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Abstract 16 

Zika virus (ZIKV) is an emerging flavivirus typically causing a dengue-like febrile illness, but 17 

neurological complications, such as microcephaly in newborns, have potentially been linked to 18 

this viral infection. We established a panel of in vitro assays to allow the identification of ZIKV 19 

inhibitors and demonstrate that the viral polymerase inhibitor 7-deaza-2’-C-methyladenosine 20 

(7DMA) efficiently inhibits replication. Infection of AG129 (IFN-α/β and IFN-γ receptor knock-21 

out) mice with ZIKV resulted in acute neutrophilic encephalitis with viral antigens accumulating 22 

in neurons of the brain and spinal cord. Additionally, high levels of viral RNA were detected in 23 
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the spleen, liver and kidney, and levels of IFN-γ and IL-18 were systematically increased in 24 

serum of ZIKV-infected mice. Interestingly, the virus was also detected in testicles of infected 25 

mice. In line with its in vitro anti-ZIKV activity, 7DMA reduced viremia and delayed virus-26 

induced morbidity and mortality in infected mice, which also validates this small animal model 27 

to assess the in vivo efficacy of novel ZIKV inhibitors. Since AG129 mice can generate an 28 

antibody response, and have been used in dengue vaccine studies, the model can also be used to 29 

assess the efficacy of ZIKV vaccines.   30 

 31 

Article Summary Line: A robust cell-based antiviral assay was developed that allows to screen 32 

for and validate novel inhibitors of Zika virus (ZIKV) replication. The viral polymerase inhibitor 33 

7-deaza-2’-C-methyladenosine (7DMA) was identified as a potent ZIKV inhibitor. A mouse 34 

model for ZIKV infections, which was validated for antiviral studies, demonstrated that 7DMA 35 

markedly delays virus-induced disease in this model.  36 

 37 

Introduction 38 

Zika virus (ZIKV), a mosquito-borne flavivirus, was first isolated from a febrile 39 

Rhesus monkey in the Zika Forest in Uganda in 1947 (1). During the last 5 decades 40 

sporadic ZIKV infections of humans were reported in Gabon, Nigeria, Senegal, Malaysia, 41 

Cambodia and Micronesia (2,3,4), leading to a benign febrile disease called Zika fever. 42 

The latter is characterized by headache, maculopapular rash, fever, arthralgia, malaise, 43 

retro-orbital pain and vomiting (5,6). In 2007, an epidemic of fever and rash associated 44 

with ZIKV infection was reported in Micronesia. During this outbreak 185 cases of ZIKV 45 

infections were confirmed. The seroprevalence in the affected region was 73% (7). 46 
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During the more recent ZIKV outbreak in French Polynesia [FP] between October 2013 and 47 

February 2014 over 30,000 people sought medical care (8,9). Since then, ZIKV has spread to 48 

new areas in the Pacific, including New Caledonia, the Cook Islands, and Chile’s Easter Island 49 

(7,10). As of 2015 ZIKV is causing an epidemic in Central and South America with an 50 

increasing number of cases reported particularly in Brazil, Colombia and El Salvador (11-14), 51 

demonstrating that this is a truly emerging human pathogen. Hundreds of cases of Guillain-Barré 52 

syndrome have been reported in the wake of ZIKV infections (15,16,17). As a result of a marked 53 

increase in the number of cases of microcephaly among infants born to virus-infected women, 54 

Zika has been declared a public health emergency of national importance in Brazil (16,17,18). In 55 

addition, an increasing number of travelers returning sick from endemic regions were diagnosed 56 

with ZIKV (19-24). The Aedes aegypti mosquito, the primary vector for ZIKV transmission, is 57 

expanding in all (sub-)tropical regions of the world and was recently reported to be present in 58 

California, USA (25). 59 

There is neither a vaccine nor a specific antiviral therapy for the prevention or treatment 60 

of infections by ZIKV. The increasing incidence of Zika fever stresses the need for both 61 

preventive and therapeutic measures. We here report on the establishment of (i) a panel of assays 62 

that allow to identify inhibitors of ZIKV replication as well as (ii) a robust animal model of 63 

ZIKV infection with brain involvement. The viral polymerase inhibitor 7-deaza-2’-C-64 

methyladenosine (7DMA) was identified as an inhibitor of in vitro ZIKV replication and was 65 

shown to reduce viremia and to delay the time to disease progression in virus-infected mice. 66 

 67 

Materials and Methods 68 

 69 
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Compounds 70 

Ribavirin, 1-(β-D-ribofuranosyl)-1H-1,2,4-triazole-3-carboxamide (Virazole; 71 

RBV) was purchased from ICN Pharmaceuticals (Costa Mesa, CA, USA). 2’-C-72 

methylcytidine (2’CMC) and 7-deaza-2'-C-methyl-D-adenosine (7DMA) were purchased 73 

from Carbosynth (Berkshire, UK). Favipiravir (6-fluoro-3-hydroxy-2-74 

pyrazinecarboxamide; T-705) and its defluorinated analogue T-1105 (3-hydroxypyrazine-75 

2-carboxamide) were obtained as custom synthesis products from abcr GmbH (Karlsruhe, 76 

Germany).  77 

 78 

Cells and viruses 79 

ZIKV (strain MR766) was obtained from the European Virus Archive (EVA). 80 

Lyophilized virus was reconstituted in DMEM and virus stocks were generated on C6/36 81 

mosquito cell cultures (ATCC® CRL-1660™) grown in Leibowitz medium 82 

supplemented with 10% fetal calf serum (FCS), 1% non-essential amino acids (NEAA) 83 

and 20 nM HEPES at 28 °C, without CO2. At the time ZIKV caused a complete 84 

cytopathic effect (CPE) [d5-d7 post infection; pi] the supernatant was harvested and viral 85 

titers were determined by endpoint titration on Vero cells (African Green monkey kidney 86 

cells; ECACC), Vero E6 cells (Vero C1008; ATCC® CRL-1586™) and BHK-J21 cells 87 

(baby hamster kidney cells; ATCC® CCL-10™). For end point titrations, cells were 88 

seeded in a 96-well plate at 5×103 or 104 cells/well in 100 μL assay medium and allowed 89 

to adhere overnight. The next day, 100 μL of ZIKV was added to each well, after which 90 

the virus was serially diluted (1:2). Following 5 days of incubation, culture medium was 91 

discarded and replaced with (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-92 
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2-(4-sulfophenyl)-2H-tetrazolium; MTS) and the absorbance was measured at 498 nm following 93 

a 1.5h-incubation period. Subsequently, cultures were fixed with ethanol and stained with 1% 94 

Giemsa staining solution (solution of azure B/azure II-eosin/methylene blue 1:12:2 (w/w/w) in 95 

glycerol/methanol 5:24 (v/v); total dye content: 0.6 % (w/w) Sigma-Aldrich). The different cell 96 

types as well as ZIKV tested negative for mycoplasma. 97 

 98 

CPE-reduction assay 99 

Vero cells were grown in growth medium, consisting of MEM (Life Technologies) 100 

supplemented with 10% FCS, 2 mM L-glutamine and 0.075% sodium bicarbonate (Life 101 

Technologies). Antiviral assays were performed using the same medium except that 10% FCS 102 

was replaced with 2% FCS, referred to as ‘assay medium’. Vero cells were seeded at a density of 103 

104 cells/well in a 96-well plate in 100 μL assay medium and allowed to adhere overnight. To 104 

each well 100 μl of culture medium containing 50% cell culture infectious doses (i.e., CCID50) of 105 

ZIKV was added, after which 2-fold serial dilutions of the compounds were added. Following 5 106 

days of incubation CPE was determined by means of the MTS readout method and by 107 

microscopic evaluation of fixed and stained cells. In parallel, cell cultures were incubated in the 108 

presence of compound and absence of virus to evaluate a potential cytotoxic effect. The 50% 109 

effective concentration (EC50), which is defined as the compound concentration that is required 110 

to inhibit virus-induced CPE by 50%, and 50% cytotoxic concentration (CC50), which is defined 111 

as the compound concentration that is required to inhibit the cell growth by 50%, was visually 112 

determined. The Z’ factor was calculated by the following formula 1-[3×(SDCC+SDVC)/(ODCC-113 

ODVC)]; VC, virus control; CC, cell control. 114 

 115 
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Virus yield reduction assay 116 

Vero cells were seeded at a density of 5×104 cells/well in 96-well plates in growth 117 

medium and allowed to adhere overnight. Cells were washed 3 times with PBS and 118 

incubated with 100 μL CCID50 (MOI~0.2) of ZIKV in assay medium for 1 h at 37 °C. 119 

Next, cells were washed 3 times with PBS and 2-fold serial dilutions of the compounds 120 

were added. Supernatant was harvested at day 4 pi and stored at -80 °C until further use. 121 

The EC50 value, which is defined as the compound concentration that is required to 122 

inhibit viral RNA replication by 50%, was determined using logarithmic interpolation. 123 

  124 

Viral kinetics and time-of-drug addition studies 125 

Vero cells were seeded at a density of 2×105 cells/well in 24-well plate in growth 126 

medium and allowed to adhere overnight. Cells were washed twice with PBS and 127 

incubated with ZIKV at an MOI~1 in assay medium for 30 min at 37 °C. After the 128 

incubation, cells were washed twice with PBS, after which assay medium was added to 129 

the cells. Cells were harvested at 0, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22 and 24 hours pi and 130 

stored at -80 °C until further use. For the time-of-drug addition studies, cells were seeded 131 

and infected as described above and 7DMA (178 µM) or ribavirin (209 µM) was added to 132 

the medium at different time points pi (see above). Cells were harvested at 24 hours pi 133 

and stored at -80 °C until further use. 134 

 135 

Plaque reduction assay 136 

Vero cells were cultured in growth medium. Cells were incubated with ZIKV for 137 

1 h, washed and overlaid with a mixture of 2% (w/v) carboxymethylcellullose (Sigma 138 
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Aldrich) and MEM supplemented with 2% FCS, 4 mM L-glutamine and 0.15% sodium 139 

bicarbonate. Two-fold serial dilutions of compounds were made in the overlay medium. Cells 140 

Cells were fixed and stained using a 10% v/v formaldehyde solution and a 1% methylene blue 141 

solution, respectively. Infectious virus titer (PFU/mL) was determined using the following 142 

formula: number of plaques × dilution factor × (1/inoculation volume). 143 

 144 

Immunofluorescence assay 145 

Vero cells were infected with ZIKV as described for the virus yield reduction assay. After 146 

removal of the virus, 2-fold serial dilution (starting at 89 µM) of 7DMA was added to the cells. 147 

At 72 h pi, cells were subsequently fixed with 2% paraformaldehyde in PBS and washed with 148 

PBS supplemented with 2% BSA. Anti-Flavivirus Group Antigen Antibody clone D1-4G2-4-15 149 

(Millipore) and goat anti-mouse Alexa Fluor 488 (Life Technologies) were used to detect ZIKV 150 

antigens in infected cells. Cell nuclei were stained using DAPI (4',6-diamidino-2-fenylindool; 151 

Life Technologies) and read out was performed using an ArrayScan XTI High Content Analysis 152 

Reader (Thermo Scientific). The EC50 value, which is defined as the compound concentration 153 

that is required to inhibit viral antigen expression by 50%, was determined using logarithmic 154 

interpolation. 155 

 156 

RNA isolation and quantitative RT-PCR 157 

RNA was isolated from 100-150 μl supernatant using the NucleoSpin RNA virus kit 158 

(Filter Service, Germany) according to the manufacturer’s protocol. RNA from infected cells 159 

was isolated using the RNeasy minikit (Qiagen, The Netherlands), according to the 160 

manufacturer’s protocol, and eluted in 50 μL RNase-free water. During RT-qPCR the ZIKV NS1 161 
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region (nucleotides 2472 - 2565) was amplified using primers 5’-TGA CTC CCC TCG 162 

TAG ACT G-3’ and 3’-CTC TCC TTC CAC TGA TTT CCA C-5’ and a Double-163 

Quenched Probe 5’-6-FAM/AGA TCC CAC /ZEN/AAA TCC CCT CTT 164 

CCC/3’IABkFQ/ (Integrated DNA Technologies, IDT). Viral RNA was quantified using 165 

serial dilutions of a standard curve consisting of a synthesized gene block containing 145 166 

bp of  ZIKV NS1 (nucleotides 2456 - 2603): 5'-GGT ACA AGT ACC ATC CTG ACT 167 

CCC CTC GTA GAC TGG CAG CAG CCG TTA AGC AAG CTT GGG AAG AGG 168 

GGA TTT GTG GGA TCT CCT CTG TTT CTA GAA TGG AAA ACA TAA TGT 169 

GGA AAT CAG TGG AAG GAG AGC TCA ATG CAA TCC TAG-3' (Integrated DNA 170 

Technologies). 171 

 172 

A mouse model of Zika virus infection 173 

All experiments were performed with approval of and under the guidelines of the 174 

Ethical Committee of the University of Leuven [P087-2014]. Virus stock was produced 175 

as described earlier and additionally concentrated by ultracentrifugation. Infectious virus 176 

titers (PFU/ml) were determined by performing plaque assays on Vero cells. 129/Sv mice 177 

deficient in both interferon (IFN)-α/β and IFN-γ receptors (AG129 mice; male, 8-14 178 

weeks of age) were inoculated intraperitoneally (ip; 200 μL) with different inoculums 179 

ranging from 1×101 - 1×105 PFU/mL of ZIKV. Mice were observed daily for body 180 

weight change and the development of virus-induced disease. In case of a body weight 181 

loss of >20% and/or severe illness, mice were euthanized with pentobarbital (Nembutal). 182 

Blood was collected by cardiac puncture and tissues (spleen, kidney, liver and brain) 183 

were collected in 2-mL tubes containing 2.8 mm zirconium oxide beads (Precellys/Bertin 184 
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Technologies) after transcardial perfusion using PBS. Subsequently, RLT lysis buffer (Qiagen) 185 

was added to the Precellys tubes and tissue homogenates were prepared using an automated 186 

homogenizer (Precellys24; Bertin Technologies). Homogenates were cleared by centrifugation 187 

and total RNA was extracted from the supernatant using the RNeasy minikit (Qiagen), according 188 

to the manufacturer’s protocol. For serum samples, the NucleoSpin RNA virus kit (Filter 189 

Service) was used to isolate viral RNA. Viral copy numbers were quantified by RT-qPCR, as 190 

described earlier. 191 

 192 

Histology 193 

For histological examination, tissues (harvested at d13-15 pi) were subsequently fixed in 194 

4% formaldehyde, embedded in paraffin, sectioned, and stained with hematoxylin-eosin, 195 

essentially as described before (26). Anti-Flavivirus Group Antigen Antibody, clone D1-4G2-4-196 

15 (Millipore) was used to detect ZIKV antigens in tissue samples. 197 

 198 

Detection of pro-inflammatory cytokines and chemokines 199 

Induction of pro-inflammatory cytokines and chemokines was analyzed in 20 µL serum 200 

using the mouse cytokine 20-plex antibody bead kit (ProcartaPlex Mouse Th1/Th2 & Chemokine 201 

Panel I [EPX200-26090-901]), which measures the expression of TNF-α, IFN-γ, IL-6, IL-18, 202 

CCL2 (MCP-1), CCL3 (MIP-1α), CCL4 (MIP-1β), CCL5 (RANTES), CCL7 (MCP-3), CCL11 203 

(Eotaxin), CXCL1 (GRO-α), CXCL2 (MIP-2), CXCL10 (IP-10), GM-CSF, IL-1β, IL12p70, IL-204 

13, IL-2, IL-4, and IL-5. Measurements were performed using a Luminex 100 instrument 205 

(Luminex Corp., Austin, TX, USA) and were analyzed using a standard curve for each molecule 206 

(ProcartaPlex). Statistical analysis was performed using a one-way ANOVA. 207 
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 208 

Evaluation of the activity of 7DMA in ZIKV-infected AG129 mice 209 

AG129 mice (male, 8-14 weeks of age) were treated with either 50 mg/kg/day 210 

7DMA resuspended in 0.5% or 0.2% sodium carboxymethylcellulose (CMC‐Na; n=9) or 211 

vehicle (0.5% or 0.2% CMC‐Na; n=9) once daily (QD) via oral gavage for 10 212 

consecutive days. Since the bulk-forming agent CMC has dehydrating properties (27), 213 

mice that received the drug (or vehicle) formulated with 0.5% CMC received (on days 6-214 

9) subcutaneous injections with 200 µL of saline. One hour after the first treatment, mice 215 

were infected via the intraperitoneal route with 200 µL of a 1×104 PFU/ml stock of 216 

ZIKV. Blood was withdrawn from the tails at different days pi. Viral RNA was extracted 217 

from 20 µL of serum using the RNA NucleoSpin RNA virus kit (Filter Service) followed 218 

by viral RNA quantification by means of RT-qPCR. Statistical analysis was performed 219 

using the Shapiro-Wilk normality test followed by the unpaired, two-tailed t-test in Graph 220 

Pad Prism6. Inter-group survival was compared using the Log-rank (Mantel-Cox) test. 221 

The in vivo efficacy of 7DMA was determined in two independent experimental animal 222 

studies. Evaluation of cytokine induction was performed using the ProcartaPlex Mouse 223 

Simplex IP-10 (CXCL10), TNF-α, IL-6 and IL-18 kits. In an additional animal study, 224 

AG129 mice (male, 8-14 weeks of age) were treated with 50 mg/kg/day 7DMA 225 

resuspended in 0.2% sodium carboxymethylcellulose (CMC‐Na; n=6) or vehicle (0.2% 226 

CMC‐Na; n=6) once daily (QD) via oral gavage for 5 successive days (starting 2 days 227 

prior to infection) and infected ip with 200 µL of a 1×104 PFU/ml stock of ZIKV. 228 

Animals were euthanized at day 5 pi and testicles were collected and stored until further 229 

use.  230 
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 231 

Results 232 

 233 

Establishing in vitro antiviral assays and the identification of 7DMA as a selective inhibitor 234 

of in vitro ZIKV replication 235 

End point titrations in different cell lines revealed that Vero cells are highly permissive to 236 

ZIKV, hence, these cells were selected to establish antiviral assays. Infection with 100×TCID50 237 

of ZIKV resulted in 100% cytopathic effect 5 days after infection (Supplementary Figure 1B), as 238 

assessed by microscopic evaluation as well as by the MTS readout method. The Z’ factor [a 239 

measure of statistical effect size to assess the quality of assays to be used for high-throughput 240 

screening purposes; (28)] of the CPE-reduction assay was 0.68 based on 64 samples (from 8 241 

independent experiments) determined by the MTS readout method (Supplementary Figure 1C). 242 

The assay is thus sufficiently stringent and reproducible for high throughput screening purposes. 243 

The CPE-reduction assay was next employed to evaluate the potential anti-ZIKV activity of a 244 

selection of known (+)ssRNA virus inhibitors (i.e. 2’-C-methylcytidine, 7-deaza-2'-C-245 

methyladenosine, ribavirin, T-705 and its analogue T-1105). All compounds resulted in a 246 

selective, dose-dependent inhibitory effect on ZIKV replication (Table 1). The antiviral effect of 247 

these compounds was confirmed in a virus yield reduction assay, a1.7log10 and 3.9log10 248 

reduction in viral RNA load at a concentration of 22 µM and ≥45 µM, respectively, was noted 249 

(Table 1 and Figure 1A). Since 7DMA resulted in the largest therapeutic window (SI > 37; data 250 

not shown), the antiviral activity of this compound was therefore next assessed in a plaque 251 

reduction assay and in an immunofluorescence assay to detect viral antigens. The inhibitory 252 

effect of the compound in both assays was in line with those of the CPE-reduction and virus 253 
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yield reduction assay (Table 1, Figure 1A). At a concentration of 11 µM, 7DMA almost 254 

completely blocked viral antigen expression (Figure 1B, left panel). 255 

7DMA is, as its 5’-triphosphate metabolite, an inhibitor of viral RNA-dependent 256 

RNA polymerases. Addition of the compound to infected cells could be delayed until ~10 257 

hours pi without much loss of antiviral potency; when first added at a later time point, the 258 

antiviral activity was gradually lost. This is line with the observation that onset of 259 

intracellular ZIKV RNA production was determined to occur at 10 to 12 hours pi (Figure 260 

2). The reference compound ribavirin [a triazole nucleoside with multiple proposed 261 

modes of action; (29)], in contrast, already lost part of the antiviral activity when added at 262 

time points later than 4 hours pi (Figure 2). 263 

 264 

Establishing a ZIKV infection model in mice 265 

Intraperitoneal inoculation of IFN-α/β and IFN-γ receptor knockout mice 266 

(AG129) with as low as 200 µL of a 1×101 PFU/ml stock of ZIKV resulted in virus-267 

induced disease (see below) and mice had to be euthanized at a MDE (mean day of 268 

euthanasia) of 18.5 days pi (Figure 3A). Infection with higher inoculums (1×102 - 1×105 269 

PFU/ml; 200 µL) resulted in a faster progression of the disease (MDE of 14 days pi) with 270 

the first signs of disease appearing at day 10 pi. Surprisingly, inoculation of SCID mice 271 

with 200 µL of a 1×104 PFU/ml stock of ZIKV resulted in delayed disease; SCID mice 272 

had to be euthanized at day 40.0 ± 4.4 pi, roughly 26 days later than AG129 mice (data 273 

not shown). Disease signs in AG129 mice included paralysis of the lower limbs, body 274 

weight loss, hunched back and conjunctivitis. High levels of viral RNA were detected in 275 

brain, spleen, liver and kidney from mice that were euthanized at day 13-15 pi (Figure 276 
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3B). Histopathological analysis on tissues collected at day 13-15 pi revealed the accumulation of 277 

viral antigens in neurons of both the brain (Figure 4A) and the spinal cord (Figure 4D) as well as 278 

in hepatocytes (Figure 4E). Acute neutrophilic encephalitis (Figure 4C) was observed at the time 279 

of onset of virus-induced morbidity. It was next assessed whether infection with ZIKV resulted 280 

in the induction of a panel of 20 cytokines and chemokines at different time points pi (day 2, 3, 4 281 

and 8; Figure 3C-3D and Supplementary Figure 2A-2G). In particular, levels of IFN-γ and IL-18 282 

were increased systematically and significantly during the course of infection (Figure 3C and 283 

3D), whereas levels of IL-6, CCL2, CCL5, CCL7, CXCL1, CXCL10 and TNF-α first increased, 284 

reaching a peak level at day 3 pi (CCL2, CXCL1, TNF-α; Supplementary Figure 2A-2C) or day 285 

4 pi (IL-6, CCL7, CXCL10; Supplementary Figure 2D-2F) pi and then gradually declined. 286 

Levels of CCL5 subsequently increased at day 2 pi, dropped at day 3 pi, and gradually increased 287 

again at day 4 and 8 pi (Supplementary Figure 2G). 288 

 289 

7-deaza-2’-C-methyladenosine delays ZIKV-induced disease in AG129 mice 290 

AG129 mice were infected with 200 µL of a 1×104 PFU/ml stock of ZIKV and were 291 

treated once daily with 50 mg/kg/day of 7DMA or vehicle via oral gavage (Figure 5) [data from 292 

the two independent experiments were not pooled since different amounts of CMC (respectively 293 

0.5% and 0.2%) were used for formulation]. Vehicle-treated mice had to be euthanized two 294 

weeks after infection [MDE of 14.0 and 16.0 days, respectively]. 7DMA was well tolerated [no 295 

marked changes in body weight mass, fur, consistency of the stool or behavior during the 296 

treatment period] and markedly delayed virus-induced disease progression [MDE of 23.0 in the 297 

first study (p=0.003 as compared to the control) and 24.0 in the second study (p=0.04 as 298 

compared to the control)] (Figure 5A). 7DMA also reduced the viral RNA load in the serum of 299 
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infected mice by 0.5log10, 0.8log10, 0.9log10, 0.7log10 and 1.3log10, respectively, at day 3, 300 

5, 6, 7 and 8 pi (Figure 5B). Interestingly, at day 5 pi high levels of viral RNA (6.4log10) 301 

were found in the testicles of vehicle-treated mice (data not shown). At day 8 pi (shortly 302 

before the onset of disease in the vehicle controls), levels of IFN-γ in the serum were 303 

significantly higher in vehicle than in drug-treated mice (Figure 5C). No differences were 304 

noted in the expression of other cytokines between 7DMA-treated and untreated mice 305 

(data not shown). 306 

 307 

Discussion 308 

The rapid geographical spread of ZIKV, particularly in Central and South 309 

America poses a serious public health concern given that infection with this virus is less 310 

benign than initially thought. Hundreds of patients have been reported with Guillain-311 

Barré syndrome (16,17). Most importantly, in Brazil a dramatic upsurge in the number of 312 

cases of microcephaly has been noted in children born to mothers infected with ZIKV. 313 

The annual rate of microcephaly in Brazil has increased from 5.7 per 100 000 live births 314 

in 2014 to 99.7 per 100 000 in 2015 (16,17,18). There is, hence, an urgent need to 315 

develop preventive and counteractive measures against this truly neglected flavivirus 316 

member. We here report on the establishment of (i) in vitro assays that will allow to 317 

identify novel inhibitors of ZIKV replication and (ii) a ZIKV infection model in mice in 318 

which the potential efficacy of such inhibitors can be assessed. ZIKV was found to 319 

replicate efficiently in Vero cells and to produce full CPE within a couple of days. The 320 

Z’ factor that was calculated for a colorometric (MTS method) CPE-based screen 321 

indicated that this is a robust assay that is amenable for high-throughput screening 322 
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purposes. A plaque reduction, an infectious virus yield and a viral RNA yield reduction assay as 323 

well as an immunofluorescent antigen detection assay were established that will allow to 324 

validate the in vitro activity of hits identified in CPE-based screenings. Productive infection of 325 

human dermal fibroblasts, epidermal keratinocytes and immature dendritic cells with the ZIKV 326 

has recently been reported (30). However, Vero cells may be ideally suited for high throughput 327 

screening purposes, making these cells most useful to confirm the antiviral activity of interesting 328 

inhibitors of viral replication. We employed the assays that we established to assess the potential 329 

anti-ZIKV activity of a number of molecules with reported antiviral activity against other 330 

ssRNA viruses. In particular, the nucleoside analogue 7DMA was identified to inhibit ZIKV 331 

replication with a potency that was more or less comparable between the different in vitro 332 

assays. 7DMA was originally developed by Merck Research Laboratories as an inhibitor of 333 

hepatitis C virus replication (31), but was also shown to inhibit the replication of multiple 334 

flaviviruses, [i.e. dengue virus, yellow fever virus as well as West Nile and tick-borne 335 

encephalitis virus] with EC50 values ranging between 5 and 15 µM, which is thus comparable to 336 

the EC50 values for inhibition of in vitro ZIKV replication (31,32,33). In line with its presumed 337 

mechanism of action, i.e. inhibition as its 5’-triphosphate of the viral RNA-dependent RNA 338 

polymerase, time-of-drug-addition experiments revealed that the compound acts at a time point 339 

that coincides with the onset of intracellular viral RNA replication. 340 

To assess the in vivo efficacy of ZIKV inhibitors, we established a model of ZIKV 341 

infection in mice. AG129 mice proved highly susceptible to ZIKV infections; even an inoculum 342 

of ~10 PFU/ml resulted in virus induced-morbidity and mortality. Although ZIKV-infected 343 

SCID mice (deficient in both T and B lymphocytes) developed severe disease requiring 344 

euthanasia (data not shown), these mice were more resistant to ZIKV infection than AG129 345 
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mice. SCID mice succumbed to infection roughly 26 days later than AG129 mice when 346 

inoculated with the same viral inoculum. Thus, ZIKV infections in mice are mostly 347 

by the interferon response rather than by lymphocytes, indicating that the innate immune 348 

response to ZIKV is critical. AG129 mice have been shown to be highly susceptible to 349 

infection with other flaviviruses; in particular allowing the development of dengue virus 350 

infection models in mice (32,34,35). At the time of virus-induced morbidity and 351 

mortality, ZIKV was detected in multiple organs such as kidney, liver and spleen, but 352 

also in the brain and spinal cord. The latter is in line with the observation that infected 353 

mice developed acute neutrophilic encephalitis with movement impairment and paralysis 354 

of the limbs. Brain involvement in ZIKV-infected mice may be relevant for brain-related 355 

pathologies in some ZIKV-infected humans (16,17). Interestingly, the virus was also 356 

detected at high levels in the testicles of infected mice. A few cases of sexual 357 

transmission of the ZIKV in humans have been reported (36,37); the observation that the 358 

virus replicates in the testicles in mice may suggest that the virus can also replicate in 359 

human testicle tissue thus explaining sexual transmission.  360 

Pro-inflammatory cytokines (IFN-γ, IL-18, IL-6, TNF-α) and chemokines (CCL2, 361 

CCL5, CCL7, CXCL1, CXCL10) were found to be increased in sera of ZIKV-infected 362 

mice, indicating that infection causes systemic inflammation. In particular IFN-γ and IL-363 

18 were continuously increased during the course of infection; both cytokines could 364 

therefore potentially function as predictive markers of disease progression and disease 365 

severity in this mouse model. Whether these cytokines are also upregulated during the 366 

acute phase of the infection in humans remains to be studied. Of note, the fact that ZIKV 367 

infection leads to the production of IL-18 suggests that the inflammasome is activated 368 
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during the course of infection. Surprisingly, we could detect increased levels of IL-18, but not of 369 

IL-1β, which is also produced upon activation of the inflammasome (38). To our knowledge, the 370 

observation that the inflammasome could be implicated in ZIKV infection is unprecedented. 371 

Recently,  a small study was reported involving 6 ZIKV-infected patients in which 372 

during the acute phase 11 cytokines/chemokines were found to be significantly increased, of 373 

which 7 were also increased during recovery (39). Despite the fact that immunocompromised 374 

AG129 mice have an altered cytokine metabolism and were infected with the prototype ZIKV 375 

MR766 strain belonging to a different lineage than the one infecting the Latin American patients 376 

(African versus Asian, respectively), similarities in cytokine expression were noted between 377 

both studies. IL-6, CCL5 and CXCL10 were significantly increased in ZIKV-infected patients as 378 

well as in the infected mice. In the ZIKV-infected patients IFN-γ levels, which were markedly 379 

increased in ZIKV-infected mice, were also increased during both the acute and the 380 

reconvalescent phase of the infection, albeit non-significantly. Likewise, TNF-α levels, which 381 

were increased early in infection in mice, were (non-significantly) increased during the acute 382 

phase of infection in the patients. More studies are necessary to assess whether the cytokine 383 

profile in these 6 patients is representative for larger groups. 384 

Treatment of ZIKV-infected mice with 7DMA significantly reduced viremia (between 385 

day 3 and 8 post infection) and delayed virus-induced morbidity and mortality. The compound 386 

was very well tolerated in mice, which is in line with earlier reports (31). The reduction in 387 

viremia and, hence, the delay of virus-induced disease was relatively modest, which is not 388 

surprising given the relatively weak in vitro activity of the compound as compared to, for 389 

example, the EC50 values (sub µM or even nM range) of most HCV inhibitors. Most 390 

importantly, the use of this compound allowed to validate the ZIKV mouse model to assess the 391 
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efficacy of ZIKV inhibitors. Whether 7DMA (or related analogues) may have future in 392 

the control of ZIKV infections remains to be explored. AG129 mice have been used as 393 

well in the development of DENV vaccines, the DENV AG120 mouse models offer 394 

multiple disease parameters to evaluate protection by candidate vaccines (40). Hence, the 395 

ZIKV mouse model presented here may also serve to study the efficacy of vaccine 396 

strategies against the ZIKV.  397 

In conclusion, we here report on a panel of in vitro cellular assays that will allow 398 

to run large-scale antiviral screening campaigns against ZIKV and to validate the 399 

antiviral activity of hit compounds. A number of molecules, including the viral 400 

polymerase inhibitor 7DMA, were found to inhibit the in vitro replication of ZIKV. 401 

Hence, 7DMA can be used as a reference compound/comparator in future studies. 402 

Moreover, a robust ZIKV mouse infection model was established; 7DMA delayed virus-403 

induced mortality and, hence, validates this model for antiviral studies.  Moreover, the 404 

model may be useful to study the efficacy of vaccination strategies against the ZIKV.  405 
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Legends to the Figures 525 

 526 

Figure 1. Dose-dependent inhibition of ZIKV RNA replication by 7DMA. (A) Vero cell 527 

cultures infected with ZIKV strain MR766 were treated with different concentrations of 7DMA. 528 
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Viral RNA levels in the supernatant were quantified on day 4 pi by means of RT-qPCR 529 

and are expressed as percentage inhibition of untreated virus control (black bars). Mock-530 

infected cells were treated with the same dilution series of 7DMA. Cell viability was 531 

determined by means of the MTS/PMS method and is expressed as percentage of cell 532 

growth of untreated control (white circles). Data represent mean values ± standard 533 

deviations (SD) for three independent experiments. Log10 reduction values in viral RNA 534 

load are depicted in italics at the top of each bar. (B) Antiviral activity of 7DMA against 535 

ZIKV as determined in an immunofluorescence assay. At a concentration of 11 µM, 536 

7DMA almost completely blocked viral antigen expression (left panel) compared to 537 

untreated, infected cells (right panel) and infected cells treated at a lower concentration 538 

(5.6 and 2.8 µM; two panels in the middle). 539 

 540 

Figure 2. Viral replication kinetics of ZIKV and time-of-drug-addition studies. In 541 

viral kinetics studies, Vero cells were infected with ZIKV at an MOI~1.0 and harvested at 542 

the indicated time points pi. Data are expressed as percentage viral replication compared 543 

to viral RNA replication in infected cells at 24 hours pi (white circles). In time-of-drug-544 

addition studies, ZIKV-infected cells were treated with 7DMA (178 µM; black bars) or 545 

ribavirin (205 µM; grey bars) at different time points pi. Cells were harvested at 24 hours 546 

pi and viral RNA was extracted and quantified by RT-qPCR. Data are expressed as 547 

percentage inhibition of viral replication compared to viral RNA replication in untreated, 548 

infected cells at 24 hours pi. 549 

 550 
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Figure 3. Establishment and characterization of an animal model for ZIKV infection. 551 

Male (8-14 weeks of age) 129/Sv mice deficient in both IFN-alpha/beta (IFN-α/β) and IFN-552 

gamma (IFN-γ) receptors (AG129) were inoculated intraperitoneally with 200 µL of different 553 

inoculums (ranging from 1×101 - 1×105 PFU/ml) of ZIKV. Mice were observed daily for body 554 

weight loss and the development of virus-induced disease. (A) Median day of euthanasia (MDE) 555 

is as follows: day 13.5, 15.0, 14.0, 14.5 and 18.5 pi for mice inoculated with 1×105 (n=6), 1×104 556 

(n=6), 1×103 (n=5), 1×102 (n=2) and 1×101 (n=4) PFU/mL, respectively. (B) Viral RNA load in 557 

brain (n=7), spleen (n=5), kidney (n=5) and liver (n=6) from ZIKV-infected mice as determined 558 

by RT-qPCR. Levels of IFN-γ (C) and IL-18 (D) were significantly increased throughout the 559 

course of infection in sera of AG129 mice (grey boxes) compared to those in sera of uninfected 560 

AG129 mice (white boxes). Statistical analysis was performed using the unpaired, two-tailed t-561 

test. *, p<0.05. 562 

 563 

Figure 4. Presence of ZIKV antigens in the brain (A), spinal cord (D) and liver (E) of 564 

ZIKV-infected AG129 mice, whereas ZIKV antigens were absent in tissues of uninfected mice 565 

(brain, B), as shown by histopathological analysis. Infiltration of neutrophils is shown in the 566 

brain of ZIKV-infected mice (as detected by hematoxylin-eosin staining; C), but not in the brain 567 

of uninfected mice (F). 568 

 569 

Figure 5. In vivo efficacy of 7DMA against ZIKV. AG129 mice (male, 8-14 weeks of 570 

age; n=9) were treated with 50 mg/kg/day 7DMA sodium carboxymethylcellulose (CMC-Na)] 571 

via oral gavage or with vehicle [0.5% or 0.2% CMC-Na; n=9] for 10 days. Mice were infected 572 

intraperitoneally with 200 µL of a 1×104 PFU/mL stock of ZIKV 1 hour after the first treatment 573 
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on day 0. (A) Percentage survival between ZIKV-infected mice treated with vehicle (● 574 

and ■) or 7DMA (○ and □) was compared using the Log-rank (Mantel-Cox) test. Data 575 

represent results from 2 independently performed studies. (B) Viral RNA load in serum 576 

on day 1, 2, 3, 5, 6, 7 and 8 pi of ZIKV-infected mice treated with vehicle (white boxes) 577 

or 7DMA (grey boxes), as determined by RT-qPCR. Statistical analysis was performed 578 

using the unpaired, two-tailed t-test. Data are representative of 2 independent 579 

experiments. (C) Expression at different time points pi of IFN-γ in sera of ZIKV-infected 580 

mice treated with vehicle (white boxes) or 7DMA (grey boxes), as determined using the 581 

ProcartaPlex Mouse IFN- γ, IL-18, IL-6, IP-10, TNF-α Simplex kit (e-Bioscience). Data 582 

represent results from 2 independent experiments. 583 

 584 

Supplementary Figure 1. CPE reduction assay. Vero cells infected with ZIKV 585 

MR766 causes full CPE (B) at day 5 pi; uninfected cells (A). Z’ factor (0.68) was 586 

calculated for 64 samples (in 8 independent experiments; C) determined by the MTS 587 

readout method using the formula: 1-[3×(SDCC+SDVC)/(ODCC-ODVC)]; VC, virus control; 588 

CC, cell control. 589 

 590 

Supplementary Figure 2. Box-and-whiskers plots showing increased levels of a 591 

panel of cytokines and chemokines that were increased in sera of ZIKV-infected mice 592 

(grey boxes) at different days pi compared to those in sera of non-infected mice (white 593 

boxes): (A) CCL2, (B) CXCL1, (C) TNF-α, (D) IL-6, (E) CXCL10, (F) CCL5 and (G) 594 

CCL7. Induction of cytokines and chemokines was detected in 20 μL of serum using the 595 

ProcartaPlex™ Multiplex Immunoassay Panel with Mouse Th1/Th2 & Chemokine Panel 596 
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20-Plex (e-Bioscience). Statistical analysis was performed using a one-way ANOVA. *, p<0.05.  597 
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Table 1. Antiviral and metabolic activity of a selection of compounds against ZIKV strain MR766 598 

  EC50 (µM)  CC50 (µM)  

Compound  CPE VY PA IFA  CPE  

Ribavirin  13 ± 0.2 12 ± 6.6 NA NA  > 409  

T-705  22 ± 15 24 ± 7.0 NA NA  > 637  

T-1105  86 35 ± 15 NA NA  > 719  

2’CMC  10 ± 0.4 3.9 ± 1.6 NA NA  28 ± 10  

7DMA  20 ± 15 9.6 ± 2.2 1.3 5.7 ± 2.2  > 357  

 599 

Antiviral activity was determined in a CPE reduction assay (CPE), virus yield reduction assay (VY), plaque reduction assay (PA), 600 

and immunofluorescence assay (IFA); metabolic activity was determined in a CPE reduction assay. Data represent median values 601 

± standard deviations (SD) from two independent experiments with 2 replicates for each experiment (n=4), except for the result 602 

obtained in the PA. NA, not analyzed. 603 

  604 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Supplementary Figure 1 
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Supplementary Figure 2A-2D 
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Supplementary Figure 2E-2G 
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