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a b s t r a c t

Potent neutralizing antibodies (Abs) have been proven with therapeutic efficacy for the intervention
against SARS-CoV-2. Majority of these Abs function by directly interfering with the virus entry to host
cells. Here, we identified a receptor binding domain (RBD) specific monoclonal Ab (mAb) 82A6 with
efficient neutralizing potency against authentic SARS-CoV-2 virus. As most Abs targeting the non-
receptor binding motif (RBM) region, 82A6 was incapable to block the RBD-ACE2 interaction. In
particular, it actively promoted the S1 subunit shedding from the S protein, which may lead to effective
reduction of intact SARS-CoV-2 viruses. Importantly, it could block potential syncytia formation asso-
ciated with post-infectious cell surface expression of S proteins. Our study evidenced a RBD specific Ab
with unique beneficial efficacy against SARS-CoV-2 infection, which might bring informative significance
to understand the collective effects of neutralizing Abs elicited in COVID-19 patients.

© 2021 Elsevier Inc. All rights reserved.
1. Introduction

Neutralizing Abs with protective effects could be elicited during
SARS-CoV-2 infection or after vaccination against this virus [1e5].
SARS-CoV-2 enters the host cells through the interaction between
the viral spike (S) protein, specifically the RBM region, and the host
receptor angiotensin-converting enzyme 2 (ACE2) [6e9]. Conse-
quently, the RBM has been the main target for the prophylaxis and
the treatment of COVID-19 [10e14]. For Abs targeting the non RBM
region [15e17], recent studies have reported that many of them
also exhibit neutralizing capabilities against SARS-CoV-2, through
the corresponding mechanisms were relatively less understood.

Compelling evidences have shed light on additional key steps
during SARS-CoV-2 infection other than RBD-ACE2 recognition as
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potential targets of neutralization [10,18e20]. Naturally, subse-
quent to the receptor binding, the S1 subunit will dissociate from
the trimeric S protein, which exposes the other subunit S2 [8,21,22].
S2, in turn, mediates the membrane fusion of the virus and the host
cell, as the final step of viral entry [8,21,22]. Infected cells express
the S protein on the cell surface, and can form syncytia when fused
with the adjacent ACE2-expressing cell. The presence of multi-
nucleated syncytial pneumocytes has usually been associated
with severe cases of COVID-19 [23e26]. Therefore, neutralizing Abs
targeting these critical processes during SARS-CoV-2 infection,
including the S1 shedding and/or the formation of syncytia, may
exhibit functional significance in addition to the neutralization
mediated by direct blockage of receptor binding.

Here, we presented a RBD specific mAb 82A6 targeting the non-
RBM region, which exhibited neutralizing potency against
authentic SARS-CoV-2 virus. This mAb did not affect the interaction
between RBD and ACE2. Instead, it induced S1 shedding and
blocked syncytia formation. This study provides the neutralizing
mechanism for a non-RBM targeted mAb with unique beneficial
efficacy against SARS-CoV-2, and enriches our understanding of the
relationship between S1 shedding and syncytia formation.
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2. Materials and methods

2.1. Recombinant antibody production and purification

Recombinant antibody was produced and purified based on our
published method [4].
2.2. Surface plasmon resonance (SPR) experiment

The affinity between the mAb and SARS-CoV-2 RBD was
measured by SPR. The anti-human Fc antibody was immobilized on
the CM5 chip (GE Healthcare, USA) to capture antibodies. After the
binding of detectedmAb by the chip, the gradient concentrations of
SARS-CoV-2 RBD were flowed through the sensor chip system. The
affinity of mAb was calculated by 1:1 binding model with Biacore
X100 evaluation software (version 2.0.2).

In order to determine the inhibition rate of mAbs on the ACE-
RBD interaction, SARS-CoV-2 RBD was loaded on CM5 sensor chip
about to 250 RUs. Then ACE2 (20 mg/mL) was injected for 60 s in the
present or absence of the mAbs. The blocking efficacy was deter-
mined by comparing the response units with and without prior
antibody incubation.
2.3. Peptide ELISA

Peptide ELISA was performed based on our published method
[27].
2.4. Competitive ELISA

For the competitive ELISA, 384-well plates were coated with
2 mg/mL recombinant RBD-his (Sino Biological, Beijing, China) at
4 �C overnight. The serially diluted antibodies were added to the
plates for the incubation at 37 �C for 40min. Next, 200 ng/mL ACE2-
mFc (Sino Biological, Beijing, China) was added at 37 �C for 40 min.
Then, the plates were incubated with ALP-conjugated anti-human
IgG antibody (Thermo Fisher (Waltham, MA, USA), cat. no. a18808,
1:2000) at 37 �C for 30 min. For the quantification of bound IgG,
PNPP (Thermo Fisher) was added and the absorbance at 405 nm
was measured by the MultiSkan GO fluoro-microplate reader
(Thermo Fisher).
2.5. Pseudotyped virus packaging and neutralizing

The packaging plasmid bearing SARS-CoV-2 S protein was
constructed and co-transfected into 293T cells with pWPXL-lenti-
Luciferase-EGFP, pSPAX2. After 48 h post-transfection, the super-
natants containing pseudovirus were harvested and filtered
through the 0.45 mm filter. To determine the neutralizing potency of
mAbs, the pseudovirus were incubated with an equal volume
(50 mL) of serially diluted mAbs at 37 �C for 1 h. Then the antibody-
pseudovirus mixture was added to cell seeded plate. After cultured
at 37 �C for 72 h, luciferase activities were detected by the Bright-
Luciferase Reporter Assay System (Promega (Wisconsin, USA), cat.
no. E2650). The IC50 values were determined using 4-parameter
logistic regression (GraphPad Prism version 8).
2.6. Authentic SARS-CoV-2 neutralization assay

The neutralizing of 82A6 against authentic SARS-CoV-2 virus
was performed via PRNT in a biosafety level 3 laboratory of Wuhan
Institute of Virology based on our published method [27].
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2.7. Flow cytometry receptor binding inhibition assay

The mAbs (final concentration of 100 mg/mL) were incubated
with 10 mg/mL recombinant RBD-his (Sino Biological, Beijing,
China) at 37 �C for 1 h. Then the mixture was incubated with
5 � 105 293T cells expressing ACE2 (293T/ACE2) at room temper-
ature (RT) for 30 min. After washing twice, the cells stained with
anti-his tag antibody conjugated with PE (BioLegend (California,
USA), cat. no. 362603) and anti-human IgG antibody APC (Bio-
Legend (California, USA), cat. no. 409306) at RT for 30 min. After
resuspending, the labeled cells were detected by flow cytometry
(BD Celesta). The data in FCS format were analyzed by FlowJo X.

2.8. The detection of S1 shedding via flow cytometry

The pcDNA3.4 vector (pcDNA3.4-SARS-CoV-2-S) containing full-
length SARS-CoV-2 S protein was transiently transfected into 293T
cells. The detection of S1 shedding induced by 82A6 with different
incubation time was refer to the method of Zhang [10]. Briefly, the
293T/ACE2 cells were used to capture the S1 subunit released into
the supernatant of the 82A6 and 293T/S cells co-culture system.
After washing twice, samples were stained with anti-Human IgG
conjugated with PerCP/Cy5.5 (BioLegend (California, USA), cat. no.
410710) at RT for 30 min and the samples were treated and
detected as the above-mentioned.

2.9. Western blot analysis of S1 in the cell supernatant

293T cells carrying surface expression of SARS-CoV-2 S protein
(293T/S) were incubated with 10 mg testing mAbs at 37 �C for 1 h.
The obtained supernatants were collected by centrifugation and
mixed with 5 � SDS-PAGE loading buffer (Beyotime, Shanghai,
China). After the denaturation, samples were subjected to electro-
phoresis with 7.5% SDS-polyacrylamide gel and then transferred to
polyvinylidene fluoride membrane (PVDF). The anti-SARS-CoV-2
Spike S1 Antibody and HRP-conjugated mouse anti-human sec-
ondary antibody (Abcam, ab99757, 1:10000) were used as primary
and secondary antibody respectively. The membrane was detected
by Bio-rad ChemiDoc imaging system (Bio-rad).

2.10. Cellecell fusion assay

The pcDNA3.4-SARS-CoV-2 S and pWPXL-EGFP were co-
transfected into 293T cells. After 48 h of transfection, the cells
were digested with trypsin (0.25%) and incubated with the mAbs at
37 �C for 1 h. Then the cells were added to 293T/ACE2 cells. After
incubating at 37 �C for 3 h, themultinuclear syncytiawere observed
and photographed by fluorescence microscope. The nuclei number
of syncytia was counted by Image J.

2.11. Data analysis

Data are shown as mean ± SEM. Student's t-test was used to
compare the two groups. The difference was considered significant
if p < 0.05.

3. Results

3.1. 82A6 neutralized authentic SARS-CoV-2 virus

The mAb 82A6 was obtained from the memory B cells of COVID-
19 convalescent patients [4]. We first confirmed that 82A6 could
bind to SARS-CoV-2 RBD by ELISA, with the half efficient concen-
tration (EC50) of 0.007 mg/mL (Fig. 1A). Also, 82A6 showed a high
binding potency to RBD, with an affinity constant (KD) of 2 nM, as



Fig. 1. The binding affinity and the neutralizing efficacy of 82A6. (A) ELISAwas used to study the binding ability of the mAbs 82A6, CR3022 and isotype Ab to the recombinant SARS-
CoV-2 RBD, with serial dilutions. (B) The binding kinetics of 82A6 to RBD was measured by SPR. (C) The neutralizing potency of 82A6 against pseudovirus bearing SARS-CoV-2 S
protein was measured by pseudovirus neutralization assay. RBM specific neutralizing mAb 13G9 was used as the positive control. (D) The neutralizing potency of 82A6 against
authentic SARS-CoV-2 virus. Dashed line indicated 0% or 50% reduction in the viral infectivity. Data were obtained from a representative experiment of at least two replicates,
presented as mean ± SEM.
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identified by the surface plasmon resonance (SPR) assay (Fig. 1B).
Moreover, we assessed the neutralizing capability of 82A6 against
the pseudovirus bearing SARS-CoV-2 S protein and authentic SARS-
CoV-2 virus. We found that 82A6 efficiently blocked the pseudo-
virus, with the half inhibition concentration (IC50) of 0.100 mg/mL
(Fig. 1C). The plaque reduction neutralization test revealed that
82A6 could also effectively neutralize the authentic virus, with the
IC50 of 0.060 mg/mL (Fig. 1D). These data demonstrated that 82A6
was a RBD specific mAb that was capable of neutralizing authentic
SARS-CoV-2 virus.
3.2. A non-RBM region S334-353 contributed to the antigenic site
recognized by 82A6

Next, we tested whether 82A6 targeted the RBM region, as the
majority of RBD specific neutralizing Abs. For this purpose, a pre-
viously identified RBM specific mAb 13G9 showing complete
blockage of the ACE2 binding was chosen as positive control. Unlike
13G9, 82A6 was not capable of interrupting the interaction be-
tween RBD and ACE2, as shown by competitive ELISA (Fig. 2A). In
parallel, the SPR assay demonstrated that the pre-binding of 82A6
to RBD did not affect the subsequent interaction of ACE2 with RBD
(Fig. 2B). This phenomenon was further confirmed using 293T cells
expressing ACE2. We found that RBD could simultaneously bind to
82A6 and the ACE2 protein, which was not observed for the RBM
specific 13G9 (Fig. 2C). These results indicated that the neutralizing
Ab 82A6 might target a non-RBM region within RBD, likely asso-
ciated with a mechanism other than affecting the recognition of
RBD to ACE2.
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To investigate the antigenic site recognized by 82A6, we
screened for any potential linear sites that could be targeted by
82A6, viaWestern blot analysis against the denatured RBD. In fact, a
direct interaction between 82A6 and the linear structure of SARS-
CoV-2 RBD was detected (Fig. 2D). To address such recognition in
detail, we designed and synthesized a series of 20-mer peptides
(RBD1 to RBD15) overlapped with 5 amino acids to cover the entire
RBD, corresponding to the amino acids 319e541 of SARS-CoV-2 S
(S319-541) [27]. As shown by the peptide ELISA, 82A6 could bind to
two distinct peptides RBD2 (S334-353) and RBD13 (S499-518) (Fig. 2E).
RBDmodeling revealed that themajority of the amino acid residues
of RBD2 (S334-353) were located on the surface of the natural
structure of RBD, indicating a high probability of this region taking
part in the steric antigenic site of 82A6 (Fig. 2G). On the contrary,
majority of the 20 residues within RBD13 (S499-518) were identified
to be buried within the native RBD structure, challenging its
contribution to 82A6 steric epitope (Fig. 2G). To determine which
amino acids within RBD13 (S499-518) might participate in the
binding of 82A6, we individually replaced each residue of this
peptide with alanine (A). Six of the twenty-point mutations
rendered RBD13 unrecognizable by 82A6, shown by the signifi-
cantly reduced binding ability of this mAb (Fig. 2F). However,
structure reconstitution identified that all of these 6 amino acids
were distributed in the inner area of RBD, thus excluding the
involvement of this linear region (S499-518) in the steric epitope for
82A6 (Fig. 2G). Collectively, we confirmed that a non-RBM region
S334-353 contributed, at least partially, to the antigenic site recog-
nized by 82A6.



Fig. 2. 82A6 recognized a linear antigenic site on the non-RBM regionwithin RBD. (A) The inhibition rate of 82A6 in blocking the RBD-ACE2 interaction was detected by competitive
ELISA. (B) The competition of 82A6 and ACE2 for binding to SARS-CoV-2 RBD was measured by SPR. Immobilized SARS-CoV-2 RBD was saturated with the mAb (red), or without
antibody (green), prior to an injection with the soluble ACE2. CR3022 (black) and 13G9 (blue) were used as negative and positive controls, respectively. (C) The binding of the RBD
protein to ACE2 expressed on 293T/ACE2 cells in the presence or absence of the mAbs was tested by flow cytometry analysis. Data were obtained from a representative experiment
of three replicates. (D) The binding ability of 82A6 to the denatured RBD was detected by Western blot analysis. 13G9, which is an antibody that has been shown to not bind to
denatured RBD [27]. (E) The binding ability of 82A6 to the linear peptides was analyzed by peptide ELISA (n ¼ 3). (F) ELISA results of the binding activity of 82A6 to the wild type
RBD13 or peptides carrying single mutations derived from the full length RDB13 (n ¼ 3, *p < 0.05). (G) The distributions of the ACE2 binding site (green) and the proposed antigenic
site of 82A6 (red) on RBD. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3.3. 82A6 efficiently triggered S1 shedding

To understand the potential mechanism for this non-RBM
neutralizing mAb, we tested whether 82A6 could induce S1 shed-
ding, which was another key target reported for the RBD specific
Abs. To this end, 293T cells with surface expression of the S protein
(293T/S) were utilized to determine S1 dissociation. Flow cytom-
etry analysis showed that 82A6 could promote the S1 subunit to be
released from 293T/S cells, relative to the negative control using a
neutralizing Ab CR3022 with cross-reactivity to SARS-CoV and
SARS-CoV-2 (Fig. 3A). Such 82A6-induced S1 shedding could be
observed from as quickly as 5 min to 4 h, in a time-dependent
manner (Fig. 3A). Alternatively, we utilized the 293T/ACE2 cells to
capture the S1 subunits released into the supernatant of the 82A6
and 293T/S cell co-culture system. We found that the amounts of
the free S1 were dose-dependently correlated with 82A6 concen-
trations (Fig. 3B). In addition, Western blot analysis confirmed that
the S1 protein could only be detected in the 293T/S cell supernatant
when 82A6 was added (Fig. 3C). These results indicated that 82A6
likely neutralized SARS-CoV-2 by reducing the number of intact
viruses though promoting S1 shedding.
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3.4. 82A6 blocked the syncytia formation

As S1 shedding has been correlated with the occurrence of
SARS-CoV-2 mediated cell fusion [26], we assessed whether the
neutralization by 82A6 would result in the undesired syncytia
formation. EGFP-labeled 293T/S cells were co-cultured with 293T/
ACE2 cells, in the presence of 82A6 or CR3022. As shown in Fig. 4A,
EGFP-293T/S cells were universally single nucleic cells under the
fluorescent microscope. However, when they were co-cultured
with 293T/ACE2 cells, a marked increase of syncytia formation
was observed (Fig. 4B). Importantly, 82A6, but not CR3022, could
inhibit such cell fusion with high efficiency, shown by the signifi-
cantly decreased number of multi-nucleic cells in the 82A6 co-
culture system (Fig. 4A and B). These results provided direct evi-
dence of a neutralizing Ab capable to induce S1 shedding that
could, in fact, prohibit the undesired cell fusion in vitro. In sum-
mary, we identified a non-RBM targetedmAb 82A6 that neutralized
SARS-CoV-2 by promoting S1 shedding, with effective blockage of
the syncytia formation.



Fig. 3. 82A6 triggered S1 shedding. (A) The binding activity of 82A6 to cell-surface expressed SARS-CoV-2 S protein over time, determined by flow cytometry. CR3022 is included as
the negative control (n ¼ 3, presented as mean ± SEM). (B) Flow cytometry analysis for the S1 subunits in the cell supernatant with the incubation of different amount of 82A6. (C)
The S1 subunit in the cell supernatant was detected by Western blot analysis. The control was the SARS-CoV-2 Spike S1-His Recombinant Protein (Sino Biological, Beijing, China).
Data were obtained from a representative experiment of three replicates.

Fig. 4. 82A6 blocked syncytia formation. (A) The fluorescent analysis of syncytia formation. Mock refers to negative control containing only EGFP-labeled 293T/S cells. (B)
Quantitative analysis of syncytia in Fig. 4A (n ¼ 3; ****p < 0.0001). (C) A schematic illustration for the process of viral entry and syncytia formation (the upper panel), and the
neutralizing mechanism of 82A6 (the lower panel).
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4. Discussion

In our study, we presented a RBD specific mAb 82A6 that
exerted neutralizing efficacy against authentic SARS-CoV-2 virus by
inducing S1 shedding. Unlike the majority of RBD-targeted neu-
tralizers, 82A6was unable to block the RBD-ACE2 interactionwhich
indicated that 82A6 targeted the non-RBM region. This was sup-
ported, to a certain extent, by the identification of potential linear
antigenic site for 82A6. Further, we confirmed that 82A6 could
effectively promote the dissociation of the S1 subunit from the
surface-expressed S trimers on 293T/S cells, in both time- and dose-
dependent manners. Importantly, 82A6 was capable to effectively
abolish the cell fusion between 293T/ACE2 and 293T/S cells, indi-
cating its unique effect in preventing syncytia formation, which
was reported signature of COVID-19 severity [23,24]. The identified
neutralizing mechanism of 82A6 provided important information
for understanding the non-RBM targeted Abs with profound effi-
cacy to block SARS-CoV-2.

To date, most neutralizing Abs reported to induce S1 shedding
target the RBM region within RBD [10,18e20]. Because of the high
similarity in the epitopes for these RBM-specific Abs, they likely
induce comparable RBD conformational change and the conse-
quential S1 dissociation by mimicking the natural receptor
[10,18e20]. It is rather surprising for us to find that 82A6, a non-
RBM targeted mAb, could induce the same deconstruction of the
S protein and release the S1 subunit prior to the binding of ACE2.
This may be the result of allosteric recognition, which was shown
for another mAb targeting the non-RBM [26]. Given the fact that
non-RBM targeted mAbs constituted nearly half of the RBD specific
mAbs [28], the identified mechanism of 82A6 may call for atten-
tions to these otherwise overlooked Abs for the neutralization of
SARS-CoV-2.

By large, the S1 shedding induced by 82A6 may decrease the
availability of intact SARS-CoV-2 virus. There may be other poten-
tial advantages of this mAb during the neutralization process. For
example, the dissociated 82A6-bound S1 subunits can still bind to
ACE2, and keep it “capped”. This may, in one hand, reduce the ac-
cess of additional viral RBD to its natural receptor; in another hand,
prevent the formation of abnormal fusion of cells bearing ACE2 and
infected cells expressing viral S protein on the surface. 82A6 exhibit
no steric hindrance between RBD and ACE2. This means 82A6
might not be able to stop the recognition of other RBM-targeted
neutralizers, if presented, to the free 82A6-S1 complexes. There-
fore, efficient clearance of these dissociated complexes needs to be
further addressed, which may greatly increase the efficacy of
combination treatment using 82A6 and potent RBM specific neu-
tralizers. Nevertheless, the unique role of 82A6 to effectively pre-
vent the formation of multinuclear cells may be informative for
optimizing the therapeutic regimen for those COVID-19 patients in
advanced stages.

Future work of detailed structure analyses by cryo-electron
microscopy (cryo-EM) may help us to understand the precise
conformation of RBD in complex with 82A6, as well as the steric
epitope recognized by this mAb. Also, the knowledge obtained from
such structural study may contribute towards a more comprehen-
sive explanation for the S1 shedding induced by the non-RBM Ab
sharing similar neutralizing mechanisms as 82A6.

Taken together, we have provided a non-RBM neutralizing Ab
that can induce S1 shedding from the S trimer and block the syn-
cytia formation. This mechanism represents a possible explanation
for the non-RBM targeted mAbs exhibiting efficient neutralizing
capability against SARS-CoV-2. Our findings may be of particular
significance for the development of effective interventions for se-
vere COVID-19 cases.
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