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MOTIVATION Reproducible and facile methods of measuring viral replication are indispensable in the
development of vaccines and therapeutic medications against SARS-CoV-2. We sought to develop a rapid,
time-saving, cell-cell transmission assay that can be used to measure and quantify SARS-CoV-2 virus-cell
binding and entry to circumvent the challenges faced by the assays currently used as gold standards for
SARS-CoV-2 neutralization studies.

SUMMARY

Efficient quantitative assays for measurement of viral replication and infectivity are indispensable for future
endeavors to develop prophylactic or therapeutic antiviral drugs or vaccines against SARS-CoV-2. We devel-
oped a SARS-CoV-2 cell-cell transmission assay that provides a rapid and quantitative readout to assess
SARS-CoV-2 spike hACE?2 interaction in the absence of pseudotyped particles or live virus. We established
two well-behaved stable cell lines, which demonstrated a remarkable correlation with standard cell-free viral
pseudotyping for inhibition by convalescent sera, small-molecule drugs, and murine anti-spike monoclonal
antibodies. The assay is rapid, reliable, and highly reproducible, without a requirement for any specialized
research reagents or laboratory equipment and should be easy to adapt for use in most investigative and clin-
ical settings. It can be effectively used or modified for high-throughput screening for compounds and bio-
logics that interfere with virus-cell binding and entry to complement other neutralization assays currently

in use.

INTRODUCTION

Coronavirus disease 2019 (COVID-19), due to the novel severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has
become an ongoing, persistent global public health challenge
since its emergence in December 2019 (Vogel, 2020), with over
260 million confirmed cases worldwide and close to 5.2 million
COVID-19-related deaths as of November 30, 2021 (https://
coronavirus.jhu.edu/), despite the wide availability of multiple
fully approved safe and efficacious vaccines.

SARS-CoV-2 is a betacoronavirus, belonging to the genus Co-
ronavirus, in the family Coronaviridae. It is an enveloped, non-
segmented, positive-sense single-stranded RNA virus (Li et al.,
2020a; Chan et al., 2020). It has a genome nearly 30 kb in length,

Gheck for
Updates

including many open reading frames (ORFs), which express at
least 27 proteins (Chan et al., 2020; Wu et al., 2020a). The surface
spike glycoprotein (S) plays a key role in viral entry into target
host cells (Wrapp et al., 2020; Bosch et al., 2003). The recep-
tor-binding subunit S1 attaches to the host cell via the cellular re-
ceptor human angiotensin-converting enzyme 2 (hACE2),
triggering proteolytic activation of S and subsequent conforma-
tional changes of the S2 subunit, which facilitates the fusion of
viral and cellular membranes (Huang et al., 2020; Li et al,
2003, 2020b).

Currently, the development of numerous prophylactic and
therapeutic strategies is in progress to mitigate this global public
health crisis (Klasse and Moore, 2020; Lythgoe and Middleton,
2020; Sarma et al., 2020; Wang et al., 2020a), including the
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use of small-molecule drugs (Riva et al., 2020); biologics,
including interferon (Shalhoub, 2020); convalescent sera (Bloch
et al., 2020; Casadevall and Pirofski, 2020); monoclonal anti-
bodies (Zost et al., 2020; Zhou and Zhao, 2020; Wu et al.,
2020b; Ho et al., 2020; Pinto et al., 2020; Liu et al., 2020; Ju
et al., 2020; Jiang et al., 2020; Cao et al., 2020b); oligonucleo-
tides (Rehman and Tabish, 2020); peptides (VanPatten et al.,
2020); and vaccines (Yu et al., 2020; Graham, 2020; Wang and
Zhang, 2020). Remdesivir remains the only US Food and Drug
Administration (FDA)-approved antiviral drug for use in adults
and pediatric patients for treatment of COVID-19 requiring
hospitalization (https://www.fda.gov/drugs/news-events-human-
drugs/fdas-approval-veklury-remdesivir-treatment-covid-19-science-
safety-and-effectiveness). Three vaccines have emergency use
authorization (EUA) from the FDA or are fully approved (https://
www.fda.gov/emergency-preparedness-and-response/coronavirus-
disease-2019-covid-19/covid-19-vaccines), and four vaccines
have been formally approved by the European Medicines Agency
(EMA) (https://www.ema.europa.eu/en/human-regulatory/overview/
public-health-threats/coronavirus-disease-covid-19/treatments-
vaccines/covid-19-vaccines). A few SARS-CoV-2-targeting mono-
clonal antibodies (mAbs) have also been approved through an
EUA for use in COVID-19 patients meeting eligibility criteria (https://
www.fda.gov/drugs/emergency-preparedness-drugs/coronavirus-
covid-19-drugs). No other specific antiviral drug against SARS-CoV-
2, however, has been formally approved by the FDA or EMA.
Quantitative assays for the measurement of viral replication
and infectivity are indispensable for future endeavors to develop
prophylactic or therapeutic antiviral drugs or vaccines against
SARS-CoV-2. The current gold standards for SARS-CoV-2
neutralization include pseudotyping using S and a suitable virus
core encoding a reporter (Jiang et al., 2020; Schmidt et al., 2020;
Ou et al., 2020; Zhao et al., 2021; Crawford et al., 2020) or inhi-
bition of live virus replication in vitro or in animal models (Zhao
et al., 2021; Johansen et al., 2020; Bao et al., 2020). Although
it has been previously reported that inhibition of replication-
competent virus or pseudotyped particles correlates well with
protection from SARS-CoV-2 virus challenge in pre-clinical
models of infection (Yu et al., 2020; Chandrashekar et al.,
2020; Mercado et al., 2020), these assays require high-level bio-
containment and continued production, testing, and cryostorage
of virus vector supernatants, which may be variable in quality and
differ remarkably from lab to lab. These assays are typically very
time consuming, requiring several days to produce and concen-
trate the virus to achieve a suitably high titer, with assay readout
on susceptible cells after a few days (Quinonez and Sutton,
2002); live coronavirus requires a BSL3 laboratory and readout
by plaque or similar quantitative assay several days after cell
or animal infection, performed in vitro or in vivo, respectively.
To circumvent some of these issues, we developed a cell-cell
transmission-based assay that utilizes producer cells expressing
S, an HIV packaging vector, and an HIV-based transfer vector,
which, when co-cultured together with hACE2-expressing target
cells, provide a rapid and quantitative readout to assess
S-hACE2 interaction in the absence of producing or using pseu-
dotyped particles or live virus. The assay is very rapid, reliable,
and highly reproducible; it is easy to implement in most labora-
tories without need for special reagents or equipment, compared
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with other assays that rely upon virus production and testing. It
can be effectively used or modified for high-throughput
screening for compounds and biologics that interfere with vi-
rus-cell binding and entry to complement other neutralization as-
says that are currently in use.

RESULTS

Development of a quantitative cell-cell transmission
assay for SARS-CoV-2 in transiently transfected cells
Viruses can spread via either a cell-free or a cell-associated
route, the latter involving direct cell-cell contact (Mothes et al.,
2010). Cell-cell transmission can occur via a virologic synapse
and, at least in the case of HIV, is typically much more efficient
than cell-free infection (Sattentau, 2008; Agosto et al., 2015;
Chen et al., 2007; Jolly et al., 2004; Jolly and Sattentau, 2004;
Martin et al., 2010; Zhong et al., 2013a, 2013b; Abela et al.,
2012). Like other coronaviruses, the S protein mediates cell-sur-
face receptor recognition, cell attachment, and fusion during
SARS-CoV-2 virus infection of susceptible cells expressing
hACE2, its cognate receptor (Li et al., 2003; Ou et al., 2020; Hoff-
mann et al., 2020; Belouzard et al., 2012; Shang et al., 2020). To
measure cell-cell transmission of SARS CoV-2, we employed a
system developed by the late David Derse (Mazurov et al.,
2010b). We generated target cells expressing hACE2, the
cognate receptor for SARS-CoV-2, and producer cells that
were transiently transfected with plasmid DNAs to introduce S,
along with all requisite trans-acting factors for HIV core produc-
tion (HIV packaging vector or HIV-PV) and an HIV-based transfer
vector (HIV-TV), as described under STAR Methods and illus-
trated in Figure 1A.

To validate the cell-cell transmission assay, we initially tested
whether the assay is dependent on the expression of S and HIV-
PV by producer cells and the expression of hACE2 by target
cells. HIV-TV was transfected into 293T cells in the presence
or absence of HIV-PV and either empty plasmid, plasmid encod-
ing Wuhan S, or a vesicular stomatitis virus (VSV) G expression
plasmid. After 48 h these cells were mixed with 293T or 293T-
hACE2 cells, and 48 h later the culture supernatant was as-
sessed for relative light unit (RLU) activity. As shown in Figure 1C,
RLU values were close to background (<10) without any glyco-
protein added; in the presence of S, RLUs increased ~4,000-
fold. Compared with target cells without hACE2, RLUs increased
~10-fold in the presence of hACE2 (Figure 1D). In the absence of
HIV-PV, RLU activity was <10, essentially a background value
(Figure 1C). As anticipated, cell-cell transmission in the presence
of VSV G was not dependent on hACE2, since its cognate recep-
tor is ubiquitous in mammalian eukaryotic cells (Figure 1F).

Convalescent sera from COVID-19+ patients and post-
vaccination sera inhibit cell-cell transmission in tran-
siently transfected cells

We next investigated the effects of convalescent sera from
COVID-19+ patients and post-vaccination sera on cell-cell trans-
mission, initially using transiently transfected cells. Convalescent
sera from 11 COVID-19+ patients and sera from 11 subjects at
1 month post vaccination were selected at random for testing.
Demographic and relevant clinical information of the subjects


https://www.fda.gov/drugs/news-events-human-drugs/fdas-approval-veklury-remdesivir-treatment-covid-19-science-safety-and-effectiveness
https://www.fda.gov/drugs/news-events-human-drugs/fdas-approval-veklury-remdesivir-treatment-covid-19-science-safety-and-effectiveness
https://www.fda.gov/drugs/news-events-human-drugs/fdas-approval-veklury-remdesivir-treatment-covid-19-science-safety-and-effectiveness
https://www.fda.gov/emergency-preparedness-and-response/coronavirus-disease-2019-covid-19/covid-19-vaccines
https://www.fda.gov/emergency-preparedness-and-response/coronavirus-disease-2019-covid-19/covid-19-vaccines
https://www.fda.gov/emergency-preparedness-and-response/coronavirus-disease-2019-covid-19/covid-19-vaccines
https://www.ema.europa.eu/en/human-regulatory/overview/public-health-threats/coronavirus-disease-covid-19/treatments-vaccines/covid-19-vaccines
https://www.ema.europa.eu/en/human-regulatory/overview/public-health-threats/coronavirus-disease-covid-19/treatments-vaccines/covid-19-vaccines
https://www.ema.europa.eu/en/human-regulatory/overview/public-health-threats/coronavirus-disease-covid-19/treatments-vaccines/covid-19-vaccines
https://www.fda.gov/drugs/emergency-preparedness-drugs/coronavirus-covid-19-drugs
https://www.fda.gov/drugs/emergency-preparedness-drugs/coronavirus-covid-19-drugs
https://www.fda.gov/drugs/emergency-preparedness-drugs/coronavirus-covid-19-drugs

¢? CellPress

OPEN ACCESS

Cell Reports Methods

A
@>| hACE2 [IRES| Puromycin |

e HIV-PV
) spike
B

Transfection Co-transfection

- == Target Cell Producer Cell
HEK 293T cells CoCTT® HEK 293T cells (HEK 293T-hACE2) (HEK 293T-Spike-HIV-TV)
(Targets) (Producers)
Supernatant harvested
for GLUC assay at 48 h [EEE

c D E s
b F
5.0 Kk S 8 ns
4 e
2 g
E’ 3 —_ =4 Se o—0-0
= S 45 2 =3
3* g T2 o
z, 3 = 2
=) 5 o4
9 = “" e 6 Q& © QA o A z
@ Q e N @ QO e 2\ : 3\ < A <
@ W i € LS 2-
& Q& S
RURIR SO 3.5- T SR )
S & & K A
? o 293T/hACE2  293T & 203T/hACE2  293T
& Target cells & Target cells

Figure 1. Cell-cell transmission assay is dependent upon the expression of hACE2 in target cells and the HIV packaging vector (HIV-PV), HIV
transfer vector (HIV-TV), and viral glycoprotein in producer cells

(A) Schematic illustration of cell-cell transmission assay experimental design.

(B) Schematic illustration of cell-cell transmission at the cellular level, showing how HIV-TV (with a backward or reverse luciferase gene) is activated in the target
cells. The Gaussia luciferase gene has an intron that is spliced out in the producer cell following transfection (1) and packaged into pseudoparticles (2), which are
then released into the culture medium (3). S-pseudotyped particles infect adjacent 293T-hACE2 target cells (4). In the target cell, the vector RNA (now spliced) is
reverse transcribed and integrated into the target cell genome, activating the CMV-driven Gaussia luciferase gene (5). Note that in the cytosol of the producer cell
the vector is RNA, which is also true for released pseudoparticles; only in the target cell is the vector RNA converted to dsDNA and then integrated into the target
cell genome.

(C-F) pHIV-TV was transfected into 293T cells in the presence or absence of HIV-PV and either empty plasmid, plasmid encoding spike, or VSV G. After 48 h these
cells were mixed with 293T or 293T-hACE2 targets, and 48 h later the culture supernatant was assessed for Gaussia luciferase activity. The paired t tests for two-
group comparison were analyzed using GraphPad Prism software. ns, not significant; *“p < 0.01.

typing using the same sera (Figures 2H and 3H for convalescent
and post-vaccination sera, respectively). No inhibition by conva-

is shown in Tables S1 and S2 for convalescent and post-vacci-
nation sera, respectively. Four-fold serial dilutions of convales-

cent and post-vaccination sera were pre-incubated with
S-expressing producer cells for 1 h, and then hACE2-expressing
target cells were added, performed in triplicate. RLU was
measured after 48 h, and ICsq values were calculated. Apart
from two sera (one convalescent, Figure 2E, and one post vacci-
nation, Figure 3E), we observed that convalescent (Figures 2A-
2D) and post-vaccination (Figures 3A-3D) sera inhibited
cell-cell transmission of S in the transient system, with a strong
positive correlation with the results we observed with S pseudo-

lescent or post-vaccination sera was observed with cell-cell
transmission using VSV G, as anticipated (Figures 2F and 3F).

Studies with LCB1 peptide and small-molecule drugs in
the transient system

We then investigated the effect of LCB1 (56-mer peptide) and
small-molecule drugs, including apilimod, cobicistat, clofazimine,
niclosamide, 25-hydroxycholesterol, 27-hydroxycholesterol, and
mycophenolate (MPA), all previously reported to be inhibitory to
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Figure 2. COVID-19+ convalescent sera inhibit spike-mediated cell-cell transmission in the transient system
(A-D) Four-fold serial dilutions of convalescent sera were pre-incubated with spike-expressing producer cells for 1 h, and then hACE2-expressing target 293T
cells were added, performed in triplicate. RLU was measured after 48 h, and ICs, values were calculated.

(E) One serum sample showed no inhibitory effect.

(F) No inhibition of VSV G pseudotyped virus was observed at the lowest serum dilution tested (1:20). *Not significant compared with no serum control.
(G) ICsq values calculated for S pseudotyping using same sera, performed as shown in Figure S1.
(H) Correlation between ICs, values for cell-cell transmission and pseudotyping assay for convalescent sera. See also Figures S1 and S4. The paired t tests for

two-group comparison were analyzed using GraphPad Prism software.

SARS-CoV-2 infection (Prabhakara et al., 2021; Xie et al., 2020;
Yuan et al., 2021; Wang et al., 2020b), on cell-cell transmission
of S in the transient system as described under STAR Methods.
LCB1 has been reported to efficiently neutralize pseudotyped
SARS-CoV-2 virus entry (Cao et al., 2020a). When we tested its
ability to inhibit cell-cell transmission of S, the ICsg was 0.72 nM
(Figure 4A), which is essentially the same as the 1Csq value for
pseudotyping (0.85 nM, Figure 6B). Among the small-molecule
drugs, niclosamide was inhibitory of cell-cell transmission of S
(ICs0 of 91 nM; Figure 4B), whereas 25-hydroxycholesterol and
27-hydroxycholesterol were stimulatory, enhancing cell-cell
transmission of S with EC5o of 23.6 and 8 uM (Figures 4C—4H),
respectively. We observed no obvious inhibitory or stimulatory ef-
fect of either 25-hydroxycholesterol or 27-hydroxycholesterol on
cell-cell transmission when VSV G instead of S was employed
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as the viral glycoprotein (Figures S3E and S3F, respectively). We
observed no obvious inhibitory effect on S cell-cell transmission
when using MPA, cobicistat, clofazimine, or apilimod, with each
of them having IC5q > 10 uM (Figures 4D-4G).

Establishment of stable cell lines to quantify SARS-CoV-
2 cell-cell transmission

The results described above demonstrate quantitation of
S-mediated cell-cell transmission in transiently transfected
293T cells. Transient transfection of cells is associated with
many drawbacks—it is relatively complicated, unreliable, occa-
sionally irreproducible, and not amenable to high-throughput
use. We thus sought to develop and establish stable cell lines
that can be used to quantify S cell-cell transmission rapidly
and reliably with highly reproducible results. We generated a
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Figure 3. Post-vaccination sera inhibit spike-mediated cell-cell transmission in the transient system

(A-D) Four-fold serial dilutions of post-vaccination sera were pre-incubated with spike-expressing producer cells for 1 h, and then hACE2-expressing target cells
were added, performed in triplicate. RLU was measured after 48 h, and ICs, values were calculated.

(E) One serum sample showed no inhibitory effect.

(F) No inhibition of VSV G pseudotyped virus was observed at the lowest serum dilution tested (1:20). *Not significant compared with no serum control.

(G) IC50 values calculated for S pseudotyping using same sera, performed as in Figure S1.

(H) Correlation between ICsq values for the cell-cell transmission and pseudotyping assay for post-vaccination sera. See also Figures S1 and S4. The paired t tests
for two-group comparison were analyzed using GraphPad Prism software.

target cell line stably expressing hACE2 (293T-hACE2) and a et al.,, 2015) to transiently introduce HIV-PV, as described under
producer cell line stably expressing Wuhan S and the HIV-TV, in-  STAR Methods. HDAd vectors have shown remarkable consis-
GLUC (cell line termed 293T-Spike-TV), as described under tency and efficiency in the transduction of 293T cells compared
STAR Methods. Expression of S and hACE2 in these stable  with plasmid transfection, with higher levels of HIV structural and
cell lines was confirmed by immunoblotting using an anti-FLAG  enzymatic protein expression (Hu et al., 2015). Expression of HIV
antibody and anti-hACE2 antibody, as shown in Figures S5C  Gag by the HDAd-transduced producer cells was confirmed by
and S5D, respectively. Stable expression of HIV-TV was immunoblot (Figure S5A). This HDAd also encodes the LacZ
confirmed by nested PCR to show the presence of 3’ long termi-  gene, which serves as a reporter. We transduced 293T-Spike-
nal repeat (LTR) sequences (a part of the transfer vector expres- TV cells with increasing amounts of HDAd-HIV-PV and fixed
sion cassette, with an expected PCR product of 1.5 kb) using and stained cells for LacZ expression at 48 h. As the MOI
genomic DNA extracted from the stable producer cell line, increased, the percentage of blue cells also rose, such that
293T-Spike-TV (Figure S5E). Despite repeated efforts, we were  essentially all the cells were transduced at high MOI
unable to make a producer cell line stably expressing functional  (Figures S6A and S6B). We titrated the HDAd-HIV-PV to use
HIV-PV. To circumvent this problem, we utilized a previously optimal amounts that resulted in high transduction efficiency
described helper-dependent adenovirus (HDAd) vector (Hu  with minimal to no cytopathic effect on both the producer and
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Figure 4. Effect of peptide and small-molecule drugs in the transient system

(A-1) Ten-fold serial dilutions of LCB1 and other small-molecule drugs were pre-incubated with producer cells in parallel for 1 h, and then hACE2-expressing target
cells were added, performed in triplicate. LCB1 (A), niclosamide (B), 25-hydroxycholesterol (C), apilimod (D), mycophenolate (E), clofazimine (F), cobicistat (G),
and 27-hydroxycholesterol (H) are shown. Niclosamide inhibited cell fusion. Serial dilutions of niclosamide were incubated with TZMbl-Spike producer cells for
1 h. Target cells (HOS-3734) were then added, and RLU was measured the following day (l). See also Figure S4.

the target stable cell lines. When increasing MOI of the HDAd-
HIV-PV was employed, the RLU values following co-culture us-
ing the stable producer and target cell lines were ~5-fold less
compared with the transient system, but still ~10,000-fold above
background, with values directly correlated to the amount of
HDAd-HIV-PV used for transduction (Figure S6C).

Additional characterization and validation of the stable
cell line system

To further characterize and validate the stable cell lines, we tested
the effects of LCB1, post-vaccination sera, and small-molecule
drugs, including cobicistat, niclosamide, 25-hydroxycholesterol,
and 27-hydroxycholesterol, on cell-cell transmission, in compari-
son with pseudotyping. We tested 11 samples of post-vaccination
sera from the same subjects used in the transient system. Demo-
graphic and relevant clinical information of the subjects is shown
in Table S2. With a single exception, all tested sera inhibited cell-
cell transmission at varying titers (Figures 5A-5C). Apart from
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outlier PO3 (Figure 5D), I1Csq titers for the cell-cell transmission
assay varied between 63.8 and 1,560 (Figure 5F). Sera from the
same subjects were also tested in the pseudotyping assay (Fig-
ure 5E). Although the cell-cell transmission ICsy titers were gener-
ally higher compared with those of pseudotyping, there was a
strong positive correlation between cell-cell transmission and
pseudotyping results (Figure 5G), with an R? value of 0.94. This
is added proof that the cell-cell transmission assay is indeed
measuring S-hACE2 interaction and virus infectivity. Unsurpris-
ingly, the post-vaccination ICsy titers for the transient and stable
cell-cell transmission systems were highly correlated, with an R?
value of 0.85 (Figure 5H).

Niclosamide was inhibitory in the stable cell-cell transmission
assay, with an ICso value of 0.10 uM, ~10-fold lower than
that of the pseudotyping (0.96 pM; Figure 6) and ~20-
fold lower than that of the cell fusion assay (1.95 uM; Fig-
ure 4l). 25-Hydroxycholesterol and 27-hydroxycholesterol were
both stimulatory. 25-Hydroxycholesterol enhanced cell-cell
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Figure 5. Post-vaccination sera inhibit cell-cell transmission of spike in the stable system
(A-C) Four-fold serial dilutions of post-vaccination sera were pre-incubated with spike-expressing producer cells for 1 h, and then hACE2-expressing target cells
were added, performed in triplicate. RLU was measured after 48 h, and ICs, values calculated.

(D) One serum sample showed no inhibitory effect.

(E and F) IC5q values were calculated for pseudotyping (E) and cell-cell transmission (F), using the same sera.
(G) Correlation between ICsq values for cell-cell transmission and pseudotyping assay for post-vaccination sera in the stable system.
(H) Correlation of I1Csq values for post-vaccination sera in the cell-cell transmission assay between the transient and the stable system. See also Figures S5

and S6.

transmission ~2-fold, with an ECsq value of 1.24 uM, whereas
27-hydroxycholesteol had an ECsq value of 5.17 uM, enhancing
cell-cell transmission ~1.5-fold. This was in contrast to what we
observed with S pseudotyping, in which 25-hydroxycholesterol
was inhibitory, with an ICsy value of 045 uM, and
27-hydroxycholesterol had no obvious inhibitory or stimulatory ef-
fect on S pseudotyping (Figure 6).

LCB1 peptide was inhibitory, with an ICsq of 0.68 nM, which is
~1.3-fold less than that of pseudotyping at 0.85 nM. Moreover, a
time-of-addition experiment demonstrated that LCB1 efficiently
inhibits cell-cell transmission at —1 and 0 h (with IC5, values of

0.68 and 1.37 nM, respectively) before target-producer cell co-
culture. The inhibitory effect was reduced when LCB1 was
added 1 h after co-culture (ICsq of 2.25 nM), and no effect was
observed with addition after 2 h, as shown in Figure S2F. A
similar trend was observed when we compared LCB1 time-of-
addition results with pseudotyping (Figure S2E).

Studies with tetherin and murine anti-spike monoclonal
antibodies

Tetherin is an interferon-induced membrane-associated host
protein whose expression is known to block the release of
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HIV-1 and other enveloped viral particles (Perez-Caballero et al.,
2009). We tested the effect of increasing amounts of tetherin on
cell-cell transmission of SARS-CoV-2 S and how it compared
with cell-free S pseudotyping. Producer cells were transiently
transfected with increasing amounts of a cytomegalovirus
(CMV)-driven plasmid encoding tetherin in a 12-well format for
cell-cell transmission and 10-cm plates for pseudotyping, with
results normalized to the amount of DNA transfected per surface
area (ng/cm?). We observed an inhibitory effect of increasing
amounts of tetherin on both S cell-cell transmission and pseudo-
typing. However, a more profound effect was seen on S pseudo-
typing, with a 10-fold decrement in RLU values at the highest
amount of tetherin plasmid transfected (48 ng/cm?; Figure S3B),
whereas cell-cell transmission RLU values were reduced only
~2-fold at an even higher tetherin plasmid amount (normalized
for plate surface area at 72 ng/cm?; Figure S3A). A similar trend
of effect with tetherin was observed when VSV G instead of S
was employed as the viral glycoprotein (Figures S3C and S3D).

We also tested two anti-S murine monoclonal antibodies
(clones 2 and 6, both of which bound the receptor-binding
domain [RBD]), produced by co-author S.C. Four-fold serial dilu-
tions of each monoclonal antibody were pre-incubated with
S-expressing producer cells for 1 h, and then hACE2-expressing
target cells were added, performed in triplicate. RLU was
measured after 48 h, and IC5q values were calculated. Both clone
2 and 6 antibodies had good activity, inhibiting cell-cell transmis-
sion with ICsq values of 0.53 and 0.14 pg/mL, respectively. Clone
6 was consistently more inhibitory by several fold, compared
with clone 2. Results in the transient cell-cell transmission sys-
tem showed a similar relationship, with ICsq values of 0.23 and
0.09 ng/mL for clones 2 and 6, respectively (Figure 7).

Further studies of cell-cell transmission

It is possible that some of the resultant RLUs observed for the
cell-cell transmission assay are due to cell-free virus being
released from the producers and then infecting targets. To quan-
tify this, prior to co-culturing the stable producers and targets,
we removed increasing amounts of culture supernatant from
the producers to infect the targets separately. We then co-
cultured the producers and the targets. As can be seen in Fig-
ure S6D, there are some RLUs produced in the cell-free aspect
of the experiment, but significantly less compared with the
amount in the co-culture aspect of the experiment. These results
are consistent with most of the RLUs in the cell-cell transmission
assay coming from cell-cell and not cell-free transmission.

We also decided to construct producer cell lines expressing
other S variants. We obtained codon-optimized versions of the
Delta and Omicron variant S genes, both driven by the CMV IE
enhancer/promoter. These cassettes were separately inserted
into the base HIV-TV and stably introduced by transfection into
293T cells. A cell-cell transmission assay was performed in par-
allel with 293T-Spike-TV cells, which express Wuhan S. All three
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producer cell lines gave high RLUs, suggesting that this cell-cell
transmission assay will work with S variants of concern as illus-
trated in Figure SG6E.

DISCUSSION

Quantitative assays for the measurement of viral replication and
infectivity are indispensable to future endeavors to develop pro-
phylactic or therapeutic antiviral drugs or vaccines for SARS-
CoV-2. We describe herein a cell-cell transmission assay that
provides a quantitative readout to assess SARS-CoV-2
S-hACE2 interaction, in the absence of producing or using pseu-
dotyped particles or live virus. At most this assay requires only
BSL2 biocontainment and is very reliable, relatively rapid, and
highly reproducible. The current gold standards for SARS-
CoV-2 neutralization include pseudotyping using S and a suit-
able virus core encoding a reporter (Schmidt et al., 2020; Ou
et al., 2020; Jiang et al., 2020; Zhao et al., 2021; Crawford
et al., 2020) or inhibition of live virus replication in vitro or in ani-
mal models (Johansen et al., 2020; Bao et al., 2020; Zhao et al.,
2021). Although it has been previously reported that inhibition of
replication-competent virus or pseudotyped particles correlates
well with protection from SARS-CoV-2 virus challenge in pre-
clinical models of infection (Yu et al., 2020; Chandrashekar
et al., 2020; Mercado et al., 2020), these assays necessitate
higher level biocontainment and continued production, testing,
and cryostorage of virus vector supernatants, which can be var-
iable in quality and differ based on the laboratory. These assays
may be time consuming, requiring several days to produce and
concentrate pseudotyped particles to achieve high titer, with
assay readout on susceptible cells after a few days (Quinonez
and Sutton, 2002). This entire process typically may take a min-
imum of 7 days from the transfection of producer cells to the
readout following transduction of the target cells with concen-
trated pseudoparticle vector supernatants, compared with this
cell-cell transmission assay that takes a maximum of 4 days to
complete. Hence, we thought it useful to develop this rapid,
time-saving, cell-cell transmission assay that can be used to
measure and quantify SARS-CoV-2 virus cell binding and entry
to circumvent the challenges faced by the assays that are
currently used as gold standards for SARS-CoV-2 neutralization.

Viruses can spread in a cell-free or a cell-associated manner,
the latter involving direct cell-cell contact, also known as cell-cell
transmission (Mothes et al., 2010). Currently, there is no direct
evidence of cell-cell transmission in humans. On the other
hand, it is not precisely clear how virus spread occurs, either
in vitro or in vivo, whether it is cell-free, cell-associated, or due
to cell fusion, although cell syncytia have been observed in the
lung tissues of COVID-19+ patients (Bradley et al., 2020; Tian
et al., 2020; Polak et al., 2020). Cell-cell transmission can occur
via a virologic synapse and, at least in the case of HIV, is typically
much more efficient than cell-free infection (Agosto et al., 2015;

Figure 6. Characterization and validation of the stable cell line system

(A-H) Ten-fold serial dilutions of LCB1 (A), 25-hydroxycholesterol (C), niclosamide (E), and 27-hydroxycholesterol (G) were pre-incubated with spike-expressing
293T producer cells for 1 h, and then hACE2-expressing target cells were added, performed in triplicate. RLU was measured at 48 h, and ICsq values were calcu-
lated for each serum. Results were compared with S pseudotyping assay for each compound: LCB1 (B), 25-hydroxycholesterol (D), niclosamide (F), and

27-hydroxycholesterol (H). See also Figures S5 and S6.
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Figure 7. Anti-spike monoclonal antibodies inhibit cell-cell transmission
(A-D) Four-fold serial dilutions of monoclonal antibody were pre-incubated with spike-expressing producer cells for 1 h, and then hACE2-expressing target cells
were added, performed in triplicate. RLU was measured after 48 h, and ICsq values were calculated. Clones 2 and 6 were assessed in the transient (A and C) and

stable (B and D) cell-cell transmission assay.

Zhong et al., 2013a, 2013b; Jolly et al., 2010; Jolly and Sattentau,
2004; Martin et al., 2010; Abela et al., 2012). The ability of viruses
to utilize and manipulate cell-cell contact likely contributes to the
success of viral infections; cell-cell infection and spread not only
facilitates rapid viral dissemination but may also promote im-
mune evasion and influence disease progression (Zhong et al.,
2013b; Aubert et al., 2009; Rudnicka et al., 2009). Whether any
of the circulating S variants have enhanced cell-cell transmission
is an open area of investigation. We developed a cell-cell trans-
mission assay based on this concept, which is dependent on
target cells expressing hACE2 and producer cells expressing
S, along with all the requisite trans-acting factors for HIV core
production (HIV-PV) and an HIV-based transfer vector, as illus-
trated in Figure 1C. Initial testing performed by transient trans-
fection demonstrated that the assay is dependent on producer
293T cells expressing S, the transfer vector, and HIV-PV. The
assay is also dependent on target cells expressing hACE2,
with RLU numbers increasing ~10-fold when we used 293T-
hACE2 versus unmodified 293T cells as targets. This is consis-
tent with 293Ts expressing very low levels of hACE2 or a substi-
tute receptor, as observed previously (Sun et al., 2021; Temmam
et al., 2022).
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Since transient transfection is relatively complex, occasionally
unreliable, and not entirely amenable to high-throughput use, we
sought to develop and successfully established stable cell lines
that could be used to quantify cell-cell transmission rapidly and
reliably, with highly reproducible and quantitative results. We
thus generated a target cell line stably expressing hACE2
(293T-hACE2) and a producer cell line stably expressing S and
the transfer vector, inGLUC (293T-Spike-TV), with HIV-PV
introduced by transduction using HDAd-HIV-PV 24 h prior to
target-producer cell co-culture. We titrated and optimized the
HDAd-HIV-PV to use amounts that showed highest transduction
efficiency with minimal to no cytopathic effect on the 293T cells.
Of note, this HDAd can be propagated and amplified using a
specialized helper adenovirus, such that the titers are more
than 10" vp/mL, and the HDAd is quite stable when cryostored
for years at —80°C.

To further validate and characterize the cell-cell transmission
assay, we tested the effects of convalescent sera and post-
vaccination sera on cell-cell transmission of S in the transient
and stable systems, comparing the results with pseudotyping.
A robust positive correlation between cell-cell transmission
and pseudotyping ICsq titers for both convalescent and
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post-vaccination sera strongly suggests that the cell-cell trans-
mission assay is indeed measuring S-hACE2 interaction and
infectivity. Unsurprisingly, there was also a high correlation be-
tween the post-vaccination cell-cell transmission 1Csg titers for
the transient versus the stable system. The ICsq titers were
generally higher with cell-cell transmission than those seen
with pseudotyping, suggesting that S cell-cell transmission is
more easily inhibited than cell-free transmission.

In addition to sera, we tested the effects of peptide LCB1
and small-molecule drugs, including cobicistat, niclosamide,
apilimod, MPA, clofazimine, 25-hydroxycholesterol, and
27-hydroxycholesterol, all previously reported to be inhibitory of
SARS-CoV-2 infection (Prabhakara et al., 2021; Xie et al., 2020;
Yuan et al., 2021; Wang et al., 2020b). LCB1 has been reported
to efficiently neutralize pseudotyped SARS-CoV-2 virus entry
(Cao etal., 2020a), and we observed a similar effect on both pseu-
dotyping and cell-cell transmission of Wuhan S. Comparison
testing of peptide against the different S variants of concern
(notably B.1.1.7, B.1.617.2, B.1.351, and B.1.1.529 https://www.
who.int/en/activities/tracking-SARS-CoV-2-variants/) showed in-
hibition with variants B.1.1.7 and B.1.617.2, and to our surprise,
no effect was seen with variants B.1.351 and B.1.1.529 at peptide
concentrations similar to those shown in Figures S4A-S4D. Com-
parison testing of sera against the S variants of concern showed
no substantial difference in the 1Csq titers compared with Wuhan
S (Figures S4E-S4L). Among the small molecules, only niclosa-
mide, 25-hydroxycholesterol, and 27-hydroxycholesterol had sig-
nificant effects on cell-cell transmission. Niclosamide was
inhibitory, with an 1G5y value of 0.10 pM, whereas both
25-hydroxycholesterol and 27-hydroxycholesterol were stimula-
tory in the stable cell line system, enhancing S-mediated cell-
cell transmission with ECso of 1.23 and 5.17 uM, respectively.
These two cholesterol derivatives are both known to inhibit
cholesterol biosynthesis and reduce cholesterol content in mem-
branes; precisely how they would differentially affect cell-free
versus cell-cell SARS-CoV-2 cell infection is uncertain at this junc-
ture but worthy of further study.

We also tested murine anti-S monoclonal antibodies and
tetherin. Tetherin is an interferon-induced membrane-associ-
ated protein whose expression is known to block the full
release of HIV-1 and other enveloped viral particles from cells
(Perez-Caballero et al., 2009). Tetherin showed a profound
inhibitory effect against pseudotyped particles with an ~10-
fold decrease in RLU when very low amounts were introduced
into the producer cells. It had a less impressive effect on cell-
cell transmission, with just an ~2-fold decrease in RLU at the
highest normalized concentration of tetherin we tested
(72 ng/cm?), as illustrated in Figure S3. In general, it is felt
that tetherin has a much greater impact on cell-free virus pro-
duction, since the viruses produced remain attached to the
producer cell and not released, whereas in the case of cell-
cell transmission the large amount of extracellular virus present
may counteract the inhibitory effect of the particle tethering,
especially if the target is in contact with the producer cell.
The impressive potency of the murine anti-S monoclonal anti-
bodies in both cell-free and cell-cell transmission assays sug-
gests that humanization of these antibodies for further evalua-
tion, including clinical testing, may be of use.
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This cell-cell transmission assay is also highly reproducible:
repeated testing of an inhibitory peptide yielded very consistent
results from three different experiments performed weeks apart,
with minimal variation in IC5q values (Figure S2). Compared with
pseudotyping, in which many laboratories use assorted plas-
mids to produce pseudotyped particles to titer on a range of tar-
gets using a variety of formats and readouts, here we employed
just two stable cell lines and a single HDAd, the latter of which
can be amplified to very high titer of >10'? vp/mL. Thus, our
cell-cell transmission assay, which is based on three relatively
simple, readily available, and easily renewable reagents, should
allow for facile comparisons when used by qualified investiga-
tors anywhere on the planet. The producer cell line was also
easily modified to encode two S variants of concern that have
emerged in the last 12 months.

In conclusion, we have developed and established a rapid,
reliable, and reproducible SARS-CoV-2 S-hACE2 cell-cell trans-
mission assay. The assay requires two stable cell lines that are
well behaved and HDAd-HIV-PV, which has remarkable effi-
ciency in transducing 293T cells. This assay does not require
any specialized research reagents or laboratory equipment and
should be easy to adapt for use in most investigative and clinical
settings. It can be effectively used or modified for high-
throughput screening for compounds and biologics that interfere
with virus-cell binding and entry to complement other neutraliza-
tion assays currently in use.

Limitations of the study

We attempted to make a stable cell line expressing HIV-PV;
despite repeated efforts, we were unable to do so. Thus, at pre-
sent we utilize an HDAd-HIV-PV that needs to be separately pre-
pared. In the future we hope to modify the stable cell line to
encode and express HIV-PV. In addition, as the pandemic con-
tinues, more S variants of concern are likely to arise; in each case
we would need to construct a new stable producer cell line. Here,
it took us roughly 6 weeks to make the Delta and Omicron
S-encoding HIV transfer vectors and stably transfect and hy-
gromycin B select the 293T cells and perform initial validation
studies.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Goat anti-hACE2 R&D systems Cat# AF933-SP
Mouse anti-FLAG Sigma-Aldrich Cat# F1804-50UG
Rabbit anti-goat-HRP Sigma-Aldrich Cat# AP106P
Rabbit anti-mouse HRP Cell Signaling Cat# 58802

Goat anti-rabbit HRP Sigma-Aldrich Cat# 12-348
Rabbit anti-GAPDH Sigma-Aldrich Cat# SAB5600208
Anti-human HRP Sigma-Aldrich Cat# AP112P
Anti-HIV human sera NIH AIDS Reagent Repository Cat# 3957

Biological samples

Murine anti-spike monoclonal antibodies

Post-vaccine sera
Convalescent Sera

Sidi Chen

West Haven VA Medical Center
YNHH hospital (IMPACT research team)

https://doi.org/10.1038/
$41467-022-29288-3

N/A
N/A

Chemicals, peptides, and recombinant proteins

Coelenterazine
Sodium lodide

Gold Bio
Sigma-Aldrich

CAS #55779-48-1
CAS #7681-82-5

Deposited data

Raw and Analyzed Data

Mendeley Data

https://doi.org/10.17632/m7twyzc4yj.3

Experimental models: Cell lines

Human Embryonic Kidney 293T cells
293T-Spike-HIV-TV
293T-hACE2

ATCC
This paper
This paper

Cat# CRL-3216
N/A
N/A

Oligonucleotides

LCB1 peptide (56-mer)
DKEWILQKIYEIMRLLDELGHAEASMR
VSDLIYEFMKKGDERLLEEAERLLEEVER

ABI Scientific Inc

Sequence ID: 206841

Nested PCR; Inside-Reverse primer: This paper N/A
5-GCAGTGAGCGCAACGCAATTAATGTGA-3

Nested PCR; Outside-Reverse primer: This paper N/A
5-GCGTTGGCCGATTCATTAATGCAGCT-3'

Nested PCR; Outside-Forward primer: This paper N/A
5-TTCATGCCTTCTTCTCTTTCCTACAGGGG-3

Nested PCR; Inside-Forward primer: This paper N/A
5-GGCCACGATGTTGAAGTCTTCGTTGTTC-3'

Recombinant DNA

pHIV-CMV-hACE2-IRES-Puro This paper N/A
pT-PB-SARS-CoV-2-Spike-IRES-Blasti This paper N/A

pUCHR-inGLuc-Beta

pUCHR-inGLuc-pgk-hygro

Walther Mothes

This paper

https://doi.org/10.1371/
journal.pone.0053138

N/A

Software and algorithms

GraphPad Prism 9.3.1

GraphPad Software

https://www.graphpad.com/
scientific-software/prism/

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Other

HDAd-HIV-PV This paper N/A

Clofazimine Sigma-Aldrich Cas# 2030-63-9
Cobicistat Sigma-Aldrich Cas# 1004316-88-4
Apilimod Sigma-Aldrich Cas# 541550-19-0
Mycophenolate Sigma-Aldrich Cas# 128794-94-5
Niclosamide Sigma-Aldrich Cas# 50-65-7
27-hydroxycholesterol Sigma-Aldrich Cast# 20380-11-4
25-hydroxycholesterol Sigma-Aldrich Cast# 2140-46-7

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Richard
Sutton (richard.sutton@yale.edu).

Materials availability
Plasmids and the stable cell lines generated during this study are available from the lead contact upon request.

Data and code availability
All the Raw datasets generated during this study have been deposited at Mendeley Data and are publicly available as of the date of
publication. DOls are listed in the key resources table.
This paper does not report original code.
Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics statement

Deidentified COVID-19+ convalescent sera samples were obtained from YNHH hospital IMPACT research team). IMPACT study
was approved by the Yale University institutional review board (IRB). Deidentified Post-vaccine serum samples were obtained
from West Haven VA Medical Center (approved by both the Yale IRB and WHVA IRB). Written, informed consent was obtained
and documented for all subjects. Convalescent sera from 11 COVID-19+ patients and sera from 11 subjects at one month post vacci-
nation were selected at random for testing. Demographic and relevant clinical information of the subjects is shown in Tables S1
and S2 for convalescent and post-vaccine sera, respectively.

Cell lines

Human embryonic kidney cell line 293T (#CRL-3216), was originally purchased from ATCC. Cell lines were maintained in Dulbecco’s
modified Eagle’s high-glucose medium supplemented with 10% fetal calf serum, penicillin, streptomycin, and 10 ng/mL of ciproflox-
acin (complete DMEM), with other antibiotics or supplements as indicated in the text. Cells were grown in 5% CO,, 37°C water-jac-
keted incubators and passaged every 3 to 5 days.

METHOD DETAILS

Vectors and plasmids

CMV-driven expression plasmid for S with an FLAG tag at the COOH terminus (pcDNA-SARS-CoV-2-S) was as previously described,
as was plasmid encoding human ACE2 (hACE2) (Zhao et al., 2021). The hACE2 2.6 kbp ORF was blunt-cloned into a third generation
HIV vector 3’ of CMV promoter and 5’ of an IRES-puro’ cassette to generate pHIV-CMV-hACE2-IRES-Puro. pSV-Tat, pPCMV-Tat, and
pLTR-LUC were as previously described (Zhao et al., 2021). Full length codon optimized Spike (S) was used in the development of
this assay, S from pcDNA-SARS-CoV-2-S was inserted into a piggybac transposon (originally obtained from Matt Wilson of Baylor,
along with the transposase plasmid pCMV-piggybac) that had been modified to encode a CMV-IRES-bsd" cassette; resultant
plasmid was named pT-PB-SARS-CoV-2-Spike-IRES-Blasti. HIV-TV plasmid, encoding the intron-regulated HIV-based Gaussia
luciferase pUCHR-inGLuc-Beta (HIV-inGLuc), was obtained from Dr. Walther Mothes, originally generated in the Derse/Heidecker
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lab as previously described (Mazurov et al., 2010a). Transcription of GLuc is antisense relative to transcription of the viral genomic
RNA and is interrupted by a y-globin intron inserted in sense orientation relative to the genomic RNA (Zhong et al., 2013a); this
plasmid was modified to encode a hygromycin B" expression cassette (pUCHR-inGLuc-pgk-hygro). Plasmid expressing human teth-
erin, pcDNA3.1-tetherin, was also from Dr. Walther Mothes. HIV-PV was as described (Hu et al., 2015). HDAd-HIV-PV was produced
as previously described (Suzuki et al., 2010; Coskun et al., 2006; Palmer and Ng, 2003). Variant B.1.1.7-expressing plasmid was ob-
tained from Dr. Walther Mothes; it is codon-optimized and contains eight S protein amino acid mutations (A69-70, Y144Del, N501Y,
A570D, P681H, T716l, S982A and D1118H) in addition to D614G (Tada et al., 2021a). B.1.351 variant was initially isolated in South
Africa and has nine S protein amino acid mutations (L18F, D80A, D215G, L242-244del, R2461, K417N, E484K, N501Y and A701V)
three of which (K417N, E484K and N501Y) are in the receptor binding domain (RBD) (Tegally et al., 2020). To construct this variant
the latter three mutations were introduced into pcDNA-SARS-CoV-2-S using gene synthesis. Variant B.1.617.2 was initially isolated
in India, its spike protein has L452R and T478K mutations in the RBD in addition to D614G and a P681R mutation near the proteolytic
processing site (Tada et al., 2021b). To construct this VOC, L452R and T478K were introduced into pcDNA-SARS-CoV-2-S using
gene synthesis. Codon-optimized Delta S variant plasmid was from the Mothes’ lab; codon-optimized Omicron S variant plasmid
was originally purchased from Sino-Biological.

Cell-cell transmission assay

To measure cell-cell transmission of SARS CoV-2, we employed a system developed by the late David Derse (Mazurov et al., 2010b).
In one cell (the target cell), hACE2 was stably introduced by VSV G-mediated HIV-based transduction using pHIV-CMV-hACE2-IRES-
Puro to produce target HEK 293T-hACE2 cells, maintained in selection using 10 pg/mL puromycin (Sigma-Aldrich). From Walther
Mothes we obtained a second-generation cell-cell transmission HIV-TV, in which an improved intron in the forward orientation
was used to disrupt a backwards Gaussia luciferase that is secreted from infected cells. For the transient cell-cell transmission assay
this HIV-TV, inGLUC, was transiently co-transfected into 293T cells along with S and HIV-PV. After 48 h these cells were mixed 1:1
with 293T-hACE2 cells, and 48 h later cell culture supernatant was removed to measure Gaussia luciferase activity.

For the stable system, producer 293T cells were made by first transfecting linearized pUCHR-inGLuc-pgk-hygro using calcium
phosphate co-precipitation method and selecting stably transfected cells using 200-400 pg/mL hygromycin B (Calbiochem).
Next, linearized pT-PB-SARS-CoV-2-Spike-IRES-Blasti was co-transfected along with piggybac transposase using calcium phos-
phate co-precipitation method and S-modified cells were selected in both blasticidin (10 ung/mL; GoldBio) and hygromycin B (200 ng/
mL; Calbiochem). To express HIV-PV, 2 x 10° stable producer 293T-Spike-TV cells were seeded in a 12-well format and transduced
with 40 nL of concentrated HDAd-HIV-PV (Hu et al., 2015) at an MOI of ~4 1U/cell. At 24 h post-transduction cells were refed with
fresh media, then harvested after another 24 h and co-cultured at ratio of 1:1 with target 293T-hACE2 cells. For both the stable
and transient systems, cells were co-cultured in triplicate in 0.2 mL of complete DMEM per well in a 96-well format. After 48 h cell
culture supernatant was harvested and assayed for Gaussia luciferase activity.

The Delta and Omicron S DNA cassettes, both CMV |IE/promoter-driven, were separately blunt-end ligated into pUCHR-inGLuc-
pgk-hygro into a unique Sfi1 restriction site downstream of the 3’ LTR; cloning details are available upon request. These two plasmids
were linearized and individually transfected into 293T cells using the calcium-phosphate method, and stably transfected cells were
selected using hygromycin B as described above.

X-gal staining for LacZ activity

2 x 10° 293T- Spike-TV cells were seeded in a 12-well format then transduced with increasing amounts of HDAd-HIV-PV as indi-
cated. At 24 h cells were refed with fresh complete DMEM media, incubated further for 24 h and then fixed with 4% paraformaldehyde
in phosphate buffered saline (PBS) for 10 min. X-gal staining solution (1 mg/mL X-gal from Gold Bio, 6 mM potassium ferrocyanide,
and 6 mM potassium ferricyanide in PBS) was incubated with fixed cells for 24 h before plates were washed with PBS and photo-
graphs taken.

Gaussia luciferase assay

Gaussia luciferase (GLUC) assay buffer was prepared using 10 uM coelenterazine (Gold Bio), 50 mM Sodium lodide (Sigma-Aldrich)
in phosphate-buffered saline (PBS). 100 pL of culture supernatant was harvested from the co-cultured cells as described above and
transferred into a white 96-well microplate to which 100 pL of the GLUC assay buffer was present. RLU was quantified on a Biotek
plate reader. Data was analyzed with non-linear regression using GraphPad Prism to generate neutralization curves and IC-50 values.

Pseudotyped virus neutralization assay

Pseudotyped HIV-FFLUC was produced as previously described (Zhang et al., 2019) using pcDNA-SARS-CoV-2-S (Zhao et al.,
2021). Pseudotyped particles were concentrated by ultracentrifugation. Convalescent and post-vaccine sera, monoclonal anti-
bodies, and LCB1 were serially diluted as indicated and pre-incubated with S-pseudotyped particles for 1 h at 37°C then added
to 293T-hACE2 target cells in 96-well format. After an overnight incubation fresh medium was added. After another 48 h cells
were lysed and RLU measured as described previously (Zhao et al., 2021). IC-50 values were calculated using GraphPad Prism soft-
ware. Non-linear regression with normalized response model was applied.
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Sera, LCB1, murine anti-spike monoclonal antibodies, small molecule drugs, and tetherin

COVID-19 + convalescent sera were obtained from YNHH hospital (IMPACT research team). Post-vaccine sera were obtained from
West Haven VA Medical Center. 56-mer peptide LCB1 was as previously described (Zhao et al., 2021) and stored at —80°C prior to
use. Clofazimine, cobicistat, apilimod, niclosamide, 25-hydroxycholesterol, 27-hydroxycholesterol, and mycophenolate were pur-
chased from Sigma-Aldrich. Murine anti-spike monoclonal antibodies, clones 2 and 6 were a gift of Sidi Chen and were as previously
described (Peng et al., 2022). Producer and target 293T cells were generated as described above. Producer cells were harvested 48 h
post-transfection or transduction for the transient or stable system, respectively. 4 x 10* producer cells were resuspended in 50 pL
complete DMEM per well in 96-well plates. Serially diluted amounts of anti-spike mAbs, sera, LCB1, or small molecule drugs were
then added to producer cells and incubated at 37°C for 1 h, then an equal amount of target cells in 50uL were added per well. The cells
were co-cultured at 37°C, after 48 h supernatants were harvested and Gaussia luciferase activity measured as described above.
Studies with tetherin were done by transiently transfecting the producer 293T cells with increasing amounts of tetherin expression
plasmid DNA in 12-well format for cell-cell transmission. After 48 h cells were co-cultured with target 293T-hACE2 cells and super-
natants harvested after 48 h of GLUC activity measured as described above.

Time course experiment for LCB1
96-well plates were seeded with 4 x 10* producer 293T cells in 100 pL per well. 10-fold serially diluted LCB1 was added at —1, 0, +1
and +2 h relative to the addition of 293T-hACE2 targets. After 48 h GLUC activity was measured as described above.

Cell fusion assay

HOS cells stably expressing HIV Tat and hACE2 were mixed 1:1 with TZMbl cells stably expressing S as described (Zhao et al., 2021).
At 48 h transfected cells were lifted, mixed 1:1, and after another 16-24 h cells were lysed and RLU measured by plate reader in
96-well format as described (Zhao et al., 2021).

Western blotting and nested PCR
Expression of hAACE2, S, and HIV Gag proteins in the stable 293T cells was confirmed by immunoblotting. Cells were lysed using RIPA
buffer. Samples were boiled for 10 min in the presence of SDS and DTT, size-separated on pre-made SDS-PAGE gradient gels (Bio-
Rad) and transferred onto PVDF filter membranes as previously described (Zeng et al., 2020). hACE2 and S were detected by goat
anti-hACE2 (R&D systems) and mouse anti-FLAG (Sigma-Aldrich) primary antibodies and rabbit anti-goat-HRP (Sigma-Aldrich) and
rabbit anti-mouse HRP (Cell Signaling) secondary antibodies, respectively. Gag-pol protein expression was detected by using anti-
HIV human sera as primary antibody (#3957 from NIH AIDS Reagent Repository) and anti-human HRP secondary antibody (Sigma-
Aldrich). In parallel cellular GAPDH was detected by immunoblotting using rabbit anti-GAPDH primary antibody (Sigma-Aldrich) and
goat anti-rabbit HRP secondary antibody (Sigma-Aldrich).

To confirm presence of the HIV transfer vector in the stable cell line, nested PCR was performed as previously described (Lorenz,
2012), using extracted genomic DNA as template and size-separating DNA products by horizontal agarose gel electrophoresis.

QUANTIFICATION AND STATISTICAL ANALYSIS
All statistical analyses were conducted using GraphPad Prism 9.3.1. Luciferase assays were performed, and luciferase expression
quantified, in triplicate as indicated in the figure legends with the mean being the average value of the three readings. In all the ex-

periments, data are represented as the mean + SD. The significance of the differences between the groups was analyzed with paired
t-test. p values < 0.05 were considered statistically significant. The specific p value is depicted in the respective figure panel.
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