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An ivermectin — atorvastatin combination
impairs nuclear transport inhibiting dengue
infection in vitro and in vivo

Selvin Noé Palacios-Répalo,’ Carlos Noe Farfan-Morales,’? Carlos Daniel Cordero-Rivera,’
Luis Adrian De Jesus-Gonzélez,'® José Manuel Reyes-Ruiz,*> Marco Antonio Meraz-Rios,®
and Rosa Maria Del Angel'/-*

SUMMARY

Dengue virus (DENV) uses cellular nuclear transport machinery to import some proteins into the nucleus.
Recently, the non-structural protein 3 (NS3) of DENV was localized in the nucleus of infected cells; how-
ever, its nuclear import mechanism is still unknown. In this study, we demonstrate that Ivermectin
(IVM) inhibits the nuclear localization of NS3 through the inhibition of the Importin o/B1 pathway. We
also report that Atorvastatin (ATV) can modulate the nuclear transport of NS3 protease and NS5 polymer-
ase of DENV-2. On the other hand, we found that IVM and ATV treatments reduce the alteration of nuclear
pore complex (NPC) proteins, and an IVM+ATV combination reduced DENV infection both in vitro and
in vivo. Hence, we conclude that ATV transport inhibition is an additional antiviral effect of this drug, sug-
gesting a potential anti-DENV therapy in combination with IVM.

INTRODUCTION

Dengue fever is a mosquito-borne viral disease distributed worldwide in tropical and subtropical regions. It is a serious health problem due to
the economic and social cost of the millions of registered annual dengue cases.' Unfortunately, despite the many studies on DENV, there is
still no specific treatment for this disease.” Nonetheless, novel approaches have been explored as potential anti-DENV antivirals, such as drug
repositioning that uses previously Food and Drug Administration (FDA)-approved drugs to treat other diseases.® Some reported anti-DENV
FDA-approved drugs are lipid-lowering drugs (statins, ezetimibe), hypoglycemic drugs (metformin), and anti-parasitic drugs (lvermectin).*”

The anti-parasitic effect of IVM involves binding to ligand-gated ion channel receptors, including glutamate, Gamma-aminobutyric acid
(GABA), and glycine, resulting in parasitic paralysis and death.'” Interestingly, IVM is also a specific inhibitor of the classical nuclear import
pathway, importin a/B1 (Imp a/B1), which is used by several viruses during viral replication.”" It has been reported that RNA viruses use various
mechanisms to affect cellular processes to enhance their replication and prevent the host immune response activation,'” for example, using
cellular nuclear transport proteins to import viral proteins into the nucleus.'” Members of the Flaviviridae family, such as Zika virus (ZIKV), West
Nile Virus (WNV), Japanese Encephalitis Virus (JEV), Hepatitis C Virus (HCV), and DENV, import viral proteins such as capsid (C), viral poly-
merase (NS5), and viral protease (NS3) into the nucleus during their replicative cycle using cellular nuclear transport proteins.”* ' In this re-
gard, the inhibition of cellular nuclear transport is currently a target for antiviral therapies.””

To be imported into the cell nucleus, cargo proteins must interact with nuclear transport proteins, commonly called importins, through a
nuclear localization sequence (NLS)** present in the cargo protein. The cargo protein-importin complexes cross into the nucleoplasm, inter-
acting with the nucleoporins (Nups) of the nuclear pore complex (NPC) by active transport of a Ran-Guanosine-5'-triphosphate (GTP)
gradient.”*** It has been described that DENV NS5 polymerase is transported to the nucleus by Imp a/p1, and specific inhibition of the
pathway by IVM prevents its internalization to the nucleus, affecting DENV replication.®® Similar to NS5, previous research has shown that
the NS3 viral protease of several members of the Flaviviridae family localizes in the nucleus of infected cells.'®? In particular, our research
group described that the DENV-2 NS3 protein is partially localized in the nucleus of Huh7 and C6/36 mosquito-infected cells.'”?° In addition,
it has also been described that ZIKV NS3 is imported into the nucleus of Huh7 cells by Imp a/B1.”” However, the import pathway of NS3
DENV-2 is unclear.

Department of Infectomics and Molecular Pathogenesis, Center for Research and Advanced Studies (CINVESTAV-IPN), Mexico City 07360, Mexico

2Departamento de Ciencias Naturales, Universidad Auténoma Metropolitana (UAM), Unidad Cuajimalpa, Ciudad de México 05348, México

3Unidad de Investigacién Biomédica de Zacatecas, Instituto Mexicano del Seguro Social, Zacatecas, Zacatecas, México

4Unidad Médica de Alta Especialidad, Hospital de Especialidades No. 14, Centro Médico Nacional “Adolfo Ruiz Cortines”, Instituto Mexicano del Seguro Social (IMSS),
Veracruz 91897, México

SFacultad de Medicina, Regién Veracruz, Universidad Veracruzana (UV), Veracruz 91700, México

éDepartment of Molecular Biomedicine, Center for Research and Advanced Studies (CINVESTAV-IPN), Mexico City 07360, Mexico

’Lead contact

*Correspondence: rmangel@cinvestav.mx

https://doi.org/10.1016/}.isci.2023.108294

et iScience 26, 108294, December 15, 2023 © 2023 The Author(s). 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



mailto:rmangel@cinvestav.mx
https://doi.org/10.1016/j.isci.2023.108294
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.108294&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress iScience
OPEN ACCESS

dl5,28—30 and

Nonetheless, it has been reported that during the DENV replicative cycle, the cellular cholesterol and other lipids are require
their inhibition using lipid-lowering drugs such as statins has shown anti-DENV properties.’’*? Statins inhibit cholesterol biosynthesis by in-
hibiting 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMGCR).**** Additionally, statins impair the membrane localization of RhoGTPases,
affecting intracellular signaling involved in actin cytoskeleton remodeling® and inhibiting cellular and viral protein transport.™

Interestingly, the combination of IVM and statins such as ATV reduces the nuclear accumulation of importin alpha-1 subunit (KPNA2),*’
suggesting the antiviral potential of these drugs to target importin-dependent nuclear trafficking in infections caused by Influenza virus,
ZIKV, and DENV.*” Therefore, in the present work, the effect of treatment with IVM and ATV, separately and in combination, on the nuclear
transport of proteins, replication, and pathogenesis of DENV was evaluated in vitro. Also, we conducted an in vivo study to evaluate the po-

tential effect of combined IVM+ATV therapy on the survival of DENV-2-infected AG129 mice.

RESULTS
Ivermectin inhibits importin o/B1 pathway-dependent nuclear import of Dengue virus-2 non-structural protein 3 (NS3)

Previous experiments from our group demonstrated the nuclear localization of the NS3 protein of DENV-2 at 8 h and 12 h post-infection (hpi)
and in the cytoplasm at 24 hpi.'” The nuclear localization of NS3 early after the infection of Huh7 cells with DENV-2 was confirmed by trans-
mission immunoelectron microscopy (TIM). As expected, gold particles in the nucleus of DENV-2-infected cells were observed but not in
mock-infected cells (Figure 1A) or cells incubated only with the secondary antibody coupled to 20 nm colloidal gold particles (Figure S1A).
Furthermore, a higher amount of NS3 protein was detected in the nucleus of infected cells at 12 hpi compared to 24 hpi (Figures S1B and S1D),
supporting our previous results.'”

Considering the presence of NS3 in the nucleus of DENV-infected cells at 12 hpi, the effect of IVM in the NS3 location was analyzed. The
toxicity of different IVM concentrations was initially evaluated (Figures S2A and S2B). The concentration of 12.5 ng of IVM was selected
because of its low toxicity after incubation for 12 h. To confirm the effect of IVM, Huh7 cells were transfected with Simian Virus 40 (SV40) nuclear
localization sequence (NLS) tagged to four green fluorescent proteins (SV40-x4GFP NLS). While treatment with 12.5 ng IVM during 12 h
caused a significant increase in the cytoplasmic GFP fluorescence (Figure 1B), in cells treated with the vehicle dimethyl sulfoxide (DMSO),
the GFP label was predominantly nuclear (Figure 1B), suggesting that 12.5 ng of IVM for 12 h can inhibit Imp a/B1-dependent nuclear
transport.

Subsequently, the effect of IVM on NS3 protein localization was analyzed by confocal microscopy. Interestingly, in [IVM-treated infected
cells, a significant reduction in the presence of NS3 in the nucleus was observed, in contrast with DMSO-treated infected cells (Figure 1C),
suggesting that NS3 protein is imported to the nucleus through Imp a/B1 pathway. Then, Huh7 cells were transfected with the wild-type
NS3 protein with its cofactor NS2B (NS2B3), linked with V5-tagged in the C-terminal portion to confirm this result. Consistent with our
data (Figure 1C), a significant reduction of NS3 fluorescence in the nucleus of transfected cells was observed in [IVM-treated cells, compared
to the transfected cells treated with DMSO (Figure 1D), confirming that NS3 protein is imported to the nucleus through the Imp /1 pathway
(Figure 1E).

Atorvastatin blocks the nuclear transport of importin o and Dengue virus-2 NS3 protein

Given statins impair the membrane localization of RhoGTPases, affect intracellular signaling involved in actin cytoskeleton remodeling,*” and
inhibit nucleus-cytoplasmic transport,” the effect of ATV was evaluated on nuclear transport in DENV-infected Huh-7 cells. First, the toxicity of
different ATV concentrations was evaluated (Figures S2C and S2D), and the concentration of 10 uM was selected to analyze the nuclear import
inhibition, as previously reported.®’

To initially evaluate the effect of ATV on the nuclear transport of cellular proteins, the accumulation of KPNA1 and KPNA2 in the cyto-
plasmic fractions of uninfected Huh7 cells treated with Vehicle, 12.5 ng IVM, or 10 uM ATV was analyzed. As fractionation purity controls, an-
tibodies directed to Calreticulin (CRT) and Lamin A/C (LMNA) proteins were used (Figure 2A). The Western blot analysis corroborated an
increase in KPNA1 and KPNA2 protein in the cytoplasmic fraction of uninfected cells during IVM and ATV treatments. However, a significant
difference was only observed during ATV treatment (Figures 2B and 2C), confirming that ATV impairs the nuclear import of cellular proteins.

Based on these results, we evaluated the effect of ATV on nuclear transport in DENV-2 infected cells. As a control, uninfected cells were
treated with ATV for 12 h or 24 h, and the subcellular distribution of KPNA1 was evaluated. Confocal microscopy images demonstrated a
cytoplasmic increase in KPNA1 fluorescence in cells treated with ATV from 12 h (Figure 2D). Furthermore, a significant reduction of the fluo-
rescence nucleus-cytoplasm (Fn/C) ratio at 12 h and 24 h in ATV-treated cells, compared to DMSO-treated cells, was observed (Figure 2G),
confirming our Western blot assays. A similar effect was observed during SV40-x4GFP NLS transfection, where ATV treatment caused an accu-
mulation of GFP in the cytoplasm of the cells (Figure S3C), supporting the idea that ATV inhibits karyopherin-dependent transport.

Confocal microscopy assays of DENV-2-infected cells showed that the treatment with 10 uM ATV reduced the nuclear localization of NS3
protein compared with untreated cells (Figures 2E and 2H). Likewise, ATV induced a significant reduction of the nuclear presence of NS3in
cells transfected with NS2B3 plasmid (Figure S2E), resulting in a significant decrease in the Fn/C ratio compared to DMSO-treated transfected
cells (Figure S2F).

The inhibition in nuclear import induced by ATV was confirmed when the presence of NS5 protein was analyzed at 24 h post-infection.” A
significant and robust reduction in the nuclear localization of NS5 protein was observed in ATV-treated infected cells (Figure 2F) compared to
untreated cells. This result was confirmed by a decrease in the Fn/C ratio of ATV-treated compared to DMSO-treated infected cells (Figure 2I).
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Figure 1. Ivermectin blocks the nuclear import of the NS3 protein from DENV

(A) Transmission Immunoelectron Microscopy (TIM) of Huh7 cells mock-infected or infected with DENV-2 at 12 hpi. The red arrows point to the positive colloidal
gold mark for NS3. Ne: nuclear envelope, N: nucleus, Re: endoplasmic reticulum, Cy: cytoplasm, and M: mitochondria. Please see also Figure S1.

(B) Confocal microscopy images of cells transfected with SV40-x4GFP NLS, (C) infected with DENV at an MOI of 10, or (D) transfected with the plasmid encoding
the NS2B3 protein of DENV in the presence of DMSO or 12.5 ng IVM. Nuclei were stained with Hoescht (blue). The first panels show merged images: scale bars,
20 um. The GFP signal (B) and NS3 staining (C and D red) are observed in the right panel of each figure. The Mean Fluorescence Intensity (MFI) was determined for
selected regions of interest (ROls) in the nucleus and cytoplasm. The fluorescence ratio nucleus/cytoplasm (Fn/C) was determined for these selected ROls in each
confocal microscopy image (for green fluorescent protein (GFP) or NS3-Alexa-555) of cells treated or not with 12.5 ng VM. n = 40 cells for each condition (in three
independent experiments). Data were represented as mean =+ standard error of the mean (SEM). Statistical comparison was performed by Two-tailed unpaired
Student's t-test. ****p < 0.0001.

(E) Representative schematic of the mechanism of NS3 nuclear import inhibition by VM treatment.

All these results demonstrate that ATV treatment inhibits the nuclear import of cellular proteins such as KPNA1 and KPNA2 and inhibits the
nuclear transport of the NS3 and NS5 proteins in DENV-2 infected cells.

Inhibition of nuclear transport with ivermectin and atorvastatin reduces nuclear pore complex disruption during Dengue
virus-2 infection

Previous studies from our group indicated that the nuclear localization of NS3 is involved in the disruption of NPC proteins.*® If this is the case,
inhibiting the nuclear import of NS3 with [IVM or ATV would avoid the NPC disruption (Figures 3A and 3B). Briefly, DENV-2-infected cells were
treated or not with IVM at 12.5 ng and ATV at 10 uM, and the integrity of Phenylalanine-Glycine (FG)-Nups was analyzed at 24 h using Mab414
antibody by confocal microscopy. In accordance with our previous results, the localization of NS3 was predominantly cytoplasmic at 24 hpi,
with some nuclei partially stained with NS3. While the fluorescence corresponding to FG-Nups was observed as a ring structure around the

nucleus of uninfected cells, this ring structure was disrupted in infected cells (Figure 3C).

iScience 26, 108294, December 15, 2023 3




¢ CellPress iScience
OPEN ACCESS

B ns C
VM ATV ns
DMSO 125ng 10 puM Z ., 25 . %3 22
3¢ T g5 *
< |61kDa- E‘ KPNA1 £3 20 25 5329 ns
2 2 b 2% T
“ k] 3810
@ 23 05 23 o5
s 13 g%
g e ) & & . &
D Atorvastatin 10 pM E DENV-2 (12 hpi) F DENV-2 (24 hpi)
DMSO 12h 24h DMSO ATV 10 uM DMSO ATV 10 uM
Hoescht / KPNA1 | | Hoescht / NS3 | | Hoescht/ prM / NS5
KPNA 1 NS5
G H NS3 .
1.0 06
*hkk 25
— 05 _
£ 08 N 2 2
o5 o5 04 ° i 15
= > = ®
Sgos 5F g 18
of g g oo gg !
£5 04 I LR 53 108
E I.é 0.02: é 0.6
=02 . 0.4
0.01 £ 0.2 —
0 i 0.0
DMSO 12h 24 h 000 DMSO ATV DMSO ATV

ATV treatment

Figure 2. ATV impairs the nuclear import of NS3 and NS5 of DENV-2

(A) Western blot analysis of cytoplasmic fractions of Huh-7 cells treated with DMSO, IVM, or ATV for 24 h. Antibodies against KPNA1T and KPNA2 proteins were
used. In addition, antibodies against Calreticulin (CRT) and lamin A/C (LMNA) were used as purity control of the fractions. Finally, GAPDH was used as a loading
control. The graphs represent the relative intensity of (B) KPNA1 and (C) KPNA2 bands for each condition from three independent experiments. Data were
represented as mean + standard error of the mean (SEM). Statistical comparison was performed by one-way ANOVA with Tukey post-host tests. *p < 0.05.
(D) Confocal microscopy images of ATV treatment of uninfected or (E) infected cells at a MOl of 10 for 12 h or (F) at a MOl of 5 for 24 h. The cellular protein KPNA1
was labeled as a control for drug activity. NS3 and NS5 proteins were stained to analyze their location in ATV untreated and treated cells: scale bar, 30 um. Please
see also Figure S3C (G-I). The Mean Fluorescence Intensity (MFI) was determined for selected regions of interest (ROls) in the nucleus and cytoplasm. The
fluorescence ratio nucleus/cytoplasm (Fn/C) was determined for these selected ROls in each confocal microscopy image (for NS3-Alexa555 or NS5-Alexa555)
of cells treated or not with ATV. n = 40 cells for each condition (in three independent experiments). Data were represented as mean + standard error of the
mean (SEM). Statistical comparison was performed by Two-tailed unpaired Student’s t-test. ***p < 0.001, ****p < 0.0001.

Interestingly, treatment with VM and ATV partially prevented the disruption of FG-Nups (Figure 3C). The mean fluorescence intensity (MFI)
analysis showed a significant difference between Mock and DENV-2 infected cells (p < 0.0001) and DENV-2 infected cells treated with VM
(p <0.0001). However, the MFI of IVM-treated infected cells was significantly higher than vehicle-infected cells (Figure 3D). Similarly, ATV treat-
ments increased the MFI of FG-Nups compared to untreated infected cells. (Figure 3D). Interestingly, we observed a smaller significant dif-
ference between Mock and ATV-treated infected cells (p 0.0035) (Figure 3D), in contrast to that observed between Mock and IVM-treated
infected cells (p < 0.0001) (Figure 3D), suggesting that ATV has a higher protective effect against nucleoporins alteration compared to
IVM (Figure 3D). All these results suggest that the presence of NS3 in the nucleus is required for NPC disruption.

The ivermectin + atorvastatin combination promotes the cytoplasmic accumulation of importin o and reduces the
percentage of Dengue virus-2 infected cells

Based on our results, we aimed to evaluate the effect on nuclear transport of the two drugs in combination. For this, cell viability assays of nine
different combinations of the drugs were performed at 24 h, showing that 12.5 ng IVM and 10 uM ATV in combination did not affect the cell
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Figure 3. IVM or ATV reduces FG-Nups disruption in Huh7 cells infected with DENV-2

(A and B) Schematic representation of the nuclear pore complex disruption mediated by the presence of NS3 in the nucleus of DENV-2 infected cells.

(C) Confocal microscopy images of cells infected or uninfected with DENV-2 at MOI of 5 and treated with DMSO, 12.5 ng IVM, or 10 uM ATV for 24 h. FG-Nups
were labeled with Mab414 antibody, and NS3 protein was labeled as infection control. Scale bar, 30 pm.

(D) The Mean Fluorescence Intensity (MFI) was determined for selected regions of interest (ROIs) in the nucleus and cytoplasm, and the fluorescence ratio
nucleus/cytoplasm (Fn/C) was determined for these selected ROls in each confocal microscopy image (FG-Nups-Alexa488) of cells treated or not with IVM or
ATV. n = 40 cells for each condition (in three independent experiments). Data were represented as mean + standard error of the mean (SEM). Statistical
comparison was performed by one-way ANOVA with Tukey post-host tests or two-tailed unpaired Student's t-test. **p 0.035, ****p < 0.0001.

viability (Figure S3A). Consequently, the KPNAT protein and SV40-NLS localization at 24 h post-treatment in an [IVM+ATV combination was
evaluated by confocal microscopy. The results demonstrated an increase of KPNA1 protein (Figure 4A) and the SV40-NLS GFP signal (Fig-
ure S3C) in the cytoplasm during individual VM and ATV treatments. Interestingly, combining these drugs enhances the cytoplasmic accu-
mulation of KPNA1 in uninfected cells (Figure 4A), resulting in higher cytoplasmic MFI than individual treatments (Figure 4B). These results
showed that the IVM+ATV combination has an additive effect in inhibiting karyopherin nuclear import, which affects the transport of
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Figure 4. IVM+ATV combination increases KPNA1 protein in the cytoplasm and decreases the percentage of DENV-2 infection

(A) Confocal microscopy images of cells treated with DMSO, 12.5 ng of IVM, 10 uM of ATV, or IVM+ATV combination for 24 h. KPNA1 was labeled to determine
the effect of treatment on the nuclear import of cellular proteins. Please see also Figure S3C.

(B) The Mean Fluorescence Intensity (MFI) was determined for selected regions of interest (ROIs) in the cytoplasm. n = 40 cells for each condition (in three
independent experiments). Data were represented as mean + standard error of the mean (SEM). Statistical comparison was performed by one-way ANOVA
with Tukey post-host tests. ***p < 0.001, ****p < 0.0001. Scale bar, 30 pm.

Flow cytometry (C and F), percentage of DENV-2 infection (D and G) and viral titer (E and H) in cells uninfected and DENV2 infected cells treated with DMSO or
with high (C, D and E) or low concentrations (F, G and H) of IVM or ATV. Cells were infected at MOl of 0.5 for 24 h, and the percentage of infection was analyzed by
flow cytometry from three independent experiments in duplicate. The analyzed population evaluates 10,000 events from the total population’s single events
(SSC-H vs. SSC-A). The events are represented as SSC-A vs. Alexa Fluor 4882H2. Results were expressed as mean =+ standard error of the mean (SEM).
Statistical comparison was performed by one-way ANOVA with Tukey post-host tests ***p < 0.001, ****p < 0.0001. Please see also Figures S3D and S3E. The
viral titer of supernatants from DENV-2 infected cells was determined by plaque assay from three independent experiments. Data were represented as
mean =+ standard error of the mean (SEM). Statistical comparison was performed by one-way ANOVA with Tukey post-host tests. **p < 0.01, ****p < 0.0001.

importin-dependent proteins (Figure S3C). Based on the inhibitory effect on importin-dependent transport and the anti-DENV effect previ-
ously reported for IVM and ATV in monotherapy treatments,”*” we decided to evaluate the anti-DENV effect of the IVM+ATV combination.
However, viability assays of combined treatments showed that 12.5 ng IVM and 10 uM ATV concentrations were toxic after 24 h (Figure S3B).
Therefore, we tested different combination treatment schemes: high concentrations for 24 h (12.5 ng IVM +10 uM ATV) and low concentra-
tions for 48 h (2.5 ng IVM +5 uM ATV).

Flow cytometry assays determined that high concentrations during 24 h significantly reduced the percentage of DENV-2 infection
compared to individual IVM or ATV treatments (Figures 4C and 4D). However, these combined concentrations were highly toxic in treatments
longer than 24 h but not individually, even at 48 h. (Figure S3D). Therefore, we tested whether the additive antiviral effect of the IVM+ATV
combination is maintained at low concentrations at times longer than 24 h.
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Interestingly, a significant decrease in the percentage of DENV-2 in infected-cells treated with [VM+ATV at low concentrations at 48 h
(Figures 4F and 4G) compared with the treatment with [VM or ATV alone (Figure S3E). Furthermore, we also observed a significant reduction
in viral yield at 24 h and 48 h in high and low doses treatment; nevertheless, there was no significant difference between the IVM-treated and
combination-treated cells (Figures 4E and 4H). Finally, low concentrations did not significantly reduce the nuclear localization of NS3 or
KPNAT1 at 12 h of treatment (Figures S3F and S3G). In this regard, our results suggest that the IVM+ATV combination has a significant
anti-DENV activity than IVM or ATV alone treatments, even when the cells were treated with low concentrations of these drugs.

Combined ivermectin + atorvastatin treatment has a protective effect in Dengue virus-2-infected AG129 mice

Finally, to confirm the antiviral effect of the combination of IVM+ATV, the AG129 mice knockout for the interferon (IFN) pathway (IFNa/B/y
R—/—) was used. The mice were inoculated intraperitoneally with 4x10° PFU/mL of DENV-2 and treated orally with 4 mg/kg/day of IVM and
20 mg/kg/day of ATV for seven days, both in monotherapy and in combination therapy (Figure S4A) as previously reported.**~*?

First, to measure the clinical score of each group, we used as reference Table S3 of clinical signs described previously by Farfan & collab-
orators.” No changes were observed in the mean clinical score of the ATV and IVM-treated group compared to the untreated group (Fig-
ure S4C). Although ATV monotherapy treatment increased the mean survival time from 18.0 (+1.500) to 20.0 (£ 1.500) days for untreated
and treated mice, respectively, the difference was not significant (Figure S4A). On the other hand, the concentrations used for IVM alone
and in the IVM+ATV combination were very toxic for infected mice, with a significant decrease in the percentage survival (Log rank test
*p = 0.0177) with a mean survival time of 13 (£1.500) and 17 (£ 1.225) days, respectively (Figure S4A). These results indicated that 4 mg/
kg/day of IVM was highly toxic in monotherapy or combination.

Therefore, lower concentrations of IVM were tested to prevent its toxicity. AG129 mice received one dose of 0.3 mg/kg or 0.6 mg/kg of IVM
every other day for ten days (Figure S4D). In addition, the DENV-2 inoculum was increased (4x10” PFU/mL) to accelerate the symptoms of
dengue disease. The results showed that both concentrations increased the mean survival time (Figure S4D) and the percent of survival (Fig-
ure S4E) compared to the vehicle-treated group; however, this increase was not statistically significant. Since the treatments delayed the onset
of clinical signs, with a greater effect at the 0.6 mg/kg concentration (Figure S4F), this concentration was selected for the combined treatments
with 20 mg/kg of ATV.

Female or male mice, uninfected or four days post-infection inoculated with 4x10” PFU/mL of DENV-2, were treated in the following con-
ditions: Vehicle (water), 0.6 mg IVM, 20 mg ATV or the combination of IVM+ATV, for ten days. Mice received five doses of IVM, one every other
day, or/and ten doses of ATV, one per day, in single or combined treatments (Figure 5A). Uninfected treated mice were used as the control
group (blue) (Figure 5B). We observed that the administration of the drugs did not cause any signs of disease in the uninfected female or male
mice (Figures 5B and 5C), so they were classified as “1" according to the table of clinical signs (Table S2).

Clinical signs of DENV-2 infection began 6 days post-infection (dpi) in female mice and 7 dpi in male mice and appeared 2 days later in
ATV-treated male mice (day nine post-infection) and three days later in ATV-treated female mice (day nine post-infection) (Figures 5B and 5C).
Subsequently, severe signs (“5" according to the table of clinical signs) of disease occurred at 14 dpi in vehicle-treated mice and ATV-treated
female mice. In contrast, ATV treatment in male mice delayed severe signs until 18 dpi (Figure 5C).

Notably, IVM and IVM+ATV combination treatments delayed the onset of disease signs by 12 days in male mice and 10 - 9 days in female
mice, respectively (Figures 5B and 5C). Interestingly, combined IVM+ATV treatment reduced the onset of severe disease signs up to 22 dpi in
male mice, 2 days later than IVM treatment (Figure 5C). However, in female mice, IVM treatment delayed the onset of severe signs by 3 days
compared to the group treated with the IVM+ATV combination (from day 20 post-infection to day 23 post-infection) (Figure 5B). These data
suggest that treatment with the IVM+ATV combination reduces the onset of severe signs of DENV-2 disease in male AG129 mice but not in
female AG129 mice, most likely because single treatment with ATV therapy failed in female mice.

We also evaluated the survival percentage and body weight decline during IVM+ATV treatments. Kaplan-Meier survival curves showed a
significant increase in the percentage of survival rate in both genders treated with IVM and IVM+ATV but not in females treated with ATV
(Figures 5D and 5E, Table 1). In the total population, the median survival significantly increased from 14 days in untreated mice to 18 and
16 days in mice treated with IVM and IVM+ATV combination, respectively (Table S1). However, the ATV treatment did not increase median
survival and, on the contrary, reduced survival in ATV-treated infected females compared to untreated females (Table 1), according to the
observed results of the clinical signs. These results suggest that the combined therapy of IVM+ATV has a protective effect, mainly in
male mice.

In addition, IVM monotherapy significantly increased the mean survival rate of the total population, including females and males,
compared to untreated mice (Figure 6A, Tables 1 and S1). On the other hand, ATV treatment promoted increased mean survival time in
male mice but not in females (Figure 6B, Table 1). Moreover, we observed that combined IVM+ATV treatment increased the mean survival
time of the total population and treated males compared to untreated mice. However, this increase was not significant in IVM+ATV-treated
females (Figure 6C, Table 1). Finally, we observed a lower weight loss in both genders in the groups treated with IVM and IVM+ATV compared
to the Vehicle-treated group; nevertheless, we did not detect a significant difference between the treated and untreated groups (Figures S4G
and S4H).

Since the combined IVM+ATV treatment had a better effect on male AG129 mice, we measured the viral load in different organs of treated
and untreated mice and the nuclear localization of NS3 in tissue sections. Two or three mice per group were infected and treated as described
above. Viral load was measured in the livers and brains of mice infected for 8 days at mid-treatment (with three IVM and five ATV doses) (Fig-
ure 5A). Interestingly, no viral RNA was found in the livers of the mice. Quantitative real-time PCR (RT-qPCR) data showed significantly lower
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Figure 5. In vivo efficacy of IVM+ATV treatment in DENV-2-infected AG129 mice

(A) Workflow for evaluating the effect of combined IVM+ATV treatment in the AG129 mouse model infected with DENV-2. The graphical was elaborated using
BioRender.com. Mean clinical scores of AG129 (B) female and (C) male mice infected with DENV-2 treated with Vehicle, IVM, ATV, and IVM+ATV. The morbidity
scale is shown in Table S2. Kaplan-Meier survival curves represent the percentage survival of (D) female and (E) male AG129 mice treated with Vehicle, IVM, ATV,
and IVM+ATV. The continuous line highlights the treatment that most increased the survival rate compared to the Vehicle. Statistical comparison was performed
by Gehan-Breslow Wilcoxon and Log rank (Mantel-Cox) test. p-values are shown in Tables 1 and S1.

viral copies in the brains of AG129 mice treated with the IVM+ATV combination (mean 2.83x10% copies) compared to the other groups (mean
Vehicle = 7.5x10° copies, IVM = 4.86x10° copies, and ATV = 3.62x10° copies) (Figure 6D).

Additionally, frozen mouse brain slices were obtained for observation by immunofluorescence. Confocal microscopy images showed in-
fected cells with NS3 protein staining in the cytoplasm and nucleus (Figure 6E), according to our previous in vitro results. Interestingly, in the
brain tissue of AG129 mice treated with IVM, ATV, and the combination IVM+ATV, we observed a significant reduction of NS3 MFI in the
nucleus of infected cells (Figure 6F). Furthermore, during treatment with the IVM+ATV combination, a substantial reduction in NS3 MFI in
the cytoplasm was also observed, consistent with the decreased viral load shown above (Figure 6G). These results demonstrate that com-
bined treatment increases survival and reduces DENV-2 viral load in AG129 male mice, suggesting the potential anti-DENV effect of com-
bined IVM+ATV treatment. Besides, we have evidence that VM and ATV partially impair the nuclear localization of NS3 protein in an in vivo
model.

DISCUSSION

Finding a treatment or vaccine against dengue disease remains challenging today. Recently, repositioning FDA-approved drugs has proven
to help search for new antiviral therapies, interrupting critical cellular processes in the replicative cycle of viruses.>"** The advantages of these
drugs are that, since they are safe in humans, the development, production, and approval process is avoided; in addition, their therapeutic
action and adverse effects are widely known.** Recently, the anti-Flavivirus properties of IVM, an anti-parasitic, and ATV, a lipid-lowering drug,
have been reported; however, the antiviral mechanisms of both drugs are still under study.**”
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Table 1. Combined IVM+ATYV treatment on survival of AG129 male and female mice infected with DENV-2

Are the survival Are the average
Comparison of Median survival rate curves sig Average survival survival times
treatment groups # events (n) rate (days) different? time (days) sig different?
Females Veh vs. VM Veh =4 Veh =14 YES Log rank (Mantel-Cox) Veh = 13.50 YES
IVM = 4 IVM = 17 test ***p = 0.0004 NO IVM = 17.75 £ 1.700 ANOVA-LSD
Gehan-Breslow Wilcoxon test *p = 0.0204
Veh vs. ATV Veh =4 Veh =14 NO Veh = 13.50 NO
ATV =4 ATV =13 ATV = 13.25 + 1.102
Vehvs. VM + ATV Veh =4 Veh = 14 YES Log rank (Mantel-Cox) Veh = 13.50 NO
IVM+ATV =4 [VM+ATV = 15.50 test *p= 0.0379 YES IVM+ATV = 16.50 + 1.742

Gehan-Breslow Wilcoxon
test *p= 0.0398

Males Veh vs. IVM Veh =4 Veh = 13.50 YES Log rank (Mantel-Cox) Veh = 13.50 YES
IVM = 2 IVM = 18.50 test *p = 0.0494 NO IVM = 18.50 + 2.082 ANOVA-LSD
Gehan-Breslow Wilcoxon test *p = 0.0252
Veh vs. ATV Veh = 4 Veh = 13.50 NO Veh = 13.50 YES
ATV =3 ATV =15 ATV =16 + 1.191 ANOVA-LSD
*p = 0.0465
Vehvs. IVM + ATV Veh =4 Veh = 13.50 YES Log rank (Mantel-Cox) Veh = 13.50 YES
IVM+ATV =4 IVM+ATV =19 test *p= 0.0409 YES IVM+ATV = 17.50 + 1.742 ANOVA-LSD
Gehan-Breslow Wilcoxon *p = 0.0300

test *p= 0.0482

Summary of statistical data for the in vivo assay. Words in bold font are highlighted when both statistical tests for in vivo assay studies are statistically significant.

This research proposes the IVM+ATV combination, both FDA-approved drugs, for anti-DENV therapy based on inhibiting nucleus-cyto-
plasmic transport mechanisms.* During the DENV replicative cycle, it has been demonstrated that viral proteins such as C, NS5, and NS3

4548 rewiring host immune

are transported to the nucleus, which is required for the apoptosis and inhibition of nucleosome formation,
response, gene expression,”’*? nucleoporins degradation and the nuclear pore complex alteration.”® Due to these findings, studies on
using FDA-approved drugs to regulate, inhibit, or understand the dynamics of nuclear localization of DENV proteins have been
conducted.”’

Previous work from our group indicates that DENV-2 and ZIKV NS3 proteins are present in the nucleus and cytoplasm of infected cells at
early and late times post-infection.'”?” In the case of ZIKV NS3, it has been shown to possess an NLS and a NES that favor the nuclear transport
of the protein.?”’ However, the exact mechanisms for DENV-2 NS3 nucleus-cytoplasm trafficking are unclear. Hence, one of the aims of this
study was to determine the pathway used by NS3 to be imported to the nucleus. It has been shown that IVM can inhibit nuclear import by
interfering with the Imp a1 pathway,'' a mechanism that prevents the translocation of NS5 RNA-dependent RNA polymerase to the nucleus
of flaviviruses.>” On the other hand, for DENV, NS3 has been described to have a putative Imp a/B1-dependent NLS.'” In this sense, the pre-
sent study has demonstrated that IVM inhibits the nuclear import of the NS3 protein (Figure 1), suggesting that the Imp o/B1 pathway me-
diates NS3 transport to the nucleus of infected cells.

ATV, a statin used to treat hypercholesterolemia,50 also inhibited the nuclear import of NS3 in infected cells (Figure 2E). While lvermectin
inhibits the Imp a1 pathway through the dissociation of the Imp a-B1 complex by binding it to the armadillo repeat domain (AMR), affecting
its thermal stability,'" ATV affects the prenylation of GTPases by reducing their membrane localization, involving the organization of the actin
cytoskeleton, and affecting intracellular transport.®® Segatori et al. (2021) reported that importin gene expressions and nuclear accumulation
were reduced in uninfected cells treated with IVM and ATV alone or combined.?” This finding supports our results where KPNA1 is retained in
the cytoplasm of ATV-treated Huh7 cells and inhibits nuclear transport of the viral proteins NS3 and NS5 of DENV-2 infected cells (Figure 2).
Thus, statins, such as ATV, impair Huh7 cell nuclear transport due to cholesterol depletion by inhibiting the hydroxymethylglutaryl-coenzyme
A (HMG-CoA) reductase.”!

Different studies have shown that the nuclear localization of NS5 prevents interleukin-8 activation and affects cellular mRNA splicing.
However, not much is known about the role of NS3 in the nucleus. De Jesus-Gonzalez et al. 2020 reported that NS3 of DENV and ZIKV process
nucleoporins from NPC.*** During Poliovirus and Rhinovirus infection, nucleoporin degradation has also been associated with viral prote-

52,53

ases 2A and 3C,>>° suggesting that the nuclear presence of protease 3C is involved in nucleoporins disruption.”” Therefore, we hypothesized
that NS3 can alter the NPC from its nuclear localization (Figure 3A). In this sense, our results indicate that treatment with IVM or ATV reduced
the presence of NS3 in the nucleus and the NPC disruption during DENV-2 infection (Figure 3). However, further studies are needed to
confirm the importance of the nuclear import of NS3 in NUPs degradation. Thus, our data suggests that inhibiting the nuclear import of viral
proteins such as NS3 by IVM and ATV is an attractive target for antiviral design.
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Figure 6. IVM+ATV reduces viral load and nuclear localization of NS3 in the brain of DENV-2-infected AG129 mice

(A-C) Mean survival time of AG129 mice treated with IVM, ATV, and the combination IVM+ATV (n=6 (23,4 9),7 (33,4 ?) and 8 (4 3, 4 ?), respectively). Vehicle-
treated mice infected with DENV-2 were used as controls (n = 8 (4 8, 4 ?)). Data were represented as mean + standard error of the mean (SEM). Statistical
comparison was performed by ANOVA-LSD. p-values are shown in Tables 1 and S1.

(D) Effect of IVM, ATV, and IVM+ATV treatments on viral load in brains of DENV-2 infected mice eight days post-infection (n = 3, for each group) compared to
vehicle-treated mice (n = 2). Treatment started 4 days post-infection. The independent treated groups received three doses of IVM and five doses of ATV, and the
combined group received three doses of IVM+ATV every other day. Data were represented as mean + standard error of the mean (SEM). Statistical comparison
with the vehicle-treated group was performed using the unpaired one-tailed Mann-Whitney test. *p < 0.05.

(E) Brain tissue sections from AG129 male mice. Mice received half of the treatment schedule (five days of treatment). Frozen tissue sections were prepared and
labeled with anti-NS3 (viral protein) and Hoescht (nuclei), and the subcellular localization of NS3 was analyzed by confocal microscopy of infected and uninfected
mice treated with IVM, ATV, or the combination IVM+ATV. The Mean Fluorescence Intensity (MFI) was determined for selected regions of interest (ROls) in the (F)
nucleus and (G) cytoplasm from mice infected cells of each condition (Vehicle, IVM, ATV or IVM+ATV). Data were represented as mean + standard error of the
mean (SEM). Statistical comparison was performed by one-way ANOVA with Tukey post-host tests. *p 0.05, **p < 0.01.

Previous work demonstrated that IVM pretreatment was sufficient to inhibit NS5 transport, DENV replication, and the helicase activity of
the flavivirus NS3 protein.®’” Therefore, our results provide additional information about the antiviral effect of IVM: treatments with low con-
centrations of this drug are not toxic in Huh-7 liver cells (Figure S2B and S2C); this treatment prevents the nuclear import of NS3 (Figure 1),
which consequently contributes to reducing the pathogenesis and replication of DENV-2 (Figures 3 and 4). In addition, IVM, in combination
with ATV, showed a significant in vitro anti-DENV effect compared to monotherapies (Figure 4).

Additionally, our in vivo assays performed in immunodeficient AG129 mice, a lethal model for DENV infection,”® demonstrated that the
combined IVM+ATV treatment significantly increased (3 days) the mean survival time in the total population of DENV-2-infected mice
(females + males) (Table S1). Furthermore, the Kaplan-Meier survival curves showed a significant increase in survival percentage and a median
survival of 6 days longer in IVM+ATV-treated male mice compared to untreated mice (Figure 5 and Table 1). Interestingly, IVM-treated fe-
males showed a 3-day increase in mean survival curve compared to the vehicle-treated groups, more significant than the combination treat-
ment, which was only 1.5 days (Table 1). A possible explanation for this is that ATV in the combined treatment affects the survival time of
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female mice, as we observed in the ATV-treated female mice group, where there was no difference compared to the mean vehicle survival.
(Figure 6).

Previous studies have reported that statins are protective in AG129 mice infected with DENV.* However, in this work, ATV treat-
ment only increased the mean survival time in male mice (Figure 6). These effects could be related to the adverse effects of statins
in the ovary and uterus® and serum androgen depletion.®’ This appears to be an effect of treatments with cholesterol-lowering
drugs such as metformin, described by Farfan-Morales et al. (2021).” As far as we know, only two clinical trials have studied the
role of statins as an antiviral agent for DENV infections, and no evidence of a beneficial effect on clinical manifestations of
DENV or viremia in adult patients treated with statins has been found.®"*” However, no previously mentioned studies have
described a differential effect of statins on DENV-infected males and females. Therefore, preclinical and clinical studies should
consider the evaluation of statins and any other drugs in gender-divided groups. Finally, we observed that male mice treated
with the IVM+ATV combination showed lower viral copy numbers than the other groups (Figure 6) and a delay in the onset of clin-
ical signs of dengue disease (Figure 5). In contrast, clinical trials with IVM in monotherapy showed no clinical efficacy compared to
the untreated group but a significant anti-DENV effect.®®

In this regard, these data might suggest that combination therapy of IVM+ATV could reduce the onset of dengue disease symptoms and
viral load, having a substantially better clinical efficacy than monotherapies in patients infected with DENV. However, further studies on
cholesterol-lowering drugs in females are needed to demonstrate the effectiveness of combined IVM+ATV therapy. In addition, IVM and
ATV have been shown to have immunomodulatory effects.**” Despite this, we emphasize that the anti-DENV effects of the IVM+ATV com-
bination demonstrated in the present in vivo study are independent of the IFN-dependent immune response. Hence, with this data, we pro-
pose the combination IVM+ATV as a possible antiviral therapy for patients infected with DENV.

Finally, by analysis of histological sections, we found NS3 staining in brain tissue nuclei of male AG129 mice; importantly, we observed a
reduction of NS3 MFI in mice treated with IVM, ATV, or the combination IVM+ATV. These data demonstrate the nuclear localization of NS3in
an in vivo model and that FDA-approved drugs that can impair nuclear transport reduce the presence of NS3 in the nucleus of tissues from
infected AG129 mice. However, further studies are needed to elucidate the role of NS3 in the nucleus in both in vitro and in vivo models. In
summary, inhibiting nuclear transport impairs the nuclear import of DENV proteins and may be a promising target for treating emerging and
re-emerging viral diseases.

Limitations of the study

One of the limitations of the study was to evaluate the nuclear transport of NS3 protein in the in vivo model, due to the difficulty of controlling
the time of infection and the number of infected cells. In addition, there are few methodologies to evaluate nuclear transport in an in vivo
model. Therefore, further studies are needed to elucidate the transport of viral proteins in vivo or in samples from infected patients as
well as its role in viral pathogenesis.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-KPNA1 Santa Cruz Cat# sc-517105; RRID: AB_2721174
Mouse anti-KPNA2 Santa Cruz Cat# sc-136204; RRID: AB_10709746
Mouse anti-GAPDH Santa Cruz Cat# sc-47724, RRID: AB_627678
Mouse anti-lamina A/C Santa Cruz Cat# sc-376248; RRID: AB_10991536
Mouse anti-calreticulin Santa Cruz Cat# sc-6468; RRID: AB_667960
Rabbit anti-NS3 GENETEX Cat# GTX124252; RRID: AB_11171668
Rabbit anti-NS5 GENETEX Cat# GTX124253; RRID: AB_11169932
HRP-conjugated goat anti-mouse Cell Signaling Cati# 7076S; RRID: AB_331144
HRP-conjugated goat anti-rabbit Cell Signaling Cat# 7074S; RRID: AB_2099234

Goat anti-mouse Alexa Fluor 488 Invitrogen Cat# A21202;RRID: AB_141607

Goat anti-rabbit Alexa Fluor 555 Invitrogen Cat# A21428; RRID: AB_2535849

Bacterial and virus strains

DENV-2 New Guinea C Strain

Kindly donated by Instituto de Diagndstico y
Referencia Epidemiolégicos Dr. Manuel
Martinez Béaez (InDRE), Mexico.

N/A

Chemically Competent E. coli DH5a. Invitrogen Cat# 18265-017
Chemicals, peptides, and recombinant proteins

DMEM Gibco Cat# 12491-015
MEM Gibco Cat# 41500-015
HANK'’s balanced salt solution Gibco Cat# 24020-117
Ivermectin Sigma-Aldrich Cat# 18898-250MG

Veridex (lvermectin)
APOTEX (Atorvastatin)

Super Signal West Femto Chemiluminescent
Substrate

Laboratorios Maver de México
PROTEIN S.A DE C.V. México

Thermo Scientific

N/A
N/A
Cat# 34095

OptiMem Gibco Cat# 11058-021
TRIzol reagent Invitrogen Cat# 15596026.PPS
DNAse1 BioLabs Cat# M0303

Critical commercial assays

3-(4,5- dimethylthiazol-2-yl)-2,5 Sigma-Aldrich Cat# M5655-500MG
diphenyltetrazolium bromide (MTT)

Cell Fractionation Kit Abcam Cat# ab109719
SYBR Green PCR-Master mix BIO-RAD Cat# 172-5150

Zippy Plasmid Miniprep kit

Reverse transcriptase M-MLV

ZYMO Research

Invitrogen

Cat# D4019
Cat# 28025-013

Experimental models: Cell lines

Huh-7

BHK-21

Kindly donated by Dr. Rivas from Universidad
Autonoma de Nuevo Leon, Mexico.

Kindly donated by Instituto de Medicina
Tropical “Pedro Kouri”, Cuba.

N/A

N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: Organisms/strains

CD-1 mice: ICR-CD1, Strain Code: 022. Charles River Laboratories N/A

AG129 mice: strain 129/Sv mice doubly La Jolla Institute for Allergy and Immunology N/A
deficient in IFN-a/B and -y receptors

Oligonucleotides

Primer DENV Capsid gene Forward: Prada-Arismendy et al.® N/A
5'-CAATATGCTGAAACGCGAGA-3'

Primer DENV Capsid gene Reverse: Prada-Arismendy et al.® N/A

5-TGCTGTTGGTGGGATTGTTA-3

Recombinant DNA

pcDNA_DENV2-NS2B3_V5 Addgene Cat# 115906
NLS-SV40-4GFP Kindly donated by Dr. Bulmaro Cisneros from N/A
Department of Genetic and Molecular Biology-
CINVESTAV
Software and algorithms
ImageJ ImageJ https://imagej.nih.gov/ij/

Chaumont, F. et al.
GraphPad Software, San Diego California USA
BD Life Sciences

Icy image analysis
GraphPad Prism 6.0

https://icy.bioimageanalysis.org
https://www.graphpad.com

FlowJo v. 10 software https://www.flowjo.com/solutions/flowjo

Leica Application Suite X Core v3.3.0 Leica https://www.leica-microsystems.com/
products/microscope-software/details/
product/leica-las-x-Is/

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact Rosa Maria Del
Angel (rmangel@cinvestav.mx).

Materials availability

This study did not generate new unique reagents.

Data and code availability

e All original data reported in this paper will be shared by the lead contact upon request.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Cell lines

The human hepatocellular carcinoma cell line Huh-7 was grown in advance Dulbeccés Modified Eagle Medium (DMEM) (complete medium)
supplemented with 2 mM glutamine, 7% fetal bovine serum (FBS), high glucose (4 g/L), Amphotericin B (1000X), penicillin (50 U/mL) and strep-
tomycin (50 pg/mL) at 37°C and a 5% CO, humidified atmosphere. Baby hamster kidney-21 (BHK-21) cells were maintained in MEM supple-
mented with 8% FBS, high glucose (4 g/L), penicillin (50 U/mL) and streptomycin (50 pg/mL) at 37°C and a 5% CO, humidified atmosphere.

Mice

The animal experiment followed the Official Mexican Standard Guidelines for Production, Care, and Use of Laboratory Animals (NOM-062-
Z00-1999). The protocol 048-02, was approved by the Animal Care and Use Committee (CICUAL) at CINVESTAV-IPN, Mexico. AG129 mice
(strain 129/Sv) (6-8-week-old, female or male) were kindly donated by Dr. Marco Antonio Meraz Rios (Biomedicine Department, Center for
Research and Advanced Studies (CINVESTAV-IPN, Mexico)), which were provided by the La Jolla Institute for Allergy and Immunology.
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Neonatal CD1 (ICR-CD1, Strain Code: 022) and AG129 mice were bred and housed at the Laboratory Animal Production and Experimentation
Unit (UPEAL-CINVESTAV).

METHOD DETAILS

Viral infection

DENV-2 (New Guinea C strain) was kindly donated by Instituto de Diagndstico y Referencia Epidemioldgicos Dr. Manuel Martinez Baez
(INDRE), Mexico. DENV-2 was propagated using CD-1 suckling mice brains (provided by the Laboratory Animal Production and Experimen-
tation Unit (UPEAL). The uninfected CD-1 suckling mice brain extracts were used as control (Mock-infected). Huh-7 cells seeded at 80% of
confluence were infected with DENV-2 at a multiplicity of infection of 0.5, 5, and 10 in HANK's balanced salt solution for 2 hours (h) at
37°C. Later, the infection was allowed to proceed for 12 h, 24 h, 36 h, or 48 h.

Transmission immunoelectron microscopy (TIM)

The Huh7 cells grown in p100 dishes were infected with mock or DENV-2 at an MOI of 10. After 12 h or 24 h, the cells were fixed with 4%
paraformaldehyde/0.5% glutaraldehyde for 1 h at room temperature (RT), dehydrated with increasing concentrations of ethanol,
embedded in the acrylic resin (LR White), and polymerized under UV irradiation at 4°C overnight. Resin-embedded cell sections of
70 nm were mounted on Formvar-covered nickel grids and incubated in PBS with 10% FBS for 1 h to block nonspecific binding and reacted
with an anti-NS3 antibody diluted 1:20 in PBS with 5% FBS. The samples were washed three times and incubated with an anti-rabbit IgG
secondary antibody conjugated to 20-nm colloidal gold particles (Ted Pella Inc., Redding, CA, USA) at RT for 1 h. Finally, the sections were
contrasted with uranyl acetate and lead citrate before being examined under a Jeol JEM-1011 transmission electron microscope (Jeol Ltd.,
Tokyo, Japan).

Drugs and reagents

IVM (Sigma) and ATV (APOTEX) compounds were first resuspended in dimethyl sulfoxide (DMSO) at concentrations of 2.5 mg/mL and 20 mM/
mL, respectively, then aliquoted and stored at -20°C. Final working concentrations were achieved after serial dilutions using DMSO. Control
cells were treated with DMSO as a Vehicle. For in vivo assay, groups were administered with Veridex (lvermectin) and APOTEX (Atorvastatin)
resuspended in sterile water (Vehicle).

Cell viability assay

The effects of IVM and ATV on Huh? cell viability were measured using the 3-(4,5- dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT)
assay (Sigma-Aldrich). Briefly, cells were plated in 96-well flat bottom plates in complete DMEM and allowed to attach overnight. The Huh7
cells were treated for 24 h, or 48 h with increasing concentrations of IVM (12 uM, 25 uM, 50 uM, 75 uM, or 100 uM) or with increasing concen-
trations of ATV (5 uM, 10 uM, 15 uM, 20 pM or 50 uM). The IVM+ATV combination assay was performed using high and low concentrations of
IVM and ATV that showed a viability percentage above 80% at 24 h or 48 h. After adding 10 pL of MTT reagent to each well, the plates were
incubated for 3 h. Formazan crystals were solubilized using DMSO, and each well’s absorbance was measured at 562 nm and 630 nm to elim-
inate the background. The vehicle-treated control cells’ optical density was 100% viability.

Subcellular fractionation and Western blot analysis

The Huh7 cells grown in 6-well plates at 80% or 90% were infected with mock or DENV-2 for 24 h. Then, the Huh7 cells were washed 3 times
using cold 1X PBS, and the cells were fractionated following the Abcam Cell Fractionation Kit (ab109719) instructions. The cytoplasmic and
nuclear fractions were stored at -80°C until use. The extracts from cytoplasmic fractions were quantified using the BCA Protein Assay (Thermo
Scientific). SDS-PAGE separated thirty micrograms of protein, transferred to nitrocellulose membranes (Bio-Rad), and blocked with 10%
nonfat milk in PBST (1X PBS/0.01% Triton X-100) for 1 h at RT. The immunoblotting was performed with the mouse anti-KPNA1 (1:1000;
s¢-517105), mouse anti-KPNA2 (1:1000; sc-136204), mouse anti-GAPDH (1:1000; sc-47724), mouse anti-lamina A/C (LMNA 1:1500; sc-
376248) as nuclear fraction control or mouse anti-calreticulin (CRT) polyclonal antibody (1:1500; sc-6468) as cytoplasmic fraction control.
HRP-conjugated goat anti-mouse or anti-rabbit IgG antibodies (1:5000; Cell Signaling) with 5% nonfat milk in PBST were used as secondary
antibodies. The proteins were visualized using the Super Signal West Femto Chemiluminescent Substrate (Thermo Scientific), and the densi-
tometric analysis was performed with the ImageJ software.

Transfections experiments

Plasmid containing the sequence of DENV-2 NS2B3 protein (pcDNA_DENV2-NS2B3_V5) was a gift from Alan Rothman (Addgene
plasmid # 115906; http://n2t.net/addgene:115906; RRID: Addgene_115906) and a plasmid containing NLS-SV40 with four green fluores-
cent protein (GFP) was kindly donated by Dr. Bulmaro Cisneros from Department of Genetic and Molecular Biology, Center for
Research and Advanced Studies (CINVESTAV-IPN, Mexico). These plasmids were propagated in competent E. coli DH5a (Invitrogen),
and the purification was performed using the Zippy Plasmid Miniprep kit (ZYMO Research), following the instructions provided by the
manufacturer.
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Huh7 cells were transfected with plasmids at a confluence of 70%-80% using electroporation following the Hashemi et al. 2012%” protocol,
with some modifications. Briefly, 1x107 cells were washed with cold 1X PBS and resuspended in 100 pL of OptiMem with 5 ng of DNA. The cells
were transferred to a Gene Pulser cuvette with a 4mm electrode gap. The electroporation was performed on a Gene Pulser Xcell (BioRad,
Germany), with electric field strength and pulse length of 170 V and 40 ms in exponential decay. Cells were cultured in advanced DMEM
with 15% FBS, and transfection was evaluated at 48 h by confocal microscopy.

Confocal microscopy

The Huh7 cells grown at 70-80% of confluence on coverslips placed in 24-well plates were mock-infected or infected with DENV-2 for
12 h or 24 h. In addition, frozen brain tissue sections from AG129 mice treated or untreated were prepared at a thickness of 0.8 um. The
Huh7 infected cells, transfected cells, or tissue sections were washed three times with 1X PBS, fixed with 4% paraformaldehyde (PFA) for
30 min, and permeabilized (0.2% saponin, 1% FBS and 1X PBS) for 30 min. Later, the cells were incubated overnight at 4°C with rabbit
polyclonal anti-NS3 antibody (1:200; GENETEX: GTX 124252), rabbit anti-NS5 (1:200; GENETEX: GTX124253), mouse anti prM/E (2H2) or
mouse anti-KPNA1 (1:100; sc-517105). As secondary antibodies, goat anti-mouse Alexa Fluor 488 and goat anti-rabbit Alexa Fluor 555
(Life Technologies) were used, and the nuclei were counterstained with Hoechst (Santa Cruz). The slides were observed on a Leica TCS
SP8 Confocal Microscope (Leica Microsystems), and the images were analyzed with the Leica Application Suite X Core Offline v3.3.0
software.

Flow cytometry assay

The infected untreated and treated cells were analyzed by flow cytometry to determine the percentage of infected cells. The anti-
body 2H2 was used to determine the percentage of infected cells by flow cytometry. A goat anti-mouse Alexa Fluor 488 was used
as a secondary antibody (Life Technologies). The Flow cytometry assay was performed in a BD LSR Fortessa, and the data were
analyzed using the FlowJo v. 10 software. Three independent experiments in duplicate were performed to determine the percent-
age of infected cells.

Viral yield

Supernatants from the DENV-2 infected untreated and treated cells were used to determine the viral yield using plaque-forming units (PFU)
modified assay of Morens et al.® Three independent experiments in duplicate were performed for each assay.

AG129 mouse survival assays

The AG129 mice were infected with 4x10° or 4x10” PFU/mL of DENV-2 per mouse. The virus was inoculated intraperitoneally in 100 plL of
injectable water. According to the literature, the IVM-treated group received 4 mg, 0.6 mg, or 0.3 mg/kg/day of the drug, and the ATV-treated
group received 20 mg/kg/day using an oral tube. The treatments started from day four post-infection for seven or ten days. The mice’s weight
and the clinical signs of the disease were monitored daily until the day of euthanasia. The signs of the disease are based on a clinical score
reported by Orozco et al.’
moribund mice (Table S3). Two independent essays of 2 or 4 mice each were performed. Mice that died from causes other than infection were
excluded. The survival results, the clinical score, and the mouse weight were plotted and analyzed using Graph Pad Prism software version 6.0.

to monitor the average morbidity of DENV-infected mice on a scale of 1to 5, where "1" represents healthy and "5"

Quantification of DENV RNA using RT-qPCR

Brains from male AG129 mice uninfected or infected with DENV-2 and treated with Vehicle, IVM, ATV, or IVM+ATV were used to measure
viral load. Briefly, total RNA was extracted 100 mg of the brain from 2 or 3 mice per condition (each mouse was considered one experimental
unit.) using TRIzol reagent (Invitrogen Cat. 15596026.PPS) following the manufacturer’s specifications. Next, samples were treated
with DNAse 1 (BioLabs Cat. M0303) following the manufacturer’s instructions. Next, 1 pg total RNA was reverse transcribed to cDNA using
Reverse transcriptase M-MLV (Invitrogen). Finally, from 200 ng of cDNA, quantitative polymerase chain reaction (gPCR) was performed
to quantify DENV-2 viral RNA copies from mouse brains, using the following primers: Fw: 5-CAATATGCTGAAACGCGAGA-3,
Rv: 5-TGCTGTTGGTGGGATTGTTA-3/).%

For each PCR reaction, 5 pl of SYBR Green PCR-Master mix (iTag™ Universal SYBR Green One-Step Kit, BIO-RAD Cat. 172-5150), 0.5 pl of
each primer 10 uM, and 2 pul of cDNA diluted in RNase-free water were added. Thermal cycling conditions were as follows: Initial step at 50°C
for 2 min, then 95°C for 1 min, followed by 40 cycles of 95°C for 10 sec and 60°C for 30 sec, using the Eco llumina System equipment. In parallel,
we performed a standard curve (108,107, 10°, 10°, 10%, 10°, 10?) from a plasmid possessing a 151 bp insert of the DENV-2 genome (NCBI ID:
NC_001474.2) corresponding to the C protein region,”® which was amplified with the same primers mentioned above. The threshold was
adjusted with a mock-infected mouse sample and the non-templated control. The results were analyzed with EcoStudy software version
5.04890. Data were expressed as viral copies in 100 mg of tissue.

QUANTIFICATION AND STATISTICAL ANALYSIS

Images obtained by confocal microscopy were analyzed using the Icy image analysis software. Three different images for each condition were
imported, and the mean fluorescence intensity (MFI) for pixel values was obtained for every selected region of interest (ROI) to quantify the
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nuclear fluorescence (Fn) concerning the cytoplasm fluorescence (Fc). The Fn/C ratio was determined according to Fn/Fc = (Fn-Fb)/Fc-Fb),
where Fb was the black-ground fluorescence."® MFI arbitrary units of Fn/C were expressed as the mean, and the standard error of the mean
(SEM) was determined. The student t-test was used to compare the treated and untreated groups in confocal microscopy. The ordinary one-
way ANOVA with Tukey multiple comparisons posthoc test was used to determine significant differences among means of each condition
against the control in confocal microscopy, western-blot, and flow cytometry assay. For the in vivo assays, the Kaplan—Meier survival curves
were drawn. The Wilcoxon and Mantel-Cox tests were used to compare the survival rate between treated and untreated groups using the
GraphPad Prism 6.0 software. Finally, the ANOVA-LSD test was used to compare the average survival time between treated and untreated
groups. In all cases, a p < 0.05 was considered statistically significant.
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