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Lipophilic statins inhibit Zika virus
production inVero cells
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Jeong-Ki Kim?

Zika virus (ZIKV) is a mosquito-borne member of the Flaviviridae family. ZIKV infection has been
associated with neurological complications such as microcephaly in newborns and Guillain-Barré
syndrome in adults; thus, therapeutic agents are urgently needed. Statins are clinically approved for
lowering cholesterol levels to prevent cardiovascular disease but have shown potential as antiviral
drugs. In this study, we explored the possibility of utilizing statins as anti-ZIKV drugs. We found

that, generally, lipophilic statins (atorvastatin, cerivastatin, fluvastatin, lovastatin, mevastatin, and
simvastatin) could reduce ZIKV production in vitro and result in smaller foci of infection. Time-of-
drug-addition assay revealed that early treatment with statins is more beneficial than late treatment;
however, statins could not completely inhibit the entry stage of ZIKV infection. Furthermore, individual
lipophilic statins differed in anti-ZIKV capacity, with fluvastatin being the most efficient at low
concentrations. Taken together, this study shows that statins or their derivatives have the potential to
be used as anti-ZIKV therapeutic agents.

Zika virus (ZIKV) is an enveloped, positive-sense, single-stranded RNA virus belonging to the genus Flavivirus of
the Flaviviridae family. The viral genome encodes a polyprotein consisting of the capsid (C), premembrane/mem-
brane (prM), envelope (E), and seven nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4 B, and NS5)".
Like some of the clinically relevant members of the Flaviviridae family, such as Dengue virus (DENV), West Nile
virus (WNV), Yellow fever virus (YFV), and Japanese encephalitis virus (JEV), ZIKV is arthropod-borne (i.e. an
arbovirus); its main vectors for transmission are Aedes mosquitoes, primarily A. aegypti. Typically, ZIKV causes
benign, febrile disease in around 18% of infected people?, with symptoms resembling those of other arboviral
infections like dengue and chikungunya, namely fever, rash, arthralgia, conjunctivitis, and, less frequently, head-
ache, vomiting, and jaundice®. For around 50 years since its discovery in 19474, ZIKV infections in humans have
been sporadic and have been limited to African and Asian countries where ZIKV is believed to be endemic. Large
outbreaks, however, began to erupt outside Africa and Asia in 2004, starting from the Yap Island and extending
to other Pacific Islands in succeeding years®. The largest known ZIKV outbreak to date started in 2014 in Brazil.
It is believed to have affected 0.5-1.5 million people and triggered the spread to other South American countries
and US territories®. Until this outbreak in Brazil, ZIKV has generally been considered to cause mild disease. With
the high incidence rate, however, emerged convincing correlations of ZIKV infection with neurological disorders,
namely microcephaly in newborns”®, and Guillain-Barré syndrome (GBS) in adults”!?. The dangers associated
with ZIKV led the World Health Organization (WHO) to declare a Public Health Emergency of International
Concern (PHEIC) in February 2016".

Although the ZIKV outbreak in the Americas has ended, the complications associated with ZIKV infection remain
causes for concern, especially in light of possible ZIKV emergence in immunologically naive populations. Therefore,
countermeasures against ZIKV infection have to be established to prevent ZIKV pandemics and the complications
that arise from infection. To date, there is no specific therapeutic agent, as is the case for most other flaviviruses, and no
vaccine against ZIKV. Therefore, it is imperative to identify drugs that have the ability to combat ZIKV.

Statins are reversible inhibitors of 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase (HMGCR),
an enzyme involved in cholesterol biosynthesis'2 They are clinically approved and used for reducing cholesterol
levels to prevent primary and secondary cardiovascular disease. In addition, statins show a vast number of pleio-
tropic (i.e. cholesterol-independent) effects that contribute to their efficacy as therapeutic agents. Due to their wide
range of action, statins have great potential to be repurposed for treatment of other diseases including cancer®,
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Figure 1. Statin chemical structures. The statins used in this study can be grouped into lipophilic and
hydrophilic statins. Each statin has a pharmacophore (enclosed in boxes), that is either an open-ring (e.g. ATO)
or a closed-ring (e.g. LOV), attached to a substituent ring system.

Alzheimer’s disease!*!®, and multiple sclerosis!®. Statins have also been reported to have antiviral activity against

HCVY, DENV, and influenza virus'®?. A primary screen for potential repurposing of FDA-approved drugs in
multiple cell culture models showed that lovastatin has anti-ZIKV activity?', and in our own screening studies of a
chemical library, mevastatin and simvastatin exhibited antiviral activity against ZIKV in Vero cells. These suggest
that this class of drugs may have anti-ZIKV activity. Although statins share a pharmacophore, they vary greatly in
their substituents, which may translate to differences in pharmacological activity. As such, we decided to explore the
anti-ZIKV effects of different statins using Vero cells. We initially examined eight statins (lipophilic and hydrophilic)
for possible anti-ZIKV activity in Vero cells. We found that lipophilic statins were able to reduce the production of
infectious ZIKV particles in Vero cells, but there was variability in the anti-ZIKV activity of individual statins. Our
results suggest that statins or their derivatives can potentially be developed as therapeutic agents against ZIKV.

Results

Lipophilic statins reduce ZIKV infectivity in Vero cells. Eight statins, including atorvastatin (ATO),
cerivastatin (CER), fluvastatin (FLU), lovastatin (LOV), mevastatin (MEV), pravastatin (PRA), rosuvastatin
(ROS) and simvastatin (SIM) (Fig. 1), were initially examined for activity against ZIKV infection at a multiplicity
of infection (MOI) of 0.01 and for cytotoxicity in Vero cells by a colorimetric cytotoxicity assay. Lipophilic stat-
ins (ATO, CER, FLU, MEV, LOV and SIM) inhibited ZIKV in vitro; their half maximal effective concentration
(ECsp) and cytotoxic concentrations (CCs,) are shown in Table 1. Of these, CER had the lowest EC;, value while
LOV had the highest, showing differences in pharmacological activity among the different statins. However, at
the ranges tested, little to no inhibition was observed for the hydrophilic statins PRA and ROS at up to 50 and
25 uM, respectively, and apparent activity was observed at concentrations that were cytotoxic to Vero cells (see
Supplementary Fig. S1); therefore, their EC5, and CCs, values could not be calculated.

Our results suggest that the lipophilic statins used in this study have the capacity to inhibit ZIKV in vitro.
However, our results do not necessarily mean that the hydrophilic statins are not capable of inhibiting ZIKV
infection. Lipophilic statins readily enter cells through passive transport, while hydrophilic statins rely on active
transport to enter cells. The hydrophilic statins may not be able to enter Vero cells, thus appearing ineffective;
other cell culture models, especially those of hepatic origin (e.g. Huh-7), may instead be used to test the ability of
hydrophilic statins to reduce ZIKV infection.
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Statin EC;, (uM) | CCyp (uM) | SI
Atorvastatin (ATO) 7.34 24.31 3.31
Cerivastatin (CER) 0.02 0.37 18.19
Fluvastatin (FLU) 1.49 6.03 4.06
Lovastatin (LOV) 14.59 38.76 2.66
Mevastatin (MEV) 3.39 14.45 4.27
Simvastatin (SIM) 2.55 7.14 2.81
Pravastatin (PRA) NC NC NC
Rosuvastatin (ROS) NC NC NC

Table 1. Anti-ZIKV activity (ECs,) and cytotoxicity (CCs,) of statins in Vero cells. SI, selectivity index, CC50/
EC50; NG, not calculated.

Co-introduction of lipophilic statins with ZIKV reduces production of infectious virus particles
inVero cells. We next observed the effects of statin treatment on the production of infectious ZIKV particles
in vitro through time-based studies. We simultaneously added ZIKV (MOI of 0.01) and inhibitory but minimally
cytotoxic concentrations of the lipophilic statins (14.69 uM for ATO, 91 uM for CER, 2.97 uM for FLU, 29.18 uM
for LOV, 6.78 uM for MEV, and 5.09 uM for SIM; see Supplementary Fig. S2 for effects on cell morphology) to
Vero cell cultures. Neither ZIKV nor statins were removed throughout the incubation period to account for possi-
ble effects of the drugs on the different stages of the ZIKV replication cycle. Culture supernatants were collected at
different timepoints, and the ZIKV titers, represented as the median tissue culture infective dose (TCIDs,) based
on cytopathic effects (Fig. 2a), were determined. All the statins were able to significantly reduce ZIKV production
after more than 24 hours post-infection (hpi), and the decline was sustained till the end of infection (96 hpi). At
the concentrations tested, FLU and LOV were able to reduce ZIKV production more effectively than the rest.
Chloroquine (CHL; 25 uM) has been previously reported as a potential anti-ZIKV agent and was therefore used
as a reference drug for activity against ZIKV?>%,

In order to support our observations in the timepoint assay, we co-introduced the lipophilic statins with
ZIKV (MOI of 0.01) in Vero cells and determined the endpoint infectious ZIKV titers in the culture supernatant
through the plaque assay (Fig. 2b,c). Production of infectious ZIKV particles in the statin-treated setups were
significantly lower than in the untreated control, with infectivity reduced by a range of ~67 to 98%. Consistent
with the observations made in the timepoint assay, FLU and LOV had the highest inhibition rates at the tested
concentrations, reducing the infectious titer of ZIKV to 2.94% and 1.42% of the untreated control, respectively.
These results show that statins are able to reduce the production of infectious ZIKV particles in Vero cells and that
individual statins have different capacities for ZIKV inhibition.

Statin treatment reduces intracellular ZIKV production in vero cells.  To determine the effects of
lipophilic statins on ZIKV within the cells, we adopted the same scheme for treatment on ZIKV-infected (MOI
0f 0.1) Vero cells and performed the immunofluorescence assay (IFA) against flaviviral E-protein (4G2) 48 hpi
(Fig. 3). All the statin-treated cultures showed smaller foci of infection and lower proportions of infected cells
than the untreated ZIKV-infected culture. The replication process of flaviviruses, which is also believed to apply
to ZIKV, takes place in invaginations on the endomembrane system, particularly on the surface of the endoplas-
mic reticulum. In our study, replication could be observed in the perinuclear region of the cells. The untreated
culture had numerous ZIKV particles within the cells (in the perinuclear region and all over the cytoplasm),
suggesting that there was replication and trafficking of the virus. However, in the statin-treated infected Vero cells,
ZIKV particles had a more limited subcellular localization. The ZIKV particles appeared to be confined to the
perinuclear region in the cells in the statin-treated setups, with some occurring as perinuclear dots. These results
imply that replication or trafficking was arrested in the infected cells. There were also visual differences in the
effects of the various statins on the spread of the virus, wherein CER appeared to have the least inhibitory action
on replication, as indicated by its larger foci of infection and wider localization of the virus. These results indicate
that the statins may be able to reduce ZIKV infection either by inhibiting entry, as seen by the lower number of
infected cells, or by inhibiting replication, as noted by the infected cells with limited ZIKV localization.

Early addition of statins marginally reduced ZIKV production compared to late addition. To
determine the possible target of statins in the ZIKV replication cycle, we performed a time-of-drug-addition
assay. First, Vero cells were infected with ZIKV (MOI of 5.0) for 1 hour. The cells were washed, and media was
replenished. Then the statins were added at different timepoints (0, 0.5, 3, 12, or 24 hpi; n =3 per timepoint).
Finally, the ZIKV the supernatants were collected at 36 hpi, and the endpoint titers were determined by the plaque
assay (Fig. 4a). Significant reduction in ZIKV production was found for all statins at all timepoints (p < 0.001).
We found that FLU, LOV and MEV had similar trends in inhibiting ZIKV production. Specifically, their effects
peaked upon addition at 0 hpi and declined steadily over later timepoints of addition. This suggests that FLU,
LOV and MEYV target early stages of ZIKV infection. On the other hand, the effect of ATO peaked upon addition
at 0.5 hpi and declined steadily when added at later timepoints. This suggests that ATO also targets an early stage
in ZIKV biogenesis but with slight delay compared with the effects of FLU, LOV and MEV. Peak activity of SIM
was observed upon addition at 3 hpi, which suggests that it targets an early-to-middle stage in ZIKV biogenesis.
While reduction in ZIKV titers was observed for CER, there was no apparent trend in its effects; moreover, its
effects were significantly less than the effects of the other statins (p < 0.001). The reference compound, CHL,
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Figure 2. Inhibition of infectious ZIKV production by lipophilic statins in Vero cells. (a) The lipophilic statins
and chloroquine (reference drug) were used to simultaneously treat Vero cells infected with ZIKV (MOI of
0.01). Culture supernatants were collected at different timepoints, and viral production (TCID;,) was measured
by observation of cytopathic effects (CPE) after 96 hours. (b) Culture supernatants were also subjected to plaque
assay in Vero cells. Percent infectivity was calculated by dividing the titer of the statin-treated setup by that of
the untreated titer (PFU/mL). (c) Comparison of plaques formed in Vero cells at 10~° dilution of supernatants
are shown. *p < 0.01, Student’s t-test), and data presented are means &= SEM.

significantly reduced ZIKYV titers at all titers, but also had greater effects upon addition at 0-12 hpi than at 24 hpi.
Taken together, our results suggest that statins affect early stages of ZIKV infection but with some differences
between individual statins.

Statins reduce ZIKV capacity for entry.  Since the early addition of ATO and FLU had the greatest effects
on ZIKV production, we determined the effects of these statins on ZIKV internalization. Vero cells in 6-well
plates (~95% confluence) were infected with 300 PFU of ZIKV, allowed to adsorb at 4°C for 1 hour, and treated
with ATO and FLU for 1 hour after infection. Results of the viral internalization assay (Fig. 4b) show that both
ATO and FLU were able to reduce plaque formation down to 71% and 58%, respectively, while CHL, which has
been previously reported to inhibit ZIKV entry, reduced plaque formation to 14% compared to the ZIKV-infected
control®. These results suggest that ATO and FLU were able to partially inhibit ZIKV entry.

Discussion

Statins are reversible, selective inhibitors of HMGCR. As HMG-CoA analogs, they compete with HMG-CoA for
the binding site of the enzyme, thereby disrupting the conversion of HMG-CoA to L-mevalonate'2. This conver-
sion is a rate-limiting step in the mevalonic acid (MVD) pathway. Therefore, statins impede downstream pro-
cesses in the pathway, including the synthesis of cholesterol and the production of isoprenoid metabolites (e.g.
geranylgeranylpyrophosphate and farnesylpyrophosphate). The statin pharmacophore is a modified hydroxyglu-
taric acid segment, either in a closed or open ring form, which is attached to a substituent ring system (Fig. 1).
Variations in these substituents lend differences to the pharmacological properties (e.g. solubility, bioavailability
and stability) of the statins. In this study, we initially investigated eight statins, six of which are more lipophilic
(ATO, CER, FLU, LOV, MEV, and SIM) than the other two (PRA and ROS), for their activity against ZIKV in vitro.
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Figure 3. Lipophilic statins limit ZIKV localization in Vero cells. Cells were stained for flaviviral E-protein
(4G2) using the 4G2mAb and counterstained with DAPI as a nuclear stain at 48 hpi (MOI of 0.1). ZIKV
particles were spread in the perinuclear region and the cytoplasm of untreated cells; however, with statin
treatment, ZIKV particles were generally confined to the perinuclear region.

The results of our study show that the use of statins lowers the production of infectious ZIKV particles in Vero
cells. Specifically, treatment of ZIKV-infected Vero cells with lipophilic statins (ATO, CER, FLU, MEV, LOV and
SIM) for the entire duration of infection results in decreased production of infectious ZIKV particles into the
culture supernatant over time. This reduction can be as high as 98% as seen with LOV treatment. Furthermore,
immunofluorescence assay revealed that statin treatment reduced the capacity of ZIKV to infect cells, resulting
in lower proportions of infected cells and smaller foci of infection. The ZIKV particles also appeared to have
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Figure 4. Early treatment with lipophilic statins is more effective than late treatment in reducing ZIKV in Vero
cells. (a) ZIKV-infected (MOI of 5.0) Vero cells were treated with statins and chloroquine, a previously reported
inhibitor of ZIKV entry, at different timepoints post-infection (0, 0.5, 3, 12 and 24 hpi). The plaque assay was
performed on culture supernatants after 36 hours to determine endpoint ZIKV titers for each treatment. (b)
Based on (a), representative statins (FLU and ATO) were chosen for the virus internalization assay to determine
their effects on viral entry by treating ZIKV-infected (300 PFU) Vero cells with the drugs (1 hour), followed by
the plaque assay. Data presented are means &= SEM.

more limited localization and were more confined to the perinuclear region in statin-treated cells compared to
untreated, ZIKV-infected Vero cells. These results suggest that cholesterol or other products of the MVD pathway
are important in the ZIKV replication cycle.

Although the ZIKV replication cycle has not yet been fully explored, it is believed to follow the typical flavi-
viral replication cycle. Flaviviral biogenesis begins when the E protein on the viral envelope binds receptors on
the host’s plasma membrane. This is followed by clathrin-mediated entry; fusion of the virus and host cell mem-
branes; and nucleocapsid release and disassembly. Replication of the viral genome takes place in virus-induced
intracellular membrane packets, typically on the surface of the ER. Then, the immature flaviviral particles are
packaged and assembled in invaginations on the endomembrane. The immature virions are subsequently shuttled
out of the cells via the secretory pathway.

Several studies have been performed to identify the stages in flaviviral replication cycle where cholesterol is
involved. In WNYV, for example, sequestration of cholesterol from the plasma membrane resulted in lower viral
titers and failed virus internalization, and that increased cholesterol levels promoted fusion of a liposome model
with a target membrane?*~2°. These observations suggest that in some flaviviruses, cholesterol influences early
stages of infection. The contribution of cholesterol at the entry stage is proposed to be due to the requirement
of the viruses to attach to receptors prior to infection?*?”?8, Receptors are concentrated within lipid rafts, which
are cholesterol-rich assemblies on the plasma membrane®®. Depletion of cholesterol will affect the assembly of
receptors, thereby reducing chances of viral adhesion to the host. Cholesterol is also believed to play a part in the
flaviviral replication stage. Infection with WNV has been reported to cause redistribution of cholesterol from the
plasma membrane to the sites of replication®. Lipid rafts are hypothesized to be involved at this stage in order
to increase the surface area available for viral replication and to concentrate the replication factors within the
vesicle packets?. Indeed, DENV and JEV replication has been shown to occur in cholesterol microdomains or
lipid rafts inside the cell**. The role of cholesterol in the early stages of flaviviral biogenesis may not be limited to
binding, however, as the use of a cholesterol transport inhibitor did not prevent binding but disrupted trafficking
of DENV inside infected cells*'. Interestingly, another study in DENV demonstrated that disrupting cholesterol

SCIENTIFIC REPORTS |

(2019) 9:11461 | https://doi.org/10.1038/s41598-019-47956-1


https://doi.org/10.1038/s41598-019-47956-1

www.nature.com/scientificreports/

biosynthesis did not inhibit replication but resulted in lower virus production, indicating a role for cholesterol in
later stages of viral biogenesis®*.

As such, cholesterol may also be involved in several stages of the ZIKV life cycle, and one of these stages is
likely to be the target of statins in ZIKV. Based on the results of our time-of-drug-addition assay, early addition
(0-3 hpi) of statins to ZIKV-infected Vero cells causes significant decrease in virus production. However, the
results of the internalization assay showed that the effects of 1-hour statin treatment (FLU and ATO) on ZIKV
entry were not as profound as the effects of co-treatment with statins throughout the entire incubation period.
On the other hand, treatment with chloroquine, an agent that has been reported to affect ZIKV entry, had a more
marked effect on ZIKV internalization. Therefore, our results suggest that while statins can inhibit early stages of
ZIKV biogenesis, statins cannot inhibit ZIKV entry completely. We hypothesize that, given the multiple stages
where cholesterol is involved, statins affect multiple events in the ZIKV replication cycle. These effects then add
up to a more dramatic reduction in ZIKV production compared to targeting only a single stage of ZIKV biogen-
esis. However, since we did not quantify intracellular viral load, we cannot state which other stages are affected
by statins.

The anti-ZIKV activity of statins in this study is consistent with reports of statin activity against other flavi-
viruses. Statins have demonstrated the ability to inhibit infection of DENV#3 and WNV? in vitro, and statin
treatment has attenuated DEN'V2 infection in mouse models*. Thus far, the most advanced use of statins as anti-
virals is against Hepatitis C virus (HCV), another member of the Flaviviridae family, where it is currently utilized
as adjuvant to improve the standard of care treatment®>¢. In these viruses, the effect of statins is mostly attributed
to its ability to inhibit cellular synthesis of cholesterol, thereby highlighting the importance of cholesterol in fla-
viviral biogenesis. However, one study in DENV2, where statins were shown to inhibit viral assembly, suggested
that the statins’ antiviral effect was not completely dependent on its anti-cholesterol activity'®. Another study has
likewise reported that the anti-DENV?2 activity of statins was not due to its effect on cholesterol levels®. Given
these conflicting reports on the specifics of statins’ antiviral activity, no specific target for statins in flaviviruses
has been identified.

Additionally, statins have been reported to exhibit antiviral activity against viruses belonging to other families.
Interestingly, statins have been found to inhibit entry and production of the human immunodeficiency virus
(HIV) in a cell culture model by preventing geranylgeranylation of the Rho protein®. Statins have also been
reported to inhibit Ebola virus (EBOV) infectivity by preventing the maturation of the EBOV glycoprotein®.
Although the specific mechanisms by which statins affect EBOV glycoprotein maturation has not been identified,
this study showed that the mechanism is not based on the statins’ anti-cholesterol activity and may instead be
due to the statins’ effects on other products of the MVD pathway. These studies imply that the antiviral activity of
statins is specific to a virus’ requirements for biogenesis. Furthermore, due to the multiple products of the MVD
pathway and the consequent pathways affected by these products, statins may be able to target multiple stages in
viral biogenesis, depending on the virus. Whether cholesterol or other products of the MVD pathway are affected
by statins in ZIKV will have to be determined in future studies.

Similar to results of other studies, our results show that different statins have varying levels of antiviral activ-
ity*”**. We found that lipophilic statins were more effective than hydrophilic statins against ZIKV in Vero cells.
However, studies using cell lines that allow active transport of statins will have to be performed to be able to deter-
mine whether or not hydrophilic statins like PRA and ROS have anti-ZIKV activity. While all the lipophilic statins
tested here had anti-ZIKV activity in Vero cells, FLU, LOV, and ATO had generally more superior activity than
SIM, MEV, and CER. Although FLU and LOV had generally similar effects on reducing ZIKV titers to nearly 2%,
the effective concentration of FLU was lower than that of LOV, suggesting that FLU is more pharmacologically
active than LOV. Additionally, while CER showed some anti-ZIKV capacity, its activity was consistently lower
than the rest, and seemed to be unaffected by time of addition.

The differences in statin chemical structures probably cause variations in pharmacological and biochemical
properties that lead to variations in antiviral capacity. Some studies have revealed that individual statins have
distinct interactions with cell membrane models and have different locations within the bilayer at equilibrium.
Specifically, CER was found to be embedded within the lipid core of a phospholipid bilayer system, while ATO
and SIM localized within the upper hydrocarbon core close to the glycerol backbone of a phospholipid bilayer
model*. On the other hand, the cyclic portion of FLU has been found to be partially exposed on the polar sur-
face of the phospholipid bilayer*!. These differences in cell membrane localization may affect the accessibility
of these statins to its target. The HMGCR is integrated in the ER membrane, with its active site on the cytosolic
side of the membrane. A statin that is closer to the cytosolic side of the ER, such as FLU, may be more available
for interaction with HMGCR than a statin that is embedded deep within the lipid core of the ER membrane (e.g.
CER). This may therefore partially explain the variations in the statins’ anti-ZIKV activity. These characteristics
may be important points for consideration in developing a statin or a new derivative to combat ZIKV. Moreover,
our results highlight that testing one representative statin is not sufficient for characterizing the antiviral activities
of the class due to differences in the statins’ pharmacological profiles. Additionally, it may be important to note
that the effective concentrations in this study were higher than the reported peak plasma concentration (C,,,,) in
human serum of these statins (C,,,,: 0.040 uM for ATO, 0.302 uM for FLU, 0.1-1 uM for MEV, 0.050 uM for LOV
and 0.019-0.031 uM for SIM)*>**, However, the concentrations used here did not have toxic effects on the cells.
Furthermore, the in vitro model used here, Vero cells, is of monkey origin and may not fully reflect the conditions
for human cells. As such, more studies will have to be performed to test the effects of statins on human in vitro
models and on animal models for ZIKV.

The complications arising from ZIKV infections (i.e. fetal congenital ZIKV syndrome and GBS in adults)
highlight characteristics of anti-ZIKV agents that will maximally benefit those who are most vulnerable. First, a
good anti-ZIKV drug must be safe for pregnant women and their fetuses. A study has shown that the use of stat-
ins in early pregnancy is not associated with teratogenesis*!. Although larger studies will have to be conducted,
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especially if statins are to be considered for use against ZIKV, the results of this study suggest that statins are safe
for use by expectant mothers. The capacity to cross the blood-brain barrier and to protect neurons would also be
advantageous properties for a prospective anti-ZIKV drug. Statins are, in fact, being considered for treatment of
neurodegenerative disorders such as Parkinson’s Disease and Alzheimer’s Disease, showing that they have neuro-
protective capacity®. Statins, therefore, have advantageous characteristics that may help mitigate the morbidity
associated with ZIKV infection.

Despite being currently under control, ZIKV still poses a threat to the world, especially with the increasing
risk of its spread to immunologically naive populations. Therapeutic agents are therefore necessary to prevent
infection and mitigate the complications associated with ZIKV. Here, we report that lipophilic statins are able
to reduce ZIKV production in Vero cells. Individual statins have varying anti-ZIKV capacities possibly due to
differences in physicochemical properties. This study can serve as a starting point for further investigations of
statins as a class of drugs in the role of potential anti-ZIKV candidates. The apparent anti-ZIKV activity of statins
studied here probably extends to other lipophilic statins and their derivatives, providing us with a wide selection
of prospective drugs with varying safety and pharmacological profiles to choose from. Moreover, the ability of
statins to decrease ZIKV production in vitro indirectly points to the involvement of cholesterol or other products
of the MVD pathway in ZIKV biogenesis. This information is an interesting point of study to further our under-
standing of ZIKV infection mechanisms.

Methods

Cells and viruses. African green monkey (Vero; ATCC® CCL-81™) cells were grown in growth medium
consisting of Minimal Eagle’s Medium (MEM, Gibco) supplemented with 10% fetal bovine serum, antimycotic
antibiotics (Gibco), and L-glutamine (Gibco). ZIKV (ATCC® VR-1838™) was propagated in Vero cells using
MEM supplemented with 0.3% bovine serum albumin, antimycotic antibiotics, and L-glutamine (infection
medium). The ZIKV particles were harvested at 5 days post-infection (dpi), and culture supernatants were stored
at —80°C until use.

Reagents. Atorvastatin calcium salt trihydrate (ATO), cerivastatin sodium salt hydrate (CER), fluvastatin
sodium hydrate (FLU), pravastatin sodium salt hydrate (PRA), rosuvastatin calcium (ROS), simvastatin (SIM),
and chloroquine (CHL) were purchased from Sigma-Aldrich. Lovastatin sodium salt (LOV) and mevastatin
sodium salt (MEV) were purchased from Calbiochem. The statins ATO, FLU, PRA, ROS, MEV, LOV, and SIM
were reconstituted to 20 mM in dimethyl sulfoxide (DMSO); PRA was reconstituted to 50 mM in DMSO; CER
was reconstituted to 20 mM in distilled deionized water. All statins were stored at —20°C and diluted to working
concentrations in infection medium on the same day of use. CHL was dissolved to 100 mM in distilled deionized
water, stored at 4 °C, and diluted to the required concentration on the same day of use.

Mouse anti-flavivirus group antigen monoclonal antibody clone D1-4G2-4-15 (4G2 mAb) was purchased
from Merck-Millipore (MAB10216) and stored at —20°C in aliquots prior to use. The secondary antibody, fluo-
rescein isothiocyanate (FITC)-conjugated goat anti-mouse IgG, was purchased from Sigma-Aldrich. The cytotox-
icity assay kit, EZ-CYTOX, was purchased from DoGenBio, Co., Ltd. in South Korea.

Screening for anti-ZIKV activity in dose-response curves. Overnight 96-well plate cultures of Vero
cells (1.0 x 10* cells/well) in growth medium were prepared prior to 12-dose response curve assays consisting
of half-dilutions starting from 50 uM as the highest dose (n =3 per dose) of the statins (ATO, CER, FLU, LOV,
MEYV, PRA, ROS, and SIM). Before any treatment, cells were washed once with phosphate-buffered saline solution
(PBS). For the cytotoxicity curve, statins were diluted to required concentrations in infection medium (100 uL/
well) and added to Vero cells. All Vero cell controls had 0.05% DMSO except for CER setup, which had no addi-
tive. Cells were incubated at 37 °C, at 5% CO, for 5 days. After incubation, EZ-CYTOX (10 pL/well) was added.
Cells were incubated at 37 °C, at 5% CO,, and the absorbance at 450 nm was read after 3—-4 hours. Percent viability
was calculated as absorbance of the treated (Abs,,.,.q) divided by the absorbance of the Vero cell control (Abs,.,,)
and then multiplied by 100. Percent cytotoxicity was calculated as 100% minus the % viability. The CCs, based on
% cytotoxicity was calculated using the 4-parameter logistic curve fitting method of SigmaPlot (Systat Software,
San Jose, CA), p < 0.0001.

For the activity curve, statins were diluted in infection medium in serial half-dilutions starting from 50 uM
as the highest dose and co-introduced with ZIKV (MOI of 0.01) in the Vero cells. Cells were incubated at 37°C,
at 5% CO, for 5 days. After incubation, EZ-CYTOX (10 uL/well) was added. Cells were incubated at 37 °C, at 5%
CO,, and the absorbance at 450 nm was read after 3-4 hours. Percent protectivity was calculated as the absorbance
of the treated (Abs,,e,eq) minus the absorbance of the infection control (Abs,,sq) OVer the absorbance of the
uninfected control (Abs,,,) minus Abs;....q multiplied by 100% [% Protectivity = (AbS,;eqied — AbSinfectea)/ (AbSyero
— AbS;recied) X 100%]. The ECy, was calculated using the 4-parameter logistic curve fitting method of SigmaPlot
(Systat Software, San Jose, CA), p < 0.0001.

Statin-treatment of ZIKV-infected Vero cells.  Vero cells (1.5 x 10° cells/well) were prepared in 12-well
plates and incubated overnight at 37°C in 5% CO,. Cells were washed once with PBS and infected with ZIKV
(MOI 0of 0.01) in infection medium. For the treatment groups, ZIKV and lipophilic statins were co-introduced
into the Vero cultures. Minimally cytotoxic but effective (around 2 ECs for all but CER) concentrations of lipo-
philic statins (ATO: 14.69 uM; CER: 91 uM; FLU: 2.97 uM; LOV: 29.18 uM; MEV: 6.78 uM; SIM: 5.09 uM) were
used to treat the cells for 96 hours. The positive control was prepared by similarly treating Vero cells with chlo-
roquine (25pM) in infection medium. Supernatants were harvested at the end of the experiment or at different
timepoints, depending on the subsequent quantification assay. Supernatants were stored at —80 °C prior to the
assays.
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Timepoint ZIKV titer determination using TCID;,.  Supernatants from the 12-well plate infected and
treated Vero cultures were harvested at 6, 24, 48, 72, and 96 hpi (n=3 per timepoint). The supernatant from
each timepoint was serially diluted 10-fold (107! to 10~®) and added to overnight Vero cell cultures (1.0 x 10*
cells/well, n =4 per dilution). Cells were incubated at 37 °C with 5% CO, and observed for cytopathic effects
(CPE) 96 hpi compared with uninfected Vero cell controls. The TCIDs, per timepoint was determined using the
Reed-Muench method.

Determination of ZIKV titer by the plaque assay. Vero cells (~2.5 x 10° cells/well) were prepared in
6-well plates and were incubated at 37 °C with 5% CO, for two days (~90% confluence). The cells were washed
with PBS, and then inoculated with 10-fold serially diluted statin-treated ZIKV infection supernatant (n=3)
in infection medium for 1.5 hours at 37°C, 5% CO,. The infection supernatant was removed, and the cells were
overlaid with MEM infection medium with bacto-agar (0.9%). Cultures were incubated at 37°C, 5% CO, for
96 hours, after which the agar overlay was removed. Plaques were stained and fixed in 0.1% crystal violet and 10%
formaldehyde. The mean PFU/mL for each statin treatment was calculated, and % infectivity of ZIKV produced
from each treatment was calculated as the average titer (PFU/mL) of the treatment divided by the average titer of
the ZIKV-infected, untreated control multiplied by 100.

Immunofluorescence assay. Vero cells (2 x 10* cells/well) in growth medium were incubated overnight
in 96-well plates at 37 °C with 5% CO,, and cells were washed with PBS. Statins were co-introduced with ZIKV
(MOI of 0.1), and cells were incubated at 37 °C, 5% CO, for 48 hours. The cells were washed three times with PBS
(all the subsequent wash steps were performed similarly), and fixed and permeabilized for 20 minutes at 4 °C with
BD Cytofix/Cytoperm (BD Biosciences). Cells were washed and were blocked using 2% bovine serum albumin
overnight at 4°C. Cells were again washed three times with PBS prior to incubation with 4G2 mAb (1:20 in PBS)
for 2hours at 37°C. This was followed by a wash step, and then the cells were incubated with FITC-conjugated
goat anti-mouse IgG secondary antibody (1:100 in PBS) for 1 hour at 37 °C. Cells were washed and counterstained
with DAPI (1:10,000) for 1 minute, then washed again and overlaid with 80% glycerol. Cells were viewed under
Carl Zeiss Axio Scope.Al at 20 x magnification, and the images were captured using the AxioVision 4.8 software.
Composite images were merged using Image] software.

Time-of-drug-addition assay. Time-of-drug-addition assay was performed based on the study by
Delvecchio et al.?? with some modifications. Overnight Vero cells were prepared in 24-well plates (1.5 x 10° cells/
well). The cells were washed once with PBS, and infected with ZIKV (MOI of 5.0) for 1 hour at 4 °C. The cells
were washed twice with cold-PBS to remove unbound virus. Infection medium (500 uL/well) was added to the
cells, and the drugs diluted in infection medium (500 pL/well) were added to their corresponding working con-
centrations at different timepoints post-infection (0, 0.5, 3, 12, and 24 hpi; n=3 per timepoint for each drug).
Supernatant was collected at 36 hpi and used for subsequent plaque assay to determine % production of ZIKV.

Viral internalization assay. The virus internalization assay was derived from the study by Li ef al.”* Vero
cell cultures were seeded onto 6-well plates to 95-100% confluence. The cells were washed once with PBS and
infected with 300 PFU ZIKV at 4°C for 1hour. The cells were washed twice with PBS and the drugs (ATO, FLU,
and CHL) diluted to working concentration in infection medium were added (1 mL/well) to the cells (n=3 per
drug). The cells were incubated at 37 °C for 1 hour. The cells were washed twice with PBS and treated with 300 uL
citric acid buffer (pH 3.0) for 1 minute. Citric acid buffer was removed, and the cells were immediately overlaid
with MEM infection medium with bacto-agar (0.9%) for the subsequent plaque assay.

Statistical analysis. Student’s t-test was used to determine significant differences between pairs of groups
(p <0.05). One-way analysis of variance (ANOVA) was used to test for significant differences among groups,
followed by the Holm-Sidak method to test for differences between pairs of groups using SigmaPlot version 14
(Systat Software, San Jose, CA) (p < 0.05).

Data Availability

Data is presented within the manuscript and supplementary materials.

References
1. Kuno, G. & Chang, G. J. Full-length sequencing and genomic characterization of Bagaza, Kedougou, and Zika viruses. Arch. Virol.
152, 687-696 (2007).
2. Duffy, M. R. et al. Zika virus outbreak on Yap Island, Federated States of Micronesia. New Engl. J. Med. 360, 2536-2543 (2009).
. Zammarchi, L. et al. Zika virus infections imported to Italy: clinical, immunological and virological findings, and public health
implications. J. Clin. Virol. 63, 32-35 (2015).
. Dick, G. W. A. Zika virus (II). Pathogenicity and physical properties. Trans. R. Soc. Trop. Med. Hyg. 46, 521-534 (1952).
. Musso, D. & Gubler, D. J. Zika Virus. Clin. Microbiol. Rev. 29, 487-524 (2016).
. Faria, N. R. et al. Zika virus in the Americas: early epidemiological and genetic findings. Science 352, 345-349 (2016).
. Brasil, P. et al. Zika virus infection in pregnant women in Rio de Janeiro. New Engl. J. Med. 375, 2321-2334 (2016).
. Driggers, R. W. et al. Zika virus infection with prolonged maternal viremia and fetal brain abnormalities. New Engl. J. Med. 374,
2142-2151(2016).
9. Styczynski, A. R. et al. Increased rates of Guillain-Barré syndrome associated with Zika virus outbreak in the Salvador metropolitan
area, Brazil. PLoS Negl. Trop. Dis. 11, €0005869, https://doi.org/10.1371/journal.pntd.0005869 (2017).
10. Barbi, L., Coelho, A. V. C., Alencar, L. C. Ad & Crovella, S. Prevalence of Guillain-Barré syndrome among Zika virus infected cases:
a systematic review and meta-analysis. Braz J Infect Dis 22, 137-141 (2018).
11. World Health Organization (WHO). Zika virus infection: global update on epidemiology and potentially associated clinical
manifestations. Wkly Epidemiol Rec 91, 73-81 (2016).

w

0 N O\ U

SCIENTIFIC REPORTS |

(2019) 9:11461 | https://doi.org/10.1038/s41598-019-47956-1


https://doi.org/10.1038/s41598-019-47956-1
https://doi.org/10.1371/journal.pntd.0005869

www.nature.com/scientificreports/

12.

13.

14.

15.

16.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.
45.

Moghadasian, M. H. Clinical pharmacology of 3-hydroxy-3-methylglutaryl coenzyme a reductase inhibitors. Life Sci. 65, 1329-1337
(1999).

Gazzerro, P. et al. Pharmacological actions of statins: a critical appraisal in the management of cancer. Pharmacol. Rev. 64, 102-146
(2012).

Chu, C.-S. et al. Use of statins and the risk of dementia and mild cognitive impairment: A systematic review and meta-analysis. Sci
Rep 8, 5804, https://doi.org/10.1038/s41598-018-24248-8 (2018).

Roy, A. et al. HMG-CoA reductase inhibitors bind to PPARa to upregulate neurotrophin expression in the brain and improve
memory in mice. Cell Metab 22, 253-265 (2015).

Chan, D. et al. Effect of high-dose simvastatin on cognitive, neuropsychiatric, and health-related quality-of-life measures in
secondary progressive multiple sclerosis: secondary analyses from the MS-STAT randomised, placebo-controlled trial. Lancet
Neurol 16, 591-600 (2017).

. Andrus, M. R. & East, J. Use of statins in patients with chronic Hepatitis C. Southern Medical Journal 103, 1018-1024 (2010).
. Martinez-Gutierrez, M., Castellanos, J. E. & Gallego-Gémez, ]. C. Statins reduce dengue virus production via decreased virion

assembly. Intervirology 54, 202-216 (2011).

. Mehrbod, P, Omar, A. R., Hair-Bejo, M., Haghani, A. & Ideris, A. Mechanisms of action and efficacy of statins against influenza.

Biomed Res Int 2014, 8, https://doi.org/10.1155/2014/872370 (2014).

. Mehrbod, P. et al. Simvastatin modulates cellular components in influenza A virus-infected cells. Int. . Mol. Med. 34, 61-73 (2014).
. Pascoalino, B., Courtemanche, G., Cordeiro, M., Gil, L. & Freitas-Junior, L. Zika antiviral chemotherapy: identification of drugs and

promising starting points for drug discovery from an FDA-approved library. FI000Res 5, https://doi.org/10.12688/
f1000research.9648.1 (2016).

Delvecchio, R. et al. Chloroquine, an endocytosis blocking agent, inhibits Zika virus infection in different cell models. Viruses 8,
https://doi.org/10.3390/v8120322 (2016).

Li, C. et al. Chloroquine, a FDA-approved drug, prevents Zika virus infection and its associated congenital microcephaly in mice.
EBioMedicine 24, 189-194, https://doi.org/10.1016/j.ebiom.2017.09.034 (2017).

Medigeshi, G. R., Hirsch, A. J., Streblow, D. N., Nikolich-Zugich, J. & Nelson, ]. A. West Nile virus entry requires cholesterol-rich
membrane microdomains and is independent of awvB33 integrin. J. Virol. 82, 5212-5219 (2008).

Moesker, B., Rodenhuis-Zybert, I. A., Meijerhof, T., Wilschut, J. & Smit, J. M. Characterization of the functional requirements of
West Nile virus membrane fusion. J. Gen. Virol. 91, 389-393 (2010).

Stiasny, K., Koessl, C. & Heinz, F. X. Involvement of lipids in different steps of the flavivirus fusion mechanism. J. Virol. 77,
7856-7862 (2003).

Das, S., Chakraborty, S. & Basu, A. Critical role of lipid rafts in virus entry and activation of phosphoinositide 3’ kinase/ Akt signaling
during early stages of Japanese encephalitis virus infection in neural stem/progenitor cells. J. Neurochem. 115, 537-549 (2010).
Martin-Acebes, M. A., Vazquez-Calvo, A. & Saiz, J.-C. Lipids and flaviviruses, present and future perspectives for the control of
dengue, Zika, and West Nile viruses. Prog Lipid Res 64, 123-137 (2016).

Mackenzie, J. M., Khromykh, A. A. & Parton, R. G. Cholesterol manipulation by West Nile virus perturbs the cellular immune
response. Cell Host Microbe 2, 229-239 (2007).

Lee, C.-],, Lin, H.-R,, Liao, C.-L. & Lin, Y.-L. Cholesterol effectively blocks entry of flavivirus. J. Virol. 82, 6470-6480 (2008).

Poh, M. K. et al. U18666A, an intra-cellular cholesterol transport inhibitor, inhibits dengue virus entry and replication. Antiviral Res.
93,191-198 (2012).

Pefia, J. & Harris, E. Early dengue virus protein synthesis induces extensive rearrangement of the endoplasmic reticulum
independent of the UPR and SREBP-2 pathway. PLoS One 7, €38202, https://doi.org/10.1371/journal.pone.0038202 (2012).
Rothwell, C. et al. Cholesterol biosynthesis modulation regulates dengue viral replication. Virology 389, 8-19 (2009).
Martinez-Gutierrez, M., Correa-Londoiio, L. A., Castellanos, J. E., Gallego-Gémez, J. C. & Osorio, J. E. Lovastatin delays infection
and increases survival rates in AG129 mice infected with dengue virus serotype 2. PLoS One 9, e87412, https://doi.org/10.1371/
journal.pone.0087412 (2014).

Butt, A. A. et al. Effect of addition of statins to antiviral therapy in hepatitis C virus-infected persons: Results from ERCHIVES.
Hepatology 62, 365-374 (2015).

Mohamed A. A. et al Statins added to chronic hepatitis C treatment: is it beneficial? Journal of Hepatology and Gastrointestinal
Disorders 2, https://doi.org/10.4172/2475-3181.1000117 (2016).

Bryan-Marrugo, O. L. et al. The anti-dengue virus properties of statins may be associated with alterations in the cellular antiviral
profile expression. Mol Med Rep 14, 2155-2163 (2016).

del Real, G. et al. Statins inhibit HIV-1 infection by down-regulating Rho activity. ] Exp Med 200, 541-547 (2004).
Shrivastava-Ranjan, P. et al. Statins suppress Ebola virus infectivity by interfering with glycoprotein processing. mBio 9,
€00660-00618, https://doi.org/10.1128/mBio.00660-18 (2018).

Mason, R. P,, Walter, M. E, Day, C. A. & Jacob, R. F. Intermolecular differences of 3-hydroxy-3-methylglutaryl coenzyme A reductase
inhibitors contribute to distinct pharmacologic and pleiotropic actions. Am J Cardiol 96, 11-23 (2005).

Galiullina, L. F et al. Interaction of different statins with model membranes by NMR data. Biochim. Biophys. Acta 1859, 295-300
(2017).

Bellosta, S., Paoletti, R. & Corsini, A. Safety of statins. Circulation 109, II1I-50-1II-57, https://doi.org/10.1161/01.
CIR.0000131519.15067.1f (2004).

Bjorkhem-Bergman, L., Lindh, J. D. & Bergman, P. What is a relevant statin concentration in cell experiments claiming pleiotropic
effects? Br. J. Clin. Pharmacol. 72, 164-165 (2011).

Bateman, B. T. et al. Statins and congenital malformations: cohort study. BMJ 350, https://doi.org/10.1136/bmj.h1035 (2015).
Wang, Q. et al. Statins: multiple neuroprotective mechanisms in neurodegenerative diseases. Exp. Neurol. 230, 27-34 (2011).

Acknowledgements
This research was supported by Korea University Grant (K1715341) and Korea University Sejong Future Research
Grant (K1826621).

Author Contributions
J.-K.K. and C.-K.L. designed the experiments and prepared the materials. E.E., J.-H.N., and E.-].S. performed the
experiments. J.-K.K., E.E. and D.S. analyzed the data. E.E. and J.-K.K. wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-47956-1.

Competing Interests: The authors declare no competing interests.

SCIENTIFIC REPORTS |

(2019) 9:11461 | https://doi.org/10.1038/s41598-019-47956-1


https://doi.org/10.1038/s41598-019-47956-1
https://doi.org/10.1038/s41598-018-24248-8
https://doi.org/10.1155/2014/872370
https://doi.org/10.12688/f1000research.9648.1
https://doi.org/10.12688/f1000research.9648.1
https://doi.org/10.3390/v8120322
https://doi.org/10.1016/j.ebiom.2017.09.034
https://doi.org/10.1371/journal.pone.0038202
https://doi.org/10.1371/journal.pone.0087412
https://doi.org/10.1371/journal.pone.0087412
https://doi.org/10.4172/2475-3181.1000117
https://doi.org/10.1128/mBio.00660-18
https://doi.org/10.1161/01.CIR.0000131519.15067.1f
https://doi.org/10.1161/01.CIR.0000131519.15067.1f
https://doi.org/10.1136/bmj.h1035
https://doi.org/10.1038/s41598-019-47956-1

www.nature.com/scientificreports/

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

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS| (2019)9:11461 | https://doi.org/10.1038/s41598-019-47956-1


https://doi.org/10.1038/s41598-019-47956-1
http://creativecommons.org/licenses/by/4.0/

	Lipophilic statins inhibit Zika virus production in Vero cells

	Results

	Lipophilic statins reduce ZIKV infectivity in Vero cells. 
	Co-introduction of lipophilic statins with ZIKV reduces production of infectious virus particles in Vero cells. 
	Statin treatment reduces intracellular ZIKV production in vero cells. 
	Early addition of statins marginally reduced ZIKV production compared to late addition. 
	Statins reduce ZIKV capacity for entry. 

	Discussion

	Methods

	Cells and viruses. 
	Reagents. 
	Screening for anti-ZIKV activity in dose-response curves. 
	Statin-treatment of ZIKV-infected Vero cells. 
	Timepoint ZIKV titer determination using TCID50. 
	Determination of ZIKV titer by the plaque assay. 
	Immunofluorescence assay. 
	Time-of-drug-addition assay. 
	Viral internalization assay. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Statin chemical structures.
	Figure 2 Inhibition of infectious ZIKV production by lipophilic statins in Vero cells.
	Figure 3 Lipophilic statins limit ZIKV localization in Vero cells.
	Figure 4 Early treatment with lipophilic statins is more effective than late treatment in reducing ZIKV in Vero cells.
	Table 1 Anti-ZIKV activity (EC50) and cytotoxicity (CC50) of statins in Vero cells.




