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Abstract
The ongoing pandemic caused by severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) and its variants has posed a serious global public health emer-
gency. Therapeutic interventions or vaccines are urgently needed to treat and
prevent the further dissemination of this contagious virus. This study described
the identification of neutralizing receptor-binding domain (RBD)-specific anti-
bodies from mice through vaccination with a recombinant SARS-CoV-2 RBD.
RBD-targeted monoclonal antibodies (mAbs) with distinct function and epi-
tope recognition were selected to understand SARS-CoV-2 neutralization. High-
affinity RBD-specific antibodies exhibited high potency in neutralizing both live
and pseudotype SARS-CoV-2 viruses and the SARS-CoV-2 pseudovirus particle
containing the spike protein S-RBDV367F mutant (SARS-CoV-2(V367F)). These
results demonstrated that these antibodies recognize four distinct groups (I–IV)
of epitopes on the RBD and that mAbs targeting group I epitope can be used in
combination with mAbs recognizing groups II and/or IV epitope to make mAb
cocktails against SARS-CoV-2 and its mutants. Moreover, structural character-
ization reveals that groups I, III, and IV epitopes are closely located to an RBD
hotspot. The identification of RBD-specific antibodies and cocktails may provide
an effective therapeutic and prophylactic intervention against SARS-CoV-2 and
its isolates.
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1 INTRODUCTION

The novel coronavirus SARS-CoV-2 caused Coronavirus
disease 2019 (COVID-19), which belongs to the Betacoro-
navirus genus and shares high sequence homology with
SARS-CoV (82%).1 The emergence of SARS-CoV-2 posed
a serious global health emergency; it spread rapidly world-
wide, leading to a COVID-19 pandemic that infected more
than 79 million people and killed over 1.7 million. Sev-
eral studies have shown the protective roles of neutraliz-
ing antibodies against SARS-CoV-2. Plasma from convales-
cent individuals, which contains neutralizing antibodies,
inhibited virus infection andhas a potential for therapeutic
interventions.2,3 Given the limitations of plasma for thera-
peutic use, several research groups have identified neutral-
izing antibody candidates from humanized mice and con-
valescent individuals.4–11
SARS-CoV-2 and SARS-CoV infect host cells in a similar

mechanism. These viruses apply angiotensin-converting
enzyme 2 (ACE2) as a cell receptor for viral entry
through their transmembrane spike glycoprotein (S).12–17
The SARS-CoV-2 S protein have two functional subunits:
an N-terminal S1 domain and a C-terminal S2 domain (S2
domain protruding from the viral surface). RBD domain
of the S1 tightly binds to the peptidase domain of ACE2,
playing key roles in determining host range, tropism, and
infectivity. The coronavirus RBD is the main target of neu-
tralizing antibodies and has been a focus of vaccine design
and therapeutic efforts.18–21 SARS-CoV and the Middle
East respiratory syndrome coronavirus RBD-based anti-
bodies have shown neutralization activities in the previ-
ous studies.22 The SARS-CoV-2 RBD shares 50% sequence
identity with that of SARS-CoV, explaining why formerly
SARS-CoV antibodies could not neutralize SARS-CoV-2.23
The neutralizing anti-RBDmonoclonal antibodies (mAbs)
are believed to disrupt the virus–receptor engagement.
Several potent neutralizing antibodies from convalescent
patients, which recognize the SARS-CoV-2RBD, have been
recently reported.5–11 This study described the identifica-
tion of potent neutralizing RBD-specific mAbs from mice
vaccinated by a recombinant SARS-CoV-2 RBD. These
antibodies exhibited a higher binding affinity to the RBD
and high potency to neutralize both live and pseudo-
type SARS-CoV-2 viruses and SARS-CoV-2(V367F) pseu-
dovirus. Overall, these antibodies recognize four distinct
epitopes on the RBD, and cocktails containing mAbs tar-
geting different antigenic sites showed higher potency to

neutralize the SARS-CoV-2 virus and SARS-CoV-2(V367F)
pseudovirus particle.

2 RESULTS

2.1 Characterization of high-affinity
RBD-specific mAbs

As the RBD mediates entry into host cells through direct
interaction with ACE2, and it is the prime target of neu-
tralizing mAbs, a recombinant RBD-Fc was used to immu-
nize mice to isolate RBD-targeted mAbs (Figures 1A and
S1.) Using enzyme-linked immunosorbent assay (ELISA)
competition and surface plasmon resonance (SPR) assays,
17 mAbs binding to the SARS-CoV-2 RBD were identified
(Figures 1B, 1C, and S1-S3).
To identify mAbs that inhibit the interaction between

the SARS-CoV-2 RBD and ACE2, 74 of 220 positive clones
were finally selected for a competition assay in the pres-
ence of ACE2 for binding to the SARS-CoV-2 RBD (Table
S1). Specifically, the supernatant of the 74 cloneswas added
to an ELISA plate coatedwith a recombinant humanACE2
in the presence of a His-tagged SARS-CoV-2 RBD. The
RBDbinding toACE2was visualized by anti-His secondary
antibodies at an optical density of 450 nm. The compet-
ing power of each antibody clone was measured via the
percent reduction in RBD binding with the ACE2 recep-
tor. As shown in Figure 1B and Table S1, approximately
23% of total clones were competitive against ACE2. Seven-
teen antibody clones that reduced ACE2 binding by more
than 50% were selected; their light and heavy chains were
cloned to the linear expression cassettes. ThesemAbs were
produced by either using a hybridoma cell line or trans-
fection of linear expression cassettes, and their compet-
ing potency with ACE2 binding to the SARS-CoV-2 RBD
was analyzed. Ten mAbs demonstrated a higher level of
competition activity, with half-maximal inhibitory concen-
trations (IC50) values ranging from 1.24 to 3.14 nM, and
the other seven mAbs had only slightly lower compet-
ing power, with variable IC50 values ranging from 3.25 to
11.13 nM (Figures 1C, S1C, and S1D, and Table S2). To dif-
ferentiate the levels of competition among these mAbs,
flow cytometry analysis was used to define whether the
17 antibodies can effectively inhibit the binding of the S to
the ACE2 expression on the surface of HEK293T cells. As
shown in Figures 1D, 1E, and S4, five mAbs (MA1, MA4,
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F IGURE 1 Characterization of RBD-specific mAbs inhibiting binding of the S to ACE2 receptor. (A) Serological antibody responses to
the SARS-CoV-2 RBD-mFc evaluated by ELISA. (B) Diagram shows the percentage of hybridoma clones with different competition levels
against ACE2 binding to the SARS-CoV-2 RBD. Inhibition rate ≦ 0% indicated approximately 39% of total clones could not compete with
ACE2. (C) Inhibitory curves of representative mAbs competing with ACE2. (D) Representative mAbs block SARS-CoV-2 S binding to ACE2 in
FACS-based assay. (E) The inhibition rate of all selected mAbs was measured by flow cytometry with 10 µg/ml of each antibody, and
experiments were performed three times. (F) Binding kinetics of MA1 and ACE2 with SARS-CoV-2 RBDV367F. The purified soluble
SARS-CoV-2 RBDV367F was covalently immobilized onto a CM5 sensor chip followed by injection of ACE2 or MA1 with five different
concentrations. The black line indicates the experimentally derived curves, and the colored lines represent the fitted curves based on the
experimental data
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MA6, MA9, and MA12) completely blocked recombinant
S-His from binding to cell-associated ACE2, and five mAbs
(MA2, MA5, MA7, MA8, and MA10) also strongly inter-
fered with ACE2 binding. These results demonstrated that
10 of the 17 mAbs have higher competition levels against
ACE2 for binding to the SARS-CoV-2 S protein, suggesting
that these mAbs would potentially neutralize SARS-CoV-
2.
The binding activity of these mAbs to the SARS-CoV-

2 RBD was further analyzed using ELISA and SPR (Fig-
ures S2 and S3), and theKD (dissociation constants) ranged
from 10–10 to 10–9 M. These data showed that six mAbs
(MA1–MA4, MA6, and MA7) have a higher binding affin-
ity to the SARS-CoV-2 RBD with subnanomolar KD val-
ues than the rest mAbs in this study. The 10 aforemen-
tioned mAbs with higher competition levels against ACE2
strongly bound to the SARS-CoV-2 RBD with a higher
binding affinity than most other mAbs. Similarly, most of
the 10 mAbs with higher competition levels against ACE2
and higher binding affinity to the SARS-CoV-2 RBD exhib-
ited greater binding affinity to the SARS-CoV-2 RBDV367F.
Interestingly, the binding affinity of RBDV367F to ACE2
(Figure 1F) was increased by twofold than that of the
wild-type RBD to ACE2, which correspond to a previous
study.14 MA1, one of the most competitive mAbs, demon-
strated a 10-fold higher binding affinity to the SARS-CoV-2
RBDV367F thanACE2 (Figures 1F and S5). These results col-
lectively suggested that the top 10 mAbs with high avidity
would be potential candidates for neutralizing SARS-CoV-
2 and its mutants.

2.2 Neutralization properties of
RBD-specific mAbs

Whether high-affinity RBD-targeted mAbs could effi-
ciently neutralize SARS-CoV-2 live and pseudovirus and
SARS-CoV-2(V367F) pseudovirus particles was deter-
mined. The majority (MA1–MA4 and MA6–10) of the
mAbs showed high neutralizing activity against the SARS-
CoV-2 pseudovirus and live virus. MA1–MA3, MA6, and
MA10 mAbs were the most potent neutralizers among the
total mAbs evaluated, with IC50 values in the subnanomo-
lar range (Figure 2 and Table S2). A similar neutralizing
potency of most mAbs against the SARS-CoV-2(V367F)
pseudovirus particle was observed. However,MA1was less
potent to neutralize the SARS-CoV-2(V367F) pseudovirus
than the wild-type SARS-CoV-2 and live virus, indicat-
ing that a conformational change of RBDV367F might have
occurred within these antigenic sites. Based on the bind-
ing data, MA5 strongly interacted with the SARS-CoV-2
RBD and inhibited binding of the RBD to ACE2; how-
ever, it was less potent to neutralize the SARS-CoV-2 pseu-

dovirus, live virus, and SARS-CoV-2(V367F) pseudovirus
compared with other mAbs, indicating that it might have
recognized a distinct epitope on the RBD, limiting its neu-
tralizing activity.

2.3 Epitope specificity determined by a
binding competition assay

RBD-Fc and dithiothreitol (DTT)-reduced RBD-Fc were
immobilized on ELISA plates to determine whether these
antibodies recognize a conformational epitope. All 17
monodonal antibodies responded to natural RBD-Fc, but
not to DTT-reduced RBD-Fc, indicating that they recog-
nized the disulfide bond-dependent conformational epi-
topes expressed on the S protein RBD.
To understand the fine specificity of mAbs, an ACE2

competition assay was developed using one biotinylated
mAb as the reference competing with other antibodies for
binding to the SARS-CoV-2 RBD. For instance, MA9 was
first biotinylated, and the inhibitory roles of other mAbs
onMA9 binding to the RBDwasmeasured. ThirteenmAbs
(MA) competed with the biotinylated MA9, but the oth-
ers did not block MA9 from binding to the RBD (Fig-
ure S6). A similar competing pattern was observed when
MA2–MA4, MA6–MA8, MA10, MA11, MA13, and MA14
were biotinylated, indicating that they all competed for
a similar conformational epitope on the RBD. By con-
trast, when MA1, one of the most potent neutralizing Abs,
was biotinylated, only four mAbs (MA9, MA6, MA12, and
MA15) were shown to compete with MA1 for binding to
the RBD. Therefore, MA1 may recognize a distinct epi-
tope from the other mAbs and is regarded under group I
mAb (Figure 3D). MA6, MA12, and MA15 competed with
every biotinylated mAb; thus, they comprised a distinct
group called group III mAb. The other MA9 competing
antibodies shared a similar competition pattern; therefore,
they recognized an overlapping epitope on the RBD, form-
ing group II mAbs (Figure 3D). Three MA9 noncompeti-
tive mAbs were further biotinylated and tested in a simi-
lar ACE2 competition assay. MA16, MA17, and MA5 com-
peted onlywithmAbswithin group II, suggesting that they
formed a separate group defined here as group IV mAbs
(Figure 3D). The four groups with special epitopes were in
accordance with the CDR3 sequence comparison between
17 mAbs (Figure 3A).
The finding that group III mAbs (MA6, MA12, and

MA15) were competitive with almost all other mAbs in the
ACE2 competition assay suggested that they possibly rec-
ognize an essential neutralizing epitope on the RBD, over-
lapping with the remaining epitopes defined in this study.
This finding was confirmed using SPR for the selected rep-
resentative mAbs from each group for a competition assay
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F IGURE 2 Neutralization of the SARS-CoV-2 pseudovirus and live virus and the SARS-CoV-2(V367F) pseudovirus by mAbs. (A and B)
SARS-CoV-2 and SARS-CoV-2(V367F) pseudovirus were incubated with threefold serially diluted mAbs. The mixtures were then added to
Huh7 cells. After 24 h incubation, neutralization potencies of mAbs were evaluated in a luciferase assay system. (C) The mixture of live
SARS-CoV-2 virus and serially diluted mAbs was added to Vero-E6 cells. After 72 h incubation, ND50 was calculated by fitting the CPE
proportion with serially diluted antibody to a sigmoidal dose-response curve. (D) CPE for representative MA9 was observed daily and
recorded on day 3 post-exposure

in a pairwise fashion (Figures 3B and S7). MA6 and MA12
competed with the rest of the mAbs for binding to the
immobilized RBD, consistent with the ELISA competition
data. Instead, MA1 and MA5 were found to weakly com-
pete with group III (MA6 and MA12) mAbs but showed
no competition between them, indicating that their epi-
topes on RBD are separated from each other. One notable
feature of MA1 (group I) mAb is that it does not com-

pete with both group II (MA2, MA7, andMA10) and group
IV (MA5) mAbs for the recognition of the SARS-CoV-2
RBD. The epitope specificities of the selected mAbs on
the RBDV367F mutant were also investigated, and a simi-
lar competition pattern was observed among mAbs (Fig-
ure 3C). MA5 (group IV) mAbweakly competed withMA2
and MA10 (group II) for binding to the RBD; however,
this competition did not exist for the RBDV367F mutant
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F IGURE 3 Four distinct antigenic sites of the RBD targeted by four groups of mAbs, which can make potent neutralizing cocktails
against SARS-CoV-2 and SARS-CoV-2(V367F). (A) The CDR3 sequence comparison between 17 mAbs defines four different groups of mAbs.
(B) The sensorgrams showed that MA1 does not compete with MA2 or MA5 for binding to the SARS-CoV-2 RBD, whereas MA2 competes
with MA5 for binding to the RBD. (C) The sensorgrams showed that MA1 does not compete with MA2 or MA5 for binding to the SARS-CoV-2
RBDV367F, and MA2 does not compete with MA5 for binding to the RBD. Pairs of testing antibodies were sequentially applied to the covalently
immobilized RBD on a CM5 sensor chip, and the level of reduction in RU compared with or without prior antibody incubation is the key
criterion to determine two mAbs that recognize separate or closely situated epitopes. (D) Models of four distinct antigenic sites on the RBD.
Group III epitope overlaps with three other groups, whereas group I is separated from groups II and IV. (E and F) Triple-mAb and pair-mAb
cocktails with threefold serial dilution were incubated with SARS-CoV-2(V367F) pseudovirus. The mixtures were then added to Hu7 cells,
and the neutralization potencies of mAb cocktails were evaluated in a luciferase assay system

(Figure S8), indicating that mAbs from groups II and
IV can simultaneously bind to RBDV367F. Additionally, a
triple-mAb complex of RBDV367F with MA1scFv, MA2Fab,
andMA5Fab (Figure S9) and a pair of antibody complex of
RBD with MA1scFv and MA2Fab (Figure S10) were suc-
cessfully assembled. As group I MA1, group II MA2 to
MA4, and group IVMA5 demonstrated a potent neutraliz-
ing activity toward SARS-CoV-2 pseudoviruses, antibody
cocktails comprising mAbs from group I and those from
groups II and/or IV could be used potentially for therapeu-
tic interventions against SARS-CoV-2 and its mutants.

2.4 RBD-specific mAb cocktails have
potent neutralizing activity against
SARS-CoV-2(V367F) pseudovirus

To determine whether mAbs from groups I, III, and IV can
be used together for synergistic enhancement in their neu-

tralization potency, MA1 (group I), MA2 (group III), MA4
(group III), MA5 (group IV), andMA6 (group II) were cho-
sen for the pseudovirus neutralization assay. As shown in
Figures 3E and 3F, the triple-mAb cocktail containingMA1
and MA5 combined with either MA2 or MA4 exhibited
a higher neutralization potency than the pair-mAb cock-
tails or single usage of mAb against SARS-CoV-2(V367F)
pseudovirus. In line with the isolation of a three-mAb
RBD complex, these findings confirmed that mAbs recog-
nizing sites I, III, and IV could bind to RBDV367F simul-
taneously, leading to an increase in neutralization activ-
ity against SARS-CoV-2(V367F). Generally, the pair-mAb
cocktails had a higher level of neutralizing activity than a
single mAb from each group. These results suggested that
antigenic site I is set apart from site IV than site II, and the
close distance between sites II and IV in thewild-type RBD
could limit the simultaneous access of antibodies targeting
these two sites. The three-mAb binding to RBDV367F might
have resulted from conformational changes that occurred
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within sites II and IV, and the distance between them was
somehowmore separate in the RBDV367F mutant. This was
further supported by following the structural determina-
tion of the MA1ScFv/MA2Fab/MA5Fab/ RBDV367F com-
plex.

2.5 Structural characterization of mAbs
targeting sites I, II, and IV

SARS-CoV-2 neutralization, mAbs recognizing sites I, II,
and IV were selected for the structural characterization
of their variable domains in complex with the RBD by
cryo-electron microscopy (cryo-EM). MA1scFv was tran-
siently expressed in HEK293 cells and further purified
by size exclusion chromatography, and the Fab fragments
of MA5 and MA7 were prepared in a similar way as
described previously.14 The three-dimensional reconstruc-
tions of MA1ScFv/MA2Fab/MA5Fab/RBDV367F complex
were determined (Figures 4A-4C). And the RBD density
was not well resolved inMA1ScFv/MA2Fab/RBD complex
because of its flexibility and the preferred particle orienta-
tion on the EM grid (Figure S11).
All three antibodies recognized epitopes on the

same side of the RBD and surrounded the RBD like a
shamrock (Figure 4C). A direct comparison between
MA1ScFv/MA2Fab/RBD and MA1ScFv/MA2Fab/
MA5Fab/RBDV367F complex defines the relative ori-
entation and position of MA1ScFv and MA2Fab, and
MA5Fab may be located near MA1 in MA1ScFv/MA2Fab/
MA5Fab/RBDV367F complex. The three MAbs of the
cocktail can simultaneously bind to distinct regions of the
RBD; MA5 and MA2 recognizing a more conserved patch
across SARS-CoV-2 RBD (residues 441–450), correspond-
ing to an ACE2-interactional region (Figure 4D). And the
the epitopes of SARS-CoV-2 revealed by MA1 (residues
456–460) suggested that antibodies targeting the RBD
primarily are more likely to be ACE2-specific binding site
(Figure 4E).
Structural analysis revealed that the antigenic sites I,

II, and IV were located to a closely related RBD region,
which may partially overlap with the ACE2 binding site.
This finding agreed with that in a flow cytometry com-
petition assay that antibodies targeting sites I, III, and IV
have different levels of competition capacity with ACE2
binding to RBD. Based on a recent study,9 the neutral-
ization potency of antibodies correlated with their hin-
drance with ACE2 binding. The antibodies selected for dis-
tinct epitopes on the RBD could inhibit viral attachment
to the host cell differently, and their combination in usage
could provide an effective way to control SARS-CoV-2
transmission.

3 DISCUSSION

The SARS-CoV-2 S glycoprotein is the prime antigen
inducing immune responses during infection, and S-based
vaccines enter into phase III clinical trials.24,25 One draw-
back of the full-length coronavirus S-based vaccine is that
it contains undesirable antigenic sites, resulting in anti-
bodies that do not neutralize virus infection.18 However,
the RBD domain of the S protein is responsible for rec-
ognizing the host cell receptor and is the major target of
90% of the neutralizing antibodies. Recent studies have
demonstrated that RBD-directed mAbs isolated from con-
valescent COVID-19 donors efficiently neutralize SARS-
CoV-2, whereas non-RBD antibodies fail to exhibit pseu-
dovirus neutralizing capability.5,18 Furthermore, the US
Food and Drug Administration urgently approved a cock-
tail containing RBD-specific mAbs for clinical usage to
treat patients with COVID-19. This study identified 10
potent neutralizing RBD-specific mAbs targeting four dis-
tinct antigenic sites (sites I–IV). An ACE2 competition
assay was developed to screen out antibodies with low
competition potency against ACE2; therefore, most of the
selected RBD-specific mAbs exhibited a high level of com-
petitionwithACE2binding andhigh binding affinity to the
RBD. The competitive ability of ACE2 is closely related to
the neutralizing potency of RBD-specific mAbs; this cor-
relation was used as a strategy for the identification of
highly potent mAbs by several research groups.4–6,8 These
data demonstrated that most mAbs neutralize both live
and pseudotype SARS-CoV-2 viruses and the SARS-CoV-
2(V367F) pseudovirus particle with IC50 values in the sub-
nanomolar range. These results highlighted the impor-
tance of using both functional and binding tests to assess
the neutralizing potencies of mAbs.
The SARS-CoV-2 RBD contains at least four differ-

ent but overlapping antigenic sites recognized by mAbs
with different levels of neutralization potencies. Cocktails
containing mAbs recognizing different epitopes demon-
strated a higher neutralization potency against SARS-CoV-
2. Site I-targeted mAb (group I) can be used together
with mAbs from group II or IV to develop mAb cocktails
against SARS-CoV-2. Group II mAbs recognize epitopes
that slightly overlap with the epitopes recognized by group
IV mAbs; however, these two epitopes become separate
from each otherwithin the RBDV367F because of conforma-
tional changes. A triple-mAb cocktail (MA1–MA2–MA5)
was developed against the SARS-CoV-2(V367F) isolate. By
contrast, group III mAbs shared an overlapping binding
site with groups I, II, and IV mAbs; thus, these mAbs can
only be used singly to neutralize SARS-CoV-2.
Cryo-EM analysis showed that MA1 mAb (group I)

along with mAbs from group II or IV bound to the
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F IGURE 4 Structural basis for the recognition of the RBDV367F by mAbs cocktails containing MA1ScFv, MA2Fab, and MA5Fab. (A)
Schematic of MA1ScFv, MA2Fab, MA5Fab, and SARS-CoV-2 RBDV367F are marked in sky blue, forest green, yellow, rosy, purple, and silver,
respectively. (B) Representative 2D class averages of the RBDV367F bound to MA1ScFv, MA2Fab, and MA5Fab. (C) Cryo-electron microscopy
density map of the the RBDV367F in complex with MA1ScFv, MA2Fab, and MA5Fab. Details are indicated, and the color scheme is the same as
in (A). (D and E) Details of the interface between the antibodys and SARS-CoV-2 RBDV367F. The binding hotspot involved in interaction of
MA1, MA2, and MA5 epitopes is labeled with red. And, MA5 binding site, including residues L441-N450 of RBD is emphasized by transparent
purple circle

RBD simultaneously, whereas MA1 (group I) mAb, MA2
(site III), and MA5 (site IV) bound to the RBDV367F
together. These structural data reveal that antigenic site
I is distinct from sites II and IV; thus, antibodies tar-
geting these sites can make cocktails for therapeutic
use.
In conclusion, 10 potent neutralizing mAbs against

SARS-CoV-2 with higher binding affinity to the RBD were
identified. The majority of the mAbs neutralize the SARS-
CoV-2(V367F) pseudovirus equally well, with group II
mAbs, such as MA7 and MA8, exhibiting a remarkable
neutralizing potency, with IC50 of about 42 pM. This find-
ing suggested that group II mAbs prefers the conforma-

tion of the RBDV367F. Furthermore, this study structurally
and functionally defined that group I antibodies could be
used along with group II or IV antibodies to develop pair-
antibody cocktails against SARS-CoV-2 and its mutant.
Meanwhile, groups I, II, and IV mAbs can be used to pre-
pare triple-mAb cocktails against the SARS-CoV-2(V367F)
isolate. SARS-CoV-2 is still evolving and continuing to cir-
culate in humans. Further studies are required to address
whether the selected RBD-specific mAbs can neutralize
other SARS-CoV-2 isolates. We have identified the potent
neutralizing mAbs maybe provide an effective prophylac-
tic and therapeutic intervention against the continual dis-
semination of COVID-19.
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4 MATERIALS ANDMETHODS

4.1 Recombinant expression

Recombinant RBDs and trimeric S for SARS-CoV-2 and
the human ACE2 N-terminal domain (19-615AA) were
expressed using either the insect baculoviru (Invitrogen)
or transient transfection of HEK293 cells. SARS-CoV-2
RBD (residues Arg319-Phe541) or its mutant RBDV367F was
cloned into pFastBac vectors with a gp67 secretion signal
at the N-terminus and 6xHis tag at the C-terminus. After
infecting Hi5 cells with the high-titer virus, recombinant
RBD and S proteinwere secreted into themedium.Affinity
purification and size exclusion chromatography were used
for the purification of RBDs and S protein. The purifica-
tion procedures of RBDs and S protein from mammalian
cells were almost the same, except that HEK293 cells were
transiently transfected by expression vectors with the tar-
get genes.

4.2 ELISA analysis

To screen for hybridoma clones that compete with ACE
binding, the ELISA plates were coated with human ACE2-
hFc, and the supernatant from hybridoma clone and His-
tagged RBD were applied. The binding was visualized
using anti-His secondary antibodies at an optical density
of 450 nm. The inhibitory rate was calculated via the per-
cent reduction of S binding to ACE2. To determine the IC50
values of each antibody that competed with ACE2 binding,
the ELISA plates were coated with His-tagged RBD, and
serial dilutions of the antibody were applied in the pres-
ence of ACE2 as a competing agent.

4.3 Flow cytometry analysis

The activity of mAbs to block SARS-CoV-2 S and ACE2
binding was measured by FACS. The vector of full-length
human ACE2 transfected HEK293T and incubated at 37◦C
for 36 h. Each antibody was incubated with S protein for
30 min, and then, the mAb/S mixture was added to ACE2-
expressing 293-cells. Cells were stained with anti-human
IgG FITC, mAb binding, and anti-His S binding. Then,
cells were analyzed using FACSalibur flow cytometer (Cel-
lQuest software).

4.4 Affinity and epitope mapping
determination by SPR

The affinity and binding kinetics of mAbs to SARS-CoV-2
RBD and RBDV367F were analyzed using Biacore 8K (GE

Healthcare). Via amine groups, the recombinant SARS-
CoV-2 RBD or SARS-CoV-2 RBDV367F was covalently
immobilized to the CM5 chip in 10mM sodium acetate, pH
5.0 for a final response unit of∼200. SPR assayswere run at
a flow rate of 30 µl/min inHEPES (20mMHEPES [pH 8.0],
150mMNaCl, and 0.05%Tween 20). The sensorgramswere
fit in a 1:1 bindingmodel with Biacore Evaluation Software
(GE Healthcare). For epitope mapping, SARS-CoV-2 RBD
or SARS-CoV-2 RBDV367F was immobilized to a CM5 chip
for a final RU of approximately 1500. The first mAbs were
injected into the chip until reached a binding steady state,
and the second antibodies were then injected for 180 s.
Whether two antibodies recognized different epitopes can
be determined by their binding ability.

4.5 Pseudovirus and live SARS-CoV-2
neutralization assays

Serial dilutions of purified mAbs or mAb cocktails were
mixed with incubating pseudoviruses at 37◦C for 1 h.
Cells for SARS-CoV-2 or SARS-CoV-2 (V367F) pseudovirus
(∼15,000 per well) were added to the virus–antibody mix-
ture. The IC50 of the mAbs was measured by luciferase
activity 48 h after exposure to the virus–mAbs mixture
using GraphPad Prism 7 Software. Live SARS-CoV-2 was
performed using the cytopathic effect assay. All experi-
ments were performed in a Biosafety Level 3 facility.

4.6 Cryo-EM data processing and model
building

A total of 1,990,360 particles of the
MA1ScFv/MA2Fab/MA5Fab/RBDV367F complex were
auto-picked and extracted with a box size of 170 × 170
pixels from 2265 micrographs (Figure S12). A low picking
threshold was used to include the good particles as more
as possible, and the particles were extracted and binned for
2D classification. We selected 1,365,928 good particles after
two rounds of 2D classification. Initial 3D models were
generated from 2D class averages by RELION 3.0-beta. The
selected particles were subjected to 3D classification. Four
classes, 1,221,238 particles were selected and combined for
3D auto-refinement, which resulted in an overall 4.16 Å
resolution map. Postŋprocessing, including soft masking,
yielded a map with a resolution of 3.98 Å.
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