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Abstract

Flaviviruses constitute a public health concern because of their global burden and the lack of
specific antiviral treatment. Here we investigated the antiviral activity of the alkaloid anisomycin
against dengue (DENV) and Zika (ZIKV) viruses. At non-cytotoxic concentrations, anisomycin
strongly inhibited the replication of reference strains and clinical isolates of all DENV serotypes
and Asian and African strains of ZIKV in Vero cells. Anisomycin also prevented DENV and
ZIKV multiplication in human cell lines. While initial steps of DENV and ZIKV replicative cycle
were unaffected, a high inhibition of viral protein expression was demonstrated after treatment
with anisomycin. DENV RNA synthesis was strongly reduced in anisomycin treated cultures, but
the compound did not exert a direct inhibitory effect on 2" O-methyltransferase or RNA
polymerase activities of DENV NS5 protein. Furthermore, anisomycin-mediated activation of p38
signaling was not related to the antiviral action of the compound. The evaluation of anisomycin
efficacy in a mouse model of ZIKV morbidity and mortality revealed that animals treated with a
low dose of anisomycin exhibited a significant reduction in viremia levels and died significantly
later than the control group. This protective effect was lost at higher doses, though. In conclusion,
anisomycin is a potent and selective /in7 vitro inhibitor of DENV and ZIKV that impairs a post-
entry step of viral replication; and a low-dose anisomycin treatment may provide some minimal
benefit in a mouse model.
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1. Introduction

Dengue virus (DENV) and Zika virus (ZIKV) are emerging mosquito-borne viruses that
belong to the Flaviviridae family. There are four DENV serotypes (DENV-1, -2, =3 and —4),
whereas a single ZIKV serotype, containing the African and Asian lineages, has been
identified. Both DENV and ZIKV are transmitted by Aedes aegyptiand Aedes albopictus
mosquitoes in tropical and subtropical regions of the world. The clinical manifestations of
dengue vary from an asymptomatic infection or a mild fever to a life-threatening severe
disease (Guzman et al., 2016). In contrast to DENV, sexual and vertical ZIKV transmission
has been demonstrated. Although the symptoms of acute ZIKV infection are usually mild an
increased risk of serious clinical manifestations, such as Guillain—Barré syndrome in adults
and congenital malformations, have been associated with ZIKV infection (Baud et a/.,
2017).

No specific antiviral treatment or worldwide licensed vaccine against DENV and ZIKV are
available and the lack of vector control, unplanned urbanization and increased air travels led
to the worldwide expansion of those viral infections (Guarner and Hale, 2019). In the
development of antiviral strategies, viral targets provide more specificity and less toxicity
whereas cellular targets may offer a wide viral spectrum of action and lower probability of
antiviral resistance (Garcia et al.,, 2017). One of the most studied viral targets is the non-
structural protein NS5, the most conserved non-structural protein among flaviviruses. NS5
carries essential enzymatic activities hosted in two domains: the N-terminal
methyltransferase domain (NS5-MTase) and the C-terminal RNA dependent RNA
polymerase domain (NS5-RdRp). A few compounds with a cellular target have been
evaluated in clinical trials for DENV with no promising results (Kaptein et al., 2016; Sung et
al., 2016). Recently, the first clinical trial against ZIKV is being performed (Zou and Shi,
2019).

The natural alkaloid anisomycin was originally identified as an antibiotic active against
certain protozoa and fungi (Hall ef a/., 1983; Lynch et al.,, 1954). Anisomycin inhibits
protein synthesis, but at low sub-inhibitory concentrations, anisomycin induces the
activation of mitogen-activated protein kinases (MAPKS) such as p38 and the c-Jun N-
terminal kinases 1, 2 and 3 (Liu et a/., 2014; Stadheim et a/., 2002). In addition, anisomycin
was reported to suppress /n vitro replication of the flavivirus Japanese encephalitis virus
(Chang et al., 2005).

In the present study, we evaluated the /in vitro antiviral effect of anisomycin against DENV
and ZIKV. We also explored the mechanism of anisomycin antiviral action against both
viruses and investigated the antiviral activity of the compound in a mouse model for ZIKV
infection.
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2. Materials and Methods

2.1 Cells and viruses

Vero (ATCC CCL 81), HepG2 (ATCC CRL-10741) and A549 (ATCC CL-185) cells were
grown in Eagle’s minimum essential medium (GIBCO, USA) supplemented with 10%, 20%
and 5% of newborn calf serum, respectively. For maintenance medium (MM) serum
concentration was reduced to 1.5%. U937 cells (ATCC CRL-1593.2) were grown in
RPMI-1640 medium (Sigma-Aldrich, USA) supplemented with 10% fetal bovine serum
(GIBCO, USA). DENV-2 strain New Guinea C (NGC), DENV-1 strain Hawaii, DENV-3
strain H87, DENV-4 strain 8124 and ZIKV strains DAK-AR-41524, PRVABC59 and P6—
740 were used. DENV-2 clinical isolates 67655 and 67702 and ZIKV clinical isolate
INEVH11614 were provided by Dr. D. Enria and Dr. S. Levis (Instituto Nacional de
Enfermedades Virales Humanas, Argentina). Viral stocks were prepared in C6/36 mosquito
cells and titrated by plaque forming units (PFU) in Vero cells.

2.2 Animals

Male and female AG129 mice, lacking interferon a/p and y receptors, were bred at the Utah
State University (USU) Laboratory Animal Research Center (LARC) under germ-free
conditions in an in-house breeding colony. Mice between 8 and 10 weeks with an average
weight of 22 g were used.

2.3 Compounds

Stock solutions of anisomycin, ribavirin, sinefungin and 3’dATP (Sigma-Aldrich, USA), and
SB202190 (Cell Signaling, USA) were prepared in dimethyl sulfoxide (DMSO).
Ammonium chloride (Sigma-Aldrich, USA) was dissolved in phosphate buffer saline (PBS).

2.4 Cytotoxicity assay

Cells were exposed to various concentrations of anisomycin in MM for 48 h. Cell viability
was examined by the MTS colorimetric assay (Promega, USA). The 50% cytotoxic
concentration (CCsg) was defined as the compound concentration that reduced cell viability
by 50%.

2.5 Virus yield reduction assay

Cells were infected with DENV or ZIKV at a multiplicity of infection (MOI) of 0.1, 1, 10 or
50. After 1 h adsorption cells were covered with MM containing different concentrations of
anisomycin. At 48 h post-infection (p.i.), extracellular virus yields were quantified by plaque
assay in Vero cells. The 50% effective concentration (ECsg), compound concentration that
reduced virus yield by 50%, was calculated.

Other DENV-2 (strain NGC) or ZIKV (strain PRVABC59) infected Vero cell cultures
(MOI=1) were treated with anisomycin (200 nM) during different time intervals prior or
after infection. At 24 h p.i. extracellular virus titer was determined and intracellular
infectivity was assessed after two freeze-thaw cycles of cell monolayers.
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2.6 Virus internalization assay

Vero cells were exposed to 100 PFU/well of DENV-2 (strain NGC) or ZIKV (strain
PRVABCS59) and after 1 h adsorption at 4°C, cells were washed with cold PBS and cultures
were further incubated at 37°C with or without anisomycin (200 nM). At different times,
adsorbed non-internalized virus was inactivated with low pH treatment (Brunetti ef a/., 2018)
and cells were covered with MM containing 1% methylcellulose. Plaques were counted on 6
days p.i. (dpi) for DENV and 4 dpi for ZIKV.

2.7 Immunofluorescence assay

Vero cells grown on coverslips were infected with DENV-2 (strain NGC) or ZIKV (strain
PRVABCS59) (MOI = 1) and after 1 h adsorption, MM containing anisomycin (200 nM) was
added. At different time points, cells were fixed with methanol and further stained using
mouse monoclonal antibody anti-DENV-2 E glycoprotein (Abcam, UK) or anti-flavivirus E
protein (4G2, Millipore, USA), for ZIKV E protein detection, as primary antibodies and
anti-mouse immunoglobulins conjugated to isothiocyanate of fluorescein (Sigma-Aldrich,
USA) as secondary antibody. Cell nuclei were stained with Hoechst 33258 reagent (1 pg/ml)
and samples were visualized in a fluorescence microscope (Olympus Corporation, Japan).
The number of cells expressing E glycoprotein was obtained by counting ten fields chosen at
random.

2.8 Real time RT-PCR (qRT-PCR)

Vero cells were infected with DENV-2 (strain NGC) (MOI = 1) and after 1 h adsorption
cultures were incubated with anisomycin (200 nM) or ribavirin (80 mM). At different time
points, cells were washed with PBS. Total RNA extraction, cDNA synthesis and real time
PCR, which allow the amplification of nucleotides 10,419 to 10,493 within the viral 3° UTR,
was performed as previously described (Quintana et al., 2016). Average viral RNA C; values
were normalized to the average C; values of actin (ACt), AAC; based fold-change
calculations were set relative to untreated-virus infected cells and QR (224CY) was calculated
using Bio-Rad iQ5 2.1 software.

2.9 Western blot analysis

DENV-2 (strain NGC) infected Vero cells (MOI=1) were treated with anisomycin (200 nM)
and at different time points cells were lysed and viral protein expression was detected by
Western blot assay using mouse monoclonal antibody anti-DENV-2 E glycoprotein (Abcam,
UK). Mouse anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Abcam, UK) was
also used as primary antibody. Peroxidase conjugated anti-mouse immunoglobulins (Sigma-
Aldrich, USA) were employed as secondary antibody.

In order to analyze p38 activation, uninfected or DENV-2 (strain NGC) infected Vero cells
(MOI = 1) were treated with different concentrations of anisomycin and incubated at 37°C.
In another experiment, \Vero cells pretreated 1 h with SB202190 (16 uM) were infected with
DENV-2 (MOI=1) in presence of the compound. After 1 h adsorption, cells not treated with
SB202190 were incubated with anisomycin (200 nM) and cells previously treated with
SB202190 were incubated with SB202190 (16 uM) or a combination of anisomycin (200
nM) and SB202190 (16 pM). At 24 h p.i., cells were lysed and Western blot assay was
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performed as previously described (Quintana et a/., 2016). Rabbit antibody (Cell Signaling,
USA) anti phospho- p38 (P-p38) or rabbit antibody anti p38 (Santa Cruz Biotechnology,
USA) were used as primary antibodies and peroxidase-conjugated anti-rabbit 1gG (Promega,
USA) was employed as secondary antibody. The intensity of protein bands, detected by
chemiluminescence, was quantified using Image J software.

2.10 DENV NS5 2’0-MTase and RdRp enzyme activity assays

2’ O-MTase activity was tested as previously described (Coutard et al., 2014) by measuring
the transfer of a [3H]-methyl group from 3H- S-adenosyl methionine to the short GpppAC4
substrate yielding GpppA2’omeC4 using functionally active recombinant DENV-3 NS5
MTase domain (Egloff et al., 2002).

NS5 RdRp activity was assessed by an /n vitro nucleotide incorporation assay using
functionally active recombinant DENV-2 NS5 RdRp domain (Selisko et a/., 2006) with a
homopolymeric RNA template poly(rU) and PicoGreen (Molecular Probes, USA), a
fluorescent intercalant agent for detecting double stranded RNA (Benmansour et al., 2016).

2.11 Efficacy study of anisomycin against ZIKV in AG129 mouse model

AG129 mice were randomly assigned to groups of 10 animals each. A challenge dose of
~200 CCIDsq (50 % cell culture infectious dose) of ZIKV (strain P6—740) was administered
via subcutaneous (s.c.) injection of 0.1 ml. Anisomycin was diluted in sterile saline (NaCl
0.9%). Compound was prepared less than 18 h prior to initial administration and stored at
4°C. Anisomycin was administered s.c., once daily (qd) at 4, 20 or 100 mg/kg/d. Treatment
began 4 h after virus challenge and continued for 10 days. A placebo-treated infection
control group (n = 10 mice) was included. Uninfected mice (n = 4) treated with 100 mg/kg/d
anisomycin qd for 10 days were also included as toxicity controls. Corporal weight was
recorded on day 0, 8 and then every day from 9 to 21 dpi. Mice were observed at least twice
daily for 28 days for mortality and disease signs, including excitability, lying prone,
paralysis, hunching, and conjunctivitis. The first day any of these disease signs was observed
was recorded. Mice were humanely euthanized if they could no longer right themselves or
were unresponsive to stimuli.

2.12 Statistical analysis

Parametric data were analyzed using one-way ANOVA followed by Dunnett’s multiple
comparison tests (Prism 7, GraphPad Software, Inc.). For survival data the Wilcoxon log-
rank survival analysis was used. Live/total analyses were performed using a contingency
table analysis followed by Fisher’s exact tests when making pairwise comparisons if
appropriate.

2.13 Ethics regulation of Laboratory animals

This study was conducted in accordance with the approval of the Institutional Animal Care
and Use Committee of USU. The work was done in the AAALAC-accredited LARC of
USU. The U. S. Government (National Institutes of Health, NIH) approval was renewed on
9 March 2018 (PHS Assurance no. D16-00468) in accordance with the NIH Guide for the
Care and Use of Laboratory Animals (Revision; 2015).
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3. Results

3.1 Anisomycin is a dose-dependent inhibitor of DENV and ZIKV multiplication in cell

cultures

We first carried out an MTS assay to evaluate cell viability in Vero, A549, U937 and HepG2
cells treated for 48 h with different concentrations of anisomycin. Low toxicity was observed
after anisomycin treatment in A549 and HepG2 human cell lines in comparison with Vero
cells. By contrast, the compound exerted a high cytotoxic effect at high doses on human
U937 cells (Table 1). Anisomycin displayed a dose-dependent antiviral activity against all
DENV serotypes and ZIKV strains assayed in Vero cells, the cell line more routinely used
for flavivirus antiviral testing (Figs. 1A and 1B). Potent inhibition of DENV-2 (NGC)
production was achieved even in cultures infected at MOI=50 (Fig. 1C). Anisomycin also
exhibited antiviral activity against clinical isolates of ZIKV and DENV-2 (Figs. 1B and 1D)
and was effective against DENV-2 (NGC) and ZIKV (PRVABC59) in human cell lines
(Figs. 2A and 2B). However, low selectivity was achieved in U937 cells due to the more
adverse effect of anisomycin on the viability of this cell line (Table 1).

3.2 Anisomycin inhibits the synthesis of viral RNA and proteins

The wide spectrum and selective efficacy of anisomycin against DENV and ZIKV
replication encouraged us to further characterize its mode of antiviral action. No direct
inactivating effect of anisomycin on DENV-2 or ZIKV particles was observed (Figs. 3A and
3C). Additionally, pretreatment of Vero cell cultures with the compound did not affect
DENV-2 multiplication (Fig. S1). A time course study showed that the addition of
anisomycin up to 8 h p.i. or 5 h p.i. for DENV or ZIKV, respectively, caused a 99.99%
inhibition of viral production. The antiviral effect started to decline when the compound was
added later, and was absent when treatment was started at 18 h p.i. for DENV-2 or 12 h p.i
for ZIKV (Figs. 3B and 3D) suggesting that anisomycin exerts a high inhibitory action when
it is present during the initial or intermediate steps of viral cycle.

To reveal the target for anisomycin in DENV and ZIKV infective cycle, the effect of
anisomycin on initial steps of viral infection was first explored. As shown in Figs. 4A and
4C the kinetics of viral internalization was unaffected by anisomycin treatment, indicating
that anisomycin might affect a post-penetration step of viral multiplication. In fact,
anisomycin caused a potent inhibition of DENV-2 and ZIKV protein synthesis, detected by
an immunofluorescence assay. Treatment with anisomycin completely reduced the number
of cells expressing E glycoprotein in DENV-2 infected cells whereas a 99.1+ 0.5% and 95.0
+ 3.0% reduction in the number of fluorescent cells was observed in ZIKV infected cultures
at 18 and 24 h p.i, respectively (Figs. 4B and 4D). Inhibition of DENV-2 glycoprotein E
expression in anisomycin treated cultures was corroborated by Western blot (Fig. 5A).
Furthermore, the compound also displayed a strong inhibitory effect on DENV-2 RNA
synthesis, quantified by gRT-PCR (Fig. 5B). Overall, these results suggest that anisomycin
exerts its inhibitory action mainly affecting the synthesis of viral components. On that basis,
we tested the effect of the compound on the activities of DENV NS5 protein directly
involved in viral RNA capping and replication processes. Anisomycin did not exhibit
inhibitory action against NS5-RdRp activity or NS5-2’ O-MTase activity in comparison with
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the reference inhibitors 3"dATP (1 uM), which inhibited RdRp activity by 75%, and
sinefungin (50 uM), which caused a 99% inhibition of 2’0 MTase activity (Figs. 5C and
5D).

3.3 Anisomycin effect on p38 pathway is not related to its antiviral activity

Given that anisomycin is a well-established activator of p38 signaling, we evaluated the
effect of viral inhibitory and sub-inhibitory concentrations of anisomycin on p38 pathway
activation. In uninfected Vero cells, all concentrations of anisomycin tested promoted p38
phosphorylation, although at high concentrations (50 to 200 nM) a slight increment in the
activation of p38 was detected in comparison with low anisomycin doses of the compound
(Fig. 6A). On the other hand, DENV-2 infection induced the activation of p38 with respect
to uninfected cells (Fig. 6B). However, Fig. 6B shows that in the context of infection no
changes in P-p38 levels were detected between cells untreated (0 nM) or treated with either
low non-inhibitory concentrations of anisomycin (6 to 25 nM) or high anisomycin
concentrations (50 to 200 nM), which display anti DENV activity (see Fig. 1A). These
results suggest that p38 activation is not involved in the mechanism of antiviral action of the
compound. We also analyzed the effect of anisomycin on p38 phosphorylation and DENV-2
multiplication in cells treated or not with the compound SB202190, a p38 inhibitor. The
inhibitory effect of SB202190 on p38 phosphorylation was corroborated by Western blot
(Fig. 6C). Combined treatment with anisomycin and SB202190 significantly reduced the
level of p38 phosphorylation (p<0.05) in comparison to P-p38 levels in cells incubated with
anisomycin as the only treatment (Fig. 6C) but antiviral activity of anisomycin was
unaffected by the presence of SB202190 (Fig. 6D). Altogether these results corroborate that
the antiviral activity of anisomycin against DENV-2 is not related to the level of p38
activation. It should be noted that P-p38 level in cells treated with anisomycin (200 nM) and
SB202190 (16 pM) was still higher than in cells treated with SB202190 (16 uM) alone, so it
is likely that higher concentrations of SB202190 would be required to completely inhibit
anisomycin-induced p38 activation.

However, we could not explore this possibility because concentrations of SB202190 greater
than 16 pM in combination with anisomycin exhibited cytotoxic effect, as determined by the
MTS method (data not shown). In addition, an important reduction of viral titer was detected
in cells treated with the p38 inhibitor only (Fig. 6D).

3.4 Anisomycin presented a reverse dose effect against ZIKV in vivo

The in vivo efficacy of anisomycin was evaluated using an AG129 mouse model of ZIKV
infection and disease (Julander et al., 2017). First, we determined the maximum tolerated
dose of anisomycin in AG129 mice (data not shown). In order to test the antiviral activity,
three doses of the compound (100, 20 or 4 mg/kg/d) were administered for 10 days starting
at 4 h p.i. Infected mice treated with 100 mg/kg/d of anisomycin presented disease signs
earlier than infected control mice and a more rapid mortality rate. Despite the earlier onset
of disease in mice treated with the highest dose, a longer interval between beginning of
disease and mortality was observed as compared with infection controls. By contrast, in
mice treated with 4 mg/kg/d of anisomycin the appearance of disease signs was delayed and
animals died significantly (p<0.05) later than the control group (Fig. 7A).
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Survival data correlated with viremia data, with significantly (p<0.05) higher viral RNA
titers found in mice treated with 100 mg/kg/d of anisomycin and a significant (p<0.01)
reduction in the amount of viral RNA in samples obtained from animals treated with 4
mg/kg/d of the compound (Fig. 7B). The corporal weight change between 8 and 13 dpi did
not significantly differ in treated mice with respect to untreated infected animals (Fig. 7C).
Time-course of weight change along the study demonstrated a rapid weight loss in mice
treated with the highest dose, while overall weight change was similar in treated animals to
that of animals treated with placebo (Fig. 7D). Otherwise, no difference in the number of
disease signs was observed in animals treated with anisomycin compared to placebo treated
mice (Fig. 7E).

4. Discussion

Since different flaviviruses cocirculate in tropical and subtropical areas, the development of
broad-spectrum anti-flavivirus compounds is particularly desirable. In this study, we
demonstrate that anisomycin has an effective and selective dose-dependent antiviral activity
against the four DENV serotypes and ZIKV strains from the Asian and African lineages,
including also clinical isolates, in Vero cells. In addition, the antiviral effect of anisomycin
was unaffected by the MOI employed. This advantageous property has also been described
for other types of DENV inhibitors (Talarico and Damonte, 2007; Whitby et al., 2005).

Monocytes, macrophages and dendritic cells, which are primary target cells for DENV and
ZIKV replication, disseminate the infection via the lymphatic and vascular system to
different organs (Foo et al., 2017; Zhang et al., 2019). Anisomycin inhibited DENV-2 and
ZIKV production in human cell types that are related to viral replication /in vivo, such as the
myeloid cell line U937 and the lung carcinoma cell line A549 and also displayed inhibitory
action against DENV-2 in HepG2 cells derived from liver carcinoma. Even though the ECsg
value against DENV-2 was similar in different cell types, anisomycin caused high
cytotoxicity in U937 cells. This fact is in accordance with previously published data, which
proved that anisomycin treatment induced apoptosis in U937 cells (Hori et a/., 2008) and
rabbit macrophages, probably associated with activation of p38 signaling (Croons et al.,
2009).

Anisomycin neither presented virucidal effect nor induced a refractory antiviral state in the
host cell. Mechanistic studies revealed that DENV and ZIKV internalization step is
unaffected by anisomycin whereas viral macromolecular synthesis appears to be the main
target of the compound. Neither MTase nor RdRp DENV NS5 /n vitro enzyme activity
assays were affected by anisomycin. However, it is possible that anisomycin treatment
interferes with NS5 interactions with other viral components, such as the NS3 protein
(Teramoto et al., 2017), or cellular proteins (Carpp et al., 2014) involved in DENV
macromolecular synthesis.

Anisomycin treatment within the range of concentrations 6 to 200 nM rendered similar
levels of p38 phosphorylation in DENV-2 infected cells, but only anisomycin concentrations
higher than 25 nM displayed anti-DENV-2 activity. Furthermore, the presence of the p38
inhibitor SB202190 did not affect anti-DENV activity of anisomycin. Therefore, the
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antiviral effect of anisomycin cannot be attributed to its ability to up-regulate p38 signaling.
On the other hand, SB202190 reduced both p38 phosphorylation and DENV-2
multiplication, in accordance with previous studies performed with DENV and ZIKV
(Ceballos-Olvera et al., 2010; Cheng et al., 2018; Roth et al., 2017). Since it has been
reported that anisomycin would also induce the activation of INK and ERK1/2 cell signaling
pathways (Nikaido et al., 2019; Torres et al., 2012), further studies would be necessary to
determine whether these MAPKSs are involved in anisomycin antiviral action.

Based on previous reports (Tang et al., 2012; Wanisch et al., 2008) we chose s.c. route for
anisomycin administration to ZIKV infected AG129 mice. Whereas doses up to 100
mg/kg/d were well-tolerated in uninfected mice, a more rapid mortality rate was observed in
infected ones in comparison to untreated infected mice. By contrast, animals treated with a
low dose of anisomycin (4 mg/kg/d) exhibited a significant reduction in viremia levels and
died significantly later than the control group. These results indicate a potential toxicity of
the compound in infected mice at higher doses, despite the tolerability of higher doses in
uninfected mice. Interestingly, antiviral studies against influenza virus showed that low
doses of a p38 inhibitor, the compound BCT197, improved mouse survival, whereas at
higher concentrations of BCT197 this protective effect was reduced (Growcott et al., 2018).
p38 MAPK signaling pathway is involved in the inflammatory response, thus the use of p38
modulators as antiviral agents might require an in-depth analysis of dose dependent effects
on the proper balance between the regulation of inflammation processes and the prevention
of infection. For this reason, we do not rule out that more frequent administration of low
doses of anisomycin, combination with a direct-acting antiviral or alternative routes of drug
injection might exert a protective effect against /n vivo ZIKV infection.

In conclusion, we found that anisomycin potently inhibits DENV and ZIKV replication in
cell cultures, mainly affecting viral macromolecular synthesis. The antiviral effect of
anisomycin is not mediated by direct inhibition of MTase and RdRp activities of NS5 nor by
the activation of p38 signaling. Further studies are required to investigate in more detail
anisomycin efficacy, as well as its seemingly complex dose-related effect, in the context of
an /in vivo flavivirus infection.
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Highlights

Anisomycin exerted a selective and potent antiviral activity against dengue
(DENV) and Zika (ZIKV) viruses in cell cultures.

A strong inhibition of viral protein expression and RNA synthesis was
demonstrated after treatment with anisomycin.

The antiviral effect of anisomycin was not mediated by inhibition of NS5
functions nor by the activation of p38 signaling.

A low dose of anisomycin exhibited a significant reduction in viremia levels
in ZIKV infected AG129 mice
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Figure 1: Inhibitory effect of anisomycin against DENV and ZIKV multiplication in Vero cells.
Vero cells were infected with (A) DENV-1 (Hawaii), DENV-2 (NGC), DENV-3 (H87) or

DENV-4 (8124) (MOI = 1), (B) ZIKV (strains DAK-AR-41524 or PRVABC59) or ZIKV
clinical isolate (INEVH116141) (MOI = 1), (C) DENV-2 (NGC) at different MOls and (D)
DENV-2 clinical isolates (MOI=1). After 1h adsorption at 37°C, cells were incubated in
MM containing different concentrations of anisomycin. At 48 h p.i. extracellular virus yield
was quantified by plaque assay. Data are mean values from three independent experiments +
standard deviation (SD).
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Figure 2: Inhibitory effect of anisomycin against DENV and ZIKV multiplication in human cell

lines.

(A) HepG2, A549 or U937 cells were infected with DENV-2 (MOI = 1) and (B) A549 or

U937 cells were infected with ZIKV (PRVABC59) (MOI

=1). After 1 h adsorption at 37°C,

cells were covered with MM containing different concentrations of anisomycin. At 48 h p.i.
extracellular virus yield was quantified by plaque assay. Data are mean values from three

independent experiments + SD.
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Figure 3: Characterization of anisomycin antiviral effect.
(A) DENV-2 or (C) ZIKV were incubated with different concentrations of anisomycin for 2

h at 37°C and remaining infectivity was determined by plaque assay. Vero cells were
infected with (B) DENV-2 or (D) ZIKV (MOI= 1) and anisomycin (200 nM) was added at
different times p.i. At 24 h p.i. intracellular and extracellular virus yields were determined
by plaque assay. Data are mean values from three independent experiments + SD.
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Figure 4: Mode of anisomycin antiviral action.
Vero cells were exposed to 100 PFU of (A) DENV-2 or (C) ZIKV during 1 h at 4°C, then

covered with MM in presence or absence of anisomycin (200 nM) and transferred to 37°C.
At the indicated times, non-internalized virus was inactivated and internalized particles were
determined by plague assay. Data are mean values from three independent experiments +
SD. (B) DENV-2 or (D) ZIKV infected Vero cells (MOI= 1) were treated with anisomycin
(200 nM) and at different times p.i., cells expressing viral E glycoprotein were detected by
an immunofluorescence assay. Cell nuclei were stained with Hoechst. Magnification 100x.
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Figure 5: Effect of anisomycin on DENV-2 macromolecular synthesis.
(A) DENV-2 infected Vero cells (MOI= 1) were treated with anisomycin (200 nM) and at

different times p.i. E glycoprotein expression was analyzed by Western blot. U: uninfected
cells; I: infected cells; 1+A: infected cells treated with anisomycin. GAPDH was revealed as
loading control. A representative experiment is shown. (B) DENV-2 infected Vero cells
(MOI= 1) were treated with anisomycin (200 nM) or ribavirin (80 uM) and at different times
p.i. total RNA was extracted and gRT-PCR was performed to determine the relative amount
of viral RNA with respect to untreated infected cultures, using actin for normalization. Data
are mean values from three independent experiments + SD (***p <0.001, **p < 0.01, *p <
0.05). (C) Quantification of RdRp and (D) 2’ O-MTase activities of DENV NS5 in presence
of different concentrations of anisomycin. Compounds 3’dATP and sinefungin were used as
reference inhibitors of RdRp and 2" O-MTase activities, respectively. Data, expressed as
percentage of enzyme activity with respect to untreated control, are mean values from
triplicates £ SD (***p <0.001).

Antiviral Res. Author manuscript; available in PMC 2021 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Quintana et al.

Page 18

A
U
0 6 12 25 50 100 200 anisomycin (nM)
P-p38
p38

1 3.2¢0.2 2.8:0.1 2.9:0.4 3.6:0.4 3.7:0.3 3.7:0.3 P-p38/p38

36 kDa b < G /PDH

anisomycin (nM)

P-p38
p38
P-p38/p38
GAPDH
Cc
— + + + + DENV-2
— —_ + + - anisomycin 200nM
- - — + + SB202190 16uM
41 kD i - -
e 8 Pl

38 kDa b D I )35
1 12801 1.3:02 1.0:0.1 0.5:01 P-p38/p38

36 kDa b " G /\PDH

=
@ O
o o

(2]
o

Virus yield
inhibition (%)

EN
o

N
o

o

+ + + DENV-2
+ + — anisomycin 200nM
— + + SB202190 16uM

Figure 6: Involvement of p38 activation on anisomycin antiviral activity.
(A) Uninfected or (B) DENV-2 infected Vero cells were treated with different concentrations

of anisomycin and p38 phosphorylation was analyzed by Western blot. The relative intensity
of P-p38/p38 bands of each sample with respect to uninfected untreated cells is shown.
GAPDH was revealed as loading control. U: uninfected cells, I: infected cells. (C and D)
DENV-2 infected Vero cells untreated or treated with anisomycin (200 nM), SB202190 (16
UM) or a combination of both compounds were incubated for 24 h at 37°C. (C) p38
activation was analyzed by Western blot and the relative intensity of P-p38/p38 bands of
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each sample with respect to uninfected untreated cells is shown. GAPDH was used as
loading control. (D) Viral yields were determined by plaque assay and results are expressed
as percentage of inhibition in treated cells with respect to untreated infected cells. In (A), (B)
(C) and (D) each value represents the mean + SD of three independent experiments.

Antiviral Res. Author manuscript; available in PMC 2021 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Quintana et al.

Page 20
A c
= 100 — wwomyer 100mghg : . .
| A ! {-4 wacvcn Jomghg 0 o e . ey
% ot 1 t ~ wworyTn dmgg al v ke vive - B
[ L - placat ta cnnm . — 5
o 4 w unaw, ewarvcn, 100mghg E™ 4 Y
§ e ? H
I . .| ®
g L15}- =
e oy " .
LS.
PAERVINDR 100mghy 20mghy 4mghy placeto sham, 100
Dy of dasm ARESOTYER Sone (Mg | kgl d)
B D
g ‘3 4 = = maenoen 100Gy
- . a . = smorwsn deghg
;i # * . * ; g "0 e - byl deghg
5 bz - phmela
% é 2 E e = sham, prmamycn 100mghy
z 0
& . " - z =
L a0~ —
0 20 4 phosto wham 100 T 2P N BN
aresrrpcin dose (mg [ kg’ &) Days pi
E
F-
g ¥ W sty
F ] W iy prorm
W ey
E B tunchg
£ £ conprciem
£ 20 (=T
-
T
£
B
(]
g
]
n“" 6_‘6“ (" ; ’
&
7 4
e &
& ‘.t"‘ & #

P

&

Figure 7: In vivo antiviral activity of anisomycin against ZIKV.
(A) Survival of AG129 mice after treatment with various doses of anisomycin administered

for 10 days beginning 4 h after challenge with ZIKV (**p<0.01, *p<0.05). (B) Viral RNA
obtained at 5dpi from serum of AG129 mice treated with various doses of anisomycin
administered for 10 days beginning 4 h after challenge with ZIKV (**** p<0.0001, **
p<0.01, * p<0.05). (C) Weight change between 8 and 13 dpi, (D) time course weight change
between 8 and 21 dpi and (E) disease signs of AG129 mice treated with various doses of
anisomycin administered for 10 days beginning 4 h after challenge with ZIKV.
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Table 1:
Cytotoxic and antiviral effects of anisomycin.

Cellline  CCs (nM)  Virus ECgo(nM)  SI

Vero 5400+ 100  DENV-1 (Hawaii) 232£15  232£20
DENV-2 (NGC) 313+12  172£10
DENV-3 (H87) 248+13 217416
DENV-4 (8124) 616£11 875
DENV-2 (67655) 76£11  710£64
DENV-2 (67702) 15.0+1.0  360+31
ZIKV (DAK-AR-41524)  159+1.1  340+30
ZIKV (PRVABC59) 507410  107+9
ZIKV (INEVH116141)  330+11 1639

A549 > 94000 DENV-2 (NGC) 322+11  >2919
ZIKV (PRVABC59) 79+12  >11900

U937 420 50 DENV-2 (NGC) 132+12  32¢1
ZIKV (PRVABC59) 309+10  14%2

HepG2 > 94000 DENV-2 (NGC) 407+11  >2310

Page 21

Cell viability was assayed by the MTS method and CCs( (compound concentration that reduced cell viability by 50% respect to untreated cultures)
was calculated. Antiviral activity was evaluated by a virus yield inhibition assay and EC5( (compound concentration that reduced extracellular

virus yield by 50% respect to untreated infected cultures) was determined. Data are mean values from three experiments + SD. Sl (selectivity

index): ratio CC50/EC5.
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