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ABSTRACT A human monoclonal antibody panel (PD4, PD5, PD7, SC23, and SC29) was
isolated from the B cells of convalescent patients and used to examine the S protein in
SARS-CoV-2-infected cells. While all five antibodies bound conformational-specific epi-
topes within SARS-CoV-2 spike (S) protein, only PD5, PD7, and SC23 were able to bind
to the receptor binding domain (RBD). Immunofluorescence microscopy was used to
examine the S protein RBD in cells infected with the Singapore isolates SARS-CoV-2/
0334 and SARS-CoV-2/1302. The RBD-binders exhibited a distinct cytoplasmic staining
pattern that was primarily localized within the Golgi complex and was distinct from the
diffuse cytoplasmic staining pattern exhibited by the non-RBD-binders (PD4 and SC29).
These data indicated that the S protein adopted a conformation in the Golgi complex
that enabled the RBD recognition by the RBD-binders. The RBD-binders also recognized
the uncleaved S protein, indicating that S protein cleavage was not required for RBD
recognition. Electron microscopy indicated high levels of cell-associated virus particles,
and multiple cycle virus infection using RBD-binder staining provided evidence for direct
cell-to-cell transmission for both isolates. Although similar levels of RBD-binder staining
were demonstrated for each isolate, SARS-CoV-2/1302 exhibited slower rates of cell-to-
cell transmission. These data suggest that a conformational change in the S protein
occurs during its transit through the Golgi complex that enables RBD recognition by the
RBD-binders and suggests that these antibodies can be used to monitor S protein RBD
formation during the early stages of infection.

IMPORTANCE The SARS-CoV-2 spike (S) protein receptor binding domain (RBD) medi-
ates the attachment of SARS-CoV-2 to the host cell. This interaction plays an essen-
tial role in initiating virus infection, and the S protein RBD is therefore a focus of
therapeutic and vaccine interventions. However, new virus variants have emerged
with altered biological properties in the RBD that can potentially negate these inter-
ventions. Therefore, an improved understanding of the biological properties of the
RBD in virus-infected cells may offer future therapeutic strategies to mitigate SARS-
CoV-2 infection. We used physiologically relevant antibodies that were isolated from
the B cells of convalescent COVID-19 patients to monitor the RBD in cells infected
with SARS-CoV-2 clinical isolates. These immunological reagents specifically recog-
nize the correctly folded RBD and were used to monitor the appearance of the RBD
in SARS-CoV-2-infected cells and identified the site where the RBD first appears.
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Coronavirus disease 2019 (COVID-19) is a new respiratory-borne infectious disease
caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (1, 2). Since

its first formal identification in Wuhan City, Hubei Province, China, in 2019, SARS-CoV-2 has
been responsible for approximately 255 million infections and 5.1 million deaths worldwide
(https://covid19.who.int/, accessed 19 November 2021). The SARS-CoV-2 virus belongs to
the Coronaviridae family, which includes both established coronaviruses that usually cause
mild to moderate respiratory disease in humans (e.g., the human coronavirus 229E), and
newer emerging viruses that are associated with high mortality rates in humans (e.g., SARS-
CoV-1) (3–5). SARS-CoV-2, like other coronaviruses, contains a positive-sense, nonseg-
mented, and single-stranded RNA genome (vRNA) and contains between 10 to 14 open
reading frames (ORF), which encode various virus proteins in the following order: 59
untranslated region (UTR), replicase (ORF1a/1b), spike (S), envelope (E), membrane (M), nu-
cleocapsid (N), 39 UTR, and poly A tail (6). The mature SARS-CoV-2 particle is surrounded by
a lipid envelope that is derived from the host cell, and into which the M, E, and S proteins
are inserted. Since the first published sequence of SARS-CoV-2 was isolated in Wuhan
(WIV04) (7), new sequence variants of SARS-CoV-2 have been identified (e.g., Alpha, Beta,
Gamma, and Delta variants) that exhibit variations in the virus genome sequences that
change the biological properties of the virus (https://www.who.int/en/activities/tracking
-SARS-CoV-2-variants/, accessed 20 November 2021). It is postulated that these changes
may also lead to increased virus transmission and lead to altered immunogenicity in
humans (8–10). Therefore, an improved understanding of the biology of new and existing
circulating SARS-CoV-2 variants is required to better understand the risks that these variants
pose.

The S protein mediates the entry of the virus into the host cell, and it thus plays an
essential role in initiating the virus infection. The S protein exists as a homotrimer and
protrudes from the virus envelope as an array of club-like projections. It is a dominant
feature on the surface of virus particle, and this topology is a defining feature in coro-
navirus identification using diagnostic electron microscopy. The virus envelope sur-
rounds internal virus structures, such as the virus nucleocapsid, which is formed by the
association between the vRNA and the N protein. The entry of the SARS-CoV-2 genome
into susceptible cells occurs by fusion of the virus envelope and cell membrane, and
the S protein mediates both the cell attachment (via the cell receptor), and the fusion
of the virus and cell membranes. The S protein is initially synthesized as a single poly-
peptide chain (S0), and it is subsequently cleaved into the S1 and S2 subunits at two
cleavage sites. The S1 domain contains the receptor binding domain (RBD), which
mediates binding of the virus to the target cell via angiotensin-converting enzyme 2
(ACE2) host cell receptor. The S2 domain is anchored to the virus envelope by a trans-
membrane domain, and it contains the fusion peptide and heptad repeat regions that
mediate the process of membrane fusion. Unlike the SARS-CoV-1 S protein, the cleav-
age site of the S protein of SARS-CoV-2 contains the sequence RRAR at the S1/S2 site,
which is recognized by the ubiquitous cellular protease furin (reviewed in reference
11). A second cleavage site within the S2 domain (the S29 site) is required during the
early stages of virus cell entry; however, cleavage at the S1/S2 site is required for S29
cleavage (12). Although cleavage at the S29 site is mediated by transmembrane prote-
ase serine 2 (TMPRSS2), TMPRSS2 is not expressed in Vero E6 cells (13) and it is pro-
posed that the S29 cleavage site can also be processed by other cellular proteases in
these cells (14).

The S protein has also become a focus in the development of antiviral drug strat-
egies using small-molecule inhibitors and passive immunization using human mono-
clonal antibodies (hMAbs) (15). Given the importance of the S protein RBD during virus
cell attachment, these immunological reagents often target the RBD to prevent the ini-
tial stages of SARS-CoV-2 entry into host cells. The isolation of hMAbs from the B cells
of convalescent serum can be used in passive immunization for the timely treatment
and prevention of SARS-CoV-2 infection, and the discovery of hMAbs from COVID-19
convalescent patients has shown therapeutic potential (16–19). A number of these
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have been granted emergency authorization and have progressed through clinical tri-
als for use as antibody therapeutics (20, 21). Although the emphasis has been on the
development of reagents that can block the RBD, the potential use of non-RBD-binders
with virus neutralizing activity as part of a cocktail of antibody therapeutics is also
expected to overcome problems associated with the emergence of new virus variants
(17). The most important practical criterion for these immunological reagents is that
they neutralize virus infection by, e.g., blocking attachment of the virus to the host cell.
However, it is also expected that these reagents could also provide other useful infor-
mation about the biology of the S protein of existing and newly emerged SARS-CoV-2
variants. The individual monoclonal antibodies could also potentially form part of a
wider polyclonal immune response during SARS-CoV-2 infection, and characterizing
the individual monoclonal antibodies could provide useful information about how
these antibody responses interact with the virus. We have previously described a panel
of S protein hMAbs that were isolated using the B cells of convalescent COVID-19
patients in Singapore (19). These antibodies were originally isolated for evaluation as
potential therapeutic interventions in SARS-CoV-2-infected patients. In the current
study we have used RBD-specific antibodies in this hMAb panel to examine the cellular
properties of the S protein RBD in virus-infected African green monkey kidney epithe-
lial cells (Vero E6 cells). Our experimental approach is aimed to complement the
ongoing high-resolution structural studies of the S protein undertaken by other groups
and the interaction of the RBD with neutralizing antibodies (22, 23). Our current analy-
sis was performed using SARS-CoV-2 clinical isolates that were isolated during the early
phase of the pandemic in Singapore. These immunological reagents also allowed us to
perform a comparison of the biological properties of these SARS-CoV-2 clinical isolates
in infected cells.

RESULTS AND DISCUSSION
The Singapore SARS-CoV-2 isolates and the hMAb panel used in this study. In

this study, we used three SARS-CoV-2 viruses that were isolated during the early phase
of the COVID-19 pandemic in Singapore, which are referred to as SARS-CoV-2/1302,
SARS-CoV-2/0563, and SARS-CoV-2/0334. Since the characterization of the S protein
hMAbs was the major focus of this study, the complete S protein sequence for each
isolate used in our analysis was determined. Each virus isolate was passaged three
times in Vero E6 cells, and the genetic material extracted from each passage was PCR-
amplified with specific primers for the S gene and sequenced using Sanger’s sequenc-
ing. The sequences from overlapping amplicons were assembled and analyzed. The
data revealed that the nucleotide and amino acid sequences of the S protein from the
three Singapore isolates had a high level of sequence homology to the S sequence of
the SARS-CoV-2/WIV04 isolate (GenBank accession no. MN996528) that was reported
when the COVID 19 pneumonia first originated in Wuhan in China (7). In the first pas-
sage the S protein sequence of each virus isolate was identical to the S protein
sequence of the SARS-CoV-2/WIV04 isolate (see Fig. S1 in the supplemental material).
However, the subsequent passages of the virus during virus stock amplification
showed some specific changes in the primary amino acid sequences of the S protein.
The S protein sequences of SARS-CoV-2/0334 and SARS-CoV-2/0563 comprised 1,269
amino acids and were 100% identical. Each had a five-amino acid deletion in the S pro-
tein sequence at 675QTQTN679 that was just upstream of the polybasic furin cleavage
site (Fig S1). Although the 675QTQTN679 deletion was not observed in the S protein
sequence of SARS-CoV-2/1302, the S protein sequence of SARS-CoV-2/1302 had a sin-
gle amino acid change, R682W, in the furin cleavage site. This created 682WRARS686
rather than the complete furin consensus sequence 682RRARS686, which is found in the
S protein sequences of SARS-CoV-2/WIV04, SARS-CoV-2/0563, and SARS-CoV-2/0334.
Virus variants, also known as quasi-species, containing mutations in the region of the
S1/S2 protein proteolytic cleavage site have been reported to be present in SARS-CoV-
2-infected patients (24), and these can be selected during passaging of the virus in
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tissue culture. The basis for this virus selection and the selective advantage that these
sequence changes impart to the virus isolate in tissue culture are currently unclear.
Apart from the sequence differences indicated above, the remaining S protein
sequence of each of the Singapore isolates was 100% identical to the S protein
sequence of SARS-CoV-2/WIV04. In particular, the sequence of the S protein RBD was
100% identical in SARS-CoV-2/WIV04 and all three of the Singapore SARS-CoV-2 iso-
lates. Since the S protein sequences of the SARS-CoV-2/0563 and SARS-CoV-2/0334 iso-
lates were identical, all subsequent work on characterizing immune-reactivity of the
hMAb panel was performed mainly using the SARS-CoV-2/1302 and SARS-CoV-2/0334
isolates.

In this study, we selected PD4, PD5, PD7, SC23, and SC29 from the original antibody
panel for further characterization using a cellular virology approach, but recognition of
S protein by each antibody in the panel was confirmed by using the purified SARS-
CoV-2 S protein ectodomain in an enzyme-linked immunosorbent assay (ELISA) (Fig.
1A). In a similar analysis using a sequence that corresponded to the S protein RBD,
only PD5, PD7, and SC23 showed RBD binding (RBD-binders) (Fig. 1Bi). It is presumed
that the epitopes recognized by the RBD-binders are formed by different parts of the
RBD once it had folded into the correct conformation. Although comparable binding
affinities to the complete S protein were noted for all hMAbs, the SC23 showed reduced
binding affinity for the RBD compared with PD5 or PD7 (Fig. 1Bii and C). This indicated
that SC23 may recognize a distinct sequence in the RBD and that one or more sequences
located outside the RBD may facilitate its binding to the RBD. No RBD binding was
detected by PD4 and SC29, suggesting that the SC29 and PD4 epitope recognition
sequences were outside the RBD region.

The differential recognition of the RBD was further supported by examining the
ability of the hMAb panel to block SARS-CoV-2 binding to Vero E6 cells using a virus
neutralization assay. Only PD5, PD7, and SC23 exhibited virus neutralizing activity,
while PD4 and SC29 failed to inhibit infection (Fig. 1D). These data indicated that inhi-
bition of SARS-CoV-2 infection correlated with RBD recognition, and it is presumed
that binding of the antibodies to the RBD would create a steric hindrance that would
interfere with the virus attachment to the cell receptor.

We failed to detect binding of these antibodies to the S protein using Western blot-
ting (Fig. 1E). The folding pattern in the RBD is expected to be lost during the sample
processing process in the Western blot analysis, and the inability of these antibodies to
bind to the S protein in Western blot analysis provided evidence that the RBD-binders
bind to conformational-specific epitopes on the correctly folded S protein. Although
we have not mapped the binding domains of PD4 and SC29, we examined their bind-
ing activities using an ELISA-based antibody-binding competition assay (Fig. 1F). This
assay indicated that the binding of PD4 and SC29 antibodies to the S protein was
mutually exclusive, suggesting that PD4 and SC29 bind to similar locations on the S
protein. Prior binding of either the PD5, PD7, or SC23 antibody to the S protein did not
interfere with PD4 or SC29 binding, which was consistent with PD4 and SC29 being
non-RBD-binders. Binding of the PD5, PD7, and SC23 antibodies to the S protein in the
same antibody-binding competition assay were also mutually exclusive, indicating
binding to similar locations on the S protein and consistent with their RBD-binding
properties. There was a general correlation between the RBD recognition and the com-
plementarity-determining region (CDRs) sequences of the individual antibodies in the
hMAb panel. There was a high degree of similarity between the sequence of the CDRs
of PD5 and PD7 and to a lesser extent with SC23 (Fig. 1G), which correlated with the
different RBD-binding activity of SC23. The PD4 and SC29 showed high levels of sequence
similarity in CDR1 and CDR2 in the heavy chain and were distinct from the CDRs in the
RBD-binders.

Distribution of the S protein RBD in SARS-CoV-2-infected Vero E6 cells. The rec-
ognition of S protein by each antibody in the hMAb panel was further confirmed by
examining their immunoreactivity in SARS-CoV-2-infected Vero E6 cells (Fig. 2A). Vero
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FIG 1 Specificity of anti-SARS-CoV-2 human monoclonal antibodies (hMAbs) used in this study. The binding affinities to the spike (S) protein and
neutralization activity with SARS-CoV-2 virus was determined for each hMAb in the panel, PD4, PD5, PD7, SC23, and SC29. (A) (i) Binding affinity of the
hMAb panel against the extracellular domain of the S protein by enzyme-linked immunosorbent assay (ELISA). (ii) Binding affinity of the hMAb panel to
the S protein as a function of antibody concentration from 0.001 to 10,000 ng/mL. (B) (i) Binding of the hMAb panel to the receptor binding domain
(RBD) of the S protein as measured by ELISA; (ii) binding of PD5, PD7, and SC23 to the RBD of S protein as a function of antibody concentration from
0.001 to 10,000 ng/mL. (C) The binding affinities to the extracellular domain and the RBD of S protein was determined for each member of the hMAb
panel and measured in the dissociation constant (KD in ng/mL) (NA, not applicable). (D) Neutralization activity of the hMAb panel with 100 TCID50 of
infectious SARS-CoV-2 and measured as a function of antibody concentration (Antibody conc) from 0.01 to 100 mg/mL. Neutralization efficacy is
represented as a percentage relative to uninfected and virus-only controls. (E) The recombinant SARS-CoV-2 S-Strep protein was transferred to a
polyvinyl difluoride (PVDF) membrane by Western blotting, and the PVDF membrane was cut into strips and incubated with PD5, PD7, or SC23,
followed by secondary antibodies conjugated with horse radish peroxidase (HRP). The lane labeled “Blank” refers to a blank lane, and the lanes labeled
“Anti-Strep” refers to incubation with anti-Strep conjugated to HRP as the loading control (positive S protein control). The protein species
corresponding in size to the uncleaved S0 and S2 are highlighted. “Ladder” represents protein standards from 37 to 250 kDa. (F) In the ELISA-based
antibody binding competition assay each of the hMAbs (PD4, PD5, PD7, SC23, SC29) was coated in a well (hMAb1), and the recombinant S protein was
bound to the coated antibody. Different hMAbs (hMab2) were then added to the bound S protein, and binding was assessed by ELISA. Red, binding of
the specific hMab1 inhibits the specific hMab2 antibody binding; green, binding of the specific hMab1 has no effect on the specific hMab2 antibody
binding. (G) The sequences of the complementarity-determining regions (CDRs) for members of the antibody panel. The CDR1-3 sequences are shown
for the heavy and light chains for each corresponding antibody.
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E6 cells were either mock-infected or infected with SARS-CoV-2/0334, and at 18 h post-
infection (hpi) the cells were stained using either PD5, PD7, PD4, SC23, or SC29 (Fig.
2A). Imaging using immunofluorescence (IF) microscopy showed that fluorescence
staining using either antibody was only detected in the virus-infected cells, indicating
S protein recognition by the hMAb panel. Virus infection was confirmed by using the
commercially available S protein polyclonal antibody (polyS) that recognizes the S2 do-
main and the N protein antibody (anti-NP).

Cells infected with either SARS-CoV-2/1302 (Fig. 2B) or SARS-CoV-2/0334 (Fig. 2C)
were stained with PD5, PD7, PD4, SC23, SC29, and polyS and examined in greater detail
using IF microscopy. In SARS-CoV-2-infected cells stained with PD5, PD7, and SC23, a
similar prominent punctate cytoplasmic staining pattern was apparent, while cells
stained with either PD4 or SC29 exhibited a more distinct cytoplasmic staining pattern.
These staining patterns were defined as being representative if they were observed in
greater than 94% of the cells in the field of view using IF microscopy (e.g., at �20 mag-
nification) and in several replicate experiments (i.e., more than 4 individual experi-
ments). The diffuse PD4 or SC29 staining pattern was similar in appearance to the
staining pattern exhibited by polyS-stained virus-infected cells. The imaging data
therefore indicated that the hMAb panel could be divided into two groups based on
their staining pattern in virus-infected cells, a prominent localized punctate staining
pattern (PD5, PD7, and SC23) or a more broadly diffuse cytoplasmic staining pattern
(PD4 and SC29), and these antibody-staining patterns correlated with RBD-recognition.
These data suggested that the RBD-binders (e.g., PD5) may recognize a distinct

FIG 2 Immune reactivity of the anti-SARS-CoV-2 human monoclonal antibodies in virus-infected Vero E6 cells. (A) At 18 h postinfection (hpi), mock-infected
and SARS-CoV-2/0334-infected cells were stained using (i) PD5, (ii) PD7, (iii) PD4, (iv) SC23, (v) SC29, (vi) polyS, and (vii) anti-NP and imaged using
immunofluorescence (IF) microscopy (objective �40 magnification). (B and C) Vero E6 cells were infected with (B) SARS-CoV-2/1302 and (C) SARS-CoV-2/
0334, and at 18 hpi the cells were costained using PD5, PD7, PD4, SC23, SC29, and polyS as indicated. The stained cells were imaged using IF microscopy
(objective �100 magnification; oil immersion). The prominent punctate cytoplasmic staining pattern (white arrow) is highlighted. (D) (i) Cells were (1)
mock-transfected and transfected with (2) pCAGGS/S, and the lysates were immunoblotted with polyS. Protein species corresponding in size to the
uncleaved (S0) and S2 domain of the S protein are indicated. Tubulin is the loading control. Cells were transfected with pCAGGS/S and costained with
polyS and (ii) PD5, (iii) PD7, (iv) SC23, and (v) SC29 as indicated. The stained cells were imaged by IF microscopy (objective �40 magnification). The diffuse
cytoplasmic S protein staining (*) and punctate cytoplasmic staining (white arrows) are indicated. (E) Cells were transfected with (i) pCAGGS/S, (ii) pCAGGS/
S1, and (iii) pCAGGS/RBD as indicated and costained with PD5 and antigiantin, The costained cells were imaged by IF microscopy (objective �40
magnification). The inset is an enlarged image of a representative cell showing the specific PD5 staining in each case.
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population of the S protein which allows recognition of the RBD. Since the polyS is a
polyclonal S protein antibody, it would be expected to detect different forms of the S
protein in virus-infected cells, albeit by recognizing the S2 domain.

In noninfected Vero E6 cells expressing the recombinant S protein, cell lysates were
prepared and examined by immunoblotting with polyS (Fig. 2Di). S protein species cor-
responding in size to the uncleaved S protein (S0) and to the S2 domain were
detected, which confirmed that the recombinant S protein was correctly processed in
the transfected cells. The recognition of the S protein in the immunoblotting assay by
polyS also suggested that recognition of the S protein by this antibody involved one
or more of the liner epitopes rather than conformational-specific epitopes in the hMAb
panel. Cells expressing the recombinant S protein were costained with polyS and ei-
ther PD5, PD7, SC23, or SC29 and examined using IF microscopy (Fig. 2Dii to v), and
staining of the transfected cells with either antibody confirmed the S protein recogni-
tion. We also compared the PD5 staining in cells expressing the full-length recombi-
nant S protein with those expressing either only the S1 domain or the RBD (Fig. 2E). A
more widespread PD5 staining pattern was observed in cells expressing the S1 domain
and the RBD compared with the cells expressing the full-length S protein sequence.
This confirmed that the RBD can form into its distinct structure independently of the
S2 domain and indicated that the PD5 can recognize the RBD at other locations in cells
expressing the S protein. This further supports the suggestion that in SARS-CoV-2-
infected cells PD5 may recognize a distinct population of the S protein in which the
RBD is accessible to antibody binding.

The IF microscopy analysis described above allowed several antibody-stained cells to
be imaged in the same field of view, allowing representative antibody staining patterns to
be determined. In contrast, confocal microscopy allows the detailed imaging of the anti-
body staining in individual representative cells. Since the respective antibody staining pat-
terns were similar for both SARS-CoV-2 isolates, we used confocal microscopy to examine
the staining pattern for each antibody in SARS-CoV-2/0334-infected Vero E6 cells. At 18 hpi
the cells were costained with polyS and either PD5, PD7, PD4, SC23, or SC29, and a series
of images was recorded in the Z-plane from individual representative costained cells.
Single images were extracted at an optical plane from the Z-series that allowed the cyto-
plasmic staining patterns of the different antibodies to be compared (Fig. 3A). The polyS
antibody exhibited a diffuse cytoplasmic staining pattern, but a small degree of colocaliza-
tion within the distinct prominent punctate staining pattern exhibited by PD5, PD7, and
SC23 was noted. This punctate staining pattern was also exhibited in PD4- and SC29-
stained virus-infected cells; however, these antibodies also exhibited additional prominent
diffuse SC29 and PD4 staining patterns. These different antibody staining patterns sug-
gested that the PD5, PD7, and SC23 only recognize a specific subpopulation of the total S
protein in which the protein conformation renders the RBD accessible to antibody binding.
The recognition of the S protein by PD4 and SC29 was not dependent on RBD recognition,
and the additional diffuse antibody staining pattern suggested that they recognize other
forms of the S protein. A similar imaging analysis of transfected cells expressing the
recombinant S protein and costained with polyS and PD5 and SC29 was also performed.
This showed the distinct antibody-specific staining patterns that were similar to that
observed in SARS-CoV-2-infected cells (Fig. 3B), in which the PD5 staining exhibited a gen-
eral localized staining pattern compared with the more widespread staining pattern of
SC29. This is consistent with similar processing of the recombinant S protein and the S pro-
tein expressed in virus-infected cells and indicated that the different S protein antibody
staining patterns that we observed were not dependent on virus infection.

The C terminus of the S protein contains an endoplasmic reticulum (ER) retrieval signal
which facilitates the accumulation of the S protein close to the site of coronavirus particle
assembly (25). The process of coronavirus assembly involves the ER-Golgi intermediate
compartment (ERGIC) and Golgi complex (6). The S protein undergoes a series of important
posttranslational modifications that are mediated by cellular activities associated with the
Golgi complex (e.g., glycosylation, furin cleavage), and in virus-infected cells we examined
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the staining patterns of the RBD-binders in the context of the Golgi complex. The PD5,
PD7, and SC23 exhibited similar staining patterns within infected cells, and we concluded
that imaging of PD5 staining could be used as a representative of this antibody group
(RBD-binders). Mock- and SARS-CoV-2/0334-infected Vero E6 cells were costained with PD5
or PD4 and antigiantin (a Golgi complex marker) and imaged using IF microscopy.
Although some costaining between PD4 and antigiantin was noted, the overall diffuse
PD4 staining pattern contrasted with the localized antigiantin staining pattern (Fig. 3Ci).
Similar PD5 and antigiantin staining patterns in virus-infected cells were noted (Fig. 3Cii),

FIG 3 Distribution of the S protein RBD and Golgi complex in virus-infected Vero E6 cells. (A) At 18 h postinfection SARS-CoV-2/
0334-infected cells were costained using anti-polyS and either (i) PD5, (ii) PD7, (iii) PD4, (iv) SC23, or (v) SC29 and imaged using
confocal microscopy. The individual channel and merged images are shown. The prominent punctate cytoplasmic staining
pattern (*) is highlighted. (B) Vero E6 cells expressing recombinant S protein were costained with anti-polyS and either PD5 or
SC29 and imaged using confocal microscopy. The individual channel and merged images are shown. (C) SARS-CoV-2/0334-
infected cells were costained using (i) PD4 and antigiantin and (ii) PD5 and anti-giantin and imaged using immunofluorescence
microscopy (objective �20 magnification). (D) SARS-CoV-2/0334-infected cells were costained using (i) PD5 and antigiantin and
(ii) PD4 and antigiantin and imaged using confocal microscopy The giantin staining pattern indicating the Golgi complex (*) is
highlighted. (E) SARS-CoV-2/0334-infected cells were costained using (i) PD5 and anti-NP and (ii) PD4 and anti-NP and imaged
using confocal microscopy. The punctate PD5 staining pattern (*) and area of the nucleus (N and delineated by the white broken
line) are indicated. In all confocal microscope images the individual channel images and merged images are shown.
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indicating that PD5 staining was largely localized to elements of the Golgi complex. A
more detailed analysis of the antibody staining patterns was performed using confocal mi-
croscopy on PD5 and PD4 cells containing anti-giantin (Fig. 3D). This revealed a high level
of colocalization between the punctate PD5 staining pattern and the Golgi complex in
infected cells (Fig. 3Dii and iii) and (Fig S3F) and confirmed that the punctate PD5 staining
pattern was mainly restricted to the Golgi complex. The PD4 staining exhibited the diffuse
antibody staining described above, which only partially localized with the antigiantin stain-
ing at the Golgi complex (Fig. 3Di). The infected cells were also costained with either PD5
or PD4 and anti-NP and imaged using confocal microscopy (Fig. 3E). The anti-NP labeling
gives rise to a prominent cytoplasmic staining pattern that allowed delineation of the
infected cells, and the absence of nuclei staining with this antibody enables the position of
the nucleus to be visualized. This staining combination therefore allows the respective PD5
and PD4 staining pattern to be visualized in the context of the whole cell.

We also examined the staining pattern of REGEN-10933 and REGEN-10987, whose
binding sites in the S protein RBD have been accurately defined using structural biol-
ogy (26, 27). SARS-CoV-2/0334-infected cells were costained with either REGEN-10987
or REGEN-10933 and anti-NP (Fig. 4). The anti-NP gave rise to a broadly cytoplasmic
staining pattern that delineated the body of the cell, which contrasted with the local-
ized and punctate staining pattern exhibited by REGEN-10933 and REGEN-10987. The
REGEN-10933 and REGEN-10987 antibodies also showed staining patterns that were
similar to the staining patterns exhibited by the RBD-binders in virus-infected cells.

These data suggested that RBD recognition by PD5 occurs as the S protein is trafficked
through the Golgi complex. The reason for the apparent accumulation of the S protein at the
Golgi complex during its transport through the secretory pathway is currently unclear, but it
may be related to the extensive glycosylation of the S protein (28). Although virus assembly
is proposed to occur close to the Golgi complex, a similar PD5 staining pattern was also
observed in transfected cells expressing the recombinant S protein, suggesting that this Golgi
localization may not be directly caused by virus-induced changes in the secretory pathway.

The imaging data described above demonstrated the specificity of the hMAb panel

FIG 4 Vero E6 cells infected with SARS-CoV-2 and stained with monoclonal antibodies whose
receptor binding domain (RBD) recognition sites have been defined. (A to C) SARS-CoV-2/0334-
infected Vero E6 cells were costained with either (A) REGEN-10987 (Reg10987) or (B and C) REGEN-
10933 (Reg10933) and anti-NP (recognizes the SARS-CoV-2 N protein). In all cases images were
recorded using immunofluorescence microscopy. Panels A and B, objective �20 magnification; panel
C, objective �100 magnification.
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with regard to the S protein recognition in virus-infected Vero E6 cells and demon-
strated specific antibody staining patterns that correlated with RBD-binding. Further-
more, these data also indicated that the deleted sequence 675QTQTN679 in SARS-CoV-2/
0334 and the R682W change in SARS-CoV-2/1302 (Fig. S1) did not prevent recognition
by either of the antibodies examined. We have failed to detect PD5 costaining with
antibodies against early compartments of the secretory pathway, e.g., the ER compart-
ment (R. J. Sugrue, unpublished observations), suggesting that PD5 staining is only
detected in the later compartments of the secretory pathway. The more widespread
cytoplasmic staining of the non-RBD-binders and polyS is presumably due to recogni-
tion of the S protein at other cellular locations (in addition to the Golgi complex).
These data therefore suggest that while the non-RBD-binders and polyS recognize the
total S protein expressed in virus-infected cells, the RBD-binders recognize only a sub-
set of the total S protein where the RBD is antibody accessible. Although the Golgi
compartment may be modified in SARS-CoV-2-infected cells to facilitate virus replica-
tion, the staining pattern of the RBD-binders (exemplified by PD5) was mainly associ-
ated with the Golgi complex. Since PD5 recognizes conformational-specific epitopes
within the RBD of the S protein, these data suggest that a conformational change in
the S protein may occur that leads to the correctly folded RBD at the Golgi complex
that enabled PD5 recognition.

The hMAbs recognize the RBD displayed on virus particles on the surface of
SARS-CoV-2/1302- and SARS-CoV-2/0334-infected Vero E6 cells. We used imaging
to examine the surface expression of the S protein on infected Vero E6 cells stained
with each of the antibodies in the hMAb panel. Vero E6 cells were mock infected (Fig.
5A) and infected with either SARS-CoV-2/0334 (Fig. 5Bi) or SARS-CoV-2/1302 (Fig. 5Bii),
and at 18 hpi the nonpermeabilized cells were costained using PD5 and polyS and
imaged using IF microscopy. A similar diffuse surface-staining pattern was noted on
cells infected with either virus isolate. A similar surface-staining pattern was also
observed on nonpermeabilized cells infected with SARS-CoV-2/0334 and costained
with polyS and either PD7, SC23, or SC29 (Fig. 5C). The surface staining with the PD5,
PD7, and SC23 antibodies indicated that the RBD was displayed on the surface of
infected cells. Although SC29 did not recognize the RBD and did not exhibit virus neu-
tralization activity, surface staining on SC29-stained nonpermeabilized cells indicated
that the SC29 epitopes were also surface-displayed.

The surface-staining patterns were confirmed by comparing the PD5-staining pat-
terns of nonpermeabilized cells and permeabilized SARS-CoV-2/0334-infected cells.
Wheat germ agglutinin conjugated to Alexa 488 (WGA-488) is an established cellular
probe that stains cellular membranes and cells, and were costained with PD5 and WGA-
488 and imaged by IF microscopy (Fig. 5D). As expected, the PD5 staining pattern
observed on nonpermeabilized cells (Fig. 5Di) was clearly distinct from the PD5 punctate
cytoplasmic staining pattern exhibited on permeabilized cells (Fig. 5Dii). The nonpermeabi-
lized SARS-CoV-2/0334-infected cells were costained using PD5 and polyS and examined in
greater detail using confocal microscopy. A series of images was recorded in the Z-plane
from individual representative costained cells, which allowed surface staining at the cell
top (Fig. 5Ei) and at the cell periphery to be imaged (Fig. 5Eii). Both antibodies exhibited a
similar surface-staining pattern on the costained cells, which appeared as small spots and
filaments, and was distinct from the cytoplasmic PD5 and polyS staining patterns in perme-
abilized cells described above. The level of colocalization of these antibodies was examined
using the Pearson’s and Mander’s correlation coefficients (Fig. 5F), which indicated a high
level of colocalization between the two antibodies. A high level of costaining between
both antibodies would be expected since both antibodies would be expected to recognize
the same population of the S protein on the surface of infected cells. The surface-staining
pattern exhibited by both antibodies was more apparent in a 3-D reconstruction of the
nonpermeabilized costained infected cell (Fig. 5Gi and ii), where the filamentous costaining
pattern was clearly distinguished from the spotted antibody staining pattern.

The surface topology of Vero E6 cells infected with SARS-CoV-2 isolates was fur-
ther examined using scanning electron microscopy (SEM) to better understand the
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FIG 5 Surface staining of SARS-CoV-2-infected Vero E6 cells. (A and B) Vero E6 cells were (A) mock-infected and (B)
infected with (i) SARS-CoV-2/0334 or (ii) SARS-CoV-2/1302. At 18 h postinfection (hpi) the nonpermeabilized cells were
costained using polyS and PD5. The stained cells were imaged using immunofluorescence (IF) microscopy (objective
�40 magnification). (C) Nonpermeabilized SARS-CoV-2/0334-infected cells were costained with polyS and either (i)
PD7, (ii) SC23, or (iii) SC29. The stained cells were imaged using IF microscopy (objective �100 magnification; oil
immersion). (D) At 18 hpi SARS-CoV-2/0334-infected cells were (i) nonpermeabilized and (ii) permeabilized, and the
cells were costained using PD5 and wheat germ agglutinin conjugated to Alexa 488 (WGA). The stained cells were
imaged using IF microscopy (objective �40 magnification). In both (i) and (ii) the inset is an enlarged imaged
showing the PD5 staining pattern in each condition. (E) Vero E6 cells were infected with SARS-CoV-2/0334, and at
18 hpi the nonpermeabilized cells were costained using PD5 and polyS. The costained cells were imaged using
confocal microscopy, and a series of images from the stained cell was obtained in the Z-plane. Individual optical
slices from the (i) cell top and (ii) at the cell periphery are shown. The individual channels and merged images are
shown, and an inset in (i) highlights the staining patterns at higher magnification. (F) The scatterplot and the values
for the Pearson’s and Mander’s coefficients are shown from the 49,325 pixels sampled in the costained image. (G) The
3-dimensional reconstruction of the Z-stack series of images is shown. The reconstructed image is viewed from (i)
above and (ii) at the side of the costained cell. The PD5 and polyS filamentous costained pattern on the cell surface is
highlighted (white arrows).
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relevance of the different surface-staining patterns detected in the confocal micro-
scope analysis described above. Cells were either mock-infected or infected with
SARS-CoV-2/1302 and SARS-CoV-2/0334 isolates and at 18 hpi were imaged using
SEM (Fig. 6A). Numerous surface projections were observed on the surface of the
mock-infected cells, which was consistent with the presence of microvilli (Fig. 6Ai),
and these structures were also present on the surface of cells infected with SARS-
CoV-2/1302 (Fig. 6Aii) and SARS-CoV-2/0334 (Fig. 6Aiii). The SARS-CoV-2 particles are
approximately 80 to 100 nm in diameter (29), and the numerous spherical particles

FIG 6 Distribution of SARS-CoV-2 virus particles on the surface of infected Vero E6 cells. (A) (i) Mock-infected cells and cells infected with (ii) SARS-CoV-2/
1302 and (iii) SARS-CoV-2/0334 at 18 h postinfection (hpi) were imaged using scanning electron microscopy (�50,000 magnification). In each case the
associated inset is an enlargement (white bar = 500 nm). The individual virus particles on the cell surface (short arrows) and clusters of virus particles
associated with cell microvilli (long arrows) are highlighted. The microvilli on the surface of mock-infected cells are also highlighted (*). (B to E) (B) Mock-
infected Vero E6 cells and cells infected with (C) SARS-CoV-2/0334, (D) SARS-CoV-2/1302, and (E) SARS-CoV-2/0334 were imaged using scanning electron
microscopy at 18 hpi. In each case microvilli (mv), infected (I) and noninfected (N) cells, the borders between different cells (broken yellow line), individual
virus particles (white arrowhead), virus particles on microvilli (white arrows), virus particles on microvilli spanning different cells (yellow arrow), and
microvilli spanning different cells in mock-infected cell monolayer (*) are highlighted with (Bi and Ci) �40,000 magnification, (Bii, and Dii) �80,000
magnification, (Di) �30,000 magnification, (Cii) �60,000 magnification, and (Ei) �16,�000 magnification. (Eii) Panels a and b are enlarged images from the
area demarcated by the open white boxes in panel i. The white bars in panel Eii represent 1 mm.
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of similar uniform dimensions that were detected on the surface of the virus-infected
cells were consistent with the presence of individual SARS-CoV-2 particles.
Approximately 70% of these virus particles were also associated with the microvilli
projections, and we estimated that up to 10 virus particles could be detected on
many microvilli. Microvilli extending from individual cells to neighboring cells in the
monolayer was a common occurrence on mock-infected cells (Fig. 6B), indicating
that under normal conditions these surface structures can make direct physical con-
nections to neighboring cells. In this context, cells infected with either isolate
showed virus particles on these microvilli extending from visibly infected cells to
neighboring noninfected cells in the cell monolayer was noted (Fig. 6B to E), suggest-
ing that these preexisting surface projections may serve as conduits to facilitate
localized cell-to-cell transmission of SARS-CoV-2 in the cell monolayers. This is con-
sistent with the recent interpretations of SARS-CoV-2 transmission in infected Vero
cell monolayers (30, 31). Although the significance of the association of SARS-CoV-2
particles with these cellular projections is uncertain, this explains the apparent fila-
mentous PD5 and polyS costaining pattern observed in the confocal microscopic
analysis.

A comparison of the imaging data by light microscopy and SEM provided evidence
that the surface staining correlated with the appearance of SARS-CoV-2 particles on
the surface of infected cells. This indicated that surface-PD5 staining could be used to
detect virus particles on the surface of SARS-CoV-2-infected cells. The surface staining
of SC29 also provided evidence that the nonneutralizing antibodies can also bind to
the virus particles on the surface of the infected cells. Although the RBD-binders recog-
nize the S protein at the Golgi complex, the surface PD5 staining suggested that the
antibodies also recognized the S protein in post-Golgi transport compartments in
which the virus particles are transported to the surface of infected cells.

Establishing the kinetics of cell-to-cell spread for SARS-CoV-2/1302 and SARS-
CoV-2/0334 in the Vero E6 cell monolayers. The SEM analysis indicated that large
numbers of SARS-CoV-2 particles were present on the surface of infected Vero E6 cells,
suggesting that a high level of virus infectivity remained cell-associated at this time of
infection. We estimated that on average more than 200 virus particles/cell were
detected on SARS-CoV-2/0334-infected cells, which is in the same order of magnitude
as the estimated burst size for other coronaviruses (32). In addition, we consistently
noted lower numbers of virus particles on SARS-CoV-2/1302-infected cells compared
than on SARS-CoV-2/0334 virus-infected Vero E6 cells. Since the cells were exposed to
similar levels of each virus isolate [multiplicity of infection (MOI) of 0.1] and examined
at the same time of infection, these differences suggested a slower rate of appearance
of virus particles (i.e., virus particle assembly) in SARS-CoV-2/1302-infected Vero E6
cells, and this was examined further. Vero E6 cell monolayers were infected with SARS-
CoV-2/1302 or SARS-CoV-2/0334 using MOIs of 0.001 (Fig. 7A), 0.01 (Fig. 7B), and 0.1
(Fig. 7C), and at 18 hpi the cell monolayers were costained using PD5 and polyS and
imaged by IF microscopy. At all MOI values examined, the two virus isolates exhibited an
antibody staining pattern that was largely composed of clusters of stained cells. This was
consistent with the localized cell-to-cell virus transmission, in which the progeny virus par-
ticles produced in the initial virus-infected cell infected the immediate surrounding cells in
the monolayer. If high levels of infectious SARS-CoV-2 were shed into the tissue culture me-
dium covering the infected cells, a more sporadic antibody labeling pattern would be
expected that consisted of higher numbers of individual stained cells randomly distributed
in the monolayer. It was noticeable that the cells infected with SARS-CoV-2/1302 consis-
tently exhibited smaller infected cell clusters (10 6 1.5 cells per cluster; MOI = 0.01) than
the cells infected with the SARS-CoV-2/0334 isolate (25 6 2.1 cells per cluster; MOI = 0.01)
(Fig. 7D), which suggested reduced cell-to-cell transmission exhibited by SARS-CoV-2/1302.
The clustered staining pattern consistent with localized cell-to-cell transmission of these vi-
rus isolates was further supported by examining the relative level of virus infectivity that
was cell-free (tissue culture supernatant) and cell-associated (cell mass), and in cells
infected with either isolate, the cell-associated virus infectivity accounted for a higher
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FIG 7 Comparison of Vero E6 cells infected with SARS-CoV-2/1302 and SARS-CoV-2/0334 at different multiplicities of infection (MOI). (A to C)
Vero E6 cells were infected with (i) SARS-CoV-2/1302 and (ii) SARS-CoV-2/0334 using an MOI of (A) 0.001, (B) 0.01, and (C) 0.1, and at 18 h

(Continued on next page)
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proportion of the total infectivity (approximately 90% of the total recovered infectivity)
(Fig. 7E). In this context cells infected with SARS-CoV-2/0563 and stained using polyS also
showed infected cell clusters that were of a similar size to those in SARS-CoV-2/0334-
infected cells (Fig. 7F). This clustered antibody staining was also observed on PD7-, SC23-,
and SC29-stained SARS-CoV-2/1302- and SARS-CoV-2/0334-infected cells (Fig. 7G), indicat-
ing that the clustered staining pattern was not antibody-specific (i.e., due to PD5 and polyS
staining). This interpretation of localized virus transmission of these SARS-CoV-2 isolates
was consistent with recent observations of SARS-CoV-2 transmission reported by other lab-
oratories (30).

These data provide evidence for localized cell-to-cell transmission in the cell mono-
layer and suggest that SARS-CoV-2/0334 exhibited a faster rate of transmission than
SARS-CoV-2/1302. The kinetics of virus spread in the Vero cell monolayer was deter-
mined in Vero E6 cells infected with SARS-CoV-2/1302 (Fig. 8A) or SARS-CoV-2/0334

FIG 7 Legend (Continued)
postinfection (hpi) the cells were costained using PD5 and polyS, and imaged using immunofluorescence (IF) microscopy (objective �20
magnification). In each condition the representative infected cell clusters are highlighted (broken yellow line). (D) The average numbers of
infected cells per infected cell cluster in cells infected with SARS-CoV-2/1302 (1302) and SARS-CoV-2/0334 (0334) using an MOI of 0.01 are
shown. (E) The relative levels of cell-associated (CA) and cell-free (CF) virus infectivity recovered from cells infected with SARS-CoV-2/0334
(0334) and SARS-CoV-2/1302 (1302) using an MOI of 0.01. In this analysis the results are presented as a fraction of the CA infectivity (which is
set to a value of 1.0). (F) Cells were infected with SARS-CoV-2/0334, SARS-CoV-2/0563, and SARS-CoV-2/1302 as indicated using an MOI of
0.01. At 18 hpi the cells were stained with polyS. In all cases images were recorded using IF microscopy (objective �20 magnification). (G and
C) Cells were infected with (G) SARS-CoV-2/1302 and (C) SARS-CoV-2/0334 using an MOI of 0.01, and at 18 hpi the cells were stained with
PD7, SC23, and SC29 as indicated.

FIG 8 Temporal appearance of PD5 and anti-polyS staining on Vero E6 cells infected with SARS-CoV-2/1302 and SARS-CoV-2/0334. (A and B)
Vero E6 cells were infected with (A) SARS-CoV-2/1302 virus and (B) SARS-CoV-2/0334 using an multiplicity of infection (MOI) of 0.01, and at
(i) 6 h postinfection (hpi), (ii) 18 hpi, (iii) 24 hpi, and (iv) 30 hpi the cells were costained with PD5 and polyS. The stained cells were imaged
using immunofluorescence microscopy (objective �20 magnification). A sporadic infected cell at 6 hpi is highlighted (white arrow), and in
both panels A and B clusters of infected cells are highlighted (broken yellow line).
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(Fig. 8B) using an MOI of 0.01. At between 6 and 30 hpi the cells were costained with
PD5 and polyS and examined by IF microscopy. At 6 hpi we failed to detect significant
levels of virus infectivity, suggesting that this is at a time prior to significant levels of
progeny virus production. At 18 hpi the appearance of infected cell clusters could be
readily detected in cell monolayer infected with either isolate, which became progres-
sively larger at 24 and 30 hpi. These rates of virus spread in the cell monolayers are
consistent with previous reports that have examined the replication kinetics of SARS-
CoV-2 in Vero cells (33). However, at each time of infection the infected cell clusters in
SARS-CoV-2/1302-infected cell monolayers were smaller than those in SARS-CoV-2/
0334-infected cells, consistent with the slower spread of infection for SARS-CoV-2/
1302. A similar analysis of Vero E6 cells infected with SARS-CoV-2/1302 (Fig. 9A) and
SARS-CoV-2/0334 (Fig. 9B), and costained with PD7 and anti-NP again showed smaller
infected cell clusters at all times of infection in SARS-CoV-2/1302-infected cell mono-
layers. Since all antibodies showed similar clustered staining patterns, the difference in
the rate of cell-to-cell spread between the two virus isolates was not antibody-specific,
e.g., due to differences in RBD recognition by PD5.

Our data are consistent with localized cell-to-cell spread in the cell monolayer that
correlated with high levels of cell-associated virus. However, the reason for the high
level of cell-associated virus at this time of infection is currently unclear and will require
further investigation. In this context, high-resolution structures of the S protein on iso-
lated SARS-CoV-2 particles have demonstrated that low levels of the S protein trimer
disassociate, leaving the S2 domain radiating from the virus envelope in an extended
postfusion conformation (34). It is possible that the freely exposed fusion peptide at

FIG 9 Temporal appearance of PD7 and anti-N protein staining on Vero E6 cells infected with SARS-CoV-2/1302 and SARS-CoV-2/0334.
(A and B) Cells were infected with (A) SARS-CoV-2/1302 and (B) SARS-CoV-2/0334 using an multiplicity of Infection (MOI) of 0.01, and at
(i) 6 h postinfection (hpi), (ii) 18 hpi, (iii) 24 hpi, and (iv) 30 hpi the cells were costained with PD7 and anti-N protein (NP). The stained
cells were imaged using immunofluorescence microscopy (objective �20). In both panels A and B, clusters of infected cells are
highlighted (broken yellow line).
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the N terminus of the S2 protein may insert into the plasma membrane on infected
cells and serve as an alternative transmembrane domain (35). In such a scenario, this
would tether the virus particles to the surface of infected cells and facilitate the local-
ized cell-to-cell spread of infection that we observe. The reason for the different rate of
spread in the Vero cell monolayer is still uncertain. We failed to detect a significant dif-
ference in the time of appearance of the antibody-stained cells infected with either
isolate in these cells. This suggests that the differences in virus spread may be due to
differences between the isolates at the later stages of the virus replication; however,
the mechanism behind this phenomenon will require further investigation.

N-linked glycan maturation or furin cleavage of the S protein is not required
for recognition of the RBD by PD5 in SARS-CoV-2-infected Vero E6 cells. Furin is
enriched at the Golgi complex (36), and posttranslational cleavage of the S0 protein
into the S1 and S2 domains at the S1/S2 site would be expected to occur as it is traf-
ficked through the Golgi complex. Furthermore, processing of the N-linked glycan
from high-mannose cores to terminally differentiated complex glycans also occurs in
the Golgi complex. The S protein contains several potential N-linked glycosylation sites,
including two sites within the RBD. We therefore examined if maturation of the associ-
ated N-linked glycans and furin cleavage of the S protein was required for the recogni-
tion of the RBD by PD5.

Inhibition of the processing of S protein N-linked glycans into complex glycans was
performed using the Golgi mannosidase-1 inhibitor deoxymannojirmycin (DMJ) (Fig.
10). We have previously used DMJ to examine glycan heterogeneity of the respiratory
syncytial virus fusion (RSV F) protein in Vero cells (37, 38). The recombinant S protein
expressed in nontreated cells and in DMJ-treated cells was examined by immunoblot-
ting using polyS (Fig. 10Ai). A band shift in the migration of the S2 subunit (increased
electrophoretic migration) in DMJ-treated cells was consistent with the presence of
high-mannose cores attached to the S protein (37, 38). This was confirmed by examin-
ing the sensitivity of the recombinant S protein-associated glycans to digestion with
the enzyme EndoH (Fig. 10Aii). This enzyme removes high-mannose cores from glyco-
proteins but is unable to remove complex N-linked glycans, and it is thus an estab-
lished reagent to examine glycan maturation in glycoproteins. In nontreated cells the S
protein exhibited partial sensitivity to EndoH cleavage, suggesting that individual S
protein polypeptide chains contained a mixture of simple and complex glycans as
described previously (39–41). In the DMJ-treated cells the S2 subunit exhibited total
sensitivity to EndoH treatment as indicated by the increased migration of the S2 pro-
tein, which was consistent with the S protein in DMJ-treated Vero cells exhibiting only
simple high-mannose cores. In cells expressing either the recombinant S protein (Fig.
10B) or in cells infected with SARS-CoV-2/0334 (Fig. 10C) the S protein exhibited similar
polyS and PD5 staining in nontreated and DMJ-treated cells. This indicated that PD5
recognition was not dependent on the conversion of the high-mannose N-linked gly-
cans into complex N-linked glycans, although it is acknowledged that other types of
modification such as O-linked glycosylation may play a role in facilitating PD5 binding.

We have previously used the furin inhibitor decanoyl-RVKR-cmk (RVKR) to examine
furin cleavage of the RSV F protein in Vero E6 cells (42). Vero E6 cells expressing the
recombinant S protein were used to determine the effective concentration of deca-
noyl-RVKR-cmk to inhibit S protein cleavage. At 4 h posttransfection (hpt) the cells
expressing the recombinant S protein were either nontreated or treated with 10, 20, or
40 mM RVKR, and at 16 hpt the posttranslational cleavage of the S protein was exam-
ined by immunoblotting cell lysates with polyS (Fig. 11A). In nontreated cells both S0
and S2 were detected, indicating posttranslation cleavage of the S protein. Reduced
levels of S2 protein were detected as the RVKR concentration was increased from 10 to
40 mM, and at 40 mM no residual S protein cleavage was detected. Under our experi-
mental conditions we failed to detect any reduction in the S0 protein levels after drug
treatment, which suggested that under these experimental conditions there was mini-
mal drug toxicity, which was consistent with the lactate dehydrogenase (LDH) cytotox-
icity assay which indicated 95% cell viability (R. J. Sugrue, unpublished observations).
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FIG 10 Maturation of the N-linked glycans in the S protein RBD is not required for PD5 recognition. (A) (i) Cells were mock-
transfected, mock and transfected with pCAGGS/S in the absence (NT) and presence of 1 mM deoxymannojirmycin (DMJ),

(Continued on next page)
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In a parallel analysis, nontreated and RVKR-treated cells expressing the recombinant S
protein were costained with polyS and PD5 and imaged using IF microscopy (Fig. 11Bi
and ii). Large antibody-costained cell clusters in nontreated cells indicated the forma-
tion of the multinucleated cell clusters, which suggested that expression of the
recombinant S protein alone may be sufficient to induce membrane fusion in Vero E6
cells and is consistent with recent reports (43, 44). In A549 cells expressing the recombinant
S protein we failed to detect the presence of these multinucleated cells, although PD5 and
polyS staining was observed (V.Z.-Y. Lim and R. J. Sugrue, unpublished observations). The
A549 cells do not express the ACE2 protein, and we presume that in Vero cells the
recombinant S protein engages with the ACE2 receptor and is able to induce receptor-
mediated membrane fusion. In this context the SARS-CoV-2 S protein is expected to bind
to the ACE2 protein of several different animal species, including primates from which the
Vero cell line is derived (45–47). Although furin cleavage of the S protein appears not to be
an absolute requirement for mediating membrane fusion (43), we failed to detect the pres-
ence of multinucleated cells in the PD5 and polyS costained RVKR-treated cells. The change
in staining pattern following RVKR treatment suggested a correlation between S protein
cleavage and membrane fusion. However, the PD5 staining in both nontreated and RVKR-
treated cells indicated that furin cleavage of the recombinant S protein was not required
for RBD recognition by PD5.

The effect of RVKR treatment on PD5 recognition in Vero E6 cells infected with
SARS-CoV-2/1302 (Fig. 11C) and SARS-CoV-2/0334 (Fig. 11D) was also examined. Virus-
infected Vero E6 cells were either nontreated or treated with 40 mM RVKR at 4 hpi, and
at 18 hpi the cells were costained with polyS and PD5 (Fig. 11Ci and Di) and with anti-
NP (Fig. 11Cii and Dii). The RVKR treatment was started at 4 h after infection to ensure
no interference by the drug in establishing the initial SARS-CoV-2 infection. In the non-
treated cells widespread antibody staining within the cell monolayers indicated the
spread of virus infection in the cell monolayer infected with both isolates. In RVKR-
treated cells the antibody staining with either isolate was restricted to individual
brightly stained infected cells and smaller infected cell clusters (approximately 2 to 3
infected cells per cluster). However, RVKR treatment did not prevent PD5 recognition
of the S protein and indicated that in virus-infected cells furin cleavage of the S protein
was not a requirement for RBD binding by PD5. Although the S protein of SARS-CoV-2/
1302 has a modified furin cleavage site, proteolytic cleavage of the S protein by furin
was still required for its transmission. These data underpin the importance of the furin
cleavage of the S protein in mediating virus transmission in animal models of infection
(48, 49).

In a final analysis we examined if furin cleavage of the S protein was required for the
recognition of the RBD by PD5 on the cell surface of Vero E6 cells infected with SARS-CoV-
2/1302 (Fig. 12Ai) and SARS-CoV-2/0334 (Fig. 12Aii). While PD5 staining on nontreated cells
was detected, a reduced level of PD5 surface staining on drug-treated cells infected with
either virus isolate was noted. Quantification of the PD5 staining intensity on nonpermea-
bilized SARS-CoV-2/0334-infected cells indicated an approximately 80% reduction in PD5
staining in RVKR-treated cells (Fig. 12Aiii and iv). Individual representative nontreated and
RVKR-treated nonpermeabilized and permeabilized virus-infected cells that were costained
with PD5 and polyS were examined using confocal microscopy, and a series of images was

FIG 10 Legend (Continued)
and the cell lysates were immunoblotted with polyS. Protein species corresponding in size to the uncleaved (S0) and S2
domain of the S protein are indicated. Also indicated (S2*) is the faster-migrating S2 domain that is formed in the presence
of DMJ. (ii) Cells expressing the S protein in nontreated (NT) and DMJ-treated cells were either mock-digested (mock) or
treated with EndoH and PNGase F, and the samples were immunoblotted with polyS. The migration of the EndoH-resistant
(white *) and EndoH and PNGaseF-sensitive (black*) S protein species are indicated. In all cases immunoblotting with
antitubulin (tub) is the loading control. (B) Nontreated (NT) and DMJ-treated cells expressing the recombinant S protein
were costained with polyS and PD5 and imaged by immunoflorescence (IF) microscopy (objective �40 magnification). (C)
At 18 h postinfection nontreated (NT) and DMJ-treated cells infected with SARS-CoV-2/0334 were costained with polyS and
PD5 and imaged by IF microscopy objective �40 magnification.
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FIG 11 Furin cleavage of the S protein is not required for recognition by PD5. (A) Vero E6 cells expressing the recombinant S protein were
treated with 0, 10, 20, and 40 mM decanoyl-RVKR-cmk (RVKR) at 4 h posttransfection (hpt), and at 16 hpt, the cell lysates were prepared and
immunoblotted with polyS. The full-length S protein (S0) and S2 subunit are indicated. Tubulin (bTub) is the loading control. (B) (i)
Nontreated (NT) and 40 mM RVKR-treated cells expressing the recombinant S protein were stained with PD5 and polyS and imaged using
immunofluorescence (IF) microscopy (objective �20 magnification). (ii) Imaging of polyS-stained NT and RVKR-treated cells expressing the
recombinant S protein at 16 hpt (objective �40 magnification). (C and D) Cells were infected with (C) SARS-CoV-2/1302 and (D) SARS-CoV-2/
0334 using a multiplicity of infection of 0.01 in the absence (NT) and presence of 40 mM RVKR. At 18 h postinfection, the cells were
costained using (i) PD5 and polyS and (ii) anti-NP, and imaged using IF microscopy (objective �20 magnification). The reduced size of the
infected cell clusters in RVKR-treated cells is highlighted (white arrows).
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recorded in the Z-plane. An individual representative image slice was extracted from the
image series to highlight the differences in the surface-staining intensity (Fig. 12Bi) and the
cytoplasmic-staining intensity (Fig. 12Bii) under each experimental condition. This showed
a similar level of cytoplasmic PD5 staining in nontreated or RVKR-treated infected cells but
a reduction in the PD5 (and polyS) surface staining in RVKR-treated cells.

To determine if furin cleavage of the S protein was an essential requirement for its
trafficking to the plasma membrane, nonpermeabilized mock-transfected cells (Fig.
12Ci) and cells expressing the recombinant S protein in nontreated (Fig. 12Cii) and

FIG 12 Furin cleavage of the S protein is required for surface display of the PD5 epitope in virus-infected Vero E6 cells. (A)
Vero E6 cells were infected with (i) SARS-CoV-2/1302 and (ii) SARS-CoV-2/0334 and either nontreated (NT) or treated with
40 mM decanoyl-RVKR-cmk (RVKR). At 18 h postinfection (hpi), the cells were nonpermeabilized and stained with PD5 and
imaged by immunofluorescence (IF) microscopy (objective �20 magnification). The reduced staining in RVKR-treated cells is
highlighted (*). (iii) Nontreated (NT) and RVKR-treated cells infected with SARS-CoV-2/0334 were nonpermeabilized and
stained with PD5 and imaged by IF microscopy. (objective �100 magnification; oil immersion). (iv) The average image
intensity of nontreated (–) and RVKR-treated (1) SARS-CoV-2/0334-infected cells stained with PD5 is shown. n = 50 in each
case. (B) The nontreated (NT) and RVKR-treated (1RVKR) SARS-CoV-2/0334-infected cells were (i) nonpermeabilized and (ii)
permeabilized and were costained with PD5 and polyS. An individual image taken from a Z-stack series of images of
representative cells is shown, and the individual channel images are presented. The punctate cytoplasmic PD5 staining
pattern (*) is highlighted. (C) Cells were (i) mock-transfected or transfected with pCAGGS/S and either (ii) nontreated (NT) or
(iii) RVKR-treated (RVKR). The nonpermeabilized cells were costained with PD5 and polyS and imaged by IF microscopy
(objective �40 magnification).
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RVKR-treated (Fig. 12Ciii) cells were costained using polyS and PD5 and imaged using
IF microscopy. Surface staining was detected on both nontreated and RVKR-treated
cells using both antibodies, indicating that drug treatment did not prevent surface
expression of recombinant-expressed S protein or prevent surface display of the RBD.
The surface staining on nontreated cells appeared as numerous large antibody-stained
clusters that were similar in appearance to the antibody-stained cell clusters detected
in permeabilized cells and was consistent with S protein-mediated membrane fusion.
In contrast, on RVKR-treated cells the surface staining consisted of both single-stained
cells and much smaller stained cell clusters which was consistent with a reduced level
of membrane fusion. The RVKR-treated cells expressing the recombinant S protein also
exhibited an apparent increased surface-staining intensity when compared with that in
nontreated cells. This may be due to the accumulation of the S protein in individually
transfected cells in drug-treated cells compared with the more widespread S protein
staining in the cell clusters in nontreated cells. Nevertheless, the recombinant S protein
expression data indicated that furin cleavage of the S protein was not an inherent
requirement for its trafficking to the plasma membrane.

It has been suggested that the S protein can be trafficked to the plasma membrane
in virus-infected cells without being incorporated into virus particles, and that this has
been proposed to induce syncytia to facilitate virus transmission. However, our data
suggest that cleavage of the S protein was required for its efficient surface expression
in virus-infected cells, which correlated with impaired virus cell-to-cell transmission in
RVKR-treated infected cells. This may be related to other specific aspects of the virus
replication cycle that restrict trafficking of the uncleaved S protein to the cell surface.
For example, the S protein interacts with the M protein during virus particle formation
(50), and in this context the uncleaved S protein may lead to the formation of aberrant
virus particles that cannot form at the cell surface.

Conclusion. The PD5, PD7, and SC23 that recognize the RBD of the S protein in virus-
infected cells appear to recognize only a subpopulation of the S protein that has a distinct
conformation in which the RBD is accessible to antibody binding. Although much of our
characterization has involved the use of PD5, the similarities in staining pattern between
PD5 and the other RBD-binders suggested that PD5 was representative of these antibodies.
The RBD-binders recognize the S protein at specific locations within the cell, which includes
the Golgi complex and the virus particles that form at the cell surface. We failed to detect
PD5 costaining with antibodies that recognize the ER compartment (R. J. Sugrue unpub-
lished observations), indicating that RBD recognition occurs in the Golgi complex and at
post-Golgi cell compartments. This further suggests that during the transit of the S protein
through the Golgi complex, a conformational change in the S protein may occur that ena-
bles PD5 binding. In contrast, the recognition of the S protein by PD4 and SC29 was not
dependent on RBD accessibility, and these antibodies exhibit a widespread and diffuse
staining pattern in virus-infected cells. Although PD4 and SC29 do not bind to the RBD, an
additional punctate staining pattern that resembles that in the RBD-binders was also appa-
rent, suggesting that they also recognize the form of the S protein that is recognized by the
RBD-binders. We do not know which domain PD4 and SC29 bind in the S protein trimer,
but our data indicate that they are able to recognize multiple different forms of the S pro-
tein in a manner similar to that of the polyS antibody. There are currently several high-reso-
lution structures that have been described that have used the soluble trimeric S protein
ectodomain of both the uncleaved (S0) and the furin-cleaved (S1/S2) forms of the S protein
(22, 23). In these structures it has been reported that one of the RBDs in the S protein trimer
can be elevated above the S protein trimer into an open conformation and that the transfor-
mation of the RBD into the open formmay be associated with increased antibody accessibil-
ity (51). These studies have suggested that the uncleaved and cleaved forms of the S protein
with the RBD were preferentially in the closed and open conformation, respectively.
Interestingly, structural studies of the full-length S protein trimer complex suggest that in
the uncleaved S protein the RBD also exists in the closed conformation (34, 52, 53), and this
is likely to better reflect the conformation of the S protein in virus-infected cells. However,
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electron tomography of purified virus particles has highlighted the complexity of this issue,
since these reports suggest the existence of multiple S protein conformations, including S
protein trimers in a postfusion conformation consisting only of the S2 domain (34).
Although our data suggest that the RBD was first detected in the Golgi complex, it is cur-
rently unclear if in the distinct S protein forms that are recognized by the PD5, PD7 and
SC23 are related to the orientation of the RBD. It is possible that these antibodies recognize
an alternative conformational change in the S protein during virus particle assembly that is
not related to the elevation of the RBD. We can speculate that since the RBD-binders recog-
nize conformational-specific epitopes within the RBD, these antibodies are able to detect
formation of the correctly folded RBD prior to or during virus particle assembly. Future work
will focus on identifying the precise binding sites of these antibodies in the S protein trimer
to better understand the conformational changes in the S protein that is recognized by the
RBD-binders in virus-infected cells.

Limitations of this study. The work described in this study primarily relies on the
use of Vero E6 cells, which is an established and accepted highly permissive cell system
used to propagate SARS-CoV-2. These cells lead to the production of easily definable
infectious SARS-CoV-2 particles and are useful to examine the mechanics of SARS-CoV-2
infection. In this context important posttranslational modification of the S protein, such
as furin cleavage and N-linked glycosylation, also occurs in these cells. However, the
physiology of these nonhuman cells is likely to exhibit differences compared with the
corresponding cells that are naturally infected in the airway of the human host. This may
influence both the virus replication characteristics and processing of the individual virus
proteins. Future work will characterize these antibodies in cells that are more representa-
tive of the human airway (e.g., nasal epithelial cells) to obtain a complete and more
physiological picture of SARS-CoV-2 S protein antibody recognition.

We have used low-passaged clinical virus isolates that were isolated using tissue
culture during the early stages of the pandemic in Singapore. The focus of this study
was on the S protein, and in this context the S protein sequences of the individual virus
isolates used in this study were genetically characterized. Although we did observe
some differences in the S protein sequences that were restricted to the vicinity of the
furin cleavage site, the virus isolates showed high levels of sequence identity with the
corresponding S protein sequence of SARS CoV-2/WIV04, including the sequence of
the RBD. Understanding the complex biology of these virus isolates was not within the
scope of the current study, but the differences that we observed in the localized virus
transmission of these virus isolates in tissue culture suggest subtle differences in their
replication characteristics. While it is unclear how genetic variation in other virus genes
would directly influence the recognition of the S protein by the antibodies used in this
study, future work on the complete genetic characterization of these viruses may help
to explain these differences in their biological properties that we observe.

Lastly, we have selected a panel of antibodies based in their binding properties to
the S protein RBD. Although binding to the RBD was established for PD5, PD7, and
SC23, we have not yet mapped their antibody binding sites on the RBD. This informa-
tion should provide a much better understanding of the conformational changes in
the S protein in virus-infected cells that we describe, and we will use established meth-
odology to map their antibody binding sites on the S protein RBD in future work.

MATERIALS ANDMETHODS
Isolation of SARS-CoV-2. Three isolates of SARS-CoV-2 viruses (designated 1302, 0563, and 0334)

were isolated from nasopharyngeal samples during the early COVID-19 pandemic in Singapore. These
strains were first detected using PCR primers and thermocycling conditions described in reference 54.
DSO’s Institutional Ethics Review Board (IRB no. 0008/2020) approval was sought before using the dei-
dentified nasopharyngeal samples for virus isolation. The SARS-CoV-2 viruses were isolated in African
green monkey kidney epithelial (Vero E6) cells (CCL-81, American Type Culture Collection, Virginia, USA)
and maintained in minimum essential medium (MEM) supplemented with 10% fetal bovine serum
(FBS) (Invitrogen, Carlsbad, CA, USA) and 1% penicillin and streptomycin (Invitrogen). Virus infection
was carried out in the same medium with 2% FBS at 37°C in the presence of 5% CO2. The infectivity
was titrated using the standard virological protocols described in reference 19. In Singapore, SARS-
CoV-2 is classified as risk group 3, and this is governed by the Biological Agents and Toxins Act
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(https://www.moh.gov.sg/biosafety/about-bata, accessed 26 November 2021). Hence, all the experi-
ments with live SARS-CoV-2, including primary isolation were, conducted in the biosafety level 3 labo-
ratory located at the DSO National Laboratories, with protocols (protocol no. BSL3-2020000001 and
BSL3-2020000008) approved by DSO’s Institutional Biosafety Committee and the Ministry of Health.

Amplification and sequencing of the S gene. Total nucleic acid extraction was performed on the
different virus isolates and passages 1 to 3, using the QIAamp DNA minikit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. For amplification of the S gene, reverse transcription was
first performed on the extracted nucleic acid with a random hexamer primer using the first-strand cDNA
synthesis kit (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions.
The 3.8-kbp S gene was PCR amplified with primer SARS-CoV-2-S-F (59-ATG TTT GTT TTT CTT GTT TTA
TTG C-39) and primer SARS-CoV-2-S-R (59-TTA TGT GTA ATG TAA TTT GAC TCC T-39) using the PCR mix
consisting of 1� PCR buffer, 0 � 5 mM primers, 0.1 mM deoxynucleoside triphosphate (dNTP), 1.0 U Q5
high-fidelity DNA polymerase (New England Biolabs, Ipswich, MA, USA), and 5 mL of viral RNA in a final
volume of 50 mL. The following thermocycling conditions were used: an initial denaturation at 98°C for
30 s, followed by 35 cycles at 98°C for 10 s, 59°C for 30 s, and 72°C for 4 min with a final extension step
at 72°C for 2 min. The PCR products were electrophoresed on 1% agarose in 0.5� Tris-borate-EDTA (TBE)
buffer and visualized by Midori Green (Nippon Genetics Europe GmbH, Düren, Germany) staining. The
3.8-kbp amplicons were sent for Sanger sequencing. The nucleotide or amino acid sequences were
assembled and aligned with the T-Coffee program, which used both the ClustalW and Lalign methods
for multiple sequence alignment (55). The full-length S gene sequences of different virus isolates and
passages were next translated to amino acid sequences using the expert protein analysis system
(ExPASy) from the Swiss Bioinformatic Resource Portal (https://www.expasy.org/; 56). Multiple-aligned
amino acid sequences of S proteins were generated using the Boxshade program of ExPASy.

Discovery and isolation of hMAbs. SC23 and SC29 were generated by single B cell antibody inter-
rogation from convalescent patient sample as described in reference 19. The human monoclonal anti-
bodies, PD4, PD5, and PD7 were isolated from an immune phage display library constructed from the
convalescent patients’ B cells according to the methods described in reference 57. PD4, PD5, and PD7
were obtained by biopanning against recombinant-expressed SARS-CoV-2 S protein using the method
described in reference 19.

Antibodies and specific reagents. The rabbit polyclonal antibody to S protein (polyS) (Sino Biological,
Singapore) and anti-N (Thermo Fisher Scientific) were purchased. The anti-rabbit, anti-mouse, and anti-human
IgG conjugated to Alexa 488 and Alexa 555 and the wheat germ agglutinin conjugated to Alexa 488 were pur-
chased from Invitrogen (Thermo Fisher Scientific). The giantin rabbit polyclonal antibody was obtained from
Lu Lei (Nanyang Technological University [NTU]). Publicly available sequences of the Regeneron antibodies
casirivimab and imdevimab (REGN-10933 and REGN-10987, respectively) were transiently expressed in a
HEK293 suspension culture and purified by protein A affinity chromatography on fast protein liquid chroma-
tography (FPLC) as described previously (19). The furin inhibitors decanoyl-RVKR-cmk and mannosidase-1 in-
hibitor deoxymannojirmycin (DMJ) were purchased from Calbiochem (San Diego, CA, USA).

Enzyme-linked immunosorbent assay (ELISA). Recombinant spike extracellular domain (wild type
[WT]) and RBD proteins were expressed and purified through a Twin-Strep tag for use in ELISA. Then,
2 mg/mL of purified protein was diluted in binding buffer (100 mM Tris-HCl, 1 mM EDTA, 150 mM NaCl,
pH 8.0) and coated onto StrepTactin XT 96-well ELISA plates, 100 mL/well, for 2 h at room temperature
(RT) before being washed twice with phosphate-buffered saline (PBS). Antibodies were diluted in block-
ing solution (2% bovine serum albumin [BSA]/PBS) to the indicated concentrations and added to the
coated plate at 100 mL/well and incubated for 1 h at RT before being washed thrice with PBS/0.05%
Tween. Antibody binding was detected using goat anti-human IgG Fc secondary antibody conjugated
to horseradish peroxidase (Thermo Fisher Scientific), diluted 1:5,000 in blocking solution, and incubated
for 1 h at RT. Plates were washed thrice with PBS/0.05% Tween and once with PBS. After washing, plates
were developed with tetramethylbenzidine (TMB) substrate (Thermo Fisher Scientific). The reaction was
stopped with 2 M sulfuric acid, and absorbance was measured at 450 nm.

Neutralization assay. The microneutralization assay was performed as described in reference 19.
Briefly, antibodies at the indicated concentrations were incubated with 100 50% tissue culture infective
doses (TCID50) of hCoV-19/Singapore/3/2020 virus and 2 � 104 Vero E6 cells in 100mL of culture medium
in 96-well flat-bottom plates and incubated for 72 h. The neutralization was measured using viral ToxGlo
reagent (Promega, Madison, WI, USA) to determine the percentage of cell survival relative to uninfected
and virus-only controls.

Virus infection. Vero E6 cells were seeded onto 12-mm circular glass coverslips and infected with
SARS-CoV-2 at the required MOI at 37°C. When appropriate, 40 mM decanoyl-RVKR-cmk was added from
4 h postinfection. At the required time the cells were washed with PBS and fixed with 4% paraformalde-
hyde (Sigma-Aldrich, Burlington, MA, USA) in PBS for 30 min prior to further processing.

Lactate dehydrogenase (LDH) cytotoxicity assay. Cell cytotoxicity was assessed by measuring
LDH release from cells using the LDH cytotoxicity assay (Promega). This was performed on nontreated
and decanoyl-RVKR-cmk-treated Vero cells following the manufacturer’s instructions.

Recombinant S protein expression. The S gene of SARS-CoV-2 (accession no. MN908947) was syn-
thesized by Twist BioSciences (San Francisco, CA, USA). The codon-optimized full-length S gene (nucleo-
tide residues 1 to 1273) was assembled as previously described (19) and cloned into the recombinant
pCAGGS vector to create pCAGGS/S. For S1 subunit and RBD expression, only residues 1 to 685 (S1) and
331 to 524 (RBD) were cloned together with a c-flag and a c-myc tag, respectively. The fragments were
cloned into pCAGGS to generate pCAGGS/S1 and pCAGGS/RBD. Bulk preparation of all plasmids was
performed using the plasmid Midiprep kit (Qiagen). Cells (1 � 105) were transfected into HEK293 with
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1 mg plasmid DNA using Lipofectamine 2000 (Invitrogen) following the manufacturer’s instructions. The
transfected cells were maintained at 37°C until the time of sample processing.

Immunofluorescence microscopy. The cells on 12-mm circular glass coverslips were fixed with 4%
paraformaldehyde (Sigma-Aldrich) and washed with PBS. The cells were either nonpermeabilized or per-
meabilized using 0.1% Triton X-100 in PBS at 4°C for 15 min prior to antibody staining. The cells were
stained with the appropriate primary and secondary antibody combinations and mounted on micro-
scope slides using CitiFluor. The stained cells were imaged using a Nikon Eclipse 80i Microscope (Nikon
Corporation, Tokyo, Japan) with an Etiga 2000R camera (Q Imaging, Teledyne Photometrics, Tucson AZ,
USA) attached. The images of immunofluorescence-stained cells were recorded using Q Capture Pro ver.
5.0.1.26 (Q Imaging, Teledyne Photometrics). Imaging for confocal microscopy was performed with a
710 confocal microscope (Zeiss, Oberkochen, Germany) with Airyscan using the appropriate machine
settings. The recorded images were examined and processed using Zen ver. 2.3 software (Zeiss).

Scanning electron microscopy (SEM). The cells on the 13-mm glass coverslips were fixed using 4%
paraformaldehyde (Sigma-Aldrich) in PBS and washed with PBS. The cells were then fixed sequentially
using 3% glutaraldehyde (Sigma-Aldrich) and 1% osmium tetroxide (Sigma-Aldrich) and dehydrated
using an ethanol gradient, and critical point drying was performed as described previously (58). The
processed cells were gold-coated and mounted on aluminum stubs and imaged with a Quanta 650 FEG
scanning electron microscope (FEI Company, Oregon, USA) using the appropriate machine settings.
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