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COVID-19 is a disease with unique characteristics that include lung thrombosis',
frequent diarrhoea?, abnormal activation of the inflammatory response®and rapid
deterioration of lung function consistent with alveolar oedema*. The pathological
substrate for these findings remains unknown. Here we show that the lungs of patients
with COVID-19 contain infected pneumocytes with abnormal morphology and
frequent multinucleation. The generation of these syncytia results from activation of
the SARS-CoV-2 spike protein at the cell plasma membrane level. On the basis of these
observations, we performed two high-content microscopy-based screenings with
morethan 3,000 approved drugsto search for inhibitors of spike-driven syncytia. We
converged on the identification of 83 drugs that inhibited spike-mediated cell fusion,

several of which belonged to defined pharmacological classes. We focused our
attention on effective drugs that also protected against virus replication and
associated cytopathicity. One of the most effective molecules was the antihelminthic
drug niclosamide, which markedly blunted calcium oscillations and membrane
conductance in spike-expressing cells by suppressing the activity of TMEM16F (also
known as anoctamin 6), a calcium-activated ion channel and scramblase that is
responsible for exposure of phosphatidylserine on the cell surface. These findings
suggest a potential mechanism for COVID-19 disease pathogenesis and support the
repurposing of niclosamide for therapy.

One ofthe defining features of coronavirus biology is the coordinated
process by which the virus binds and enters the host cell, which involves
bothdockingtoreceptorsatthe cell surface (ACE2 for SARS-CoV2%), and
proteolytic activation of the spike protein by host encoded proteases
attwo distinctsites®. One activation step is spike cleavage at the S1-S2
boundary, which can occur either before or after receptor binding.
A second proteolytic activation exposes the S2 portion, and primes
S2 for fusion of virus and cellular membranes. The protease priming
eventat this S2’site and subsequent fusion can occur after endocytosis,
in which cleavage is carried out by endosomal low pH-activated pro-
teases such as cathepsin Band cathepsin L’, or at the plasma membrane,
where cleavage can be mediated by TMPRSS25°, The spike proteins of
MERS-CoV and SARS-CoV-2 possess amultibasic amino acid sequence
at the S1-S2 interface, which is not present in SARS-CoV", that also
allows cleavage by the ubiquitously expressed serine protease furin>**,
Asaconsequence, cells that express MERS-CoV and SARS-CoV-2 spike
proteinat the plasma membrane can fuse with other cells that express
the respective receptors and form syncytia.

Pneumocyte syncytiain COVID-19 lungs

We examined the organs of 41 consecutive patients who died from
COVID-19 in the period from March to May 2020 at the University
Hospital in Trieste, Italy. Detailed post-mortem analysis of these patients
has previously been reported®. In addition to diffuse alveolar damage,
frequent thrombosis and extensive fibrotic substitution, a peculiar finding
was the presence—inalmost 90% of these patients—ofatypical cells with the
characteristic of syncytia, showingalarge cytoplasm containing a variable
number of nuclei, ranging from 2 to more than 20 (shown in Fig. 1a for 4
patients). Most of these syncytial cells were bonafide pneumocytes, asthey
expressed two pneumocyte-specificmarkers (napsinand surfactant B), and
were positive for viral RNAby insitu hybridization (Extended DataFig.1a,b).

Fusogenic properties of spike protein

The presence of fused cells in the lungs of patients with COVID-19
probably results from the fusogenic activity of the SARS-CoV-2 spike
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protein. In vitro, the expression of codon-optimized spike cDNA in
Vero cells led to the conspicuous presence of syncytia (Fig. 1b). The
presence of spike protein onthe plasmamembrane also triggered the
fusion of heterologous cells when these expressed the ACE2 recep-
tor. Supplementary Video 1 shows the effect of co-culturing, for 12 h,
spike-transfected human U20S cells (which have undetectable levels
of ACE2) with enhanced green fluorescent protein (eGFP)-transfected
Vero cells. Progressive, heterologous cell fusion continued during the
12-h observation period.

At higher magnification, spike-expressing Vero cells and
spike-positive syncytia projected a notable number of plasma mem-
brane protrusions, showing filopodia extensions and contacting the
plasma membrane of neighbouring cells (Extended DataFig. 1c). These
spike-expressing cells and syncytia displayed sudden calcium (Ca*")
transientsintheir cytoplasm, as visualized by transfecting the GCaMP6s
fluorescent Ca* sensor (Supplementary Videos 2, 3).

In contrast to the SARS-CoV-2 spike protein, no formation of syncy-
tia was observed when spike from SARS-CoV was expressed, whereas
MERS-CoV spike was also markedly syncytiogenic (Extended Data
Fig.1d, e).

Screening for drugs that block syncytia

We wanted to find clinically approved drugs that inhibit SARS-CoV-2
spike-mediated cell fusion. We developed two assays for
high-throughput screening (HTS) using high-contentimaging. The first
was based on heterologous fusion between Vero and spike-expressing
U20S cells (cell fusion inhibition assay (CFIA)), whereas the second
was based on direct expression of spike proteinin Vero cells (syncytia
inhibition assay (SIA)). With these two assays, we screened two FDA/
EMA-approved drug libraries (Prestwick Chemical Library and The
Spectrum Collection, MicroSource (MS) Discovery), totalling 3,825
drugs. As 776 drugs are common to the two libraries, this amounts to
3,049 different small molecules.

The CFIA and its results are shown in Extended Data Fig. 2a-g. For
the SIA screening, we expressed spike protein for 15 h, incubated
the cells with the drugs for an additional 24 h and then imaged and
quantified syncytia (Fig. 1c). This screening revealed 57 drugs from
the Prestwick and 84 drugs from the MS Discovery library that inhib-
ited spike-mediated fusion with a zscore of less than -1.96 (0.025%
tail of the distribution), of which 37 and 47, respectively, had zscores
<-2.58(0.005%tail) (showninredinFig.1eandlisted in Supplementary
Table 2). All wells treated with dimethylsulfoxide (DMSO) for either
library had azscoreinthe +0.25 range. The distribution of the results
foreach of the twolibraries is shownin Extended Data Fig. 3a, b. As for
CFIA, there was asignificant correlation of effect for the common drugs
inthe twolibraries (Extended DataFig.3c) (P<0.0001, R*=0.18).Repre-
sentative images fromthe screening are showninFig. 1f for niclosamide,
the top hitin the Prestwick and the second in the MS Discovery library,
andin Extended DataFig.3d for other effective drugs. Dose-response
curves for syncytia inhibition for three selected drugs (niclosamide,
clofazimine and salinomycin) are shown in Extended Data Figs. 3e for
Vero and HEK293 cells. Extended Data Fig. 4a shows the results of the
SIA screening according to therapeutic drug classes.

Antiviral effect of drugs

The CFIA and SIA screenings cumulatively identified 83 drugsazscore
ofless than-2.58 (Extended Data Fig.4b). The choice for further stud-
iestookin consideration the following criteria: (1) commoninhibitory
effectin the two screenings; (2) relative efficacy within specific drug
classes; and (3) pharmacological suitability to clinical application.
On the basis of these criteria, we assessed the effect of 43 drugs on
SARS-CoV-2infection (drug list in Extended Data Fig. 5a). Vero cells
wereinfected with SARS-CoV-2 strain1C19/2020 (median tissue culture

infectious dose (TCID,) of 100 per well) in the presence of 10 pM of the
drugsin 96-well plates. The ability of the drugs to protect cells fromviral
cytopathic effects was analysed after 5 days (Extended Data Fig. 5b).
Of the most effective drugs, we selected one antihistamine (deptro-
pine), one antidepressant (sertraline) and the antileprotic antibiotic
clofazimine for further studies. Niclosamide and salinomycin, which
scored as cytotoxic at 10 uM in the absence of the virus (not shown),
were also shortlisted, as these drugs were among the most effective
inthe SIA screening.

The five selected drugs were further assessed for cell protection
against virus-induced cell death in a range of doses, followed by the
analysis of cell survival after five days. Niclosamide, clofazimine
and salinomycin were the most effective in this cell protection assay
(Extended Data Fig. 5¢) and were thus chosen for further testing of
antiviral function.

Vero cells were infected in triplicate with SARS-CoV-2 (multiplicity
ofinfection (MOI) 0.05) inthe presence of escalating drug concentra-
tions; culture supernatants were collected 48 h after viral challenge
and the production of infectious virus was determined by plaque assay
(Fig.2a). Niclosamide and salinomycin displayed similar half-maximal
inhibitory concentration (IC,,) values of 0.34 pM and 0.22 pM, respec-
tively, whereas clofazimine was approximately 10-fold less potent (IC,
of2.56 uM). All three drugs also inhibited viral replicationin respiratory
Calu-3 cells (Extended Data Fig. 5d). Representative images of Calu-3
syncytiainfected with SARS-CoV-2are shownin Extended Data Fig. Se.
Of note, the cells still infected in the presence of niclosamide were no
longer syncytial (Extended Data Fig. 5f).

Anti-syncytial drugs block calciumrelease

We wanted to understand the mechanism(s) by which the selected
drugsinhibited syncytiaformation. We were intrigued by the observa-
tionthat our assays had selected for specific drug classes. In particular,
there werell antipsychotics, 8 antidepressants and 5 first-generation
histamine 1 (H,) receptor antagonists among the top selected drugs.
A common characteristic of these molecules is their capacity to reg-
ulate intracellular Ca* levels. The H, receptor, M1, M2 and M5 mus-
carinic receptors, and the 5-HT, serotonin receptors signal through
a Gya subunit to activate phospholipase C-p (PLC-B), whichin turn
hydrolyses PIP2 to generate Ins(1,4,5)P; (also known as IP;). IP; acts as
asecond messenger to activate Ca®' release into the cytoplasm from
the endoplasmic reticulum (ER) stores after binding to the IP, recep-
tor'®. Besides H, receptor antagonists and anticholinergics, phenothia-
zine antipsychotics and other tricyclics also act, to a different extent,
on these receptors. Cyclosporin A forms a complex with cyclophi-
lin, which—in platelets—inhibits store-operated-Ca* entry into cells
through Ca*' release-activated Ca®* channels". Finally, the L-type Ca?*
channel blockers and most of the tricyclic antidepressants'® inhibit the
voltage-dependent L-type calcium channels, which are also expressed
in epithelial cells, including HEK293 cells”.

Combining these considerations, we wanted to explore the dynam-
ics of Ca* levels in cells expressing spike and during cell fusion. We
performed time-lapse imaging of Vero cells that express the calcium
indicator GCaMP6s?, co-cultured with U20S cells expressing spike and
mCherry fluorescent protein. We observed that the spike-expressing
cells as well as the heterologous syncytia they formed had numerous
oscillations in intracellular Ca* levels (Supplementary Video 4; indi-
vidual framesin Fig. 2b). To obtain a quantitative measurement of these
Ca* oscillations, we expressed GCaMP6sin Vero cells, with or without
spike protein, and imaged these cells for 400 min. Over this period, the
cells expressing spike protein progressively fused and had frequent
Ca* oscillations (Supplementary Video 5, movie without drugs and
individual framesin Fig.2c). The oscillation traces for more than 50 cells
(or syncytia in the case of fused cells) are overlaid for each condition
(control or spike) in Fig.2d. The presence of spike proteinincreased the
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Fig.1|Drugsinhibiting SARS-CoV-2 spike-induced syncytia.a, Post-mortem
histological analysis of lungs of patients with COVID-19 showing
multinucleated syncytia. Original magnification, x40. Further
characterization of these patients has previously been reported®. b, Formation
of syncytia after 24 hexpression of spike in Vero cells. Nucleiin white; cell
contoursinred using wheat-germ agglutinin (WGA); spike proteiningreen.
Scalebars, 200 um.c, SIAscreening. S, spike. d, Image analysis workflow;
syncytiawere defined as cells showing a cluster of nucleiwith anareaat least
five timeslarger than the average of the area of non-fused cells. Scale bar,

500 um.e, Results of SIA screening. The percentage of syncytianormalized on

amplitude of Ca* transients in individual cells (P<0.01) (Extended Data
Fig. 6a), without asignificant difference in frequency, which suggests
that the expression of spike amplifies spontaneous Ca* transients. The
expression of spike protein from SARS-CoV was ineffective (Extended
Data Fig. 7a, b), whereas spike protein from MERS-CoV also induced
Ca” oscillations. Both1uM niclosamide and 5 pM clofazimine markedly
blunted both the amplitude and frequency of the Ca* oscillations in
cellstreated with SARS-CoV-2 spike protein (P<0.01) (Fig. 2d, Extended
Data Fig. 6b). Salinomycin, while still inhibiting syncytia formation,
wasineffectivein these experiments. Representative movies showing
theseresults are in Supplementary Video 5.

Cells treated for 400 min with thapsigargin or cyclopiazonic acid,
two non-competitive inhibitors of the sarco/endoplamic reticulum
Ca*" ATPase (SERCA), which cause ER Ca** store depletion?, abolished
these oscillations, similar to the removal of Ca** from the cell culture
medium (Extended Data Fig. 6c, d). These results are consistent with
the conclusion that the ER is the main source of Ca®* release induced by
the SARS-CoV-2 spike protein. Of note, cell treatment with thapsigargin
or cyclopiazonicacid alsoinhibited the expansion of syncytia while not
affecting cell viability (Fig. 3a, b, Supplementary Video 6).

TMEMI6F is required for syncytia

Apossible explanation of these findings was provided by the observa-
tion that niclosamideis a potent inhibitor of the Ca**-activated TMEM16
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total cellsis plotted asazscore. Compounds withazscore<-2.58 (red dotted
line, 0.005% tail) are showninred; those between <-1.96 (0.025% tail, blue
dottedline) and -2.58 areain blue. Four drugs that were further studied with
viralinfectionare indicated. CLO, clofazimine; NIC, niclosamide; SAL,
salinomycin; SER, sertraline. f, Effect of niclosamide on syncytia. Spike-positive
syncytiaareingreen; nucleiareinblue; cellbodyisinred using HCS CellMask
DeepRed. The percentage of nuclei withininsyncytia over total nucleiis shown
atthebottom.Scalebar, 500 pm.Numbers onsome of theimagesindicate the
screening well. Images are representative of 25 per well; screening was
performedinduplicate.

family of chloride channels and scramblases?. We investigated the
levels of the 10 members of this family in several cell lines and in pri-
mary bronchial human airway epithelial cells (Extended Data Fig. 8a).
We found that TMEM16F, which functions both as a non-specific ion
channel and a lipid scramblase responsible for phosphatidylserine
externalization onto the outer leaflet of the plasma membrane?, was
expressed in all cells and that its levels further increased after spike
expression (Extended Data Fig. 8b).

We wondered whether the activity of TMEM16F at the membrane
was affected by spike protein. We performed whole-cell voltage-clamp
recordings of HEK293 cells to measure the endogenous currents carried
by this channel. We recorded small but clearly detectable outwardly
rectifying currentsinresponse to voltage ramps. This current required
highintracellular Ca** (28 pM), was blunted by the targeted knockdown
of TMEMI16F (Fig.3d; RNA and protein levels to confirm knockdown are
inExtended DataFig. 9afor all the investigated cell types), was blocked
by the TMEM16A and TMEMI16F inhibitor benzbromarone (10 pM)
(P<0.01) and was reduced at lower intracellular Ca** (0.5 uM) (Extended
DataFig.10a). These results suggest that this currentis carried, at least
in part, by TMEM16F channels. We found that acute administration of
niclosamide (2 uM) readily blocked this current (P<0.01), whereas both
clofazimine (5 ptM) and salinomycin (5 pM) had no significant direct
effect (Fig. 3c). Notably, we found that HEK293 cells expressing spike
and ACE2 showed an increased current in response to voltage ramps
(P<0.05) (Fig.3e), reflecting either anincrease in TMEM16F expression
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Fig.2|Effects of drugs on SARS-CoV-2replication andintracellular calcium
oscillations. a, Inhibition of SARS-CoV-2replication. Vero E6 cells were treated
with theindicated drug concentrations for 2 h, followed by the addition of
SARS-CoV-2 (MOI10.05). After1h, cellswere washed and cultured in
drug-containing medium for 48 h. Virus productionin the culture supernatants
was quantified by plaque assay using Vero E6 cells. Dataare mean+s.d.;n=3.

b, Representative frames (from of atotal of 600) from a12-h time-lapse movie
ofaco-culture of Vero cells expressing the GCaMP6s Ca** sensor and U20S cells
transfected with spike proteinand mCherry. Arrowheads indicate Ca*
oscillationsin GCaMP6s-ACE2-expressing cells when fusing to
spike-expressing cells. See Supplementary Video 4 for time-lapse movie.

(Extended DataFig. 8b) or amodulation of channel activity. None of the
investigated drugs changed the expression levels of either TMEM16A
or TMEM16F (Extended DataFig. 8c).

Collectively, these results indicate that SARS-CoV-2 spike leads to
the activation of TMEM16 proteins and that niclosamide inhibits this
activity. We thus wanted to explore the relationship between this effect
and the suppression of syncytia. First, we found that the downregula-
tion of TMEMI16F inhibited Ca* transients induced by spike (Extended
DataFig.7c,d).Inthese experiments, ashortinterfering RNA (siRNA)
against ACE2 also had a similar suppressive effect, again underlining
the relationship between Ca* oscillations, TMEMI6F function and
spike-mediated cell-cell fusion. Then, we observed that the downregu-
lation of TMEM16F almost completely suppressed externalization of
phosphatidylserinein Vero cells treated with the Ca** ionophore iono-
mycin (10 pM) (Fig. 3f, g, Extended Data Fig. 10b, c), which indicates that
TMEMIG6F is the main cellular scramblase responsive to Ca*" in these
cells.Inlinewiththese observations, treatment with either niclosamide
or clofazimine for 1 h significantly reduced the levels of externalized
phosphatidylserinein response toionomycin (Fig. 3h, i, Extended Data
Fig.10d). More than 95% of cell nuclei remained negative to propidium
iodide in these experiments, ruling out cell apoptosis (not shown).
Consistent with TMEMI6F activation, several spike-induced syncytia
exposed phosphatidylserine on their plasma membrane (Extended
DataFig.10e).

To confirm the specific involvement of TMEMI6F in syncytia for-
mation, we knocked down ACE2, TMEM16A and TMEM16F in Vero,

¢, Ca* oscillations during syncytia formation. Representative frames (from of a
total of 400) from a12-h time lapse movie of spike-expressing Vero cells.
Arrowheads indicate cells progressively fusing to a syncytium and show
intense Ca* spikes. See Supplementary Video 5 for time-lapse movie (movie in
thetop left panel, labelled ‘DMSO’).d, GCaMP intensity over time. Vero cells
were co-transfected with GCaMPé6s and either a control or aspike-expressing
vector and treated with theindicated drugs. Data are expressed as change in
fluorescence (AF/F) over time (min); every lineis1ofatleast12180-um*regions
ofinterest per condition, representing a group of 4 GCaMP-positive cells on
average.See Supplementary Video 5 for representative movies.

HEK293 or Calu-3 cells. The downregulation of TMEM16F blunted syn-
cytiaformationin spike-expressing cells, similar to an anti-ACE2siRNA
(Fig. 3j, k). Ananalogous inhibitory effect of TMEM16F knockdown was
observedin Calu-3 cells (Extended Data Fig.11a-d). Of interest for future
investigation, TMEM16F knockdown had no apparent effect onsyncytia
induced by the MERS-CoV spike protein (Extended Data Fig. 11e, f).
By contrast, overexpression of TMEM16F, but not of TMEM16A, sig-
nificantly stimulated SARS-CoV-2 spike-induced syncytia (Fig. 31, m,
Extended DataFig.11g). Finally, we observed that Calu-3 cellsin which
TMEMI16F was downregulated showed significantly impaired infectious
SARS-CoV-2replication (visualization of infected cells with anti-spike
and anti-nucleocapsid antibodies in Fig. 3n, p).

Discussion

We envisage at least three mechanisms by which spike can activate
TMEM16 proteins. This can occur directly on the spike-expressing
(infected) cells in cis or after binding to ACE2 and activating protease
in trans, or indirectly through the activation of Ca** release. As far as
theinteraction between Ca® levelsand TMEML16 proteins is concerned,
TMEMI16 activation by SARS-CoV-2 spike protein appears to increase
theamplitude of spontaneous Ca** signals. Thisisinline with previous
reports that show thatboth TMEM16A and TMEM16F augment intracel-
lular Ca* signals by increasing the filling of ER stores and augmenting
IP,receptor-induced Ca** release, thus amplifying Ca*' signals activated
by G-protein-coupled receptors®*%,
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Fig. 3| Calcium oscillations, chloride channel activity and requirement of
TMEMI6F protein for spike-mediated cell-cell fusion. a, b, Effect of Ca**
depletionor treatment with the non-competitive SERCAinhibitors
thapsigargin (TG) or cyclopiazonicacid (CPA) onsyncytia (cell area>20,000 um?).
Scalebar,500 pm.Dataare meants.d.;n=4.**P<0.01,one-way ANOVA with
Bonferroniposthoc. c-e,Niclosamide-sensitive currentis boosted by spike
and ACE2 and inhibited by TMEM16F knockdown. Currents were measured
using avoltage ramp in HEK293 cells. In ¢, currents from control cells (black
trace) were blocked by 2 uM niclosamide (blue). Inset shows current density at
+75mV for control cells (C, n=34 cells) and cells treated with niclosamide
(n=7),salinomycin (n=_8) and clofazimine (n=9).**P<0.01, Kruskal-Wallis,
two-sided, with Dunn’s post hoc. Ind, cells transfected with control siRNA
(siNT1) (black) (n=24) or TMEMI16F siRNA (siTMEMI6F) (blue) (n=17).Inset
shows current density at +75mV.**P<0.01, Mann-Whitney, two-sided. In

e, cells transfected with eGFP control (C) (black) (n=34; asinc) or with eGFP,
spike and ACE2 (S-ACE2) (red) (n=29). Inset shows currentdensity at +75mV.
*P<0.05,Mann-Whitney, two-sided. Dataare mean +s.e.m.
f,g, Phosphatidylserine externalization as measured by annexin XlI staining
after siRNA knockdown of TMEMI16F (n=3).Scale bars, 500 pm. Statistics as in

Theinvolvement of TMEMI16F in SARS-CoV-2 spike-induced syncytia
isconsistent with the previously proposed role of phosphatidylserine
exposure inmost other physiological cell fusion events. Macrophages
fusing into inflammatory giant cells* or to form bone-reabsorbing
osteoclasts”, myoblasts committed to fuse into myotubes?, cyto-
trophoblasts becoming syncytiotrophoblasts® and, finally, sperm
cells during egg fertilization® all expose phosphatidylserine at the
cell surface. In the cases of myoblasts and of placental development,
TMEMI16E* and TMEM16F, respectively, were shown to specifically
participate in this process.

Fromamechanistic point of view, these finding are consistent witha
model (Fig. 3q) by which the cells expressing SARS-CoV-2 spike protein
have increased Ca** oscillations and increased activity of the plasma
membrane TMEM16 channels, which leads to phosphatidylserine
externalization and chloride secretion. Although the former event is
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Antidepressants

Salinomycin Eeslid

Calu-3 + SARS-CoV-2

b.h, i, Phosphatidylserine externalization as measured by annexin XIl after
treatment with100 nM niclosamide, 500 nM clofazimine or 500 nM
salinomycin (n=3).Scalebar, 500 pm. Statisticsasinb.j, k, Inhibition of
syncytiaby siRNAs. Cells treated with the indicated siRNAs and, after 24 h,
transfected to express spike protein (n=3).Scalebar,200 pm. Data are
meants.d.*P<0.05,**P<0.01, one-way ANOVA with Dunnett post hoc.

I, m, Overexpression of TMEM16F induces syncytia. HEK293 and ACE2 cells
were co-transfected with spike and TMEM16A or TMEMI6F (n = 3). Statistics as
inb.n, p,Inhibition of SARS-CoV-2infection by siRNAs. Calu-3 cellswere
silenced for theindicated genes and, after 48 h, infected with SARS-CoV-2 (MOI
0.5). One hour after infection, cells were washed and incubated with fresh
medium. After 48 h, cells wereimmunostained for spike and nucleocapsid (N)
proteins.Scalebar,500 pm.Dataaremean ts.e.m.; n=4.**P<0.01, one-way
ANOVA with Dunnett’s post hoc. q, Model showing the effect of drugs on
syncytiaand TMEMI6F. Spike-expressing cells have increase Ca** (in orange)
oscillations, leading to increased TMEMI16F activity, whichitself boosts Ca**
levels. Asaconsequence, chloride (blue) secretionisincreased, and
phosphatidylserine (PS) (pink) is externalized. Drugs that block TMEM16F or
blunting Ca* release inhibit spike-induced syncytia.

required for plasmamembrane fusion, chloride secretion might have
relevance in COVID-19 pathogenesis.

Inadditionto niclosamide, other drugs known toinhibit the TMEM16
family were also able to inhibit spike-induced syncytia in our assays,
including nitazoxanide, hexachlorophene and dichlorophen. Gefitinib,
whichis knownto block TMEM16A-activated EGFR onthe plasma mem-
brane®, also inhibited spike-driven fusion. In addition, it seems likely
that, similar to niclosamide and nitazoxanide?, other drugs that target
TMEMI6A (in particular, trifluoperazine®, serotonin reuptake inhibi-
tors>>*¢ and ivermectin®, all of which inhibited syncytia formation)
might also inhibit TMEM16F. Thus, our screening for inhibition of syncy-
tiaseemsto have disclosed acommon mechanism for spike-dependent
cell-cell fusion.

The activation of members of the TMEM16 family by SARS-CoV-2
spike protein might have specific relevance for COVID-19 pathogenesis,



as it could participate in inflammation (TMEM16A promotes NK-kB
activationand IL-6 secretion®®), thrombosis (TMEMI6F is essential for
lipid scrambling in platelets during blood coagulation®*°), dysfunc-
tion of endothelial cells* and alveolar oedema and diarrhoea through
increased chloride secretion. As a consequence, the identified drugs
areworth considering for COVID-19 therapy. In particular, niclosamide
is a synthetic salicylanilide developed in the 1950s as a molluscicide
againstsnails**and later approved in humans against tapeworm infec-
tion*’. Niclosamide has previously been reported to be active against
various enveloped and non-enveloped viruses, including SARS-CoV-2*,
Although this drug has relatively low solubility, there is evidence of
considerable absorption, withserum levels that can reach1-20 pM*#¢,
Together, our findings provide amechanism and arationale for repur-
posing of niclosamide to treat patients with COVID-19.

Online content

Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41586-021-03491-6.

1. Levi, M., Thachil, J., Iba, T. & Levy, J. H. Coagulation abnormalities and thrombosis in
patients with COVID-19. Lancet Haematol. 7, e438-e440 (2020).

2. Goyal, P. et al. Clinical characteristics of Covid-19 in New York City. N. Engl. J. Med. 382,
2372-2374 (2020).

3. Jose, R.J. & Manuel, A. COVID-19 cytokine storm: the interplay between inflammation and
coagulation. Lancet Respir. Med. 8, e46-e47 (2020).

4.  Edler, C. et al. Dying with SARS-CoV-2 infection-an autopsy study of the first consecutive
80 cases in Hamburg, Germany. Int. J. Legal Med. 134, 1275-1284 (2020).

5. Hoffmann, M. et al. SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is blocked
by a clinically proven protease inhibitor. Cell 181, 271-280 (2020).

6. Hoffmann, M., Hoffmann-Winkler, H. & Pohlmann, S. Priming time: how cellular proteases
arm coronavirus spike proteins. Activation Viruses Host Proteases https://doi.
0rg/101007/978-3-319-75474-1_4 (2018).

7. Simmons, G. et al. Inhibitors of cathepsin L prevent severe acute respiratory syndrome
coronavirus entry. Proc. Natl Acad. Sci. USA 102, 11876-11881(2005).

8. Glowacka, I. et al. Evidence that TMPRSS2 activates the severe acute respiratory
syndrome coronavirus spike protein for membrane fusion and reduces viral control by
the humoral immune response. J. Virol. 85, 4122-4134 (2011).

9. Matsuyama, S. et al. Efficient activation of the severe acute respiratory syndrome
coronavirus spike protein by the transmembrane protease TMPRSS2. J. Virol. 84,
12658-12664 (2010).

10. Shulla, A. et al. A transmembrane serine protease is linked to the severe acute respiratory
syndrome coronavirus receptor and activates virus entry. J. Virol. 85, 873-882 (2011).

1. Millet, J. K. & Whittaker, G. R. Host cell entry of Middle East respiratory syndrome
coronavirus after two-step, furin-mediated activation of the spike protein. Proc. Natl
Acad. Sci. USA 111, 15214-15219 (2014).

12.  Burkard, C. et al. Coronavirus cell entry occurs through the endo-/lysosomal pathway in a
proteolysis-dependent manner. PLoS Pathog. 10, 1004502 (2014).

13. Coutard, B. et al. The spike glycoprotein of the new coronavirus 2019-nCoV contains a
furin-like cleavage site absent in CoV of the same clade. Antiviral Res. 176, 104742 (2020).

14. Hoffmann, M., Kleine-Weber, H. & Pohlmann, S. A Multibasic cleavage site in the spike protein
of SARS-CoV-2 is essential for infection of human lung cells. Mol. Cell 78, 779-784 (2020).

15.  Bussani, R. et al. Persistence of viral RNA, pneumocyte syncytia and thrombosis are
hallmarks of advanced COVID-19 pathology. Lancet EBioMedicine 61, 103104 (2020).

16.  Marks, A. R. Intracellular calcium-release channels: regulators of cell life and death. Am.
J. Physiol. 272, H597-H605 (1997).

17.  Lang, F., Miinzer, P, Gawaz, M. & Borst, O. Regulation of STIM1/Orail-dependent Ca®
signalling in platelets. Thromb. Haemost. 110, 925-930 (2013).

18. Boselli, C., Barbone, M. S. & Lucchelli, A. Older versus newer antidepressants: substance
P or calcium antagonism? Can. J. Physiol. Pharmacol. 85, 1004-1011 (2007).

19.  Berjukow, S. et al. Endogenous calcium channels in human embryonic kidney (HEK293)
cells. Br. J. Pharmacol. 118, 748-754 (1996).

20. Chen, T. W. et al. Ultrasensitive fluorescent proteins for imaging neuronal activity. Nature
499, 295-300 (2013).

21.  Thastrup, O., Cullen, P. J., Drgbak, B. K., Hanley, M. R. & Dawson, A. P. Thapsigargin, a
tumor promoter, discharges intracellular Ca* stores by specific inhibition of the
endoplasmic reticulum Ca?-ATPase. Proc. Natl Acad. Sci. USA 87, 2466-2470 (1990).

22. Miner, K. et al. Drug repurposing: the anthelmintics niclosamide and nitazoxanide are
potent TMEM16A antagonists that fully bronchodilate airways. Front. Pharmacol. 10, 51
(2019).

23. Suzuki, J., Umeda, M., Sims, P. J. & Nagata, S. Calcium-dependent phospholipid
scrambling by TMEM16F. Nature 468, 834-838 (2010).

24. Jin, X. et al. Activation of the Cl” channel ANO1 by localized calcium signals in nociceptive
sensory neurons requires coupling with the IP3 receptor. Sci. Signal. 6, ra73 (2013).

25. Cabrita, I. et al. Differential effects of anoctamins on intracellular calcium signals. FASEB
J.31,2123-2134 (2017).

26. Helming, L. & Gordon, S. Molecular mediators of macrophage fusion. Trends Cell Biol. 19,
514-522 (2009).

27. Verma, S.K. et al. Cell-surface phosphatidylserine regulates osteoclast precursor fusion.
J. Biol. Chem. 293, 254-270 (2018).

28. vanden Eijnde, S. M. et al. Transient expression of phosphatidylserine at cell-cell contact
areas is required for myotube formation. J. Cell Sci. 114, 3631-3642 (2001).

29. Lyden, T. W, Ng, A. K. & Rote, N. S. Modulation of phosphatidylserine epitope expression
by BeWo cells during forskolin treatment. Placenta 14, 177-186 (1993).

30. Rival, C. M. et al. Phosphatidylserine on viable sperm and phagocytic machinery in
oocytes regulate mammalian fertilization. Nat. Commun. 10, 4456 (2019).

31. Whitlock, J. M., Yu, K., Cui, Y. Y. & Hartzell, H. C. Anoctamin 5/TMEM16E facilitates muscle
precursor cell fusion. J. Gen. Physiol. 150, 1498-1509 (2018).

32. Zhang, Y. et al. TMEM16F phospholipid scramblase mediates trophoblast fusion and
placental development. Sci. Adv. 6, eaba0310 (2020).

33. Bill, A. etal. ANO1/TMEM16A interacts with EGFR and correlates with sensitivity to
EGFR-targeting therapy in head and neck cancer. Oncotarget 6, 9173-9188 (2015).

34. Tian, Y. et al. Calmodulin-dependent activation of the epithelial calcium-dependent
chloride channel TMEM16A. FASEB J. 25, 1058-1068 (2011).

35. Maertens, C., Wei, L., Voets, T., Droogmans, G. & Nilius, B. Block by fluoxetine of
volume-regulated anion channels. Br. J. Pharmacol. 126, 508-514 (1999).

36. Yang, Y.D. et al. TMEM16A confers receptor-activated calcium-dependent chloride
conductance. Nature 455, 1210-1215 (2008).

37. Zhang, X. et al. Inhibition of TMEM16A Ca?"-activated Cl' channels by avermectins is
essential for their anticancer effects. Pharmacol. Res. 156, 104763 (2020).

38. Wang, Q. etal. TMEM16A Ca*-activated Cl channelinhibition ameliorates acute
pancreatitis via the IP;R/Ca?"/NFkB/IL-6 signaling pathway. J. Adv. Res. 23, 25-35
(2020).

39. Yang, H. et al. TMEM16F forms a Ca*-activated cation channel required for lipid
scrambling in platelets during blood coagulation. Cell 151, 111-122 (2012).

40. Baig, A. A. et al. TMEM16F-mediated platelet membrane phospholipid scrambling is
critical for hemostasis and thrombosis but not thromboinflammation in mice—brief
report. Arterioscler. Thromb. Vasc. Biol. 36, 2152-2157 (2016).

41.  Ma, M. M. et al. TMEM16A contributes to endothelial dysfunction by facilitating Nox2
NADPH oxidase-derived reactive oxygen species generation in hypertension.
Hypertension 69, 892-901 (2017).

42. Gonnert, R. & Schraufstatter, E. A new molluscicide: molluscicide Bayer 73. Proc. Sixth
Int. Congr. Trop. Med. Malaria, Lisbon, Sept. 5-13, 1958 2, 197-202 (1959).

43. Kappagoda, S., Singh, U. & Blackburn, B. G. Antiparasitic therapy. Mayo Clin. Proc. 86,
561-583 (2011).

44. Jeon, S. et al. Identification of antiviral drug candidates against SARS-CoV-2 from
FDA-approved drugs. Antimicrob. Agents Chemother. 64, e00819-20 (2020).

45. Andrews, P, Thyssen, J. & Lorke, D. The biology and toxicology of molluscicides,
Bayluscide. Pharmacol. Ther.19, 245-295 (1982).

46. Burock, S. et al. Phase Il trial to investigate the safety and efficacy of orally applied
niclosamide in patients with metachronous or sychronous metastases of a colorectal
cancer progressing after therapy: the NIKOLO trial. BMC Cancer 18, 297 (2018).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

© The Author(s), under exclusive licence to Springer Nature Limited 2021

Nature | Vol 594 | 3June2021 | 93


https://doi.org/10.1038/s41586-021-03491-6
https://doi.org/10.1007/978--3-319-75474-1_4
https://doi.org/10.1007/978--3-319-75474-1_4

Article

Methods

No statistical methods were used to predetermine sample size. The
investigators were not blinded to allocation during experiments and
outcome assessment, except where specified below. The experiments
were not randomized.

Patients

Patients’ lung samples are from post-mortem analysis of 6 patients who
died of COVID-19 at the University Hospital in Trieste, Italy, after intensive
care support. These are from a more extensive cohort of 41 consecutive
patients, whoall died of COVID-19. Of these, 25 were maleand 16 were female;
the average age was 77 for men and 84 for women. During hospitalization,
all patients scored positive for SARS-CoV-2 on nasopharyngeal swab and
presented symptoms andimaging dataindicative of interstitial pneumonia
related to COVID-19 disease. Extensive characterization of these patients
has previously been reported®. In these patients, dysmorphic and syncy-
tial pneumocytes were present and abundant in the lungs of 20 patients
(50%), including all 6 patients requiring intensive care, and occasionally
inan additional 16 patients (39%). Use of these post-mortem samples for
investigation was approved by the competent Joint Ethical Committee of
the Regione Friuli Venezia Giulia, Italy (re. 0019072/P/GEN/ARCS).

Cells

Vero (WHO) clone 118 cells (ECACC 88020401) were cultured in
DMEM (Life Technologies) with1g 1™ glucose (Life Technologies) sup-
plemented with 10% heat-inactivated fetal bovine serum (FBS) (Life
Technologies) plus a final concentration of 100 IU mI™ penicillin and
100 pg ml™ streptomycin or without antibiotics where required for
transfection. Cells were incubated at 37 °C, 5% CO.,.

Vero E6 cells were provided by A. Davidson and D. Matthews. Cells
were grown in DMEM (Gibco) containing 10% FBS, 1% non-essential
amino acids (Gibco) and 1% penicillin-streptomycin (Thermo Fisher
Scientific). Cells were incubated at 37 °C, 5% CO.,.

U-20S (U20S; ATCCHTB-96), HEK293T (ATCC CRL-3216) and Calu-3
cells (ATCC HTB-55) were cultured in DMEM with 1 g I glucose (Life
Technologies) supplemented with10% FBS (Life Technologies) plus a
final concentration of 100 IU mI™ penicillinand 100 pg mI™ streptomy-
cin or without antibiotics where required for transfections.

The stable U20S cell clone expressing mCherry was obtained by
transduction with lentiviral particles for constitutive expression of
mCherry (rLV.EF1.mCherry-9, Takara0037VCT) at 10 MOl with4 pg mlI™*
polybrene (Sigma-Aldrich TR-1003-G). The medium was replaced after
4 h. Selection of the transduced cells was performed adding 1 pg ml™
puromycin (InvivoGen ant-pr-1) starting 48 hafter transduction. Expres-
sion of the transgene was verified by fluorescence microscopy.

Primary bronchial human airway epithelial cells were purchased from
Epithelix and maintained in Mucilair cell culture medium (Epithelix).

Allcelllines were negative for mycoplasma contamination. Cell lines
were not authenticated.

Antibodies

Antibodies against the following proteins were used: TMEM16A (Abcam,
ab64085), TMEMI16F (Abcam ab234422 and Sigma-Aldrich HPA038958-
100UL), ACE2 (Abcam ab87436 and ab15348), V5 (Thermo Fisher
Scientific R96025), V5-488 (Thermo Fisher Scientific 377500A488),
mouse-HRP (Abcam ab6789), rabbit-HRP (Abcam ab205718),
B-actin-HRP (Sigma-Aldrich A5316), napsin (Roche 760-4867), surfactant
B (Thermo Fisher Scientific MS-704-P0), mouse-biotin (Vector Labo-
ratories BA-9200), SARS-CoV-2 spike protein (GeneTex GTX632604),
SARS-CoV-2 nucleocapsid antibody (Sino Biological 40143-R001).

Cell fusioninhibition assay
‘Donor’ U20S cells were seeded in10-cm Petri dishes (2 million cells per
dish) toreach 70-80% confluency on the subsequent day. Transfection

was performed using 10 pg of either pEC117-Spike-V5 (expressing the
V5-tagged Spike protein, codon optimized) or a control vector using
35 ulof FUGENE HD Transfection Reagent (Promega E2311) in 500 pl of
Opti-MEM medium (Life Technologies). After overnight transfection,
cellswereloaded with 10 nM Qtracker 525 Cell Labelling Kit (Invitrogen
Q25041MP) in1mlof medium for1hat37 °Cin 5% CO,. After extensive
washes with PBS, cells were detached with Versene (Thermo Fisher
Scientific 15040066). ‘Acceptor’ Vero cells were prepared as follows.
Cellswere seeded in10-cm Petri dishes (1.2 million cells per dish) the day
before the assay. Cells were then loaded with 10 nM Qtracker 800 Cell
LabellingKit (Invitrogen Q25071MP) in1 mI medium for 1hat 37 °Cin 5%
CO,. After extensive washes with PBS, cells were detached with 0.05%
Trypsin-EDTA (Sigma-Aldrich T4049). Vero and U20S cells were mixed
at the final ratio of 5:4 and diluted at the final concentration of 20 x10*
cellsmlinDMEMwith1gl™ glucose (Life Technologies) supplemented
with10% heat-inactivated FBS (Life Technologies). Diluted cells (50 pl
per well, 1,000 cells per well) were seeded in 12 384-well microplates
(CellCarrierUltra384, Perkin EImer) using aMultidrop dispenser. Three
hours after seeding, drugs from The Spectrum Collection, MS Discovery
System (2,545 different drugs) and the Prestwick Chemical Library,
Prestwick Chemical (1,280 drugs) were dispensed on top of cells at
the final concentration of 10 uM (1% DMSO final). Twenty-four hours
later, plates were washed in 50 l per well PBS and fixed in 40 pl 4%
paraformaldehyde (PFA) for 10 min at room temperature (RT). After
fixation, cells were washed twice in 50 pl per well PBS and permeabi-
lized in 0.1% Triton X-100 (Sigma-Aldrich 1086431000) for 10 min at
room temperature. Cells were washed twice in 50 pl per well of PBS and
stained with HCS CellMask Blue (Thermo Fisher Scientific H32720)
and Hoechst (H3570), according to the manufacturer’s instructions.

Image acquisition was performed using an Operetta CLS high content
screening microscope (Perkin EImer) with aZeiss 20x (NA 0.80) objec-
tive. A total of 25 fields per well were imaged at three different wave-
lengths: (1) excitation 365-385 nm, emission 430-500 nm (nucleus and
cytoplasm ‘blue’); (2) excitation 460-490 nm, emission 500-550 nm
(donor quantum dots ‘green’); (3) excitation 615-645 nm, emission
655-750 nm (acceptor quantumdots ‘red’). Images were subsequently
analysed, using the Harmony software package (v.4.9; PerkinElmer).
Images were first flatfield-corrected and nuclei were segmented using
the ‘Find Nuclei’ analysis module (Harmony). The thresholds forimage
segmentation were adjusted according to the signal-to-background
ratio. Splitting coefficient was set to avoid splitting of overlapping
nuclei (fused cells). The cytoplasmarea, stained by the HCS Cell Mask
Blue, was defined using the ‘Find Cytoplasm’ analysis module (Har-
mony) and the number of either green or red spots was counted using
the ‘Find Spots’ analysis module (Harmony). All the cells that had a
nuclear areagreater than four times the average area of asingle nucleus
and were simultaneously positive for at least two red and two green
dotswere considered as fused. Datawere expressed as a percentage of
fused cells by calculating the average number of fused cells normalized
on the total number of cells per well.

Syncytiuminhibition assay

Vero cells were seeded in10-cm Petri dishes (1.2 million cells per dish) to
reach 70-80% confluency on the subsequent day. Transfection was per-
formed using 10 pg pEC117-Spike-V5 using 30 pl and FUGENE HD Trans-
fection Reagent (PromegaE2311) in 500 pl of Opti-MEM medium (Life
Technologies). Twelve hours after transfection, cells were detached,
washed in PBS and diluted to the final concentration of 12 x10* cells ml
inDMEMwith1g1™glucose (Life Technologies) supplemented with10%
heat-inactivated FBS (Life Technologies). Fifty microlitres of diluted
cell suspension (600 cells per well) were seeded in 12 384-well micro-
plates (CellCarrierUltra 384, Perkin ElImer) using aMultidrop dispenser.
Three hours after seeding, drugs from The Spectrum Collection, MS
Discovery System (2,545 different drugs) and the Prestwick Chemical
Library, Prestwick Chemical (1,280 drugs) were dispensed on top of



the cells at the final concentration of 10 uM (1% DMSO final). At 24 h
after drug treatment, plates were washed in 50 pl per well of PBS and
fixed in 40 pl 4% PFA for 10 min at room temperature. After fixation,
cells were processed forimmunofluorescence using anti V5, Hoechst
(H3570) and HCS CellMask Red (Thermo Fisher Scientific H32712),
according to the manufacturer’s instructions.

Image acquisition was performed using the Operetta CLS high con-
tent screening microscope (Perkin EImer) with a Zeiss 20x (NA 0.80)
objective. A total of 25 fields per well were imaged at three different
wavelengths: (1) excitation 365-385 nm, emission 430-500 nm (nucleus
‘blue’); (2) excitation 460-490 nm, emission 500-550 nm (spike protein
‘ereen’); (3) excitation 615-645 nm emission 655-750 nm (HCS Cell
Mask ‘red’). Images were subsequently analysed, using the Harmony
software (PerkinElmer). Images were first flatfield-corrected and nuclei
were segmented using the ‘Find Nuclei’ analysis module (Harmony).
The thresholds forimage segmentation were adjusted according to the
signal-to-background ratio. Splitting coefficient was set to avoid split-
ting of overlapping nuclei (fused cells). The cytoplasmarea, stained by
the HCS Cell Mask Red, was defined using the ‘Find Cytoplasm’ analysis
module (Harmony) and the intensity of the green fluorescence was cal-
culated using the ‘Calculate Intensity Properties’module (Harmony). All
the cellsthat had anuclear areagreater thanfive times the average area
ofasingle nucleus and were simultaneously positive for greensignalin
the cytoplasm area were considered as fused. Data were expressed as
apercentage of fused cells by calculating the average number of fused
cells normalized on the total number of cells per well.

Immunofluorescence

After fixation in 4% PFA for 10 min at room temperature, cells were
washed two times in 50 pl per well (384 well-plate) or 100 pl per well
(96-well plate) of PBS and then permeabilized in same volumes of 0.1%
Triton X-100 (Sigma-Aldrich1086431000) for 10 min at room tempera-
ture. Cellswere then washed twicein PBS and blocked in1% BSA for1h
at room temperature. After blocking, the supernatant was removed,
and cells were stained according to type of staining, as follows.

For V5 epitope staining, after blocking the supernatant was removed
and 20 pl per well (384 well-plate) or 40 pl per well (96-well plate) of
diluted (1:1,000in1% BSA) V5 Tag Alexa Fluor 488 Monoclonal Antibody
(Thermo Fisher Scientific 37-7500-A488) was added to each well and
incubated at room temperature for 2 h. Cells were then washed twice
in PBS. Nuclear staining was performed by Hoechst 33342 according
to the manufacturer’s instruction.

For the staining of SARS-CoV-2 spike and nucleocapsid, and of
cellular TMEM16F, after blocking the supernatant was removed and
40 pl per well (96-well plate) diluted primary antibody (1:500 in 1% BSA
SARS-CoV-2 spike antibody [1A9], GeneTex GTX632604; TMEM16F
antibody, Sigma-Aldrich HPA038958,1:3,000 in BSA; and SARS-CoV-2
nucleocapsid antibody, Sino Biological 40143-R001) was added to each
well and incubated overnight at 4 °C. Cells were then washed twice in
PBS, the supernatant was removed and same volumes of diluted (1:500
in1%BSA) secondary antibody were added to each well and incubated
2 h. Cells were then washed twice in PBS. Nuclear staining was per-
formed by Hoechst 33342 according to the manufacturer’sinstructions.

Cytoplasmic staining was performed by HCS Cell Mask Deep Red
Staining (Invitrogen H32721) or HCS Cell Mask Blue Staining (H32720)
according to the manufacturer’s instructions.

Histology and immunohistochemistry

Samples from COVID-19 autopsies were fixed in10% formalin for at least
50 h and then embedded in paraffin. Four-micrometre sections were
deparaffinized inxylene, rehydrated and processed for haematoxylin—-
eosin orimmunohistochemical stainings. Antigen retrieval was per-
formedin boiling sodium citrate solution (0.01M, pH 6.0) for 20 min.
Sections were allowed to cool down and permeabilized for 10 minin
1% Triton X-100 in PBS, followed by blocking in 2% BSA (Roche) and

overnightstainingat4 °C with the primary antibodies diluted in block-
ing solution. After endogenous peroxidase inhibition with 3% H,0,,
sections were incubated with appropriate biotin-conjugate secondary
antibody for 1 h at room temperature. Following signal amplification
with avidin-biotin-complex-HRP (Vectastain), DAB solution (Vector)
was applied for 2-3 min. Haematoxylin (Bioptica) was further used to
stainnuclei and Bluing reagent was used on Ventana automated stain-
ings. Images were acquired using a LeicaICC50W light microscope.

Insitu hybridization

In situ hybridization was performed using locked nucleic acid (LNA)
probes for U6 snRNA* and SARS-CoV-2 RNA, designed to target
the sense strand of ORFlab and spike regions of the viral genome.
Scrambled sequences were used as control. Experiments were per-
formed using a dedicated in situ hybridization kit for formalin-fixed
paraffin-embedded (FFPE) tissues (Qiagen) according to the manu-
facturer’s protocol. In brief, FFPE tissue slides were deparaffinized
in xylene, treated with proteinase K (15 pg m1™) for 5 min at 37 °C and
incubated with either SARS-CoV-2 (40 nM) or U6 probes (2nM) for1h
at54 °Cinahybridizer. After washing with SSC buffer, the presence of
SARS-CoV-2RNA was detected using an anti-DIG alkaline phosphatase
(AP) antibody (1:500) (Roche Diagnostics) supplemented with sheep
serum (Jackson Immunoresearch) and bovine serum albumin (BSA).
Hybridization was detected by adding NBT-BCIP substrate (Roche
Diagnostics). Nuclei were counterstained with nuclear fast red.

Plasmids

Theexpression plasmid pEC117-Spike-V5 was generated as follows: the
SARS-CoV-2 wild-type protein (NCBI accession number NC_045512.2,
position 21563-25384) was codon-optimized and synthesized in two
fragments of approximately 2 kb each as gBlock DNA fragments (IDT
Integrated DNA Technologies) with the in-frame addition of the V5 tag
at the C terminus, and then cloned into the pZac 2.1 backbone under
the control of the cytomegalovirus (CMV) IE promoter. The construct
DNA sequences were verified by Sanger sequencing. The following
expression vectors were used: \TMEM16A (GenScript OHu26085D),
hTMEMI6F (GenScript OHu26351D), hACE2 (Addgene 1786), pGCaMPé6s
(Addgene 40753), pMERS-CoV-S and pSARS-CoV-1-S (W. Barclay labo-
ratory), pCMV-eGFP and pmCherry-NLS (the last two were obtained
from L. Zentilin).

siRNA transfection

The siRNAs (Dharmacon siGENOME SMARTpools, four siRNAs per gene
target) targeting ACE2 (M-005755-00-0005), TMEM16A (also known as
ANOI) (M-027200-00-0005), TMEM16B (ANO2) (M-016745-01-0005),
TMEMI6E (ANOS) (M-026787-00-0005), TMEM16F (ANO6) (M-003867-
01-0005) and XKR8 (M-015745-01-0005) were dispensed onto the bot-
tom of 96-well microplates (CellCarrierUltra 96, PerkinElmer); siRNA
buffer and a non-targeting siRNA were used as controls. In brief, the
transfection reagent (Lipofectamine RNAIMAX, Life Technologies) was
diluted in Opti-MEM (Life Technologies) and added to each siRNA in
the microplate array. Thirty minutes later, 6.5 x10* Vero cells or 8 x10?
HEK293T cells were seeded in each well. All siRNAs were tested at dif-
ferent concentrations ranging from 6 nMto 50 nM. Twenty-four hours
after siRNA transfection, 100 ng of either pEC117-Spike-V5 or pCMV-eGFP
expression plasmid was transfected using astandard forward transfec-
tion protocol. In brief, pDNA was diluted in Opti-MEM (Life Technolo-
gies), mixed with the transfection reagent (FUGENE HD, Promega) using
the followingratios: 1 ug pDNA:3pl FugeneHD. The mix was incubated for
20 minatroomtemperature and added to the siRNA-transfected plates.
After 24 h, cells were fixed in 4% paraformaldehyde and processed for
immunofluorescence. For gene silencing experiments, the indicated
siRNAswere transfected into Vero or HEK cells using astandard reverse
transfection protocol, at a final concentration of 25 nM. In brief, the
transfection reagent (Lipofectamine RNAiMAX, Life Technologies)
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was diluted in Opti-MEM (Life Technologies) and added to the siRNAs
arrayedin12-well plates; 30 min later, approximately 1x10°-2 x10° cells
were seeded per well. After 48-72h, cells lysates were analysed by gPCR
and/or western blotting, as detailed later.

Phosphatidylserine externalization assay

Vero cells were transfected with either pEC117-Spike-V5 and
pmCherry-NLS or an empty pZac 2.1 vector, or reverse transfected
withindicated siRNAs as described above. On the day of test, cells were
seeded in 96-well microplates with a flat and clear bottom (CellCar-
rierUltra 96, Perkin Elmer) at a density of 6,500 cells per well for 2 h.
Cellswerethentreated with different drug concentrations for 1 h. After
one wash with medium without FBS at room temperature, cells were
incubated with 100 pl1:100 annexin XII (pSIVA Abcam ab129817), with or
without5-10 pMionomycin. Cells were thenimmediately imaged by flu-
orescence microscopy using an Operetta CLS microscope mounting a
20xNAl.1lens. Nineimages per well were automatically acquired at dif-
ferent wavelengths: (1) excitation 460-490 nm, emission 500-550nm
(annexin XII ‘green’); (2) excitation 530-560, emission 570-650 nm
(mCherry-NLS ‘red’); (3) brightfield; (4) digital phase contrast.

Calciumimaging

Cells were seeded in 10-cm Petri dishes (1.2 million cells per dish) to
reach 70-80% confluency on the subsequent day and reverse trans-
fected with indicate siRNAs. Co-transfection was performed using
5pgpGCaMPé6s and 5pgeitherindicated CoV-S plasmids or anempty
pZac2.1vector using 30 pl FUGENE HD Transfection Reagent (Promega
E2311) in 500 pl of Opti-MEM medium (Life Technologies). Sixteen hours
after transfection, cells were detached, washed in PBS and diluted to the
final concentration of 6 x 10* cells per mlin DMEM with1g 1™ glucose
(Life Technologies) supplemented with10% heat-inactivated FBS (Life
Technologies). A total of 6,000 cells per well (100 pl) were seeded in
96-well microplates with a flat and clear bottom (CellCarrierUItra 96,
Perkin Elmer). For drug treatment experiments, cells were treated
three hours after seeding with 1uM niclosamide (EPN0O560000), 5 pM
clofazimine (EP YO000313), 5 uM salinomycin (Sigma S4526-5) or 1%
DMSO. For calcium-depletion assays, cells were kept in calcium-free
medium or treated with either 10 uM cyclopiazonic acid (Tocris 1235),
500 nM thapsigargin (Tocris 1138) or 0.1% DMSO.

Image acquisition was performed using the Operetta CLS high con-
tent screening microscope (Perkin EImer) with a Zeiss 20x (NA 0.80)
objective at 37 °C and 5% CO,. A total of three fields per well were
imaged every 2 min at excitation 460-490 nm, emission 500-550 nm
(GCaMPé6s sensor ‘Green’). Images were subsequently analysed with
the ImageJ software. For each frame, fluorescence intensity (F) was
subtracted fromthe same frame inthe preceding acquisition toremove
the background signal and to calculate AF/F,index, in which F, is the
median baseline fluorescence and AF = F - F,,. For intensity analysis,
more than 12 180-pm? regions of interest (ROIs) per condition were
considered, compiling a total of at least 50 GCaMPé6s-positive cells
per condition. For each ROI, positive AF values (that is, increase) were
takenintoaccount withthe BAR script ‘Find peaks’. Amongthese, values
outside 1.5 times theinterquartile range above the upper quartile were
considered as ‘spikes’. Single-cell spike frequency was then counted for
the whole observation period.

RNA extraction and qPCR

Total mMRNA was isolated from HEK293T or Vero cells 48-72 h after
siRNA transfection using a standard Trizol RNA extraction protocol.
The RNA obtained (0.5-1 pg) was reverse-transcribed using MLV-RT
(Invitrogen) with random hexameric primers (10 pM) ina 20-pl reaction
following the manufacturer’s instructions. Quantification of the gene
expression of TMEM16A (Hs00216121_m1), TMEM16B (Hs00220570_m1),
TMEM16E (Hs01381106_m1) and TMEM16F (Hs03805835_m1) was per-
formed by quantitative PCR (qQPCR) using Tagman probes and primers

for SYBR Green analysis. Expression of the housekeeping gene GAPDH
(Hs02786624 _gl) was used for normalization.

Amplifications were performed using a QuantStudio3 machine using
TagMan Gene Expression Master Mix (Applied Biosystems 4369016).
The qPCR profile was programmed with astandard protocol, according
tothe manufacturer’sinstructions. See Supplementary Table 3 for the
primer sequences used in the qPCR assays.

Western blotting

After siRNA transfections for 48-72 h, HEK293 cells were collected and
homogenizedin RIPA lysis buffer (20 mM Tris-HCI, pH7.4,1mMEDTA,
150 mMNacl, 0.5% Nonidet P-40,0.1% SDS, 0.5% sodium deoxycholate
supplemented with protease inhibitors (Roche)) for 10 minat4 °C and
sonicated by using Bioruptor (Diagenode) for 30 min. Equal amounts
of total cellular proteins (15-20 pg), as measured with the Bradford
reagent (Biorad), were resolved by electrophoresis in 4-20% gradi-
ent polyacrylamide gels (Mini-PROTEAN, Biorad) and transferred to
nitrocellulose/PVDF membranes (GE Healthcare). Membranes were
blocked at room temperature for 60 min with PBST (PBS + 0.1% Tween-
20) with 5% skim milk powder (Cell Signaling, 9999). Blots were then
incubated (4 °C, overnight) with primary antibodies against ACE2
(diluted 1:1,000), TMEMI6F (1:1,000), B-actin (diluted 1:5,000), V5
(diluted 1:5,000) or TMEM16F (diluted 1:500), TMEM16A (diluted 1:500)
and TMEM16B (diluted 1:1,000). Blots were washed three times (5min
each) with PBST. For standard western blotting detection, blots were
incubated with either anti-rabbit HRP-conjugated antibody (1:5,000)
or anti-mouse HRP-conjugated antibody (1:10,000) for 1 h at room
temperature. After washing three times at room temperature with PBST
(10 min each), blots were developed with ECL (Amersham).

Electrophysiology

Whole-cell patch clamp recordings were carried out on HEK293 cells
grownonglass cover slips coated with poly-L-lysine. After plating, cells
were transfected the following day with either eGFP or acombination
of eGFP, spike protein and ACE2. Recordings were typically carried out
12-36 h after transfection. TMEM16F knockdown experiments were
carried out as above by transfecting HEK293 cells with either a control
siRNA (NT1) or ansiRNA targeting TMEM16F. Delivery of siRNA was done
by plating 500 x 10* HEK293 cells together with 12.5 nM siRNA per well
of a12-well plate. Twenty-four hours after siRNA transfections, cells
were transfected with a pCMV-eGFP expression plasmid as described.
Six hours after transfection, cells were plated onto 18 mm diameter
glass cover slips coated with poly-L-lysine seeded at 10 x 10° cells per
well, and recorded 12 to 36 h after plating.

Whole-cell recordings were performed in an HBS extracellular solu-
tion (pH 7.3, 315 mOsm) that contained (in mM): 139 NaCl, 2.5KCl,
10 HEPES, 10 glucose, 1.3 MgCl, and 2 CaCl,. Patching electrodes were
made from thick-walled borosilicate glass (outer diameter: 1.5 mm,
inner diameter 0.86 um, Sutter Instruments) obtaining a resistance
between 3 and 4 MQ and filled with an intracellular solution containing
(inmM):130 CsCl, 10 HEPES, 10 EGTA, 1 MgATP, 1MgCl, and free calcium
adjusted to 28 uM using CaCl, according to calculations using MAXche-
lator Ca-Mg-ATP-EGTA Calculator v.1.0 software. Solution was adjusted
to a pH of 7.4 using CsOH and osmolarity to 290 mOsm. Recordings
were obtained with aMulticlamp 700B amplifier (Molecular Devices)
and digitized with the Digidata 1440A digitizer (Molecular Devices).
Data were acquired with the software Clampex v.10.3.1.5 (Molecular
Devices) and Axon Multiclamp 700B Commander Software (Molecular
Devices). Signals were sampled at 5 kHz and filtered at 2.5kHz. Pipette
offsets were nulled before seal formation and pipette capacitance was
compensated in the cell-attached configuration once a giga-seal was
obtained. We used responses to hyperpolarizing and depolarizing steps
to estimate the series resistance (R,) of the recording, the membrane
resistance (R,,; from the steady holding current at the new voltage)
and membrane capacitance (C,,; fromthe areaunder the exponentially



decaying current from peak to holding). Recordings were excluded if
access resistance exceeded 15 MQ and if input resistance was lower
than 150 MQ. All recordings were carried out at room temperature.

Our strategy was to target cells that were mononuclear (cells that
had not yet fused), as we found that we were unable to obtain stable
recordings fromlarge syncytia. Althoughitis possible that some of the
recordings of the spike-expressing cells include early stage syncytia,
they are unlikely to containmore than 2 nuclei. In fact, the mean mem-
brane capacitance, anindirect measure of cell size, was not significantly
differentbetween the different experimental groups. Nevertheless, to
avoid any issues with cell size, all currents were expressed as current
density. Cells were held at 0 mV and ramps consisted of either a short
20 msstep to-80 mV followed by 500 ms ramp from -80 to +80 mV or
alonger 300 msstep to -80 mV followed by 500 ms ramp from-80 to
+80mV.Datawere pooled from both as there was no significant differ-
enceinthe current responses. Toremove theleak current from the ramp
protocols, aline was fit to the current measured from -80 to —20 mV
and subtracted from the entire curve. The resulting ramps showed
clearlyidentifiable outwardly rectifying currents that reversed at O mV.
Analysis was carried out using custom written routines in Matlab v.
R2019a and on Prism v.9.0.1 (GraphPad).

SARS-CoV-2infection
SARS-CoV-2/England/IC19/2020 (IC19), isolated on Caco2 cells froma
clinical sample collected from a patient admitted to St Mary’s Hospital
inLondon (UK) was used for the cell protection assays. Cell survival after
viral infection was measured by fixing the cells in 4% PFA, followed by
quantification, using high-content microscopy, of the total cell area
per well using DPC (Digital Phase Contrast) imaging.
SARS-CoV-2strain England 02/2020/407073 used to study drug antivi-
ral effect was provided by Public Health England (courtesy of M. Zambon
andH.McGregor*®*). For the druginhibition assays, drugs were diluted
in DMSO and added to 96-well plates of Vero E6 cells for 2 h. Virus was
added atanMOI0.05for1h, the cells washed with PBS and then cultured
infresh drug-containing medium for afurther 48 h. Virus productionin
the culture supernatants was quantified by plaque assay using Vero E6
cells. TheIC,, value was defined as the drug concentration at which there
wasa50%decreaseinthetitre of supernatant virus. Datawere analysed
using Prism 8.0 (GraphPad), and IC,, values were calculated by nonlinear
regression analysis using the dose-response (variable slope) equation.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

There are no restrictions on data availability. CAS numbers for the
investigated drugs are reported in the Article. All data arereportedin
the Article or the Supplementary Information.
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Extended DataFig.1|Syncytiainduced by coronavirus spike proteins. protein. Vero cells were transfected with a spike-expressing plasmid and

a, Syncytial pneumocytesin the lungs of COVID-19 patients. cultured for 12 h; spike protein was then visualized by immunofluorescence
Immunohistochemistry using the indicated antibodies. Original and cell body was stained using HCS CellMask DeepRed. Spike-positive cells
maghnification, x40. Further information on the patient cohort has show marked morphological alterations, including presence of numerous
previously been described®. b, Insitu hybridization using two LNA-modified filopodia (insetin the left panel) and membrane protrusions contacting the
RNA probes for the SARS-CoV-2 genome (top four panels) and plasmamembrane of neighbouring cells. Scale bar, 50 pm. d, e, Syncytia
immunohistochemistry with an anti-spike antibody. Lung samples from induced by other coronavirus spike proteins. Vero cells were transfected to
individualswho died in2018 for other causes served as negative controls for express the spike protein of MERS-CoV, SARS-CoV or SARS-CoV-2. After 24 h,
this analysis, and a positive control was hybridization with a probe for the cellswereimmunostained for nuclei (white). Representativeimagesareind,
ubiquitous U6RNA, as previously described*, which showed nuclear and quantificationisine.Dataare meants.e.m.; n=4.**P<0.01, one-way
localizationinall cells. Scale bar, 50 um. The in situ hybridization technique ANOVA with Bonferroni correction.

was previously described®. ¢, Cytological alterations induced by the spike
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Extended DataFig. 2| Cell fusioninhibition assay. a, Scheme of cell fusion
inhibition assay. The assay is based on the co-culture, for12 h, of Vero cells with
U20S cells transiently transfected to express spike protein. To permit
quantitative assessment of cell fusion by high-content microscopy, the spike
‘donor’ U20S cells are loaded with quantum dots (Q-dots) emitting at 525 nm
(green) whereas the ‘acceptor’ Vero cells with Q-dots emitting at 800 nm (red).
Screenings were performed in 384-well plates by co-plating Q-dot loaded
‘donor’and ‘acceptor’ cells, followed by drug treatment at 10 uM standard
concentration. After 24 h, cellswere fixed and processed by high-content
microscopy. Multiple control wells with 1% DMSO and no drugs were included
ineach plate.b, Fluorescentimages of co-cultured U20S (green Q-dots) and
Vero (red Q-dots) cells. Cells are stained with HCS CellMask Blue; fused cells
(heterokaryons) areidentified as cells having more than two nuclei and
containing both green and red Q-dotsin their cytoplasm. Thus, the CFIA assay
scores for the effect of drugs on the fusion of heterologous cells and detects
inhibitors thatblock fusion of as few as two cells. The assay has amore than
fivefold dynamicrange. Scale bar,100 um ¢, CFIAimage high content analysis
pipeline.Images were analysed using the Harmony software (PerkinElmer). The
cytoplasmicarea, stained by the HCS Cell Mask Blue, was defined using the
‘Find Cytoplasm’analysis module (Harmony) and the number of either green or
red spots was counted using the ‘Find Spots’ analysis module (Harmony). All
thecellsthatscored anuclearareagreater than five times the average areaofa
single nucleus and were simultaneously positive for atleast two red and two
green dots were considered as fused (highlighted in green). Data were

expressed as a percentage of fused cells.d, Cumulative results of CFIA
screening of FDA/EMA-approved druglibraries. We screened two FDA/EMA-
approved druglibraries, The Spectrum Collection, MS Discovery System, and
the Prestwick Chemical Library, Prestwick Chemical; 2,545and 1,280 individual
small molecules, respectively. The graph shows the cumulative results of the
two screenings. The percentage of syncytianormalized on total cellsis plotted
asazscore.Compoundswithaz-score<-2.58 (red dotted line, 0.005% tail of
thedistribution) are showninred, those between <-1.96 (0.025% tail, blue
dottedline) and -2.58 arein blue. Inthe Prestwick collection, 34 drugs
inhibited S-mediated fusionwithazscore <-1.96, of which8 withazscore of
<-2.58.Inthe MS Discovery Spectrum collection, 54 drugs performedataz
score <-1.96 of which 14 with a zscore of <-2.58. All untreated controls for both
librarieshadazscoreinthe +0.40 range. e. Analytic evaluation of CFIA results.
Acorrelation chartbetween the percentage of syncytia per well and the total
number of cells per wellis shown for the two screened druglibraries. Drugs
showing atotal number of cellsat>2s.d. lower than the average of all drugs (red
dottedline) considered toxicand notincludedin the subsequent analysis.
Distribution of control wells (1% DMSO) is shown by agreen box. f, Distribution
frequency of the percentage of syncytia plotted as the number of drugs versus
thezscore of the percentage of syncytia per well; toxic cells were excluded asin
e.Bluedottedlinesareatzscores+1.96 and red dotted linesatzscores +2.56.
The numbers of drugs are shown. g, Correlation chart for the commondrugs
betweenthetwolibraries. Dataare plotted as the zscore of the percentage of
syncytiaperwell. Blueandred lines areas above.
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Extended DataFig. 3 | Results of SIA screening. a, Analysis of CFIA results.
Correlation chartbetween the percentage of syncytia per well and the total
number of cells per well. Data are presented asin Extended Data Fig. 2e.

b, Distribution frequency of the screening results. Dataare shownasin
Extended DataFig. 2f. ¢, Correlation chart for the common drugs between the
twolibraries. Dataareshownasin Extended DataFig.2g.d, Representative
immunofluorescence images for spike protein (green), cellbody (red, using
HCS CellMask DeepRed) and nuclei (blue, Hoechst) of cells treated with the
indicated drugs increasing syncytia formation compared to control, DMSO-
treated cells. The number of syncytiais shown at the bottom of eachimage pair

aspercentages of total nuclei. Scale bar, 500 pm. Representative images in one
of sixwells. e, Dose-response effect on syncytia formation of niclosamide,
clofazimine and salinomycin. The graphs show the effect of different doses of
thethree drugs onsyncytiaformed by Vero and HEK/ACE2 cellsin response to
spike expression. Cells were transfected with pEC117-Spike-V5 and, 12 h later,
treated with theindicated drug concentrations for additional 24 h. Syncytia
were quantified by high-content microscopy and are expressed as percentage
of cellnuclei (n=6 wells per dose; dataare mean +s.d.). Cell viability was
assessed by high-content counts of the number of nucleiin each well.
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Extended DataFig. 4| Analysis of screeningresults. a, Effect of individual
drugsintheSIAscreening grouped accordingto therapeutic classes. Dataare
z-scores fromthe screening of both libraries (drugs presentinbothlibraries are
duplicated). The dotted lines are at z-scores +2.58 (red) and £1.96 (blue).
Antipsychotics, antidepressants and H, histamine receptor antagonists
exerted negative effects onsyncytia formation. Another inhibitory drug class
included cardiac glycosides, as digitoxin, ouabain, lanatoside Cand
digitoxigenin were all in the 0.025% tail of the distribution when used at 10 pM.

Zuclopenthixol § 7-desacetoxy-6,7-dehydrogedunin
Onthecontrary, antifungal drugs of theimidazole class had atrend toincrease
thefrequency of syncytia. b, Venn diagram showing the drugs with z-scores
<-2.58fromtheresults of the CFIA and SIA screenings using the two drug
libraries, asindicated. Drugsinbold are those further tested on SARS-CoV-2
infection. CFIA and SIA are intrinsically different, as the former tests for plasma
membrane fusion events betweenssingle, heterologous cells while the latter
scores for the formation of larger syncytia.
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Extended DataFig. 5| Cell protective ability of drugs against SARS-CoV-2.
a, Listof drugs (CAS number and chemical name) shortlisted from the syncytia
assaysand tested withinfectious SARS-CoV-2. b, Effect of drugs oncell
viability. Vero E6 cells were preincubated with aselection of drugs at 10 pM for 2
hbefore100 TCID;, of IC19 was added. After Sdays, cells were fixed in 4% PFA.
Cells survival was quantified by densitometry as the total cell area per well
(average of tworeplicates). Drugs labelled with “Tox’ showed a cytotoxic effect
attheused concentrationindependent of viralinfection. Drugs in green were
further tested for dose-dependent response. ¢, Dose-dependent cell
protection of selected drugs against SARS-CoV-2 infection. Cells were
preincubated with drugs or anegative DMSO control at different
concentrations for 2hbefore100 TCID;, of IC19 was added. After 3 days, cells
were fixed in4% PFA and cell survival was quantified by high-content
microscopy as the total cell area per well using digital phase contrast (DPC)
imaging (n=3). Theimage shows one of the replicates. Niclosamide and
salinomycin protected against virus-induced cell lysis across awide range of
concentrations from 5 pM down to 39 nM for niclosamide and salinomycin,
whereas clofazimine showed a dose dependent cytoprotective effect above
1uM. Forsertraline and deptropine, the cytoprotective effect was only above

2.5puMand close to the drug-alone cytotoxic effects (whichwere assessed
separately; not shown).d, Inhibition of SARS-CoV-2 viral replication by selected
drugsin Calu-3respiratory cells. Cells were preincubated with drugs
(niclosamide 2.5 uM, clofazimine 5 M and salinomycin 2.5uM) for 2h and then
infected with SARS-CoV-2. After 1h, cells were washed with PBS and then
culturedin fresh drug-containing medium for a further 48 h. Virus production
inthe culture supernatants was quantified by plaque assay using Vero E6 cells.
The graphs show virus productionin the culture supernatants quantified by
plaque assay using VeroE6 cells (meants.e.m.;n=7).**P<0.01, one-way
ANOVA with Bonferroni post hoc correction. e, Representative images of
syncytial Calu-3 cells positive for SARS-CoV-2 infection. Cells were
immunostained for spike protein (green), and nuclei (blue). f, Inhibition of
syncytiaby niclosamide after SARS-CoV-2infection. Calu-3 cells were
preincubated with niclosamide 2.5 uM and then infected with SARS-CoV-2in
the presence of the drug. After 1h, cells were washed with PBS and then
culturedin fresh drug-containing medium. After 48 h, cells were
immunostained for spike (green), nucleocapsid (red) and nuclei (blue).
Scalebar,200 um.
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Extended DataFig. 6 | Effect of drugs on Ca* oscillations. a, Amplitude of
calciumtransient peaks per group of 4 GCaMP" cellsin averagein atleast twelve
180 pm?ROI per condition. Vero cells co-transfected with GCaMPé6s and either
anempty vector (grey bars) or with spike protein (greenbars) and treated with
thespecified drugs. Dataare expressed as AF/F; boxes denote the 25th-75th
percentilesand median, whiskers denote the minimum-maximum values;
**P<0.01, Kruskal-Wallis, two-sided, with Dunn’s correction for multiple
comparisons. b, Distribution of transient frequencies of single cellsin400 min
analysis. Data are expressed as percentage of cells. Results from atleast 50 cells
per condition are shown.*P<0.05,**P<0.01, Kruskal-Wallis, two-sided, with

Dunn’s correction for multiple comparisons. ¢, Calcium transients over timein
Vero cells co-transfected with GCaMPé6s and either an empty vector (left) or
with spike (right) and the indicated treatment. Data are expressed as AF/F over
time (min); every line is one of at least twelve 180 um?ROI per condition,
representingagroup of 4 GCaMP* cellsonaverage.d, Amplitude of calcium
transient peaks per group of 4 GCaMP* cells on average inat least 12180 pm?
ROl per condition. Vero cells co-transfected with GCaMPé6s and either an empty
vector (grey bars) or with spike (greenbars) and treated asindicated. Dataare
expressed as AF/F; boxesasina.**P<0.01, Kruskal-Wallis, two-sided, with
Dunn’s correction for multiple comparisons.
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Extended DataFig.9|Expression of TMEM16A, TMEM16F and ACE2in
different experimental conditions. a, Levels of expression of the genes
investigated in this study upon theirindividual knockdownin Vero, HEK293/
ACE2and Calu-3 cells. RNA was prepared from the different cell lines after
transfection withtheindicated siRNAs (siNT1-control non-targeting siRNAI)
and mRNA levels were quantified by qPCR. Data are expressed as fold change
compared with mock-treated cells after normalized over the GAPDH
housekeeping mRNA. Dataare mean +s.e.m.of threeindependent
experiments. b, Western blotting analysis showing the levels of ACE2 and

TMEMI16F in the presence of spike protein after silencing selected genes (ACE2,
TMPRSS2, TMEM16A, TMEM16B, TMEM16E, TMEMI6F and XKRS8). The amount of
spike, ACE2 and TMEM16F measured by immunoblottingis shown after cell
treatment with the respective siRNAs. The levels of spike, ACE2 and TMEM16F
proteins were assessed by immunoblotting with anti-V5, anti-ACE2 and anti-
TMEMI16F antibodies respectively. B-actin was used as aloading control.
Representative blot of three independent repetitions.c, Asinbin HEK293/
ACE2 cells. The blot with the anti-TMEM16A antibody did not detect any band of
theexpected mass (Extended DataFig. 7b).
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Extended DataFig.10 | Current density and phosphatidylserine
externalization. a, Results of whole-cell voltage-clamp recordings of HEK293
cellsmeasuring current density inresponse to a voltage ramp. Currents were
measured usinga500-ms voltage ramp from -80 to +80 mV in control cells
(Cont;blacktrace, n=34;controls asinFig.3c-e;recorded with28 mM
intracellular calcium), in cells treated with the benchmark TMEM16 channel
antagonist benzbromarone (Bbz, 10 mM; brown trace, n=3) or recorded with a
lowintracellular calcium concentration (low [Ca], 0.5 mM; blue trace, n=21)
(n=4).Theinset shows the current density measured at +75mV.**P<0.01,
Kruskal-Wallis, two-sided, with Dunn’s post hoc multiple comparisons. All
values are displayed as mean +s.e.m.b, ¢, Inhibition of phosphatidylserine
exposure after treatment with TMEM16F siRNA and indicated drugs.
Representativeimage of Vero cells reverse-transfected with theindicated

siRNAs and stained for annexin X1l without (top) or with (bottom) ionomycin
induction (10 pM). Annexinin green, phase-contrastingrey. Scale bar, 500 pm.
Enlargementin c.Selected images and quantificationare in Fig. 3f, g.

d, Representative image of Vero cells treated with 100 nM niclosamide, 500 nM
clofazimine or 500 nM salinomycin and stained for annexin XIl without (top) or
with (bottom) ionomycininduction (5 tM). Annexinin green, phase-contrastin
grey.Scalebar, 500 pm. Enlargementinb. Selected images and quantification
inFig.3h,i.e, Annexin Xllreactivity (phosphatidylserine externalization) of
syncytiaexpressing the spike protein. Cells were transfected with the spike-
expressing plasmid and a plasmid expressing mCherry carrying anuclear
localization signal (orange nuclei). Scale bar, 500 pm. Representative image of
overlOsyncytiainatleast3independent experiments.
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Extended DataFig.11| TMEMI16F isinvolved in SARS-CoV-2 spike-induced
syncytiaformation. a, b, Inhibition of syncytia formationin Calu-3 cells by the
downregulation of TMEMI16F. Calu-3 cells were first silenced for each of the
indicated genes or treated with siNT1(non-targeting siRNAlas negative
control) and then, after 24 h, transfected to express the spike protein. After an
additional 24 h, cellswereimmunostained for spike (green) and nuclei (blue).
Representativeimagesareina, quantificationinb. Data(meants.d.;n=3) are
plotted as percentage of syncytia (cell area > 20,000 um?) normalized to the
total number of cells and expressed as fold change compared to mock (lipid-
only)-treated cells. Scale bar, 500 um. *P<0.05, **P< 0.01, one-way ANOVA with
Dunnett post hoc correction. c,d, Effect ofindividual siRNAs forming the
Dharmacon siRNA Pool against TMEM16F. The picture shows the efficiency of
syncytiaformation after transfection of spike cDNA in Vero cells inwhich
TMEM16F was downregulated using the 4-siRNA pool (whichwas usedinall the
other experimentsin this Article) or the individual siRNAs forming this pool
(siDH_1-4). We found that the commercial siDH_2 siRNA does not match the
TMEMI16F sequence. Dataind are mean +s.d., plotted as percentage of syncytia

(cellarea=20,000 pm?) normalized on the total number of cellsand expressed
as fold compared to mock (lipid-only)-treated cells. **P< 0.01, one-way ANOVA
with Dunnett posthoccorrection. e, f, Effect of selected siRNAs on MERS-CoV-
and SARS-CoV-2-induced syncytia formation. Vero cells were first silenced for
eachoftheindicated genes (ACE2and TMEMIG6F) or treated with siNT1 (non-
targeting siRNAlas negative control) and then, after 24 h, transfected to
express the either MERS or SARS-CoV spike protein. After an additional 24 h,
cellswereimmunostained for nuclei (white). Representativeimages areinin
the panels ontheleft, quantificationin the bar chartontheright. Data
(meants.e.m.;n=3)are plotted as percentage of syncytianormalized onthe
total number of cells and expressed as fold change compared with mock (lipid-
only)-treated cells. *P<0.05, **P< 0.01, one-way ANOVA with Bonferroni post
hoccorrection.g, TMEMI16F overexpressioninduces spike-mediated syncytia
formation. HEK293 or ACE2 cells were co-transfected with human TMEM16A or
TMEMI16F together with a spike-expressing plasmid. After anadditional 24 h,
cellswereimmunostained for spike protein (green), TMEM16F (red) and nuclei
(blue).Selected images and quantificationin Fig. 3, m. Scale bar,200 pm.
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
2N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested
|X| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

5 A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
2~ AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.
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For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

X X X

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Image analysis for high content microscopy analysis was performed using the Harmony v 4.9 software package (PerkinElmer)

Data analysis Statistical analysis was performed using GraphPad Prism 8.0 or 9.0. Analysis of electrophysiology results carried out using Matlab v. R2019a

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability
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There are no restrictions on data availability. CAS numbers for the investigated drugs are reported in the manuscript. All data are reported in the manuscript main
text or supplementary material
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Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No sample-size pre-determination was performed. The HTS screenings were performed in two biological replicates with 3 wells/drug in 384-
well plates. All the other experiments involving the use of drugs, siRNAs or expression plasmids were performed in 96-well plates in which
each condition was tested in 3-8 independent wells. These sample sizes are in agreement with published reports on the effects of the
individual treatments on the respective targets (cf. specific citations in the manuscript).
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Data exclusions  Drugs showing toxicity on cell viability in the two HTS screenings were excluded from further analysis. Toxicity was defined as a reduction in
the number of nuclei 22 standard deviations less than the average of all drugs.

Replication All attempts at replication were successful by our best efforts. All experiments were performed at least in triplicate (and often more times)
independently with reproducible results

Randomization  Experiments were performed on cultured cells uniformly plated in 96-well plates or glass slides (for electrophysiology), with random allocation
of treatment (virus, chemicals, siRNAs and plasmids).

Blinding Blinding was not applicable to our investigation, given the nature of the reagents used (chemicals, siRNAs and plasmids). All the critical
experiments were repeated independently by at least two of the investigators.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
n/a | Involved in the study n/a | Involved in the study

|:| Antibodies |Z |:| ChlIP-seq

|:| Eukaryotic cell lines |Z |:| Flow cytometry

X Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data

XX
OXNXOOXKX

Dual use research of concern

Antibodies
Antibodies used Antibodies against the following proteins were used: TMEM16A (Abcam, ab64085), TMEM16F (Abcam ab234422 and Sigma-Aldrich
HPA038958-100UL), ACE2 (Abcam ab87436 and ab15348), V5 (Thermo Fisher Scientific R96025), V5-488 (Thermo Fisher Scientific
377500A488), mouse-HRP (Abcam ab6789), rabbit-HRP (Abcam ab205718), b-actin-HRP (Sigma-Aldrich A5316), Napsin (Roche
760-4867), Surfactant B (Thermo Fisher Scientific MS-704-P0), mouse-Biotin (Vector Laboratories BA-9200), SARS-CoV-2 Spike
protein (GeneTex GTX632604), SARS-CoV-2 Nucleocapsid antibody (Sino Biological 40143-R001)
Validation Antibodies against TMEM16A (Abcam, ab64085), TMEM16F (Abcam ab234422 and Sigma-Aldrich HPA038958-100UL), ACE2 (Abcam

ab87436 and ab15348), V5 (Thermo Fisher Scientific R96025), V5-488 (Thermo Fisher Scientific 377500A488), b-actin-HRP (Sigma-
Aldrich A5316), Napsin (Roche 760-4867), Surfactant B (Thermo Fisher Scientific MS-704-P0), mouse-Biotin (Vector Laboratories
BA-9200), SARS-CoV-2 Spike protein (GeneTex GTX632604) and SARS-CoV-2 Nucleocapsid antibody (Sino Biological 40143-R001)
were validate were validated according to individual datasheets provided by the manufacturers.
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Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Vero(WHO) Clone 118 cells (ECACC 88020401), Vero E6 (provided by Andrew Davidson and David Matthews, University of




Cell line source(s) Bristol UK), U-2 OS (U20S) cells (ATCC HTB-96), HEK293T cells (ATCC CRL-3216), Calu-3 cells (ATCC HTB-55) and primary
bronchial human airway epithelial cells (purchased from Epithelix).

Authentication No cell line authentication was performed

Mycoplasma contamination Cell lines were negative for mycoplasma contamination

Commonly misidentified lines  None
(See ICLAC register)

Human research participants

Policy information about studies involving human research participants

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, gender, genotypic
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study
design questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  The manuscript reports some data from post-mortem analysis of patients with COVID-19
Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.

Data collection Patients' samples were collected and analysed at the University Hospital of Trieste. Use of these samples for investigation was
approved by the competent Joint Ethical Committee of the Regione Friuli Venezia Giulia, Italy (re. 0019072/P/GEN/ARCS)

Outcomes Observational study
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