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ABSTRACT
The global pandemic of COVID-19 caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV 
-2) has resulted in widespread social and economic disruption. Effective interventions are urgently needed 
for the prevention and treatment of COVID-19. Neutralizing monoclonal antibodies (mAbs) have demon
strated their prophylactic and therapeutic efficacy against SARS-CoV-2, and several have been granted 
authorization for emergency use. Here, we discover and characterize a fully human cross-reactive mAb, 
MW06, which binds to both SARS-CoV-2 and SARS-CoV spike receptor-binding domain (RBD) and disrupts 
their interaction with angiotensin-converting enzyme 2 (ACE2) receptors. Potential neutralization activity 
of MW06 was observed against both SARS-CoV-2 and SARS-CoV in different assays. The complex structure 
determination and epitope alignment of SARS-CoV-2 RBD/MW06 revealed that the epitope recognized by 
MW06 is highly conserved among SARS-related coronavirus strains, indicating the potential broad 
neutralization activity of MW06. In in vitro assays, no antibody-dependent enhancement (ADE) of SARS- 
CoV-2 infection was observed for MW06. In addition, MW06 recognizes a different epitope from MW05, 
which shows high neutralization activity and has been in a Phase 2 clinical trial, supporting the develop
ment of the cocktail of MW05 and MW06 to prevent against future escaping variants. MW06 alone and the 
cocktail show good effects in preventing escape mutations, including a series of variants of concern, 
B.1.1.7, P.1, B.1.351, and B.1.617.1. These findings suggest that MW06 recognizes a conserved epitope on 
SARS-CoV-2, which provides insights for the development of a universal antibody-based therapy against 
SARS-related coronavirus and emerging variant strains, and may be an effective anti-SARS-CoV-2 agent.
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Introduction

COVID-19, caused by SARS-CoV-2, is currently spreading 
globally, threatening human health and economic develop
ment. As of June 4, 2021, SARS-CoV-2 has caused over 
183 million infections in more than 200 countries/regions 
and resulted in over 3.9 million deaths, according to data 
from the Johns Hopkins Coronavirus Resource Center. 
Interventions for the prevention or treatment of COVID-19 
are crucial for the ongoing outbreak.

Both SARS-CoV-2 and SARS-CoV belong to 
Betacoronaviruses, Sarbecovirus (lineage B), and they share 
~79.6% sequence identity.1,2 Cellular entry of SARS-CoV-2 
and SARS-CoV is mediated by the viral spike glycoprotein, 
which forms trimeric spikes on the viral surface. Like SARS- 
CoV, the receptor-binding domain (RBD) of SARS-CoV-2 
spike protein is responsible for engaging the angiotensin- 
converting enzyme 2 (ACE2) receptor on the host cell surface 
and mediating cell-virus membrane fusion by the class I fusion 
mechanism.3,4 Therefore, spike protein, especially the RBD of 

SARS-CoV-2, is the primary target for neutralizing antibody 
and vaccine development. SARS-CoV and SARS-CoV-2 share 
~76% amino acid identity in their spike proteins, raising the 
possibility of conserved epitopes on these antigens.1 

Remarkably, the essential SARS-CoV contact residues that 
interact with ACE2 were highly conserved in SARS-CoV-2 as 
well as in SARS-related coronaviruses, indicating the possibi
lity of developing broadly neutralizing mAbs for potential 
future diseases caused by other emerging SARS-related 
viruses.5,6

Vaccines and neutralization antibodies are the best strate
gies to control the worldwide pandemic of SARS-CoV-2. After 
the outbreak, multiple vaccine candidates derived from differ
ent platforms were developed, and vaccines based on inacti
vated virus and mRNA-encoded viral proteins, as well as an 
adenovirus-vectored vaccine, have been authorized for use. 
During the SARS-CoV and Middle East respiratory syndrome 
coronavirus (MERS-CoV) outbreaks, neutralizing mAbs were 
developed and proved their potential therapeutic uses for the 
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treatment of coronavirus infections.7,8 Likewise, several highly 
potent neutralizing mAbs targeting SARS-CoV-2 spike pro
tein, especially RBD, have been identified and evaluated in 
clinical trials. Neutralizing mAbs developed by Regeneron 
and Lilly/AbCellera were granted emergency use authorization 
by the Food and Drug Administration. Many other neutraliz
ing mAbs are in preclinical and clinical development and show 
good antiviral activities both in vitro and in vivo.9–11

We recently reported the isolation and characterization of 
a panel of SARS-CoV-2 RBD-binding mAbs from a COVID-19 
convalescent patient using a single B cell cloning strategy.9 

Among these, MW05 (drug code: MW33), which showed the 
most potent neutralizing activity in an authentic virus neutra
lization assay without cross-reactivity with SAR-CoV, was 
selected for further development; an engineered version is in 
a Phase 2 clinical trial (NCT04627584). Here, we describe 
a novel SARS-CoV-2 spike RBD-targeting mAb, MW06, 
which shows strong cross-binding activity and high neutraliz
ing potency with both SARS-CoV-2 and SARS-CoV. SARS- 
CoV-2 RBD/MW06 Fab complex structure determination 
revealed that the epitope of MW06 is highly conserved 
among SARS-related coronaviruses, indicating the broad anti
viral activities of MW06. No ADE activity was detected for 
MW06, indicating the safety of MW06 in potential clinical use. 
MW06 and MW05 recognize different epitopes on RBD of 
SARS-CoV-2, supporting the development of the cocktail of 
MW05 and MW06 to prevent against future escape variants.

Results

Cross-reactivity of MW06 with SARS-CoV-2 and SARS-CoV

Single B cell strategy is an efficient way to obtain fully human 
SARS-CoV-2 neutralizing mAbs. Since the spike (S) protein on 
the surface of SARS-CoV-2 is the major molecular determinant 

for viral infection, RBD or trimeric prefusion ectodomain of 
S protein can be used as bait to isolate specific memory 
B cells.9,12,13 We have previously developed and characterized 
a panel of fully human mAbs that target the RBD of SARS-CoV 
-2 spike protein from a COVID-19 convalescent patient using 
single B cell cloning strategy.9 One mAb, MW06, was identified 
to have cross-reactivity with recombinant RBDs of both SARS- 
CoV-2 and SARS-CoV. MW06 exhibited strong binding ability 
to SARS-CoV-2 and SARS-CoV RBD recombinant proteins in 
ELISA, with the EC50 of 0.004 μg/mL and 0.003 μg/mL, respec
tively (Figure 1a, b). Bio-layer interferometry (BLI) assay was 
then used to measure the binding affinity of MW06. The 
equilibrium dissociation constant (KD) of MW06 to SARS- 
CoV-2 and SARS-CoV RBD recombinant proteins were 
5.48 nM and 12.3 nM, respectively (Figure 1c, d).

To further evaluate whether the binding of MW06 to RBD 
could block the interaction of RBD with ACE2 or not, 
a competitive assay was performed. The results showed that 
MW06 could effectively block the interaction of ACE2 with 
both SARS-CoV-2 and SARS-CoV RBD recombinant proteins, 
with the IC50 of 0.200 μg/mL for SARS-CoV-2 RBD and 
0.281 μg/mL for SARS-CoV RBD (Figure 1e, f). In summary, 
MW06 showed cross-binding ability and ACE2/RBD blocking 
activity for both SARS-CoV-2 and SARS-CoV.

Neutralization activity of MW06 against SARS-CoV-2 and 
SARS-CoV

To evaluate the cross-neutralization potency of MW06, both 
pseudovirus and authentic virus assays were performed. MW06 
effectively inhibited the transduction of SARS-CoV-2 pseudovirus 
into both Huh-7 and Vero cells, with NT50 of 0.338 μg/mL and 
1.317 μg/mL, respectively (Figure 2a). Further, the neutralization 
potency of MW06 against SARS-CoV-2 authentic virus was 

Figure 1. The cross-reactivity of MW06 to SARS-CoV-2 and SARS-CoV. (a-b) The binding ability of MW06 to SARS-CoV-2 and SARS-CoV RBD recombinant proteins 
was assessed by ELISA. Irrelative hIgG1 was used as a control. EC50 was labeled accordingly. (c-d) The binding kinetics of MW06 to SARS-CoV-2 and SARS-CoV RBD 
recombinant proteins was measured by BLI. The KD was labeled accordingly. (e-f) The ability of MW06 to block SARS-CoV-2 and SARS-CoV RBD interaction with ACE2 
was evaluated by competition ELISA. Irrelative hIgG1 was used as a control. IC50 was labeled accordingly.
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evaluated on Vero E6 and ACE2 overexpression Huh-7 (Huh-7/ 
ACE2) cells using cytopathic effect inhibition (CPE) and plaque 
reduction assays. MW06 was shown to significantly inhibit SARS- 
CoV-2 replication in both cell lines, with an NT50 of 0.248 μg/mL 
for Huh-7/hACE2 cells and 0.252 μg/mL for Vero E6 cells in CPE 
assay (Figure 2b). In line with the CPE assay, MW06 exhibited 
strong neutralization activity against SARS-CoV-2 authentic virus 
on Vero E6 cells in plaque reduction assay, with an NT50 of 
0.654 μg/mL (Figure 2c).

We confirmed that the cross-binding activity of MW06, the 
SARS-CoV pseudovirus system was further used to evaluate 
the potential neutralization activity of MW06. As expected, 
a potent neutralization activity against SARS-CoV was 
observed for MW06. The NT50 was 0.214 μg/mL on Huh-7 
cells and 0.119 μg/mL on Vero cells (Figure 2d). Taken 
together, the results indicate that MW06 could effectively neu
tralize both SARS-CoV-2 and SARS-CoV in vitro.

Structural basis of MW06 binding to SARS-CoV-2 RBD

To explore the mechanism of anti-viral activity of MW06 against 
SARS-CoV-2, we solved the crystal structures of MW06 Fab in 
complex with SARS-CoV-2 RBD at a resolution of 3.3 Å 
(Figure 3a). The variable domain of MW06 was bound to the 
RBD mainly through its core subdomain (Figure 3a,b). The 
binding buried ~1555 � of surface area, of which ~1065 � 
involves heavy-chain residues. However, only HCDR3, which 
was significantly longer than that of most antibodies and rich in 
aromatic amino acid residues, contributed to the recognition by 
the heavy chain. Specifically, the main-chain atoms of Ser105, 
Tyr107, and Arg110 in HCDR3 formed several hydrogen bonds 
with the main-chain atoms of Cys379, Phe377, and Ser375 of 
spike RBD. The side chains of Tyr101, Tyr102, Tyr107, Tyr108, 
and Phe109 contacted spike RBD through hydrophobic interac
tions and hydrogen bonds (Figure 3c). The LCDR1, LCDR2, and 

LCDR3 of the light chain were all involved in recognition. 
Specifically, the side chains of Tyr32 in LCDR1, Ser53 in 
LCDR2, and Asn92 in LCDR3 formed hydrogen bonds with 
main chains of Phe374, Val503, and Ala372 of SARS-CoV-2 
RBD, respectively (Figure 3d). Superimposition of RBD/MW06 
complex structure with RBD/hACE2 complex structure14 

showed that the recognition site of MW06 slightly overlapped 
with the hACE2 binding site (Figure 3e, f), suggesting that 
MW06 competes for ACE2 binding.

To better understand the binding model of MW06 to SARS- 
CoV-2 spike trimer, RBD/MW06 complex structure was further 
superimposed into spike trimer with different conformations. 
Superimposition of the RBD/MW06 complex structure into 
a spike trimer structure in “open” state, which include 2-“down” 
RBDs and 1-“up” RBD,15,16 revealed that MW06 could not bind to 
either “down” or “up” RBDs. The superimposition of the RBD/ 
MW06 complex structure with spike trimer structure in “close” 
state, which include 3-“down” RBDs, showed that MW06 could 
not bind to the “down” RBDs. Binding with any one of “up” or 
“down” RBDs in the spike trimer in “close” or “open” conforma
tion could induce clashes (Figure 3g, h). Recently, a spike trimer 
structure with 3-“up” RBDs was published.17 We further super
imposed RBD/MW06 complex structure with the spike trimer 
with 3-“up” RBDs. The result showed that three “up” RBDs in 
spike trimer could bind to three MW06 Fabs without any clashes 
(Figure 3i). These results suggested that MW06 only binds SARS- 
CoV-2 spike trimer in a specific conformation, indicating that 
MW06 might neutralize SARS-CoV2 through a unique way or in 
a unique stage of viral infection.

Epitope conservation of SARS-related coronavirus 
recognized by MW06

To explore the molecular mechanism of SARS-CoV-2 and 
SARS-CoV cross-reactivity of MW06, SARS-CoV-2 RBD/ 

Figure 2. Neutralization activity of MW06 against SARS-CoV-2 and SARS-CoV. (a) Neutralization potency of MW06 against SARS-CoV-2 pseudovirus on Huh-7 and 
Vero cells, 50% neutralization titer (NT50) were labeled. (b-c) Neutralization potencies of MW06 against SARS-CoV-2 authentic virus were evaluated by CPE assay on 
Huh-7/hACE2 and Vero E6 cells, and plaque reduction assay on Vero E6 cells. (d) Neutralization potency of MW06 against SARS-CoV pseudovirus on Huh-7 and Vero cells. 
50% neutralization titer (NT50) was labeled, accordingly.
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Figure 3. Determination of the complex structure of SARS-CoV-2 RBD/MW06. (a) The overall structure of MW06 Fab in complex with SARS-CoV-2 Spike RBD. The 
heavy chain and light chain of MW06 are shown as blue and light cyan cartoons, and the SARS-CoV-2 Spike RBD is shown as gray surface. (b) The epitope of MW06. The 
residues contacted by heavy chain, light chain, and both chains were colored in blue, light cyan, and yellow, respectively. (c) The detail of interactions between SARS- 
CoV-2 Spike RBD and heavy chain of MW06. (d) The detail of interactions between SARS-CoV-2 Spike RBD and light chain of MW06. The involved residues are shown as 
sticks with the same colors in Figure 3a. The hydrogen bonds and salt bridges are indicated as blue dashed lines. (e) Superimposition of SARS-CoV-2 RBD/MW06 with 
RBD/hACE2 complex (PDB code: 6LZG). The heavy chain and light chain of MW06 Fab, and the hACE2 are shown as blue, light cyan, and salmon cartoons, respectively. 
SARS-CoV-2 Spike RBD is represented as gray surface. (f) The MW06 and hACE2 binding surface of SARS-CoV-2 Spike RBD. The residues contacting MW06, hACE2 are 
colored in blue and red, respectively; the residues contacting both are colored in yellow. (g) Superimposition of SARS-CoV-2 RBD/MW06 with SARS-CoV-2 Spike trimer in 
“close” state (PDB code: 6VXX). One MW06 Fab is superposed to one “down” RBD (wheat) in the “close” SARS-CoV-2 Spike trimer. The binding of MW06 Fab introduces 
clashes (enclosed with red dashed cycle) with another RBD (light yellow). (h) Superimposition of RBD/MW06 with SARS-CoV-2 Spike trimer in “open” state (PDB code: 
6VYB). The MW06 Fab is superposed to the “up” RBD (wheat). Binding of MW06 Fab introduces clashes (enclosed with red dashed cycle) with one of the “down” RBDs 
(light yellow). (i) Superimposition of RBD/MW06 with SARS-CoV-2 Spike trimer with 3-“up” RBDs (PDB code: 7A98). Three MW06 Fabs are superposed to three “up” RBDs 
in SARS-CoV-2 Spike trimer. The heavy chain and light chain of MW06 Fab are shown as blue and light cyan cartoons, respectively, and the three chains of SARS-CoV-2 
Spike trimer are shown as wheat, gray, and yellow surface.
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MW06 complex structure was superimposed on the structure 
of SARS-CoV RBD. The model revealed that the structure of 
SARS-CoV spike RBD was quite similar to that of SARS-CoV-2 
spike RBD (Figure 4a). Furthermore, the sequence alignment 
of these two RBDs showed that the amino acid residues of 
SARS-CoV-2 spike RBD involving the interaction with 
MW06 Fab were highly conserved (Figure 4b). Therefore, the 
structural similarity and epitope conservation of the two SARS- 

related viruses contribute to the cross-reactivity of MW06. In 
addition, we included another 15 SARS-related coronavirus 
strains into the alignment analysis. Of the 24 amino acid 
residues in the epitope recognized by MW06, 12 residues are 
identical in all coronavirus strains (Figure 4c). This result 
indicates a highly conserved epitope recognized by MW06 in 
most of these SARS-related coronavirus strains, which implies 
broad coverage of coronavirus by MW06.

Figure 4. Conserved epitope recognized by MW06. (a) Superposition of SARS-CoV-2 Spike RBD/MW06 complex structure with SARS-CoV Spike RBD. The heavy chain 
and light chain of MW06 are shown as blue and light cyan cartoons; the SARS-CoV-2 Spike RBD is shown as gray cartoon, and the SARS-CoV Spike RBD is shown as red 
cartoon. (b) Sequence alignment of the Spike RBD of SARS-CoV-2 and SARS-CoV. The amino acid residues involved in interaction with MW06 Fab was indicated with 
pentangle. The solid pentangle indicates that the side-chains of the residue participated in the interaction while the hollow pentangle indicates main-chains. The red 
boxes indicated the identical amino acid residues. (c) Amino acid sequence alignment of RBDs from SARS-CoV-2, SARS-CoV and other SARS-related coronavirus strains. 
Epitope residues recognized by MW06 are highlighted in red. Conserved residues are indicated by small black dots on the top of the alignment.
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No observed ADE activity of MW06

Neutralizing antibodies against spike protein play a critical role 
in host defense against the SARS-CoV-2 virus. However, anti
body-dependent enhancement (ADE) is a substantial concern 
for antibody-based therapeutics development. ADE has been 
observed for coronaviruses, and several publications have 
shown that sera induced by SARS-CoV spike protein enhanced 
viral entry into immune cells and exacerbated inflammation.18– 

21 We have previously reported that MW05 with wild-type 
IgG1 format (MW05/IgG1) enhances SARS-CoV-2 infection 
on Raji cells due to the interaction of Fc with FcγRIIB.9 In 
order to investigate whether MW06/IgG1 could enhance the 
infection of SAR-CoV-2 and SARS-CoV on FcγRIIB expres
sing B cells, Raji and Daudi cells were used to evaluate the ADE 
activity of MW06. As shown before, mAb MW05/IgG1 
enhanced the infection of SARS-CoV-2 on both Raji and 
Daudi cells (Figure 5a, b). Instead, no ADE of SARS-CoV-2 
or SARS-CoV infection in immune cells was observed for 
MW06 (Figure 5a, d). As ADE is one of the main concerns 
for the development of anti-SARS-CoV-2 neutralizing mono
clonal antibodies, these results support that MW06 is a good 
therapeutic antibody candidate for further clinical 
development.

Cocktail of MW06 with MW05

Over the course of the pandemic, the spike protein of SARS- 
CoV-2 has been mutating. Antibody cocktails that include two 
or more mAbs recognizing distinct epitopes could target dif
ferent mutants and prevent escape mutants. We therefore 
evaluated the possibility of developing a cocktail of MW06 

and MW05, as MW05 shows high neutralization activity by 
disrupting the interaction of RBD with ACE2 receptor9 and has 
been in a Phase 2 clinical trial. We first compared the epitope of 
MW05 and MW06. The structure of SARS-CoV-2 RBD in 
complex with MW05 has been resolved (PDB accession num
ber: 7DK0). We then superimposed this complex structure 
with that of SARS-CoV-2 RBD/MW06. MW06 and MW05 
could bind to SARS-CoV-2 RBD simultaneously without indu
cing clashes (Figure 6a). A competition assay was performed 
on the Octet system to confirm whether MW06 and MW05 
bind to distinct epitopes on RBD of SARS-CoV-2. As shown in 
Figure 6b, binding of MW05 on SARS-CoV-2 RBD did not 
interfere with the binding of MW06. Binding of MW06 on 
SARS-CoV-2 RBD also did not affect the binding of MW05. 
Altogether, these results suggested that the cocktail of MW05 
and MW06 may have complementary effects in terms of bind
ing and neutralizing different SARS-CoV-2 mutants.

After the outbreak, several SARS-CoV-2 RBD mutations, 
which are located on the binding surface of MW05, have been 
reported. All these mutated RBD recombinant proteins were 
prepared, and we tested their binding with MW05, MW06, and 
the cocktail of MW05 with MW06. As shown in Figure 6c and 
d, MW05 showed decreased RBD/ACE2 blocking activity to 
F490L and F490V, and totally lost the blocking activity to 
E484K, E484Q, and S494P mutations. However, MW06 and 
the cocktail could effectively block the interaction of all these 
RBD mutants with ACE2. Consistent with the blocking data, 
MW06 and the cocktail demonstrate binding to all these RBD 
mutants, with EC50 all lower than 0.02 μg/ml (Figure S1 a,b).

Novel variants with combinations of mutations and dele
tions in RBD have recently appeared in multiple countries. The 
emergence of variants B.1.1.7, B.1.351, and P.1 marked the 

Figure 5. ADE activity of MW06. ADE of SARS-CoV-2 pseudovirus infection of nonpermissive Raji cells (a) and Daudi cells (b) by MW06 were evaluated in a luciferase 
assay system. SARS-CoV-2 pseudovirus were incubated with 2-fold serially diluted mAbs. The mixtures were then added into Raji cells. After 24 hours of incubation, 
luciferase activity was measured. MW05/IgG1 was used as positive control. (c-d) ADE of SARS-CoV pseudovirus infection of nonpermissive Raji cells and Daudi cells by 
MW06.
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Figure 6. Cocktail of MW05 with MW06. (a) The overall structure of MW06 Fab and MW05 Fab in complex with SARS-CoV-2 Spike RBD. The heavy chain and light chain 
of MW06 are shown as blue and light cyan cartoons, the heavy chain and light chain of MW05 are shown as dark green and light green cartoons, and the SARS-CoV-2 
Spike RBD is shown as gray surface. (b) Epitope competition assay was performed between MW05 and MW06. (c) Heatmap showing the ACE2/RBD blocking activity of 
MW05, MW06 and MW05+ MW06 were assessed by ELISA. The IC50 (μg/mL) value for each mutant is shown with red, light blue and blue indicating strong, intermediate, 
weak or non-detectable binding, respectively. “>20” means non-detectable activity. (d) The ACE2/RBD blocking curves of MW05 (left), MW06 (middle) and MW05 
+ MW06 (right). (e) The blocking ability of MW05, MW06 and the cocktail to block RBD recombination protein of SARS-CoV-2 variants strains interaction with ACE2 was 
evaluated by competition ELISA. (f) Neutralization potency of MW05, MW06 and the cocktail against pseudovirus of SARS-CoV-2 variants strains on Huh-7/ACE2 cells.
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beginning of SARS-CoV-2 antigenic drift, among which, both 
B.1.1.7 and B.1.351 have been reported to be resistant to neu
tralization by mAbs.22,23 Notably, B.1.351 is resistant to a major 
group of potent mAbs that target the RBD of SARS-CoV-2, 
including LY-CoV555, LY-CoV55 combined with CB6, and 
REGN10933, which are regimens for emergency use.23 We 
further assessed the antiviral activity of the MW05, MW06, 
and the cocktail of these SARS-CoV-2 variant strains. As 
shown in Figure 6e, f and Figure S1c, MW05 retains its activity 
against variant B.1.1.7, while its activities against variant 
B.1.351 and P.1 are completely abolished. However, MW06 
and the cocktail could effectively disrupt the interaction of 
ACE2 with RBD mutants and also can block the entry of 
B.1.1.7, B.1.351, and P.1 pseudoviruses into Huh-7/ACE2 
cells. Furthermore, the binding and blocking activities against 
a newly emerged variant, B.1.617.1, have been tested. MW06 
and the cocktail show good binding and blocking activities, 
while MW05 does not (Figure S1d,e).

Taken together, these results support the potential clinical 
use of the combination of MW05 and MW06 with a strong 
resistance potential for diverse SARS-CoV-2 mutation strains.

Discussion

Due to the rapid spread and high mortality rate of SARS-CoV 
-2, therapeutic strategies for COVID-19 are urgently needed. 
A promising approach to combat the COVID-19 pandemic 
involves the development of neutralizing antibodies targeting 
the spike protein of SARS-CoV-2. The spike protein is a key 
mediator of viral infectivity required for attachment and entry 
into target cells by binding to the ACE2 receptor. To date, over 
190 antibody-based therapeutics against SARS-CoV-2 are 
being explored.24 This study reports a novel SARS-CoV-2 
neutralizing antibody, MW06. MW06 exhibited good perfor
mance in blocking ACE2/RBD interaction, and showed strong 
neutralizing activities against pseudo and authentic SARS-CoV 
-2 in vitro. Interestingly, MW06 could also bind and neutralize 
SARS-CoV with high potency (Figures 1,2).

SARS-CoV-2 has undergone several mutations and is 
rapidly evolving since its emergence, which could affect the 
efficacy of antibody-based therapeutics. Neutralizing mAbs 
targeting highly conserved regions on RBD of SARS-CoV-2 
may provide better performance in clinical trials.25 In this 
study, we demonstrated that epitope residues recognized by 
MW06 are quite conserved in SARS-CoV-2, SARS-CoV, and 
other SARS-related coronaviruses (Figure 4). Unsurprisingly, 
MW06 shows a cross-activity against spike RBD of both SARS- 
CoV-2 and SARS-CoV. As expected, MW06 could neutralize 
both SARS-CoV-2 and SARS-CoV pseudovirus effectively in 
in vitro neutralizing assays using different cell lines. Although 
further verification is needed to confirm whether MW06 can 
neutralize SARS-CoV authentic virus, it is a reasonable asser
tion that MW06 has a potentially wide spectrum of antiviral 
activities against SARS-related coronavirus.

Other spike RBD-targeting antibodies with cross- 
neutralization activity, such as CR3022,26 S309,27 and 
COVA1-16,28 have been reported. Like MW06, CR3022, and 
COVA1-16 also only bind the spike trimer with 3-“up” 
RBDs.26,28 This common feature seems to be related to the 

epitope residues. Indeed, MW06 shares several common epi
tope residues in SARS-COV-2 RBD with CR3022 and COVA1- 
16, especially in the regions recognized by HCDR3 of 
MW06.26,28 This evidence indicates that immunogens based 
on this region may elicit cross-neutralization antibodies to 
SARS-related coronaviruses.

A main concern of neutralizing mAbs against coronavirus is 
the ADE of virus infection in immune cells. Several antibodies 
against SARS-CoV or SARS-CoV-2 Spike have been reported to 
exhibit ADE activities in vitro or exacerbate disease in animal 
models.9,18,29,30 Studies indicate that the ADE of neutralizing 
mAbs is mediated by the interaction of Fc domain with Fc 
receptors.9,31,32 Some neutralizing antibodies against SARS- 
CoV-2 that are under clinical development include LALA muta
tions to the Fc to diminish the interaction with Fc receptors and 
eliminate the ADE effect.9,11 No ADE of MW06 was observed on 
nonpermissive Raji and Daudi cells (Figure 5). Compared with 
MW05, MW06 has the same Fc region, but a different Fab 
region, which leads to different binding epitopes and recognition 
of different conformations of the spike trimer. These results 
indicate that epitope and binding models also contribute to the 
mechanism of ADE. The correlation between antibody epitope 
and ADE activity needs further study.

An antibody cocktail approach has provided profound 
survival benefit for patients infected with the Ebola virus.33 

Similar findings were reported recently regarding cocktails for 
COVID-19. REGN-COV2, an antibody cocktail that consists 
of two anti-SARS-CoV-2 antibodies, REGN10933 and 
REGN10987, enhanced viral clearance and led to improved 
clinical outcomes.34 More importantly, REGN10933 and 
REGN10987, targeting distinct structural epitope, can target 
more mutants than either single antibody.35 Pairs of antibo
dies that bind to different epitopes of the SARS-COV-2 RBD 
spike protein may reduce the risk of treatment-resistant 
mutants emergence. In this study, our group previously 
resolved the SARS-CoV-2 RBD/MW05 complex, and we 
determined the structure of SARS-CoV-2 RBD/MW06 in 
this study, which encourages us to try a cocktail of MW05 
with MW06. No epitope competition between MW05 and 
MW06 was observed in molecular docking and was further 
confirmed by BLI assays (Figure 6b). For several epidemic 
variants we tested, the cocktail shows similar performance 
with MW06, in both binding and blocking activity (Figure 6 
and Figure S1). Considering that the spike protein of SARS- 
COV-2 is continuously mutating, the cocktail of MW05 and 
MW06 could prevent against future escape variants more 
efficiently. In addition, as MW05/IgG1 shows ADE activity, 
LALA mutations were introduced in MW05 (MW05/LALA; 
MW33)9 in anticipation of the future clinical development of 
cocktails. Animal studies are needed to further confirm the 
prophylactic and therapeutic efficacy of the cocktail of 
MW05/LALA with MW06.

In summary, MW06 has the potential to be a good thera
peutic antibody candidate for COVID-19 treatment due its 
high neutralization activity, broad anti-SARS-related corona
viruses activity, and lack of in vitro ADE effects. Moreover, the 
cocktail of MW06 and MW05/LALA is also valuable for further 
development to prevent outbreaks that may be caused by 
potential viral mutations in the future.
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Materials and methods

Cells and viruses

Huh-7 (Institute of Basic Medical Sciences CAMS, 
3111C0001CCC000679) cells and Vero (ATCC, CCL-81) cells 
were cultured at 37°C in Dulbecco’s Modified Eagle medium 
(DMEM, Hyclone SH30243.01) supplemented with 10% fetal 
bovine serum (FBS). CHO-K1 (ATCC, CCL-61) cells were cul
tured at 37°C in Dynamis Medium (GIBCO A2661501). Raji 
(ATCC, CCL-86) and Daudi (National collection of 
Authenticated Cell Cultures, TCHu140) cells were cultured at 
37°C in RPMI 1640 Medium (BasalMedia L220KJ) with 10% 
FBS. SARS-CoV-2 (Wild type, B.1.1.7, B.1.351, and P.1 variant 
strains) and SARS-CoV pseudoviruses were prepared and pro
vided by the Institute for Biological Product Control, National 
Institutes for Food and Drug Control.

Recombinant protein generation

The SARS-CoV-2 RBD (319–533aa, accession number: 
QHD43416.1) tagged with C-terminal 6 × His or mouse Fc 
fragment, SARS-CoV-2 RBD mutants recombinant proteins 
(Supplementary Table 1) tagged with C-terminal 6 × His, and 
human ACE2 (1–615 aa, accession number: NP_068576.1) 
tagged with human Fc fragment were cloned into expression 
vector. HEK293 cells were transiently transfected with plas
mids using 293fectinTM Transfection Reagent (Cat. 12347019, 
Life Technologies) when the cell density reached 1 × 106 cells/ 
mL. Four days after transfection, the conditioned media was 
collected by centrifugation followed by purification using 
HisTrapTM HP (Cat. 17–5248-01, GE Healthcare), or 
MabSelect SuRe antibody purification resin (Cat: 29–0491-04, 
GE Healthcare). SEC-HPLC and SDS-PAGE were used to 
check the size and purity of these recombinant proteins.

ELISA

To access the binding of mAbs to recombinant proteins 
(SARS-CoV-2 RBD, SARS-CoV-2 RBD mutants, SARS-CoV 
RBD), recombinant proteins were coated on 96-well ELISA 
plates at 10 µg/ml in 100 µL at 4°C for overnight. After blocking 
with 5% bovine serum albumin in phosphate-buffered saline 
(PBS), serially diluted mAbs were added to the plates and 
incubated at 37°C for 1 hour. Plates were washed and second
ary Ab Goat Anti-Human IgG Fc-HRP (Cat. 109–035-098, 
Jackson ImmunoResearch) was added. 3,3′,5,5′- 
tetramethylbenzidine (TMB) was used for color development 
and absorbance at 450 nm was measured using a microplate 
reader. For the RBD/ACE2-hFc blocking assay, ACE2-hFc 
recombinant protein was coated on a 96-well ELISA plate at 
0.75 µg/ml in 100 µL at 4°C for overnight. The equivalent 
volumes (100 µL + 100 µL) of pre-incubated RBD-mFc/mAb 
complex (RBD-mFc concentration: 100 ng/ml, mAb concen
trations between 0.00023 and 40 µg/ml) were added to the 
plates and incubated for 1 hour at 37°C. Plates were washed 
and secondary Ab Goat Anti-Mouse IgG Fc-HRP (Cat. 115– 
035-071, Jackson ImmunoResearch) was added. TMB was used 
for color development and absorbance at 450 nm was 

measured using a microplate reader (Multiskan MK3, 
ThermoFisher).

Affinity measurement and epitope competition assays

Affinity measurement and epitope competition assays were 
performed on Octet Red 384 system (Pall ForteBio, USA) 
using BLI strategy. For MW06 affinity measurement, antibody 
(4 µg/ml) was loaded onto the AHC biosensors (Cat. 18–5060, 
FORTEBIO). Following a short baseline in kinetics buffer, the 
loaded biosensors were exposed to a series of recombinant 
RBD concentrations (30–120 nM) and background subtraction 
was used to correct for sensor drifting. Background wavelength 
shifts were measured from reference biosensors that were 
loaded only with antibodies. ForteBio’s data analysis software 
was used to fit the data to a 1:1 binding model to extract the 
association and dissociation rates. The KD was calculated using 
the ratio koff/kon.

For MW05 and MW06 epitope competition assays, biotiny
lated MW05 or MW06 were loaded on SA biosensors (Cat. 18– 
0009, FORTEBIO). Then, SARS-CoV-2 RBD recombinant 
proteins were loaded at a concentration of 200 nM. Finally, 
the biosensors were exposed to the secondary antibody at 
a concentration of 60 nM to detect the binding. If no increased 
binding signal was observed with the second antibody over the 
binding signal of the first antibody; then, these two antibodies 
recognized the same epitope. In contrast, if an increased bind
ing signal was observed, these two antibodies recognized two 
distinct epitopes.

Neutralization assay

For the pseudovirus neutralization assay, 100 µL of mAbs at 
different concentrations were mixed with 50 µL supernatant 
containing ~1000 TCID50 SARS-CoV-2 or SARS-CoV pseudo
virus. The mixture was incubated at 37°C for 1 hour, supplied 
with 5% CO2. 100 µL of Huh-7 cell or Vero cell suspension 
(2 × 105 cells/mL) was then added to the mixtures of pseudo
viruses and mAbs for an additional 24-hour incubation at 
37°C. Then, 150 μL of supernatant was removed, and 100 μL 
luciferase detecting regents (Cat. 6066769, PerkinElmer) was 
added to each well. After 2 minutes of incubation, each well 
was mixed 6–8 times by pipetting, and 150 μL of the mixture 
was transferred to a new microplate. Luciferase activity was 
measured using a microplate luminometer (SpectraMax L, 
Molecular Devices). The 50% neutralization titer (NT50) was 
calculated using GraphPad Prism 8.2.1.

For authentic virus neutralization assays, Vero E6 and Huh- 
7/ACE2 cells in logarithmic growth phase were digested with 
trypsin to prepare a cell suspension with a cell density of 
4 × 105 cells/ml (Vero E6) and 2 × 105 cells/ml (Huh-7/ 
ACE2), then seeded into 96-well plates with 100 μL per well 
(4 × 104 cells per well). 60 μL of the serially diluted test samples 
were mixed with 60 μL of the SARS-CoV-2 virus with a titer of 
100 TCID50/50 μL. The mixture was then incubated at 37°C for 
1 hour. Media in the cell plates were discarded. 100 μL of test 
antibody-virus mixture was then added into the cell culture 
plates, and cultured at 37°C for 1 hour for viral infection. After 
viral infection, liquid supernatant in the culture plate was 
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aspirated. The plate was washed twice with 1x PBS. The main
tenance medium (DMEM medium containing 2% of FBS for 
CPE assay, additional 1% of methylcellulose was added for 
plaque reduction assay) was added into the samples followed 
by culturing at 37°C for 72–96 hours. After fixation and stained 
by crystal violet, plaque counts were recorded and analyzed. 
CCK-8 reagent (10%, 50 μL per well) was used to measure the 
cell viability for each well. The 50% neutralization titer (NT50) 
was calculated using GraphPad Prism 8.2.1.

Fab generation

The variable region of the heavy chain coding sequence of 
MW06 was cloned into the upstream of a human IgG1 CH1 
domain sequence to produce VH-CH1 expression vector. The 
light chain expression vector was generated by inserting the 
variable region of light chain into the upstream of the human 
Kappa light chain constant region. For Fab generation, VH- 
CH1 and light-chain expression plasmids were transiently co- 
transfected into HEK293 cells. Four days after transfection, the 
conditioned media was collected by centrifugation followed by 
purification using Protein G affinity column (Cat. 17–5248-01, 
Cytiva). The purified protein was buffer exchanged into PBS 
using a Vivacon 500 concentrator (Cat. VS0122, Sartorius 
Stedim). SEC-HPLC and SDS-PAGE were used to check the 
size and purity of MW06 Fab.

Generation of Fab/RBD complex

For the preparation of RBD/MW06 Fab complex, SARS-CoV-2 
RBD recombinant protein tagged with an N-terminal 6 × His 
tag together with MW06 Fab were mixed at a molar ratio of 1:1 
in a 20 mM Tris,150 mM NaCl buffer. After incubation at 
room temperature for 2 hours, the mixture was concentrated 
by an ultrafiltration concentrator (Cat. VS2002, Sartorius 
Stedim) to a concentration of 20 mg/mL in a volume of 
0.3 mL. SEC-HPLC and SDS-PAGE were used to check their 
size and purity.

Crystallization, data collection, structure determination, 
and spike trimer-binding modeling

The crystals of SARS-CoV-2 RBD/MW06 Fab complex were 
grown in a buffer composed of 0.1 M citric acid, pH 3.5, 12% 
(v/v) ethylene glycol, and 14% (w/v) polyethylene glycol 6000 
using the sitting-drop vapor-diffusion method at 16°C. The 
crystals were soaked in reservoir solutions with additional 
10% glycerol for several seconds and flash-frozen in liquid 
nitrogen before diffraction data collection. The X-ray diffrac
tion data were collected at beamline BL19U136 of the National 
Facility for Protein Science in Shanghai (NFPS) at the Shanghai 
Synchrotron Radiation Facility (SSRF) with a wavelength of 
0.9785 �, using a Pilatus 6 M detector. The data were indexed, 
integrated, and scaled with HKL3000 software.37 The structure 
was solved by the molecular replacement method with 
PHASER38 in the CCP4 suite,39 using the Spike RBD structure 
in the SARS-CoV2 Spike RBD/hACE2 complex (PDB code 
6LZG)14 and the Fab structure in the MW317-PD1 complex 
(PDB code 6JJP)9 as the search models. The model was rebuilt 

with COOT40 and refined with PHENIX.41 Coordinates and 
structure factors have been deposited into the Protein Data 
Bank (PDB) under an accession number of 7DPM. Detailed 
statistics for data collection and structure determination are 
summarized in Supplementary Tables 2 and 3. The models of 
MW06 Fab bound to “close”, “open”, and “3 up” Spike trimers 
were generated by superimposing the RBD in the RBD/MW06 
Fab complex with RBDs in the “close” Spike trimer (PDB code 
6VXX),16 “open” Spike trimer (PDB code 6VYB),16 and “3-up” 
Spike trimer-hACE2 complex (PDB code 7A98)17 structures, 
respectively.

Sequence conservation analysis

RBD amino acid sequences from SARS-CoV-2, SARS-CoV, 
and SARS-related coronavirus (SARSr-CoV) strains were 
retrieved from the following accession codes:

UniProt P0DTC2 (SARS-CoV-2), GenBank ABF65836.1 
(SARS-CoV), GenBank ALK02457.1 (Bat SARSr-CoV 
WIV16), GenBank AGZ48828.1 (Bat SARSr-CoV WIV1), 
GenBank ACU31032.1 (Bat SARSr-CoV Rs672), GenBank 
AIA62320.1 (Bat SARSr-CoV GX2013), GenBank 
AAZ67052.1 (Bat SARSr-CoV Rp3), GenBank AIA62300.1 
(Bat SARSr-CoV SX2013), GenBank ABD75323.1 (Bat SARSr- 
CoV Rf1), GenBank AIA62310.1 (Bat SARSr-CoV HuB2013), 
GenBank AAY88866.1 (Bat SARSr-CoV HKU3-1), GenBank 
AID16716.1 (Bat SARSr-CoV Longquan-140), GenBank 
AVP78031.1 (Bat SARSr-CoV ZC45), GenBank AVP78042.1 
(Bat SARSr-CoV ZXC21), GenBank QHR63300.2 (Bat CoV 
RaTG13), UniProt A0A6G9KP06 (Pangolin BetaCoV 
Guandong2019), NCBI Reference Sequence YP_003858584.1 
(Bat SARSr-CoV BM48-31). Multiple sequence alignment of 
the RBD sequences was performed by Vector NTI Advance 
version 11.5.1.

Antibody-dependent enhancement

The ADE assays were performed using Raji and Daudi cell 
lines. 25 µL of serially diluted mAbs were mixed with 25 µL 
supernatant containing 750 TCID50 SARS-CoV-2 or SARS- 
CoV pseudovirus. The mixture was incubated for 1 h at 37°C. 
50 µL cells at the density of 2 × 106 cells/mL were added to the 
mixtures of pseudoviruses and mAbs for an additional 24-h 
incubation. Then, the same volume of luciferase detection 
reagents (Cat. 6066769, PerkinElmer) was added to each well. 
After 2 minutes of incubation, the luciferase activity was mea
sured using a microplate luminometer (SpectraMax i3x, 
Molecular Devices).
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