclear protein, followed by a secondary antibody 
incubation with AlexaFluor 488-conjugated goat anti-rabbit antibody. The data 
were collected by a high throughput imaging instrument Cytation/BioSpa8/
Multiflo FX. IC50 was calculated by GraphPad Prism 7.

The inhibitory activity of antibodies against HCoV-OC43 (ATCC, VR-1558) 
infection in RD cells was assessed. Briefly, 100 TCID50 of HCoV-OC43 was mixed 
with a test antibody at indicated concentration and incubated at 37 °C for 30 min. 
The mixture was added to RD cells. After culture for an additional 2–3 d, Cell 
Counting Kit-8 (CCK8, Dojindo) assay was used to determine cytopathic effect 
(CPE). The inhibitory activity of the tested antibodies against HCoV-229E (ATCC, 
VR-740) infection in Huh-7 cells and HCoV-NL63 (Amsterdam strain) infection 
in LLC-MK2 cells was evaluated as described above. IC50 was calculated using 
GraphPad Prism 7.0.

The synergistic effect of 76E1 with hACE2 or RBD antibodies. The synergistic 
effect of 76E1 with hACE2 or RBD antibody CB6 in neutralizing authentic 
SARS-CoV-2 in Vero-E6 cells was determined as described previously37,38. 76E1, 
hACE2 or CB6 and their combination were 3-fold serially diluted from 81 times 
the IC50 and incubated with SARS-CoV-2 virus (100 TCID50) at 37 °C for 1 h. 
76E1 and hACE2 or CB6 in combination were mixed at a constant ratio, which 
represented the dose at IC50. Neutralization was performed as described above. 
The CI and dose reduction index at ED50, ED75 and ED90 (effective dose at IC50, 
IC75 and IC90) were analysed to evaluate the degree of cooperation among the two 
drugs using the CompuSyn programme. The synergistic effects of 76E1 with RBD 
antibodies CB6, P2C-1F11 and 28–8L in neutralizing SARS-CoV-2 pseudovirus in 
293T-hACE2 cells were also determined as described above.

Flow cytometry. To assess whether hACE2 promoted the binding of 76E1 to 
spike protein, A549 cells stably expressing the spike protein of SARS-CoV-2 were 
detached with TrypLE Express (Gibco) and incubated with 20 µg ml−1 hACE2 on 
ice for 30 min. After washing and staining with FVS780-APC-CY7, the cells were 
incubated with 15 µg ml−1 biotinylated 76E1, RBD antibody 76F6 or isotype control 
antibody in FACS buffer on ice for 1 h. Antibodies still bound to surface-expressed 
spike protein after washing were then stained with streptavidin-conjugated  
BV421 (BD Biosciences), followed by flow cytometry using BD Fortessa. The  
mean fluorescence intensity (MFI) was calculated. To determine whether RBD 
antibodies (CB6, P2C-1F11 and 28-8 L) and isotype control antibody promote the 
binding activity of 76E1 to the spike proteins on A549 cells, similar experiments  
as described above were conducted. Data were analysed by Flowjo V10.

Protective efficacy of 76E1 in mice. Transgenic mice expressing human ACE2- 
luciferase driven by the CAG promoter Tgtn (CAG-human ACE2-IRES-Luciferase- 
WPRE-polyA) were purchased from Shanghai Model Organisms Center and used  
to test the protective efficacy of 76E1 in a SARS-CoV-2 infection model. Briefly,  
10-week-old female mice were raised in the BSL-3 laboratory of Fudan University.  
For prophylactic experiments, the mice were intranasally infected with 
SARS-CoV-2 (1 × 104 p.f.u. in Fig. 1e and 3.4 × 104 p.f.u. in Extended Data Fig. 3) 
24 h after intraperitoneal administration of 76E1 (15 mg kg−1 in Fig. 1e and 150 or 
50 mg kg−1 in Extended Data Fig. 3). For therapeutic experiments, the mice were  
treated with 76E1 after SARS-CoV-2 infection. Weight loss was monitored for 3 d  
post-infection. The mice were euthanized at day 3 post-infection and the lungs  
were collected for virus titre examination. PBS inoculation was included as  
controls. Viral RNA was extracted from lung tissue with TRIzol reagent (Invitrogen)  
and reverse transcribed into cDNA (Toyobo). Real-time qPCR was performed  
using a SYBR Green kit (Toyobo) and ABI QuantStudio 6 Flex instrument. The  
SARS-CoV-2 N gene-specific primers were as follows: forward primer, 5’-GGGG 
AACTTCTCCTGCTAGAAT-3’; reverse primer, 5’-CAGACATTTTGCTCTCAAG 
CTG-3’. The lung samples for histological examination were stored in 4% neutral- 
buffered formalin for 7 d, embedded in paraffin, sectioned and stained with 
haematoxylin and eosin, followed by light microscopy.

To determine the protective efficacy of 76E1 against HCoV-OC43, pregnant 
BALB/c mice (18 d) were separated into four groups after delivery of their 
offspring and received humane care in compliance with the guidelines of the 
Animal Research Ethics Board of Fudan University. As described elsewhere43–45, 
for prophylactic experiments, 4 d new-born BALB/c mice were pretreated with 15 
or 50 mg kg−1 antibodies or PBS 24 h before intranasal challenge with OC43 with 
a lethal dose (50 TCID50 in 1 µl DMEM). For therapeutic experiments, 7-day-old 
mice were treated with 50 mg kg−1 antibodies or PBS 2 h after intranasal challenge 
with OC43 (50 TCID50). Body weight and survival rate were monitored for 14 d 
post-infection. Another group of mice were euthanized at 5 d.p.i., and the brains 
were collected for virus titre examination by calculating CPE on RD cells; results 
were expressed as TCID50 g−1.

Syncytium inhibition assay. The experimental procedure was as previously 
described42 with some modifications. In brief, HeLa cells were transfected (when 

~60–70% confluent in 6-well plates) with plasmids encoding the codon-optimized 
full-length SARS-CoV-2 S protein by Lipofectamine 2000 (HeLa-S). Another 
group of HeLa cells was transfected with plasmids encoding the codon-optimized 
full-length hACE2 (HeLa-hACE2). Forty-eight hours after transfection, the HeLa-S 
cells were detached and incubated with different concentrations of 76E1 or control 
antibody at 37 °C for 1 h. Then, the HeLa-hACE2 cells were detached and mixed 
with HeLa-S cells at a 1:1 ratio in 48-well plates. After 12 h of co-culture, fused  
cells were observed. After washing and fixing with 4% paraformaldehyde, the 
cells were dyed with crystal violet. Syncytium formation was observed with the 
Olympus IX73 inverted microscope and images were collected by Olympus 
cellSens Entry software.

Isothermal titration calorimetry (ITC) analysis. The KD of the 76E1 Fab with the 
SARS-CoV-2 spike peptides was determined by ITC using a MicroCal PEAQ-ITC 
calorimeter (Malvern). Purified 76E1 Fab was adjusted to a concentration of 
20–30 μM in PBS buffer. Synthetic peptides were solubilized to 300-400 μM in 
the same buffer. An initial injection of 0.8 μl protein sample was discarded for 
each dataset to remove the effect of titrant diffusion across the syringe tip during 
the equilibration process. Then, 2 μl of the peptide solution was injected to the 
calorimeter cell containing the 76E1 Fab solution every 2 min. The stirring speed 
and temperature were maintained at 750 r.p.m. and 25 °C in the calorimeter cell. A 
background titration was performed using identical titrant with the buffer solution. 
The heat for each injection was measured and the KD value was determined by 
fitting of the titration curve using the nonlinear least-squares method in MicroCal 
PEAQ-ITC analysing software with the single-site binding model.

Crystallization, data collection and structure determination. The Fab fragment 
of 76E1 was generated by papain digestion of the 76E1 antibody and purified by 
Protein A agarose (GE Healthcare) and gel filtration on a Superdex 200 10/300 
column (Cytiva) in PBS buffer. The S peptide809–833 was synthesized by GenScript. 
The purified 76E1 Fab (9 mg ml−1) and the S peptide809–833 were mixed at a 
molar ratio of 1:2 and incubated at 4 °C for 2 h before crystallization screening. 
Crystallization was carried out at 16 °C using the hanging-drop vapour diffusion 
method by mixing equal volumes (1 μl) of the Fab-peptide mixture solution and 
the reservoir solution. Crystals of the Fab-peptide complex were grown in drops 
consisting of the reservoir solution of 0.1 M sodium citrate (pH 4.5) and 20% 
(w/v) polyethylene glycol 4000. Crystals were transferred into the cryoprotectant 
consisting of the reservoir solution and 20% (v/v) glycerol for cryoprotection, 
followed by flash-cooling into liquid nitrogen. X-ray diffraction data were collected 
at 100K at BL18U1 beamline of the National Facility for Protein Science Shanghai. 
Data indexing, integration and scaling were performed using HKL300046. The 
structure of the 76E1 Fab-peptide complex was solved by molecular replacement 
method as implemented in Phenix47 using the MGG4 Fab (PDB code 6BQB)48 
as the search model. Model building was performed using Coot49 and structure 
refinement was performed using Phenix47. The peptide was built on the basis of 
the electron density after the Fab was fully refined. Stereochemistry and quality 
of the structure model were analysed using programmes in CCP4 suite50. The 
structure figures were generated using CCP4MG51 and Pymol52. The statistics of 
the diffraction data, the structure refinement and the final structure model are 
summarized in Supplementary Table 5.

hACE2 promotes the exposure of the S2’ cleavage site. To determine whether 
hACE2 promotes exposure of the S2’ cleavage site, A549-S cells were plated into 
12-well plates and incubated with 20 µg ml−1 hACE2 at 37 °C for 30 min. After 
washing, the cells were digested with 0.4, 0.2 or 0.1 µg ml−1 TPCK-treated trypsin 
at 37 °C for 15 min. Then, the cells were washed twice again and cleavage was 
stopped by boiling the sample in a 100 °C water bath. Samples were run on SDS–
polyacrylamide electrophoresis gel under reducing conditions and blotted using a 
rabbit anti-SARS-CoV-2 S2 antibody (Sino Biological, 40590-T62). Recombinant 
hACE2 was detected by a goat anti-human IgG1 Fc-HRP antibody, and actin was 
detected by a mouse anti-actin antibody. To determine whether 76E1 inhibits 
hACE2-induced S2’ cleavage, 76E1 was incubated with A549-S cells before 
treatment with trypsin and the experiment was conducted as described above.  
A GE healthcare ImageQuant LAS4000 mini biomolecular imager was used for  
the detection and quantitation of chemiluminescence.

Pre- and post-attachment of mAbs. The experiments were conducted with 
ice-cold media and the cell plates were cold treated at 4 °C for 1 h before the 
experiments. In a standard neutralization assay, SARS-CoV-2 pseudoviruses were 
incubated with the mAbs for 1 h at 4 °C before adding onto HeLa-ACE2 cells, and 
the infectivity was determined after a 2 d incubation at 37 °C. For pre-attachment 
assay, mAbs were incubated with virus before adding onto cells at 4 °C for 1 h 
and the mixture was then transferred to cell plates and incubated at 4 °C for 1 h. 
Unbound viruses were washed with ice-cold media followed by 1 h incubation at 
4 °C, and virus infectivity was determined as above. For post-attachment assay, cells 
were first infected with virus at 4 °C for 1 h, and unbound virus was washed with 
ice-cold media before serial-diluted antibodies were incubated with cells at 4 °C 
for 1 h. The infectivity was determined after a 2 d incubation at 37 °C as described 
above. CB6, an RBD antibody, was included as a control.
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Reporting summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The crystal structure of the 76E1 Fab in complex with SARS-CoV-2 S peptide809–833 
has been deposited in the Protein Data Bank with accession code 7X9E (https://
www.rcsb.org/structure/7X9E). The prefusion SARS-CoV-2 S trimer structure 
used for analysis is 6XR8 (https://www.rcsb.org/structure/6XR8)34, which was 
downloaded from the Protein Data Bank. All other data supporting the findings of 
this study are available within the Article and its supplementary files. Source data 
are provided with this paper.
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Extended Data Fig. 1 | Cross-reactivity of COVID-19 convalescent plasmas against multiple human coronaviruses. a, Amino acid sequence alignment of 
the S2 regions of seven human coronaviruses. The sequence identities of the human coronaviruses to SARS-CoV-2 are shown at right. b-e, Results from 
ELISA assessing antibody endpoint titers of plasmas from five COVID-19 convalescent patients (76, 93, 111, 125 and 555) and four healthy participants 
(DLF, HXC, ZC and SP), whose plasma samples were collected before the emergence of COVID-19. Antibody endpoint titers were assessed against S1, 
RBD, S2 and S-ECD proteins for SARS-CoV-2 (b), SARS-CoV (c), MERS-CoV (d) and S-ECD proteins for the common viruses HCoV-NL63, HCoV-OC43, 
HCoV-HKU1 and HCoV-229E (e). Antibody endpoint titer represents the maximum dilution of the sera that can still bind the antigen. The antibody 
endpoint titers were evaluated at a top dilution of 100-fold and seven additional 3-fold serial dilutions. The wells with no plasma incubation were used as 
controls, and the cut-off values were calculated as the OD450 of the control × 2.1. Representative data from two independent experiments are shown.
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Extended Data Fig. 2 | Broad binding affinity of 76E1. a, Schematic of mutations landscape in SARS-CoV-2 VOCs, variants of concern. del, deletion; ins, 
insertion. b, Binding kinetics of 76E1 to multiple soluble S-ECD proteins of SARS-CoV-2 variants as measured by BLI. 76E1 was loaded on Octet AHC 
sensor and tested for real-time association and dissociation of the serial diluted S-ECD proteins from SARS-CoV-2 variants as determined by BLI. 76E1 
retained higher affinity to all the variants tested. c, Binding kinetics of 76E1 to multiple soluble S-ECD proteins of α- and β-coronaviruses as measured 
by BLI. Serial diluted S proteins were immersed into the immortalized 76E1 on AHC sensors, the association and disassociation kinetics were recorded 
and shown. d, Binding curves of 76E1 to a panel of S-ECD proteins representative of α- and β-coronaviruses as measured by ELISA. e, 76E1 recognize a 
continuous epitope within spike protein. ELISA-based binding curves of 76E1 to SARS-CoV-2 S-ECD protein that was 100 °C-denatured in the presence of 
DTT and SDS versus untreated S-ECD. A SARS-CoV-2 RBD antibody 76F6 was used as a control. Data are shown as the mean values of duplicates (d,e). 
Representative data from two independent experiments were shown.
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Extended Data Fig. 3 | Prophylatical treatment of 76E1 protects mice from SARS-CoV-2-induced disease. a, Study outline: A single dose of 150 mg/kg 
76E1 (n = 5), 50 mg/kg 76E1 (n = 4) or PBS (n = 6) treatment was delivered intraperitoneally 24 hours before challenge the hACE2 transgenic mice with 
3.4 x 104 PFU of SARS-CoV-2. b, The weight loss was monitored for 3 days. c, Lung virus titers were measured 3 days post-infection (d.p.i.) and are shown 
as log10 RNA copies per gram of lung tissue. The data were representative of two independent experiments. d, H&E staining of lung tissue sections at  
3 d.p.i. Representative images are shown with low (top, scale bars, 500 µm) and high power (below, scale bars, 50 µm) from two independent experiments. 
Results are depicted as the mean ± s.d. The P values are analyzed by two-sided unpaired t tests. ****P < 0.0001, ns, not significant (b,c).
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Extended Data Fig. 4 | Sequence alignment of the S proteins of seven human coronaviruses indicates seven conserved sequences in S2. 100% Identical 
residues are denoted in red background. The blue line indicates fusion peptide. The 7 conserved sequences are labeled with black dotted lines. The S1/S2 
and S2’ cleavage sites of SARS-CoV-2 are annotated above the site. The sequence alignment was conducted by ESPript54. The sequences used in  
the alignment are: SARS-CoV-2 (NCBI GenBank: MT121215.1), SARS-CoV (NCBI GenBank: ABF65836.1), MERS-CoV (NCBI GenBank: AKN11072.1),  
HCoV-229E (NCBI GenBank: NP_073551.1), HCoV-NL63 (NCBI GenBank: YP_003767.1), HCoV-OC43 (NCBI GenBank: YP_009555241.1), HCoV-HKU1 
(NCBI GenBank: ABD75513.1).

Nature Microbiology | www.nature.com/naturemicrobiology

http://www.nature.com/naturemicrobiology


ArticlesNATuRE MICRObIOlOgy ArticlesNATuRE MICRObIOlOgy

Extended Data Fig. 5 | 76E1 showed decreased binding activity to peptide809-823 than peptide809-828 and peptide809-833. Isothermal titration calorimetry 
(ITC) analysis of the interactions between the 76E1 Fab and the SARS-CoV-2 S peptides 809-823 (a), 809-828 (b) and 809-833 (c).
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Extended Data Fig. 6 | 76E1 is broadly resilient to natural mutations within its epitopes. a, Frequency of mutants within the 76E1 epitope based on 
5,506,473 sequences of SARS-CoV-2 available on the National Genomics Data Center (NGDC) of China National Center for Bioinformation (CNCB) 
as of November 19, 2021. The mutation counts more than 15 for each substitution were shown with black and the others are shown in gray. 8 mutants 
were identified within the 76E1 epitope residues. b, The infectivity of SARS-CoV-2 pseudoviruses with each mutation as compared with the wide type 
pseudovirus. n = 6. The P values are analysed by two-sided unpaired t tests. ****P < 0.0001, ns, not significant. c, Neutralizing curves of 76E1 against 
SARS-CoV-2 pseudoviruses with mutations. n = 3. d, The mutation numbers and IC50 valves of 76E1 to each mutant. n.d., not detectable due to the lower 
virus infectivity. Data are shown as the mean ± s.d. (b,c). Representative data are shown from two independent experiments (b,c).

Nature Microbiology | www.nature.com/naturemicrobiology
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Extended Data Fig. 7 | The epitope of 76E1 is partially buried in the prefusion S trimer. a, Structural display of peptide814-825 (orange) on the prefusion  
S trimer (gray) (PDB code 6XR8) of SARS-CoV-2. The epitope residues of 76E1 were shown. b, The solvent assessable surface area (SASA) and the buried 
surface area (BSA) of residues 814-825 in the structure of the SARS-CoV-2 S trimer in the prefusion state (PDB code 6XR8).
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Extended Data Fig. 8 | 76E1 is synergistic with RBD antibodies to neutralize SARS-CoV-2 pseudovirus. a, RBD antibodies CB6, P2C1F11 and 28-8 L 
facilitated 76E1 binding to the cell surface-expressed S proteins of SARS-CoV-2, as determined by flow cytometry, showing as Mean fluorescence intensity 
(MFI) values. The data are shown as the mean value of duplicates. b-j, The synergistic effect of 76E1 and RBD antibody in neutralizing SARS-CoV-2 
pseudovirus. b, e, h, Neutralizing curves of 76E1 and RBD antibodies CB6 (b), P2C1F11 (e) and 28-8 L (h) alone and in combination at a constant ratio with 
serial 3-fold-diluted concentration from 81 times IC50. A dose of 1 represents the concentration at IC50. The constant ratio indicates the ratio between 76E1 
and RBD antibody at IC50. Results are depicted as the mean ± s.d. from three replicates. c, f, i, CI (combination index) values of CB6 (c), P2C1F11 (f) and 
28-8 L (i) at ED50 and ED75 (50% and 75% effective dose). The CI values was calculated using the CompuSyn program. The dotted line in red represents 
CI = 1 below of which was defined as synergism versus top of which as antagonism. d, g, j Summary of the synergistic effect parameters of 76E1 and CB6 
(d), P2C1F11 (g) and 28-8 L (j). Dose reduction index (DRI) was calculated by comparing the dose required to reach 50% or 75% virus neutralization when 
76E1 or RBD antibody was used alone and in combination. α, Concentrations of 76E1 and RBD antibody in the mixture, respectively. β, DRI of 76E1 and RBD 
antibody in the mixture, respectively. For all data, representative data are shown from two independent experiments.
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Extended Data Fig. 9 | Antibodies toward the peptide809-833 are elicited during natural SARS-CoV-2 infection. a, ELISA-based reactivity to the 
peptide809-833 of plasmas from 36 COVID-19 convalescent patients and 12 healthy people whose plasma samples were collected before the emergence of 
COVID-19, showing as the antibody endpoint titers. b, Results from ELISA to assess the competing activity of the plasmas to 76E1. The plasmas from  
36 COVID-19 convalescent patients competed 76E1 at different level, but not for the healthy people. Results are depicted as the mean value of duplicates. 
Representative data were shown from two independent experiments.
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Extended Data Fig. 10 | Peptide809-833 binding mAbs 555D6 and 125C1 could not neutralize SARS-CoV-2 pseudovirus. a, ELISA binding activities of 9 
isolated S2 targeting antibodies to peptide809-833. Data are shown as mean value of duplicates. b-c, Neutralizing activities of 555D6 (b) and 125C1 (c) 
against SARS-CoV-2 pseudovirus. Results are depicted as the mean ± s.d. n = 3. d-e, ELISA-based epitope alanine scanning of 555D6 and 125C1 on the 
peptide809-833 of SARS-CoV-2, shown as EC50 (ng/ml). Non-binding EC50 were set to over 10,000 ng/ml. f, The EC50 fold change of 555D6 and 125C1. 
The EC50 fold change was the ratio of EC50 of antibodies against mutants compared with wildtype peptide. g, 125C1 and 555D6 could not block the 
trypsin-induced S2’ cleavage. 76E1 was included as a positive control. Representative data were shown from two independent experiments (a-g).

Nature Microbiology | www.nature.com/naturemicrobiology
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FITC mouse anti-human CD19 (Cat: 555412, Clone HIB19 (RUO), BD Biosciences, 20ul/test),   
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BV421 Streptavidin (cat: 563259, BD Biosciences, 1:300 dilution),  
rabbit anti-SARS-CoV-2 S2 polyclonal antibody (Cat:40590-T62, Sino Biologcal, 1:1000 dilution)，  
PerCP-Cy5.5 mouse anti human CD14 (clone:MФP9, Cat: 562692, BD Biosciences, 1:200 dilution),  
PerCP-Cy5.5 mouse anti human CD8 (clone:SK1, Cat: 565310, BD Biosciences, 1:200 dilution),  
PerCP-Cy5.5 mouse anti human CD4 (clone: RPA-T4, Cat: 560650, BD Biosciences, 1:200 dilution),  
goat anti-human IgG Fab-HRP specific antibody (Cat: A0293, Sigma-Aldrich, 1:1000 dilution). 
SARS-CoV-2 NP antibody (Cat:40143-MM05TA, Sino Biologcal, 1:100 dilution) 
FVS780-APC-CY7 (Cat: 565388, BD Biosciences, 1:1000 dilution) 

Validation The validation of commercially available antibodies used in this study was described in technical data sheets provided by the 
manufacturers and/or on their websites. Antibody  76E1, 76F6, 125C1 and 555D6 were validated in this study. Antibody CB6 (Rui Shi 
et al. Nature. 2020), 28-8L (Chunyan Yi et al. Genome Medicine. 2021) and P2C1F11 (Jiwan Ge et al. Nature Communications.2021) 
have described previously and are also validated in this study. The isotype control antibody was described previously (Xiaoyu Sun et 
al. Nature Communications.2022). 

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) HEK 293T cell, ATCC 
A549 cell, ATCC 
Huh-7 cell, ATCC 
Vero E6 cell, ATCC 
RD cell, ATCC 
LLC-MK2, ATCC 
HuH-7, ATCC 
Expi™ CHO, Thermo Fisher Scientific 
human ACE2 stably expressing HEK293T cell line (HEK293T-hACE2) was generated in our lab.   
SARS-CoV-2 spike protein stably expressing A549 cell line (A549-spike) was generated in our lab. 
Human ACE2 protein stably expressing HeLa cell line (HeLa-hACE2) was generated in our lab. 
 
 

Authentication All cell lines were frequently checked and used for cellular morphologies, growth rates and functions in our lab  and  were not 
commonly misidentified. 

Mycoplasma contamination Cell lines were  mycoplasma negtive in our lab. 

Commonly misidentified lines
(See ICLAC register)

No misidentified cell lines were used. 

Palaeontology and Archaeology
Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the 

issuing authority, the date of issue, and any identifying information).

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.

Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where 
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are 
provided.

Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance 
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals For the SARS-CoV-2 animal experiments, transgenic mice expressing human ACE2-luciferase driven by the CAG promoter, named 
Tgtn (CAG-human ACE2-IRES-Luciferase), were purchased from Shanghai Model Organisms and used to test the protective efficacy of 
76E1. All the mice were confirmed for the expression of hACE2 via luciferase activity detection. 10-week-old female mice were used 
for all experiments. All animals were age-matched and then randomized into different groups. All mice were maintained in specific 
pathogen-free animal facilities in the BSL-3 laboratory of Fudan University and received humane care in compliance with the 
guidelines of the Animal Research Ethics Board of Fudan University.  
For the HCoV-OC43 animal experiments, age- and background-matched newborn female or male BALB/c mice were randomly 
separated into different groups and received humane care in compliance with the guidelines of the Animal Research Ethics Board of 
Fudan University. For prophylactic experiments, 4 days’ new-born BALB/c mice were used while in  therapeutic experiments, the 7-
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day-old mice were selected. 
The mice were kept in SPF (specific pathogen free) facilities  with controlled temperature (20-26°C), humidity (40-70%) and lighting 
conditions (12h light/ 12h dark cycles). 

Wild animals The study did not involve wild animals. 

Field-collected samples The study did not involve samples collected from the field. 

Ethics oversight The animal studies were approved by the Animal Research Ethics Board of Fudan University.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants
Policy information about studies involving human research participants

Population characteristics The COVID-19 convalescent patients and the healthy donors (with both females and males) in china were selected randomly. 
All the donors are aged 29-82. The COVID-19 convalescent patients selected showed mild symptoms of COVID-19 when they 
infected with SARS-CoV-2 during 2019-2020. We used the blood of the donors for spike specific memory B cells isolation and 
the plasma for binding assay.

Recruitment Patients were recruited and clinically diagnosed at Shanghai Public Health Clinical Center, Fudan University,  Shanghai, China. 
The donors  agreed to provide the biospecimen for detection, further diagnostic and scientific research when hospitalization. 
Study participants were recruited on the random basis. There was no potential self-selection bias or other biases during the 
selection.

Ethics oversight This study received approval from the  Shanghai Public Health Clinical Center Ethics Committee of  Fudan University, 
Shanghai, China  (approval number: 2020-Y008-01).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data
Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.

Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.

Outcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern
Policy information about dual use research of concern

Hazards
Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented 
in the manuscript, pose a threat to:

No Yes
Public health

National security

Crops and/or livestock

Ecosystems

Any other significant area
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Experiments of concern
Does the work involve any of these experiments of concern:

No Yes
Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents

Enhance the virulence of a pathogen or render a nonpathogen virulent

Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

Any other potentially harmful combination of experiments and agents

ChIP-seq

Data deposition
Confirm that both raw and final processed data have been deposited in a public database such as GEO.

Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links 
May remain private before publication.

For "Initial submission" or "Revised version" documents, provide reviewer access links.  For your "Final submission" document, 
provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.

Genome browser session 
(e.g. UCSC)

Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to 
enable peer review.  Write "no longer applicable" for "Final submission" documents.

Methodology

Replicates Describe the experimental replicates, specifying number, type and replicate agreement.

Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and 
whether they were paired- or single-end.

Antibodies Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and lot 
number.

Peak calling parameters Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files 
used.

Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.

Software Describe the software used to collect and analyze the ChIP-seq data. For custom code that has been deposited into a community 
repository, provide accession details.

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation For memory B cell isolation, fresh PBMCs were isolated from the collected blood by using the Ficoll-Paque gradient (GE 
Healthcare, cat. no.17144002). Percp-CY5.5-CD4-, Percp-CY5.5-CD14-, Percp-CY5.5-CD8- and APC-Cy7-780-dead- and FITC-
CD19+, APC-IgG+, biotinylated SARS-CoV-2 S-ECD protein+-streptavidin-SA BV421+ specific single memory B cells were 
isolated by a Sony MA900 flow separator and sorted into 96-well plate containing 10 μL RNase-free-water (Sangon Biotech) 
and 20 U RNase inhibitor (Promega) in each well. 
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To assess whether hACE2 promoted the binding activity of 76E1 to the spike protein, A549 cells stably expressing the spike 
protein of SARS-CoV-2 were detached with TrypLE™ Express (Gibco) and incubated with 20 μg/mL hACE2 on ice for 30 min. 
After washing and staining with FVS780-APC-CY7, the cells were incubated with 15 μg/mL biotinylated 76E1, RBD antibody 
76F6 or isotype control antibody in FACS buffer on ice for 1 h. Antibodies still bound to surface-expressed spike protein after 
washing were then stained with streptavidin-conjugated BV421 (BD Biosciences), followed by flow cytometry using BD 
Fortessa. The MFI (Mean fluorescence intensity) was calculated. To determine whether RBD antibodies (CB6, P2C-1F11 and 
28-8L) and isotype control antibody will promote the binding activity of 76E1 to the spike proteins within A549 cells, the 
experiments were conducted as described above. More information are available in Methods section. 

Instrument Sony MA900,BD Fortessa

Software BD FACSDiva software and LE-MA900FR cell sorter software were used to collect the data. FlowJo software version10 was 
used to analyze the data. 

Cell population abundance No post-sort cell fraction were used for further analyze.

Gating strategy For memory B cell isolation, PBMC cells were first gated by FSC and SSC to obtain the single cells, CD4- CD14- CD8 -live cells 
were then gated by Percp-CY5.5-CD4-, Percp-CY5.5-CD14-, Percp-CY5.5-CD8- and APC-Cy7-780 -, CD19+ IgG+ SARS-CoV-2 S-
ECD protein+ specific B cells were then gated by FITC-CD19+, APC-IgG+, biotinylated SARS-CoV-2 S-ECD protein+-streptavidin-
SA BV421+, single cells were then isolated into 96-well plate. More information was available on Methods section. 
 
To assess whether hACE2/RBD antibodies promoted the binding activity of 76E1 to the spike protein, cells were first gated by 
FSC and SSC to obtain the single cells, live cells were then gated by APC-Cy7-780 -. Antibodies still bound to surface-
expressed spike protein were then gated by BV421+. More information was available on Figure 4c,d, Extended Data Figure 8a 
and Methods section. 

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type Indicate task or resting state; event-related or block design.

Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial 
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used 
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across 
subjects).

Acquisition

Imaging type(s) Specify: functional, structural, diffusion, perfusion.

Field strength Specify in Tesla

Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size, 
slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI Used Not used

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction, 
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for 
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g. 
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and 
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.
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Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and 
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether 
ANOVA or factorial designs were used.

Specify type of analysis: Whole brain ROI-based Both

Statistic type for inference
(See Eklund et al. 2016)

Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).

Models & analysis

n/a Involved in the study
Functional and/or effective connectivity

Graph analysis

Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation, 
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph, 
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency, 
etc.).

Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation 
metrics.
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