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Discovery of a novel inhibitor
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Several viruses hijack various forms of endocytosis in order to
infect host cells. Here, we report the discovery of a molecule
with antiviral properties that we named virapinib, which limits
viral entry by macropinocytosis. The identification of virapinib
derives from a chemical screen using high-throughput micro-
scopy, where we identified chemical entities capable of prevent-
ing infection with a pseudotype virus expressing the spike
(S) protein from SARS-CoV-2. Subsequent experiments
confirmed the capacity of virapinib to inhibit infection by
SARS-CoV-2, as well as by additional viruses, such as mpox vi-
rus and TBEV. Mechanistic analyses revealed that the com-
pound inhibited macropinocytosis, limiting this entry route
for the viruses. Importantly, virapinib has no significant
toxicity to host cells. In summary, we present the discovery of
a molecule that inhibits macropinocytosis, thereby limiting
the infectivity of viruses that use this entry route such as
SARS-CoV2.

INTRODUCTION

Since its onset in 2020, the COVID-19 pandemic has caused close to 7
million deaths across all continents and has led to major disturbances
in the world economy (https://covid19.who.int/). The disease is
caused by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), which belongs to the betacoronavirus genus of the coronavi-
rus family of positive-sense single-stranded RNA viruses. Several hu-
man coronaviruses are endemic and normally cause mild respiratory
infections. However, a few such as MERS-CoV (Middle East respira-
tory syndrome virus), SARS-CoV, and SARS-CoV-2 can cause an
acute respiratory syndrome with severe lung injuries and inflamma-
tory responses.”> The SARS-CoV-2 surface is covered with the epon-
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ymous “crown” formed by the spike (S) glycoprotein, which binds to
the host cell receptor, angiotensin converting enzyme 2 (ACE2).”

Due to its profound impact, there has been a global effort to develop
therapies to protect against COVID-19, which to a large extent was
made possible by RNA-based vaccines. In addition, counteracting
the cytokine storm with the steroid dexamethasone has proven a suc-
cessful strategy to reduce COVID-19-related deaths.* Regarding the
development of antivirals that limit the infection step or that target
SARS-CoV-2, to date, only two drugs targeting the virus have received
medical approval: paxlovid (targeting the viral protease) and remde-
sivir (targeting the RNA-dependent RNA polymerase).” Although
numerous drug repurposing approaches have been reported, none
have reached clinical practice.’

An alternative to target the virus is to target its host cells, which is
argued to be less susceptible to resistance mechanisms and potentially
serve as a strategy to prevent infection by multiple viruses.” Successful
examples of this approach include CCR5 antagonists for HIV and
interferon for hepatitis B or C (HCV and HBV) viruses. In this regard,
approaches to target the entry receptor ACE2 have been intensely
explored as a therapy for COVID-19.° Nevertheless, and to date, no
host-targeting antiviral agents have been approved against SARS-
CoV-2. By conducting a phenotypic chemical screen using
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Figure 1. An S-pseudotyped lentivirus to model SARS-CoV-2 infection
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(A) Schematic of the S-pseudotyped virus (PVS) expressing GFP. (B) WB analysis of viral particle-rich supernatants. The image of the Ponceau gel is shown to illustrate
equivalent loading controls. (C) Representative images of wild-type (left) or HEK293TACF2 cells (right) stained with Hoechst 33342 (blue), to visualize nuclei, and anti-ACE2
antibody (red). Scale bars, 50 um. (D) Representative images of the screening assay. HEK293TAE? cells either uninfected (left), infected with PVS and treated with DMSO
(middle), or infected with PVS and treated with cathepsin inhibitor E-64d (right). Infection was detected on the basis of GFP (green) expression. Hoechst 33342 (blue) was used
to visualize nuclei. Cells were treated for 6 h, followed by the addition of PV® and microscopic analysis 72 h after the infection. Scale bars, 100 um. (E) Quantification of the
experiment represented in (D). For each condition, 3 separate wells were imaged, each containing ~4,000 cells.

pseudotype viruses expressing the S protein of SARS-CoV-2, we here
report the identification of a chemical entity that limits viral entry by
macropinocytosis for several viruses including SARS-CoV-2.

RESULTS

A pseudovirus-based screening assay for SARS-CoV-2 infection
To identify small molecules that inhibit SARS-CoV-2 entry, we used
lentiviral pseudotyped viruses that expressed a cytomegalovirus
(CMV)-driven enhanced green fluorescent protein (EGFP) as well
as a Flag-tagged S protein from SARS-CoV-2 (Figure 1A). The S pro-
tein lacked the last 19 amino acids, which was shown to facilitate
membrane incorporation as this sequence contains an endoplasmic
reticulum (ER) retention signal.” S-enveloped pseudoviral particles
(PV®) were produced in HEK293T cells, as confirmed by western
blot (WB) analysis of supernatants (Figure 1B). To facilitate infection
by PV®, we generated a clone of HEK293T cells expressing the ACE2
receptor (293TACE2) (Figure 1C). Quantification of infection rates by
high-throughput microscopy (HTM) indicated that 1.91% =+ 0.53% of
293TACF2 cells were successfully infected with the PV (Figures 1D
and 1E). Furthermore, the number of infected cells was reduced

approximately 8-fold by treatment with E-64d, a cathepsin inhibitor
that inhibits infection by SARS-CoV-2 and S-enveloped pseudovi-
ruses.” Subsequent repeats of the experiment confirmed its repro-
ducibility, and the assay window was sufficient to conduct chemical
screening.

Identification of small molecules that inhibit infection by PV®

Having established the assay, we next performed a screen to identify
chemical entities that limit infection by PV® using a library
comprising 1,008 compounds (see materials and methods). In the
screening pipeline (Figure 2A), 293T**? cells seeded in 384-well
plates were first treated with the compounds from the chemical li-
brary (25 uM) for 6 h, followed by the addition of PV® and a subse-
quent 72 h incubation to allow for EGFP expression. After fixation,
DNA was stained with Hoechst 33342 and cells imaged using
HTM. Infection rates were calculated as the ratio of EGFP-positive
cells to the total number of nuclei per well, and all data were normal-
ized to the infection rates observed in wells treated with DMSO (nega-
tive control). The infection rate across all plates was 3.11% + 0.46%
(Figure S1A). Treatment with E-64d led to an approximately
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Figure 2. A chemical screen for inhibitors of PV®
infection
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10-fold decrease in infectivity (Figure 2B). For hit calling, we selected
two criteria: compounds had to decrease the infection rate below 20%
and show minimal toxicity to host cells. Three compounds met these
criteria, and their effects were confirmed by individual inspection of
the images of each well (Figures 2C and 2D).

To validate our screening data, we re-tested the three compounds in
293T*“E2 cells using the same assay in a dose-response experiment.
Although all compounds decreased infection rates, two (C-1 and
C-2; structures provided in Figure 3A) showed a dose-dependent ef-
fect at the tested concentrations (Figure 3B). Notably, none of the
compounds prevented infection with a pseudotype virus expressing
the envelope glycoprotein (G) from vesicular stomatitis virus
(VSVg), thereby discarding a general effect on host cells or on infec-
tion with lentiviral particles (Figure 3C). Furthermore, we confirmed
that the compounds did not lower the expression of ACE2 in
293T*“E2 cells, nor did they affect EGFP expression in an indepen-
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dent cell line (Figures S1B and S1C). Although
all three compounds showed interesting proper-
ties in these PV models, the chemical properties
of C-2 hampered further development of this
chemical series and C-3 failed to show antiviral
activity in subsequent assays with replicating vi-
ruses. Therefore, we selected C-1, which we
named virapinib, for the rest of the study.

Virapinib prevents infection with SARS-
CoV-2

Next, we tested if virapinib could limit infection
with the actual SARS-CoV-2 virus. To focus on
the infection step, cells were treated with the
compound for 6 h before addition of the virus. After washing off
the virus, cells were incubated for 24 h, followed by HTM-dependent
quantification of the expression of the N protein from SARS-CoV-2.
Using this setup, we first tested the efficacy of virapinib against the
ancestral strain of the virus in monkey Vero E6 cells, which are kidney
cells from African green monkey origin that have been widely used as
host cells for testing viral infections. Consistent with previous studies,
Vero E6 cells were efficiently infected with SARS-CoV-2 (Figure S2A),
and infection was nearly completely abrogated by E-64d (Fig-
ure 4A).> In agreement with our results with PV®, virapinib pre-
sented a dose-dependent effect in limiting SARS-CoV-2 infection in
Vero E6 cells and had no detectable toxic or cytostatic effects in
this cell line (Figures 4A and S2B). Interestingly, while infection rates
were reduced by the compound, infection was limited to a few cell
clusters where the levels of N-protein were higher than those in con-
trol infections, an observation that is also seen with E-64d
(Figure S2C).
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Figure 3. Dose-response analysis of hit compounds in PV® infection
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(A) Chemical structures of C-1 (virapinib) and C-2. (B) Dose response validation of the inhibitory effect of C-1, C-2, and C-3 against PV® infection. Plotted values represent the
mean + SD of 3 wells, each containing ~4,000 cells. E-64d was used as an inhibition control (25 uM). (C) Dose response of the effect of C-1, C-2, and C-3 against VSVg-
pseudotyped lentiviral infection. Plotted values represent the mean + SD of 3 wells, each containing ~4,000 cells.

We then aimed to validate these findings in a human cell line. To this
end, we generated a lung carcinoma cell line (A549) with constitutive
ACE2 overexpression (A549*“"), Once again, virapinib presented a
dose-dependent effect in inhibiting the infection by SARS-CoV-2 and
no detectable toxicity in A5494CF2 cells (F igures 4B and S2D).
Furthermore, the compound reduced the incidence of multinucleated
syncytia in A549"“F* cells exposed to SARS-CoV-2 (Figures 4C and
4D), which has been previously documented as a result of SARS-CoV-
2 infection due to the interaction of membrane-present S protein with
ACE2 of neighboring cells.'”"'* Of note, virapinib failed to affect the
levels of extracellular ACE2 in A549*“", as measured by flow cytom-
etry on live cells (Figure S2E). Importantly, and while we focused on
virapinib for the general characterization reported in this study, struc-
ture-activity relationship (SAR) analyses revealed that there is signif-
icant room to improve the antiviral potency of this chemical series
(Figure S3).

After confirming the efficacy of virapinib against the ancestral strain,
we tested the effects of the compound against different SARS-CoV-2
variants. Since its emergence, SARS-CoV-2 has been constantly
mutating, and the World Health Organization (WHO) has classified
several of these mutants as variants of concern (VOC), the most
notable being Alpha (B.1.1.7), Delta (B.1.617.2), and Omicron sub-
lineages (e.g., BA.1). Importantly, virapinib showed anti-infective ac-

tivity against all variants in both Vero E6 and A549%°F? cells, and the

concentration of the compound needed to limit infection was corre-
lated with the infectivity of each VOC (higher concentrations for the
most infective strains) (Figure S4).

Finally, we tested the efficacy of virapinib in a well-established liver
spheroid model of extrapulmonary SARS-CoV-2 infection."> The
model is extensively characterized and previously contributed to the
identification of the antiviral activity of the JAK/STAT inhibitor bar-
icitinib,'*'* which facilitated its rapid clinical translation and remains
only one of four compounds endorsed by the WHO for severe
COVID-19." Notably, virapinib efficiently reduced SARS-CoV-2
infectivity in this model (Figure 4E), to a similar extent as remdesivir,
a nucleoside analog that inhibits the viral RNA-dependent RNA
polymerase.'®

Virapinib limits viral entry by inhibiting macropinocytosis

Having confirmed that virapinib can inhibit SARS-CoV-2 infection in
several in vitro models, we next investigated its mechanism of action.
Given that our screening assay was based on PV*® expressing the S pro-
tein and host cells expressing ACE2, we tested whether the compound
affected these factors or their interaction. The compound did not
affect the cellular distribution of ACE2 or the proteolytic processing
of S (Figures S5A and S5B). Moreover, in contrast to nanobodies
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Figure 4. Virapinib inhibits infection with replication-
competent SARS-CoV-2
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targeting the S protein,'” the binding between recombinant S and
ACE2 was not affected by virapinib, as measured by biolayer interfer-
ometry (Figure S5C). On the other hand, SARS-CoV-2 replication in
A5494CE2 cells, which was efficiently inhibited by remdesivir, was not
affected by virapinib, suggesting that the mechanism of action of the
compounds is related to viral entry (Figure S5D).

Next, we performed RNA sequencing (RNA-seq) in MCF-7 breast
cancer cells treated with 10 uM virapinib for 6 h and analyzed differ-
entially expressed genes. Of note, the choice of the cell line, dose, and
times of treatment was done to be able to compare these data against
the drug-associated transcriptional signatures existing at the Connec-
tivity Map database, which can provide hypothesis on the mechanism
of action of a given drug on the basis of similarities between its tran-
scriptional signature to that of other drugs.'® Interestingly, most
genes whose expression was significantly upregulated by virapinib
were related to sterol biosynthesis, such as HMG-CoA synthetase
and reductase (HMGCS and HMGCR), and the mevalonate kinase
(MVK) (Figure 5A). Accordingly, pathway enrichment analyses re-
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vealed “steroid biosynthesis” as the most significantly induced by vir-
apinib, suggesting that the compound had an impact on membrane
biology (Figure 5B). RNA-seq data were validated by subsequent ex-
periments, where we confirmed that virapinib treatment increased the
levels of HMGCR, HMGCS, and MVK mRNAs (Figure 5C). As a con-
trol, we used methyl B-cyclodextrin, which stimulates sterol biosyn-
thesis by depleting cholesterol. Interestingly, however, virapinib did
not affect cholesterol levels or its distribution (Figures 5D and 5E).

In parallel to our RNA-seq experiments, we conducted immunofluo-
rescence analyses of SARS-CoV-2 N protein at different time points
post infection to evaluate how virapinib prevented viral infection.
In control (DMSO) A5494CE2 cells, the staining pattern showed a
clear development from small puncta at the periphery of the cell
(1-2 h post infection [hpi]), through a clear dissemination within
the cell and the signal intensity increase at 4 hpi, to a pan-cytoplasmic
staining at 6 hpi (Figure 6A). In contrast, cells treated with virapinib
showed a clear lag in the development of this pattern, indicating that
either entry or trafficking of the virus was impaired (Figure 6A).
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(A) Volcano plot showing gene expression changes in MCF-7 cells treated with virapinib at 10 uM for 6 h. The cell line and dose were selected to enable the use of the obtained
RNA-seq in databases of drug-associated transcriptional signatures to infer a potential mechanism of action. (B) Enrichment analysis of Kyoto Encyclopedia of Genes and
Genomes pathways upregulated in MCF-7 cells treated for 6 h with 10 uM virapinib. Genes with p < 0.05 and logFC >1.2 were used as an input in the DAVID analysis tool.

(C) gRT-PCR analysis of genes encoding enzymes from early steps of the cholesterol biosynthesis pathway. A54

9"CE2 cells were treated for 6 h with virapinib or methyl-

B-cyclodextrin (MBCD). Presented values are the means of two independent experiments, each with triplicates. (D) Representative data of quantification of cholesterol levels
in A549°CF2 cells treated for 6 h with DMSO, 5 mM MBCD, or virapinib. Analysis was done using a cholesterol Glo kit. Raw luminescence was normalized to the number of
nuclei (assessed by live-cell microscopy prior to cholesterol content analysis). Viability-corrected values are normalized to DMSO-treated samples. (E) Representative mi-
croscopy images of A549 cells treated for 16 h with virapinib at the indicated doses and stained with Filipin (green) to visualize cholesterol levels. Scale bar, 50 um.

Quantification of this phenomenon by machine learning-based object
classification confirmed our qualitative microscopic observations
(Figure 6B).

Given that our transcriptomic analyses indicated that the effect of vir-
apinib could be related to lipid metabolism, we first evaluated if the
compound had a direct effect on membranes. To do so, we first eval-
uated the effect of virapinib on the physical properties of model ves-
icles made either by synthetic lipid mixtures or by cellular plasma
membrane. These experiments revealed no impact of virapinib on
the fluidity of the vesicles (Figure S6). Likewise, HTM-dependent
analysis using “Cell Painting,” failed to show a significant impact of
virapinib on other membrane-bound organelles such as mitochon-
dria, Golgi, or the ER (Figure S7). Together, these experiments argue
against a direct effect of virapinib on cellular membranes.

Next, we analyzed the effect of the compound by transmission elec-
tron microscopy (TEM) in A549*%2 cells exposed to SARS-CoV-2.
In this experimental setup, viral particles infected host cells through

two distinct entry routes: endocytosis of individual viruses or bulk en-
try by macropinocytosis, a known mechanism of viral infection,"
whereby numerous virus particles are engulfed together with extracel-
lular material into irregularly shaped large vesicles (Figure 6C). Note-
worthy, macropinocytosis was by far the predominant mechanism for
SARS-CoV-2 entry. Furthermore, qualitative analysis of TEM images
indicated that virapinib selectively inhibited the macropinocytic
route, while not having a detectable impact on single-particle entry,
the cell membrane, or the integrity of intracellular organelles (Fig-
ure 6D). To directly test the effect of virapinib on macropinocytosis,
we took advantage of an established assay based on the uptake of a
fluorescent high-molecular-weight dextran,*
apinib limited dextran uptake in A549 cells (Figure 6D). Importantly,
the effects of virapinib in limiting SARS-CoV-2 infection were
remarkably recapitulated by other macropinocytosis inhibitors such
as amiloride,” 5-(N-ethyl-N-isopropyl)amiloride (EIPA),*” or imip-
ramine®® (Figure S8). Together, these experiments show that virapi-
nib inhibits macropinocytosis, which is a major mechanism of
SARS-CoV-2 entry into host cells.

which revealed that vir-

Molecular Therapy Vol. 32 No 9 September 2024 3017
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(A) Time-resolved monitoring of SARS-CoV-2 entry and dissemination. A549”°E2 cells were treated with DMSO or 10 uM virapinib for 16 h prior to 1 h infection. Cells were
fixed at 1, 2, 4, and 6 h after virus wash-off, and stained for the detection of SARS-CoV-2 N protein (white) as in previous experiments. Arrows indicates cells classified as
“early infection,” while asterisks indicate “late infection.” (B) Quantification of (C). Graphs show the percentage of each phenotype at a given time point. Object classification
was done by machine learning using CellProfiler Analyst and 300-500 cells were analyzed for each sample. (C) Representative TEM images of A549”°2 cells infected with
SARS-CoV-2. Left: image illustrating the two modes of viral entry (single particle entry [Sp] and macropinocytosis [Mp]). Middle: image illustrating the initial steps of mac-
ropinocytosis. Right: examples of the different steps of the macropinocytosis cycle, from early invaginations to internal autophagosomes at various stages of maturation.
Scale bars, 500 nm. (D) Representative TEM images of A549”°2 cells infected with SARS-CoV-2 and treated with 25 uM virapinib. Virapinib was added for 2 h before fixation,
following infection with SARS-CoV-2 for 1 h. Left: the accumulation of viral particles at the cell surface did not induce their internalization in virapinib-treated cells, although
membrane ruffled or protrusions normally formed in them. Middle: the ultrastructural organization of the membrane and of various cytoplasmic organelles such as mito-
chondria, endoplasmic reticulum, Golgi complex, endosomes, and endocytic vesicles of micropinocytosis is unaffected by the drug. Right: virapinib-treated cells show
normal-looking clathrin-coated (cc) or -uncoated (cu) endocytic vesicles from micropinocytosis and their fusion (F) to early endosomes. Scale bars, 500 nm. (E) Repre-
sentative images from a macropinocytosis assay based on the uptake of a fluorescent high-molecular weight (HMW) dextran (green). A549 cells were treated for 16 h prior to
a 2 h incubation with the dextran. The graph on the right shows the quantification of the assay. Scale bar, 2.5 um. (F). Each data point represents the mean of 1 well in which
1,500-2,000 cells were analyzed.

Virapinib inhibits infection by mpox, TBEV, and Ebola viruses the infection with the following viruses: Andes virus (ANDV) (Han-
Given that macropinocytosis has been reported to be the preferred  taviridae family; enveloped; ssRNA), Dengue virus (DENV) (Flavivir-
mode of entry for many viruses, we finally explored whether virapinib  idae family; enveloped; ssRNA), mpox (Poxviridae family; enveloped;
could have broader antiviral activity. To do this, we tested its effecton ~ dsDNA), tick-borne encephalitis virus (TBEV) (Flaviviridae
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family; enveloped; ssRNA), an EGFP-expressing adenovirus (Adeno-
viridae family, non-enveloped, dsDNA), and a VSV-pseudotyped
lentivirus expressing the envelope glycoprotein from Ebola virus. Vir-
apinib showed dose-dependent antiviral activity against TBEV, mpox
virus, and Ebola-pseudotyped VSV (Figure 7A). We did not observe
any decrease in the infection rate of ANDV (Figure 7B) and only a
small effect on adenoviral infection (Figure 7C). Interestingly, there
was a dose-dependent increase in the infection rate with DENV (Fig-
ure 7D), potentially reflecting that the inhibition of macropinocytosis
could enhance other endocytic routes.

DISCUSSION

The onset of the COVID-19 pandemic triggered a world-wide initia-
tive to find strategies that could limit the spread and severity of the
disease.”* To a large extent, this was achieved by a combination of col-
lective vaccination and the use of anti-inflammatory treatments to
treat the fatal cytokine storm triggered by the disease. In regard to
chemical inhibitors of viral infection, three drugs have received
approval for their medical use (paxlovid, remdesivir, and molnupira-
vir). Of note, these approaches target viral proteins, and no host-tar-
geting antiviral has been approved for the treatment of COVID-19.
While intense research efforts were placed on drug repurposing cam-
paigns, identified hits did not hold in the clinical setting.*®

The difficulty of antiviral development is not limited to SARS-CoV-2
and, currently, only a fraction of pathogenic human viruses can be
treated with antiviral drugs. This is partly due to the high demands
for safety to work with human pathogens,”
is solved by the use of non-replicating pseudotype viruses. This
approach models the initial infection step of live viruses, and was
used as a platform on a drug repurposing screen for inhibitors of
SARS-CoV-2 entry.”’ Given the strong focus on repurposing by
many other laboratories, we decided to explore another chemical

which to some extent

space hoping to find chemical entities showing anti-infection proper-
ties. The discovery of virapinib further validates the usefulness of this
approach as a discovery platform for antiviral candidates that limit
the entry step. Our subsequent experiments revealed that the com-
pound specifically limited SARS-CoV-2 entry by macropinocytosis.
Of note, published studies had reported conflicting views about
SARS-CoV-2 mode of entry, with some reporting clathrin-dependent
endocytosis as the preferred route*® while others implicating macro-
pinocytosis.”” Our TEM analysis was clarifying in this regard, illus-
trating how SARS-CoV-2 can simultaneously use both entry path-
ways, yet only macropinocytosis is inhibited by virapinib.

As to how virapinib regulates macropinocytosis, this remains to be
fully understood. It is remarkable that our transcriptomic analyses re-
vealed that the compound triggered very subtle changes on gene
expression, consistent with the fact that the compound did not have
any obvious phenotypic impact on host cells. Furthermore, the obser-
vation that the few genes for which expression was altered by virapinib
were mostly related to steroid biosynthesis suggests that the compound
might affect interactions happening at the lipid bilayer membrane.
Along these lines, many studies have implicated cholesterol in

SARS-CoV-2 infection.””** Accordingly, decreasing cholesterol with
methyl-B-cyclodextrin inhibits infection with SARS-CoV-2, while sup-
plementation with exogenous cholesterol potentiates the infection.”>””
However, virapinib does not affect cholesterol levels or distribution,
and also fails to affect the physical properties of membranes, arguing
against a direct impact on biological membranes. Given that the effects
of the compound are also modest at the transcriptional level, our cur-
rent hypothesis is that virapinib might inhibit signaling events that are
specifically required for the initial steps of macropinocytosis such as
those that drive membrane ruffling or invagination. Further proteomic
and phosphor-proteomic analyses of the impact of virapinib on host
cells should be clarifying in this regard.

Even if our original aim was to find antiviral candidates for SARS-
CoV-2, the fact that the compound inhibits macropinocytosis extends
its potential usefulness for other pathologies. Given that macropino-
cytosis is used by multiple viruses as a mechanism for cell entry, it
would be worthwhile to systematically test its antiviral capacity
against a wide range of viruses. Our initial analysis with a limited
set of viruses supports that the compound might be efficacious against
multiple pathogens. In addition, macropinocytosis has been shown to
have tumor-promoting roles (reviewed in Puccini et al.*®), as well as
to contribute to the cell-to-cell propagation of toxic protein aggre-
gates in neurodegenerative diseases.”” Thus, and besides its potential
usefulness as an antiviral, our work here provides a tool for the scien-
tific community that should help to address the contribution of mac-
ropinocytosis to disease, and potentially help to mitigate the severity
of these pathologies.

The work reported highlights the value of performing chemical
screens for antivirals on libraries other than drug repurposing ones
and supports the concept of targeting endocytic pathways for limiting
viral infections. Even if initial SAR indicates that the potency of vir-
apinib can be substantially enhanced, additional work on this chem-
ical series, including in vivo experiments, would be needed to better
define its antiviral efficacy.

MATERIALS AND METHODS

Cell lines

HEK293T (ATCC CRL-11268) and A549 (ATCC CCL-185) cells
were grown in Dulbecco’s modified Eagle’s medium (Gibco,
31966021) supplemented with 10% fetal bovine serum (FBS)
(Sigma-Aldrich, F7524) and 1% penicillin-streptomycin (Gibco,
15140122). Vero E6 (ATCC, CRL-1586) cells were grown in mini-
mum essential medium supplemented with 7.5% FBS, HEPES,
L-glutamine, 100 U/mL penicillin, and 100 mg/mL streptomycin.
All cell lines were grown at 37°C, 5% oxygen, and 5% carbon dioxide;
cells were routinely passaged before reaching confluency.
HEK293T*“" and A549"“ cells were generated by a transduction
with a lentivirus expressing human ACE2 (kind gift from Benjamin
Murrel, Karolinska Institutet) in the presence of 6 ng/mL Polybrene
(Sigma-Aldrich, H9268). Clones were isolated and selected for homo-
geneous ACE2 expression as determined by HTM. HEK293T cells ex-
pressing human-codon optimized S Delta/B.1.617.2 (cDNA kindly
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Adenovirus

provided by the G2P-UK National Virology Consortium and the Bar-
clay Lab at Imperial College London) in a doxycycline (dox)-depen-
dent manner were generated by CRISPR-Cas9-directed insertion of a
Tet-On 3G tet-repressor into the human Rosa locus, and the S cDNA
under the TRE3GS promoter. Plasmids carrying the transgene and
Cas9-sgRNA were co-transfected using Lipofectamine 3000 accord-
ing to the manufacturer’s protocol. Clones were selected using Zeocin
(Gibco, R25001).

Pseudotype viral production

S- and VSVg-enveloped lentiviruses were produced in HEK293T cells.
To do so, cells were co-transfected with enveloping (pCMV14-3X-
Flag-SARS-CoV-2 S [Addgene, no. 145780] for PV*® or pMD2.G
[Addgene, no. 12259] for VSVg-PV), packaging (psPAX2, Addgene,
no. 12260), and transfer (pHR-CMV-GFP, Addgene, no. 14858) plas-
mids. Plasmids were mixed at 2:1:1 M ratio and transfected using Lip-
ofectamine 2000 according to manufacturer’s protocol. Medium was
exchanged after 16 h, and virus-rich supernatants harvested after an
additional 24 and 48 h. An aliquot of the PV*® preparation was boiled
with Laemmli buffer and analyzed by WB to detect the presence of
the S protein. Pseudotype viruses for Ebola were produced in the
same manner, using an enveloping plasmid expressing the Ebola glyco-
protein cDNA (kind gift from Jochen Bodem). Virus-rich supernatants
were concentrated using Lenti-X Concentrator (Takara Bio, 631231)
according to the manufacturer’s protocol.

wB

Cells were washed with PBS, scraped on ice into RIPA buffer (Thermo
Scientific, PI-89901), sonicated, and centrifuged at 14,000 x g for
15 min at 4°C. Supernatant was recovered and protein concentration
was measured using the DC Protein Assay Kit IT (Bio-Rad, 5000112).
Lysates were boiled in the NuPAGE LDS Sample Buffer (Invitrogen,

3020 Molecular Therapy Vol. 32 No 9 September 2024

were electrophoresed on a Bis-Tris gel and elec-

troblotted onto a nitrocellulose membrane (Bio-

Rad, 1704270). Membranes were blocked in 5%
milk/TBS-Tween buffer and incubated overnight at 4°C with primary
antibodies. On the following day, membranes were washed in TBS-
Tween, incubated with secondary antibody coupled to horseradish
peroxidase for 1 h at room temperature (RT), and washed again in
TBS-Tween. Signal was developed using a kit (Thermo Scientific,
10220294) and detected in an Amersham Imager 600 (GE Health-
care). A full list of the antibodies used in this study is available in
Table S1. The antibody used for the detection of SARS-CoV-2 N pro-
tein was a kind gift from Pamela Osterlund.*®

Microscopy

To prepare samples for fluorescence microscopy, cells were fixed with
4% formaldehyde for 15 min at RT, followed by a 10-min permeabi-
lization with 0.1% Triton X-100, a 30 min blocking with blocking
buffer (3% BSA/0.1% Tween 20/PBS), overnight incubation with pri-
mary antibodies at 4°C, and a 1 h incubation with secondary antibody
solution supplemented with 2 pM Hoechst 3342 (Thermo Scientific,
62249) and 1 uM CellTracker Orange CMTMR Dye (Thermo Scien-
tific, C2927) or Alexa Fluor Plus 555 Phalloidin (Thermo Scientific,
A30106). Image acquisition was done using an IN Cell Analyzer
2200 (GE Healthcare) high-throughput microscope. Quantitative im-
age analysis was performed using CellProfiler,” and the automated
classification of viral entry phenotypes by machine learning was

40

done using CellProfiler Analyst.

Flow cytometry

A5494CE2 cells were seeded in 6-well plates and treated with com-
pounds as indicated for 48 h. Cells were harvested by trypsinization
and resuspended in 2% FCS-PBS buffer for live cell staining with a
mouse anti-ACE2 antibody (Proteintech, no. 66699-1-Ig) on ice for
45 min. Cells were washed three times and incubated with the second-
ary antibody anti-mouse Alexa 488 (Life Technologies, no. A-11029),
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on ice for 30 min. Cells were washed and subjected to flow cytometry
analysis using a Guava easyCyte HT instrument.

Chemical screen

For the primary screen, 293 cells were seeded onto 384-well
plates (BD Falcon, 353962) and incubated overnight. On the
following day, chemicals from a library of 1,008 compounds designed

ACE2
T

for the discovery of preventing protein-protein interactions (PPi li-
brary, Asinex, kindly provided by the Chemical Biology Consortium
Sweden) were added to cells 6 h prior to the addition of a PV* solution
containing polybrene. The final concentration of the compounds was
25 uM and E-64D (Tocris, 4545) was used in some of the wells as a
control for infection inhibition. After 72 h, cells were fixed for
15 min with 4% formaldehyde in the presence of 2 pM Hoechst
3342. After a wash in PBS, plates were sealed, and samples imaged
by HTM. Image analysis was done in CellProfiler”” and data process-
ing was done using the KNIME Analytics Platform (Knime) and
Excel (Microsoft) software. All statistical analyses in the manuscript
were performed using Prism software (GraphPad Software) using
the indicated tests for each experiment.

Viral infections

Cells were seeded on the day before infection. Infection was done by
replacing growth medium with virus solutions, followed by a 1 h in-
cubation, PBS wash, and re-addition of full growth medium. Cells
were fixed for 24 h (48 h for DENV) after infection with 4% formal-
dehyde for 15 min at RT. Afterward, cells were washed once with PBS
and the plate was placed in 70% ethanol prior to its removal from the
BSL-3 lab. Detection of infected cells was done by measuring the
expression of viral proteins by HTM as defined above. All virus-
rich supernatants were ultracentrifuged at 45,000 x g for 4 h and
titrated via an endpoint dilution assay in Vero E6 cells. The
TCID50 (50% tissue culture infection dose) per milliliter was calcu-
lated using the Spearman-Karber method. Infection with the Ebola
pseudovirus and calculation of infection rates was done as for PV,
but in A549 cells. Infection with Cre-EGFP-expressing adenovirus
(Vector Biolabs, 1700) was done in mouse embryonic fibroblasts ex-
pressing the chimeric antigen receptors that were pre-treated with
compounds for 16 h. The infection was done at a multiplicity of infec-
tion (MOI) of 20 for 4 h. Twenty-four hours after infection, cells were
fixed and imaged with an Opera Phenix HTM (PerkinElmer), and
infection evaluated on the basis of EGFP expression.

Liver spheroids

3D primary human hepatocyte (PHH) spheroids were generated and
cultured as described previously."' In short, PHH were seeded at a
density of 1,500 cells per well in 96-well ultra-low attachment plates
and spheroids formed over the course of 6 days in PHH culture me-
dium (Williams E medium supplemented with 2 mM L-glutamine,
100 units/mL penicillin, 100 pg/mL streptomycin, 10 ug/mL insulin,
5.5 ug/mL transferrin, 6.7 ng/mL sodium selenite, and 100 nM dexa-
methasone) supplemented with 10% FBS. After spheroids were
formed, the medium was changed to serum-free PHH culture
medium.

For viral infection, PHH spheroids were exposed overnight to the
indicated concentrations of remdesivir or virapinib in serum-free
PHH culture medium. Spheroids were then infected with SARS-
CoV-2 (hCoV-19/sweden720-53846/2020) at an MOI of 1 for 24 h.
After 24 h, four spheroids per condition were pooled and washed
three times with PBS before lysis. RNA was extracted and purified us-
ing the Quick-RNA Microprep Kit (Zymo Research Irvine, CA) and
relative levels of viral RNA were determined by qRT-PCR as
described previously.”” hCoV-19/sweden720-53846/2020 viruses
were kindly provided by The Public Health Agency of Sweden to
improve the quality of diagnostics relevant for infectious disease con-
trol, treatment, and/or other studies of relevance for public health. A
full list of viruses used in this study is available in Table S1.

TEM

A549%°F2 cells infected with SARS-CoV-2 (MOI = 10) for 1 h, and
treated or not with virapinib were washed twice with PBS, and supple-
mented with fresh culture medium. After 2 h, cells were fixed in 2.5%
glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) at RT for 1 h fol-
lowed by storage at +4°C. After fixation, cells were rinsed in 0.1 M
phosphate buffer and postfixed in 2% osmium tetroxide in 0.1 M
phosphate buffer (pH 7.4) at 4°C for 2 h. Following stepwise dehydra-
tion in ethanol and acetone, cells were embedded in LX-112 resin
(Ladd Research). Ultrathin sections (~80-100 nm) were prepared us-
ing an EM UC7 (Leica), contrasted with uranyl acetate followed by
lead citrate, and examined in an HT7700 transmission electron mi-
croscope (Hitachi High-Technologies) at 80 kV. Digital images
were acquired using a 2kx2k Veleta CCD camera (Olympus Soft Im-
aging Solutions).

Membrane fluidity experiments

Giant unilamellar vesicles (GUVs) were prepared by electroformation
as described previously”® using ordered (50% POPC [1-palmitoyl-2-
oleoyl-glycero-3-phosphocholine] + 50% cholesterol) or disordered
(100% POPC) lipid mixtures. GUVs were treated with 10 pM of
the respective molecules and labeled with 300 nM Prol2A (kindly
supplied by Andrey Klymchenko). The dye was excited using a
405 nm laser and spectral images were acquired in lambda-mode
with a LSM780 in 9 nm window size from 414 to 592 nm using
40x water immersion objective. The generalized polarization (GP)
was calculated using the emission windows 441 nm (I, is liquid or-
dered channel) and 503 nm (I is liquid disordered channel) accord-
ing to Equation 1 and spectra were extracted using Fiji.

I, — I
GP = d
I,+14

(Equation 1)

Giant plasma membrane vesicles (GPMV's) were extracted from HeLa
cells using 25 mM formaldehyde and 4 mM DTT in Hank’s balanced
salt solution as described previously,"* treated for 3 h with 10 uM of
the drugs and labeled and imaged as described for GUVs above. To
generate pure mixtures of phase-separated GPMVs they were
stored at 4°C overnight and immediately imaged. The GP analysis
was done as described for GUVs with the only difference being that
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phase-separated GPMV maps were masked for ordered and disor-
dered GP pixels using a GP threshold of 0.3.

Cell Painting

For the evaluation of how virapinib affected membrane-bound organ-
elles through Cell Painting, we followed a previously reported pipe-
line* adapted from the original protocol.*® In brief, 1,000 A549 cells
were seeded in 384-well plates (Fisher Scientific, no. 3657) and treated
with increasing concentrations of virapinib, fenbenzadole (Sigma-
Aldrich, no. F5396), or thapsigargin (Sigma-Aldrich, no. SML1845)
for 6 h, using two technical replicates per concentration. DMSO
(Sigma-Aldrich, no. D2438) was used as a vehicle at 0.4%. Cells
were then stained using the following dyes: Hoechst (nucleus), conca-
navalin A (ER), SYTO13 (nucleoli and RNA), WGA and phalloidin
(Golgi and F-actin), and MitoTracker (mitochondria). Images were
acquired using a high-throughput Squid (Celpha) microscope with
a 20x objective and a laser-based autofocus. Morphological features
were extracted from 12-bit grayscale TIFF files with the open-source
image analysis software CellProfiler version 4.2.5,”° and the CellPose
generalist algorithm was used for cellular segmentation.”” The radial
distribution parameter obtained from these experiments was used for
an overall analysis of the morphological alterations in each cellular
compartment.

RNA-seq

Total RNA was extracted from cell pellets using a Purelink RNA Mini
Kit (Invitrogen, no. 12183025) following the manufacturer’s instruc-
tions. Total RNA was subjected to quality control with an Agilent Ta-
pestation (no. G2991BA). To construct libraries suitable for Illumina
sequencing, an Illumina stranded mRNA prep ligation sample prep-
aration protocol was used with a starting concentration of total RNA
between 25 and 1,000 ng. The protocol includes mRNA isolation,
cDNA synthesis, ligation of adapters, and amplification of indexed li-
braries. The yield and quality of the amplified libraries was analyzed
using a Qubit by Thermo Fisher and the quality of the library was
checked using the Agilent Tapestation. Indexed ¢cDNA libraries
were normalized and combined, and pools were sequenced using
an Illumina platform. STAR*® was used for sequence alignment based
on the GRCh38 DNA primary assembly reference build, and quanti-
fication was done using featureCounts.*” Differential expression ana-
lyses were performed using DESeq2.”® A generalized linear model was
fitted to the expression data and shrunken log2fold-change using
adaptive Student’s t prior shrinkage estimator.””' Multiple testing
correction was done using the Benjamini-Hochberg method. Enrich-
ment analyses on the Kyoto Encyclopedia of Genes and Genomes
pathways enrichment analysis was done using DAVID.”

qRT-PCR
Total RNA was extracted from cell pellets using a Purelink RNA Mini
Kit (Invitrogen, no. 12183025) following the manufacturer’s instruc-
tions. Reverse-transcription and PCR amplification were performed
using a TagMan RNA-to-CT 1-Step Kit and the StepOnePlus Real-
Time PCR Instrument (Applied Biosystems, Fisher Scientific). All
primers used in this study are listed in Table SI.
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Cholesterol measurements

To visualize the cellular distribution of cholesterol, cells were fixed
with methanol-free formaldehyde, washed with PBS, and stained
with 10 pg/mL Filipin (Sigma-Aldrich, SAE0087) for 1 h in darkness.
After a PBS wash, samples were imaged with an InCell Analyzer 2200
HTM (GE Healthcare). Quantification of cellular cholesterol was
done using the Cholesterol/Cholesterol Ester-Glo kit (Promega,
J3190), according to the manufacturer’s protocol miniaturized to a
384-well plate format. Prior to this procedure, cells were stained
live with Hoechst 3342 and nuclei were imaged. Cell numbers were
then quantified using CellProfiler”” and used to normalize the lumi-
nescence signal from cholesterol measurements.

Bio-layer interferometry

The kinetics of S protein binding to hACE2 was analyzed using bio-
layer interferometry, using recombinant His-tagged and biotinylated
human ACE2 protein (Sino Biological, cat. no. 10108-HO8H-B) and
recombinant SARS-CoV-2 His-tagged S protein (Sino Biological,
cat. no. 40591-VO8H). Binding was analyzed using an Octet RED96
instrument (ForteBio). Streptavidin-coated sensors were equilibrated
in 10X kinetics buffer (1%, w/v, BSA, 0.2% Tween 20 in PBS) for
15 min at RT. Binding assays were conducted at 30°C. First, a baseline
was established in 10X kinetics buffer for 120 s. Biotinylated human
ACE2 (2.5 pg/mL in 10X kinetics buffer) was immobilized on the sen-
sors for 120 s. The sensors were washed in 10X kinetics for 120 s. Sen-
sors were then dipped into recombinant SARS-CoV-2 S protein
(a titration ranging from 199 to 6.2 nM) either alone or in the pres-
ence of DMSO, 1 pM nanobody, or 50 pM Virolin. All proteins
were diluted in 10X kinetics buffer. The analytes were allowed to asso-
ciate for 180 s, followed by dissociation in 10X kinetics for 180 s. Data
were analyzed using Octet ForteBio Analysis 9.0 software. Dissocia-
tion constant values were measured by subtracting a reference sensor
(ACE2 loaded, but no analyte) from all curves, then fit using a 1:1
model. An anti-Spike nanobody (kind gift from Benjamin Murrel)
was used as a control for an interaction inhibitor."”

SARS-CoV-2 S protein processing

HEK293T cells expressing SARS-CoV-2 S Delta protein in a dox-
inducible manner were seeded 24 h before treatment with DMSO, vir-
apinib (25 uM), the Furin inhibitor decanoyl-RVKR-CMK (50 pM;
Tocris, 3501) or the TMPRSS2 inhibitor Camostat Mesylate
(50 uM, Sigma-Aldrich, SML0057). After 6 h, expression of the S pro-
tein was induced by the addition of 50 ng/mL dox (Sigma-Aldrich,
D9891) for 24 h. Cells were harvested after an additional 24 h and
analyzed by WB.

DATA AND CODE AVAILABILITY
RNA-seq data associated to this study are available at the GEO repos-
itory with accession number GSE246407.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
1016/j.ymthe.2024.06.038.
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