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ABSTRACT

Orthohantaviruses are globally widespread emerging viruses hosted by small mammals, such as rodents, insectivores and bats. In these natural reservoirs, orthohantavirus establish asymptomatic chronic infection. Nevertheless, orthohantavirus can be occasionally transmitted to human, through the inhalation of viral particles, and may cause hemorrhagic fevers with renal syndrome in Eurasia and cardio-pulmonary syndrome in the Americas.

Few data are available concerning the way these viruses interact with their hosts. In order to understand the mechanisms leading to pathogenicity in humans and persistence in rodents, we carried out a comparative study of Puumala orthohantavirus, responsible for an attenuated form of HFRS, with non-pathogenic orthohantavirus Tula and Prospect Hill.

We first identified suitable cellular models for our studies and we described differences in the production of viral particles depending on the host from which cells were obtained.

Secondly, we shed light on the interactions of viral proteins with cellular compartments and factors during the viral cycle by 1) analyzing the regulation of protein expression, especially implicated in the immune reponse, in infected human cell line, 2) detecting the localization and interaction of viral proteins with cellular compartments in the infection, 3) defining how viral proteins antagonize the interferon signaling pathways and 4) discovering by mass spectrometry the cellular factors interacting with the nucleocapsid of our three orthohantaviruses.

We showed that these viruses share common characteristics concerning the interaction with the cell during the viral cycle. However, we also revealed differences of regulation of cellular pathways, depending on the virus and on the viral proteins.

These studies highlight the complexity of orthohantaviruses and allowed to identify adapted cellular models for further studies on these viruses, as well as cellular factors that are currently been investigated for their role in the viral cycle. Overall, these tools and findings will allow to better understand differences between viruses and their mechanisms responsible for the pathogenicity and persistence in the human host and rodent reservoirs.

RESUME

Les orthohantavirus sont des virus émergents, présents dans le monde entier, ayant pour réservoirs des petits mammifères (rongeurs, insectivores, chauves-souris) avec lesquels ils établissent des infections chroniques asymptomatiques. La transmission occasionnelle à l'homme, par inhalation de virus présents dans des aérosols d'excrétions de rongeurs infectés, peut être à l'origine de fièvres hémorragiques, à syndromes rénaux (HFRS) en Eurasie et cardiopulmonaire en Amérique. Peu de données sont disponibles concernant ces pathologies, mais un rôle de la réponse immunitaire est admis.

Nous avons mené une étude comparative entre l'orthohantavirus Puumala, présent en France et responsable d'une forme atténuée de HFRS, et les orthohantavirus non pathogènes Tula et Prospect Hill.

Des modèles cellulaires adaptés à nos études ont été d'abord definis et nous avons observé des differences de production de particules virales en fonction de l'origine de lignées cellulaires (homme ou rongeur).

Deuxièmement, nous avons décrit les interactions des protéines virales avec les les facteurs et les compartiments cellulaires pendant le cycle viral par : 1) analyse de la regulation de l'expression de protéines par cellules humaines infectées, 2) detection de la localisation et l'interaction de protéines virales avec les compartiments cellulaires au cours de l'infection, 3) étude de l'activité inhibitrice des protéines virales sur les voies impliquées dans la réponse interféron et 4) identification par spectrométrie de masse de facteurs cellulaires intéragissant avec la nucleocapside de nos trois orthohantavirus.

Nous avons demontré que ces virus possèdent des caracterisiques communes en termes d'interaction avec la cellule au cours de l'infection. Cependant, nous avons aussi mis en évidence des differences de regulation de voies de signalisation cellulaires, en fonction du virus et des protéines virales.

Ces études montrent la complexité associée à l'étude des orthohantavirus et ont permis d'identifier des modèles cellulaires utiles pour approfondir les relations hôte-virus. De plus, nous avons aussi mis en évidence des facteurs cellulaires, dont l'impact et le rôle pendant l'infection sont en cours d'analyse. Dans l'ensemble, ces outils et résultats permettront de mieux comprende les différences entre virus et les mécanismes responsable de pathogénicité et persistance chez l'homme et les rongeurs. 
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INTRODUCTION

I. Generalities on orthohantaviruses and their physio-pathology

Orthohantaviruses are a family of globally widespread emerging viruses.

Hosted by mammals, such as rodents, shrew, bats and moles, some of these viruses are responsible for hemorrhagic pathologies in humans.

Globalisation, urbanization, intensive agricultural activities and deforestation increase the contacts between infected animals and humans. These factors, together with the worldwide distribution of natural hosts, severity of the human pathologies and the elevated number of viral species, make orthohantaviruses and their associated diseases more and more relevant to human health [START_REF] Reusken | Factors driving hantavirus emergence in Europe[END_REF].

A. Historical background of orthohantaviruses 1. Orthohantavirus discovery and potential past epidemics

During the 1950s, cases of hemorrhagic fever caused by an unknown pathogen were described among United Nations forces dispatched in Korea [START_REF] Smadel | Epidemic hemorrhagic fever[END_REF]. Troops reported to suffer from fever, internal bleeding, kidney failure, myalgia and thrombocytopenia, similar to other pathologies already identified in Europe and Asia.

More than 20 years later, the pathogen responsible for the disease, Hantaan virus (HTNV), which derives its name from the south-korean Hantaan river area where the epidemics took place, was isolated from lung tissue of the striped field mouse [START_REF] Lee | Isolation of the etiologic agent of Korean Hemorrhagic fever[END_REF].

Cases of nephropathia epidemica (NE), a milder form of the disease induced by HTNV, have been described in patients from Sweden since the 1930s and the first major european outbreak took place during the Second World War among soldiers dispatched in Finland. It was later discovered that they were caused by another orthohantavirus, Puumala virus (PUUV), endemic in the northern regions of Europe [START_REF] Brummer-Korvenkontio | Nephropathia epidemica: detection of antigen in bank voles and serologic diagnosis of human infection[END_REF]).

In 1993, the second major hantaviral outbreak and the first set in the Americas was reported in the Four Corners region, the geographical intersection of Utah, Colorado, Arizona and New Mexico states. This previously undescribed disease was characterized by pulmonary edema, fever and thrombocytopenia. After IgM and IgG antibodies from patient sera were shown to cross-react with orthohantaviruses identified in the Eurasia continent, it was then established that a new orthohantavirus, hosted by another rodent, was responsible for the outbreak. It was initially named Four Corners Virus (FCV), and is nowadays known as Sin Nombre virus (SNV) [START_REF] Hjelle | A novel hantavirus associated with an outbreak of fatal respiratory disease in the southwestern United States: evolutionary relationships to known hantaviruses[END_REF]).

Since their discovery, the number of orthohantaviruses identified worldwide grows at fast pace. To-date, more than 40 viral species have been included in the Hantaviridae family, among which 22 are considered pathogenic for humans.

Besides the discovery of new viral species, the number of human cases is increasing in endemic areas, such as Scandinavia and south-american regions, along with outbreaks in regions previously considered unaffected, as the one reported in the Yosemite Park (Centers for Disease and Prevention 2012).

Nowadays, improvements in sequencing technology, as well as the increasing interest in ancient diseases to shed light on possible mechanisms of recurrence, allow to infer the etiological pathogens responsible for past epidemics. In a recent study (Heyman, Simons and Cochez 2014), it is suggested that orthohantaviruses may have been responsible for the English Sweating Sickness (ESS), a disease that can be tracked back to the end of the XV century, and that re-emerged at least five times in the following century. It suddenly disappeared, until a variant milder form, the Picardy sweat, emerged in France in the XVIII century. Mortality rate, comparable to the one of SNV (around 40%), along with manifestation of epidemics after abundant rainfalls and pulmonary symptomatology, suggest that orthohantaviruses could be the potential etiologic cause of ESS. Therefore, orthohantaviruses may have been circulating in their reservoir and spill over human population for a longer time than previously thought.

Hypothetical origins and evolution of orthohantaviruses

The majority of discoveries on orthohantaviruses have been achieved by studying viruses hosted by rodents; however, since 2003, new species of orthohantaviruses have been found associated with shrews and moles from different regions of the world [START_REF] Klempa | Novel hantavirus sequences in Shrew, Guinea[END_REF], Kang et al. 2009, Song et al. 2009). Around ten years later, genetic investigations of African and Asian bats' tissue samples revealed the presence of new viral species in these animals [START_REF] Gu | Molecular phylogeny of hantaviruses harbored by insectivorous bats in Cote d'Ivoire and Vietnam[END_REF].

First hypothesis about evolution of orthohantaviruses suggested that they co-diverged in species-specific manner with rodents for more than 100 million years [START_REF] Plyusnin | Evolution of hantaviruses: co-speciation with reservoir hosts for more than 100 MYR[END_REF]. Even though this concept remains valid, the wide diversity of RNA viral families sequenced in different classes of arthropods suggests that insects could actually have played a major role in the evolution of negative-stranded RNA viruses, acting as reservoir for the ancestor of these viruses [START_REF] Li | Unprecedented genomic diversity of RNA viruses in arthropods reveals the ancestry of negative-sense RNA viruses[END_REF]. Moreover, data obtained on new viral species suggest that nowadays hantaviruses could have evolved from ancestral viruses hosted by non-rodent insectivores, which in turn could have been infected by a common arthropodborne bunyavirus ancestor [START_REF] Witkowski | Phylogenetic analysis of a newfound bat-borne hantavirus supports a laurasiatherian host association for ancestral mammalian hantaviruses[END_REF]). In such case, orthohantaviruses would have then spilt over to rodents from bats, shrews or moles.

B. Relationship of orthohantaviruses with their reservoirs

Variety of orthohantavirus and their hosts

As previously mentioned, orthohantaviruses are hosted by small insectivore mammals such as rodents (Rodentia order), bats (Chiroptera order) and shrews or moles (Eulipotyphla order). Due to the global distribution of their animal reservoirs, orthohantaviruses are found all-over the world (Fig. 1). In rodents, hantaviral species have been described associated to different subfamilies, depending on the region: Sigmodontinae and Neotominae present in the Americas, such as the long-tailed rice rat (Oligoryzomys longicaudatus) and the deer mouse (Peromyscus maniculatus) are the reservoir of Andes virus (ANDV) and SNV respectively, while species of the Murinae and Arvicolinae subfamilies hosts old-world orthohantaviruses, such as HTNV by the striped-field mouse (Apodemus agrarius) and PUUV by the bank vole (Myodes glareolus). Of note, the new world Prospect Hill virus (PHV) is harbored by the meadow vole (Microtus pennsylvanicus), which belongs to the Arvicolinae subfamily.

Due to the global distribution of its reservoir, the common rat (Rattus norvegicus), Seoul virus (SEOV) is found in both the old and the new world [START_REF] Lin | Migration of Norway rats resulted in the worldwide distribution of Seoul hantavirus today[END_REF]).

Less is known about the association of orthohantaviruses with non-rodent hosts: viruses have been found at least in five families of the Chiroptera order, as well as in the Soricidae and Talpidae families of Eulipotyphla, as for example Thottapalayam virus (TPMV), discovered in 1964 in India and assigned to the bunyaviridae family more than 30 years later [START_REF] Carey | Thottapalayam virus: a presumptive arbovirus isolated from a shrew in India[END_REF]). Orthohantaviruses harbored by non-rodent mammals have been found

in Europe, Asia, Africa and South-America [START_REF] Guo | Phylogeny and origins of hantaviruses harbored by bats, insectivores, and rodents[END_REF][START_REF] Zhang | Discovery of hantaviruses in bats and insectivores and the evolution of the genus Hantavirus[END_REF]).

Genomic analyses have recently revealed presence of orthohantaviruses in non-mammalian animals, such as fish and reptiles from the Asian region [START_REF] Shi | The evolutionary history of vertebrate RNA viruses[END_REF]), though their relevance to the host biology and inter-species transmission is yet to be established.

Orthohantaviruses have also been found in moose, red fox, domestic cats and dogs, but they probably represent an occasional spill-over without risk for human health [START_REF] Avsic-Zupanc | Hantavirus infections[END_REF]).

Co-speciation of orthohantaviruses with their rodent reservoirs

Each species of orthohantavirus is closely associated to one or few genetically related species of reservoir host species, and it is widely accepted that a tight co-evolution process has taken place over millions of years between one orthohantavirus and its specific host [START_REF] Plyusnin | Evolution of hantaviruses: co-speciation with reservoir hosts for more than 100 MYR[END_REF]. It has been demonstrated that genetically related rodents harbor orthohantavirus that are evolutionary related based on the similarity of the amino acid sequences (Fig. 2) [START_REF] Meyer | Persistent hantavirus infections: characteristics and mechanisms[END_REF]. However, the discovery of Viruses belonging to the Hantaviridae family have been found associated to small insectivore mammals in Eurasia, North-and South-America and Africa.

orthohantaviruses harbored by non-rodent animals, as well as the identification of some viruses infecting two different hosts, suggest that the "one host-one virus" paradigm should be reconsidered [START_REF] Milholland | Global Diversity and Distribution of Hantaviruses and Their Hosts[END_REF]). For example, Dobrava virus (DOBV), which is present in Eastern Europe, has been found in three different species of Apodemus, even though these species remain phylogenetically closed [START_REF] Avsic-Zupanc | Hantavirus infections[END_REF]).

Dynamics of infection and viral transmission

In their reservoir, orthohantaviruses establish a life-lasting persistent infection without signs of pathology. However, a few studies have suggested that the infection could have an impact on the reservoirs: deer mice aturally infected with SNV show a lower level of immunocompetence than non-infected individuals [START_REF] Lehmer | Differential resource allocation in deer mice exposed to sin nombre virus[END_REF]) and feeder rats Representation of the timing of the main diversification events in (A) hosts and (B) orthohantavirus evolution. Point 1 refers to the split of Laurasiatheria (including the orders Eulipotyphla and Chiroptera) and Euarchontoglires (including the order Rodentia). Point 2 defines the estimated time when the order Rodentia started to diversify. These two time-points correlate with host-swtiching and main diversification events of orthohantaviruses supporting the coevolution hypothesis. Points 3, 4 and 5 define diversification of orthohantaviruses associated to rodents of Murinae (Muridae family), Sigmodontinae/Neotominae and Arvicolinae (Cricetidae family) respectively. The maximum likelihood phylogenetic tree of orthohantavirus is based on full length L coding sequences.

Adapted from [START_REF] Plyusnin | Evolution of hantaviruses: co-speciation with reservoir hosts for more than 100 MYR[END_REF] infected with SEOV show mild form of hepatitis [START_REF] Maas | Seoul Virus Tropism and Pathology in Naturally Infected Feeder Rats[END_REF]). Moreover, it has been suggested that hantaviral infection could reduce winter survival of rodents [START_REF] Kallio | Endemic hantavirus infection impairs the winter survival of its rodent host[END_REF]), compromise their weight gain [START_REF] Douglass | Sin Nombre virus infection of deer mice in Montana: characteristics of newly infected mice, incidence, and temporal pattern of infection[END_REF]) and increase mortality among young individuals [START_REF] Douglass | Longitudinal studies of Sin Nombre virus in deer mouse-dominated ecosystems of Montana[END_REF]). Nevertheless, other studies did not find any influence of the infection on the host longevity, suggesting that multiple co-factors should be taken into account to explain the effect of the virus on the host, both on the short and on the long term.

In experimentally infected rodents, similar to analyses performed on wild rodents, orthohantaviruses have been detected in multiple organs, such as kidneys, spleen, lungs and salivary glands [START_REF] Yanagihara | Experimental infection with Puumala virus, the etiologic agent of nephropathia epidemica, in bank voles (Clethrionomys glareolus)[END_REF]Gajdusek 1985, Hutchinson, Rollin andPeters 1998),

without remarkable effects on the endothelium or in the induction of thrombocytopenia [START_REF] Schountz | Kinetics of immune responses in deer mice experimentally infected with Sin Nombre virus[END_REF]). Viremia peaks after 1-2 weeks p.i. in blood and 3-4 weeks in tissues, followed by a decrease in the quantity of viral genome detected in blood, probably due to elimination by cell-mediated immune response. After the establishment of the persistence, occasional cyclic bursts of viral replication can be detected, with consistently recovered infectious virus in most tissues [START_REF] Hutchinson | Pathogenesis of a North American hantavirus, Black Creek Canal virus, in experimentally infected Sigmodon hispidus[END_REF]). Therefore, rodents can carry infectious viruses for their entire lifespan, as confirmed by dynamic studies of PUUV infection in bank vole [START_REF] Voutilainen | Life-long shedding of Puumala hantavirus in wild bank voles (Myodes glareolus)[END_REF].

Orthohantaviruses are released in saliva, urines and faeces by the reservoir [START_REF] Hardestam | Puumala hantavirus excretion kinetics in bank voles (Myodes glareolus)[END_REF]), with infection occurring upon inhalation of viral particles present in the aerosol formed from these excretions or through accentuated contacts, such as biting, grooming and food sharing. However, direct contact is probably a preferred way of transmission for new world orthohantaviruses ANDV and SNV, since they have been found mainly in saliva and rarely in urine and feces [START_REF] Botten | Shedding and intracage transmission of Sin Nombre hantavirus in the deer mouse (Peromyscus maniculatus) model[END_REF][START_REF] Padula | Transmission study of Andes hantavirus infection in wild sigmodontine rodents[END_REF]). Viral transmission does not occur horizontally, as maternal antibodies protect progeny from vertical transmission at least until three months of age [START_REF] Kallio | Maternal antibodies postpone hantavirus infection and enhance individual breeding success[END_REF]). Interestingly, a study on PUUV suggests that viral particles could persist in the environment for about two weeks, depending on the humidity and exposition to sunlight [START_REF] Voutilainen | Life-long shedding of Puumala hantavirus in wild bank voles (Myodes glareolus)[END_REF]. More recently, it has been suggested that some individuals, characterized by higher amounts of detected viral RNA in organs, could act as "superspreader" in a rodent population [START_REF] Schountz | Kinetics of immune responses in deer mice experimentally infected with Sin Nombre virus[END_REF]).

Viral propagation has been characterized in rodent population but no analysis is available concerning the transmission of the virus in moles, shrews and bats reservoirs. Nevertheless, a similar way of transmission is suggested, since high viral loads have been found in kidneys of infected animals, similarly to rodents [START_REF] Witkowski | Phylogenetic analysis of a newfound bat-borne hantavirus supports a laurasiatherian host association for ancestral mammalian hantaviruses[END_REF]).

Epidemiology of the infection

The distribution of infected animals varies in a wild population: older animals have higher chances of being infected due to longer exposure to potentially infected animals and because of the persistence of hantaviral infection [START_REF] Khalil | Dynamics and drivers of hantavirus prevalence in rodent populations[END_REF]).

In an adult population, gender differences have been observed with an elevated prevalence of infected males over females, probably because of their aggressive breeding behavior. It has been suggested that infection could promote aggressiveness, resulting also in higher number of scars, even though conclusive casual relationship could not be defined [START_REF] Douglass | Sin Nombre virus infection of deer mice in Montana: characteristics of newly infected mice, incidence, and temporal pattern of infection[END_REF]).

Prevalence of infected animals is higher at the beginning of spring, while the seroconversion rate is more elevated in the autumn-winter period, probably due to closer contacts between animals and reduced resistance to the infection [START_REF] Voutilainen | Temporal dynamics of Puumala hantavirus infection in cyclic populations of bank voles[END_REF]. Prevalence is also affected by high density of the animal population, as contact rates increase [START_REF] Adler | How host population dynamics translate into time-lagged prevalence: an investigation of Sin Nombre virus in deer mice[END_REF]. However, inconclusive studies on host density and prevalence has been published, suggesting that other factors, such as elevated number of newborns or patchy distribution of resources, differently impact either density or contact rates, complicating the study of the correlation between the two factors [START_REF] Khalil | Dynamics and drivers of hantavirus prevalence in rodent populations[END_REF].

Biodiversity is also thought to play a role in the prevalence of infection. For a certain habitat, the number of different non-host rodent, which could be a dead end to the infection, influence the number of rodent hosts in a density-dependent manner, due to limitations in food and shelters, negatively impacting the infection rate of specific reservoirs [START_REF] Clay | Testing mechanisms of the dilution effect: deer mice encounter rates, Sin Nombre virus prevalence and species diversity[END_REF]). However, this "dilution effect" on the orthohantavirus prevalence in the specific reservoirs in still under debate.

Immune response to the infection and persistence

Mechanisms of hantaviral persistence in the reservoir remain mostly unidentified. Few studies concerning orthohantaviruses and rodent hosts have been carried out in vitro:

infection of rat-derived endothelial cells by SEOV showed viral replication without induction of cytokines [START_REF] Li | Seoul virus-infected rat lung endothelial cells and alveolar macrophages differ in their ability to support virus replication and induce regulatory T cell phenotypes[END_REF] and similarly, PUUV infected embryonic fibroblast cells from bank vole showed no increase in pro-inflammatory markers, such as IFN-β and Mx2, supporting the idea that the reservoir can control the immune response induced by the infection [START_REF] Stoltz | A model system for in vitro studies of bank vole borne viruses[END_REF]). Transcriptomic analysis of naturally infected rodent reservoir of ANDV, the long-tailed pygmy rice rat, showed that pathways implicated in the innate immune response and stimulation of T helper cells were upregulated in persistently infected animals; on the other hand, the expression of apoptotic markers and antiviral factors was modulated in acutely infected rats. Interestingly, abrogation of the expression of Gtf2i, a regulator of VEGFR transcription, suggested that mechanisms implicated in angiogenesis could be affected in the persistently infected rodent reservoir [START_REF] Campbell | Transcriptome markers of viral persistence in naturally-infected andes virus (bunyaviridae) seropositive long-tailed pygmy rice rats[END_REF].

Through animal studies, it has been observed that naturally infected rodents produce orthohantavirus-specific IgG, indicating that the immune system is solicited by the infection (Fig. 3). Upregulation of regulatory T cells (Treg), is responsible for suppressing the inflammation and thus preventing viral clearance, suggesting that the immune system can control the infection and be partially accountable for the long-term persistence of the virus in the organism (Robertson andHasenkrug 2006, Schountz and[START_REF] Schountz | Hantavirus immunology of rodent reservoirs: current status and future directions[END_REF].

Nevertheless, high levels of pro-inflammatory factors have been detected in spleen of SNV infected deer mice, while unchanged or reduced antiviral response has been observed in lungs, suggesting that control of the infection could be site-specific [START_REF] Schountz | Kinetics of immune responses in deer mice experimentally infected with Sin Nombre virus[END_REF]).

Comparison of experimentally infected deer mice revealed that SNV elicited modest immune activation, such as low-level expression of pro-inflammatory cytokines, while ANDV, whose infection is cleared after several weeks [START_REF] Spengler | Experimental Andes virus infection in deer mice: characteristics of infection and clearance in a heterologous rodent host[END_REF], induced IL-4 signaling activation and strong lymphocyte response, which may be responsible for maturation of Bcells and clearance of the virus [START_REF] Schountz | Kinetics of immune responses in deer mice experimentally infected with Sin Nombre virus[END_REF]).

C. Orthohantavirus infection of the human accidental host

Since only orthohantaviruses associated to rodents have been found responsible for diseases in humans, it has been believed for a long time that orthohantaviruses originating from nonrodent reservoir were non-pathogenic to humans. However, the discovery of orthohantaviruses in new animal reservoir and preliminary in vitro studies of infection of human cells with non-rodent orthohantaviruses and the induced immune response suggest that non-rodent-borne orthohantaviruses might cause pathogenicity in humans and highlight the complexity of orthohantavirus-host biological interactions [START_REF] Shin | Distinct innate immune responses in human macrophages and endothelial cells infected with shrew-borne hantaviruses[END_REF].

In humans, transmission takes place preponderantly by inhalation during cleaning of cellars, barns and cottages of contaminated aerosols present in human settlements in rural areas or because of human activities invading the animals' habitat, such as lumbering, camping tourism and crop harvesting (Fig. 4). Recently, patients infected by SEOV were reported among pet rats' owners in the United Kingdom [START_REF] Jameson | Pet rats as a source of hantavirus in England and Wales[END_REF]). Relative hantaviral load in blood (red), saliva (green), and lung tissue (blue) and antibody responses (black) during the acute and persistent phases of infection in rodents.

In the acute phase, which occurs in the first 2-3 weeks of infection, high levels of viral load and replication in tissues are detected. It is followed by the persistent phase, which is characterized by high antibody titers and reduced viral replication.

From [START_REF] Easterbrook | Immunological mechanisms mediating hantavirus persistence in rodent reservoirs[END_REF] In general, human-to-human transmission of orthohantaviruses does not occur. However, cases of person-to-person transmission have been reported for ANDV after contact with patients' body fluids or common space sharing, even though it appears as an occasional and rather rare way of transmission (Ferres et al. 2007).

Upon transmission, orthohantaviruses can be differently pathogenic depending on the virus.

Two distinct acute diseases have been described, based on the geographical region, the main targeted organ and the annual number of caused cases. Old World orthohantaviruses are responsible for Hemorrhagic Fever with Renal Syndrome (HFRS) in Europe and Asia, while New World orthohantaviruses cause Hantavirus Cardio-Pulmonary Syndrome (HCPS) in the Americas (Fig. 5). A recent case of renal failure in Africa, associated to orthohantavirus infection, has led to speculate that orthohantaviruses hosted by shrews could also be pathogenic in humans [START_REF] Heinemann | Human Infections by Non-Rodent-Associated Hantaviruses in Africa[END_REF]). For both the pathologies, just a rough evaluation of the number of cases per year is available, considering that a great number of diseases associated to orthohantavirus are likely not confirmed, misdiagnosed or neglected [START_REF] Jonsson | A global perspective on hantavirus ecology, epidemiology, and disease[END_REF]. In addition, few orthohantaviruses have been described as non-pathogenic in humans, such as PHV in the United States.

Tula virus (TULV) can be transmitted to humans and has been described to cause disease in three controversial cases, with detection of the virus in just one patient, who was already immunocompromised [START_REF] Zelena | Tula hantavirus infection in immunocompromised host, Czech Republic[END_REF]. The pathogenicity of the virus is under debate, especially since a case has been reported in France of TULV infection in a healthy individual with manifested renal injury [START_REF] Reynes | Tula hantavirus infection in a hospitalised patient, France[END_REF]. Moreover, in Germany a patient presenting pneumonia and renal syndrome was found positive for neutralizing antibodies against TULV [START_REF] Klempa | Occurrence of renal and pulmonary syndrome in a region of northeast Germany where Tula hantavirus circulates[END_REF])

Hantavirus Cardio-Pulmonary Syndrome

Around 200 cases of the HCPS are globally reported per year, with a mortality rate around 40%, depending on the virus. In North America, the main pathogens of the pathology are SNV, Black Creek Canal (BCCV) and Bayou (BAYV) virus, while ANDV, Laguna Negra (LANV)

and Choclo (CHOV) virus cause HCPS in South America. Adapted from [START_REF] Jiang | Hantavirus infection: a global zoonotic challenge[END_REF] HCPS consists of three phases: the prodromal, characterized by thrombocytopenia and nonspecific symptoms such as headache, fever, myalgia and abdominal pain. In the following cardiopulmonary phase, severe complications such as dyspnea, hypoxia, pulmonary edema and depression of cardiac function, are responsible for pulmonary capillary leakage. The onset of the disease is rapid and fatal organ failure occurs in the first 48 hours of the clinical course. Patients surviving this second phase then enter in the convalescent stage, which can last months till full recover (Fig. 6).

No approved drugs exist for treatment of the infection. Patients receive supportive care, such as mechanical ventilation, or in worst cases extracorporeal membrane oxygenation, following fulminant respiratory failure, vasoactive drugs to regulate blood pressure.

Treatment with ribavirin, a known anti-viral drug, showed no effect on patients [START_REF] Chapman | Intravenous ribavirin for hantavirus pulmonary syndrome: safety and tolerance during 1 year of open-label experience. Ribavirin Study Group[END_REF]).

Hemorrhagic Fever with Renal Syndrome

It is believed that more than 200000 patients are affected by HFRS annually, although the precise number of cases is not established. In humans, new-world orthohantaviruses can induce a pathology characteristed by three stages: prodromal phase, defined by high viral load and fever; cardiopulmonary phase, characterised by pulmonary edema and shock; and finally, convalescence. From the manifestation of symptoms to the convalescence stage, the course of the disease is rapid, lasting around two weeks.

Adapted from [START_REF] Jonsson | Treatment of hantavirus pulmonary syndrome[END_REF] Mortality rate varies depending on the virus: HTNV and DOBV are the most pathogenic among the old-world orthohantaviruses, with fatalities in 5% and 10% of cases respectively, while SEOUV provoke moderate HFRS with mortality rate of 1%.

PUUV is responsible for NE in Europe and is associated to a low mortality in 0,1% of cases.

HFRS is characterized by fever, hypotension and acute kidney injury. After an incubation period ranging from 10 days to 6 weeks, five different phases in the progression of the disease as follow: febrile phase, when clinical manifestations consist in headache, vomiting and abdomen pain; hypotensive phase, characterized by hypotension and capillary leakage;

oliguric phase, mainly defined by anuria and hypertension, followed by the polyuric phase, when renal functions recover, and finally the convalescent phase (Fig. 7).

These different phases can overlap in severe cases or be absent in mild ones [START_REF] Jiang | Hemorrhagic Fever with Renal Syndrome: Pathogenesis and Clinical Picture[END_REF]). Mortality is due to complications such as renal insufficiency, edema, hemorrhages and shock during the hypotensive and oliguric phases.

In NE, severe hemorrhage and shock are not observed, and kidney failure is less dramatic than in HFRS, with anuria reported in less than half of the patients, but hospitalized patients may require dialysis treatment. Symptoms of NE resemble more to a febrile state with abdominal pain, it is therefore often misdiagnosed.

As for HCPS, no approved drug therapy is available and patients undergo supportive treatment, such as dialysis and platelet transfusion for severe cases of HFRS.

Due to their mitigated success, no FDA-approved drug treatment or vaccine is currently available [START_REF] Brocato | Progress on the Prevention and Treatment of Hantavirus Disease[END_REF]. In China, clinical trials have reported an effective antihantaviral activity of ribavirin after the symptoms displayed, reducing mortality and renal insufficiency [START_REF] Rusnak | Experience with intravenous ribavirin in the treatment of hemorrhagic fever with renal syndrome in Korea[END_REF]). Vaccines for HTNV and SEOV based on inactivated viruses and developed in VeroE6 cell culture are currently in use in China [START_REF] Zhang | Hantavirus infections in humans and animals, China[END_REF]), while a formalin-inactivated vaccine, Hantavax® is distributed in Korea. This latter induces weak production of neutralizing antibodies one year following the boost and no significant reduction in HFRS disease severity (Cho and Howard 1999, Yi, Park and Jung 2018)

Cell-mediated immunopathology

Cells implicated in the establishment of the immune response are under investigation for their role in the pathogenicity observed upon orthohantavirus infection.

Natural Killer (NK) cells are implicated in immune response against several viral infections. It has been shown that they rapidly expand and persist in human patients for long time after the infection [START_REF] Bjorkstrom | Rapid expansion and long-term persistence of elevated NK cell numbers in humans infected with hantavirus[END_REF]). It has been suggested that infected epithelial and endothelial cells would be able to activate NK cells via IL-15. This activation was responsible for killing uninfected endothelial cells, while infected cells seemed to be resistant to the NK activity [START_REF] Braun | NK cell activation in human hantavirus infection explained by virus-induced IL-15/IL15Ralpha expression[END_REF] Dendritic cells are also thought to play a major role in the infection by orthohantaviruses in humans. These cells are susceptible to the infection by HTNV and ANDV in vitro [START_REF] Raftery | Hantavirus infection of dendritic cells[END_REF][START_REF] Marsac | Infection of human monocyte-derived dendritic cells by ANDES Hantavirus enhances pro-inflammatory state, the secretion of active MMP-9 and indirectly enhances endothelial permeability[END_REF]), eliciting cellular maturation and enhanced migration [START_REF] Raftery | Hantavirus infection of dendritic cells[END_REF][START_REF] Scholz | Human hantavirus infection elicits pronounced redistribution of mononuclear phagocytes in peripheral blood and airways[END_REF]). It is therefore supposed that dendritic cells, along with monocytes and macrophages, also susceptible to the infection by orthohantaviruses [START_REF] Temonen | Effect of interferon-alpha and cell differentiation on Puumala virus infection in human monocyte/macrophages[END_REF], could act as carriers of the virus in the infected organism. Moreover, they could also participate in the activation of other immune cells, such as CD8+, B and NK cells [START_REF] Schonrich | Dendritic Cells (DCs) as "Fire Accelerants" of Hantaviral Pathogenesis[END_REF].

Neutrophils can interact with infected endothelial cells, leading to the induction of NETosis, a form of programmed neutrophil cell death characterized by release of neutrophil extracellular traps (NET). NETs are composed of double stranded DNA and granules molecules and it is suggested that NETosis could be responsible of enhanced vascular permeability. Activation and responses of neutrophils rely also on integrin β2, which is supposed to be used as main receptor for orthohantaviral infection of neutrophils [START_REF] Raftery | beta2 integrin mediates hantavirus-induced release of neutrophil extracellular traps[END_REF]). Moreover, activated neutrophils release TNF-α, which is also implicated in increased permeability upon binding to its receptor on endothelial cells [START_REF] Schonrich | Hantavirus-induced disruption of the endothelial barrier: neutrophils are on the payroll[END_REF].

The role of T cells in human infection by orthohantaviruses has been studied predominantly in patients. It has been shown that early onset of CD4+ and CD8+ T cell response correlate with milder form of the HFRS [START_REF] Wang | Cellular immune response to Hantaan virus nucleocapsid protein in the acute phase of hemorrhagic fever with renal syndrome: correlation with disease severity[END_REF]).

In patients, high levels of granzyme B and perforin 1, both secreted by cytotoxic T cells (CTLs), have been detected. Therefore, it has been suggested that cytotoxic CD8+ T cells could be responsible for an exacerbated inflammatory response following hantaviral antigen recognition and the magnitude of CTLs response would correlate with the severity of the PUUV induced disease [START_REF] Rasmuson | Cytotoxic immune responses in the lungs correlate to disease severity in patients with hantavirus infection[END_REF]). Infiltrations of CTLs have also been found in kidneys of patients with NE, which could account for renal damage [START_REF] Ala-Houhala | Increased glomerular permeability in patients with nephropathia epidemica caused by Puumala hantavirus[END_REF].

Concomitantly, lower levels of Treg in patients, compared to healthy individuals, would suggest that the immune response is not efficiently regulated during hantaviral infection [START_REF] Rasmuson | Cytotoxic immune responses in the lungs correlate to disease severity in patients with hantavirus infection[END_REF]).

However, necrotic endothelial cells have not been found in HCPS patients [START_REF] Mori | High levels of cytokine-producing cells in the lung tissues of patients with fatal hantavirus pulmonary syndrome[END_REF] and, in addition, the nucleocapsid protein seems to protect infect cells by blocking caspase pathway [START_REF] Gupta | Hantavirus-infection confers resistance to cytotoxic lymphocyte-mediated apoptosis[END_REF]).

Concerning B cells, it has been shown that recovering patients possess high titers of neutralizing antibodies, which are specific for the infecting orthohantaviral species [START_REF] Valdivieso | Neutralizing antibodies in survivors of Sin Nombre and Andes hantavirus infection[END_REF]). Moreover, severe cases of HCPS present lower titers of IgG recognizing SNV N and neutralizing antibodies compared to milder cases, suggesting that presence of these antibodies may participate in the clearance and recovery from the infection [START_REF] Bharadwaj | Humoral immune responses in the hantavirus cardiopulmonary syndrome[END_REF]. 4. Suitable animal models for the study of the pathologies Classical animals models, such as mice and rats, are not useful for the study of HFRS and HCPS, since these rodents cannot be infected or do not show any sign of disease.

A study has been published where mice with a humanized immune system were produced:

immunodeficient mice were inoculated with human hematopoietic stem cells isolated from umbilical cord blood. However, no functional human CD8+ cells were present, precluding the global study of immune response. Mice were infected with HTNV and drop in the amount of human platelets, as well as infiltration of inflammatory cells in the lungs, were detected [START_REF] Kobak | Hantavirus-induced pathogenesis in mice with a humanized immune system[END_REF].

Interestingly, suckling mice have also been studied for their susceptibility to orthohantabirus infection. It has been shown that they can be infected by DOBV and HTNV, while adults are not susceptible to the infection (Kim andMcKee 1985, Klingstrom, Hardestam and[START_REF] Klingstrom | Dobrava, but not Saaremaa, hantavirus is lethal and induces nitric oxide production in suckling mice[END_REF]. Suckling mice present elevated cytotoxic T cell activity, viral infection of various organs and lethal outcome, which is more important as mice are younger [START_REF] Tamura | Pathogenesis of Hantaan virus in mice[END_REF]). Due to the critical effect of the infection, this animal model is predominantly employed to pharmacological studies of potential anti-hantaviral drugs, such as ribavirin and arbidol [START_REF] Huggins | Ribavirin therapy for Hantaan virus infection in suckling mice[END_REF][START_REF] Deng | Efficacy of arbidol on lethal hantaan virus infections in suckling mice and in vitro[END_REF]) .

The Syrian golden hamster has been used to study the pathology induced by ANDV: after the infection, hamsters mount a strong inflammatory response, followed by induction of adaptive response characterized by proliferation of T-cells and production of viral-specific antibodies, before fatal outcome [START_REF] Prescott | The adaptive immune response does not influence hantavirus disease or persistence in the Syrian hamster[END_REF]). Syrian hamsters infected with MAPV reproduce clinical picture of HCPS, confirming that it could be a good model to study pathogenesis and to determine efficient therapeutic agents [START_REF] Milazzo | Maporal viral infection in the Syrian golden hamster: a model of hantavirus pulmonary syndrome[END_REF]. Even though SNV is also a new-world pathogenic orthohantavirus, it does not cause disease in the hamster model and the infection is cleared. Comparison between SNV and ANDV showed that the latter induced strong innate immune response at later time points; moreover, the depletion of T-cells did not impair the development of the infection, suggesting that cells of the innate immune response, macrophages or neutrophils, may be more involved in the observed differences in the pathogenicity [START_REF] Hammerbeck | T cells are not required for pathogenesis in the Syrian hamster model of hantavirus pulmonary syndrome[END_REF].

The lack of suitable animal model to mimic HFRS considerably limits the study of the pathology. After infection with PUUV, the Syrian golden hamster does not show any symptoms similar to HFRS or NE, on the contrary, the virus persists in the organism, rather mimicking viral persistence observed in rodent reservoir [START_REF] Sanada | Puumala virus infection in Syrian hamsters (Mesocricetus auratus) resembling hantavirus infection in natural rodent hosts[END_REF]).

The best model of HFRS pathology has been obtained with non-human primates. 

II. Classification and biology of orthohantaviruses

Although orthohantaviruses are perculiar in their transmission modalities and their natural hosts, they share common features with other viruses of the Bunyavirales order, often used to understand biology of orthohantaviruses.

A. Phylogenetic classification of orthohantaviruses

Fifteen years after the discovery of the virus, HTNV particles has been analysed for their nucleic acids composition, by radiolabeling of RNA extracted from virions, and for particle morphology, by electron microscopy (Schmaljohn et al. 1983). Data have suggested that orthohantaviruses were related to several bunyaviruses, as they also are enveloped viruses with a three segmented genome. Because of the 3' terminal sequence, it was proposed that HTNV could be the protoype species of a new genus in the then-family Bunyaviridae (Schmaljohn and Dalrymple 1983), which was accepted in 1991 [START_REF] Francki | Classification and Nomenclature of Viruses[END_REF]). Recent discoveries of new viruses related to this bunyaviruses led to taxonomic promotion of the family to an order, Bunyavirales [START_REF] Maes | Taxonomy[END_REF], and the hantavirid genus has been promoted to the Hantaviridae family (Fig. 8). Genetics analysis for the clade credibility tree was performed on the amino acids sequence of the viral polymerase.

From [START_REF] Maes | Taxonomy[END_REF] New viral species can be included in the family based on 1) association with a unique ecological niche, 2) the amino-acids identity of the nucleocapsid and the glycoprotein precursor, 3) a minimal fourfold difference in two-way cross neutralization test and 4) absence of genetic reassortment in nature [START_REF] Plyusnin | Ninth Report of the International Committee on Taxonomy of Viruses[END_REF]).

In the Hantaviridae family, the 47 species of orthohantaviruses have been classified in 4

subfamilies depending on their hosts: orthohantaviruses hosted by bats, shrews, moles and rodents are assigned to the Mammantavirinae subfamily, composed of 4 genera, Loanvirus, Mobatvirus, Orthohantavirus and Thottimvirus (Table 1). Orthohantavirus genus comprehend 36 species, such as HTNV, SEOV, PUUV, ANDV, SNV, TULV and PHV, which are the most studied orthohantaviruses, due to the fact that the great majority of them is responsible for human diseases.

Fish-and reptile-borne orthohantaviruses are assigned to three monogeneric subfamilies named Actantavirinae, Agantavirinae and Repantavirinae.

B. Viral particle and genome organization.

In the majority of cases, orthohantavirus particles possess a round shape with a diameter ranging from 88 to 148 nm. However, tubular and irregular morphologies have also been described [START_REF] Parvate | Diverse Morphology and Structural Features of Old and New World Hantaviruses[END_REF])(Fig. 9). Images illustrate different morphologies that virions possess : A) tubular B) round and C) irregular.

From [START_REF] Parvate | Diverse Morphology and Structural Features of Old and New World Hantaviruses[END_REF])

The association of N-coated genomic segments with one RdRp form the viral ribonucleoproteins (RNPs) which are enclosed in the viral envelope, composed of a cellderived lipid bilayer in which Gn and Gc, are inserted (Fig. 10).

Due to genome organization, events of reassortment can occur, i.e. exchange of segments between different species of orthohantavirus, as demonstrated in vitro [START_REF] Handke | Generation and characterization of genetic reassortants between Puumala and Prospect Hill hantavirus in vitro[END_REF]).

This phenomenon can be responsible for chimeric viruses and the potential production of new pathogenic microorganisms [START_REF] Klempa | Reassortment events in the evolution of hantaviruses[END_REF].

C. Orthohantavirus structural proteins

As previously mentioned, orthohantaviruses code for only four structural proteins, whose role is to ensure viral infection and production of new virions, despite the host cellular response to counteract them. Therefore, it can be hypothesized that each protein has evolved different roles and activities to be carried out in the host cells, where the complexity of pathways and interactions has to be overcome in order to carry out a productive infection. 

Nucleocapsid

The nucleocapsid (433 amino acids, ≈ 50KDa) is the most copious hantaviral protein synthetized during the infection cycle. It is the first detectable protein in infected cells, as it can be visualized as soon as 2 h.p.i in the cellular cytoplasm [START_REF] Kariwa | Synthesis of Seoul virus RNA and structural proteins in cultured cells[END_REF]) and, due to its abundancy, it is the main target of the immune response in patients which possess high titers of antibodies against this protein in their serum .

The canonical function of the N is to bind genomic and antigenomic viral RNA to protect it from cellular degradation by RNases.

It has been shown that the N consists of two non-structured arms at the ends of the amino acidic sequences, along with an N-terminal and a C-terminal lobe, forming the core of the protein. Between these two lobes, a positively-charged pocket is responsible for the binding of RNA. It has been suggested that, concomitantly with the association of N with the RNA, nucleoproteins N-and C-terminal arms interact the N and C lobes of the adjacent previous and next nucleoproteins respectively (Fig. 11A). Because of these interactions, nucleoproteins oligomerize (Fig. 11B and 11C) to form hexamers around the RNA in a helical model [START_REF] Olal | Structure of the Hantavirus Nucleoprotein Provides Insights into the Mechanism of RNA Encapsidation[END_REF], even though a trimer-based oligomerization has also been proposed [START_REF] Guo | Crystal Structure of the Core Region of Hantavirus Nucleocapsid Protein Reveals the Mechanism for Ribonucleoprotein Complex Formation[END_REF]). From [START_REF] Arragain | High resolution cryo-EM structure of the helical RNA-bound Hantaan virus nucleocapsid reveals its assembly mechanisms[END_REF] Recently, it has been pointed out that N possess a DNA-specific metal-dependent endonuclease activity that is sequence-unspecific. This function could be implicated in preventing both the premature binding of N to cellular nucleic acids before genome encapsidation or the formation of DNA/RNA hybrids which would inhibit viral replication [START_REF] Moncke-Buchner | Sin Nombre hantavirus nucleocapsid protein exhibits a metaldependent DNA-specific endonucleolytic activity[END_REF]).

RNA dependent RNA polymerase

The RNA dependent RNA polymerase (2156 amino acids, ≈ 247 KDa) is essential for the replication of viral genome and transcription of viral mRNA, since cellular hosts do not possess a RNA dependent polymerase.

The C-terminal domain of the RdRp [START_REF] Cheng | Interaction between hantavirus nucleocapsid protein (N) and RNA-dependent RNA polymerase (RdRp) mutants reveals the requirement of an N-RdRp interaction for viral RNA synthesis[END_REF] interacts with the N, once it is bound to the viral genome, to constitute the viral RNP.

Glycoproteins Gn and Gc

The two glycoproteins Gn (612 amino-acids, ≈ 65 KDa) and Gc (512 amino-acids, ≈ 50 KDa) are matured from their precursor GPC to become components of the viral envelope. Their fundamental role is to interact with cellular receptors to ensure viral entry and to mediate the fusion of endosomal membrane with the viral envelope, allowing the release of viral RNPs in the cytosol.

Glycoproteins play also a major role in the final steps of the viral cycle, by favoring the correct assembly of new particles and their budding in the Golgi.

a) Architecture of Gn and Gc on the viral particle Gn and Gc are shown to associate in spikes constituted of 4 subunits of Gn and Gc, arranging into a local tetrameric symmetry (Fig. 12A). Ultrastructural studies have demonstrated that this organization is different from other bunyaviruses; for example RVFV and Uukuniemi virus exibit an icosahedral arrangement of surface glycoproteins, while trimeric spikes are described for orthobunyaviruses, such as BUNV (early bunyavirus host cell interactions, 2016 albornoz). Gn self-association is responsible of the formation of these spikes, while Gc subunits form contacts between adjacent spikes and, as class II fusion proteins, carry out the fusion of the viral envelop with the endosomal membrane (Fig. 12B) [START_REF] Bignon | Molecular organization and dynamics of the fusion protein Gc at the hantavirus surface[END_REF][START_REF] Tischler | Hantavirus Gc glycoprotein: evidence for a class II fusion protein[END_REF]).

b) Maturation of the glycoprotein precursor

The glycoprotein precursor possesses a signal peptide responsible for its addressing to the ER during the translation process. Here, the GPC is cleaved at a conserved WAASA motif between Gn and Gc by a cellular peptidase to generate the two structural glycoproteins [START_REF] Lober | The Hantaan virus glycoprotein precursor is cleaved at the conserved pentapeptide WAASA[END_REF]). Their ectodomains are oriented in the ER lumen, whilst the two cytosolic tails of Gn (GnCT) and Gc (GcCT) are exposed in the cytosol. The GPC possess three transmembrane domains (TMDs): the first and the third anchor Gn and Gc to the ER membrane, respectively, while the second TMD ensures the correct topology of Gc at the ER membrane (Fig. 13).

The maturation of the glycoproteins includes further modifications that are acquired during their trafficking in the secretory pathway. In particular, N-glycosylations occur on four and one N-glycan sites of Gn and Gc, respectively [START_REF] Shi | Analysis of N-linked glycosylation of hantaan virus glycoproteins and the role of oligosaccharide side chains in protein folding and intracellular trafficking[END_REF]). During the process, Gn and Gc also associate to form hetero-oligomers.

Recently, in-live experiments showed that PUUV Gn already associate in dimers and homooligomers in the ER, whereas Gc subunits would be recruited later in the Golgi [START_REF] Sperber | Self-association and subcellular localization of Puumala hantavirus envelope proteins[END_REF]). The glycosylation and the hetero-oligomerization of the two glycoproteins are believed to be required for their translocation from the ER to the Golgi apparatus [START_REF] Deyde | Interactions and trafficking of Andes and Sin Nombre Hantavirus glycoproteins G1 and G2[END_REF], with Gc being the driving factor for the addressing of both proteins to the Golgi [START_REF] Sperber | Self-association and subcellular localization of Puumala hantavirus envelope proteins[END_REF]). Nevertheless, it has recently been shown that PUUV Gc could independently translocate to the Golgi, whereas both glycoproteins were necessary for the Adapted from [START_REF] Albornoz | Early Bunyavirus-Host Cell Interactions[END_REF][START_REF] Bignon | Molecular organization and dynamics of the fusion protein Gc at the hantavirus surface[END_REF] successful progression of Gn in the Golgi [START_REF] Sperber | Self-association and subcellular localization of Puumala hantavirus envelope proteins[END_REF]). This is in contrast with other studies on orthohantaviruses and bunyaviruses glycoproteins, which show that Gn can localize in the Golgi in absence of other viral components [START_REF] Haferkamp | Intracellular localization of Crimean-Congo Hemorrhagic Fever (CCHF) virus glycoproteins[END_REF][START_REF] Shimizu | Role of nucleocapsid protein of hantaviruses in intracellular traffic of viral glycoproteins[END_REF]). In the Golgi, glycoproteins are further modified on their glycan moieties and once a higher density of mature glycoproteins is reached, the hetero-oligomers may interact to form a more complex architecture (Cifuentes-Munoz, Salazar-Quiroz and Tischler 2014).

c) Cytoplasmic tail of glycoproteins.

As other bunyaviruses, orthohantaviruses do not possess a matrix protein which would participate in the recruitment of structural proteins necessary for the packaging and the assembly of new viral particles [START_REF] Strandin | The cytoplasmic tail of hantavirus Gn glycoprotein interacts with RNA[END_REF][START_REF] Shimizu | Role of nucleocapsid protein of hantaviruses in intracellular traffic of viral glycoproteins[END_REF]). Nevertheless, it has been shown that a long GnCT, of approximately 150 amino-acids, can play such a role during the viral cycle by binding and recruting the RNP for particle assembly [START_REF] Strandin | Cytoplasmic tails of bunyavirus Gn glycoproteins-Could they act as matrix protein surrogates[END_REF]. In fact, structural analysis revealed that two tightly associated zinc-finger domains are present in the cytosolic tail of Gn, and their structural integrity influences the capability of GnCT to bind the viral RNP [START_REF] Estrada | The Hantavirus Glycoprotein G1 Tail Contains Dual CCHC-type Classical Zinc Fingers[END_REF]). GnCT also possesses a highly conserved immunoreceptor tyrosine-based activation motifs (ITAM)-like sequence, which interacts with cellular kinases, such as Lyn, Syk and Zap-70, implicated in the regulation of immune and endothelial cell functions [START_REF] Geimonen | Hantavirus pulmonary syndrome-associated hantaviruses contain conserved and functional ITAM signaling elements[END_REF]). However, this domain is only present in the Gn of orthohantaviruses causing HCPS. and several studies reported that GnCT could have a role in the inhibition of antiviral response, as we will discuss later.

Because of its length of only 6 amino-acids, no major role is attributed to GcCT. However, deletion in its sequence suggests that it could be implicated in the trafficking of the Gc to the Golgi compartment and the heterodimerization of Gn and Gc [START_REF] Shimizu | Role of nucleocapsid protein of hantaviruses in intracellular traffic of viral glycoproteins[END_REF]).

D. Non-structural proteins

Besides structural proteins, which constitute the viral particles, viruses can encode proteins that can have fundamental activities in the interaction with the cellular hosts and allow the successful replication and production of infectious particles.

In the case of bunyaviruses, the name of the non-structural proteins derives from the segment encoding them, i.e. NSs and NSm, from S and M segment respectively

Bunyaviruses NSs and NSm

Viruses of different families of the Bunyavirales order can code for both non-structural protein NSs and NSm. These proteins are synthetized during the viral cycle by different translation strategies and are thought to support viral infection and replication by interacting with cellular factors. In the case of Tomato-Spotted Wilt virus (TSWV), NSs is fundamental for the infection, persistence and the transmission of TSWV in its arthropod vector [START_REF] Margaria | The NSs protein of tomato spotted wilt virus is required for persistent infection and transmission by Frankliniella occidentalis[END_REF]).

In mammalian hosts, NSs of different viruses act at different sites of the cell and on different targets, for example, Bunyamwera virus (BUNV) NSs alters apoptotic pathway by interacting with IRF-3, thus delaying cell death in the early stage of the infection [START_REF] Kohl | Bunyamwera virus nonstructural protein NSs counteracts interferon regulatory factor 3-mediated induction of early cell death[END_REF], and it also counteract the IFN response to increase the production of viral progeny [START_REF] Weber | Bunyamwera bunyavirus nonstructural protein NSs counteracts the induction of alpha/beta interferon[END_REF]. Schmallenberg virus (SBV) NSs has been shown to act at a different level, as it impairs cellular transcription by inducing the degradation of a subunit of the RNA polymerase II [START_REF] Barry | NSs protein of Schmallenberg virus counteracts the antiviral response of the cell by inhibiting its transcriptional machinery[END_REF]) and the disorganization of the nucleolus [START_REF] Gouzil | Nonstructural Protein NSs of Schmallenberg Virus Is Targeted to the Nucleolus and Induces Nucleolar Disorganization[END_REF]).

Phleboviruses, a genus in the Bunyavirales order, also code for a non-structural protein whose function is primordial for efficient viral replication: Toscana virus (TOSV) NSs triggers proteasomal degradation of factors implicated in the innate immune response, overall inhibiting IFN induction. However, differences in the suppression of the cellular antiviral reponses have been observed, depending on the origin of the viral strain [START_REF] Wuerth | Phleboviruses and the Type I Interferon Response[END_REF].

Recently, another phlebovirus, Severe Fever with Thrombocytopenia Syndrome Virus (SFTSV) has been widely studied due to its pathogenicity upon transmission to human. Its

NSs organizes in "viroplasm-like structure" in the cytosol, which are associated with autophagosome and lipid droplets markers (Wu et al. 2014a). The role of these associations, however, it still not defined.

It has been clearly described that SFTSV NSs is highly implicated in the inhibition of the innate immune response, similarly to another pathogenic phlebovirus, Heartland virus (HRTV). On the other hand, the NSs of non-pathogenic Uukuniemi virus (UUKV) possess only a weak IFN-antagonistic activity [START_REF] Rezelj | Generation of mutant Uukuniemi viruses lacking the nonstructural protein NSs by reverse genetics indicates that NSs is a weak interferon antagonist[END_REF].

When both NSs and NSm are synthetized during the viral cycle, they seem to possess different roles. The NSs of Rift Valley Fever Virus (RVFV) is a phosphoprotein which is located in both the cytoplasm and the nucleus. In the former, NSs induces cellular stress responses and cellular trascriptional shutoff [START_REF] Austin | p53 Activation following Rift Valley fever virus infection contributes to cell death and viral production[END_REF], whilst in the latter, it inhibits cellular transcription of genes, such as IFN-β [START_REF] Billecocq | NSs protein of Rift Valley fever virus blocks interferon production by inhibiting host gene transcription[END_REF][START_REF] Kainulainen | Virulence factor NSs of rift valley fever virus recruits the F-box protein FBXO3 to degrade subunit p62 of general transcription factor TFIIH[END_REF]). It has been shown that Clone 13, a strain of RVFV containing a long deletion in the NSs ORF, is not able to inhibit IFN-β promoter activation [START_REF] Billecocq | NSs protein of Rift Valley fever virus blocks interferon production by inhibiting host gene transcription[END_REF]).

On the other hand, different NSm have been shown to be synthesized from different in frame intitiation codons present at the 5' end of the GPC of RVFV. In particular, NSm and NSm' deletion attenuate the virulence in mice while p78 NSm 7 adressed to the Golgi and, although dispensable for virulence of the virus in mice is suggested to be an essential factor in the transmission cycle of the virus, necessary for the dissemination of RVFV in mosquito vector [START_REF] Kreher | The Rift Valley fever accessory proteins NSm and P78/NSm-GN are distinct determinants of virus propagation in vertebrate and invertebrate hosts[END_REF]).

Orthohantavirus non-structural protein

Genetic analyses of the N sequences of orthohantaviruses reveal the presence of a coding sequence in the S segment, overlapping the open reading frame (ORF) of the nucleocapsid [START_REF] Plyusnin | Genetics of hantaviruses: implications to taxonomy[END_REF]. This coding region is shifted of +1 compared to the N ORF and it could code for a hantaviral NSs.

However, the sequence encoding a putative non-structural protein is described only for orthohantaviruses hosted by rodent subfamily Arvicolinae and Sigmodontinae. In addition, length of the protein can be variable depending on the virus (Fig. 14 Moreover, any orthohantavirus carries an ORF in the M segment for a NSm.

Even though non-structural proteins of other bunyaviruses have been widely studied, little is known about orthohantavirus NSs. An attempt to produce antibodies for PUUV and TULV NSs has been published: while it was inconclusive for TULV, an antibody for PUUV protein was obtained and it confirmed the expression of PUUV NSs, as well as TULV protein by crossreaction, in the cytoplasm of infected cells. [START_REF] Jaaskelainen | Tula and Puumala hantavirus NSs ORFs are functional and the products inhibit activation of the interferon-beta promoter[END_REF]). Similar to the NSs of other bunyaviruses, orthohantavirus NSs seems to possess an inhibitory activity on the activation of type-I IFN pathway, even though the antagonism would be weaker compared to BUNV and RVFV NSs [START_REF] Jaaskelainen | Tula and Puumala hantavirus NSs ORFs are functional and the products inhibit activation of the interferon-beta promoter[END_REF]). This could be due to the fact that, orthohantaviruses do not elicit a strong IFN-dependent antiviral activity in infected cells, so they would not necessitate to encode proteins with a strong inhibitory activity. A mutant of TULV, which possess a truncated NSs, confirms the inhibitory activity of the protein: on IFN competent cells lines, TULV coding for the full length NSs is able to replicate and produced infectious particles for more passages than the virus not expressing the NSs [START_REF] Jaaskelainen | Tula hantavirus isolate with the full-length ORF for nonstructural protein NSs survives for more consequent passages in interferon-competent cells than the isolate having truncated NSs ORF[END_REF]). It has been suggested that NSs could be lost in vitro due to adaptation of culture condition on IFN-deficient VeroE6 cells, since orthohantaviruses not expressing the NSs have only been obtained in laboratory by spontaneous mutation.

E. Viral cycle

Hantaviral cycle, congruently to other bunyaviruses, is completely cytoplasmic and it is constituted of three main steps: 1) entry of the viral particle and release of RNPs in the cytoplasm 2) synthesis of viral proteins and genome replication and 3) assembly and budding of new viral particles (Fig. 15).

Attachment to cellular receptors and release of RNP

The initial step of the viral cycle involves the attachment of the viral particle to a cellular surface receptor and, based on structural studies, it is strongly inferred that Gn is the protein promoting this interaction. Although a specific human receptor for all hantaviral species has not been discovered yet, several integrins have been proposed as candidate, while decayaccelerating factor (DAF), globular head domain of complement C1q (gC1qR) have been described as co-receptors for old-world orthohantaviruses [START_REF] Krautkramer | Hantavirus causing hemorrhagic fever with renal syndrome enters from the apical surface and requires decay-accelerating factor (DAF/CD55)[END_REF], 5), while glycoproteins Gn and Gc are addressed to the ER and followed the secretory pathway for maturation. The three negative-sense viral genome segments (gRNA) are converted into positive-sense antigenomes (agRNA) for genome replication (6). The ribonucleoproteins are either transported to membranes of the Golgi or to the plasma membrane (7), where assembly occurs. Golgi vesicles that contain virus particles are trafficked to the cell surface (8) and fusion of the vesicular membranes with the plasma membrane leads to the release of virions (9). Nascent viral particles are subsequently released from the cell (10).

Adapted from [START_REF] Elliott | Orthobunyaviruses: recent genetic and structural insights[END_REF]) [START_REF] Choi | A hantavirus causing hemorrhagic fever with renal syndrome requires gC1qR/p32 for efficient cell binding and infection[END_REF]). Diverse integrins have been suggested to be the main receptors, and studies have shown that different orthohantaviruses, based on the human outcome that they cause, would interact with different integrins. More precisely, α 11 β 3 and α v β 3 would be used by pathogenic orthohantaviruses provoking HCPS and HFRS respectively [START_REF] Gavrilovskaya | beta3 Integrins mediate the cellular entry of hantaviruses that cause respiratory failure[END_REF]), while α 5 β 1 would be the target of non-pathogenic orthohantaviruses.

However, a recent study showed that protocadherin-1 is essential for the infection by pathogenic new-world orthohantaviruses ANDV and SEOV of vascular endothelial cells. It also showed that the presence of integrins on the surface of the cellular membrane had a reduced impact on cellular susceptibility [START_REF] Jangra | Protocadherin-1 is essential for cell entry by New World hantaviruses[END_REF]).

Due to the absence of specific antibody and annotated genomes, specific receptors necessary for viral entry in the rodent reservoirs have not been studied yet. However, a recent study on the rodent host of PUUV, shows that integrin β3 possess in its amino acid sequence a residu impairing PUUV entry when present in the human integrin protein. In addition, bank vole cells susceptible to PUUV infection, express low level of expression of this integrin [START_REF] Muller | Analysis of the integrin beta3 receptor for pathogenic orthohantaviruses in rodent host species[END_REF]) . This higlight the complexity of the entry receptor of orthohantaviruses.

After the attachment, virions are internalized by endocytosis: both clathrin-dependent [START_REF] Jin | Hantaan virus enters cells by clathrin-dependent receptor-mediated endocytosis[END_REF]) and chlatrin-independent (Ramanathan andJonsson 2008, Chiang et al. 2016) endocytosis have been observed, as well as other mechanisms, such as macropinocytosis [START_REF] Torriani | Macropinocytosis contributes to hantavirus entry into human airway epithelial cells[END_REF]). Probably, orthohantavirus benefit from different pathway for cellular entry, as observed for other bunyaviruses [START_REF] Lozach | Entry of bunyaviruses into mammalian cells[END_REF]). As endocytosis proceeds, the acidification of the endosome leads to conformational changes and dissociation of Gn and Gc [START_REF] Rissanen | Structural Transitions of the Conserved and Metastable Hantaviral Glycoprotein Envelope[END_REF]), allowing the exposure of the Gc fusion loop which can then be inserted in the endosomal membrane. The individual subunit of Gc trimers, which are nonreversibly associated in the post-fusion conformation, lead to apposition and fusion of viral envelope with the endosomal membrane [START_REF] Willensky | Crystal Structure of Glycoprotein C from a Hantavirus in the Post-fusion Conformation[END_REF]). The fusion pore is finally formed, from which the content of the virion, i.e. the viral RNPs, are released in the cytosol.

Viral proteins synthesis and genome replication

In the cytoplasm, viral genome coated with N serves as template for the transcription, to synthetize mRNAs encoding the viral proteins, and replication, to produce copies of viral genome (Fig. 16). Both these activities are carried out by the viral polymerase. However, the association of the nucleocapsid with the polymerase is necessary for the replication and the transcription. Also, the specificity of binding of trimeric N for viral panhandle structure, could avoid its binding to cellular RNAs by ensuring a preferential binding to the viral RNA during replication [START_REF] Mir | Trimeric hantavirus nucleocapsid protein binds specifically to the viral RNA panhandle[END_REF].

To initiate the transcription of viral RNAs, the viral polymerase requires an RNA capped primer. Orthohantaviruses do not code for proteins possessing capping activity; however, they have evolved a mechanism unique to negative stranded segmented viruses, called "cap snatching". In this process, the N protein binds cellular mRNAs cap in a distinctive binding site from the RNA-binding domain [START_REF] Mir | Hantavirus nucleocapsid protein has distinct m7G cap-and RNA-binding sites[END_REF]) while the polymerase elicit is endonuclease activity and cleaves the cellular mRNA cap [START_REF] Rothenberger | Conserved Endonuclease Function of Hantavirus L Polymerase[END_REF]). These short nucleotide sequences are then used as primers by the polymerase for the synthesis of the complete viral agRNA through a "prime and realign" mechanism (Fig. 17), based on successive pairing of the G residue of the cap with the C residues present in the terminal repeat of the viral genome [START_REF] Garcin | The 5' ends of Hantaan virus (Bunyaviridae) RNAs suggest a prime-and-realign mechanism for the initiation of RNA synthesis[END_REF]. In contrast to other viruses and cellular mRNA , hantaviral transcripts do not possess a poly (A) tail at the 3' end. For replication, viral genome needs to be first copied in complementary positive stranded genome, which is then used as template for the replication. Through the same "prime and realign" mechanism used for transcription, viral polymerase starts the replication of viral segments (Fig. 17). However, replication does not necessitate a cellular cap, as pairing occurs between residues present at the ends of the viral segments, and, contrary to the viral mRNA, agRNA is encapsidated, as the gRNA [START_REF] Amroun | Bunyaviridae RdRps: structure, motifs, and RNA synthesis machinery[END_REF]).

Studies of Lacrosse virus (LACV), another bunyavirus, revealed that transcription and translation are coupled to prevent premature transcription termination [START_REF] Barr | Bunyavirus mRNA synthesis is coupled to translation to prevent premature transcription termination[END_REF].

Translation mechanism of orthohantaviruses have not been analyzed in details. However, it has been shown that nucleocapsid has a major role in the process, as it can completely replace the eIF4F initiation complex -composed of eIF4E, eIF4G and eIF4A -that mediates cellular mRNA translation. As already mentioned, N can bind the mRNA cap, replacing eIF4E. Replication of genome and antigenome follows the same steps as transcription. However, it does not require the cellular capped and it starts instead with a GTP. After slippage of three nucleotides, the overhanging pppG is cleaved leading to a uridine monophosphate pU at 5ʹ extremity.

Adapted from [START_REF] Amroun | Bunyaviridae RdRps: structure, motifs, and RNA synthesis machinery[END_REF] Moreover, as eIF4G, it binds to the ribosomal 43S pre-initiation complex and facilitate the interaction of ribosomes with the capped RNA. Finally, N functionally replaces helicase eIF4A through its intrinsic activity implicated in RNA duplex dissociation (Mir and Panganiban 2006). The functional analogy of the N to the translation initiation complex allows the recruitment of the cellular ribosomal subunits, and the synthesis of the viral proteins [START_REF] Mir | Storage of cellular 5' mRNA caps in P bodies for viral cap-snatching[END_REF]. Overall, the N nucleocapsid apppears as a multifunctional protein.

Assembly and budding

In the last step of viral cycle, newly synthetized structural proteins and the encapsidated viral genome associate to form new virions. Even though the detailed mechanism is not yet fully understood, it is supposed that the GnCTs could interact with the RNPs to gather all the structural proteins necessary for the constitution of the new particles. Assembly and budding sites may differ depending on the virus. Orthohantaviruses of the Old World preferentially achieve these processes at the level of the Golgi, while new particles of orthohantaviruses of the New World have been found at the plasma membrane [START_REF] Ravkov | Polarized entry and release in epithelial cells of Black Creek Canal virus, a New World hantavirus[END_REF]. Some mature particles have been identified at the level of the ER [START_REF] Xu | Morphological characterization of hantavirus HV114 by electron microscopy[END_REF]). Once all structural proteins are assembled in new virions, they bud at the Golgi, using a vesicular transport to be released in the extracellular space. However, viruslike particles (VLPs) studies have shown that hantaviral glycoproteins are necessary and sufficient to drive the process [START_REF] Acuna | Hantavirus Gn and Gc glycoproteins self-assemble into virus-like particles[END_REF]). The implication of some cellular machineries, such as the ESCRT system, that could assist the budding of new viral particles, is still undetermined. In addition to the mentioned possible assembly sites, it cannot be excluded that orthohantaviruses could, beside secretion, expand by spreading from cell to cell.

III. Orthohantaviruses and interferons

Lots of questions remain on the interaction of orthohantaviruses with host cells and the induced effect on their physiology. As mentioned, immune response has a great role in the establishment of the pathologies in human and the control of the infection in the animal reservoir. Viruses are reliant on the infected cells which provide all the machineries and resources necessary for their replication and the production of viral progeny. The exploitation of cells by viruses leads to an alteration of cellular pathways that can be responsible, in the worst cases, of the death of the infected cell. To counteract this ill-fated effect of viruses, cells have evolved a broad spectrum of intracellular and extracellular antiviral strategies.

A. The interferon signalling pathway

The interferon signaling pathway is one of the most known and studied cellular process responsible for hindering viral infection (Teijaro 2016, Zhou et al. 2018, Mesev, LeDesma and Ploss 2019). The expression of interferons and their receptors is cell-and tissue-specific, for example, IFNAR is expressed by many different cellular types, while only epithelial cells and hepatocytes are able to respond to IFN-λ [START_REF] Sommereyns | IFN-lambda (IFN-lambda) is expressed in a tissue-dependent fashion and primarily acts on epithelial cells in vivo[END_REF]). Moreover, different types of IFN activate different subsets of ISG, varying the cellular response to the stress and involved, for some of them, in the antiviral response.

Interferon classification

Interferons

Cellular pathways responsible for triggering IFNs synthesis a) Detection of viral nucleic acids

Viruses are recognized by a specific group of proteins called pattern-recognition receptors (PRRs) present either as anchored proteins in the endosomal membrane, such as toll-like receptors TLR3, TLR7, TLR8 and TLR9, or as soluble proteins in the cytosol, such as RNA helicases or DNA sensors, such as the cyclic GMP-AMP synthase (cGAS).

In the cytosol, genomes of RNA viruses are preferentially recognized by a family of helicases called retinoic acid-inducible gene I (RIG-I) like receptors (RLRs), which include proteins RIG-I, melanoma differentiation-associated protein 5 (MDA5) and laboratory of genetics and physiology 2 (LGP2). They recognize a great number of viruses, such as influenza, From [START_REF] Fensterl | No Love Lost Between Viruses and Interferons[END_REF] flaviviruses, paramyxoviruses and reoviruses, depending on the molecular pattern of the nucleic acids: RIG-I binds to short dsRNA and 5' phosphorylated ssRNA [START_REF] Yoneyama | Viral RNA detection by RIG-I-like receptors[END_REF], whereas MDA5 recognizes long dsRNA and capped viral mRNAs lacking 2'Omethylation [START_REF] Kato | Length-dependent recognition of doublestranded ribonucleic acids by retinoic acid-inducible gene-I and melanoma differentiation-associated gene 5[END_REF]).

In our case, orthohantavirus' genomes have been shown to act as double stranded RNA MAVS on the surface of mitochondria or peroxisomes [START_REF] Gack | TRIM25 RING-finger E3 ubiquitin ligase is essential for RIG-Imediated antiviral activity[END_REF], Jiang et al. 2012[START_REF] Wies | Dephosphorylation of the RNA sensors RIG-I and MDA5 by the phosphatase PP1 is essential for innate immune signaling[END_REF]). Due to the absence of CARD domains, LGP2 cannot initiate the signalization cascade but rather possess a regulatory role: it enhances MDA5 activity and inhibits RIG-I activation.

The interaction of RIG-I or MDA5 oligomers with MAVS induces its polymerization [START_REF] Hou | MAVS forms functional prion-like aggregates to activate and propagate antiviral innate immune response[END_REF]). MAVS domains are therefore recognized by TNF receptor associated factors (TRAFs).

In resting cells, TRAF proteins are constitutively associated to TANK binding kinase 1 (TBK1)/IκB kinase-ε (IKKε). Upon activation of signaling pathways, TRAF-TBK1/IKKε complex is recruited to MAVS, promoting the trans-autophosphorylation necessary to activate TBK1 [START_REF] Fang | MAVS activates TBK1 and IKKepsilon through TRAFs in NEMO dependent and independent manner[END_REF]). The activated kinase phosphorylates MAVS, which recruits through its conserved positively charged binding domain the interferon regulatory factor 3 (IRF3) [START_REF] Liu | Phosphorylation of innate immune adaptor proteins MAVS, STING, and TRIF induces IRF3 activation[END_REF]. After phosphorylation by TBK1, IRF3 dimerizes and translocate to the nucleus, where it can bind to specific sites present in the promoter of interferon genes such as IFN-β and IFN-λ (Fig. 19).

c) Signaling pathways induced by interferons

After the transcription of their genes, IFN proteins are synthetized and released outside the cell. In the extracellular space, they exert their biological activity by binding to their specific receptor complex, which induce signalization pathways responsible for the transcriptional activation of ISGs.

Following the interaction with the dimeric receptor IFNAR, type-I IFN stimulates the Janus From [START_REF] Fensterl | No Love Lost Between Viruses and Interferons[END_REF] This signalization pathway is also induced by IFNLR following the binding to type III-IFN [START_REF] Doyle | Interleukin-29 uses a type 1 interferon-like program to promote antiviral responses in human hepatocytes[END_REF]).

Differently, IFNGR induces the homodimerization of STAT1, which activates the transcription of genes whose promoters contain the gamma-activated site (GAS) [START_REF] Schroder | Interferon-gamma: an overview of signals, mechanisms and functions[END_REF]).

Interferon-stimulated genes code for proteins whose transcription is activated by IFN signaling and are primarily implicated in the response of host cells to infections. They From [START_REF] Fensterl | No Love Lost Between Viruses and Interferons[END_REF] signaling pathways, as well as interferons themselves, are also encoded by these genes to reinforce the antiviral state of the cell (Schoggins 2019).

B. Relationship between orthohantaviruses and interferons 1. Regulation of type-I IFN production by orthohantaviruses

Viral infections have mostly been associated to the production of type-I IFN by host cells. Its role is so crucial in the outcome of the infection that stocks of different viruses are efficiently produced on cell line defective for type-I IFN production [START_REF] Young | Virus replication in engineered human cells that do not respond to interferons[END_REF][START_REF] Teijaro | Type I interferons in viral control and immune regulation[END_REF]).

In the case of orthohantaviruses, stocks are produced on VeroE6 cells, which possess a genetic deletion in the IFNβ locus, accounting for the reduced levels of the cytokine production [START_REF] Emeny | Regulation of the interferon system: evidence that Vero cells have a genetic defect in interferon production[END_REF]) and low expression level of IRF3 [START_REF] Chew | Characterization of the interferon regulatory factor 3-mediated antiviral response in a cell line deficient for IFN production[END_REF]).

Anti-hantaviral cellular response due to IFN-I has been studied by different groups and, owing to the utilization of various cellular systems and techniques, heterogeneous and sometimes incongruous results complicate the interpretation of the relationships between orthohantaviruses and antiviral response. As premise, orthohantaviruses induce generally low levels of IFN-I expression [START_REF] Geimonen | Pathogenic and nonpathogenic hantaviruses differentially regulate endothelial cell responses[END_REF][START_REF] Prescott | Induction of innate immune response genes by Sin Nombre hantavirus does not require viral replication[END_REF][START_REF] Alff | The pathogenic NY-1 hantavirus G1 cytoplasmic tail inhibits RIG-I-and TBK-1-directed interferon responses[END_REF]).

A comparison between pathogenic orthohantaviruses New-York 1 virus (NY-1), a strain of SNV, and HTNV with the non-pathogenic virus PHV, in the infection of HUVEC endothelial cell line has shown that, while pathogenic viruses are able to replicate in these cells, the replication of PHV is inhibited.

Moreover, PHV induced MxA and ISG56 transcription at 24h p.i., suggesting a production of IFN-I by infected cells, while the pathogenic viruses do not increase the production of ISGs at the same time point. The early IFN induction may account for the reduced infection of PHV in endothelial cells, while the infectivity of pathogenic viruses could be due to their capacity to control the early interferon response. Starting from 72h p.i., high levels of ISGs have also been found for the pathogenic viruses [START_REF] Alff | The pathogenic NY-1 hantavirus G1 cytoplasmic tail inhibits RIG-I-and TBK-1-directed interferon responses[END_REF]). Accordingly, it has been shown that, at 24h p.i., while PHV-infected HMVEC-L (human primary lung endothelial cells) induces high level of IFN-β transcription, ANDV fails to up-regulate its expression. These data have been supported by IRF3 nuclear translocation in PHV infected cells [START_REF] Spiropoulou | Andes and Prospect Hill hantaviruses differ in early induction of interferon although both can downregulate interferon signaling[END_REF]).

Nevertheless, another study using reporter assay has shown that non-pathogenic TULV behaves similarly to pathogenic viruses by inhibiting IFN signaling pathway at the level of TBK1. This suggests that the inhibition of early interferon response is only one element of a more complex mechanism that can account for pathogenicity of orthohantaviruses [START_REF] Matthys | The Cterminal 42 residues of the Tula virus Gn protein regulate interferon induction[END_REF]).

Recent studies suggest that pathogenic orthohantaviruses SNV, HTNV and SEOV delay the transcription of IFN-β and MxA at 72h p.i., while non-pathogenic viruses TULV, PHV and Totthapalayam (TPMV), significantly increase the induction of ISGs transcription at early time points, with a peak at 12 h.p.i. Mechanistically, it has been demonstrated that pathogenic orthohantaviruses inhibited the nuclear accumulation of IRF-3 [START_REF] Shim | Comparison of innate immune responses to pathogenic and putative non-pathogenic hantaviruses in vitro[END_REF]).

Similar results were observed in PUUV infected PBMCs from healthy donors or from patients, where delayed type-I IFN response would correlate with the severity of the infection [START_REF] Resman Rus | Delayed Interferon Type 1-Induced Antiviral State Is a Potential Factor for Hemorrhagic Fever With Renal Syndrome Severity[END_REF]).

The antagonistic effect of pathogenic orthohantaviruses on IFN production has been further confirmed by Newcastle Disease Virus (NDV)-GFP interferon bioassay. It is based on the inhibition of the NDV replication by IFN, which may be present in the supernatant of infected cells. By this method, it has been shown that viral replication was hampered when VeroE6 cells were treated with supernatants of A549 cells infected with pathogenic orthohantavirus [START_REF] Shim | Comparison of innate immune responses to pathogenic and putative non-pathogenic hantaviruses in vitro[END_REF]).

However, results based on the induction of IFN-I response fail to comprehensively account for the differences between pathogenic and non-pathogenic orthohantavirus, as contradictory papers have also been published. For example, it has been observed that pathogenic SNV could induce a strong transcriptional activity of ISGs as early as 12h p.i. Even more surprisingly, experiments also showed that UV-inactivated SNV was able to elicit ISG response already at 4h p.i., suggesting that viral replication is not necessary for the activation of the signaling pathway responsible for ISGs production and that also some pathogenic orthohantaviruses can induce a precocious antiviral response [START_REF] Prescott | Induction of innate immune response genes by Sin Nombre hantavirus does not require viral replication[END_REF]).

Detection of type-II IFN in patients and in vitro

Although the vast majority of data are related to the role of type-I IFN in counteracting orthohantavirus infection, some studies have analyzed the expression of IFN-γ in human cases.

In a study conducted on HTNV infected patients, serum levels of both IFN-α and IFN-γ were elevated in the acute phase of the infection. While levels of IFN-α showed a downward trend in the convalescent phase, IFN-γ still persisted through the late phase of the disease [START_REF] Krakauer | Serum levels of alpha and gamma interferons in hemorrhagic fever with renal syndrome[END_REF]). More recently, contradictory data have been published: serum level of IFN-α and IFN-β in HFRS patients did not differ in the acute and convalescent phases, while level of IFN-γ were higher during the latter phase. Overall, they showed that patients display low level of IFN-α, -β, or -γ, supporting the idea that orthohantaviruses block IFN response in order to successfully propagate and replicate in the infected host [START_REF] Stoltz | Lambda interferon (IFN-lambda) in serum is decreased in hantavirus-infected patients, and in vitro-established infection is insensitive to treatment with all IFNs and inhibits IFN-gamma-induced nitric oxide production[END_REF]).

Of note, high serum level of IFN-γ, in association with production of IL12, correlates with milder form of HFRS and reduced kidney damage in PUUV hospitalized patients [START_REF] Khaiboullina | Upregulation of IFN-gamma and IL-12 is associated with a milder form of hantavirus hemorrhagic fever with renal syndrome[END_REF]).

In vitro production and effect of type-III IFN on infected cells

As aforementioned, hantaviral stocks are currently produced on IFN-I deficient VeroE6 cells.

Nevertheless, IFN-λ has been found in infected supernatants of these cells, and it was responsible of eliciting ISG response following infection with pathogenic, ANDV and SNV, and non-pathogenic, PHV, orthohantaviruses [START_REF] Prescott | New World hantaviruses activate IFNlambda production in type I IFNdeficient vero E6 cells[END_REF]).

IFNλ reduced HTNV replication in A549 cells over more than one week, in such a manner that the faint antiviral activity attributed to IFNλ compared to type-I IFNs could be counterbalanced by its long-lasting feature. Molecularly, IFNλ increased the level of phosphorylated STAT1 and induced transcriptional regulation of ISGs. For example, synthesis of SOCS proteins, responsible for the inhibition of JAK/STAT pathway, was reduced, thus reinforcing the anti-viral response in cells [START_REF] Li | IFN-lambdas inhibit Hantaan virus infection through the JAK-STAT pathway and expression of Mx2 protein[END_REF]).

It has been shown that infection of cells by HTNV was responsible for the production of IFN-λ1 independently of the synthesis of type-I IFNs and that this antiviral response could inhibit the production of viral progeny [START_REF] Stoltz | Alpha/beta interferon (IFN-alpha/beta)-independent induction of IFN-lambda1 (interleukin-29) in response to Hantaan virus infection[END_REF].

In vitro, stimulation of cells with IFN-α, IFN-β or IFN-γ prior to the HTNV infection inhibited viral replication [START_REF] Tamura | Effects of human and murine interferons against hemorrhagic fever with renal syndrome (HFRS) virus (Hantaan virus)[END_REF]). On the other hand, treatment of A549 cells after HTNV infection with IFN-α, IFN-β, IFN-γ or IFN-λ was ineffective and did not reduce viral titers, suggesting that orthohantaviruses can inhibit the antiviral effect of IFNs [START_REF] Stoltz | Lambda interferon (IFN-lambda) in serum is decreased in hantavirus-infected patients, and in vitro-established infection is insensitive to treatment with all IFNs and inhibits IFN-gamma-induced nitric oxide production[END_REF]). Concerning viruses of the Bunyavirales order, Bunyamwera virus (BUNV) has been shown to inhibit the IFN signaling pathway through its NSs protein [START_REF] Bridgen | Bunyamwera bunyavirus nonstructural protein NSs is a nonessential gene product that contributes to viral pathogenesis[END_REF], and viruses lacking the expression of this protein replicates poorly in IFN-competent cell lines [START_REF] Weber | Bunyamwera bunyavirus nonstructural protein NSs counteracts the induction of alpha/beta interferon[END_REF]. TOSV leads to the degradation of RIG-I through its NSs (Gori-Savellini, Valentini and Cusi 2013). Furthermore, TOSV NSs also inhibits the nuclear translocation of IRF3.

Evasion to

Concerning SFTSV NSs, it is well demontrasted that the protein inhibits the RIG-I signaling pathway at different levels of the cascade, more precisely TBK1, RIG-I itself and IRF3 [START_REF] Santiago | Hijacking of RIG-I signaling proteins into virus-induced cytoplasmic structures correlates with the inhibition of type I interferon responses[END_REF], Wu et al. 2014b). Interestingly, the NSs of SFTSV also sequesters STAT1 and STAT2 in its inclusion bodies, preveting the induction of interferon-stimulated genes (ISG) [START_REF] Ning | Disruption of type I interferon signaling by the nonstructural protein of severe fever with thrombocytopenia syndrome virus via the hijacking of STAT2 and STAT1 into inclusion bodies[END_REF].

NSs of HRTV inhibits RIG-I pathway blocking TBK1/IRF3 interaction and antagonizes both type-I and type-III IFN responses by inhibiting STAT2 phosphorylation [START_REF] Feng | Heartland virus antagonizes type I and III interferon antiviral signaling by inhibiting phosphorylation and nuclear translocation of STAT2 and STAT1[END_REF]).

Since orthohantaviruses elicit the production of IFNs and given that other viruses of the same order successfully counteract this antiviral response, it has been questioned if orthohantaviruses could possess similar anti-interferon activities. Molecular analysis of interaction of different hantaviral proteins with cellular factors constituting the signaling pathway have been widely studied, with a focus on type-I IFN.

a) Role of glycoprotein cytosolic tail on the inhibition of the IFN-I signaling pathway

As discussed above, bunyaviruses code for a small number of proteins, suggesting that their structural components ought to possess multiple functions and role during the viral cycle.

Since orthohantaviruses do not express a matrix protein but they code for an exceptionally long cytosolic tail of the Gn, the interaction of this region with cellular factors of the immune pathways has been analyzed.

In expression system, GnCT of both new and old worlds orthohantaviruses can inhibit the IFN signaling pathway: this domain of NY-1V and ANDV inhibits the formation of TBK1-TRAF3 complex [START_REF] Alff | The NY-1 hantavirus Gn cytoplasmic tail coprecipitates TRAF3 and inhibits cellular interferon responses by disrupting TBK1-TRAF3 complex formation[END_REF], Matthys et al. 2014); GnCT of TULV targets TBK1 to down-regulate the pathway, even though it does not interact with TRAF3, suggesting that different orthohantaviruses have evolved different strategies to block the production of IFN [START_REF] Matthys | The Cterminal 42 residues of the Tula virus Gn protein regulate interferon induction[END_REF]). On the other hand, GnCT of PHV does not have an effect on IFN-I signaling pathway [START_REF] Alff | The pathogenic NY-1 hantavirus G1 cytoplasmic tail inhibits RIG-I-and TBK-1-directed interferon responses[END_REF]).

The glycoprotein precursor of ANDV is able to inhibit IFN-I response by blocking the signalization of TBK1. Based on these results, it is suggested that GnCT could represent a virulence determinant: point mutation in Y627 of the domain prevented the transcriptional regulation by NY-1V of genes implicated in the innate response [START_REF] Mackow | Hantavirus interferon regulation and virulence determinants[END_REF]). However, no interaction of ANDV N with TBK1 could be detected and by mass spectrometry on primary human endothelial cells it was found that the viral protein co-precipitated with TRIM21, which could synergistically help the IFN inhibition of ANDV N [START_REF] Papa | Meeting report: Tenth International Conference on Hantaviruses[END_REF]).

Further analysis of ANDV nucleocapsid suggest that a highly variable region present in the sequence could be implicated in the recruitment of a kinase necessary for phosphorylation of residue S386 of the N, which was defined as a unique determinant for virulence [START_REF] Simons | Unique Interferon Pathway Regulation by the Andes Virus Nucleocapsid Protein Is Conferred by Phosphorylation of Serine 386[END_REF]. This could account for the enhanced pathogenicity of ANDV, as it is the only orthohantavirus reported to be involved in cases of human-to-human transmission [START_REF] Padula | Hantavirus pulmonary syndrome outbreak in Argentina: molecular evidence for person-to-person transmission of Andes virus[END_REF].

IV. Relationship between orthohantaviruses and host cells

Cellular mechanisms underlying pathogenicity of orthohantaviruses in humans are challenging to study and poorly understood. Orthohantaviruses have been detected

primarily in endothelial and epithelial cells. They can also infect immune cells and it has been suggested that alveolar macrophages and dendritic cells could promote the propagation of viruses in the organism [START_REF] Schonrich | Hantavirus-induced immunity in rodent reservoirs and humans[END_REF].

A. Modulation of cellular factors by orthohantaviruses

During the infection, orthohantaviruses do not only alter the expression and the signaling pathways of IFN, but they also modulate the expression of other cellular factors which can differently correlate with outcomes in the hosts. It is accepted that an exacerbation of the innate immunity leading to a burst of cytokines partecipate to the pathology cause by orthohantaviruses (Khaiboullina et al. 2017, Ermonval, Baychelier and[START_REF] Ermonval | What Do We Know about How Hantaviruses Interact with Their Different Hosts?[END_REF] .

Profile of expression of cellular factors

Expression profiles of cellular factors and their modulation have been studied in hope to find molecular patterns differently associated to pathogenic and non-pathogenic viruses and to discover molecules that could be targeted to treat infected patients. In both diseases, overproduction of cytokines is believed to play a pivotal role in the establishment of the pathologies and in the alteration observed in endothelial cells: high levels of proinflammatory cytokines, such as IL-6, TNFα, IL-8, IP-10, IFN-γ and CCL5 have been found in plasma, urine and tissues of patients [START_REF] Wang | Elevated serum concentrations of inflammatory cytokines and chemokines in patients with haemorrhagic fever with renal syndrome[END_REF]). In serum of HCPS patients, increased levels of GM-CSF and M-CSF suggest proliferation of monocytes and granulocytes.

A subset of cytokines associated to Th2-type immune activation, including CCL21, CCL17 and CCL13, was downregulated, while factors related to Th1-type immunity, such as CXCL9 and IL-12, were upregulated [START_REF] Morzunov | Multiplex Analysis of Serum Cytokines in Humans with Hantavirus Pulmonary Syndrome[END_REF]). These cytokine profiles suggested an enrichment in activation, proliferation and migration of leukocytes, NK cells, monocytes and dendritic cells.

A study performed on human endothelial HUVEC cells showed that non-pathogenic PHV could alter the transcription of 67 genes after 24 h.p.i., while pathogenic NY-1V and HTNV just induced the up-regulation of 2 genes. At later time post infection, the expression of some cellular factors was altered indistinctively in non-and pathogenic orthohantaviruses, but inflammatory cytokines such as IL6, IL8 and adhesion molecules implicated in the recruitment of immune cells were specifically associated to pathogenic viruses [START_REF] Geimonen | Pathogenic and nonpathogenic hantaviruses differentially regulate endothelial cell responses[END_REF]). Comparison of genes regulation of endothelial cells infected with SNV and PHV have shown that pathogenic orthohantavirus induce five times more genes than PHV; among them, the expression of CCL5, a chemotactic cytokine for the recruitment of leukocytes, was higher in SNV-infected cells, while no difference was observed between PHV and noninfected cells [START_REF] Khaiboullina | Upregulation of IFN-gamma and IL-12 is associated with a milder form of hantavirus hemorrhagic fever with renal syndrome[END_REF]).

In the same cellular model, high levels of IL-6, IL-8 and CCL5, have been detected in supernatants of cells infected by HTNV [START_REF] Yu | Involvement of the Akt/NF-kappaB pathways in the HTNV-mediated increase of IL-6, CCL5, ICAM-1, and VCAM-1 in HUVECs[END_REF]). Interestingly, elevated plasma levels of these proteins were detected in the early phase of HFRS [START_REF] Wang | Elevated serum concentrations of inflammatory cytokines and chemokines in patients with haemorrhagic fever with renal syndrome[END_REF]) and high expression of IL-6 correlates with severe forms of NE [START_REF] Outinen | The severity of Puumala hantavirus induced nephropathia epidemica can be better evaluated using plasma interleukin-6 than C-reactive protein determinations[END_REF]). In the same study, increased levels of adhesion molecules ICAM-1 and VCAM-1, responsible for leukocytes adherence on endothelial cells, have also been found.

Up-regulation of plasminogen activator inhibitor type 1 (PAI-1), which inhibits fibrinolysis caused by uPA and tPA, is associated to SNV-induced HCPS [START_REF] Bondu | Upregulation of P2Y2R, Active uPA, and PAI-1 Are Essential Components of Hantavirus Cardiopulmonary Syndrome[END_REF]). Impaired fibrinolysis can lead to fibrin accumulation within blood vessels, which is thought to be implicated in HCPS pathogenesis. However, the mechanisms of regulation remain poorly understood.

Moreover, in PUUV-infected patients and primary microvascular endothelial cells, the expression of tPAR, but not PAI-1, was induced [START_REF] Strandin | Interferons Induce STAT1-Dependent Expression of Tissue Plasminogen Activator, a Pathogenicity Factor in Puumala Hantavirus Disease[END_REF]). In another study, the expression of PAI-1 was induced in HUVEC cells by PUUV infection [START_REF] Goeijenbier | Effect of Puumala hantavirus infection on human umbilical vein endothelial cell hemostatic function: platelet interactions, increased tissue factor expression and fibrinolysis regulator release[END_REF]).

Overall, these results suggest major differences in the regulation of cellular factors depending on the virus and on the cellular system.

Human primary dendritic cells infected in vitro by ANDV show expression of soluble inflammatory factors such as TNF-α and matrix metallopeptidase 9 (MMP-9) and reduced the expression of IL-10 and TGF-β anti-inflammatory cytokines [START_REF] Marsac | Infection of human monocyte-derived dendritic cells by ANDES Hantavirus enhances pro-inflammatory state, the secretion of active MMP-9 and indirectly enhances endothelial permeability[END_REF]).

Moreover, their supernatant enhanced the permeability of HUVEC cells.

Besides the modulation of cytokines, orthohantaviruses interact with other cellular proteins to promote their replication. It was found that PKR was overexpressed in ANDV-infected cells [START_REF] Wang | Andes virus nucleocapsid protein interrupts protein kinase R dimerization to counteract host interference in viral protein synthesis[END_REF]. This cellular protein is implicated in host innate immunity against viral infection, as well as mRNA translation, regulation of apoptosis and proliferation.

However, the virus inhibited the dimerization of the cellular factor, which is required for its activation and translational shutdown, in order to ensure synthesis of viral proteins.

Enhanced vascular permeability and thrombocytopenia

Increased permeability of capillaries' endothelium is a hallmark of orthohantavirus infection and it has been observed in both HCPS and HFRS patients (Fig. 21). Even though orthohantaviruses infect and activate vascular endothelial cells by inducing the cellular production of RANTES, IP10 and interferons, they do not cause any cytopathic effect, suggesting that the infection has an indirect role on the altered permeability [START_REF] Sundstrom | Hantavirus infection induces the expression of RANTES and IP-10 without causing increased permeability in human lung microvascular endothelial cells[END_REF]).

Pro-inflammatory cytokines are largely produced by activated macrophages and it has been reported that orthohantavirus infection can induce their activation, which could then enhance the permeability of the endothelium .

Other cellular factors, such as galectin-3 binding protein and DAF, can also activate the complement and can lead to an increase of the vascular permeability [START_REF] Hepojoki | Acute hantavirus infection induces galectin-3-binding protein[END_REF].

In vitro, it has been shown that interaction of the virus with β 3 integrin at the entry step could alter the VEGF receptor 2 on the cellular membrane, leading to an upregulation of VEGFA, responsible for weakening cell adherens junctions (Shrivastava-Ranjan, Rollin and Spiropoulou 2010). Pathogenic orthohantaviruses HTNV, ANDV and NY-1, but not nonpathogenic TULV and PHV, enhance endothelial sensitivity to permeabilizing effects of VEGF in HUVEC cells 2-3 d.p.i. [START_REF] Gavrilovskaya | Hantaviruses direct endothelial cell permeability by sensitizing cells to the vascular permeability factor VEGF, while angiopoietin 1 and sphingosine 1-phosphate inhibit hantavirusdirected permeability[END_REF]). Moreover, VEGF is found to be upregulated in the serum of HCPS patients. This factor, along with MIF, also upregulated in serum of these patients, is responsible for the increase of vascular permeability, which could enable the transmigration of immune cells. In the same analysis, increased level of CXCL1, which can lead to the release of VEGF-A from endothelial infected cells, further support the role of VEGF in the establishment of the hallmark of the pathology [START_REF] Morzunov | Multiplex Analysis of Serum Cytokines in Humans with Hantavirus Pulmonary Syndrome[END_REF].

It has been shown that ANDV N interacts with RhoGTPase in microvascular endothelial cells and induced permeability by binding to the cellular partner of Rho responsible for the inhibition of the GTPase [START_REF] Gorbunova | The Andes Virus Nucleocapsid Protein Directs Basal Endothelial Cell Permeability by Activating RhoA[END_REF] Another common feature of both pathologies in patients is the induction of thrombocytopenia, i.e. low platelet number in blood, which could be due to an increase of thrombocytes consumption following vascular damage. In serum of HCPS patients, expression of cytokines involved in the regulation of the amount of platelets, such as CCL5, CCL22 and sCD40L, is downregulated. This could explain the observed thrombocytopenia in orthohantavirus infected patients, as for example CCL22 induces the aggregation of platelets [START_REF] Gear | Adenosine diphosphate strongly potentiates the ability of the chemokines MDC, TARC, and SDF-1 to stimulate platelet function[END_REF]).

B. Interaction of the nucleocapsid with cellular partners

Even though profile of expression and modulation of cellular factors provide an insight on the impact of viruses on cellular pathways, the description of mechanisms underlying these Infected endothelial monolayer shows increased permeability; however, no cytophatic effect is observed. Different hypothesis have been suggested to explain this phenomenon: 1) upregulation of vascular endothelial growth factor A (VEGFA), which downregulates the adherens junction protein VE-cadherin 2) activation of immune cells, responsible for the release of cytokines and 3) activation of complement cascade by cellular factors such as galectin 3 binding protein and DAF.

Adapted from [START_REF] Vaheri | Uncovering the mysteries of hantavirus infections[END_REF] alteration is fundamental for the complete understanding of the viral biology and for the design of drugs that could counteract the infection.

In the absence of NSs, except for orthohantaviruses hosted by Arvicolinae rodents, and due to the low number of hantaviral structural proteins, it is suspected that the abundant N protein both in patients and in vitro plays important roles in the regulation of cellular factors. Therefore, interactions of N with proteins implicated in different cellular pathways have been analysed by different groups (Klingstrom and Ahlm 2011).

Impact on apoptosis and cellular stress

By yeast two-hybrid system it has been found that TULV N interacts on the cytosolic site of the nuclear membrane with the small ubiquitin-related modifier-1 (SUMO1) [START_REF] Kaukinen | Non-covalent interaction between nucleocapsid protein of Tula hantavirus and small ubiquitin-related modifier-1, SUMO-1[END_REF], which is involved in antiviral response and apoptosis. Further analysis revealed that N protein interacts also with other cellular components of the sumoylation pathway, such as protein inhibitor of activated STAT1 (PIAS1), chromodomain helicase DNA-binding protein (CHD3) and Ubc9 [START_REF] Lee | Association of the nucleocapsid protein of the Seoul and Hantaan hantaviruses with small ubiquitin-like modifier-1-related molecules[END_REF]). However, the precise role of all these interactions has not been established yet. Using the same approach, PUUV N has been found to interact with Daxx, an adaptor protein of the Fas death-domain, which is also implicated in apoptosis and in its repression [START_REF] Li | Hantavirus nucleocapsid protein interacts with the Fas-mediated apoptosis enhancer Daxx[END_REF]). Interestingly, supporting data were obtained suggesting that HTNV N promoted ubiquitination and degradation of p53, which possesses, among others, pro-apoptotic activities in stressed cells [START_REF] Park | Hantaan virus nucleocapsid protein stimulates MDM2-dependent p53 degradation[END_REF]).

HTNV N is also responsible for sequestering NF-kB in the cytosol and it interacts with the importin-α, a nuclear import protein implicated in the shuttling of NF-kB to the nucleus.

Taken together, these data suggest that N could block the apoptotic activity of NF-kB at different level [START_REF] Taylor | Hantaan virus nucleocapsid protein binds to importin alpha proteins and inhibits tumor necrosis factor alpha-induced activation of nuclear factor kappa B[END_REF]). Moreover, cells transfected with mutants lacking the N terminal region of the viral protein showed a higher level of caspase-7 activity, suggesting that the full protein may be responsible for apoptosis inhibition [START_REF] Ontiveros | Modulation of apoptosis and immune signaling pathways by the Hantaan virus nucleocapsid protein[END_REF].

Since hantaviruses induce antiviral reponse in patients and in vitro, it has also been analysed the cellular stress induced by the infection. In VeroE6 cells, it has been shown that HTNV infection is responsible for induced expression of Hsp70, implicated in protein folding and cellular protection from stress, as soon as 4 h.p.i. Moreover, the N specifically interacts with the protein and increasing level of Hsp70 acts as inhibitor of viral replication, protein synthesis and virion assembly [START_REF] Ye | Increased expression of Hsp70 and colocalization with nuclear protein in cells infected with the Hantaan virus[END_REF]).

Interaction with the cytoskeleton

The cytoskeletal network is fundamental for the viral infection and its rearrangement has been observed in a huge variety of viruses. Concerning orthohantaviruses, BCCV N has been found to interact with monomeric actin and the disruption of microfilament network correlates with inhibition of particle release [START_REF] Ravkov | Role of actin microfilaments in Black Creek Canal virus morphogenesis[END_REF]). Analysis of both old-and new-world orthohantaviruses shows that N trafficking in infected cells is dependent on microtubules and that their depolymerization lead to reduction in viral RNA of HTNV and SEOV. On the other hand, ANDV N associated to actin in the perinuclear region and its replication is sensitive to cytochalasin D, a drug inducing microfilaments depolymerization [START_REF] Ramanathan | New and Old World hantaviruses differentially utilize host cytoskeletal components during their life cycles[END_REF]).

Localization to cellular compartments

Different compartments showed to colocalize with viral N; however, results were frequently obtained for only one virus and no comparative analysis was performed, therefore missing the real implication of these interactions in orthohantaviruses responsible for different outcome in humans.

The N of HTNV, SEOV, ANDV and BCCV has been described to interact with ERGIC, but not ER, Golgi and early endosomes. It was suggested that ERGIC could be the site of formation of viral factories implicated in the viral replication [START_REF] Ramanathan | Dynein-dependent transport of the hantaan virus nucleocapsid protein to the endoplasmic reticulum-Golgi intermediate compartment[END_REF]).

Orthohantaviruses interact with cellular mRNAs and utilise their cap for the transcription of viral mRNAs. More specifically, it has been shown that the N is responsible for the recognition of the cap in processing bodies (P-bodies), where cellular mRNA are degraded or stored for later translation [START_REF] Mir | Storage of cellular 5' mRNA caps in P bodies for viral cap-snatching[END_REF]). Therefore, the N could protect the cap from degradation and it could then be cut from the cellular mRNA and used as primer by the viral RNA polymerase for trascription initiation (Cheng and Mir 2012).

Role in mRNA translation

It has been shown that the hantaviral N can functionally replace the eIF4F complex necessary for translation initiation. Moreover, cellular ribosomal protein S19 (RS19) has been found to directly interact with the N [START_REF] Haque | Interaction of hantavirus nucleocapsid protein with ribosomal protein S19[END_REF]. This protein, a structural component of the 40S ribosomal subunit, would allow its recruitment on hantaviral capped mRNAs and the beginning of translation.

Overall, nucleocapsid has been studied for its interaction with cellular factors to understand how it could regulate the infection and alteration on cellular physiology observed.

Moreover, the association of the N with cellular compartments has also been investigated.

This is especially important for the comprehension of viral cycle and the definition of cellular regions where fundamental steps which still remain undetermined, such as assembly and budding of viral particles, take place. In this context, studies on glycoproteins defined their role in the entry of the virus in the cell host and their localization at the Golgi, while studies of interactors of these proteins, except for cellular factors implicated in the innate immune response [START_REF] Matthys | Hantavirus regulation of type I interferon responses[END_REF], have not been thorougly performed.

I. Cells

As today, no good model has been defined to study interactions of orthohantaviruses with their human and rodent hosts. Therefore, we employed cell lines, due to their easier manipulation and availability, to question the biology of viruses during their infectious cycle.

In addition, we used VeroE6 cells as cellular reference, since they are well susceptible to hantaviral infection.

A. Human cell lines

VeroE6 cells (African green monkey kidney, kindly provided by A. Rang), HEK293 (Human Embryonic Kidney) and its derived cell line HEK293T, as well as HepG2 (human hepatocarcinoma) cells, were cultured in Dulbecco's modified Eagle's medium + Glutamax (DMEM, Gibco) supplemented with 10% heat-inactivated fetal bovine serum (FBS, Biosera).

HuH7 (human hepatocarcinoma) and Caco2 (colonrectal adenocarcinoma) cell lines were maintained in DMEM + 10% FBS supplemented with non-essential amino-acids (Gibco) and sodium pyruvate 1 mM (Gibco).

A549 cell line (human alveolar adenocarcinoma) was cultured in 10% FBS enriched F12-K + Lglutamine medium (Corning). Cell lines A549-Npro and A549-V, derived from A549 cells and stably transfected with either the N-terminal protease fragment (Npro) of Bovine Viral Diarrhea virus (BVDV) to abolish IFN-β production [START_REF] Owen | Pneumonia: are we putting the CURB score into practice[END_REF] or the V protein of Simian virus 5 (SV5), which targets the degradation of STAT1 [START_REF] Didcock | The V protein of simian virus 5 inhibits interferon signalling by targeting STAT1 for proteasome-mediated degradation[END_REF]), were cultured in DMEM supplemented with 10% FBS and blastocidin at 10µg/mL or puromycin at 2µg/mL, respectively. These two cell lines and the double mutant A549-V-Npro were a kind gift of R. Randall (St. Andrews University, UK).

THP1 (human monocyte) cell line was cultured in suspension in RPMI Medium 1640 (Gibco) with 10% FBS. To induce differentiation in macrophages, THP1 were treated with phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich) at 100 nM in Macrophage-SFM (Gibco) for 48 hours.

B. Rodent cell lines

Cells obtained from different organs of the specific host of PUUV, Myodes glareolus (bank vole), were immortalised through expression of the T antigen of Simian virus 40 (SV40) by I. FMNR (common vole kidney) cell line was maintained in MEM + 10% FBS.

MH-S (mouse alveolar macrophage) cells were cultured in RPMI-1640 medium + 10% FBS.

All cell lines were maintained at 37°C, 5% CO 2 and tested regularly for absence of mycoplasma contamination (MycoAlert™, Lonza).

II. Viruses

A. Viral strains

Puumala Sotkamo virus and its related strain impaired for NSs expression, PUUVΔNSs clone 9, as long as Prospect Hill virus, were provided by A. Rang (Charité, Berlin, Germany).

Tula virus strain Lodz was provided by R. Ulrich and Tula strain Moravia was provided by A.

Plyusnin (Helsinki University, Finland) [START_REF] Jaaskelainen | Tula hantavirus isolate with the full-length ORF for nonstructural protein NSs survives for more consequent passages in interferon-competent cells than the isolate having truncated NSs ORF[END_REF]).

B. Preparation of viral stocks

Viral stocks were produced on VeroE6 cells. Briefly, 3x10 6 cells were seeded in T75 flasks in DMEM 10% FBS. The following day, medium was removed and cells were incubated at 37°C for 1h with 2 ml of diluted virus in DMEM + 5% FBS, at a final m.o.i of 0,1. After incubation, 20 ml of DMEM 5% FBS were added and cells kept at 37°C for 6 days (TULV Moravia) or 7 days (for the other viruses). Supernatants were then recovered, aliquoted and frozen at -80°C until use.

C. Titration of viral stocks

Due to their impaired production of type-I IFN, VeroE6 cells are permissive to the infection by different orthohantaviruses. Since these viruses are not cytopathic, we determined the titre of our viral stocks by quantifying the number of infectious particles/mL by immunofluorescence, as developed for flow cytometry [START_REF] Barriga | A rapid method for infectivity titration of Andes hantavirus using flow cytometry[END_REF]). 150 µL of infected supernatants, serially diluted in medium at 5% FBS, were incubated on VeroE6 grown on glass coverslips in 24-wells plates. After 1h, 1 mL of the same medium was added and cells incubated for 3 days. Coverslips with the infected cells were then treated for immunofluorescence (see below) and the number of cells which express the hantaviral nucleocapsid were counted (Fig. 22A). Between 500 and 10000 cells were counted per sample. The percentage of N positive cells depending on the dilution enabled the determination of the titre. Titres of PUUV, TULV and PHV were around 2x10 5 , 3x10 7 and 2x10 6 infectious particles/mL, respectively (Fig. 22B). Viral titres appear to be quite diverse indicating differences in either the kinetics or the capacity to replicate of the different viruses.

III. Intracytoplasmic immunofluorescence

A. Detection of viral proteins or markers of cellular compartments

Cells were plated on glass coverslip (12mm ø, Marienfeld) in 24-wells plates at 2x10 4 cells/well. After transfection or infection, cells were washed once with phosphate-buffered saline (PBS) and fixed at different time points with formaldehyde 3,7% (FA, Sigma-Aldrich) for 15min at RT. Fixed cells were washed twice in PBS and free FA sites were saturated with glycine 20mM (Sigma-Aldrich) in PBS for 15min at RT. For detection of intracellular components, cells were permeabilized with Triton 0,5% in PBS for 5min and then washed with washing buffer PBS + 0,05% Tween (PBS-T). Cells were then incubated with primary antibodies diluted in bovine serum albumin 1% (BSA, Cell Signaling) in PBS-T for 1h at RT, and washed three times with PBS-T. Primary antibodies binding was detected by incubation with anti-immunoglobulin species specific secondary antibodies, coupled with fluorophores (Alexa, Invitrogen) and diluted in PBS-T + BSA 1%, for 1h at RT. Cells were washed three times with PBS-T and mounted on microscopy slides in Fluoromount DAPI-G (SouternBiotech).

Samples were then observed using either an epifluorescence microscope equipped with the proper excitation and emission filters (DMLB microscope, Leica), or using an inverted structured illumination microscope (ApoTome, Zeiss).

Primary and secondary antibodies used for stainings are listed in Annex 1, Tables 1.

In the case of glycoprotein Gn, we prepared a home-made polyclonal antibody by immunisation of rabbit using as antigen the ectodomain of PUUV Sotkamo Gn. This work was done in collaboration with D. Vitour (Ecole Nationale Vétérinaire d'Alfort, France) and G.

Roman-Sosa (Institut Pasteur, Paris, France).

In-live staining of recycling endosomes and lipid droplets

To reveal recycling endosomes and lipid droplets, cells were stained in live for the compartments. VeroE6 cells were seeded and infected as previously described. After 3 days, compartments were stained using Cy3-coupled transferrin (Cy3-Tf), provided by N.

Sauvonnet (Institut Pasteur, Paris) or fluorescent 4,4-difluoro-5-(2-thienyl)-4-bora-3a,4adiaza-s-indacene-3-dodecanoic acid (BODIPY® 558/568 C12) to visualize recycling endosomes and lipid droplets respectively.

Tf is an iron-binding protein that facilitates cellular uptake of iron. After binding the metal, Tf is recognized by its receptor and internalized with early endosomes. Subsequently, it releases the iron molecule and is then directed to recycling endosomes to be taken back to the membrane. For recycling endosomes, infected cells were washed in DMEM and brefeldin A (BFA) diluted in 500mL of the same medium to a final concentration of 10mg/mL was added in each well and cells were incubated with the drug for 30min at 37°C. BFA disrupts the trans-Golgi network and blocks recycling vesicles, enhancing their visualization after staining. Cy3-Tf was diluted to a final concentration of 0,75mg/mL in DMEM and it was incubated with cells for 30min. They were then washed in PBS and fixed for immunostaining of N protein as previously described.

BODIPY® 558/568 C12 is an intrinsically lipophilic fluorophore coupled to dodecanoic acid.

Therefore, the marker follows cellular pathways where medium-chain fatty acids are implicated, such as lipid droplets.

Infected cells were washed with DMEM and 150µL of BODIPY® 558/568 C12 diluted in DMEM to a final concentration of 0,1 µg/mL was added in each well. Cells were incubated with the solution for 10h, washed with PBS and fixed for immunostaining of N protein as previously described.

Transfection of plasmid to detect exogenous proteins

For immunofluorescence experiments on transfected cells, VeroE6 cells were seeded on glass coverslips. Prior to the transfection, cells were washed once with DMEM and 0,5 mL of DMEM/well were added. Polyethylenimine (PEI, Sigma-Aldrich), the agent used for the transfection, was mixed with plasmids at a ratio 4:1 in 200µL of DMEM. This transfection mix was incubated 20 min at RT, added onto cells and incubated for 3h at 37°C. The mix was then removed and 1mL/well of DMEM + 10% FBS was added. Immunofluorescence was then performed as described above.

In some cases, transfections were performed using the jetPRIME® (Polyplus transfection) reagent, which was routinely employed for the luciferase assay (see below).

B. Fluorescence detection of viral RNA by in situ hybridization

Fixed infected cells were permeabilized and incubated with first and secondary antibodies as described above for immunofluorescence to detect the viral nucleocapsid. Cells were then fixed with cold 100% ethanol for 5min at -20°C, washed once with PBS and dehydrated in 70% RNase-free ethanol overnight at 4°C. The following day, cells were rehydrated in SSC buffer (0,3M sodium chloride, 30mM sodium citrate, Invitrogen) for 1h at RT before incubation with the hybridization buffer (50% formamide (Fluka), 10% dextran sulfate sodium salt (Fluka), 20 µg/ml salmon sperm DNA (Invitrogen) in SSC) for 1h at 60°C. Cells were then incubated with 100 pmol of fluorescent probe in the hybridization buffer for 5min at 60°C followed by 4h at 37°C. Cells were washed three times in SSC pre-heated at 40°C and then mounted on microscopy slides as described above.

Sequences of the probes are listed in Table 2 of Annex 1.

IV. Luciferase reporter assay

A. Cloning of plasmids expressing genes coding for viral proteins and for proteins constituting the type-I IFN pathway.

Insertion of ORFs in plasmids is based on the Gateway™ technology (Invitrogen). Briefly, genes are inserted through recombination of "attB" sequences, present at the ends of amplicons, with "attP" sequences in the "entry plasmid". By recombination, a toxic gene for E.coli is removed, allowing only recombinant bacterial clones to grow. After sequencing to verify if the correct gene has been inserted in the entry plasmid, the ORF of interest can be inserted in different "destination vector" through recombination of "attL" sequences in the entry vector with "attR" present on destination vectors. Entry and destination vectors possess different gene of resistance, allowing to discriminate and select clones successfully recombined during the second reaction.

Open reading frames (ORFs) coding for hantaviral proteins were either purchased as synthetic genes or retro-transcribed from viral RNA. N genes of PUUV and PHV, along with PUUV and TULV TM1-GnCT, GnCT and GnCT-TM2 were ordered to Genecust company, then inserted in pCDNA3 plasmids and flanked by "attB" sites (Fig. 23). N gene of TULV cloned in plasmid was a kind gift of A. Plyusnin. NSs genes of the three orthohantaviruses and TM1-GnCT, GnCT and GnCT-TM2 of PHV were cloned in the lab using Titan One-Tube RT-PCR kit (Roche) according to manufacturer's instructions and using gene-specific primers flanked by "attB" sequences. Reactions were performed in a thermal cycler (G-Storm G1, Gene Technologies) as follow: 50°C 30min, 94°C 2min, 35 cycles of 94°C 30sec, 60°C 30sec, 68°C 45sec, and final elongation at 68°C 7min. The complete list of primers is available in Tables 3 of Annex 1.

The first recombination was performed using the BP clonase (Invitrogen) to insert viral ORFs Plasmid coding for the PUUV precursor of glycoproteins was a kind gift of Gleyder Roman-Sosa. The gene is in frame with a streptag at the N-terminal region.

Plasmid coding for the precursor of TULV Gn and Gc was obtained by restriction-free cloning.

Briefly, primers complementary to TULV GPC and the destination vector pHAN-2 (Roman-Sosa, unpublished) were used to amplify the insert. The amplification product was then used as «mega-primer » in a secondary PCR reaction which employs the pHAN-2 as template.

Therefore, a plasmid coding the full precursor, in frame with a streptag at the N-terminal region of the sequence, was produced. 

B. Transfection of plasmids in HEK293T cells

C. Luciferase detection

Firefly luciferase is under the control of the IFN promoter, so light emission can be detected when the signaling pathway leading to the production of IFN is activated. This is achieved by 

D. Statistical analysis

Data of inhibitory activity of viral proteins evaluated by reporter assay were compared to activity of mock-treated samples using non-parametric Tukey test in R environment.

Statistical significant difference of p-value<0.05 is labelled with a star.

V. Immunodetection of proteins transferred on nitrocellulose membrane A. Preparation of cellular lysates 1. Cytoplasmic postnuclear lysate

Cell lysates were produced after infection or transfection. In the first case, cells were generally seeded at density of 5x10 4 or 10 5 cells/well in 12-or 6-wells plate respectively.

Virus diluted in 150 or 300µL of DMEM 5% to a final m.o.i of 0.5 was then incubated with cells for 1h at 37°C. Finally, 1 or 2mL of DMEM 5% were added per well and cells incubated for different time points.

In the case of transfection, experiments were performed using PEI reagent as described above.

In both cases, cells were treated with NET buffer (150mM NaCl, 50mM Tris-HCl pH 7.5, 5mM

EDTA, 1% Triton) for 5min at RT. They were then scraped and cellular debris, along with nuclei, were precipitated by centrifugation at 13000 rpm at 4°C for 15min. Soluble phases corresponding to the cytoplasmic post-nuclear lysates were recovered and kept at -80°C.

Lysates of the nuclear fraction

To separate cytosolic and nuclear phases, transfected VeroE6 were washed three times with PBS and recovered in the same buffer through scratching. Cells were then centrifuged for 30sec at 6000 rpm, 4°C. Cellular pellets were lysed to recover the post nuclear fraction as previously described, using a cytoplasmic buffer (Tris-HCl 10mM pH 8, EDTA 5mM, EGTA 0.5mM, AEBSF protease inhibitor (Thermo Scientific), 0.25% Triton). Afterwards, pellets of cellular nuclei were suspended in nuclear lysis buffer (Tris-HCl 10mM pH 7.4, EDTA 1mM, AEBSF protease inhibitor, DTT 1mM, urea 8M) and boiled at 95°C for 10min. They were then centrifuged at 13000 rpm for 15 min at 4°C and the nuclear extracts recovered and frozen at -80°C.

B. Protein quantification in cellular lysates

To determine the total amount of proteins in lysates, quantification was performed with MicroBCA Protein Assay kit (Thermo Scientific). Four serial step 2 dilutions in PBS, starting from cell lysates 20 times diluted, were distributed in wells of a 96-wells microplate to a final volume of 150µL/well. An equal volume of reaction mix of the kit was added in each well and the plate was incubated for 1h at 37°C. Optical absorbance at 560nm was read in a microplate reader (Sunrise, Tecan) and absolute protein concentration was determined by extrapolation from BSA standard curve included in the absorbance lecture.

C. Immunoblotting

Proteins in cellular lysate were separated depending on their size by electrophoresis in denaturing conditions. Samples were prepared in SDS-Glycine-β-mercaptoethanol reducing loading buffer (Nippon Genetics) and protein separation was performed on polyacrylamide 4-15% gradient gels (MiniProtean Precast Gel, Biorad) in a Tris-glycine buffer (TG, Biorad) supplemented with 0,1% SDS for 45min at 150V. To allow proteins' detection, they were transferred onto nitrocellulose blotting membrane (Amersham Protran Premium, GE Healthcare) in TG buffer supplemented with 20% ethanol for 1h at 100V on ice. Successful transfer and homogeneity of loaded samples were verified by staining of the membrane with Ponceau S (Sigma-Aldrich) for 15min at RT under shaking. Membranes were saturated with 5% skimmed milk diluted in PBS-T (PBS-T 5% milk) solution 1h at RT and primary antibodies were incubated in the same solution at 4°C overnight under shaking. Membranes

were then washed three times with PBS-T for 15min at RT before incubation under shaking with horse-radish peroxidase (HRP) coupled secondary antibodies in PBS-T 5% milk.

Membranes were washed and antibody binding revealed by incubation for 5min at RT with peroxidase substrate (Amersham ECL Prime Western Blot detection reagent, GE Healthcare).

Light emission resulting from chemiluminescence reaction was monitored by exposure of the membrane to an X-ray film (Amersham Hyperfilm ECL, GE Healthcare)

D. Detection by dot blot of proteins implicated in different cellular pathway

VeroE6, HuH7, or MyglaSwRecB cells were infected either with PUUV, TULV or PHV. Lysates obtained from these cells were incubated with micro-array membranes specific for different signalling pathways (Proteome Profiler™, R&D Systems). Experiments were performed according to the manufacturer conditions, which differ for each micro-array kit. In brief, membranes are coated with antibodies specific for different proteins belonging to a given signalling pathway. Antibodies are bound to the membrane in order to constitute dots for each investigated protein.

After incubation of the dot-blot membrane with cell lysates, bound proteins were revealed with a cocktail of antibodies coupled to the HRP and recognizing other domains of the same proteins (Fig. 24A). Membranes were then incubated with HRP substrate and signals revealed by chemiluminescence activity and printed on X-ray films (Fig. 24B). To quantify the up-or down-regulation of the protein expression in a cellular pathway, the intensity of the dots was analysed by ImageJ software.

B. Establishment of standard curves for quantification of viral RNA copies

Standard curves for absolute quantification of viral genome copy number were produced from in vitro transcribed RNA specific of a fragment in the viral nucleocapsid coding sequences. Viral specific standard curves were produced for each of the three orthohantaviruses.

Briefly, fragments specific of PUUV, TULV or PHV corresponding to nucleotides 73-295 in the genomic S-segment were amplified from plasmids pCiNeo containing the full N sequences with Platinum Taq DNA polymerase High Fidelity kit (Thermo Scientific) using 150ng as DNA matrix. Amplification was carried out in thermal cycler as follow: 94°C 1min, 30 cycles composed of 94°C 15sec, 62°C 30sec, 68°C 30sec and finally 68°C 5min. S-segment specific forward and reverse cloning primers for PUUV and TULV contained restriction sites at the 5' and 3' termini recognized by HindIII and BamHI respectively, while PHV S-segment specific primers were flanked by HindIII and KpnI. Amplicons and vector plasmid pSP72 (Promega)

were digested with the appropriate restriction enzymes (New England Biolab), and then ligation was performed with T4 Ligase mix (New England Biolab) using 50ng of pSP72 plasmid and 37,5ng of amplicons.

Cloned plasmids were then used to synthetize RNA in vitro. The reaction, one for each virus, was performed using T7 polymerase of Riboprobe Combination System SP6/T7 (Promega) on 2,5µg of HindIII digested plasmid containing the S-fragment. After DNase treatment, RNA and plasmidic DNA contamination were quantified using Qubit fluorimeter (Thermo Scientific). The concentration of RNA was then converted in copy number/µl and serial step 10 dilutions starting from 10 10 copies/µl were generated to obtain a dilutions range for standard curves.

C. Retrotranscription and quantification of viral RNA in supernatants or lysates of infected cells

RNA in range of dilutions for standard curves and purified viral RNA were retro-transcribed using SuperScript III Reverse Transcriptase (Invitrogen) and a specific primer for each virus for 1h at 55°C. Quantification of cDNA was performed by qPCR using EurobioGreen Lo-ROX mix (Eurobio). Amplification was performed in thermal cycler 7500 Fast (Applied Biosystems) as follows: 95°C 2min, 40 cycles of 95°C 5sec and 60°C 25sec, and the melting curve step from 40°C to 95°C, to check specificity of amplified products. Samples' copy number of viral genome was determined by extrapolation from the standard curves (Fig. 25).

Retrotranscription of cellular mRNAs was performed using High Capacity cDNA Reverse

Transcription kit (Applied Biosystem). Briefly, 1 µg of total RNA was retrotranscribed using a mix containing random primers. The reaction was carried out in a thermocycler : 10min at 25°C, 2h at 37°C and 5min at 85°C.

Quantification of cDNA by qPCR in thermal cycler 7500 Fast was performed as described for viral RNA, using 10 ng of cDNA per reaction of amplification.

For quantification of both viral and cellular RNAs, experiments were performed on biological duplicates and technical triplicates were amplified in the same 96-well plates.

VII. In silico analysis of nuclear addressing sequences and directedmutagenesis.

In silico analysis of nuclear motifs in NSs sequences were performed by using an onlineavailable algorithm (http://www.compbio.dundee.ac.uk/www-nod/) developed by G.J.

Barton [START_REF] Scott | Characterization and prediction of protein nucleolar localization sequences[END_REF]) Directed-mutagenesis to validate the addressing sequence in hantaviral NSs have been performed using PFU Ultra HF polymerase (Agilent) on 50ng of tagged-NSs coding plasmids.

Primers were designed on Agilent website (https://www.agilent.com/store/primerDesignProgram.jsp) and they are listed in the Table 2 of Annex 1. Reactions were carried out in a thermal cycler as follows: denaturation at 95°C for 30sec and 18 cycles of 95°C 30sec, 55°C 1min, 68°C 5min. To get rid of the plasmid used as DNA matrix, amplified products were treated with Dnase DpnI for 2h at 37°C.

Plasmids were then amplified in E.coli strain DH5α (Subcloning Efficiency DH5a, Invitrogen) following manufacturer's transformation protocol.

VIII. Preparation of samples for electron microscopy

To visualize the cellular compartments following the infection, as well as the presence of viral particles both inside the cells and in the extracellular space, we produced infected cellular pellets for electron microscopy analysis. Briefly, VeroE6 and HuH7 cells were seeded at 10 6 in 75cm 2 flasks and infected 24h later by PUUV or TULV at m.o.i. of 0,5. After 5 days, cells were washed in PBS before being recovered by trypsination, centrifugated for 5min at 1000rpm then suspended in a fixation buffer (4% FA, 1% glutaraldehyde, pH 7,3). Pellets of fixed cells were then proceeded and analysed by P. Roingeard (Université de Tours, France).

IX. Pull-down of tagged proteins in complex with cellular factors for

LC-MS/MS

A. Transfection and preparation of cellular lysates

HEK293 T cells were plated at a density of 10 6 cells per well of six well plates. The day after, cells were transfected with 1 µg of plasmid and incubated for 24h more. In order to compare interactors from the different viruses, the cells were transfected in triplicates either with an empty plasmid pCiNeo-streptag used as control, or with the different plasmid encoding the N of PUUV, TULV and PHV with a streptag sequence at their 5' end. Transfection was performed using JetPrime® reagent.

Cell lysates were prepared as previously described NET buffer and protein concentration was determined. The homogeneity of transfected N expression in the biological triplicates was controlled by western blot, loading the same quantity of protein for each sample.

Immunodetection of the N was performed by incubation of the blots with an antibody coupled to HRP and recognizing the tag.

B. Streptag pull-down

For each condition, 1 mg of proteins in cell lysates was incubated with 25 µL of packed beads of sepharose covalently linked to Strep-Tactin® (IBA) for 1h under rotation at 4°C. After incubation the lysate was discarded and the beads were washed three times with 1 mL of NET buffer. Beads were suspended for the last wash in bicarbonate buffer 25mM. They were then pelleted by centrifugation and kept on ice with a film of a few µL of bicarbonate buffer and send to the proteomic platform (T. Leger, Plateforme Protéomique Structurale et Fonctionnelle, Institut Jacques Monod, Paris, France) to be proceed for mass spectrometry. 

C. LC-MS/MS analyses

D. Quantification of protein abundance variations

Peptide and protein abundance were measured using Progenesis-Qi Orthohantaviruses are insectivore-borne emerging viruses that can occasionally be transmitted to humans. In this accidental host, they may cause a huge spectrum of pathologies, ranging from mild to hemorrhagic fevers, which can fatal in some cases.

Moreover, non-pathogenic orthohantaviruses in humans have been described as well. Due to the world-wide distribution of their reservoirs, the increasing contacts between humans and wildlife, the potential for genetic reassortment between different hantaviral species and the severe pathologies that they can cause, orthohantaviruses represent a potential threat to human health. It is therefore crucial to better understand the mechanisms underlying hantaviral infections that could explain how orthohantaviruses can, depending on the viral species, be more or less pathogenic in humans while they do not cause any evident pathology in the reservoirs, which are persistently infected.

However, hantaviral biology, such as their relationship with hosts that could account for pathogenicity and persistence, is poorly understood.

During my thesis, we employed different approaches to uncover and compare molecular interactions and cellular mechanisms of infection by pathogenic and non-pathogenic viruses in cells from the human host and the rodent reservoirs. To carry out our project, we compared one pathogenic European orthohantavirus, Puumala, with two viruses considered as non-pathogenic, Tula, from the old-world, and Prospect Hill, originating from North-America.

We worked in the infectious context on cells of different origins to determine 1) how viral cycle is carried out during the infection, 2) how the two mammalian hosts differ in the restriction of the infection and 3) how cellular pathways are impacted by the presence of the viruses.

In parallel, we expressed individual proteins by transfection to 1) define interactions with cellular partners, 2) evaluate their biological activity on cellular pathway of human cells and

3) study the expression, localization and interaction of viral proteins for which specific antibodies do not exist.

I. Interaction of orthohantaviruses with cells of different origins during the viral infection

We started our study by questioning how the infection in cell lines was carried out, how the viruses impacted cellular organizations and the homeostasis of the different host, and how the three viruses differed in these aspects.

A. The viral cycle: from the entry to the release of infectious particles

We defined how the cycle of infection was differently modulated, in terms of infectivity and production of infectious particles, by cells derived from organs of the human host and rodent reservoirs of the viruses.

Susceptibility to the infection of human and rodent cell lines

Numerous limits exist in the study of orthohantaviruses, for example, animal models for the study of the pathogenicity are scarce or inexistent and rodent reservoirs are not adapted to be maintained in animal facilities, making their primary cells difficult to obtain. These are the reasons why, in order to compare and understand how pathogenic and non-pathogenic orthohantaviruses differ in the infection of hosts, we worked on cell lines and investigated susceptibility to orthohantavirus infection depending on the origin of cells.

a) Infection of rodent cell lines

Orthohantaviruses infect rodents through the entire lifespan of the animal without causing any symptoms; in particular, each species of orthohantavirus is closely associated and has evolved with its specific rodent reservoir, which could be one of the reason for the observed persistency. Orthohantaviruses are detected in the great majority of reservoir's organs, especially in lungs. Since they are transmitted through inhalation of viral particles present in the aerosol of contaminated excretion, we tested the susceptibility to the infection of pulmonary cell lines-for the entry of virus in the organism -and renal cell lines -for the release of the virus in the environment (Fig. 26).

From M. glareolus, the host of PUUV, two renal and two pulmonary cell lines, MyglaSWRecB and BVK168, MyglaAEC and MyglaSWTrach respectively, have been tested.

PUUV showed different capacity to infect these cell lines: in renal MyglaSWRecB cells nearly 70% of infection was reached at 7 d.p.i, while BVK168 cells were not susceptible to PUUV infection, even though they are also derived from kidney. MyglaAEC cells could be infected to nearly 30% at 7 d.p.i. while MyglaSWTrach cells could be infected at lower efficiency, around 10%, at the same time point (Fig. 26, red bars).

In contrast, TULV could not infect any of the cell lines obtained from PUUV rodent reservoir, independently of the time point of infection (Fig. 26, blue bars).

Surprisingly, all bank vole cell lines were well susceptible to infection by PHV (Fig. 26, green bars), which was already well detectable at 3 d.p.i. and increased through time.

Unfortunately, we did not have available cell lines derived from M. pennsylvanicus, the reservoir of PHV. Since orthohantaviruses are occasionally transmitted to humans through inhalation of viral particles and the respiratory tract is supposed to be the first targeted organ of infection, we investigated if orthohantaviruses could infect tracheal A549 cells. As seen in the figure 2, although the percentage of the infection was very low at 3 d.p.i, all the studied viruses could infect the cell line at 7 d.p.i. This is remarkably evident for PUUV, which showed a significant increase in the efficiency of infection through time, compared to the non-pathogenic viruses, whose percentage of infected cells did not meaningfully improve at day 7.

It has been suggested that the immune cells could play a major role in the propagation of the viruses to other organs [START_REF] Schonrich | Dendritic Cells (DCs) as "Fire Accelerants" of Hantaviral Pathogenesis[END_REF]. We observed that monocyte cell line THP1 was not susceptible to the infection but, after its differentiation in macrophage, orthohantaviruses could infect these cells already at 3 d.p.i. The percentage of infected cells increases at 7 d.p.i. for non-pathogenic viruses, reaching 50% of infection.

In humans, PUUV provokes a mild form of HFRS, which mainly affects kidneys, and cause renal injuries that can require dialysis treatment in patients. Therefore, we infected cell lines from organs whose physiology is altered during severe hantaviral infection in patients, such as the liver and the kidneys. We evaluated susceptibility to the infection of hepatocytederived HuH7 and HepG2 cell lines, as well as renal HEK cells.

While the three viruses could infect HuH7 cell line increasing through time, HepG2 cells seemed to be only susceptible to PHV.

The infection of kidney cells HEK was not effective at 3 d.p.i. We also checked through time the susceptibility to the infection of HEK293T cells, a derived line of HEK, but the lack of detection of N protein confirmed the absence of infection in HEK cells.

During the infection, viruses pass different barriers in order to successfully propagate and replicate in the infected organism. For example, they need to cross the alveoli-capillaries barrier in lungs following inhalation, and colorectal and renal barriers to be excreted from an infected host. Of note, infectious orthohantaviruses can be recovered in urines of patients, supporting the theory that they can advantageously interact with these physical and chemical barriers to propagate [START_REF] Godoy | Andes virus antigens are shed in urine of patients with acute hantavirus cardiopulmonary syndrome[END_REF]). Thus, we tested if also human cells could be infected by orthohantaviruses and we took intestinal Caco2 cell line as model. It appeared that cells were poorly susceptible to the infection of PUUV and PHV in a comparable way -around 10% at 7 d.p.i. -while being highly permissive to TULV.

Altogether, we observed differences in the susceptibility of the infection, depending on the virus and on the origin of the cell lines. All orthohantaviruses could infect THP1 macrophage and HuH7 hepatocyte-derived human cell lines. On the other hand, some cell lines showed differences in the infection depending on the virus: A549 cells were more susceptible to PUUV, while Caco2 were better infected by TULV. However, we were not able to infect human kidney cells, even though they are targeted during the pathogenesis.

Concerning these two viruses, we could reproduce in vitro the host association of one hantaviral species with one particular species of rodent, as PUUV infection was restricted to cell lines of its reservoir, M. glareolus, and TULV to its rodent host, M. arvalis.

Unexpectedly, the new world orthohantavirus PHV exhibited broader infectivity, as it could infect both bank vole and human cells. However, other cellular restrictions may exist for this virus.

Production of viral particles and cellular host restriction

As the main goal of our project is to compare orthohantaviruses' behavior in the human occasional host and the rodent reservoir, we selected one cell line from both hosts permissive to infection by our orthohantaviruses to carry out our study. We therefore used the human hepatocyte HuH7 line, as it can be readily infected by the three orthohantaviruses, and the bank vole MyglaSWRecB cell line, which shows the best percentage of infection by PUUV but also by PHV and, importantly, was not susceptible to TULV infection.

We noticed that cell lines infected by PUUV showed similar cytoplasmic distribution of the N, while infection by TULV showed heterogeneous organization of the protein, especially in VeroE6. Concerning PHV, we noticed that its N tends to accumulate in perinuclear regions (Fig. 28). Deepened analysis of the organization of the nucleocapsid in the infected cells will be explored below.

In these cellular types, we investigated in detail the production and the infectivity of newly synthetized viral particles: we infected HuH7 and MyglaSWRecB cell lines, along with VeroE6 as positive reference, with the three orthohantaviruses.

To assess the capacity of susceptible cells to produce infectious viruses, supernatants from three cell lines were recovered 7 d.p.i. and used to secondarly infect the same cell lines.

Percentage of infection was determined 3 d.p.i by counting the number of N-positive cells by immunofluorescence.

In parallel, supernatants and cellular lysates from infected cells were recovered at 3 and 7 d.p.i. for quantification of genome copy number to determine the kinetics of replication and release of viral particles. Quantification of the genome copy number in lysates and supernatants suggested that PUUV replicated in the three cell lines, as the amount of genome copies increased through time in all lysates, particularly in VeroE6 at 7 d.p.i. (Fig. 30A). However, the quantity of viral particles released in the supernatants, measured byRTqPCR as number of genome copies, augmented in VeroE6 and MyglaSWRecB samples, while it does not increase in HuH7 (Fig. 30B). Overall, these data suggested that the low level of cellular infection associated to HuH7 supernatant could be due to a reduced production of PUUV infectious particles; in fact, both the high amount of N and genome copies in HuH7 lysate at 7 d.p.i. suggested that PUUV replicates in these cells, even though at lower efficacy than in VeroE6, but new viral particles were not efficiently released, probably due to some cellular restrictions hindering the release of viral particles. Interestingly, although the genome copy number in the cellular lysate of MyglaSWRecB was reduced compared to VeroE6 cells (Fig. 30B), the amount of detected genome in the supernatant was higher (Fig. 30A), suggesting that bank vole cells are efficient for production and release of new viral particles. This result is congruent with the high infectivity of PUUV produced on bank vole cells (Fig. 29).

d) Restriction of TULV particles production in HuH7 cells

HuH7 cells, as well as reference cell line VeroE6, were readily infected with supernatant recovered from TULV-infected VeroE6, but, as previously mentioned, MyglaSWRecB cells

were not susceptible to TULV infection, correlating to the strict reservoir specificity.

Supernatant recovered from HuH7 cells infected by TULV could infect both VeroE6 and HuH7

cells, but at much lower levels compared to VeroE6 supernatant (Fig. 31). Quantification of genome copy number indicated that replication at 7 d.p.i. was equally efficient in VeroE6 and HuH7 lysates (Fig. 32A); however, the number of viral particles released in the supernatant was reduced in HuH7 cells, suggesting that the production efficiency of new viral particles in HuH7 was lower than in VeroE6 cells (Fig. 32B).

Similarly to PUUV, we propose that the existence of cellular mechanisms of restriction could be responsible for the diminished titer of the virus produced on human HuH7 cell line. More precisely, we suppose that these mechanisms probably act after the replication of the virus, either at the assembly or in the release of viral particles steps.

Of note, this occurs even though, among the three orthohantaviruses studied, TULV is the one producing highest titers in VeroE6, both by quantification of genome copy number and by titration of infectious particles.

e) Different restrictions in the production of PHV infectious particles in human and rodent cellular models

As demonstrated by our study on the susceptibility of different cell lines to the three orthohantaviruses, the supernatant of VeroE6 cells infected by PHV was infectious for HuH7

and MyglaSWRecB cell lines.

Although viral infection could be detected in both HuH7 and MyglaSWRecB cells, their supernatants showed different infectivity in the secondary infections: the one from human HuH7 cells had a lower capacity of infection than the supernatant recovered from VeroE6, while supernatant from MyglaSWRecB infected by PHV was not infectious in any of the three cell lines (Fig. 33). However, high levels of N protein, as shown by intracellular staining in figure 28, accumulated in the cytoplasm of HuH7 and especially MyglaSWRecB cells infected by PHV.

This suggests a cellular mechanism of response to the infection that could be responsible for the reduced efficiency in the assembly of the virus and the production of viral particles.

Following quantification of viral particles in cellular lysates, it appeared clear that PHV could replicate in the three cell lines (Fig. 34A). In VeroE6 cells, PHV has a faster kinetics than PUUV or TULV, since the greatest increase in genome copy number occured in the first three d.p.i, instead of between 3 and 7 d.p.i., as observed for PUUV and TULV. HuH7 and MyglaSWRecB infected by PHV showed comparable levels of RNA copies in their cellular lysates, which were however lower than in VeroE6, and the same observation was made for their supernatants (Fig. 34B).

Supernatant of PHV-treated HuH7 could infect VeroE6 cells, while HuH7 and MyglaSWRecB cells were nearly not susceptible to the infection. However, since copies of genome could be detected in these supernatants, we hypothesized that the released viral particles were probably not infectious. A similar conclusion could be suggested for MyglaSWRecB supernatant: genome copies number were quantitatively low but relevant in both lysate and supernatant, even though the latter did not appear to be infectious for none of the tested cell lines.

The results obtained on the production of hantaviral infectious particles and quantification of genome copy number highlighted different levels of cellular restriction: 1) in MyglaSWRecB cells, PUUV supernatant appeared efficiently infectious, while TULV could not at all infect this cell line. In the case of PHV, although rodent cells could be infected, the production of infectious particles was hindered, but genome could be detected and its amount remained constant through time; 2) in HuH7, supernatants of infected cells showed a general reduced capacity of infection, regardless of the orthohantavirus.

Therefore, while MyglaSWRecB cells, derived from the natural host of PUUV, could replicate and produce infectious particles of its homologous virus, TULV could not even infect these cells due to a restriction at the level of the entry. PHV could replicate in bank vole cells but infectious particles were not produced, probably due either to a defect in their assembly and release, or to the release of incorrectly assembled and therefore not infectious particles.

In HuH7, restrictions in the infectivity of supernatants could be due to an inefficient replication of the virus following the activation of different antiviral pathways during the infection, as the genome copy number in HuH7 supernatant infected with PUUV did not increase through time, similarly to PHV. Similarly, antiviral cytokines, such as interferons, could be released by infecting cells, hindering the secondary infection. In the case of TULV, although the amount of detected genome increases during the infection, it could be possible that human cells are not efficiently replicating or assembling the new viral progeny, which could account for the differences observed between VeroE6 and HuH7 at the same time point.

Overall, we highlighted differences in the infection and viral replication during orthohantavirus cycle in the host cell. These variations depend both on the origin of the cells and the orthohantavirus. Even though we worked in a model of immortalized cells, we obtained encouraging results which are consistent with observations in infected patients and in rodents, suggesting that our models can shed light on the mechanisms of hantaviral infection.

B. Intracellular localisation of viral proteins

During studies on cellular susceptibility and production of infectious particles, we noticed interesting differences in the N cellular organization depending on the orthohantavirus (Fig. 3). We therefore wondered about the N localization and its interaction with different cellular components and with the other constituents of the virus. Alignements and percentage of identity of viral proteins are list in Annex 3.

The viral nucleocapsid

To characterize the relevance of N interactions with cellular constituents and viral proteins, we mainly worked on VeroE6 cells, since they are readily infected.

As expected, hantaviral nucleocapsid localized in the cytosol of infected cells. In cells infected with the non-pathogenic viruses, N forms filaments of variable length: for TULV, these organizations are preponderantly long (Fig. 35, red arrow), even though shorter filaments can also be detected; while for PHV the relative quantity of long and short filaments is nearly equivalent.

A particularity of TULV is the presence of N granules in the cytosol (Fig. 35, white arrow), which probably associate with N filaments to form amorphous aggregates (Fig. 35, yellow circle), that can sometimes fill more than half of the cytosol.

As TULV shows the most heterogeneous pattern of N morphologies, we followed evolution of the different structures at different time of VeroE6 infection, and noticed that the different arrangements appear in a time dependent manner (Fig. 36). At the beginning of the infection, N is present only as small dots in the cytoplasm, similarly to the other two viruses.

Filaments and granules appear at 2 d.p.i and their number increases at 3 d.p.i, when they start organizing also in amorphous aggregates covering in some cases a large part of the cytosol. On the other hand, we did not observe these structures in PUUV and PHV even at later time p.i.

We believe that the different organizations of N could be due to different transcription and translation efficiency of the viruses: TULV, which is the orthohantavirus replicating at the highest titers and producing the highest amounts of synthetized viral proteins and copies of genome, shows the highest variability in N organizations, while PUUV has the lowest amount of N in the cytoplasm and the simplest organization. Along with microfilaments and microtubules, the cytoskeleton is constituted of intermediate filaments, which are subcategorized in different types, among which, vimentin is the most widely distributed through different cell type and is also involved in the sequestration of protein aggregates to counteract their toxicity.

As compared to uninfected cells (Fig. 37), all the three orthohantaviruses slightly perturb the organization of microfilaments (Fig. 38, left panels). We observed that the amount of long actin fibers decreased and appeared broken, especially in PUUV and PHV infected cells (Fig. 13, white arrows), while microfilaments underlying the cellular membrane do not seem to be affected by the infection. However, we did not observe colocalization of the N of PUUV, TULV or PHV with actin (Fig. 38, right panel), since fibers are most affected in cells that are infected (compared middle and left panels). We also looked at one of the intermediate filaments' component, the vimentin (Fig. 40).

Because of its organization in short filaments, with a privileged localization around the nuclei, we hypothesized that vimentin could partially interact with N filamentous suborganization observed in TULV and PHV. However, we did not observe such colocalization. It seemed that the two proteins were mutually exclusive in the cytosol of TULV infected cells. We also noticed in this particular case that vimentin fluorescence was stronger and distributed all over the cytoplasm with a diffuse pattern, while it was not the case in PUUV and PHV infected VeroE6, where vimentin is organized as in non infected cells. The ER is where newly synthesized glycoproteins are translocated and is the first compartment of the pathway.

In non-infected cells, the ER appeared as a thin network of tubules reinforced around the nuclei. However, in cells infected by any of the three orthohantaviruses, the ER network appeared to be fragmented and its accumulation in the perinuclear area was reduced. We observed however that PUUV N was in close proximity to this compartment (Fig. 45). It has been suggested that the nucleocapsid could partially co-localize with the ERGIC during the maturation of viral particles [START_REF] Harish | New and Old World Hantaviruses Differentially utilize Host Cytoskeletal Components during their Life Cycles[END_REF]. In agreement, we observed that N colocalized with the ERGIC but this involved only the small dots of N, in particular for PUUV and PHV (Fig. 46). In addition, the structure of the ERGIC appeared quite modified, exhibiting bigger granules, in cells infected with the non-pathogenic orthohantaviruses, TULV and PHV. Glycoproteins traffic from the ER to the Golgi, where they are further post-translationally modified. Moreover, it is believed that old-world orthohantaviruses would assemble new particles at this site. Since the assembly of new particles requires the recruitment of RNP by interaction of the N with the cytosolic tails of Gn, we would expect to observe an association between the viral N and this compartment. However, only a partial co-localization was seen, although the N was frequently observed in close proximity with this compartment. This suggests that either that interaction of N and glycoproteins could happen at the surface of We clearly observed that there was not co-localization or close association of the N of the three orthohantaviruses with the TGN (Fig. 48).

( Although the network seemed affected by the infection and organelles more concentrated around the nuclei, no co-localization was observed (Fig. 49). However, N of the three orthohantaviruses distributed close to this perinuclear area where mitochondria are concentrated.

It has been shown that both old and new world orthohantaviruses rely on lipids, more specifically cholesterol, for the fusion of the viral envelope with the endosomal membrane [START_REF] Kleinfelter | Haploid Genetic Screen Reveals a Profound and Direct Dependence on Cholesterol for Hantavirus Membrane Fusion[END_REF]. Also, the envelope of the viral particle is constituted of cellular lipid in which glycoproteins are embedded. We questioned if an interaction could occur in infected cells between viral structural protein N and lipid droplets. As observed in non-infected cells, VeroE6 present consistent amount of small lipid droplets, heterogonous in size. However, we noticed that lipid droplets disappeared or that their number was quite reduced in infected cells, regardless of the orthohantavirus (Fig. 50).

Therefore, no co-localization could be observed.

This phenomenon could be due to a usage of lipids during the viral cycle, for example the assembly of new virions.

To exploit the cellular machinery of transcription, viruses have to produced capped-mRNA transcripts. However, orthohantaviruses do not code for protein complex involved in the formation of the cap, they have instead developed a mechanism called "cap-snatching" which consists in the removal of the cap from host cellular mRNA then added at the 5'end of nascent viral transcripts. Cellular mRNAs are stored or degraded in structures called P-bodies and they could therefore be a privileged site for the cap-snatching activity of the N and viral polymerase complex. Accordingly, it has been shown that the N of SNV interacts with such structures [START_REF] Mir | Storage of cellular 5' mRNA caps in P bodies for viral cap-snatching[END_REF]).

Concerning our orthohantaviruses, we only observed a partial co-localization between a few dots of N and P-bodies. Interestingly, these two structures were closely associated suggesting that also the N of PUUV, TULV and PHV could exploit P-bodies for cap-snatching (Fig. 51).

Overall, we could only find partial colocalization of the N with cellular compartments, such as ER and Golgi, as well as EEs and REs, suggesting that during their viral cycle, viruses interact with different compartments of the secretory and the endocytic pathways. These interactions must be important to allow successful infection and production of complete particles. Nevertheless, only the N sub-organization in puncta was shown to interact with these cellular compartments, while no close relationship of N filaments of PUUV and PHV and big granules of TULV was observed. This support the idea that different N organizations may represent viral sub-organizations of N whose primary role is to contribute either in assembly or in viral replication during the infectious cycle.

Interestingly, we observed that orthohantaviruses have an impact, on the infected cells, at the level of the cytoskeleton but also by altering different sub-compartment organization and by impacting structures involved in lipid storage.

d) Localization of viral genome and its interaction with the nucleocapsid As described above, the main role of nucleocapsid for negative stranded RNA viruses is to wrap viral genome to prevent RNA degradation or antiviral response from infected cells.

Nevertheless, the interaction between hantaviral RNA and N has never been observed during infection. Therefore, we co-stained the N and the viral genome with immunofluorescent probes by in situ hybridization, to visualize the possible co-localization of the two viral elements.

We designed two different probes, one for the detection of viral genome and another recognizing complementary RNA genome -constituted of both viral anti-genome and mRNA.

organized in puncta and no filaments can be observed, no RNA fluorescence could be detected.

Our results were also validated in human HuH7 cells.

We believe that technical limitations may be responsible for the absence of viral RNAs visualization in PUUV samples. Probably, the association in filaments due to N excess assembled enough genome copies to allow their detection, while when they remained as isolated molecules or N is associated as puncta, the fluorescent signal could have been too

weak to be detected.

We suggest that these filamentous organizations composed of viral genome and N could be a site of viral replication, and considering their proximity to organelles such as the ER, Golgi and ERGIC, they must be implicated in production of viral RNA, its encapsidation and the assembly of new viral particles. By employing our antibody, we observed that the Gn of the three orthohantaviruses colocalizes to the Golgi, as the trafficking to this compartment is necessary for the complete maturation of the precursor in glycoproteins Gn and Gc. Interestingly, we also noticed that the Gn of TULV possessed a larger repartition in the cytosol than the Gn of PUUV and PHV, which co-localized more strictly to the Golgi (Fig. 53A).

Viral glycoproteins

Glycoproteins

Unfortunately, we possessed an antibody recognizing, by immunofluorescence, only the Gc of PUUV, but it showed that this envelope glycoprotein also clearly co-localized with the Golgi (Fig. 53B). , when the presence of the Gc was revealed (in green) using the human mAB 1C9 specific of PUUV Gc, the Golgi was detected with an anti-giantin (in red).

b) Intracellular interaction of Gn with the nucleocapsid

As already mentioned, the absence of a matrix protein and the unusual length of orthohantavirus cytosolic tail support the hypothesis that the N and the glycoprotein cytosolic tail should interact for the assembly of the structural components necessary to produce new viral progeny. We found close association of N and glycoprotein Gn (Fig. 54), supporting the idea that the recruitment of particles' constituents could partially take place in the nearness of Golgi.

The case of non-structural proteins NSs of orthohantaviruses

The great majority of studied viruses in the Bunyavirales order, code for non-structural proteins, which differently affect cellular physiology. Based on in silico analysis of their genomic S-segment, hypothesis have been posited that also some hantaviral species could encode a non-structural protein, whose existence was then confirmed by in vitro We hypothesized that three amino-acids in the motif, K 16 -R 17 -R 18 in TULV NSs and N 16 -G 17 -R 18 in PHV, could correspond to the core signal responsible for this nucleolar addressing, as they form a pattern of high local positive charge. Therefore, we mutated this motif by replacement with a non-polar amino acid, alanine (Fig. 57A), and confirmed in this case, the absence of prediction of nucleolar addressing motif in silico (Fig. 57B). To biologically validate this hypothesis, directed-mutagenesis was performed in eGFP tagged TULV and PHV NSs sequences and core signal was substituted with three alanine at the corresponding residues. By this way, the nuclear localization of the proteins was indeed prevented (Fig. 57C). Inversely, by introducing the supposed addressing core signal in PUUV NSs with eGFP tag at the corresponding amino acid position 16-18, the protein was relocalized from the cytosol to the nuclei, confirming that the "KRR" signal is essential and could by itself direct the NSs protein to localize at the surface of the nuclei (Fig. 58). The efficiency of cytosol/nuclei separation was verified by the enrichment of proteins specific of each compartment: calnexin, an ER-associated protein, was found in the cytoplasmic fraction and the nuclear histone H3 in the nuclei phase. We detected PUUV-3XFlag-NSs and PUUV eGFP-NSs, as well as TULV 3XFlag-NSs and eGFP-mutated-NSs in the cytosolic fraction, as expected from cytoplasmic localization observed in fluorescence studies. We found that TULV wild type eGFP-NSs was also preponderantly present in the cytosolic fraction comforting the idea of their localization occurs outside of the nucleus (Fig. 59).

We hypothesize that the NSs of our three orthohantaviruses localizes in the cytoplasm.

However, because of their important size, fluorescent tags could impact differently the folding of the NSs and highlight a tendency of the protein to redistribute at the surface of nuclei. Although it is known that eGFP has a natural propensity to diffuse in the nuclei, it We detected NSs of PUUV and TULV preponderantly in the cytosol, both with the 3XF and the eGFP tag. To verify the successful separation of fractions, calnexin and histone H3 were used as cytosol and nuclei markers, respectively.

cannot account for our finding since the distribution of TULV eGFP-NSs around the nucleus is quite different from the one of the empty plasmid-eGFP and more importantly from the purely cytoplasmic PUUV-eGFP-NSs. This is also supported by the fact that addition of the tag in either the C-or N-ter of the NSs showed a same "cage" organization of the protein around the nuclei and this is seen either using eGFP or mCherry tag. Moreover, the core signal responsible for this addressing was identified in the NSs sequence and is constituted of three amino-acids. The polar characteristic of the motif could entail interactions of NSs with cytosolic cellular factors associated with nuclear membrane which were revealed when the viral protein is eGFP tag but hidden with small tag.

c) Interaction of NSs with other viral structural proteins in transfection context

As previously mentioned, no commercial antibody recognizing the non-structural protein is available. Moreover, when we tried to infect cells previously transfected with plasmids encoding NSs, we could not observe cells both infected and transfected as if they were mutually exclusive. This could be due to the fact that transfection either renders cells refractory to infection, that infection lead to degradation of the NSs or that NSs interacted with a viral protein masking the tag. Therefore, we look for interactions between NSs and the viral structural proteins in transfection.

We first questioned if the N and NSs of the three orthohantaviruses could interact. Because of limits in primary antibodies availability, we had to use the eGFP-tagged NSs for our analysis; therefore, since the nucleocapsid is cytoplasmic, no colocalization was observed between N and NSs of TULV and PHV. However, even in the case of PUUV, where both viral proteins localize in the cytosol, no colocalization was observed (Fig. 60A). However, it will be important to test other constructs where N is tagged with eGFP and NSs with a small tag.

We also questioned if the NSs of PUUV could interact with its glycoproteins and, surprisingly, we observed a close proximity of Gn with NSs, which opens the question of what could be the role of this interaction (Fig. 60B).

In this first chapter, we highlighted how orthohantaviruses and their proteins interact differently with the host cells. We observed diversity in the infectivity, the production of viral particles, the localization and relationship with cellular organelles, as well as in the interactions between viral proteins. These observations suggest that orthohantaviruses can alter at different levels the host physiology and that viral proteins could interfere with 

II. Interaction of different proteins of orthohantaviruses with the interferon pathway

It has been widely demonstrated that viruses must counteract the antiviral response of cells, which is mainly carried out through the IFN-I pathway. Orthohantaviruses are not an exception and results suggest that cytosolic tails of new-world pathogenic orthohantaviruses, as well as the nucleocapsid of ANDV, can modulate the signalization responsible for the production of IFN-β [START_REF] Mackow | Hantavirus interferon regulation and virulence determinants[END_REF]). Therefore, we questioned if viral proteins of PUUV, TULV and PHV could also carry an antagonistic activity against the IFN-I.

A. Determination of viral proteins' activity by luciferase reporter assay

One of the approaches that we chose to evaluate anti-IFN activities of viral proteins was by use of a reporter assay. Notably, we were interested in N, NSs and GnCT of the three orthohantaviruses, which were therefore cloned by Gateway system in the mammalian plasmid pCiNeo-3XFlag. Moreover, since we hypothesized that GnCT would need transmembrane domains (TM-domain) for its stability and correct orientation in the cytosol, we also cloned the cytosolic tail with either the first or the second TM domain.

To counteract the signalization pathway of IFN-I, viral proteins could either target the RLRdependent antiviral response, which promotes the production of IFN by the cascade involving cellular factors such as RIG-I, MDA5, TBK1 and IRF3, or the second pathway, responsible for the activation of ISG transcription, which is induced by binding of IFN with its receptor and activation of the JAK/STAT pathway.

In both pathways, the activation of cascades would lead to the activation of promoters responsible for either the transcription of IFN or ISGs, respectively. In our reporter assay, regulatory regions upstream these genes were cloned in a plasmid coding the firefly luciferase. Therefore, when the pathways are activated, chemiluminescent light emission due to luciferase activity can be quantified in cellular lysates. In addition, a second reporter plasmid, which encodes the renilla luciferase under the control of the strong CMV promoter, is used as internal control of the efficiency of transfection and of the toxicity of transfected constructions.

To quantify the inhibitory activity of proteins, firefly signals were normalized with renilla's for each sample and inhibition was determined comparing normalized signals of proteins of interest with mock sample transfected with backbone plasmid pCiNeo-3XF. We observed differences depending on the protein and on the virus (Fig. 61A): while PUUV-N and PHV-N did not inhibit the RIG-I activated cascade, TULV N had an effect on this signaling pathway and halves its efficiency of transduction. Bluetongue virus (BTV) NS3

protein was used as positive control, since it possesses a strong and well-documented inhibitory activity on RIG-I [START_REF] Chauveau | NS3 of bluetongue virus interferes with the induction of type I interferon[END_REF]). On the other hand, all the three NSs could inhibit, with a comparable efficiency, the signalization, while none of the different forms of

GnCT showed an effect on the RIG-I pathway.

In addition, we checked the homogeneity of renilla signals, to determine if transfection could have a negative impact on global cells viability, and/or could affect protein synthesis in an unspecific way. As showed, while absolute chemiluminescent activity of firefly luciferase varied depending on the protein, signals of renilla activity were constant among the conditions, suggesting that the viral proteins did not have any noxious effect on transfected cells (Fig. 61B).

It is to be noticed that we reproducibly observed an increase of the luciferase activity with the of of PUUV and PHV difficult to explain. However, we verified that proteins express in cells where the pathway is not activated were not able to induce transcription activity of interferon promoter.

Since an effect on RIG-I was observed following the expression of hantaviral N and NSs, we dissected at which level the inhibition could take place. Therefore, we activated the signaling pathway at different steps of the cascade using plasmids coding for the other actors of the cascade: MDA5, which is a receptor of pathogenassociated pattern belonging to the RLR family (Fig. 62A); TBK1 (Fig. 62B) and its molecular partner IKKe (Fig. 62C), which are activated by MAVS; IRF3, responsible for the activation of the IFN promoter (Fig. 62D).

Similar results as RIG-I of viral proteins inhibitory activity were obtained when the pathway was activated by MDA5. In this case, V protein of Measle virus (MV) was used as positive control.

As expected, no inhibition was observed following the expression of PUUV and PHV N. TULV N inhibited the pathway following its activation by TBK1; however, when IRF3 was expressed, we observed comparable luciferase signal as non-inhibiting proteins, suggesting that TULV N probably has an effect upstream in the pathway.

Similar observations were made for PUUV NSs, as it showed inhibition of the pathway when activated by TBK1, but not at IRF3 level. However, TULV NSs seemed to inhibit the lowest level of the cascade, even though the efficiency of this inhibitory activity was lower compared to its activity on RIG-I and TBK1, suggesting that it could maybe act on different steps of the signaling cascade. On the other hand, the NSs of PHV seemed to have a higher inhibitory activity on the upstream proteins of the cascade, i.e. RIG-I and MDA5, while it had little impact at the level of TBK1, and no effect on IRF3.

None of the proteins inhibited the pathway at the level of IKKε, probably due to their preferential interaction with its molecular partner, TBK1.

b) Dose-dependent inhibitory activity of N and NSs

Concomitantly, we also checked the cellular expression of viral proteins by immunoblotting and observed differences in the expression of viral proteins. Notably, we noticed that, even though we transfected equal amounts of plasmid, the expression of the viral proteins was different depending on the orthohantavirus: TULV N was the most expressed protein and we could detect similar quantity of PUUV N when we transfected ten times less of TULV N plasmid (Fig. 63). These data were coherent with the observations of high amount of N detected in TULV infected cells.

Similarly to what we observed with TULV N, TULV NSs showed the highest expression compared to the NSs of the other viruses (Fig. 63). Nevertheless, we cannot rule out that Cells were transfected and lysates produced after 24h. Amount of total protein was quantified and 5µg of each sample were loaded. Bands were revealed using an antibody recognizing the 3XF tag.

PUUV NSs as well as PHV NSs will exhibit different folding, partially preventing the binding of the primary tag specific monoclonal antibody, and therefore its detection.

Because of the differences observed in the expression of the viral proteins, we questioned if the inhibitory activity was dose-dependent. One day after transfection of HEK293T with plasmids coding for the N (A) or the NSs (B) of the three orthohantaviruses, lysates were produced and used either for luciferase activity or detection of viral proteins' by immunoblotting on 5µg of total proteins. Bands were revealed using an antibody for the 3XF tag.

This was indeed the case for TULV N: we lost the inhibition effect of TULV N when 30 ng of plasmid, instead of 300 ng, were used for transfection, while a comparable amount of expressed protein was detected in PUUV N samples, suggesting that the quantity of TULV N could impact its activity on the pathway (Fig. 64A).

Interestingly, despite the apparent low quantity of synthetized PUUV NSs, it showed the same inhibitory activity as the non-pathogenic orthohantavirus NSs. This may indicate that the pathogenic PUUV NSs could have a much higher inhibiting power on the pathway counterbalancing its low level of expression (Fig. 64B).

c) Inhibitory activity of viral glycoproteins

Since the different conformations of GnCT did not show inhibitory activity on the signaling pathways, we wondered if it could be due to either the instability, incorrect orientation or wrong cellular localization of the GnCT constructs; in fact, both by immunofluorescence and immunoblotting, low levels of expression were detected for the different forms of GnCT (not shown). Therefore, we expressed the whole GPC of PUUV and TULV, to ensure a correct maturation of the precursor and proper orientation of the GnCT domain, and tested their inhibitory activity on IFN-I production.

When we activated the pathway via RIG-I and transfected comparable amounts of plasmid as for N and NSs, PUUV GPC could efficiently inhibit the pathway at nearly 100%. The inhibition was dose dependent and we did not observe anymore inhibition when the amount of transfected plasmid was decreased to 3 ng, suggesting that PUUV glycoproteins have great efficacy to inhibiting IFN-I production (Fig. 65A).

We also verified the expression of viral glycoproteins by immunoblotting (Fig. 65B). We could easily detect the Gc of both viruses but, on the other hand, while we could detect well the Gn of PUUV we observed different bands for the protein of TULV, highlighting that TULV Gn maybe differently modified or matured upon transfection of the precursor GPC.

Since we did not observe any inhibitory activity of TULV GPC, we increased the amount of transfected plasmid, but it did not have any effect on the cascade (Fig. 65C). IFN was activated by expression of constitutively activated RIG-I. One day after transfection, lysates were produced and used either for luciferase activity (A, C) or detection of the maturation of transfected GPC by western blot (B). Viral Gn was revealed using an antibody for the streptag and Gc using the 10B9 antibody.

d) Effect of the co-expression of different viral proteins on the IFN-I cascade

After testing viral proteins individually, we checked if they could possess a synergistic effect in case of co-expression (Fig. 66).

We noticed that when two proteins were co-expressed with just one of them possessing an inhibitory activity, as for PUUV N and NSs, PUUV N and GPC, TULV N and NSs or GPC, and PHV N and NSs, an average in the inhibition activity was observed.

However, in case of co-expression of two inhibiting proteins, as for PUUV NSs and GPC, or TUL N and NSs we did not observe any additive effect of the efficiency of inhibition, suggesting that there is no cooperative effect of the viral proteins to inhibit the pathway, but rather a combinatory mechanism of redundant activities of proteins belonging to the same virus. 

The JAK/STAT pathway and the transcriptional activation of ISGs

To evaluate the effect of viral proteins on the signalization cascade mediated by the activation of IFN-I receptor, we activated the pathway by treating cells with recombinant type-I IFN. We checked if the different viral proteins could have a role on the signaling pathway responsible for the transcription of ISGs through ISRE promoter.

In contrast to results obtained for the RLR cascade, we did not observe any inhibitory effect of PUUV, TULV and PHV NSs and the N of TULV (Fig. 67A). However, inhibition on the signaling pathway was observed when cells were transfected with plasmids coding for the precursor of PUUV and TULV glycoproteins, while the different topologies of the cytosolic tail of Gn had no effect. This result is similar to what we obtained on the RLR signaling pathway, suggesting that the expression of the both glycoproteins, as well as their correct maturation, is necessary for their biological inhibitory activity. 

B. Interaction of NSs with the host in the infectious context

Since our results suggested that different viral proteins could have an inhibitory effect on the IFN pathway, we exploited the same reporter assay in infectious context. Unfortunately, HEK293T cells were not susceptible to the infection with any orthohantaviruses. Moreover, as reverse genetic system for orthohantaviruses does not exist, it was not possible to study the individual role of wild-type or mutated N and GPC on the cellular pathways.

We had at our disposal different viral strains of PUUV and TULV. For each virus, one strain -PUUV Sotkamo and TULV Lodz -codes for NSs, while in the other strain -PUUV Sotkamo

ΔNSs and TULV Moravia -the presence of a codon stop at the beginning of the NSs sequence, not affecting the N protein prevents the expression of the NSs. We could therefore compare the effect of the non-structural proteins in infected cells by looking at situation where it is missing.

Growth of viruses deficient in NSs expression

We first wondered if NSs could have a role in the production of infectious particles, both on the human and on the animal reservoir. Therefore, we infected human pulmonary A549 and renal bank vole cells with PUUV expressing or not the non-structural protein. We did not notice any importante difference in the infectivity of PUUV expressing or not the NSs in human cells as well as in rodent bank vole cells. This suggest that the NSs did not play a major role in the replication of PUUV orthohantavirus (Fig. 68) A549 NPro is a derived cell line of A549 cells which express bovine viral diarrhea virus (BDV)
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N protein, responsible for IRF3 degradation, therefore blocking the pathway leading to the production of type-I IFN.

Another derived cell line from A549, A549-V, is stably transfected with a plasmid coding for the Newcastle virus V protein, which targets phosphorylated STAT1 for degradation, blocking the signaling responsible for transcriptional activation of ISGs. The double mutant A549-V NPro cells are deficient for both the production of type-I IFN and the activation of ISG promoters. These three cell lines were compared to A549 wild-type and VeroE6 cell lines, whose susceptibilities have previously been established.

b) Kinetics of infection with orthohantaviruses expressing or not the NSs

Since the reporter assay shown that viral NSs inhibits IFN via RLR cascade, but had no effect on the JAK/STAT pathway, we supposed that A549 WT, A549 NPro, A549-V and A549-V NPro would be susceptible to the infection with PUUV Sotkamo and TULV Lodz orthohantaviruses, without differences in the efficiency of infection for the four cell lines. On the other hand, we expected the infection by PUUV SotkamoΔNSs and TULV Moravia to be counteract in A549 WT and A549-V as there would have no NSs to inhibit the production of type-I IFN, without any changes in the infection of A549 NPro and A549-V NPro, since these two mutated lines can not produce IFN.

The kinetics of infection was determined for PUUV and TULV both expressing or not NSs on the different A549 derived cells (Fig. 70) as compared to Vero E6 where these orthohantavirus can be easily produced. At day 3, the two orthohantaviruses not expressing NSs (PUUVΔNSs and TULV Moravia) infected VeroE6 cells in a similar way as their wild-type counterpart with high efficiency for TULV. In contrast, the percentage of infection of all four A549 cell lines was very weak with the four viruses. At day 5, infection of VeroE6 cell lines increased for all viruses. Differences between PUUV and TULV can be observed concerning infection of the human A549 cell lines, the former being able to infect all A549 cell lines, while nearly no infection was detected for the latter.

At day 7, VeroE6 cells were fully infected by the four hantaviral strains. Concerning A549 cell lines and in contrast to the theoretical hypothesis, we could observe slight differences a)

among different A549 mutants and b) depending on the presence/absence of NSs for PUUV infection. Since A549-V produces type-I IFN, we observed better replication of PUUV coding for NSs, supporting the role of NSs in the inhibition of IFN signaling pathway, as shown by reporter assay. In contrast, no difference between PUUV and PUUVΔNSs were observed on A549-N Pro, which does not express type-I IFN, as VeroE6 cells.

Moreover, A549 cell lines were not at all susceptible to the infection with TULV Lodz, preventing to draw conclusion about the the role of TULV NSs in infection.

Taken together, these results suggested that expression of NSs and the inhibition of IFN-I

were not significantly important to build successful infection with PUUV and TULV.

a slight difference can be noticed depending on the presence of NSs for PUUV

We questioned what was the relationship between orthohantaviruses and the antiviral IFN-I response. Firstly, we observed that the N of TULV and the precursor GPC of PUUV could efficiently inhibit the cascade leading to the production of IFN-I, suggesting that orthohantaviruses have evolved different mechanisms to counteract the host cell response to the infection. Moreover, our results showed that the non-structural proteins of the three viruses could inhibit the RLR dependent pathway. Therefore, using viral strains of viruses lacking or not the expression of NSs, we asked if these proteins could have an impact on the pathway during the infection. However, we did not notice any major difference depending on the presence of NSs. We hypothesized that, probably due to its low level of expression, the effect of NSs is limited and may not be crucial on the IFN-I, which is not significantly induced in orthohantaviruses. The impact of NSs on cellular physiology may be due to interaction with other cellular factors implicated in the innate immune response, as for example IFN-λ, or to proteins involved in cellular pathways such as cellular survival or metabolism.

To further analyze the orthohantaviruses impact on the infected cells and broaden our studies besides IFN, we analyzed the regulation of the expression of cellular factors implicated in other cellular pathways.

III. Regulation of cellular signaling pathways during orthohantavirus infection

To investigate the effect of viruses on cells during the infection, we utilized a commercial dot-blot kit based on membrane-coupled antibodies binding to proteins present in cellular lysates, whose detection is ensured by other antibodies, coupled with HRP, specific to the bound proteins.

We infected VeroE6 and human HuH7 cell lines and then compared the expression of cellular proteins implicated in various signalization cascades, such as apoptosis, inflammation and angiogenesis between the different viruses. We also tested MyglaSWRecB infected lysates with mouse cytokine kit, since bank vole specific antibodies are not available, but unfortunately the background noise to specific signal was too elevated, thus hindering the identification of different levels of protein expression.

To better highlight the factors whose expression is significantly changed during the infection, and to simplify the overall analysis, here we showed only a selection of proteins profile.

A. Profile of expression of cellular factors in simian VeroE6 infected cells

In VeroE6 infected cell lysates, we remarked differences on proteins' profiles depending on the virus. We found factors that were similarly activated following the infection of the three orthohantaviruses, such as IL33 and CD95. CXCL10 and p27 were induced by PUUV infection, but not by non-pathogenic viruses while TIMP-1 was increased in TULV infected cells only.

The expression of angiogenin (Ang) was induced by old-world orthohantaviruses (Fig. 71).

Overall, a great amount of proteins implicated in the preservation of blood vessels integrity were regulated by the infection, such as CXCL10, angiogenin and Serpin F1.

It is worth noting that CXCL10 has been shown to increase in PUUV infected patients, suggesting that, even though our approach is in vitro, it can still be a valide method to highlight interesting factors implicated in orthohantaviral infection.

B. Profile of expression of cellular factors in human HuH7 infected cell

We also found different profiles of expression in HuH7 cells (Fig. 72): CXCL5, uPA, angiogenin (Ang), and VEGF were induced by the three orthohantavirus, while the expression of HIF-1α and C5a was decreased by the infection of PUUV, TULV and PHV.

In contrast to VeroE6 cells, we did not find significant differences between viruses, as they majorly modulated the expression of cellular factors in similar manners; however, osteopontin was preponderantly induced in cells infected by PUUV. Moreover, while HIF1α was increased in VeroE6 lysates, it was decreased for the three orthohantaviruses in HuH7, suggesting a differential regulation depending on the cellular origin.

Compared to VeroE6 infected lysates, a higher amount of chemoattractors of immune cells has been found in HuH7, such as CXCL5, IL8 and C5a. Lysates were tested at 7 d.p.i. by dot blot proteome profiler and quantified using ImageJ.

Overall, we showed that infected cells differently regulate production of cellular factors, depending on the virus and on the cell type; the interpretation of these data is however challenging, especially to identify factors which are significantly different among viruses and could be implicated in the pathology.

C. Confirmation of protein candidates by quantification of their transcription level

We first tried to confirm our preliminary results of protein profiles expression by immunoblotting, but we did not find any antibodies specific to detect the cellular factors.

Therefore, we quantified the transcriptional level of genes coding for the proteins of interest by RT-qPCR.

In VeroE6 lysates, we confirmed the increased expression of CXCL10 following PUUV infection and we also determined that the level of transcription of its gene started to increase already at 3 d.p.i. Similarly, we also confirmed that HIF-1α expression was increased at 3 and 6 d.p.i of PUUV; however, we could not correlate the expression of the protein with its transcription in cell infected by PHV, as we only observed a higher level of protein but not an increase in the gene expression (Fig. 73A).

In HuH7 lysates, we transcriptionally confirmed the increase of GDF15, CXCL10 and VEGFA following infection by PUUV at 7 d.p.i. (Fig. 73B). Lysates were tested at 7 d.p.i. by dot blot proteome profiler and quantified using ImageJ.

Moreover, we questioned also the production of IFNs through time and we noticed that the gene expression of IFN-λ did not vary through time (Fig. 73C). In the future, it would be important to quantify the production of IFN-λ also on infected and non-infected VeroE6 cells.

We also tested the transcription profile of IFN-β and we did not find significant differences depending on the kinetics of infection. This could be due either to a low level of induction of IFN upon infection, to a low or no production of IFN-β by HuH7 or to a technical issue in the detection of this cytokine. 

IV. Search for cellular interactors of viral proteins from different orthohantaviruses by mass spectrometry analysis

To further understand how orthohantaviruses regulate expression and interact with cellular factors during infection, we looked for cellular partners of viral proteins by mass spectrometry. However, no specific immunoprecipitating antibodies were available, we could not work in infectious context.

Therefore, HEK293T were first transfected with plasmids coding for strepTag-N of the three orthohantaviruses. Additionally, cells transfected with the empty streptag plasmid were produced as negative control condition to substract non-specific bound cellular factors.

Lysates were produced in biological triplicates to allow quantification of differences between the viruses and control conditions.

Before mass spectrometry analysis, cells lysates were checked for protein expression by immunoblotting (Fig. 74). N proteins, along with their interactors, were then pulled-down through binding of the tag to Strep-Tactin beads. Protein complex retained on streptactin beads were digested with trypsin and processed for LC-MS/MS analysis and then confronted to bank of human genes to determine sequence, expression, quantity, post-translation modifications of peptides. Lists of more than 500 hits were recovered and potential interactors were retained by considering only the proteins for which more than one unique peptide has been identified

and which showed statistically significant (p<0.05) association with pull-downed N, compared to the negative control.

We noticed that the number of interactors was different depending on the virus: PUUV N significantly interacted with only 3 cellular factors, while in TULV and PHV samples 23 and 18 interactors have been identified respectively. Although specific in terms of statistics and identification, 4 proteins have not been considered in the analysis, because of their biological incoherence with our viral proteins.

Significant interactor candidates of PUUV, TULV and PHV N are listed is in Annex 2, Tables 2.

A. Low quantity of N PUUV interactors

Only 3 cellular factors have been found to interact with PUUV N: fatty acid synthase, which has also been found associated to TULV and PHV N; protein RRP5 homolog, also interacting with PHV N and PUUV-specific aurora kinase B.

Fatty acid synthase is implicated in the metabolism of lipids and synthesis of new fattychains, suggesting that orthohantaviruses could affect the production of lipids during the infection. An effect of the viruses on cellular supply of lipids has been observed by live staining of fatty-acid droplets during the infection (Fig. 50).

RRP5 homolog protein is an RNA binding protein and is necessary for the maturation of ribosomal RNA, therefore it has an indirect role in protein translation. This protein has also been found interacting with PHV, but not with TULV.

Aurora kinase B is responsible for regulation of the cellular cycle. Interestingly, the protein has been found associated with PUUV N only and with an elevated level of max fold change, suggesting a strong enrichment in this sample. Studying hepatitis B virus (HBV), it has been shown that the viral replication was enhanced by aurora kinase A, independently from its catalytic activity in mitotic function [START_REF] Jeong | Aurora kinase A promotes hepatitis B virus replication and expression[END_REF]. Even though the precise mechanism has not yet been identified, it could suggest that this family of protein may have a role during the infection that is not related to their strict association to cell cycle.

B. Cellular partners of TULV N and their biological activity

The nucleocapsid of TULV was purified in association with 23 cellular partners. They are implicated in different biological process such as 1) cellular transport mediated by microtubules 2) translation of mRNA by 40S ribosomal proteins and elongation factor eEF1Bγ

3) heat shock proteins (HSP) and T-complex protein 1 implicated in protein folding and 

C. Interactors of PHV N and comparison with interacting proteins of PUUV and TULV N

The nucleocapsid of PHV significantly interacts with 18 proteins in human cells. Cellular pathways in which these proteins are implicated are similar to those identified with interactors of TULV N. However, the specific proteins responsible for the enrichment of a certain pathway can differ between the two viruses. For example, the innate immune response is modulated by RNA helicases in the case of PHV, while for TULV it is due to a DNA-dependent kinase. For the regulation of apoptosis, PHV N interacts with more cellular factors than TULV N, but on the other hand, PHV showed less interactors for both the cellular transport and the process implicated in translation. Moreover, it has been found that PHV N interacts with DDX6, a protein included in P-bodies.

When comparing classifications of TULV and PHV nucleocapsids' interactors of enriched Gene Ontology pathways (Fig. 75), we observed that profiles are similar between the two proteins, as identified biological process strongly resemble. However, differences can be observed in the number of interactors participating in some process, as for localization (green in Fig. 75), which corresponds to the maintenance of a complex or an organelle in a specific cellular region. In fact, while both N interact with HSP70 and the subunit γ of ATP synthase, N PHV specifically recovered also the subunit α of the synthase and the GTPbinding protein Ran.

specific cellular interactors were also found, which could account for differences observed in the induced pathology during the infection.

Orthohantaviruses are emerging viruses hosted by small insectivore mammals and due to the world-wide distribution of their animal reservoir, these viruses have been found in multiple Eurasian and American regions. Even though orthohantaviruses are persistent and do not cause pathogenicity in the natural reservoir, they can occasionally be transmitted to humans, where they cause pathologies mainly targeting the lungs and kidneys.

Orthohantavirus-induced pathologies range from mild to haemorrhagic fevers, eventually leading to systemic organ failure.

Due to the elevated number of hantaviral species, which represent a potential source of genetic reassortment, along with the lack of treatment and vaccines, the global distribution of viruses and the increasingly frequent contacts between humans and animal reservoirs, orthohantaviruses represent a potential threat for human health. However, little is known about how orthohantaviruses interact with the different hosts and cellular mechanisms, which can account for pathogenicity and persistence, remain in great part unknown, in particular due to the lack of tools to detect and manipulate the virus and the lack of a good animal model. Therefore, we decided to shed light on the relationship between orthohantaviruses and their host cells by comparing the interactions of pathogenic and nonpathogenic viruses at the cellular and molecular levels in cell lines derived from humans and rodent reservoirs.

I. Differential infectivity of orthohantaviruses depending on the virus and the cell type

A. Susceptibility of cells from different hosts to orthohantavirus infection

Firstly, we demonstrated that immortalized bank vole cells could be infected specifically by PUUV, while no infection was observed with TULV. On the other hand, a cell line derived from the common vole was susceptible to the infection by TULV, but not to PUUV. These results reproduced the fine viral specificity to their rodent host reservoirs and showed that rodent cell lines can be considered as a valuable and accessible tool to study orthohantavirus biology. Importantly, these results indicate that orthohantaviruses can be produced in cells of the natural host, which reproduce more the natural context of infection and transmission, where both human and rodent hosts get infected by viral particles produced by the rodent reservoirs.

Besides, we noticed that orthohantaviruses interact differently with human cell lines derived from different organs. For example, PUUV showed specificity for alveolar A549 cells and TULV for the intestinal Caco2 cell line, while differentiated THP1 macrophages were infected by the 3 orthohantaviruses. Of note, PHV could infect a broader spectrum of cells obtained from different organs. Interestingly, even though liver is not the main targeted organ of diseases, it can be infected during pathogenesis and hepatocyte cell line, HuH7, was susceptible to the infection by the three viruses. Unfortunately, none of the two renal cell lines (HEK293 and HEK293T) could be infected by our orthohantaviruses, although kidneys are the primary target in nephropathy induced by PUUV infection. This result could be due to the type of cells derived from the organ and do not necessarily represent the most susceptible cell type in an infected organism. Moreover, it may be possible that different cell types are concomitantly necessary for an efficient infection. For example, alveolar and pulmonary cells may be more susceptible to hantaviral infection in the presence of immune cells, which are suspected to be involved in the propagation of the virus and the induced pathogenesis in the infected organism. The role of endothelial cells has also to be taken into account: it has been suggested that they represent the primary cellular target in the infectious process, therefore they may be crucial for the infection of other cell lines. It will be interesting to test the susceptibility of these cells and evaluate their efficiency to produce infectious particles. In this respect, use of reconstituted barriers on filter, in the presence or not of other cell types could provide valuable information about orthohantavirus mechanisms of cellular propagation.

B. Different levels of cellular restriction in the production of infectious particles

Viruses are defined as obliged parasites which need to infect cells in order to produce new viral progeny : they have evolved a plethora of actors and mechanisms to modulate the cellular physiology and advantageously interact with host cells. Even though differences exist depending on the viral family and species, common and general steps of the virus-host relationship can be defined: all viruses need to interact with cellular receptors to enter the cell, then replicate to produce new viral components and finally bud to be released in the extracellular space and propagate in the same organism or to others.

Cellular entry of orthohantaviruses

Concerning rodent cell infection, we reproduced the fine species specificity of orthohantavirus with their hosts. Indeed, TULV did not infect M. glareolus cell lines, while M. arvalis cells were not susceptible to PUUV. The absence of infection could be due to a lack of receptor or conditions at the entry level that could account for absence of detection of both the viral nucleocapsid and genome. This also suggests that orthohantaviruses could interact with different membrane proteins for the entry in the animal reservoir, for instance, the beta 3 integrin used as receptor on human cells is not expressed at the surface of bank vole cells susceptibile to PUUV infection [START_REF] Muller | Analysis of the integrin beta3 receptor for pathogenic orthohantaviruses in rodent host species[END_REF]). However, the lack of information about rodents' genetics and of tools such a species specific antibodies strongly reduce the possibility of precisely studying orthohantavirus-rodents cellular interactions in the infectious context.

Concerning the entry of orthohantaviruses in human cells, our previous studies did not establish a correlation between the expression of described orthohantavirus receptors and susceptibility to infection, i.e. DAF and integrin β3 for pathogenic viruses and integrin β1 for non-pathogenic ones [START_REF] Gavrilovskaya | Cellular entry of hantaviruses which cause hemorrhagic fever with renal syndrome is mediated by beta3 integrins[END_REF]). Therefore, we did not further address the question of entry process, which is still under debate. In particular, it has been recently

shown that the previously described receptors are not fundamental for the entry of new world orthohantaviruses, which would be dependent mainly on protocadherin1, while receptors for old-world orthohantaviruses still remain unknown [START_REF] Jangra | Protocadherin-1 is essential for cell entry by New World hantaviruses[END_REF]).

Replication and production of infectious particles

After determining cellular susceptibility and defining the kinetics of viral replication, we wondered whether cell lines derived from rodent host and the human occasional host could be suitable for the replication of the viruses and production of infectious particles. For this aspect of the study, we used two cell lines that we could easily infect with our orthohantaviruses, i.e. MyglaSWRecB and HuH7, and tested the infectiousness of the supernatant recovered from these cell lines after the infection, along with the presence of hantaviral RNA in their cell lysates and supernatants.

Secondary infection revealed that bank vole cells produced good titers of infectious PUUV.

On the other hand, cells derived from TULV reservoir, the common vole, could replicate and produce the virus, while bank vole cells were refractory to TULV infection. Concerning PHV, we found that bank vole cells could not produce infectious particles, even though they were susceptible to the infection. It is worth noting that the bank vole is not the natural host of PHV. Our results highlighting host-virus specific interactions are supported by previous findings on New-world orthohantaviruses ANDV and SNV, where clearance of ANDV was observed in SNV specific animal reservoir [START_REF] Spengler | Experimental Andes virus infection in deer mice: characteristics of infection and clearance in a heterologous rodent host[END_REF], and suggest that bank vole cellular model, which is a more convenient, easier and faster tool to study orthohantaviruses, can be safely employed. This is especially important due to the lack of experimental animal models.

We found that human HuH7 cells, although susceptible to the infection by the three viruses, were responsible for the production of supernatants of low infectivity. However, the infectiousness varied depending on the virus and was not correlated to the kinetics of production of the virus and the amount of synthetized proteins. In particular, supernatant of PUUV infected HuH7 cells was not infectious for Vero and HuH7 cells, while low infectivity was observed in the case of TULV. Supernatant of PHV infected HuH7 appeared to be not infectious on the same cell line and showed reduced infectivity on VeroE6 and MyglaSWRecB.

Different levels of cellular restriction can be responsible for the decrease in production of infectious particles, such as 1) a defect in the production of new viral particles, leading to the release of non-infectious particles; 2) a defect in the release of viral particles or 3) the presence in the supernatant of antiviral cytokines, such as interferon, inhibiting the secondary infection. We addressed these questions in parallel by using different approaches:

genome copy number quantification, electron microscopy and measure of interferon expression.

By using the first approach, we obtained the number of copies of viral genome in the cellular lysates and in supernatants. In bank vole cells, TULV was not produced in the supernatant due to absence of replication. Even though PHV could replicate, the number of copies in the cell lysate and in the supernatant did not increase through time, suggesting that the absence of secondary infection could be due to a defect in the assembly (i.e. incomplete particles) and/or in the budding (i.e. accumulation of viral constituents inside the cell). Unfortunately, limits in the availability of bank vole specific antibodies and lack of annotated genome of the animal complicate the analysis and the discovery of cellular factors that could be implicated in TULV and PHV restrictions.

In the lysates of infected human cell line the number of genome copies increased through time with TULV, slightly with PUUV and not with PHV, suggesting that the three viruses can variably replicate in this cell line. However, the amount of viral genome copies in the supernatant of these infected cells as 7 d.p.i. was considerably reduced compared to the supernatant of infected VeroE6. This indicates that particles were released in much lower amount in HuH7 than in VeroE6 cells, which could account for their reduced infectivity.

Since we showed that viruses replicate in the human cells, reasons for the reduced quantity of released particles could be due to defects in the assembly of new virions, as also supported by the accumulation of N protein detected by immunofluorescence in the cytosol of HuH7 cells. Therefore, we recently started to analyse, in collaboration with P. Roingeard (Université de Tours, France) the presence of fully assembled viral particles and their morphology in infected cells by electron microscopy.

At the time, we were able to observe viral particles in TULV infected VeroE6 and we are optimizing conditions to analyse HuH7 cells (Fig. 76). Interestingly, we found viral particles in the extracellular space, along with structures that could correspond either to extensions of the plasma membrane enriched in viral proteins or incomplete viral particles budding at the plasma membrane. This result would support our hypothesis that cells could release incomplete particles in their supernatant, whose contribution to the total amount of genome detected could differ depending on the infected cell line.

Lastly, the reduction of the infectivity of HuH7 supernatant could also be due to the production and release of antiviral cytokines. Therefore, we quantify the amount of produced IFNs during the infection of human HuH7cell line. Analysis of IFN-β at day 1, 2, 3 and 7 p.i. gave inconclusive results, as the standard deviation of quantified mRNA was elevated for all the samples, suggesting that either technical conditions for the analysis are not optimal, or that HuH7 do not produced detectable levels of IFN-β after the infection.

Supporting these data, a bioassay to test the production of IFN-β in the supernatant of HuH7 cells infected by BUNV, performed by A. Szemiel (Glasgow University, UK) suggested that this cell line does not produce elevated amounts of IFN, since it was not induced by the BUNV infection, responsible for the production of the cytokine on other human cells, such as A549.

This is of importance since no report in the literature suggests that HuH7 would not be able to produce IFN-I and a mutant cell line defective in the activation of RIG-I, HuH7.5, has been developed, notably to study HCV. However, different HuH7 cells exist and they could be differently susceptible to orthohantaviruses depending on their ability or not to produce IFNs.

Based on these results, we hypothesize that orthohantaviruses indeed induce IFN-β, but at low levels compared to other viruses.

We questioned if other IFNs could be implicated in the inhibition of secondary infection by HuH7 supernatants and since it has been reported that IFN-λ was present in patients infected by PUUV [START_REF] Stoltz | Lambda interferon (IFN-lambda) in serum is decreased in hantavirus-infected patients, and in vitro-established infection is insensitive to treatment with all IFNs and inhibits IFN-gamma-induced nitric oxide production[END_REF]), we quantified its production. However, no significant difference was detected compared to non-infected HuH7 at any time point. This could be due by the fact that, also for IFN-λ, orthohantaviruses may not induced detectable levels of expression or that hepatocytes are not the main cells responsible for the production of IFNs.

II. Orthohantaviruses differently interact with cellular components

Another way to understand and point out important differences that exist in the infection of human and rodents is to analyse how viral proteins interact with cellular compartments and factors during the viral cycle.

A. Cellular distribution of viral proteins in infected cells

We analyzed by immunofluorescence the effect of the infection in cells, along with the localization of viral proteins. In our study, we evaluated the capacity of our orthohantaviruses to infect cells by quantifying the expression of antiviral nucleocapsid. This highlighted different morphologies and interactions of the N in the cell. Moreover, we broadened our study to glycoproteins, which are also constituents of the viral particles, and to the putative non-structural protein NSs.

Organization and cellular localization of the nucleocapsid

The nucleocapsid organized differently depending on the virus: the N of PUUV appeared as puncta distributed all over the cytoplasm of infected cells and this organization was also present in cells infected with the other orthohantaviruses. However, the N protein was also As established, the major roles of the N are: 1) to protect the viral single stranded RNA from degradation, 2) to assist the replication and transcription of viral genomes and 3) to participate in the assembly of the viral particle, by interaction with the cytosolic tail of the glycoprotein Gn [START_REF] Wang | Interaction between hantaviral nucleocapsid protein and the cytoplasmic tail of surface glycoprotein Gn[END_REF]).

As to its role with viral RNA, only the filaments of N were shown to interact with viral RNA, while interactors of N granules in TULV still remain undetermined. We hypothesize problems of accessibility of the probe to the viral RNA in big granules or that the reduced amount of genome in small dots of N could account for the absence of signal, implying that viral genome should also be present in these N organisations.

It is worth noting that we performed our experiments in epithelial cell lines and that our observation related only to this cell type. It could be that epithelial cells are mainly implicated in production of high titres of viral progeny, while in endothelial cells or specific subsets of cells from other organs such as lungs and kidneys, the organization and amount of N could be different. Moreover, we could not work on primary cells and it cannot be excluded that the morphology of N would be different in these cells.

Expression of the glycoproteins during the infection

As expected, the glyocoprotein Gn localized to the Golgi where it is fully matured, as demonstrated by western blot analysis. However, we only recently obtained a rabbit polyclonal antibody to Gn and it would be therefore important to go further in understanding the distribution, roles and interactions of both Gn and Gc during the viral cycle of the different orthohantaviruses in different cell types. Our first investigation showed that again TULV behaves differently from the other orthohantaviruses, as its Gn appeared to localise to the Golgi but also to other cytoplasmic structures, whose implication in the viral cycle need to be determined.

Role in infection and localisation of the NSs in transfection experiments

In parallel to the studies on the structural proteins N and Gn, we also checked the distribution of the non-structural protein NSs. Due to scarcity of tools, NSs is poorly studied, especially concerning its level of expression, cellular localisation, and potential role in the infection. Only a few information in the literature suggest NSs can be translated in vitro by leaky scanning and an antibody developed to recognize the protein showed that NSs of TULV is distributed in the cytoplasm of infected cells close to the nucleus; moreover, the same group suggests that NSs could interfere with type-I interferon pathway [START_REF] Jaaskelainen | Tula and Puumala hantavirus NSs ORFs are functional and the products inhibit activation of the interferon-beta promoter[END_REF]).

Therefore, to better understand the role of NSs, we compared the cellular infection by viruses expressing or not NSs and expressed the tagged protein by transfection to evaluate its localization and activity on cellular parthways.

We tested whether the presence of NSs could promote the production of infectious particles in one of the different hosts. However, PUUV titres of the supernatants recovered from

B. I nteraction of orthohantaviruses with cellular signalling pathways

In parallel to co-localization studies of the N and the NSs of our orthohantaviruses, we used different approaches to better understand the relationship of the viruses with the cell host.

First, we looked at the activity of the viral protein on the interferon pathway, which is a crucial step in the antiviral response. Secondly, we broadened our study by analysing the effect of orthohantavirus infection on the regulation of cellular factors and finally, to identify possible interactors of the nucleocapsid from multiple cellular pathways, we performed mass spectrometry analysis on the molecular complex precipitated with the viral protein.

Interaction of viral proteins with the interferon pathways

As previously discussed, the nucleocapsid of TULV possess an inhibitory activity on the pathway responsible for the production of type-I IFN, even though other analysis suggested that only the N of ANDV possess such role [START_REF] Simons | Unique Interferon Pathway Regulation by the Andes Virus Nucleocapsid Protein Is Conferred by Phosphorylation of Serine 386[END_REF]). We hypothesize that this strong activity could be due to an elevated expression of the protein, which could therefore interact with factors of the pathway and block the signalling cascade. It would be important to test if higher amount of PUUV and PHV N will have an inhibitory effect, by trying for example to transfect higher amounts of plasmids.

To further elucidate the role of NSs in the biology of the viruses, we evaluated the impact of the protein on cellular signalling pathways. Because of the importance of IFN production during the infection, we wondered whether our viruses could inhibit its induction to promote the efficacy of the infection. Through the luciferase reporter assay, we showed that NSs of PUUV and TULV possess indeed an inhibitory activity on the pathway activated by

RLRs, probably at the level of TBK1, even though we could not identify the interaction with the protein by pull-down of the tagged-NSs. This could be explained by the fact that the interaction of NSs and TBK1 may be indirect and require intermediates proteins to be carried out. The NSs of PHV showed a preponderant inhibition at the level of RIG-I, even if a weak inhibition activity was also observed at the level of TBK1. In addition, we noticed that the NSs of PUUV had the highest efficiency of inhibition because, although expressed in lower amount than the other NSs, it shows a capacity of inhibition as good as the NSs of TULV and PHV. When we evaluated the role of PUUV NSs on the interferon pathway in the infectious context, we found that the loss of expression of this non structural protein slightly decrease the capacity of this deficient virus to infect different A549 cell lines either synthetizing or not the type-I IFN.

Interestingly, TULV NSs weakly inhibited the pathway at the level of IRF3 which is known to translocate to the nuclei following activation. This function could be exerted by the nonstructural protein once it localizes at the surface of the nuclei, since a NoLS motif has been found in its amino-acid sequence, suggesting that NSs could possess different roles depending on the virus.

In addition, we observe that viral glycoproteins could differently inhibit the signaling pathway responsible for the production of IFN, depending on the virus. The GPC of PUUV possess elevated inhibitory activity, while no inhibition was observed with the precursor of TULV. We speculate that orthohantaviruses could possess common inhibitory activity on the pathway, carried out by NSs, but at the same time the inhibition could also be due to other proteins, depending on the virus. Therefore, the GPC precursor of PUUV could strongly block the cascade, while for TULV this activity could be achieved by the nucleocapsid, since it is the only one of the three orthohantaviruses showing such feature associated to the N.

In contrast to other viral proteins, both PUUV and TULV glycoproteins show inhibitory activity on JAK/STAT pathway and the efficacy of inhibition was higher for pathogenic orthohantavirus PUUV.

Evidence of glycoproteins activities on the cellular signaling pathways interestingly suggest that glycoproteins do not only have a role in the entry and assembly of virions, but, similarly to the nucleocapsid, they could also carry out other activities to ensure successfull infection.

Moreover, we observed that glycoproteins of PUUV possess increased inhibitory on pathway responsible for interferon production and ISG transcriptional activation. We can speculate that they could be therefore a major determinant of the virulence in infected cells. This is congruent with findings on new-world orthohantaviruses SNV and ANDV, whose glycoproteins display also inhibitory activities on both RLR and JAK/STAT signaling pathways [START_REF] Levine | Antagonism of type I interferon responses by new world hantaviruses[END_REF]).

Therefore, it can be suggested that the reporter assay can shed light on an activity of the protein, which however does not reflect its main role in the infection of human cells. PUUV NSs may have a stronger inhibitory activity on the pathway, which may partially contribute to the aspects of the pathologies. However, in absence of tools to extensively work on orthohantaviruses, the kinetics and levels of expression of NSs during the viral cycle, as well as its impact in infected hosts, are challenging to study. The protein may possess a minor role in the infection, but it cannot be considered as a virulence factor that can alone explain the establishment, or not, of the pathologies. This is also supported by the lack of NSs in some of the pathogenic old-world orthohantaviruses, such as HTNV.

We hypothesize that NSs could have a more important role during the infection of the animal reservoir, probably in the establishment of the persistence or to control the immune response of the animal. Its absence in some hantaviral species may suggest that it does not significantly affect the infection or that long adaptation between one orthohantavirus and its specific animal reservoir made NSs not crucial anymore for the persistence. However, the study of the animal reservoir is complicated and limited by the lack of suitable animal facilities and difficulties in performing infection on the wild animals, therefore it may be possible that NSs could have an impact on a physiologic parameter of the rodents that has not been discovered yet.

Regulation of expression of cytokines and other signaling proteins

The progression of diseases induced by orthohantaviruses in humans is still largely under debate. However, in absence of a cytopathic effect of the virus in infected cells, the role of pro-inflammatory response in the physiopathology is accepted to be responsible for an alteration of the endothelial cell barrier functions leading to capillary leakage [START_REF] Ermonval | What Do We Know about How Hantaviruses Interact with Their Different Hosts?[END_REF]). Both innate immune cells and direct effect of the virus on endothelium could be important in this process. It is well established that MNPs interact with the vascular endothelium leading to barrier dysfunction and increased permeability through adhesion processes and chemokine secretion [START_REF] Schonrich | Hantavirus-induced disruption of the endothelial barrier: neutrophils are on the payroll[END_REF]). We explored, by proteomic arrays, the impact of PUUV, TULV and PHV infection as compared to non-infected cells on the regulation of cellular factors involved in different cellular signalling pathway. Differences in the regulation of cellular factors implicated in pathways such as apoptosis, angiogenesis, pro-inflammatory response and recruitment of cells of the innate immune system such as macrophages and MNP, have been detected. Importantly these differential regulations were found to depend both on the viruses and on the cell types.

Considering the different pathways together, for instance, differences depending on the viruses were obtained wih VeroE6, such as preferential induction of CXCL10, p27 and HSP60 by PUUV or uPAR by TULV, while HSP60, CXCL5, CXCL1, GDF15 and IL8 were upregulated by the three viruses in infected HuH7 cells. Interestingly, CXCL10 is a chemoattractor of immune cells and can be responsible for strong antiviral activity and damage of endothelial cells. Since its production is induced in response to IFN-γ, it could be interesting to quantify the production of this interferon in HuH7 cells infected with either the pathogenic PUUV or the non-pathogenic TULV and PHV. VEGF, a growth factor implicated in hyperpermeability of the vascular endothelium and induced in PBMC of HCPS patients [START_REF] Gavrilovskaya | Elevated VEGF Levels in Pulmonary Edema Fluid and PBMCs from Patients with Acute Hantavirus Pulmonary Syndrome[END_REF], was upregulated by the three viruses, especially by PUUV, in infected HuH7 cells.

Morevover, VEGF is induced by hypoxia [START_REF] Gavrilovskaya | Hypoxia induces permeability and giant cell responses of Andes virus-infected pulmonary endothelial cells by activating the mTOR-S6K signaling pathway[END_REF], which would correlate with our results on expression of HIF-1α.

Since we observed a significant up-regulation of cellular factors implicated in the chemotaxis of immune cells, it would be interesting to perform co-culture experiments and analyse if the presence of different immune cells could have an impact in the production of infectious viruses. In fact, it has been showed that supernatant of infected dendritic cells could have a deleterious role on the integrity of an in vitro reconstituted endothelial barrier [START_REF] Marsac | Infection of human monocyte-derived dendritic cells by ANDES Hantavirus enhances pro-inflammatory state, the secretion of active MMP-9 and indirectly enhances endothelial permeability[END_REF]).

Also, some of the factors, such as cytokines, that have been found to be up-regulated, could be responsible for the inhibition of secondary infection with HuH7 supernatants. It would be therefore interesting to use neutralising antibodies to inhibit the action of these factors in the supernatant of infected cells and analyse whether viral titres would increase.

This approach revelead regulation of cytokines by orthohantaviruses that correlates correlates with data obtained in HFRS patients. However, this study should be widened by testing the expression of cytokines in other cell types and their role in more complex systems, such as in vitro reconstituted endothelial barriers of the different hosts.

C. Analysis of cellular proteins in complex with viral proteins

humans similar to pathogenic orthohantavirus, depends on lipids level and its non-structural protein NS3 has been shown to interact with FAS [START_REF] Tongluan | Involvement of fatty acid synthase in dengue virus infection[END_REF]). Moreover, bunyavirus SFTSV NSs localizes with lipid droplets and inhibition of lipid metabolism by drug treatment negatively affects viral replication (Wu et al. 2014a).

It would be interesting to use FAS-specific inhibiting drugs, such as orlistat or C75, to evaluate its impact on the infection and production of infectious particles.

A small number of interactors with the N of PUUV was found when compared to TULV and PHV: this could be explained by the lower amount of synthetized PUUV N in HEK293T transfected cells. Therefore, the list of proteins interacting with PUUV protein could be underestimated. Interestingly, we found that aurora kinase B (AURKB) was specifically interacting with the nucleocapsid of PUUV. Even though this protein is mostly studied in relationship with viruses targeting the nuclei due its role in the regulation of cell cycle, a paper acknowledges the inhibition by HCV of AURKB to modulate the production of infectious particles [START_REF] Madejon | Hepatitis C virus-mediated Aurora B kinase inhibition modulates inflammatory pathway and viral infectivity[END_REF], suggesting that AURKB may have different impacts depending on the virus.

Our comparative study demonstrated that difference of interaction occurs at different levels of hantaviral infection in a cell and virus specific manner. Moreover, we clearly defined that multiple factors participate to the differences observed in the interactions of pathogenic and non-pathogenic orthohantaviruses with their two hosts. Thefore, studies at different levels and employing different approaches are necessary to fully understand how orthohantaviruses interact with their hosts.

Our study on cell susceptibility to infection defined specificities and cellular restrictions at the different levels of the viral cycle, which depend on the virus, the cell type, and the origin of the cell lines (human or rodent hosts). In absence of animal models and considering the many different reservoirs, we established useful cellular model for further studies on the cycle of hantaviruses in different context. However, it would be important to set up cell lines of other types and from other reservoirs.

We observed differences in the interaction of orthohantaviruses with the cell host highlghting the complexity of orthohantaviruses and their interactions that restrain clear-cut interpretations. Nevertheless, we could determine factors that were upregulated or interacting with only pathogenic PUUV while we frequently observed similar behavior between TULV and PHV, concerning for example the organization and the cellular interactors of N or the localization of NSs. Even though no antibodies specific for the vole species are available, it would be interesting to test if antibodies recognizing a broad spectrum of species could also work in cells derived from organs of the animal reservoirs of our three orthohantaviruses. In this case, it would be useful to determine if interactions observed in human cells are also present in rodents'.

On this trend, we also obtained closer similarities between the two non-pathogenic orthohantaviruses concerning identification of cellular interactors of the nucleocapsid by mass spectrometry. In the future, it would be important to confirm these interactions: in a first step, it would be interesting to highlight by immunofluorescence or immunoprecipitation the spatial and physical interactions of the viral protein with cellular components; secondly, it would be useful to evaluate the effect of drug inhibiting protein functional activity or the knockdown of cellular proteins on the viral replication and production of infectious particles.

Ongoing analysis will also allow us to obtain the list of cellular factors associated to hantaviral NSs. Considering the lack of information about this viral protein and the difficulties in defining its role during the infection, it would be of the uttermost importance to validate interactions results in cells. In fact, only a study using yeast two-hybrid screening on mouse cDNA library was performed to search for PUUV and TULV NSs interactors. It

showed that cellular proteins related to intermediate filament transport, integrin complex, cytoplasmic vesicles and secretory granules were enriched in the analysis [START_REF] Ronnberg | Searching for cellular partners of hantaviral nonstructural protein NSs: Y2H screening of mouse cDNA library and analysis of cellular interactome[END_REF]). However, mice are not susceptible to orthohantavirus infection and our micro-array studies of regulation of factors from different cellular pathways indicate that the two animal models are not similar enough to allow the detection of cytokines expression.

Considering that our results highlighted an activity of PUUV and TULV glycoproteins on the interferon signaling pathway, it is reasonable to assume that these proteins may interact also with other cellular factors. Therefore, it would be interesting to perform mass spectrometry analysis on PUUV and TULV glycoproteins to identify other cellular interactors.

Since we observed differences depending on the cellular models, it would be useful to obtain cell lines of other organs from PUUV and TULV animal reservoirs to better understand the infection of old-world pathogenic and non-pathogenic orthohantaviruses. It would be especially interesting to immortalize endothelial and immune cells, analyse the effect of orthohantaviruses on these cells and compare it to human infected cell lines, as they are the main target of the infection and responsible of the pathologies.

Moreover, it would be interesting to analyze the susceptibility to infection and production of viral particles on cell lines derived from PHV rodent host, especially since we already observed restriction of PUUV infection on cells of common vole, the animal reservoir of TULV.

These analyses should then be confirmed by electron microscopy to evaluate if the viral infection has an impact on the cellular organization, depending on the virus and on the cell type, and to determine the eventual presence and structures of new virions, both in the cytoplasm and in the extracellular space.

Moreover, the availability of cell lines obtained from rodent reservoir would allow the establishment of in vitro cellular barrier to study the propagation of viruses more natural context, by coupling the use of virus produced on the animal reservoir cells. We already established that kidney cell from PUUV bank vole reservoir could produce virions with the same efficacy than VeroE6 cells. Moreover, we pre-screened this same rodent cell for their capacity to form tight junctions on filter support. Expertise concerning epithelial barriers is necessary to further continue the experiments and validate our preliminar observation.

Overall, our results show how complex and challenging the study of orthohantaviruses is, especially because of the slow kinetics of the virus, their low titers and the absence of defined cellular and animal models. Moreover, the absence of reverse genetics system for orthohantaviruses, the high variability of the animal reservoirs and the lack of genomic information concerning their genomes, complicate the task.

These limitations slow down research on orthohantaviruses; however, it should be considered that the wide distribution of the reservoir, the easiness of viral transmission, the high mortality rate of pathogenic viruses and the close contacts between humans and animals make orthohantaviruses a threat for human health and possible emergence of new pathogen leading to new epidemics.

Therefore, insights in the biology of the viruses and the alteration of the cellular physiology are important to define measures and precautions to fight eventual future infections in the human populations. Our study defines different tools to approach the question at different levels and could help to find important cellular factors interacting with orthohantaviruses for their replication and their involvement in pathogenesis. 
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  IFNAR: Interferon α/β Receptor IKK: IκB Kinase IL: interleukin ISG: interferon stimulated gene ISGF3: Interferon stimulated gene factor 3 LACV: Lacrosse Orthobunyavirus LC-MS/MS: liquid chromatography with in tandem mass spectrometry LE: late endosome LGP2: laboratory of genetics and physiology 2 MAPV: Maporal orthohantavirus MMP: matrix metallopeptidase MNPs: mononuclear phagocytes mRNA: messenger RNA MV: measle virus Mx1: myxovirus resistance 1 N: nucleocapsid NDV: Newcastle Disease Virus NE: Nephropathia Epidemica NET: Neutrophil-Extracellular Trap NFkB: Nuclear Factor Kappa-light-chain-enhancer of activated B cells NK: Natural Killer cell NSs: Non-Structural protein of the S-segment NY-1V: New York 1 Orthohantavirus OAS: 2'-5'-oligoadenylate synthetase ORF: Open Reading Frame P-body: processing body PAI-1: plasminogen activator inhibitor-1 PBMC: Peripheral Blood Mononuclear Cell PBS: Phosphate Buffer Saline PCR: Polymerase Chain Reaction PHV: Prospect Hill Orthohantavirus PKC: protein kinase C PKR: protein kinase R PMA: Phorbol 12-Myristate 13-Acetate PP1: Protein phosphatase 1 PUUV: Puumala Orthohantavirus RANTES: regulated on activation, normal T cell expressed and secreted RdRp: RNA-dependent RNA polymerase RE: recycling endosome RNA: ribonucleic acid RNP: ribonucleocapsid RS19: 40S Ribosomal protein S19 RT: retrotranscription RVFV: Rift Valley fever virus SBV: Schmallenberg virus SEOV: Seoul Orthohantavirus SNV: Sin Nombre OrthohantavirusSTAT: Signal transducer and activator of transcription SUMO: small ubiquitin-related modifier Tf: transferrin TGF: transforming growth factor TGN: Trans-Golgi Network TMD: transmembrane domain TNF: tumor necrosis factor TOSV: Toscana phlebovirus TPMV: Thottapalayam Orthohantavirus TRAF: TNF Receptor Associated Factor TRIM25: TRIpartite Motif-containing protein 25 TSWV: Tomato Spotted Wilt Tospovirus TULV: Tula Orthohantavirus TYK: Tyrosine-protein Kinase uPA: Urokinase-type Plasminogen Activator UUKV: Uukuniemi virus VCAM: vascular cell adhesion molecule VLP: Virus-like particle WNV: West Nile virus YFV: Yellow fever virus ZIKV: Zika virus

Figure 1 .

 1 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 2 .

 2 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 3 .

 3 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 4 .

 4 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 5 .

 5 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 6 .

 6 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 7 .

 7 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 8 .

 8 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 9 .

 9 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 10 .

 10 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 11 .

 11 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 12 .

 12 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 13 .

 13 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 14 .

 14 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 15 .

 15 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 16 .

 16 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 17 .

 17 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 18 .

 18 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 19 .

 19 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 20 .

 20 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 21 .

 21 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 22 .

 22 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 23 .

 23 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 24 .

 24 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 25 .

 25 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 26 .

 26 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 27 .

 27 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 28 .

 28 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 29 .

 29 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 30 .

 30 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 32 .

 32 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 33 .

 33 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 34 .

 34 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 36 .

 36 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 37 .

 37 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 38 .

 38 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 39 .

 39 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 40 .

 40 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 41 .

 41 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 42 .

 42 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 43 .

 43 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 44 .

 44 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 45 .

 45 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 46 .

 46 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs.Figure 3. Kinetics of orthohantavirus infection in rodents.Figure 4. Transmission of orthohantaviruses in different hosts.Figure 5. Global distribution of reported cases of HCPS and HFRS.Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome.Figure 8. Phylogenetic tree of Bunyavirales order.Figure 9. Electron microscopy images of BCCV viral particles.Figure 10. Schematic representation of hantaviral particle.Figure 11. Domains and organization of monomers of the nucleocapsid.Figure 12. Organisation of glycoproteins on the viral particle.Figure 13. Schematic topology of viral glycoproteins.Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs.Figure 15. Hantaviral replication cycle.Figure 16. Schematic replication and transcription of viral genome.Figure 17. Model of prime-and-realign mechanism of bunyaviruses.Figure 18. Classification of IFNs and activated pathways.Figure 19. Signaling pathways of RLRs.Figure 20. Type-I IFN stimulated signaling pathway.Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Figure 22. Detection of viral nucleocapsid and determination of viral titres.Figure 23. Principle of Gateway technology.Figure 24. Principle and example of dot-blot analysis to reveal the profiles of proteins expression in cellular lysates.Figure 25. Real-time quantification of PUUV genome copy number.Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection.Figure 27. Susceptibility of human cell lines to orthohantavirus infection.Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses.Figure 29. Production of PUUV infectious particles by the different cell lines.Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 31. Production of TULV infectious particles by the different cell lines.Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells.Figure 33. Production of PHV infectious particles by the different cell lines.Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells.Figure 36. Time dependent organization of N in TULV infected VeroE6 cells.Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells.Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells.Figure 39. Localization of hantaviral N protein and microtubules in VeroE6 infected cells.Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells.Figure 41. Scheme of the endocytic and secretory pathways.Figure 42. Co-staining of early endosomes and hantaviral N protein in VeroE6 infected cells.Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells.Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells.Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells.Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells.

Figure 47 .

 47 Figure 47. Co-staining of the Golgi and hantaviral N protein in VeroE6 infected cells.Figure 48. Co-staining of the TGN and hantaviral N protein in VeroE6 infected cells.Figure 49. Co-staining of mitochondria and hantaviral N protein in VeroE6 infected cells. Figure 50. Co-staining of lipid droplets and hantaviral N protein in VeroE6 infected cells. Figure 51. Co-staining of P-bodies and hantaviral N protein in VeroE6 infected cells. Figure 52. Detection of viral RNA and nucleocapsid in VeroE6 infected cells.Figure 53. Co-staining of the viral glycoproteins with the Golgi apparatus in infected cells.Figure 54. Co-staining of the viral glycoprotein Gn and the nucleocapsid in infected cells.Figure 55. Cellular distribution of hantaviral NSs depending on the tag.Figure 56. Nucleolar addressing sequence in the NSs of the three orthohantaviruses.Figure 57. Directed-mutagenesis and immunofluorescence validation of the hypothetical motif responsible for the addressing to the nuclei of eGFP-NSs from-TULV and PHV.Figure 58. Directed-mutagenesis and immunofluorescence validation of the hypothetical KRR 16-18 motif responsible for the addressing to the nuclei in PUUV NSs.Figure 59. Nuclei/cytoplasm separation and detection of tagged viral proteins by immunoblotting.Figure 60. Co-localization of NSs with viral structural proteins.Figure 61. Luciferase reporter assay of viral proteins on the RIG-I activated pathway.Figure 62. Inhibitory activity of N and NSs on signaling cascade revealed by luciferase reporter assay.Figure 63. Expression by plasmids of N and NSs in HEK293T cells.Figure 64. Quantification of expression of transfected proteins in HEK293T and correlation with their inhibitory activity on IFN-I pathway.Figure 65. Dose-dependent inhibitory activity of PUUV and TULV GCP on IFN-pathway.Figure 66. Combinatory inhibitory activity of N, NSs and GPC on IFN signaling pathway.Figure 67. Inhibitory activity of viral proteins on the JAK/STAT pathway.Figure 68. Kinetics of the usceptibility of different cell lines to PUUV WT and PUUV ΔNSs infection.Figure 69. A549 cellular model used to evaluate the role of NSs on IFN-I pathways.Figure 70. Kinetics of infection of orthohantaviruses expressing or not NSs using the A549 model.Figure 71. Summary of protein expression significantly modulated in lysates of infected VeroE6.Figure 72. Summary of protein expression significantly modulated in lysates of infected HuH7.Figure 73. Quantification of transcriptional levels of different cytokines during the infection.Figure 74. Immunoblot detection of orthohantavirus streptagged-N in lysates used for pull down.Figure 75. Enrichment analysis on interactors of TULV and PHV nucleocapsid.Figure 76. Electron microscopy image of TULV infected VeroE6 cells.Figure 77. Prediction of naturally disordered regions in the NSs of the three orthohantaviruses by PONDR® software.

Figure 48 .

 48 Figure 47. Co-staining of the Golgi and hantaviral N protein in VeroE6 infected cells.Figure 48. Co-staining of the TGN and hantaviral N protein in VeroE6 infected cells.Figure 49. Co-staining of mitochondria and hantaviral N protein in VeroE6 infected cells. Figure 50. Co-staining of lipid droplets and hantaviral N protein in VeroE6 infected cells. Figure 51. Co-staining of P-bodies and hantaviral N protein in VeroE6 infected cells. Figure 52. Detection of viral RNA and nucleocapsid in VeroE6 infected cells.Figure 53. Co-staining of the viral glycoproteins with the Golgi apparatus in infected cells.Figure 54. Co-staining of the viral glycoprotein Gn and the nucleocapsid in infected cells.Figure 55. Cellular distribution of hantaviral NSs depending on the tag.Figure 56. Nucleolar addressing sequence in the NSs of the three orthohantaviruses.Figure 57. Directed-mutagenesis and immunofluorescence validation of the hypothetical motif responsible for the addressing to the nuclei of eGFP-NSs from-TULV and PHV.Figure 58. Directed-mutagenesis and immunofluorescence validation of the hypothetical KRR 16-18 motif responsible for the addressing to the nuclei in PUUV NSs.Figure 59. Nuclei/cytoplasm separation and detection of tagged viral proteins by immunoblotting.Figure 60. Co-localization of NSs with viral structural proteins.Figure 61. Luciferase reporter assay of viral proteins on the RIG-I activated pathway.Figure 62. Inhibitory activity of N and NSs on signaling cascade revealed by luciferase reporter assay.Figure 63. Expression by plasmids of N and NSs in HEK293T cells.Figure 64. Quantification of expression of transfected proteins in HEK293T and correlation with their inhibitory activity on IFN-I pathway.Figure 65. Dose-dependent inhibitory activity of PUUV and TULV GCP on IFN-pathway.Figure 66. Combinatory inhibitory activity of N, NSs and GPC on IFN signaling pathway.Figure 67. Inhibitory activity of viral proteins on the JAK/STAT pathway.Figure 68. Kinetics of the usceptibility of different cell lines to PUUV WT and PUUV ΔNSs infection.Figure 69. A549 cellular model used to evaluate the role of NSs on IFN-I pathways.Figure 70. Kinetics of infection of orthohantaviruses expressing or not NSs using the A549 model.Figure 71. Summary of protein expression significantly modulated in lysates of infected VeroE6.Figure 72. Summary of protein expression significantly modulated in lysates of infected HuH7.Figure 73. Quantification of transcriptional levels of different cytokines during the infection.Figure 74. Immunoblot detection of orthohantavirus streptagged-N in lysates used for pull down.Figure 75. Enrichment analysis on interactors of TULV and PHV nucleocapsid.Figure 76. Electron microscopy image of TULV infected VeroE6 cells.Figure 77. Prediction of naturally disordered regions in the NSs of the three orthohantaviruses by PONDR® software.

Figure 49 .

 49 Figure 47. Co-staining of the Golgi and hantaviral N protein in VeroE6 infected cells.Figure 48. Co-staining of the TGN and hantaviral N protein in VeroE6 infected cells.Figure 49. Co-staining of mitochondria and hantaviral N protein in VeroE6 infected cells. Figure 50. Co-staining of lipid droplets and hantaviral N protein in VeroE6 infected cells. Figure 51. Co-staining of P-bodies and hantaviral N protein in VeroE6 infected cells. Figure 52. Detection of viral RNA and nucleocapsid in VeroE6 infected cells.Figure 53. Co-staining of the viral glycoproteins with the Golgi apparatus in infected cells.Figure 54. Co-staining of the viral glycoprotein Gn and the nucleocapsid in infected cells.Figure 55. Cellular distribution of hantaviral NSs depending on the tag.Figure 56. Nucleolar addressing sequence in the NSs of the three orthohantaviruses.Figure 57. Directed-mutagenesis and immunofluorescence validation of the hypothetical motif responsible for the addressing to the nuclei of eGFP-NSs from-TULV and PHV.Figure 58. Directed-mutagenesis and immunofluorescence validation of the hypothetical KRR 16-18 motif responsible for the addressing to the nuclei in PUUV NSs.Figure 59. Nuclei/cytoplasm separation and detection of tagged viral proteins by immunoblotting.Figure 60. Co-localization of NSs with viral structural proteins.Figure 61. Luciferase reporter assay of viral proteins on the RIG-I activated pathway.Figure 62. Inhibitory activity of N and NSs on signaling cascade revealed by luciferase reporter assay.Figure 63. Expression by plasmids of N and NSs in HEK293T cells.Figure 64. Quantification of expression of transfected proteins in HEK293T and correlation with their inhibitory activity on IFN-I pathway.Figure 65. Dose-dependent inhibitory activity of PUUV and TULV GCP on IFN-pathway.Figure 66. Combinatory inhibitory activity of N, NSs and GPC on IFN signaling pathway.Figure 67. Inhibitory activity of viral proteins on the JAK/STAT pathway.Figure 68. Kinetics of the usceptibility of different cell lines to PUUV WT and PUUV ΔNSs infection.Figure 69. A549 cellular model used to evaluate the role of NSs on IFN-I pathways.Figure 70. Kinetics of infection of orthohantaviruses expressing or not NSs using the A549 model.Figure 71. Summary of protein expression significantly modulated in lysates of infected VeroE6.Figure 72. Summary of protein expression significantly modulated in lysates of infected HuH7.Figure 73. Quantification of transcriptional levels of different cytokines during the infection.Figure 74. Immunoblot detection of orthohantavirus streptagged-N in lysates used for pull down.Figure 75. Enrichment analysis on interactors of TULV and PHV nucleocapsid.Figure 76. Electron microscopy image of TULV infected VeroE6 cells.Figure 77. Prediction of naturally disordered regions in the NSs of the three orthohantaviruses by PONDR® software.

Figure 50 .

 50 Figure 47. Co-staining of the Golgi and hantaviral N protein in VeroE6 infected cells.Figure 48. Co-staining of the TGN and hantaviral N protein in VeroE6 infected cells.Figure 49. Co-staining of mitochondria and hantaviral N protein in VeroE6 infected cells. Figure 50. Co-staining of lipid droplets and hantaviral N protein in VeroE6 infected cells. Figure 51. Co-staining of P-bodies and hantaviral N protein in VeroE6 infected cells. Figure 52. Detection of viral RNA and nucleocapsid in VeroE6 infected cells.Figure 53. Co-staining of the viral glycoproteins with the Golgi apparatus in infected cells.Figure 54. Co-staining of the viral glycoprotein Gn and the nucleocapsid in infected cells.Figure 55. Cellular distribution of hantaviral NSs depending on the tag.Figure 56. Nucleolar addressing sequence in the NSs of the three orthohantaviruses.Figure 57. Directed-mutagenesis and immunofluorescence validation of the hypothetical motif responsible for the addressing to the nuclei of eGFP-NSs from-TULV and PHV.Figure 58. Directed-mutagenesis and immunofluorescence validation of the hypothetical KRR 16-18 motif responsible for the addressing to the nuclei in PUUV NSs.Figure 59. Nuclei/cytoplasm separation and detection of tagged viral proteins by immunoblotting.Figure 60. Co-localization of NSs with viral structural proteins.Figure 61. Luciferase reporter assay of viral proteins on the RIG-I activated pathway.Figure 62. Inhibitory activity of N and NSs on signaling cascade revealed by luciferase reporter assay.Figure 63. Expression by plasmids of N and NSs in HEK293T cells.Figure 64. Quantification of expression of transfected proteins in HEK293T and correlation with their inhibitory activity on IFN-I pathway.Figure 65. Dose-dependent inhibitory activity of PUUV and TULV GCP on IFN-pathway.Figure 66. Combinatory inhibitory activity of N, NSs and GPC on IFN signaling pathway.Figure 67. Inhibitory activity of viral proteins on the JAK/STAT pathway.Figure 68. Kinetics of the usceptibility of different cell lines to PUUV WT and PUUV ΔNSs infection.Figure 69. A549 cellular model used to evaluate the role of NSs on IFN-I pathways.Figure 70. Kinetics of infection of orthohantaviruses expressing or not NSs using the A549 model.Figure 71. Summary of protein expression significantly modulated in lysates of infected VeroE6.Figure 72. Summary of protein expression significantly modulated in lysates of infected HuH7.Figure 73. Quantification of transcriptional levels of different cytokines during the infection.Figure 74. Immunoblot detection of orthohantavirus streptagged-N in lysates used for pull down.Figure 75. Enrichment analysis on interactors of TULV and PHV nucleocapsid.Figure 76. Electron microscopy image of TULV infected VeroE6 cells.Figure 77. Prediction of naturally disordered regions in the NSs of the three orthohantaviruses by PONDR® software.

Figure 51 .

 51 Figure 47. Co-staining of the Golgi and hantaviral N protein in VeroE6 infected cells.Figure 48. Co-staining of the TGN and hantaviral N protein in VeroE6 infected cells.Figure 49. Co-staining of mitochondria and hantaviral N protein in VeroE6 infected cells. Figure 50. Co-staining of lipid droplets and hantaviral N protein in VeroE6 infected cells. Figure 51. Co-staining of P-bodies and hantaviral N protein in VeroE6 infected cells. Figure 52. Detection of viral RNA and nucleocapsid in VeroE6 infected cells.Figure 53. Co-staining of the viral glycoproteins with the Golgi apparatus in infected cells.Figure 54. Co-staining of the viral glycoprotein Gn and the nucleocapsid in infected cells.Figure 55. Cellular distribution of hantaviral NSs depending on the tag.Figure 56. Nucleolar addressing sequence in the NSs of the three orthohantaviruses.Figure 57. Directed-mutagenesis and immunofluorescence validation of the hypothetical motif responsible for the addressing to the nuclei of eGFP-NSs from-TULV and PHV.Figure 58. Directed-mutagenesis and immunofluorescence validation of the hypothetical KRR 16-18 motif responsible for the addressing to the nuclei in PUUV NSs.Figure 59. Nuclei/cytoplasm separation and detection of tagged viral proteins by immunoblotting.Figure 60. Co-localization of NSs with viral structural proteins.Figure 61. Luciferase reporter assay of viral proteins on the RIG-I activated pathway.Figure 62. Inhibitory activity of N and NSs on signaling cascade revealed by luciferase reporter assay.Figure 63. Expression by plasmids of N and NSs in HEK293T cells.Figure 64. Quantification of expression of transfected proteins in HEK293T and correlation with their inhibitory activity on IFN-I pathway.Figure 65. Dose-dependent inhibitory activity of PUUV and TULV GCP on IFN-pathway.Figure 66. Combinatory inhibitory activity of N, NSs and GPC on IFN signaling pathway.Figure 67. Inhibitory activity of viral proteins on the JAK/STAT pathway.Figure 68. Kinetics of the usceptibility of different cell lines to PUUV WT and PUUV ΔNSs infection.Figure 69. A549 cellular model used to evaluate the role of NSs on IFN-I pathways.Figure 70. Kinetics of infection of orthohantaviruses expressing or not NSs using the A549 model.Figure 71. Summary of protein expression significantly modulated in lysates of infected VeroE6.Figure 72. Summary of protein expression significantly modulated in lysates of infected HuH7.Figure 73. Quantification of transcriptional levels of different cytokines during the infection.Figure 74. Immunoblot detection of orthohantavirus streptagged-N in lysates used for pull down.Figure 75. Enrichment analysis on interactors of TULV and PHV nucleocapsid.Figure 76. Electron microscopy image of TULV infected VeroE6 cells.Figure 77. Prediction of naturally disordered regions in the NSs of the three orthohantaviruses by PONDR® software.

Figure 52 .

 52 Figure 47. Co-staining of the Golgi and hantaviral N protein in VeroE6 infected cells.Figure 48. Co-staining of the TGN and hantaviral N protein in VeroE6 infected cells.Figure 49. Co-staining of mitochondria and hantaviral N protein in VeroE6 infected cells. Figure 50. Co-staining of lipid droplets and hantaviral N protein in VeroE6 infected cells. Figure 51. Co-staining of P-bodies and hantaviral N protein in VeroE6 infected cells. Figure 52. Detection of viral RNA and nucleocapsid in VeroE6 infected cells.Figure 53. Co-staining of the viral glycoproteins with the Golgi apparatus in infected cells.Figure 54. Co-staining of the viral glycoprotein Gn and the nucleocapsid in infected cells.Figure 55. Cellular distribution of hantaviral NSs depending on the tag.Figure 56. Nucleolar addressing sequence in the NSs of the three orthohantaviruses.Figure 57. Directed-mutagenesis and immunofluorescence validation of the hypothetical motif responsible for the addressing to the nuclei of eGFP-NSs from-TULV and PHV.Figure 58. Directed-mutagenesis and immunofluorescence validation of the hypothetical KRR 16-18 motif responsible for the addressing to the nuclei in PUUV NSs.Figure 59. Nuclei/cytoplasm separation and detection of tagged viral proteins by immunoblotting.Figure 60. Co-localization of NSs with viral structural proteins.Figure 61. Luciferase reporter assay of viral proteins on the RIG-I activated pathway.Figure 62. Inhibitory activity of N and NSs on signaling cascade revealed by luciferase reporter assay.Figure 63. Expression by plasmids of N and NSs in HEK293T cells.Figure 64. Quantification of expression of transfected proteins in HEK293T and correlation with their inhibitory activity on IFN-I pathway.Figure 65. Dose-dependent inhibitory activity of PUUV and TULV GCP on IFN-pathway.Figure 66. Combinatory inhibitory activity of N, NSs and GPC on IFN signaling pathway.Figure 67. Inhibitory activity of viral proteins on the JAK/STAT pathway.Figure 68. Kinetics of the usceptibility of different cell lines to PUUV WT and PUUV ΔNSs infection.Figure 69. A549 cellular model used to evaluate the role of NSs on IFN-I pathways.Figure 70. Kinetics of infection of orthohantaviruses expressing or not NSs using the A549 model.Figure 71. Summary of protein expression significantly modulated in lysates of infected VeroE6.Figure 72. Summary of protein expression significantly modulated in lysates of infected HuH7.Figure 73. Quantification of transcriptional levels of different cytokines during the infection.Figure 74. Immunoblot detection of orthohantavirus streptagged-N in lysates used for pull down.Figure 75. Enrichment analysis on interactors of TULV and PHV nucleocapsid.Figure 76. Electron microscopy image of TULV infected VeroE6 cells.Figure 77. Prediction of naturally disordered regions in the NSs of the three orthohantaviruses by PONDR® software.

Figure 53 .
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Figure 58 .
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 62 Figure 47. Co-staining of the Golgi and hantaviral N protein in VeroE6 infected cells.Figure 48. Co-staining of the TGN and hantaviral N protein in VeroE6 infected cells.Figure 49. Co-staining of mitochondria and hantaviral N protein in VeroE6 infected cells. Figure 50. Co-staining of lipid droplets and hantaviral N protein in VeroE6 infected cells. Figure 51. Co-staining of P-bodies and hantaviral N protein in VeroE6 infected cells. Figure 52. Detection of viral RNA and nucleocapsid in VeroE6 infected cells.Figure 53. Co-staining of the viral glycoproteins with the Golgi apparatus in infected cells.Figure 54. Co-staining of the viral glycoprotein Gn and the nucleocapsid in infected cells.Figure 55. Cellular distribution of hantaviral NSs depending on the tag.Figure 56. Nucleolar addressing sequence in the NSs of the three orthohantaviruses.Figure 57. Directed-mutagenesis and immunofluorescence validation of the hypothetical motif responsible for the addressing to the nuclei of eGFP-NSs from-TULV and PHV.Figure 58. Directed-mutagenesis and immunofluorescence validation of the hypothetical KRR 16-18 motif responsible for the addressing to the nuclei in PUUV NSs.Figure 59. Nuclei/cytoplasm separation and detection of tagged viral proteins by immunoblotting.Figure 60. Co-localization of NSs with viral structural proteins.Figure 61. Luciferase reporter assay of viral proteins on the RIG-I activated pathway.Figure 62. Inhibitory activity of N and NSs on signaling cascade revealed by luciferase reporter assay.Figure 63. Expression by plasmids of N and NSs in HEK293T cells.Figure 64. Quantification of expression of transfected proteins in HEK293T and correlation with their inhibitory activity on IFN-I pathway.Figure 65. Dose-dependent inhibitory activity of PUUV and TULV GCP on IFN-pathway.Figure 66. Combinatory inhibitory activity of N, NSs and GPC on IFN signaling pathway.Figure 67. Inhibitory activity of viral proteins on the JAK/STAT pathway.Figure 68. Kinetics of the usceptibility of different cell lines to PUUV WT and PUUV ΔNSs infection.Figure 69. A549 cellular model used to evaluate the role of NSs on IFN-I pathways.Figure 70. Kinetics of infection of orthohantaviruses expressing or not NSs using the A549 model.Figure 71. Summary of protein expression significantly modulated in lysates of infected VeroE6.Figure 72. Summary of protein expression significantly modulated in lysates of infected HuH7.Figure 73. Quantification of transcriptional levels of different cytokines during the infection.Figure 74. Immunoblot detection of orthohantavirus streptagged-N in lysates used for pull down.Figure 75. Enrichment analysis on interactors of TULV and PHV nucleocapsid.Figure 76. Electron microscopy image of TULV infected VeroE6 cells.Figure 77. Prediction of naturally disordered regions in the NSs of the three orthohantaviruses by PONDR® software.
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 67 Figure 47. Co-staining of the Golgi and hantaviral N protein in VeroE6 infected cells.Figure 48. Co-staining of the TGN and hantaviral N protein in VeroE6 infected cells.Figure 49. Co-staining of mitochondria and hantaviral N protein in VeroE6 infected cells. Figure 50. Co-staining of lipid droplets and hantaviral N protein in VeroE6 infected cells. Figure 51. Co-staining of P-bodies and hantaviral N protein in VeroE6 infected cells. Figure 52. Detection of viral RNA and nucleocapsid in VeroE6 infected cells.Figure 53. Co-staining of the viral glycoproteins with the Golgi apparatus in infected cells.Figure 54. Co-staining of the viral glycoprotein Gn and the nucleocapsid in infected cells.Figure 55. Cellular distribution of hantaviral NSs depending on the tag.Figure 56. Nucleolar addressing sequence in the NSs of the three orthohantaviruses.Figure 57. Directed-mutagenesis and immunofluorescence validation of the hypothetical motif responsible for the addressing to the nuclei of eGFP-NSs from-TULV and PHV.Figure 58. Directed-mutagenesis and immunofluorescence validation of the hypothetical KRR 16-18 motif responsible for the addressing to the nuclei in PUUV NSs.Figure 59. Nuclei/cytoplasm separation and detection of tagged viral proteins by immunoblotting.Figure 60. Co-localization of NSs with viral structural proteins.Figure 61. Luciferase reporter assay of viral proteins on the RIG-I activated pathway.Figure 62. Inhibitory activity of N and NSs on signaling cascade revealed by luciferase reporter assay.Figure 63. Expression by plasmids of N and NSs in HEK293T cells.Figure 64. Quantification of expression of transfected proteins in HEK293T and correlation with their inhibitory activity on IFN-I pathway.Figure 65. Dose-dependent inhibitory activity of PUUV and TULV GCP on IFN-pathway.Figure 66. Combinatory inhibitory activity of N, NSs and GPC on IFN signaling pathway.Figure 67. Inhibitory activity of viral proteins on the JAK/STAT pathway.Figure 68. Kinetics of the usceptibility of different cell lines to PUUV WT and PUUV ΔNSs infection.Figure 69. A549 cellular model used to evaluate the role of NSs on IFN-I pathways.Figure 70. Kinetics of infection of orthohantaviruses expressing or not NSs using the A549 model.Figure 71. Summary of protein expression significantly modulated in lysates of infected VeroE6.Figure 72. Summary of protein expression significantly modulated in lysates of infected HuH7.Figure 73. Quantification of transcriptional levels of different cytokines during the infection.Figure 74. Immunoblot detection of orthohantavirus streptagged-N in lysates used for pull down.Figure 75. Enrichment analysis on interactors of TULV and PHV nucleocapsid.Figure 76. Electron microscopy image of TULV infected VeroE6 cells.Figure 77. Prediction of naturally disordered regions in the NSs of the three orthohantaviruses by PONDR® software.
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 68 Figure 47. Co-staining of the Golgi and hantaviral N protein in VeroE6 infected cells.Figure 48. Co-staining of the TGN and hantaviral N protein in VeroE6 infected cells.Figure 49. Co-staining of mitochondria and hantaviral N protein in VeroE6 infected cells. Figure 50. Co-staining of lipid droplets and hantaviral N protein in VeroE6 infected cells. Figure 51. Co-staining of P-bodies and hantaviral N protein in VeroE6 infected cells. Figure 52. Detection of viral RNA and nucleocapsid in VeroE6 infected cells.Figure 53. Co-staining of the viral glycoproteins with the Golgi apparatus in infected cells.Figure 54. Co-staining of the viral glycoprotein Gn and the nucleocapsid in infected cells.Figure 55. Cellular distribution of hantaviral NSs depending on the tag.Figure 56. Nucleolar addressing sequence in the NSs of the three orthohantaviruses.Figure 57. Directed-mutagenesis and immunofluorescence validation of the hypothetical motif responsible for the addressing to the nuclei of eGFP-NSs from-TULV and PHV.Figure 58. Directed-mutagenesis and immunofluorescence validation of the hypothetical KRR 16-18 motif responsible for the addressing to the nuclei in PUUV NSs.Figure 59. Nuclei/cytoplasm separation and detection of tagged viral proteins by immunoblotting.Figure 60. Co-localization of NSs with viral structural proteins.Figure 61. Luciferase reporter assay of viral proteins on the RIG-I activated pathway.Figure 62. Inhibitory activity of N and NSs on signaling cascade revealed by luciferase reporter assay.Figure 63. Expression by plasmids of N and NSs in HEK293T cells.Figure 64. Quantification of expression of transfected proteins in HEK293T and correlation with their inhibitory activity on IFN-I pathway.Figure 65. Dose-dependent inhibitory activity of PUUV and TULV GCP on IFN-pathway.Figure 66. Combinatory inhibitory activity of N, NSs and GPC on IFN signaling pathway.Figure 67. Inhibitory activity of viral proteins on the JAK/STAT pathway.Figure 68. Kinetics of the usceptibility of different cell lines to PUUV WT and PUUV ΔNSs infection.Figure 69. A549 cellular model used to evaluate the role of NSs on IFN-I pathways.Figure 70. Kinetics of infection of orthohantaviruses expressing or not NSs using the A549 model.Figure 71. Summary of protein expression significantly modulated in lysates of infected VeroE6.Figure 72. Summary of protein expression significantly modulated in lysates of infected HuH7.Figure 73. Quantification of transcriptional levels of different cytokines during the infection.Figure 74. Immunoblot detection of orthohantavirus streptagged-N in lysates used for pull down.Figure 75. Enrichment analysis on interactors of TULV and PHV nucleocapsid.Figure 76. Electron microscopy image of TULV infected VeroE6 cells.Figure 77. Prediction of naturally disordered regions in the NSs of the three orthohantaviruses by PONDR® software.
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 69 Figure 47. Co-staining of the Golgi and hantaviral N protein in VeroE6 infected cells.Figure 48. Co-staining of the TGN and hantaviral N protein in VeroE6 infected cells.Figure 49. Co-staining of mitochondria and hantaviral N protein in VeroE6 infected cells. Figure 50. Co-staining of lipid droplets and hantaviral N protein in VeroE6 infected cells. Figure 51. Co-staining of P-bodies and hantaviral N protein in VeroE6 infected cells. Figure 52. Detection of viral RNA and nucleocapsid in VeroE6 infected cells.Figure 53. Co-staining of the viral glycoproteins with the Golgi apparatus in infected cells.Figure 54. Co-staining of the viral glycoprotein Gn and the nucleocapsid in infected cells.Figure 55. Cellular distribution of hantaviral NSs depending on the tag.Figure 56. Nucleolar addressing sequence in the NSs of the three orthohantaviruses.Figure 57. Directed-mutagenesis and immunofluorescence validation of the hypothetical motif responsible for the addressing to the nuclei of eGFP-NSs from-TULV and PHV.Figure 58. Directed-mutagenesis and immunofluorescence validation of the hypothetical KRR 16-18 motif responsible for the addressing to the nuclei in PUUV NSs.Figure 59. Nuclei/cytoplasm separation and detection of tagged viral proteins by immunoblotting.Figure 60. Co-localization of NSs with viral structural proteins.Figure 61. Luciferase reporter assay of viral proteins on the RIG-I activated pathway.Figure 62. Inhibitory activity of N and NSs on signaling cascade revealed by luciferase reporter assay.Figure 63. Expression by plasmids of N and NSs in HEK293T cells.Figure 64. Quantification of expression of transfected proteins in HEK293T and correlation with their inhibitory activity on IFN-I pathway.Figure 65. Dose-dependent inhibitory activity of PUUV and TULV GCP on IFN-pathway.Figure 66. Combinatory inhibitory activity of N, NSs and GPC on IFN signaling pathway.Figure 67. Inhibitory activity of viral proteins on the JAK/STAT pathway.Figure 68. Kinetics of the usceptibility of different cell lines to PUUV WT and PUUV ΔNSs infection.Figure 69. A549 cellular model used to evaluate the role of NSs on IFN-I pathways.Figure 70. Kinetics of infection of orthohantaviruses expressing or not NSs using the A549 model.Figure 71. Summary of protein expression significantly modulated in lysates of infected VeroE6.Figure 72. Summary of protein expression significantly modulated in lysates of infected HuH7.Figure 73. Quantification of transcriptional levels of different cytokines during the infection.Figure 74. Immunoblot detection of orthohantavirus streptagged-N in lysates used for pull down.Figure 75. Enrichment analysis on interactors of TULV and PHV nucleocapsid.Figure 76. Electron microscopy image of TULV infected VeroE6 cells.Figure 77. Prediction of naturally disordered regions in the NSs of the three orthohantaviruses by PONDR® software.
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 70 Figure 47. Co-staining of the Golgi and hantaviral N protein in VeroE6 infected cells.Figure 48. Co-staining of the TGN and hantaviral N protein in VeroE6 infected cells.Figure 49. Co-staining of mitochondria and hantaviral N protein in VeroE6 infected cells. Figure 50. Co-staining of lipid droplets and hantaviral N protein in VeroE6 infected cells. Figure 51. Co-staining of P-bodies and hantaviral N protein in VeroE6 infected cells. Figure 52. Detection of viral RNA and nucleocapsid in VeroE6 infected cells.Figure 53. Co-staining of the viral glycoproteins with the Golgi apparatus in infected cells.Figure 54. Co-staining of the viral glycoprotein Gn and the nucleocapsid in infected cells.Figure 55. Cellular distribution of hantaviral NSs depending on the tag.Figure 56. Nucleolar addressing sequence in the NSs of the three orthohantaviruses.Figure 57. Directed-mutagenesis and immunofluorescence validation of the hypothetical motif responsible for the addressing to the nuclei of eGFP-NSs from-TULV and PHV.Figure 58. Directed-mutagenesis and immunofluorescence validation of the hypothetical KRR 16-18 motif responsible for the addressing to the nuclei in PUUV NSs.Figure 59. Nuclei/cytoplasm separation and detection of tagged viral proteins by immunoblotting.Figure 60. Co-localization of NSs with viral structural proteins.Figure 61. Luciferase reporter assay of viral proteins on the RIG-I activated pathway.Figure 62. Inhibitory activity of N and NSs on signaling cascade revealed by luciferase reporter assay.Figure 63. Expression by plasmids of N and NSs in HEK293T cells.Figure 64. Quantification of expression of transfected proteins in HEK293T and correlation with their inhibitory activity on IFN-I pathway.Figure 65. Dose-dependent inhibitory activity of PUUV and TULV GCP on IFN-pathway.Figure 66. Combinatory inhibitory activity of N, NSs and GPC on IFN signaling pathway.Figure 67. Inhibitory activity of viral proteins on the JAK/STAT pathway.Figure 68. Kinetics of the usceptibility of different cell lines to PUUV WT and PUUV ΔNSs infection.Figure 69. A549 cellular model used to evaluate the role of NSs on IFN-I pathways.Figure 70. Kinetics of infection of orthohantaviruses expressing or not NSs using the A549 model.Figure 71. Summary of protein expression significantly modulated in lysates of infected VeroE6.Figure 72. Summary of protein expression significantly modulated in lysates of infected HuH7.Figure 73. Quantification of transcriptional levels of different cytokines during the infection.Figure 74. Immunoblot detection of orthohantavirus streptagged-N in lysates used for pull down.Figure 75. Enrichment analysis on interactors of TULV and PHV nucleocapsid.Figure 76. Electron microscopy image of TULV infected VeroE6 cells.Figure 77. Prediction of naturally disordered regions in the NSs of the three orthohantaviruses by PONDR® software.
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 71 Figure 47. Co-staining of the Golgi and hantaviral N protein in VeroE6 infected cells.Figure 48. Co-staining of the TGN and hantaviral N protein in VeroE6 infected cells.Figure 49. Co-staining of mitochondria and hantaviral N protein in VeroE6 infected cells. Figure 50. Co-staining of lipid droplets and hantaviral N protein in VeroE6 infected cells. Figure 51. Co-staining of P-bodies and hantaviral N protein in VeroE6 infected cells. Figure 52. Detection of viral RNA and nucleocapsid in VeroE6 infected cells.Figure 53. Co-staining of the viral glycoproteins with the Golgi apparatus in infected cells.Figure 54. Co-staining of the viral glycoprotein Gn and the nucleocapsid in infected cells.Figure 55. Cellular distribution of hantaviral NSs depending on the tag.Figure 56. Nucleolar addressing sequence in the NSs of the three orthohantaviruses.Figure 57. Directed-mutagenesis and immunofluorescence validation of the hypothetical motif responsible for the addressing to the nuclei of eGFP-NSs from-TULV and PHV.Figure 58. Directed-mutagenesis and immunofluorescence validation of the hypothetical KRR 16-18 motif responsible for the addressing to the nuclei in PUUV NSs.Figure 59. Nuclei/cytoplasm separation and detection of tagged viral proteins by immunoblotting.Figure 60. Co-localization of NSs with viral structural proteins.Figure 61. Luciferase reporter assay of viral proteins on the RIG-I activated pathway.Figure 62. Inhibitory activity of N and NSs on signaling cascade revealed by luciferase reporter assay.Figure 63. Expression by plasmids of N and NSs in HEK293T cells.Figure 64. Quantification of expression of transfected proteins in HEK293T and correlation with their inhibitory activity on IFN-I pathway.Figure 65. Dose-dependent inhibitory activity of PUUV and TULV GCP on IFN-pathway.Figure 66. Combinatory inhibitory activity of N, NSs and GPC on IFN signaling pathway.Figure 67. Inhibitory activity of viral proteins on the JAK/STAT pathway.Figure 68. Kinetics of the usceptibility of different cell lines to PUUV WT and PUUV ΔNSs infection.Figure 69. A549 cellular model used to evaluate the role of NSs on IFN-I pathways.Figure 70. Kinetics of infection of orthohantaviruses expressing or not NSs using the A549 model.Figure 71. Summary of protein expression significantly modulated in lysates of infected VeroE6.Figure 72. Summary of protein expression significantly modulated in lysates of infected HuH7.Figure 73. Quantification of transcriptional levels of different cytokines during the infection.Figure 74. Immunoblot detection of orthohantavirus streptagged-N in lysates used for pull down.Figure 75. Enrichment analysis on interactors of TULV and PHV nucleocapsid.Figure 76. Electron microscopy image of TULV infected VeroE6 cells.Figure 77. Prediction of naturally disordered regions in the NSs of the three orthohantaviruses by PONDR® software.
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 72 Figure 47. Co-staining of the Golgi and hantaviral N protein in VeroE6 infected cells.Figure 48. Co-staining of the TGN and hantaviral N protein in VeroE6 infected cells.Figure 49. Co-staining of mitochondria and hantaviral N protein in VeroE6 infected cells. Figure 50. Co-staining of lipid droplets and hantaviral N protein in VeroE6 infected cells. Figure 51. Co-staining of P-bodies and hantaviral N protein in VeroE6 infected cells. Figure 52. Detection of viral RNA and nucleocapsid in VeroE6 infected cells.Figure 53. Co-staining of the viral glycoproteins with the Golgi apparatus in infected cells.Figure 54. Co-staining of the viral glycoprotein Gn and the nucleocapsid in infected cells.Figure 55. Cellular distribution of hantaviral NSs depending on the tag.Figure 56. Nucleolar addressing sequence in the NSs of the three orthohantaviruses.Figure 57. Directed-mutagenesis and immunofluorescence validation of the hypothetical motif responsible for the addressing to the nuclei of eGFP-NSs from-TULV and PHV.Figure 58. Directed-mutagenesis and immunofluorescence validation of the hypothetical KRR 16-18 motif responsible for the addressing to the nuclei in PUUV NSs.Figure 59. Nuclei/cytoplasm separation and detection of tagged viral proteins by immunoblotting.Figure 60. Co-localization of NSs with viral structural proteins.Figure 61. Luciferase reporter assay of viral proteins on the RIG-I activated pathway.Figure 62. Inhibitory activity of N and NSs on signaling cascade revealed by luciferase reporter assay.Figure 63. Expression by plasmids of N and NSs in HEK293T cells.Figure 64. Quantification of expression of transfected proteins in HEK293T and correlation with their inhibitory activity on IFN-I pathway.Figure 65. Dose-dependent inhibitory activity of PUUV and TULV GCP on IFN-pathway.Figure 66. Combinatory inhibitory activity of N, NSs and GPC on IFN signaling pathway.Figure 67. Inhibitory activity of viral proteins on the JAK/STAT pathway.Figure 68. Kinetics of the usceptibility of different cell lines to PUUV WT and PUUV ΔNSs infection.Figure 69. A549 cellular model used to evaluate the role of NSs on IFN-I pathways.Figure 70. Kinetics of infection of orthohantaviruses expressing or not NSs using the A549 model.Figure 71. Summary of protein expression significantly modulated in lysates of infected VeroE6.Figure 72. Summary of protein expression significantly modulated in lysates of infected HuH7.Figure 73. Quantification of transcriptional levels of different cytokines during the infection.Figure 74. Immunoblot detection of orthohantavirus streptagged-N in lysates used for pull down.Figure 75. Enrichment analysis on interactors of TULV and PHV nucleocapsid.Figure 76. Electron microscopy image of TULV infected VeroE6 cells.Figure 77. Prediction of naturally disordered regions in the NSs of the three orthohantaviruses by PONDR® software.
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 73 Figure 47. Co-staining of the Golgi and hantaviral N protein in VeroE6 infected cells.Figure 48. Co-staining of the TGN and hantaviral N protein in VeroE6 infected cells.Figure 49. Co-staining of mitochondria and hantaviral N protein in VeroE6 infected cells. Figure 50. Co-staining of lipid droplets and hantaviral N protein in VeroE6 infected cells. Figure 51. Co-staining of P-bodies and hantaviral N protein in VeroE6 infected cells. Figure 52. Detection of viral RNA and nucleocapsid in VeroE6 infected cells.Figure 53. Co-staining of the viral glycoproteins with the Golgi apparatus in infected cells.Figure 54. Co-staining of the viral glycoprotein Gn and the nucleocapsid in infected cells.Figure 55. Cellular distribution of hantaviral NSs depending on the tag.Figure 56. Nucleolar addressing sequence in the NSs of the three orthohantaviruses.Figure 57. Directed-mutagenesis and immunofluorescence validation of the hypothetical motif responsible for the addressing to the nuclei of eGFP-NSs from-TULV and PHV.Figure 58. Directed-mutagenesis and immunofluorescence validation of the hypothetical KRR 16-18 motif responsible for the addressing to the nuclei in PUUV NSs.Figure 59. Nuclei/cytoplasm separation and detection of tagged viral proteins by immunoblotting.Figure 60. Co-localization of NSs with viral structural proteins.Figure 61. Luciferase reporter assay of viral proteins on the RIG-I activated pathway.Figure 62. Inhibitory activity of N and NSs on signaling cascade revealed by luciferase reporter assay.Figure 63. Expression by plasmids of N and NSs in HEK293T cells.Figure 64. Quantification of expression of transfected proteins in HEK293T and correlation with their inhibitory activity on IFN-I pathway.Figure 65. Dose-dependent inhibitory activity of PUUV and TULV GCP on IFN-pathway.Figure 66. Combinatory inhibitory activity of N, NSs and GPC on IFN signaling pathway.Figure 67. Inhibitory activity of viral proteins on the JAK/STAT pathway.Figure 68. Kinetics of the usceptibility of different cell lines to PUUV WT and PUUV ΔNSs infection.Figure 69. A549 cellular model used to evaluate the role of NSs on IFN-I pathways.Figure 70. Kinetics of infection of orthohantaviruses expressing or not NSs using the A549 model.Figure 71. Summary of protein expression significantly modulated in lysates of infected VeroE6.Figure 72. Summary of protein expression significantly modulated in lysates of infected HuH7.Figure 73. Quantification of transcriptional levels of different cytokines during the infection.Figure 74. Immunoblot detection of orthohantavirus streptagged-N in lysates used for pull down.Figure 75. Enrichment analysis on interactors of TULV and PHV nucleocapsid.Figure 76. Electron microscopy image of TULV infected VeroE6 cells.Figure 77. Prediction of naturally disordered regions in the NSs of the three orthohantaviruses by PONDR® software.
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 74 Figure 47. Co-staining of the Golgi and hantaviral N protein in VeroE6 infected cells.Figure 48. Co-staining of the TGN and hantaviral N protein in VeroE6 infected cells.Figure 49. Co-staining of mitochondria and hantaviral N protein in VeroE6 infected cells. Figure 50. Co-staining of lipid droplets and hantaviral N protein in VeroE6 infected cells. Figure 51. Co-staining of P-bodies and hantaviral N protein in VeroE6 infected cells. Figure 52. Detection of viral RNA and nucleocapsid in VeroE6 infected cells.Figure 53. Co-staining of the viral glycoproteins with the Golgi apparatus in infected cells.Figure 54. Co-staining of the viral glycoprotein Gn and the nucleocapsid in infected cells.Figure 55. Cellular distribution of hantaviral NSs depending on the tag.Figure 56. Nucleolar addressing sequence in the NSs of the three orthohantaviruses.Figure 57. Directed-mutagenesis and immunofluorescence validation of the hypothetical motif responsible for the addressing to the nuclei of eGFP-NSs from-TULV and PHV.Figure 58. Directed-mutagenesis and immunofluorescence validation of the hypothetical KRR 16-18 motif responsible for the addressing to the nuclei in PUUV NSs.Figure 59. Nuclei/cytoplasm separation and detection of tagged viral proteins by immunoblotting.Figure 60. Co-localization of NSs with viral structural proteins.Figure 61. Luciferase reporter assay of viral proteins on the RIG-I activated pathway.Figure 62. Inhibitory activity of N and NSs on signaling cascade revealed by luciferase reporter assay.Figure 63. Expression by plasmids of N and NSs in HEK293T cells.Figure 64. Quantification of expression of transfected proteins in HEK293T and correlation with their inhibitory activity on IFN-I pathway.Figure 65. Dose-dependent inhibitory activity of PUUV and TULV GCP on IFN-pathway.Figure 66. Combinatory inhibitory activity of N, NSs and GPC on IFN signaling pathway.Figure 67. Inhibitory activity of viral proteins on the JAK/STAT pathway.Figure 68. Kinetics of the usceptibility of different cell lines to PUUV WT and PUUV ΔNSs infection.Figure 69. A549 cellular model used to evaluate the role of NSs on IFN-I pathways.Figure 70. Kinetics of infection of orthohantaviruses expressing or not NSs using the A549 model.Figure 71. Summary of protein expression significantly modulated in lysates of infected VeroE6.Figure 72. Summary of protein expression significantly modulated in lysates of infected HuH7.Figure 73. Quantification of transcriptional levels of different cytokines during the infection.Figure 74. Immunoblot detection of orthohantavirus streptagged-N in lysates used for pull down.Figure 75. Enrichment analysis on interactors of TULV and PHV nucleocapsid.Figure 76. Electron microscopy image of TULV infected VeroE6 cells.Figure 77. Prediction of naturally disordered regions in the NSs of the three orthohantaviruses by PONDR® software.
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 75 Figure 47. Co-staining of the Golgi and hantaviral N protein in VeroE6 infected cells.Figure 48. Co-staining of the TGN and hantaviral N protein in VeroE6 infected cells.Figure 49. Co-staining of mitochondria and hantaviral N protein in VeroE6 infected cells. Figure 50. Co-staining of lipid droplets and hantaviral N protein in VeroE6 infected cells. Figure 51. Co-staining of P-bodies and hantaviral N protein in VeroE6 infected cells. Figure 52. Detection of viral RNA and nucleocapsid in VeroE6 infected cells.Figure 53. Co-staining of the viral glycoproteins with the Golgi apparatus in infected cells.Figure 54. Co-staining of the viral glycoprotein Gn and the nucleocapsid in infected cells.Figure 55. Cellular distribution of hantaviral NSs depending on the tag.Figure 56. Nucleolar addressing sequence in the NSs of the three orthohantaviruses.Figure 57. Directed-mutagenesis and immunofluorescence validation of the hypothetical motif responsible for the addressing to the nuclei of eGFP-NSs from-TULV and PHV.Figure 58. Directed-mutagenesis and immunofluorescence validation of the hypothetical KRR 16-18 motif responsible for the addressing to the nuclei in PUUV NSs.Figure 59. Nuclei/cytoplasm separation and detection of tagged viral proteins by immunoblotting.Figure 60. Co-localization of NSs with viral structural proteins.Figure 61. Luciferase reporter assay of viral proteins on the RIG-I activated pathway.Figure 62. Inhibitory activity of N and NSs on signaling cascade revealed by luciferase reporter assay.Figure 63. Expression by plasmids of N and NSs in HEK293T cells.Figure 64. Quantification of expression of transfected proteins in HEK293T and correlation with their inhibitory activity on IFN-I pathway.Figure 65. Dose-dependent inhibitory activity of PUUV and TULV GCP on IFN-pathway.Figure 66. Combinatory inhibitory activity of N, NSs and GPC on IFN signaling pathway.Figure 67. Inhibitory activity of viral proteins on the JAK/STAT pathway.Figure 68. Kinetics of the usceptibility of different cell lines to PUUV WT and PUUV ΔNSs infection.Figure 69. A549 cellular model used to evaluate the role of NSs on IFN-I pathways.Figure 70. Kinetics of infection of orthohantaviruses expressing or not NSs using the A549 model.Figure 71. Summary of protein expression significantly modulated in lysates of infected VeroE6.Figure 72. Summary of protein expression significantly modulated in lysates of infected HuH7.Figure 73. Quantification of transcriptional levels of different cytokines during the infection.Figure 74. Immunoblot detection of orthohantavirus streptagged-N in lysates used for pull down.Figure 75. Enrichment analysis on interactors of TULV and PHV nucleocapsid.Figure 76. Electron microscopy image of TULV infected VeroE6 cells.Figure 77. Prediction of naturally disordered regions in the NSs of the three orthohantaviruses by PONDR® software.
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 76 Figure 47. Co-staining of the Golgi and hantaviral N protein in VeroE6 infected cells.Figure 48. Co-staining of the TGN and hantaviral N protein in VeroE6 infected cells.Figure 49. Co-staining of mitochondria and hantaviral N protein in VeroE6 infected cells. Figure 50. Co-staining of lipid droplets and hantaviral N protein in VeroE6 infected cells. Figure 51. Co-staining of P-bodies and hantaviral N protein in VeroE6 infected cells. Figure 52. Detection of viral RNA and nucleocapsid in VeroE6 infected cells.Figure 53. Co-staining of the viral glycoproteins with the Golgi apparatus in infected cells.Figure 54. Co-staining of the viral glycoprotein Gn and the nucleocapsid in infected cells.Figure 55. Cellular distribution of hantaviral NSs depending on the tag.Figure 56. Nucleolar addressing sequence in the NSs of the three orthohantaviruses.Figure 57. Directed-mutagenesis and immunofluorescence validation of the hypothetical motif responsible for the addressing to the nuclei of eGFP-NSs from-TULV and PHV.Figure 58. Directed-mutagenesis and immunofluorescence validation of the hypothetical KRR 16-18 motif responsible for the addressing to the nuclei in PUUV NSs.Figure 59. Nuclei/cytoplasm separation and detection of tagged viral proteins by immunoblotting.Figure 60. Co-localization of NSs with viral structural proteins.Figure 61. Luciferase reporter assay of viral proteins on the RIG-I activated pathway.Figure 62. Inhibitory activity of N and NSs on signaling cascade revealed by luciferase reporter assay.Figure 63. Expression by plasmids of N and NSs in HEK293T cells.Figure 64. Quantification of expression of transfected proteins in HEK293T and correlation with their inhibitory activity on IFN-I pathway.Figure 65. Dose-dependent inhibitory activity of PUUV and TULV GCP on IFN-pathway.Figure 66. Combinatory inhibitory activity of N, NSs and GPC on IFN signaling pathway.Figure 67. Inhibitory activity of viral proteins on the JAK/STAT pathway.Figure 68. Kinetics of the usceptibility of different cell lines to PUUV WT and PUUV ΔNSs infection.Figure 69. A549 cellular model used to evaluate the role of NSs on IFN-I pathways.Figure 70. Kinetics of infection of orthohantaviruses expressing or not NSs using the A549 model.Figure 71. Summary of protein expression significantly modulated in lysates of infected VeroE6.Figure 72. Summary of protein expression significantly modulated in lysates of infected HuH7.Figure 73. Quantification of transcriptional levels of different cytokines during the infection.Figure 74. Immunoblot detection of orthohantavirus streptagged-N in lysates used for pull down.Figure 75. Enrichment analysis on interactors of TULV and PHV nucleocapsid.Figure 76. Electron microscopy image of TULV infected VeroE6 cells.Figure 77. Prediction of naturally disordered regions in the NSs of the three orthohantaviruses by PONDR® software.
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 77 Figure 47. Co-staining of the Golgi and hantaviral N protein in VeroE6 infected cells.Figure 48. Co-staining of the TGN and hantaviral N protein in VeroE6 infected cells.Figure 49. Co-staining of mitochondria and hantaviral N protein in VeroE6 infected cells. Figure 50. Co-staining of lipid droplets and hantaviral N protein in VeroE6 infected cells. Figure 51. Co-staining of P-bodies and hantaviral N protein in VeroE6 infected cells. Figure 52. Detection of viral RNA and nucleocapsid in VeroE6 infected cells.Figure 53. Co-staining of the viral glycoproteins with the Golgi apparatus in infected cells.Figure 54. Co-staining of the viral glycoprotein Gn and the nucleocapsid in infected cells.Figure 55. Cellular distribution of hantaviral NSs depending on the tag.Figure 56. Nucleolar addressing sequence in the NSs of the three orthohantaviruses.Figure 57. Directed-mutagenesis and immunofluorescence validation of the hypothetical motif responsible for the addressing to the nuclei of eGFP-NSs from-TULV and PHV.Figure 58. Directed-mutagenesis and immunofluorescence validation of the hypothetical KRR 16-18 motif responsible for the addressing to the nuclei in PUUV NSs.Figure 59. Nuclei/cytoplasm separation and detection of tagged viral proteins by immunoblotting.Figure 60. Co-localization of NSs with viral structural proteins.Figure 61. Luciferase reporter assay of viral proteins on the RIG-I activated pathway.Figure 62. Inhibitory activity of N and NSs on signaling cascade revealed by luciferase reporter assay.Figure 63. Expression by plasmids of N and NSs in HEK293T cells.Figure 64. Quantification of expression of transfected proteins in HEK293T and correlation with their inhibitory activity on IFN-I pathway.Figure 65. Dose-dependent inhibitory activity of PUUV and TULV GCP on IFN-pathway.Figure 66. Combinatory inhibitory activity of N, NSs and GPC on IFN signaling pathway.Figure 67. Inhibitory activity of viral proteins on the JAK/STAT pathway.Figure 68. Kinetics of the usceptibility of different cell lines to PUUV WT and PUUV ΔNSs infection.Figure 69. A549 cellular model used to evaluate the role of NSs on IFN-I pathways.Figure 70. Kinetics of infection of orthohantaviruses expressing or not NSs using the A549 model.Figure 71. Summary of protein expression significantly modulated in lysates of infected VeroE6.Figure 72. Summary of protein expression significantly modulated in lysates of infected HuH7.Figure 73. Quantification of transcriptional levels of different cytokines during the infection.Figure 74. Immunoblot detection of orthohantavirus streptagged-N in lysates used for pull down.Figure 75. Enrichment analysis on interactors of TULV and PHV nucleocapsid.Figure 76. Electron microscopy image of TULV infected VeroE6 cells.Figure 77. Prediction of naturally disordered regions in the NSs of the three orthohantaviruses by PONDR® software.

Figure 1 .

 1 Figure 1. Global distribution of orthohantaviruses and their different animal reservoirs.Viruses belonging to the Hantaviridae family have been found associated to small insectivore mammals in Eurasia, North-and South-America and Africa.

Figure 2 .

 2 Figure 2. Co-divergence of orthohantaviruses and their rodent reservoirs. Representation of the timing of the main diversification events in (A) hosts and (B) orthohantavirus evolution. Point 1 refers to the split of Laurasiatheria (including the orders Eulipotyphla and Chiroptera) and Euarchontoglires (including the order Rodentia). Point 2 defines the estimated time when the order Rodentia started to diversify. These two time-points correlate with host-swtiching and main diversification events of orthohantaviruses supporting the coevolution hypothesis. Points 3, 4 and 5 define diversification of orthohantaviruses associated to rodents of Murinae (Muridae family), Sigmodontinae/Neotominae and Arvicolinae (Cricetidae family) respectively. The maximum likelihood phylogenetic tree of orthohantavirus is based on full length L coding sequences.Adapted from[START_REF] Plyusnin | Evolution of hantaviruses: co-speciation with reservoir hosts for more than 100 MYR[END_REF] 

Figure 3 .

 3 Figure 3. Kinetics of orthohantavirus infection in rodents.Relative hantaviral load in blood (red), saliva (green), and lung tissue (blue) and antibody responses (black) during the acute and persistent phases of infection in rodents. In the acute phase, which occurs in the first 2-3 weeks of infection, high levels of viral load and replication in tissues are detected. It is followed by the persistent phase, which is characterized by high antibody titers and reduced viral replication.From[START_REF] Easterbrook | Immunological mechanisms mediating hantavirus persistence in rodent reservoirs[END_REF] 

Figure 4 .

 4 Figure 4. Transmission of orthohantaviruses in different hosts. Hantaviral particles are trasmitted by saliva and excretions among the animal reservoir, where viruses persistent without causing any pathology. Occasionally, orthohantaviruses can infect humans through inhalation of viral particles found in the aerosol formed from rodents' excretions.

Figure 5 .

 5 Figure 5. Global distribution of reported cases of HCPS and HFRS. Most important orthohantaviruses responsible for HFRS and HCPS are showed in countries where they have been confirmed as etiological agent of the disease. Data are updated to 2016 and show the number of estimated case (probably underrated) by country per year.Adapted from[START_REF] Jiang | Hantavirus infection: a global zoonotic challenge[END_REF] 

Figure 6 .

 6 Figure 6. Stages of Hantavirus CardioPulmonary Syndrome.In humans, new-world orthohantaviruses can induce a pathology characteristed by three stages: prodromal phase, defined by high viral load and fever; cardiopulmonary phase, characterised by pulmonary edema and shock; and finally, convalescence. From the manifestation of symptoms to the convalescence stage, the course of the disease is rapid, lasting around two weeks. Adapted from[START_REF] Jonsson | Treatment of hantavirus pulmonary syndrome[END_REF] 

Figure 7 .

 7 Figure 7. Stages of Haemorrhagic Fever with Renal Syndrome. Pathology induced by old-world orthohantaviruses in humans is divided in five stages: febrile phase, characterized by high viral load and flu-like symptoms; hypotensive and oliguric phases, when renal failure and hemorrhages occur; polyuric phase, characterized by recovery of renal functions, as indicated by increase in urine output and decrease of serum creatinine. Finally, convalescent phase, which can last months, is observed From (Avsic-Zupanc, Saksida and Korva 2019)

Figure 8 .

 8 Figure 8. Phylogenetic tree of Bunyavirales order.Genetics analysis for the clade credibility tree was performed on the amino acids sequence of the viral polymerase. From[START_REF] Maes | Taxonomy[END_REF] 

  Organisation of Hantaviridae family.Hantaviruses classification in subfamilies, as well as the number of viral species associated to each genus, is listed. Hantavairuses are associated to different animal reservoirs depending on the genus, as shown. Adapted from[START_REF] Maes | Taxonomy[END_REF] Inside the particles, hantaviral genome is organized in three negative stranded RNA segments which are named accordingly to their size: S segment of1.8 Kbp, M of 3.8 Kbp and finally the L 6.5 Kbp, for a total genome size of about 12 Kbp. Each genome segment contains 3' and 5' untranslated regions, especially long in the S segment. These UTR contain sequence complementarity at the 5' and 3' termini, producing a panhandle secondary structure on the viral RNA (Hjelle and Torres-Perez 2010), as observed for the genome of other bunyaviruses[START_REF] Pettersson | Ribonucleoproteins of Uukuniemi virus are circular[END_REF] Each segment codes for one or two structural proteins: the nucleocapsid (N) is encoded by the S segment and it organizes in oligomers wrapping the viral genome. The RNA-dependent RNA polymerase (RdRp), encoded by the L segment, is responsible for genome replication and transcription. The two glycoproteins Gn and Gc are synthetized as a precursor GPC from the M segment (Fig.10). Moreover, it has been suggested that orthohantaviruses hosted by certain species of rodents could produce a non-structural protein NSs by leaky scanning on the S segment[START_REF] Plyusnin | Genetics of hantaviruses: implications to taxonomy[END_REF].

Figure 9 .

 9 Figure 9. Electron microscopy images of BCCV viral particles. Images illustrate different morphologies that virions possess : A) tubular B) round and C) irregular.From[START_REF] Parvate | Diverse Morphology and Structural Features of Old and New World Hantaviruses[END_REF] 

Figure 10 .

 10 Figure 10. Schematic representation of hantaviral particle. Orthohantaviruses possess a negative stranded genome divided in three segments: the short S codes for the nucleocapsid, the medium M encore the precursor of the two glycoproteins, and the large L codes for the viral RNA dependent RNA polymerase. Protomers of N associate to the viral genome, along with the viral polymerase. Gn and Gc are anchored to the lipid bilayer to constitute the viral envelope.

Figure 11 .

 11 Figure 11. Domains and organization of monomers of the nucleocapsid. A) Domains of a N monomer. N-and C-terminal arms of monomer N i interact with N-and Cterminal lobes of monomers N i-1 and N i+1 , respectively. Between the lobes, the pocket binding viral RNA is present. B) Organisation of N helix. Colours represent the domains of each N monomer. C) Organisation of N helix. Colours represent different N monomers.From[START_REF] Arragain | High resolution cryo-EM structure of the helical RNA-bound Hantaan virus nucleocapsid reveals its assembly mechanisms[END_REF] 

Figure 12 .

 12 Figure 12. Organisation of glycoproteins on the viral particle. A) Schematic arrangement of glycoproteins spikes in tetramers. Symmetry organisation was obtained by image reconstruction and cryo-electron tomography of TULV and HTNV. B) Modelisation of Gn and Gc hetero-oligomerization to from spikes in the viral envelope. Domain I of Gc is responsible for the interaction between spikes, while domain II carries the fusion loop (FL).Adapted from[START_REF] Albornoz | Early Bunyavirus-Host Cell Interactions[END_REF][START_REF] Bignon | Molecular organization and dynamics of the fusion protein Gc at the hantavirus surface[END_REF] 

Figure 13 .

 13 Figure 13. Schematic topology of viral glycoproteins. Glycoprotein precursor is addressed to the ER, where part of the maturation takes place. Gn and Gc are cleaved from the signal peptide and the second TMD respectively, and their N-terminal part is exposed in the lumen of the ER. The cytosolic tails are anchored to the ER membrane by the first and the third TMD and are projected in the cytosol, allowing the interactions with cellular factors. Blue stars represent N-glycosylation sites.

Figure 14 .

 14 Figure 14. Alignment of amino-acids sequence of orthohantavirus NSs. Orthohantavirus NSs possess different length depending on the virus. Interestingly, new-world pathogenic hantaviruses all present a shorter NSs sequence. As it can be observed, NSs proteins are not conserved among orthohantaviruses. Old and new-world orthohantaviruses are highlighted in blue and red, respectively. NCBI sequence identifier of prthohantaviral sequences : KHAV -YP_009362102.1 ; PUUV -YP_004928150.1 ; TULV -YP_004928153.1 ; ANDV -YP_004928151.1 ; SNV -NP_941975.1 ; BCCV -BAM24402.1 ; PHV -AAB06498.1

Figure 15 .

 15 Figure 15. Hantaviral replication cycle. Viral cycle begins with attachment to host receptors (1), which is mediated by either or both of the viral glycoproteins, followed by virus internalization (2). Acidification of endocytic vesicles leads to fusion of the viral membrane with the endosomal membrane (3). The viral RNA-dependent RNA polymerase (RdRp) catalyses the transcription of viral mRNAs (4). N and the viral polymerase are translated in the cytoplasm (5), while glycoproteins Gn and Gc are addressed to the ER and followed the secretory pathway for maturation. The three negative-sense viral genome segments (gRNA) are converted into positive-sense antigenomes (agRNA) for genome replication (6). The ribonucleoproteins are either transported to membranes of the Golgi or to the plasma membrane (7), where assembly occurs. Golgi vesicles that contain virus particles are trafficked to the cell surface (8) and fusion of the vesicular membranes with the plasma membrane leads to the release of virions (9). Nascent viral particles are subsequently released from the cell (10). Adapted from[START_REF] Elliott | Orthobunyaviruses: recent genetic and structural insights[END_REF] 

Figure 16 .

 16 Figure 16. Schematic replication and transcription of viral genome. Negative stranded viral genome (gRNA) is converted in positive stranded antigenome (agRNA), which is used as template for replication of gRNA. Following cap snatching from cellular mRNA, viral genome is transcribed in mRNAs for the synthesis of viral proteins. This process occurs either in the cytoplasm (N and RdRp) or on the ER membrane (Gn and Gc).

Figure 17 .

 17 Figure 17. Model of prime-and-realign mechanism of bunyaviruses.The first 9th nucleotides of the 3ʹ,5ʹ extremities are shown. In transcription, the terminal G of the host capped primer is firstly aligned with the third C of the genomic RNA (1). After the initial elongation of a few nucleotides (2), the RdRp realigns by backward slippage of 3 nucleotides of the nascent chain (3), with the original priming G of the host derived primer overhanging. Finally, RdRp performs an elongation until it crosses a transcription termination signal. Replication of genome and antigenome follows the same steps as transcription. However, it does not require the cellular capped and it starts instead with a GTP. After slippage of three nucleotides, the overhanging pppG is cleaved leading to a uridine monophosphate pU at 5ʹ extremity. Adapted from[START_REF] Amroun | Bunyaviridae RdRps: structure, motifs, and RNA synthesis machinery[END_REF] 

  are cytokines responsible for different mechanisms that aim at inhibiting multiple steps of viral cycle: they promote the transcriptional induction of a great amount of IFN-stimulated genes and are implicated in the activation of immune cells during the infection. They are divided in three categories depending on the binding receptor (Fig. 18): type-I IFN, including more than ten types of IFN-α and also IFN-β, IFN-κ, IFN-ω, IFN-ε, binds to the dimeric IFN-α/β receptor (IFNAR) constituted of IFNAR1 and IFNAR2; type-II IFN (IFNγ) interacts with its tetrameric receptor (IFNGR) and type-III IFN, comprising 4 types of IFNλ, activates the signalization through the IFN-λ receptor (IFNLR), a dimer of IFNLR1 and IL10RB (de Weerd and Nguyen 2012).

Figure 18 .

 18 Figure 18. Classification of IFNs and activated pathways. Biological responses to stimulation by different types of IFN overlap in some aspects ; however, each IFN binds to its cognate receptor and the expression of receptors or IFNs is cell type specific. In any case, JAKs and TUKs proteins phosphorylate STATs and trigger their transcriptional activity.From[START_REF] Fensterl | No Love Lost Between Viruses and Interferons[END_REF] 

  viruses and are recognized by RIGI and MDA5 (Zhang et al. 2014) b) Activation of PRRs and induction of the signalization cascade RLRs possess a conserved helicase domain, responsible for the recognition of RNA molecules, and two caspase activation and recruitment domains (CARDs), which interact with the subsequent actor of the cascade, the mitochondrial antiviral signaling protein (MAVS). In the absence of stimulus, protein kinase C (PKC) maintains RIG-I and MAVS in an inactivated conformation through phosphorylation (Maharaj et al. 2012). Upon binding of RNA, RLRs are dephosphorylated by protein phosphatase 1 (PP1) and ubiquitin subunits are added on their CARD domain by TRIM25, inducing oligomerization and thus interaction with

  kinases JAK1 and TYK2 to phosphorylate tyrosine residues on the receptor, which are necessary for the recruitment of signal transducer and activator of transcription (STAT) 1 and 2 proteins (Fig.20). They are in turn phosphorylated by JAKs, inducing the heterodimerisation of STAT1-STAT2. This complex associates with IRF9, forming the transcriptional activator interferon stimulated gene factor 3 (ISGF3), responsible of the transcription of ISGs upon nuclear translocation[START_REF] Platanias | Mechanisms of type-I-and type-II-interferon-mediated signalling[END_REF] 

Figure 19 .

 19 Figure 19. Signaling pathways of RLRs. Upon infection, viral RNA can be detected by the family of RIG-I like receptors, which activate the signaling pathway via adapter proteins such as MAVS, TBK1 and IKK, leading to the trigger of IRF3 and NFkB and production of type-I and type-III IFNs.From[START_REF] Fensterl | No Love Lost Between Viruses and Interferons[END_REF] 

  antagonize ongoing viral infections by acting on different steps of the viral cycle and preventing the entry, the replication or the assembly of virions. Depending on the virus, different ISGs can have a more crucial role in the infection.The most studied proteins involved in the antiviral response of the cell are myxovirus resistance 1 (Mx1), protein kinase R (PKR), interferon-induced transmembrane proteins (IFITMs) and oligoadenylate synthase (OAS). Moreover, proteins constituting the interferon

Figure 20 .

 20 Figure 20. Type-I IFN stimulated signaling pathway. Upon binding to its receptor, type-I IFN activates the signaling pathway constituted of JAK and STAT proteins, leading to phosphorylation of STATs, which are responsible for the transcription of ISGs.From[START_REF] Fensterl | No Love Lost Between Viruses and Interferons[END_REF] 

  IFNs' anti-viral activity by inhibition of their signaling pathways In order to successfully infect and replicate in cells, viruses have evolved different mechanisms to evade IFNs response: the NS3/4 serine protease of hepatitis C (HCV) cleaves the N-term region of MAVS, preventing its localization to the mitochondria membrane and thus blocking the signalization of the IFN-I cascade (Li et al. 2005); the VP35 protein of Ebola virus counteracts the production of IFN-I by blocking the phosphorylation and dimerization of IRF3 (Basler et al. 2003); non-structural proteins of different alphaviruses, such as NS4B and NS5 of DENV, Yellow Fever virus (YFV), West Nile virus (WNV) and Zika virus (ZIKV), inhibit STAT1 and/or STAT2 phoshporylation, blocking the transcription of ISGs (Cumberworth et al. 2017). These examples show how viruses belonging to different families and orders all interact with the interferon pathways and their cellular consitutents with the goal of alter the antiviral response of the infected cell.

b)

  ANDV unique capacity to inhibit IFN signalization through its nucleocapsid Hantaviral nucleocapsids have also been analyzed for their capacity to inhibit the IFN pathway. Only the N encoded by ANDV seems to block the pathway, specifically by preventing TBK-1 autophosphorylation (Cimica et al. 2014), while the protein of three other new world orthohantaviruses, SNV, PHV and Maporal (MAPV), do not possess such activity.

Figure 21 .

 21 Figure 21. Possible mechanisms responsible for enhanced permeability of vascular endothelium.Infected endothelial monolayer shows increased permeability; however, no cytophatic effect is observed. Different hypothesis have been suggested to explain this phenomenon: 1) upregulation of vascular endothelial growth factor A (VEGFA), which downregulates the adherens junction protein VE-cadherin 2) activation of immune cells, responsible for the release of cytokines and 3) activation of complement cascade by cellular factors such as galectin 3 binding protein and DAF. Adapted from[START_REF] Vaheri | Uncovering the mysteries of hantavirus infections[END_REF] 

  Eckerle (Bonn University, Germany) following their published procedure[START_REF] Eckerle | More novel hantaviruses and diversifying reservoir hosts--time for development of reservoir-derived cell culture models?[END_REF].Cell line FMNR, from Microtus arvalis (common vole), the reservoir of TULV, was obtained by spontaneous immortalisation of primary cells by the group of R. Ulrich (Friedrich-Loeffler-Institute, Insel Riems, Germany).MyglaSWRecB (bank vole kidney), BVK168 (bank vole kidney) and MyglaSWTrach (bank vole trachea) cell lines were cultured in DMEM + 10% FBS. MyglaAEC cl2 (bank vole lungs) cells were cultured in DMEM + 10% FBS supplemented with sodium pyruvate and non-essential amino acids.

Figure 22 .

 22 Figure 22. Detection of viral nucleocapsid and determination of viral titres. A) Visualization of hantaviral nucleocapsid for titration. The presence of the viral N was determined by immunofluorescence on VeroE6 using the monoclonal antibody A1C5. B) Titres of supernatants infected by PUUV, TULV and PHV on VeroE6.

  in entry vector pDONR207. Clones were screened by Sanger sequencing at the Eurofins sequencing platform (Paris, France). Plasmids containing the correct viral genes were inserted by LR clonase (Invitrogen) reaction in destination vectors, such as pCiNeo-3XFlag (Promega), pStrepTag, peGFP-N1, peGFP-C1, pmCherry, adding a tag in N-ter or C-ter of the gene to detect its proteic product. The list of plasmids is included in Annex 1, Table4.Backbones of these plasmids were obtained in collaboration with D. Vitour (ENVA-ANSES, Maisons-Alfort, France) and were constructed by Y. Jacob (Institut Pasteur, Paris, France).

Figure 23 .

 23 Figure 23. Principle of Gateway technology.A first reaction recombines the "attB" and "attP" sites present on the amplicons and the entry plasmid respectively, to insert the gene of interest in a suitable plasmid. A second reaction of recombination is performed between the entry and the different destination vectors, through the "attL" and "attR" sites. From https://blog.addgene.org/plasmids-101-gateway-cloning 

  HEK293T cells were seeded at a density of 2,5x10 6 cells/well in a 24-wells plate. One day later, cells were transfected with different plasmids using jetPRIME® reagent. Briefly, a mix containing 100 ng of firefly luciferase reporter plasmid (pIFN-β-Luc), 10 ng of renilla firefly reporter plasmid (pRL-CMV) and 100 ng of plasmid encoding either the constitutively active N-terminal part of RIG-I, the full length sequences of MDA5 and TBK1, or the mutated and constitutively activated form of IRF3 (IRF3-5D) was prepared and incubated with 1uL of jetPRIME reagent for 10 min at room temperature. Moreover, quantity of plasmid encoding tagged viral proteins, ranging from 3 to 300ng, was also added to the mix. For the mock treated controls, the amount of plasmid carrying the viral protein was replaced by an equal quantity of the backbone plasmid. Experiments were performed in triplicates for each condition.To test the inhibitory activity of viral proteins on the induction of ISGs, HEK293T cells were transfected with 300ng of plasmid coding for the viral protein or the plasmid backbone, 100ng of plasmid coding for the gene of the firefly luciferase regulated by the ISRE promoter and 10ng of plasmid coding for renilla luciferase under the control of CMV promoter. One day after transfection, cells were stimulated with recombinant IFN-β (InvivoGen) to exogenously activate the pathway and luciferase signals were detected 9h post stimulation.

  expression through plasmids of activated form of RIG-I and IRF-3, or by overexpression of MDA5 and TBK1. Inhibitory activity of viral proteins on the activated IFN-I pathway was then measured as a reduction in firefly light emission.After 24h, cells were lysed in buffer (Passive Lysis 5X Buffer, Promega) and 50µL of lysate were mixed with an equal volume of luciferases' substrates mix (Bright-Glo and Renilla-Glo Luciferase Assay System, Promega) in separated wells. Light emission due to luciferase activity was measured for 1 second/well in a luminometer (Centro LB 960, Berthold). Data shown are representative of at least three independent experiments.For data representation, firefly luciferase signal (FF 1 ) was normalized to renilla luciferase signal (Ren 2 ) for each sample. These values are used to calculate the percentage of activity of each protein of interest as ratio with the normalized luciferase activity of the backbone plasmid in cells where the signaling pathway has been exogenously activated (FF + /Ren + ). are the absolute chemiluminescent measure of firefly and renilla luciferase activities, respectively.

Figure 25 .

 25 Figure 25. Real-time quantification of PUUV genome copy number. Standard curve obtained from amplification data and used for extrapolation of genome copies in samples.

  Proteins on co-immunoprecipitation beads from 3 experimental conditions (associated to the N of PUUV, TULV and PHV and to the control empty plasmid) were incubated with 20 μL of 25 mM NH 4 HCO 3 containing sequencing-grade trypsin (25 μg/mL; Promega) overnight at 37°C. Peptides were desalted using ZipTip µ-C18 Pipette Tips (Millipore). Peptides mixtures were analysed by a Q-Exactive Plus coupled to a Nano-LC Proxeon 1000. Peptides were separated by chromatography with the following parameters : Acclaim PepMap100 C18 precolumn (2 cm, 75 μm i.d., 3 μm, 100 Å), Pepmap-RSLC Proxeon C18 column (50 cm, 75 μm i.d., 2 μm, 100 Å), 300 nl/min flow rate, a 98 min gradient from 95 % solvent A (water, 0.1 % formic acid) to 35 % solvent B (100 % acetonitrile, 0.1% formic acid). Peptides were analysed in triplicates in the Orbitrap cell, at a resolution of 70,000, with a mass range of m/z 375-1500. Fragments were obtained by higher-energy collisional dissociation (HCD) activation with a collisional energy of 28 %. MS/MS data were acquired in the Orbitrap cell in a Top20 mode, at a resolution of 17,500.

  software 4.1 (Nonlinear Dynamics Ltd, Newcastle, UK) in a between-subject design. For the identification step, all MS and MS/MS data were processed with the Proteome Discoverer software (Thermo Scientific, version 2.2) coupled to the Mascot search engine (Matrix Science, version 2.5.1). The mass tolerance was set to 7 ppm for precursor ions and 0.02 Da for fragments. The maximum number of missed cleavages was limited to two for the trypsin protease. The following
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 26 Figure 26. Susceptibility of rodent cell lines to orthohantavirus infection. Cells obtained from bank vole, the reservoir of PUUV, common vole, the specific host of TULV, and mouse, the most used animal model, were infected with PUUV, TULV or PHV at a m.o.i. of 1 and the percentage of infection quantified at 3 and 7 d.p.i., by counting the number of N positive cells in immunofluorescence. Infection experiments were performed twice independently.

Figure 28 .

 28 Figure 28. Aspect of N in VeroE6, HuH7 and MyglaSWRecB infected by the three orthohantaviruses. Cells infected at a m.o.i. of 1 were stained in immunofluorescence with the antibody recognizing the N. No labelling was detected in MyglaSwRecB cells infected with TULV (not shown).
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 29 Figure 29. Production of PUUV infectious particles by the different cell lines. Cells were infected at a m.o.i. of 1, and 7 d.p.i. supernatants were recovered from VeroE6, HuH7 and MyglaSWRecB and used for the secondary infection of the same cell lines. Percentage of infected cells was counted at 3 d.p.i. by intracellular staining of N in immunofluorescence.

Figure 30 .

 30 Figure 30. Quantification of PUUV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. After infection at m.o.i. of 1 by PUUV, cellular lysates (A) and supernatants (B) were recovered at d3 and d7 p.i. RNA was extracted from infected and non-infected samples and the PUUV genome copy number quantified by RTqPCR.

Figure 31 .

 31 Figure 31. Production of TULV infectious particles by the different cell lines. Cells were infected at m.o.i. of 1 and 7 d.p.i. supernatants were recovered from VeroE6, HuH7 and MyglaSWRecB and used for the secondary infection of the same cell lines. Percentage of infected cells was counted at 3 d.p.i. by intracellular staining of N in immunofluorescence.
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 32 Figure 32. Quantification of TULV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. After infection at m.o.i. of 1 by PUUV, cellular lysates (A) and supernatants (B) were recovered at d3 and d7 p.i. RNA was extracted from these samples and quantified by RTqPCR.
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 33 Figure 33. Production of PHV infectious particles by the different cell lines. Cells were infected at m.o.i. of 1 and 7 d.p.i. supernatants were recovered from VeroE6, HuH7 and MyglaSWRecB. They were used for the secondary infection on the same cell lines. Percentage of infected cells was counted at 3 d.p.i. by intracellular staining of N in immunofluorescence.

Figure 34 .

 34 Figure 34. Quantification of PHV genome copy number in VeroE6, HuH7 and MyglaSwRecB infected cells. After infection at m.o.i. of 1 with the virus, cellular lysates (A) and supernatants (B) were recovered at d3 and d7 p.i. RNA was extracted from these samples and quantified by RTqPCR.

  a) Morphologies of N organisations in infected cells PUUV, TULV and PHV share a common sub-organization of the N in small puncta (Fig. 35, yellow arrows).

Figure 35 .

 35 Figure 35. Different organizations of N protein in PUUV, TULV or PHV infected cells. VeroE6 cells were infected at m.o.i of 1 and N immunofluorescent staining was performed 3 d.p.i. The N organization organization in puncta in the three orthohantaviruses is highlighted by yellow arrows, while virus-specific organizations in filaments observed for both TULV and PHV, are shown by the red arrows.

Figure 36 .

 36 Figure 36. Time dependent organization of N in TULV infected VeroE6 cells. VeroE6 cells were infected at m.o.i of 1 and fixed at different time points p.i. Afterwards, the N was detected by immunofluorescence, revealing small puncta at 1 d.p.i. and vacuoles and filaments from day 2 and accumulating as amorphous aggregates at day 3 p.i.

Figure 37 .

 37 Figure 37. Organization of cytoskeleton components in non-infected VeroE6 cells. Non-infected cells were stained with fluorescent phalloidin to visualize actin fibers, with anti-beta tubulin to visualize the microtubules and with anti-vimentin to visualize the intermediate filaments using fluorescent microscopy implemented with structured illumination (ApoTome).

Figure 38 .

 38 Figure 38. Localization of hantaviral N protein and actin in VeroE6 infected cells. VeroE6 cells, infected at a m.o.i. of 1, were stained at day 3 with phalloidin to detect actin (in red) and with anti-N antibody to reveal the viral protein (in green). Co-localization was analysed using fluorescent microscopy implemented with structured illumination (ApoTome).

Figure 40 .( 1 )

 401 Figure 40. Localization of hantaviral N protein and intermediate filaments in VeroE6 infected cells. Vero E6 cells, infected at a m.o.i. of 1, were stained at day 3 with anti-vimentin antibodies (in red) and anti-N antibody to detect the viral protein (in green). Co-localization was analysed using fluorescent microscopy implemented with structured illumination (ApoTome).

Figure 41 .

 41 Figure 41. Scheme of the endocytic and secretory pathways.Secretory pathway is implicated in the maturation of proteins that are released outside the cell: protein synthesis starts at the membrane of the ER and maturation continues in the ERGIC and the Golgi. Vesicles from the latter are trafficked to the TGN from which they are finally addressed to the plasma membrane. Secretory and endocytic pathways communicate through exchange of vesicles. Endocytic pathway is implicated in the internalization of molecules and microorganisms through early and late endosomes. The latter can then fuse to lysosomes for the degradation of endocyted products. Moreover, early and late endosomal vesicles can be trafficked back to the plasma membrane by recycling endosomes. Adapted from[START_REF] Cullen | To degrade or not to degrade: mechanisms and significance of endocytic recycling[END_REF] 

Figure 43 .

 43 Figure 43. Co-staining of late endosomes and hantaviral N protein in VeroE6 infected cells. VeroE6 cells were infected at m.o.i of 1 and stained to reveal the viral nucleocapsid (in green) and the marker of late endosomes, Rab7 (in red). Co-localization was analysed using fluorescent microscopy implemented with structured illumination (ApoTome).

Figure 44 .

 44 Figure 44. Co-staining of recycling endosome and hantaviral N protein in VeroE6 infected cells. VeroE6 cells were infected at m.o.i of 1 and after 3 d.p.i. treated with BFA to block intracellularly the recycling endosomes. They were incubated with Cy3-coupled transferrine (tf, in red), which enters cells by the endosomal pathway and then fixed and stained for the revelation of the viral nucleocapsid (in green). Co-localization was analysed using fluorescent microscopy implemented with structured illumination (ApoTome).

Figure 45 .

 45 Figure 45. Co-staining of endoplasmic reticulum and hantaviral N protein in VeroE6 infected cells. VeroE6 cells were infected at m.o.i of 1 and stained to reveal the viral nucleocapsid (in green) and the marker of ER, calnexin (in red). Co-localization was analysed using fluorescent microscopy implemented with structured illumination (ApoTome).

Figure 46 .

 46 Figure 46. Co-staining of ERGIC and hantaviral N protein in VeroE6 infected cells. VeroE6 cells were infected at m.o.i of 1 and stained to reveal the viral nucleocapsid (in green) and the marker of ERGIC, ERGIC-53 (in red). Co-localization was analysed using fluorescent microscopy implemented with structured illumination (ApoTome).

Figure 47 .

 47 Figure 47. Co-staining of the Golgi and hantaviral N protein in VeroE6 infected cells. VeroE6 cells were infected at m.o.i of 1 and stained to reveal the viral nucleocapsid (in green) and the marker of Golgi, giantin (in red). Co-localization was analysed using fluorescent microscopy implemented with structured illumination (ApoTome).

  ) Other cellular structures Because of their short filamentous organization in the cytosol and due to their role in the innate immune response, we wondered if filaments of TULV N could interact with mitochondria, forming filamentous network around the nucleus and known to interact with the RER.

Figure 49 .

 49 Figure 49. Co-staining of mitochondria and hantaviral N protein in VeroE6 infected cells. VeroE6 cells were infected at m.o.i of 1 and stained to reveal the viral nucleocapsid (in green) and the marker of mitochondria, TOMM22 (in red). Co-localization was analysed using fluorescent microscopy implemented with structured illumination (ApoTome).

Figure 50 .

 50 Figure 50. Co-staining of lipid droplets and hantaviral N protein in VeroE6 infected cells.Infected cells were incubated with Bodipy C12 to label lipid droplets (in red) and the nucleocapsid revealed with anti-N (in green) then analysed using fluorescent microscopy implemented with structured illumination (ApoTome).

Figure 51 .

 51 Figure 51. Co-staining of P-bodies and hantaviral N protein in VeroE6 infected cells. VeroE6 cells were infected at a m.o.i of 1 and stained to reveal the viral nucleocapsid (in green) and a marker of the P-bodies, DDX6 (in red).

  constitute a major component of hantaviral particles. They represent two of the four structural proteins and are crucial for the entry and the assembly of new viral progeny. It is therefore pivotal to understand how they interact during the viral cycle with cellular factors, compartments and with other viral proteins. Tools to study glycoproteins are limited, since specific commercial antibodies are scarcely available. Therefore, we produced a home-made polyclonal antibody against the ectodomain of PUUV Gn by immunization of a rabbit. The recovered serum was tested for its specificity for the viral protein: although only a weak signal was detected by immunoblotting, the antibody clearly recognized Gn by immunofluorescence. Interestingly, this antibody, specific of the ectodomain of PUUV Gn, exhibited cross-reactivity with TULV and PHV Gn and will be usefull to compare interaction of the glycoprotein of the three orthohantaviruses with cellular factors. a) Intracellular localization of Gn and Gc

Figure 53 .

 53 Figure 53. Co-staining of the viral glycoproteins with the Golgi apparatus in infected cells.A) VeroE6 cells were infected at m.o.i. of 1 and fixed 3 d.p.i. Afterwards, they were stained to reveal the viral Gn (in red) and a marker of the Golgi, GM130 (in green). B) VeroE6 cells were infected with PUUV at m.o.i of 1 and fixed 3 d.p.i., when the presence of the Gc was revealed (in green) using the human mAB 1C9 specific of PUUV Gc, the Golgi was detected with an anti-giantin (in red).

Figure 54 .

 54 Figure 54. Co-staining of the viral glycoprotein Gn and the nucleocapsid in infected cells. VeroE6 cells were infected at m.o.i. of 1 and fixed 3 d.p.i. They were then stained to reveal the viral Gn (in red) and N (in green).

Figure 56 .

 56 Figure 56. Nucleolar addressing sequence in the NSs of the three orthohantaviruses. A) Prediction of the NoLS site per residue by NoD software. Threshold was determined by an algorithm of trained artificial neural network. Regions considered as predicted NoLS possess a score higher than 0,8 (in pink). B) Alignment of NSs protein sequences. The NoLS predicted in TULV sequence and the hypothetical addressing site in PHV are highlighted in blue.

Figure 57 .

 57 Figure 57. Directed-mutagenesis and immunofluorescence validation of the hypothetical motif responsible for the addressing to the nuclei of eGFP-NSs from-TULV and PHV. A) Alignment of the mutated NSs sequences. The NoLS is highlighted in blue. In this sequence, the hypothetical motif KRR 16-18 has been replaced by three alanine, underlined in red. B) Prediction analysis of the AAA 16-18 mutated sequences of TULV and PHV NSs. The replacement of the motif abolishes the addressing to the nuclei based on software analysis. C) Biological confirmation of role of the polar motif in the NoLS sequence. VeroE6 cells transfected with 500ng of plasmid encoding the mutated sequences of NSs showed a cytoplasmic repartition of the protein and loss of signal at the nuclei.

Figure 58 .

 58 Figure 58. Directed-mutagenesis and immunofluorescence validation of the hypothetical KRR 16- 18 motif responsible for the addressing to the nuclei in PUUV NSs. The site of mutation was based on alignment with TULV and PHV NSs. Its validity was confirmed in silico and validated by immunofluorescence.

Figure 59 .

 59 Figure 59. Nuclei/cytoplasm separation and detection of tagged viral proteins by immunoblotting, HEK293T cells were transfected with 3µg of plasmid and recovered after 1 day for nuclear/cytosol separation as described above.We detected NSs of PUUV and TULV preponderantly in the cytosol, both with the 3XF and the eGFP tag. To verify the successful separation of fractions, calnexin and histone H3 were used as cytosol and nuclei markers, respectively.

Figure 60 .

 60 Figure 60. Co-localization of NSs with viral structural proteins. VeroE6 cells were transfected with 1,5µg of each plasmid and fixed 1 day after. Immunostaining was then performed to reveal tagged proteins. A) Absence of interaction between 3XF-N and eGFP-NSs for all the three orthohantaviruses. B) Partial co-localization of PUUV Gn with the 3XF-NSs.

1 .

 1 The RLR pathway and its activation for the production of IFN-I To analyze whether viral proteins possess an inhibitory activity on the pathway leading to the production of type-I IFN, we artificially induced the cascade by expression through transfected plasmid of proteins constituting the pathway: RIG-I and IRF3 were expressed in a constitutively activated form, without the inhibitory regulatory domains for RIG-I and under a mutated phosphorylated form for IRF3, while pathway activation by MDA5, TBK1 and IKKε was obtained through overexpression of these proteins due to transfection. a) Inhibitory activity of N, NSs and GnCT domains on the pathway We first screened the inhibitory activity of viral proteins on activated RIG-I, the first actor implicated in the IFN signaling cascade, which can be induced by RNA viruses through binding of double stranded RNAs.

Figure 61 .

 61 Figure 61. Luciferase reporter assay of viral proteins on the RIG-I activated pathway. A) Ratio between firefly and renilla activities was calculated and the mock condition used as reference for absence of inhibition. Only the N of TULV and the three NSs showed an inhibitory activity of viral proteins on the signaling pathway. No effect was observed with GnCT topologies of PUUV and PHV Ns. B) Absolute chemiluminescent activity of renilla luciferase, constant among all the conditions.

Figure 62 .

 62 Figure 62. Inhibitory activity of N and NSs on signaling cascade revealed by luciferase reporter assay. The pathway was activated with MDA5 (A), TBK1 (B), IKKε (C) and IRF3 (D). The N of TULV, along with the NSs of PUUV and PHV, showed inhibition at the level of MDA5 and TBK1, but had no effect on IKKε and IRF3. The NSs of TULV, in addition to the inhibition of MDA5 and TBK1, could partially inhibit also the pathway induced by IRF3.

Figure 63 .

 63 Figure 63. Expression by plasmids of N and NSs in HEK293T cells.Cells were transfected and lysates produced after 24h. Amount of total protein was quantified and 5µg of each sample were loaded. Bands were revealed using an antibody recognizing the 3XF tag.

Figure 64 .

 64 Figure 64. Quantification of expression of transfected proteins in HEK293T and correlation with their inhibitory activity on IFN-I pathway.One day after transfection of HEK293T with plasmids coding for the N (A) or the NSs (B) of the three orthohantaviruses, lysates were produced and used either for luciferase activity or detection of viral proteins' by immunoblotting on 5µg of total proteins. Bands were revealed using an antibody for the 3XF tag.

Figure 65 .

 65 Figure 65. Dose-dependent inhibitory activity of PUUV and TULV GCP on IFN-pathway.IFN was activated by expression of constitutively activated RIG-I. One day after transfection, lysates were produced and used either for luciferase activity (A, C) or detection of the maturation of transfected GPC by western blot (B). Viral Gn was revealed using an antibody for the streptag and Gc using the 10B9 antibody.

Figure 66 .

 66 Figure 66. Combinatory inhibitory activity of N, NSs and GPC on IFN signaling pathway. Luciferase under the control of IFN promoter was activated by RIG-I and the effect of the combination of different viral protein was evaluated by quantification of luciferase activity.

Figure 67 .

 67 Figure 67. Inhibitory activity of viral proteins on the JAK/STAT pathway. One day after transfection, HEK293T cells were treated with recombinant IFN-β to activate the ISRE promoter. The day after, potential inhibitory activity of the viral proteins on the pathway was quantified by evaluation of luciferase activity. N, NSs and the different topologies of the cytosolic tail of Gn do not possess any inhibitory (A); on the other hand, expression of the precursor of glycoproteins of both PUUV and TULV showed an effect on the signaling pathway (B).

Figure 68 .

 68 Figure 68. Kinetics of the usceptibility of different cell lines to PUUV WT and PUUV ΔNSs infection. Vero E6, A549 and MyglaSWRECB were infected with PUUV, expressing or not the NSs, at a m.o.i. of 0.5 and the percentage of infected cells was evaluated by counting the number of N+ cells by immunofluorescence at day 2, 5 and 7 post infection.

.

  Use of A549 cellular model to evaluate the impact of NSs on the IFN pathway We used the cellular model, established by R. Randall including three different A549 cell lines (Fig. 69), stably transfected with a plasmid coding for a protein leading to the inactivation of one step of the signalization pathways related to the type-I IFN. a) Characteristics of the cellular model Wild-type A549 are an immortalized alveolar cell line which is responsive to the type-I IFN and can produce the cytokine upon infection.

Figure 69 .

 69 Figure 69. A549 cellular model used to evaluate the role of NSs on IFN-I pathways. A549 wild-type produce and respond to the IFN-I. A549-V cell line can produce IFN-I but their JAK/STAT pathway is compromised and ISGs are not transcribed. Inversely, in A549-NPro cells the response to IFN-I is functional, but they do not produce type I IFN. A549-V NPro are a double mutant cell line where neither IFN-I nor gene products of ISGs are produced.

Figure 70 .

 70 Figure 70. Kinetics of infection of orthohantaviruses expressing or not NSs using the A549 model. A549 and its derived cell lines were infected at m.o.i of 0,5 and the efficacy of infection analysed by immunofluorescence at different time points. Although all the viruses could infect VeroE6, A549 were not readily susceptible to the infection, especially with TULV Moravia. No infection at all was observed by TULV Lodz. The two different strains of PUUV could infect A549, even though no significant difference was observed depending on the expression of NSs or the production or sensitivity of cells to the IFN.

Figure 71 .

 71 Figure 71. Summary of protein expression significantly modulated in lysates of infected VeroE6.Lysates were tested at 7 d.p.i. by dot blot proteome profiler and quantified using ImageJ.

Figure 72 .

 72 Figure 72. Summary of protein expression significantly modulated in lysates of infected HuH7.Lysates were tested at 7 d.p.i. by dot blot proteome profiler and quantified using ImageJ.

Figure 73 .

 73 Figure 73. Quantification of transcriptional levels of different cytokines during the infection. A) Expression of CXCL10 and HIF-1α specifically increased through time in VeroE6 infected cells. B) HuH7 cells were infected by PUUV at a m.o.i. of 1 and RNA extracted 7 d.p.i. for quantification. We observed an increase of gene transcription of GDF15, IP10 and VEGFA in infected cells. C) HuH7 cells were infected by PUUV at a m.o.i. of 1 and RNA extracted at different time points p.i. for quantification of IFN-λ RNA. No significant difference was observed compared to non-infected cells.

Figure 74 .

 74 Figure74. Immunoblot detection of orthohantavirus streptagged-N in lysates used for pull down. We observed differences in the expression of the viral protein, which is significantly higher for N in TULV samples. Ponceau stain of membrane showed that amounts of total loaded proteins are comparable.

stability 4 )

 4 regulation of apoptosis by proteins associated to mitochondria membrane 5) modulation of the innate immune response.The N of TULV has been shown to interact also with a glycosyltransferase, which has a role in protein maturation at the level of the ER, and CAD protein, implicated in pyrimidine pathway and demonstrated to support viral protein glycosylation through biosynthesis of UDP-sugar in human cytomegalovirus (HCMV) infected cells[START_REF] Devito | Cytomegalovirusmediated activation of pyrimidine biosynthesis drives UDP-sugar synthesis to support viral protein glycosylation[END_REF]).

Figure 76 .

 76 Figure 76. Electron microscopy image of TULV infected VeroE6 cells. Cells were infected at m.o.i. of 0.5 and fixed in a fixation buffer 5 d.p.i. Samples were then sent to P. Roingeard for processing and image acquisition.

  organized in filaments and big granules in TULV infected cells, while PHV showed shorter filament arrangement in the cytosol of infected cells. Interestingly, these TULV N organizations look similar to those of other old and new world orthohantaviruses, such as BCCV, HTNV and SEOV[START_REF] Ramanathan | New and Old World hantaviruses differentially utilize host cytoskeletal components during their life cycles[END_REF]). The reasons why not all these structures were observed with the different orthohantaviruses is unclear and we hypothesize that it could be due to the different kinetics of hantaviral cycles, as PUUV replicates more slowly than TULV and PHV. The accumulation could be the result of a ratio between synthesis of viral proteins, which depends on the viral kinetics, and cellular responses inducing the degradation of proteins in excess, reason why it would not be possible to observe filaments in PUUV infected cells, even at later time post infection. The high amount of the synthetized N protein perturbed cell compartments' organisation as it was illustrated by alterations of cytoskeleton components, such as degradation of actin fibres in infected cells, increased amount and altered distribution of tubulin with TULV and PHV, and of vimentin with TULV. Of note a few small dots of the N of the three viruses localised with tubulin. Consistently with our results, perturbations of the cytoskeleton have also been observed for other orthohantavirus like HTNV, BCCV and SEOV[START_REF] Ramanathan | New and Old World hantaviruses differentially utilize host cytoskeletal components during their life cycles[END_REF].Concerning interactions of the N, we could only detect partial colocalization of N subpopulations associated with different cellular compartments: small amounts of the N closely localized with various organelles of the endocytic and secretory pathways, notably the early and recycling endosones, as well as the ER and the ERGIC, suggesting that they could be involved in the assembly and release of new viral particles. This could concern N interacting with Gn and involved in RNP encapsidation.We also found a sub-population of N closely associated to mitochondria, which could support the implication of viral N in regulation of innate immune response.N of PUUV and PHV have also found to partially interact with P-bodies, where cellular mRNA are stocked for later use or are addressed for degradation and recycling of cap. Although it could correlate with the cap-snatching activity of the N-viral polymerase complex, contradictions have been found in relation with a work on SNV, which suggested complete colocalization of the N with these cellular structures[START_REF] Mir | Storage of cellular 5' mRNA caps in P bodies for viral cap-snatching[END_REF]). However, the distribution of the N in this study is considerably different in both the amount and the organisation compared to our results or other studies[START_REF] Ramanathan | New and Old World hantaviruses differentially utilize host cytoskeletal components during their life cycles[END_REF].These results of partial co-localization with different compartments support that the N must possess multiple roles and partners during the viral cycle(Kaukinen, Vaheri and Plyusnin 2005, Hussein and[START_REF] Hussein | How hantaviruses modulate cellular pathways for efficient replication?[END_REF], since only four synthetized viral proteins have to account for the complexity of host-virus relationship.

Figure 77 .

 77 Figure 77. Prediction of naturally disordered regions in the NSs of the three orthohantaviruses by PONDR® software.
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Table 1 .

 1 Organisation of Hantaviridae family.

Table

  

antibodies for immunofluorescence and immunoblotting B. Table 2, list of probes Target Sequence 5'-3' Coupled Fluorophore Position of fluorophore Used concentration

  

	C. Tables 3, list of primers ggg gac aac ttt gta caa aaa agt tgg c FW GnCT atgaa ata tag taa tga ctc gaa att c	Cloning of GnCT in frame with
	Target Actin Histone H3 StrepTag II 3xFlag eGFP Virus Gene Primer name Host 1. Primers for viral genes Type ggggacaactttgtacaagaaagttggttacct RV GnCT actccgatatctaaacac Mouse Monoclonal, clone AC-40 Rabbit Polyclonal Mouse Monoclonal conjugated HRP Mouse Monoclonal, clone M2 Mouse Monoclonal, clone GF28R Sequence 5'-3' N FW TAAT HindIIIN PUUV taataagcttataacccgccatgaaca ggg gac aac ttt gta caa aaa agt tgg c FW TM1-GnCT atgtt tgg ctg gct cct tat cc GnCT ggggacaactttgtacaagaaagttggttacct RV GnCT actccgatatctaaacac RV N PUUV BamHI TAAT taatggatcccaatcccagtcgggtcagta NPUUV-RT acccgccatgaacagcaac ggg gac aac ttt gta caa aaa agt tgg c FW GnCT atgaa ata tag taa tga ctc gaa att c qPCR aggatgcagagagagcagtg FW NPUUV ggg gac aac ttt gta caa gaa agt tgg t RV GnCT-TM2 tacgc act tgc agc cca tat gac	Manufacturer Gateway sites Reference Sigma-Aldrich A3853 Abcam ab1791 IBA Life Sciences 2-1509-001 Sigma-Aldrich F3165 Thermo Scientific MA5-15256 Type of experiment Cloning of a N fragment in sp72 for the standard curve Cloning TM1-GnCT in frame with Gateway sites Cloning GnCT-TM2 in frame with Retrotranscription of N fragment (infection and standard curve) SYBR Green qPCR Gateway sites
	Hantaviral N PUUV		Mouse RV NPUUV qPCR FW PHV NSs p207	Monoclonal, clone A1C5 ggggacaactttgtacaaaaaagttggcatga tgccatccttctcttgtagtc gcagcagcttgtcattgcc	anticorps-enligne.fr (infection and standard curve) ABIN111531 Cloning NSs in frame with
	Hantaviral Gc Target Mouse IgG Rabbit IgG Human IgG Mouse IgG Rabbit IgG NSs TULV N NSs NSs Gene Actin B IFN-λ 1 VEGFA GDF15 CXCL10 HIF-1α Secondary Hantaviral genome Mouse Monoclonal, clone 10B8 RV PHV NSs ggggacaactttgtacaagaaagttggttacat 4. Host Coupled Detection Molecule Goat Alexa Fluor 488 Goat Alexa Fluor 555 Goat Alexa Fluor 488 Goat Alexa Fluor 555 Goat Alexa Fluor 488 Goat Horseradish Peroxidase Donkey Horseradish Peroxidase FW NSs ggggacaagtttgtacaaaaaagcaggcttca tgaacagcaacttattgtt RV NSs ggggaccactttgtacaagaaagctgggtatta catcaaggacatttccatacc FW NSs KRR cgtcatctgggtccacttccaccgccttttctgca tccttaagtttttgtc RV NSs KRR gacaaaaacttaaggatgcagaaaaggcggt ggaagtggacccagatgacg FW TAAT HindIII N TULV taataagctttcacccgccatgaacagc RV N TULV BamHI TAAT taatggatcccaagcccagtcgggtcaaca NTULV-RT acccgccatgaacagcaaa FW N TULV qPCR aagatgcagaaaagacggtgga RV N TULV qPCR tgcaagctgcctcttgaagtc FW NSs ggggacaagtttgtacaaaaaagcaggcttca tgaacagcaaattgtcattgcccggcaaaaact taaagatgcagaaaagacggt RV NSs ggggaccactttgtacaagaaagctgggtatc acatcaaggacatttccatatcgaaggcttgat ctc FW NSs TULV 16_18_AAA ccc ggc aaa aac tta aag atg cag gca gcagcg tgg aag ccg acc cgg atg atg t RV NSs TULV 16_18_AAA aca tca tcc ggg tcg gct tcc acg ctg ct gcct gca tct tta agt ttt tgc cgg g p207 caaggacatttccatattgg FW NSs PHV 16_18_AAA catctgggtccacctccacgctgcggccaagct tccttgagcttctg RV NSs PHV 16_18_AAA cagaagctcaaggaagctggccgcagcgtgga ggtggacccagtg 2. Primers for human genes Sense Sequence 5'-3' FW agcctcgcctttgccgatcc RV acatgccggagccgttgtcg FW tcctagaccagccccttca RV gtgggctgaggctggata FW tgcagattatgcggatcaaa RV tttcttgcgctttcgttttt FW ctccagattccgagagttgc RV agagatacgcaggtgcaggt FW actgtacgctgtacctgcat RV tgtggtccatccttggaagc FW aagggtaaagaacaaaacacacag RV ttccatgttgcagactttatgttc acttatatatatgcacgtagcatatatat AT550 aagt Hantaviral mRNA/antigenome acatcaaggacatttccatatcgaagg cttgatctctcctt AT488 GPC gatcgggaggtggaggtaccagaaacctttta Tu-Tag-fwrd gaactgaaggttg aattctgacgac Tu-Tag-rev atctgcggccgcaagctttcatttatttttcttat D.	Abcam Manufacturer Gateway sites ab34763 Reference Invitrogen 1789729 Invitrogen A21422 Invitrogen A11008 Invitrogen A21428 Invitrogen 1495793 Southern Biotech 1010-05 Southern Biotech 6440-05 Cloning NSs in frame with Gateway sites Directed mutagenesis for the addressing of NSs to nuclei Cloning of an N fragment in sp72 for the standard curve Retrotranscription of N fragment (infection and standard curve) SYBR Green qPCR (infection and standard curve) Cloning NSs in frame with Gateway sites Directed mutagenesis to abolish the addressing to the nuclei (mutation of KRR motif) Directed mutagenesis to abolish the addressing to the nuclei (mutation of KRR motif) 5' 100 µM 5' 100 µM Cloning of TULV GPC
			FW TAAT HindIII N PHV	taataagctttcactcgccatgagcagc	Cloning of an N fragment in sp72 for
			RV N PHV KpnI TAAT	taatggtacccaataccagttggatccac	standard curve
	PHV	N	NPHV-RT	actcgccatgagcagcagc	Retrotranscription of N fragment (infection and standard curve)
			FW N PHV qPCR	aggaagctgaacggacggtg	SYBR Green qPCR
			RV N PHV qPCR	tgcaagctgcctcttgaactc	(infection and standard curve)

Tables 4, list of plasmids 1. Plasmids for Gateway® cloning of viral proteins Name Tag Position of the tag relative to gene of interest Sequence of the tag Manufacturer

  

	peGFP-N1 B. Tables 2, Interactor candidates obtained by LC-MS/MS eGFP C ter GenBank: AAB02574.1 3. Prospect Hill orthohantavirus	Institut Pasteur
	pmCherry mCherry				N ter	Institut Pasteur
	1. Peptide	Puumala orthohantavirus Unique Anova Max fold
	Accession	count	peptides	(p)	change	Mass	Description
	PHV N		Peptide 19	Unique 18 0,0028409 19,02180762 Max fold 48,962	Viral nucleocapsid
	Accession P23396		count 16		peptides 16 0,0001775 1,815820493 Anova (p) change 26,671	Mass	Description 40S ribosomal protein S3
	PUUV N P25705		2. 14	12	Plasmids used for luciferase reporter assays 11 0,006199508 16,6159127 49,42 14 0,0375414 1,418483935 ATP synthase subunit alpha, Viral nucleocapsid 59,714 mitochondrial
	P49327 P0DMV8		12	5		12	5	0,006507361 0,0371487 1,251018263 1,972410722 70,009	273,254 Heat shock 70 kDa protein 1A Fatty acid synthase
	Name Q14690 P05141	10	2		Gene of the cellular factor 2 0,01388294 7 0,0056130 1,56090362 5,946906038 Tag 32,831	208,57	Protein RRP5 homolog ADP/ATP translocase 2
	pEF-BOS RIG-I Q96GD4 P12236 10	2		7	RIG-I CARD domains 2 0,000826086 0,0369685 1,18759634 Infinity 1XFlag 32,845	39,286	Aurora kinase B ADP/ATP translocase 3
	pcDNA3 Zeo FLAG TBK1 P17066 8		7		TBK1 0,0374156 1,334329481	1XFlag 70,984	Heat shock 70 kDa protein 6
	pcDNA3.1 IKKe pCMV IRF3 P26196 8 pIFN b luciferase 2. P62826 8 pISRE P60842 7 pRL-CMV Accession Peptide count P36542 6	IKKe IRF3-5D 0,0370259 1,384628014 Firefly luciferase Tula orthohantavirus 8 8 0,0105652 1,199658931 Firefly luciferase 7 0,0462676 1,323403543 Renilla luciferase Unique peptides Anova (p) Max fold change 6 0,0003933 1,98198111	V5 54,382 1XFlag 24,408 None 46,125 None None Mass 32,975	Probable ATP-dependent RNA helicase DDX6 GTP-binding nuclear protein Ran Eukaryotic initiation factor 4A-I Description ATP synthase subunit gamma, mitochondrial
	TULV N Q9NVI7		39 6			38 6		4,18E-07 0,0138492 1,521814865 80,53240342	48,471 71,325	Viral nucleocapsid ATPase family AAA domain-containing protein 3A
	P23396 P49327		16 5			16 5		0,0025736 0,0397449 1,803726948 1,99878036	26,671 273,254	40S ribosomal protein S3 Fatty acid synthase
	Q13885 P49368		16 5			15 5		0,0002612 0,0363459	3,356999141 1,43072898	49,875 60,495	Tubulin beta-2A chain T-complex protein 1 subunit gamma
	P08238 P04350		12 4			12 3		0,0249705 0,0463484 1,347074408 1,886802429	83,212 49,554	Heat shock protein HSP 90-beta Tubulin beta-4A chain
	P0DMV8 Q92499		12 3			12 3		7,11E-05 0,0027124	4,018422332 2,22586495	70,009 82,38	Heat shock 70 kDa protein 1A ATP-dependent RNA helicase DDX1
	Q71U36 P05141 P45880		12 10 2			12 7 2		0,0011687 0,0017119 0,0292525 1,613118162 6,48988167 1,86523151	50,104 32,831 31,547	Tubulin alpha-1A chain ADP/ATP translocase 2 Voltage-dependent anion-selective channel protein 2
	P17066 Q14690		8 2			7 2		0,0018078 0,0319248 4,497674056 6,391224333	70,984 208,57	Heat shock 70 kDa protein 6 Protein RRP5 homolog
	P07437 Q9Y6C9		6 2			6 2		0,0011596 0,0249771 1,975317546 5,072572305	49,639 33,309	Tubulin beta chain Mitochondrial carrier homolog 2
	P36542		6			6		0,0001886	2,09846487	32,975	ATP synthase subunit gamma, mitochondrial
	Q9NVI7		6			6		0,0150340	2,120221367	71,325	ATPase family AAA domain-containing protein 3A
	P27708		5			5		0,0025737	30,9537833	242,829	CAD protein
	P49327		5			5		0,0020401	15,20796954	273,254	Fatty acid synthase
	P49368		5			5		0,0136783	3,19314028	60,495	T-complex protein 1 subunit gamma
	P04350		4			3		0,0011395	4,381799576	49,554	Tubulin beta-4A chain
	P62841		4			4		0,0470208	1,288879664	17,029	40S ribosomal protein S15
	P78527		4			4		0,0017562	5,030956179	468,788	DNA-dependent protein kinase catalytic subunit
	P46782		3			3		0,0166828	1,722286757	22,862	40S ribosomal protein S5
	O14654		2			2		0,0469028	7,739675191	133,685	Insulin receptor substrate 4
								Dolichyl-diphosphooligo
	P04843		2			2		0,0005164	2,037186277	68,527	saccharide-protein
								glycosyltransferase subunit 1
	P26641		2			2		0,0287573	2,059517993	50,087	Elongation factor 1-gamma
	pCiNeo-3XF P45880	3XFlag 2		2		N ter 0,0009232	DYKDHD-G-DYKDHD-I-9,273137309 31,547	Sigma-Aldrich Voltage-dependent anion-selective channel protein 2
	Q3MHD2		2			2		0,0124026	1,301242098	DYKDDDDK 21,687	Protein LSM12 homolog
	pStrepTag Q9Y6C9		Strep 2			2		N ter 0,0019432	2,721044117	WSHPQFEK 33,309	IBA Mitochondrial carrier homolog 2
	peGFP-C1		eGFP					N ter	GenBank: AAB02576.1	Institut Pasteur

1. Non structural proteins

  

	PUUV	100.00	57.78	52.22
	TULV	57.78 100.00	56.67
	PHV	52.22	56.67 100.00
			2. Nucleocapsid
	PUUV	100.00	79.72	79.45
	TULV	79.72 100.00	82.75
	PHV	79.45	82.75 100.00
			3. Glycoprotein N
	PUUV	100.00	77.78	75.29
	TULV	77.78 100.00	77.91
	PHV	75.29	77.91 100.00
			4. Glycoprotein C
	PUUV	100.00	83.27	78.57
	TULV	83.27 100.00	84.29
	PHV	78.57	84.29 100.00
			5. RNA dependent RNA polymerase
	PUUV	100.00	85.18	82.88
	TULV	85.18 100.00	84.99
	PHV	82.88	84.99 100.00

Detection of type-II IFN in patients and in vitro ................................................................................................ 

In vitro production and effect of type-III IFN on infected cells .......................................................................... 

MATERIALS AND METHODS

Different signalization cascades, including expression of cytokines, renal and apoptosis markers, as well as proteins implicated in the angiogenesis process, were tested. Proteins recognized in the different pathways are listed in Table 1, Annex 2.

VI. Quantification of gene trascripts A. RNA extraction

Cells were seeded in 24-wells plates at 2,5x10 4 cells/well. The day after, supernatant was removed and cells were infected with 150µL viruses diluted in DMEM + 5% FBS at m.o.i to a final m.o.i. of 1 for 1h at 37°C, before addition of 1 ml of the same medium. Supernatants and cellular lysates prepared as described above, were recovered at different time points.

RNA from both lysates and supernatants was extracted using QIAamp Viral RNA mini kit (Qiagen) following manufacturer's instructions, its concentration quantified with a Nanodrop spectrophotometer (ND1000, Thermo Scientific) and stored at -80°C for later use.

Quantification of cellular mRNAs has been performed on RNA extracted from cellular lysates for quantification of viral genome copies. 

E. Data availability

The complete data sets are available in the PRIDE partner repository [START_REF] Vizcaino | 2016 update of the PRIDE database and its related tools[END_REF] 

RESULTS

We also had the possibility to use an immortalized renal cell line from common vole, FMNR, which was considerably infected by TULV, attaining 80% of virus-positive cells at 7 d.p.i. On the other hand, PUUV could not infect common vole cell line, similarly to the cellular restriction on bank vole cells for TULV.

It would be interesting to test the cellular susceptibility from other organs of the natural host, in particular from the immune system supposed to be important in the propagation of the infection. However, to-date, there are no immune cell lines of voles available. Therefore, we tested the susceptibility of Mus musculus alveolar macrophage cell line, MH-S, to orthohantaviruses as potential surrogate. Unfortunately, none of the orthohantaviruses tested could infect these cells.

b) Infection of human cell lines

Human cell lines have been chosen and infected by the three viruses according to the implication of the organ, from which they have been obtained, in the propagation and the induced-pathology of the viruses (Fig. 27). Microtubules were also affected by the presence of the viruses (Fig. 39): they seemed to be more abundant in the cytosol, especially for non-pathogenic orthohantaviruses, and their organization was affected, as the canonical organization of thin filaments irradiating from the perinuclear region towards the membrane was replaced by a disorganized network of fragmented tubules (Fig. 39, left panels). Probably due to their elevated amount, we could often visualize partial co-localization of microtubules with the nucleocapsid: in cells infected with the three orthohantaviruses, the highest density of tubulin and the puncta organization of viral N concentrating in the same region (Fig. 39, white arrows), while other N organizations, such as filaments and vacuoles of TULV, did not seem to interact with this cytoskeleton constituent. Early endosomes both concentrated on one side of the perinuclear area and also localized in the cytosol as dispersed minute spots. In infected cells, they repartition was not affected; however, we observed that the small puncta of N localize in close proximity to the early endosomes and for PUUV and PHV, we could visualize a partial co-localization between the viral and the cellular compartment (Fig. 42, white arrows). In the case of TULV, the colocalization of the N puncta was not as important as for the two other viruses. orthohantaviruses, it has been shown that ANDV requires REs to efficiently release infectious viral particles [START_REF] Rowe | Roles for the recycling endosome, Rab8, and Rab11 in hantavirus release from epithelial cells[END_REF].

REs staining resembles to EEs, as the majority of granules concentrate on one side of the perinuclear region. The repartition of the vesicles in the cytosol was not perturbed by the infection and we could detect close proximity of the endosomes with a portion of the puncta organization of the viral protein (Fig. 44). This partial co-localization was especially reinforced in PUUV infected cells.

(2) Compartments of the secretory pathways After genome replication and viral protein synthesis necessary for the formation of new progeny, structural components gather at the secretory pathway, where glycoproteins are matured, for the assembly and the release of new viral particles. population of N is involved in interaction with Gn for the formation of viral particles (Fig. 47), while other N organizations could be involved in other processes, such as viral replication.

We also checked whether the assembly could occur at the TGN, from which secretory vesicles are transported to the plasma membrane. We observed colocalization of genome (Fig. 52A) and anti-genome (Fig. 52B) probes with N filamentous sub-organization of TULV and PHV in VeroE6 infected cells. Since PUUV N is experiments [START_REF] Plyusnin | Genetics of hantaviruses: implications to taxonomy[END_REF][START_REF] Jaaskelainen | Tula and Puumala hantavirus NSs ORFs are functional and the products inhibit activation of the interferon-beta promoter[END_REF]). This concerns in particular PUUV, By immunofluorescence, we detected NSs with the 3XF tag in the cytoplasm (Fig. 55).

However, when non-structural proteins of TULV and PHV were expressed in frame with a bigger fluorescent tag, like Green Fluorescent Protein (eGFP), whose sequence is composed of nearly 240 amino-acids, NSs majorly localize at the nuclei (Fig. 55). Interestingly, the localization of PUUV NSs remain unchanged independently from the tag.

To confirm our results, we replaced the short tag 3XF with an even shorter tag, the strepTag and found expression of the three NSs in the cytoplasm. We also synthetized the NSs in frame with another fluorescent tag, mCherry, of size similar to eGFP, and found identical cellular distribution of the three NSs with these two fluorescent tags (not shown).

To be sure that the relative position of the tag in the plasmid construct had no impact on the localization of the NSs, we also expressed TULV NSs with the eGFP tag in the C terminal part of the viral protein, without observing any difference compared to the N-terminal eGFP tagged NSs.

b) Identification of a nucleolar addressing site in NSs sequences

Considering the nuclear localization of NSs, we performed in silico prediction analysis.

We looked for nucleolar motifs in the amino acid sequences (Fig. 56A) of the three NSs, as described for the NSs of Schmallenberg [START_REF] Gouzil | Nonstructural Protein NSs of Schmallenberg Virus Is Targeted to the Nucleolus and Induces Nucleolar Disorganization[END_REF]).

Analysis confirmed that nucleolar motifs were not present in PUUV NSs, correlating with its tag-independent localization in the cytosol. On the other hand, the algorithm could detect a nucleolar motif in residues 4-29 of TULV NSs (Fig. 56B). Concerning PHV, even though prediction analysis did not unambiguously define a nucleolar motif, it could be hypothesized that one is present in the same region as TULV, due to the amino-acid prediction analysis close to the threshold line and also supported by a partial nuclear localization seen ty immunostaining (Fig. 55).

Another pathway, cellular component organization or biogenesis (light blue in Fig. 75), corresponding to the biosynthesis and assembly of macromolecules, is more enriched with TULV N because it interacts with a greater number of 40S ribosomal subunits.

Concerning cellular process (orange in Fig. 75), we observed that the microtubule-associated process and cell cycle have a considerable importance among them. This may be due to the fact that TULV N was found to interact with a greater numbers of tubulin subunits, probably due the higher amount of the viral protein in the cellular lysates.

Considering quantitative analysis, we observed that 1) the number of detected interactors depends on the virus, as only 3 protein hints were identified for the N of pathogenic PUUV, compared to the higher number for our two non-pathogenic orthohantaviruses; 2) common pathways were targeted by the viral proteins, suggesting that they may be fundamental for successful viral infection; 3) virus- 

DISCUSSION

infected human pulmonary A549 and bank vole renal cells, MyglaSWRecB, were quite similar, independently of the expression of the NSs.

In order to better understand its role in the viral cycle and due to the absence of colocalization of NSs with the N, we thoroughly analyse the amino-acid sequence of the protein. Analysis of the disordered regions of orthohantavirus NSs showed that PUUV's protein is consistently different from the NSs of non-pathogenic orthohantaviruses, as it seems to be composed of two main regions, one ordered and the other predicted as possibly disordered. On the other hand, NSs of TULV and PHV look more similar: disordered regions are identified with higher probability and a greater percentage of aminoacids of the total sequence appears to be part of these regions, especially in the case of TULV (Fig. 77).

Complementary analyses highlighted the presence of a nucleolar addressing site in the first disordered region. We experimentally confirmed these in silico prediction and observed that, while PUUV NSs showed to be cytoplasmic, TULV and PHV NSs could also relocalize at the surface of the nuclei when synthetized in frame with fluorescent protein tag, such as eGFP and mCherry. The motif responsible for the addressing was defined and its neutralisation through directed-mutagenesis led to a loss of nuclear localization. Viceversa, when introduced in the NSs sequence of PUUV, this motif could relocalize the cytosolic protein to the nucleus. Since no crystal structure of NSs is available, the impact of different tag in the folding of the proteins and their reciprocal interaction are not known. However, we suggest that various tag could highlight domains in the NSs and show tendency of the protein to interact with different components of the cell, especially considering the presence of disordered domain in its sequence. This also indicate a high potential of interaction of the NSs either to form aggregates by self-association or to bind to other proteins.

In parallel, our mass spectrometry analysis on the nucleocapsid allowed to identify interactors of the viral protein, which enrich our co-localization results about the role of the N during the viral cycle. For both non-pathogenic orthohantaviruses, we found that different proteins interacting with the nucleocapsid are implicated in basal cellular activities such as the cellular transport, translation, modulation of innate response and regulation of apoptosis. These data are supported by other studies showing the role of N in such pathways [START_REF] Ramanathan | New and Old World hantaviruses differentially utilize host cytoskeletal components during their life cycles[END_REF], Mir and Panganiban 2006[START_REF] Taylor | Hantaan virus nucleocapsid protein binds to importin alpha proteins and inhibits tumor necrosis factor alpha-induced activation of nuclear factor kappa B[END_REF][START_REF] Ontiveros | Modulation of apoptosis and immune signaling pathways by the Hantaan virus nucleocapsid protein[END_REF]).

Interestingly, we found that TULV N interacts with a DNA-dependent protein kinase subunit, which forms a platform for IRF3 signalling, supporting the results of the reporter assay, which suggest a role of the protein in the inhibition of the RLR pathway. As we found by micro-array, factors implicated in the regulation of apoptosis and since we identified by mass spectrometry cellular partners that have a role in such process, these two approaches could complement each other and highlight important pathways altered during the hantaviral infection.

Besides, three different proteins implicated in protein refolding and stability interact with the N of TULV. This could correlate with the high amount of synthesized viral protein associated to heterogeneous organisations which could be responsible for the induction of chaperone proteins. A recent study showed by a similar approach the importance of folding pathway on the replication of SFTSV [START_REF] Zhang | Quantitative Proteomic Analysis Reveals Unfolded-Protein Response Involved in Severe Fever with Thrombocytopenia Syndrome Virus Infection[END_REF].

By mass spectrometry we identified DDX6, a constituent of P-bodies, as interacting with PHV N, which confirmed the partial co-localization data of the nucleocapsid with DDX6.

Only one protein, the fatty acid synthase (FAS) was a common interactor of the nucleocapsid of the three orthohantaviruses. Little is known about the dependency of orthohantaviruses on the lipid metabolism: it has been shown that the level of cholesterol may be important for the fusion between viral and cellular membranes during the entry [START_REF] Kleinfelter | Haploid Genetic Screen Reveals a Profound and Direct Dependence on Cholesterol for Hantavirus Membrane Fusion[END_REF]. No study has focused on the role of lipid during the other steps of the infection.

Interestingly, we found that orthohantaviruses seem to decrease the amount of lipid droplets in infected cells, this could be due either to a non-specific alteration of cellular pathways, which could lead to a change in the production of lipids as by-product, or to a specific interaction of the viruses with the fatty acids synthesis, which would be supported by our mass spectrometry results. Dengue virus, which cause an onset of symptoms in
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