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Abstract

Zika virus (ZIKV) is an emerging infectious viral pathogen associated with severe fetal cerebral
anomalies and the paralytic Guillain-Barré syndrome in adults. It was the cause of a recent
global health crisis following its entrance into a naive population in the Americas. Nowadays, no
vaccine or specific antiviral against ZIKV is available. In this study, we identified three
polyoxometales (POMs), the Anderson-Evans type [TeWs024]% (TeWs), and the Keggin-type
[TiW11C0040]®_ (TiW11C0), and [Ti2PW10040]”" (Ti2PW1o0), that inhibit ZIKV infection with ECsos in
the low micromolar range. Ti.PW10, the POM with the greater selectivity index (Sl), was selected
and the step of ZIKV replicative cycle putatively inhibited was investigated by specific antiviral
assays. We demonstrated that Ti.PW3o targets the entry process of ZIKV infection and it is able
to significantly reduce ZIKV progeny production. These results suggest that the polyanion
Ti2PW10 could be a good starting point to develop an effective therapeutic to treat ZIKV
infection.



29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

ZIKV is an enveloped positive-strand RNA virus belonging to the Flaviviridae family and
mostly transmitted by Aedes aegypti mosquitos.® Sexual, vertical and blood transmissions
have also been reported.?* In symptomatic individuals (around 18% of cases), ZIKV causes
a mild illness characterized by fever, rash, headache, conjunctivitis, joint and muscle pain;®
this clinical presentation is similar to that of other arbovirus infections, such as
chikungunya and dengue virus. However, unlike other flavivirus, ZIKV is associated to two
main neurological complications: the Guillain-Barré Syndrome in adults and the now
termed Zika Congenital Syndrome (CSZ), a variety of neurological impairments in fetus and
infants of women infected during pregnancy. The main congenital manifestations,
developed in nearly one third of these newborns, are severe microcephaly, resulting in a
partially collapsed skull, intracranial calcifications, eyes abnormalities, redundant scalp
skin, arthrogryposis and clubfoot.>®”8 Specifically, the risk of microcephaly, with a
catastrophic impact on the socioeconomic status of affected families, was reported to be
1-13% during the first trimester and negligible during second and third trimesters.®

ZIKV can be classified into two lineages (African and Asian) and three genotypes (West
African, East African, and Asian), differing in pathogenicity and virulence. The Asian-lineage
ZIKV, responsible for the latest epidemics (on Yap Island and Micronesia in 2007, in French
Polinesya in 2013 and in the Americas in 2016), is considered to be less virulent than the
African one, because of the lower infection rate, the lower viral production, the poor
induction of early cell death and the lower immuno-stimulation in different models. These
characteristics allow the virus to cause a prolonged infection within the central nervous
system of fetus that could be the cause of its association with neurological impairments.
On the contrary, the African lineage-ZIKV can result in a more acute infection.1%14

The last major epidemic in the Americas, in 2016, counted 177614 confirmed ZIKV cases
and 2552 cases of CSZ at the end of the year, driving the World Health Organization to
declare a public health emergency of international concern.*>® Since then, great efforts
have been carried out, but nowadays still no vaccine or specific antiviral against ZIKV is
available.'”18 The best way to prevent ZIKV infection is to avoid mosquito bites and the
treatment of infected patients is palliative, involving analgesics and antipyretics. In this
context, ZIKV infection presents a huge challenge to the global health system and the
search for efficient antivirals is absolutely necessary. To this aim, we investigated in vitro

the anti-ZIKV activity of a minilibrary of three polyoxometalates (POMs). POMs are
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discrete, anionic metal-oxo complexes of early d block metal ions in high oxidation states
(e.g. WY, MoY!, VV) with a very large structural and compositional variety and a multitude
of associated physicochemical properties.’®?! POMs are usually synthesized in aqueous
acidic media, but some selected species are also stable at pH 7-8. In fact, POMs have been
investigated for many years as potentially useful agents in medicine, mainly for their
antiviral, antitumoral, and antibacterial properties.???8 Here, we decided to investigate the
following three solution-stable POMs, the Anderson-Evans type [TeWs024]% (TeWs),%° and
the Keggin-type [TiW11Co040]®_ (TiW11C0),3° and [Ti2PW10040]”" (Ti2PW10),3* which were all
synthesized according to the published procedures. The size of all three polyanions is in the
range of 1 nm diameter. The purity ( 2 95%) of the compounds was confirmed by NMR and
IR (Data available in Supplementary info). Some of these POMs have already been used in
biological studies. For instance, Ti2PW10 showed interesting results in the inhibition of
acetylcholinesterase activity while maintaining low toxicity levels.3?2 On the other hand,
TeWs showed good activity against diabetes and Alzheimer’s disease.33 34

In order to perform in vitro biological assays, we first prepared aqueous solutions of TeWs,
TiW11Co, and Ti2PW310 and we determined their physico-chemical characteristics (pH,
osmolarity, Zeta potential) (Tablel) and their biocompatibility. The POMs were stable in
aqueous solution up to 6 months stored at 4°C. Indeed, a concentration decrease of 3.25,
5.05 and 4.45 % was observed for TeWs, TiW11Co and Ti2PW1o respectively, after 6 months.
In the hemolysis assay, no significant hemolysis caused by the POM solutions was
observed, indicating good biocompatibility. (Data available in Supplementary info). The
tonicity and pH values were suitable for the following cell experiments.

Therefore, to evaluate the anti-Zika virus activity of the three POMs, we performed virus
inhibition assays against two Zika virus strains, the 1947 Uganda MR766 and the 2013
French Polynesia HPF2013, representing the African and the Asian lineage respectively. The
cells were treated with decreasing concentrations of POMs before, during and after
infection, in order to use a complete protection assay. As shown in Table 2, all three POMs
were active against both ZIKV strains with half maximal effective concentrations (ECsps)
ranging from 0.63 to 2.52 uM. Moreover, in order to assess the specificity of the anti-ZIKV
activity of the POMs, they were tested against the human rotavirus (HRoV), an unrelated
RNA virus belonging to the Reoviridae family. Interestingly, we did not observe any

inhibition. Next, to exclude the possibility that this antiviral activity was due to a cytotoxic
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effect of the POMs, viability assays were carried out on uninfected cells, challenged with
the compounds under the same conditions as the virus inhibition assays. The CCsos were
different for all three POMs (TeWs CCso = 210.1 uM, TiW11Co CCso = 97.08 pM, Ti2PW10 CCsp
>225 uM), and demonstrated that they are not toxic at the concentrations used in the
antiviral assays. The Selectivity Index (SI) of Ti2PW10 was the most favorable one, so we
decided to concentrate our research on the study of the mechanism of action of this
polyanion. All the experiments were performed with the two Zika virus strains used for the
initial screening. We first investigated whether the antiviral activity of Ti2PW10 was exerted
via direct inactivation of the viral particles. The ZIKV particles were incubated with a
concentration of TizPW1o that reduces almost completely the virus infection (ECe) and
then the viral titer was determined at high dilutions at which the polyanion was no longer
active when added to cells. As depicted in Figure 1A, there was no significant difference
between the titer of treated virus and the titer of untreated control, demonstrating that
Ti2PWyo is not able to impair extracellular viral particles. Having excluded the viral particle
as the target of the antiviral activity of Ti2PW1o, further experiments were performed to
investigate whether this polyanion acted directly on cells or on essential steps of the ZIKV
replicative cycle. Vero cells were pre-treated with decreasing dilutions of the polyanion for
2 hours before virus infection; as reported in Figure 1B, the infection of both ZIKV strains
was not inhibited even at the highest tested concentration. Hence, we explored the
possibility that Ti2PW1o treatment could affect the early steps of the ZIKV replicative cycle.
Binding assays were performed allowing the virus to bind host cell surface in the presence
of a high concentration of Ti2PWie. The results (Figure 2A) demonstrated that the
treatment did not significantly reduce (p > 0.05) the titer of viral particles bound to the cell
surface, thus suggesting that inhibition occurs at a post-binding stage. To verify this
hypothesis, we treated cells immediately after virus attachment, i.e. during virus entry into
the host cell. In this case (Figure 2B), we observed a marked antiviral activity of Ti2PW1o
against both, MR766 and HPF2013, ZIKV strains (ECso = 1.11 and 1.25 uM respectively). To
exclude an additional antiviral action of Ti2PW10 on the last steps of the ZIKV replicative
cycle, we executed focus reduction assays adding the polyanion to cells immediately after
virus entry into the host cell (post-entry assay). We stopped the treatment at 24 hours
post-infection, i.e. at the end of the first replicative cycle, in order to avoid inhibition of the

entry step of the upcoming viral progeny. As shown in Figure 2C, the post-entry treatment
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did not reduce virus infectivity, suggesting that only the entry step is targeted by Ti2PW1o0.
To confirm the inhibition of the ZIKV entry step, immunofluorescence experiments were
performed by adding the polyanion (ECss) during the virus entry step or immediately after
the entry phase (post-entry). As reported in Figure 2D (MR766 experiments) and Figure 2E
(experiments with HPF2013), it was possible to detect a strong red signal of ZIKV protein E
only in the untreated and in the post-entry treated samples. The number of red infected
cells in the post-entry treated samples was comparable to the one of the untreated
control. On the contrary, the number of infected cells in the entry-treated samples was
considerably reduced. All together these data indicate that the entry step is the target of
the Ti2PW1o antiviral activity. Finally, to complete the in vitro analysis of the antiviral
potential of Ti2PW10 against ZIKV strains, virus yield reduction assays were performed by
treating cells during and after infection and allowing multiple cycles of viral replication to
occur before measuring the production of infectious viruses. The results (Figure 3)
demonstrated that Ti2PW1o significantly reduces the viral progeny production of both ZIKV
strains (p < 0.001).

Previously, researchers focused on the antiviral properties of POMs because they are
generally nontoxic to normal cells. Indeed, several studies reported the broad spectrum
antiviral activities of POMs against different types of respiratory-viruses, as RSV, FluV A,
Fluv B, Pfluv and SARS,3*3% against HCV and DENV,3%38 belonging to the same family of
ZIKV, and against others, as HIV, HSV-1, HSV-2 and HBV.233839 Herein, we showed that
three heteropolytungstates, never tested before as antiviral agents, are endowed with a
strong antiviral activity against ZIKV and we demonstrated their good biocompatibility. For
the first time, POMs have been tested against two ZIKV strains and we can now include
ZIKV in the list of pathogens targeted by the wide spectrum of action of POMs. Of note, we
did not observe any inhibition against the human rotavirus, a taxonomically unrelated RNA
virus. All together these results indicate that TeWs, TiW11Co and Ti2PW1o exert a specific
and not strain-restricted anti-ZIKV effect. In future experiments, we will investigate the
antiviral action of TeWs, TiW11Co and Ti2PW10 against other RNA and DNA viruses.

Some other POMs have already been investigated for their mechanism of action, which
commonly depends on their shape, size and composition. Various studies reported on the
inhibition of the early steps of an infection: for instance, Shigeta et al.,>® demonstrated that

the tri-vanadium-containing sandwich-type polyanion [(VO)3(SbWy033)2]* affects the
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binding of HIV to the cell membrane and the syncytium formation between HIV-infected
and uninfected cells; another biochemical study,3® reports that the ability of the tri-
niobium-containing Keggin ion [SiWsNb30a40]”" to prevent the binding and fusion process of
different viruses is mainly due to its localization on the cell surface; finally, Barnard et al.,?>
indicate the alteration of the attachment step as the primary mode of RSV inhibition by
POMs of several structural classes. Consistent with these findings, we demonstrated that
Ti2PW310 acts as inhibitor of the entry process of ZIKV into the host cell. By contrast, no
inhibition was observed at the binding stage. Further experiments are necessary to identify
the cellular localization of this polyanion and to clarify its molecular mechanism of action.

In conclusion, we have discovered that the Keggin-type POM Ti2PW1g inhibits ZIKV infection
by hampering the entry process of the virus into the host cell. Since specific antivirals
against ZIKV are not available, this polyanion could be a good starting point for the

development of novel and efficient antiviral pharmaceuticals.
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syndrome; HCV, hepatitis C virus; DENV, dengue virus; HIV, human immunodeficiency virus; HSV-1,
herpes simplex virus type 1; HSV-2, herpes simplex virus type 2; HBV, hepatitis B virus; POMs,
polyoxometalates; ECso, half maximal effective concentration; ECqo, 90 % effective concentration;
CCso, half maximal cytotoxic concentration; Sl, selectivity index; n.a., not assessable; Cl, confidence

interval; PFU, plaque forming unit; PFU/ml, plague forming unit per ml;
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316  Tables
POM sample pH Osmolarity  Zeta potential
(mOsm) (mV)
TeWs 5.65 324 -6.06+3.11
TiW1,Co 5.45 320 -6.95+3.49
Ti2PW1o 6.25 316 -5.31+1.95
317 Tablel. Characteristics of POM aqueous solutions
318
Compound Virus ECso (kM) (95% Cl) ECso(1M) (95% CI) CCso (M) (95% Cl1) s
TeWs MR766 2.52 (1.87 - 3.39) 9.47 (4.41 - 20.35) 210.1 (161.3 - 273.6) 83.37
HPF2013 0.71(0.53 - 0.96) 6.12 (3.29 -11.39) 210.1 (161.3 - 273.6) 295.91
HRoV n.a. n.a. >75 -
TiW1,Co MR766 1.04 (0.80 - 1.35) 5.19 (2.87 - 9.38) 97.08 (51.36 - 183.5) 93.34
HPF2013 0.70 (0.57 - 0.87) 1.41(1.02 - 1.94) 97.08 (51.36 - 183.5) 138.68
HRoV n.a. n.a. >75 -
Ti2PWio MR766 0.63 (0.51-0.78) 3.51(2.19 - 5.63) >225 >357.14
HPF2013 0.70 (0.59 - 0.84) 2.78 (1.82 - 4.25) >225 >321.42
HRoV n.a. n.a. >75 -
319 Table 2. Antiviral activity of TeWs, TiW11Co and Ti2PW1o
320 ECso: half maximal effective concentration; ECso: 90 % effective concentration; CCso: half maximal
321  cytotoxic concentration; Sl: selectivity index; n.a.: not assessable; Cl: confidence interval

322
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Figure 1: Ti,PW10 does not impair extracellular viral particles and the cells pre-treatment does
not affect ZIKV infection. Panel A shows the evaluation of the virucidal effect of Ti2PW10 on
infectious ZIKV particles. Approximately 10> PFU of ZIKV (MR766 or HPF2013) plus ECso of Ti2PW1o
were added to MEM and mixed in a total volume of 100 pL. The mixture was incubated for 2 h at
37°C then diluted serially to the non-inhibitory concentration of the test polyanion; the residual
viral infectivity was determined by viral plaque assay. Panel B displays the effect of cells pre-
treatment with Ti2PW10. Vero cells were pre-treated with serial dilutions of TizPW1o for 2 hours
before infection. After washing, cells were infected with ZIKV and the number of viral plaques was
evaluated after 72 hours. In panels A, the viral titers are expressed as PFU/ml and are shown as
mean plus SEM for three independent experiments. In panels B, the number of viral plagues in the
treated samples is expressed as a percentage of the untreated control and each point represents
mean and SEM for three independent experiments. Experimental details are described in the

Supplementary data file.
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Figure 2: Ti.PW10 hampers the entry process of ZIKV into the host cell. In the binding assay (2A),
ZIKV particles (MR766 or HPF2013, MOI=3) were allowed to attach to cells in presence of Ti,PWio
(ECo0) for 2 h on ice. Cells were then washed to remove the unbound virus and subsequently
subjected to three rounds of freeze-thawing to release bound virus. The lysate was clarified and
the cell-bound virus titer was determined by viral plaque assay. Here, the viral titers are expressed
as PFU/ml and are shown as mean plus SEM for three independent experiments. For the entry
assay (2B), ZIKV (MR766 or HPF2013) was adsorbed for 2 h at 4°C on pre-chilled Vero cells. After
the removal of the unbound virus, the temperature was shifted to 37°C to allow the entry of pre-
bound virus in presence of serial dilutions of Ti2PW10. Subsequently, unpenetrated virus was
inactivated with an incubation with citrate buffer followed by 3 washes. The number of viral
plagues was evaluated after 72 h. For the post-entry assay (2C), the same protocol of the entry
assay was performed, but adding the polyanion after the incubation with citrate buffer for 24h.
The number of infected cells was assessed by indirect immunostaining after 24 h, in order to avoid
the inhibition of the entry step of the upcoming viral progeny. In panels B, C, the number of viral
plaques or infected cells in the treated samples is expressed as a percentage of the untreated
control and each point represents mean and SEM for three independent experiments. In figures

2D (MR766) and 2E (HPF2013), the entry and the post-entry assays were performed with a
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concentration of TizPW1o corresponding to ECeq. After 30 hours of infection, cells were fixed and
subjected to immunofluorescence. The ZIKV protein E is visualized in red. All experimental details

are described in the Supplementary data file.
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Figure 3: Ti2PW1o reduces ZIKV progeny production. To test the ability of Ti2PW10 compound to
inhibit multiple cycles of ZIKV replication, Vero cells were treated and infected with a mixture of
TiPW1o (5uM or 15uM) and ZIKV (MR766 or HPF2013, MOI=0.001) for 2 hours at 37°C. The virus
inoculum was then removed and cells were incubated with medium containing the compound
(5uM or 15 uM) until control cultures displayed extensive cytopathology. Supernatants were
clarified and cell-free virus infectivity titers were determined by the plaque assay. The viral titers
are expressed PFU/ml and are shown as mean plus SEM for three independent experiments.
(***Prstud < 0.001)
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389 Panels A, B, C show the infrared spectra (finger print region) of TeWs, TiW11Co and Ti,PW1o.
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Materials and methods

1. Cell lines and viruses
African green monkey fibroblastoid kidney cells (Vero) (ATCC CCL-81) were cultured in Eagle’s

minimal essential medium (MEM; Sigma, St. Louis, MO) supplemented with heat-inactivated, 10%
(v/v) fetal bovine serum (FBS) (Sigma). The embryonic human kidney cells (293T) (ATCC CRL-3216)
and the african green monkey kidney epithelial cells (MA104) (ATCC CRL-2378.1) were grown as
monolayer in Dulbecco's modified Eagle's medium (DMEM; Sigma) supplemented with heat-
inactivated 10% FBS and 1% Glutamax-| (Invitrogen, Carlsbad, CA). All media were supplemented
with 1% (v/v) antibiotic-antimycotic solution (Zell Shield, Minerva Biolabs, Berlin, Germany) and
cells were grown at 37 °C in an atmosphere of 5% of CO,.

The antiviral assays against ZIKV were performed on Vero cells using MEM supplemented with 2%
of FBS, unless otherwise stated.

2. Viruses production
Two strains of infectious Zika viruses (1947 Uganda MR766 and 2013 French Polynesia HPF13)

were generated by transfection of 293T cells with two plasmids (pCDNA6.2 Zika MR766
Intron3115 HDVr MEG 070916 5 and pCDNAG6.2 Zika HPF2013 3864,9388Intron HDVr MEG091316
2) kindly provided by Prof. F. Di Cunto and Prof. M. J. Evans.»? Briefly, one day prior to
transfection, 2.3x10% 293T cells were seeded in 100mm tissue culture dishes. 4.5 pg of plasmid
DNA were incubated with 27ul of Lipofectamine (Thermo Fisher Scientific, California, USA) and
Opti-MEM (Sigma) in a final volume of 900ul for 5 minutes at room temperature. The mixture was
then used to transfect cells in a final volume of 5.5 ml of DMEM 10% FBS without antibiotics, for 5
hours at 37°C in 5% of CO, atmosphere. Supernatants from transfected cells were collected 5 or 15
days post transfection (MR766 and HPF2013 strain respectively) and then titrated by plaque assay.

HRoV Wa (ATCC® VR-2018) were purchased from ATCC and activated with 5 pg/ml of porcine
pancreatic trypsin type IX (Sigma, St. Louis, Mo.) for 30 min at 37 °C. It was propagated in MA104
cells by using DMEM containing 0.5 pg of trypsin per ml as previously described.?

3. Synthesis of POMs

3.1 Synthesis of Nag[TeWs024]:22H,0:
A solution was prepared by dissolving 5.0 g (15.2 mmol) of Na;WO4:2H,;0 and 0.6 g (2.6
mmol) of Te(OH)s in 100 mL of water. The pH was adjusted to 5.0 using HCI (1 M) followed
by heating at 100 2C until the volume of the solution was about 75 ml. The solution was
allowed to cool to room temperature and filtered. The filtrate was left at room
temperature in an open beaker for one week and led to the formation of colorless crystals,
which were collected by filtration and air-dried.

3.2 Synthesis of K7[Ti2W10PO40]-6H,0:
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6.0 g (43 mmol) of NaH,PO4 were added to a stirred solution of Na,W04-2H,0 (30.0 g, 91
mmol) in water (100 ml) followed by dropwise addition of 1.8 ml (16 mmol) of TiCls. The
obtained white suspension was refluxed for 2 hours, cooled to room temperature and
filtered. The filtrate was treated with 30 g of solid KClI and the white precipitate was
collected by filtration. The precipitate was recrystallized in hot water to obtain the pure
compound.

3.3 Synthesis of K¢H[TiCoW11040]:
18.2 g (55 mmol) of Na;W0O4:2H,0 were dissolved in 100 ml of water and the pH of the

solution was adjusted to 6.3 using glacial acetic acid. To this solution, 10 ml of 0.52 M
cobalt acetate solution were added. The obtained red solution was heated to 80 °C for
approximately one hour until the color turned blue. To this solution, 10 ml of 1 M TiOSO4
solution in 0.1 M H;SOs were added dropwise under vigorous stirring. The pale blue
mixture was refluxed for one hour, cooled to room temperature and treated with 10 g KCI.
The precipitate was then filtered and the filtrate was cooled to 0 2C. Finally, 200 ml of
ethanol were added to the filtrate and the light blue precipitate was collected by suction
filtration.

4. Preparation of TeWs, TiW11Co and Ti2PW1 solutions
The three POM salts Nag[TeWs024]-:22H,0 (Na-TeWs), KeH2[TiW11C00a40]-13H,0 (K-TiW11Co), and

K7[Ti2PW100a40]-6H20 (K-Ti2PW10) were dissolved under mild stirring at room temperature in saline
solution (NaCl 0.9% w/v) at the concentration of 2 mg/ml.

5. Characterization of TeWs, TiW11Co and Ti2PW1o solutions
The pH of the POM aqueous solutions was recorded at room temperature using a pH meter Orion

model 420A.

The osmolarity of the POM aqueous solutions was measured using a Semi-Micro Osmometer K-
7400 Knauer, at room temperature.

The zeta potential was determined by electrophoretic mobility using a 90 Plus instrument
(Brookhaven, NY, USA). The analysis was performed at room temperature, using POM aqueous
solutions diluted with NaCl 0.9% w/v (1:10 v/v). For the zeta potential evaluation, samples of
diluted formulations were placed in the electrophoretic cell, where an electric field of
approximately 15 V/cm was applied.

6. Quantitative determination of POMs
The quantitative determination of the POMs in the aqueous solutions was performed using UV-VIS

spectrophotometer (Beckman Coulter DU730). A preliminary evaluation of the UV spectra of the
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compounds was carried out by spectrophotometric analysis collecting the absorbance data in the
range between 200 and 800 nm to identify the absorbance maximum (Amax) peak.

Linear calibration curves were obtained over the concentration range of 0-100 pg/mL, with a
regression coefficient of 0.999 for all the compounds.

7. Stability overtime of TeWs, TiW11Co and Ti2PW1o solutions
The stability of polyoxometalate aqueous solutions was evaluated over time, determining the

POM concentrations in the solutions by UV-VIS spectroscopy analysis.

8. Evaluation of TeWs, TiW11Co and Ti2PW1 solution biocompatibility
To assess the biocompatibility of POM aqueous solutions the hemolysis assay was performed.

For hemolytic activity determination, 100 microliters of samples were incubated at 37°C for 90 min
with 1 ml of diluted blood (1:4 v/v) obtained by adding freshly prepared PBS at pH = 7.4. After
incubation, sample-containing blood was centrifuged at 1000 rpm for 5 minutes to separate
plasma. The amount of hemoglobin released due to hemolysis was determined
spectrophotometrically (absorbance readout at 543 nm using a Duo spectrophotometer,
Beckman). The hemolytic activity was calculated to reference with a negative control consisting of
diluted blood without the addition of the samples. Complete hemolysis was induced by the
addition of ammonium sulfate (20 % w/v). Optical microscopy was used to evaluate changes on
red blood cell morphology after incubation with the formulations.

9. ZIKV titration by plaque assay
Vero cells, seeded the day before at a density of 6x10% in 96 well plates, were inoculated with

increasing dilutions of virus prepared in cold MEM with 2% of FBS. After 2h adsorption at 37°C, the
virus inoculum was removed, cells overlaid with 1.2% methylcellulose and incubated at 37°C for
72h. Plates were then fixed and colored with 0.1% of crystal violet for 30 minutes and then gently
washed with water. The virus titer was estimated as plaque forming units per ml (PFU/ml) by
counting the number of plaques at an appropriate dilution.

10. Viability Assay
Cell  viability was measured using the MTS [3-(4,5-dimethylthia-zol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetra-zolium] assay. Vero cells were seeded at a
density of 6x103/well in 96-well plates and treated, the following day, with different concentration
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of TeWs, TiW11Co and Ti2PW10 compounds under the same experimental conditions described for
the ZIKV inhibition assays. Cell viability was determined using the Cell Titer 96 Proliferation Assay
Kit (Promega, Madison, WI, USA) according to the manufacturer's instructions. Absorbances were
measured using a Microplate Reader (Model680, BIORAD) at 490 nm. The effect on cell viability at
different concentrations of the compound was expressed as a percentage, by comparing
absorbances of treated cells with those of cells incubated with culture medium alone. The 50%
cytotoxic concentrations (CCso) was determined using Prism software (Graph-PadSoftware, San
Diego, CA).

11. ZIKV inhibition assays
The effect of TeWs, TiW11Co and Ti2PWi1 on ZIKV infection was evaluated by plaque reduction

assay. Vero cells were pre-plated 24h in advance in 24-well plates at a density of 7x10% cells. The
TeWs, TiW11Co and Ti2PW1o were serially diluted in medium (from 25uM to 0.0016 uM) and added
to cell monolayers. After 2h of incubation at 37°C, medium was removed and infection was
performed with 250 pL/well of MR766 or HPF2013 (MOI = 0.0005) and different concentrations of
the POMs, for 2h at 37°C. The virus inoculum was then removed and the cells washed and overlaid
with a medium containing 1.2% methylcellulose (Sigma) and serial dilutions of the POMs. After an
incubation at 37°C for 72h, cells were fixed and stained with 0.1% crystal violet in 20% ethanol and
viral plagues counted. The effective concentration producing 50% reduction in plague formation
(ECs0) was determined using Prism software by comparing treated with untreated wells. The
selectivity index (SI) was calculated by dividing the CCso by the ECso value.

12. Rotavirus inhibition assay
To assess the ability of TeWs, TiW11Co and Ti2PW1o to inhibit rotavirus infectivity, inhibition assays

were carried out with MA104 cells seeded at a density of 1,4x10* cells/well in 96-well plates.
Similarly to the ZIKV inhibition assay, cells were pre-treated with serial dilutions of TeWs, TiW11Co
and Ti2PW1o (from 25uM to 0.0016 uM) for 2h at 37°C. Then, the medium was removed and the
infection was performed with trypsin-activated rotavirus (MOl = 0.02) and different
concentrations of the polyoxometalates for 1h. After incubation, cells were washed with medium
and incubated with serial dilutions of POMs for 16h. Next, cells were fixed with cold acetone-
methanol (50:50), and the number of infected cells were determined by indirect immunostaining
by using a mouse monoclonal antibody directed to human rotavirus VP6 (0036; Villeurbanne,
France), and the secondary antibody peroxidase-conjugated AffiniPure F(ab’)2 Fragment Goat
Anti-Mouse 1gG (H + L) (Jackson ImmunoResearch Laboratories Inc., 872 W. Baltimore Pike, West
Grove, PA 19390).
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13. ZIKV yield reduction assay
To test the ability of Ti2PW1o compound to inhibit multiple cycles of ZIKV replication, Vero cells

were seeded at a density of 5x10* cells/well in 24 well-plates. The day after, cells were treated and
infected in duplicate with a mixture of Ti,PWio (5uM or 15uM) and ZIKV (MR766 or HPF2013,
MOI=0.001) for 2 hours at 37°C. Following virus adsorption, the virus inoculum was removed and
cells were incubated with medium containing the compound (5uM or 15 uM) until control cultures
displayed extensive cytopathology. Supernatants were clarified and cell-free virus infectivity titers
were determined in duplicate by the plague assay on Vero cell monolayers.

14. Ti;PW10 mechanism of action against ZIKV
14.1 Virus inactivation assay
Approximately 10° PFU of MR766 or HPF2013 plus ECgyo of Ti2PW10 were added to MEM and mixed

in a total volume of 100 pl. The virus-compound mixture was incubated for 2h at 37°C then diluted
serially to the non-inhibitory concentration of test compound; the residual viral infectivity was
determined by viral plague assay.

14.2 Cell pre-treatment assay
To evaluate the antiviral activity of compound when administered before infection, confluent Vero

cells in 24 well plates (7x10* cells/well) were pre-treated with different concentrations of Ti2PW1o
(from 20 uM to 0.08 uM) for 2 hours at 37°C. After washing, cells were infected with MR766 or
HPF2013 at MOI=0.0005 for two hours, then washed and overlaid with 1.2% methylcellulose
medium for 72h at 37°C. At the end of the incubation cells were fixed and stained with 0.1%
crystal violet in 20% ethanol to count the number of viral plaques.

14.3 Binding assay
Vero cells were seeded in 24-well plates at a density of 1.1x10°. The following day, cells and virus

(MR766 or HPF2013 virus, MOI=3) were cooled to 4°C for 10 minutes and then the virus was
allowed to attach to cells on ice in presence of the TizPW10 compound (ECgo). After an incubation
of 2h on ice, cells were washed with cold MEM, followed by addition of fresh cold medium. Cells
were subjected to three rounds of freeze-thawing to release bound virus and the lysate clarified
by low speed centrifugation for 10 minutes. Cell-bound virus titers were determined by viral
plaque assay.

14.4 Entry assay
For entry assays, MR766 and HPF2013 (MOI=0.005) were adsorbed for 2h at 4°C on pre-chilled

confluent Vero cells in 24-well plates. Cells were then washed twice with cold MEM to remove the
unbound virus and then incubated with serial dilutions of Ti2PW1o compound for 2h at a
temperature of 37°C to allow virus entry. Unpenetrated viruses were inactivated with citrate
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buffer (citric acid 40 mM, potassium chloride 10 mM, sodium chloride 135 mM, pH 3) for 1min at
room temperature, as previously described.*> Cells were then washed with warm medium 3 times
and overlaid with 1.2% methycellulose medium. After 3 days of incubation, cells were fixed and
stained with 0.1% crystal violet in 20% ethanol to count the number of viral plaques.

14.5 Post entry assay: focus reduction assay

To evaluate the antiviral activity of Ti2PW10 compound when administered after infection, Vero
cells were seeded in 96 well-plates at a density of 1,3x10* cells/well. The following day, ZIKV
(MR766 or HPF2013, MOI=0.01) was allowed to attach to pre-cooled cells for 2 hours at 4°C. Then,
two gentle washes were performed and cells were incubated at 37°C for 2 hours to allow virus
penetration into the host cell. Unpenetrated viruses were inactivated with citrate buffer for 1min
at room temperature and cells were subsequently washed with warm medium 3 times and
incubated with serial dilutions of TizPW1o (from 20uM to 0.08uM). After 24 hours cells were fixed
with acetone-methanol (50:50). The number of infected cells were determined by indirect
immunostaining by using a mouse monoclonal antibody direct to flavivirus protein E (D1-4G2-4-15
(4G2), Novus Biological) and a secondary antibody peroxidase-conjugated AffiniPure F(ab’)2
Fragment Goat Anti-Mouse IgG (H+L) (Jackson ImmunoResearch Laboratories Inc., 872 W.
Baltimore Pike, West Grove, PA 19390). Immunostained cells were counted, and the percent
inhibition of virus infectivity determined by comparing the number of infected cells in treated
wells with the number in untreated control wells.

14.6 Immunofluorescence experiments
Subconfluent Vero cell monolayers plated on coverslips in 24-well plates were treated with
Ti2PW1o (ECoo) during the entry of ZIKV into cells or during the post-entry phase. First, the
virus (MR766 or HPF2013, MOI=5) was allowed to attach to pre-chilled cells for 2 hours on
ice. Subsequently, after the removal of the unbound virus with a gentle wash, the
temperature was shifted to 37°C in order to allow the virus entry. For the entry assay, the
polyanion was added at this time point. After 2 hours of virus adsorption, the
unpenetrated virus was inactivated with citrate buffer (as previously described) for 1min at
room temperature. Three gentle washes were readily performed and fresh medium was
added to cells for 30 h. For the post-entry assay, the polyanion was added to cells at this
time point (for 30 h). Subsequently, cells were washed twice with PBS and fixed in
paraformaldehyde 4% for 15 min at room temperature. After three washes with PBS, cells
were permeabilized with PBS-Triton 0.1% for 20 min on ice. Cells were then blocked with
5% BSA for 15 min and then incubated with the primary antibody (a mouse monoclonal
antibody direct to flavivirus protein E (D1-4G2-4-15 (4G2), Novus Biological) diluted in
blocking buffer + 0.05% Tween 20 for 1h at room temperature. Three washes in PBS with
0.05% Tween 20 were subsequently performed followed by an incubation with the
secondary antibody (goat anti-mouse IgG rhodamine conjugated, Santa Cruz
Biotechnology) diluted in blocking buffer + 0.05% Tween 20 for 1 h at room temperature.
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After washing three times with PBS, coverslips were mounted and analysed on a confocal
fluorescence microscope (LSM510, Carl Zeiss, Jena, Germany).

15. Data analysis

All results are presented as the mean values from three independent experiments performed in

duplicate. The ECsp values for inhibition curves were calculated by regression analysis using the

software GraphPad Prism version 5.0 (GraphPad Software, San Diego, California, U.S.A.) by fitting a

variable slope-sigmoidal dose-response curve.
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