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ABSTRACT: There is a pressing need for host-directed
therapeutics that elicit broad-spectrum antiviral activities to
potentially address current and future viral pandemics. Apratoxin
S4 (Apra S4) is a potent Sec61 inhibitor that prevents
cotranslational translocation of secretory proteins into the
endoplasmic reticulum (ER), leading to anticancer and antiangio-
genic activity both in vitro and in vivo. Since Sec61 has been shown
to be an essential host factor for viral proteostasis, we tested Apra
S4 in cellular models of viral infection, including SARS-CoV-2,
influenza A virus, and flaviviruses (Zika, West Nile, and Dengue
virus). Apra S4 inhibited viral replication in a concentration-
dependent manner and had high potency particularly against SARS-
CoV-2 and influenza A virus, with subnanomolar activity in human
cells. Characterization studies focused on SARS-CoV-2 revealed
that Apra S4 impacted a post-entry stage of the viral life-cycle. Transmission electron microscopy revealed that Apra S4 blocked
formation of stacked double-membrane vesicles, the sites of viral replication. Apra S4 reduced dsRNA formation and prevented viral
protein production and trafficking of secretory proteins, especially the spike protein. Given the potent and broad-spectrum activity of
Apra S4, further preclinical evaluation of Apra S4 and other Sec61 inhibitors as antivirals is warranted.
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COVID-19 has a broad clinical spectrum, ranging from
asymptomatic to mild and severe symptoms. It is caused

by the highly transmissible SARS-CoV-2, which belongs to the
coronavirus (CoV) family, responsible for three major
outbreaks in the 21st century (SARS-CoV-1, MERS-CoV,
SARS-CoV-2). The SARS-CoV-2 genome encodes the Orf1ab
polyprotein at the 5′ end, which is cleaved into 16
nonstructural proteins (Nsp), including the drug targets
RNA polymerase (Nsp12) and main protease/3CL (Nsp5),
as well as four major structural proteins encoded at the 3′ end
(S, E, M, N) and accessory factors.1 Several vaccines are
approved for preventing severe disease and hospitalization, and
neutralizing antibody treatments have shown some success
when administered at early stages of the disease.2,3 However,
there are only few widely available specific small-molecule
antiviral therapies for SARS-CoV-2. Remdesivir, targeting
RNA-dependent RNA polymerase (RdRp), has pan-coronavi-
rus inhibitory activity4 and has been FDA approved because of
the reduced time to recovery;5 however, it requires injections

and is not effective for patients with advanced disease, when
the lung inflammation downstream of viral infection has
already occurred. The RNA polymerase inhibitor molnupiravir,
which received an emergency use authorization, has been
shown to cut down the rate of hospitalizations and death by
30% (down from early clinical trial observation of 50%);
however, administration near disease onset is important.6 The
oral protease inhibitor PF-07321332, coadministered with low-
dose ritonavir to enhance stability (Paxlovid), targeting the
SARS-CoV-2 main protease (3CL) was also designed for
patients exposed to or showing first signs of disease, and it
showed an 89% reduction in risk of hospitalization and death
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and was consequently approved for emergency use.7 However,
therapeutics with different mechanisms of action are needed.
Drug repurposing has been at the forefront, and a large-scale
repositioning survey for SARS-CoV-2 antivirals identified 21
candidates,8 including compounds that were subsequently
validated in animal models.9 Because of the inflammatory
component at later disease stages and the cytokine storm that
correlates with the need for mechanical ventilation and
mortality,10 anti-IL-6 treatments and corticosteroids have

also been tested. Antibodies against the IL-6 receptor
(tocilizumab or sarilumab) have shown some benefits to
treat serious disease,11 and dexamethasone reduced mortality
in patients already receiving respiratory support;12 however,
delayed virus clearance is a concern if administered early.13,14

Looking forward, an ideal agent should also be active against
other viruses of pandemic potential. For example, influenza A
viruses cause respiratory distress and are responsible for four
pandemics over the past hundred years in addition to annual

Figure 1. Structures and targets of apratoxin S4 (Apra S4), and of remdesivir and apilimod used as controls in our studies.

Figure 2. Screening approach and activities of Apra S4 against SARS-CoV-2 compared with remdesivir. (A) Three thousand cells per well were
seeded in a 384-well black plate 16 h prior to infection. Two hours prior to infection, cells were treated with remdesivir or Apra S4 in 11-step 1:3
dilutions at indicated starting concentrations, in triplicate. SARS-CoV-2 USA-WA1/2020 was added to each well, at an MOI = 0.1 (Vero E6) or 1
(HeLa-hACE2). Sixteen hours postinfection, cells were fixed and analyzed by immunofluorescence imaging. For each condition, the percentage of
infection was calculated as the ratio of the number of infected cells stained for coronavirus N to number of cells stained with DAPI. (B,C) Dose−
response analysis for Vero E6 (B) and HeLa-hACE2 cells (C). (D) Antiviral activity of Apra S4 against SARS-CoV-2 infection in human stem cell
derived pneumocyte-like cells. Human stem cell derived pneumocyte-like cells were treated with remdesivir or Apra S4 (10 μM) for 1 h at 37 °C
followed by SARS-CoV-2 USA-WA1/2020 infection for 48 h at 37 °C. Then, the cells were dissociated using cell dissociation buffer and fixed in
4% methanol-free formaldehyde for the following FACS analysis. The fixed cells were incubated with antimouse SARS-CoV-2 N protein antibody
for 1 h and the infected cells were counted by flow cytometry. The data were represented for each triplicate as the percentage of cells infected
compared to the DMSO control. The duplicate set of cells were treated with same drug concentrations but left uninfected. After 48 h of incubation
at 37 °C, the cells were analyzed for viability using an MTT assay.
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epidemics. Changes in the influenza virus genome during
replication and genetic reassortment between strains can result
in novel strains, for which we lack immunity or that are
resistant to current antivirals. Since many viruses rely on
similar cellular pathways for their replication, drugs inhibiting
these pathways could benefit from broad-spectrum antiviral
activities.
Previous work revealed that Sec61 is essential for proteo-

stasis of influenza A virus, HIV, and dengue virus.15−17 Sec61 is
the translocon in the endoplasmic reticulum (ER) membrane,
required for secretory protein transport and processing. Thus,
it is also required for the processing and transport of viral
glycoproteins and therefore essential for viral proteostasis.15−17

A SARS-CoV-2-human protein−protein interaction map
revealed potential drug targets at the interface of host and
viral proteins, including the interaction of Nsp8 with the signal
recognition particle and Orf8 with the ER protein quality
control, directly related to cotranslational translocation and
processing.18 We have previously identified a marine-derived
compound class that targets Sec61 and therefore pursued the
hypothesis that it might exert broad-acting antiviral activities.
Specifically, we discovered the apratoxin class of Sec61
inhibitors from a marine cyanobacterium19,20 synthesized and
structurally modified the parent natural products,21−24 and
identified and mechanistically characterized the effects on
cotranslational translocation and downstream consequen-
ces.21−26 Apratoxins directly target Sec61α.27,28 Synthetic
apratoxins were shown to be effective against pancreatic and
colon cancer in animal models.21,22,29 We aimed to test if
apratoxins could also combat SARS-CoV-2, and increase the
therapeutic tool box for other viruses with pandemic potential.

There are several advantages of targeting host factors, such
as Sec61, over virally encoded proteins: (i) targeting a host
factor is expected to lead to reduced mutational resistance,30

and (ii) broad spectrum activity against other viruses.
Apratoxins would be expected to inhibit viral proteostasis by
interfering with endoplasmic reticulum trafficking of viral
glycoproteins that require ER-mediated glycosylation and
processing through interaction with Sec61,15 in addition to
inhibitory effects on secretory host proteins, including the
SARS-CoV-2 receptor ACE2 and cytokines.
The well-characterized anticancer agent apratoxin S4 (Apra

S4, Figure 1), a synthetic analogue of marine cyanobacterial
natural products, was previously repositioned and proved
highly effective in ocular angiogenic disease models in vivo.31

Here, we report potent antiviral effects of Apra S4 against
SARS-CoV-2 compared with RdRp inhibitor remdesivir
(preventing viral RNA synthesis) and PIKfyve inhibitor
apilimod (interfering with cell entry)32 (Figure 1). Apra S4
was also found to have activity against various influenza and
flaviviruses. Characterization studies on the molecular and
ultrastructural level in the context of SARS-CoV-2, employing
electron microscopy and immunofluorescence, revealed that
Apra S4 blocked the formation of stacked double-membrane
vesicles and vesicles with multiple progeny viruses, and
decreased levels of intracellular S protein in infected cells
and viral protein trafficking to the cell surface, as the major
mechanism of action.

■ RESULTS
Apra S4 Exhibits Potent Activity against SARS-CoV-2

in Vitro. The antiviral activity of Apra S4 was characterized in

Figure 3. Antiviral activity of Apra S4 against flaviviruses and influenza A virus. (A−C) Huh7.5 cells were seeded overnight and then treated with
increasing concentrations of Apra S4 for 2 h prior to infection. Cells were then infected with (A) Zika virus/Ugandan MR766 at MOI = 0.25, (B)
West Nile Virus/Kunjin isolate at MOI = 0.05, or (C) Dengue virus/16681 serotype 2 at MOI = 3 in the presence of Apra S4. (D) For influenza A
virus/WSN infection, A549 cells were treated with Apra S4 for 2 h and infected at MOI = 0.1. At 24 h postinfection of flaviviruses (A−C) or 36 h
postinfection of influenza virus (D), cells were fixed and infection was measured through immunofluorescence. The percentage of infection was
calculated as the ratio between the number of infected cells stained for flavivirus envelope protein or influenza nucleoprotein, and the total amount
of cells stained with DAPI. Dose−response curves for both infectivity (black) and cell number (red) are shown. Data represent the average ±
standard deviation of infection and cell count relative to DMSO.

ACS Infectious Diseases pubs.acs.org/journal/aidcbc Article

https://doi.org/10.1021/acsinfecdis.2c00008
ACS Infect. Dis. 2022, 8, 1265−1279

1267

https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00008?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00008?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00008?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00008?fig=fig3&ref=pdf
pubs.acs.org/journal/aidcbc?ref=pdf
https://doi.org/10.1021/acsinfecdis.2c00008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


multicycle virus growth assays in cell culture. Specifically, Vero
E6 and HeLa-hACE2 (HeLa cells transduced with human
ACE2) cells were preincubated with Apra S4 for 2 h, followed
by infection with SARS-CoV-2. Sixteen hours postinfection,
cells were fixed and immunostained for the SARS-CoV-2
nucleoprotein (N). Cellular nuclei were stained with DAPI,
prior to automated imaging and analysis (Figure 2A). The
percentage of infection for each well was calculated as the ratio
of infected cells stained with N antibody, over the total number
of cells. Apra S4 treatment reduced viral replication in a
concentration-dependent manner, with IC50 values of 0.17 μM
(Vero E6) and 0.71 nM (HeLa-hACE2), outperforming
remdesivir by 20- to 50-fold in monkey (Vero) and human
(HeLa-hACE2) cells, respectively. Cytotoxicity was not
observed under these conditions, with nearly 100% inhibition
of viral replication at 2 nM in human cells (Figure 2B,C).
Apra S4 Shows Antiviral Activity in a Human Primary

Cell Model. Apra S4 was further evaluated for antiviral activity
in human pneumocyte-like cells derived from human stem
cells. These cells are considered a relevant model for SARS-
CoV-2 replication in the lung. Cells were differentiated and
then incubated with 10 μM Apra S4 or remdesivir 1 h prior to
infection. Cells were infected with SARS-CoV-2 in the
presence of the compound. After 48 h of infection, viral
infection was quantified by flow-cytometry analysis of CoV N
expression. Treatment with Apra S4 resulted in significantly
decreased viral replication in the human pneumocyte-like cells.
No cytotoxicity of the compounds was observed (Figure 2D).
Apra S4 Exhibits Broad-Spectrum Antiviral Effects in

Vitro. Apra S4 also showed potent antiviral activity in the low
nM range against flaviviruses, including Zika virus, Dengue
virus, and West Nile virus (Figure 3, Table 1), with no to

negligible cytotoxicity (CC50) (Figure 3A−C). Apra S4-
inhibited SARS-CoV-2 and influenza A virus very potently
(Figure 3D), with subnanomolar IC50 values and high
selectivity index (SI = CC50/IC50 at 16 h, Table 1), indicating
that Apra S4-induced antiviral activity is not due to toxicity,
which is usually a general concern with anticancer agents. It is
known that apratoxins exert cytotoxic and/or growth inhibitory
activity between 24 and 48 h, which is in the low to mid nM
range for human cancer cells.23 Therefore, we only determined
the CC50 up to 1 μM in human cells at 24 h (flaviviruses) or 36
h (influenza).
Apra S4 Reduces Multicycle Growth and Impacts on

SARS-CoV-2 Post-Entry Steps. Apra S4 strongly reduced
SARS-CoV-2 multicycle growth based on measurements at 24,
48, and 72 h post infection, while remdesivir was less potent at

10 μM under these experimental conditions (Figure 4A),
underscoring the strong antiviral activity of Apra S4. To verify
that these effects are Sec61-mediated, we treated with
eeyarestatin I, which was suggested to also inhibit Sec61 (in
addition to p97).33,34 Eeyarestatin I also inhibited SARS-CoV-
2 in a dose-dependent manner, although less potently than
Apra S4 (only at 10 μM, Supporting Information, Figure S1).
Similarly, siRNA-mediated knockdown of Sec61A1 using
validated siRNAs16 reduced SARS-CoV-2 growth by 10- to
100-fold (Supporting Information, Figure S2). Taken together,
these results suggest that the antiviral activity of Apra S4 is an
on-target (Sec61) effect. We next performed time-of-addition
studies to evaluate if Apra S4 acts on entry or post-entry steps
of the SARS-CoV-2 replication cycle. Specifically, Vero CCL81
cells were infected for 1 h with SARS-CoV-2 (MOI = 0.5) and
incubated with Apra S4 at 1 μM at 2 h before and after, as well
as concomitant with viral challenge (Figure 4B). Viral infection
was determined after 16 h by virus titer determination. Apra S4
did not lose its antiviral activity even if added 2 h after
infection, suggesting that it does not act on viral entry but
targets post-entry steps (Figure 4B). To further validate these
results, we evaluated the impact of Apra S4 on a vesicular
stomatitis virus (VSV)-based virus-like particle pseudotyped
with SARS-CoV-1 S protein, SARS-CoV-2 S protein, or VSV-
G protein in Vero E6 cells. Apilimod, a PIKfyve inhibitor, is
known to inhibit viral replication during the entry step.8

Apilimod inhibited viral entry of SARS-CoV-1 and SARS-CoV-
2, consistent with previous observations (Figure 4C).32,35 On
the other hand, Apra S4 treatment for 2 h prior to virus
challenge for 1 h slightly enhanced infection compared to the
DMSO control, suggesting that Apra S4 does not inhibit viral
entry of SARS-CoV-1 or SARS-CoV-2 (Figure 4C). None of
the compounds impacted VSV-G-mediated entry. No cytotoxic
effect was observed under these conditions.

Apra S4 Inhibits Formation of Double-Membrane
Vesicles and RNA Replication. To understand how Apra S4
inhibits viral replication in cells, we visualized viral replication
factories by electron and confocal microscopy. First, we
employed transmission electron microscopy on ultrathin
sections of Vero CCL81 cells treated with Apra S4 (or solvent
as control) and infected with SARS-CoV-2 (MOI = 2) (Figure
5A). In control-treated SARS-CoV-2 infected cells we detected
large clusters of stacked double-membrane vesicles (Figure 5A,
upper left) that represent the viral replication organelles as
reported previously.36 In areas adjacent to the replication
organelles, we observed larger vesicles containing multiple
virus particles (Figure 5A, upper right). Progeny virions
budding into these vesicles were also observed frequently
(Figure 5A, upper right, arrows). In contrast, no stacked
double-membrane vesicles (DMV) and vesicles carrying
multiple virus particles could be detected in inhibitor-treated
cells (Figure 5A, bottom panels). Instead, large empty vacuoles
(Figure 5A, bottom left) and only a few vesicles with single
virus particles were detected in Apra S4-treated samples
(Figure 5A, bottom right). These data suggest that Apra S4 not
only impacts viral proteostasis but also leads to a block of the
formation of viral replication organelles, used as dedicated sites
for viral RNA replication, and vesicles with multiple progeny
viruses.37,38 As Apra S4 targets the translocon complex and
affects primarily the expression of proteins within the secretory
pathway, our observations suggest that viral RNA replication
could be indirectly compromised by Apra S4 treatment. We
therefore evaluated the impact of Apra S4 on viral RNA

Table 1. Antiviral Activity of Apratoxin S4 against SARS-
CoV-2, Flaviviruses, and Influenza

viruses cell line
IC50
(nM)

CC50
(μM) SI

SARS-CoV-2 USA-WA1/
2020

Vero E6 170 >10 >58

SARS-CoV-2 USA-WA1/
2020

HeLa-
hACE2

0.71 >1 >1400

Zika virus/Ugandan
MR766

Huh-7.5 15 >1 >67

West Nile virus/Kunjin
isolate

Huh-7.5 14 >1 >71

Dengue virus/16681
serotype 2

Huh-7.5 3.3 >1 >300

Influenza A virus/WSN A549 0.46 >1 >2200
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production by electroporating in vitro transcribed viral RNA
into Vero E6 cells, and directly measured RNA synthesis
(Figure 5B). At 12 h postelectroporation, Apra S4 reduced the
negative-strand RNA at a concentration near the IC50 for
antiviral activity (0.1 μM, Figure 5B). This inhibition of viral
RNA production is presumably a consequence of the inhibition
of DMV formation. To further dissect the mechanism of
inhibition we stained for dsRNA, a marker for viral replication,
16 h after infection of Vero CCL81 cells with SARS-CoV-2.
We found that treatment with 1 μM Apra S4 strongly reduced
the presence of dsRNA intermediates in infected cells
compared to DMSO treatment, indicating that viral genome
replication was affected (Figure 5C,D). This inhibition of
dsRNA formation was not due to cytotoxic effects of the
inhibitor (Figure 5E) and correlated with a more than 100-fold
reduction in infectious virus titers in the supernatant under
these conditions at the same time point (Figure 5F). Apra S4
blocked the formation of stacked double-membrane vesicles,
leading to the inhibition of viral replication, and prevented
formation of vesicles with multiple progeny viruses.

Apra S4 Reduces Production and Trafficking of
Secretory Pathway Dependent Proteins. We then pre-
treated Vero CCL81 cells with Apra S4 or vehicle (DMSO) for
2 h, infected with SARS-CoV-2 for 16 h in the presence or
absence of the inhibitor, and stained for the total viral
nucleoprotein and the viral spike protein to assess viral protein
production (Figure 6A). Quantification of infected cells
revealed a significantly reduced number of infected cells in
all three independent experiments (Figure 6B). In those few
infected cells with detectable nucleoprotein and spike protein
levels, the spike protein staining intensity was significantly
reduced (Figure 6C). In contrast, the nucleoprotein signal
intensity actually increased based on statistical analysis (Figure
6C), possibly due to accumulation of nucleoprotein as no
particles are being formed and released. We then immunos-
tained for nucleoprotein and spike protein levels on the cell
surface, using nonpermeabilizing conditions (Figure 6D).
Surprisingly, besides spike, also the nucleoprotein was detected
in nonpermeabilized, infected cells. The inhibitory effect of
Apra S4 was even more pronounced when monitoring viral
protein expression at the cell surface and apparent for both

Figure 4. Effect of Apra S4 on SARS-CoV-2 multicycle growth and entry. (A) SARS-CoV-2 growth curve. Left panel: Vero CCL81 cells were
treated with Apra S4, Remdesivir, or DMSO (0.1%) at the indicated concentrations 2 h before, during, and after infection with SARS-CoV-2
BetaCoV/Germany/BavPat1/2020 (MOI = 0.01). Of note, compounds were not replenished during incubation. Cell supernatants were harvested
0, 16, 24, 48, and 72 h postinfection and virus titers were determined by plaque assay. Shown are mean virus titers of three independent
experiments performed in duplicates. Error bars indicate standard deviation. LoD: limit of detection was at 100 PFU/mL. Of note, titers for 1 μM
and 0.1 μM Apra S4 lie below the LoD. Right panel: Cell viability of Vero CCL81 after treatment similar to left panel, but left uninfected. At the
indicated time points cell viability was determined using the CellTiter-Glo kit. (B) Time-of-Addition assay: Vero CCL81 cells were treated with
Apra S4 (1 μM), Remdesivir (10 μM), or DMSO (0.1%) starting either 2 h before, during, or 2 h after infection with SARS-CoV-2 BetaCoV/
Germany/BavPat1/2020 (MOI = 0.5). Cell supernatants were harvested 16 h postinfection and virus titers were determined by plaque assay.
Shown are mean virus titers of three independent experiments performed in duplicates. Error bars indicate standard deviation. For both (A) and
(B), an unpaired t test on log-transformed data was performed to test for statistical significance. *P < 0.05; **P < 0.01; ***P < 0.001; ****P <
0.0001. LoD: limit of detection was at 100 PFU/mL. (C) VSV-based pseudotyped viral particles assay. Vero E6 cells were pretreated with Apra S4
for 2 h and then infected with SARS-CoV-1 S/SARS-CoV-2 S pseudotyped particles harboring firefly luciferase for additional 1 h. Luciferase signal
was quantified at 24 h postinoculation (left). The cell viability was measured at 24 h postinfection using WST-8 assay and normalized to the
DMSO-treated samples (right). Error bars represent standard error of the mean (SEM).
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Figure 5. Apra S4 inhibits formation of double-membrane vesicles and SARS-CoV-2 replication. (A) Transmission electron microscopy
demonstrates block of the formation of viral replication organelles. Vero CCL81 cells were pretreated with DMSO (top) or 1 μM Apra S4
(bottom) for 2 h before cells were infected with SARS-CoV-2 BetaCoV/Germany/BavPat1/2020 (MOI = 2) in the presence of DMSO or Apra S4.
At 16 h postinfection cells were fixed, dehydrated, and embedded. Ultrathin sections were stained with lead citrate and analyzed by transmission
electron microscopy. Arrows indicate budding viruses. Scale bars indicate 1 μm. (B) Negative-stranded viral RNA synthesis. Vero E6 cells were
electroporated with in vitro transcribed viral RNA. Two hours after seeding, the cells were treated with Apra S4 at the indicated concentration.
Negative-stranded RNA was then quantified at 12 h postelectroporation. Error bars represent SEM for n = 3 independent experiments. (C) dsRNA
expression. Vero CCL81 cells were pretreated with DMSO or 1 μM Apra S4 for 2 h. Cells were infected with SARS-CoV-2 BetaCoV/Germany/
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nucleoprotein and spike protein (Figure 6E). In addition to
viral glycoprotein expression, we also expected that ACE2
levels would be compromised by Apra S4 since ACE2 is a
known substrate for Sec61-dependent cotranslational trans-
location. We thus monitored ACE2 protein expression in Vero
E6 cells by immunoblot analysis over time (12 and 24 h), and
observed decreased protein levels after 24 h starting at 1 μM,
slightly above the IC50 for antiviral activity in this cell type
(Figure 6F). We also tested human lung epithelial cells (Calu-
3) with Apra S4 and observed decreased expression at 3.2 nM
or higher concentrations (Supporting Information, Figure S3),
consistent with human cells being more sensitive to Apra S4
than monkey cells. This additional on-target activity may
provide additive or synergistic antiviral benefits at longer
exposure times.

■ DISCUSSION

Apratoxin S4 (Apra S4) is a synthetic hybrid analogue of
apratoxins A/E, which prevents protein translocation by
directly targeting Sec61α, the central subunit of the protein
translocation channel on the endoplasmic reticulum (ER)
membrane.21,28 Among known Sec61 inhibitors, apratoxins
possess unique resistant profiles in cancer cells, indicating a
unique mode of target interaction.27,28 It prevents protein ER
translocation at an earlier stage than cotransin and appears to
impact ER import of Sec61 substrate proteins in a substrate-
nonselective fashion based on biochemical data.27 However,
the substrate selectivity for host proteins is tunable and highly
context-dependent, as we recently reported.39 Since viral
glycoproteins are dependent on Sec61-mediated secretion, we
observed blockage of viral proteostasis. In cellular models of
viral infection including SARS-CoV-2, Apra S4 inhibited viral
replication in a concentration-dependent manner. The
compound showed antiviral activity by impacting post-entry
stages of the viral replication cycle. Immunofluorescence
indicated a preference for inhibiting the spike protein as a
major target, presumably since it requires ER-mediated
glycosylation upon interaction with Sec61, in contrast to the
N protein that is less sensitive to the inhibition of the secretory
pathway. In addition to the expected inhibition of viral
glycoprotein processing and transport, we also detected a block
of DMV formation, dsRNA accumulation, and subsequent
virion assembly. These findings suggest that Sec61 function is
also required for DMV formation and consequently genome
replication, in line with previous reports showing that other
coronaviruses recruit the Sec61 complex to their replication
sites.40,41 The proposed cellular mechanism indicating a post-
entry inhibition of replication is depicted in Figure 7.
A different type of Sec61 inhibitor, ipomoeassin F, was

recently shown to inhibit the in vitro biogenesis of both spike

protein and the SARS-CoV receptor ACE2; however, this
observation remains to be confirmed in cell culture models.42

Consistent with the known effects of Apra S4 on host
membrane proteins,39 Apra S4 additionally downregulates
ACE2, although not completely. Further studies are required
to determine if this indirect effect would additionally interfere
with virus entry upon longer exposure to Apra S4 (Figure 7).
By preventing cotranslational translocation, apratoxins also
prevent secretion of cytokines, including IL-6. We have shown
this in various cancer cells and in stromal cells in the context of
tumor microenvironment.24,29 Apra S4 has potential anti-
inflammatory activity and blocks LPS-induced cytokines in
macrophage cells (Supporting Information, Figure S4). We
speculate that apratoxins may also prevent the cytokine storm
in COVID-19, which remains to be investigated. Given the
clinical data with anti-inflammatory agents,13,14 viral clearance
might be delayed if administered early during the disease; the
antiviral effects and anti-inflammatory and potentially
immunosuppressive effects would have to be balanced.
Apra S4 previously showed exquisite efficacy in ocular

angiogenic disease models in vivo at the same concentration as
for cancer (0.25 mg/kg) without toxicity or histological
abnormalities.31 The eEF1A inhibitor plitidepsin, broadly
inhibiting protein synthesis, showed preclinical efficacy in
various SARS-CoV-2 animal models.43 We expect that selective
inhibitors of subsets of secretory proteins15 (Sec61 inhibitors)
could be even more effective and safe, especially given the
short-term treatment regimen. Efficacy studies in animal
models of SARS-CoV-2 and other viruses are warranted.

■ CONCLUSION
Sec61 inhibition by apratoxins provides a complementary
mechanism of action to cell entry inhibitors and viral-targeting
agents. Apra S4 possesses exquisite broad-spectrum antiviral
activity, particularly against SARS-CoV-2, and the spike
protein appeared to be one major target of Apra S4-mediated
Sec61 inhibition. Apra S4 impaired DMV formation and RNA
replication, transport, and processing, and trafficking of spike
protein and thus progeny virus particle formation. There is an
urgent need for host-directed therapeutics, and further
evaluation of Apra S4 and other Sec61 inhibitors, alone or in
combination with mechanistically complementary agents, is
warranted to potentially address current and future pandemics
of concern.

■ METHODS
Synthesis. Apratoxin S4 was synthesized as previously

described.22

Viruses and Cell Lines. SARS-CoV-2 USA-WA1/2020
strain, isolated from an oropharyngeal swab from a patient with

Figure 5. continued

BavPat1/2020 (MOI = 2) in the presence of DMSO or Apra S4. At 16 h postinfection, cells were fixed and stained for dsRNA (green). Nuclei are
stained in blue. Scale bars indicate 8 and 5 μm for the merged and merged zoom images, respectively. (D) Quantification of dsRNA. The mean
fluorescence intensity of dsRNA-expressing cells from (C) was quantified using ImageJ software. Shown is mean fluorescence intensity (MFI) of
two independent experiments (RI/RII). Error bars indicate standard deviation. A Mann−Whitney U test was performed to test for statistical
analyses. *P < 0.05; ****P < 0.0001 (E) Vero CCL81 cells were treated with DMSO or 1 μM Apra S4 for 18 h and cell viability was determined
using the CellTiter-Glo kit. Mean values from three independent experiments are shown relative to the DMSO control. Error bars depict standard
deviation. (F) Vero CCL81 cells were pretreated with DMSO or 1 μM Apra S4 for 2 h before cells were infected with SARS-CoV-2 BetaCoV/
Germany/BavPat1/2020 (MOI = 2) in the presence of DMSO or Apra S4. At 16 h postinfection virus titers in the supernatants were determined.
Mean values from three independent experiments are shown. Error bars depict the standard deviation. Dotted line represents the limit of detection.
An unpaired t test on log-transformed data was performed to test for statistical significance. **P < 0.01.
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a respiratory illness who developed clinical disease (COVID-
19) in January 2020 in Washington, USA, was obtained from
BEI Resources (NR-52281) and used for the Vero E6, HeLa-

hACE2, and pneumocyte experiments. SARS-CoV-2 strain
BetaCoV/Germany/BavPat1/2020 was obtained from the
European Virus Archive GLOBAL (EVA-GLOBAL; ref-SKU:

Figure 6. Apra S4 reduces production and trafficking of secretory pathway dependent proteins. (A) Intracellular spike and nucleoprotein
expression. Vero CCL81 cells were pretreated with DMSO or 1 μM Apra S4 for 2 h. Cells were infected with SARS-CoV-2 BetaCoV/Germany/
BavPat1/2020 (MOI = 2) in the presence of DMSO or Apra S4. At 16 h postinfection, cells were fixed, permeabilized, and stained for SARS-CoV-2
nucleoprotein (N, gray) and spike protein (S, magenta). Nuclei are stained in blue. Scale bars indicate 8 μm. Of note, in the Apra S4-treated cells,
infected cells were found only rarely. Shown are infected cells to compare localization of viral protein in the different experimental conditions.
(B,C) Quantification of (A). The percentage infected cells (B) (cells positive for nucleoprotein or spike) per image and the intensity (C) of N (left
panel) and S (right panel) was determined using CellProfiler software. Shown are quantification of three independent experiments (RI/RII/RIII).
Error bars indicate standard deviation. A Mann−Whitney U test was performed to test for statistical significance. *P < 0.05; **P < 0.01; ***P <
0.001; ****P < 0.0001. (D) Cell surface nucleoprotein and spike protein expression. Experimental setup as in (A) but cells were left
nonpermeabilized. Cell surface SARS-CoV-2 nucleoprotein (gray) and spike protein (magenta) were stained. Nuclei are stained in blue. Scale bars
indicate 25 μm (upper rows) or 5 μm (lowest row). Of note, in the Apra S4-treated cells, infected cells were found only rarely. (E) Quantification
of (D). The percentage infected cells was determined using CellProfiler software. Shown are quantifications of two independent experiments (RI/
RII). Error bars indicate standard deviation. A Mann−Whitney U test was performed to test for statistical significance. *P < 0.05; **P < 0.01. (F)
Immunoblot analysis in Vero E6 cells. Cells were treated with Apra S4 for 12 and 24 h, protein lysates were collected, and ACE2 immunoblot
analysis was performed with β-actin serving as loading control.
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026V-03883) and used for the Vero CCL81 experiments.
SARS-CoV-2 BetaCoV/Germany/BavPat1/2020 virus stocks
were generated as described previously.44

West Nile virus (Kunjin isolate) was obtained from Michael
S. Diamond (Washington University School of Medicine at St.
Louis), Dengue virus (16681 serotype 2) from Ana Fernandez-
Sesma (Icahn School of Medicine at Mount Sinai), Zika virus
(Ugandan MR766 strain) from ATCC, and influenza A/WSN/
33 (H1N1) is a reverse genetics clone as described.45

Calu-3 and RAW264.7 cell lines were obtained from ATCC
and used for ACE2 protein expression and cytokine profiling
experiments.
SARS-CoV-2 was propagated in Vero E6 (ATCC CRL-

1586) cells. A/WSN/33 (H1N1) was propagated in MDCK
cells. Titer was determined by plaque assay on MDCK cells
using agar overlay medium. Vero E6 cells were maintained in
Dulbecco’s modified eagle medium (DMEM, Gibco) supple-
mented with 10% heat-inactivated fetal bovine serum (FBS,
Gibco), 50 U/mL penicillin, 50 μg/mL streptomycin, 1 mM
sodium pyruvate (Gibco), 10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES, Gibco), and 1×
MEM nonessential amino acids solution (Gibco). Vero
CCL81 cells (ATCC) were cultured at 37 °C and 5% CO2
in DMEM (Gibco), supplemented with 10% (v/v) fetal calf
serum (FCS), 100 U/mL of penicillin and 100 μg/mL of
streptomycin (#15140-122; Gibco). HeLa cells stably express-
ing ACE2 (HeLa-hACE2) were obtained from Thomas Rogers
(University of California, San Diego), generated by trans-
ducing HeLa (ATCC) cells with ACE2-expressing lentivirus,
followed by selection of resistant cells with puromycin
(InvivoGen) at 2 μg/mL for 14 days. The resistant cells

were maintained in DMEM supplemented with 10% FBS
(Gibco), 50 U/mL penicillin, 50 μg/mL streptomycin, and 1
μg/mL puromycin. The expression of ACE2 in these ACE2
stable cell lines was determined by Western blot analysis.
Huh-7.5 cells were provided by Charles M. Rice (The

Rockefeller University, NY)46 and maintained in DMEM
supplemented with 10% FBS (Gibco), 50 U/mL penicillin, 50
μg/mL streptomycin, 1 mM sodium pyruvate (Gibco), 10 mM
HEPES (Gibco), and 1× MEM nonessential amino acids
solution (Gibco). A549 cells (ATCC CCL-185) were cultured
in DMEM (Fisher Scientific) supplemented with 10% FBS
(Gibco), 1 mM sodium pyruvate (Life Technologies), 2 mM L-
glutamine (Fisher Scientific), 10 mM HEPES (Fisher
Scientific), and 100 U/mL of penicillin−100 μg/mL of
streptomycin. (Fisher Scientific). All cells were tested and
were confirmed to be free of mycoplasma contamination.
Calu-3 cells (ATCC) in Eagle’s Minimum Essential Medium

(EMEM, Corning) and RAW264.7 cells (ATCC) in DMEM
(Gibco) supplemented with 10% (v/v) fetal bovine serum
(FBS), and 1% Anti-Anti (Gibco; 10 000 units/mL of
penicillin, 10 000 μg/mL of streptomycin, and 25 μg/mL of
amphotericin B) were cultured at 37 °C and 5% CO2.
A549-ACE2 were a kind gift from Sam Wilson (University

of Glasgow).47 Cells were cultured at 37 °C and 5% CO2 in
DMEM (Gibco), supplemented with 10% (v/v) fetal calf
serum (FCS), 100 U/mL of penicillin and 100 μg/mL of
streptomycin (#15140-122; Gibco) and 200 μg/mL hygrom-
ycin (ALX-380-309-G001, Enzo).

Human Pneumocyte-like Cell Generation. Human
embryonic stem cells (H9, WiCell, WA09) were cultured
with mTeSR (STEMCELL Technologies, 85850) on Vitro-

Figure 7. Putative antiviral action and effects on host proteins induced by apratoxin treatment as a consequence of Sec61 inhibition (left:
uninhibited state, right: inhibited state). Apratoxins, like Apra S4, potently inhibit Sec61α, a subunit of the Sec61-translocon in the ER membrane.
Sec61 inhibition by Apra S4 reduces the SARS-CoV-2-induced formation of double-membrane vesicles, the site of viral genome replication.
Consequently, replication intermediates such as double-stranded RNA are strongly reduced upon Apra S4 treatment. In addition, expression of viral
proteins is negatively affected through Apra S4-mediated inhibition of Sec61. Especially expression of structural proteins that require cotranslational
translocation into the ER, presumably in a Sec61-dependent fashion, to undergo N-glycosylation and other posttranslational modifications is
prevented by Sec61 inhibition. As a consequence, virus assembly and budding in the ERGIC (ER-Golgi intermediate compartment), trafficking,
and release from cells via exocytosis is abrogated in Apra S4-treated cells. Furthermore, apratoxin treatment affects expression of cellular proteins,
which require Sec61-mediated cotranslational translocation. Among these proteins, downregulation of ACE2 expression and inhibition of cytokine
secretion could further affect SARS-CoV-2 infection and disease progression.
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nectin XF (STEMCELL Technologies, 07180)-coated tissue
culture plates and split in a ratio of 1:6 to 1:12 every 4−6 days
with Gentle Cell Dissociation Reagent (STEMCELL Tech-
nologies, 07174). Alveolar differentiation was induced as
previously described.43 Briefly, cells were collected at 70−80%
confluency, and 2 million cells per 10 cm2 were plated on
Vitronectin-coated tissue culture plates in mTeSR. The next
day, definitive endoderm differentiation was induced following
the protocol described by Jacob et al.48 for 4 days. Cells were
split and further differentiated following an adapted alveolar
differentiation protocol49 in Iscove Modified Dulbecco Media
(IMDM, Life Technologies, 31980030) supplemented with
10% FBS (Sigma, F4135), 2 mM L-glutamine (Life
Technologies 25030081), 0.5 μM all-trans-retinoic acid
(Sigma, R2626), 10 ng/mL FGF-10 (R&D Systems, 345-FG-
025), 10 ng/mL EGF (R&D Systems, 236-EG-01M), 100 ng/
mL Wnt3a (R&D Systems, 5036-WN-010), 10 ng/mL KGF
(R&D Systems, 251-KG-050) and 5 ng/mL BMP-4 (R&D
Systems, 314-BP-010). Viral infections were performed on day
nine after induction of differentiation, and the cells were
analyzed 2 days postinfection.
Pneumocyte-like Cell MTT Assay. The duplicate set of

cells were treated with same drug concentrations but left
uninfected. After 48 h of incubation at 37 °C, the cells were
analyzed for viability using MTT assay kit (Roche). The
viability was calculated as a percentage relative to DMSO
control in triplicates.
Dose−Response Curves and IC50 Calculations. Apra S4

was evaluated by immunofluorescence in a dose−response
experiment to determine EC50 and CC50 through a cell-based
high-content imaging assay, labeling the viral nucleoproteins
within infected cells. Three thousand cells per well were seeded
in a 384-well black plate 16 h prior to infection. Two hours
prior to infection, cells were dosed with DMSO (control),
remdesivir, apilimod, or Apra S4 in 11-step 1:3 dilutions at
indicated starting concentrations, in triplicate. Ten μL of
SARS-CoV-2 USA-WA1/2020 were added to each well, at an
MOI of 0.1 (Vero E6) or 0.5 (HeLa-hACE2). Sixteen hours
postinfection, cells were fixed with 5% paraformaldehyde for 4
h at room temperature, washed with PBS, and then
permeabilized with 0.5% Triton X-100 for 5 min. Cells were
blocked in 3% BSA/PBS for 1 h, then incubated overnight at 4
°C with mouse anti-SARS-CoV-2 N protein antibody (Thermo
Fisher MA529981) 1:1000 dilution in 3% BSA/PBS. Cells
were washed twice, with PBS, and then incubated for 1 h with
goat antimouse secondary Antibody Alexa 488 (Thermo Fisher
A-11001) 1:2000 dilution and DAPI 1:3000 dilution in 3%
BSA/PBS. Cells were washed twice with PBS and then imaged
using the Celigo Image Cytometer (Nexcelom). The assay
results and data analysis enabled to determine infectivity and
viability/cytotoxicity. On the basis of all infectivity and
cytotoxicity values, a 4-parameter logistic nonlinear regression
model was used to calculate IC50 and CC50 concentration
values.
Flavivirus (Zika, Dengue, West Nile) Assays. For Zika,

Dengue, West Nile virus assay, 2000 Huh7.5 cells were seeded
overnight and then treated with Apra S4 for 2 h prior to
infection. Cells were then infected with Zika virus (Ugandan
MR766 strain) at MOI = 0.25, West Nile Virus (Kunjin
isolate) at MOI = 0.05, or Dengue virus (16681 serotype 2) at
MOI = 3. At 24 h postinfection, cells were fixed with 4%
formaldehyde and then subjected to immunostaining for viral
Envelope (E) protein, and stained with DAPI.

Influenza Assay. For influenza virus assay, 3500 A549 cells
were seeded overnight and then treated with Apra S4 for 2 h
prior to infection. Cells were then infected with Influenza A
virus (WSN strain) at MOI = 0.1. At 36 h postinfection, cells
were fixed with 4% formaldehyde and then subjected to
immunostaining for viral nucleoprotein, and stained with
DAPI.

VSV-Based Pseudotyped Viral Particles Assay. Vero
E6 cells were pretreated with the indicated compounds for 2 h
and then infected with SARS-CoV-1 S and SARS-CoV-2 S
pseudotyped particles harboring firefly luciferase for additional
2 h. Luciferase signals were quantified at 24 h postinoculation.
Error bars represent SEM for n = 6 independent experiments.
The cell viability was measured at 24 h postinfection using Cell
Counting Kit-8 (WST-8; Sigma, 96992) and normalized to the
DMSO-treated samples.

SARS-CoV-2 BetaCoV/Germany/BavPat1/2020 Infections
and Titrations. SARS-CoV-2 infection and titration assays
were performed as described previously.44,50 Briefly, cells were
infected for 1 h with SARS-CoV-2 at the indicated MOI in
PBS supplemented with 0.3% BSA, 1 mM Ca2+/Mg2+, 100 U/
mL penicillin, and 100 μg/mL streptomycin. After washing
with PBS, medium was replaced with DMEM supplemented
with 100 U/mL penicillin, 100 μg/mL streptomycin, 0.3%
BSA, 20 mM HEPES, 0.1% FCS, and 0.5 μg/mL TPCK-
treated trypsin. Cell culture supernatants were collected at the
indicated time points, and titrated by plaque assay. Of note,
data points below the detection limit of 100 PFU/mL are
plotted as 99 PFU/mL.

Cell Viability by CellTiter-Glo. Cell viability was
determined using the CellTiter-Glo luminescent cell viability
assay (Promega) according to the manufacturer’s instructions.

In Vitro Transcribed Viral RNA Based on Viral
Replication Assay. The full-length SARS-CoV-2 viral RNA
transcripts were in vitro synthesized from an infectious clone of
SARS-CoV-2 (kindly provided by Pei-Yong Shi, University of
Texas Medical Branch) according to a recently published
protocol.51 10 μg of total RNA transcripts and 5 μg SARS-
CoV-2 N gene transcript were mixed with Vero E6 cells stably
expressing SARS-CoV-2 N protein and then added into a 0.2
cm cuvette for nucleofection with the 4D-Nucleofector Core
Unit (Lonza) using pulse code V-001. Immediately after
electroporation, 1000 μL of prewarmed media was added to
the cuvette and cells were subsequently aliquoted into 384-well
plates. Two hours postseeding, Apra S4 at different
concentrations were added into each well. At 12 h post-
electroporation, intracellular and viral RNA was purified from
the treated cells with TurboCapture 384 mRNA Kit (Qiagen)
in accordance with the manufacturer’s instructions. The
purified RNA was subjected to first-strand cDNA synthesis
using the high-capacity cDNA reverse transcription kit
(Applied Biosystems, Inc.) with the following primer
(TagRdRp-F: 5′-CGGTCATGGTGGCGAATAACCCTGT-
GGGTTTTACACTTAA-3′). Real-time PCR analysis was
performed using TaqPath 1-step RT-qPCR Master Mix
(Applied Biosystems, Inc.). The following primers and probe
were used for negative-stranded RNA detection: Tag-F: 5′-
CGGTCATGGTGGCGAATAACCCTGT-3′, ORF1ab-R: 5′-
ACGATTGTGCATCAGCTGA-3′, ORF1ab-P: 5′-6FAM-
CCGTCTGCGGTATGTGGAAAGGTTATGG-BHQ1-3′.

siRNA Transfection. A549 cells stably expressing human
ACE2 were transfected in suspension with 30 nM siRNA,
targeting Sec61A1 s26722 and s26723 (Thermo Fisher);
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nontargeting control: scrambled1777 (custom siRNA, 5′-
AAGCGTTCGTCCTATGATCGA-3′, Qiagen); targeting
RPS27A (custom siRNA, 5′-AAGCTGGAAGATGGA-
CGTACT-3′, Qiagen) using lipofectamine RNAimax (Invi-
trogen) according to the manufacturer’s instructions. Infection
and cell viability assays were performed 48 h post-transfection.
Immunofluorescence. Vero CCL81 cells were seeded on

coverslips and incubated overnight at 37 °C and 5% CO2 in
DMEM supplemented with 100 U/mL penicillin, 100 μg/mL
streptomycin, and 10% FCS. The next day, medium was
removed and cells were washed with PBS followed by an
incubation of 1 μM Apra S4 or DMSO diluted in OptiMem for
2 h at 37 °C and 5% CO2. Then, cells were infected with
BetaCoV/Germany/BavPat1/2020 at a multiplicity of in-
fection (MOI) of 2 in PBS supplemented with 1 μM Apra
S4 or DMSO and 0.3% BSA, 1 mM Ca2+/Mg2+, 100 U/mL
penicillin, and 100 μg/mL streptomycin. After 1 h of
incubation, the inoculum was removed, cells were washed
with PBS, and then incubated in DMEM supplemented with
100 U/mL penicillin, 100 μg/mL streptomycin, 0.3% BSA, 20
mM HEPES, 0.1% FCS, and 0.5 μg/mL TPCK-treated trypsin.
At 16 h postinfection, medium was removed, cells were washed
with PBS, and then fixed with 4% paraformaldehyde (50-980-
487, Fisher Scientific) in PBS. For permeabilization of cells
PBS supplemented with 50 mM ammonium chloride
(#254134; Sigma-Aldrich), 0.1% saponin (#47036, Sigma-
Aldrich), and 2% BSA was used. SARS-CoV-2 viral proteins
were stained with a mouse monoclonal antibody against the
nucleoprotein (MA529981, Thermo Fisher) and a human
monoclonal antibody against the spike protein (cov2rbdc1-
mab1, InvivoGen). Double-stranded RNA was stained with a
mouse anti-dsRNA antibody (#9D5 Ab00458-1.1 Absolute
Antibodies). Nuclei were stained with DAPI (#10236276001;
Sigma-Aldrich). Coverslips were mounted using ProLong Gold
Antifade Mountant (#P36930; Thermo Fisher Scientific) and
images were acquired on a Leica SP8 confocal microscope.
Electron Microscopy. Vero CCL81 cells were seeded in

DMEM, supplemented with 10% (v/v) fetal calf serum, 100
U/mL of penicillin, and 100 μg/mL of streptomycin on 12 mm
cover glasses coated with 0.1% poly-L-lysine (Sigma-Aldrich)
and incubated overnight at 37 °C and 5% CO2. The next day,
cells were washed with PBS and incubated for 2 h with 1 μM
Apra S4 or DMSO (final concentration of DMSO: 0.1%)
diluted in OptiMEM. Next, cells were infected with SARS-
CoV-2 at an MOI of 2 PFU/cell in PBS supplemented with
0.3% BSA, 1 mM Ca2+/Mg2+, 100 U/mL penicillin, and 100
μg/mL streptomycin for 1 h in the presence of either 1 μM
Apra S4 or DMSO. After infection, cells were washed twice
with PBS. Then, cells were incubated for another 15 h in
DMEM supplemented with either 1 μM Apra S4 or DMSO
and 100 U/mL penicillin, 100 μg/mL streptomycin, 0.3% BSA,
20 mM HEPES, 0.1% FCS, and 0.5 μg/mL TPCK-treated
trypsin. Following incubation, medium was removed and cells
were fixed in prewarmed 2.5% glutaraldehyde in PBS for 15
min followed by washing with PBS. Next, cells were
sequentially fixed with prewarmed (to 37 °C) 2.5%
glutaraldehyde in PBS for 1 h, with 1% osmium tetroxide in
0.1 M cacodylate buffer (pH 7.35) for 1 h at 0 °C, and 2%
aqueous uranyl acetate for 1 h at 4 °C. Samples then were
dehydrated in an ethanol series followed by propylene oxide
and embedded in Epon/Araldite (Sigma-Aldrich). Ultrathin
(70 nm) sections were poststained with lead citrate and
examined with a Talos 120 transmission electron microscope

at an acceleration voltage of 120 kV using a Ceta digital camera
and the MAPS software package (Thermo Fisher Scientific).

Immunoblot Analysis for ACE2 Expression. Vero E6 or
Calu-3 cells (2.5 × 105 cells/well) were seeded in 6-well clear
bottom plates and allowed to attach over 24 h. Media was
replaced next day prior to treatment with apratoxin S4 or
solvent control (0.5% EtOH). Whole cell lysates were collected
using PhosphoSafe buffer (EMD Chemicals, Inc., Gibbstown,
NJ) after 12 and 24 h incubation with the compound. Protein
concentrations were measured with the BCA Protein Assay kit
(Thermo Fisher Scientific, Rockford, IL). Lysates containing
equal amounts of protein were separated by SDS poly-
acrylamide gel electrophoresis (4−12%), transferred to
polyvinylidene difluoride membranes, probed with primary
and secondary antibodies, and detected with the SuperSignal
West Femto Maximum Sensitivity Substrate (Thermo Fisher
Scientific). Anti-ACE2 (AF933) and secondary antigoat
(HAF109) antibodies were obtained from R&D Systems,
Inc. (Minneapolis, MN), and β-actin (4970S) and secondary
antirabbit antibodies were obtained from Cell Signaling
Technology, Inc. (Danvers, MA).
All experiments involving live SARS-CoV-2 and other

viruses followed the approved standard operating procedures
of the Biosafety Level 3 facilities at Sanford Burnham Prebys
Medical Discovery Institute, the University of Zurich, and
Icahn School of Medicine at Mount Sinai.
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syndrome; MOI, multiplicity of infection; MTT, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Nsp,
nonstructural protein; Orf8, open reading frame 8; PBS,
phosphate buffered saline; PIKfyve, phosphoinositide kinase,
FYVE-type zinc containing; PFU, plaque forming units; RdRp,
RNA-dependent RNA polymerase; RNA, ribonucleic acid; SI,
selectivity index; SARS, severe acute respiratory syndrome;
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