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« Il y aura donc des maladies nouvelles. C'est un fait fatal.

Un autre fait, aussi fatal, est que nous ne saurons jamais les dépister dès leur origine. Lorsque nous aurons notion de ces maladies, elles seront déjà toutes formées, adultes pourrait-on dire.

Elles apparaîtront comme Athéna parut, sortant toute armée du cerveau de Zeus. Comment les reconnaîtrons-nous, ces maladies nouvelles, comment soupçonnerions-nous leur existence avant qu'elles n'aient revêtu leurs costumes de symptômes ?

Il faut bien se résigner à l'ignorance des premiers cas évidents. Ils seront méconnus, confondus avec des maladies déjà existantes et ce n'est qu'après une longue période de tâtonnements que l'on dégagera le nouveau type pathologique du tableau des affections déjà classées. »

-Charles Nicolle, 1933

A Mamie, Et à tous ceux à qui nous n'avons pu dire au revoir au cours de cette pandémie. 

Résumé en Français INTRODUCTION I-Infections émergentes

Les infections émergentes sont définies comme "des infections qui sont nouvellement apparues dans une population ou qui existaient déjà mais dont l'incidence ou la portée géographique augmente rapidement", et "qui posent des problèmes de santé publique, au niveau local ou international".

Depuis les années 1970, plus de 1400 nouveaux agents pathogènes ont été identifiés, dont 13% sont considérés comme émergents ou réémergent. Parmi les agents pathogènes émergents depuis les années 1980, environ 75 % proviennent d'animaux, et la majorité d'entre eux sont des virus.

Le processus d'émergence se déroule en trois grandes étapes : L'introduction d'un agent pathogène dans une nouvelle espèce hôte, qui dépend de la capacité de l'agent à se lier à différents récepteurs cellulaires, déterminant la gamme d'hôtes. L'établissement de l'agent pathogène dans l'hôte, qui dépend de sa capacité à compléter son cycle de reproduction et à échapper aux réponses immunitaires pour une réplication efficace.

La dissémination de l'agent pathogène au sein de la population hôte. Elle dépend de sa capacité à se répliquer à une charge virale efficace dans les tissus clés (déterminant ainsi la voie de transmission) afin de fonder une population réservoir dans laquelle l'agent pathogène circule en permanence.

Les voies de transmission jouent un rôle clé dans l'efficacité de la dissémination et peuvent se produire par différents modes, classés selon la dichotomie verticale versus horizontale : transmission du parent à la progéniture versus transmission sexuelle ou non sexuelle.

Pour qu'un micro-organisme apparaisse dans la population humaine, plusieurs facteurs sont impliqués à chaque étape de l'émergence et impliquent une évolution rapide du pathogène pour s'adapter à la pression sélective d'un nouvel hôte ou environnement. À cet égard, les virus à ARN sont particulièrement préoccupants et représentent jusqu'à 44 % des maladies émergentes du XXIe siècle, en raison de leur taux d'évolution plus rapide que celui de tous les autres organismes vivants.

II-Le tractus génital masculin

Le tractus génital masculin (TGM) est composé d'une série d'organes et de conduits qui assurent la production, le stockage et le transport des gamètes mâles. Les testicules endossent le double rôle de production de gamètes (la spermatogenèse) et d'hormones sexuelles, ces dernières étant responsables du maintien du phénotype corporel masculin et des fonctions de reproduction. Le testicule est morphologiquement divisé en deux compartiments :

Le tissu interstitiel contient des vaisseaux sanguins et lymphatiques ainsi que divers types de cellules.

Parmi elles, les cellules de Leydig sont productrices de testostérone ; et les macrophages sont le type de cellules immunitaires le plus nombreux dans le testicule, ils jouent un rôle clé dans l'homéostasie testiculaire.

Les tubules séminifères sont entourés par les cellules myoïdes péritubulaires. Elles englobent les cellules de Sertoli polarisées, qui soutiennent les cellules germinales, depuis les cellules souches spermatogoniales localisées à la membrane basale du tubule, jusqu'aux spermatozoïdes vers la lumière. Leur fonction sécrétoire assure un rôle nourricier pour les cellules germinales en développement, tandis que leurs jonctions serrées constituent la partie physique de la barrière hémato-testiculaire (BHT), assurant un rôle protecteur contre les agressions systémiques.

La production des gamètes mâles est contrôlée par un système hormonal endocrinien qui implique plusieurs organes composant l'axe hypothalamo-pituito-gonadique (HPG). La LH et la FSH sont les deux principales hormones sécrétées dans la circulation. La LH active les cellules de Leydig pour initier la synthèse de la testostérone tandis que la FSH potentialise la spermatogenèse en régulant l'expression génétique des cellules de Sertoli.

Le sperme est composé d'une fraction acellulaire, le plasma séminal, principalement produite par les glandes reproductrices accessoires (les vésicules séminales et la prostate principalement); et d'une fraction cellulaire, majoritairement (85%) composée de spermatozoïdes provenant du testicule.

Parmi les 15 % restants, de cellules non spermatiques (CNS), la majorité sont des éléments germinaux immatures exfoliés du testicule. Des leucocytes (principalement des neutrophiles, monocytes et macrophages) constituent la deuxième population la plus représentée (13 %), suivie des cellules épithéliales (2,3 %) et des cellules de Sertoli exfoliées du testicule (0,7 %). À l'exception des cellules germinales et des cellules de Sertoli, l'origine des cellules non spermatiques, et en particulier des CNS infectées dans le sperme est largement inconnue et doit faire l'objet de recherches supplémentaires. Cependant, la transmission sexuelle des virus Zika et Ebola par des hommes guéris lors des récentes épidémies a été une surprise et a révélé que le TGM constitue également un réservoir de virus dits « aigus », en principe éliminés de la circulation périphérique. À l'heure actuelle, 32 virus ont été détectés dans le sperme humain, certains ayant été retrouvés plusieurs jours, mois voire années après la clairance systémique et/ou ont été impliqués dans des cas de transmission sexuelle.

Notamment, la transmission sexuelle du virus Ebola par des patients jusqu'à 5 ans après guérison a été associée à la résurgence de foyers épidémiques, soulignant les conséquences dramatiques de la persistance virale dans le sperme, et le besoin crucial de l'anticiper. Les virus à ARN sont les plus répandus parmi les pathogènes émergents et il apparait de plus en plus clairement, tant chez l'homme que chez l'animal, que plusieurs d'entre eux sont excrétés dans le sperme et peuvent infecter les cellules testiculaires. De plus, l'environnement immunoprivilégié du testicule suggère que cet organe pourrait être impliqué dans la persistance de plusieurs virus dans le TGM. Il est donc crucial de comprendre les mécanismes qui sous-tendent l'infection à long terme de cet organe et l'excrétion séminale prolongée qui pourrait en découler.

III-Le virus Zika

Le virus Zika (ZIKV) appartient à la famille des Flaviviridae et au genre Flavivirus, comme le sont les virus YFV, DENV, WNV et JEV. ZIKV a été découvert en 1947 en Ouganda et fut responsable d'épidémies récurrentes à travers le Pacifique jusqu'à atteindre le Brésil en 2015, causant la dernière grande épidémie de ZIKV à travers le continent américain.

ZIKV présente un génome à ARN monocaténaire codant pour une poly-protéine qui sera divisée en protéines structurelles (C, M, E), formant la particule virale, et en protéines non structurelles responsables de la réplication, la maturation et la virulence du virus.

Bien que la plupart des infections soient asymptomatiques, des complications peuvent survenir chez les adultes, notamment sous la forme du syndrome de Guillain Barré ; et chez les nouveau-nés, notamment sous la forme de microcéphalies.

En tant qu'arbovirus, ZIKV est généralement transmis par les piqûres de moustiques ou par transfusion sanguine. Cependant, au cours des dernières épidémies, ZIKV fut également transmis pendant la grossesse (provoquant les microcéphalies) et lors de relations sexuelles, principalement des patients masculins vers leurs partenaires. Ceci fut notamment dû à la persistance du ZIKV dans le sperme des patients, à la fois dans le plasma séminal et dans la fraction cellulaire. La présence de ZIKV dans le sperme a été rapportée jusqu'à 69 jours après l'apparition des symptômes pour les particules infectieuses, et jusqu'à 414 jours pour l'ARN viral, dépassant ainsi la clairance dans le sang.

La transmission sexuelle a notamment été rapportée jusqu'à 44 jours après l'apparition des symptômes, dans un total de 14 pays en dehors de la zone d'endémie du moustique vecteur.

Dans les testicules, notre équipe a montré que ZIKV se répliquait efficacement dans des explants humains en culture ex vivo, infectant un large éventail de cellules somatiques testiculaires tels que les macrophages résidents, les cellules péritubulaires et, dans une moindre mesure, les cellules de Leydig et les cellules de Sertoli. Notamment, ZIKV infecte de manière productive les cellules germinales immatures et matures, qui furent également retrouvées exfoliées in vivo dans le sperme d'hommes séropositifs au ZIKV jusqu'à 11 jours après apparitions des symptômes. Après infection ex vivo, la structure histologique, la viabilité cellulaire et la fonction hormonale du testicule sont restées inchangées, et seule une réponse pro-inflammatoire limitée fut induite, sans production d'interféron nécessaire à une défense antivirale efficace.

Ces observations suggèrent que le testicule pourrait être un « réservoir viral » de ZIKV et une source de persistance du virus dans le sperme. Cependant, des preuves suggèrent que ZIKV pourrait persister dans plusieurs organes du tractus, qui pourraient tous être impliqués dans l'excrétion à long terme du virus. La caractérisation des cellules infectées dans le sperme permettrait donc de déterminer la ou les sources exactes de cette excrétion prolongée.

IV-Le SRAS-CoV-2

Le SRAS-CoV-2 est apparu pour la première fois en décembre 2019 à Wuhan, en Chine, et s'est Ainsi, ma thèse a couvert trois étapes du processus d'infection, chacune correspondant à un chapitre de mes résultats :

-La persistance virale du ZIKV dans le testicule.

-La réplication virale du SRAS-CoV-2 dans le testicule -Les facteurs d'entrée virale des virus ARN émergents dans le testicule. 

RESULTATS I-La persistance virale du ZIKV dans le testicule

II-La réplication virale du SRAS-CoV-2 dans le testicule

Au cours de ces travaux soumis au Journal of Clinical Investigation, nous avons réalisé des cultures organotypiques ex vivo de testicules humains provenant de donneurs sains, que nous avons découpés en fragments et que nous avons infectés pendant la nuit avec 10 Since the 1970's, more than 1400 new pathogens have been identified, 13% of which are considered as emerging or reemerging 3 . Among these emerging pathogens, about 75% have originated from animals since the 1980's 4 ; the majority of which are viruses [START_REF] Jones | Global trends in emerging infectious diseases[END_REF][START_REF] Woolhouse | RNA viruses: a case study of the biology of emerging infectious diseases[END_REF] (Figure 1).

In total, nine viruses were indexed in the last priority public health risk list updated by the Research 

B. Emergence processes

Emerging infections can originate from three different events: (i) a newly evolved strain of pathogens;

(ii) an existing pathogen infecting the human population for the first time; (iii) a known pathogen sporadically infecting humans but which incidence suddenly increased at a given location [START_REF] Jones | Global trends in emerging infectious diseases[END_REF] . The emergence process occurs through 3 major steps [START_REF] Woolhouse | RNA viruses: a case study of the biology of emerging infectious diseases[END_REF][START_REF] Domingo | Mechanisms of viral emergence[END_REF] :

The introduction of a pathogen to a new host species, which depends on the ability of the pathogen to bind to different cellular receptors, determining the host range.

The establishment of the pathogen in the host, which depends on its ability to complete its reproduction cycle and evade immune responses for efficient replication.

The dissemination of the pathogen among the host population. This depends on its ability to replicate at an efficient viral load in key tissues, determining the transmission route, in order to found a reservoir population in which the pathogen continuously circulates. 

C. Transmission routes

D. Factors of viral emergence

For a microorganism to arise in the human population, several factors are implicated at each stage of emergence and imply rapid evolution of the pathogen to adapt to the selective pressure of a new host or environment. In that respect, RNA viruses are of special concern and represent up to 44% of the 21 st century's emerging diseases, due to their faster evolutionary rate of all living organisms [START_REF] Carrasco-Hernandez | Are RNA Viruses Candidate Agents for the Next Global Pandemic? A Review[END_REF] .

Nowadays, over 200 species of RNA virus are able of infecting humans, and two or three new species are discovered every year [START_REF] Woolhouse | Epidemiological characteristics of human-infective RNA viruses[END_REF] .

The factors of emergence are grouped into 4 categories:

i) Viral evolution. To infect a new host, the virus needs to be able to bind to the host cellular receptors to enter cells. Binding to new receptors often imply changes in the structural proteins of the virus.

The evolution of RNA viruses can occur through 3 types of evolutionary mechanisms allowing protein changes, namely mutations, recombination, or reassortment (Figure 2). These mechanisms allow RNA viruses to infect a large range of cells and hosts, expanding their reservoir and transmission scope; ii) Host permissiveness. Once entry is achieved, the virus needs to replicate in this cell, which is then characterized as permissive. The sex, age, physiological and genetic parameters of the host are involved in the modulation of the innate and adaptive immune responses. The equilibrium between virulence and immune escaping determine the permissiveness and the ability of the virus to persist in its host [START_REF] Giefing-Kröll | How sex and age affect immune responses, susceptibility to infections, and response to vaccination[END_REF][START_REF] Plowright | Pathways to zoonotic spillover[END_REF] ; iii) Environment. The climate influences a virus survival in its environment, its seasonality as well as its vectors distribution [START_REF] Baker | Infectious disease in an era of global change[END_REF][START_REF] Kamal | Mapping the global potential distributions of two arboviral vectors Aedes aegypti and Ae. albopictus under changing climate[END_REF] . Natural disasters cause sudden changes in local ecology that may influence reservoir populations density and migration in proximity to human communities, enhancing the chance of species-jump and viral emergence [START_REF] Klempa | Hantaviruses and climate change[END_REF] ; iv) Human activities and behavior. Several activities can modify the exposition to viral threats and influence the emergence process, they are resumed in Figure 3. [START_REF] Baker | Infectious disease in an era of global change[END_REF] . Lately, Carlson et al. estimated that more than 10.000 virus species have the capacity to infect humans, but at present are circulating silently in wild animals.

According to their model, climate change as well as land-use expansion are responsible for creating new opportunities for cross-species transmission and would result in more than 15.000 viral spillover by 2070 [START_REF] Carlson | Climate change increases cross-species viral transmission risk[END_REF][START_REF] Echos | Le réchauffement climatique va multiplier les pandémies[END_REF] . All these factors are intimately interconnected and influenced the recent emergence of ZIKV and SARS-CoV-2. (adapted from Laura Herrero's creation for The Conversation, [START_REF] Lam | Use of phylogenetics in the molecular epidemiology and evolutionary studies of viral infections[END_REF]Webby et al., 2004 41-43 ).

Mutation is driven by the virus RNA-dependent RNA polymerase (RdRP) which generally lacks proof-reading activity. This way, mis-incorporated nucleotides during replication are not corrected and RNA viruses present a mutation rate of 10 -6 to 10 -4 mutations per nucleotide per cycle [START_REF] Sanjuán | Mechanisms of viral mutation[END_REF] . Recombination is driven by the RdRp template switching during replication. Genetic fragments can thus be exchanged between two RNA strands of the same origin or between different viruses infecting the same cell [START_REF] Carrasco-Hernandez | Are RNA Viruses Candidate Agents for the Next Global Pandemic? A Review[END_REF] . Reassortment, occurs during viral packaging of segmented viruses infecting the same cell.

Exchange of genomic segments lead to the generation of reassortant virions which, in the case of influenza viruses, were at the origin of multi-species jumps leading to the 2009 H1N1 pandemic and "antigenic shift" [START_REF] Smith | Origins and evolutionary genomics of the 2009 swineorigin H1N1 influenza A epidemic[END_REF] . 

II. The male genital tract

The Male Genital Tract (MGT) is composed of a series of organs and ducts which ensure the male gamete production, storage, and transport. The testes endorse the dual role of gametes (spermatogenesis) and hormonal production, the latter responsible for the maintenance of the male body phenotype and of reproductive functions [START_REF] Tortorec | From Ancient to Emerging Infections: The Odyssey of Viruses in the Male Genital Tract[END_REF][START_REF] Tharmalingam | Experimental models of testicular development and function using human tissue and cells[END_REF] .

A. The Testis Morphology and function

Each testis is located in the scrotum and surrounded by a thick envelope of conjunctive tissue called the tunica albuginea. From the albuginea radiate connective tissue walls called septa, separating the testis parenchyma into several hundreds of lobules. These lobules converge to the upper part of the tunica, in a thicker compartment called the mediastinum testis. Each lobule contains several tubules (where spermatogenesis takes place) surrounded by a loose conjunctive interstitial tissue. The seminiferous tubules of all lobules join in a network of canaliculi called the straight tubules, which in turn form the collecting system called the rete testis, located inside the mediastinum testis. From the mediastinum leave the efferent ducts that rejoin the epididymis (Figure 4, A) [START_REF] Clement | Anatomy and physiology of genital organs -men[END_REF][START_REF] Mattoon | Prostate and testes[END_REF] .

The testis is morphologically divided into two compartments (Figure 4,B,C):

The interstitial tissue contains blood and lymphatic vessels and various cell types including the testosterone producing Leydig cells and macrophages, the latter being the most numerous immune cell type present in the testis. These cells play a key role for the testicular homeostasis.

The seminiferous tubules are surrounded by the peritubular myoid cells. They encompass the polarized Sertoli cells, which support the germ cells, from spermatogonial stem cells localized at the basal membrane of the tubule, up to the spermatozoa towards the lumen. Their secretive function provides a nursing role for the developing germ cells, while their tight junctions constitute the physical part of the Blood-Testis-Barrier (BTB), providing a protective role against systemic aggressions. The production of the male gametes is controlled by an endocrine hormonal system that involves several organs composing the hypothalamic-pituitary-gonadal (HPG) axis. The Gonadotropin-Releasing Hormone (GnRH) is produced and released in a pulsatile manner by the hypothalamus to activate the anterior pituitary gland. In turn, the pituitary produces the Luteinizing Hormone (LH) and Follicle Stimulating Hormone (FSH), which are secreted in the circulation. The LH activates Leydig cells to initiate the synthesis of testosterone. The FSH potentiates spermatogenesis by regulating the gene expression of Sertoli cells 51 (Figure 5,A). The GnRH secretion is kept at a physiological level through different testicular feedbacks:

(i) A negative feedback is exerted on by testosterone, which inhibits the LH secretion; and by Sertolisecreted inhibin B, which inhibits FSH production, directly from the pituitary gland 52 . (ii) A positive feedback is exerted by Sertoli-secreted activin A, which stimulates the FSH production from the pituitary [START_REF] Hedger | Regulation of activin and inhibin in the adult testis and the evidence for functional roles in spermatogenesis and immunoregulation[END_REF] . Interstitial and intratubular cells thus collectively orchestrate the testicular functions of gametogenesis, steroidogenesis and immune privilege, allowing the promotion and maintenance of male fertility [START_REF] Heinrich | Essential roles of interstitial cells in testicular development and function[END_REF] .

The interstitial tissue A.2.a. The Leydig cells

Leydig cells are the most abundant cells of the interstitium. Their primary function is to synthetize and secrete androgens necessary for spermatogenesis to proceed and male fertility to be maintained.

They are either located in clusters near blood vessels or found close to the seminiferous tubules.

They are notably found in regions where Spermatogenic Stem Cells (SSC) are preferentially located, thus mirroring their endocrine and paracrine function [START_REF] Heinrich | Essential roles of interstitial cells in testicular development and function[END_REF] .

Upon binding to its receptor (LHCGR), LH activates cholesterol translocation into the mitochondria via the steroidogenic acute regulatory (STAR), and the translocator (TSPO) proteins. There, cholesterol is converted to pregnenolone by the Cytochrome P450 Family 11 Subfamily A Member 1 (CYP11A1) enzyme. Pregnenolone is converted to progesterone by the Hydroxysteroid dehydrogenase-3β (HSD-3β) followed by its conversion to 17-hydroxyprogesterone (17-OHP) by CYP17A1. 17-OHP is further converted into androstenedione by CYP17A1. The HSD-17β dehydrogenase finally converts the androstenedione into testosterone (Figure 5, B) [START_REF] Chakraborty | Revisiting steroidogenesis and its role in immune regulation with the advanced tools and technologies[END_REF][START_REF] Zirkin | Leydig cells: formation, function, and regulation[END_REF] .

Testosterone diffuses into the seminiferous tubules and blood vessels of the interstitial tissue. Upon binding to its Androgen Receptor (AR) on Sertoli cells, testosterone modulates their surface protein expression (e.g. the connexins), strengthening their connection to the germ cell they nurture. It thus promotes their proliferation as well as their entry into meiosis and spermiogenesis. This is done via the modulation of the BTB, which opens to allow their differentiative migration toward the lumen of the seminiferous tubules [START_REF] Shalet | Normal testicular function and spermatogenesis[END_REF][START_REF] Zhou | The roles and mechanisms of Leydig cells and myoid cells in regulating spermatogenesis[END_REF] .

By binding to the peritubular myoid cells, testosterone induces the production of vasopressin, oxytocin and prostaglandins, which modulate their contractility. The peritubular cell contractibility is required for the effective detachment of the spermatozoa into the lumen of the seminiferous tubules, called spermiation, and their migration towards the straight tubules [START_REF] Heinrich | Essential roles of interstitial cells in testicular development and function[END_REF] .

Testosterone is also metabolized by the 5 α-reductase into the more potent Dihydrotestosterone (DHT), which has a higher affinity for the AR. It can also be transformed by aromatase in estradiol, which might be implicated in germ cell survival and acrosome formation [START_REF] Mäkelä | Spermatogenesis[END_REF][START_REF] Sierens | Estrogens in testis biology[END_REF] .

Finally, testosterone exerts an immunosuppressing role. It balances the numbers of macrophages and promotes the expansion of immunotolerant lymphocytes (Treg). In this regard, Leydig cells also produce the Growth arrest-specific Gene 6 (Gas6) and Protein S, which inhibits innate responses in macrophages, Sertoli and dendritic cells [START_REF] Shang | Autophagy regulates spermatid differentiation via degradation of PDLIM1[END_REF] .

Among other specific molecules ( [START_REF] Heinrich | Essential roles of interstitial cells in testicular development and function[END_REF][START_REF] Zhou | The roles and mechanisms of Leydig cells and myoid cells in regulating spermatogenesis[END_REF] for review), Leydig cells produce the insulin like factor 3 (INSL3), which in the adults plays a role in the inhibition of the germ cells apoptosis, and is a marker of Leydig cells integrity [START_REF] Zhou | The roles and mechanisms of Leydig cells and myoid cells in regulating spermatogenesis[END_REF] .

A.2.b. The Macrophages

In addition to the BTB, testicular macrophages primary role is to maintain the immunologic microenvironment of the testis in order to protect the germ cells and in turn fertility. They present a dual role of immunoregulation between the maintenance of the organ immune privilege and its homeostasis. Indeed, puberty-risen germ cells are recognized as foreign by the immune system and testicular macrophages play a role in the regulation of the induced auto-immune responses.

Macrophages are also involved in the phagocytosis of infecting pathogens and apoptotic cells [START_REF] Meinhardt | Testicular macrophages: development and function in health and disease[END_REF] .

In mice, testicular macrophages have been reported to arise from 3 distinct waves of hematopoiesis, with embryonic yolk sac macrophages replaced by either fetal liver monocytes or bone marrowderived monocytes [START_REF] Meinhardt | Testicular macrophages: development and function in health and disease[END_REF] . They represent the most abundant resident immune population of the testis and have been divided in two main populations of different origins, localizations and functions [START_REF] Meinhardt | Testicular macrophages: development and function in health and disease[END_REF][START_REF] Bhushan | Immune Cell Subtypes and Their Function in the Testis[END_REF][START_REF] Mossadegh-Keller | Testicular macrophages: Guardians of fertility[END_REF] :

Interstitial Testicular Macrophages (iTM), are believed to be embryonic-derived and present at birth.

They are round cells, scattered in the interstitial tissue [START_REF] Mossadegh-Keller | Testicular macrophages: Guardians of fertility[END_REF] . In rats, they are intimately associated to Leydig cells of which they are believed to promote proliferation and support the spermatogenesis regulation. Indeed, they secrete 25-hydroxycholesterol which is also cleaved by HSD-17β to produce testosterone. Besides, iTM present a CD206 + , CD64 high , MHC-II low profile and are thought to contribute to the anti-inflammatory environment by inducing testosterone production and by secreting IL-10 cytokine and TGFβ 61 .

Peritubular Testicular Macrophages (pTM) origin remains disputed. Mossadegh et al., using a mice model, hypothesized that they arise from bone marrow-derived blood monocytes after birth [START_REF] Mossadegh-Keller | Developmental origin and maintenance of distinct testicular macrophage populations[END_REF] .

However, other authors showed that this population could maintain itself without depending on the bone marrow for replenishment [START_REF] Lokka | Generation, localization and functions of macrophages during the development of testis[END_REF][START_REF] Wang | Two populations of self-maintaining monocyteindependent macrophages exist in adult epididymis and testis[END_REF] . Nonetheless, studies agree on their localization, lining the seminiferous tubules and in close contact to peritubular myoid cells. They present a tolerizing CD206 - , CD64 low , MHC-II high profile, and are thought to participate in the phagocytosis of degenerating germ cells and processing of their antigens. By presenting them to naive T cells, in rats, they promote their differentiation into anti-inflammatory regulatory T cells (Treg) [START_REF] Meinhardt | Testicular macrophages: development and function in health and disease[END_REF] .

Both populations also express the colony stimulating factor 1 (CSF1) and key enzymes in the retinoic acid synthesis which stimulate SSC proliferation and differentiation, respectively [START_REF] Meinhardt | Testicular macrophages: development and function in health and disease[END_REF][START_REF] Mossadegh-Keller | Testicular macrophages: Guardians of fertility[END_REF] . However, the existence and role of these macrophages subpopulation in the human testis is still unknown and awaits further characterization.

The characteristic immunosuppressive phenotype of TMs is believed to be governed by the local testicular microenvironment, which is full of immunomodulatory molecules such as testosterone, prostaglandins, corticosterone and activin. However, little is known regarding the capacity of this microenvironment to influence the phenotype of infiltrating blood-derived monocytes upon testis infection and inflammation. These inflammatory cells notably release cytokines that can alter Sertoli cells tight junctions and induce breakdown of the BTB. This facilitates the access inside the seminiferous tubules, to germ cells and ultimately to semen.

Importantly, the tolerogen phenotype of TMs makes them primary targets for viral infections (HIV-1, ZIKV, Ebola). Furthermore, macrophages cell-to-cell transfer of HIV-1 is well characterized and TM are suspected to disseminate viruses through their privileged contacts with Leydig and peritubular myoid cells. Accordingly, iTM were demonstrated to be required for the dissemination of ZIKV into the seminiferous tubules of mice in vivo [START_REF] Meinhardt | Testicular macrophages: development and function in health and disease[END_REF] .

A.2.c. Other interstitial cell populations

Besides macrophages, the testicular interstitium contains dendritic cells, T cells and mast cells as part of the immune population, as well as vascular and lymphatic endothelial cells, fibroblasts, and the newly discovered telocytes.

T lymphocytes are the only population of lymphocytes found in the human testis. Different subsets have been described, with a majority of CD8+ cytotoxic T cell (CTL) and regulatory T cell (Treg) as well as a few Th1 and Th17 cells [START_REF] Gong | T Lymphocytes and Testicular Immunity: A New Insight into Immune Regulation in Testes[END_REF] . In rat testes, CTL express proinflammatory mediators such as TNFα,

INFγ or FasL, which intrinsically promote cell death. However, in normal condition they tend to be inhibited by the local immunosuppressive factors (IL10, TGFβ, activin A) secreted by the surrounding cells. Additionally, Treg cells, upon germ cell antigens activation, produce TGFβ, which also promotes autoreactive CTL's elimination. However, upon Sendai virus infection, rats macrophages, Sertoli and Leydig cells were shown to produce large amounts of type I IFN, ISG and proinflammatory cytokines [START_REF] Tortorec | From Ancient to Emerging Infections: The Odyssey of Viruses in the Male Genital Tract[END_REF] . Added to a disturbed testosterone production by Leydig cells, this pro-inflammatory microenvironment was found to trigger systemic T helper cell infiltrates in the testis. These cells produce Th1 and Th17 cytokines that are able to potentiate the proliferation of the resident inflammatory T cells and to inhibit Treg, thus altering the anergic state of the lymphocyte population and threatening germ cells survival. [START_REF] Bhushan | Immune Cell Subtypes and Their Function in the Testis[END_REF][START_REF] Gong | T Lymphocytes and Testicular Immunity: A New Insight into Immune Regulation in Testes[END_REF] .

Dendritic cells, which are the main antigen-presenting cells of the adaptive immune system, are very rare in the testis. In rats, they play a role in the tolerance induction of T cells by releasing IL10 and indoleamine 2.3-dioxygenase (IDO) [START_REF] Tortorec | From Ancient to Emerging Infections: The Odyssey of Viruses in the Male Genital Tract[END_REF] .

Mast cells pre-synthetize cytotoxic substances (such as histamine, tryptase and TNFα) in granules they release upon their activation by autoreactive T cells. Of note, the tryptase also enhances the proliferation of testicular fibroblasts and their collagen synthesis leading to the fibrosis of the inflamed tissue [START_REF] Bhushan | Immune Cell Subtypes and Their Function in the Testis[END_REF] .

Endothelial cells constitute the epithelium of lymphatic and blood vessels. The latter supply the testis in oxygen and metabolites and allow the endocrine secretion of hormones maintaining the secondary sex characteristics. Blood vessels thus play a role in the tissue homeostasis and organization, and Leydig cells preferentially establish clusters in proximity to these vessels [START_REF] Heinrich | Essential roles of interstitial cells in testicular development and function[END_REF] .

Telocytes is a new cell population, recently identified in rodent and human's testis [START_REF] Liu | Identification and characterization of telocytes in rat testis[END_REF][START_REF] Marini | Reappraising the microscopic anatomy of human testis: identification of telocyte networks in the peritubular and intertubular stromal space[END_REF] . They can be defined as "stromal cells with telopodes" which are interconnected and establish a complex reticular network along the interstitium. They were found in close contact with endothelial and peritubular myoid cells. While their function is currently unknown, they are thought to be engaged in juxtracrine and paracrine intercellular signaling, allowing the coordination of the tissue homeostasis [START_REF] Marini | Reappraising the microscopic anatomy of human testis: identification of telocyte networks in the peritubular and intertubular stromal space[END_REF][START_REF] Rosa | Telocytes and lymphatic endothelial cells: Two immunophenotypically distinct and spatially close cell entities[END_REF] .

The seminiferous tubules

A.3.a. The Peritubular Myoid Cells

In human, Peritubular Myoid Cells (PMC) are elongated smooth muscle-like cells physically delimiting the inter-and intratubular compartments by 5 to 7 permeable layers. On the contrary, rodents present a one-layer of cell joined by junctional complexes [START_REF] Maekawa | Peritubular myoid cells in the testis: their structure and function[END_REF] . They cooperate with the Sertoli cells to form the basal lamina of seminiferous tubules and are thought, in mice, to regulate the formation of the BTB by the production of Leukemia Inhibitory Factor (LIF) [START_REF] Zhou | The roles and mechanisms of Leydig cells and myoid cells in regulating spermatogenesis[END_REF] . In human, PMC produce the antiangiogenic Pigment Epithelium Derived Factor (PEDF / SERPINF1) to prevent the tubules vascularization, critical for the BTB and spermatogenesis maintenance [START_REF] Heinrich | Essential roles of interstitial cells in testicular development and function[END_REF] . Under testosterone binding to its androgen receptor, mice PMC produce and secrete the Glial cell line-Derived Neurotropic Factor (GDNF) as well as the Colony-Stimulating Factor 1 (CSF1), promoting the SSC self-renewal proliferation. In human, both molecules are expressed by PMC but only GDNF role on SSC was confirmed [START_REF] Mayerhofer | Peritubular cells of the human testis: prostaglandin E 2 and more[END_REF][START_REF] Sawaied | The Presence of Colony-Stimulating Factor-1 and Its Receptor in Different Cells of the Testis; It Involved in the Development of Spermatogenesis In Vitro[END_REF] . Testosterone also promotes the prostaglandin-driven PMC contraction allowing the migration of immobile sperm cells along the seminiferous tubules towards the epididymis [START_REF] Heinrich | Essential roles of interstitial cells in testicular development and function[END_REF][START_REF] Mayerhofer | Peritubular cells of the human testis: prostaglandin E 2 and more[END_REF] .

A.3.b. The Germ cells

The germ cells define all cells at any stage of the spermatogenesis leading to the formation of the male gamete: the spermatozoa. Spermatogenesis takes 74 days to complete in the human's

Seminiferous Epithelium (SE) [START_REF] Mäkelä | Spermatogenesis[END_REF] . Each step of the spermatogenesis has a defined constant duration and assure a nonsynchronous but continuous sperm formation to sustain male fertility. The SE is thus in constant turnover as "generations" of SSC start differentiating on the basal lamina. Differentiated spermatozoa end up at the apical lumen of the seminiferous tubule, where they will be released to join the straight tubules [START_REF] Mäkelä | Spermatogenesis[END_REF][START_REF] Griswold | 50 years of spermatogenesis: Sertoli cells and their interactions with germ cells[END_REF] .

Spermatogenic Stem Cells (SSC), also called type Adark spermatogonia (SPG), lie on the basal membrane of the ST. The control of PMC and Sertoli-derived GDNF maintain them in a self-renewing state allowing them to proliferate actively. They thus serve as a pool of cells able to repopulate the SE in case of cytotoxic stress and apoptosis of the differentiating germ cells. Upon action of retinoic acid, Adark SPG differentiate into Apale SPG, exhibiting altered histone modifications preparing them for mitosis. Spermatogenesis can be divided into three phases (Figure 6, A):

The mitotic phase starts with the first division of Apale SPG into an Apale progenitor SPG (responsible for their self-renewal) and a type B SPG, committed to differentiation. Follows the second division of B SPG into two "preleptotene" primary spermatocytes (SPC) which detach from the basal membrane, transit through the BTB and enter the adluminal compartment of the SE, engulfed by Sertoli Cells (SC) [START_REF] Mäkelä | Spermatogenesis[END_REF][START_REF] Shalet | Normal testicular function and spermatogenesis[END_REF] .

The meiotic phase proceeds with the entry into prophase I of diploid preleptotene SPC which itself can be subdivided into 5 stages of SPC differentiation. Retinoic acid-stimulated STRA8 allows the chromosomal condensation of the leptotene SPC that goes through the different stages: the zygotene (pairing of homologous chromosomes), pachytene (crossing over of chromatids and exchange of genetic information) and diplotene (repulsion of chromosomes) stages until the "diakinesis" breakdown of the nuclear membrane. Metaphase, anaphase and telophase follow quickly to form two new haploid secondary SPC. These cells then undergo a second meiotic division to produce four round haploid spermatids, in which sister chromatids of chromosomes are segregated [START_REF] Mäkelä | Spermatogenesis[END_REF][START_REF] Kerr | Functional cytology of the human testis[END_REF] .

The spermiogenic phase corresponds to the spermatids (SPT) maturation and is characterized by drastic changes of the cell morphology. The SPT condense their chromatin to form the head of spermatozoa, bringing the cessation of transcription. They develop a posterior flagellum for motility as well as an anterior acrosome for cell fusion with the ovum. They finally remove the bulk of their cytoplasm, which will become residual bodies phagocytosed by Sertoli cells [START_REF] Mäkelä | Spermatogenesis[END_REF][START_REF] Kerr | Functional cytology of the human testis[END_REF] (Figure 6,B).

This phase ends with the spermiation, i.e. the disengagement of mature SPT, called spermatozoa, off the apical part of Sertoli cells (SC) into the seminiferous tubule lumen. This whole process being prone to errors, apoptosis is a common feature of the spermatogenesis and degenerative germ cells are also phagocytosed by SC. The spermatozoa are then propelled along the seminiferous tubules by the peritubular cell's contraction up to efferent duct and the epididymis where they will further mature to acquire motility.

A.3.c. The Sertoli cells

Sertoli cells are the somatic component of the seminiferous epithelium. They present a morphological and secretive plasticity that create a specific microenvironment with nutrient supply and paracrine signals. This environment allows testicular germ cells (TGC) to survive, replicate and differentiate along the seminiferous epithelium [START_REF] Mäkelä | Spermatogenesis[END_REF] . Of note, the number of Sertoli cells is proportional to the sperm production capacity, as they only can engulf and nurture a fixed number of TGC per cell.

Through the expression of diverse proteases (CTSL and CTSB among others) and protease inhibitors, Sertoli cells change structure during the spermatogenesis cycle. Extending their cytoplasm from the basal membrane to the lumen of the seminiferous tubules (ST), they make and break multiple highly specialized junctions with each other and TGC to form and deform the Blood-Testis-Barrier (BTB).

This mechanism allows the transit of developing germ cells and the active release of mature spermatozoa into the tubule's lumen [START_REF] Bhushan | Immune Cell Subtypes and Their Function in the Testis[END_REF][START_REF] Griswold | 50 years of spermatogenesis: Sertoli cells and their interactions with germ cells[END_REF] .

Upon FSH and testosterone binding to their receptor, Sertoli cells produce cAMP that activates the synthesis of prostaglandins, transferrin, and GDNF among a hundred of genes [START_REF] Mäkelä | Spermatogenesis[END_REF][START_REF] Griswold | 50 years of spermatogenesis: Sertoli cells and their interactions with germ cells[END_REF] . Transferrin, besides its immunoregulatory role in semen, is a tight junction iron transporter, allowing salt's distribution to TGC for efficient meiosis, mitosis and maturation of spermatids.

Sertoli cells also synthetize and secrete retinoic acid (RA) which upregulates the Stem Cell Factor (SCF) and STRA8 expression while downregulating GDNF. This cascade promotes the Spermatogonia Stem Cells (SSC) exit of their self-renewal state into differentiation. GDNF expression is regulated by FSH, testosterone and RA, allowing the balance between proliferation and differentiation of SSC.

Besides, SCF is also thought to play a paracrine role in Leydig cells for their proliferation and regulation of the steroidogenesis, adding to the complex constant spermatogenesis retro-control by somatic cells [START_REF] Mäkelä | Spermatogenesis[END_REF] .

Finally, Sertoli cells, under TAM receptor regulation, have a phagocytosis role towards spermatids residual bodies and apoptotic cells. They can subsequently transfer TGC antigens through their basal part to peritubular antigen-presenting cells (i.e. pTM and dendritic cells) of which they promote immunotolerance by conjointly secreting TGFβ, IDO and activin A. Presenting Fas ligand (FasL) on their surface, they additionally induce apoptosis of CD8+ T cell upon binding to their FasR receptor [START_REF] Tortorec | From Ancient to Emerging Infections: The Odyssey of Viruses in the Male Genital Tract[END_REF][START_REF] Griswold | 50 years of spermatogenesis: Sertoli cells and their interactions with germ cells[END_REF] . Sertoli cells are therefore key actors of the testis immune privilege.

The blood-testis barrier

The BTB is a physical barrier that assembles at the onset of meiosis to separate the TGC from the immune cells. Indeed, TGC are formed at puberty, after the immunological self-tolerance has been established. They thus express novel antigens that would result in autoimmune responses, cell destruction and infertility if detected by the immune system [START_REF] Griswold | 50 years of spermatogenesis: Sertoli cells and their interactions with germ cells[END_REF][START_REF] França | The Sertoli cell: one hundred fifty years of beauty and plasticity[END_REF] . The BTB also protects the most differentiated TGC against pathogen infection and aggression coming from the blood circulation.

While the BTB commonly refers to the Sertoli Cell Barrier (SCB), it can also include the semiwindowed Vascular and Lymphatic Endothelium (VLE). However, in contrast to the blood-brainbarrier, the testis VLE provide evidence of high degree of permeability [START_REF] Mital | The blood-testis and blood-epididymis barriers are more than just their tight junctions[END_REF] . The BTB can be defined as encompassing two components: a physical barrier that protects germ cells against acquired immunity, and a molecular barrier that filtrates chemical components:

A.4.a. The physical barrier

The physical barrier describes the cellular and protein components allowing the formation of the barrier and defines the "fence function" of the BTB. It prevents leukocytes and antibodies to cross inside the seminiferous tubule [START_REF] França | The Sertoli cell: one hundred fifty years of beauty and plasticity[END_REF][START_REF] Mruk | The Mammalian Blood-Testis Barrier: Its Biology and Regulation[END_REF] . It can be subdivided into the Sertoli Cell Barrier and the vascular and lymphatic endothelium. The Sertoli Cell Barrier is composed of a layer of Sertoli cells linked together by 4 types of junctions (Figure 7):

Tight junctions are mainly composed of claudins (3, 5, 11), Junction Adhesion Molecules (JAM-A & JAM-B) as well as Zonula occludens (ZO-1,2,3) scaffolding proteins that anchor claudins to the cell cytoskeleton [START_REF] França | The Sertoli cell: one hundred fifty years of beauty and plasticity[END_REF] . In the SCB, they form a continuous anastomosis of fibrils surrounding the cells and sealing the paracellular space to create an impermeable barrier [START_REF] Mruk | The Mammalian Blood-Testis Barrier: Its Biology and Regulation[END_REF] .

Desmosomes are cell-cell junctions mediating a robust adhesion of adjacent membranes.

Gap junctions are cell-cell channels allowing the diffusion of metabolites, second messengers, salts and small molecules.

Ectoplasmic Specialization (ES) are mainly composed of cadherin-catenin complexes and serves as adhesion junctions between Sertoli but also with spermatids at the apical part of Sertoli cells [START_REF] Mruk | The Mammalian Blood-Testis Barrier: Its Biology and Regulation[END_REF][START_REF] Su | Drug transporters, the blood-testis barrier, and spermatogenesis[END_REF] .

Theoretically, only pathological conditions (direct infection causing Sertoli cells apoptosis or cytokine imbalance, fever causing heat stress, and inflammation) can disrupt the SCB, making meiotic TGC accessible to the elements of the blood compartment [START_REF] Mruk | The Mammalian Blood-Testis Barrier: Its Biology and Regulation[END_REF][START_REF] Mikuz | Inflammation of the testis, epididymis, peritesticular membranes, and scrotum[END_REF] .

In fact, the SCB separates the seminiferous epithelium in a basal compartment containing the nonprotected spermatogonia and preleptotene SPC on one side; and an abluminal compartment containing the meiotic and post-meiotic TGC on the other. The TGC maturation implies their migration towards the lumen of the seminiferous tubule and thus the opening and closing of tightjunctions (TJ) to allow the passage of leptotene SPC. This phenomenon involves the transient creation of an intermediary compartment. This compartment results of a testosterone-driven TJ assembly behind the migrating preleptotene; coordinated with the TJ disassembly ahead of it [START_REF] Mruk | The Mammalian Blood-Testis Barrier: Its Biology and Regulation[END_REF][START_REF] Dadoune | Structure et fonction du testicule[END_REF] . 

Cell composition, function and origin

The cellular fraction of semen is mainly composed of spermatozoa (above 39 million in normal ejaculates), which represent 85% of all cells [START_REF] Fedder | Nonsperm cells in human semen: with special reference to seminal leukocytes and their possible influence on fertility[END_REF] . Of the remaining 15% of Non-Sperm Cells (NSC), Smith et al. [START_REF] Smith | The Characterisation of Non-Sperm Cells in the Ejaculates of Fertile Men Using Transmission Electron Microscopy/Charakterisierung von nicht-Spermatozoen-Zellen in den Ejakulaten von fruchtbaren Männern unter Verwendung der Transmissions-Elektronen-Mikroskopie[END_REF] reported that the majority (84%) were immature germinal elements, exfoliated from the testis as part of the natural spermatogenesis process [START_REF] Smith | The Characterisation of Non-Sperm Cells in the Ejaculates of Fertile Men Using Transmission Electron Microscopy/Charakterisierung von nicht-Spermatozoen-Zellen in den Ejakulaten von fruchtbaren Männern unter Verwendung der Transmissions-Elektronen-Mikroskopie[END_REF][START_REF] Johanisson | Evaluation of "round cells" in semen analysis: a comparative study[END_REF] . Among them were anucleate bodies (59%) deriving from degenerated shed germ cells from which only the cytoplasm remains [START_REF] Fedder | Nonsperm cells in human semen: with special reference to seminal leukocytes and their possible influence on fertility[END_REF][START_REF] Smith | The Characterisation of Non-Sperm Cells in the Ejaculates of Fertile Men Using Transmission Electron Microscopy/Charakterisierung von nicht-Spermatozoen-Zellen in den Ejakulaten von fruchtbaren Männern unter Verwendung der Transmissions-Elektronen-Mikroskopie[END_REF] . Spermatids at different stages of development were also found in semen (22.2%) as well as few spermatocytes

(2.8%) [START_REF] Smith | The Characterisation of Non-Sperm Cells in the Ejaculates of Fertile Men Using Transmission Electron Microscopy/Charakterisierung von nicht-Spermatozoen-Zellen in den Ejakulaten von fruchtbaren Männern unter Verwendung der Transmissions-Elektronen-Mikroskopie[END_REF] (Figure 9,A). In this study, leukocytes were the second most represented population (around 13%). They encompassed neutrophils (representing 12% of the total NSC and 50-60% of all leucocytes); monocytes and macrophages (0.9% of the total NSC / 20-30% of leukocytes) as well as CD4 and CD8 T lymphocytes (0.1% of NSC / 5% of leukocytes) [START_REF] Smith | The Characterisation of Non-Sperm Cells in the Ejaculates of Fertile Men Using Transmission Electron Microscopy/Charakterisierung von nicht-Spermatozoen-Zellen in den Ejakulaten von fruchtbaren Männern unter Verwendung der Transmissions-Elektronen-Mikroskopie[END_REF][START_REF] Wolff | The biologic significance of white blood cells in semen[END_REF] .

The primary function of neutrophils and macrophages in semen is believed to be the phagocytosis of the degenerated bodies of mis-formed spermatozoa and bacteria [START_REF] Fedder | Nonsperm cells in human semen: with special reference to seminal leukocytes and their possible influence on fertility[END_REF][START_REF] Smith | The Characterisation of Non-Sperm Cells in the Ejaculates of Fertile Men Using Transmission Electron Microscopy/Charakterisierung von nicht-Spermatozoen-Zellen in den Ejakulaten von fruchtbaren Männern unter Verwendung der Transmissions-Elektronen-Mikroskopie[END_REF] . While the presence of some leukocytes in semen is common, a number exceeding 1 million/mL leukocyte usually indicates MGT infection or global inflammation and is called "leukocytospermia" [START_REF] Long | Round Cells in Diagnostic Semen Analysis: A Guide for Laboratories and Clinicians[END_REF] . The association between the number of seminal leucocytes and semen quality is still debated. Leukocytes have been suspected to negatively impact sperm quality through the production of deleterious Reactive Oxygene Species (ROS). However, 11% of a fertile men cohort presented elevated numbers of leukocytes in semen [START_REF] Politch | Concentrations and significance of cytokines and other immunologic factors in semen of healthy fertile men[END_REF] and leukocytospermia did not hinder assisted reproductive techniques [START_REF] Lackner | The association between leukocytes and sperm quality is concentration dependent[END_REF] .

Male accessory gland infections (MAGI) impacting the seminal vesicles, prostates and bulbourethral gland are often associated with leukocytospermia. In post-vasectomy samples, the number of leucocytes in semen decreases by 85 to 90%, indicating that a majority of these cells originate from the testis or epididymis [START_REF] Long | Round Cells in Diagnostic Semen Analysis: A Guide for Laboratories and Clinicians[END_REF] . Several comparative histological analyses of leukocytes in semen and in various organs of the MGT were undertaken. They tend to agree on the epididymis and rete testis as the main origin of lymphocytes and macrophages in semen, while prostate is believed to mostly contribute granulocytes [START_REF] Paranjpe | Subcompartmentalization of HIV-1 quasispecies between seminal cells and seminal plasma indicates their origin in distinct genital tissues[END_REF] . Some studies undertook a characterization of seminal leukocytes and reported that seminal CD4 lymphocytes harbored CD103 (α4β7), a marker expressed almost exclusively by T cells found in the epithelium and lamina propria of the mucosae, and which is present on T cells within penile urethra 100,101 . The expression of this marker on T lymphocytes present in the other MGT organs is unknown. In order to determine the tissue origin of HIV in semen, our team used single genome amplification to sequence and compare SIV strains retrieved from macaques' seminal plasma, infected seminal cells and MGT organs. Phylogenetic analysis revealed high genetic similarities between strains in semen and strains retrieved from seminal vesicles, epididymis and vas deferens, indicating that these organs contribute to virions and infected leukocytes in semen 102 .

In the study from Smith et al. on 20 fertile men, epithelial cells represented 2.3% of all NSC in the semen [START_REF] Smith | The Characterisation of Non-Sperm Cells in the Ejaculates of Fertile Men Using Transmission Electron Microscopy/Charakterisierung von nicht-Spermatozoen-Zellen in den Ejakulaten von fruchtbaren Männern unter Verwendung der Transmissions-Elektronen-Mikroskopie[END_REF] . Among them, comparative cytological staining allowed the characterization of transitional epithelial cells, originating from the bladder and urethra [START_REF] Smith | The Characterisation of Non-Sperm Cells in the Ejaculates of Fertile Men Using Transmission Electron Microscopy/Charakterisierung von nicht-Spermatozoen-Zellen in den Ejakulaten von fruchtbaren Männern unter Verwendung der Transmissions-Elektronen-Mikroskopie[END_REF] , as well as squamous cells originating from the seminal vesicles, prostate and epididymis [START_REF] Rodríguez-Martínez | Seminal plasma proteins: what role do they play?[END_REF][START_REF] Fedder | Nonsperm cells in human semen: with special reference to seminal leukocytes and their possible influence on fertility[END_REF][START_REF] Johanisson | Evaluation of "round cells" in semen analysis: a comparative study[END_REF] . A refined molecular characterization of leukocytes and epithelial cells in semen and MGT organs, e.g. through scRNA-seq, is required to better determine their tissue origin.

Sertoli cells exfoliated from the testis appear a minor occurrence in semen (0.7%) and are thought to be shed from the terminal segment of the seminiferous tubules [START_REF] Smith | The Characterisation of Non-Sperm Cells in the Ejaculates of Fertile Men Using Transmission Electron Microscopy/Charakterisierung von nicht-Spermatozoen-Zellen in den Ejakulaten von fruchtbaren Männern unter Verwendung der Transmissions-Elektronen-Mikroskopie[END_REF] .

The amount of each cell type in semen is interdependent and varies with MGT infection and inflammation, which can trigger epithelial cells desquamation, damage of the seminiferous tubules leading to the shedding of Sertoli and degenerating germ cells, in turn increasing the number of leucocytes recruited for "cleaning".

Overall, the origins of Non-Sperm Cells and especially infected NSC in semen is largely unknown and need further investigation. This characterization would help decipher the organs of the MGT implicated in the seminal excretion of some viruses and their role as viral reservoirs, besides the suspected immune-privileged testis. 

Seminal plasma origin, composition and function

The seminal fluid is mostly produced by the accessory glands, which emit fluids in a sequential manner. This fluid is composed of secretions from the seminal vesicles (around 70%), the prostate (25-30%), the testes (1-2%), the epididymis (2-4%), and the bulbourethral Cowper glands (<1%) (Figure 9, B) 103 .

The seminal fluid is particularly rich in molecules and proteins (over 2500 proteins have been described) 103 . These molecules support spermatozoa survival and transport, preserve their fertilizing abilities and modulate the immune responses, both in the male and in the female reproductive tracts 104 . Of note, seminal proteins, hormones and cytokines prevents the rejection by the female immune system of foreign antigens through the inhibition of natural killer (NK) cells, anti-proliferative effects on lymphocytes and shift of T-cells towards immunotolerance [START_REF] Rodríguez-Martínez | Seminal plasma proteins: what role do they play?[END_REF]104 . However, while the immunotolerance induced is beneficial for sperm and embryo survival, it may facilitate the infection of the partner's genital tract by sexually transmitted pathogens. These infections are only partly controlled by the antimicrobial properties of certain molecules and proteins of the seminal fluid, such as defensins which are present in high levels and have mostly antibacterial activities [START_REF] Tortorec | From Ancient to Emerging Infections: The Odyssey of Viruses in the Male Genital Tract[END_REF] . As for viruses, a number of seminal molecules can influence their interaction with the genital mucosa of the partner [START_REF] Tortorec | From Ancient to Emerging Infections: The Odyssey of Viruses in the Male Genital Tract[END_REF] . For instance, seminal exosomes (prostasomes), which are physiologically involved in spermatozoa maturation and fertilization, were found to block the binding of ZIKV, DENV and WNV to their target cells. Besides, several glycoproteins (gp17, clusterin, mucin 6) have the ability to compete with viruses for their receptors [START_REF] Tortorec | From Ancient to Emerging Infections: The Odyssey of Viruses in the Male Genital Tract[END_REF] . In summary, the seminal fluid exerts a complex mix of inhibitory and enhancing effects onto the viral infection of the recipient's genital mucosa.

C. Viral infections of the MGT and their consequences Public Health Importance

In 2021, over 1 million of Sexually Transmitted Infections (STI) were acquired everyday worldwide, representing 374 million new cases per year, of which the majority are asymptomatic. More than thirty different pathogens can be sexually transmitted, among which sixteen are viruses, and 4 are incurable (HIV, HSV, HBV, HPV) 105 . STI are spread via sexual contacts (vaginal, anal and oral) and have a direct impact on sexual and reproductive health, leading to infertility, cancers, and pregnancy complications. Some are also vertically transmitted and result in stillbirth or congenital abnormalities among others [START_REF] Tortorec | From Ancient to Emerging Infections: The Odyssey of Viruses in the Male Genital Tract[END_REF]105 . Condoms are the most effective methods of prevention, however, despite public health and sexual education campaigns, 1.5 million people still acquired HIV in 2020, most through unprotected intercourses 106 . Infertility affects 8 to 12% of couples 107 and male infertility is responsible for 20 to 50% of cases. Among them, infectious events are considered important contributors, representing 6 to 15% of all causes [START_REF] Meinhardt | Testicular macrophages: development and function in health and disease[END_REF] .

Viral dissemination into the MGT

In men, the penile mucosal epithelia (foreskin, meatus, urethra) are considered the main entry doors for sexually acquired viruses (e.g. HSV, HPV, HIV) which either infect epithelial cells of the mucosa or cross the penile epithelial barrier. They may lead to localized genital infections (e.g. HSV, HPV) or spread to the general circulation. Conversely, viruses responsible for systemic infection (e.g. ZIKV,

EBOV), inducing a sufficiently high viremia (eg HIV and ZIKV) or infecting the vasculature (eg SARS-CoV-2), are believed to disseminate into the MGT via the hematogenous route. Entry in the testis interstitium for instance is thought to occurs through the diffusion of virions and infected cells from the blood vessels. Moreover, many viruses reported in the human MGT are neurotropic and viral trafficking between the central nervous system and the testis has already been described for pseudorabies viruses 112 . Therefore, cross-seeding of these two immune-privileged organs could occur via nerves and participate in viral persistence [START_REF] Tortorec | From Ancient to Emerging Infections: The Odyssey of Viruses in the Male Genital Tract[END_REF] .

Some viruses are able to enter the seminiferous tubules (e.g. ZIKV), which might involve different mechanisms depending on the pathogen, such as the infection or transcytosis across the Sertoli cells constituting the BTB; the disruption of the Sertoli cell barrier by inflammatory factor; or the infection of unprotected SSC, which may carry the virus along the seminiferous epithelium during their maturation. Infection of the epididymis and downstream ducts and glands might occur via connected vasculature, as well as through the excurrent flow and migration of germ cells and macrophages during ejaculation [START_REF] Tortorec | From Ancient to Emerging Infections: The Odyssey of Viruses in the Male Genital Tract[END_REF] .

Consequences of MGT infection

The infection of the MGT by viruses may affect the patients' reproductive function and health through various mechanisms. These affections can occur either via direct alteration of the tissue, or through the systemic or local reactions to the infection (e.g. inflammation, fever, oxidative stress). In addition to their impact on the infected individual, the infection of the MGT may also lead to dramatic consequences at the offspring and population levels (Figure 11).

C.4.a. Alteration of the hormonal and sperm parameters

Upon viral infection, sperm parameters (e.g. count, motility, morphology…) and semen parameters (e.g. volume, pH, viscosity of the seminal plasma…) can be altered to various degrees and results in azoospermia (absence of spermatozoa in semen), oligospermia (low sperm count per ejaculation), asthenospermia (number of motile spermatozoa under 32% of all sperms), teratospermia (number of morphologically normal spermatozoa under 4%). These alterations are often transient and may result from different mechanisms:

Direct infection of cells, altering their integrity and function. As an example, Mumps virus infects human Leydig cells in vitro, and inhibits their testosterone production, which could be involved in the impaired spermatogenesis leading to transient -and occasionally definitive -infertility in patients 113 .

Local inflammation of the testis (i.e. orchitis) upon infection is a well know feature of Mumps infection in men [START_REF] Tortorec | From Ancient to Emerging Infections: The Odyssey of Viruses in the Male Genital Tract[END_REF] and has been described in ZIKV-infected mice 114 . In the latter, it was characterized by the production of pro-inflammatory cytokines and chemokines (TNFα, IL6, CXCL10) from Leydig and Sertoli cells, leading to leukocytes infiltration, germ cell degeneration and overall testis atrophy.

However, orchitis has not been described as a common occurrence in ZIKV-infected men, questioning the relevance of immunodeficient mouse models. In most COVID-19 patients, semen analyses revealed sperm parameters alterations (e.g. concentration, morphology, motility) along with high inflammatory cytokines (IL6, TNFα) levels 115 . Besides, in mild to moderate patients, low levels of blood testosterone were detected while LH tended to increase 116,117 . These observations suggest that SARS-CoV-2 might trigger local inflammation in the testis leading to primary hypogonadism.

Systemic reactions to infection can also impact reproductive functions. Thus febrile episodes can cause elevation of the testis temperature above the 34°C needed for normal spermatogenesis 118 .

This event was notably involved in spermatogenesis impairment upon influenza infection 119 . It is also believed to be associated with transient sperm alteration upon infection by various viruses, including SARS-CoV-2 infection 120 . Elevated systemic inflammation can also alter the hypothalamic-pituitarygonadal axis centrally, dysregulating the secretion of LH and FSH and in turn testosterone and inhibin B secretions, leading to testicular and spermatogenesis impairment. It was notably observed in infections of the central nervous system provoking meningitis 121 , but also in systemic disease like the hemorrhagic fever with renal syndrome (HFRS) caused by the Puumala virus 122 . Of note, in COVID-19 severe patients, the hypothesis of secondary hypogonadism is privileged. Indeed, in multiple studies, low testosterone levels correlated with disease severity and were associated to elevated markers of systemic inflammation (IL1β, IL6, IL4, TNFα) 117,123,124 . In severe patients, decreased LH levels were concomitant to decrease testosterone, rather suggesting an impact on the hypothalamic-pituitary-gonadal axis 117,123,125 .

Additionally, chronic infections like HBV also increase systemic levels of ROS which induce membranes and DNA damages to sperm cells 126,127 .

Besides effects on the testis, these systemic reactions also provoke epididymitis and prostatitis that can be deleterious for reproductive functions as they can alter semen parameters (of which they participate at 25-35% of the plasma) or causing irreversible ductal obstruction and fibrosis. These

MGT affection account for up to 12% of infertility cases [START_REF] Tortorec | From Ancient to Emerging Infections: The Odyssey of Viruses in the Male Genital Tract[END_REF] .

C.4.b. Cancers

Viruses can initiate or favor carcinogenesis through complex interplay with the host genetics, immunity and inflammation and seven viruses are well recognized as having a transforming or tumorigenic activity in humans (e.g. EBV, KSHV, HPV, HBV). In particular, high-risk HPV (HPV-16, 18, 45 mainly) are established risk factors in squamous cell carcinoma of the penis. Testicular cancer is considered to primarily stems from developmental abnormalities during fetal life, with exposure to various factors during adolescence and adulthood potentially promoting its development. However, a significant link between testicular cancer and a history of pathogen-induced epididymo-orchitis was recently evidenced, reopening the question of the potential role of viral infection in the testis tumorigenesis [START_REF] Tortorec | From Ancient to Emerging Infections: The Odyssey of Viruses in the Male Genital Tract[END_REF] .

C.4.c. Vertical transmission and endogenization

Viruses shed in the semen -either as cell-free-virion, in infected cells or attached to cell surfacesmay contaminate the sexual partner but also the offspring, either indirectly via the mother infection during pregnancy or via direct infection of the embryo or fetus.

Indirect transmission through semen has been witnessed for HIV, HBV, ZIKV and CHIKV 128 for example. These viruses primarily infect the mother who, in case of high viral load, can infect her offspring via the hematogenous transplacental route. Infection would then either induce congenital defects at various time points during pregnancy (ZIKV) or induce predisposition for viral chronicity in the offspring (HIV, HBV). Findings in a mouse model suggested that the risk of in utero transmission of ZIKV is greater upon exposure of the mother to infected semen than upon mosquitoe bites 129 .

Direct transmission through sperm might occur in the case of viruses infecting or attached to the membrane of spermatozoa (HIV, HSV, HPV, HBV, ZIKV). These viruses could be transferred to the embryo upon fertilization, especially in the case of medically assisted fertilization that bypasses the zona pellucida physical barrier of the oocyte, as it was shown for HIV, HBV and HPV in a hamster model [START_REF] Tortorec | From Ancient to Emerging Infections: The Odyssey of Viruses in the Male Genital Tract[END_REF] . However, there are to date no direct evidence of sperm-mediated vertical transmission of these viruses in human.

In case of viruses that have managed to integrate their DNA in the genome of the gametes, the viral sequences may be transferred to the embryo genome and eventually become endogenous in the population, as occurred during our evolution for several retroviruses but also for other RNA viruses [START_REF] Tortorec | From Ancient to Emerging Infections: The Odyssey of Viruses in the Male Genital Tract[END_REF] . A recent study from our lab demonstrated that HIV has the ability to integrate its DNA into the genome of testicular germ cells in vitro, raising the possibility of endogenization in future generations 130 . Strikingly, non-retroviral DNA (HHV-6) and RNA (Filoviridae, Bornaviridae, Bunyaviridae, Alphavirus and Flaviviridae, Enterovirus) viruses' sequences were also discovered integrated in the genome of several vertebrates including humans, marsupials and bats. The mechanism of integration of such RNA viruses is not fully understood but is thought to proceed via the action of an endogenous reverse-transcriptase particularly active in germ cells. However, a sperm endonuclease cleaves foreign DNA and when robustly activated, degrades the host DNA to cell death, probably controlling these integration processes and explaining the inefficiency of HIV endogenization [START_REF] Tortorec | From Ancient to Emerging Infections: The Odyssey of Viruses in the Male Genital Tract[END_REF] .

C.4.d. Viral persistence in the MGT and sexual transmission

Prolonged and intermittent seminal shedding of chronically infecting viruses (HIV, HSV, CMV) have been described since the 1980's. However, several case reports and cohorts' studies observed prolonged infection of the MGT by viruses that do not establish persistent infection in their host (e.g.

EBOV, ZIKV, ANDV, RVFV etc.). Among them, emergent arboviruses and life-threatening viruses have been found excreted in semen for extended periods of time in the absence of viremia. Some of these viruses have been sexually transmitted by men who had recovered from the infection.

As with arboviruses, and apart from ZIKV which will be discussed later, case reports have described the seminal shedding of Yellow Fever (YFV), and Dengue (DENV) and Chikungunya (CHIKV), RNA up to 19, 37, 56 days post symptom onset (dps) respectively [START_REF] Tortorec | From Ancient to Emerging Infections: The Odyssey of Viruses in the Male Genital Tract[END_REF]131 . The Rift Valley Fever Virus (RVFV) RNA was retrieved 4 months after symptoms onset in the semen of an immunosuppressed patient, albeit his viremia was cleared after 2 months 109 . Two cases of sexually transmitted DENV were reported in 2019 110,132 and WNV was suspected to be sexually transmitted from a man to his wife 30 dps in 2016 54 133 . Importantly, life-threatening Filoviruses RNA were found to persist in semen from survivors up to 1178 days for Ebola virus (EBOV) 111 cases. An association between seminal shedding of EBOV and eye inflammation was found, and the latter associated with higher viral load in the acute phrase of the disease. These correlations suggest that high viral load at the onset of infection may allow the infection and persistence in the MGT. How is the infection eventually eradicated from the cellular and tissue reservoir is unknown, as are the sources responsible for the prolonged seminal shedding [START_REF] Tortorec | From Ancient to Emerging Infections: The Odyssey of Viruses in the Male Genital Tract[END_REF] . EBOV antigens were detected in the testicular interstitial and intratubular compartments with no histological lesions or inflammation during the autopsy of a human fatal case 136 . In acutely infected macaques, EBOV was localized in endothelial cells of the testis interstitium, epididymis, prostate and seminal vesicles, with no histological lesion. At later times, EBOV staining was associated with macrophages in the lumen of the epididymis and in intratubular cells resembling Sertoli 137 . In guinea pigs' models, EBOV infected epithelial cells, stromal macrophages and fibroblasts of the penis as well as the testicular interstitium [START_REF] Tortorec | From Ancient to Emerging Infections: The Odyssey of Viruses in the Male Genital Tract[END_REF] . EBOV notably persisted in the testes of mice engrafted with human immune cells 138 For all these reasons, the human testis is suspected to be one of the main organs responsible for viral persistence in the MGT and prolonged seminal shedding. Nevertheless, the persistent shedding of ZIKV in semen of vasectomized patients suggests that distal MGT organs such as prostate, seminal vesicle or urethra constitute additional reservoirs [START_REF] Tortorec | From Ancient to Emerging Infections: The Odyssey of Viruses in the Male Genital Tract[END_REF] .

III. Zika Virus

A. Taxonomy and emergence

Zika virus (ZIKV) belongs to the Amarillovirales order and the Flaviviridae family which contains the genuses Hepacivirus (of which HCV is part), Pegivirus, Pestivirus and Flavivirus. ZIKV is part of the Flavivirus genus as are YFV, DENV, WNV and JEV, and can be classified in two main lineages that are geographically and temporally distinct: the African and Asian lineage (Figure 12,A). The Asian lineage can also be subdivided into three clusters: the historic Asian, the Pacific, and the American sublineages 148,149 (Figure 12,B). After translation, ZIKV polyprotein is cleaved, co-or post-translationally, by cellular and viral proteins into 10 major proteins: the 3 structural proteins C, M and E; and 7 non-structural proteins (NSP) essential for viral replication, maturation, assembly, and virulence 149 (Figure 14,C).

The C protein is present in the particle as homodimers and displays two main domains: a RNA binding domain allowing the formation of the nucleocapsid (NC), and a hydrophobic domain allowing its binding to cell membranes and virion assembly 162,163 .

The M protein is translated as a prM precursor on the ER membrane, serving as a chaperone for E proteins assembly. It is later cleaved by Furin in the Trans Golgi Network (TGN) and released upon budding at the plasma membrane of the mature viral particle 162 .

The E protein is associated with prM and protrudes an elongated ectodomain presenting a hydrophobic fusion loop as well as region implicated in receptor binding and antibody neutralization 149 .

The nonstructural proteins roles are listed in Table 2. Functions implicated in the immune escaping are marked with a "(IE)". RC is the Replication Complex.

Protein

As an immature virion, ZIKV presents Phosphatidyl Serines (PS) derived from the ER membrane and surface spikes composed of a trimer of prM-E heterodimers hiding E fusion peptide. Upon viral maturation in the TGN and budding, prM is cleaved and E proteins rearrange as antiparallel homodimers forming a smooth surface, thus hiding antigenic components and exposing the receptorbinding domain (RBD). After receptor binding and endocytosis of the viral particle into the host cell, the acidic environment of the endolysosome triggers the transformation of the virion into its fusogenic form: the E dimers dissociate to form trimers exposing the fusion peptide 162 (Figure 14,D).

Regarding the difference of pathogenicity observed between the two ZIKV lineages, several mutations on Asian ZIKV strains have been proposed to be responsible for the changes. Indeed, a 4

Amino Acid (AA) addition in the E proteins of the 2007 Micronesia and 2015 Martinique strains correspond to a glycosylation motif associated with Flaviviruses virulence 177,178 . A single mutation (S139N) in the prM protein of a 2013 strain, stably maintained in the Asian lineage, would have contributed to their increased neurovirulence and the incidence of microcephaly 179 . Additionally, a 2013 old fixed mutation (A188V) in the NS1 conferred the ability of inhibiting INFβ induction and thus evading the human host immune system 166 . Finally, several studies agree on a cell-specific attenuation of infection with Asian strains. This attenuation notably allows a long-term infection of immune and placental cells associated with enhanced neurotoxicity. While African strains tend to result in unnoticed early fetal loss, Asian strains thus led to congenital malformation of fetuses 151,180- 182 .

Replication cycle

Zika virions first concentrate at the host cell membrane through attachment to non-specific attachment receptors. These receptors can bind ER-derived phosphatidyl-series on the viral particle, the E protein's glycosylation or, in the case of partially mature virions, prM 162,183 . They are then recognized by more specific entry receptors promoting their clathrin-mediated endocytosis into early endosomes 183 (Figure 15). As the endosome evolves into late endosome, the vesicular acidification triggers the irreversible trimerization of E proteins, resulting in the merging (fusion) of viral and endosomal cellular membranes 149,162 . The positive-sense genomic RNA (gRNA) is thus released in the cytoplasm and serves as a messenger RNA (mRNA). Host cell translation complex is then recruited at the RNA methylated cap and 5' NCR region to translate ZIKV polyprotein at the ER membrane 149,184 .

The polyprotein is then cleaved to produce nonstructural (NSP) and structural proteins which are embedded in the ER membrane where viral RNA replication takes place 149,185 .

The gRNA serves as a template for the NS5 RNA-dependent RNA polymerase (RdRp) to synthetize the complementary negative-sense replicative RNA (rRNA) strand. This forms a transitory doublestranded RNA (dsRNA) 149,186 . The two strands of the dsRNA will then be separated and dephosphorylated by the helicase and triphosphatase actions of NS3. The NS5 methyltransferase and guanylyl transferase activities will then synthetize new caps to the neosynthesized gRNA 159,171 . C 

Cellular receptors involved in viral entry

ZIKV infects an extensive set of cell types and studies have shown that its receptor usage can be cell as well as species-dependent and liable to the degree of the virion maturation 183 .

ZIKV viral entry is initiated by the binding and concentration of viral particles to attachment receptors. In that matter, Heparan Sulfate Proteoglycans (HSPG) [188][189][190] and C-type lectins (DC-SIGN, L-SIGN) were shown to bind to the N154 glycosylation of the E protein to mediate ZIKV attachment 191,192 .

The TAM receptor family (AXL, TYRO3, MERKT) are considered the main receptors involved in ZIKV entry of human skin cells 191 , endometrial cells 193 , endothelial cells 194,195 , neural cells 196,197 and Sertoli cells 198,199 . They were shown to bind the ER-derived phosphatidylserine on the virion membrane via Gas6 and Protein S adaptive molecules, and to trigger endocytosis in a process called "apoptotic mimicry" 183,200 . However, the infection of human neural progenitor cells (important for pathogenesis) 201 , Leydig cells 198 as well as several mouse organs 202,203 , including testis 202,204 , seems independent of the TAM family receptors. In that respect, TAM receptors were shown to rather promote infection via the modulation of the host cells' innate immune responses, by antagonizing type I IFN signaling 196,205 . Using the same "apoptotic mimicry", ZIKV was shown to enter placental The Epidermal Growth Factor Receptor (EGFR) was also suggested to participate in viral entry as A549 cells infection by ZIKV led to a rapid co-internalization of EGFR to the endosomes. In addition, EGFR-negative CHO cells are not susceptible to ZIKV but overexpression of EGFR in these cells was sufficient to allow ZIKV entry. Finally, the inhibition of EGFR internalization by Erlotinib impaired the virus internalization by endocytosis 211 .

Moreover, Flavivirus fusion loop is responsible for a broad antibody cross-reactivity and its antigenic feature contributes to viral infection in a process called "Antibody-Dependent Enhancement" (ADE)

183 . Well known in the case of the different DENV serotypes, ZIKV infection through ADE was also described in U937 and K562 human cells as well as in mice. In addition, antibodies (Ab) against DENV can cross-reacted with different ZIKV strains and allow their internalization in myeloid cells through the Fragment crystallizable region of Ab-receptor (FcγR) [212][213][214] .

C. Transmission modes

As an arbovirus, the main mode for ZIKV transmission is vector-borne. However, the virus also uses alternative routes for human-to-human transmission. This includes vertical transmission, from mothers to their offspring, and sexual transmission 153 (Figure 16).

Vector-borne transmission

Vector-borne transmission is characterized by the mammalian host infection from a female mosquito bite during blood feeding. Different species of Aedes mosquitoes are responsible for ZIKV transmission among humans although the genus Aedes aegypti and Aedes albopictus are the main vectors. Of note, their competence for transmission are geographic, demographic and ZIKV straindependent 150,153 .

Vertical transmission

Perinatal transmission was first reported in 2013 in French Polynesia as ZIKV RNA was detected in both mothers and infants' serum at delivery. Transplacental transmission was later confirmed during the Brazilian outbreak as viral RNA was detected in the amniotic fluids of infected pregnant women, placenta, and in microcephalic brains of products of miscarriages. A persistent maternal viraemia was uncovered as viral RNA was detected in pregnant women blood up to 107 days post symptoms onset (dps) 150,215 . Additionally, ZIKV RNA and infectious particles were retrieved from breast milk up to 32 dps 216 but only one case report of a Venezuelan mother in 2016 could confirm breast feeding transmission 217 .

Sexual transmission

Sexual transmission was first suspected in 2008 when a convalescent scientist infected in Senegal transmitted the virus to his wife after returning to USA 218 . In 2013, infectious ZIKV particles were isolated from the semen of a French Polynesian patient 150,215,219 . Several cases of sexual transmission have later been documented as people living in non-endemic areas became infected after sexual intercourse with partners coming from endemic areas 219 .

During the last outbreak ( 2015), viral dissemination through sexual transmission was reported in over 14 countries outside the vector endemic area 220 . Sexual transmission was described by genital, oral and anal intercourse, but mainly from male to female contact, up to 44 days post symptoms (dps) 219 .

In non-human primates (NHP), sexual transmission was also reported after vaginal exposition of baboons to infected semen 221 . Importantly, viral dissemination in female genital tract and transmission to fetus was enhanced through semen in a mouse model 129 . Modeling estimates of the last Zika epidemic assessed sexual transmission contributed to a range of 9 to 46% of cases 219,222 .

In the female genital tract and secretions, ZIKV RNA was shown to persist up to 180 dps and up to 2 dps as infectious particles 215,219 . In men, high viral loads in semen and high percentage of men with virus in semen, either symptomatic or asymptomatic were found. In total, around 65% of studies having tried to isolate infectious ZIKV from semen reported positive results representing 20 to 73% of the men tested 223 . Prolonged shedding of viral RNA (vRNA) and infectious virus (up to 414 days and 69 days, respectively) was observed in the absence of viremia 219,224 indicating ZIKV tropism and persistence in the male genital tract. Worryingly, the persistence of virus in semen as well as sexual transmission occurred even in asymptomatic patients 225 .

Auxiliary transmission

Transmission via blood-transfusion was first feared when in French Polynesia, ZIKV RNA was detected in 2.8% of asymptomatic blood donors tested in 2014. Lasting viremia was later confirmed in 2016 in 1.1% of a blood donor cohort in Puerto Rico and in 2017 when ZIKV RNA was detected from asymptomatic donors in the USA 150,215 . Indeed, ZIKV RNA was measured up to 49 dps in patients'

blood 226 and the first transfusion-transmitted infections was later confirmed in late 2015 in Brazil.

However, ZIKV transmission has never been reported via organ transplantation 150,215 .

Additionally, ZIKV RNA and infectious particles have been detected in saliva up to 91 and 6 dps respectively. RNA was also retrieved up to 30 and 25 dps in urine 227,228 and sweat respectively 229 .

However, the risk posed by these fluids with regard of Zika transmission are not defined. 

D. Physiopathology of the infection Generalities

After inoculation by the vector saliva into the host skin, the initial round of viral replication is thought to take place in fibroblasts, keratinocytes, Langerhans DC cells and microvascular endothelial cells for an incubation period of 4/5 days. The virus then migrates via infected cells to regional lymph nodes and systemically spreads through the blood and lymphatic circulation 150,183,231 . ZIKV has been detected in eyes, brain, uterus, placenta, as well as in vagina, testis and several body fluids including tears, saliva, cervical mucus and urine in addition to semen 153,183 . Because of 80% of asymptomatic infections and an overall non-specific pathogenesis, ZIKV diseases are often not detected or misdiagnosed and descriptions are thus scarce. However, a French Polynesian retrospective survey unveiled differences in symptoms based on the ZIKV strain. They also showed a 50% versus 30% ratio of symptomatic infections in adults versus children 215 .

Complications in adults and newborns

ZIKV being barely neuro-invasive in adults, severe symptoms were never reported in patients in Africa. Similarly, during Micronesia's outbreak only common infection symptoms were reported like fever, rash, arthritis and arthralgia, myalgia, conjunctivitis and fatigue; probably related to the limited number of cases in this small island. However, the French Polynesian outbreak led to the first description of severe neurological complications with an unexpectedly high number of Guillain-Barré Syndrome (GBS) cases presenting a 20-fold higher incidence than usual 150 . These unexpected symptoms were later confirmed by a 10-fold higher incidence of GBS in Venezuela 215 . GBS is an autoimmune disease associated with aberrant inflammation and autoimmune response from antibodies raised against ZIKV and targeting peripheral nerves glycolipids. This leads to demyelinating 

Zika virus in the Male Genital Tract

ZIKV infection in men was associated to decreased sperm count and increased sperm abnormalities Ex vivo infection of the human testis tissue did not trigger IFN induction, which is needed to sustain an efficient antiviral defense, and induced only minimal pro-inflammatory cytokine stimulation 143 .

While IFN production and signaling can be counteracted by the virus NSP, the lack of IFN upregulation following viral exposure could be a feature of the human testis that is not specific to ZIKV. Indeed, relatively weak endogenous antiviral abilities are observed in human testicular cells 144 (Kuassivi et al. in revision). Altogether, the survival of infected cells and weak innate immune response may represent favorable conditions for ZIKV persistence in the human testis.

Several mice models were used to study ZIKV infection of the testis. In immune-compromised mice, lacking type IFN receptor, ZIKV infection severely affected reproductive organs which presented large inflammatory infiltrates, including the testis. A broad range of testicular cells was infected and high levels of ZIKV was detected up to 42 days post infection (dpi) in both testis and epididymis.

Consequently, testicular atrophy, collapsed hormone levels, breakdown of the BTB, germ cell degeneration, and infertility were observed [START_REF] Tortorec | From Ancient to Emerging Infections: The Odyssey of Viruses in the Male Genital Tract[END_REF]114,204,223 . In immuno-competent mice, that are normally resistant to the virus, ZIKV infection was still observed in testicular germ cells, and persisted in the testis for up to 60 days 235 .

In non-human primate (NHP) models, the presence of ZIKV RNA in the testis was demonstrated up to 28 days after infection 236 and up to 21 dpi in semen 223 . However, ZIKV infections in NHP generally either spared the testis or led to moderate infection with no deleterious effects [START_REF] Tortorec | From Ancient to Emerging Infections: The Odyssey of Viruses in the Male Genital Tract[END_REF]223 .

These observations suggest that the testis might be a reservoir for ZIKV and a source of viral persistence in semen. However, prolonged viral shedding (up to 281 dps) in the semen of a vasectomized men suggests that the prostate and seminal vesicle are probably also involved in the virus persistence [START_REF] Tortorec | From Ancient to Emerging Infections: The Odyssey of Viruses in the Male Genital Tract[END_REF]237 . Studies on immunocompromised mice described extended infection of the epididymis, considered as the main source of viral shedding in semen in this model 238 . In NHP model, acute and chronic prostatitis were reported as well as infection of the prostate and seminal vesicle, where scarcely infected cells were observed 236,238 . ZIKV was notably detected in the prostate and seminal vesicle of macaques up to 60 dpi 239 . In vitro, ZIKV tropism for human prostate was also suggested as human prostatic stromal 19I and epithelial LNCaP cell lines were infected in reconstituted organoids 223 .

Overall, the persistence of ZIKV in semen despite viral clearance in blood support the existence of a ZIKV reservoir within the MGT. However, evidence suggest that ZIKV might persist in several organs of the tract, which all could be involved in the virus long-term shedding. The characterization of the infected cells in semen would therefore help determining the exact source(s). ORF3a, 3b, 3c, 3d, 6, 7a, 7b, 8, 9b, 9c and 10) proteins (Figure 18,C). The SARS-CoV-2 trimer constitutively lays on a closed/down "pre-fusion conformation" with the RBD nested inside the protein, as a strategy of immune evasion. However, some loops extend outwards of the structure as a result of the S1/S2 priming cleavage. The interaction of these loops with the cellular receptor switches the S protein conformation "up" for an efficient fusion with the cellular membrane 241,250,251 .

Accessory proteins result from the subgenomic RNA translation and ribosome leaky scanning. They have genus and species specificity among the coronaviruses which do not have the same numbers of proteins. They play essential roles in the regulation of the host innate immunity, apoptosis as well as viral proliferation and virulence 250 . The molecular function of several accessory proteins still needs characterization but the few recognized roles are listed in Table 3. Functions implicated in the immune escape are marked with a "(IE)". Functions implicated in the cytokine storm are marked with a "(CS)". RTC stands for Replication Transcription Complex. ID stands for identity, vRNA stands for viral RNA. Among the 9 accessory proteins, only the characterized ones are described. The role of NSP11 is unknown.

(Data from Hu et al., 2021 andYan et al., 2022 245,250 Some essential mutations (L452R; E484K/Q, N501Y, D614G and P684H/R) are also present in VOI variants such as Epsilon, Eta, Lota, Kappa, Zeta and Theta. For each variant, the earliest documented samples are indicated. FCS stands for Furin Cleavage Site. (Data from [START_REF] Yan | Structural biology of SARS-CoV-2: open the door for novel therapies[END_REF]Yang et al., 2022 250,255 ) From the positive-sense 5' of the genome: ORF1a and ORF1b are then translated into the 2 polyproteins pp1a and pp1ab, that are cis-cleaved by PLpro to form the NSP1 to 3; and by Mpro to form the NSP 5 to 16 (Figure 18,C) 244,250 . The NSP12 RNA-dependent RNA polymerase (RdRp) and NSP7-8 cofactors perform the RNA replication. It is accompanied by NSP14 which provides a 3'-5' proofreading function. More precisely, NSP14 removes mis-incorporated nucleotides but also nucleotides analogs from the nascent RNA, thus participating in the resistance to treatments too 250 . The NPS10/13/14/16 complex then provides the methylated caps to the neosynthesized RNA 244 . The vRNA replication proceeds with the synthesis of full-length negative-sense rRNA strands, forming transitory dsRNA, along with sub-genomic RNAs (sgRNA). These sgRNA are transcribed as messaging sgRNA (msgRNA) and translated into the structural and accessory proteins. The N protein then takes over the neo-synthetized gRNA for protection and S/M/E are addressed to the ER membrane for viral budding into the ER-Golgi Intermediate Compartment (ERGIC) 244 . There, the S protein is primedcleaved at the S1/S2 binding sites, essentially by Furin, and mature virions are addressed to the cell plasma membrane for exocytosis 260 (Figure 20). The main receptor (ACE2) and proteases (TMPRSS2 and Cathepsin L) implicated in endosomal and cell surface entry are displayed.(Modified from Harrison et al., 2020;[START_REF] Jackson | Mechanisms of SARS-CoV-2 entry into cells[END_REF]V'kovski et al., 2021 244,252,262 ) (HAT), TMPRSS11E and F in processing the spike protein and enhancing infection, but with less efficiency 266,288 .

Besides free virion infection, SARS-CoV-2 spike-mediated cell-to-cell transmission seems to represent a critical feature as it can represent 50 to 90% of total viral spread in a 293T/293T-ACE2 co-cultures 289 . ACE2 and TMPRSS2 are still the primary entry factors implicated in this process 284,290 . However, treatment of cocultured cells with endosomal entry inhibitors impairs cell-to-cell transmission. This observation implicates the endosomal membrane fusion as an underlying mechanism. Conjointly, while Furin priming cleavage enhance cell fusion with TMPRSS2 expressing target cells 291 , donor cell's proteases TMPRSS2, CTSL or Trypsin can also cleave S2' 280,292 , during the protein biosynthesis or at the cell surface. It is assumed that fusion could thus occur in a receptor-independent way as it was demonstrated for other coronaviruses before 267,293,294 .

C. Transmission modes

SARS-CoV-2 is an airborne virus which main mode of transmission are liquid droplets and aerosol particles. They are spread during patients' speeches, coughs or sneezes and inhaled by naive persons.

Of note, SARS-CoV-2 may persist in closed environment's air at high concentration and stay viable for at least 3h 295 . The most recent strains (Delta or Omicron) are more resistant than ancestral Wuhan strain, contributing to their increased infectivity. SARS-CoV-2 characteristic resides in the fact that the virus quickly replicates in the upper respiratory tract and throat, leading to high viral loads as of the beginning of infection [START_REF] Hu | Community Transmission via Indirect Media-To-Person Route: A Missing Link in the Rapid Spread of COVID-19[END_REF]245,262 . Asymptomatic cases thus play a crucial role in the virus transmission. Studies postulated that 79% of the documented positive cases would have originated from transmission by asymptomatic patients [START_REF] Hu | Community Transmission via Indirect Media-To-Person Route: A Missing Link in the Rapid Spread of COVID-19[END_REF]245 .

Additionally, exhaled particles may contaminate surrounding surfaces and fomites thus represent a prolonged risk of infection by indirect contact as the virus can persist on stainless steel and plastic surfaces up to 72h. This mode of transmission may be increased for the more resistant Omicron compared to Wuhan ancestral strains. SARS-CoV-2 replicating in eye tissues, particles have been also detected in conjunctival secretions of some patients, and could be a source of auto-or crosscontamination 295 .

Besides, in a Chinese cohort, SARS-CoV-2 was recovered from feces of 29% of patients, up to 4 weeks after fever abatement whereas respiratory secretions were cleared within 2 weeks after symptoms onset. Studies show that SARS-CoV-2 can resist many days in sewage. However, the fecal-oral transmission was never clearly demonstrated yet and its role in the pandemic is still unclear 262,295 .

Finally, the high expression of ACE2 in the human maternal-fetal interface supposes that SARS-CoV-2 could be transmitted vertically. A first case was ever suspected in March 2020 as a neonate showed elevated blood concentration of IgM (witness of a recent infection) and cytokines only 2h after birth from an acutely infected mother 296 and other cases of neonates revealed positive shortly after birth 297 . However, the virus could not be retrieved from any of the amniotic fluid, cord blood or breast milk samples 295 .

D. Physiopathology of the infection Generalities

Upon infection, ciliated cells of the nasal epithelium and pneumocytes of the lung are the primary targets of SARS-CoV-2 replication, followed by the infection of submucosal gland epithelium, endothelial cells and alveolar macrophages. Infection of the upper respiratory tract can progress to the lower airways and result in inflammation, further leading to systemic spread of the virus in extrapulmonary organs. Eventually, infection can lead to fatal pneumonia and multi-organ failure 245,262,298 .

After an incubation period of 1 to 14 days (with a median at 5 days) depending on the variant, symptomatic patients thus generally present mild flu-like symptoms with fever, fatigue, dry cough, lymphopenia. In a report implying more than 72000 patients in China, 81% of cases were mild but 14% presented severe symptoms including headache, vomiting, diarrhea, dyspnea and pneumonia leading to Acute Respiratory Distress Symptoms (ARDS) that required hospitalization and ventilation (Figure 21) 245,262,299 . 5% of these patients, being predominantly old men with comorbidities, developed critical symptoms including septic shock and multiorgan failure. Of them, 2.3% patients died within 16 days. Recently, a literature review reported the high incidence of systemic symptoms: along the pandemic, gastrointestinal complications represented between 11 and 53% of cases, and liver injury 15 to 53%, correlating with the disease severity 300 . While the majority of patients recover within 2 weeks 245 , some present a prolongation of symptoms after disease resolution defined as "Long Covid Syndrome". Extended lists of the common manifestations, complications and long covid symptoms can be found in Merad et al, 2022 301 andMehandru et al, 2022 302 . Hallmarks of severe COVID-19 disease include high serum levels of IL-6, TNF-α, IP-10/CXCL10 and MCP-1, among others 304,305 . The host determinants and mechanisms decisive on whether COVID patients develop mild or severe disease still need better characterization, however, several observations and hypotheses have been made.

The pathogenesis of SARS-CoV-2-induced pneumonia likely occurs in two phases. First, the viral phase is characterized by viral replication resulting in direct virus-mediated tissue damage, the extent of which determines the pathogenesis of the secondary phase. This second phase is characterized by the recruitment of effector immune cells causing local and systemic inflammatory response that can persist even after viral clearance 245,262,301 .

Several risk factors for severe COVID-19 have been identified and suggest an inability to mount a timely antiviral response and to control SARS-CoV-2-driven inflammation. Indeed, patients with mild symptoms seem to present a stronger line of defense within the alveolar macrophages. These cells, which survey the lumen of the respiratory tract, play an important sentinel role in the lungs by sensing and triggering potent antiviral immunity, through viral detection via TLR and RLR. They provide an adapted IFN and ISG-stimulated antiviral response, added to an adequate adaptive immunity involving CD4 and CD8 T cells.

On the contrary, alveolar macrophages are severely depleted in the lungs of patients with severe COVID-19, who display a delayed and imbalanced immune response leading to cytokine storm and multiorgan damages 301 . High IFN-I levels, devoid of ISG upregulation, can be observed in the lower airways of these patients 306 . This deficiency would lead to a rapid and uncontrolled viral replication during the initial steps of infection and a rapid systemic spread of the virus.

Additionally, SARS-CoV-2 induces ER stress, inflammasome and pyroptosis in specialized immune and infected cells, which enhances the production of proinflammatory cytokines (IL1β, IL6, IL8, IL18) and chemokines (CCL2) 260,262,307 . These molecules were shown to activate, recruit and sequester immune cells in the affected organs, therefore depleting their number in circulating blood as commonly observed in severe patients 301 . Added to the direct virus-mediated injury, inflammatory cytokines and infiltering effector cells (Natural Killers) degranulation contribute to vascular permeability, hypercoagulation and tissue damages 244,262,301 .

Nontheless, loss of function variants in loci that control TLR3-and IRF7-dependent type I IFN immunity have been identified in a small number of severe patients 308 and autoantibodies against type I IFN have also been identified in critically ill patients. These antibodies have been shown to contribute to the imbalanced adaptative immunity and delayed viral clearance 309,310,311 .

The exact contribution of viral loads in disease course is still unclear. Autopsies of deceased COVID-19 patients have revealed very little active viral infection and substantial accumulation of activated immune cells, suggesting that organ failure is unlikely to result from extensive viral-induced tissue damage but is instead caused by the over-activated immune system and vascular damage which are very commonin severe COVID-19 301 . Autopsy of COVID-19 deceased patients thus revealed extensive immune infiltrates in patients' organs, leading to alveolar damages, desquamation of pneumocytes, fibrin deposit in the lung and bronchiolitis. These airways damages were frequently accompanied by acute cardiac, gastrointestinal, renal and hepatobiliary injuries 245,252,301 .

As said earlier, the determinants and mechanisms involved in many of these mechanisms are still unknown, but predisposing risks have been recorded. Age is thus by far the strongest bias, the risk of developing a severe, if not life-threatening, COVID-19 sharply increasing from 60 years old onward (Figure 22). Diabetes and hypertension as well as chronic kidney disease and smoking were also reported, as chronic inflammation lesions could enhance and perpetuate the inflammatory cycle induced by severe COVID. Metabolic syndrome in diabetic and obese patients might also lead to complications as they would generally present preceding vascular damages and impaired tissue repair 252,301 The male predisposition and role of the renin-angiotensin system Clinical manifestations also differ with sex, men being at greater risk to develop severe COVID with male patients representing 73% of deaths in an early study of 113 cases in China 312 . A gender-joint systematic review of 47 studies including 21.454 patients later concluded in an overall higher ICU admission (22 vs 12%), disease severity (25 vs 21%) and mortality (11% vs 4%) rates in men versus female patients 313 .

The Renin-Angiotensin System (RAS) is primarily implicated in the regulation of blood flow by constriction and dilation of many organs vessels. It involves the Angiotensin-Converting Enzyme (ACE) which converts Angiotensin I (AngI) in Ang II. When binding to its AT1R receptor, AngII promotes various signaling cascades including local vasoconstriction, inflammation and fibrosis, while it has the opposite effect when binding to its AT2R receptor. The homolog of ACE, ACE2, converts AngII in Ang(1-7) which signaling attenuates the effects of inflammation and fibrosis through the Mas receptor (MasR) 314,315 . By binding ACE2, SARS-CoV-2 internalized the receptor by endocytosis, thus downregulating ACE2 expression at the cell surface. This phenomenon has been proposed to imbalance the RAS ACE/ACE2 ratio, promoting AngII-driven activation of the AT1R inflammatory pathway [316][317][318][319] . In the human testis, several components of the renin-angiotensin system have been described, including renin, ACE, MasR and AngII, which are expressed in Leydig, germ and sperm cells.

However, their physiological role in the testis physiology remains elusive 320 .

Although studies do not all agree, ACE2 is suspected to be upregulated by androgens in organs of male patients, as it was shown in primary prostate and lung cells 321,322,323 , promoting the initial steps of infection. On the contrary estrogen/progesterone upregulation of ACE2 expression, are conjointly believed to allow the receptor replenishment and maintain the RAS equilibrium post-infection 317,319,324 . Additionally, testosterone was shown to inhibit innate immune responses 325 whereas estrogen is believed to stimulate a better humoral and cell-mediated immunity 313,325 .

SARS-CoV-2 in the Male Genital Tract

Early in the pandemic, numerous studies collectively reported that ACE2 RNA and protein were highly expressed in the human testis when compared to other human tissues, including lungs 326,327 . These observations suggested testes might therefore be at risk of infection. In particular, Sertoli and Leydig cells, and to a lesser extend spermatogonia, expressed the most ACE2 RNA in the testis [328][329][330] . Coexpression of ACE2 and TMPRSS2 was reported over single cell RNA-sequencing (scRNA-seq) data in Spermatogonial Stem Cell (SSC) and elongated spermatids in some studies 329,331,332 . However, others did not confirm this finding 332,333 and emphasized the notable discrepancies between mRNA and protein levels 330 .

Testis of deceased patients who suffered from severe COVID-19 presented damaged morphology including interstitial edema as well as inflammatory infiltrates (T cells and macrophages) and reduced Leydig cell numbers. The seminiferous tubules displayed impaired spermatogenesis, degenerated germ cells, Sertoli cell swelling and vacuolization 115,334,335 . Scrotal discomfort and orchitis were also reported in few studies during severe acute phases of the disease [336][337][338] . Contrariwise, a study following 253 patients with mild symptoms did not observe any signs or symptoms of orchitis 339 .

Regarding of SARS-CoV-2 general physiopathology and the immune infiltrates observed, the literature tends to attribute testes impairment to inflammatory and autoimmune reactions, which would disrupt the BTB, allowing circulating leukocytes to enter the testicular parenchyma 340 .. Indeed, inflammation of the testis (orchitis) can disrupt the blood-testicular barrier and break the immune-privilege, leading to autoimmunity against spermatogenic cells, as exemplified following infection by Mumps virus, a testis-tropic virus [START_REF] Tortorec | From Ancient to Emerging Infections: The Odyssey of Viruses in the Male Genital Tract[END_REF] . Supporting this hypothesis, some studies reported abundant IgG precipitation in the seminiferous epithelium of COVID patients 115,335 . Nonetheless, 7 studies reported a total of 39/71 cases of SARS-CoV-2 RNA or protein detected in human testis samples of deceased patients, suggesting that this organ could be a direct target for SARS-COV-2 infection 115,116,334,335,[340][341][342][343] . The absence of detection of SARS-CoV-2 in the testes from approximately half of the other deceased patients may be due to a collection of samples too far from the acute infection and/or poor preservation of tissues and viral nucleic acids.

There are no proper longitudinal cohort studies and contradictory reports on SARS-CoV-2 shedding in semen. Out of hundreds of semen samples investigated 340 , about 10 tested positive in RT-qPCR during the acute phase of the disease 337,344,345,346 and 3 in recovered patients 346,347 . Of note, SARS-CoV-2 RNA was retrieved up to 81 dps in one convalescent man 347 . However, the few studies sampling semen after the early stages of infection mostly failed to detect the virus 340 and in case of positive results, some authors suggest the contribution of residual urine shedding. Indeed, the urinary and genital tracts join in the urethra and SARS-CoV-2 was frequently recovered from urine 348 .

In a large portion of cases, patients presented substandard semen quality, including decreased sperm concentration and total number per ejaculate, decreased motility and altered morphology 337,349,350 along with high leukocyte counts and inflammatory cytokines (IL6, TNFα) 115 . Alterations of semen parameters were more pronounced in severe cases 337,340,351 although they have also been reported in patients with mild symptoms 349,352,353 . Several studies showing that the alterations of the semen parameters correlated with fever and disease severity suggest a systemic impairment 120,337,340,351 . Indeed, fever is the most common symptom of COVID-19 and an increased body temperature can hinder spermatogenesis and affect the quality of sperm up to 3 months 119,354,355 which correlates with long-term alteration of semen observed in one longitudinal-study 356 .

Multiple studies on COVID-19 patients have reported a decrease in blood testosterone levels after SARS-CoV-2 infection 357 . Low testosterone levels in patients correlated with disease severity and were associated to elevated markers of systemic inflammation (IL1β, IL6, IL4, TNFα) during acute disease 117,123,124 . Elevated concentrations of LH were associated with low to normal testosterone levels (the latter defined as compensated hypogonadism) in a subset of COVID-19 patients. Primary hypogonadism was thus evidenced in these mild to moderately infected patients, indicating a direct testicular failure 116,117,340 . However, 69 to 75% of severely infected patients from 3 studies presented concomitant low levels of LH 117,123,125 suggesting a secondary hypogonadism resulting from a dysregulation of the hypothalamic-pituitary-gonadal (HPG) axis. The association between elevated markers of systemic inflammation and low levels of testosterone levels concomitantly to low levels of LH further point at an indirect effect of the infection onto the testis in these patients 117,334,358 . In large cohorts of men with moderate to severe COVID-19, FSH levels globally remained within normal values during the acute stage of infection, and inhibin B was unchanged in most patients 125,359 , suggesting that Sertoli cells functions were not affected.

Although prostate express high level of TMPRSS2 along with concomitant low expression of ACE2 in hillock and club cells 328,360 , all prostatic fluid tested until January 2021 were negative 340 .

In animal models, hACE2-expressing transgenic mice presented infected Sertoli cells until 6 dpi 361 and SARS RNA was detected in Syrian hamster testis up to 28 dpi without major histopathological impacts 362 . However, another study on Syrian hamsters described a drastic drop in sperm count and testosterone levels shortly after infection, accompanied by immune infiltration. These symptoms were not correlated to an extensive infection of testicular cells but triggered long-term testis damages, including Sertoli and Leydig cells necrosis. These led to reduced testosterone and inhibin B serum levels up to 120 dpi 363 . In a non-human primate model, SARS-CoV-2 was detected by PET/CT scan imaging in macaques' seminiferous tubules up to 2 weeks post-infection, along with epididymis and prostate infection, as well as immune infiltrates 364 .

Viral replication was evidenced over 72h post-infection of hamster testis ex vivo cultures, and human primary Sertoli cells supported low levels of viral replication in vitro 362 . These two examples represent the only reports of SARS-CoV-2 replication in testicular cells.

Overall, only sparse and controversial evidences suggest that SARS-CoV-2 could directly infect the testis and be shed in semen of mildly infected patients. Also, the direct impact of the testis infection (over systemic inflammation) on sperm and hormonal parameters of patients are uncertain. The investigation of the testicular infection in human by SARS-CoV-2 would therefore help understanding the consequences of infection on the patients' reproductive health and functions.

Objectives

Emerging diseases are defined as "infections that have newly appeared in a population or have existed but are rapidly increasing in incidence or geographic range". Among these, up to 44% are due to RNA viruses [START_REF] Carrasco-Hernandez | Are RNA Viruses Candidate Agents for the Next Global Pandemic? A Review[END_REF]365 . Their adaptation and evolution processes allow them to extend their host and organs tropism, and escape immune recognition and responses. These capacities can lead in the use of more efficient transmission routes and in the establishment of persistence in target organs [START_REF] Carrasco-Hernandez | Are RNA Viruses Candidate Agents for the Next Global Pandemic? A Review[END_REF] .

Understanding and predicting the multiple modes of transmission of emerging viruses is key to control their spreading. Sexual transmission through semen, is particularly challenging as exemplified by the HIV pandemic still ongoing, and a concern for future epidemics. Nowadays, over 30 contemporary and emerging viruses have been reported in semen. A subset persists in this fluid for extended duration despite systemic clearance. The sexual transmission of viruses is a major concern for public health, as illustrated by the spreading outside endemic areas of ZIKV or the triggering of epidemic resurgence of EBOV. Viral infections of the immune-privileged testis have great potential to constitute a source of persistent virus. In addition, it can trigger a number of deleterious consequences on the reproductive and endocrine health of infected men, and impact not only partner but also their offspring. However, for most viruses excreted in semen, their tissue of origin is still undetermined and their effect on male functions poorly characterized 366 .

Two emerging viruses from distinct single strand RNA viral families have recently re-emerged (ZIKV) or emerged (SARS-CoV-2):

In 2015-2016, Zika virus, a flavivirus first isolated in 1947 in Uganda, was responsible for a major outbreak in the Americas. Although it is primarily transmitted by mosquito bites and originally provoked self-limiting febrile illness, the virus was unexpectedly found to be transmitted vertically as well as through sexual contacts. ZIKV was found to be shed in semen for over a year post-symptoms onset 367 and our lab demonstrated that ZIKV replicates in the human testis 368 . The organ and cellular reservoir responsible for the prolonged seminal excretion of ZIKV were unknown. A goal of my thesis was to decipher the role of the testis in this persistence.

In December 2019, a new beta coronavirus, SARS-CoV-2 rapidly spread around the world, causing the COVID-19 pandemic. Although it is primarily a respiratory virus, SARS-CoV-2 was found to infect several organs beyond the lungs. Many studies reported the high expression of its receptor, ACE2, in the testis when compared to other organs. In COVID-19 patients, alteration of semen and hormonal parameters have been reported in a number of studies, along with damaged testicular morphology observed at autopsy. Although SARS-CoV-2 RNA and proteins were detected in the testes of a subset of deceased patients and in some animal models 340,369,370 , there has been no formal evidence that SARS-CoV-2 replicates in the human testis and directly alters its functions and morphology. In this context, I was involved in a project aiming at determining the infection of the human testis and semen by SARS-CoV-2.

The first step of viral infection is the viral entry, which consists in the recognition and binding of a virus to its cell receptor(s), and in some cases, involves the cleavage of the virus fusion protein by specific cellular proteases. Viral tropism, and in turn cell and organ susceptibility, are thus firstly driven by the availability of such entry factors at cell surface 371 . The mapping of viral entry receptors in testicular cells can therefore give an insight into the potential for a given virus to infect this organ.

To this end, I conducted an in-silico analysis of the expression of receptors proven to mediate the entry of several emerging viruses.

Altogether, my thesis covered 3 stages of the infection process, each corresponding to a chapter of my results: The table shows viral loads, cell concentrations in semen and percentage of infected non sperm cells within each cell type (black value) or related to the total number of infected cells (blue italic value) counted on the semen smears using NDPview software. Slides were immunolabeled as we described [START_REF] Woolhouse | RNA viruses: a case study of the biology of emerging infectious diseases[END_REF] 

I. Viral persistence of ZIKV in the testis

General Discussion and Perspectives

The aim of my PhD was to characterize the infection of the human semen and testis by two emergent viruses, ZIKV and SARS-CoV-2, and to implement an analysis of the expression of putative receptors for a range of emerging RNA viruses in the testis.

For this, I used a mix of approaches, spanning from organ and cell culture (experimental approaches) to literature search and data mining in RNA-seq data bases (in silico approaches).

I discuss below the advantages and limits of these approaches as well as the perspectives they offer.

I. Experimental approaches A. Cell lines and isolated primary cells

Cell lines have the advantage of being a cost-effective, easily accessible material which allows experimentations in a controlled environment with good reproducibility. In particular, it allows at single cell type level the characterization of molecular mechanisms which could not be studied in a multicellular environment. However, immortalized cells have usually been passed many times, and often present distinct characteristics to their primary cell's counterpart. In turn they frequently fail to accurately reproduce surface proteins or the innate immune system 372,373 . Primary cells, while keeping their physiological characteristics, can be challenging in long-term cultures. Indeed, when isolated, Leydig cells rapidly lose their steroidogenic capacities 374 . Yet, they can be maintained up to a month when co-cultured with Sertoli cells 375 For primary germ cells, a major challenge for their study is their low survival rate outside the testicular environment, as they require physical contacts and paracrine exchange with feeder somatic cells for their maintenance and development. To overcome this challenge, we use a specific StemPro-34 medium supplemented with supplemented with vitamins, antibiotics and growth factors, allowing their maintenance in culture up to 15 weeks 376 .

The isolation and short-term culture of TGC enabled us to assess their permissiveness to SARS-CoV-2. Indeed, while a few TGC expressed ACE2 and were infected in testis explants, isolated cell cultures confirmed they did not sustain productive infection. On the contrary, Leydig and Sertoli cells were the main cells infected in testis explants. It would be important to assess their respective innate immune responses and ability to produce infectious virions in future experiments, in order to determine their contribution to the testis explants viral titer and in the decrease in infectious virions observed at the end of the 9 days culture period. As a first approach we could (i) compare the viral replication dynamics by RTqPCR and plaque assay in these cells separately; (ii) compare the innate immune responses triggered by infection, using RTqPCR and Western Blot. In order to further characterize potential differences, a single cell RNA sequencing (scRNA-seq) approach could be implemented in order to decipher the modulation of host factors potentially implicated in the restriction of viral replication in each cell type. SARS-CoV-2 receptor, ACE2, is part of the Renin-Angiotensin System (RAS). It converts Angiotensin (Ang) II into Ang (1-7), which interacts with the Mas receptor to regulate blood pressure 377,378 . While the role of RAS in the testis is unclear, ACE2 (as we showed) and Mas are expressed by human Leydig cells 379 . The deletion of Mas in mice affected the expression of steroidogenic enzymes such as STAR, which was downregulated upon infection in our experiments 380 . In men, the downregulation of ACE2 in Leydig cells correlated with spermatogenesis impairment 379 , suggesting the binding of SARS-CoV-2 to ACE2 on Leydig cells could be involved in the alterations of testicular functions reported in men with Covid-19. Since ACE2 is internalized upon infection by SARS-CoV-2 381 , infection of Leydig cells could impact ACE2 expression at the cell surface, in turn impairing Ang (1-7) conversion and Mas activation. This would result in steroidogenesis inhibition, and ultimately lead to spermatogenesis impairment. Our RT-qPCR and IHC experiments on testicular explants cannot assess differences in the intracellular localization of ACE2 during infection. Experiments on isolated Leydig cells would allow us to perform confocal microscopy upon ACE2 immunofluorescent staining (i.e.

immunocytochemistry) to follow the potential receptor internalization at the cellular level upon infection, and verify its potential downregulation by Western Blot. The cell-specific dynamic of ACE2 expression at the cell surface might indeed explain the decrease in the expression of steroidogenic enzymes. The implication of ACE2 downregulation in the steroidogenesis inhibition via the RAS could also be explored in isolated Leydig cells through the knockdown of ACE2 by a silencing RNA (siRNA). This way we could check the impact of ACE2 downregulation on the transcription of steroidogenic enzymes and testosterone production.

Another aspect that would require further investigations in isolated cells is that of the impact of SARS-CoV-2 on the blood testis barrier. When polarized, cell lines and their primary counterparts can reproduce epithelial and endothelial barriers in vitro. This way, SARS-CoV-2 was shown to cross the human blood-brain barrier via infection of Brain Microvascular Endothelial Cells (BMEC) without disruption of the tight junctions 382 . Accordingly, using a human Sertoli cell line, ZIKV was reported to cross the Sertoli Cell Barrier (SCB). Its permeability was disturbed by inflammatory mediators released by co-cultured infected blood-derived macrophages 383 . In the case of SARS-CoV-2, we showed that Sertoli cells are infected by the virus. SARS-CoV-2 might be released in the seminiferous tubules through the polarized excretion of virions at the adluminal side of Sertoli cells. A polarized culture of infected Sertoli cells would help to determine whether SARS-CoV-2 excretion takes place on the apical and/or basal side of these cells, providing it occurs. Using RT-qPCR on Sertoli cell markers and IHC against ZO-1, the Sertoli Cell Barrier (SCB) did not appear to be disturbed by infection during our culture time frame. However, as undertaken for ZIKV, an in vitro SCB model would benefit the investigation of the Sertoli cell tight junctions upon SARS-CoV-2 infection, and the risk for leukocytes to infiltrate the seminiferous tubule and attack the antigenic TGC. Indeed, leukocyte infiltration is believed to be an essential aspect of the adaptive immune response in SARS-CoV-2 pathology 384 . In our experiments, their attraction to the testis can only be hypothesized based on the analysis of the chemokine expression by testis explants upon infection. In that matter, innate proinflammatory responses were restricted to CXCL10 upregulation. This chemokine is involved in the attraction of leukocytes, such as macrophages and NK cells 385 which, upon activation, secrete several effector molecules implicated in the disturbance of the SCB 383 . Therefore, a SCB model, in a Boyden chamber for example, could help us in two ways. Firstly, to better characterize the permeability of the barrier, by measuring its transepithelial electrical resistance upon infection or in coculture with blood-derived leukocytes. Secondly, to explore the potential chemotaxis of bloodderived leukocytes across the SCB. By co-culturing a polarized SCB with leukocytes in the upper chamber and filling the down chamber with medium containing the chemokines of interest, the transmigration of leukocytes could then be explored by immunofluorescence techniques for example. However, the culture of primary human Sertoli cells is not established in the team and only work in a commercial cell line has been published by other authors. This cell line may not accurately reflect Sertoli cells in their tissue environment. For instance, commercial Sertoli cells were readily infected by ZIKV 383 , whereas we only observed poor infection of Sertoli cells in the testis explants.

B. Organotypic cultures

Unlike isolated cells, organotypic cultures better mimic the physiological context, since the organs keep their tissue architecture and the cells bath in their microenvironment influenced by cell-cell interactions and secretions. This model is of particular interest when accessibility to organs via autopsy is limited (e.g. with ZIKV infection). Also, it is advantageous when the disease studied includes systemic inflammation, intrinsically triggering multi organs failure (e.g. with severe SARS-CoV-2 infection). Indeed, with the goal of studying the direct impact of viral infection on the organ, ex vivo models overcome the systemic influences of fever or disturbance of the hypothalamicpituitary axis for instance, which both impair testicular functions 366 . However, while infection parameters are controlled for reproducibility, it cannot fully reproduce the physiological conditions of viral load and penetration through the vasculature into the organ, nor the role of the acquired immunity in the tissue disruption. Viruses coming from the vascular system have to pass several physiological barriers before infecting their target cells (i.e the endothelial BTB followed by the actual SCB in the case of the testis). In contrast, the explants are "openly exposed" tissues which cannot resume the actual course of infection. Additionally, while being free from systemic influence can be an advantage in the investigation of direct impact of infection on the organ, it can also be seen as a downside since the overall physiopathology of the disease is not resumed. As mentioned earlier, leukocyte infiltration is most probably an important aspect of SARS-CoV-2 pathology.

Another limitation of organ explant is that the tissue integrity is only preserved for a limited duration, here up to 2 weeks for testis explants, after which TGC start to degenerate 386 . As a consequence, we could not pursue the observation of the effect of SARS-CoV-2 infection on Leydig cells, as the first significative alterations of the steroidogenesis (i.e. the significant decrease of STAR and CYP11A1, involved in the first steps of the cascade) were only observed at the end of the culture at 9 dpi. This observation was accompanied by a tendency for decreasing expression of downstream actors of the steroidogenesis and decreasing testosterone secretion. However, the causality link between these observations could not be confirmed in later times. Therefore, testosterone production impairment by infection can only be hypothesized upon the observation we made on a patient's cohort. In order to link the decreased expression of STAR and Cyp11A1 to an upcoming decreased of testosterone production, the precursors (e.g. pregnenolone, progesterone etc.) of the testosterone in the steroidogenesis cascade could be examined.

To this end, our model would benefit from an extended culture time. Experiments based on the use of microfluidic devices are currently undergoing at the lab. Komeya et al. reported in 2016 the development of a microfluidic system mimicking blood flow. This system maintained the integrity and spermatogenesis of mice testicular explants in culture for up to 6 months 387 . Therefore, this system could help investigate the long-term effect of infection on steroidogenesis and possibly spermatogenesis. Moreover, it might enable to analyze the chemoattraction of leukocytes to the testis by adding these cells to the mimicking blood flow and examine their infiltration into the explants by IHC.

C. Animal models

Animal models represent a chance to gather the controlled experimental design, organ accessibility, and systemic physiopathology criteria. By a controlled inoculum in a controlled environment, these models allow the study of the early steps of infection, its evolution and spread, and the establishment of immune responses; all of which are hardly possible during natural infection. For these reasons, they are also used as models for drugs and vaccine testing, as not being subject to external inputs which might interfere with the treatments. However, animal models such as NHP, which are physiologically the closest to humans, are expensive and interindividual genetic differences also occur, so that a sufficient number of individuals are needed to reach statistical significance, which raises ethical concerns. Animal models including NHP also generally fail to fully reproduce the pathogenesis spectrum and the virus transmission routes and virus tropism for human organs and cells.

Differences with humans can occur at several levels: Entry factors may differ between animals and humans. As an example, until the N501Y mutation of the last SARS-CoV-2 variants 253,388 , the previous strains had low affinity to mouse ACE2, and mice could not be efficiently infected by wild type SARS-CoV-2. Transgenic humanized mice, genetically engineered to express the human ACE2, had to be used to reproduce infection and amount the pathological severity observed in patients 389,390 . However, ACE2 expression in these transgenic mice is driven by a specific promoter (eg CK18 for expression in epithelial cells) and thus does not reflect natural expression in various cell types.

Immune responses and viral counteractions are not the same either. For instance, wild-type mice are normally resistant to ZIKV, the replication of which is efficiently inhibited by murine type I IFN. In humans, type I IFN signaling is counteracted by the virus NS5 protein 391 . As a consequence, productive infection can only be resumed in INFNAR-/-mice in which the receptor for IFN has been knocked out. This model thus cannot recapitulate the overall immune response one might be seeking in an animal model.

Pathogenesis is also frequently different. For example, while NHP models display an overall similarity in ZIKV susceptibility and immunological responses 392,393 ZIKV viremia is lower than in humans and the course of disease is milder. The virus is only occasionally detected at low level in the testes 366 .

Additionally, infection of the IFNAR-/-model with ZIKV leads to high levels of systemic inflammation and to the death of the animals upon very high levels of replication. A broad testicular proinflammatory response and extended damages in the testis (atrophy, orchitis, leukocyte infiltration) is observed in IFNAR-/-mice, which were never reported in clinical cases 366,368 . Besides, mice death upon infection was commonly associated with viral neuro-dissemination, which was not observed in human 394

Lately, other rhesus and cynomolgus macaque models harbored ZIKV RNA and infectious particles in the MGT until the end of the study protocol at 60 dpi. ZIKV was found in TGC and Sertoli cells, epididymal duct epithelium and glandular epithelia of the seminal vesicle and prostate gland.

Infectious particles mostly persisted in the epididymis and seminal vesicles 395 .

When exploring the infected cells in the semen of ZIKV patients, we evidenced infected exfoliated epithelial cells and leukocytes, which tissue origin is unknown 396 . NHP models could contribute to the understanding of their source in the MGT. In that respect, the team previously undertook a phylogenetic comparison of the strains present in semen and MGT organs from six SIV-infected animals, which revealed that the epididymal and seminal vesicles are a source of free virions and infected cells shed in semen. However this tissue source varied among individuals, and thus does not exclude the implication of additional MGT organs in other individuals 397 .

Additionally, the downregulation of ACE2 we hypothesize in Leydig cells upon SARS-CoV-2 infection would also trigger an imbalanced blood pressure. This might increase the testis capillaries permeability 398,399 and participate in leukocytes infiltration. Added to the decrease in testosterone production, it would trigger testis inflammation and threaten the TGC survival. This comprehensive model cannot be implemented in cell or organotypic culture and animal models are required to explore this aspect.

D. Clinical studies

Clinical studies are, obviously, the most accurate in terms of physiological reality. They allow a comprehensive overview of a virus dissemination in its host, its pathology, the immune responses triggered and its transmission routes across human populations.

The access to semen from ZIKV infected men during the acute stage of infection and up to 160 days post-symptoms allowed us to validate our ex vivo findings of ZIKV 368 and SARS-CoV-2 infection of the testis, and to delineate the testicular origin of cells sustaining prolonged ZIKV infection in semen 396 . It also enabled the study of semen parameters in ZIKV patients 400 . However, while some fluids (blood, saliva, semen…) are easily sampled to detect viral infections and shedding, in situ detection in organs of patients generally requires biopsy (which is an invasive, not essential procedure) or autopsy, which is possible only in case of a deadly disease. Autopsy enables the assessment of specific organs infection and pathology. However, it is representative of the overall course of the disease, which consequences can be driven by infection itself, systemic inflammation and fever, as well as coinfection and comorbidities. Medications can also affect the organs functions and morphology.

Analgesics (e.g. ibuprofen) for example, were showed in our laboratory to exert antiandrogen effects, through the direct repression at the transcription level of the steroidogenic cascade in Leydig cells 401 .

Blood sampling allows the follow up of viremia as well as several health parameters including proinflammatory cytokines, circulating immune cells, and sexual hormones. By measuring the hormonal blood levels of 7 SARS-CoV-2 patients without co-morbidities, we could witness decreased testosterone levels when compared to European standards 402 at times corresponding to 3-10 days post symptoms onset (dps), for an average 8-15 days post infection (dpi) if calculated with a 5 days average incubation period. This testosterone decrease was accompanied by LH levels within published normal ranges, indicating a specific affection of testosterone-producing Leydig cells rather than a deregulation of the hypothalamic-pituitary-gonadal axis by systemic inflammation or fever.

These in vivo results thus correlate our ex vivo findings and allow us to extrapolate at later times the tendency for decreased testosterone production we observed upon testis infection. This hormonal dysregulation was transient, as testosterone blood levels increased 6-9 days later, which might suggest transient infection of the organ. However, while these findings resume the ones reported by Enikeev et al. 369 , our study presents several flaws. Indeed, with the aim of overcoming comorbidity bias, we only selected previously healthy patients from the French COVID cohort, ultimately representing a very small sample of the population, which will require confirmation studies in more patients. Also, this patient's cohort did not comprise noninfected controlled individuals to which hormonal levels could be compared. While we sought to compare our results to literature "reference ranges" of population resembling our patients in age and ethnicity, all inclusion criteria (e.g. drug history, BMI) might not be equivalent. Also, a direct effect on the testis of fever or medication for instance cannot be ruled out. SARS-CoV-2 RNA, even though only detected in the semen of patients in a subset of studies, was detected in the seminal plasma rather than the cellular fractions (i.e. spermatozoa pellet) 403 . Its origin in this fluid is unclear and some authors have casted doubts on its MGT provenance.

Nonetheless, our analysis of a semen sample from a man acutely but mildly infected, revealed the presence of infected Sertoli cells. This result confirms the in vivo infection of the human testis by SARS-CoV-2 as well as its ability to be shed in semen early in the infection dynamic.

To date there is no evidence of SARS-CoV-2 persistence in the MGT. However, since most studies focused on the acute phase of the disease 340 , the possibility of intermittent and prolonged shedding in the semen of a subset of men deserves further investigations and is currently under investigation.

Nevertheless, no infectious virus could be rescued in the attempts from a couple of studies 340 . This, together with the low rate of detection of SARS-CoV-2 in semen, makes sexual transmission of SARS-COV-2 unlikely or at very low incidence.

E. Contribution of the conventional approaches

Altogether, our ex vivo and in vivo complementary approaches revealed the testis tropism of ZIKV and SARS-CoV-2. We also confirmed ZIKV prolonged shedding in semen and characterized the nature of the infected cells (e.g. germ cells, epithelial cells, monocytes and macrophages) and the duration of their infection in patients. Regarding SARS-CoV-2, we unveiled its primary testicular target cells, ie Leydig and Sertoli cells; as well as the probable receptor involved in their infection (i.e ACE2). We evaluated the direct impact of infection on Leydig cells function and link it with patients impaired steroidogenesis. Our results suggest that the infection is transient, possibly dampened by the antiviral response triggered in the testis and/or by intrinsic restriction factors or cell deficiency impairing the release of infectious virions. As detailed above, further experimental approaches will help to refine the mechanisms involved during testis infection and their consequences for the organ homeostasis.

F. Limits of the conventional approaches

In order to decipher the mechanism underlying the infection of ZIKV main target cells in the testis (i.g germ cells and macrophages), during my PhD I aimed to determine the availability of host receptor(s) for ZIKV entry. Using flow cytometry on dissociated cells from human testis explants, I explored the expression of ZIKV main receptors, namely the TAM and C-type lectins families. While AXL, MERTK and DC-SIGN (CD209) proteins were detected in testicular macrophages, none were detected in TGC.

In these cells, our initial experimental approach thus failed to unveil entry factors.

In this context, we aimed at uncovering candidate receptors for ZIKV in TGC and predicting new receptors potentially involved in infection by other viruses, using in silico approaches.

II. In Silico approaches

A. Unveiling viral entry factors expression in the testis through scRNA-seq analysis

With the initial goal to extend the list of potential receptors for ZIKV, we searched for putative receptors reported in the literature and for receptors used by other viruses of the Flavivirus genus.

The scRNA-seq approach evidenced the transcription in the testis of newly discovered receptors for ZIKV (e.g. NCAM1, EGFR, Integrin αVβ5) as well as receptors involved in other Flaviruses viral entry (e.g. MRC1, CLEC4M, PHB etc.) that we later investigated.

While exploring SARS-CoV-2 infection in the testis, we found that the virus could infect peritubular myoid cells, albeit at a low frequency. These cells did not express ACE2 as per IHC experiment. ScRNAseq data analysis helped hypothesizing the putative receptors involved in the infection of these cells (i.e. AXL, BSG, VIM, TRFC, NRP1).

To extent the benefit of this approach, we used it as a tool to predict the potential testis susceptibility to emerging viruses. This approach aims at giving a global in silico picture of putative entry factors expressed by the different testicular cell populations for a wide range of viruses from distinct families.

The human testis being a source of prolonged infection and seminal shedding, this entry factor mapping is a first step towards the prediction and in turn the anticipation of emerging viruses' infection in the testis and seminal excretion. Using this approach, we uncovered several receptors potentially involved in the infection of the different testicular cell types by a variety of viruses.

Interestingly, when analyzing the receptors most broadly expressed in the human testis, a striking result was the transcription of the majority of Enteroviruses receptors. Only few reports isolated Coxsackie viruses (CV-A6 and CV-B5) in patients' testis and epididymal fluid 366,404 , while Poliovirus efficiently replicated in human testicular tissue in vitro 405 . Otherwise, Enteroviruses do not typically present a genital tropism 406 . In the same way, the receptors of neurotropic Flaviviruses, MAYV, WEEV, LCMV and SARS-2 are also well expressed in the testis and many viruses reported in the human MGT are neurotropic 366 . Viral trafficking between this system and the central nervous system via nerves has been described 112,407 . Also, a recent study reported 81% overlapping in the brain and testis proteome, reporting proteins involved in spermatogenesis, neuronal development as well as peripheral nervous system maintenance and transmission 408 . These observation raises the question of a potential viral trafficking between the CNS and testis, both immune-privileged organs, and whether this trafficking might be involved in the persistence of neuro-tropic viruses in the human body, as is the case for Herpesviruses 366,409-411 . However, this approach, while being a great source of information for further research, also presents several gaps and flaws.

B. Gaps and flaws of the scRNA-seq approach

Thus, a number of issues can be raised:

1) The restriction of our research to medically important viruses is leaving aside animal viruses, of which more than 30 are already known to infect their host MGT 366 . Knowing that 75% of emergent viruses are zoonotic, some of them could soon cross the species barrier and potentially infect human testis too.

2) Working on emerging viruses implies they are, for most, understudied. Thus, information on their tropism, receptor usage and mechanism of infection are often incomplete or poorly understood.

3) We sought to integrate to this study only the entry factors which were proven to be used by a given virus via gain and loss of function experiments, resulting in an increased or decreased viral entry into target cells. This method thus excludes entry factors that were only proven to have binding abilities to viral proteins (e.g. GRP78 with SARS-CoV-2 Spike 412 ) or which only belongs to the family of proteins involved in the virus entry (e.g. the TAM receptor MERKT and ZIKV 413 ). While seeking to be accurate, this method could be considered too stringent for an initial approach, which intrinsically requires further confirmations of entry factor usage and involves understudied viruses. Besides, some published information might also have been missed during our literature review.

4) The study of entry factors transcription was based on a single chosen dataset. While this dataset has already been used to describe the expression of ACE2 entry factors in Sertoli cells 414 , as for every dataset, some discrepancies with other published datasets exist. For instance, while studies using Guo et al. 415 (used in Stanley et al., 2020 416 andHikmet et al., 2020 417 ) or Hermann et al. 418 (used in Zhou et al., 2020 419 andWang et al., 2020 420 ) datasets showed a good expression of ACE2 in Leydig cells and spermatogonia (SPG), the Wang et al. 421 dataset used in our study did not reproduce this result. However, the difference in ACE2 expression among different datasets could be explained by the fact that most studies used data merging Sertoli and Leydig cells for their interpretation 417,419,420 .

Therefore, this approach would greatly benefit from a participative mechanism in order to be continuously updated by the scientific community, as new entry factors use are continuously confirmed, and new scRNA-seq data become available. In this regard, a website similar to the Reprogenomic Viewer 422,423 (https://rgv.genouest.org/), for genes involved in reproduction, would be a long-term goal to achieve in order to propose an up to date and ergonomic (easy to read) source of information. In this regard, to complete the interpretation of the testis cells susceptibility to our list of emergent viruses, we are currently working on a virus-cell interaction network figure which would display an overview of all viruses possibly infecting one cell, and all the cells potentially susceptible to one virus at the same time.

While this approach initiates the prediction of a cell susceptibility based on the expression of entry receptors in a given testicular cell type, studies have shown that some entry factors could work "in Sulfate Proteoglycans (HSPG) and MRC1 respectively. These results need to be confirmed in more donors and the investigation extended to putative entry receptors, using RNA silencing or CRISPR/Cas 9 approaches to more specifically target the gene of interest. Methodological issues will first need to be resolved, as efficient transfection of TGC is not achieved using conventional approaches (e.g. lipofectamine or VSV-G pseudotyped lentiviral vectors).

Additionally, when predicting the susceptibility of the organ upon expression of viral receptors, validation of infection by prototypic viruses of interest would be necessary to analyze the solidity of the model. In that respect, while ZIKV infection of the human testis and seminal shedding has been demonstrated through a number of case reports and cohorts' studies, only isolated case reports have described the seminal shedding of YFV and DENV. Two cases of sexually transmitted DENV were reported and WNV suspected to be sexually transmitted once. Nevertheless, JEV is shed in the semen of pigs 366 . Based on these observations and the fact that many receptors are shared among Flaviviruses (and broadly transcribed in the testis according to our scRNA-seq analysis), our team is currently investigating the infection of human testis explants by these viruses. The preliminary results

show differences in the dynamic of infection and viral loads between each other and with ZIKV. These differences could be explained, as a first step, by differential entry mechanisms, generally involving structural proteins. In that respect, and with the aim to identify the viral proteins involved in the testicular infection disparity; we started to develop chimeric viruses by substituting the structural proteins (i.e. prM-E and C-NS1 generally involved in entry of Flavivirus into cell) of ZIKV (having a broad cellular tropism in the testis) with the ones of the other Flaviviruses. The intention is to use these viral chimeras for infection of our tissue and cells of interest in order to determine the involvement of the structural protein-receptor interaction, involved in the differential tropism of Flaviviruses for the testis.

Investigation of the replication and restriction factors

Viral tropism is defined as the ability of a virus to infect a distinct group of cells in the host 371 . The ability of a given virus to counteract the immune response is another important parameter for efficient replication and is generally mediated by nonstructural proteins (NSP). The functions of NSP diverge among Flaviviruses. As an example, ZIKV, DENV, WNV and JEV but not YFV NS2B3 cleave the STING protein thus impairing the infected cell ability to induce ISG through this pathway 427 . Furthermore, while WNV uses the same receptors as DENV, of which some (MERTK, TYRO3, CLECL4M) are well transcribed in Sertoli cells, only WNV seems to replicate efficiently in this cell type 383 . Therefore, the investigation of the nonstructural proteins of Flaviviruses involved in tropism is warranted and we seek to additionally produce NSP chimeras. These would help determine the involvement of the NSP-host factors interaction, at the replication step, in the differential tropism.

Finally, the scRNA-seq approach can be complementary used to determine the facilitating and restricting host factors expressed in each cell type. Indeed, the team recently showed cell-specific differences in the innate immune responses to infection of the testis (Kuassivi et al, submitted). Thus, human peritubular cells were able to mount a strong innate immune response to a range of viruses and stimuli, whereas TGC were devoid of antiviral responses. A scRNA-seq characterization of the different cell types' host factors, in a baseline manner and upon infection with viruses, would help deciphering the molecular signatures associated with viral clearance or persistence in a given cell type.

Alternatively, the use of scRNA-seq would also help drawing the transcription profiles of the infected cells in semen. The comparison with the one of equivalent cell types within the different MGT organs would help inferring the source of shedding. The same could be done on the virus, with the phylogenetic comparison of the seminal strains with the ones retrieved in the different organs 397 .

Overall the scRNA-seq approach provides an overlook on the human testicular cell types 

Conclusion

In conclusion, the work undertook during my PhD contributed to characterize the prolonged excretion of ZIKV in semen and the tropism of SARS-CoV-2 for the human testis. Thus we demonstrated that the testis is a reservoir for ZIKV in semen. Importantly also, we detected prolonged shedding of infected epithelial cells and leukocytes, which indicates that other MGT organs harbors ZIKV for extended duration. The exact source(s) of these cells will need to be determined.

Using an ex vivo culture of human testis explants, we revealed the replication of SARS-CoV-2 in this organ (i.e. Leydig and Sertoli cells mainly). Although infection appeared to impact Leydig cells steroidogenesis, viral replication declined over time, suggesting that the testicular infection may not be sustained. The COVID-19 patients analyzed here presented a transient primary hypogonadism, which is in support of a direct impact of SARS-CoV-2 infection onto the testis. Furthermore, infected Sertoli cells were detected in the semen of a patient, confirming SARS-CoV-2 tropism for the human testis in vivo.

Besides, I initiated the analysis of the expression of emerging viruses entry factors in the testis. Using a single cell RNA sequencing approach, we sought to predict the susceptibility of the different testicular cells to a range of viruses. Complementary analyses are needed to validate the relevance of these findings and determine the expression of facilitating and restricting factors of infection.

Nevertheless, this work constitutes an initial step towards the characterization of the testicular tropism of emergent viruses, and an informative database to guide future research.

Overall this work contributed to a better understanding of the human testis infection and susceptibility to emergent viruses. As evidences accumulate on their ability to be shed in semen, and to be sexually transmitted, predicting and characterizing the source of shedding is key to control their spreading. The immune-privileged testis appears as an important site for prolonged infection and excretion. Understanding the mechanisms underlying viral entry and prolonged infection of the testis is crucial to prevent and anticipate the consequences of emerging viruses onto men's reproductive health and for viral spreading. Abstract: Sexual transmission of viruses is a major public health concern. Over 30 contemporary and emerging viruses have been reported in semen, and some are excreted in a prolonged manner despite systemic clearance. The testis, as an immuno-privileged organ, is suspected to be responsible for this prolonged shedding. To date, the tissue origin of most viruses excreted in semen, as well as the effect of these infections on male fertility and the endocrine system, remain poorly characterized. In a recent epidemic, Zika virus (ZIKV), an emerging arbovirus, was unexpectidely found excreted in semen of patients over a year post-symptoms onset (dps). Our team revealed that ZIKV replicates in the human testis. My work contributed to the identification of infected testicular germ cells in patients' semen up to 160 dps, indicating that the testis is a reservoir for ZIKV. SARS-CoV-2, a novel betacoronavirus, is responsible for an ongoing pandemic. Its main entry receptor, ACE2, is highly expressed in the testis, and changes in hormonal production and sperm parameters have been observed in infected men. My work indicates that SARS-CoV-2 replicates in the human testis ex vivo and that it mainly targets Leydig and Sertoli cells, impacting the transcription of steroidogenic enzymes. The detection of infected Sertoli cells in a patient's semen confirms testicular infection. Finally, to help predict the susceptibility of the human testis to other emerging viruses, I have compiled a list of viral receptors and analyzed their expression in testicular cells using single cell transcripomic data (scRNA-seq). Altogether, my PhD work has thus contributed to unveil the interactions between emerging viruses and the human testis.

Annexes

  rapidement propagé dans le monde entier, provoquant la pandémie de COVID-19. Il s'agit d'un bêtacoronavirus dont le génome à ARN simple brin code pour les protéines structurelles formant la particule virale, ainsi que 16 protéines non structurelles et 11 protéines accessoires impliquées dans la réplication virale et la virulence. La protéine S, pour Spike, est particulièrement importante pour l'entrée virale car c'est elle qui se lie au récepteur cellulaire (ACE2 notamment) et qui sera clivée par une protéase cellulaire pour révéler son peptide de fusion permettant la jonction des membranes cellulaire et virale lors de l'infection. En tant que virus respiratoire, le SRAS-CoV-2 infecte premièrement les voies aériennes supérieures, provoquant des symptômes grippaux comme la toux (permettant sa transmission par voie aérienne) et pouvant aller jusqu'à une pneumonie et une détresse respiratoire mortelle dans les cas les plus graves. Cependant, le SRAS-CoV-2 semble avoir un tropisme très large, infectant un grand nombre d'organes et provoquant des symptômes inhabituels pour un virus respiratoire, comme des diarrhées, des vomissements ou la perte du goût et de l'odorat. De nombreuses études ont notamment signalé la forte expression d'ACE2 dans les testicules par rapport aux autres organes, y compris les poumons. À l'autopsie, les testicules d'hommes décédés ayant souffert d'un COVID sévère présentent souvent des oedèmes interstitiels, des cellules germinales et somatiques dégénérées et des infiltrats inflammatoires. Les patients sévères vivants présentent notamment une altération des paramètres du sperme (diminution du nombre et de la motilité des spermatozoïdes jusqu'à 3 mois) et des paramètres hormonaux (diminution de la testostérone) en corrélation avec le niveau de fièvre et d'inflammation systémique, et avec la gravité de la maladie. Chez ces patients, de faibles niveaux de LH ont été observés, confirmant une défaillance systémique de l'axe HPG. Cependant, chez les patients légèrement à modérément infectés, la diminution de la testostérone semble être associée à des niveaux élevés de LH, suggérant plutôt une défaillance directe du testicule. Sept études ont rapporté un total de 39/71 cas de détection de l'ARN ou de protéines virales dans les testicules humains lors d'autopsies mais les rapports d'excrétion dans le sperme sont contradictoires. En effet, sur les centaines d'échantillons de sperme étudiés, moins de 20 se sont révélés positifs par RT-qPCR, principalement pendant la phase aiguë de l'infection. Dans l'ensemble, seules des preuves éparses suggèrent que le SRAS-CoV-2 pourrait infecter directement le testicule et être excrété dans le sperme de patients légèrement infectés. Cependant, les méthodes d'échantillonnage et de détection sont controversées et des contaminations (par une excrétion urinaire résiduelle dans le sperme notamment) sont également suggérées. En outre, l'impact direct de l'infection du testicule (au-delà de l'inflammation systémique) sur les paramètres spermatiques et hormonaux des patients est incertain. L'étude de l'infection testiculaire humaine par le SRAS-CoV-2 permettrait donc de mieux comprendre les conséquences de l'infection sur la santé et les fonctions reproductrices des patients. OBJECTIFS Les virus à ARN présentent un processus d'adaptation et d'évolution leur permettent d'étendre leur tropisme d'hôte et d'organes, et d'échapper à la reconnaissance et aux réponses immunitaires. Ces capacités peuvent conduire à l'utilisation de voies de transmission plus efficaces et à l'établissement d'une persistance dans les organes cibles. La compréhension et la prévision des multiples modes de transmission de ces virus émergents sont essentielles pour contrôler leur propagation. La transmission sexuelle des virus par le sperme est une préoccupation majeure pour la santé publique, comme l'illustre la propagation hors des zones endémiques du ZIKV ou le déclenchement de la résurgence épidémique de l'EBOV. L'étude de cette voie de transmission constitue donc un défi important pour les épidémies futures. Notamment, les infections virales d'un organe immunoprivilégié tel que le testicule ont un grand potentiel pour constituer une source de virus persistants. Mon projet de thèse a donc étudié la capacité du testicule humain à être une cible privilégiée pour l'infection et la persistance des virus à ARN émergents ; ainsi que les potentielles conséquences d'une telle infection en termes histologique, immunologique, hormonal et d'excrétion dans le sperme.
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 1 Figure 1: Overview of the 21 st century's emerging infections burden.(A) Timeline of the 21 st century viral outbreaks and geographical spread 8 . (B) Log deaths from major epidemics of the 21 st century 9 .

Figure 2 :

 2 Figure 2: Mechanisms of RNA viruses' evolution.

Figure 3 :

 3 Figure 3: Examples of impacts of the human activity on emerging infections. (Modified from Baker et al., 2022 9 ).

Figure 4 :

 4 Figure 4: The testicular morphology and histology (A) The testicular and epididymis morphology (adapted from Paul Kim's creation on Kenhub).(B) Illustration of testicular histology[START_REF] Mäkelä | Spermatogenesis[END_REF] . The BTB separates the basal compartment from the immune-privileged central "adluminal compartment".(C) Illustration of the seminiferous tubule depicting more precisely the morphology of Sertoli cells (modified fromLoveland et al., 2017 50 ).

Figure 5 :

 5 Figure 5: The hypothalamic-pituitary-testicular endocrine system, simplified.(A) From the Reproductive system course of Austin Community College 54 The ABP (androgen binding protein) secreted by Sertoli cells enhances testosterone action. (B) The steroidogenesis of testosterone in Leydig cells, simplified. (Data from Chakraborty et al., 2021 56 )

Figure 7 :Figure 8 :

 78 Figure 7: Illustration of the relative distribution of junction proteins and transporters.(Adapted fromSu et al., 2011 82 ) 

Figure 9 :

 9 Figure 9: The semen composition (A) Composition of the cellular fraction of semen. AMO: Anucleate Mass with Organelles.(Data from[START_REF] Fedder | Nonsperm cells in human semen: with special reference to seminal leukocytes and their possible influence on fertility[END_REF] Smith et al., 1989 92,93 ) (B) Tissue origins of the secretions composing the seminal plasma. (Data fromRolland et al., 2013 103 ) 

  and up to 101 days for Marburg (MARV) virus134 . Infectious particles were retrieved 61-and 81-days post recovery respectively. Sexual transmission of EBOV was proved until 470 days after recovery and MARV sexual transmission reported two months after recovery 111 . This prolonged viral excretion may impact the dynamic of EBOV re-emergence : phylogenetic analysis actually infer that the 2021 outbreak in Guinea resulted from the sexual transmission by a person infected during the 2014-2016 outbreak 135 . This hypothesis was already formulated regarding the 2014-2016 outbreak 134 demonstrating the strong impact of viral persistence in semen on emerging diseases. Nonetheless, as for ZIKV, Filoviruses persistence in the MGT is not lifelong and viral loads decline overtime to eventually disappear, within months in most

  and was recently shown to productively infect mice Leydig and Sertoli cell lines (MLTC-1 and 15P-1). The latter was able to sustain infection until 28 dpi by balancing EBOV entry and replication (via regulation of the endocytosis and cellular replication mechanisms) with cell survival processes (via improved detoxification and non-standard metabolic pathways)139 . Unlike EBOV, MARV infection induces testicular inflammation in infected individuals. In NHP models, MARV infection of the testis was shown to arose from blood vessels, primarily infect Leydig cells and peritubular cells then actively replicate in Sertoli cells where the virus persisted[START_REF] Tortorec | From Ancient to Emerging Infections: The Odyssey of Viruses in the Male Genital Tract[END_REF] .

Figure 11 :

 11 Figure 11: Consequences of viral infections of the MGT 16 .

Figure 12 :

 12 Figure 12: Phylogenetic trees of the main ZIKV strains.(A) African and Asian lineages main strains in regard to clinically relevant Flaviviruses 150 . (B) African, Asian and sub-lineages main strains phylogenetic tree 151 . The colored background represents the geographic origin of strains. The backdrop ZIKV strains spanning the current viral genetic diversity are framed (A) or in bold (B).
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 13 Figure 13: Temporal and geographical distribution of ZIKV (1947-2018).(Created with mapchart.net with data from the CDC and ECDC156,157 ) 

Figure 14 :

 14 Figure 14: Zika virus organization. ZIKV particle (A) and genomic (B) structures. (C) Illustration of the polyprotein arrangement in the ER bilayer and protease cleavage sites (Modified from Viralzone 160 , with data from Yun and Lee, 2017 149 ). (D) Illustration of the different virion conformations (Modified from Wilken and Rimmelzwaan, 2020 161 , with data from Hasan et al., 2018 162 ).

  proteins then bind gRNA to form nucleocapsids which interact with the RE lipidic membrane. The heterodimerization of prM and E proteins then triggers the budding inside the ER lumen of the neoimmature viral particles. The latter transit through the Trans-Golgi-Network (TGN) secretory pathway, where E proteins undergo a pH-driven positional reorganization and glycosylation. prM is then cleaved by furin for the particle maturation and mature virions are released by exocytosis at the cell surface149,162 .

Figure 15 :

 15 Figure 15: ZIKV replication cycle.(Modified from[START_REF] Agrelli | ZIKA virus entry mechanisms in human cells[END_REF] Nanaware et al.,2021 183,187 ) 

  cells 206 via the binding of phosphatidylserine (PS) to the TIM-1 receptor 200 and to cooperate with AXL for the infection of skin cells 191 . In regard of this cell receptor usage discrepancy, several other molecules have been proposed as alternative receptors. Among them, the integrin (ITG) αVβ5 was identified by a CRISPR-Cas9 screening in human glioblastoma stem cells and was shown to trigger ZIKV infection in neural stem cells by binding to the virus PS. ITG αVβ5 blocking by neutralizing antibody (NAb) and molecular inhibitors notably inhibited ZIKV internalization and alleviated its neurotoxicity in a mouse model 207 . The Heat Shock Protein (HSP) 70, also known as HSPA4, was shown as implicated in the infection by ZIKV of HEK293T, Huh7.5 and Vero cells. In these cells, the protein overexpression as well as inhibition by NAb, protein competitor and chemical inhibitor modulated the viral entry, replication and egress 208 . Particularly, apart from viral entry, HSP70 was shown to take part in the replication complex formation, as well as the capsid biogenesis and particle assembly in human neural stem cells and placental trophoblasts 209 . While tracking for interacting cellular factors required for the early-stage entry of ZIKV, Srivastava et al. described the Neural Cell Adhesion Molecule (NCAM1) as a putative ZIKV receptor, which coimmunoprecipitates with the virus E protein. Its role in the virus entry was then confirmed via knockout (KO), competition and neutralization by NAb which inhibited ZIKV attachment and internalization in Vero and U-251 MG cell lines 210 .

Figure 16 :

 16 Figure 16: Transmission cycle of ZIKV. (Adapted from Kurscheidt et., 2019 with sketches from the CDC 223,230 ))

  up to 90 dps, with fully restored semen parameters after 4 months224,233 . Relatively mild endocrine perturbations (lower inhibin B concentration) were observed in the early days post-symptoms onset (dps), without any significant modification of testosterone levels 233 . Infectious virus was found associated to spermatozoa, along with viral antigen detected in one patient 56 days after symptom onset233,234 . The impact of the infection reported on sperm parameters, along with the association of ZIKV with ejaculated spermatozoa thus suggested the infection of the testis and/or epididymis.Using an ex-vivo model of infection and organotypic culture of testicular explants, our team revealed that African and Asian lineage ZIKV efficiently replicates in human explants. Replication occurs in a wide range of testicular somatic cells including resident macrophages, peritubular cells and to a lesser extent Leydig cells and Sertoli cells. ZIKV also infected immature and mature germ cells which were additionally found exfoliated in vivo in the semen of ZIKV-positive men 143 . In our model, the general testis structure and function was not impacted. The overall cell viability, ZO-1 expression in Sertoli cells, as well as basal testosterone and inhibin B levels were unchanged by the infection 143 .ZIKV, upon infection, activates innate and adaptive immune responses through the sensing of its gRNA and rRNA by Toll Like and RIG-I Like Receptors (TLR and RLR) (principally being TLR3 &7, RIG-I, MDA5). This sensing notably leads to the production of type I and type III interferon (IFN) and inflammatory cytokines (CCL5, CXCL10). These IFN activate the JAK/STAT pathway leading to the production of antiviral Interferon Stimulated Genes (ISG: ISG15, OAS2, MX1, IFIT…). In some cells, ZIKV is able to impair the IFN signaling by preventing STAT1 phosphorylation and promoting JAK1 and STAT2 degradation via the action of NSP2/NSP3/NSP5150,153 .

  After translation of the ORF1a and 1b upon entry, the polyproteins pp1a and pp1ab is cleaved by the cis-acting Papain-Like PLpro (NSP3) and Main (NSP5) proteases into the 16 NSP (1-16) constituting the RTC and which different roles are listed in the Table3. It is only upon replication by the NSP12 that the 3' third of the genome is transcribed into subgenomic mRNAs coding for the structural and accessory (

Figure 18 :

 18 Figure 18: SARS-CoV-2 virus organization. SARS-CoV-2 particle (from Enzo Life Sciences 249 ) (A) and genomic 250 structures (B). (C) Illustration of the pp1a and pp1ab polyproteins organization and cleavage sites (Modified from V'kovski et al., 2021 with data from Jungreis et al., 2021 244,248 )
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 20 Figure 20: SARS-CoV-2 replication cycle.

Figure 21 :

 21 Figure 21: SARS-CoV-2 sex-independent tropism and associated complications.303

Figure 22 :

 22 Figure 22: Age-related clinical features of COVID-19 245

Article 1 :

 1 Long-term Zika virus infection of non-sperm cells in semen II. Viral replication of SARS-CoV-2 in the testis Article 2: SARS-CoV-2 replicates in the human testis ex vivo and infects Leydig and Sertoli cells III. Viral entry factors of emerging RNA viruses in the testis Chapter 3: Expression of viral entry factors in the human testis: analysis of published single cell RNA-seq data

  , using the following combinations of antibodies: ZIKV E (envelope)/ DDX4 (germ cells marker)/ Epcam (epithelial cells marker) or ZIKV E /CD14/CD68 (monocytes/macrophages marker) /MPO (neutrophils marker). For P6 d60, we performed additional staining with ZIKV NS1/DDX4. The percentage of infected cells within each cell type (black value) was obtained by quantifying cells double labelled for ZIKV E and a specific cell marker cells single labelled for this marker. The percentage of infected germ cells, epithelial cells, monocytes/macrophages and neutrophils related to the total number of infected cells/slide (blue italic value) was obtained by quantifying cells double labelled with ZIKV and the cell marker of interest cells single labelled with ZIKV. The picture shows examples of

Figure 2 :

 2 Figure 2: Expression in the human testis of host factors used by emerging single strand RNA viruses for viral entry.

  It is determined in a sequential manner by the availability of viral receptor(s) on the target cell, defining the entry factors, and by the capacity to complete a viral replication cycle, which depends on the balance between factors that support replication or restrict it. Therefore, besides entry factors, tropism depends on the presence of facilitating and restricting cellular factors that interact with the viral cycle. Regarding SARS-CoV-2, the Endosomal Sorting Complex Required for Transport (ESCRT) machinery involving many proteins (CHMP3, CHMP5, CHMP1A, VPS37B) is important for the virus replication cycle and allows an efficient production of viral particles in type II alveolar cells during the initial step of human infection 426 . The expression of this factor in testicular cells will require investigations.

  susceptibility to a range of emergent viruses. It represents an informative database, which goal is to orientate further research on the putative infection and associated entry factors. It thus constitutes an initial step in the characterization of viral infections of the testis, which requires not only viral entry but also subsequent replication steps in order to lead to a productive viral replication. A comprehensive characterization therefore requires the input of in silico analysis and complementary experiments to confirm predictions and integrate the whole scale of host factors implicated in tropism and viral persistence

••

  Matusali G, Houzet L, Satie AP, Mahé D, Aubry F, Couderc T, Frouard J, Bourgeau S, Bensalah K, Lavoué S, Joguet G, Bujan L, Cabié A, Avelar G, Lecuit M, Le Tortorec A, Dejucq-Rainsford N. Zika virus infects human testicular tissue and germ cells. J Clin Invest. 2018 Oct 1;128(10):4697-4710. doi: 10.1172/JCI121735. PMID: 30063220. • Mahé D, Bourgeau S, Frouard J, Joguet G, Pasquier C, Bujan L, Dejucq-Rainsford N. Long-term Zika virus infection of non-sperm cells in semen. Lancet Infect Dis. 2020 Dec;20(12):1371. doi: 10.1016/S1473-3099(20)30834-3. PMID: 33248032. • Li T, Zhou B, Li Y, Huang S, Luo Z, Zhou Y, Lai Y, Gautam A, Bourgeau S, Wang S, Bao J, Tan J, Lavillette D, Li D. Isolation, characterization, and structure-based engineering of a neutralizing nanobody against SARS-CoV-2. Int J Biol Macromol. 2022 Apr 20;209(Pt A):1379-1388. doi: 10.1016/j.ijbiomac.2022.04.096. PMID: 35460753. • Li T, Zhou B, Luo Z, Lai Y, Huang S, Zhou Y, Li Y, Gautam A, Bourgeau S, Wang S, Bao J, Tan J, Lavillette D, Li D. Structural Characterization of a Neutralizing Nanobody With Broad Activity Against SARS-CoV-2 Variants. Front Microbiol. 2022 Jun 2;13:875840. doi: 10.3389/fmicb.2022.875840. PMID: 35722331. Relevant communications Mechanisms of human testis infection and sexual transmission by Zika Virus. Scientific days 2020, Ecole doctorale Biologie Santé Bretagne-Loire, December 10th 2020 -Best Presentation Award • Mechanisms of human testis infection by Zika virus and SARS-CoV-2. 4ème Journées Reprosciences 2021, GdR Repro 3606, April 29th 2021 Titre : Infection du testicule humain par des virus émergents : le cas des virus Zika et SARS-CoV-2 Mots clés : Virus émergents, testicule, sperme, Zika, SARS-CoV-2, tropisme Résumé : La transmission sexuelle des virus est une préoccupation majeure de santé publique. Plus de 30 virus contemporains et émergents ont été retrouvés dans le sperme, et une partie d'entre eux sont excrétés de façon prolongée malgré une clairance systémique. Le testicule, en tant qu'organe immuno-privilégié, est suspecté être responsable de cette excrétion prolongée. A ce jour l'origine tissulaire de la plupart des virus excrétés dans le sperme, ainsi que l'effet de ces infections sur la fertilité masculine et le système endocrinien, restent mal caractérisés. Lors d'une récente épidémie, le virus Zika (ZIKV), un arbovirus en émergence, a été retrouvé de manière inattendue dans le sperme de patients plus d'un an après l'apparition des symptômes (dps). Notre équipe a révélé que le ZIKV se réplique dans le testicule humain. Mes travaux ont contribué à la mise en évidence de cellules germinales testiculaires infectées dans le sperme de patients jusqu'à 160 dps, indiquant que le testicule est un réservoir pour ZIKV. Le SARS-CoV-2, un nouveau beta coronavirus, est responsable d'une pandémie en cours. Son principal recepteur d'entrée, ACE2, est fortement exprimé dans le testicule et des modifications hormonales et des paramètres du sperme ont été observées chez les hommes infectés. Mes travaux indiquent que le SARS-CoV-2 se réplique dans le testicule humain ex vivo et qu'il cible principalement les cellules de Leydig et de Sertoli, impactant la transcription d'enzymes de la stéroïdogènese. La détection de cellules de Sertoli infectées dans le sperme d'un patient confirme l'infection du testicule. Finalement, afin d'aider à prédire la sensibilité du testicule humain à d'autres virus émergents, j'ai établi une liste de récepteurs viraux et analysé leur expression dans les celules testiculaires à partir de données de transcriptomique à l'échelle de la cellule unique (scRNA-seq). L'ensemble de mon travail de thèse a ainsi contribué à dévoiler les intéractions entre les virus émergents et le testicule humain. Title : Infection of the human testis by emerging viruses : the case of Zika virus and SARS-CoV-2 Keywords : Emergent viruses, testis, semen, Zika, SARS-CoV-2, tropism

  

  

  

  

  

  

  

  

  En 2021, plus d'un million d'infections sexuellement transmissibles (IST) ont été contractées chaque jour dans le monde, représentant 374 millions de nouveaux cas par an, la majorité étant asymptomatique. Notamment, plus de trente agents pathogènes différents peuvent être transmis sexuellement, parmi lesquels seize sont des virus, et quatre sont incurables (VIH, HSV, HBV, HPV). Les IST se transmettent par contacts sexuels (vaginaux, anaux et oraux) et ont un impact direct sur la santé sexuelle et reproductive (altération des paramètres hormonaux et spermatiques, inflammation) entraînant infertilités, cancers et complications de grossesse. Certaines sont également transmises verticalement et entraînent entre autres des fausse-couches et anomalies congénitales. Notamment, l'infertilité touche 8 à 12% des couples et l'infertilité masculine est responsable de 20 à 50% des cas. Les événements infectieux représentent 6 à 15% de toutes les causes et sont ainsi considérés contributeurs importants.

Les préoccupations concernant la transmission sexuelle des virus ont augmenté avec le début de la pandémie du VIH dans les années 1980. Les virus en question (HSV, CMV…) établissent une infection chronique chez leur hôte et leur persistance dans le TGM et le sperme n'était donc pas inattendue.

  Dans cette correspondance publiée dans la revue du Lancet Infectious Diseases, nous rapportons la caractérisation des cellules séminales non spermatiques infectées par le virus Zika chez trois patients d'une cohorte guadeloupéenne de l'épidémie de 2016, pour lesquels nous avons collecté des frottis de sperme longitudinaux jusqu'à 160 jours après le début des symptômes.

	Grâce à l'analyse de marqueurs cellulaires (DDX4, EPCAM, CD14, CD68 et MPO) et des antigènes du
	virus Zika (l'enveloppe E et la protéine non structurale NSP1) par microscopie à immunofluorescence,
	nous avons constaté une excrétion persistante de cellules germinales testiculaires (DDX4+) infectées

par ZIKV dans le sperme des trois patients. Dans l'ensemble, ces résultats montrent que les cellules germinales testiculaires humaines constituent un réservoir cellulaire persistant majeur dans lequel le virus Zika se réplique activement jusqu'à 60 jours post-symptômes (jps) et dont l'ARN est détecté jusqu'à 160 jps -les cellules germinales représentant alors 65,5% de toutes les cellules infectées. Dans une moindre mesure, des neutrophiles (MPO+) furent également retrouvés infectés jusqu'à 60 jps ; ainsi que des cellules épithéliales (EPCAM+) et des monocytes (macrophages notamment -CD14/CD68+) jusqu'à 90 jps ; représentant respectivement 20,3% et 5,7% de toutes les cellules infectées à ce temps.

Ces dernières cellules peuvent provenir de plusieurs organes du TGM (tels que l'épididyme, les canaux déférents, les vésicules séminales, la prostate ou l'urètre) qui peuvent ainsi contribuer à l'excrétion virale dans le sperme. Cependant, l'infection prolongée des cellules germinales du sperme indique que le testicule humain est bien un « réservoir viral » de ZIKV, foyer de l'infection persistante à l'origine de l'excrétion étendue du virus dans le sperme.

Dans le but d'explorer la persistance virale dans les cellules germinales testiculaires, notamment au niveau des facteurs favorisant et limitant l'infection, ainsi que des réponses immunitaires innées mises en place lors de l'infection, des expériences de séquençage ARN à l'échelle de la cellule unique (scRNA-seq) sont envisagées.

  [START_REF] Jones | Global trends in emerging infectious diseases[END_REF] 

Les facteurs d'entrée virale des virus ARN émergents dans le testicule

  TCID50 de SRAS-CoV-2, avant de les cultiver pour un total de 9 jours. Tous les 3 jours, nous avons changé et collecté le milieu de culture ainsi que certains des explants pour réaliser une série de tests.Ainsi, nous avons premièrement évalué la réplication du SRAS-CoV-2 grâce à la mesure de l'ARN viral par RT-qPCR, et de la libération de novo de virions infectieux dans les surnageants de culture par la technique des plages de lyse. Nous avons alors constaté que le SRAS-CoV-2 était capable de répliquer son génome dans le testicule humain, avec un pic de production de virions infectieux(1,44.10 4 l'infection, et l'analyse par RTqPCR des marqueurs des cellules germinales et des cellules de Sertoli n'a révélé aucun changement significatif dans leur expression, révélant ainsi que ces cellules n'ont certainement pas été affectées par l'infection. En revanche, l'expression des enzymes stéroïdogènes STAR et CYP11A1 a été significativement réprimée à 9 jpi et nous avons pu observer une tendance à la baisse des autres marqueurs cellulaires des Leydig, ainsi que de la production de testostérone au même temps. Au contraire la sécrétion d'inhibine B par les cellules de Sertoli ne sembla pas impactée. Grâce à l'analyse d'échantillons de sang de 7 patients atteints de SRAS-CoV-2, non obèses et sans comorbidités, nous avons pu évaluer, par dosages, l'impact in vivo de l'infection sur les paramètres hormonaux. Alors que les fonctions hormonales des cellules de Sertoli ne semblaient pas être Pour la plupart des virus excrétés dans le sperme, leur tissu d'origine est encore indéterminé et leur effet sur les fonctions masculines mal caractérisé. La première étape de l'infection est l'entrée virale, qui consiste en la reconnaissance et la liaison d'un virus à son ou ses récepteurs cellulaires, et dans Dans l'ensemble, cette étude vise à créer un atlas des facteurs d'entrée des virus émergents dans le testicule, et sert deux objectifs principaux : (i) dans le cas de virus déjà connus pour infecter le testicule humain, elle permet de visualiser facilement les facteurs d'entrée candidats dans les différentes populations de cellules testiculaires; et (ii) pour les virus émergents non encore identifiés dans le testicule, elle aide à prédire le potentiel d'infection des différentes populations de cellules testiculaires.Un exemple d'interprétation suggère que le WNV pourrait infecter les cellules de Sertoli (démontré in vivo) en se liant à AXL, Tyro3 et TIMD4 entre autres récepteurs : une hypothèse qui devra être vérifiée par diverses techniques in vitro telles que des expériences de gain et de perte de fonction. 'objectif de mon doctorat était de caractériser l'infection du sperme et du testicule humain par deux virus émergents, le ZIKV et le SARS-CoV-2, et de mettre en oeuvre une analyse de l'expression dans le testicule des récepteurs d'entrée virale putatifs pour une gamme de virus à ARN émergents. Pour cela, j'ai utilisé un ensemble d'approches, allant de la culture organotypique et de cellules (approches expérimentales) à la recherche bibliographique et à l'exploration de données de séquençage ARN (approches in silico). Dans cette discussion, je présente les avantages et les limites de ces approches, ainsi que les perspectives qu'elles offrent quant aux projets présentés dans la partie Résultats de ce manuscrit, mais aussi quant aux différents projets annexes entamés au cours de ma thèse.

	nous l'avons utilisée comme outil pour prédire la susceptibilité potentielle du testicule aux virus émergents. Cette approche vise à donner une image globale des facteurs d'entrée putatifs exprimés Si cette approche permet de prédire la sensibilité d'une cellule en fonction de l'expression des récepteurs d'entrée dans ce type cellulaire donné, des études ont montré que certains facteurs Introduction
	par les différentes populations de cellules testiculaires, pour un large éventail de virus de familles d'entrée pouvaient agir "en trans" d'une cellule à une autre. Ainsi, dans un tissu où des interactions
	distinctes. Nous avons ainsi découvert plusieurs récepteurs potentiellement impliqués dans étroites entre les cellules existent, comme dans le testicule, il faut se rappeler que la susceptibilité
	l'infection du testicule par une variété de virus ARN simple brin. d'une cellule peut ne pas dépendre uniquement de son expression des facteurs d'entrée, mais aussi I. Emerging Infections
	Cependant, cette approche, tout en étant une grande source d'information pour des recherches de celle des cellules environnantes.
	ultérieures, présente également plusieurs lacunes et défauts. En effet, la restriction de nos recherches aux virus médicalement importants laisse de côté les virus animaux, dont plus de 30 sont En conclusion, cette analyse in silico n'est qu'une première étape dans la caractérisation de la susceptibilité du testicule, qui nécessite plusieurs expériences complémentaires : de confirmation de A. Generalities
	déjà connus pour infecter le tractus génital de leur hôte. Sachant que 75% des virus émergents sont l'expression protéique des facteurs d'entrée d'intérêt et de leur utilisation pour l'entrée virale, et Emerging infections are defined as "infections that have newly appeared in a population or have
	zoonotiques, certains d'entre eux pourraient bientôt franchir la barrière d'espèce et potentiellement d'investigation des facteurs de réplication et de restriction virale exprimés au sein des cellules cibles. existed but are rapidly increasing in incidence or geographic range" 1 , and "which cause public health
	infecter le testicule humain. Aussi, travailler sur les virus émergents implique qu'ils sont, pour la problems, either locally or internationally" 2 .
	plupart, peu étudiés. Ainsi, les informations sur leur tropisme, l'utilisation de récepteurs et leur CONCLUSION
	mécanisme d'infection sont souvent incomplètes ou mal comprises. De plus, nous avons cherché à
	intégrer à cette étude uniquement les facteurs d'entrée dont l'utilisation a été prouvée par des En conclusion, les travaux entrepris au cours de mon doctorat ont contribué à caractériser l'excrétion
	expériences de gain et de perte de fonction, entraînant une augmentation ou une diminution de prolongée du ZIKV dans le sperme, et le tropisme du SRAS-CoV-2 pour le testicule humain. Nous
	avons ainsi démontré que le testicule est un réservoir de ZIKV dans le sperme. Il est également l'entrée virale dans les cellules cibles. Cette méthode exclut donc les facteurs d'entrée dont on a principales cellules cibles important de noter que nous avons détecté une excrétion prolongée de cellules épithéliales et de seulement prouvé qu'ils n'avaient que des capacités de liaison à des protéines virales ou qu'ils testiculaires ainsi que le récepteur probablement impliqué dans leur infection. Nous avons évalué leucocytes infectés, indiquant que d'autres organes du tractus génital masculin supportent une appartenaient à la famille de protéines impliquées dans l'entrée du virus d'intérêt. Tout en cherchant l'impact direct de l'infection sur la fonction des cellules de Leydig et l'avons relié à l'altération de la infection prolongée par ZIKV. La ou les sources exactes de ces cellules doivent encore être à être précise, cette méthode pourrait être considérée comme trop stricte pour une approche stéroïdogenèse chez les patients. Comme détaillé dans cette discussion, d'autres approches déterminées. initiale, nécessitant fatalement des confirmations supplémentaires de l'utilisation du facteur expérimentales permettront d'affiner les mécanismes impliqués dans l'infection du testicule et leurs À l'aide d'une culture ex vivo d'explants de testicules humains, nous avons révélé la réplication du d'entrée. De plus, certaines informations publiées ont pu être manquées lors de notre revue de la conséquences sur l'homéostasie de l'organe. littérature. Enfin, l'étude de la transcription des facteurs d'entrée est basée sur un seul ensemble de SRAS-CoV-2 dans cet organe, principalement dans les cellules de Leydig et de Sertoli. Bien que
	Notamment, afin de déchiffrer les mécanismes sous-tendant l'infection des principales cellules cibles données. Bien que cet ensemble ait déjà été utilisé pour décrire l'expression des facteurs d'entrée l'infection semble avoir un impact sur la stéroïdogenèse des cellules de Leydig, la réplication virale
	du ZIKV dans le testicule, j'ai cherché à déterminer la disponibilité des récepteurs d'entrée au ZIKV ACE2 dans les cellules de Sertoli par exemple, certaines divergences avec d'autres ensembles de diminue au fil du temps, suggérant que l'infection testiculaire pourrait ne pas être persistante. Les
	dans ces cellules. En utilisant la cytométrie en flux sur des cellules dissociées provenant d'explants patients COVID-19 analysés dans cette étude présentaient un hypogonadisme primaire transitoire, données publiés existent et une analyse plus objective et robuste nécessiterait l'intégration de série de gènes effecteurs antiviraux (OAS1, MX1, RSAD2, IFIT1, ISG15) étaient surexprimés à 6 jpi, correspondant au pic de réplication virale. En revanche, seul CXCL10 parmi tous les médiateurs pro-inflammatoires testés (IFNb, IL1b, IL18, IL-6, TNFa, CCL5 et CXCL18) fut surexprimé sur l'ensemble de la culture. de testicules humains, j'ai exploré l'expression des principaux récepteurs du ZIKV, à savoir les familles étant en faveur d'un impact direct de l'infection par le SRAS-CoV-2 sur le testicule. De plus, des plusieurs jeux de données de séquençage. Par conséquent, cette approche bénéficierait grandement Ensuite, pour effectuer la prédiction in silico de la susceptibilité du testicule humain, nous avons de lectines « TAM » et « C-type ». Alors que les protéines AXL, MERTK et DC-SIGN étaient détectées cellules de Sertoli infectées furent détectées dans le sperme d'un patient, confirmant in vivo le d'un mécanisme participatif afin d'être continuellement mise à jour par la communauté scientifique, utilisé un ensemble de données de scRNA-seq déjà publiées, pour les différentes cellules testiculaires dans les macrophages testiculaires, aucune ne l'était dans les cellules germinales. Dans ces cellules, tropisme du SRAS-CoV-2 pour le testicule humain. à mesure que l'utilisation de nouveaux facteurs d'entrée est confirmée et que de nouvelles données de 9 donneurs avec une spermatogenèse normale. Nous avons représenté une matrice d'expression notre approche expérimentale initiale n'a donc pas permis de dévoiler les facteurs d'entrée. Par ailleurs, nous avons commencé l'analyse de l'expression des facteurs d'entrée de virus ARN de scRNA-seq deviennent disponibles. sous forme de graphique en points (dotplot), sur lequel, pour chaque facteur d'entrée, la taille du Dans ce contexte, nous avons cherché à découvrir des récepteurs candidats pour le ZIKV dans les émergents dans le testicule. En utilisant une approche de séquençage de l'ARN à l'échelle de la cellule
	cellules germinales et à prédire de nouveaux récepteurs potentiellement impliqués dans l'infection unique, nous avons cherché à prédire la susceptibilité des différentes cellules testiculaires à une série
	par d'autres virus, en utilisant des approches in silico. Pour étendre les avantages de cette approche, de virus. Des analyses complémentaires sont nécessaires pour valider la pertinence de ces résultats

PFU/mL) à 6 jours post-infection (jpi), déclinant ensuite autour de 8,6.10 2 PFU/mL à 9 jours. Afin d'étudier la localisation cellulaire du SRAS-CoV-2 dans les explants infectés et au cours de la culture, nous avons effectué des hybridation in situ (HIS) par RNAscope à l'aide de sonde spécifiques de l'ARN viral génomique et réplicatif. Nous avons ainsi confirmé une infection progressive au fil du temps en termes d'intensité et de localisation, passant du compartiment interstitiel au jour 3, au compartiment intratubulaire à 9 jpi. De manière intéressante, et entres autres analyses, le couplage de l'HIS à une immunohistochimie (IHC) fluorescente contre des marqueurs cellulaires spécifiques et le récepteur ACE2 nous a permis de corréler l'infection avec l'expression de ACE2 dans les cellules de Leydig et de Sertoli, se révélant être les cibles cellulaires principales du virus dans le testicule humain. L'infection des cellules de Sertoli fut notamment confirmée in vivo par l'analyse par microscopie fluorescente des cellules infectées dans le sperme d'un patient français de 2020 à 5 jps. Nous avons ensuite étudié la réponse immunitaire innée du testicule humain à l'infection ex vivo par le SRAS-CoV-2, en mesurant par RT-qPCR l'expression d'un panel de senseurs et d'effecteurs immunitaires innés. Dans l'ensemble, les senseurs ARN du SRAS-CoV-2 (MDA5, RIGI) ainsi qu'une Ensuite, afin d'évaluer l'impact de l'infection sur la morphologie du testicule, nous avons utilisé un panel de techniques d'histologie et de dosage hormonal afin d'explorer la viabilité cellulaire, la structure tissulaire, et l'intégrité de la barrière hémato-testiculaire. Nous n'avons ainsi révélé aucun impact majeur de impactées, les niveaux de testostérone des patients aux jours 1 à 3 post-hospitalisation (jph) étaient significativement inférieurs aux niveaux de références établis dans des cohortes européennes et nord-américaines. Néanmoins, ces niveaux ré-augmentaient significativement, à la limite des niveaux de référence, à 9 jph. Les taux de LH, tout en restant dans les limites de la normale, présentaient une tendance inverse à celle de la testostérone, diminuant au cours du temps. Le rapport Testostérone/LH était ainsi significativement plus faible à 1-3 jph qu'à 9 jph, suggérant que cette dérégulation résultait d'une défaillance primaire du testicule plutôt que de l'axe HPG. En conclusion, ce travail a principalement montré pour la première fois que le SRAS-CoV-2 infecte le testicule humain et se réplique principalement dans les cellules de Leydig et de Sertoli ex vivo ; que l'infection se produit probablement via le récepteur ACE2 (largement exprimé dans ces deux types cellulaires) et qu'elle altère la fonction stéroïdogénique des cellules de Leydig, bien qu'étant rapidement contrôlée par les réponses antivirales innées du testicule. L'infection de cet organe a notamment été confirmée in vivo par l'excrétion de cellules de Sertoli infectées dans le sperme de patients, pendant la phase aiguë de l'infection. Aussi, l'infection par SRAS-CoV-2 semble entraîner un hypogonadisme primaire transitoire chez les patients modérément infectés. Cela dit, l'altération des fonctions testiculaires et le contrôle de l'infection n'ont pas pu être vérifiés à des temps plus tardifs que 9 jpi. En particulier, la relation causale entre la tendance à la dérégulation de la stéroïdogenèse ex vivo et l'hypogonadisme primaire chez les patients in vivo ne peut être qu'hypothétique, de même que la relation entre la réponse antivirale et le déclin de la production de virions infectieux. Par ailleurs, il a été démontré que le SRAS-CoV-2 est capable de se répliquer de façon cyclique et prolongée dans un modèle épithélial bronchique humain. Notre modèle bénéficierait donc d'une durée de culture allongée, afin d'évaluer l'effet à long terme de l'infection sur la morphologie du testicule, la stéroïdogenèse des cellules de Leydig et la persistance virale potentielle. Ceci serait notamment permis par l'utilisation d'un dispositif micro-fluidique que nous sommes en train d'optimiser au laboratoire, permettant la culture d'explants testiculaires jusqu'à 6 mois, et l'analyse approfondie de différents paramètres protéiques, hormonaux, métaboliques et immuns. IIIcertains cas, implique le clivage de la protéine de fusion du virus par des protéases cellulaires spécifiques. Le tropisme viral, et par conséquent la sensibilité des cellules et des organes, dépendent donc en premier lieu de la disponibilité de ces facteurs d'entrée à la surface des cellules. La cartographie des facteurs d'entrée virale dans les cellules testiculaires peut donc donner un aperçu du potentiel des virus ARN émergents à infecter cet organe. A cette fin, nous nous somme concentrés sur les virus retrouvés dans le testicule et le sperme humain et avons étendu nos recherches à plus de 40 virus d'importance médicale des mêmes genres viraux. Nous avons ensuite effectué une analyse in silico de l'expression de 89 protéines dont il a déjà été prouvé qu'elles pouvaient servir de médiateurs à l'entrée des virus sélectionnés. Nous avons distingué les récepteurs d'attachement non spécifiques, concentrant les particules virales à la membrane cellulaire ; les récepteurs d'entrée spécifiques, permettant les changements de conformation des protéines virales pour la fusion ; et les protéases, qui dans certains cas clivent les protéines d'entrée virales pour révéler leur peptide de fusion. Nous avons reporté ces données, entre autres informations de tropisme, sur une seule « carte thermique en fausses couleurs » afin d'avoir un aperçu global de l'utilisation des facteurs d'entrée par les différents virus. point fait référence à la proportion de cellules l'exprimant, et la couleur du point correspond au niveau d'expression moyen du facteur d'entrée dans un type cellulaire. L'expression d'AXL et de TIMD4 dans les macrophages suggère également que ces cellules pourraient être susceptible à l'infection au WNV. De même, sur la base de la transcription de leurs récepteurs d'entrée virale, le testicule humain représente une cible potentielle pour les virus DENV et le CHIKV dont l'ARN a déjà été retrouvé dans le sperme de patients. Puisque les cellules cibles putatives comprennent les cellules du compartiment intratubulaire, le testicule pourrait alors représenter une des sources d'excrétion de ces virus dans le sperme. En ce qui concerne les virus apparentés à ceux ayant été détectés dans l'appareil génital masculin, le récepteur CD55 du virus Sin Nombre (SNV) ; le récepteur BSG du virus de la rivière Ross (RRV) et du virus de l'encéphalite équine de l'Ouest (WEEV) ; les récepteurs LAMP1 et TRFC des Mammarenavirus du Nouveau Monde (JUNV) sont tous largement exprimés dans les différents types de cellules testiculaires. Ainsi, le testicule pourrait être sensible à l'infection par ces virus peu étudiés, qui n'ont de fait, encore jamais été signalés dans le TGM ou le sperme humain. Dans l'ensemble, les données présentées dans cette analyse devront être renforcées par l'analyse de données scRNA-seq supplémentaires et par la validation de l'expression des récepteurs d'intérêt par des expériences de RT-qPCR, IHC ou cytométrie de flux. Des analyses complémentaires de l'équipement en facteurs de restriction virale des cellules testiculaires contribueront à appréhender la susceptibilité du testicule humain à une série de virus, et à prédire l'infection de cet organe. Le testicule humain étant une source potentielle de persistance virale et d'excrétion séminale, ces connaissances sont importantes pour anticiper le risque (ou l'absence) de persistance et de transmission sexuelle des virus à ARN émergents. DISCUSSION GENERALE LAinsi, je présente et compare les approches expérimentales de culture de cellules immortalisées et de cellules primaires isolées avec la culture organotypique, l'expérimentation animale et les études cliniques. Dans l'ensemble, nos approches complémentaires ex vivo et in vivo ont révélé le tropisme testiculaire du ZIKV et du SARS-CoV-2. Nous avons également confirmé l'excrétion prolongée du ZIKV dans le sperme et caractérisé la nature des cellules infectées ainsi que la durée de leur infection chez les patients. En ce qui concerne le SARS-CoV-2, nous avons dévoilé ses

Table 1 :

 1 Classification of human transmission modes illustrated with examples of emergent viruses including HIV and SARS-CoV-2. V stands for "viruses". (Modified fromAntonovics et al., 2017 11 ).

	Transmission routes play a key role in efficient dissemination and can occur via different modes,
	classified under the vertical versus horizontal dichotomy 11 . The vertical mode corresponds to the
	parent-to-offspring transmission. It can be subdivided into cellular transmission via the gametes;
	transplacental transmission; perinatal at birth or neonatal transmission via breast feeding. The
	horizontal mode can be divided into sexual or non-sexual transmission. Non-sexual transmission then
	consists in airborne mode, via direct contact with lesions (infected blood, body fluids) or via indirect
	contact (contaminated food and water, dust, contaminated objects designed as "fomites" or vector-
	borne) (Table 1). The transmission is dependent on the pathogen, but also on the host biology and
	ecology since the density of population, the frequency of contacts, the movement of individuals will
	also be determining factors. Most pathogens can be transmitted via multiple routes, but adaptation
	to each might involve evolutionary trade-offs and the selection of unique genetic variants. Some
	arthropods-borne "arboviruses", primarily only infecting insects, adapted to new ways of
	transmission for dissemination in the vertebrate population. As an example, the Rift Valley Fever
	Virus (RVFV) is maintained in the mosquito population by transovarial vertical transmission, infects
	livestock through mosquito bites and disseminates to human by direct contact with infected animals
	or the consumption of their milk.

Table 2 :

 2 Roles of ZIKV nonstructural proteins.

	Localisation Role

  polyneuropathy, muscle weakness and paralysis153 . As of March 2017, 23 countries had reported increased incidence of GBS 215 , leading to 16 cases of fatal outcomes 232 .Registry reported 6% of brain abnormalities in fetuses delivered from infected mothers, all of which infections occurred during the first trimester of pregnancy 232 . While microcephaly was observed in an average 20% of cases 215 , a 26-fold higher incidence in a 3 months period (October 2015 -January 2016) in Brazil, not mentioning fetal demises, led the WHO to declare ZIKV a global health emergency in February 2016 150 . As of March 2017, the WHO registered more than 2600 congenital syndromes associated with ZIKV infections in 31 countries 215 .

	Neonatal complications of ZIKV infections were first described during the Americas outbreak in 2015-
	2016. ZIKV was shown to particularly infects neural progenitor cells and thus impairs the

development of the fetal brain via cell death and neurogenesis dysregulation. In a Rio de Janeiro cohort in Brazil, 46% of infected pregnant women delivered fetuses with congenital neural abnormalities, regardless of the pregnancy trimester

153,215 

. On the contrary, the US Zika Pregnancy

Table 3 :

 3 Roles of SARS-CoV-2 nonstructural and accessory proteins.

  )

	Variant	Mutation history	Main	Effect
			mutations	
	Alpha	7 missense mutations, 3 deleted	N501Y	Increase binding affinity of S to ACE2 by
	(UK, Sept	residues in S		adding additional hydrogen bond
	2020)	> Increased transmissibility, infectivity	D614G	Increased ability of RBD to shift to up
		and disease severity	P681H	position
			NTD deletions	Increased S1/S2 cleavage ability
				Resistance to NTD-specific NAb
	Beta	77% of mutation in S including 7	N501Y	Increased binding affinity of S to ACE2
	(South	missense mutations and 3 deleted	K417N	Resistance to NTD-and RBM-specific NAb
	Africa,	residues	E484K	
	May	> Increased immune escaping		
	2020)			
	Gamma	11 mutations in S, including 5 within	N501Y	Increased binding affinity of S to ACE2
	(Brazil,	NTD, 3 in RBD, 2 at the FCS, 1 in S2	K417N, E484K	Resistance to NTD-and RBM-specific NAb
	Nov	> Slight increased immune escaping	D614G,	
	2020)		H655Y, T1027I	
	Delta	Numerous mutations in S, including 5	L452R	Increased infectivity and immune evasion
	(India,	within NTD, 3 in RBD, 2 at FCS, 1 in S2	T478K	Resistance to NTD-and RBD-specific NAb
	Oct	> 60% increase in transmissibility	E484K	
	2020)	compared to Alpha		
	Omicron	More than 50 mutations, mostly in S	N501Y	Increase binding affinity of S to ACE2
	(Globally,	50% mutations in RBD, 10 within RBM,	D614G	Increased ability of RBD to shift to up
	Nov	1 in NSP14, 1 in NSP5	P681H	position
	2021)	> Increased transmissibility, immune	K417N	Increased S1/S2 cleavage ability
		escaping and reinfection rate	T478K	Resistance to NTD-and RBM-specific NAb

Table 4 :

 4 Main mutations and adaptations of the SARS-CoV-2 variants of concern.

et déterminer l'expression des facteurs facilitant et limitant l'infection. Néanmoins, ce travail constitue un premier pas vers la caractérisation du tropisme testiculaire des virus ARN émergents, et une base de données informative pour guider de futures recherches. Dans l'ensemble, ce travail a contribué à une meilleure compréhension de l'infection du testicule humain et de sa susceptibilité aux virus émergents. Alors que les preuves s'accumulent sur leur capacité à être excrété dans le sperme et à être transmis sexuellement, la prédiction et la caractérisation de la source d'excrétion sont essentielles pour contrôler leur propagation. Le testicule, en tant qu'organe immunoprivilégié, apparaît comme un site important pour une infection et une excrétion virale prolongée. La compréhension des mécanismes qui sous-tendent l'entrée virale et l'infection persistante du testicule est cruciale pour prévenir et anticiper les conséquences des virus émergents sur la santé reproductive des hommes et sur leur propagation par voie sexuelle.

A.4.b. The molecular barrierSertoli cells express various transporters allowing the controlled passage of molecules across the SCB, responsible for the "gate function" of the BTB. This function enables the maintenance of the seminiferous epithelium homeostasis[START_REF] França | The Sertoli cell: one hundred fifty years of beauty and plasticity[END_REF][START_REF] Mruk | The Mammalian Blood-Testis Barrier: Its Biology and Regulation[END_REF] . Among these transporters are the P-glycoprotein (P-gp), expressed in the human vascular endothelium, in peritubular myoid cells and in Sertoli cells[START_REF] Bart | The distribution of drug-efflux pumps, P-gp, BCRP, MRP1 and MRP2, in the normal blood-testis barrier and in primary testicular tumours[END_REF][START_REF] Cordon-Cardo | Expression of the multidrug resistance gene product (P-glycoprotein) in human normal and tumor tissues[END_REF][START_REF] Melaine | Multidrug resistance genes and p-glycoprotein in the testis of the rat, mouse, Guinea pig, and human[END_REF] ; as well as the Multidrug Resistance Protein 1 (MRC1) also expressed in human Leydig cells[START_REF] Wijnholds | Multidrug resistance protein 1 protects the oropharyngeal mucosal layer and the testicular tubules against drug-induced damage[END_REF] . Both these proteins are efflux pumps actively promoting the outflow of substances off the seminiferous epithelium and off the testis parenchyma[START_REF] Stewart | Cellular localization of P-glycoprotein in brain versus gonadal capillaries[END_REF] . Also, the proto-oncogene tyrosine-protein kinase SRC (expressed in Sertoli cells) promotes clathrin-caveolin mediated endocytosis and transcytosis of cargo across the polarized SCB[START_REF] Mruk | The Mammalian Blood-Testis Barrier: Its Biology and Regulation[END_REF] . Although the primary role of these transporters is defending the seminiferous epithelium and TGC integrity, their detoxification function may also impair access to some antiviral drugs[START_REF] Chan | Quantification of antiretroviral drugs for HIV-1 in the male genital tract: current data, limitations and implications for laboratory analysis[END_REF] . In addition to the selective permeability of the SCB, these transporters participate in making the immune-privileged testis also a pharmacological sanctuary, prone to viral persistence.B. The semenSemen is composed of an acellular fraction, the seminal plasma, mostly produced by sex accessory glands; and a cellular fraction, mostly composed of spermatozoa coming from the testis. The main function of semen is to mediate fertilization during sexual reproduction[START_REF] Rodríguez-Martínez | Seminal plasma proteins: what role do they play?[END_REF] . During ejaculation, spermatozoa stored in the epididymis cauda upon their maturation in the caput, are mixed with epididymal secretions and travel through the vas deferens to the seminal vesicles. Seminal vesicles secretions are added to this mix, which further progresses through the ejaculatory ducts to the prostate. The prostate discharges motility-enhancing fluids allowing the progression of spermatozoa thought the urethra, where the bulbourethral glands secrete the pre-ejaculatory fluid. Ejaculation of spermatozoa and other cells shed along the MGT occurs at the penis meatus[START_REF] Rodríguez-Martínez | Seminal plasma proteins: what role do they play?[END_REF] (Figure8).
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Overview of the viruses detected in the MGT

The first identification of viruses in human semen and male organs date from the late 1960's with the detection of Herpes Simplex Virus (HSV) and Cytomegalovirus (CMV) viruses in semen. Concerns about the sexual transmission of viruses increased with the beginning of the HIV pandemic in the 1980's. These viruses establish chronic infection in their host and their persistence in the MGT and semen is therefore not unexpected. However, the sexual transmission of Zika and Ebola viruses by cured men during recent outbreaks came as a surprise and revealed that the MGT also constitutes a reservoir for acute viruses, in principle cleared from the peripheral circulation. Evidences are mounting that a number of other emerging viruses may infect the human MGT and be shed in semen.

Nowadays, 32 viruses have been detected in human semen (Figure 10) [START_REF] Tortorec | From Ancient to Emerging Infections: The Odyssey of Viruses in the Male Genital Tract[END_REF] . However, several are isolated case reports that need confirmation in greater numbers of patients and more rigorous identification. Importantly however, some of them were retrieved many days after systemic clearance (e.g. ANDV 278 days post symptoms onset 108 , RVFV 4 months post symptoms onset 109 ) and have been implicated in sexual transmission cases (DENV 110 ). (Adapted from Le Tortorec et al., 2020 andTeixeira et al., 2021 16,111 ) Viruses in black were detected in human biopsies or secretions of the internal genitalia. Viruses in grey were detected in case reports and their excretion in semen awaits confirmation in a greater number of individuals. Viruses bearing a (*) mark have been at least once reported as being transmitted sexually.

IV. SARS-CoV-2 Virus

A. Taxonomy and emergence

The Severe Acute Respiratory Syndrome-related Coronavirus "SARS-CoV-2" (SARS-CoV-2) belongs to the Nidovirales order, the Coronaviridae family and Orthocoronavirinae subfamily. The latter consists of 4 genuses: Alpha, Beta, Gamma and Deltacoronavirus. SARS-CoV-2 belongs to the Betacoronavirus genus which contains 5 lineages: Embecovirus (previously Lineage A), Sarbecovirus (Lineage B), Merbecovirus (Lineage C), Nobecovirus (Lineage D), Hibecovirus (Figure 17). SARS-CoV-2 belongs to the Sarbecovirus lineage -as does the first SARS-CoV (SARS-1) -, and is the causative agent of the actual CoronaVirus Induced Disease (COVID-19) pandemic 240,241 . (Adapted from Wu and Zhao, 2020 242 ) Among the hundreds of Orthocoronaviridae, only 9 were ever documented as infecting humans: the most common HCoV-229E, OC43, NL63 and HKU1 are seasonal viruses causing common colds and the SARS-CoV-1, MERS-CoV and SARS-CoV-2 are highly pathogenic 243,244 .

(B) SARS-CoV, SARS-CoV-2 and SARS-related main strains in regard to other Betacoronaviruses lineages 245 . SARS-CoV-2 exhibits 79.6% whole genome sequence identity with SARS-1 and 50% with MERS-CoV.

In late December 2019, several health facilities in Wuhan, China reported clusters of patients with pneumonia of unknown cause. They presentied symptoms of fever, cough, chest discomfort as well as dyspnea and bilateral lung infiltration in severe cases. Bronchoalveolar lavage fluid sampling and sequencing allowed the identification and characterization of the viral cause presented as a Betacoronavirus on January 9 th 2020. While most of the first cases had an exposure history with the Huanan Seafood Wholesale Market of Wuhan, familial and nosocomial clusters of infection started to develop, unveiling the human-to-human transmission potential of the "nCoV 2019". By the end of January, facilitated by the Chinese New Year movement of population, the virus had spread to all 34 provinces of China and occasioned sporadic international cases. This led to the declaration by WHO of a public health emergency of international concern on January 30 th . The better characterized virus was then renamed SARS-CoV-2 and the COVID-19 disease was declared a global pandemic on March 11 th 2020, as more than 200 countries on all continents were affected 245 and more than 35.000 cases and 1000 deaths were reported outside China 246 ). As of April 13th 2022, more than 499 million cumulative cases and 6 million deaths were reported globally 247 .

B. Molecular biology and evolution

Structural and genomic organization SARS-CoV-2 is a spherical enveloped virus with a diameter of about 120 nm. The viral particle is composed of a nucleocapsid (N) protecting the viral genome to form the ribonucleoprotein. The latter is encased in a lipid bilayer membrane deriving from the Endoplasmic Reticulum (ER) in which are anchored the membrane (M), envelop (E) and spike (S) proteins ( 160,244 (Figure 18,A). With millions of infections and the natural selection pressure imposed by host immunity and vaccination, SARS-CoV-2 is subject to frequent recombination and mutations, especially in the S protein 241 . Therefore, since its emergence, SARS-CoV-2 accumulated several mutations increasing its fitness towards the human population. First of all, SARS-CoV-2 presents an unique insertion of 4 Amino Acids (AA) residues (PRRA) at the junction between the S1 and S2 subunits of the S protein.

SARS-CoV

Studies have recognized this feature essential for the zoonotic transfer to humans 252 . Indeed, this insertion generated a polybasic cleavage site (RRAR) enabling its cleavage by furin and other furinlike proteases. In parallel, this enhanced S1-S2 cleavage is thought to facilitate the conformational adaptation required to efficiently bind Angiotensin-Converting Enzyme (ACE2), the main receptor of SARS-CoV-2; but also, to have extended the specter of usable cell factors and thus cell tropism.

Ultimately this insertion contributed to a broader infection and better replication of the virus, notably along the human upper airways, potentiating the interhuman transmission 244,245 . Interestingly, some S mutations now provide the capability to infect wild type mice and use mACE2, highlighting the ongoing spillover risk from human to mice during the continued evolution of SARS-CoV-2 253 .

To date, there are 5 globally recognized Variants Of Concern (VOC) for which a change in transmissibility and/or virulence, as well as a significant neutralizing antibody (NAb) escape and resistance to treatments was observed 254 . These VOC are Alpha, Beta, Gamma, Delta and Omicron (Table 3). Also, 8 Variants Of Interest (Epsilon, Zeta, Eta, Iota, Theta, Kappa) were identified. They present specific markers associated with changes to receptor binding, NAb escaping and reduced efficiency of treatments 254 . These variants emerged through mutations occurring principally in the RBD of the S protein and the ORF8 determinant of virulence 250 .

Replication cycle

SARS-CoV-2 cell infection is initiated by the binding of the spike protein to its receptor, via the RBD loops on the S1 subunit. This engages a conformational change allowing S2 cleavage by host protease revealing the S2' subunit fusion domain [256][257][258][259] . This fusion peptide is responsible for viral entry by anchoring into the cellular bilayer provoking the merging of viral and cellular membranes. This process can occur either at the cell surface directly, or after clathrin-mediated endocytosis into endosomes and ultimately ends with the viral RNA release into the cell cytoplasm 260 (Figure 19). As discussed later, the TMPRSS2 is able to cleave both the S1/S2 and S2' sites.

(Adapted from Petrovszki et al., 2022 261 ).

Cellular receptors involved in viral entry

ACE2 263,264 and TMPRSS2 263,265,266 are respectively considered to be the primary receptor and host protease for SARS-CoV-2 entry into cells. Although, several other proteins have been proposed as alternative entry factors.

Indeed, the polybasic site near the junction between S1 and S2 subunits (the S1/S2 site) can be recognized and cleaved by pro-protease convertase upon viral packaging 267,268 . This "priming cleavage" creates a "C-end rule" motif allowing the S1 subunit to have a greater affinity to ACE2 but also 269,270,271 to bind to new receptors including the Neuropilin 1 (NRP1) 272 .

NRP1 was shown to enhance TMPRSS2 mediated entry by promoting the S2 protuberance and accessibility for proteolysis by TMPRSS2 273 . In HEK293T cells, the exogenous expression of NRP1 rendered the cells susceptible to SARS-CoV-2 infection and significantly potentiated viral entry upon co-expression with ACE2 and TMPRSS2. Additionally, a treatment with a NRP1 blocking antibody reduced infection by 40% 274 . SARS-CoV-2 infection was also reduced in Caco-2 cells upon NRP1 knock down with shRNA and treatment with a small-molecule antagonist 272 . Additionally, immunohistochemistry on human autopsy tissue of COVID-19 patients revealed high expression of NRP1 in infected olfactory epithelium where ACE2 was hardly detectable.

The AXL receptor tyrosine kinase was introduced as a candidate receptor by Wang et al., as its overexpression promoted SARS-CoV-2 infection as efficiently as ACE2 in HEK293T cells. Additionally, its downregulation in human primary lung epithelial cells significantly reduced it. Using pulled-down assays, they notably confirmed AXL direct interaction with the N-terminal domain of the SARS-CoV-S Spike protein 275 .

The Basigin (BSG / CD147) protein was also proposed as a putative receptor. Inhibition of the receptor by NAb significantly reduced SARS-CoV-2 infection of Vero E6 cells 276 and human iPS cellderived kidney podocytes 277 . Additionally, an exogenous expression of BSG in non-permissive BHK-21 cells allowed viral entry 276 . However, its interaction with the RBD, shown by coimmunoprecipitation and ELISA assays is controversial. Indeed, Shilts et al. 278 , using highly sensitive binding assays, were not able to confirm direct interaction between recombinant spike protein and the two most common isoforms of BSG. Also, they did not observe any impact on SARS-CoV-2 infection upon CRISPR-Cas9 extinction of BSG from CaLu-3 lung epithelial cells.

Finally, the T-cell immunoglobulin mucin domain 1 (TIM-1 / HAVCR1) receptor was shown to promote SARS-CoV-2 Spike ectodomain virosomes uptake into human primary epithelial kidney organoids. As expected, the use of blocking antibodies in A549 cells decreased SARS-CoV-2 particles internalization 279 . However, while the high affinity interaction of the receptor with S protein RBD was confirmed, the expression of ACE2 in all models used for experiments questions the role of TIM-1 as an attachment receptor rather than a specific entry receptor.

Upon binding to its receptor, and depending on the cell type, the SARS-CoV-2 particle is meant to follow either an "early" or a "late" pathway of infection.

In TMPRSS2 expressing target cells, the S1/S2 priming cleavage by viral producing cells seem to be essential for entry. It would allow the S protein to have the right conformation for TMPRSS2 to cleave the S2' site. The viral entry thus occurs at the plasma membrane representing the early, fast, pathway 263,270,280,281 to infect target cells.

The S1/S2 site, presenting a RXXR motif, was shown to be cleaved by Furin 267,282 and enhance infection 270,283,284 . However, furin inhibition cannot fully prevent the spike protein processing 281 suggesting that other proteases could be implicated. Using fluorogenic S1/S2 mimicking peptides, Jaimes et al. showed that the polybasic site can be cleaved by a variety of proteases including PC1 (PCSK1), Trypsin (PRSS1/2/3), Matriptase (ST14) and Cathepsin L or B. However, experiments on full length spike protein are still needed to prove their action on the protein native conformation 285 .

In TMPRSS2 negative target cells, SARS-CoV-2 S1/S2 priming does not seem to be essential 263,281,284 .

Instead, SARS-CoV-2 binds to its receptor and is internalized via a clathrin-mediated endocytosis 286 to late endolysosomes where S2' is cleaved by Cathepsins 263 , CTSL being the most potent 270,281 . This cascade triggers the virus fusion with the endolysosome membrane, representing the late, slower, pathway for viral entry 280 .

While the TMPRSS2 cell surface expression seems to dictate the entry route taken by SARS-CoV-2 into host cells, some studies pointed the role of TMPRSS4 287 and TMPRSS13, as well as TMPRSS11D trans" from a cell to another. For instance, in the case of SARS-CoV-1, "effector" cells bearing the S protein and HAT at their surface can prime S "in cis" and thus fusion with ACE2-bearing "target cells".

Results

I. Viral persistence of ZIKV in the testis

This mechanism mimicked cell-to-cell infection 424 . Thus, in a tissue where close interactions between cells exist, as in the testis, one should remember that the susceptibility of a cell might not depend solely on its expression of entry factors, but also on the surrounding cells'.

In conclusion, this in silico analysis is only a first step in the characterization of the testis susceptibility, which requires several complementary experiments.

C. Complementary experiments to infer tropism Confirmation of the entry factor protein expression

As there can be discrepancies between RNA and protein levels 419 , the confirmation of the entry factors' protein expression in the tissue and cells of interest are required. In that respect, while our scRNA-seq dataset suggests that only Sertoli cells express ACE2, we demonstrated by IHC on testis explants that ACE2 protein was highly expressed in Sertoli, but also in Leydig cells and in rare TGC, which was expected from others scRNA-seq datasets results 416,417 . Furthermore, while TMPRSS2 mRNA was detected in SSC, Spermatids and Leydig cells in our dataset and others 416 , we failed to detect protein expression by IHC.

With this in mind, I started to investigate the protein expression of ZIKV estimated potential receptors. Using flow cytometry on isolated TGC from testis explants, preliminary results endorsed the expression of MRC1 and Integrin αVβ5.

Confirmation of the entry factor use

Once the protein expression is confirmed, the validation of its involvement in the viral entry should be explored. Indeed, and as an example, while the TAM receptor family are considered as the main receptors for ZIKV entry, some studies inferred they were not necessary for infection of certain cell types, including human Leydig cells 425 .

In that respect, I have initiated binding competition experiments in order to decipher the cellular receptor(s) implicated in ZIKV infection of TGC. Our preliminary results in primary TGC and in TCam-2 (a germ cell line derived from a testicular seminoma and resembling SPG) showed that competitive molecules such as Heparin and Mannan could partly inhibit the attachment of ZIKV to Heparan