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ABSTRACT 45 

Zika virus (ZIKV) is an emerging arbovirus of the Flaviviridae family that includes Dengue, 46 

West Nile, Yellow Fever and Japanese encephalitis viruses, causing a mosquito-borne disease 47 

transmitted by the Aedes genus, with recent outbreaks in the South Pacific. Here, we 48 

determine the importance of the human skin in the entry of ZIKV and its contribution to the 49 

induction of anti-viral immune responses. We show that human dermal fibroblasts, epidermal 50 

keratinocytes and immature dendritic cells are permissive to the most recent ZIKV isolate, 51 

responsible for the epidemic in French Polynesia. Several entry and/or adhesion factors, 52 

among which DC-SIGN, AXL, TYRO3, and to a lesser extent, TIM-1, permitted ZIKV entry 53 

with a major role for the TAM receptor AXL. ZIKV permissiveness of human skin fibroblasts 54 

was confirmed by the use of a neutralizing Ab and specific RNA silencing. ZIKV induced the 55 

transcription of TLR-3, RIG-I and MDA5, as well as several interferon-stimulated genes, 56 

including OAS2, ISG15 and MX1, characterized by a strongly enhanced interferon-β gene 57 

expression. ZIKV was found to be sensitive to the antiviral effect of both type I and type II 58 

interferons. Finally, infection of skin fibroblasts resulted in the formation of autophagosomes 59 

whose presence was associated with enhanced viral replication, as shown by the use of Torin 60 

1, a chemical inducer of autophagy or the specific autophagy inhibitor 3-Methyladenine. The 61 

results presented herein permit to gain better insight in the biology of ZIKV and to devise 62 

strategies aiming to interfere with the pathology caused by this emerging Flavivirus. 63 

 64 

65 
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IMPORTANCE  66 

Zika virus (ZIKV) is an arbovirus belonging to Flaviviridae family. Vector-mediated 67 

transmission of ZIKV is initiated when a blood-feeding female Aedes mosquito injects the 68 

virus into the skin of its mammalian host, followed by infection of permissive cells via 69 

specific receptors. Indeed, skin immune cells, including dermal fibroblasts, epidermal 70 

keratinocytes and immature dendritic cells, were all found to be permissive to ZIKV infection. 71 

The results also show a major role for the phosphatidylserine receptor AXL as a ZIKV entry 72 

receptor, and cellular autophagy in enhancing ZIKV replication in permissive cells. ZIKV 73 

replication leads to activation of an antiviral innate immune response and the production of 74 

type I interferons in infected cells. Taken together, these results provide for the first time a 75 

general insight into the interaction between ZIKV and its mammalian host. 76 

77 
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INTRODUCTION 78 

Zika virus (ZIKV) is a little known emerging mosquito-borne Flavivirus, belonging to the 79 

Flaviviridae family that is closely related to the Spondweni serocomplex. Like other members 80 

of the Flavivirus genus, ZIKV contains a positive single-stranded genomic RNA, encoding a 81 

polyprotein that is processed into three structural proteins, the capsid (C), the precursor of 82 

membrane (prM) and the envelope (E), and seven nonstructural proteins NS1 to NS5 (1). 83 

Virus replication occurs in the cellular cytoplasm. 84 

Epidemiological studies point out to a wide-spread distribution of ZIKV in the northern half 85 

of the African continent, as well as in many countries in south-east Asia, including Malaysia, 86 

India, the Philippines, Thailand, Vietnam, Indonesia, and Pakistan (2-9). Many different 87 

mosquito Aedes species can account for the transmission of ZIKV, including Ae. aegypti (10, 88 

11) which is at present considered to be the main vector of the virus in South and South-East 89 

Asia, (11, 12). The first human ZIKV infection has been reported in Uganda in 1964 (2, 3, 5, 90 

13) and the virus was later isolated from humans in South East Asia (8, 14-16). Despite this 91 

broad geographical distribution, human ZIKV infections have remained sporadic and limited 92 

to small-scale epidemics for decades, until 2007 when a large epidemic was reported on Yap 93 

Island, a territory of the Federated States of Micronesia, with nearly 75% of the population 94 

being infected with the virus (17). Moreover, an outbreak of a syndrome due to Zika fever has 95 

been reported in French Polynesia, in addition to several cases of ZIKV infection in New 96 

Caledonia, Easter Island and the Cook Islands, indicating a rapid spreading of the virus in the 97 

Pacific (18). Also, two imported cases of ZIKV infection of travellers from Indonesia and the 98 

Cook Islands, respectively, to Australia and two from Thailand to Europe and Canada, 99 

respectively have been described recently (19-22), emphasizing the capacity of ZIKV to 100 

spread to non-endemic areas where the proper mosquito vector might be present. The largest 101 

outbreak of ZIKV ever reported was characterized by fever, rash, arthralgia and conjunctivitis 102 
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in infected individuals. Moreover, during the recent outbreak in French Polynesia, ZIKV 103 

infection-related neurological disorders were also described and the incidence of Guillain 104 

Barré syndrome unexpectedly increased by 20 fold (23). In absence of monkeys in French 105 

Polynesia, it is likely that humans served as primary amplification hosts for ZIKV. 106 

Because ZIKV has received far less attention than other emerging arboviruses such as Yellow 107 

fever, dengue (DENV), West Nile (WNV), Japanese encephalitis and Chikungunya viruses, 108 

pathogenesis of ZIKV infection remains still poorly understood. Mosquito-mediated 109 

transmission of ZIKV is initiated when a blood-feeding female Aedes mosquito injects the 110 

virus into the human skin followed by infection of permissive cells (reviewed in (24)). 111 

However, no information is available, neither on the nature of the skin cells that are 112 

permissive to infection with ZIKV, nor on the entry receptor used by this Flavivirus. 113 

Moreover, the mechanisms of ZIKV infection, the signaling pathways and the anti-viral 114 

immune response of the host, elicited by this virus, remain to be determined. In the present 115 

study, we describe the entry receptors and cellular targets of the most recent ZIKV isolate, 116 

responsible for the recent epidemic in French Polynesia, to provide a general insight into the 117 

interaction between this virus and its human host. 118 

 119 

MATERIELS AND METHODS 120 

Ethics Statement 121 

The study was approved by the IRD ethics committee (registration number: AC-2013-1754) 122 

and all donors gave written informed consent. 123 

 124 

Cells, virus and reagents 125 

Ae. albopictus C6/36 cells, used for propagation of the ZIKV strain were grown in DMEM 126 

(Invitrogen, Cergy Pontoise, France), supplemented with 10% fetal calf serum (FCS, Lonza, 127 
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Basel, Switzerland) at 28°C, as previously described (25). Primary human dermal fibroblasts 128 

were obtained from neonatal foreskins and cultured at 37°C, 5% CO2, in Fibroblast Basal 129 

Medium-2, supplemented with FGM-2 supplements and growth factors (all purchased at 130 

Lonza). The HFF-1 skin fibroblast cell line, HEK293T, A549 and Vero cells were maintained 131 

in DMEM supplemented with 10% FCS. HEK293T cells stably expressing DC-SIGN, TIM-1, 132 

TIM-4, AXL or Tyro3 have been reported previously (26). Primary human epidermal 133 

keratinocytes were obtained from neonatal foreskins (Lonza, Basel, Switzerland) and cultured 134 

at 37 °C, 5% CO2, in Keratinocyte Basal Medium-2 (Lonza, Basel, Switzerland) 135 

supplemented with KGM-2 supplements and growth factors (Lonza, Basel, Switzerland). 136 

Low-passaged PF-25013-18 strain of ZIKV (a generous gift of VM. Cao-Lormeau and D. 137 

Musso ; ILM, Tahiti island, French Polynesia) isolated from a viremic patient in French 138 

Polynesia in 2013, was used in the current study and grown in mosquito Ae. albopictus C6/36 139 

cells. The DENV-2 Jamaica/N.1409 strain (GenBank: M20558.1) was propagated in AP61 140 

cell monolayers after having undergone limited cell passages. Recombinant human IFN-α, 141 

IFN-β, IFN-γ and Torin 1 autophagy inducer were purchased from R&D Systems (Lille, 142 

France). The autophagy inhibitor 3-MA was purchased from Sigma. 143 

 144 

Dendritic Cell Generation 145 

Human peripheral blood mononuclear cells were isolated from healthy donors by density 146 

centrifugation over Ficoll-Paque Plus (Amersham Biosciences, France). Monocytes were 147 

negatively selected with magnetic beads coated with a mixture of antibodies (Miltenyi Biotec, 148 

France) and seeded at 106 cells/ml in RPMI 1640 supplemented with 10% FCS, 1% 149 

penicillin/streptomycin, 50 ng/ml recombinant human interleukin-4 (PeproTech, France), and 150 

100 ng/ml recombinant human granulocyte macrophage colony-stimulating factor 151 

(PeproTech, France) for 7 days. 152 
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ZIKV infection of cells 153 

For infection, cells were seeded in culture plates at 4.104 cells per cm2. Then, cells were 154 

rinsed once with PBS and the ZIKV diluted to the desired MOI was added to the cells. The 155 

cells were incubated for 2 h at 37°C with gentle agitation every 30 min. Next, the inoculum 156 

was removed and the cells were washed twice with PBS. Culture medium was added to each 157 

well and the cells were incubated at 37 C, 5% CO2 for the duration of the experiment. As a 158 

control, fibroblasts were incubated with culture supernatant from uninfected C6/36 cells, 159 

referred to in the present study as mock-infected cells. 160 

 161 

ZIKV infection of human skin biopsies 162 

Fresh, sterile human skin biopsies with a size of 88 mm were obtained from three adult 163 

healthy donors (age range: 38-43 years) following abdominoplastic surgery. The skin explants 164 

were cultured, as described by Limon-Flores et al (27). For infection, 106 PFU in a final 165 

volume of 50 μl DMEM were injected per biopsy. As a control, skin biopsies were injected 166 

with culture supernatant from uninfected C6/36 cells in a final volume of 50 μl DMEM. At 167 

different time points, the biopsies were harvested and soaked with enzymes which degrade the 168 

extracellular matrix by using the whole skin dissociation kit (Miltenyi Biotec, Paris, France). 169 

In a second step, single-cells were freed from the extracellular matrix by using the 170 

gentleMACS™ Dissociator (Miltenyi Biotec, Paris, France) and cells were lysed with 171 

TriREAGENT (Sigma, Saint Quentin Fallavier, France) for RT-PCR analysis. For 172 

histological analysis biopsies were fixed in neutral-buffered formalin and embedded in 173 

paraffin. Tissue sections (3-5 µm) were stained with hematoxilin-eosin, put on slides and 174 

digitalized with Nanozoomer scanner (Hamamatsu, Massy, France) with a 20x objective. 175 

 176 

 177 
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ZIKV real-time RT-PCR 178 

Total RNA was extracted from human fibroblasts using TriREAGENT (Sigma, Saint Quentin 179 

Fallavier, France) according to manufacturer’s protocol. The RNA pellet was resuspended in 180 

30 µL of RNAse free distilled water and stored at 80°C. 1µg was used for reverse 181 

transcription using M-MLV Reverse Transcriptase (Promega, Charbonnieres, France) 182 

according to manufacturer’s instruction. The Maxima™ Probe/ROX qPCR Master Mix 183 

(Fermentas, Saint Remy les Chevreuses, France) was used in all qPCRs. Each reaction of 25 184 

µL contained 500 nM of forward primer, 500 nM of reverse primer 250 nM of specific probe 185 

and 1x Maxima™Probe/ROX qPCR Master Mix as final concentration. Primers and probe 186 

sequence targeted ZIKV were already described (28). Amplification in an Applied Biosystem 187 

7300 real-time PCR system involved activation at 95 C for 10 min followed by 40 188 

amplification cycles of 95° C for 15 s, 60 C for 15 s and 72 C for 30 s. Real-time data were 189 

analyzed using SDS software from Applied. Viral RNA was quantified by comparing the 190 

sample’s threshold cycle (Ct) values with a ZIKV virus RNA standard curve which was 191 

obtained as follows: firstly, total viral RNA from the cell culture was purified using QIAamp 192 

Viral RNA kit (Qiagen, Courtaboeuf, France) following the manufacturer’s protocol. Then, 193 

standard RT-PCR was carried out by using a primer containing the T7 promoter sequence 194 

(T7-ZIKV_F-TAATACGACTCACTATAGGGTTGGTCATGATACTGCTGATTGC, 195 

ZIKV_R- CCTTCCACAAAGTCCCTATTGC). The PCR product was used to generate 196 

ZIKV RNA fragments by in vitro transcription using the MAXIscript kit (Ambion, Austin 197 

Texas, USA). Then, RNA was purified by ethanol precipitation. RNA strands generated were 198 

determined by spectrophotometry and converted to molecular copies using the following 199 

formula: 200 

231002.6
340)(

××
×

=
bplenghttranscript

µLRNAXgµLYmolecules  201 
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RNA standards containing RNA copies were used to construct a standard curve. 202 

 203 

Real-time PCR analysis 204 

cDNA was synthesized using 2 µg RNA and MMLV reverse transcription kit (Promega, 205 

Charbonière, France), following the manufacturer’s protocol. Gene expression was quantified 206 

using real-time PCR with the Applied Biosystem 7300 real-time PCR system. Real-time PCR 207 

was performed using 2 µl of cDNA with specific primers targeting the genes of interest 208 

(Table S1) and 10 µl of Maxima™ Sybr/ROX qPCR Master Mix (Fermentas, Saint Remy les 209 

Chevreuses, France) in a final reaction volume of 20 µl. The cycling conditions were 45 210 

cycles of 95° C for 15 s, 60 °C for 15 s, and 72 °C for 30 s. mRNA expression (fold 211 

induction) was quantified by calculating 2-ΔΔCT with GAPDH mRNA as an endogenous 212 

control. 213 

 214 

RT2 Profiler PCR Array 215 

Total RNA was extracted from primary human skin fibroblasts, using TriReagent (Sigma, 216 

Saint Quentin Fallavier, France), according to the manufacturer’s instructions. The 217 

concentrations of all RNA samples were assessed using the NanoDrop spectrophotometer 218 

(NanoDrop Technologies, Wilmington, DE). The same amount of total RNA (400 ng) from 219 

each sample was subjected to a cDNA synthesis reaction using the RT2 First Strand Kit 220 

(Qiagen, Valencia, CA). The resulting cDNA reaction (20 µL per sample) was diluted in 91 221 

µl of nuclease-free H2O (Qiagen). The diluted cDNA (102 µL) was mixed with 1248 µl of 222 

H2O plus 1350 µL of 2x RT2 SYBR green RT2 Master Mix. The cocktail was dispensed at 10 223 

µl per well into the 384-well RT2 Profiler PCR Array plate for profiling a total of 84 genes, as 224 

described in the manufacturer’s handbook (PAHS-122Z, SABiosciences, Frederick, MD). 225 

Five Housekeeping genes (ACTB, B2M, GAPDH, HPRT1 and RPL13A) were used an an 226 
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internal control. DNA amplification was carried out with the Roche LightCycler 480 real-time 227 

cycler using a two-step cycling program: 95°C for 10 min, followed by 40 cycles of 95° C for 228 

15 sec and 60° C for 1 min followed by a melting curve acquisition step. The resulting 229 

threshold cycle values for the plate were exported to a blank Excel work sheet. An automatic 230 

datasheet for analysis was downloaded from the SABiosciences Web portal 231 

(www.SABiosciences.com/pcrarraydataanalysis.php). The fold changes of gene expression 232 

were calculated in comparison to the values of controls:  233 

 234 

( )2 exp CtCtchangefold controleriment ΔΔ= −−  235 

 236 

in which DCt =Ct (the gene of interest) - (the housekeeping gene), where Ct is the cycle 237 

threshold. The average of reverse-transcription controls and positive PCR control cycle 238 

threshold (Ct) values was used to normalize gene expression and determine fold change 239 

between groups. To evaluate gene expression, we selected the fold change on the basis of the 240 

criteria of at least a 2-fold up- or downregulation, as compared with the mock-infected cells. 241 

Gene regulation was considered statistically significant at a 95% confidence level (p value 242 

0.05). The confidence level was determined from the data obtained from each sample in 243 

triplicate. Statistical analysis was performed using the RT2 profiler RT-PCR Array Data 244 

Analysis version 3.5. 245 

 246 

Immunolabeling 247 

Twenty-four and 48 h following infection of fibroblasts, ZIKV infected and mock-infected 248 

cells were fixed with 3.7% paraformaldehyde in PBS for 1h at room temperature. Slides were 249 

blocked with an incubation in 10% FCS and 0.3% Triton X-100 for 30 min and incubated for 250 

2 h at 37° C with the monoclonal antibody (mAb) 4G2 which is directed against the flavivirus 251 
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envelope protein. Cells were washed with PBS and incubated for 60 min at room temperature 252 

with a FITC-conjugated anti-mouse IgG. Hoechst 33258 dye was used to stain the nucleus. 253 

Preparations were examined with a Zeiss Apotome/Axioimager device. Autophagy was 254 

monitored after fixation of the cells in a 3.7% paraformaldehyde-PBS solution for 10 min at 255 

room temperature, permeabilization and labelling with anti-LC3 mAbs (Sigma). Coverslips 256 

were and analyzed by epifluorescence using a Leica microscope.  257 

 258 

Electron Microscopy 259 

Primary human fibroblasts were exposed to ZIKV at a MOI 10 cultured at 5% CO2 for 72 h, 260 

collected, washed twice with PBS and fixed for 1h at 4 °C in a solution containing 2.5 % 261 

glutaraldehyde in 0.1 M cacodylate buffer pH 7.4. Cells were then rinsed three times in 262 

cacodylate buffer and post-fixed for 1 h with 1% OsO4 (Electron Microscopy Sciences Inc.). 263 

After an additional washing, the cells were incubated for 30 min in 0.5% tannic acid (Merck). 264 

Dehydratation was obtained with a graded series of ethanol solutions (from 25 to 100%) 265 

before embedding in Epok resin at 60 °C for 48h (Electron Microscopy Sciences Inc.). 266 

Ultrathin sections were cut with a Reichert Ultracut microtome (Leica) and then examined 267 

under a Hitachi H7100 transmission electron Microscope at 75kV. 268 

 269 

ZIKV Plaque Assay 270 

Four different 10-fold dilutions of purified virus were spread onto monolayers of VERO cells 271 

at 37° C for 2 h to initiate binding to cells. Then, a mix of nutriment solution with agar 272 

(Lonza) was added. The cells were maintained at 37°C for 6 days before the plaque assay. For 273 

plaque counting, the cells were incubated with 3.7 % formaldehyde and 0.1% Crystal violet in 274 

20% ethanol. This experiment was repeated three times. 275 

 276 
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Western blotting analysis 277 

Cells were lysed on ice in RIPA buffer (150 mM NaCl, 5 mM β-mercaptoethanol, 1% NP-40, 278 

0.1% sodium dodecyl sulfate, 50 mM Tris- HCl pH 8), supplemented with complete protease 279 

inhibitor cocktail solution (Sigma). Protein concentration was determined by BCA assay 280 

(ThermoScientific, Saint Herblain, France). Equal amounts of proteins were mixed with 281 

Laemmli sample buffer, subjected to SDS-PAGE and electrotransferred onto a nitrocellulose 282 

membrane. The membrane was blocked with PBS 0.05% Tween-20, containing 5% skimmed 283 

milk, incubated overnight at 4°C with anti-MX1 as a primary antibody, washed three times 284 

with PBS-Tween and subsequently incubated for 1h at RT with horseradish peroxidase-285 

coupled secondary antibodies in PBS-Tween, containing 1% skimmed milk. The membrane 286 

was washed three times and proteins were detected by chemiluminiscence, using the 287 

SuperSignal West Pico Chemiluminescent Substrate kit (ThermoScientific). The immunoblot 288 

was then stripped and reblotted with an anti-α-tubulin Ab to ensure that equivalent levels of 289 

protein were loaded in each lane. 290 

 291 

Flow Cytometry Analysis 292 

Flow cytometry analysis was performed as previously described (26). ZIKV infection was 293 

detected using the anti-4G2 mAb. 294 

 295 

Inhibition of Infection Assay 296 

Cells were incubated for 30 min prior to infection with media containing the indicated 297 

quantities of goat anti-TIM and/or anti-AXL polyclonal antibodies. Identical concentrations of 298 

purified normal goat IgG were used as control. Cells were then infected with ZIKV or DENV 299 

for 3 hr incubation in the presence of inhibitors, washed and incubated with culture medium. 300 

Infection was quantified by flow cytometry. 301 
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RNA Interference 302 

Cells were transiently transfected using the Lipofectamine RNAiMax protocol (Life 303 

Technologies) with 10 nM final siRNAs (26). After 48 hr, cells were infected at the indicated 304 

MOI, and infected cell percentages were quantified 24 hr postinfection by flow cytometry. 305 

For PRR signaling pathways, 50 nM final siRNAs were used. Pools of siRNAs (ON-306 

TARGETplus SMARTpool) used in this study were from Dharmacon: TIM-1 (L-019856-00), 307 

AXL (L-003104-00), TLR3 (L-007745-00), TLR7 (L004714-00), RIG-I (L-012511-00), 308 

MDA5 (L-013041-00). A non-targeting pool (NT) was used as a negative control. 309 

 310 

RESULTS 311 

Human skin cells are permissive for ZIKV infection and replication 312 

Given the capacity of mosquitoes to inoculate ZIKV into the human skin during the blood 313 

feeding process, the potential target cells for infection with this virus are likely to be localized 314 

in the epidermis and dermis which also constitute the first line of defense. We first determined 315 

ZIKV susceptibility of skin fibroblasts, that have been recognized as a permissive target for 316 

various arboviruses. Cells were infected in vitro with ZIKV and the presence of viral envelope 317 

antigens was evaluated by immunofluorescence at different hours post infection (hpi). No 318 

staining was observed in mock-infected cells or cells stained with an isotype control antibody 319 

(Figure 1A). In contrast, as soon as 24h post-infection (hpi), the viral envelope protein was 320 

detected in several cells, whereas at 72 hpi 100% of the infected cells expressed ZIKV (Figure 321 

1A). Next, we evaluated the ability of these cells to produce viral progeny in vitro by 322 

determining viral titers in the supernatants of ZIKV-infected primary human skin fibroblasts 323 

using a standard plaque assay. The results show a gradual increase in the production or viral 324 

particles over time indicating active viral replication in the infected cells (Figure 1B). 325 
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Intracellular viral RNA was also quantified by real time PCR at different time points post-326 

infection. ZIKV RNA was detected in fibroblasts challenged with the virus, but not in mock-327 

infected cells, as shown in Figure 1C. Viral RNA copy numbers were detected as soon as 6 328 

hpi and increased during the course of infection. The amount of viral transcripts was markedly 329 

high and could reach 108 RNA copies per microliter in cells infected with ZIKV and 330 

maintained in culture for 24-48 h. 331 

Then, given the observation that the epidermis layer is comprised mainly of keratinocytes, we 332 

hypothesized that the latter cells also could be a target for ZIKV. Primary human epidermal 333 

keratinocytes obtained from neonatal foreskin were infected with ZIKV and intracellular viral 334 

RNA was quantified by quantitative PCR at different time points post-infection. As shown in 335 

Figure 2A, ZIKV mRNA was detected in keratinocytes challenged with ZIKV, but not in 336 

mock-infected cells. Viral RNA was found to increase over time and could be detected as 337 

soon as 6 hpi, with a maximal amount of 105 viral copies per ml at both 48 and 72 hpi. The 338 

capacity of ZIKV to replicate ex vivo in human skin cells was also studied. Infection of human 339 

skin explants with ZIKV resulted in a gradual increase in viral copy numbers, with maximal 340 

levels at 5 days post infection (dpi), pointing to a process of active viral replication (Fig. 2B). 341 

Histological analysis of mock-infected human skin explants showed all aspects of a normal 342 

healthy skin with a stratified epidermal layer, containing basal keratinocytes and 343 

differentiated layers consisting of stratum granulosum and stratum corneum, respectively 344 

(Figure 2C). In contrast, ZIKV-infected keratinocytes in human skin explants 5 dpi showed 345 

the appearance of a cytoplasmic vacuolation, as well as the presence of pyknotic nuclei which 346 

was however not generalized throughout the epidermis, but limited to the stratum granulosum 347 

(Figure 2D). Moreover, ZIKV infection induced the sporadic formation of edema which was 348 

also limited to this subcorneal layer (Figure 2E). 349 
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Immature dendritic cells have been reported to be permissive for DENV infection and as such 350 

are recognized as an important target for propagation of this virus in the human skin. ZIKV 351 

infection was therefore also investigated on this cell type, using DENV as a control, by 352 

analyzing the intracellular presence of the viral envelope protein by flow cytometry. Our 353 

results show that about 50% of human in vitro generated immature dendritic cells challenged 354 

with ZIKV at MOI 0.5 for 24 hpi expressed the viral envelope (Figure 3). This percentage 355 

was identical, as compared to that of the cells infected with DENV under the same 356 

experimental conditions. These results indicate that immature dendritic cells are also 357 

permissive to infection by this member of the Flavivirus family. 358 

 359 

DC-SIGN, TIM and TAM receptors are involved in ZIVK infection 360 

Several receptors, among which DC-SIGN, as well as certain TIM and TAM proteins, two 361 

members of the phosphatidylserine receptor family, have been reported to facilitate viral entry 362 

of DENV (review in (29)). To determine whether these receptors are also involved in ZIKV 363 

entry, a series of HEK293T cell transfectants, expressing DC-SIGN, TIM1, TIM4, or the 364 

TAM family members AXL and TYRO3, in a stable manner, were exposed to the virus. The 365 

expression levels of each of these receptors are shown in Figure 4A. The parental, non-366 

transfected HEK-293T cells were not susceptible to ZIKV-infection, as shown by the absence 367 

of ZIKV antigen detection (Figure 4B). The expression of either DC-SIGN or AXL strongly 368 

enhanced viral infection, already at MOI 0.1, resulting in about 50% of ZIKV-infected cells. 369 

TYRO3-expressing HEK-293T cells were also highly permissive for ZIKV with nearly 70% 370 

of the cells infected with the virus at 24 hpi. In contrast, the expression of TIM-1 or TIM-4 371 

had only modest or marginal effects on ZIKV entry (Figure 4B). To further determine the 372 

relative contribution of TIM and TAM receptors on ZIKV infection, A549 cells that 373 
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endogenously express TIM-1 and AXL, but not DC-SIGN (Figure 5A) were infected with the 374 

virus. In keeping with the potent ZIKV infection-inducing activity of AXL, a neutralizing Ab, 375 

specific for this receptor, strongly inhibited viral infection of A549 cells (Figure 5B). In 376 

contrast, the presence of a neutralizing anti-TIM1 Ab did not have an impact on the 377 

percentage of ZIKV infected cells at 24 hpi, as compared to cells infected with ZIKV alone. 378 

However, the combination of the anti-TIM-1 and anti-AXL Abs completely abrogated ZIKV 379 

infection (Figure 5B). We also used the RNA silencing technique to downregulate TIM-1 380 

and/or AXL expression in A549 cells (Figure 5C). The results mirrored those obtained with 381 

the neutralizing Ab, in that ZIKV infection was only slightly reduced in TIM-1-silenced cells, 382 

strongly inhibited in AXL-silenced cells and totally abrogated when both genes were silenced 383 

(Figure 5D). Finally, to determine the importance of the AXL in ZIKV infection of human 384 

skin fibroblasts that express AXL but not TIM-1 (Figure 6A) were infected with the virus in 385 

the absence or presence of a neutralizing Ab or specific siRNA. Exposure of the human skin 386 

fibroblast cell line HFF1 to ZIKV, or DENV as a positive control, resulted in a comparable 387 

number of infected cells that was inhibited by 70% and 50%, respectively, in the presence of a 388 

neutralizing anti-AXL Ab (Figure 6B). Strikingly, the presence of specific AXL siRNA 389 

totally inhibited the AXL expression (Figure 6C) and effectively abrogated the infection with 390 

either virus, thus demonstrating the importance of AXL in the permissiveness of human skin 391 

fibroblasts to infection and replication of ZIKV. Taken together, the data indicate an essential 392 

and cooperative role for both TIM and TAM family members in ZIKV infection by 393 

permissive cells. 394 

 395 

ZIKV induces an innate anti-viral response in primary human skin fibroblasts 396 

In order to determine whether ZIKV induces an innate anti-viral immune response in 397 

permissive cells, the anti-viral gene expression profile in infected primary human fibroblasts at 398 
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early time points following ZIKV infection was determined using a human qPCR array 399 

covering 84 human antiviral genes. This comparative analysis with mock-infected cells 400 

showed the specific induction of pattern recognition receptors (PRRs), able to detect the 401 

presence of pathogen-associated molecular patterns (PAMPs) in response to ZIKV infection. 402 

This is particularly illustrated by the upregulation of the Toll-like receptor 3 (TLR-3) mRNA 403 

expression, as well as by enhanced transcription of the DDX58 (RIG-I) and MDA5 (IFIH1) 404 

genes that reportedly are involved in the detection of other Flavivirus members (Table 1). 405 

Increased PRR expression levels and kinetics of expression, during an extended time course of 406 

infection, were confirmed by individual qRT-PCR analysis. As shown in Figure 7A, RIG-I, 407 

MDA5 and TLR3 expression was upregulated in ZIKV-infected fibroblasts as soon as 6 hpi 408 

with maximal mRNA levels detected at 48 hpi. In contrast, no activation of the TLR7 gene 409 

was observed in these cells following infection with ZIKV. The detection of viral PAMPs by 410 

TLR3 and other PRRs initiates downstream signaling pathways that account for the 411 

enhancement of transcription factors known to mobilize the antiviral machinery. The results 412 

shown in Table 1 and Figure 7A are consistent with this general notion, as IRF7 mRNA levels 413 

were increased in ZIKV-infected cells. IRF7 is a transcription factor that binds to the 414 

interferon-stimulated response element, located on the promoters of type I IFN genes (30). 415 

This result not only corroborates the enhanced IFN-α and IFN-β gene expression detected 416 

following infection with ZIKV, but also the upregulation of the expression of several 417 

interferon-stimulated genes (ISGs), including OAS2, ISG15 and MX1 (Table 1 and Figure 418 

7B). The expression of the CXCR3 ligand CXCL10, as well as the inflammatory antiviral 419 

chemokine CCL5, was also induced by ZIKV. Finally, ZIKV infection of skin fibroblasts was 420 

also found to activate certain inflammasome components, as evidenced by a strong increase in 421 

the expression of AIM2 and IL-1β transcripts (Figure 7A). In order to determine the 422 

involvement of each of the upregulated PRRs in the anti-viral response against ZIKV, the 423 
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effect of specific siRNAs on viral replication was studied. Expression levels of MDA-5, RIG-424 

I, TLR3 and TLR-7 in HFF1 cells were decreased by 80%, 24h following the transfection of 425 

these cells with specific siRNA, and were completely inhibited after 48h (Figure 8A-D), thus 426 

validating the efficacy of this approach. Inhibition of TLR3 expression, unlike that of the other 427 

PRRs, resulted in a strong increase in the viral RNA copy numbers 48h following viral 428 

infection of the cells (Figure 8E). However, inhibition of TLR3 expression did not modulate 429 

type I IFN mRNA expression in the infected cells (Results not shown). Taken together, these 430 

results underscore the importance of TLR3 in the induction of an antiviral response against 431 

ZIKV. 432 

Type I and type II IFNs inhibit ZIKV replication 433 

Because of the observed induction of type I IFNs by ZIKV-infected skin fibroblasts, their 434 

effects on viral replication in the latter cells was investigated. Primary skin fibroblasts were 435 

pretreated for 6h with increasing doses of recombinant human IFN-α, IFN-β or IFN-γ, 436 

infected with ZIKV at an MOI of 1, and viral RNA copy numbers were determined by real-437 

time PCR. At this viral titer, both type I and type II IFNs strongly, and dose-dependently, 438 

inhibited viral replication with similar efficacy (Figure 9A-C). The effect of IFNs was 439 

corroborated by a decrease in the release of viral particles as measured by plaque assay in the 440 

culture supernatants of the infected cells (Fig. 9D-F). These results show that ZIKV is highly 441 

sensitive to the antiviral effect of both type I and type II IFNs. 442 

Autophagosome formation in infected skin fibroblasts increase ZIKV replication 443 

Autophagy is a multi-step process responsible for degradation and recycling of cytoplasmic 444 

components that augments the replication and dissemination of several arboviruses. We 445 

therefore analyzed whether infection of skin fibroblasts with ZIKV resulted in the formation 446 

of autophagosomes. First, an electron microscopy study was carried out to demonstrate the 447 
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presence of ZIKV particles in cytoplasmic compartments, as a result of exposure of these cells 448 

to the virus. At 72 hpi, intravacuolar structures in ZIKV-infected fibroblasts were found to 449 

contain capsids, in combination with enveloped and electron dense spherical viral particles 450 

that were 70 to 100 nm in diameter which is a general feature of Flavivirus particles (Figure 451 

10A and 10B). Moreover, ZIKV infection was associated with the formation of numerous 452 

double-membrane intracytoplasmic vacuoles characteristic of autophagosomes (Figure 10C 453 

and 10D) that were not observed in mock-infected cells (results not shown). To further 454 

determine whether autophagy was induced following ZIKV infection, the skin fibroblast cell 455 

line HFF1 was infected with the virus and the co-expression of the viral envelope protein and 456 

the cytosolic microtubule-associated light chain 3 (LC3), an autophagosome-specific marker, 457 

was determined by confocal microscopy. Torin 1, a chemical inducer of autophagy was used 458 

as a positive control. As shown in Figure 11A, ZIKV infection induced the formation of LC3 459 

punctae in infected fibroblasts while LC3 labelling was more diffuse in mock-infected cells. 460 

Interestingly, LC3 signal in infected cells completely co-localized with that of the viral 461 

envelope protein detected with specific antibodies. Moreover, the simultaneous addition of 462 

ZIKV and Torin 1 to primary fibroblasts enhanced viral replication as shown by an increase in 463 

the viral RNA copy number (Figure 11B). Conversely, addition of the 3-Methyladenine (3-464 

MA) autophagy inhibitor decreased the number of viral copies in ZIKV-infected cells without 465 

any cytotoxic effect on the cells (results not shown), thus formally confirming the association 466 

between enhanced autophagosome formation and increased viral replication. Taken together, 467 

these results show that ZIKV is able to increase its replication via induction of the autophagy 468 

in the host cell. 469 

 470 

 471 
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 472 

DISCUSSION 473 

ZIKV is a Flavivirus, related to Yellow fever, Dengue, West-Nile and Japanese encephalitis 474 

viruses, that causes an arthropod-borne disease in human known as ZIKA fever. Originally 475 

detected in a sentinel Rhesus monkey in Uganda in 1947 (31) and twenty years later isolated 476 

from humans in Nigeria, the virus has since spread to other regions of the world. Importantly, 477 

following recent outbreaks in Micronesia, French Polynesia, Cook Island and Easter Island, 478 

ZIKV has become an emerging arbovirus (18). However, other than its phylogenetic 479 

relationship to other members of the Flavivirus family, no information is available on the 480 

cellular tropism of ZIKV and the nature of the cellular receptors that mediate its entry. In the 481 

present study, we have identified the initial target cells of the ZIKV in the skin compartment, 482 

as well as its entry receptors, and have furthermore characterized the anti-viral response 483 

elicited following infection of permissive cells with the PF-13 ZIKV strain isolated during the 484 

recent outbreak in French Polynesia (18). This strain is closely related to those isolated from 485 

patients infected during the ZIVK outbreaks in Cambodia in 2010 and Yap State in 2007 and 486 

its thus relevant for the results reported here. 487 

ZIKV is transmitted by the Aedes mosquito that deposits the virus in the epidermis and dermis 488 

of the bitten host during a blood meal. Indeed, both skin fibroblasts and epidermal 489 

keratinocytes were found to be highly permissive to infection with ZIKV. Infection of skin 490 

fibroblasts rapidly resulted in the presence of high levels of RNA copy numbers and a gradual 491 

increase in the production or ZIKV particles over time, indicating active viral replication in 492 

the infected cells. 493 

ZIKV infection of epidermal keratinocytes resulted in the appearance of cytoplasmic 494 

vacuolation, as well as the presence of pyknotic nuclei in the stratum granulosum, indicative 495 

for cells that undergo apoptosis. This bears similarity to observations made with DENV that 496 
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induces the appearance of apoptotic cells in the epidermis of infected human skin explants 497 

(27). It can be speculated that the induction of apoptotic cell death is a mechanism by which 498 

ZIKV, like DENV, is able to divert anti-viral immune responses by increasing their 499 

dissemination from dying cells. These results also corroborate previous reports in the 500 

literature showing the importance of keratinocytes in infection with other flaviviruses, such as 501 

WNV (32) and DENV (25). In addition to dermal fibroblasts and epidermal keratinocytes, we 502 

report that dendritic cells are permissive to infection with ZIKV. This comes as no surprise 503 

given the involvement of skin antigen presenting cells in the replication of other flavivirus 504 

members, in particular DENV that efficiently infects Langerhans cells (33). The selective 505 

susceptibility of permissive cells in the dermis and epidermis, including Langerhans cells, 506 

dermal dendritic cells, macrophages, as well as fibroblast and keratinocytes, to infection with 507 

ZIKV needs however to be determined. 508 

The first step of Flavivirus entry into a host cell is mediated by the viral envelope protein that 509 

interacts with several cell surface receptors and attachment factors, the differential expression 510 

of which determines the cellular tropism of the virus. At present, more than a dozen putative 511 

entry receptors and factors, in particular for DENV, have been described. Several of them, 512 

such as heat-shock proteins, laminin receptor, integrin αvβ3, prohibitin, claudin-1, scavenger 513 

receptor class B and natural killer cells receptor NKp44, can interact with viral particles in 514 

mammalian and/or mosquito cells, but their exact role in the flavivirus entry program, as well 515 

as their physiologic relevance, is not well understood (reviewed in (29). Heparan sulfate, a 516 

sulfated polysaccharide associated to proteins from the extracellular matrix, has been 517 

described as a non-specific attachment factor of flaviviruses, concentrating viral particles on 518 

the cell surface and facilitating their interaction with primary receptors (34-38). Among them, 519 

C-type lectin receptors such as the dendritic cell-specific intracellular adhesion molecule 3-520 

grabbing non-integrin (DC-SIGN, CD209), the mannose receptor and the C-type lectin 521 
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domain family 5, member A (CLEC5A, MDL-1), play an important role in flavivirus binding 522 

and infection of myeloid cells (39-41). Recently, TIM and TAM proteins, two distinct 523 

families of transmembrane receptors that participate in the phosphatidylserine (PtdSer)-524 

dependent phagocytic engulfment and removal of apoptotic cells, have also been shown to act 525 

as DENV entry factors, promoting viral infection by attaching and possibly internalizing viral 526 

particles in human cell cultures and primary cells targeted by flaviviruses (26, 29).  527 

We show here that ZIKV entry is mediated by DC-SIGN, AXL, Tyro3 and, although to a 528 

lesser extent, by TIM-1. Although TIM-1 by itself contributed little to ZIKV infection, its 529 

expression nevertheless had an additive effect on the efficacy of AXL-mediated viral entry. 530 

This raises the interesting possibility of a cooperation between both receptors, with TIM-1 531 

acting as an attachment factor that binds viral particles and transfers them to AXL which 532 

could in turn participate in viral internalization. In that sense, TIM-1 might not be 533 

indispensable for ZIKV endocytosis and infection, but would rather concentrate virions on the 534 

cell surface to facilitate their interaction with AXL, as well as the subsequent infection, which 535 

might explain the additive inhibitory effect observed when both receptors are blocked with 536 

neutralizing antibodies. However, additional experiments are required to assess the exact role 537 

played by TIM and TAM receptors in ZIKV infection. 538 

As has been reported for DENV, there seems to be a large number of receptors and/or 539 

attachment factors that are able to mediate entry of ZIKV in permissive cells. It is of note 540 

however that the permissiveness of skin cells to ZIKV is also determined by the profile of 541 

receptor expression by these target cells. In this respect, unlike immature dendritic cells that 542 

also are a primary target cell type for ZIKV infection, neither cutaneous fibroblasts, nor 543 

epidermal keratinocytes express DC-SIGN. In contrast, the latter cells, as well as 544 

macrophages, vascular endothelium cells and astrocytes (reviewed in ref (42), express AXL 545 

that, as shown in the present study, is of major importance for ZIKV entry. The availability of 546 
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different entry receptors is likely to provide an evolutionary advantage for the virus that, as a 547 

result, is able to infect a wide range of target cells and invade the human host. Nevertheless, 548 

the contribution of each of these receptors and/or attachment factors to ZIKV infection and 549 

pathogenesis is currently unknown and remain to be established. It is also important to 550 

consider that other, as yet to be identified cell surface molecules exist that might account for 551 

the tropism of ZIKV. 552 

The outcome of viral infection is determined by a competition between viral replication and 553 

the host immune response. The latter is programmed to rapidly control viral replication and to 554 

limit virus spread by recognizing non-self nucleic acid as pathogen-associated molecular 555 

patterns and triggering an antiviral response. Indeed, infection of fibroblasts in vitro with 556 

ZIKV strongly induced the expression of several antiviral gene clusters, in particular PRRs, 557 

such as RIG-I, MDA-5 and TLR3 that are able to detect the presence of PAMPs. These results 558 

corroborate previous reports in the literature showing that these gene products play a sensory 559 

role in the detection of other flaviviruses, such as DENV and WNV (25, 43). The induction of 560 

TLR3 expression is rapid and already detectable at 6 hpi, whereas that of RIG-I and MDA-5 561 

is delayed. It can therefore be hypothesized that these molecules trigger a coordinated 562 

induction of the antiviral immune reaction against ZIKV with TLR3 priming an early 563 

response that is amplified by RIG-I and MDA-5 at a later stage. This sequence of events has 564 

also been suggested previously with respect to the immune response of fibroblasts following 565 

infection with DENV (44). However, in the latter study, the involvement of only TLR3 and 566 

RIG-I was considered, because, contrary to ZIKV, DENV infection did not enhance the 567 

expression of MDA5 in skin fibroblasts. 568 

Both TLR3 and TLR7 are implicated in the induction of an immune response against 569 

flavivirus and triggering of these PRRs has been shown to initiate signaling pathways, leading 570 

to the production of type I IFNs, as well as other inflammatory cytokines and chemokines by 571 
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hepatocytes and macrophages (review in (45). Indeed, ZIKV infection strongly enhanced 572 

TLR3 expression, associated with the production of IFN-α and IFN-β in infected cells. 573 

However, whereas inhibition of TLR3 expression by siRNA indeed resulted in a strong 574 

enhancement of viral replication, no effect on type I IFN mRNA expression was detected. 575 

Although TLR3 seem to play an important in role in the antiviral response to ZIKV, the 576 

mechanism by which this receptor contributes to the control of viral replication remains to be 577 

determined. In contrast, no modulation of TLR7 expression was observed, which is 578 

reminiscent to results obtained with DENV-infected skin fibroblasts (44). The absence of 579 

TLR7 induction was also reported in a separate study in which expression of PRRs in virally-580 

infected fibroblasts of different origin was analyzed (46). Taken together, these findings 581 

confirm the notion that the involvement of various TLR members seems to be dependent on 582 

virus and cell type.  583 

The detection of ZIKV-expressed PAMPs also resulted in an increase in transcriptional levels 584 

of IRF7, a transcription factor that binds to the interferon-stimulated response element, 585 

located on the promoters of type I IFN genes (30). This result corroborates the enhanced IFN-586 

α and IFN-β gene expression, detected following infection with ZIKV, as well as the 587 

upregulation of the expression of several interferon-stimulated genes, including OAS2, ISG15 588 

and MX1. The expression of the two CXCR3 ligands, CXCL10 and CXCL11 was also 589 

induced by ZIKV. The latter chemokines not only play a role in innate and adaptive immunity 590 

by attracting T cells and other leukocytes to sites of inflammation, but also display direct, 591 

receptor-independent, defensin-like antimicrobial activity when present at elevated 592 

concentrations in dermal fibroblasts (47). In addition, infection of skin fibroblasts by ZIKV 593 

resulted in upregulation of CCL5, another inflammatory chemokine known for it antiviral 594 

activity. 595 
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Whereas TLR3 transcription was significantly enhanced, IRF3 gene expression, in contrast, 596 

remained unchanged during the course of ZIVK infection of fibroblasts. A similar observation 597 

was made in DENV-infected epidermal keratinocytes in which also no enhanced IRF3 598 

expression could be detected. This is somewhat surprising in that IFR3 is known to play an 599 

important role in the induction of IFN-β production in cells exposed to PAMPS from various 600 

viruses (48). Moreover, dsRNA-mediated triggering of RIG-I and MDA5, both molecules 601 

whose expression is upregulated following infection with ZIKV and other flaviviruses, seems 602 

to be crucial for IRF3 activation (25). It has been reported that IFN-β production, which is 603 

essential for the early antiviral immune response, was observed in both wild-type and IRF3-/- 604 

mice following WNV infection (48). These results corroborate the present and previously 605 

published data (25), indicating that the production of the type I IFN in response to DENV and 606 

ZIKV infection is apparently independent of the IRF3 pathway, both in flavivirus-infected 607 

epidermal keratinocytes and skin fibroblasts. It is of note that the replication of ZIKV was 608 

significantly inhibited by both type I and type II IFNs, in keeping with the general antiviral 609 

activity of these cytokines with critical functions in host defense mechanisms. 610 

Electron microscopy analysis of ZIKV-infected primary skin fibroblasts showed the presence 611 

of membrane vesicles with a size between 70 and 100 nm that were located in intimate 612 

association with the endoplasmic reticulum, indicating that ZIKV replication occurs in close 613 

association with host cell membranes. These results are in line with an earlier report in the 614 

literature underscoring the importance of fibroblasts as a primary cell type of replication for 615 

flaviruses, like DENV, that through the release of viral particles may contribute to subsequent 616 

viral dissemination (44). ZIKV infection also induced an autophagy program, as demonstrated 617 

by the presence of characteristic autophagosome-like vesicles in the infected fibroblasts. 618 

Autophagy is a process characterized by the presence of double-membrane vesicles, known as 619 

autophagosomes, that recruit cytoplasmic material and subsequently fuse with lysosomes for 620 
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protein degradation. Autophagy not only participates in the degradation of proteins and 621 

damaged organelles in the cytoplasm to maintain homeostasis (49), but is also involved in 622 

host immunity against pathogen infection. This is particularly illustrated by Vesicular 623 

stomatitis virus (50), Sendai virus (51), and Herpes simplex virus-1 (52) infected cells in 624 

which, autophagy-mediated degradation of viral proteins limits viral replication and promotes 625 

cell survival. In contrast, the autophagy process can be subverted by viruses. This is true for 626 

several arboviruses, including DENV (53, 54), Chikungunya virus (55) and Japanese 627 

encephalitis (56) virus that use components of the autophagy pathway to promote their 628 

replication and dissemination by clearing cells through multiple mechanisms. In this regard, 629 

autophagy may thus have both pro- and antiviral effects. 630 

Autophagy in ZIKV-infected fibroblasts was furthermore confirmed by the demonstration of 631 

co-localization of the viral envelope protein and the cytosolic microtubule-associated 632 

molecule LC3. The results also show that stimulation of autophagosome formation by Torin 1 633 

further enhances replication of ZIKV in permissive cells, whereas the presence of 3 M-A, an 634 

inhibitor of autophagosome formation, strongly reduced viral copy numbers in the infected 635 

fibroblasts, indicating that autophagy promotes replication of ZIKV in permissive cells. In 636 

this respect, ZIKV behaves like most other flavivirus members, with the exception of WNV 637 

(57), by its capacity to interact with the conventional autophagy pathway in mammalian cells. 638 

The precise mechanism by which ZIKV induces autophagy still needs to be determined. 639 

Nevertheless, similar to DENV (58), the results from our study demonstrating the co-640 

localization of ZIKV with LC3 strongly suggests that autophagocytic vacuoles are the site of 641 

viral replication. It can furthermore speculated that autophagy may promote replication of 642 

ZIKV infection through restriction of the antiviral innate immune response (59), enhancement 643 

of translation of the viral genome that has entered the mammalian cells (60) or by providing 644 

additional energy and relevant membrane structures for viral replication (61). However, the 645 
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exact molecular mechanism(s) by which ZIKV highjacks components of the autophagome 646 

pathways remain to be determined. 647 

At present, ZIKV has received far less attention in the literature than the other mosquito-borne 648 

flavivirus members. Nevertheless, it is considered to be an emerging virus because of its 649 

global spreading during the last decades and its pathogenic potential reminiscent to that of 650 

DENV. Importantly, ZIKV has recently been isolated in Gabon from the Asian tiger mosquito 651 

Ae. albopictus (62), a rapidly expanding Aedes species that lives in close contact with human 652 

urban populations (63, 64) and that typically feeds not only at dusk and dawn, but also in the 653 

daytime. This underscores its menacing character, as this vector is known for its capacity to 654 

colonize new environments, either by progressive extension from already occupied zones, or 655 

by jumping to new areas, in particular to those in heavily populated urban areas. In this 656 

respect, a better understanding of the role of mosquito saliva in ZIKV infection is an 657 

important point that must be addressed in the future as well. 658 

Taken together, the results presented in this study pertaining to the identification of the 659 

cellular tropism, molecular mechanisms of infection and replication, as well as signaling 660 

pathways involved the anti-viral immune response of ZIKV, permit to gain better insight in its 661 

mode of action and to devise strategies aiming to interfere with the pathology caused by this 662 

emerging flavivirus. 663 
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 856 

FIGURE LEGENDS 857 

Figure 1: Primary human fibroblasts are susceptible to ZIKV. (A) Primary fibroblasts 858 

infected with ZIKV (MOI1) and mock-infected cells were analyzed at different times post-859 

infection for the presence of the viral envelope protein by immunofluoresence with the 4G2 860 

mAb and an FITC-conjugated anti-mouse IgG. (B) Viral replication was determined by 861 

plaque assay analysis of culture supernatants of ZIKV-infected cells. (C) Expression of viral 862 

RNA was determined by real-time RT-PCR. Data are representative of three independent 863 

experiments each performed in duplicate (error bars represent standard error of the mean). 864 

Wilcox–Mann–Whitney test was employed to analyze the difference between sets of data. 865 

*indicates p values < 0.05. 866 

 867 

Figure 2: ZIKV infects human keratinocytes and induces morphological changes in 868 

human skin biopsies 869 

(A) Primary human keratinocytes or (B) human skin biopsies were infected with ZIKV (MOI 870 

1 and 106 PFU, respectively) and expression of viral RNA was determined at different time 871 

points by real-time RT-PCR. Data are representative of three independent experiments each 872 

performed in duplicate (error bars represent standard error of the mean). Wilcox–Mann–873 

Whitney test was employed to analyze the difference between sets of data. *indicates p values 874 

< 0.05. Microscopic observation of (C) Mock- or (D and E) ZIKV-infected human skin 875 

biopsies. Small arrows indicate keratinocyte cytoplasmic vacuolation. Large arrow indicates a 876 

superficial sub-corneous edema with also cytoplasmic vacuolation. Magnification 20x. Data 877 

are representative of two independent experiments. 878 

 879 

 880 
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 881 

Figure 3: Dendritic cells are permissive to ZIKV and DENV. 882 

Human immature dendritic cells were infected with ZIKV or DENV (MOI 1) for 24 hpi and 883 

the intracellular presence of the viral envelope protein was detected using the pan-flavivirus 884 

Ab 4G2 by flow cytometry. Mean fluorescence intensity was determined and the percentage 885 

of infected cells was calculated, as compared to non-infected cells. Data are representative of 886 

three independent experiments. 887 

 888 

Figure 4: Entry receptors involved in ZIKV infection 889 

(A) Expression profile of different cell surface receptors by HEK293T cells stably expressing 890 

DC-SIGN, TIM-1, TIM-4, AXL or Tyro3 (white histograms) or parental, non-transfected 891 

cells (grey histograms). (B) HEK293T cells expressing the indicated receptors were incubated 892 

with ZIKV (MOI 0.1 and 1) and the percentage of infected cells was determined by 893 

measuring the expression of viral envelope protein by flow cytometry at 24 hpi. Data are 894 

representative of three independent experiments. 895 

 896 

Figure 5: Involvement of AXL and TIM-1 in ZIKV infection of A549 cells 897 

(A) Cell surface expression levels of AXL, TIM-1 and DC-SIGN on A549 cells, as 898 

determined by flow cytometry. Immunofluorescence staining of cells with specific mAb 899 

(white histogram) is superimposed on those with isotype control mAb (grey histograms). (B) 900 

A549 cells were incubated with ZIKV (MOI 1) for 1 hr at 4°C in the presence of neutralizing 901 

anti-TIM-1 (5µg/mL) and/or anti-AXL (10µg/mL), respectively, or with different 902 

concentration of a goat IgG as control. The percentage of infected cells was measured by flow 903 

cytometry and normalized to that in presence of control IgG. Data are shown as representative 904 

flow cytometry analysis (upper panel) and are represented as mean +/-SEM of at least three 905 

independent experiments (lower panel). (C) A549 cells were transfected by the indicated 906 
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siRNA, and TIM-1 and AXL expression was assessed by flow cytometry after 24hpi, at the 907 

time of infection. (D) Cells were infected with ZIKV (MOI 1). Infection was normalized to 908 

infection in nontargeting (siNT) siRNA-transfected cells. To test the significance of the 909 

differences, analysis of the variance (ANOVA) was performed with GraphPad Prism 910 

software. Statistically significant differences between each condition and control cells are 911 

denoted by an asterisk (*) and are indicated p values < 0.05. Data are representative of three 912 

independent experiments. 913 

 914 

Figure 6: Expression of AXL permits ZIKV infection of skin fibroblasts 915 

(A) Cell surface expression levels of AXL and TIM-1 on HFF1 cells was monitored by flow 916 

cytometry. Immunofluorescence staining of cells with specific mAb (white histogram) is 917 

superimposed on those with isotype control mAb (grey histograms). (B) HFF1 cells were 918 

incubated with ZIKV (MOI 3) or DENV (MOI 5) for 1 hr at 4°C in the presence of 919 

neutralizing anti-AXL, or normal goat IgG as control. The percentage of infected cells was 920 

measured by flow cytometry and normalized to that in presence of control IgG. Data are 921 

shown as representative flow cytometry analysis (upper panel) and are represented as mean 922 

+/-SEM of at least three independent experiments (lower panel). (C) HFF1 cells were 923 

transfected by the indicated siRNA for 24h then cells were infected with ZIKV (MOI 3) or 924 

DENV (MOI 5). Infection was normalized to infection in non-targeting (siNT) siRNA-925 

transfected cells. To test the significance of the differences, analysis of the variance 926 

(ANOVA) was performed with GraphPad Prism software.  Statistically significant differences 927 

between each condition and control cells are denoted by an asterisk (*) and are indicated p 928 

values < 0.05. Data are representative of three independent experiments. 929 

 930 

Figure 7: ZIKV induces an innate anti-viral response in primary human skin fibroblasts 931 



36 

 

(A) Primary human fibroblasts were exposed to ZIKV (MOI 1) and mRNA levels were 932 

quantified over time by real-time RT-PCR. Results are expressed as fold induction of 933 

transcripts in ZIKV-infected cells relative to those in mock-infected cells. Data are 934 

representative of three independent experiments each performed in duplicate (errors bars 935 

represent standard error of the mean). Wilcoxon–Mann–Whitney test was employed to 936 

analyze the difference between sets of data. A value of p < 0.05 was considered significant. * 937 

indicates p values < 0.05. (B) Cells were exposed to ZIKV (MOI 1) at the indicated time and 938 

MX1 protein levels were detected by Western blotting using a specific antibody. The 939 

immunoblot was stripped and reblotted with an anti-α-tubulin Ab as a control for protein 940 

loading. Data are representative of three independent experiments. 941 

 942 

Figure 8: Effect of PRR silencing on ZIKV replication and IFN expression  943 

(A-D) siRNAs specific for MDA5 (siRNA-MDA5), RIG-I (siRNA-RIG-I), TLR3 (siRNA-944 

TLR3), TLR7 (siRNA-TLR7), as well as a non-specific siRNA (siRNA-Ctrl), were 945 

transfected into HFF1 cells 24 h before infection with ZIKV (MOI 0.1). Reduction of mRNA 946 

levels by siRNA was confirmed by real-time RT-PCR at 24 and 48 hpi. Results are expressed 947 

as fold induction of expression of transcripts in specific siRNA-transfected cells, relative to 948 

that in siRNA-Ctrl-transfected cells. The latter value corresponds to 1 on the ordinate of each 949 

histogram. Data are representative of two independent experiments, each performed in 950 

triplicate, and are normalized according to 18S mRNA levels in the samples (errors bars 951 

represent standard error of the mean). The Wilcoxon–Mann–Whitney test was used to analyze 952 

the difference between sets of data. A value of p < 0.05 was considered significant and 953 

denoted by an asterisk (*). (E) Viral copy numbers in siRNA-transfected cells were measured 954 

by real-time RT-PCR at 24 and 48 hpi. Statistically significant differences (p values < 0.05) 955 

between specific siRNA- and siRNA-Ctrl-transfected cells were determined using the analysis 956 
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of the variance (ANOVA) with GraphPad Prism software and denoted by an asterisk (*). Data 957 

are representative of two independent experiments each performed in triplicate. 958 

 959 

Figure 9: IFNs inhibit ZIKV infection 960 

Primary skin fibroblasts were pretreated 6 h before infection with different concentrations 961 

IFN-α, IFN-β and IFN-γ and were then exposed to ZIKV at MOI 1. (A-C) inhibition of viral 962 

replication was measured, at 24 hpi, by real-time RT-PCR and (D-F) the release of viral 963 

particle quantified by plaque assay in the culture supernatants. Statistical significance of the 964 

data, were determined using analysis of the variance (ANOVA) and GraphPad Prism software 965 

and are denoted by an asterisk (*) and p values < 0.05. Data are representative of three 966 

independent experiments each performed in duplicate (error bars represent standard error of 967 

the mean). 968 

 969 

Figure 10: Electron microscopic imaging of ZIKV-infected primary fibroblasts. (A) 970 

Membrane vesicles with size between 70 and 100 nm observed in intimate association with 971 

endoplasmic reticulum are indicated by white arrow. Black arrows indicate the presence of 972 

spherical capsids detected in intracellular vacuoles or docked to intracellular membranes. (B) 973 

Enlargement of a ZIKV particle. Intracellular electron dense spherical capsid is 40 nm in size. 974 

(C) Assembled capsids are transported to the cell surface in intracellular vacuoles. (D) 975 

Autophagosomes are frequently detected in infected fibroblasts and assembled capsids are 976 

observed inside this compartment. Data are representative of two independent experiments. 977 

 978 

Figure 11: ZIKV induces autophagy in infected skin fibroblasts. (A) Visualization of 979 

autophagosome formation by LC3 aggregation in Mock- or ZIKV-infected cells and cells 980 

treated with Torin 1. Cells were fixed 24 hpi and the colocalization of autophagosomes and 981 
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ZIKV was determined by immunofluorescence using mAbs specific for LC3 or the viral 982 

envelope protein (4G2). Data are representative of three independent experiments. (B) 983 

Primary human skin fibroblasts were exposed to ZIKV (MOI 2) in the absence (cells were 984 

treated with the vehicle 0.05% DMSO) or presence of (B) Torin 1 or (C) 3-MA, at the 985 

indicated concentrations, and viral replication was quantified by real-time RT-PCR at 24 and 986 

48 hpi. Data are representative of three independent experiments. To test the significance of 987 

the differences, analysis of the variance (ANOVA) was performed with GraphPad Prism 988 

software. Statistically significant differences between each condition and control cells are 989 

denoted by an asterisk (*) and are indicated by p values < 0.05.  990 

991 
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TABLES 992 

Table 1: Modulation of antiviral gene expression by ZIKV infection 993 

       

 ZIKVa   ZIKV  ZIKV 

Time post-
infection 6h 24h   6h 24h  6h 24h 

Gene    Gene   Gene   

AIM2 5,77 19,67  IFIH1 -1,37 7,30 MEFV -648,97 2,62

APOBEC3G 3,31 2,64  IFNA1 2,34 3,36 MX1 1,08 27,44

ATG5 -1,14 1,06  IFNA2 -1,71 -1,36 MYD88 -1,03 1,76

AZI2 1,24 1,96  IFNAR1 -1,35 -1,30 NFKB1 1,22 1,63

CARD8 -1,71 -1,36  IFNB1 -1,71 3,70 NFKBIA -3,32 1,55

CASP1 2,82 2,67  IKBKB 1,67 1,06 NLRP3 -1,71 1,12

CASP10 3,27 3,31  IL12A 1,53 -1,10 NOD2 -1,71 -1,36

CASP8 1,96 1,31  IL12B -1,73 -1,36 OAS2 1,14 16,66

CCL3 -1,71 -1,36  IL15 -1,04 1,27 PIN1 1,62 1,09

CCL5 1,52 5,65  IL18 -1,63 -1,74 PSTPIP1 -1,19 1,05

CD40 1,90 -1,14  IL1B -3,21 -5,29 PYCARD 1,79 1,80

CD80 -1,71 -1,36  IL6 1,13 8,21 PYDC1 -1,36 -1,36

CD86 -1,71 152,01  IL8 -2,83 3,73 RELA 1,16 -1,05

CHUK 1,01 -1,16  IRAK1 1,40 1,61 RIPK1 1,62 1,40

CTSB 1,11 -1,00  IRF3 -1,14 -1,08 SPP1 -1,88 -1,27

CTSL1 -1,00 -1,11  IRF5 -2,03 1,26 STAT1 1,07 1,75

CTSS 2,48 2,07  IRF7 1,25 3,16 SUGT1 1,28 -1,00

CXCL10 -47,90 12,54  ISG15 -1,10 8,33 TBK1 -1,20 1,07

CXCL11 -6,24 2,05  JUN 5,73 2,53 TICAM1 1,49 1,52

CXCL9 -5,55 -1,36  MAP2K1 -1,02 -1,12 TLR3 2,08 2,73

CYLD -1,92 -1,55  MAP2K3 -1,02 1,01 TLR7 -1,71 -1,36
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DAK 2,00 2,28  MAP3K1 2,34 -1,48 TLR8 -1,71 -1,36

DDX3X 1,27 -1,06  MAP3K7 -1,15 -1,29 TLR9 -1,00 -2,25

DDX58 -3,16 4,88  MAPK1 1,26 1,01 TNF -1,71 -2,13

DHX58 1,76 2,64  MAPK14 1,37 -1,22 TRADD 1,50 1,26

FADD -1,34 -1,08  MAPK3 1,42 1,25 TRAF3 -1,59 1,35

FOS -1,93 2,29  MAPK8 -1,21 -1,26 TRAF6 1,32 -1,13

HSP90AA1 1,42 1,44  MAVS -1,02 -1,53 TRIM25 1,43 1,83

 994 

aValues represent fold-inductions of mRNA copy numbers in infected cells relative to mock-995 

infected condition. 996 
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