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ABSTRACT

Introduction: Zika virus (ZIKV), a mosquito-borne flavivirus, causes the outbreaks of Latin
America in 2015 - 2016, with the incidence of neurological complications. Sunitinib malate,
an orally bioavailable malate salt of the tyrosine kinase inhibitor, is suggested as a broad-
spectrum antiviral agent against emerging viruses like severe acute respiratory syndrome
coronavirus (SARS-CoV) and SARS-CoV-2.

Materials and Methods: This study investigated the antiviral efficacy and antiviral
mechanisms of sunitinib malate against ZIKV infection using cytopathic effect reduction,
virus yield, and time-of-addition assays.

Results: Sunitinib malate concentration-dependently reduced ZIKV-induced cytopathic
effect, the expression of viral proteins, and ZIKV yield in supernatant with 50% inhibitory
concentration (ICs) value of 0.015 uM, and the selectivity index of greater than 100 against
ZIKV infection, respectively. Sunitinib malate had multiple antiviral actions during entry and
post-entry stages of ZIKV replication. Sunitinib malate treatment at entry stage significantly
reduced the levels of ZIKV RNA replication with the reduction of (+) RNA to (-) RNA ratio
and the production of new intracellular infectious particles in infected cells. The treatment
at post-entry stage caused a concentration-dependent increase in the levels of ZIKV (+) RNA
and (-) RNA in infected cells, along with enlarging the ratio of (+) RNA to (-) RNA, but caused
a pointed increase in the titer of intracellular infectious particles by 0.01 and 0.1 uM, and a
substantial decrease in the titer of intracellular infectious particles by 1 uM.

Conclusion: The study discovered the antiviral actions of sunitinib malate against ZIKV
infection, demonstrating a repurposed, host-targeted approach to identify potential antiviral
drugs for treating emerging and global viral diseases.

Keywords: Zika Virus; Sunitinib; Antiviral agents; Inhibitory concentration 50;
Protein kinase inhibitors

INTRODUCTION

Zika virus (ZIKV) is one of medically important mosquito-borne flaviviruses, as the agents of
sexually transmitted diseases in the family Flaviviridae [1, 2]. ZIKV, firstly detected in Uganda
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in 1947, appears outside the equatorial zone across Africa and Asia since 2007, such as in Yap
Island in 2007, in French Polynesia in 2013 - 2014, in Latin America in 2015, and in North
America in 2016. ZIKV primarily causes mild diseases, including fever, rash, exanthema,
jaundice, arthralgia, and conjunctivitis [3, 4]. In the outbreaks of Latin America in 2015

- 2016, ZIKV infection has been reported to correlates with the incidence of neurological
complications, such as Guillain-Barré syndrome, newborn infants with microcephaly, fetal
abnormalities, and pregnancy losses with birth defects [5]. Due to the association of fetal
microcephaly with ZIKV infection, the World Health Organization announces a “public
health emergency of international concern” in 2016 [6]. Nowadays, ZIKV is still broadly
circulating in the Southeast Asia, the Pacific Islands, and Americas, potentially spreading
to the rest of the world [7, 8]. Therefore, the vaccines or antiviral treatments are the urge

to prevent ZIKV infection and cure the patients, leading to diminish the cases with fetal
microcephaly and abnormalities.

ZIKV RNA genome with near 11 kb in length encodes a unique long open reading frame
consisting of C, prM, E, NS1, NS2a, NS2b, NS3, NS4a, NS4b, and NS5 proteins [1, 9]. The

E protein interacts with host attachment factors and receptors, as the determinant of virus
tropism and virulence [1, 9]. ZIKV NS3 protein contains a serine protease domain at the
N-terminus and a helicase domain at the C-terminus, displaying the protease activity with
the cofactor NS2B. NS5 has a C-terminal RNA-dependent RNA polymerase (RdRp) and

a N-terminal methyltransferase (MTase) activity, involving in viral genome replication [1,

9]. These essential ZIKV proteins have been suggested as the targets for developing anti-
ZIKV agents. The synthetic peptide inhibitor, Z2, specifically interacts with ZIKV E protein,
reducing the viral entry [10]. Novobiocin, lopinavir-ritonavir and bromocriptine show the
inhibitory effect on the proteolytic activity of ZIKV NS2B-NS3 protease [11, 12]. In addition,
fidaxomicin directly interacts with ZIKV NS5 protein, inhibiting the RNA synthesis-catalyzing
activity of ZIKV RdRp [13]. However, potently effective therapeutics of ZIKV infection are not
currently available. Identifying anti-ZIKV compounds is instantly desired.

Sunitinib malate, an orally bioavailable malate salt of the tyrosine kinase inhibitor,
significantly inhibits the multi-specific tyrosine kinase receptors such vascular endothelial
growth factor receptor 2 (VEGFR2), platelet-derived growth factor receptor b (PDGFRb),

and c-kit [14]. Sunitinib malate has been approved to treat renal cell carcinoma and
gastrointestinal stromal tumors [14]. Since many viruses capture a lot of host kinases

during viral replication, approved kinase inhibitors have been repurposed as host-targeted
broad-spectrum antiviral therapies [15]. Erlotinib, gefitinib, and lapatinib (anticancer drugs
targeting EGFR and ERBD kinase family ERBB2) demonstrate in vitro and in vivo antiviral
activities against hepatitis C virus (HCV) and human cytomegalovirus [16, 17]. Imatinib and
nilotinib (approved anticancer c-Abl inhibitors) significantly inhibit replication of Ebola virus
[18], dengue virus (DENV) [19], Middle East Respiratory Syndrome coronavirus (MERS-
CoV), and severe acute respiratory syndrome (SARS)-CoV [20] in cultured cells. Interestingly,
sunitinib shows the meaningful suppression on in vitro and in vivo replication of DENV and
Ebola virus [21]. Recent, kinase inhibitors of anticancer drugs, including sunitinib malate,
have been repurposed as the treatment of coronavirus disease 2019 (COVID-19), due to the
antiviral potential with inhibitory potency on the key kinases for viral entry and reproduction
[22]. Meanwhile, sunitinib malate, inhibiting AP2M1 phosphorylation, markedly impeded
the entry stage of SARS-CoV-2 pseudoviruses [23]. Previous studies indicate that sunitinib
might be a broad-spectrum inhibitor against DNA and RNA enveloped viruses.
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This study investigated the antiviral efficacy of sunitinib malate against ZIKV infection
on cytopathic effect, viral protein and RNA genome synthesis, and virus yield. The study
provided the antiviral potency and the mechanism of action by sunitinib malate against ZIKV.

MATERIALS AND METHODS

The effect of sunitinib malate (Sigma, Darmstadt, Germany) on cell viability of baby hamster
kidney (BHK)-21 cells (Bioresource Collection and Research Center, Hsinchu, Taiwan) was
measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.

2 x 10° BHK-21 cells/well cultured in 96-well plates were treated with sunitinib malate at

the concentrations of 0, 0.01, 0.1, 1, 5, and 10 uM, respectively. After a 96-h treatment, the
treated cells were incubated with 20 ul of MTT stock solution for 4 h, and then added 100 ul
of dimethyl sulfoxide in each well for an additional 1-h incubation. The formazan product
was determined by the SpectraMax® iD3 Multi-Mode Microplate Reader (Molecular Devices,
Winooski, VT, USA) with the absorbance of optical density at 570 and 630 nm (ODs;.630). Cell
viability (%) was calculated as {(ODs;.630 0f treated cells - ODs;g 630 of blank control) / (ODs;o.630
of mock-treated cells - ODsyq.¢30 of blank control)} x 100. Cytotoxic concentration giving 50%
(CCsp) was calculated by linear regression curve program.

To examine the antiviral activity of sunitinib malate against ZIKV, cytopathic effect and
apoptosis (sub-Gl1 fraction) of ZIKV-infected cells with or without the treatment of sunitinib
malate were detected using microscopic photograph and flow cytometry cell cycle analysis

by propidium iodide (PI) staining. BHK-21 cells grown in Minimum Essential Media (MEM)
containing 2% FBS were infected with ZIKV strain PRVABCs, kindly provided by Professor
Robert Y.-L. Wang of Chang Gung University at a multiplicity of infection (MOI) of 0.05, and
immediately treated with sunitinib malate (0, 0.01, 0.1, and 1 uM). After a 4-day incubation,
infected/treat cells were photographed by an inverted microscope for examining the levels of
ZIKV-induced cytopathic effect. In addition, the production of viral E protein expression in
the infected/treat cells were analyzed by the immunofluorescence assay (IFA) with rabbit anti-
ZIKV-E (GeneTex, Inc, Irvine, CA, USA) and anti-rabbit IgG antibodies conjugated with AF555
(ThermoFisher, Waltham, MA, USA), then relative fluorescence intensity of stained ZIKV E
protein was counted in mock and treated infected cells transfected cells by Image J software.
In the flow cytometry cell cycle assay, the cells were harvested, washed, fixed, and then stained
using the PI solution for 15 min in the dark. The cell cycle profile of beyond 10,000 cells per
sample was directly analyzed by flow cytometry with an excitation wavelength of 488 nm and
the emission wavelength of 620 nm, as described in our prior report [24].

To test the inhibitory effect of sunitinib malate on the virus yield in ZIKV-infected cells, BHK-
21 cells plated in 6-well plates were infected with ZIKV at an MOI of 0.05, and immediately
treated with sunitinib malate (0, 0.01, 0.1, and 1 uM). After a 96-h incubation, cultured
supernatant from each group of infected/treated cells was collected, and then serially diluted
and added onto the cells in 96-well plates for measuring virus yields by the median tissue
culture infectious dose (TCIDs) assay. The cells of each well were classified as infected or

not infected based on the cytopathic effects (CPE) upon infection with ZIKA 96 h post the
inoculation with the diluted solutions. The dilution exhibiting 50% of the wells with a CPE
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was determined as the TCIDs, of the cultured supernatant, which virus yield was presented
as TCIDsy/ml. The 50% inhibitory concentration (ICs) value of sunitinib malate on reducing
50% virus yield was calculated according to the inhibitory activity at the concentrations of
0.01, 0.1, and 1 uM using linear regression curve program. Also, the selective index (SI) was
assessed by the ratio of CCs to ICs,

The time-of-addition/removal assays comprised two modes of co-treatment/removal (entry-
stage) and post-infection treatment/removal (post-entry stage) modes. In the entry mode,
the cells were co-treated with sunitinib malate (0, 0.01, 0.1, and 1 uM) and ZIKV (MOI = 0.05)
for1h, washed twice using phosphate-buffered saline (PBS), and further incubated for 120 h.
The supernatant from each well was harvested for detecting the virus yield using the TCIDs,
assay, described above. In the post-entry mode, the cells were infected ZIKV for 1 hour,
washed twice with PBS, treated with effective sunitinib malate for an additional 1 h, washed
again, and then cultured for 120 h. Virus yield in the supernatant collected from each well
was also determined by the TCIDs, assay. The ICs, value of sunitinib malate at the entry and
post-entry stages was calculated based on reducing 50% virus yield using linear regression
curve program.

For determining anti-ZKIV activity of sunitinib malate on the product of intracellular
infectious particles and the synthesis of viral RNA genome, the infected/treated cells under
the entry and post-entry stages were harvested 36 h post incubation for measuring relative
ZIKV positive- strand RNA genomes and negative-strand replicative RNA intermediates. Total
RNAs of the infected/treated cells were extracted using PureLink Mini Total RNA Purification
Kit (ThermoFisher) 36 h post treatment, reverse-transcripted with ZIKV RNA-specific capture
primers 5-GTTGAGGGTTTCCACTCTTG-3’ for positive-strand RNA genomes and 5’-
ACCCTGGGATGTGGTG -3’ for negative-sense replicative RNA intermediates, respectively.
The assay was further followed by measuring ZIKV positive-strand RNA genomes using SYBR
Green Master Mix kit with NS5-specific primer pairs (5-CTTGTGGCTGCTGCGGAGGTCA-3’
and 5’-GTGGTGGGAGCAAAACGGAACTT-3’) by 7300 Realtime PCR system (Applied
Biosystems, Foster City, CA, USA). The corresponding threshold cycle value () measured
was determined the relative levels of positive- and negative- strand RNA genomes in (un-)
treated infected cells were determined by real-time RT-PCR assay normalized by the
housekeeping gene GAPDH, described in our prior report [25]. In addition, the infected/
treated cells were harvested 72 h post incubation for assessing intracellular infectious viral
particles, and then lysed through three freeze-thaw cycles. Each 10-fold serial dilution of the
lysate was added into 8 wells in the 96-well plate of BHK-21 cell culture, incubated for 120 h,
and the TCIDs, titer of intracellular infectious viruses was computed, as mentioned above.

All data of three independent experiments were calculated using One-way ANOVA and
Scheffe's post-hoc test by SPSS 12.0 (SPSS, Inc., IBM, Chicago, IL, USA). P <0.05 was
considered as a statistically significant result.
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RESULTS

Initially, the cytotoxicity of sunitinib malate to BHK-21 cells was firstly evaluated using MTT
assays for determining the optimal test concentrations with less cytotoxicity. The CCs, value
of sunitinib malate to BHK-21 cells was 1.7 uM, thus sunitinib malate at the concentrations of
0.01, 0.1, and 1 uM was used for subsequent antiviral assays, including CPE inhibition, viral
protein synthesis, apoptosis reduction, and virus yield tests (Figs. 1, 2). In the CPE inhibition
assay, microscopic photography indicated that sunitinib malate concentration-dependently
reduced ZIKV-induced CPE in BHK-21 cells (Fig. 1A_top). Immunofluorescence images of cells
stained with anti-ZIKV E antibodies demonstrated that sunitinib malate inhibited viral E protein
expression in ZIKV infected cells by concentration-dependent manners (Fig. 1A_bottom, 1B).
Meanwhile, apoptotic cell fraction of infected cells treated with or without sunitinib malate
was measured using PI staining and flow cytometric assay (Fig. 2A). ZIKV-infected cell had the
appearance of a sub-G1 (apoptotic) fraction, but sunitinib malate significantly diminished the
sub-Gl1 fraction of ZIKV-infected cells. Moreover, the TCIDs, assay of supernatant virus yield
demonstrated that sunitinib malate markedly inhibited the production of ZIKV in BHK-21 cells
(Fig. 2B). The ICs, value of sunitinib malate on virus yield was 0.015 + 0.002 puM (Fig. 2B). The

ZIKV (100 TCIDso)
Sunitinib malate (uM)

+ + + +
0.01

0.1 1

CPE (visible light)
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Figure 1. Inhibition effect of sunitinib malate on ZIKV strain PRVABCse-induced cytopathic effects and viral E protein expression in BHK-21 cells.

The cells were infected with ZIKV strain PRVABCs, at an MOI of 0.05 and immediately treated with sunitinib malate at the indicated concentrations. Images

of ZIKV-induced cytopathic effects were photographed 96 hpi (hours post-infection) by phase-contrast microscopy (A, top). Then, the treated/infected cells
were assayed using immunofluorescence staining with anti-ZIKV E antibodies and secondary antibodies conjugated with AF555 (A, bottom). Moreover, relative
fluorescence intensity of stained ZIKV E protein was counted in mock and treated infected cells transfected cells by Image J software (B).

2p-value <0.001 compared with un-treated infected cells. Scale bar, 100 pm.

ZIKV, Zika virus; BHK, baby hamster kidney; MOI, multiplicity of infection; TCID, tissue culture infectious dose; CPE, cytopathic effects.
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Figure 2. Inhibitory effect of sunitinib malate on ZIKV strain PRVABCs,-induced sub-G1 phase and virus yield in BHK-21 cells.

The cells were infected with ZIKV strain PRVABCs, at an MOI of 0.05 and immediately treated with sunitinib malate at the indicated concentrations. Mock and
infected cells treated with or without sunitinib malate were harvested 96 hpi, stained using propidium iodide, and then examined using flow cytometry. The
percentage of sub-G1 phase in treated/infected cells was displayed (A). The supernatant from treated infected cells was harvested 96 hpi and serially diluted
for determining virus yield using the TCID, assay (B, left y axis). The rate of virus yield inhibition was calculated based on the ratio of the loss in the titer of the
treated group to un-treated group (B, right y axis).

P-value <0.001 compared with un-treated infected cells.

ZIKV, Zika virus; BHK, baby hamster kidney; MOI, multiplicity of infection; TCID, tissue culture infectious dose.

selectivity index (ICsy/CCs) of sunitinib malate against ZIKV infection was 113, discovering that
sunitinib malate was a selective active agent for treating ZIKV diseases.

To ascertain antiviral mechanism(s) of sunitinib malate on the stages of ZIKV replication
cycle, the antiviral action of sunitinib malate was further evaluated using time-of-addition/
removal assays including two modes of co-treatment/removal (entry-stage) and post-
infection treatment/removal (post-entry stage) modes. After a 1-h incubation of the virus/the
compound mixture in the cultured wells, the cell monolayer was washed with PBS, followed
an additional 120-h incubation, and then harvested the supernatant for determining virus
yield in untreated and treated infected cells using the TCIDs, assay (Fig. 3). Profiles of the
ZIKV yield revealed that sunitinib malate concentration-dependently inhibited both entry
and post-entry stages of ZIKV replication in vitro (Fig. 3), while the ICs, values of sunitinib
malate on ZIKV yield were 0.011 + 0.002 uM at entry stage, and 0.009 + 0.001 uM at post-
entry stage, respectively. Results demonstrated that sunitinib malate had a potent inhibitory
activity on the entry and post-entry stages during the ZIKV replication.

To examine the inhibitory action of sunitinib malate on ZIKV RNA replication, the infected
cells treated at entry or post-entry stage were washed, incubated for 36 h, and then harvested
for real-time RT-PCR analysis of intracellular ZIKV positive-strand RNA genomes [(+) RNA]
and negative-sense replicative RNA intermediates [(-) RNA] (Fig. 4). Relative levels of (+) RNA
and (-) RNA by real-time RT-PCR with the specific capture primers indicated that the copies
of positive-sense RNA genomes and negative-sense replicative RNA intermediates in infected
cell treated at entry stage was lower than those in infected cell treated at post-entry stage, as
correlated with a larger amount of intracellular ZIKV at post-entry stage (a 2-h incubation with
virus) than the entry stage (one-hour incubation with virus) (Fig. 4A, 4B, 4D, 4E). The ratio

of (+) RNA to (-) RNA discovered that sunitinib malate treatment at entry stage significantly
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Figure 3. Time-of-addition and removal assay for analyzing antiviral action of sunitinib malate against ZIKV in BHK-21 cells.

The cell monolayer was infected with ZIKV strain PRVABCs, (MOI = 0.05) and treated with sunitinib malate simultaneously (the entry-stage, A), or 1-hour
post-infection (post-entry stage, B). After a 1-h incubation, the virus/the compound mixture was removed; the cell monolayer was washed with PBS. After an
additional 120-h incubation, the supernatant from treated infected cells was harvested and serially diluted for determining virus yield using the TCIDs, assay (left
y axis). The rate of virus yield inhibition was calculated based on the ratio of the loss in the titer of the treated group to un-treated group (right y axis).

P-value <0.001 compared with un-treated infected cells.

ZIKV, Zika virus; BHK, baby hamster kidney; MOI, multiplicity of infection; TCID, tissue culture infectious dose.

reduced ZIKV RNA replication compared to mock-treatment (Fig. 4C). However, sunitinib
malate treatment at post-stage increased the ratio of (+) RNA to (-) RNA in concentration-
dependent manners (Fig. 4F), accumulating the large amounts of ZIKV (+) RNA and (-) RNA
in infected cells. The results demonstrated the differential effect between treatment modes of
sunitinib malate on ZIKV RNA replication at entry and post-entry stages.

To further explore the antiviral action of sunitinib malate on RNA encapsidation and

virus release, the titer of intracellular infectious particles in mock and treated infected

cells was determined using the TCIDs, assay (Fig. 5). Sunitinib malate treatment at entry
stage meaningfully decreased the titer of intracellular infectious particles (Fig. 5A), as
accompanied by the reduction of ZIKV RNA replication (Fig. 4A-4C). Interestingly, the
treatment at post-stage caused a pointed increase in the titer of intracellular infectious
particles by 0.01 and 0.1 uM sunitinib malate, but a substantial decrease in the titer of
intracellular infectious particles by 1 uM sunitinib malate (Fig. 5B). Thus, sunitinib malate
treatment at post-stage could interfere the release of the new viruses by the concentrations of
0.01 and 0.1 uM, and impede the RNA encapsidation (the assembly of the new viruses) by the
concentration of 1 uM, as associated with accumulating the large amount of ZIKV (+) RNA
and (-) RNA in infected cells (Fig. 4D-4F).

DISCUSSION

The study demonstrated anti-ZIKV activity of sunitinib malate in BHK-21 cells, which
concentration-dependently reduced the level of ZIKV-induced CPE, the expression of viral
proteins, and ZIKV yield in vitro (Figs. 1, 2). Sunitinib malate processed the ICs, value of
0.015 £ 0.002 uM on virus yield, and the selectivity index of greater than 100 against ZIKV
infection, respectively (Fig. 3). Previous reports indicated the effective antiviral activity of
sunitinib malate against many kinds of virus infections, such as SARS-CoV pseudovirus
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Figure 4. Effect of sunitinib malate treatment at entry and post-entry stages on ZIKV RNA replication in infected cells.

The cell monolayer was infected with ZIKV strain PRVABCs, (MOI = 0.05) and treated with sunitinib malate simultaneously (the entry-stage, A-C), or 1 h post-
infection (post-entry stage, D-F). After a 1-h incubation in cell-cultured wells, the virus/the compound mixture was removed; the cell monolayer was washed
with PBS. After an additional 36-h incubation, the treated/infected cells were washed, harvested, and then lysed for total RNA extraction using using PureLink
Mini Total RNA Purification Kit. Relative levels of ZIKV positive-strand RNA genomes (A, D) and negative-sense replicative RNA intermediates (B, E) in (un-)
treated infected cells were determined by real-time RT-PCR assay. Finally, the ratio of (+) RNA to (-) RNA was computed (C, F).

ap-value <0.001 compared with un-treated infected cells.

ZIKV, Zika virus; MOI, multiplicity of infection; PBS, phosphate-buffered saline.
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infection at an IC50 of 1 uM, SARS-CoV-2 pseudovirus infection at an ICs, 0of 0.33 uM [23],
HCV pseudoparticles at an IC50 of 0.87 + 0.178 uM, HCV cell culture system at an ICs, of 0.67
+0.18 uM [26], DENV2 at an ICs, 0of 0.51 uM, and Ebola virus at an ICs, of 0.51 uM of 0.47 uM
[21], respectively. Therefore, our results revealed that sunitinib malate, a broad-spectrum
antiviral agent, also exhibited the potent antiviral efficacy against ZIKV.

The study revealed antiviral mechanism of sunitinib malate at the entry and post-entry stages
of ZIKV replication in vitro (Fig. 3), with the ICs, values of 0.011 + 0.002 at entry stage, and
0.009 + 0.001 at post-entry stage, respectively. Results demonstrated that sunitinib malate
had multiple antiviral actions during the entry and post-entry stages of ZIKV replication.
Relative levels of intracellular ZIKV (+) RNA and (-) RNA by real-time RT-PCR indicated that
sunitinib malate treatment at post-entry stage caused a concentration-dependent increase

in the levels of ZIKV (+) RNA and (-) RNA in infected cells, along with enlarging the ratio
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Figure 5. Effect of sunitinib malate treatment at entry and post-entry stages on intracellular virion production in ZIKV-infected cells.

The cell monolayer was infected with ZIKV strain PRVABC:9 (MOI = 0.05) and treated with sunitinib malate simultaneously (the entry-stage, A), or 1h post-
infection (post-entry stage, B). After a 1-h incubation, the virus/the compound mixture was removed; the cell monolayer was washed with PBS. After an
additional 72-h incubation, the treated/infected cells were washed, harvested, and then lysed by three freeze-thaw cycles. The titer of intracellular infectious
particles was determined by TCIDs, assay (left y axis). The rate of virus yield inhibition was calculated based on the ratio of the loss in the titer of the treated

group to un-treated group (right y axis).

ap-value <0.001 compared with un-treated infected cells.
ZIKV, Zika virus; MOI, multiplicity of infection; TCID, tissue culture infectious dose.

of (+) RNA to (-) RNA (Fig. 4D-4F). Meanwhile, the treatment at post-stage caused a pointed
increase in the titer of intracellular infectious particles by 0.01 and 0.1 uM sunitinib malate, but
a substantial decrease in the titer of intracellular infectious particles byl uM sunitinib malate
(Fig. 5B). The results suggested that sunitinib malate treatment at post-stage might inhibit

the release of the new viruses and the assembly of the new viruses, which as associated with
accumulating the large amount of ZIKV (+) RNA and (-) RNA in infected cells (Fig. 4D-4F). In
the other hand, sunitinib malate treatment at entry stage significantly reduced the levels of
ZIKV RNA replication with the reduction of (+) RNA to (-) RNA ratio and the production of new
intracellular infectious particles in infected cells (Figs. 4A-4C, 5A). The assays of virus yield,

(+) RNA and (-) RNA, and intracellular infectious particles demonstrated the differential effect
between treatment modes of sunitinib malate on ZIKV RNA replication at entry and post-entry
stages. Since sunitinib malate distinctively inhibited AP-2-associated protein kinase 1 (AAK1)
and cyclin G-associated kinase (GAK) with the regulation in endocytic and secretory pathways.
Thus, the results implied that sunitinib malate specifically impede the endocytic and secretory
pathways for ZIKV entry, assembly and release. Anti-ZIKV actions on the stages of entry and
infectious virus production by sunitinib malate were consistent with the antiviral actions of
sunitinib malate against many viruses, including HCV, DENV, Ebola, SARS-CoV and SARS-
CoV-2. Such antiviral actions were associated with sunitinib-mediated inhibition of AAK1 and
GAK activity [21, 23, 26].

The study discovered the antiviral potential of sunitinib malate against ZIKV infection, and
provided the information for the development of sunitinib malate as a broad-spectrum
antiviral agent. The study demonstrated a repurposed, host-targeted approach to identify
potential antiviral drugs for treating emerging and global viral diseases. Drug repurposing,
exhibiting known mechanisms and clinical trials of approved drugs, accelerates the clinical
testing for treating emerging viruses with repurposed drugs.
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