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Highlights 23 

 For the first time, 6MMPr was identified as a strong potential antiviral 24 

drug against ZIKV; 25 

 All assays used the epidemic ZIKV strain circulating in Brazil; 26 

 Antiviral activity was tested in both epithelial and human neuronal cells; 27 

 6MMPr was much less toxic to neuronal cells compared to epithelial 28 

cells; 29 

 6MMPr decreased ZIKV production in both cells by more than 99%. 30 

 31 

Abstract 32 

Since the emergence of Zika virus (ZIKV) in Brazil in 2015, 48 countries and 33 

territories in the Americas have confirmed autochthonous cases of the disease caused by 34 

the virus. The ZIKV-associated neurological manifestations and congenital defects 35 

make the development of safe and effective antivirals against ZIKV of utmost 36 

importance. Here, we evaluated the antiviral activity of 6-methylmercaptopurine 37 

riboside (6MMPr), a thiopurine nucleoside analog derived from the prodrug 38 

azathioprine (AZA), against the epidemic ZIKV strain circulating in Brazil. In all the 39 

assays, an epithelial (Vero) and an human neuronal (SH-SY5Y) cell line were used to 40 

evaluate the cytotoxicity and the effective concentrations of 6MMPr against ZIKV. The 41 

levels of ZIKV RNA, viral infectious titer and the percentage of infected cells at the 42 

presence or absence of 6MMPr was used to determine the antiviral efficacy. We show 43 

that 6MMPr decreased ZIKV production by more than 99% in both cell lines in a dose- 44 

and time-dependent way. Interestingly, 6MMPr was 1.6 times less toxic to SH-SY5Y 45 

cells compared to Vero cells, presenting a 50% cytotoxic concentration (CC50) of 460.3 46 

µM and 291 µM, respectively. The selectivity index of 6MMPr for Vero and SH-SY5Y 47 

cells was 11.9 and 22.7 µM, respectively, highlighting the safety profile of the drug to 48 

neuronal cells. Taken together, our results identify, for the first time, the thiopurine 49 

nucleoside analog 6MMPr as promising antiviral candidate against ZIKV that warrants 50 

further in vivo evaluation.  51 

 52 

Keywords: Antiviral, Zika virus; cytotoxicity; 6MMPr; Vero; neuronal cells. 53 
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1. Introduction 55 

 Zika virus (ZIKV) is a member of the Flavivirus genus within the family 56 

Flaviviridae. This genus comprises other important arboviruses such as Dengue virus 57 

(DENV), Yellow fever virus (YFV) and West Nile virus (WNV) [1]. The virus was 58 

initially isolated in 1947 from a rhesus monkey in the Zika Forest in Uganda.In March 59 

2015, Brazil reported autochthonous transmission of ZIKV and the virus has spread 60 

throughout the Americas since then. ZIKV infection has already been reported in 61 

approximately 60 countries in different continents [2, 3]. ZIKV transmission occurs 62 

through the bites of infected Aedes mosquitoes, although recent findings have also 63 

indicated sexual, congenital, perinatal and blood transfusion transmission. Clinically, 64 

ZIKV disease is manifested by rash, fever, arthralgia and conjunctivitis [4]. Importantly, 65 

infection of pregnant women may result in microcephaly of the fetus and others severe 66 

congenital defects such as intracranial calcifications, ventricular system dilation and 67 

neuronal migration disorders [5]. In adults, severe neurological complications such as 68 

myelitis, meningoencephalitis and Guillain-Barré syndrome (GBS) have been 69 

associated with ZIKV infection and in some patients the infection can lead to death [6-70 

8]. 71 

 Like other members of the Flavivirus genus, ZIKV is an enveloped, single-72 

stranded positive-sense RNA virus whose genome is about 11 Kb. Its genome encodes 73 

three structural and seven nonstructural proteins. The structural proteins mediate the 74 

initial steps of viral host interaction including receptor binding and entry, whereas 75 

nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) play different 76 

roles in viral replication, virion assembly and evasion of immune defense mechanisms 77 

[9]. The proteins NS3 and NS5 are targets for antiviral development because of their 78 

viral role in viral replication. NS5 is the most conserved protein across the Flavivirus 79 

genus, and possesses N-terminal RNA methyltransferase (MTase) and C-terminal RNA-80 

dependent RNA polymerase (RdRp) activities [10]. Several nonstructural proteins have 81 

been implicated as potential targets for drugs against flaviviruses [11].  82 

 Despite the burden of ZIKV-associated diseases, there are neither vaccines nor 83 

treatments available to block viral replication. Recent studies have suggested that the 84 

specificities of ZIKV biology compared to other flaviviruses may reveal new challenges 85 

for antiviral therapy as well as new drug targets [1]. Nevertheless, various attempts to 86 

find anti-ZIKV inhibitors are underway [12-16]  87 
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 Many nucleoside and non-nucleoside analogs are inhibitors of viral polymerases, 88 

and have been described as promising molecules against RNA viruses [10]. RdRp is 89 

responsible for viral RNA synthesis and there is no similar enzyme in the host. 90 

Compounds that bind to RdRp and inhibit de novo initiation of viral replication have 91 

already been shown active against DENV [17] and ZIKV [14, 16]. In general, they have 92 

high selectivity and broad-spectrum activity, making them attractive candidates for 93 

Flavivirus antiviral development [11]. 94 

 Azathioprine belongs to the class of thiopurine-modified nucleosides and has 95 

shown activity against ZIKV [12]. It is a pro-drug which is metabolized to 6-96 

methylpurine (6MP) (inactive metabolite) by glutathione S-transferase enzyme and 6-97 

MP, in turn, is processed to 6-thioinosine (6TI) and 6-methylmercaptopurine (6MMP) 98 

by action of thiopurine methyltransferase enzyme (TPMT), both active metabolites that 99 

can be converted to 6-methylmercaptopurine riboside (6MMPr) [18]. 6MMPr is also a 100 

nucleoside analogue thiopurine metabolite and its antiviral properties have already been 101 

demonstrated to flaviviruses such as Hepatitis C virus (HCV) RNA replicon, Bovine 102 

viral diarrhea virus (BVDV) [19, 20], YFV, DENV-2 and WNV [21]. 103 

 In this work, we evaluated the antiviral activity of 6MMPr against the epidemic 104 

ZIKV strain that has recently emerged in Brazil. For the first time, we demonstrate 105 

potent in vitro inhibitory activity of 6MMPr against ZIKV infection in both epithelial 106 

and neuronal cell lines. Together, our results identify the thiopurine analog 6MMPr as a 107 

promising candidate for further clinical evaluation against ZIKV. 108 

 109 

2. Material and Methods 110 

2.1. Cells, virus, and drug preparation 111 

 Vero cells were grown in Dulbecco´s modified Eagle´s medium (DMEM) 112 

supplemented with 10% inactivated fetal bovine serum (FBS), 2 mM L-glutamine and 113 

100 U mL
−1

 penicillin/streptomycin. Human neuroblastoma SH-SY5Y cells were 114 

obtained from American Type Culture Collection (ATCC) and were grown in Minimum 115 

Essential Medium (MEM) (Inlab Diagnóstica, Sao Paulo, Brazil) supplemented with 116 

Ham’s F12 Nutrient Mixture (Sigma, St. Louis, USA), 1 mM sodium piruvate (Sigma, 117 

St. Louis, USA), 1% MEM non-essential amino acids (Gibco, Carlsbad, USA), 100 118 
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U/ml penicillin, 0.1 g/ml streptomycin, 2 mM L-glutamine and 10% (vol/vol) fetal 119 

bovine serum (FBS), at 37 °C with 5% CO2. 120 

  The Brazilian ZIKV strain, named ZIKV/H.sapiens/Brazil/PE243/2015 121 

(abbreviated to ZIKV PE243; GenBank Acession number KX197192.1), was isolated 122 

from a patient who had the classical ZIKV exanthematous illnesses, without 123 

neurological signs [22]. The ZIKV PE243 strain was propagated and titrated on Vero 124 

cells. Viral titration was performed by the standard TCID50 method [23] and expressed 125 

as log10 TCID50 mL
-1

. 126 

 The thiopurine nucleoside analogue 6MMPr and the control ribavirin were 127 

purchased from Sigma-Aldrich (Saint Louis, USA). Stock solution of the compound 128 

was prepared in Milli-Q H2O, sterilized by filtering through a 0.22 µM Millipore filter, 129 

and stored at -20 °C. 130 

 131 

2.2. Cell viability assay  132 

 The cell toxicity of 6MMPr was tested on growing cells via in situ mitochondrial 133 

reduction of a tetrazolium dye 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 134 

bromide (MTT) (Sigma, St. Louis, USA). Briefly, 24 h-plated Vero (1x10
4
 cells/well) 135 

and SH-SY5Y cells (4x10
4
 cells/well) in 96-well microplates were treated with various 136 

concentrations of the test compound. After 72 h (SH-SY5Y cells) and 120 h (Vero cells) 137 

of incubation at 37 °C, culture medium was removed and replenished with 50 μL of 138 

MTT solution (1 mg/mL) to each well and the microplate was incubated for 4 h. MTT 139 

formazan crystals were solubilized by adding DMSO and the optical densities were 140 

determined spectrophotometrically with a 96-well plate reader (BioTek, ELX800, 141 

Winooski, USA) at 540 nm. As a control for the cytotoxicity test, ribavirin  was used at 142 

various concentrations (10 to 100 μM ). Cell viability was calculated by subtracting the 143 

optical density fraction of treated cells from the untreated cells. Cytotoxic concentration 144 

for 50% of cell culture (CC50) was defined as the concentration of the compound that 145 

caused a 50% reduction in absorbance. CC20 was defined as the limit point for treatment 146 

with the antiviral molecules [24].  147 

 148 

2.3. Antiviral activity assay 149 

 Vero cells were seeded in 24-well plates a day prior to infection at the density of 150 

5x10
4
 cells/well. The cells were infected with the ZIKV PE243 strain at a multiplicity of 151 

infection (MOI) of 0.1 and incubated for 2 h (37 °C, 5% CO2). After virus 152 
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internalization, viral inoculum was removed, cells were washed twice with DMEM and 153 

the supernatant was replaced with fresh medium containing four concentrations of 154 

6MMPr (7.6, 15.1, 30.3 and 60.5 µM). Controls included mock and infected non-treated 155 

cells. At 120 h post-infection (hpi), the cells supernatant was harvested and stored at -80 156 

°C until downstream analysis by real-time quantitative RT-PCR and virus titration 157 

(TCID50). As a control for the efficacy test, ribavirin was used at different 158 

concentrations (7.7, 15.5, 31 and 62 µM). 159 

SH-SY5Y cells monolayers were grown in 24-well plates a day prior to infection 160 

at the density of 1x10
5
 cells/well and then infected with ZIKV at a MOI of 0.1 diluted in 161 

100 µL of culture medium containing 2% (vol/vol) FBS for 2 h at 37 °C. Cells were 162 

washed twice and then replenished with fresh medium containing four concentrations of 163 

6MMPr (19.7, 39.3, 78.5, 157 µM) and incubated at 37 °C with 5% CO2. At 72 hpi, 164 

ZIKV- and mock-infected cells monolayers were processed for flow cytometry and 165 

immunofluorescence and the supernatant was titrated by TCID50 in Vero cells. 166 

 167 

2.4. Plaque-reduction assay 168 

 Antiviral efficacy of 6MMPr was also evaluated by measuring the reduction in 169 

the number of ZIKV plaque forming units (pfu) after treatment with 6MMPr. Confluent 170 

monolayers of Vero cells at a density 1x10
5
/well were seeded on 24-well plates and 171 

incubated at 37 °C in a CO2 incubator for 24 h. Supernatants from antiviral activity 172 

assays were added to cells and after 2-h incubation, the inoculums were removed and 173 

the cells were overlaid with 2.5% carboxymethyl cellulose (CMC) with 2% FBS. The 174 

plates were incubated for 120 h at 37 °C and 5% CO2. Monolayers were fixed using 175 

10% (V/V) formalin diluted in PBS, stained with crystal violet solution and the plaque 176 

numbers were counted. The percentage of plaque reduction (PR%) compared to 177 

untreated infected cells was calculated using the following formula: PR (%) = (C - T) x 178 

100/C, where, C is the mean of the number of plaques from triplicate untreated control 179 

wells and T is the mean of the number of plaques from triplicate treated wells.  180 

 181 

2.5. Time-dependent antiviral effects  182 

 The second approach of the antiviral activity assay was the addition of 6MMPr 183 

equivalent to its CC20 (60.5 µM) to the infected Vero cells (MOI 0.1) and collection of 184 

supernatant at 24, 48, 72, 96 and 120 hpi to determine the effects of time-dependent 185 

treatment exposure. The RNA levels and infectious virus in cell supernatant were 186 
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quantified by quantitative real-time reverse transcription PCR (qRT-PCR) and TCID50, 187 

respectively. 188 

 189 

2.6. Post-treatment with 6MMPr at various time intervals  190 

 Vero cells were first infected with ZIKV at MOI of 0.1 for 2 hours.  Infected 191 

cells were washed twice and then treated with 6MMPr (60.5 µM) diluted in DMEM at 192 

6, 12, 24, 48, 72 or 96 hpi. Supernatants were collected at 120 hpi and processed for 193 

qRT-PCR and viral titration.  194 

 195 

2.7. ZIKV qRT-PCR 196 

 Total RNA was extracted from culture supernatants using TRIzol reagent 197 

(Invitrogen Carlsbad, USA) according the manufacturer’s instructions. The RNA was 198 

eluted in 20 μL and stored at -80 °C. Quantitative real-time PCR (qPCR) was conducted 199 

by using the QuantiTect Probe RT-PCR Kit (QIAGEN, Valencia, USA) with 200 

amplification in the Applied Biosystems 7500 real-time PCR system (Applied 201 

Biosystems, Foster City, USA) as per the manufacturer's protocol.  Previously 202 

developed ZIKV primers (ENV 1086F 5’-CCGCTGCCCAACACAAG-3’ and ENV 203 

1162R: 5’-CCACTAACGTTCTTTTGCAGACAT-3’) and probe (5’-VIC-204 

AGCCTACCTTGACAAGCAGTCAGACACTCAA-BHQ1-3) were used [25]. 205 

Quantitative RT-PCR reactions were carried out at 50 °C for 30 min followed by 206 

denaturation at 95 °C for 15 min and 45 cycles of 95 °C for 15 sec and 60 °C for 1 min. 207 

Relative standard curve was generate with addition of RNA extracted from virus culture 208 

with known titer (PFU mL
-1

) 10-fold serially diluted in nuclease free H2O. All reactions 209 

were performed in triplicate. The relative quantification of ZIKV RNA was assessed 210 

using the 7500 Software v2.0.6 provided by Applied Biosystems. 211 

 212 

2.8. Flow cytometry analysis 213 

 SH-SY5Y cells were treated as described in item 2.3 and harvested at 72 hpi. 214 

Cells were fixed using the Cytofix/Cytoperm™ Plus Fixation/Permeabilization Kit (BD 215 

Biosciences, San Jose, USA). Intracellular antigen staining was carried out following 216 

the manufacturer’s instructions using mouse anti-flavivirus E protein monoclonal 217 

antibody 4G2 (ATCC: HB-112) and goat anti-mouse FITC secondary antibody (Sigma-218 

Aldrich). Flow cytometry was performed using a FACS AriaIII (BD Biosciences) and 219 

results were analyzed using FlowJo Software (TreeStar). 220 
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 221 

2.9. Immunofluorescence microscopy  222 

 ZIKV-and mock-infected SH-SY5Y cells monolayers were grown on 13-mm-223 

diameter coverslips and treated as described in item 2.3.  Cells were fixed at 72 hpi with 224 

4% paraformaldehyde (PFA) in PBS for 15 min at room temperature and then 225 

permeabilized with 0.2% (V/V) Triton X-100 in PBS for 15 min at room temperature. 226 

Cells were then incubated with blocking solution (0.2% [wt/vol] pork skin gelatin in 227 

PBS) for 20 min at 37 °C and incubated with mouse anti-flavivirus E monoclonal 228 

antibody 4G2 for 1 h at 37 °C. After, cells were washed in PBS and incubated with 229 

donkey anti-mouse IgG secondary antibody conjugated to Alexa Fluor 488 (Invitrogen 230 

Carlsbad, USA) for 30 min at 37 °C. Coverslips were mounted using ProLong® 231 

Diamond Antifade Mountant (Molecular Probes) and cells were analyzed with Leica 232 

DMI4000 B (Leica Microsystems) microscope.  Images were processed using the 233 

ImageJ software (National Institutes of Health, Bethesda, Maryland, USA). 234 

 235 

2.10. Statistical analysis  236 

 Statistical analysis was performed to assess differences in viral yield from 237 

infected cells treated with 6MMPr compared to untreated control, in different doses and 238 

time intervals. Data were analyzed using one-way ANOVA (analysis of variance) using 239 

the GraphPad Prism Software version 5.01 for Windows (GraphPad Software, La Jolla, 240 

California, USA). The Tukey test was used for pairwise comparisons among means. 241 

The 50% inhibitory concentration (IC50) was defined as the compound concentration 242 

required to reduce ZIKV titer by 50% as compared to virus control. Values of CC50 and 243 

IC50 were calculated using non-linear regression using the GraphPad Prism Software. 244 

Selectivity index (SI) was obtained by calculating the ratio of the CC50 and the IC50 245 

values. Data were expressed as the mean ± the standard deviations from three 246 

independent experiments. A p-value < 0.05 was considered statistically significant. 247 

3. Results 248 

3.1. The thiopurine drug 6MMPr has distinct toxicity profile in epithelial and neuronal 249 

cells 250 

 In order to determine the cell toxicity of the thiopurine nucleoside analogue 251 

6MMPr (Figure 1) to Vero and SH-SY5Y cells, the MTT assay was performed. We 252 

found that CC20 and CC50 values for Vero cells were 60.5 and 291 µM, respectively 253 
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(Table 1 and Figure 2A).  For the SH-5YSY cell line, the CC20 was 157 µM and the 254 

CC50 was 460.3 µM (Table 1 and Figure 2B). To determine the relative drug efficacy in 255 

inhibiting viral replication compared to cellular toxicity, the SI was established for each 256 

cell line (Table 1). Thus, 6MMPr demonstrated lower cytotoxicity for neuronal cells as 257 

compared to epithelial cells, suggesting its potential use as an antiviral against 258 

neurotropic viruses. The CC20 and CC50 values of the control ribavirin in Vero cells 259 

were 62.11 µM and 246 µM, respectively (Supplementary Table 1 and  Supplementary 260 

Figure 1).  261 

3.2. 6MMPr blocks RNA yield and infectious ZIKV production in Vero cells 262 

 The antiviral activity of 6MMPr in Vero cells was evaluated by RNA 263 

quantification, viral titration and plaque reduction assay from supernatant of treated and 264 

untreated cells infected with ZIKV. Quantification of viral RNA levels by qRT-PCR 265 

shows that the inhibition occurred in a dose-dependent way. Although the lowest 266 

concentration tested (7.6 µM) did not significantly reduce viral RNA levels, the 267 

concentrations of 15.1 µM and 30.3 µM caused a reduction of 82.73% and 91.03%, 268 

respectively. Significantly, the highest 6MMPr concentration (60 µM) decreased viral 269 

RNA levels to over 99% (Figure 3A).  270 

Though reduction in viral RNA production in infected cells is an indicative of 271 

antiviral effects, it may not necessarily translate into reduced viral titers. To rule out this 272 

hypothesis, we quantified infectious viral yield in treated cells relative to controls. In 273 

agreement with the qRT-PCR, 6MMPr displayed a dose-dependent reduction on virus 274 

titer. We found that treatment with 6MMPr at concentrations of 30.3 µM and 60.5 µM 275 

significantly reduced ZIKV titer by 77.24% and 99.45%, respectively (Figure 3B). The 276 

IC50 and the SI for Vero cells was 24.5 µM and 11.9, respectively (Table 1).  277 

To further confirm these findings, cell supernatant was also evaluated by the 278 

plaque-reduction assay. The number of viral plaques produced following 6MMPr 279 

treatment was reduced by 24% at the 7.6 µM concentration and by 47.4%, 72.7% and 280 

96.7% at concentrations of 15.1, 30.3 and 60.5 µM, respectively (Figure 3C and D). The 281 

control ribavirin reduced viral titers by 1.3 log10  at the highest concentration used (62 282 

µM). The calculated IC50 and SI of ribavirin was 31.6 µM and 4.97, respectively 283 

(Supplementary Table 1 and Supplementary Figure 2). 284 
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Taken together, these results demonstrated that 6MMPr potently blocks ZIKV 285 

RNA yield and infectious viral progeny production in epithelial cells. 286 

3.3. Time-dependent efficacy in Vero cells 287 

 In the previous experiments, cells were treated with various drug concentrations 288 

after virus internalization and the antiviral readout was done at 120 hpi. Here, we sought 289 

to determine the time-dependent effects of 6MMPr at its CC20. To this end, virus 290 

inoculation was done for 2 h, then the cells were treated once with 6MMPr 60.5 µM and 291 

supernatant was collected every 24 hours for five days. There was a reduction in viral 292 

RNA levels and infectious virus yield greater than 99% in all time points, (Figure 4A 293 

and B), highlighting the strong anti-ZIKV effects of 6MMPr. 294 

3.4. Post-treatment with 6MMPr at various time intervals 295 

 In this assay, Vero cells were infected with ZIKV for 2 h followed by 6MMPr 296 

(60.5 µM) treatment at 6, 12, 24, 48, 72 or 96 hpi in order to determine how long the 297 

addition of the compound can be postponed before decreasing its inhibitory effects. 298 

Treatment between 6 and 24 hpi inhibited viral RNA production by more than 99%. 299 

Later treatments at 48 and 72 hpi reduced viral RNA yield by 96.67% and 47.63%, 300 

respectively. At 96 hpi, inhibition was not significant (Figure 4C). Viral titration 301 

showed that the drug reduced viral growth when added up to 24 hpi (6 h – 98.76%; 12h 302 

- 98.03%; 24 h - 86.39%); however, there was not significant reduction at later time 303 

points (Figure 4D). These results demonstrate that early treatment of 6 MMPr have the 304 

most significant reduction in ZIKV replication.   305 

3.5. 6MMPr shows robust inhibition of ZIKV infectivity in neuronal cells 306 

 Since neural tissues constitute a target of ZIKV infection in human patients, the 307 

human neuronal cell line SH-SY5Y was chosen to evaluate the effects of 6MMPr on 308 

ZIKV infection under controlled conditions. SH-SY5Y cells monolayers were infected 309 

with ZIKV and then treated with four drug concentrations at 2 hpi (Figure 5). At the 310 

MOI of 0.1, 44% of the cells were infected by ZIKV. Treatment with 6MMPr 311 

significantly reduced the number of infected cells in a dose-dependent manner (Figure 312 

5A, B and D). Viral quantification of cell supernatant showed that the treatment resulted 313 

in up to 99.83% in infectious ZIKV yields at the highest dose used (Figure 5C). 314 

Although the number of infected cells was lower at the concentration of 157 µM, there 315 
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was statistical difference between 78.5 µM and 157 µM regarding infectious viral titers 316 

(Figures 5 B and C). Analyses of ZIKV infectious titer showed IC50 values of 20.3 µM 317 

for 6MMPr treatment in infected SH-SY5Y cells. 318 

 Flow cytometry analysis showed a dose-dependent inhibition of ZIKV infection 319 

in neuronal infected cells, revealing an inhibition of almost 70% of ZIKV replication in 320 

cells treated with 157 μM of 6MMPr, compared to untreated infected cells (Figure 5D). 321 

Similar pattern of inhibition was observed by immunofluorescence microscopy (Figure 322 

5E), confirming the results obtained by viral titration and flow cytometry. 323 

  Thus, 6MMPr display low toxic effects and efficiently inhibits ZIKV infection 324 

in neuronal cells. Overall, these results suggest that 6MMPR is a promising novel 325 

antiviral candidate against ZIKV. 326 

 327 

4. Discussion 328 

Since its emergence in Brazil in 2015, ZIKV has rapidly spread in the Americas 329 

resulting in an epidemic of great public health concern. Despite some serious 330 

complications caused by the virus, including neurological disorders and congenital 331 

malformations, there are currently no available vaccines or specific antiviral drugs 332 

against this feared pathogen [26]. Therefore, the discovery and development of 333 

therapeutic strategies able to effectively control ZIKV is an urgent need. We showed 334 

here that the nucleoside analog 6MMPr inhibits replication of the Brazilian ZIKV strain 335 

in different cell types. 6MMPr is a nucleoside metabolite derived from the thiopurine 336 

prodrug azathioprine (AZA) and has been shown previously to exhibit antiviral 337 

properties against diverse flaviviruses [19-21]. 338 

 Here, we expand the previous findings and investigated the antiviral activity of 339 

6MMPr against the epidemic ZIKV strain (ZIKV PE243) isolated during the 2015 340 

epidemic in Brazil. We observed that 6MMPr decreased up to 2.4 log10 (99.5%) of 341 

ZIKV infectious titer in a dose- and time-dependent way. The addition of the compound 342 

could be postponed up to 24 hpi before reducing its antiviral efficiency in ZIKV-343 

infected Vero cells (Figure 4D). Since ZIKV is a neurotropic flavivirus, we evaluated 344 

the antiviral efficacy of the drug in a human neurobastoma cell line (SH-SY5Y) infected 345 

with ZIKV. Interestingly, 6MMPr was 1.6 times less toxic to SH-SY5Y cells compared 346 

to Vero cells. The antiviral agent was capable of inhibiting viral replication in SH-347 
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SY5Y cells as well, and ZIKV infectious titer was decreased up to 2.8 log10 (99.8%). 348 

Although we found similar IC50 mean values for ZIKV infection in 6MMPr-treated 349 

Vero and SH-SY5Y cells, the therapeutic selectivity of 6MMPr to SH-SY5Y cells was 350 

nearly twice higher than that of Vero cells. The cytotoxicity and anti-ZIKV activity of 351 

the antiviral control ribavirin was in accordance with previously published studies [27, 352 

28] and its antiviral activity was inferior to that of 6MMPr.   353 

 RNA viruses have increased genetic diversity often due to high mutation rates as 354 

result of the lack of proofreading mechanism of their RdRps [29]. Although that 355 

diversity may represent rapid evolution and adaptability, the absence of proofreading 356 

makes RNA viruses more vulnerable to antiviral effects of nucleoside analogues. 357 

During viral RNA synthesis, the incorporation of these modified nucleosides into the 358 

genome can result in low viral infectivity correlated with deleterious mutations and viral 359 

replication errors [30]. Besides incorporation into nucleic acids, thiopurine nucleosides 360 

are also known to inhibit de novo purine biosynthetic pathway [31]. Decreasing purine 361 

synthesis results in reduced nucleotide pools and subsequently lower rate of virus 362 

replication. 6MMPr is a strong inhibitor of de novo purine synthesis and displayed the 363 

higher antiviral efficacy against BVDV among AZA metabolites [19]. 364 

 Some previous studies have also shown antiviral activity of other nucleoside 365 

analogues against ZIKV infection (Barrows et al., 2016; Eyer et al., 2016). Among the 366 

purine analogues, AZA and its metabolites mercaptopurine (6-MP) and thioguanine (6-367 

TGN) were found to inhibit ZIKV in vitro (Barrows et al., 2016). However, these 368 

studies did not validate the antiviral activity for the ZIKV strain isolated during the 369 

2015-2016 outbreaks in Brazil. Moreover, none of these thiopurine compounds were 370 

evaluated in any human neuronal cell line.  371 

 There are some issues that need to be addressed in order to develop effective 372 

antivirals against ZIKV. The drug should be able to cross the placenta and the blood-373 

brain barrier (BBB), and inhibit the virus in target cells of the central nervous system 374 

(CNS), while retaining its safety profile for pregnant women and their embryos or 375 

fetuses [32]. Besides immunosuppressant effects and hepatic dysfunction risk of AZA, 376 

thiopurines are well tolerated and there is no absolute contraindication during 377 

pregnancy. AZA and its metabolites can cross the placental barrier, but their diffusion to 378 

the fetal blood is highly limited [33]. That way, according to some studies, the effects of 379 

AZA exposure during pregnancy will not represent a significant risk to the fetus [34, 380 

35]. Among the AZA metabolites, 6-TGN may be considered the one mainly 381 
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responsible for immunosuppressive effects. On the other hand, elevated 6MMPr 382 

concentrations has been associated with thiopurine-induced hepatotoxicity [36]. 383 

However, the measurement of 6MMPr levels for detecting liver damage during AZA 384 

therapy lacks sensitivity and specificity, and other studies have not found consistent 385 

correlation of 6MMPr levels and drug-related hepatotoxicity [36, 37]. 386 

 A study published by Lim et al. , 2011 [21] performed a clinical trial with WNV-387 

infected mice treated with 6MMPr. Despite its efficacy against WNV in vitro, 6MMPr 388 

did not reduce mortality of inoculated mice. In that study, it was suggested a poor 389 

bioavailability of 6MMPr in the CNS tissue to explain the results, however there is no 390 

data on 6MMPr transfer across the BBB to support the author´s conclusions. If the 391 

permeability of 6MMPr across these barriers is an issue, rational chemical modification 392 

as well as novel delivery platforms based on nanotechnology may circumvent this 393 

hypothetical issue.  394 

Given the urgency of developing therapeutic approaches against ZIKV infection, 395 

the anti-ZIKV properties of 6MMPr identified in this study makes it a promising 396 

candidate for further in vivo trials. In addition, further studies combining 6MMPr with 397 

other newly identified ZIKV inhibitors are warranted and may pave the way to block the 398 

severe outcomes of ZIKV infection in the population.  399 

 400 
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Figure 1. Chemical structure of 6-methylmercaptopurine riboside (6MMPr). 512 

 513 

Figure 2. The thiopurine drug 6MMPr has distinct toxicity profile in epithelial and 514 

neuronal cells.  Cell viability was determined by the MTT method. Briefly, 96-well 515 

microplates were seeded with either Vero cells (1x10
4
 cells/well) or SH-SY5Y cells and 516 

then treated with various concentrations of the 6MMPr. After 72 h (SH-SY5Y cells) and 517 

120 h (Vero cells) of incubation at 37°C, culture medium was removed and replenished 518 

with 50 μL of MTT working solution (1 mg/mL) and further incubated for 4 h. The 519 

optical densities were determined by spectrophotometry at 540 nm. Values are the mean 520 

± SD of three independent experiments. 521 

 522 

Figure 3. 6MMPr blocks RNA yield and infectious ZIKV production in Vero cells. 523 

ZIKV RNA levels following 6MMPr treatment (A). Infectious progeny titer by the 524 

TCID50 method (B). Reduction in virus plaque forming units upon 6 MMPr treatment 525 

(C, D). Vero cells were plated in 24-well tissue culture plates and infected with the 526 

ZIKV at MOI of 0.1 for 2 h. After infection, cells were washed twice and treated with 527 

four concentrations of 6MMPr. Controls included mock and infected non-treated cells. 528 

At 120 hpi, the cell supernatant was harvested and the antiviral activity of determined 529 

using qRT-PCR, TCID50, and plaque assay as the readout. Values are the mean±SD of 530 

three independent experiments.  531 

 532 

Figure 4. Time-dependent antiviral effects (A, B) and post-treatment with 6MMPr 533 

at various time intervals (C, D). Infected Vero cells (MOI 0.1) were treated with 60.5 534 

µM of 6MMPr and cell supernatant was collected at 24, 48, 72, 96 and 120 hpi to 535 

determine the effects of time-dependent treatment exposure (A,B). For time of addition 536 

studies (C,D), Vero cells were  infected with ZIKV at MOI of 0.1 and then treated with 537 

6MMPr (60. 5 µM) at different time after the infection (6, 12, 24, 48, 72 or 96 h). The 538 

RNA levels and infectious virus in cell supernatant were quantified by quantitative real-539 

time RT-PCR (qRT-PCR) and TCID50, respectively. Values are the mean ± SD of three 540 

independent experiments.  541 

 542 

Figure 5. 6MMPr shows robust inhibition of ZIKV infectivity in neuronal cells. 543 

SH-SY5Y was infected with ZIKV at a MOI of 0.1 and treated with 6MMPr at different 544 

concentrations. Cells were processed for flow cytometry (A,B,D), viral titration (C) and 545 
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immunofluorescence analysis (E) to determine the antiviral effects of 6MMPr in 546 

neuronal cells. Values are the mean ± SD of three independent experiments. 547 

 548 

 549 

 550 

  551 
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Table 1. Cytotoxicity, antiviral activity, and selectivity index of 6MMPr in epithelial 552 

and neuronal cells. 553 

Cell line Cytotoxicity
 

CC50 (µM)
a 

 Antiviral activity 

 

IC50 (µM)
b 

SI
c 

 Log10 reduction value
e 

  
CC20 

(µM)
d 

TCID50 

Vero 291  24.5 11.9  60.5 2.4 

SH-SY5Y 460.3  20.3 22.7  157 2.8 

a
CC50 (50% cytotoxic concentration) refers to compound concentration that caused a 554 

50% reduction in viability. 555 

b
IC50 (50% cytotoxic concentration) refers to compound concentration required to 556 

reduce viral titers by 50% as compared to untreated controls.  557 

c
Selectivity index (SI) is obtained by calculating the ratio of the CC50 and the IC50 558 

values (CC50/IC50). 559 

d
CC20 (20% cytotoxic concentration): maximum nontoxic concentration employed in 560 

the antiviral assays. 561 

e 
Log10 reduction was calculated by subtracting the log10 means of the ZIKV infectivity 562 

in the presence of 6MMPr at CC20 relative to untreated cells. 563 

 564 

 565 
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