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A human neutralizing antibody targets the 
receptor binding site of SARS-CoV-2

Rui Shi1,2,14, Chao Shan3,14, Xiaomin Duan1,2,14, Zhihai Chen4,14, Peipei Liu5,14, Jinwen Song6,14,  
Tao Song1,7,8, Xiaoshan Bi1,9, Chao Han1,2, Lianao Wu9,10, Ge Gao3, Xue Hu3, Yanan Zhang3,  
Zhou Tong1,10, Weijin Huang11, William Jun Liu5, Guizhen Wu5, Bo Zhang3, Lan Wang11,  
Jianxun Qi10,12, Hui Feng13, Fu-sheng Wang6 ✉, Qihui Wang1,10 ✉, George Fu Gao10 ✉,  
Zhiming Yuan3 ✉ & Jinghua Yan1,10,12 ✉

An outbreak of the coronavirus disease 2019 (COVID-19)1–3, caused by the severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2)4 spread globally. Countermeasures 
are needed to treat and prevent further dissemination of the virus. In this study, we 
report the isolation of 2 specific human monoclonal antibodies (MAbs) from a 
convalescent COVID-19 patient. CA1 and CB6 demonstrated potent SARS-CoV-
2-specific neutralization activity in vitro against SARS-CoV-2. In addition, CB6 
inhibited SARS-CoV-2 infection in rhesus monkeys at both prophylactic and treatment 
settings. Further structural studies revealed that CB6 recognizes an epitope that 
overlaps with angiotensin converting enzyme 2 (ACE2)-binding sites in SARS-CoV-2 
receptor binding domain (RBD), thereby interfering with the virus/receptor 
interactions by both steric hindrance and direct interface-residue competition. Our 
results suggest CB6 deserves further clinical translation.

Emerging and recurrent pathogens are global challenges for public 
health5. Since the end of 2019, cases of atypical pneumonia, now offi-
cially designated as coronavirus disease 2019 (COVID-19) by World 
Health Organization (WHO), has been reported1–3. The underlying 
pathogen was later confirmed to be a novel coronavirus (CoV), which 
is closely related to a bat CoV based on phylogeny6. Recently, the Inter-
national Committee on Taxonomy of Viruses (ICTV) named the virus 
as SARS-CoV-24, although many virologists argue that HCoV-19 is more 
appropriate7. As of April 1st, there were over 880,000 confirmed cases, 
and over 44,000-related death globally (https://www.who.int/). No 
vaccines or drugs have been approved for the treatment of COVID-19. 
However, multiple clinical trials have been launched to evaluate the 
efficacy and safety of inactivated convalescent plasma in the treatment 
of COVID-19 (https://clinicaltrials.gov/). The preliminary data revealed 
potential benefit from convalescent plasma treatment (http://www.
nhc.gov.cn/), indicating neutralizing antibodies from convalescent 
patients could inhibit virus infection and have potentials for clinical 
usage. However, the practical limitations of convalescent plasma collec-
tion and lack of suitable risk assessment make large-scale convalescent 
plasma transfusion program a challenge.

SARS-CoV-2 represents the third emerged highly pathogenic CoVs 
infecting humans and it uses the same receptor angiotensin converting 
enzyme 2 (ACE2) for cell entry as severe acute respiratory syndrome 

coronavirus (SARS-CoV)6,8. As with other CoVs, the SARS-CoV-2 Spike 
protein (S protein) would be further cleaved into S1 and S2 subdomains, 
with S1 binding to host receptor and S2 mediating membrane fusion9. 
Recently, we and other researchers mapped the receptor binding 
domain (RBD) in SARS-CoV-2 S protein at S1 C-terminal domain (CTD) 
and solved the crystal structure of SARS-CoV-2-RBD in complex with 
human ACE2 (hACE2)10–13[REMOVED HYPERLINK FIELD]. Previous stud-
ies revealed that a large number of antibodies showed neutralization 
activity by targeting the RBD of either SARS-CoV or Middle East res-
piratory syndrome coronavirus (MERS-CoV) presumably by disrupt-
ing the virus-receptor engagement14–16. Thus, we attempted to isolate 
neutralizing monoclonal antibodies (MAbs) against SARS-CoV-2 from 
convalescent patients, using a similar strategy previously reported17,18.

We utilized recombinant RBD of SARS-CoV-2 S protein as the bait 
to sort specific memory B cells from peripheral blood mononuclear 
cells (PBMCs) of a COVID-19 convalescent patient. The sequences of 
the variable regions of IgG antibodies in the sorted cells were obtained 
through 5' RACE amplification from individual B cell. Two MAbs, named 
CA1 and CB6 (Extended Data Table 1), were identified to be able to block 
the binding of soluble SARS-CoV-2-RBD with hACE2 receptor transiently 
expressed on HEK293T cells (Fig. 1a). Binding analysis of CA1 and CB6 by 
flow cytometry (FACS) revealed that both MAbs could specifically bind 
to SARS-CoV-2 S protein transfected HEK293T cells, but not SARS-CoV 
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S or MERS-CoV S transfected cells (Fig. 1b). The binding kinetics of 
CA1 and CB6 were assessed by a surface plasmon resonance (SPR) 
assay. The measured equilibrium constant (KD) of CA1 and CB6 with 
SARS-CoV-2-RBD were 4.68 ± 1.64 nM and 2.49 ± 1.65 nM, respectively 
(Fig. 1c and Extended Data Table 2). As CA1 and CB6 have distinctive 
CDR sequences (Extended Data Table 1), we examined the potential 
competitive binding of CA1 and CB6 to SARS-CoV-2-RBD in an Octet 
based binding assay. Recombinant SARS-CoV-2-RBD protein was first 
biotinylated and immobilized on a streptavidin biosensor and then 
saturated with CB6 or CA1. Addition of CA1 to CB6 saturated probe 
or CB6 to CA1 saturated probe showed no complementary binding 
(Extended Data Fig. 1), indicating CA1 and CB6 bind to overlapped 
epitopes on SARS-CoV-2-RBD.

The neutralization abilities of CA1 and CB6 against SARS-CoV-2 infec-
tion was first investigated using pseudoviruses expressing S antigen 
of SARS-CoV-2 and then live virus in vitro. Both CA1 and CB6 inhibit 
pseudovirus transduction into Huh7 cells, Calu-3 and HEK293T cells 
(Fig. 2a, c). Notably, CB6 had stronger neutralizing activity than CA1 
in terms of 50% neutralization dose (ND50) in all three tested cell lines. 
Consistently, CB6 also exhibited stronger neutralizing activity than 
CA1 against live SARS-CoV-2 infection of Vero E6 cells, with observed 
ND50 of 0.036 ± 0.007 μg/mL for CB6 and 0.38 μg/mL for CA1 (Fig. 2d, 
e). In summary, both MAbs exhibit substantial neutralizing activities 
against SARS-CoV-2 infection in vitro, while CB6 exhibited superior 
neutralizing activity over CA1.

The CB6 MAb was further tested in vivo in rhesus macaque SARS-CoV-2 
infection model[REMOVED HYPERLINK FIELD] at both prophylactic and 
treatment settings. Given the potential risk of antibody-dependent 
enhancement (ADE) effect as observed in SARS-CoV infection19,20, we 
introduced the LALA mutation to the Fc portion of CB6 (CB6-LALA) to 
lower the risk of Fc-mediated acute lung injury. In the treatment group, 
three animals (6-8 years old) were challenged with 1×105 50% tissue cul-
ture infectious dose (TCID50) SARS-CoV-2 via intratracheal incubation. 
CB6-LALA (50 mg/kg) was administered at days 1 and 3 post infection 
(dpi) intraperitoneally. Animals in the control group (n=3) were given 
an equal volume of phosphate-buffered saline (PBS) on both 1 and 3 
dpi. The viral titers from throat swabs were evaluated daily till 7 dpi. In 
the control group, the viral loads reached peak levels (approximately 
106.5 RNA copies/mL) on 4 dpi and then declined naturally (Fig. 3a). In 
contrast, CB6-LALA treatment reduced virus titers immediately after 
administration. Specifically, on 4 dpi, CB6-LALA reduced the viral titer 
by an approximately 3 logs than that of the control group (Fig. 3a). 
Additionally, in the prophylactic group of three animals, a single dose 
of CB6-LALA (50 mg/kg) before SARS-CoV-2 challenge significantly 
protected the animal from SARS-CoV-2 infection. Only minimal levels 
of virus were detected in the throat swabs in this group and the peak 
viral load was no more than 103 RNA copies/mL (Fig. 3a), indicating a 
strong prophylactic protection effect of CB6-LALA antibody against 
SARS-CoV-2 infection.

In addition to viral titer reduction, we further investigated whether 
CB6-LALA also inhibited the pathological lung damage in the monkeys 
challenged with SARS-CoV-2. One monkey from each group was eutha-
nized and necropsied on 5 dpi. Control animal displayed interstitial 
pneumonia characterized by thickened alveolar septa, proliferation 
and fibrosis of fibroblasts, with intensive infiltration of monocytes and 
lymphocytes cells. In some alveolar cavities, cellulose exudation could 
be observed, with the formation of hyaline membrane and pulmonary 
hemorrhage. There was also clear thrombosis in the pulmonary capil-
lary lumen, with accumulation of necrotic and exfoliated epithelial cells 
of the bronchioles (Fig. 3b). In contrast, monkeys treated prophylacti-
cally or post infection displayed limited pathological lung damages. 
Either monkey in the treatment group or prophylactic group had overall 
intact alveolar structure, reduced edema, and no formation of hyaline 
membrane, with significantly less fibrosis and less leukocyte infiltra-
tions as compared with the control animals (Fig. 3c, d). In addition, no 

serious small bronchi and pulmonary capillary lesions were observed 
(Fig. 3c, d). Thus, CB6-LALA could inhibit SARS-CoV-2 viral titer and 
reduce infection-related lung damage, at both prophylactic and treat-
ment settings.

To further investigate the blocking and neutralizing mechanisms 
of CB6, protein complex of recombinant CB6-Fab/SARS-CoV-2-RBD 
proteins were prepared for crystal screening (Extended Data Fig. 2). The 
3-D structure of CB6-Fab/SARS-CoV-2-RBD complex was determined by 
X-ray crystallography at an overall resolution of 2.9 Å (Extended Data 
Table 3). Overall, CB6 binds to SARS-CoV-2-RBD with a buried surface 
of 1088 Å2 (Fig. 4a). Specifically, the CB6 VH dominates the interaction 
with SARS-CoV-2-RBD by all the three CDRs, forming concentrated polar 
contacts (Fig. 4b and Extended Data Table 4) and hydrophobic interac-
tions (Fig. 4c and Extended Data Table 4). While VL has limited contacts 
with LCDR1 and LCDR3 loop (Fig. 4d and Extended Data Table 4).

To analyze the blocking mechanisms of CB6 to SARS-CoV-2-RBD/
hACE2 interaction, the complex structure of CB6-Fab/SARS-CoV-2-RBD 
was superimposed with hACE2/SARS-CoV-2-RBD complex (PDB: 6LZG) 
(Fig. 4e). Superimposition of the RBD in its CB6-bound form with its 
hACE2-bound form resulted in Cα root mean squared deviation (RMSD) 
of 0.282 Å (for 169 atoms), indicating that binding of CB6 did not induce 
significant conformational changes in SARS-CoV-2-RBD. The binding 
of CB6 has induced steric hindrance to the binding of hACE2, which is 
mediated by both VH and VL of CB6 (Fig. 4e). The whole CB6 light chain, 
as well as most of the heavy chain have structure clashes with the recep-
tor. There are also substantial overlapped binding areas between CB6 
and hACE2 on RBD (Fig. 4f). In summary, the blocking mechanisms of 
CB6 depends on both of its VH and VL which provides steric hindrance 
and direct interface-residue competition to abrogate the binding of 
hACE2 to SARS-CoV-2-RBD.

Previous studies focusing on SARS-CoV infection in vitro and in 
mouse models19,20 indicate the potential risk of ADE hindering the 
ability of antibody therapeutics to control inflammation in the lung 
and other organs. On the contrary, ADE may lead to acute respira-
tory injury, acute respiratory distress syndrome, and other observed 
inflammation-based sequelae. Given the highly phylogenetic relation-
ship between SARS-CoV and SARS-CoV-2, the risk of ADE needs to be 
mitigated. To solve this problem, we introduced the LALA mutations to 
the Fc portion of CB6 molecule to eliminate ADCC effect. Subsequently, 
CB6-LALA showed protective effect in rhesus monkey infection model 
and did not exacerbate tissue damage induced by the infection. To our 
knowledge, this represents the first report to evaluate the function 
of neutralizing MAbs against SARS-CoV-2 using nonhuman primates 
and would shed light on the design of dosing regimen in clinical trials.

Currently, no approved drugs or vaccines have been approved against 
COVID-19, highlighting the great unmet medical needs to develop 
therapeutics. Neutralizing MAbs are promising candidates to combat 
emerging viruses. Using Ebola virus as an example, ZMapp save two 
Americans in 201421 and MAb114 had shown striking treatment benefits, 
reducing the mortality rate of Ebola virus disease from ~67% to 34% for 
all patients and 9.9% for patients with low viral loads22. Recently, MAb114 
was granted breakthrough therapy designation for the treatment of 
Ebola virus disease. The neutralizing activity in vitro and protection 
efficacy in vivo of CB6 against SARS-CoV-2 is good and is likely to be 
comparable to MAb114 against Ebola virus23,24.

In addition to the post-exposure treatment, neutralizing MAbs can 
also be used at prophylactic setting. The first FDA-approved MAbs 
against infectious diseases is palivizumab, which is indicated for the 
prophylaxis of preterm infants and children at high-risk for respira-
tory syncytia virus (RSV) infections. The pandemic of SARS-CoV-2 
poses great risks to front line health care workers, elderly patients, 
and patients with pre-existing conditions. At the current situation when 
vaccines are not available, any preventative treatments are greatly 
needed. Our in vivo protection data at pre-exposure settings indicated 
that CB6 is a promising candidate as a prophylaxis for COVID-19.
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Structural analysis revealed the molecular basis for the neutralizing 

activity of CB6 MAb. Notably, the interacting epitopes on SARS-CoV-
2-RBD for CB6 are highly overlapped with the binding epitopes of 
hACE2, indicating a strong resistance potential to SARS-CoV-2 muta-
tion variants. Based on the available 157 SARS-CoV-2 viral genomes 
deposited in NCBI databank as of April 1st, 2020, two substitutions in 
the RBD region were observed, namely G476S and V483A (Extended 
Data Fig. 3). Although G476S locates in the binding interface with CB6 
MAb, this residue has limited contribution to the antibody-antigen 
interaction and is thus unlikely influence the binding of CB6.

During the revision of this manuscript, CR3022, a neutralizing anti-
body against SARS-CoV previously isolated from a convalescent SARS 
patient, was found to be cross-reactive with SARS-CoV-2-RBD. Crystal 
structure analysis revealed that CR3022 targets a highly conserved 
epitope, distal from the receptor-binding site and does not neutralize 
SARS-CoV-2 infection25. Superimposition of the SARS-CoV-2-RBD in 
complex with either CB6 or CR3022 (PDB: 6W41) indicated that CB6 
will unlikely exert any effect on the binding of CR3022 and vice versa 
(Extended Data Fig. 4). Nevertheless, the reported molecular basis for 
the binding of CR3022 with SARS-CoV-2-RBD deepened our understand-
ing of antibody recognition of SARS-CoV-2.

In conclusion, our data indicated CB6, a neutralizing MAb isolated 
from a convalescent COVID-19 patient, could be a potential therapeutic 
agent for COVID-19 and deserves further translational development.
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Fig. 1 | MAb CA1 and CB6 specifically recognize RBD and block binding of 
SARS-CoV-2-RBD to hACE2 receptor. a, CA1 and CB6 can block SARS-CoV-
2-RBD binding to hACE2 in FACS-based assay. hACE2-GFP fusion protein was 
transiently expressed on HEK293T cell surface, and stained with SARS-CoV-
2-RBD proteins pre-incubated with isotype control IgG, CA1 or CB6. 
Experiments were performed twice and one representative data were 
displayed. b, HEK293T cells expressing SARS-CoV S were permeabilized, and 
stained with isotype control IgG, CA1, CB6 or positive control MAb 80R26. Cells 
with MERS-CoV S and SARS-CoV-2 S were stained with isotype control IgG, CA1, 
CB6 or control MAb 4C214. Experiments were performed twice and one 
representative data were displayed. c, The binding kinetics of CA1 and CB6 to 
recombinant SARS-CoV-2-RBD protein were obtained using BIAcore 8K system 
with a single-cycle mode. MAbs were captured on the chip while serial dilutions 
of RBD proteins were then injected over the chip surface. The KD was labeled 
accordingly. Values represented Mean ± SD of three independent results.
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Fig. 2 | CB6 and CA1 can effectively neutralize SARS-CoV-2 pseudovirus or 
live SARS-CoV-2 virus in vitro. a-c, SARS-CoV-2 pseudovirus were incubated 
with 3-fold serially diluted CA1 or CB6. The mixtures were then added to Huh7 
(a), Calu-3 (b) or HEK293T cells (c). After 24 h incubation, neutralizations 
potencies of MAbs were evaluated in a luciferase assay system. ND50 was 
calculated by fitting the luciferase activity from serially diluted antibody to a 
sigmoidal dose-response curve. The experiments were performed twice and 
similar results were obtained. One representative data of one experiment were 
shown and data were average values of two replicates. d, The mixtures of live 
SARS-CoV-2 virus and serially diluted CA1 or CB6 were added to Vero E6 cells. 
After 30 h incubation, ND50 was calculated by fitting the viral RNA copies 
(determined by qRT-PCR) from serially diluted antibody to a sigmoidal 
dose-response curve. The experiments for CA1 were performed twice and 
similar results were obtained. For CB6, the values shown are the mean ± SD of 
three independent experiments. For both CA1 and CB6, one representative 
data of one experiment were shown and data were average values of two 
replicates. e, The mixtures of SARS-CoV-2 and serially diluted CA1 or CB6 were 
added to Vero E6 cells. After 72 h incubation, ND50 were calculated by fitting the 
proportion of CPE with serially diluted antibody to a sigmoidal dose-response 
curve. The experiments were independently performed twice and similar 
results were obtained. One representative data were shown.
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Fig. 3 | CB6 MAb can effectively reduce viral load and alleviated 
infection-related lung damage in rhesus macaques. a, Nine male rhesus 
macaques were divided into pre-challenge (prophylactic), post-challenge 
(treatment) and control groups with 3 animals in each group. Before infection, 
the animals of pre-challenge group were infused with 50 mg/kg CB6-LALA 
intravenously. One day later, all macaques were inoculated with 1×105 TCID50 
SARS-CoV-2 via intratracheal intubation. While the post-challenge group were 
also infused with 50 mg/kg antibody CB6-LALA on days 1 and 3 post challenge 
and three monkeys in the control group were given PBS as a control. Viral RNA 
loads in throat swabs determined by qRT-PCR were monitored for 7 days. Data 
were average values from three monkeys (n=3) for the first 5 days, from two 
monkeys (n=2) for the 6 dpi, and from one monkey (n=1) for the 7 dpi. To 
evaluate the viral loads for each monkey at the indicated time point,  
qRT-PCR were performed with two replicates. b-d, Histopathology and 
immunohistochemical examination of lung tissues from pre-exposure, 
post-exposure and control monkeys. One monkey from each group was 
euthanized and necropsied on 5 dpi. Samples for histological examination were 
stored in formalin for 7 days, embedded in paraffin, sectioned, and stained 
prior to examination by light microscopy. Hematoxylin and eosin sections 
exhibited the interstitial pneumonia and inflammatory factor infiltration in 
tissues. Masson's trichrome showed lung tissue fibrosis. Scale bar = 200 μm.
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Fig. 4 | The crystal structure of CB6 and SARS-CoV-2-RBD complex and the 
competitive binding of CB6 and hACE2 with SARS-CoV-2-RBD. a, The 
complex structure of CB6 bound to SARS-CoV-2-RBD. The SARS-CoV-2-RBD is 
colored in cyan (core subdomain) and yellow (external subdomain). The 
variable fragment of CB6 is shown with HCDR1, HCDR2, and HCDR3 loops  
from the VH domain (purple) colored in blue, marine and purple, while the 
LCDR1, LCDR2 and LCDR3 loop from the VL domain (pink) are colored in 
hot-pink, respectively. b-c, Both hydrophilic interactions (b) and hydrophobic 
interactions (c) between CB6 heavy chain and SARS-CoV-2-RBD are displayed. 
d, The binding details between CB6 light chain and SARS-CoV-2-RBD are  
also presented. The hydrogen bonds are shown as dashed black lines.  

e, Superimposition of CB6/SARS-CoV-2-RBD complex and hACE2/SARS-CoV-
2-RBD (PDB code: 6LZG) revealed the steric competition between CB6 and 
hACE2 for RBD binding. CB6/SARS-CoV-2-RBD structure was superimposed on 
hACE2/SARS-CoV-2-RBD to demonstrate steric hindrance. hACE2 is shown as 
cartoon (gray). f, Competitive binding surfaces of CB6 with hACE2 on 
SARS-CoV-2-RBD. The SARS-CoV-2-RBD binding surface to ACE2 and CB6 is 
shown. The residues bound by both CB6 and hACE2 are colored in magenta. 
The residues in contact with hACE2 alone are colored in gray while the residues 
in contact with CB6 alone are colored in blue. The amino acids on SARS-CoV-
2-RBD interface contacting CB6 or ACE2 are labeled.
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Methods

Study design
This study was designed to isolate SARS-CoV-2 specific MAbs from the 
blood of patients recovering from SARS-CoV-2 infection; characterize 
the properties of MAbs including blocking function, binding affinity, 
neutralization against SARS-CoV-2 and neutralizing mechanism; then 
test a best performing MAb for therapeutic efficacy in rhesus macaques.

PBMCs were isolated following the manufacturer’s instructions 
(GE Healthcare) before being subjected to cell sorting as previously 
reported17. Briefly, PBMCs were incubated with His-tagged SARS-CoV-
2-RBD at 100 nM before staining with anti-CD3, anti-CD16, anti-CD235a, 
anti-CD19, anti-CD38, anti-CD27 and anti-His. Antigen-specific memory 
B cells were identified by the following markers: CD3-, CD16-, CD235a-, 
CD38-, CD19+, CD27+, hIgG+ and His+, and sorted into 96-well PCR plates 
with single cell per well. Flow cytometric analysis and cell sorting were 
performed on a BD FACSAria ΙΙΙ flow cytometer (BD Biosciences) and the 
data were analyzed using FlowJo. The genes encoding Ig VH and VL chains 
were amplified by 5’RACE and nested PCR. The variable regions of these 
genes were then linked with the coding sequences for human IgG1 con-
stant region to generate full-length MAbs, which were then expressed 
and purified under good laboratory practice (GLP) conditions.

Eleven MAbs were generated with this method. Through blocking 
assays for SARS-CoV-2-RBD/hACE2 by FACS, two MAbs were analyzed 
for several properties: (a) binding specificity for MERS-CoV, SARS-CoV 
and SARS-CoV-2, (b) the competition assay for MAbs binding using 
Octet, and (c) ability of MAbs to neutralize the SARS-CoV-2 in Vero E6 
cell. These results suggested that these two MAbs specifically bound 
and potently neutralized SARS-CoV-2 in vitro. Using a rhesus macaque 
model of SARS-CoV-2 infection, we tested the protective and curative 
efficacy of CB6. We equally divided the nine animals into per-exposure, 
post-exposure and negative control group. Viral loads from throat swabs 
were detected between three groups over a consecutive period of 7 days. 
The animals were euthanized and necropsied on 5 dpi to evaluate the 
therapeutic effect of CB6. Then, we investigated the neutralizing mecha-
nism of the MAb through structural analysis of CB6/SARS-CoV-2-RBD. 
The high-resolution complex structure clarified that the binding surface 
of CB6 on SARS-CoV-2-RBD was overlapped with that of hACE2, indicat-
ing the substantial stereospecific hindrance to hACE2 contacting RBD.

Cells and Viruses
HEK293T (ATCC, CRL-3216) cells, Huh7 (Institute of Basic Medical 
Sciences CAMS, 3111C0001CCC000679) cells, Calu-3 (ATCC, HTB-
55) cells and Vero E6 (ATCC, CRL-1586) cells were cultured at 37 °C 
in Dulbecco’s Modified Eagle medium (DMEM) supplemented with 
10% fetal bovine serum (FBS). SARS-CoV-2 named BetaCoV/Wuhan/
IVDC-HB-envF13/2020 (Accession ID: EPI_ISL_408511) was isolated by 
National Institute for Virus Disease Control and Prevention, Chinese 
Center for Disease Control and Prevention. Vero E6 cells were applied 
to the reproduction of SARS-CoV-2 stocks.

Gene construction
Recombinant proteins SARS-CoV-2-RBD and hACE2 were used in 
assays of FACS, SPR, BLI and crystal screening. The coding sequences 
of SARS-CoV-2-RBD tagged with a C-terminal 6×His tag was cloned 
into the pCAGGS expression vector using the EcoRI and XhoI restric-
tion sites. The coding sequences of ACE2 (residues 19-615, accession 
number: BAJ21180) was cloned into the baculovirus transfer vector 
pFastbac1 (Invitrogen) containing an N-terminal gp67 signal pep-
tide and a C-terminal 6×His tag. The full-length coding region of 
SARS-CoV S (accession number: NC_004718), MERS-CoV S (acces-
sion number: JX869050) and SARS-CoV-2 S protein with a C-terminal 
Flag tag was cloned into the pCAGGS vector using the EcoRI and SmaI 
restriction sites (pCAGGS-SARS-S-Flag, pCAGGS-MERS-S-Flag and 
pCAGGS-SARS-CoV-2-S-Flag). The pEGFP-N1-hACE2 plasmid was 

constructed by cloning the coding region of ACE2 into pEGFP-N1 using 
restriction enzymes XhoI and SmaI.

Protein expression and purification
The SARS-CoV-2-RBD recombinant protein was expressed in HEK293T 
cells. The pCAGGS plasmid containing SARS-CoV-2-RBD coding 
sequences was transiently transfected into cells. After 3 days, the super-
natant was collected and soluble protein was purified by Ni affinity 
chromatography using a HisTrap HP 5 mL column (GE Healthcare). 
The sample was further purified via gel filtration chromatography 
with a Superdex 200 column (GE Healthcare) in a buffer composed of 
20 mM Tris-HCl (pH 8.0) and 150 mM NaCl. The Bac-to-Bac baculovirus 
expression system (Invitrogen) was used to express the hACE2 for Octet 
analysis. The constructed pFastbac1 vectors were transformed into 
DH10Bac competent cells to generate recombinant bacmids. Transfec-
tion of bacmids and virus amplification were conducted in Sf9 cells, 
while Hi5 cells were used for protein expression. The soluble hACE2 
protein was purified by the same process as above.

FACS assay
The activity of MAbs to block SARS-CoV-2-RBD and hACE2 binding 
was assessed by FACS. HEK293T cells were transiently transfected by 
pEGFP-N1-hACE2 expression plasmid for 24 hours. The SARS-CoV-
2-RBD protein at a concentration of 200 ng/mL was mixed with MAbs 
or isotype IgG at a molar ratio of 1: 10 and incubated at 4°C for 1 hour. 
Then mixtures were added to 5×105 HEK293T cells expressing hACE2 
and incubated at 4°C for another 1 h. After washing with PBS for three 
times, the cells were stained with anti-His/APC antibody for another 30 
min and analyzed using flow cytometry (BD FACSCalibur).

To test the binding specificity, pCAGGS-SARS-S-Flag, 
pCAGGS-MERS-S-Flag and pCAGGS-SARS-CoV-2-S-Flag plasmids were 
transfected into HEK293T cells using PEI (Alfa) according to the manu-
facturer's instructions. 4×105 cells were collected 24 h after transfec-
tion, suspended in permeabilization solution (BD) on ice for 20 min. 
After washing with PBS twice, the cells were incubated with 20 μg/mL 
CA1, CB6, 80R, 4C2 or isotype IgG, respectively at room temperature for 
1 h, followed by washing with PBS twice and further incubation with both 
anti-human IgG/APC (with the exception of 4C2, which used anti-mouse 
IgG/APC as the second antibody) and anti-Flag/FITC antibodies. After 
washing, the cells were analyzed using a BD FACSCalibur. All the above 
data were analyzed using FlowJo.

SPR
SPR measurements were done at room temperature using a BIAcore 8K 
system with Protein A biosensor chips (GE Healthcare). For all meas-
urements, the buffer consisting of 150 mM NaCl, 10 mM HEPES, pH 7.4 
and 0.005% (v/v) Tween-20 was used as running buffer, and all proteins 
were exchanged into this buffer in advance through gel filtration. The 
blank channel of the chip served as the negative control. Two MAbs 
were captured on the chip at 6000 response units. Gradient concentra-
tions of SARS-CoV-2-RBD (from 50 nM to 3.125 nM with 2-fold dilution) 
were then flowed over the chip surface. After each cycle, the sensor was 
regenerated with Gly-HCl (pH1.7). The affinity was calculated using a 
1:1 (Langmuir) binding fit model with BIAevaluation software.

BLI
The competitive binding of CA1, CB6 and hACE2 were measured by 
BLI using the Octet RED96 system (FortéBio). All experiments were 
performed at 25 °C in a buffer containing 50 mM Tris-HCl and 100 mM 
NaCl, pH7.0. Streptavidin biosensors were pre-equilibrated in the buffer 
for at least 10 min before use in experiments. Biotinylated SARS-CoV-
2-RBD was loaded onto streptavidin biosensors for 300 s. For deter-
mining competitive characteristics, sensors were immersed with the 
first protein (or buffer as a control) for 240 s and then the second one 
for another 240 s. We analyzed the data using FortéBio Data Analysis.
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Neutralization assay
SARS-CoV-2 pseudovirus preparation was performed as described27. 
Briefly, the plasmids of 15 μg pCAGGS-SARS-CoV-2-S and 15 μg pNL4-3.
luc.RE were co-transfected into HEK293T cells. 48 h later, the super-
natant was sequentially harvested, centrifuged and filtered through 
a 0.22 μm sterilized membrane. The TCID50 was determined by the 
transduction of pseudovirus into Huh7 cells. For the neutralization 
assay, 104 cells/well in 100 μL were seeded in the 96-well plates 16 h 
before infection. 50 μL supernatant containing 103 TCID50 pseudovirus 
was incubated with equal volume of 3-fold serially diluted antibodies 
for 1 h at 37 °C. Both MAbs were tested in the concentrations ranging 
from 5.08 ng/mL to 100 μg/mL in the context of Huh7 cells and Calu-3 
cells. While for HEK293T, 15.24 ng/mL to 300 μg/mL were used. The 
mixtures of pseudoviruses and MAbs were then added to Huh7 cells with 
2 replicates. After 4 h incubation, the medium was replaced with DMEM 
containing 10% fetal bovine serum, and the samples were incubated for 
an additional 24 h at 37 °C. Transfer cell lysates (50 μL/well) into lumi-
nometer plates (Microfluor 96-well plates). Add luciferase substrate 
(50 μL/well) included in luciferase assay system. Luciferase activity 
was measured using a GloMax 96 Microplate luminometer (Promega). 
The 50% neutralization dose was calculated using GraphPad Prism 6.0.

Infectious SARS-CoV-2 neutralization assay was performed. Vero E6 
cells were seeded at 8×104 per well in a 24-well culture plates at 37 °C for 
24 h before using. To reach an MOI at 0.005, 1 mL of diluted SARS-CoV-2 
virus and 2-fold serially diluted CA1 (from 5.0 μg/mL to 0.15 μg/mL) or 
CB6 (from 1.0 μg/mL to 0.015 μg/mL) MAbs were mixed in the medium 
containing 2% FBS. Meanwhile, a control group (without antibody) was 
set up, and the culture supernatant containing virus was collected 30 h  
post infection. 140 μL of the supernatant at each well were taken and 
RNA extraction was carried out according to the instructions of QIAamp 
viral RNA mini kit. qRT-PCR detection was carried out with one-step 
TB Green PrimeScript PLUS RT-PCR Kit (Perfect Real Time), and the 
primer was RBD-qF1:5'- CAATGGTTTAACAGGCACAGG -3', RBD-qR1:
5’-CTCAAGTGTCTGTGGATCACG-3’. The total volume of the reaction 
system was 20 μL. The reaction conditions were: reverse transcription 
at 42°C for 5 min, pre-denaturation at 95°C for 10 s, 40 cycles including 
denaturation at 95°C for 10 s, annealing and extension at 60°C for 30 s. 
Another neutralization assay was based on CPE. Serial 2-fold dilutions 
of 50 μL of antibody CA1 (from 97.6 ng/mL to 200 μg/mL) or CB6 (from 
48.8 ng/mL to 100 μg/mL) were prepared in a 96-well tissue culture 
plate in MEM medium. An equal volume of SARS-CoV-2 virus containing 
100 TCID50 was added, and the antibody-virus mixture was incubated 
at 37 °C for 1 h. The antibody-virus mixture was then transferred into a 
96-well microtiter plate containing equal volume of confluent Vero E6 
cells with 8 repeats and incubated at 37 °C for 3 days. Cells infected with 
100 TCID50 of SARS-CoV-2 and without the virus were applied as positive 
and uninfected controls, respectively. CPE in each well was observed 
daily and recorded on day 3 after infection. A virus back-titration was 
performed to assess the correct virus titer used in each experiment. 
The ND50 was calculated using GraphPad Prism 6.0. All experiments 
were followed the standard operating procedures of the approved 
Biosafety Level-3 facility.

Human samples
The human samples were obtained according to the procedures 
approved by the Chinese Academy of Sciences and complied with all 
relevant ethical regulations regarding human research. The blood was 
taken from a convalescent COVID-19 patient after she/he signed the 
informed consent form.

Animal experiments
All animal experiments were carried out according to the procedures 
approved by the Chinese Academy of Sciences and complied with all 
relevant ethical regulations regarding animal research.

Nine rhesus macaques (6-8 years old, three females and 6 males) 
were inoculated with 1×105 TCID50 SARS-CoV-2 via intratracheal routes. 
The rhesus macaques were divided into 3 groups: control group (one 
female and two males), pre-exposure group (one female and two males) 
and post-exposure group (one female and two males). The rhesus 
macaques in control group were injected with PBS. The pre-exposure 
group were given 50 mg/kg antibody CB6 intravenously one day before 
viral challenge, while the post-exposure group were injected with the 
same amount of antibody on days 1 and 3 post exposure. In addition to 
routine clinical observation, oropharyngeal swabs were collected for 7 
days. Swabs were placed into 1 mL of DMEM after collection. Viral RNAs 
were extracted by the QIAamp Viral RNA Mini Kit (Qiagen), according 
to the manufacturer’s instructions and was eluted in 50 μL of elution 
buffer and used as the template for RT-PCR. The pairs of primers were 
used targeting S gene: RBD-qF1: 5’-CAATGGTTTAACAGGCACAGG-3’; 
RBD-qR1: 5’-CTCAAGTGTCTGTGGATCACG-3’. 2μL of RNA were used 
to verify the RNA quantity by HiScript® II One Step qRT-PCR SYBR® 
Green Kit (Vazyme Biotech Co., Ltd) according to the manufacturer’s 
instructions. The amplification was performed as followed: 50°C for 3 
min, 95°C for 30 s followed by 40 cycles consisting of 95°C for 10 s, 60°C 
for 30 s, and a default melting curve step in an ABI step-one machine.

Histopathology and Immunohistochemistry
Animal necropsies were performed according to a standard pro-
tocol. Samples for histological examination were stored in 10% 
neutral-buffered formalin for 7 days, embedded in paraffin, sectioned 
and stained with hematoxylin and eosin or Masson's trichrome prior 
to examination by light microscopy.

Crystal screening and structure determination
The SARS-CoV-2-RBD protein and CB6-Fab fragment were mixed at a molar 
ration of 1:1. The mixture was incubated on ice for 1 h and further puri-
fied by Superdex-200 column (GE Healthcare). 5 mg/mL and 10 mg/mL  
of SARS-CoV-2-RBD/CB6 proteins were used for crystal screening by 
vapour-diffusion sitting-drop method at 18 °C. Diffracting crystals were 
obtained in a concentration of 5 mg/mL at the mother liquid containing 
24% w/v PEG 1500, 20% v/v glycerol.

Diffraction data were collected at Shanghai Synchrotron Radiation 
Facility (SSRF) BL17U1 (wavelength, 0.97919 Å) at 100K. For data col-
lection, the crystals were cryo-protected by briefly soaking in reservoir 
solution supplemented with 20% (v/v) glycerol before flash-cooling in 
liquid nitrogen. The dataset was processed with XDS software (Wolf-
gang Kabsch). The complex structure of SARS-CoV-2-RBD/CB6 was 
determined by the molecular replacement method using Phaser28 
with our previously reported SARS-CoV-2 RBD structure (PDB code, 
6LZG) and Fab structure (PDB code, 4TSA). The atomic models were 
completed with Coot29 and refined with phenix.refine in Phenix30, The 
Ramachandran plot determined by MolProbity indicates that 96.3% in 
most favored region, 3.53% in allowed region and 0.16% in disallowed 
region31. Data collection, processing, and refinement statistics are sum-
marized in Extended Data Table 3. All structural figures were generated 
using Pymol software (http://www.pymol.org).

Sequence alignments
The GenBank accession number of the sequences used for analyz-
ing the conservation of epitopes among SAR-CoV-2 are the follow-
ing: MT263459, MT262993, MT262907, MT262915, MT262909, 
MT262916, MT262911, MT262908, MT262913, MT262912, MT262914, 
MT262906, MT  262899, MT262898, MT262897, MT262904, MT262905, 
MT262896, MT262903, MT262902, MT262901, MT262900, MT262910, 
NC_045512, MT263396, MT263445, MT263421, MT258381, MT263391, 
MT263446, MT259269, MT263395, MT263468, MT263381, MT263074, 
MT258379, MT259271, MT263458, MT263429, MT258380, MT263382, 
MT259228, MT259227, MT259231, MT259226, MT259254, MT258377, 
MT259248, MT258383, MT263435, MT263398, MT258382, MT259277, 
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MT263392, MT263418, MT259236, MT263406, MT263417, MT263436, 
MT263443, MT259256, MT263452, MT259264, MT263420, MT259281, 
MT263450, MT263402, MT263433, MT263413, MT263404, MT259260, 
MT263437, MT263438, MT263403, MT263399, MT263464, MT259261, 
MT263439, MT259237, MT263410, MT259251, MT263444, MT263465, 
MT263447, MT263454, MT263463, MT263431, MT263424, MT263432, 
MT263416, MT259282, MT263419, MT263467, MT263440, MT263411, 
MT256917, MT256918, MT256924, MT263405, MT263408, MT263386, 
MT263469, MT263400, MT263425, MT263387, MT259285, MT263430, 
MT263449, MT263412, MT263414, MT263462, MT263434, MT263457, 
MT263461, MT263448, MT263423, MT263422, MT263415, MT259249, 
MT263442, MT259245, MT263427, MT263384, MT263441, MT263383, 
MT259243, MT263426, MT263388, MT263428, MT263455, MT263456, 
MT263453, MT263451, MT259235, MT263460, MT263390, MT263394, 
MT263466, MT259250, MT259280, MT259258, MT259239, MT259240, 
MT263407, MT263385, MT263397, MT263409, MT263393, MT263401, 
MT259279, MT259284, MT263389, MT259270, MT259259, MT259242 
and MT259238. The sequence logos were generated using the web 
server of Weblogo (http://weblogo.berkeley.edu/logo.cgi).

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data Availability
Further information and requests for resources and reagents should 
be directed to and will be fulfilled by the corresponding author Jinghua 
Yan (yanjh@im.ac.cn).  are provided with this paper.

Code availability
The accession number for the atomic coordinates and diffraction data 
reported in this study is PDB code 7C01. The sequences of CA1 and 
CB6 MAbs have been deposited in GenBank with the accession codes 
MT470194- MT470197.  are provided with this paper.
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Extended Data Fig. 1 | Analysis of direct competitive binding 
characteristics of MAbs and hACE2. a-b, Competition between MAbs and 
hACE2 for binding to SARS-CoV-2-RBD. Octet sensors immobilized with 
SARS-CoV-2-RBD were first saturated with one MAb or the kinetic buffer and 

then exposed to the other MAb or hACE2 protein. The experiments were 
independently performed twice and similar results were obtained. The binding 
profiles of one experiment were shown.
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Extended Data Fig. 2 | Preparation complex protein of CB6-Fab/SARS-CoV-
2-RBD. a, Gel filtration profiles of CB6-Fab (red), SARS-CoV-2-RBD (blue) and 
the complex (purple) were analyzed by size-exclusion chromatography as 
indicated. CB6-Fab forms stable complex with SARS-CoV-2-RBD. The 
experiments were independently performed twice and similar results were 

obtained. b, The SDS-PAGE analyses are shown in reducing (+DTT) conditions. 
CB6-Fab was de-polymerized into VH and VL fragments (25 kD). SARS-CoV-
2-RBD exhibited a diffuse band due to glycosylation (38 kD). For gel source 
data, see Supplementary Figure 1.
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Extended Data Fig. 3 | Sequence alignment of RBD among SARS-CoV-2 
strains. We obtained 157 full-length sequences of SARS-CoV-2-RBD by 
searching the NCBI databank. The sequence logos were generated using the 

web server of Weblogo (http://weblogo.berkeley.edu/logo.cgi). Four strains 
isolated from human patients in USA carries G476S and eight strains carries 
V483A (see materials and methods for details).

Article

ACCELE
RATED  

ARTIC
LE  

PREVIE
W  

ACCELE
RATED  

ARTIC
LE  

PREVIE
W  

http://weblogo.berkeley.edu/logo.cgi


Extended Data Fig. 4 | Comparison of the CB6 and CR3022 binding 
epitopes. Superimposition of CB6/SARS-CoV-2-RBD and CR3022/SARS-CoV-
2-RBD complex (PDB code: 6W41) reveals no epitope overlapping between CB6 

and CR3022. SARS-CoV-2-RBD is shown as a cartoon (yellow). The CB6 heavy 
chain and light chain are colored in gray and pink, respectively. The CR3022 
heavy chain and light chain are colored in cyan and light blue, respectively.
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Extended Data Table 1 | Germline analysis of isolated MAbs specific for SARS-CoV-2

V-(D)-J summary for the isolated MAbs. Listed are the top matches for Homo sapiens germline genes corresponding to the V, D and J of the heavy chain (V-H, J-H and D-H) and V and J of the 
light chain (V-L and J-L). CDR3-H and CDR3-L show the amino acid (aa) sequences of CDR3 for both chains.
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Extended Data Table 2 | Binding characteristic of isolated 
MAbs specific for SARS-CoV-2

The binding characteristic for MAb CA1 and CB6. Listed are the results from three independ-
ent experiments. Ka indicates the binding rate of the indicated MAb with SARS-CoV-2-RBD. Kd 
is the dissociation rate. KD signifies the affinity of the indicated MAb and the antigen.
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Extended Data Table 3 | Data collection and refinement 
statistics

Diffraction data from one crystal were used for structure determination. 
*Values in parentheses are for highest-resolution shell.
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Extended Data Table 4 | Residues contributed interaction between CB6/SARS-CoV-2-RBD or hACE2/SARS-CoV-2-RBD

∗ Italic characters in the parentheses represent the residues from CB6 light chain CDRs. 
† Numbers in the parentheses represent the number of hydrogen bonds between CB6 /SARS-CoV-2-RBD or hACE2/SARS-CoV-2-RBD residues which were analyzed by the Contact program in 
CCP4 suite (the distance cutoff is 3.5 Å). 
‡ Numbers represent the number of van der Waals contacts between CB6 /SARS-CoV-2-RBD or hACE2/SARS-CoV-2-RBD residues, which were analyzed by the Contact program in CCP4 suite 
(the distance cutoff is 4.5Å).
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