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ARTICLE INFO ABSTRACT
Keywords: Zika virus (ZIKV) is a re-emerging mosquito-borne flavivirus of African origin that is transmitted by Aedes
Zika virus mosquitoes. ZIKV was historically limited to Africa and Asia, where mild cases were reported. However, ZIKV has
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recently been responsible for major global outbreaks associated with a wide range of neurological complications.
Since no antiviral therapy exists for ZIKV, drug discovery research for ZIKV is crucial. Intracellular lipids
regulated by sterol regulatory element-binding proteins (SREBPs) are important in flavivirus pathogenesis. PF-
429242 has been reported to inhibit the activity of site-1 protease (S1P), which regulates the expression of
SREBP target genes. Our primary objective in this study is to elucidate the mechanism of the antiviral activity of
PF-429242 against the African genotype (ZIKVyg.766) and Asian genotypes (ZIKV p,pr 2013 and ZIKV pryapcso)
using several primate-derived cell lines. The virus titer was determined via a focus-forming assay; we used flow
cytometry to quantify intracellular lipids in ZIKV-infected and mock-treated cells. The PF-429242 molecule
effectively suppressed ZIKV infection in neuronal cell lines; T98G, U-87MG, SK-N-SH and primary monocytes
cell, indicating that PF-429242 molecule can be used therapeutically. A strong reduction in ZIKV replication was
observed at 12 pM and 30 puM in in neuronal cell lines and primary monocytes, respectively. Interestingly, the
inhibitory effects of the PF-429242 molecule were observed when it was tested on various ZIKV-lineage in-
fections. Lipid quantification reveals that ZIKV increases lipogenesis in infected cells, while the exogenous
addition of cholesterol effectively blocks ZIKV replication. Furthermore, the supplementation of oleic acid in-
creases the ZIKV titer. Fenofibrate, an inhibitor of lipid droplet formation, reduces the ZIKV titer. Collectively,
our results demonstrate that the development of antiviral drugs against ZIKV could be based on key regulators of
lipid metabolism. In addition, this study reveals that the mechanism of the PF-429242-mediated suppression
among flavivirus infections is not entirely identical. Our results warrant further evaluation of PF-429242 as a
prospective antiviral drug, given the multiple advantageous properties of this compound, such as its limited
toxicity, neuroprotective properties, and broad spectrum of capabilities.

1. Introduction Uganda (Schwarz et al., 2016). Historically, the majority of human in-
fections caused by ZIKV have been mild (Song et al., 2017). However,
Zika virus (ZIKV) was first discovered in 1947 in the Zika Forest of ZIKV has recently caused major outbreaks of international concern
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associated with severe neurological diseases (Adcock et al., 2017). ZIKV
remains a global threat, with a growing risk of spread to immunologi-
cally naive human populations (Lessler et al., 2017). Currently, there is
no specific treatment for ZIKV infection (Lessler et al., 2017), showing
the urgent need to develop and expedite therapeutic agents for ZIKV
infection.

Previous studies have shown that lipids are important in flavivirus
pathogenesis (Heaton and Randall, 2011). Therefore, we hypothesise
that intracellular lipids are potential anti-ZIKV targets. Sterol regulatory
element-binding proteins (SREBPs) are inactive precursor proteins
embedded in endoplasmic reticulum membranes that are major regu-
lators of lipid metabolism (Ringseis et al., 2013). Precursor SREBP is
catalysed in sequential 2-step proteolytic cleavage by site-1 protease
(S1P) to become transcriptionally active in response to cholesterol
depletion (Alipour and Hassanabadi, 2012). PF-429242 reportedly in-
hibits the activity of S1P, thereby suppressing the expression levels of
SREBP target genes, which are key regulators of intracellular lipid levels
(Uchida et al., 2016). Interestingly, the PF-429242 molecule has also
been reported to suppress the replication of other viruses, such as
dengue virus (Uchida et al., 2016), severe fever with thrombocytopenia
syndrome virus (Urata et al., 2018), Hepatitis C virus (Blanchet et al.,
2012), and Lassa virus (Urata et al., 2011).

Although PF-429242 exhibits antiviral activity against a large spec-
trum of viruses in vitro, its mechanism of action against ZIKV replication
is not fully understood. Information on its mechanism of action could
both accelerate the development of antiviral therapies targeting the viral
replication cycle and unveil novel metabolic pathways and the
virus-host-specific interactions that are required for ZIKV replication
(Rumlova and Ruml, 2020; Kuivanen et al., 2017). Finally, greater
research in this field can promote the development of ZIKV-targeted
antiviral therapy by providing robust scientific knowledge and data
(Teissier et al., 2011). Therefore, we investigate whether PF-429242 has
an antiviral effect on ZIKV infection, using several human- and
non-human-derived cell lines.

2. Methods
2.1. Cell lines and viruses

We cultured human-and non-human (primate) derived cell line-
s—namely, cervical (HeLa), neuroblastoma (SK-N-SH), glioblastoma
(T98G), liver (HEPG2), renal (HEK293), glioblastoma type-I interferon-
deficient (U-87MG), African green monkey kidney-derived (Vero), and
hamster (BHK-21)—in MEM, except U-87MG, which was grown in Ea-
gle’s Medium supplied by Gibco. All cell lines were grown in media
supplemented with 10% foetal calf serum (FCS) and 0.2 mM nones-
sential amino acids and allowed to grow at 37 °C with 5% CO,. Human
CD14 monocytes (hMoCD14+-PB) (Sigma Aldrich) were cultured in
RPMI 1640 with L-Glutamine and HEPES from Gibco. The RPMI media
was supplemented with 10% foetal calf serum (FCS), 1% penicillin/
streptomycin, 0.2 mM nonessential amino acids and 1% sodium pyru-
vate. The African genotype (ZIKVyr-766) and Asian genotypes (ZIKVy,pr
2013 and ZIKV pryapcso) that we used in this study were cultured in C6/
36-E2 mosquito cells to generate high-titer working stocks. Viral stocks
were stored at —80 °C.

2.2. Compounds

PF-429242, fenofibrate, and lovastatin were supplied by Tocris
Bioscience, Cayman Chemical, and Adipogen, respectively. PF-429242
and lovastatin were reconstituted to 10 mM and 12.3 mM, respec-
tively, in dimethyl sulfoxide (DMSO); they were stored at —20 °C until
use. Fenofibrate was diluted in DMSO on the same day of use. Oleic acid
was purchased from Sigma-Aldrich and Cholesterol lipid concentrate
was supplied by (Life Technologies Corporation).
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2.3. Viability assay

Cell viability assays were performed using PF-429242 (1-500 pM) in
a 2-fold serial dilution. Cells at a density of 2 x 10° cells were incubated
with a medium containing PF-429242 in a 96-well plate; they were
incubated at 37 °C and 5% CO», for 72 h to determine the concentration
that causes a 50% reduction in cell survival (CCsg). A viral inhibition
assay was also conducted in parallel with a cytotoxicity assay, in which
the drug was introduced together with ZIKV infection into all cell lines
and incubated for 72 h. To determine the CCsg, cells were incubated
with 0.5 mg/ml of [3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetra-
zolium bromide] MTT and incubated for 4 h at 37 °C and 5% CO,. The
MTT formazan crystals were extracted by adding 80 pl of solubilisation
solution. Optical density was measured at a 570-nm reading with a
microplate reader (Synergy H1 M, Biotech). Cell toxicity was deter-
mined using the following equation: Cell viability (%) = (sample value)/
(cell control) x 100. We generated dose-response curves and calculated
the CCsp. Additionally, culture supernatant was harvested for immu-
nostaining by focus to determine viral inhibition (ICs).

2.4. Focus-forming assay

We used a focus-forming assay to examine viral titerss in Vero cells,
as previously described by (Tun et al., 2013), with some modifications.
Infected culture fluids were diluted in a 10-fold serial dilution and added
to Vero cells in a 96-well plate in duplicate. After 1.5 h, 2% FCS meth-
ylcellulose was added and incubated at 37 °C and 5% CO,. Immuno-
staining was performed at various time points depending on the
subsequent quantification assay. Immunostaining was performed using
anti-flavivirus mouse monoclonal antibody 12D11/7E8 as primary
antibody, followed by HRP-conjugated goat anti-mouse IgG (106 PU,
American Qualex) as secondary antibody. The bound conjugate was
visualized by adding substrate 3, 3° diaminobenzidine tetra hydrochlo-
ride (DAB, Wako) containing hydrogen peroxide. Foci were counted and
expressed as focus-forming units (FFU/ml).

2.5. Time-of-addition studies

Cells at a density of 2 x 10° cells per well were seeded in 24-well
plates. After 24 h, cells were infected with ZIKVyg.766 and ZIKVy,pp
2013 at MOI of 0.1 and treated with the PF-429242 molecule at 3 time
points: 24 h before infection, during infection (time = 0 h), and 2.5 h
after infection. The viral progeny quantification was performed via the
focus-forming assay. Further, we determined the exact time point at
which PF-429242 suppressed the ZIKV replication cycle, we treated
ZIKV-infected cultured cells with 12 pM of PF-429242 and DMSO as
control at different (HPI). Virus titers were quantified at 6, 12, 18, and
24 h.

2.6. Binding and internalisation assay for the PF-429242 molecule

A binding assay was performed based on a study conducted by
(Talarico et al., 2005), with some modifications. For both assays, cells
were seeded in 24-well plates and infected with ZIKVygr.7¢ and
ZIKVy,pr 2013 at a MOI of 0.1 in a culture medium containing 12 pM of
PF-429242 andDMSO as control for 24 h. Cells were incubated for 1 h at
4 °C for the binding assay, while cells were incubated for 1 h at 37 °C for
the virus internalisation assay. Infected culture fluid was discarded after
incubation, and the cells were washed twice with cold PBS. Finally, cell
lysates for both assays were harvested by Isogen-II (Nippon Gene) for
analysis by RT-qPCR.

2.7. Quantitative real-time PCR chain reaction

Total RNA was extracted using the Isogen PB kit; next, 500 ng of total
RNA was reverse-transcribed to cDNA using the PrimeScript™ R Kkit.
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Transcribed mRNAs were quantified via SYBR real-time PCR, as
described by (Tun et al., 2014). The results of unknown samples were
expressed in absolute copy numbers, determined by comparing the
threshold curve relative to the standard curve. The standard curve was
obtained from serial dilutions of purified cDNA. The primers used in this
study are listed in (Xu et al., 2016).

2.8. Infection assay

Cells at a density of 2 x 10° were seeded in 24-well plates. The
following day, cells were infected with ZIKVyg 766 and ZIKVy,pr 2013 at
MOI of 0.1 in a culture medium containing 12 pM of PF-429242 or
DMSO. Supernatants were collected at different HPIs to analyse viral
titers via the focus-forming assay in Vero cells, as described above. For
the inhibitor’s treatment, cells were seeded in a 24-well plate and
following day, infected cells were treated with PF-429242 and incubated
for 24 h. After incubation, the culture media were replaced with fresh
media containing 40 pM of lovastatin or fenofibrate. The culture su-
pernatant was harvested at 48 HPIs to measure the virus titer via im-
munostaining, as described above. Intracellular cholesterol was
quantified using an Amplex Red Cholesterol assay kit (Invitrogen) ac-
cording to the manufacturer’s instructions.

2.9. Lipid quantification via flow cytometry

Cells at a density of 1 x 10° cells per well were seeded in a six-well
plate. Cells were with ZIKVyg.766 and ZIKVy,pr 2013 ata MOI of 0.1 in a
culture medium containing 12 pM of PF-429242 or DMSO as control.
After incubation at 37 °C and 5% CO-, for 24 h, cells were fixed with BD
Cytofix/Cytoperm™ solution for 20 min. The cells were then trypsinised
and permeabilised with BD perm/wash buffer for 10 min. They were
washed twice and stained at 4 °C for 30 min in the dark with BODIPY
493/503 (4, 4-difluoro-1, 3, 5, 7, 8-pentamethyl-4-bora-3a, 4a-diaza-s-
indacene). Finally, the cells were washed twice and resuspended in the
fluorescence-activated cell-sorting (FACS) buffer for flow cytometry
analysis using a FAC scan flow cytometer (BD bioscience). We used
Flowjo version 10.6.2 software to determine the percentage of positive
cells.

2.10. Immunofluorescence assay

Cells at a density of 1 x 10° were seeded in 8 Well Millicell EZ Slide
(Merck Millipore LTD). The following day, cells were infected with
ZIKVypr-766 at MOI of 0.1 in presence of 12 pM of the PF-429242 or
DMSO for 24 h. Infected cells were then fixed in 4% paraformaldehyde
for 30 min, and permeabilized in PBS containing 1% Nonidet P-40 for
30 min. After washing thrice, cells were blocked at room temperature for
30 min. Cells were incubated with 1:500 anti-flavivirus mouse mono-
clonal antibody 12D11/7E8. The primary antibody was detected by
Alexa Fluor 594-anti-mouse IgG antibody (Invitrogen) with 2.5 pM/ml
of BODIPY 493/503. Cells were sealed with ImmunoSelect Antifading
Mounting Medium (Dianova GmbH) which contained 4°, 6-Diamidino-
2-phenylindole (DAPI). Images were captured with BZ-X710 fluores-
cence microscope. Further, the intensity of fluorescence emitted by
BODIPY was measured at Ex 485 nm, E 515 nm using Synergy micro-
plate reader (BioTek).

2.11. Statistical analysis

A student’s t-test was used to determine significant differences be-
tween groups. Significant differences among more than two groups were
analysed by one-way ANOVA. All statistical comparisons were two sided
with (*p < 0.05). The statistical analyses were performed with Prism
Software (Graph Pad version 9.0.1[151]).
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3. Results

3.1. The effect of PF-429242 against ZIKV infection on various derived
cell lines

To gain insight into the antiviral mechanism of the PF-429242
molecule, we infected multiple cell types from several human and
non-human primate-derived cell lines with ZIKVyg.766 and ZIKVy pp
2013 in a culture medium containing 12 pM of PF-429242 and DMSO as
control. Infected culture fluids were collected at 24, 48, and 72 HPIs;
viral titers were determined via the focus-forming assay. PF-429242
significantly reduced viral infection in the SK-N-SH, HeLa, T98G, and
U-87MG cell lines (Fig. 1A-D), while no inhibition was observed in the
BHK, HepG2, HEK-293, and Vero cell lines (Fig. 1 E-H). The initial
antiviral effect was observed at 24 HPI in the SK-N-SH, HeLa, T98G, and
U-87MG cell lines at a concentration of 12 pM. Next, we evaluated
whether higher concentration of 30 uM and 60 pM of the PF-429242
molecule could be sufficient to cause antiviral effect on ZIKV replica-
tion in BHK, HepG2, HEK-293, and Vero cell lines. Intriguingly, no
antiviral effect was observed in these cell lines. To demonstrate that the
PF-429242 molecule can be potentially used therapeutically, we exam-
ined the effect of this compound on primary monocytes and it signifi-
cantly reduced ZIKV replication at a concentration of 30 uM at 72HPI
(Fig. 1D).

3.2. The determination of cytotoxicity and inhibitory concentrations of
PF-429242

The PF-429242 molecule did not affect cell viability at the concen-
tration up to around 200 pM at 72 HPI. We calculated the following CCsg
values (Fig. 2A, Table 1): SK-N-SH (CCs¢: 167.6 pM), HeLa (CCsq: 233.4
pM), T98G (CCsp: 183.2 pM), and U-87MG (CCsp: 216.8 pM). We then
determined the CCsg of primary monocytes. Our results revealed that
primary monocytes were 100% viable at 500 pM at 72 HPI. Moreover,
the PF-429242 dose dependently inhibited ZIKVyr766 and ZIKVy,pr2013
infection (Fig. 2B, Table 1). The ICsq values were 13.3 pM for SK-N-SH,
6.3 pM for HeLa, 6.9 pM for T98G, and 14 pM for U-87MG in the
ZIKVyRr7e6 strain. The ICsy was 11.9 pM for SK-N-SH, 9.4 uM for Hela,
3.5 uM for T98G, and 11.7 pM for U-87MG in the ZIKVy,ppao13 Strain.
The cell viability assay indicated that the PF-429242 molecule inhibited
ZIKVy,pr2013 more efficiently in T98G (SI: 52.3) than in HeLa (SI: 24.8),
U-87MG (SI: 18.5), or SK-N-SH (SI: 14.1). On the other hand, PF-429242
inhibited ZIKVpgy766 most efficiently in HeLa (SI: 37.0), followed by
T98G (SI: 26.6), U-87MG (SI: 15.5), and SK-N-SH (SI: 12.6). Finally, a
significant concentration-dependent reduction of the ZIKV titer was
observed at a low concentration of 3.5 pM in T98G (Fig. 2B, Table 1).
The ICs¢ values for Human CD14 monocytes were 70.22 pM in the
ZIKVy\R766 and 51.55 p,M in ZIKVH/pF2013 strain. The cell V1ab1hty assay
indicated that the PF-429242 molecule inhibited ZIKV more effectively
in primary cells compared to secondary cells.

3.3. Time-of-drug-addition assay

To evaluate which phase of the ZIKV replication cycle was impaired
by PF-429242, we exposed ZIKV-infected cells to PF-429242 before,
during, and after virus infection. We found that—in contrast to the pre-
treatment of ZIKV-infected cells, which had no profound effect on viral
replication (Fig. 3A)—the treatment of ZIKV-infected cells with PF-
429242 significantly decreased ZIKV replication when added together
with the virus (Fig. 3B) or after virus infection (Fig. 3C). Furthermore,
we performed binding and internalisation assays to determine whether
PF-429242 inhibited the entry or post-entry stages of virus infection.
Brieﬂy, cell lysates of infected cells with ZIKVMR-766 and ZIKV H/PF 2013
in the presence or absence of PF-429242 were harvested by Isogen-II
(Nippon Gene) for analysis using RT-qPCR. We found out that ZIKV
viral replication was not reduced (data not shown).
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Fig. 1. PF-429242 inhibits ZIKV infection in neuronal and cervical cell lines. SK-N-SH, HeLa, T98G, and U-87MG cells at a density of 2 x 10° cells per well were
seeded in a 24-well plate and infected with ZIKVyr.766 and ZIKVy, pr 2013 at MOI of 0.1 in a culture medium containing 12 pM of PF-429242 or DMSO. The culture
supernatants were harvested at 24, 48 and 72 HPIs to measure the virus titer via immunostaining. The PF-429242 molecule successfully suppressed ZIKV infection in
the SK-N-SH (A), Hela (B), T98G (C) and U-87MG (D) cell lines, while there was no inhibition in the BHK (E), HepG2 (F), HEK-293 (G), Vero (H) and primary
monocytes (I) cell lines. The standard error of the mean (SEM) values of the results from three independent experiments are shown. The calculated p-values are

shown on the groups that were compared. Titers are expressed as FFU/ml.

To determine the exact time point at which PF-429242 suppressed
the ZIKV replication cycle. Our results reveal that PF-429242 induces a
strong reduction in the ZIKV titer from 12 to 18 h in the SK-N-SH, HelLa,
T98G, and U-87MG cell lines (Fig. 3D), while there is no antiviral ac-
tivity against Japanese encephalitis virus (JEV) (Supplementary Fig. 2).
Furthermore, we assessed the antiviral effect of PF-429242 against an
additional ZIKV strain (ZIKVpryapcso). This drug showed similar ZIKV
inhibitory effects against ZIKVpgryapcse infections (Supplementary
Fig. 3).

3.4. ZIKV infection increases lipogenesis in infected cells

A strong reduction in ZIKV replication was observed when PF-
429242 was added 12-18 h after ZIKV inoculation, indicating that this
drug was effective at early stage of the ZIKV replication cycle (Fig. 3D).
Previous reports have shown that many viruses, including ZIKV, are
dependent on lipid metabolism to support their replication. Since the PF-
429242 molecule regulates lipid synthesis, we performed flow cytom-
etry analysis to reveal the effect of this drug on in lipid amount. Our
results align with previous findings and further indicate that ZIKV

infection increases lipogenesis, as measured by FACS analyses (Fig. 4A).
Interestingly, PF-429242 reduced lipids in SK-N-SH, HeLa, T98G, and U-
87MG cells infected with ZIKVyg.766 up to 28.14%, 38.52%, 25.61%,
and 39.15%, respectively. In these same cell types infected with ZIKVy,
pF2013, PF-429242 reduced lipids up to 30.35%, 29.99%, 34.77%, and
28.68%, respectively. Statistical analyses are shown in (Fig. 4B).
Further, flow cytometry analysis indicated that, lipid amounts were not
affected in BHK, HepG2, HEK-293, and Vero cell lines in presence of PF-
429242 molecule (Supplementary Fig. 4A and 4B).

3.5. ZIKV differentially alters various classes of lipids

PF-429242 efficiently reduced intracellular cholesterol in SK-N-SH,
HeLa, T98G, and U-87MG cells infected with ZIKVygr.766 and ZIKVy,
pr2013 (Supplementary Fig. 5A and 5B). Thus, we posit that the exoge-
nous addition of cholesterol is essential to maintaining the active
replication of ZIKV. To test this possibility, PF-429242-treated infected
cells were supplemented with cholesterol lipid concentrate, and infected
culture supernatants were harvested for virus quantification. Surpris-
ingly, we found that the exogenous addition of cholesterol lipid
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Fig. 2. Dose-response curve for the PF-429242 compound. SK-N-SH, HeLa, T98G, and U-87MG cells at a density of 2 x 10° per well in a 96-well plate were treated
with increasing concentrations of PF-429242 to determine the cytotoxicity (CCso) and inhibitory (ICsp) concentrations. Intracellular ATP was measured in uninfected
cells after 72 h (Fig. 2A). Cells were infected with ZIKVyg 766 and ZIKVy,pr 2013 at MOI of 0.1 in a culture medium containing PF-429242 or DMSO to determine
inhibitory concentrations. The culture supernatants were harvested at 72 HPIs to measure the virus titer (Fig. 2B). The X-axis indicates the concentration of PF-
429242 and Y-axis indicates the inhibitory and cytotoxic percentages. The antiviral activity of PF-429242 was calculated (Table 1). The SEM of 3 independent
experiments were analysed by the non-linear regression of the dose-response curve.

concentrate resulted in reduced virus production (Fig. 5A). To assess
whether the reduction in virus replication was a result of cell cytotox-
icity from cholesterol, MTT assay was performed. Our CCsp results
revealed that all cell types were above 96% viable at the concentration
of 500 pM at 24 HPI (Table 2).

Next, infected cells treated with PF-429242 were cultured in the
presence of oleic acid. Interestingly, the supplementation of oleic acid in
ZIKV-infected cultured cells subsequently led to dose-dependent in-
creases in the ZIKV titer in PF-429242-treated cells (Fig. 5B), as well as
an increase in the focus assay titer, as shown in Supplementary Figure 4.
To visualize the rescue effect of oleic acid on ZIKV replication, staining

and imaging of lipids droplets was performed using IFA. Culturing of
infected cells treated with PF-429242 in presence of oleic acid markedly
induced lipid droplet abundance which consequently increased ZIKV
particles (Fig. 6A). In addition, co-localization of lipid droplet with ZIKV
envelope protein was observed (Fig. 6B). Measurement of fluorescent
intensity further confirmed these findings in (Fig. 6C).

3.6. Lipid droplet abundance plays an essential role in ZIKV infection

The SREBP-1 pathway activates the transcription of genes that
encode triglyceride in response to lipid droplet formation (Urata et al.,
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Table 1

Antiviral effects of PF-429242 on various cell lines.
Cell line IC5opM/mL CCso SI° SI" ZIKVy,

ZIK
KVares  ZIKVir, VMR766 PF2013
PF2013
SK-N-SH 13.3 11.9 167.6 12.6 14.1
HELA 6.3 9.4 233.4 37.0 24.8
T98G 6.9 3.5 183.2 26.6 52.3
U-87MG 14.0 11.7 216.8 15.5 18.5
hMoCD14+- 70.22 51.55 500 7.1 9.7
PB

# SI=CCs0/ICso.

2018). We used chemical inhibitors of the SREBP pathway (fenofibrate
and lovastatin) to assess the importance of lipid droplet abundance in
ZIKV infection (Supplementary Fig. 6). These statins are FDA-approved
for clinical use against hyperlipidaemia (Majeed et al., 2019). The
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concentrations that caused a 50% reduction in cell viability in the
SK-N-SH, HeLa, T98G, and U-87MG cell lines after 24 h of treatment
were 63 pM, 87 pM, 71 pM, and 125 pM for fenofibrate, respectively;
these concentrations were 81 pM, 79 pM, 95 pM, and 141 pM for lova-
statin, respectively (Table 3). Treatment with a fenofibrate inhibitor
resulted in a significant reduction in the ZIKV titer (as measured by the
focus reduction assay), compared to a lovastatin inhibitor (Fig. 6).

4. Discussion

In this study, we examined the inhibitory effects of the PF-429242
molecule on ZIKV infection. Notably, PF-429242 suppressed viral
replication in the SK-N-SH, HeLa, T98G, and U-87MG cell lines
(Fig. 1A-D), while no inhibition was observed in the BHK-21, HepG2,
HEK-293, and Vero cell lines (Fig. 1E-H). The inhibition of ZIKV in U-
87MG cells (Fig. 1D) suggests that the differential suppression of ZIKV in
neuronal cell lines (SK-N-SH, T98G, and U-87MG) and cervical cell lines

Fig. 3. Time-of-addition studies. SK-N-SH, Hela,
T98G, and U-87MG cells at a density of 2 x 10° per
well were seeded in 24-well plates and infected with
ZIKVpr-766 and ZIKVy,pr 2013 at MOI of 0.1 before
infection (Fig. 3A), during infection (Fig. 3B), and
after infection (Fig. 3C). Supernatants were har-
vested at 24 HPI and analysed via the focus-forming
assay. PF-429242 significantly inhibited ZIKV infec-
tion from 12 to 18 HPI (Fig. 3D). The asterisks
indicate statistical significance in comparison to
DMSO, as follows: ns, P > 0.05. *, P < 0.05; **, P
0.005. *** P < 0.001. The SEM values of the results
from three independent experiments are shown.
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Fig. 4. PF-429242 effectively decreases lipogenesis in infected cells. SK-N-SH, HeLa, T98G, and U-87MG cells at a density of 1 x 10° cells per well were seeded in a
six-well plate. Cells were stained with BODIPY and analysed using a FAC scan flow cytometer (BD bioscience). Flowjo version 10.6.2 software was used to determine
the percentage of positive cells. Flow cytometry revealed that ZIKV infection increases lipogenesis in cells. Furthermore, this analysis showed that PF-429242
significantly reduced lipogenesis in infected cells (Fig. 4A). Gates were set on stained cells prior further analysis. Histograms are representative flow cytometry
data from one experiment from each cell. Statistical analysis of mean fluorescent intensity of three independent experiments was analysed by student t-test (Fig. 4B).
The asterisks indicate statistical significance in comparison to DMSO, as follows: *, P < 0.05; **, P 0.005. ***, P < 0.001.

(HeLa) does not result from type-I interferon (IFN) (McNab et al., 2015)
but rather from the suppressive effects of PF-429242 on S1P. These
observations can be explained by the correlation between the inhibitory
effects of the PF-429242 molecule (Supplementary Fig. 1) and flow
cytometry analysis results in the BHK-21, HepG2, HEK-293, and Vero
cell lines (Supplementary Fig. 4A and 4B) which rules out that the
PF-429242 molecule does not inhibit S1P in these cell lines. Most
importantly, the fact that PF-429242 reduced ZIKV infection in neuronal
and primary cell lines indicates that this compound is a potential
anti-ZIKV drug with neuroprotective properties (Miner and Diamond,
2017). Consistent with a study conducted by (Chan et al., 2016), we
found out that all cell lines were susceptible to ZIKV infection, which
suggests potential animal reservoirs for ZIKV infection.

Compared to chloroquine (Delvecchio et al., 2016) and other
anti-ZIKV substances reported by (Balasubramanian et al., 2017),

PF-429242 is a potent ZIKV inhibitor, as indicated by the high SI values
and the fact that this compound suppressed ZIKV at the low concen-
tration of 3.5 pM (Table 1, Fig. 2B). The effectiveness of the PF-429242
molecule in suppressing ZIKV infection as indicated by the high SI values
of primary monocytes cells further demonstrates that this drug can be
used therapeutically. We observed that lower doses of the PF-429242
were required to attain 50% inhibition of ZIKV infection in secondary
cell lines. The variation in response of these cells to the Pf-429242 could
be due to the differences in gene expression and the high passage his-
tory. Previous studies have shown differences in gene expression be-
tween cells and accumulation of mutations in immortal secondary cells
(Arul, 2017). Although PF-429242 did not prevent viral entry into host
cells—as demonstrated by the binding and internalisation assays (data
not shown)—the treatment of ZIKV-infected cells with PF-429242
significantly decreased ZIKV replication when added together with the



S.K. Raini et al.

A
SK-N-SH
A 6
*
5 *ok
4 * kK
%k
; \
=
2
5 T
o W O
T o B
L 0® p.’ffb ‘Qg\e? rao “Lb‘:‘, \&0\
— Yl NI
o < O &
= MR766 &
o)}
ke
£
[
9
= T98G
4 6
=
>
5 ok *
4 * Kk
3
2
T T T T T T
WO L S
NP LIRS (P
AV ¥ & O gV @
g X c}@ QQ} <
MR766 H/PF 2013

Antiviral Research 192 (2021) 105121

HelLa
b - DMSO
*
e . —+— PF-429242
-= Cholestrol
T T T T T T
O W O O @ &
O° > o8 & P &
S P& S P
& ¢ & 3
MR766 H/PF 2013
U-87MG
N *
* %k
¥k
T T T T T T
o 9w O o 9 O
©” A o8 O A o
QQ r@q"(\c}ee O@ yrﬁ o\vzf"
& S &
MR766
H/PF2013

Exogenous addition of cholestrol

Fig. 5. ZIKV infection differentially alters differ classes of lipids. SK-N-SH, HeLa, T98G, and U-87MG cells at a density of 2 x 10° cells per well were seeded in a 24-
well plate and infected with ZIKVyr 766 and ZIKVy,pr 2013 at MOI of 0.1 in a culture medium containing 12 pM of PF-429242 or DMSO in presence of cholesterol or
oleic acid. The culture supernatants were harvested at 24 HPI to measure the virus titer via immunostaining. Exogenous addition of cholesterol in ZIKV infection
impaired viral replication in cells (Fig. 5A). Oleic acid supplementation markedly increased viral replication in ZIKV treated cells in a dose dependent manner
(Fig. 5B). The asterisks indicate statistical significance in comparison to DMSO, as follows: *, P < 0.05; **, P 0.005. ***, P < 0.001. The SEM values of the results from

three independent experiments are shown.

virus (Fig. 3B) or after virus infection (Fig. 3C). This suggests that
PF-429242 may have a potential treatment effect against ZIKV infection
(Song et al.,, 2020). PF-429242 markedly reduced ZIKV replication
12-18 h after inoculation in the SK-N-SH, HeLa, T98G, and U-87MG cell
lines (Fig. 3D), suggesting that this compound interferes with ZIKV
replication (Chan et al., 2017). In contrast to our findings—which show
that the treatment of ZIKV-infected cells with PF-429242 significantly
decreases ZIKV replication at 18 HPIs—antiviral activity against Dengue
virus (DENV) occurs at 72 HPI (Chan et al., 2017), while there is no
antiviral suppression of JEV (Supplementary Fig. 2). The fact that the
PF-429242 molecule differentially suppresses flavivirus infections at
different time points indicates that the mechanism of the
PF-429242-mediated suppression among flavivirus infection is not
entirely similar. The differential suppression of flavivirus by PF-429242
could be explained by the fact that JEV belongs to a different clade from
DENV and ZIKV as revealed by phylogenetic and molecular analyses
(Gonzalez et al., 2018). In addition, drugs that differentially suppresses
viral infection within the group of flavivirus has been reported (Chiu
et al., 2018) (Wang et al., 2019). Therefore, in depth studies to under-
stand the antiviral suppression of flavivirus infection at the viral genome
level by using tools such as reverse genetics should be conducted
(Komoto et al., 2020). Similar ZIKV inhibitory effects of the PF-429242
molecule were observed when it was tested on different ZIKV-lineage

infections (Supplementary Fig. 3). This indicates that PF-429242 could
help manage recent ZIKV infections caused by pathogenic Asian
ZIKV-lineage strains (Simonin et al., 2016).

Flow cytometry analysis revealed increased lipogenesis in infected
cells (Fig. 4A). These results corroborate those of previous studies,
which have shown that intracellular lipids are important for flavivirus
infectivity (Martin-Acebes et al., 2016; Heaton and Randall, 2011).
Notably, this compound significantly reduced lipid levels in
PF-429242-treated cells (Fig. 4A). These findings align with those of
studies conducted by (Merino-Ramos et al., 2017; Blanchet et al., 2015).

In this study, we observed that ZIKV infection differentially altered
various classes of lipids. In contrast to previous studies which have
shown the importance of cholesterol in flavivirus infections (Osuna-R-
amos et al., 2018), our study found out that exogenous addition of
cholesterol reduced virus replication (Fig. 5A). This information sup-
ports similar findings previously reported by (Lee et al., 2008), who
demonstrated that the exogenous addition of cholesterol effectively in-
hibits dengue virus replication. Additionally, accumulation of choles-
terol within the lysosomes has been reported to reduce viral replication
(Martin-Acebes et al., 2016). As with other studies conducted by (Hyrina
et al.,, 2017; Ramphan et al., 2017), our results consistently show that
oleic acid supplementation increased the ZIKV titer (Fig. 5B). This may
result from the inducement of lipid droplet formation by oleic acid
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Fig. 5. (continued).

supplementation, as demonstrated by (Fujimoto et al., 2006); Rohwed-
der et al. (2014). Our data from imaging of lipid droplet showed that
ZIKV protein co-localise with lipid droplet. This result not only confirm
that lipid droplets are a major platform for ZIKV replication but also it
effectively increases ZIKV titer in infected cells.

Treatment with both statin inhibitors resulted in a significant
reduction of the ZIKV titer; however, fenofibrate reduced ZIKV

replication markedly more than lovastatin (Fig. 6A). Similarly, fenofi-
brate reduced severe fever with thrombocytopenia syndrome virus more
efficiently than lovastatin at 48 HPIs in a study conducted by (Urata
et al., 2018). The ability of fenofibrate to decrease ZIKV replication in
cultured cells—in contrast to lovastatin—clearly highlights the
involvement of lipid droplets in ZIKV infection. The difference in
anti-ZIKV activity exhibited by these statins likely stems from variation
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Table 2
Cytotoxic effects of cholesterol on cell viability.
Cell line Cholesterol
CCs0% (250x dilution)
SK-N-SH 100
Hela 98
T98G 95
U-87MG 100

in their chemical structure (Espano et al., 2019). It has been reported
that therapeutic agents targeting distinct molecular pathways crucial for
the pathogen replication cycle are essential for minimising drug resis-
tance (O. Achieng et al., 2017). Thus, the novelty of PF-429242—given
its ability to target SREBP, which is involved in both lipid metabolism
and cellular processes such as autophagy (Cheng et al, 2018),
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membrane biogenesis (Castoreno et al., 2005), and excitotoxicity
(Taghibiglou et al., 2009)—makes it an attractive and promising com-
pound for use against ZIKV infection. Furthermore, the inhibition of
SREBP suppresses genome replication in related viruses such as West
Nile virus (Merino-Ramos et al., 2017), dengue virus (Uchida et al.,
2016), Hepatitis B virus and Hepatitis C virus (Wu et al., 2018),
demonstrating the potential broad spectrum of antiviral therapies based
on inhibiting lipid metabolism. In conclusion, the desirable ability of
PF-429242 to suppress ZIKV infection in neuronal cell lines offers po-
tential for repurposing this inhibitor as an antiviral drug against ZIKV
infection.
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Fig. 6. Lipid droplet play a significant role in ZIKV infection. Cells at a density of 2 x 10° cells per well were seeded in a 24-well plate and infected with ZIKVyg.7e6
and ZIKVy,pr 2013 at MOI of 0.1 in a culture medium containing 12 pM of PF-429242 or DMSO. After 24 h incubation, the culture media were replaced with fresh
media containing 40 pM of lovastatin or fenofibrate. The culture supernatants were harvested at 48 h to measure the virus titer via immunostaining. Fenofibrate
inhibitor resulted in significant reduction of ZIKV titer by focus reduction assay as compared to lovastatin inhibitor (Fig. 6A). Fig. 6B shows representative pho-
tomicrographs of infected and uninfected HeLa cells. HeLa cells were exposed to ZIKV infection at 12 pM or DMSO in presence of oleic acid for 24 HPI. ZIKV E protein
was detected by Alexa Fluor 594-anti-mouse IgG antibody (Invitrogen) with 2.5 pM/ml of BODIPY 493/503. Images of DAPI staining of nucleus (blue), LD (green), E-
protein (red) and overlay (merged images of blue, green, and red) are shown. Co-localization of green (LD) and red (ZIKV E-protein was observed, thus confirming
that lipid droplets are a major platform for ZIKV replication. Images were captured using BZ-X710 fluorescence microscope with 20x objective. Fluorescence intensity
was measured at Ex 485 nm and E515 nm Fig. 6C. The asterisks indicate statistical significance in comparison to DMSO, as follows: *, P < 0.05; **, P 0.005. The SEM

values of the results from three independent experiments are shown.
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Fig. 6. (continued).

Table 3

Cytotoxic effects of Fenofibrate and Lovastatin on cell viability.
Cell line Fenofibrate Lovastatin

CCsoum CCsoum

SK-N-SH 63 81
Hela 87 79
T98G 71 95
U-87MG 125 141

CCsoum (Concentration causing 50% reduction in cell survival).
JP21wm0225017 (Japan program for Infectious Diseases Research and
Infrastructure).
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