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Introduction

Zika virus (ZIKV) is an emerging mosquito-borne Flavivirus, belonging to the Flaviviridae family. ZIKV contains a positive single-stranded RNA encoding a polyprotein precursor that is processed by cellular and viral proteases to yield its three structural proteins: the capsid (C), the precursor of membrane (prM) and the envelop (E) proteins, as well as seven non-structural protein: NS1 to NS5. ZIKV was discovered following scientific research on the enzootic cycle of the Yellow fever virus and other unknown arboviruses in the Zika forest of Uganda.

The first case of human ZIKV infection has been reported in Uganda in 1952 [START_REF] Moore | Arthropod-borne viral infections of man in Nigeria, 1964-1970[END_REF] and the virus was later isolated from humans in South East Asia [START_REF] Darwish | A sero-epidemiological survey for Bunyaviridae and certain other arboviruses in Pakistan[END_REF]. Viral pathology was associated with a few sporadic cases in tropical Africa and the south of Asia until 2007 when the number of human cases of ZIKV infection unexpectedly increased, initially in Micronesia, then in Pacific Ocean Island to finally reach the South American continent in 2015. Although the reasons for the sudden emergence of the virus are not clear, several hypotheses can be put forward. Many factors may determine the emergence of arboviruses, such as the actual climate change, which affects the distribution of vectors, viral mutation frequency leading to an increasing virulence, as well as changes in anthropological behaviour resulting in increased host-pathogen interactions. ZIKV entry in Brazil from Pacific countries [START_REF] Musso | Rapid spread of emerging Zika virus in the Pacific area[END_REF][START_REF] Weaver | Zika virus: History, emergence, biology, and prospects for control[END_REF] has been linked to two major social events, the World cup soccer game and the World Sprint Championships [START_REF] Zanluca | First report of autochthonous transmission of Zika virus in Brazil[END_REF] that were held in this country in 2014. At present, three different major lineages of ZIKV, belonging to African, Asian and Brazilian strains, have been characterized according to phylogenetic investigations. While Asian and Brazilian strains show low nucleotidics differences, mutations have been highlighted between Asian strain and African strain.

Moreover, in vitro and in vivo studies revealed differential infection outcome, particularly between the African and Asian/Brazilian strains, suggesting that the African strain seems to be more virulent and to cause more cellular damage than the Asian/Brazilian strain [START_REF] Anfasa | Phenotypic Differences between Asian and African Lineage Zika Viruses in Human Neural Progenitor Cells[END_REF][START_REF] Simonin | Differential virulence between Asian and African lineages of Zika virus[END_REF][START_REF] Hamel | African and Asian Zika virus strains differentially induce early antiviral responses in primary human astrocytes[END_REF].

Nonetheless, further investigations are needed to understand why both the Asian and Brazilian strains are particularly associated with neurological disorders.

Epidemiology

Geographic distribution

Despite its broad geographical distribution, human infections with ZIKV have remained sporadic and limited to small-scale epidemics for decades, until 2007 when a large epidemic was reported on Yap Island with nearly 75% of the population being infected with the virus [START_REF] Duffy | Zika Virus Outbreak on Yap Island, Federated States of Micronesia[END_REF]. Moreover, an outbreak of a syndrome due to ZIKV fever has been reported in French Polynesia, associated with ZIKV-infection-related neurological and an unexpected increase in the incidence of Guillain Barré syndrome by 20 fold [START_REF] Oehler | Zika virus infection complicated by Guillain-Barre syndrome--case report, French Polynesia[END_REF]. Subsequently, several cases of ZIKV infection in New Caledonia, Easter Island and the Cook Islands have been described indicating a rapid spreading of the virus in the Pacific [START_REF] Musso | Rapid spread of emerging Zika virus in the Pacific area[END_REF]. The ZIKV epidemic in 2015 has been the start of an international public health emergency when the virus reaches the American continent, with 33 countries reporting autochthonous transmission of ZIKV infection and an increase in the incidence of cases of microcephaly and/or Guillain-Barré syndrome. Moreover, ZIKV infection has also been associated with imported cases, notably in Europe [START_REF] Zammarchi | Zika virus infection in a traveller returning to Europe from Brazil[END_REF], indicating a rapid world-wide spread of the virus. On February 2016, the WHO started to issue monthly reports on the situation of the ZIKV epidemy. On March 2017, the WHO published the last report following the ZIKV outbreaks establishing a total of 61 areas with ongoing virus transmission: 13 countries with evidence of person to person virus transmission: 31 countries reporting neurological disorders associated with ZIKV infection (microcephally, congenital malformations …) and 23 countries reporting an increased incidence of Guillain-Barré in ZIKV-infected patients (situation report, 10 March 2017, WHO). During this period an estimate of 400 000 to 1.5 million cases of ZIKV infection have been reported in these countries. Since 2017, the number of cases declined, although the virus is still circulating in many countries, even in those that were not involved in the last outbreak.

For example, three laboratory-confirmed cases of ZIKV infection have been reported in India (Bapunagar area) showing that the virus is still circulating in this country (Disease Outbreak News, 26 May 2017, WHO). For several years, new informatic tools have been developped to improve the modelisation of infectious disease outcome. As a consequence, many studies have been performed to develop predictive models of ZIKV spread by taking into account determining parameters of the infection (vector abundance, local temperature, mode of transmission, surveillance information and human behavior) to obtain meaningful projections of the number of ZIKV infections in countries around the world [START_REF] Lo | Modeling the spread of the Zika virus using topological data analysis[END_REF][START_REF] O'reilly | Projecting the end of the Zika virus epidemic in Latin America: a modelling analysis[END_REF]. These models will allow public health authorities to better anticipate the propagation of ZIKV infection or to project the end of the epidemy.

Transmission and vector control

The main mode of ZIKV transmission occurs via the female mosquitoe bite during blood feeding, although the human to human transmission route, among which perinatal transmission [START_REF] Besnard | Evidence of perinatal transmission of Zika virus, French Polynesia, December 2013 and February 2014[END_REF], sexual transmission [START_REF] D'ortenzio | Evidence of Sexual Transmission of Zika Virus[END_REF][START_REF] Sakkas | An Update on Sexual Transmission of Zika Virus[END_REF] and breast milk feeding [START_REF] Blohm | Evidence for Motherto-Child Transmission of Zika Virus Through Breast Milk[END_REF][START_REF] Mann | Breast milk transmission of flaviviruses in the context of Zika virus: A systematic review[END_REF][START_REF] Colt | Transmission of Zika virus through breast milk and other breastfeeding-related bodily-fluids: A systematic review[END_REF] has been described as well. Many different species of Aedes mosquito can account for the transmission of ZIKV, including Ae.aegypti and albopictus [START_REF] Grard | Zika Virus in Gabon (Central Africa) -2007: A New Threat from Aedes albopictus?[END_REF][START_REF] Boyer | An overview of mosquito vectors of Zika virus[END_REF]. Nevertheless, the competence of this two Aedes genus seems to be variable according to geographic sites and the viral strain it has been infected with [START_REF] Chouin-Carneiro | Differential Susceptibilities of Aedes aegypti and Aedes albopictus from the Americas to Zika Virus[END_REF][START_REF] Garcia-Luna | Variation in competence for ZIKV transmission by Aedes aegypti and Aedes albopictus in Mexico[END_REF]. The Aedes genus is dispersed in predominantly tropical areas on three continents (Asia, Africa, America), but shows increased spreading, particularly in North America, Europe and China [START_REF] Kraemer | The global distribution of the arbovirus vectors Aedes aegypti and Ae. albopictus[END_REF], which highlights the importance to develop efficient tools to control the spread of the vectors. Strategies to contain and reduce the development of mosquitoe populations have already been established to limit arbovirus propagation (Figure 1). To this aim, the WHO promotes a combination of methods, such as individual and household protection (clothing, air-conditionning, repellents, net …), procedures to limit backwater and the safe use of insecticides. However, these methods are not sufficient to halt vector-borne disease spread and there is a real need for innovative, efficacious, approaches.

Recently, the Worldwide Insecticide resistance Network (WIN) [START_REF] Corbel | Tracking Insecticide Resistance in Mosquito Vectors of Arboviruses: The Worldwide Insecticide resistance Network (WIN)[END_REF] symposium (https://www.winsingapore2018.com/) has provided an overview of the alternative methods currently under development for the control of arbovirus vectors [START_REF] Achee | Alternative Strategies for Arbovirus Control[END_REF][START_REF] Roiz | Integrated Aedes management for the control of Aedes-borne diseases[END_REF][START_REF] Singh | Prevention and Control Strategies to Counter Zika Virus, a Special Focus on Intervention Approaches against Vector Mosquitoes-Current Updates[END_REF]. Amongs these new tools feature novel larvicides (entomopathogenic Ascomycetes fungi, pyroproxyfen, autodissemination), classical and biotechnology-based sterile insect techniques, spatial repellents, insect traps, attractive targeted sugar baits, insecticide-treated materials and gene drives (ex : CRISPR-Cas like system C2c2). Moreover, an emerging method showing impressive results to prevent arbovirus propagation is the use of the bacterial Wolbachia genus to either eliminate Ae.aegypti mosquitoe (mosquitoe population suppression) [START_REF] Mains | Female Adult Aedes albopictus Suppression by Wolbachia-Infected Male Mosquitoes[END_REF][START_REF] Hoffmann | Successful establishment of Wolbachia in Aedes populations to suppress dengue transmission[END_REF] or restrict the arbovirus infection (i.e. mosquitoe population replacement) [START_REF] Flores | Controlling vector-borne diseases by releasing modified mosquitoes[END_REF]. In fact, it has been shown that the endosymbiotic bacterium Wolbachia, naturally present in up to 40% of all arthropods [START_REF] Zug | Still a Host of Hosts for Wolbachia: Analysis of Recent Data Suggests That 40% of Terrestrial Arthropod Species Are Infected[END_REF] is able to block the transmission of many human pathogens in mosquitoes, such as CHIKV, DENV and Plasmodium [START_REF] Bian | Wolbachia Invades Anopheles stephensi Populations and Induces Refractoriness to Plasmodium Infection[END_REF][START_REF] Moreira | A Wolbachia Symbiont in Aedes aegypti Limits Infection with Dengue, Chikungunya, and Plasmodium[END_REF], by cytoplasmic incompatibility [START_REF] Werren | Wolbachia: master manipulators of invertebrate biology[END_REF]. More recently, several experimental studies showed that the wMel Wolbachia strain si able to also restrict ZIKV infection in Ae. aegypti [START_REF] Dutra | Wolbachia Blocks Currently Circulating Zika Virus Isolates in Brazilian Aedes aegypti Mosquitoes[END_REF][START_REF] Schultz | Variable Inhibition of Zika Virus Replication by Different Wolbachia Strains in Mosquito Cell Cultures[END_REF][START_REF] Schultz | Wolbachia w Stri Blocks Zika Virus Growth at Two Independent Stages of Viral Replication[END_REF]. Nevertheless these methods show efficacy limits and ethical issues and need to also integrate a sustainable, effective, community-based, locally adapted vector control management to reduce the burden of Aedes-transmitted disease [START_REF] Roiz | Integrated Aedes management for the control of Aedes-borne diseases[END_REF].

ZIKV outbreaks have mainly been investigated in countries where the infection was associated with severe symptoms. Nevertheless, it remains important to provide more information about the prevalence of the infection in other countries where the virus is circulating, or has circulated probably with more asymptomatic effects, to better understand the evolutive propagation of the virus. In particular it is of importance to define and characterize the different factors that are associated with its emergence and pathogenicity and in this respect, it appears crucial to obtain more information about the circulation and infection outcome of ZIKV in Africa and India where the virus has started its course.

Pathogenicity of ZIKV in humans

Symptoms of Zika virus infection

The sudden emergence of ZIKV has rapidly become a major public health due to the severe symptoms developped by newborn babies. In fact, the latest outbreak has raised major concerns about the pathogenicity of ZIKV since severe neurological complications in fetuses, neonates and adults were found to be associated with the infection [START_REF] Cao-Lormeau | Guillain-Barré Syndrome outbreak associated with Zika virus infection in French Polynesia: a case-control study[END_REF][START_REF] Mlakar | Zika Virus Associated with Microcephaly[END_REF][START_REF] Baud | An update on Zika virus infection[END_REF]. Previous outbreaks of ZIKV were characterized by a classic clinical pattern, fever, rash, arthralgia and conjunctivitis in infected individuals [START_REF] Hamel | Zika virus: epidemiology, clinical features and host-virus interactions[END_REF]. However, in ZIKV-infected pregnant women in Brazil, a remarkable 42% of fetuses exhibited some type of ultrasound abnormality [START_REF] Brasil | Zika Virus Infection in Pregnant Women in Rio de Janeiro[END_REF]. The clinical phenotype of congenital ZIKV infection was variable and included cerebral calcifications, microcephaly, intrauterine growth restriction and fetal demise. Computed tomography and magnetic resonance imaging of the brains of congenitally infected neonates in Brazil further demonstrated hypoplasia of the cerebellum and brainstem, ventriculomegaly, delayed myelination, enlarged cisterna magna, abnormalities of the corpus callosum, calcifications, and cortical malformations [START_REF] De | Clinical features and neuroimaging (CT and MRI) findings in presumed Zika virus related congenital infection and microcephaly: retrospective case series study[END_REF]. It is of note that retrospective assessment of the ZIKV epidemic in French Polynesia also found an increased risk of microcephaly associated with ZIKV infection, with 95 cases occurring per 10,000 women infected in the first trimester [START_REF] Cauchemez | Association between Zika virus and microcephaly in French Polynesia, 2013-15: a retrospective study[END_REF]. In comparison to the encephalitic flaviviruses (e.g., West Nile virus and Tick-born encephalitis virus), ZIKV generally is less neuroinvasive in adults, rarely causing meningitis and encephalitis [START_REF] Carteaux | Zika Virus Associated with Meningoencephalitis[END_REF]. ZIKV infection has also been associated with the development of Guillain-Barré Syndrome (GBS) in a lower percentage of patients [START_REF] Oehler | Zika virus infection complicated by Guillain-Barre syndrome--case report, French Polynesia[END_REF][START_REF] Cao-Lormeau | Guillain-Barré Syndrome outbreak associated with Zika virus infection in French Polynesia: a case-control study[END_REF][START_REF] Brasil | Guillain-Barré syndrome associated with Zika virus infection[END_REF][START_REF] Barbi | Prevalence of Guillain-Barré syndrome among Zika virus infected cases: a systematic review and meta-analysis[END_REF]. GBS is an auto-immune disease associated with aberrant inflammation that targets peripheral nerves and leading to muscle weakness and paralysis [START_REF] Willison | Guillain-Barré syndrome[END_REF]. It is hypothesized that the production of neutralizing antibodies against ZIKV target peripheral nerve glycolipids, thereby inducing injuries of myelin or axonal membranes that leads to inflammatory demyelinating polyneuropathy [START_REF] Willison | Guillain-Barré syndrome[END_REF][START_REF] Lynch | Augmented Zika and Dengue Neutralizing Antibodies Are Associated With Guillain-Barré Syndrome[END_REF][START_REF] Chang | Long-term clinical outcomes of Zika-associated Guillain-Barré syndrome[END_REF]. Further research is needed to better characterized the immune response mechanism involved in the GBS development associated with ZIKV infection.

Zika virus permissiveness and replication

The epidemy of Zika in Brazil has been followed by an exceptional effort from the scientific community to identify the key biological factors associated with the pathogenicity of the virus and to help the health system to contain the epidemic. ZIKV infection studies using patients samples, in vivo and in vitro models [START_REF] Pena | In vitro and in vivo models for studying Zika virus biology[END_REF][START_REF] Morrison | Animal Models of Zika Virus Infection, Pathogenesis, and Immunity[END_REF] allowed to characterized differents tissue and cell lines permissive to infection. ZIKV has been detected in placenta, brain, eye, testis, uterus, vagina and body fluids (blood, tears, saliva, semen, cervical mucus and urine) in human [START_REF] Miner | Zika Virus Pathogenesis and Tissue Tropism[END_REF], but also in liver, spleen, lung, kidney, heart and muscle in various animal models [START_REF] Dowall | A Susceptible Mouse Model for Zika Virus Infection[END_REF][START_REF] Rossi | Characterization of a Novel Murine Model to Study Zika Virus[END_REF][START_REF] Dowall | Lineage-dependent differences in the disease progression of Zika virus infection in type-I interferon receptor knockout (A129) mice[END_REF][START_REF] Lazear | A Mouse Model of Zika Virus Pathogenesis[END_REF][START_REF] Coffey | Intraamniotic Zika virus inoculation of pregnant rhesus macaques produces fetal neurologic disease[END_REF].

Moreover, in vitro studies characterized a broad range of cell lines showing differential susceptibility to ZIKV infection, providing new tools to study its pathogenesis [START_REF] Hamel | Biology of Zika Virus Infection in Human Skin Cells[END_REF][START_REF] Chan | Differential cell line susceptibility to the emerging Zika virus: implications for disease pathogenesis, non-vectorborne human transmission and animal reservoirs[END_REF].

Interestingly, cell lines derived from the placenta or genital tract are susceptible to infection with ZIKV, but not with other while other flaviviruses, such as DENV [START_REF] Chan | Differential cell line susceptibility to the emerging Zika virus: implications for disease pathogenesis, non-vectorborne human transmission and animal reservoirs[END_REF] which could explain the association of ZIKV with congenital disorders. In addition, ZIKV was found to replicate in human testicular tissue and male germ cells and furthermore persisted in semen [START_REF] Matusali | Zika virus infects human testicular tissue and germ cells[END_REF][START_REF] Robinson | Male germ cells support long-term propagation of Zika virus[END_REF] resulting in a high risk of sexual transmission. More precisely, a recent study investigating ZIKV dissemination in the male reproductive tract proposed a model in which ZIKV infects the testis through the hematogenous route, whereas infection of the epididymis can occur through both hematogenous/lymphogenous and excurrent testicular routes [START_REF] Tsetsarkin | Routes of Zika virus dissemination in the testis and epididymis of immunodeficient mice[END_REF].

Nevertheless, ZIKV preferentially infects brain cells, in particular human neural progenitor cells (hNPC) [START_REF] Tang | Zika Virus Infects Human Cortical Neural Progenitors and Attenuates Their Growth[END_REF][START_REF] Li | Zika Virus Disrupts Neural Progenitor Development and Leads to Microcephaly in Mice[END_REF][START_REF] Li | Zika Virus Infects Neural Progenitors in the Adult Mouse Brain and Alters Proliferation[END_REF][START_REF] Wu | Vertical transmission of Zika virus targeting the radial glial cells affects cortex development of offspring mice[END_REF], which may explain its ability to impair development of the fetal brain and cause microcephaly and other neurodevelopmental injuries. ZIKV-induced microcephaly can have several different causes [START_REF] Pierson | The emergence of Zika virus and its new clinical syndromes[END_REF] since the virus can affect the neuronal progenitors which results in either cell death or neurogenesis dysregulation [START_REF] Li | Zika Virus Disrupts Neural Progenitor Development and Leads to Microcephaly in Mice[END_REF][START_REF] Li | Zika Virus Infects Neural Progenitors in the Adult Mouse Brain and Alters Proliferation[END_REF][START_REF] Merfeld | Potential mechanisms of Zika-linked microcephaly: Zika-linked microcephaly[END_REF]. ZIKV can also infect glial cells and disturb their role in neuronal development. In addition, it is yet unknown if these mechanisms could vary according to viral strain, being from African or Asian origin. Like all viruses, ZIKV depends heavily on the cellular machinery of the host to accomplish its life cycle. The permissiveness of ZIKV is dependent on the presence of specific cell surface receptors which allow the entry of the virus in the cells. Several entry receptors have already been identified to facilitate ZIKV infection, including the innate immune receptor DC-SIGN, TIM-1 and TAM receptors (transmembrane protein TYRO-3, AXL and MER) in human skin cells, endothelial cells, neural and retinal progenitor cells, highlighting a unique tropism among flaviviruses [START_REF] Hamel | Biology of Zika Virus Infection in Human Skin Cells[END_REF][START_REF] Hamel | Zika virus: epidemiology, clinical features and host-virus interactions[END_REF][START_REF] Meertens | Axl Mediates ZIKA Virus Entry in Human Glial Cells and Modulates Innate Immune Responses[END_REF][START_REF] Richard | AXL-dependent infection of human fetal endothelial cells distinguishes Zika virus from other pathogenic flaviviruses[END_REF][START_REF] Chen | AXL promotes Zika virus infection in astrocytes by antagonizing type I interferon signalling[END_REF][START_REF] Laureti | Flavivirus Receptors: Diversity, Identity, and Cell Entry[END_REF][START_REF] Lee | Probing Molecular Insights into Zika Virus-Host Interactions[END_REF]. More recently, high-throughput fitness profiling of ZIKV E protein has shown that N-linked glycosylation enhances ZIKV infection in mammalian cell line following interaction with DC-SIGN [START_REF] Gong | High-Throughput Fitness Profiling of Zika Virus E Protein Reveals Different Roles for Glycosylation during Infection of Mammalian and Mosquito Cells[END_REF]. Several studies in experimental mouse models have also shown that TAM receptors, in particularly AXL, are determinant, although not essential, for ZIKV infection [START_REF] Wang | Axl is not an indispensable factor for Zika virus infection in mice[END_REF][START_REF] Wells | Genetic Ablation of AXL Does Not Protect Human Neural Progenitor Cells and Cerebral Organoids from Zika Virus Infection[END_REF]. Further investigations are still needed to clarify the role of each of each of these receptors and to identify any additional key entry factors that could represent an potential new therapeutic target.

Innate immune response to ZIKV

ZIKV infection induces innate and adaptative responses by infected cells. First, viral RNA sensors activate TLR receptors, in particularly TLR3 and TLR7, as well as the RIG-like receptors MDA5 and RIG-I, leading to the production of type 1 (IFN-β) and type III (IFNλ) interferons. The latter will then bind their respective receptors to induce the activation of the JAK/STAT signaling pathway leading to the production of interferon-stimulated genes, such as ISG15, OAS2, MX1, and IFIT, as well as inflammatory chemokines, like CCL5 and CXCL10 [START_REF] Hamel | Zika virus: epidemiology, clinical features and host-virus interactions[END_REF][START_REF] Frumence | The South Pacific epidemic strain of Zika virus replicates efficiently in human epithelial A549 cells leading to IFN-β production and apoptosis induction[END_REF]. Moreover, recent reports have also highlighted the importance of IFITM1 and IFITM3, members of the family of interferon-inducible transmembrane proteins, in the inhibition of ZIKV replication [START_REF] Savidis | The IFITMs Inhibit Zika Virus Replication[END_REF][START_REF] Monel | Zika virus induces massive cytoplasmic vacuolization and paraptosis-like death in infected cells[END_REF] and the prevention of ZIKV-induced cell death [START_REF] Monel | Zika virus induces massive cytoplasmic vacuolization and paraptosis-like death in infected cells[END_REF].

The importance of IFN signaling pathway has been highlighted by the development of ZIKVinduced pathology in mice deficient in the expression of type I and II IFN receptors or STAT2 that was not observed in immunocompetent mice [START_REF] Rossi | Characterization of a Novel Murine Model to Study Zika Virus[END_REF][START_REF] Lazear | A Mouse Model of Zika Virus Pathogenesis[END_REF][START_REF] Morrison | Animal Models of Zika Virus Infection, Pathogenesis, and Immunity[END_REF][START_REF] Tripathi | A novel Zika virus mouse model reveals strain specific differences in virus pathogenesis and host inflammatory immune responses[END_REF]. Moreover, IFN-λ has been shown to be particularly protective against ZIKV infection in the female reproductive tract [START_REF] Caine | Interferon lambda protects the female reproductive tract against Zika virus infection[END_REF] and in the maternal decidua and placenta associated with its production at later gestationnel stages during pregnancy [START_REF] Bayer | Type III Interferons Produced by Human Placental Trophoblasts Confer Protection against Zika Virus Infection[END_REF][START_REF] Jagger | Gestational Stage and IFN-λ Signaling Regulate ZIKV Infection In Utero[END_REF]. Therefore, differential innate immune response profiles according to cell type and cell differentiation state associated with immunological maturation could be related to variable susceptibility to ZIKV infection [START_REF] Caine | Interferon lambda protects the female reproductive tract against Zika virus infection[END_REF][START_REF] Bayer | Type III Interferons Produced by Human Placental Trophoblasts Confer Protection against Zika Virus Infection[END_REF][START_REF] Jagger | Gestational Stage and IFN-λ Signaling Regulate ZIKV Infection In Utero[END_REF] ZIKV, as many other viruses, is able to counteract anti-viral immune responses through the interaction of viral proteins with proteins of cellular signalling. In particular, ZIKV is able to impair IFNs signaling pathways [START_REF] Kumar | Zika virus inhibits type-I interferon production and downstream signaling[END_REF] by preventing STAT1 phosphorylation [START_REF] Bowen | Zika Virus Antagonizes Type I Interferon Responses during Infection of Human Dendritic Cells[END_REF], inducing JAK1 and STAT2 proteasomal degradation through its interaction with the NS2B-NS3 protease [START_REF] Xia | An evolutionary NS1 mutation enhances Zika virus evasion of host interferon induction[END_REF] and and NS5 [START_REF] Grant | Zika Virus Targets Human STAT2 to Inhibit Type I Interferon Signaling[END_REF], respectively . Moreover, the NS2B-NS3 protease complex is also able to target the human STING protein [START_REF] Ding | Species-specific disruption of STINGdependent antiviral cellular defenses by the Zika virus NS2B3 protease[END_REF] whereas NS1 and NS4B reduce IFN-β production by disrupting phospho-TBK1 in human brain cells [START_REF] Onorati | Zika Virus Disrupts Phospho-TBK1 Localization and Mitosis in Human Neuroepithelial Stem Cells and Radial Glia[END_REF].

ZIKV sfRNA, a subgenomic viral RNA, is also involved in viral interference with innate immune responses [START_REF] Göertz | Functional RNA during Zika virus infection[END_REF], since it has been reported to antagonize RIG-I mediated induction of type I interferon in human lung epithelial cells [START_REF] Akiyama | Zika virus produces noncoding RNAs using a multi-pseudoknot structure that confounds a cellular exonuclease[END_REF][START_REF] Donald | Full Genome Sequence and sfRNA Interferon Antagonist Activity of Zika Virus from Recife, Brazil[END_REF]. More recently, the FXMRP protein, identified as rectricted factor of ZIKV, has been shown to be antagonized by ZIKV sfRNA [START_REF] Soto-Acosta | Fragile X mental retardation protein is a Zika virus restriction factor that is antagonized by subgenomic flaviviral RNA[END_REF].

The immune response is essential to fight infection but can also be associated with pathogenesis by inducing auto-immune disease. Within this context, it has been shown that ZIKV can induce exacerbated neuro-inflammation associated with NPC depletion in human organoids, notably through the activation of TLR3 [START_REF] Dang | Zika Virus Depletes Neural Progenitors in Human Cerebral Organoids through Activation of the Innate Immune Receptor TLR3[END_REF] and production of cytokines [START_REF] Azevedo | In situ immune response and mechanisms of cell damage in central nervous system of fatal cases microcephaly by Zika virus[END_REF].

Moreover, the production of non-neutralizing antibodies that induce a process called Antibody-Dependent Enhancement during a primary infection against DENV can facilitate the infection by another flavivirus through the cross-reactivity with the Fcγ receptor [START_REF] Halstead | Dengue Antibody-Dependent Enhancement: Knowns and Unknowns[END_REF].

Because of the important ZIKV outbreak in countries where DENV is known to be epidemic, many studies have been performed to evaluate this cross-reactivity between both viruses [START_REF] Priyamvada | Human antibody responses after dengue virus infection are highly cross-reactive to Zika virus[END_REF].

However, the results remain controversial, whereas some studies found that prior DENV infection was associated with lower risk to develop ZIKV infection symptoms [START_REF] Regla-Nava | Cross-reactive Dengue virus-specific CD8+ T cells protect against Zika virus during pregnancy[END_REF][START_REF] Gordon | Prior dengue virus infection and risk of Zika: A pediatric cohort in Nicaragua[END_REF], other in vitro and in vivo studies reported opposite obversations [START_REF] Halstead | Dengue Antibody-Dependent Enhancement: Knowns and Unknowns[END_REF][START_REF] Pantoja | Zika virus pathogenesis in rhesus macaques is unaffected by pre-existing immunity to dengue virus[END_REF][START_REF] Fowler | Maternally Acquired Zika Antibodies Enhance Dengue Disease Severity in Mice[END_REF]. This phenomenon seems to be dependent on the virus strain and host immune response, and needs to be taken in account in the development of an anti-ZIKV vaccine [START_REF] Rey | The bright and the dark side of human antibody responses to flaviviruses: lessons for vaccine design[END_REF].

Since the ZIKV outbreak in 2015 an exceptional effort has been made to develop fundamental research aimed to improve our knowledge about the biology of this flavivirus, including its tropism, morphogenesis and antiviral responses. These studies have been essential to better understand the infection and to implement novel approaches for treatment and the development of vaccines. These advances notwithstanding, continued investigations are still needed to understand the molecular mechansims underlying the capacity of the virus to cross the placental and blood-brain barrier, unlike other flaviviruses, as well as the differences between the various ZIKV strains and the impact of co-infection with other arboviruses on viral pathogenicity.

Treatment and vaccine perspectives

Antiviral molecules

Currently, no vaccines or antiviral treatments have been approved to cure ZIKV infection and patients' care is mainly focused on treating their symptoms. The main challenge is to develop treatment for ZIKV infection that can be administrated to pregnant women. Nevertheless, hundreds of compounds are currently tested in silico for their capacity to interfere with the replicative life cycle of ZIKV, but only few have been shown to inhibit ZIKV infection in vitro and need further testing in vivo as well as in clinical trials (Table 1) (Figure 1) [START_REF] Saiz | Host-Directed Antivirals: A Realistic Alternative to Fight Zika Virus[END_REF][START_REF] Da Silva | A Review of the Ongoing Research on Zika Virus Treatment[END_REF][START_REF] Abrams | Therapeutic Approaches for Zika Virus Infection of the Nervous System[END_REF]. Some molecules, called Direct Acting Agents have the potential to directly act on viral function by inhibiting both early and late stages of replication. Another antiviral strategy is to block viral entry by inhibiting the attachment, endocytosis and fusion of the virus in the cell.

Several molecules show encouraging in vitro results such as duramycin and suramin that may prevent attachment to host receptors mediating flavivirus entry into the cell [START_REF] Tabata | Zika Virus Targets Different Primary Human Placental Cells, Suggesting Two Routes for Vertical Transmission[END_REF][START_REF] Albulescu | Suramin inhibits Zika virus replication by interfering with virus attachment and release of infectious particles[END_REF][START_REF] Tan | Polysulfonate suramin inhibits Zika virus infection[END_REF] and nanchangmycin that seems to block clathrine-mediated endocytosis of ZIKV [START_REF] Rausch | Screening Bioactives Reveals Nanchangmycin as a Broad Spectrum Antiviral Active against Zika Virus[END_REF]. Nevertheless, no in vivo studies have been published so far that sustain their efficacy. In vivo experiments demonstrated that two inhibitors of ZIKV entry, a synthetic peptide inhibitor, Z2, interfered with vertical transmission of ZIKV in pregnant mice [START_REF] Yu | A peptide-based viral inactivator inhibits Zika virus infection in pregnant mice and fetuses[END_REF] and Cholesterol-25hydroxylase, a natural interferon stimulated gene, responsible for cholesterol oxydation inhibiting ZIKV uptake, are protective against ZIKV symptoms and microcephaly [START_REF] Li | 25-Hydroxycholesterol Protects Host against Zika Virus Infection and Its Associated Microcephaly in a Mouse Model[END_REF].

These molecules need now to be tested in clinical trials. Another strategy consists in the targeting of the NS2B-NS3 viral protease protein which allows the cleavage of the different viral proteins from the polyprotein. Therefore Novobioctin, lopinavir-ritonavir and Bromocriptine, among other molecules, show a significant effect on ZIKV infection and cell death in vitro or in silico, via the inhibition of protease activity [START_REF] Yuan | Structure-based discovery of clinically approved drugs as Zika virus NS2B-NS3 protease inhibitors that potently inhibit Zika virus infection in vitro and in vivo[END_REF][START_REF] Chan | Novel antiviral activity and mechanism of bromocriptine as a Zika virus NS2B-NS3 protease inhibitor[END_REF]. Another targeted viral protein is NS5 RdRp whose polymerase activity is crucial for the replication of the virus.

One of the promising molecules is the Sofosbuvir a class B FDA-approved compound that has already been tested to treat Hepatitis C virus infections. Importantly, animal studies have not demonstrated a risk to use it during pregnancy. The efficacy of Sofosbuvir to inhibit ZIKV infection has been demonstrated in vitro in neural progenitor cells, brain organoids, neuroepithelial stem cells and in vivo in mice [START_REF] Onorati | Zika Virus Disrupts Phospho-TBK1 Localization and Mitosis in Human Neuroepithelial Stem Cells and Radial Glia[END_REF][START_REF] Sacramento | The clinically approved antiviral drug sofosbuvir inhibits Zika virus replication[END_REF][START_REF] Bullard-Feibelman | The FDAapproved drug sofosbuvir inhibits Zika virus infection[END_REF][START_REF] Ferreira | Sofosbuvir protects Zika virus-infected mice from mortality, preventing short-and long-term sequelae[END_REF]. Other viral protein are targeted to identify new potential drugs, such as NS3 helicase (Ivermectin and Resveratrol) and NS5 methyltransferase for which compounds have shown antiviral activity against other flaviviruses and therefore will need to be tested on ZIKV infection [START_REF] Abrams | Therapeutic Approaches for Zika Virus Infection of the Nervous System[END_REF]. Many other compounds which show a conserved efficacy among flaviviruses could represent a potential target for ZIKV and need to be tested as well. Several other molecules that are currently under development are tested to counteract undesirable cell effects that could be induced by the virus. For example, Emricansan has been shown to reduce cellular apoptosis by inhibiting caspase-3 activity, whereas several nucleoside analogues are able to reduce cytopathic effects and cell death after ZIKV infection [START_REF] Xu | Identification of small-molecule inhibitors of Zika virus infection and induced neural cell death via a drug repurposing screen[END_REF]. Moreover, some modulators of lipid metabolism such as Imipramine, an FDA approved drug, inhibits ZIKV replication and viral production, in human skin fibroblasts, probably through interference with intracellular cholesterol transport [START_REF] Wichit | Imipramine Inhibits Chikungunya Virus Replication in Human Skin Fibroblasts through Interference with Intracellular Cholesterol Trafficking[END_REF]. More recently, Taguwa et al. highlighted the interest to target the cellular protein Hsp70, essential for flavivirus replication for antiviral strategy. They showed that Hsp70 inhibitor, significantly reduced ZIKV replication in cells, associated with reducing pathogenicity in mice and low cytotoxicity effect. Furthemore Hsp70 inhibitors present a low risk of drug resistance makes them new attractive antivirals against ZIKV infection [START_REF] Taguwa | Zika Virus Dependence on Host Hsp70 Provides a Protective Strategy against Infection and Disease[END_REF].

Finally, therapeutic antibodies could be also an alternative since the results of several studies have shown that neutralizing antibodies targeting ZIKV can prevent viral replication, microcephally and fetal disease in mice [START_REF] Wang | Transfer of convalescent serum to pregnant mice prevents Zika virus infection and microcephaly in offspring[END_REF][START_REF] Sapparapu | Neutralizing human antibodies prevent Zika virus replication and fetal disease in mice[END_REF][START_REF] Wang | A Human Bi-specific Antibody against Zika Virus with High Therapeutic Potential[END_REF].

Vaccines

Following the sudden outbreak of ZIKV infection in Brazil, the international health care system has called for the development of candidate vaccines against the virus. One of the important challenge of ZIKV vaccine development is to produce a low cost and safe vaccine to be inoculated in pregnant women, particularly in low-ressource countries where viral outbreaks occur. Several mouse and rhesus monkey models have been established in the framework of ZIKV vaccine development [START_REF] Lazear | A Mouse Model of Zika Virus Pathogenesis[END_REF][START_REF] Morrison | Animal Models of Zika Virus Infection, Pathogenesis, and Immunity[END_REF][START_REF] Poland | Development of vaccines against Zika virus[END_REF][START_REF] Dudley | A rhesus macaque model of Asian-lineage Zika virus infection[END_REF]. Most models used to study ZIKV vaccine efficacy are knockout mice (129, C57BL/6, Balbc, Swiss…) with deficiencies in IFN type I (IFN-α and -β) or II (IFN-γ) receptors which have the particularity to reproduce several characteristics of ZIKV pathogenesis, such as fever, neurological disorders on newborn mouse and lethality. Many vaccine subtypes and strategies are under development and vaccine candidates are currently tested for their non-toxicity and efficacy, although only a few are currently in phase I or II clinical trials (Table 1) (Figure 1) [START_REF] Poland | Development of vaccines against Zika virus[END_REF][START_REF] Abbink | Zika virus vaccines[END_REF][START_REF] Masmejan | Zika virus, vaccines, and antiviral strategies[END_REF]. Among the more promising vaccines in clinical trials there is a ZIKV-purified inactivated virus (ZPIV) which was found to confer long-term protection in monkeys [START_REF] Abbink | Protective efficacy of multiple vaccine platforms against Zika virus challenge in rhesus monkeys[END_REF][START_REF] Larocca | Vaccine protection against Zika virus from Brazil[END_REF] and several nucleic acid vaccines targeting the prM and E proteins that provide complete protection against viral challenges in both mice and non human primates [START_REF] Abbink | Protective efficacy of multiple vaccine platforms against Zika virus challenge in rhesus monkeys[END_REF][START_REF] Larocca | Vaccine protection against Zika virus from Brazil[END_REF][START_REF] Abbasi | Vaccine Enters Clinical Trials[END_REF][START_REF] Dowd | Rapid development of a DNA vaccine for Zika virus[END_REF][START_REF] Pardi | Zika virus protection by a single low-dose nucleoside-modified mRNA vaccination[END_REF][START_REF] Dyer | Trials of Zika vaccine are set to begin in North America[END_REF] as well as an adenovirus-based vaccine targeting the prM and E protein of ZIKV with a complete long-term protection in monkeys [START_REF] Abbink | Protective efficacy of multiple vaccine platforms against Zika virus challenge in rhesus monkeys[END_REF][START_REF] Xu | Recombinant Chimpanzee Adenovirus Vaccine AdC7-M/E Protects against Zika Virus Infection and Testis Damage[END_REF]. Additional vaccines are also being investigated but are still in the process of preclinical development [START_REF] Poland | Development of vaccines against Zika virus[END_REF][START_REF] Abbink | Zika virus vaccines[END_REF][START_REF] Masmejan | Zika virus, vaccines, and antiviral strategies[END_REF][START_REF] Durbin | Vaccine Development for Zika Virus-Timelines and Strategies[END_REF]. Also, fundamental research has higlighted a new and very interesting strategy, pertaining to as an miRNA co-targeting approach for a live virus vaccine that might result in improved genetic stability and restricted virus replication [START_REF] Tsetsarkin | Routes of Zika virus dissemination in the testis and epididymis of immunodeficient mice[END_REF]. In summary, remarkable efforts have been undertaken to develop an effective vaccine against ZIKV infection and a list of potential candidates has been identified of which several have reached phase II in clinical trials.

Conclusion

Three years after the beginning of the ZIKV outbreak in Brazil, the virus is still subject to intense medical research. Many investigations have allowed to better understand the biology of the infection leading to the establishment of vector control strategies and the development of drugs and vaccines that are currently tested in clinical trials in a remarkably short time following the outbreak (Figure 1). Nevertheless, most of the challenges such as vector control, diagnostics and patients care need to be improved in order to better control ZIKV spread. The symptomatic consequences of the co-circulation of ZIKV with other arboviruses such as DENV and CHIKV are still poorly characterized. However, since both viruses use the same vector it is important to continue to put a main effort in strategies of vector control. The latest ZIKV outbreak also highlights the importance to develop better tools to survey the ciculation of arboviruses in general and prevent the emergence of new ones. In fine, lessons from ZIKV outbreak have to be integrated to be prepared to adequately respond to the emergence of the next generation of arboviruses already circulating in the vector [START_REF] Venter | Assessing the zoonotic potential of arboviruses of African origin[END_REF].

Innovative strategies to limit ZIKV transmission through the control and the reduction of Aedes mosquito populations (1); the production of antiviral drugs able to inhibit ZIKV infection in humans [START_REF] Darwish | A sero-epidemiological survey for Bunyaviridae and certain other arboviruses in Pakistan[END_REF] and the development of efficient ZIKV vaccines to counteract ZIKV epidemy propagation (3). Red spots represent organs from which ZIKV has been isolated. 

  (Ferraris et al., unpublished data).

Table 1 . Promising ZIKV antiviral drugs and vaccines Treatment Target system of validation reference

 1 

	Duramycin	viral entry	in vitro	104-106
	Suramin	viral entry	in vitro	104-106
	Nanchangmycin	viral entry	in vitro	107
	Z2	viral entry	in vitro/in vivo	108
	25HC	viral entry	in vitro/in vivo	109
	Novobioctin	NS2B-NS3	in silico/in vitro	110
	Lopinavir-ritonavir	NS2B-NS3	in silico/in vitro	110
	Bromocriptine	NS2B-NS3	in vitro	111
	Sofosbuvir	NS5 RdRp	in silico/in vitro	89,104-106
	Emricasan	caspase 3	in vitro	115
	Imipramine	cholesterol transport	in vitro	116
	therapeutics antibodies	E	in vitro/in vivo	117-119
	Vaccine	target	clinal trial	reference
	inactivated virus	prM & E	phase I	122.125
	nucleic acid vaccine	prM & E	phase I/II	122-129
	adenovirus-based vaccine	prM & E	phase I	124,130
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