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Digoxin is a potent inhibitor of Bunyamwera virus infection in
cell culture

Beatriz Pacheco'?* Alberto Fernandez-Oliva', Moisés Garcia-Serradilla’'t and Cristina Risco'*

Abstract

Drug repurposing is a valuable source of new antivirals because many compounds used to treat a variety of pathologies can
also inhibit viral infections. In this work, we have tested the antiviral capacity of four repurposed drugs to treat Bunyamw-
era virus (BUNV) infection in cell cultures. BUNV is the prototype of the Bunyavirales order, a large group of RNA viruses that
includes important pathogens for humans, animals and plants. Mock- and BUNV-infected Vero and HEK293T cells were treated
with non-toxic concentrations of digoxin, cyclosporin A, sunitinib and chloroquine. The four drugs inhibited BUNV infection with
varying potency in Vero cells, and all except sunitinib also in HEK293T cells, with digoxin rendering the lowest half maximal
inhibitory concentration (IC, ). Since digoxin rendered the best results, we selected this drug for a more detailed study. Digoxin is
an inhibitor of the Na*/K* ATPase, a plasma membrane enzyme responsible for the energy-dependent exchange of cytoplasmic
Na* for extracellular K* in mammalian cells and involved in many signalling pathways. Digoxin was shown to act at an early
time point after viral entry reducing the expression of the viral proteins Gc and N. Effects on the cell cycle caused by BUNV and
digoxin were also analysed. In Vero cells, digoxin favoured the transition from G1 phase of the cell cycle to S phase, an effect
that might contribute to the anti-BUNV effect of digoxin in this cell type. Transmission electron microscopy showed that digoxin
impedes the assembly of the characteristic spherules that harbour the BUNV replication complexes and the morphogenesis
of new viral particles. Both BUNV and digoxin induce similar changes in the morphology of mitochondria that become more
electron-dense and have swollen cristae. The alterations of this essential organelle might be one of the factors responsible for
digoxin-induced inhibition of viral infection. Digoxin did not inhibit BUNV infection in BHK-21 cells that have a digoxin-resistant
Na*/K* ATPase, which suggests that the effects of the blockade of this enzyme is a key factor of the antiviral activity of digoxin
in BUNV-infected Vero cells.

INTRODUCTION

Emerging and reemerging viruses are a major health concern. In recent times, viruses such as Ebola virus (EBOV), influenza A
virus (IAV), Dengue virus (DENV), Zika virus (ZIKV), Rift Valley Fever virus (RVFV), Crimean-Congo Haemorrhagic Fever
virus (CCHFV), Lassa virus (LASV), Dabie bandavirus (DBV, former Severe Fever with Thrombocytopenia Syndrome virus,
SFTSV), and several highly pathogenic coronaviruses (CoVs) are seriously challenging human health [1-8]. The 2019 outbreak
of a novel coronavirus, SARS-CoV-2, originated a major pandemic that caused the death and threatened the life of millions of
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people worldwide. To combat present and future pandemics caused by pathogenic viruses, the validation of broad-spectrum
antivirals that can be quickly applied to the clinic is a priority.

Broad-spectrum antivirals include two main categories: drugs targeting host-cell components essential for virus infection, and
drugs directly targeting viruses [9]. Direct-acting antivirals (DAAs) usually are very potent. However, as they are designed to
target a viral protein, DA As are frequently very specific for the virus for which they were developed [10-13]. New antivirals can
be found among the drugs used in the past to treat other pathologies. Repurposing of already approved drugs that target specific
host factors commonly needed for several viruses can speed the process of developing broad-spectrum antivirals [12, 14-17].

Viruses are obligate intracellular parasites that need to hijack host-cell processes and pathways for their own replication. Interest-
ingly, many viruses exploit common cellular pathways for their replication in the host cell. The identification of these cellular
targets can be achieved by several experimental approaches that complement each other. Some studies apply genetic approaches,
like RNA interference or CRISPR/Cas technologies, to identify cellular factors needed for viral replication [18, 19]. Biochemical
methods have also been successful in identifying cellular proteins that directly interact with viral proteins [20]. Other studies
have used high-throughput screenings (HTSs) to interrogate drug libraries for their ability to block viral infection in cell cultures
[21, 22], and different microscopy techniques have been shown to be powerful tools to study virus—cell interactions and the
mechanism of action of antiviral drugs [23-25].

Some of the most intriguing and important emerging and re-emerging viruses belong to the order Bunyavirales, which includes
more than 500 species of viruses, some of which can cause severe disease in humans. The World Health Organization (WHO) has
included CCHFV, LASV and RVFV, three members of the order Bunyavirales, in the list of prioritized infectious diseases. Other
bunyaviruses, such as La Crosse, Hantaviruses and DBV (SFTSV) are important human pathogens. Although the concern about
their current and future global impact is growing, there are no approved vaccines or therapies to combat bunyaviral infections
[26], except for a hantavirus vaccine (Hantavax) approved in China and South Korea that has shown low efficacy.

In this study, we have used Bunyamwera virus (BUNV), the prototype virus of the Bunyavirales order, to analyse the antiviral
potential of digoxin, sunitinib, chloroquine (CQ) and cyclosporin A (CsA), four drugs approved to treat heart conditions, cancer,
malaria and for immune suppressive therapies, respectively. These drugs have shown potential for repurposing as broad-spectrum
antivirals [12, 15, 16, 27], and have been tested against several viruses but not yet with bunyaviruses. We have found that these
four compounds inhibit BUNV infection in cell cultures, with digoxin exhibiting the lowest IC_ . Our studies showed that digoxin
impedes the assembly of viral replication organelles and new viral particles. This drug also caused a major transformation of
the network of mitochondria, organelles that are recruited to viral factories assembled by many viruses, including bunyaviruses.

METHODS

Cell lines, drugs and viruses

Vero (CCL-81), HEK293T (CRL-3216), HeLa (CCL-2) and BHK-21 (CCL-10) cells were obtained from the American Type
Culture Collection (ATCC) and maintained in DMEM supplemented with 10% fetal bovine serum (DMEM-10) and antibiotics.

The drugs used were: digoxin (D6003, Sigma), CQ (C6628, Sigma), CsA (120114, Abcam) and sunitinib malate (from now named
‘sunitinib, PZ0012, Sigma).

Bunyamwera virus (VR-87) was obtained from the ATCC. Propagation and production of wild-type (WT) BUNV stocks was
performed in Vero cells as previously described [28, 29]. The chimeric fluorescent recombinant virus rBUNGc-eGFP that
expresses the green fluorescent protein (GFP) fused to the Gc envelope glycoprotein, was kindly provided by Dr R.M. Elliott
(MRC-University of Glasgow Centre for Virus Research, UK) [30]. Virus titres (plaque forming units or p.f.u. per millilitre) were
determined by standard plaque assay in Vero cells using an agar overlay [29].

Antibodies and fluorescence probes

The rabbit polyclonal antiserum against BUNV particles [29] and the mouse monoclonal antibody Mab742 specific for BUNV
Gc protein [31] were kindly provided by Dr R.M. Elliott. The rabbit antiserum against BUNV N protein has been described
previously [32]. The anti-B-actin monoclonal antibody (A5441) and the rabbit anti-TOMM22 antibody (HPA003037) were
purchased from Sigma-Aldrich/Merck. Mitotracker Deep-Red 633 in DMSO (M22426) was obtained from Molecular Probes.
DAPI (4',6- diamidino-2-phenylindole) was obtained from Sigma-Aldrich.

Cytotoxicity assays

Cell cytotoxicity of the drugs was analysed with the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) assay,
which measures the mitochondrial dehydrogenase activity of living cells [33]. Cells were seeded in a 96-well plate at a density
of 10000 cells per well and incubated overnight at 37 °C with 5% CO,. Cells were incubated with serial dilutions of the drugs
in DMEM supplemented with 2% fetal bovine serum (DMEM-2) for 18 h followed by MTT solution (Sigma cat. no. M5655) at
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0.5mgml" for 4h at 37°C with 5% CO, according to manufacturer instructions. The amount of MTT formazan formed was
determined spectroscopically by measuring absorbance at 570 nm in an ELISA plate reader after dissolving the formazan crystals
with MTT solvent (10% SDS, 0.01M HCI in 85% isopropanol).

Infections and inhibition assays with drugs

Cell monolayers at 80-90% confluency, were infected with rBUNGc-eGFP at a m.o.i. of 5 p.f.u. per cell in a small volume (450 ul
per well for a 6-well plate) of DMEM-2 in the presence or absence of digoxin, CQ or CsA. Sunitinib emits fluorescence at the
same wavelength as GFP, which limits the use of GFP fluorescence to measure the infectivity when cells are treated with this drug.
Thus, the tests with sunitinib were done with the WT virus at a m.o.i. of 1 p.f.u. per cell. After 1h of viral adsorption at 37°C,
viral inoculum was removed and replaced by fresh DMEM-2 medium with or without drugs. At 10 or 20 h post-infection (h p.i.)
for the WT virus or rBUNGc-eGFP virus, respectively, the cells were lifted with 5mM EDTA/PBS and fixed in 2% formaldehyde
in PBS. Cells infected with WT virus were permeabilized with saponin and immunolabeled with rabbit anti-N serum and an
anti-rabbit IgG conjugated to AlexaFluor647. The percentage of infected cells was determined by flow cytometry in a Beckman
Coulter CYTOMICS FC 500 analyzer with CXP software or a BD LSRII Analyzer with DIVA software measuring Alexa Fluor
647 or GFP fluorescence for the WT or rBUNGc-eGFP viruses, respectively.

For the time-of-addition experiments to test the effect of the drugs at different steps of the infection, the drugs were added at
selected time points before or after infection. To test the effect of the drugs at the entry step, drugs were added 3 h before infec-
tion and during virus adsorption (1h), and afterwards removed from the medium (named ‘-3’ time point). To test the effect
of the drugs after the entry step, the drugs were added at 0, 1, 3 or 6h after infection and maintained until cells were fixed with
formaldehyde.

Western blots

Cells were infected with WT BUNV at 1 p.f.u. per cell in the presence or absence of 0.1 uM digoxin, a dose close to the
IC,, in six-well plates. Sixteen hours after infection cells were harvested with 5mM EDTA in PBS and lysed with 40 pl of
lysis buffer (1% NP-40, 0.1% SDS in PBS plus 2mM EDTA, and a protease inhibitors cocktail). Cell lysates were analysed
by SDS-PAGE and Western blot (WB) probing with an anti-BUNV antiserum (dilution 1:2000) and a secondary anti-rabbit
IgG antibody conjugated to HRP (dilution 1:50 000) and visualized by ECL with a ChemiDoc Imager (BioRad). Blots were
stripped and incubated with an anti-B-actin antibody (dilution 1:2000) and an anti-mouse IgG antibody conjugated to HRP
(dilution 1:10 000). The relative amount of Gc and N viral proteins and cellular protein B-actin were quantified using Image
Lab software (BioRad).

Analysis of cell cycle

To arrest the cell cycle at GO/G1, Vero and HEK293T (from now named 293T) cells were propagated in media without FBS
for 24 h. To arrest the cycle at G2/M, cells were treated with 0.4 ugml™ of nocodazole for 8 h. After these treatments, cells
were infected with rBUNGc-eGFP virus at 5 p.f.u. cell™’. Sixteen hours after infection cells were collected with 5mM EDTA
in PBS and fixed and permeabilized with 100% methanol for 2h on ice. After washing with PBS, cells were stained with
propidium iodide (PI)/RNase staining buffer (BD Pharmingen, 550825) for 30 min. Analysis of PI fluorescence was performed
in a Beckman Coulter CYTOMICS FC 500 flow cytometer with CXP software and doublet discrimination. PI fluorescence
was collected in a linear scale and cell cycle phases calculated with FlowJo software cell cycle analysis tool.

Confocal and fluorescence microscopy

Vero cell monolayers were grown on glass coverslips and mock-infected or infected with WT BUNV at a m.o.i. of 1 p.f.u.
cell’’. At 1 h p.i., 0.1 uM digoxin was added to some cell cultures. At 8 h p.i., cells were collected, fixed 30 min with 4%
paraformaldehyde in PBS, permeabilized with PBS containing 0.25% saponin and 2% FBS and processed for IF with primary
and secondary antibodies diluted in PBS with 0.25% saponin and 2% FBS. To label the mitochondrial network, we used an
anti-TOMM?22 rabbit polyclonal antibody (1:200) and a secondary antibody conjugated with Alexa Fluor 594(1:500). The
Ge viral glycoprotein was labelled with the mouse monoclonal antibody Mab742 diluted 1:200 and a secondary antibody
conjugated with Alexa Fluor 488(1:500). Cells were stained with DAPI and mounted on glass slides with ProLong Gold
Antifade Mountant (Molecular Probes). Images of at least 100 cells per condition were acquired with a Leica TCS SP5
confocal microscope.

Transmission electron microscopy

For ultrastructural studies, cells were processed as previously described [23, 34, 35]. Briefly, Vero cells were grown on sterile
Thermanox Plastic Coverslips (Nunc) prior to infection. Monolayers of mock- and WT BUNV-infected cells were fixed with
a mixture of 4% paraformaldehyde and 1% glutaraldehyde in HEPES 0.4 M, pH 7.4, for 1 h at room temperature. Samples
were post-fixed 1 h at 4°C with a mixture of 1% osmium tetroxide and 0.8% potassium ferricyanide in water, dehydrated at
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Fig. 1. Cytotoxicity assays with MTT of drugs in Vero and 293T cells. A total of 10 000 cells per well were incubated with serial dilutions of the drugs for
18h. Cells were then incubated with MTT solution for 4 h. The MTT crystal formed were dissolved with MTT solvent and the amount of MTT formazan
formed was measured in an ELISA plate reader at 570nm. The percentage of redox activity was calculated with respect to the control of untreated
cells. The charts show the results of two or three independent experiments.

4°C in 5 min steps with increasing concentrations of acetone (50, 70, 90% and twice in 100%), and embedded in the epoxy
resin EML-812 (TAAB Laboratories). Samples were polymerized at 60 °C for 48 h. Ultrathin (~70-80nm) oriented serial
sections were obtained with a UC6 ultramicrotome (Leica Microsystems) and collected on uncoated 300-mesh copper grids
(TAAB Laboratories). Sections were stained with saturated uranyl acetate and lead citrate and imaged by TEM. Images were
acquired with a JEOL JEM 1011 electron microscope operating at 100kV. At least 100 cells per condition were studied by
electron microscopy.

Statistical analysis
For each experiment, at least two independent replicates were assessed. The significance levels (alpha) were set at 0.05, and the
P values were calculated with a two-tailed t-test.

RESULTS
Cytotoxicity of drugs in cell culture

To assess the cytotoxic effects and the safe dose of the drugs in our cell culture system, we used the MTT assay (Fig. 1).
This assay measures the mitochondrial dehydrogenase activity of living cells. Digoxin, CsA and sunitinib did not exhibit a
substantial level of cytotoxicity at concentrations up to 3.2, 20 and 40 uM, respectively, both in Vero and 293 T cells. Addi-
tionally, no evidence of cell cytotoxicity was observed by phase contrast light microscopy (not shown). Since with digoxin
in the Vero cells we observed a modest decrease in dehydrogenase activity using the MTT assay (approximately 30%, at the
highest concentration tested), we decided to test cell viability using crystal-violet assay, which measures cell adhesion to the
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plate and proliferation. In this assay we observed a reduction of approximately 20% of the cells attached to the plate at the
highest concentrations (Fig. S1, available in the online version of this article), which might be due to a slower growth rate
and/or a higher level of cell death. CQ reduced cell viability by about 50% at concentration above 400 uM using the MTT
assay (Fig. 1), which was also evidenced by observation of the cells with a phase contrast light microscope (not shown).
According to these results, an adequate range of concentrations was established for each compound to test the effect of the
drugs in the progression of BUNV infection.

Inhibition of BUNV with drugs

Progression of BUNV infection in the presence of increasing concentrations of digoxin, CQ, CsA and sunitinib was studied
in Vero and 293 T cells (Fig. 2). Considering that cell-type resistance to antivirals has been reported, using several cell lines of
different origin is important for studying efficacy and potency of antiviral drugs [36]. The four drugs assessed in this study are
established for use in a clinical setting for a long time, and although they have also shown their potential for drug repurposing
as antivirals, they have not been tested against bunyaviruses [12].

The four drugs inhibited BUNV infection in Vero cells, calculated as the percentage of infected cells by flow cytometry (Fig. 2a).
For these experiments, the fluorescent rBUNGc-eGFP recombinant virus was used [30]. The drugs exhibited different potency,
with IC_ values of 74 nM for digoxin, 114 uM for CQ, >20 uM for CsA and 2.4 uM for sunitinib. We were unable to determine
the exact IC, of CsA due to the low solubility of this drug in the culture medium at concentrations above 20 uM. The results
described above were obtained with the recombinant GFP virus. The N-terminal half of the Gc ectodomain has been shown to be
dispensable for virus replication in cell culture [37]. In the recombinant virus used in this work the coding sequence of enhanced
green fluorescent protein (eGFP) was fused to the N terminus of truncated G, and a recombinant BUNV (rBUNGc-eGFP) was
rescued by reverse genetics [30]. The viability and autofluorescence of this recombinant virus indicated that chimeric Gc protein
was functional and could fold correctly. Although the recombinant virus was attenuated in cell culture, it was competent to
infect a wide range of cell lines as WT BUNV and was able to produce workable virus yields of 5x10° p.f.u. cell!. Although eGFP
insertion usually causes attenuation, eGFP-recombinant viruses are useful for high-content screening of antiviral drugs [38], and
have been used in several publications. To confirm that our results are not biassed by the use of the GFP recombinant virus, we
infected Vero cells with WT BUNV and different concentrations of digoxin (Fig. S2A). The IC_ of digoxin determined with the
WT BUNV (78 nM, Fig. S2A) and with the recombinant BUNV (74 nM, Fig. 1a) were very similar.

Vero cells are an African green monkey cell line commonly used to study BUNV and other viruses as well as for testing antivirals.
To test the effect of the drugs in a human cell line, we infected 293 T cells in the presence or absence of the drugs (Fig. 2b). The
inhibitory concentrations in 293 T cells were similar to those in Vero cells, with minor differences. Digoxin and CQ were somewhat
less potent in 293 T cells compared to Vero cells with IC, of 98 nM and about 200 uM, respectively. CsA was slightly more effective
in 293 T cells with an IC_ of about 12.6 uM. However, sunitinib did not inhibit BUNV in 293 T cells at the concentrations tested.
Digoxin was the most potent of all four drugs, with the lowest IC, both in Vero and 293 T cells.

Results shown in Figs 1 and 2 suggest that part of the inhibitory activity of CQ against BUNV infection might be due to the cell
cytotoxicity of the drug. In the case of digoxin, CsA, and sunitinib, their inhibitory effects are not attributable to cytotoxic effects
in these cell lines. For CsA we were unable to calculate the in vitro selectivity index (ratio IC, /CC, ) due to the low solubility of
this drug at concentrations above 20 uM. However, for digoxin and sunitinib, the CC_ is higher than 3.2 and 40 uM, respectively,
and we could estimate that the selectivity index in vitro is higher than 10, indicating that the antiviral effect of the drug is specific,

and not due to cytotoxic effects.

Time-of-addition inhibition experiments

As digoxin was the drug with the highest antiviral activity, we decided to further characterize its mechanism of action. To elucidate
which step of the viral cycle was affected by digoxin, we carried out infections with the recombinant virus adding this drug at
different time points (Fig. 3). As previously reported, at 6 h p.i. the WT and recombinant BUNV have generated the first virus
progeny [28, 30]. The time points used in this experiment were selected considering this replication kinetic of the virus. When
adding digoxin up to 3 h p.i. it exerted its full activity, losing some inhibitory ability when added 6 h p.i. Similar results were
obtained with the WT virus (Fig. S3). This suggests that digoxin exerts its antiviral effect at an early, post-entry time point of the
infectious cycle, within the first 3-6h of infection (Fig. 3).

Effect of digoxin on viral protein expression

To further characterize the mechanism of action of digoxin, its effect on the steady-state expression of N and Gc BUNV proteins
was evaluated by Western blot with an anti-BUNV polyclonal antiserum that mainly recognizes the nucleocapsid protein (N) and
the large glycoprotein (Gc) of BUNV (Fig. 4). For this study we used mock- and WT BUNV-infected Vero cells at 16 h p.i. because
the peak of BUNV protein expression in this cell type infected at 1 p.f.u. cell ! is detected from 12 to 20 h p.i. [39], coincident with

the exponential phase of BUNV one step growth curves in Vero cells [28]. In Vero cells, at concentrations near the IC, , digoxin
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Fig. 2. Inhibition of BUNV infection with digoxin, chloroquine, cyclosporin A and sunitinib. Vero cells (a) and 293 T cells (b) were infected with rBUNGc-
eGFP ata m.o.i. of 5 p.f.u. per cell in the presence or absence of different concentrations of digoxin, CQ or CsA, or with the WT virus at a m.o.i. of 1 p.f.u.
per cell and different concentrations of sunitinib. At 10 or 20h p.i., for the WT virus or rBUNGc-eGFP virus, respectively, the percentage of infected
cells was determined by flow cytometry as described in Methods. The charts show the results of three or four independent experiments. The mean
percentage of infected cells+standard deviation of three or four independent experiments are shown.
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Fig. 3. Time-of-addition experiments of the inhibition of BUNV infection by digoxin in Vero cells. Cells were infected with rBUNGc-eGFP at a m.o.i. of
5 p.f.u. per cell. Digoxin was added at the indicated time points, 0, 1, 3 or 6 h p.i., and maintained for the rest of the time. For the time point '-3h’ the
drug was added 3 h before infection and maintained during the 1h of virus adsorption, afterwards the drug was removed. At 20 h p.i. the percentage
of infected cells was determined by flow cytometry as described in Methods. The chart shows the results of four independent experiments. The mean
percentages of infected cells+standard deviation of four independent experiments are shown. Reported P values (two-tailed) were calculated with
Student's t-test.

significantly reduced the expression of N protein, that is expressed early in infection, and of glycoprotein Gg, that is expressed late
in infection (Fig. 4a), in agreement with the results of viral infectivity shown in Fig. 2. In 293 T cells (Fig. 4b), we also observed
a reduction of the production of viral proteins N and Gc with digoxin, although at lower levels than in Vero cells, in agreement
with the lower activity of this drug in 293 T cells.

BUNYV infection, digoxin and changes in cell-cycle phases

Some viruses have developed strategies to subvert the cell cycle for their own benefit, and create a cellular environment optimal
for their replication [40]. To study whether BUNV replication is favoured by a specific phase of the cell cycle and how digoxin
might affect this process, we studied changes in cell-cycle phases by flow cytometry. Cells were grown in media without FBS for
24h (to arrest the cell cycle at GO/G1) or pre-treated with 0.4 ugml™* of nocodazole for 8h (to arrest the cycle at G2/M). After
these treatments, cells were infected with fluorescent rBUNGc-eGFP virus, fixed, stained with propidium iodide, and processed by
flow cytometry. Results are shown in Fig. 5. In Vero cells, FBS starvation favoured BUNV infection, while nocodazole treatment
was detrimental for the infection process (Fig. 5a). Nocodazole treatment also reduced BUNV infectivity in 293 T cells (Fig. 5a).
However, FBS starvation reduced the percentage of 293 T cells infected by BUNV (Fig. 5a).

As the results in Vero and 293 T cells were apparently contradictory, we examined the effect that these treatments have in
the cell cycle of non-infected cells (Fig. 5b). In Vero cells, FBS starvation and nocodazole treatment induced an arrest in G0/
G1 and G2/M, respectively, as expected. In 293 T cells, nocodazole also arrested cell cycle at G2/M. However, FBS starvation
did not have a significant effect on the cell cycle in 293 T cells (Fig. 5b), which could explain the negative effect that the lack
of FBS has on BUNV infection in these cells. It has been reported that SV40 large T antigen present in the 293 T cells is
implicated in cell transformation, overriding cell-cycle check points by different mechanisms, and driving cells into S-phase
[41], in agreement with our data of the effect of FBS starvation in the cell cycle of 293 T cells (Fig. 5b).

Our data suggest that BUNV infection in Vero cells is favoured when cells are arrested in GO/G1 phase. In addition, the lower
percentage of cells in GO/G1 phase in the 293 T cells compared with Vero cells could also account for the lower infectivity
of BUNV in 293 T cells compared with Vero cells.

To test if BUNV infection was able to induce cell-cycle arrest in GO/G1, we infected Vero and 293 T cells with the recombinant
BUNYV and analysed changes in cell-cycle phases by flow cytometry. In Vero cells, BUNV infection did not appear to affect
cell cycle (Fig. 5¢). However, we observed a modest increase (from 46-54%) in the percentage of cells in GO/G1 phase in
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Fig. 4. Effect of digoxin on viral protein expression. Vero (a) and 293T (b) cells were infected with WT BUNV at 1 p.f.u. per cell in the presence or absence
of 0.1 uM digoxin. Sixteen hours after infection cells were lifted with EDTA and analysed by WB with antiBUN (dilution 1:2000) or antifactin (dilution
1:2000) antibody. NI, noninfected; ND, no drug; Dig, digoxin. One experiment representative of four (Vero cells) or three (293T cells) is shown. The
numbers below the gels show the average relative quantity of the Gc protein/f-actin and N protein/f-actintstandard deviation for all the experiments.
The P values (two-tailed) were calculated with Student's t-test.

the 293 T cells infected with BUNV (Fig. 5¢). Similar results were obtained when the cells were seeded at low density (data
not shown). Our experiments of infection had been undertaken at a relatively high confluency and with a low percentage
of FBS, which could have masked the results of cell cycle. To clarify whether BUNV infection affects the cell cycle in Vero
cells, we starved the cells for 48h in media without FBS to synchronize the cells at GO/G1. Then we added DMEM with
10% FBS and infected the cells with BUNV. We collected the cells at 0 and 16 h after infection and analysed the cell cycle. In
these conditions we observed that the mock infected cells entered the cell cycle again and recovered after 16 h, while most
BUNV-infected cells remained in GO/G1 phase (Fig. 5d), suggesting that BUNV arrests cells at GO/GL.

To study whether part of the antiviral effect of digoxin could be due to its effect in the cell cycle, we treated the cells with the
drug and analysed the changes in the cell-cycle phases. Treatment of Vero cells with digoxin favoured the transition from
Gl to S phase (Fig. 6), which could in part explain the reduction in viral replication in the presence of digoxin, as we have
observed that viral replication is favoured in GO/G1 phase.

Effect of BUNV infection and digoxin on viral structures and cell compartments

We also studied the effects of digoxin on key events of viral infection with the help of light and electron microscopy.
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Fig. 5. BUNV infection and changes in cell-cycle phases. Effect of cell-cycle arrest on BUNV infection (a) and the cell-cycle phases (b), and effect of
BUNV infection in the cell cycle of unsynchronized cells (c) and synchronized cells (d). Cells were grown for 24h in media with FBS (NT), or media
without FBS (FBS starvation) or treated with nocodazole for 8h (nocodazole), and then infected with rBUNGc-eGFP at a m.o.i. of 5 p.f.u. per cell in
DMEM-2. Sixteen hours post-infection the percentage of infected cells was determined by flow cytometry (a). (b) Cells were treated as in (a) and mock
infected, and the phase of cell cycle was determined with PI. (c) Cells were grown in DMEM-2 and mock infected or infected with rBUNGc-eGFP at a
m.o.i. of 5 p.f.u. per cell. Sixteen h p.i. cell cycle was analysed by flow cytometry with Pl staining. (d) Vero cells were grown in media without FBS for
48h to synchronize them at GO/G1, and then the cells were infected as above in DMEM-10. Sixteen h p.i. the cell cycle was analysed by staining with
Pl. The P values (two-tailed) were calculated with Student's t-test.

To study the effects of digoxin on the assembly of BUNV replication organelles and viral particles, Vero cells were mock- or
WT BUNV-infected in the presence or absence of digoxin before chemical fixation, processing for embedding in resin, ultra-
microtomy and transmission electron microscopy (TEM) (Figs 7 and 8). In BUNV-infected Vero cells, the Golgi complex is
fragmented and contains spherules, that are the structures harbouring the viral replication complexes, as well as viral particles
(Fig. 7a, b) [28]. In BUNV-infected Vero cells treated with digoxin, the Golgi complex is not fragmented, and spherules and
viral particles are absent (Fig. 7¢c, d). When studying the effects on cell organelles, the most striking changes induced by either
BUNYV infection or digoxin were detected in the mitochondrial network (Fig. 8). In mock-infected cells, mitochondria have
a characteristic elongated shape and well defined, parallel cristae (Fig. 8a). In BUNV-infected cells, mitochondria exhibit a
higher electron-density, and swollen cristae (Fig. 8b). In mock-infected, digoxin-treated cells, mitochondria exhibit a similar
morphology than in BUNV-infected cells: they are electron-dense and contain swollen cristae (Fig. 8c). In Vero cells infected
with BUNV and treated with digoxin, mitochondria have a different morphology: a few cristae are observed in some of
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the cell cycle of five or seven independent experiments. The P values (two-tailed) were calculated with Student's t-test.

them, but most mitochondria do not have characteristic cristae (Fig. 8d). Higher magnification views of mitochondria from
these four different conditions are shown in Fig. 8e-h. A quantitative analysis of mitochondria morphologies based on the
observation of 1148 mitochondria from 49 sectioned cells is shown in Table 1.

To further characterize changes in mitochondrial networks, cells were processed by immunofluorescence and analysed
by confocal microscopy (Fig. 9). In mock-infected cells, the network of mitochondria extends from the nucleus to
the periphery of the cell and individual mitochondria have similar morphology and dimensions throughout the cell
(Fig. 9a). However, in BUNV-infected cells, mitochondria are massively recruited and aggregated near the nucleus where
they associate to Ge-containing viral factories, with few mitochondria on the cell periphery (Fig. 9b). Interestingly, in
mock-infected cells treated with digoxin, mitochondria are also aggregated near the nucleus, while on the cell periphery
they appear small and highly fragmented (Fig. 9¢). In the presence of BUNV and digoxin, Vero cells show a general
fragmentation of the mitochondrial network, as well as aggregation of mitochondria, partially coincident with viral
factories (Fig. 9d).

In conclusion, results obtained by electron and confocal microscopy suggest that both BUNV and digoxin alter mitochondria,
and that digoxin might be interfering with essential steps of viral replication that depend on this organelle.

Digoxin does not inhibit BUNV infection in BHK-21 cells

To investigate whether the inhibition of the Na*/K* ATPase by digoxin might play a key role in the capacity of the drug to inhibit
BUNYV infection, we studied the effects of digoxin in BUNV-infected BHK-21 cells and in parallel in Vero cells. The Vero and
BHK-21 cells were infected with wild-type BUNV (Fig. S2A, B, respectively). Cardiac glycosides inhibit the Na*/K* ATPase
through binding to the catalytic subunit but do so with less efficiency to specific mice, rat and hamster isoforms relative to their
human counterparts [42, 43]. For example, the rat Na*/K* ATPase has several mutations that render the enzyme insensitive to
ouabain (Fig. S2C) [44] and presumably, to other similar cardiac glycosides such as digoxin (Fig. S2D). In inhibition assays,
digoxin blocked BUNV infection in Vero cells at non-toxic concentrations, with an IC, of 78 nM (Fig. S2A). However, digoxin
did not inhibit BUNV infection in BHK-21 cells (Fig. S2B), whose Na*/K* ATPase shares key mutations with the rat ATPase
catalytic subunit (Fig. S2C).
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BUNV ND

igoxin

BUNV +d

Fig. 7. Electron microscopy of BUNV-infected Vero cells, in the presence and absence of digoxin. Cells were infected with WT BUNV at a m.o.i. of 1
p.fu.cell’. At 1 h p.i, 0.1 uM digoxin was added to some cell cultures as indicated. At 8 h p.i,, cells were collected and processed for embedding in an
epoxy-resin, ultramicrotomy and TEM. (a) and (b) The Golgi complex (G) of BUNV-infected Vero cells contains characteristic spherules (arrowheads)
and viral particles (arrows). (c) and (d) The Golgi complex of BUNV-infected Vero cells treated with digoxin do not have viral structures. N, nucleus; m,
mitochondrion; asterisk, groups of vesicles. Scale bars: 200nm in (a), (b) and (d); 0.5 um in (c).

DISCUSSION

In recent years, there has been an increased interest in obtaining drugs to treat many viral infections. There is a long list of drugs,
already approved for the treatment of different diseases, which have shown promising results for repurposing as broad-spectrum
antivirals [12, 15, 16, 27]. Here we have studied the antiviral activity against BUNV of digoxin, chloroquine, cyclosporine A and
sunitinib, drugs that are currently included in clinical trials to treat a variety of pathologies, including viral infections (https://
clinicaltrials.gov). However, to our knowledge, they have not been previously tested to treat bunyavirus infections. In the present
work, we have found that the four drugs inhibited BUNV replication with different potency in Vero cells and all but sunitinib,
also in 293 T cells, with digoxin presenting the lowest IC,  in both cell types.

Digoxin is a cardiac glycoside used to treat certain heart conditions. In cell culture, digoxin has been shown to inhibit several
viruses, like CHIKV (IC,, 67nM) [42], SARS-CoV-2 (IC,; 43nM and 190nM) [45, 46], HCMV (IC,, 36nM) [47] or HIV-1

I
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Fig. 8. Electron microscopy of the mitochondrial network in mock- and BUNV-infected Vero cells, in the presence and absence of digoxin. Cells were
mock-infected or infected with WT BUNV at a p.f.u. cell™" of 1 p.f.u. cell”". At 1 h p.i,, 0.1 uM digoxin was added to some cell cultures as indicated. At
8 h p.i., cells were collected and processed for embedding in an epoxy-resin, ultramicrotomy and TEM. (a) Mock-infected cells contain elongated
mitochondria (m) of medium electron-density, characteristic Golgi stacks (G) and glycogen granules (Gly). (b) BUNV-infected cells contain electron-
dense mitochondria with swollen cristae and disrupted/fragmented membranes (asterisks). The cytosol has low electron density. Intact Golgi stacks
and glycogen granules are not observed. (c) Mock-infected cells incubated with digoxin contain a normal cytosol and electron-dense mitochondria
with swollen cristae. Glycogen granules are not observed. (d) BUNV-infected cells treated with digoxin contain a normal cytosol, intact Golgi stacks
and mitochondria with few cristae. (e) to (h) High-magnification images of mitochondria in cells from the four described conditions. Arrows point to
mitochondrial cristae. The white asterisk in (h) marks a mitochondrion with few cristae. NI, non-infected cells. ND, no drug treatment. N, nucleus. Scale
bars, 0.5umin (a) to (d); 200nm in (e) to (h).
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Table 1. TEM quantitative analysis of mitochondria morphologies in mock- or BUNV-infected Vero cells, with or without digoxin. Quantification was
based on the observation of 1,148 mitochondria from 49 sectioned cells processed as described in Fig. 9. For non-infected cells without digoxin (NI
ND), a total of 128 mitochondria from ten sectioned cells were studied. For non-infected Vero cells treated with digoxin (NI + Digoxin), we studied 378
mitochondria from 11 sectioned cells. For BUNV-infected Vero cells without digoxin (BUNV ND) we studied 267 mitochondria from ten sectioned cells.
For BUNV-infected Vero cells treated with digoxin (BUNV + Digoxin) 267 mitochondria from 10 sectioned cells were studied. Percentage (%) of cells
corresponding to one of the four described morphologies (normal, resting; normal, active; abnormal swollen cristae; abnormal, few cristae) are shown

Normal resting | Normal active | Abnormal Abnormal
mitochondria Mitochondria | mitochondria mitochondria
swollencristae | few cristae
Treatment

NI ND 6.3 % 1.5% -

NI + digoxin - 6.6 % 84.7 % 8.7 %

BUNV ND 0.4 % 0.4 % 99.2% -

BUNV + digoxin | - 24 % 2.6 % 95.0%

(IC,, 45nM) [48, 49]. These IC_ values are similar to those found for BUNV in this work (IC,, 74 and 98 nM in Vero and 293 T
cells, respectively).

Although digoxin inhibited BUNV replication in cell culture, it did so at concentrations above those acceptable for treatment.
The therapeutic serum concentrations of digoxin for the treatment of heart disease range from 0.6 to 2.6 nM, and the toxic
level is established above 3 nM, which is clearly lower than the effective concentrations that inhibit BUNV replication in cell
culture (IC, 74 and 98 nM for Vero and 293 T cells, respectively) (Fig. 2). Thus, development of less toxic derivatives would
be necessary before cardiac glycosides can be used as antivirals in the clinic. A possible solution to this limitation is the
design of treatments with cocktails of drugs used at low concentrations. Apart from reduced toxicity, combined therapies
with several drugs have better efficacy and prevent the development of resistant viral strains [50]. Although interfering
with cellular factors and pathways can cause unwanted side effects, many diseases are currently treated by targeting a host
function. For these treatments, pharmaceutical companies have developed compounds and adequate dose regimes that are
well tolerated by patients. Shortening the duration of therapies from months or years to several days or a few weeks should
also help to limit toxicity [51].

Digoxin could inhibit BUNV infection through several mechanisms. In our cell cultures we did not observe significant cyto-
toxic effects at the concentrations that inhibit viral replication, which indicates that digoxin inhibition of BUNV replication is
not due to cytotoxicity. Our data show that digoxin acts after viral entry and disrupts the replication cycle of BUNV reducing
the amount of viral proteins, which points to an early effect of the drug in one or more steps of the virus life cycle. We have
observed that digoxin impairs the assembly of BUNV replication organelles and the morphogenesis of viral particles in the
Golgi complex, and also blocks the characteristic fragmentation of this organelle previously reported for BUNV-infected
Vero cells [28]. Previous studies have shown that digoxin and other cardiac glycosides can impair viral replication by altering
cell signalling mediated by Na*/K* ATPases and affecting the synthesis of viral proteins and vRNA [52]. Here we show that
digoxin might also affect viral replication by altering the cell cycle and the mitochondrial network structure, an effect that
to our knowledge has not been reported before.

Some viruses have developed strategies to subvert the cell cycle in their own benefit and create a cellular environment optimal
for their replication, frequently deregulating specific cell-cycle checkpoints [40]. In this work, we have observed that BUNV
replication is favoured when the cell cycle is arrested in GO/G1. The BUNV non-structural protein NSs could be implicated
in this process. NSs, the only bunyavirus protein known to reach the nucleus, is a viral interferon antagonist that counteracts
the host viral response to infection, induces DNA damage responses, cell-cycle arrest at the S or G0/G1 phase and protein
synthesis shut-off [53-56]. Arrest at GO/G1 phase may facilitate viral protein synthesis and avoid competition for cellular
DNA replication machinery. Our studies suggest that BUNV infection arrest the cell cycle at GO/G1 (Fig. 5¢, d). In contrast,
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Fig. 9. Confocal microscopy of the mitochondrial network in mock- and BUNV-infected Vero cells, in the presence and absence of digoxin. Cells were
mock-infected or infected with WT BUNV at a m.o.i. of 1 p.f.u. cell”". At 1 h p.i., 0.1 uM digoxin was added to some cell cultures, as indicated. At 8 h
p.i., cells were collected and processed for IF with a rabbit anti-TOMM22 polyclonal antibody that labels the mitochondrial network and a secondary
antibody conjugated with Alexa Fluor 594 (red). The Gc viral glycoprotein was labelled with a mouse monoclonal antibody and a secondary antibody
conjugated with Alexa Fluor 488 (green). Nuclei were stained with DAPI (blue). The general view of cells with their whole mitochondrial network
(images on the left and centre) is accompanied by zooms of peripheral (1) and juxtanuclear (2) mitochondria (images on the right). NI, non-infected
cells. ND, no drug treatment. Scale bars, 25 um.
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digoxin favoured the transition from GI1 to S phase of the cell cycle in Vero cells, which might participate in the antiviral
effect of digoxin in this cell line.

Many RNA viruses hijack mitochondria early in infection. In fact, recruitment of mitochondria to viral factories is one of
the characteristic features of virus factory assembly [57]. Although the specific roles of mitochondria in viral infections have
not been fully elucidated, it is known that viruses interact with mitochondria in different ways and at different moments
of their life cycle [32, 58-61]. TEM of mock-infected cells has shown different morphologies for normal resting mitochon-
dria, compared to normal actively respiring mitochondria [62-64]. TEM has also shown that viruses induce changes in
the morphology and intracellular location of mitochondria [32, 57, 59]. Here we show that in BUNV-infected Vero cells,
mitochondria exhibited an altered morphology with swollen cristae.

Mitochondria are highly dynamic organelles that participate in numerous cellular functions. To meet the needs of the cell,
mitochondria are able to constantly change their shape and size through fission and fusion processes that are important for
correct mitochondrial function and cell survival. In addition to their role in ATP generation, mitochondria are implicated
in several cellular functions including apoptosis and signal transduction in the innate immune response [65], as well as cell-
cycle control [66, 67]. Viruses can affect mitochondria, altering their metabolism and energy generation [60], and blocking
the mitochondrial-mediated antiviral response [58]. In addition, viruses can also use mitochondrial proteins. For example,
interactions between the mitochondrial protein p32 and a number of viral proteins are important for virus replication [68].
Although the specific role of mitochondria in bunyavirus infection and digoxin treatment remains to be fully defined, we
propose that both BUNV and digoxin alter mitochondria directly or indirectly and that mitochondria alterations induced
by digoxin might interfere with essential steps of viral infection.

As mentioned previously, digoxin blocks the Na*/K* ATPase, which is essential for most cells [69]. This membrane-bound
enzyme is responsible for the energy-dependent exchange of cytoplasmic Na* for extracellular K* in mammalian cells [70].
The anti-BUNV effect of digoxin might be related to alterations of Na*, K* and Ca** flows. It has been shown that inhibition
of the Na*/K* ATPase can impair mitochondrial energetics and induce abnormal Ca** cycling increasing intracellular Ca*
levels [71, 72]. High intracellular levels of Ca?* or K* cause mitochondria swelling [73, 74], which might account for the
digoxin-induced alterations in the mitochondrial network. Interestingly, in BUNV-infected cells and mock cells treated with
digoxin the alterations in mitochondrial ultrastructure were similar, presenting high electron-density and swollen cristae.
The bunyavirus DBV induces an increase in the intracellular levels of Ca** and the blockade of Ca** channels inhibits DBV
infection [8]. Also, BUNV needs high K* levels inside endosomes for releasing its genome into the cytosol [75, 76]. The
digoxin-induced blockade of the Na*/K* ATPase would reduce the intracellular K* levels and make the release of BUNV
virions from endosomes to cytosol less efficient, impairing infection. This potential mechanism of action for cardiac glycosides
has also been proposed for other viruses [42, 77]. In our case, the lack of antiviral activity of digoxin in BUNV-infected
BHK-21 cells (Fig. S2) suggests that the blockade of Na*/K* ATPase is a key cell factor of the antiviral activity of digoxin
in BUNV-infected Vero cells. Together with coronaviruses, reoviruses, herpesviruses, alphaviruses and flaviviruses [77],
bunyaviruses can be now added to the list of viruses inhibited by cardiac glycosides. Inhibition of the sodium-potassium
ion pump can affect many cellular signalling pathways [78]. In our study, we have observed changes in the cell cycle and
mitochondria that, together with alterations of ion flows, might cause the digoxin-induced blockade of BUNV infection.
Considering that the Na*/K* ATPase is a promising pharmacological target in viral infections, future work will be necessary
to study in detail how digoxin and similar compounds work. Even for those antiviral compounds that do not reach a clinical
setting, their characterization will help to increase our knowledge on virus-host interactions and to unveil novel therapeutic
targets.
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