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Syncytia formation by SARS-CoV-2-infected cells
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The SARS-CoV-2 spike (S) protein is a highly antigenic viral fusogen that triggers viral entry upon interaction with cellular receptors and proteases. The S protein also facilitates the formation of syncytia which are large multinucleated cells formed through the fusion of individual cells.

Several coronaviruses including the currently pandemic SARS-CoV-2 form syncytia. Severe cases of COVID-19 are associated with extensive lung damage and the presence of infected syncytial pneumocytes. Syncytia may represent a pathological substrate that contributes to viral dissemination, immune evasion, cytopathicity and the inflammatory response. Here we characterized the role of the SARS-CoV-2 S protein in mediating fusion.

We show that SARS-CoV-2 induce syncytia when the S protein expressed on the cell surface interacts with the angiotensin-converting enzyme 2 (ACE2) receptor on the surface of neighbouring cells. The transmembrane protease serine 2 (TMPRSS2) protease further augments syncytia formation. Viral infection triggers the production of interferon (IFN) and subsequent expression of a wide array of interferon-stimulated-genes, including interferon-induced transmembrane (IFITM) proteins. IFITMs restrict the cellular entry of a broad spectrum of enveloped viruses, possibly by altering the biomechanically properties of the plasma membrane in ways that are unfavorable to fusion. We found that IFITMs effectively restrict SARS-CoV-2 S protein-mediated syncytia formation. However, this restriction is effectively reverted by the TMPRSS2 protease.

As the pandemic progressed, the ancestral Wuhan strain has been replaced by SARS-CoV-2 variants containing several mutations within the S protein. We characterized the Alpha, Beta and Delta variant S proteins in terms of the syncytia formation potential. We report that they induce more fusion than the early D614G variant and the ancestral strain. The fusogenicity of the variants partly correlates with their ACE2 binding potential. The individual mutations associated with the variants differentially modulate syncytia formation. Mutations P681H, D1118H, and D215G augment cell-cell fusion while the antibody escape mutation E484K, K417N and Δ242-244 are restrictive. IFITMs effectively limit syncytia formation induced by variant S proteins.

We also investigated the syncytia formatting potential of the commonly circulating coronaviruses.

We found that hCoV-HKU1 S protein induces syncytia only when adjacent cells express catalytically active TMPRSS2. Human IFITM1 restricted HKU1 S mediated syncytia formation.

However, mouse IFITM1 increased fusion. Interestingly, while TMPRSS2 accelerates syncytia formation by SARS-CoV-2 and counteracted the restrictive effects of IFITMs, it does not interfere with the restriction of HKU1-S fusion by IFITM1.

In summary, we have characterized the mechanisms of S protein-mediated syncytia formation and its regulation by components of the humoral and innate immune response. Our results provide preliminary insights into the cytopathic effect and pathology induced by SARS-CoV-2 Keywords: SARS-CoV-2, HKU1, Coronavirus, Syncytia, IFITMs, Spike Titre (Français) : Caractérisation fonctionnelle de la protéine S du SARS-CoV-2 et de la formation de syncytia

Résumé (Français):

La protéine de spicule (S) du SARS-CoV-2 est un fusogène viral hautement antigénique qui déclenche l'entrée virale lors de l'interaction avec les récepteurs et protéases cellulaires. La protéine S facilite également la formation de syncytia qui sont de grandes cellules multinucléées formées par la fusion de cellules individuelles. Plusieurs coronavirus, dont le SARS-CoV-2 actuellement pandémique, forment des syncytia. Les cas graves de COVID-19 sont associés à des lésions pulmonaires étendues et à la présence de pneumocytes syncytiaux infectés. Les syncytia peuvent contribuer à la dissémination virale, à l'évasion immunitaire, à la cytopathie et à la réponse inflammatoire. Ici, nous avons caractérisé le rôle de la protéine S du SARS-CoV-2 dans la médiation de la fusion.

Nous montrons que le SARS-CoV-2 induit des syncytia lorsque la protéine S exprimée à la surface cellulaire interagit avec le récepteur de l'enzyme de conversion de l'angiotensine 2 (ACE2) à la surface des cellules voisines. La protéase transmembranaire sérine 2 (TMPRSS2) augmente aussi la formation de syncytia. L'infection virale déclenche la production d'interféron (IFN) et l'expression subséquente d'un large éventail de gènes, y compris les protéines transmembranaires induites par l'interféron (IFITM). Les IFITM restreignent l'entrée cellulaire d'un large spectre de virus enveloppés, possiblement en modifiant les propriétés biomécaniques de la membrane plasmique de manière défavorable à la fusion. Nous avons constaté que les IFITM restreignent efficacement la formation de syncytia médiée par la protéine S du SARS-CoV-2. Cependant, cette restriction est inversée par la protéase TMPRSS2.

Au fur et à mesure de la progression de la pandémie, la souche ancestrale de Wuhan a été remplacée par des variants du SARS-CoV-2 contenant plusieurs mutations au sein de la protéine S. Nous avons caractérisé les protéines variantes S Alpha, Beta et Delta par rapport à leur potentiel de formation de syncytia. Nous démontrons que la protéine S de ces variants induisent plus de fusion que le variant précoce D614G et que la souche ancestrale. La fusogénicité des variants est en partie corrélée à leur potentiel de liaison à l'ACE2. De plus, les mutations individuelles associées aux variants modulent de manière différentielle la formation de syncytia. Les mutations P681H, D1118H et D215G augmentent la fusion cellule-cellule tandis que les mutations d'échappement aux anticorps E484K, K417N et Δ242-244 sont restrictives. Par ailleurs, les IFITM limitent efficacement la formation de syncytia induite par les protéines variantes S.

Nous avons également étudié le potentiel de formation de syncytia des coronavirus communément en circulation. Nous avons constaté que la protéine S du hCoV-HKU1 induit des syncytia uniquement lorsque les cellules adjacentes expriment la TMPRSS2 sous sa forme catalytiquement active. Nous montrons aussi que l'IFITM1 humain restreint la formation de syncytia médié par la protéine S du hCov-HKU1 alors que l'IFITM1 murin augmente la fusion. Fait intéressant, alors que la protéase TMPRSS2 accélère la formation de syncytia médiée par le SARS-CoV-2 et contrecarre les effets restrictifs des IFITM, elle n'interfère pas avec la restriction de la fusion HKU1-S médiée par l'IFITM1.

En résumé, nous avons caractérisé les mécanismes de la formation de syncytia médiée par la protéine S et sa régulation par des composants de la réponse immunitaire humorale et innée. Nos résultats fournissent ainsi des informations préliminaires sur l'effet cytopathique et la pathologie induite par le SARS-CoV-2.

Mots-Clés: SARS-CoV-2, HKU1, Coronavirus, Syncytia, IFITMs, Spike

Résumé Substantiel (Français):

Fin 2019, plusieurs patients ont présenté une maladie de type pneumonie causée par un agent inconnu à Wuhan, en Chine. L'agent a été identifié comme le nouveau bêta coronavirus SRAS-CoV-2. En date du 12 septembre 2021, le virus s'était propagé dans 193 pays, causant 224 millions d'infections et plus de 4,6 millions de décès. La maladie à coronavirus 2019 (COVID-19) possède un large spectre d'effets et environ 80% des cas sont soit asymptomatiques, soit présentent des symptômes légers ou modérés. Les symptômes les plus courants de la maladie sont la fièvre, les douleurs musculaires, la toux et une respiration difficile. Une manifestation sévère de la COVID-19 provoque un syndrome de détresse respiratoire aiguë (SDRA) avec des lésions pulmonaires étendues et parfois mortelles. La détérioration du tissu pulmonaire est caractérisée par des lésions alvéolaires diffuses, une thrombose micro/macro-vasculaire et une nécrose des pneumocytes. La majeure partie de l'histopathologie décrite dans l'infection SRAS-CoV-2 est probablement liée à la réponse immunitaire; cependant, les effets cytopathiques induits par le virus peuvent également endommager directement le tissu pulmonaire tout en déclenchant une activation immunitaire supplémentaire. Une caractéristique particulière remarquée dans quelques rapports cliniques est la présence de pneumocytes syncytiaux. Cette observation est étayée par plusieurs rapports d'autopsie de patients décédées de la COVID-19 et de modèles de primates non humains qui décrivent également la présence de syncytia dans le tissu pulmonaire infecté.

Les syncytia sont de grandes cellules multinucléées produites par la fusion de deux cellules ou plus. Au cours de la formation des syncytia, la membrane plasmique de différentes cellules fusionne en une seule bicouche lipidique et leur contenu cytoplasmique fusionne. De nombreux processus physiologiques importants dépendent de cellules en cours de syncytialisation.

Cependant, des agents pathogènes comme le SRAS-CoV-2 peuvent également induire des syncytia. La formation non régulée de syncytia induite par un agent pathogène, dans des cellules qui normalement ne fusionnent pas, est susceptible d'être pathologique. Les cellules syncytiales peuvent faciliter l'infection en disséminant le virus par contact de cellule à cellule ou lors de la mort cellulaire et elles peuvent protéger le virus contre les anticorps neutralisants Elles peuvent également internaliser des cellules immunitaires, ce qui conduit remarquablement à la mort des cellules internalisées. Un effondrement syncytial rapide peut être préjudiciable à la réplication virale et déclencher une réponse immunitaire inflammatoire. Dans tous les cas, les syncytia du SRAS-CoV-2 contribuent très probablement à la pathogénicité virale. Ainsi, comprendre le mécanisme et les conséquences de la formation de syncytia médiée par la protéine S du SRAS-CoV-2 peut fournir des informations importantes sur la pathologie induite par le virus.

Le SRAS-CoV-2 est un virus enveloppé à ARN simple brin de polarité positive (ARNsb+) et le virion peut avoir un diamètre de 60 à 140 nm. L'enveloppe virale est constituée d'une bicouche lipidique enrobée de la protéine de spicule (S) trimérique qui dépasse de la surface. La protéine S facilite la fusion du virion avec la cellule hôte en interagissant avec le récepteur ACE2 humain au cours de la première étape de l'infection. La protéine S est un fusogène de classe I (structurellement composé d'hélices) qui facilite la fusion membranaire après avoir subi des réarrangements structurels qui la font passer d'une forme dite de préfusion métastable à un état compétent pour la fusion. Il s'agit d'une protéine glycosylée longue d'environ 1271 acides aminés et composée des sous-unités S1 et S2 séparées par un site de clivage polybasique. Les protéases cellulaires clivent entre ce site S1/S2 ainsi qu'au niveau d'un site S2' afin d'activer la protéine S.

À la suite de rapports identifiant la présence de cellules syncytiales infectées dans les poumons de patients atteints de la COVID-19 sévère, nous nous sommes efforcés de caractériser le mécanisme par lequel le SRAS-CoV-2 induit la formation de syncytia, en plus d'étudier le degré auquel il affecte la pathologie. Nous avons émis l'hypothèse que la fusion cellule-cellule induite par le SRAS-CoV-2 serait analogue à l'entrée virale et nécessiterait donc l'interaction de la protéine S avec les récepteurs de l'hôte et qu'elle pourrait être modulée différemment par divers facteurs de l'hôte.

Nous avons d'abord caractérisé comment les cellules infectées par le SRAS-CoV-2 forment des syncytia en examinant l'interaction entre la protéine S, le récepteur ACE2 humain et la protéase TMPRSS2 humaine. Nous avons également examiné l'impact des protéines transmembranaires induites par l'interféron (IFITM), un groupe de facteurs de restriction altérant la membrane, sur la formation de syncytia induite par le virus. Les IFITM restreignent un large spectre de virus enveloppés, notamment le VIH, le virus de la grippe, Ebola, Marburg, la dengue, le Zika, le virus du Nil occidental, de l'encéphalite japonaise, de la fièvre de la vallée du Rift, ainsi que les membres de la famille des coronavirus. IFITM1 se localise sur la membrane plasmique, tandis que IFITM2 et 3 transitent tous deux à travers la membrane plasmique avant de se localiser dans les compartiments endo-lysosomaux. Les IFITM empêchent les virus de traverser la membrane cellulaire et d'accéder au cytoplasme, éventuellement en altérant la rigidité et la courbure ou la composition de la membrane. Cela permet d'augmenter la barrière énergétique pour la fusion, entravant la fusion virus-cellule au stade de l'hémi-fusion ou de la formation de pores.

Notre étude a révélé que les cellules infectées par le SRAS-CoV-2 expriment la protéine S à leur surface cellulaire et qu'elle peut ainsi interagir avec les récepteurs ACE2 sur les cellules voisines pour induire la fusion cellule-cellule. La formation de syncytia est augmentée par la présence de la protéase TMPRSS2 et restreinte par IFITM1, 2 et 3. Cependant, TMPRSS2 annule la restriction médiée par IFITM et le mécanisme par lequel TMPRSS2 subvertit les contraintes biophysiques imposées par les IFITM demeure une question en suspens. Depuis l'émergence de la souche ancestrale de Wuhan, plusieurs nouveaux variants du SRAS-CoV-2 hébergeant une variété de mutations dans leur génome viral sont apparus et se sont propagés dans le monde. L'un des premiers variants décrits était le variant européen D614G, dans lequel une substitution dans la protéine S augmentait l'infectiosité du virus sans altérer la neutralisation par les anticorps. La pandémie a ensuite vu l'émergence et la propagation du variant Alpha (anciennement appelé B.1.1.7) qui a d'abord été identifié au Royaume-Uni, du variant Beta (B.1.351) identifié en Afrique du Sud, du variant Gamma (P.1 & P.2) identifié au Brésil, et plus récemment du variant Delta (B.1.617) identifié en Inde. Ces « variants préoccupants » ('variants of concern', VOC) se caractérisent par leur transmissibilité accrue et leur plus grand potentiel à échapper aux anticorps neutralisants, mais leur impact sur la gravité de la maladie est sujet à débat.

Les mutations de la protéine S des COV sont particulièrement intéressantes car elles peuvent affecter à la fois l'antigénicité et l'infectivité du virus. En effet, la protéine S des différents variants abrite une variété de mutations qui peuvent conférer différents avantages. Ainsi, notre deuxième objectif était de caractériser la fusogénicité de la protéine S des variants Alpha, Beta et Delta par rapport à la souche européenne précoce D614G et à la souche ancestrale de Wuhan. Nous avons ensuite utilisé une approche mutagène pour caractériser la contribution de chacune des mutations individuelles associées aux variants Alpha et Beta en termes de leur fusogénicité, de leur capacité d'échappement aux anticorps et de leur potentiel de liaison à l'ACE2. ainsi que ses interactions avec TMPRSS2, les IFITM et LY6E (Lymphocyte antigen 6 complex locus E). Nous constatons que la présence de TMPRSS2 sous sa forme pleinement active est requise pour la fusion médiée par la protéine S de HKU1 et que l'IFITM1 humain est un puissant inhibiteur de cette fusion. En revanche, l'IFITM1 murin se comporte comme un facteur favorisant la fusion médiée par les spicules de HKU1.

Enfin, la formation de syncytia médiée par le SRAS-CoV-2 a été proposée comme un contributeur potentiel à la pathologie globale. Alors que des cellules syncytiales ont été observées dans le tissu pulmonaire de patients décédés de la COVID-19, leur importance relative et leur contribution générale à l'infection virale restent inconnues. En outre, il n'est pas clair si la formation de syncytia Finalement, les outils que nous avons développés pourraient également être appliqués à l'étude d'autres coronavirus, tel HKU1. De futures études pourraient faire la lumière sur les interactions moléculaires entre la protéine S, l'ACE2, le TMPRSS2 et les IFITM. L'examen de la motilité et de la dynamique d'interaction de ces protéines sur la membrane plasmique pendant la formation des syncytia devrait contribuer à la compréhension du mécanisme précis par lequel la formation des syncytia est facilitée ou restreinte. De plus, le développement de modèles animaux pour étudier les syncytia induits par le SRAS-CoV-2 in vivo serait également une priorité future.
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Part 1: The discovery, emergence and epidemiology of human coronaviruses

Coronaviruses are named for the morphology of the virion, where the protruding spike (S) protein

gives the virus a "crown-like" (Latin: corona) appearance. Taxonomically, the family Coronaviridae is situated in the order Nidovirales. The general term "coronavirus" now refers to members of the subfamily orthocoronavirinae which is further subdivided into four genra:

alphacoronavirus (α-CoV), betacoronavirus (β-CoV), deltacoronavirus (δ-CoV), and gammacoronavirus (γ-CoV) [International Committee on the Taxonomy of Viruses (ICTV); 2020]. The α-CoVs and β-CoVs primarily infect mammals, whereas the δ-CoVs and the γ-CoVs are primarily avian viruses; however, some can also infect mammals [2,3].

Molecular clock analysis examining the viral RNA-dependent RNA polymerase (RdRp) puts the most recent common ancestor of all coronaviruses at ~10,000 years ago. [3]. Within each of the α-CoV, β-CoV, δ-CoV and γ-CoV genre, the most recent common ancestor was estimated to have existed ~4400, ~5300, ~4800 and ~5000 years ago, respectively [3]. These estimates, however, were strongly disputed based on the great diversity of hosts and their longstanding association with the coronaviruses [4]. Once the effects of purifying natural selection was factored into the analysis, the most recent common ancestor was estimated to have existed around 190 to 489 million years ago; suggesting that coronaviruses have an ancient origin [4]. It is widely acknowledged, that such extrapolative studies can only provide biologically plausible hypotheses and not definitive answers [4]. The first scientific description of a coronavirus was in the 1930s when infectious bronchitis virus, an agent of contagious respiratory disease in chickens, was identified and isolated [5].

During this period, coronaviruses were viewed to be primarily of agricultural concern, and it was not until the 1960s that their potential to infect humans was described. The pandemic potential of coronaviruses would become very clear in the 2000s. The following sections will explore these human coronaviruses (hCoVs) in detail and in order of their discovery and emergence.

1.1.1 The "Common Cold" or "Seasonal" Human Coronaviruses: 229E, NL63, OC43 and HKU1

Human coronaviruses were first described in the mid-1960s when hCoV-229E and hCoV-OC43

were isolated from samples taken from patients presenting with the common cold, using tracheal organ cultures (OC) and tissue culture systems [6][7][8][9]. In 2003, another novel hCoV, NL63 was isolated in the Netherlands (NL) from child presenting with fever, coryza and bronchiolitis [10].

This was followed by the isolation of hCoV-HKU1 in Hong Kong from a 71-year old patient suffering from pneumonia upon his return from Shenzhen, China in 2004 [11]. These discoveries make up the group of hCoVs colloquially referred to as the "common cold coronaviruses" since infection usually resulted in mild pathogenicity with cold-like symptoms. Only the most vulnerable patients (children, the elderly and the immunocompromised) are susceptible to the more severe symptoms which includes pneumonia, asthma exacerbations and chronic bronchitis [6]. These hCoVs display seasonality (hence, they are also known seasonal coronaviruses) and increased antibody titers have been documented mainly between December and May [12]. It has also been suggested that infection may occur on cyclical basis every 2 to 3 years [12].

The circumstances surrounding the emergence of these common hCoVs are unclear but they all likely derive from zoonotic sources. It is hypothesized that the two α-CoVs, NL63 and 229E originated from bats whereas the β-CoVs, HKU1 and OC43 likely emerged from rodents (Figure 1.1) [2]. This is supported by molecular clock analysis done on α-CoV sequences derived from bats that suggest a common ancestry with NL63, with an evolutionary divergence event occurring 500 to 900 years ago [13]. Another study also identified sequences related to NL63 and 229E in African bats and suggests that NL63 may be a product of a recombinant event that occurred between NL63-like and 229E-like viruses from two different bat species [14]. Similar studies predicted that 229E emerged around 200-300 years ago [15]. The intermediate host of NL63 is not currently known while viruses similar to 229E have been isolated from dromedary camels and alpacas (Figure 1.1) [16]. The origins of OC43 and HKU1 are also obscure but it is hypothesized that rodent coronaviruses are the ancestral source of the β -CoV lineage A, to which they both belong [17]. In support of this, the closest relatives of HKU1 are the murine coronaviruses, mouse hepatitis virus (MHV) and rat coronavirus (RCoV) [17]. The intermediate host of hCoV-HKU1 is not known [2], though it is possible that rodents were both the original reservoir and transmitting host. Molecular clock analysis of OC43 suggests a remarkable similarity to bovine coronavirus (BCoV) and dates the most recent common ancestor of the two viruses to 120 years ago, with a relatively recent transmission event [18]. It is plausible that cattle were the intermediate source of transmission to humans (Figure 1.1) [2].

The common cold hCoVs are endemic and are distributed globally. NL63 and 229E are responsible for 10-30% of common cold cases and OC43 and HKU1 are associated with 5% and 1% of respiratory infections, respectively [18][19][20]. Due to their mild pathogenicity and relative obscurity, they drew minimal scientific interest. However, the emergence and rapid geographic expansion of the more lethal hCoVs in the 2000s rekindled interest in their milder relatives. The understanding of coronavirus emergence, evolution, and biology as well as the systems that were developed in order to study the common cold coronaviruses undoubtedly facilitated the research into the more pathogenic hCoV-SARS-CoV-1, hCoV-MERS-CoV and more recently hCoV-SARS-CoV-2.

SARS-CoV-1

The first significant hCoV pandemic was caused by severe acute respiratory syndrome coronavirus (SARS-CoV-1) in 2003. The virus is believed to have emerged in late 2002 in the Guangdong province in southern China. In 2003 it spread across the world, causing more the 8,000 infection with a 10% mortality rate [21][22][23]. SARS-CoV-1 likely spilled over to human from civets and racoon dogs sold at live wild animal markets (Figure 1.1) [24,25]. It was found that 13% of live animal traders and more than 50% of traders that specialize in civets had antibodies for SARS-CoV-1, despite not being diagnosed with SARS [26]. Later studies identified SARS-like coronaviruses in bat populations suggesting that bats may be the natural reservoir host (Figure 1.1) [27]. SARS-CoV was noticeably different than the previously described hCoVs in terms of disease severity. Clinical symptoms included fevers, chills, coughs and muscle pains with more severe cases presenting with lymphopenia, liver dysfunction and acute respiratory distress [25,28]. Elderly patients were more susceptible to severe forms of the disease than children and suffered a fatality rate around ~40% [25,29,30]. The treatment for SARS-CoV at that time included β-interferon, assisted ventilation and anti-inflammatory drugs while research into candidate vaccines was underway [25,30]. In their excellent overview of the SARS-CoV pandemic published in December 2003, Stadler and colleagues stressed the importance of continuing with therapeutic and vaccine research, fearing that the decline of the SARS-CoV-1 would exhaust the economic incentives to fund research that may be necessary to address future coronavirus pandemics [25]. Their observation would prove to be prescient.

MERS-CoV

A decade after the emergence of SARS-CoV-1, Middle East respiratory syndrome coronavirus (MERS-CoV) was isolated from a deceased patient who presented with acute pneumonia and renal failure in Saudi Arabia [31]. The virus would go on to cause more than 2200 infections and 800 deaths as it spread to 27 countries [32]. The majority of cases were localized in Saudi Arabia and surrounding countries, with the 2015 epidemic in South Korea being the notable exception [32]. Similar to many of the other coronaviruses, it is postulated that bats are the reservoir species for MERS-CoV (Figure 1.1) [33][34][35]. Dromedary camels were the intermediate host prior to human transmission (Figure 1.1) [36,37]. Clinically, infection results febrile illnesses (fever, cough, shortness of breath) and severe cases can lead to acute respiratory distress syndrome (ARDS) and multiorgan dysfunction syndrome [32]. Therapeutic and treatment options were similar to SARS-CoV-1 infections [38]. The case fatality rate for MERS-CoV infection was also high at 30% [32]. In retrospect, the emergence and spread of SARS-CoV-1 and MERS-CoV was clear evidence of the pandemic potential of coronaviruses. This potential would be fully realized by SARS-CoV-2, which will be the focus of the next section and the rest of this chapter.

SARS-CoV-2

At the end of 2019, several patients presented with a pneumonia-like illness caused by an unknown agent in Wuhan, China [39]. The agent was identified as the newly emerged betacoronavirus SARS-CoV-2 (then termed novel coronavirus 2019; nCoV-2019) [39]. As of September 12 th 2021, the virus has spread to 193 countries causing 224 million infections and over 4.6 million deaths [40]. It is currently unclear how the virus emerged and spread to humans but there are parallels to the emergence of SARS-CoV-1. At the start of the epidemic, many of the cases were centered around the Huanan market which traded in wild animals including civets and racoon dogs [41]. Serological and sequencing studies also suggest that SARS-CoV-2-like viruses can infect pangolins, which are trafficked and sold for consumption (Figure 1.1) [42,43]. The receptor binding domain of some pangolin derived coronaviruses, share a remarkable similarity to SARS-CoV-2 and can bind effectively to human receptors [41,44]. None of the pangolin coronaviruses, however, have a polybasic furin-like cleavage site in the S protein which is a distinguishing feature of SARS-CoV-2 [43]. At this stage, it cannot be definitively stated that any of these species are the intermediate hosts (Figure 1.1). Genetically, SARS-CoV-2 most closely resembles a bat coronavirus RatG13, with an approximate 96% average genetic similarity [45,46]. Coronaviruses are also prone to recombination, meaning that small regions of the viral genome can have independent origins and this can complicate the evolutionary picture [45]. When examined in terms of the virus genome, SARS-CoV-2 is more similar to several other bat coronaviruses (RmYN02, RpYN06, and PrC3) than RatG13 [41,47]. The reservoir species for SARS-CoV-2 has not been definitively identified, though bats are a reasonable suspect (Figure 1.1). Indeed, SARS-CoV-2-like viruses with similar receptor binding domain residues that can infect human cells have been recently documented [48]. The evolutionary history of SARS-CoV-2 may be further convoluted by the involvement and genomic contributions from different virus species and further research is needed on the subject [48]. The symptoms of SARS-CoV-2 are reminiscent of the other severe hCoVs. A detailed discussion of the clinical and virological characteristics of SARS-CoV-2 infection is presented in a later section. 

SARS-COV-2 Variants of Concern

Since the emergence of the ancestral Wuhan strain, several novel SARS-CoV-2 variants harbouring a variety of mutations throughout their viral genome have arisen and spread around the world. One of the earliest described variants was the D614G European variant, in which the substitution in the S protein increased the virus' infectivity without altering antibody neutralization [49]. The pandemic then saw the emergence and spread of the Alpha variant (formerly termed [50][51][52][53][54][55]. These "variants of concern" (VOC) are characterized by their increased transmissibility and greater potential to evade the neutralizing antibody response; however, their impact on disease severity is debated (Table 1) [56][57][58][59][60][61].

Due to the mosaic and sometimes conflicting nature of the epidemiological and serological data on the VOC, it is difficult to provide an exact comparison. The Alpha variant is 43% to 90% more transmissible than the ancestral Wuhan strain [59]. There also seems to some degree of antibody escape when compared to the Wuhan strain, but antibodies from convalescent sera similarly neutralized both the Alpha and the D614G variant [56,62]. The Beta variant may also have a slight transmission advantage over the ancestral strain; however, its defining characteristic is its ability to evade antibody neutralization [63]. Relative to D614G and Alpha, neutralization titers from convalescent and vaccinated sera was significantly less effective against the Beta variant [56]. The Beta variant also seems to affect disease progression. Compared to Alpha, infection with the Beta seems to increase the odds of progressing to severe disease, critical disease and death by 1.24-fold, 1.49-fold, and 1.57-fold, respectively [64]. A study in Brazil also found that the P.1 Gamma was twice as transmissible than previously circulating "non-P.1" variants [65]. It also is more resistant to antibody neutralization than the D614G variant [66]. The Delta variant is currently the main VOC and rapidly displaced the aforementioned variants in many countries. The Delta variant is twice as transmissible as the ancestral Wuhan strain and 40% to 60% (possibly 100%) more transmissible than the Alpha variant [67][68][69]. In addition, the Delta variant has some resistance to neutralizing antibodies from sera isolated from both convalescent individuals and those who received only one vaccine dose [51]. Furthermore, disease severity and risk of hospitalization was also higher with the Delta variant infection, relative to the Alpha variant [70,71]. The mutations in the S protein of VOC are of particular interest as it can affect both the antigenicity and infectivity of the virus. Indeed, the S protein of the different variants house a variety of mutations that may confer different advantages. The functional characteristics of the mutations associated with the S proteins of the VOCs will be explored in Chapter 3 and Chapter 5. 

Transmission

SARS-CoV-2 is mainly transmitted between humans through direct or indirect contact with the secretions or aerosolized respiratory droplets from an infected individual [72]. Once inhaled, the virus infects the respiratory tract epithelium including the oropharynx and the upper respiratory tract [73]. In the first five days of infection an individual can be presymptomatic, with symptom onset usually occurring after a week post-infection and around the time of peak viral load (Figure

1.
2) [73]. The presence of high titers of SARS-CoV-2 early in the course of infection may help explain the increased transmissibility of the virus relative to MERS-CoV and SAR-CoV-1 [74]. In addition, some SARS-CoV-2 VOC may display a more rapid infection kinetic than the ancestral strain. For example, it is suggested that the viral load upon infection by the Delta variant is 1000 times higher. Studies done on animal models demonstrate that VOC can transmit more efficiently than the earlier strains at a lower dose [75]. Faster infection kinetics in the host and greater infectivity may contribute to the increased transmissibility of the VOC [58]. 

COVID-19: Symptoms and Disease

Coronavirus disease 2019 (COVID-19) is a spectrum disorder and ~80% of cases are either asymptomatic or present with mild or moderate symptoms [77,78]. The most common symptoms of the disease include fever, muscle pain, coughs and labored breathing [73,79]. Other reported clinical features include gastrointestinal distress, fatigue, headaches, sore throat, ground glass-like chest opacity on chest x-rays and lymphopenia [79]. Severe and critical manifestations of the disease can occur in about 20% of cases and are associated with risk factors such as advanced age, preexisting pulmonary and cardiovascular diseases, obesity and the hyperactivation of the immune system [73,78]. This phase of the disease is associated with decreasing viral loads but a rapidly expanding antibody and inflammatory response (Figure 1.2) Severe manifestation of COVID-19 causes acute respiratory distress syndrome (ARDS) with extensive, and occasionally fatal, lung damage (Figure 1.2) [80]. The deterioration of lung tissue is characterized by diffuse alveolar damage, micro/macro-vascular thrombosis, and pneumocyte necrosis [80][81][82]. Many of these lung pathologies are also reminiscent of severe SARS-CoV-1 and MERS-CoV infections [80,83,84].

The clinical features of COVID-19, especially the extensive lung thrombosis, are particularly severe in comparison to other causes of acute respiratory syndrome [80,85]. A combination of hypoxemia, immune-mediated damage, and virus-induced cytopathic effect all contribute to lung epithelial destruction [80,85,86]. The overall case-fatality rate for SARS-CoV-2 ranges from 1 to 7% (average 2%) depending on the region but can be as high as 17% in vulnerable populations [87,88].

Vaccines and Therapeutics

Similar to the other severe hCoVs, treatment for COVID19 disease involves the use of monoclonal antibodies, glucocorticoids, corticosteroid therapy, and broad-spectrum antivirals in combination with supportive therapies including mechanical ventilation and oxygen [79]. However, there are no specific treatment options to date. The SARS-CoV-2 pandemic is remarkable in comparison to the previous hCoV pandemics, due the rapid development and implementation of effective vaccines. Several different vaccine strategies have been successfully employed and have been critical in controlling the pandemic. Table 2 summarizes the most widely used vaccine strategies and their efficacy. Inactivated vaccines use the virus particle as the immunogen, after it has been chemically or physically inactivated [89]. Viral vector vaccines deliver genes that encode specific antigens to the host via a non-pathogenic or non-replicating viral (adenovirus) vector. Both the AstraZeneca-University of Oxford and the Gamaleya vaccines use the full length SARS-CoV-2 S protein as the antigen [89].

Similarly, mRNA based vaccines are synthesized in vitro and delivered via lipid nanoparticles [89]. They encode viral antigens that are directedly translated into proteins in the host's cytoplasm [89]. The Moderna and Pfizer-BioNtech vaccines both encode the full length S protein with the K986P and V987P mutations that stabilize the protein in a prefusion state [89,90]. The different vaccines have been shown to drastically reduce disease severity and hospitalizations and are major component in controlling the pandemic. The rise and spread of the SARS-CoV-2 VOC may present a challenge to the currently used vaccine strategies since the variants house several mutations in the S protein. There is some evidence of reduced protection against VOC depending on the vaccine, viral strain and number of vaccine doses received [51,91]. However, the vaccines are still generally protective against severe forms of disease and they reduce the risk of hospitalization [91]. 

SARS-CoV-2 Virion and RNA

SARS-CoV-2 is an enveloped positive-sense single-stranded RNA (+ssRNA) virus. Based on electron micrographs, the virion can range from 60 to 140nm in diameter (Figure 1.3) [39]. The viral envelope is comprised of a lipid bilayer embedded with the envelope (E), membrane (M) and the trimeric S protein, which protrudes from the surface. Enclosed within the virion is the genomic +ssRNA encapsidated by the nucleocapsid (N) structural protein (Figure 1.3). A defining feature of coronaviruses is their large genomes which can range from 26-32 kb in length. The viral transcript is also flanked by a 5'-cap structure and a 3' poly (A) tail which form secondary RNA structures necessary for RNA synthesis [92,93]. Once deposited into the host cell, the first two-thirds (from the 5' end) of the viral RNA (vRNA) are translated from two open reading frames (ORF), ORF1a and ORF1b [93,94]. ORF1a is translated into polyprotein (pp)1a and a frameshift upstream of the ORF1a stop codons allows for the continued translation of ORF1b into pp1ab (Figure 1.3) [92]. The resulting polyproteins are co-and post-translationally processed into 16 nonstructural proteins (nsp) that make up the viral replication and transcription complex [92,93].

The structural proteins S, envelope (E), nucleocapsid (N), and membrane (M) as well as several accessory proteins, are expressed from ORFs from the final third of the viral genome from a nested set of sub-genomic mRNAs (sgRNA) in a process referred to as discontinuous transcription [93,95]. Previous investigations into coronaviruses and recent studies on SARS-CoV-2 have provided insights into the function of the viral proteins (discussed below). 

Coronavirus replication cycle

The current knowledge on the lifecycle of SARS-CoV-2 and function of the viral proteins derives from both recent research as well as previous work conducted on other coronaviruses [93]. The fusion of the viral membrane with the cellular membranes and the deposition and uncoating of viral genomic RNA in the cellular cytoplasm represents the first stage of the viral life cycle [93].

This occurs when the S protein on the surface of the virions interacts with the human angiotensin converting enzyme 2 (ACE2) receptor at the surface of the target cell (Figure 1.4). Several auxiliary receptors such as L-SIGN, DC-SIGN, and neuropilin-1 (Nrp1), may facilitate attachment or entry [96][97][98]. Additionally, a recent investigation identified sialic acid-binding Ig-like lectin 1 as an attachment receptor which can enhance ACE2-mediated infection [98].

The virus can then fuse at the plasma membrane (early entry) or with endosomal membranes (late entry) during uptake. When bound at the plasma membrane, the S protein may be primed by host factors like transmembrane serine protease 2 (TMPRSS2), which enhances SARS-CoV-2 entry 

Structural Proteins

Spike (S) Protein

The S protein facilitates the fusion of the virion with the host cell by interacting with the human ACE2 receptor during the first stage of infection. It is also the driver of SARS-CoV-2 induced syncytia formation through an analogous mechanism; however, this will be explored in a later 

Nucleocapsid protein

The 

The interplay between the structural proteins

Taken together, the M, N and E structural proteins of SARS-CoV-2 play intertwined roles in the assembly of the virion and in suppressing the host immune response. The N protein interacts with the newly synthesized vRNA and oligomerizes in order to compact the genome. The M and E localize on intracellular membranes. Interactions between N and M allow for the viral genome to be packaged into virions at the site of assembly. Extrapolating from what is known about the budding process from other enveloped viruses, the N protein exerts a pushing force to create a membranous bud while E and M create a membrane curvature and a pulling force. M and E also play a role in the sequestration and processing of the S protein, keeping the fusogen at sites of virus assembly. The incorporation of the S protein is necessary to ensure the viral progeny are infectious [119]. The final product will be the budding of an immature virion from the ERGIC or Golgi membrane which contains the N protein encapsidated viral genome within and the S, M and E proteins on the virion surface. The viral progeny will continue to mature as they egress. The structural proteins are multifunctional and in addition to their role in viral assembly they also modulate the immune response and increase pathogenesis.

Non-structural protein

The sixteen nonstructural proteins are derived from the co-and post-translational processing of pp1a (nsp1 to nsp11) and pp1ab (nsp1-10, nsp1-16). These proteins are responsible for vRNA replication, mRNA synthesis, processing of pp1a and pp1ab and modulating the host immune response [95]. The two large polyproteins are cleaved by the cystine proteases nsp3 (papain-like protease, PLpro) and nsp5 (chymotrypsin-like protease, 3CLpro) [93]. The majority of the processing is done by nsp5, as such it is also referred to as the main protease (Mpro) [93]. Nsp3 infection [93,135,136]. This suggests that vRNA is synthesized in these replication organelles; however, this has not been conclusively proven [93]. The nsp3 protein of several coronavirus including SARS-CoV-2, has been shown to form molecular pores on the DMV, which may allow for newly synthesized vRNA to translocate to the translation and encapsidation sites [93,137] 

Accessory proteins

In addition to the previously mentioned structural proteins, the sgRNA transcribed from coronavirus genomes also encodes accessory proteins. The exact number of accessory proteins encoded by SARS-CoV-2 is debated and the existence and function of many of the postulated

proteins have yet to be experimentally verified [93]. To complicate matters further, there is little homology between the accessory proteins of different coronaviruses which makes functional comparisons difficult. There are at least 5 (potentially 6) accessory proteins described for SARS-CoV-2 including ORF3a, ORF6, ORF7a, ORF7b, ORF8, and ORF3b and they mainly function as modulators of the host immune response [93]. The presence of ORF3b and ORF6 antagonizes the activation of IRF3 (interferon regulatory transcription factor 3) and expression from ISRE (interferon-stimulated response element) (Figure 1 Beyond this particular evolutionary association between viruses and cell-cell fusion exists a more immediate causal relationship, in which syncytia are induced as a consequence of viral infection.

In these cases, the viral fusogen may also function to fuse adjacent cells. Syncytia formed in this manner could potentially facilitate viral replication, dissemination, immune evasion as well as cause cytopathic effects and wider tissue damage [163]. The significant differences between physiological and pathological syncytia is that cell-cell fusion under physiological conditions is tightly regulated. For example, during physiological syncytiogenesis, such as in placental trophoblast formation, the cell cycle is arrested at the G0 phase [164]. The expression of the Syncytin-2 (SYN2) fusogen is also restricted to the G0 phase, which allows for strict regulation of Other virus including some member of the rhabdovirus family can induce syncytia in particular circumstances. For example, the fusion glycoprotein G of the Vesicular stomatitis virus induces cell fusion at an acidic pH [167]. This is a useful feature which is exploited in studies examining the potential of syncytia induction in oncolytic virotherapy [167]. In many cases the syncytia formed by these viruses have a direct and indirect consequences on their pathobiology and on their viral fitness, particularly for dissemination. In the case of HIV-1 infection, the newly synthesized envelope fusogen in an infected cell is trafficked to the plasma membrane where it can interact with receptors on neighboring cells to form syncytia that can further interact with naïve T cells and disseminate virus [168]. Syncytia found in skin lesions is a hallmark of herpes virus infection 

Syncytia formation: A histopathological feature of coronavirus infection

Most of the described histopathology in SARS-CoV-2 infection is likely related to the immune response; however, virus-induced cytopathic effects may also directly damage the lung tissue while also triggering further immune activation. A peculiar feature noticed in a few clinical reports was the presence of multinucleated pneumocytes. Work by Bussani 

The Role of the S protein in Syncytia Formation

There have been many investigations into the highly antigenic SARS-CoV-2 Spike (S) protein, which is the viral fusogen. Recent characterizations have provided detailed insights into the properties and domains of the S fusogen and its interaction with receptors. There have also been significant advances in the molecular understanding of the relationship between the SARS-CoV- . However, prior to any receptor interaction, syncytia formation requires the S protein to be translocated to the plasma membrane. Therein lies the first question regarding the mechanism of SARS-CoV-2 S protein-mediated syncytia formation. If throughout the viral life cycle, the S protein is associated with the intracellular membrane and the virus itself does not bud from the cell surface, how then is the S protein able to localize at the surface?

The mechanism of S translocation to the plasma membrane

Many factors act in conjunction to keep the S protein sequestered on the intracellular membrane.

In many coronaviruses, the M protein contains a Golgi localization signal and also associates with the S protein, effectively retaining it on intracellular membranes (Figure 1.8) [119]. Furthermore, the S protein contains within its cytoplasmic tail a binding site for the cytoplasmic coat protein (COPI), which allows for retrograde transport from the Golgi to the ER and further exposure to M protein-mediated sequestration [119]. The E protein may also induce S retention by slowing down the cell's secretory pathway. The co-expression of M and E with the S protein reduces syncytia formation in cell culture models [119]. A recent investigation by Cattin-Ortolá and colleagues provides relevant mechanistic observation on how the S protein could escape its confines and localize on the cell surface [120]. They suggest that the COPI binding motif of the SARS-CoV-2 S protein tail might be sub-optimal. The presence of a histidine rather than a lysine at residue 1271 as well as threonine at residue 1273 in the S protein contributes to sub-optimal COPI binding and reduced intracellular accumulation (Figure 1.8) [120]. Furthermore, the COPI binding site is in close proximity to the COPII (responsible for anterograde transport of protein from ER to Golgi) binding site and replacing the histidine with lysine at residue 1271 also reduced interaction with COPII [120]. This suggests that the S protein might be more prone to exit from the ER (Figure 1.8). The co-expression of M and E proteins reduced S surface expression but did not negate it

[120]. These lower affinity binding motifs in the S protein cytoplasmic tail allow for the S protein to leak to the cell surface and promote syncytia formation.

S protein mediated activation of TMEM16 and phosphatidylserine exposure

A study by Braga and colleagues further provides valuable insights into the mechanism of SARS-CoV-2 induced cell-cell fusion [85]. They screened for inhibitors of S protein-mediated syncytia formation and found that the most effective inhibitors shared the common characteristic of regulating intracellular calcium (Ca 2+ ) levels [85]. They noticed intracellular Ca 2+ oscillations in individual S-expressing cells and in syncytial cells and they suggest that expression of the S protein amplifies spontaneous Ca 2+ transients (Figure 1.8) [85]. To better understand the relationship between Ca 2+ fluctuations and syncytia formation, they focused on one of their strongest hits, the anthelminthic drug niclosamide which inhibits the Ca 2+ activated TMEM16 family of chloride channels and scramblases [85]. The expression of the ubiquitous TMEM16F was increased upon S protein expression [85]. TMEM16F is a non-specific ion channel and a scramblase that translocates phospholipids bidirectionally between the plasma membrane leaflets (Figure 1.8).

The translocation of specific phospholipids from internal to outer leaflets can serve as a fusion ). Syncytia formed via S protein-mediated fusion also expose PS on their plasma membrane [85]. The activation of TMEM16F by S protein and the corresponding translocation of PS may represent an important mechanism in which SARS-CoV-2 induces syncytia. It is likely that there may be other mechanisms that facilitate syncytia formation that future studies may elucidate. TMEM16F plays a role in lipid scrambling in platelets during blood coagulation and its activation by S may contribute to the extensive thrombosis in severe cases of COVID-19 [85]. The downregulation or overexpression of TMEM16F results in a corresponding decrease or increase in syncytia formation [85]. Braga et al. also note that the downregulation of TMEM16F does not affect MERS-CoV S protein-mediated syncytia formation [85]. Comparative investigations on this disparity between SARS-CoV-2 S and MERS-CoV S protein in relation to TMEM16F may further elucidate the mechanism of syncytia formation.

Summary of the mechanism of S protein-mediated syncytia formation

In brief, the SARS-COV-2 S protein, which is normally sequestered on intracellular membranes, possesses suboptimal COPI binding sites that allow for leakage and translocation to the cell surface. Once at the surface, the S protein interacts with ACE2 and host factors on adjacent cells to induce syncytia. In parallel, the expression of the S protein also affects intracellular Ca 2+ fluctuations and results in the increased expression of the TMEM16F ion channel and scramblase.

TMEM16F translocates PS from the cytofacial leaflet of the plasma membrane to the exofacial leaflet, which promotes the membrane's fusogenic properties (Figure 1.8). Since the S protein plays a significant role in fusing together membranes during virus-cell fusion and in syncytia formation, a more in-depth molecular characterization of its interactions with host factors is warranted. This is the subject of the following section.

Figure 

Modulation of S-mediated fusion by membrane-altering host factors

Restriction and enhancement factors play a complex role in regulating viral infection. Several key host factors are membrane-bound and operate at the entry and fusion step of the viral life cycle. This section will examine the role of key membrane-bound restriction and enhancement factors on S protein-mediated fusion and syncytia formation.

IFITMs

One such group of host factors are the family of ISGs called the interferon-induced transmembrane (IFITM) proteins. Functional IFITMs can be further categorized into three clades and despite the nomenclature only members of clade 1, -IFITM1, 2 and 3 as well as the mouse specific IFITM6 and 7 -are truly IFN induced, ubiquitously expressed and possess bona fide innate immune activity [189]. IFITMs restrict a broad spectrum of enveloped viruses including influenza, HIV-1, Ebola, Marburg, dengue, Zika, West Nile, Japanese encephalitis, Rift Valley Fever as well as members of the coronavirus family [190][191][192].

IFITM1 localizes on the plasma membrane, while IFITM2 and 3 both transit through the plasma membrane and then localize within the endo-lysosomal compartments. IFITMs prevent viruses from crossing the cellular membrane and accessing the cytoplasm, possibly by altering the rigidity and the curvature or the composition of the membrane [190,[192][193][194]. This serves to increase the energetic barrier for fusion, hindering virus-cell fusion at hemi fusion or pore formation stage [195,196]. In the case of coronaviruses, IFITMs block the entry of MERS-CoV, SARS-CoV-1, NL63

and 229E [197][198][199]. However, the interaction between IFITMs and coronavirus S protein- disease. Here, we endeavored to characterize the mechanism of SARS-CoV-2 induced syncytia formation. We hypothesized that SARS-CoV-2 induced cell-cell fusion would be analogous to viral entry and would require the interaction of the S protein with host receptors and can be differentially modulated by various host factors.

Our first objective (Chapter 2) was to characterize how SARS-CoV-2 infected cells form syncytia by examining the interplay between the SARS-CoV-2 S protein, human ACE2 receptor and the human TMPRSS2 protease. We also studied the impact of IFITMs, a group of membrane-altering restrictions factors, on virus induced syncytia formation.

As the pandemic progressed, SARS-CoV-2 variants with several mutations within the antigenic S protein emerged and spread around the world. Our second objective (Chapter 3) was to characterize the fusogenicity of the S proteins of the Alpha, Beta and Delta variants relative to the early European D614G strain and the ancestral Wuhan strain. We then used a mutagenic approach to characterize the contribution of each of the individual mutations associated with the Alpha and Beta variants in terms of their fusogenicity, capacity for antibody escape and ACE2 binding potential.

Finally, we employed our syncytia formation reporter system to provide a preliminary characterization of the S protein of the neglected hCoV-HKU1 common cold coronavirus (Chapter 4). We further identify some modulatory host factors that affect HKU1 S-mediated fusion, which paves the way for further investigations and comparative studies. 

Results

Syncytia formation by SARS-CoV-2-infected cells

We first examined whether SARS-CoV-2-infected cells may form syncytia. To this aim, we derived U2OS cells stably expressing ACE2. We selected this cell line because its flat shape facilitates imaging. We generated U2OS-ACE2 cells carrying a GFP-Split complementation system (Buchrieser et al, 2019), in which two cells separately produce half of the reporter protein, producing GFP only upon fusion (Fig 1A). These U2OS-ACE2-derived cells, that we termed "S-Fuse" cells, were exposed to various doses of SARS-CoV-2. Video-microscopy analysis showed that syncytia appeared rapidly, starting at 6 h post-infection and grew in size, as bystander cells are incorporated in fused cells ( 

Impact of IFITMs and TMPRSS2 on syncytia formation

We then asked whether TMPRSS2 and IFITM1, IFITM2, and IFITM3 impact syncytia formation. We generated S-Fuse cells stably producing each of the four proteins. We next assessed whether other cell types form syncytia upon SARS-CoV-2 infection. To this aim, we used 293T cells transiently transfected with ACE2 and also generated stable A549-ACE2 cells. The two cell lines readily formed syncytia upon infection (Fig EV4A andB). In order to rule out the possibility that syncytia formation is solely dependent on ACE2 over-expression, we investigated the naturally permissible Vero cells with the GFP-split system. We did not detect fused infected Vero cells (Fig EV5A ); thus, we used as donors U20S-ACE2-infected cells that we co-cultivated with uninfected Vero cells. Numerous heterocellular syncytia were formed in a short period of time ( 8

h) (Fig EV5D). The ability of Vero cells to fuse was again confirmed when donor 293T cells were transfected with S and cocultivated with Vero E6 acceptor cells (Fig EV5C). Additionally, Vero cells are also capable of forming syncytia upon transfection of only the S protein (Fig EV5B). Of note, Caco2 cells did not fuse upon SARS-CoV-2 infection (Fig EV4C)

. Taken together, our data strongly suggest that the ability to form syncytia upon SARS-CoV-2 infection is dependent on cell type as well as on the surface levels of S and ACE2. Fusion is detected in Vero cells with endogenous levels of ACE2.

Syncytia formation by S-expressing cells

We further characterized the mechanisms of fusion and its regulation by IFITMs and TMPRSS2. We asked whether S alone was ◀ Figure 2. Impact of TMPRSS2 and IFITMs on syncytia formation by U2OS-ACE2-infected cells.

Cells were infected at the indicated multiplicity of infection (MOI) and analyzed after 20 h. Image quantification method is described in Fig EV2 .  A TMPRSS2 increases fusion and cell mortality. Right panel: Areas of GFP + cells and nuclei count normalized to NI. B IFITM1, but not IFITM2 and 3, inhibits SARS-CoV-2-induced syncytia formation. Right panels: Area of GFP + cells C The fusion of IFITM1 + cells with U2OS-ACE2 syncytia is drastically reduced. Right panel: Area of IFITM + GFP + cells D IFITM1 decreases the number of infected cells. Right panel: Fraction of cells positive for S, normalized to control cells (transduced with pQCXIP-empty vector). We next studied whether IFITMs and TMPRSS2 impact cell-cell fusion by acting on S-expressing cells ("donor cells"), on ACE2expressing cells ("acceptor cells") or on both. To this end, we used a co-culture system of 293T-GFP1-10 donor cells with 293T-GFP11 acceptor cells. IFITMs and TMPRSS2 were transfected into either donor or acceptor cells (Fig 4A). In the absence of TMPRSS2, IFITMs were poorly efficient when present in donor cells, but inhibited fusion in acceptor cells. As already observed, IFITM1 was more active than IFITM2 and IFITM3. When TMPRSS2 was present in donor cells, IFITMs lost the weak effect they displayed when they were also in donor cells but retained their ability to inhibit fusion when expressed in acceptor cells (Fig 4A). Finally, when TMPRSS2 was expressed in acceptor cells, inhibition of fusion by IFITM was abolished regardless of their side of expression (Fig 4A). Therefore, IFITMs and TMPRSS2 modulate the efficiency of fusion when present in the same cell as ACE2, rather than in the S-expressing cell.

Impact of TMPRSS2 on S, IFITMs, and ACE2 levels

Our observation that TMPRSS2 counteracts the inhibitory effect of IFITMs prompted us to examine whether it degrades these antiviral proteins. Flow cytometry and Western blot showed that this is not the case, since similar levels of IFITM1, IFITM2, or IFITM3 were detected in the presence or absence of the serine protease (Figs 4B andEV6D). TMPRSS2 decreased S surface levels measured by flow cytometry with antibodies targeting the S1 and S2 domains (Fig 4D ), as well as its processing, visualized by the disappearance of a 90 kDa product by Western blot (Fig 4C). In the absence of S, TMPRSS2 also triggered ACE2 processing, a phenomenon which was not inhibited by IFITM1 (Fig 4C 

Discussion

We report here that some SARS-CoV-2-infected cells form large syncytia in culture. This phenomenon occurs in U2OS-ACE2, 293T-ACE2, and A549-ACE2 cells. Naturally permissive Vero cells do not detectably fuse upon infection, but they form syncytia when they encounter infected cells or cells expressing only the Spike protein.

Endogenous levels of ACE2 are thus sufficient to trigger cell fusion. Syncytia formation is thus a cell type-dependent process and likely relies on parameters such as the amount of cellular or viral proteins involved in fusion, or intrinsic biophysical properties of the membranes. S is expressed at the surface of infected cells and is sufficient to generate fusion with neighboring cells. IFITMs inhibit syncytia formation, with IFITM1 being the most efficient. IFITM2 and IFITM3 did not inhibit fusion of infected U2OS-ACE2 cells but were partly active in 293-T cells expressing only S. This may be due to the intracellular location of each IFITM, or the high levels of IFITMs generated by transient transfection. Future experiments with IFITM mutants lacking sorting signals or motifs involved in palmitoylation and other post-translational modifications will help understanding how these proteins impact SARS-CoV-2 fusion. Furthermore, recent reports have suggested that IFITMs may either enhance or restrict SARS-CoV-2 infection, depending on the experimental system and the cell type (preprint: Bozzo et al, 2020; preprint: Shi et al, 2020). Future investigations into the role endogenous IFITMs and TMPRSS2 conducted with primary cells treated or not with type-I IFN will provide a more thorough translational understanding of viral-induced syncytia formation.

We further show that TMPRSS2 accelerates SARS-CoV-2-mediated cell-cell fusion. TMPRSS2, through its serine protease activity, is known to cleave both S and ACE2. TMPRSS2 enhances infectivity and fusogenic activity of different coronaviruses, ◀ Figure 3. Impact of TMPRSS2 and IFITMs on the kinetics of fusion by S-expressing 293T cells.

A 293T-GFP1-10 and -GFP11 cells (1:1 ratio) were co-transfected with S, ACE2, TMPRSS2, IFITM, or control plasmids. Anti-Mouse -Alexa-647
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Anti-IFITM2/3 -Alexa-647

Anti-IFITM2/3 -Alexa-647 facilitates a step different from virion uptake. It will be worth determining which structural changes are triggered by TMPRS22 on the viral protein and its receptor, and how these changes may affect the relative affinities of the two proteins and the dynamics of the fusion process. That TMPRSS2 counteracts the inhibitory activity of IFITMs on SARS-CoV-2-mediated syncytia formation raises interesting questions. This observation is not unprecedented, as two other coronaviruses, HCoV-229E and bat SARS-like WIV1, employ proteolytic pathways to evade IFITM restriction (Bertram et al, 2013;[START_REF] Zheng | Bat SARS-Like WIV1 coronavirus uses the ACE2 of multiple animal species as receptor and evades IFITM3 restriction via TMPRSS2 activation of membrane fusion[END_REF]. IFITM proteins modify the rigidity or the lipid content of cellular membranes to prevent fusion. How this biophysical constraint is overcome by TMPRSS2 will require further investigations. For instance, it will be worth assessing the motility of ACE2 and S in membranes, before and during syncytia formation, and the impact of IFITM and TMPRSS2 on these processes. Determining the role of other proteins known to inhibit virion fusion, such as Ly6E and CH25H, and other proteases such as furin will provide a global overview of the mechanisms of cell-cell fusion.

An analysis of 41 post-mortem samples from individuals who died of COVID-19 demonstrated extensive alveolar damage and lung vasculature thrombosis (preprint: Giacca et al, 2020). In situ hybridization showed the presence of large multinucleated pneumocytes expressing viral RNA and proteins in half of the patients (preprint: Giacca et al, 2020). Syncytia may thus be considered as a frequent feature of severe COVID-19. It will be worth determining whether the syncytia are also generated in mild cases and whether severe or critical cases are linked to polymorphisms in IFITMs, as already reported for Flu (Shi et al, 2017;Zani & Yount, 2018) and in other IFN-related genes. Our results pave the way for the future assessment of the role played by syncytia in viral persistence and dissemination, the destruction of alveolar architecture, and immune or inflammatory responses.

Materials and Methods

Plasmids pQCXIP-Empty control plasmid and pQCXIP-IFITM1-N-FLAG, pQCXIP-IFITM2-N-FLAG, and pQCXIP-IFITM3-N-FLAG plasmids were described (Buchrieser et al, 2019). The IFITM plasmids used throughout this study, either in transfections or in the generation of stably expressing cell lines, all contain a FLAG tag on the N terminus. pQCXIP-BSR-GFP11 and pQCXIP-GFP1-10 were from Yutaka Hata ( . pLen-ti6-H2B-mCherry was from Torsten Wittmann (Pemble et al, 2017) (Addgene plasmid # 89766; http://n2t.net/addgene:89766; RRID: Addgene_89766). pLenti6-attB-hACE2-BSD was generated by cloning hACE2 from pcDNA3.1-hACE2 into the pLenti6-H2B-mCherry. Briefly, hACE2 was PCR amplified adding SpeI, XhoI, and attB sites using forward primer (5'-TCC CTC ACT AGT ACA AGT TTG TAC AAA AAA GCA GGC TGC CAC CAT GTC AAG CTC TTC CTG GCT C -3') and reverse primer (5'-AAA AAA CTC GAG ACC ACT TTG TAC AAG AAA GCT GGG TTT AAG CGG GCG CCA CCT -3') and cloned into pLenti6-H2B-mCherry using XhoI and SpeI sites. phCMV-SARS-CoV2-S was previously described (Grzelak et al, 2020). pLV-EF1a-TMPRSS2-IRES-Hygro was generated by gateway cloning of pCSDest-TMPRSS2 into pLV-EF1a-IRES-Hygro-DEST.

Cells

293T cells, platinum-E retroviral packaging cell line, A549, Caco2, and U2OS cells, and derivatives were cultured in DMEM with 10% Fetal Calf Serum (FCS) and 1% Penicillin/Streptomycin (PS). Vero cells were maintained in DMEM with 5% FCS and 1% PS. Cell lines transduced with pQCXIP pLenti6 or pLV-IRES-Hygro-derived vectors were grown with 1 lg/ml puromycin, 10 lg/ml blasticidin, or 100 lg/ml hygromycin B, respectively (InvivoGen). All cells were either purchased form ATCC or gifts from members of the Institut Pasteur.

Lentiviral and Retroviral vectors

For lentiviral production, 293T cells were co-transfected with pLen-ti6 or pLV-derived vectors, packaging plasmid R8-2, and VSV-G plasmid as previously described (Buchrieser et al, 2019). For murine retroviral vector production, the platinum-E (Cell Biolabs) retroviral packaging cell line was transfected with pQCXIP-derived plasmids. Vector containing supernatants were harvested at 36, 48, and 72 h and ultracentrifuged 1 h at 4°C at 22,000 g.

Generation of stable cell lines

For lentiviral or retroviral transduction, 2 × 10 4 cells were resuspended in 150 µl of medium containing 5-25 ll of ultracentrifuged ◀ Figure 4. Effect of TMPRSS2 and IFITM on S-or ACE2-expressing cells.

A S-expressing cells (Donor cells) and ACE2-expressing cells (Acceptor cells) were co-transfected with TMPRSS2, IFITM, or control plasmids. Cell fusion was quantified by measuring the GFP + area after 18 h. The indicated combinations were tested. lentiviral or retroviral vectors. Cells were agitated 30 s every 5 min for 2 h 30 min at 37°C in a Thermomixer. For cell lines co-expressing IFITMs and other proteins, vectors expressing the other proteins were transduced before IFITM vectors to avoid restriction of vector transduction by IFITMs. All cell lines were routinely tested for mycoplasma and found negative.

GFP-Split fusion assay

For fusion assays with S-expressing cells, 293T-GFP1- A Quantification of fusion and viability. To measure the extent of cell-cell fusion, the GFP area was automatically delimited, measured, and then divided by the total cell area. For cell viability, nuclei were automatically counted, and the total number of nuclei per well was normalized to that of non-infected control cells. B Quantification of syncytia expressing IFITMs. For IFITM-GFP overlap quantification, the IFITM + area was first selected on the 647 nm channel (image 2) and the GFPpositive area was quantified within the IFITM + area (image 3). Image 4 shows the overlap area in gray for simpler visualization. C Quantification of infected cells expressing the S protein. The cells were stained with anti-S antibodies, and the nuclei were detected with Hoechst. The S + area was delimited (each selected object is pseudo-colored). Nuclei present within the S + area were scored and divided by the total number of nuclei, to calculate the number of infected cells per well. A Vero-GFP1-10 and -GFP11 (1:1 ratio) were infected with SARS-CoV-2 for 24 h and stained with anti-S antibodies and Hoechst. Cell fusion was visualized by the GFP + area. No syncytia were observed in infected Vero cells. B Vero-GFP1-10 and -GFP11 (1:1 ratio) were transfected with S expression plasmid and cell fusion was visualized by the GFP + area at 18 h post-transfection. S expression induced extensive syncytia formation. C S-expressing 293T GFP11 (Donor cells) were co-cultured overnight with Vero GFP1-10 (Acceptor cells). Cell fusion was quantified by measuring the GFP + area. Sexpressing 293Ts readily fuse with Vero cells. D SARS-CoV-2-infected U2OS ACE2 + GFP1-10 (Donor cells) were co-cultured for 8 h with Vero GFP11 (Acceptor cells). Cell fusion was quantified by measuring the GFP + area. Infected U2OS fuse with Vero cells. The S protein is comprised of S1 and S2 subunits. The S1 subunit includes the N-terminal domain (NTD) and the receptor-binding domain (RBD). The function of the NTD has yet to be fully elucidated but it may be associated with glycan binding, receptor recognition, and pre-fusion-to-post-fusion conformational changes. The NTD is also targeted by neutralizing antibodies (Krempl et al, 1997; Zhou et al, 2019; Chi et al, 2020). The RBD interacts with the ACE2 receptor and is the main target for neutralizing antibodies (Huang et al, 2020b). The S2 domain consists of the fusion peptide (FP), heptapeptide repeat sequences 1 and 2 (HR1 and HR2), the transmembrane anchor, and the C-terminal domain. The FP inserts into the target membrane by disrupting the lipid bilayer and anchors the target membrane to the fusion machinery (Huang et al, 2020b). This exposes regions of HR1 that interact with HR2, forming a flexible loop that brings the membranes together to facilitate fusion (Huang et al, 2020b). The versatility of the S protein suggests that any mutations that may have arisen are of particular concern as they can affect fusogenicity, antibody recognition, affinity to ACE2, proteolytic processing, and incorporation into virions. There is a general paucity of information regarding how the mutations associated with variant S proteins contribute to cell-cell fusion.

S-mediated cell-cell fusion is sensitive to innate immunity components. The interferon response to SARS-CoV-2 is one of the key factors down-modulating viral entry and replication, and Here, we compared the replication and syncytia forming potential of D614G, Alpha, and Beta viruses in human cell lines and primary airway cells. We further characterized the fusogenicity of the Alpha and Beta variant S proteins and the individual contribution of each of the component mutations in syncytia formation, ACE2 binding, and evasion from a panel of antibodies. Finally, we examined the syncytia forming potential and ACE2 binding capacity of the Delta variant spike.

Results

Comparative replication kinetics of SARS-CoV-2 variants

We compared the replication kinetics of SARS-CoV-2 variants in relevant cell cultures. We first infected Caco-2, Calu-3, and Vero cells with Alpha, Beta, and D614G variants and generated multistep growth curves ( . There were subtle differences at 24 h post-infection, depending on the cell line and the variant. For instance, Beta replicated slightly more than D614G in Caco-2 cells whereas Alpha replicated slight less than D614G in Vero cells (Fig 1A andC). Viral release at each time point was also assessed by extracting RNA from the supernatant and performing RT-qPCR for the gene encoding the N protein. Viral release was again roughly similar with the different variants, especially at early time points. Alpha produced moderately more virus than D614G in all cell lines at later time points (Fig 1A-C). Beta produced more virus than D614G in Caco-2 but less in Calu-3 cells at later time points (Fig 1A andB).

We then used the MucilAirB TM model, which consists of primary human airway epithelial cells (HAEC) grown over a porous membrane and differentiated at the air-liquid interface for over 4 weeks. This relevant model is susceptible to SARS-CoV-2 infection ( Taken together our data show that Alpha and Beta variants replicate similarly to the ancestral D614G strain in a panel of human cell lines and in primary cells, with some slight differences.

Syncytia formation in cells infected with SARS-CoV-2 variants

We next assessed the potential of SARS-CoV-2 variants to induce syncytia. In order to visualize cell-cell fusion, we employed our previously described S-Fuse assay, using U2OS-ACE2 GFP-split cells (Buchrieser et al, 2020). In the GFP-split complementation system, two cell lines containing half of the reporter protein are co-cultured, producing a GFP signal only upon fusion (Fig 2A). Upon infection of S-Fuse cells, we noticed that the Alpha and Beta variants formed larger and more numerous infected syncytia than either D614G or the ancestral Wuhan strain (Fig EV1A). We then characterized quantitatively the differences in fusogenicity by calculating the total syncytia (GFP) area and then normalizing it to nuclei number (Hoechst) ( Therefore, Alpha and Beta variants appear more fusogenic than D614G in S-Fuse and Vero cells.

Syncytia formation in cells expressing variant S proteins

Since syncytia formation is a consequence of the S protein expressed on the surface of an infected cell interacting with ACE2 receptors on neighboring cell, we sought to compare the fusogenic potential of the individual variant S proteins. We introduced the D614G mutation into the Wuhan protein and designed plasmids to express Alpha and Beta S proteins. We transfected the respective plasmids into Vero GFP-split cells and quantified syncytia formation 18 h later (Fig 3A). Alpha and Beta S proteins were twofold and 1.7-fold more fusogenic than D614G S, respectively (Fig 3B). The Wuhan S was slightly less fusogenic that the D614G S (Fig 3B). We then verified that the variation in S-mediated fusion was not due to differential cell surface levels. Due to extensive fusion in transfected Vero cells, we were unable to compare S protein surface expression (Fig 3B and Movie EV1), as the S protein-positive syncytia were damaged and lost during the flow cytometry procedure. As such, we transfected 293T cells, which lack ACE2 and thus will not fuse with one another upon S expression, with the different variant plasmids in order to assess S protein surface levels by flow cytometry. The variants S proteins were equally expressed after transfection (Fig EV2A-C). In order to unify the surface expression control with our fusion results, we performed an acceptor/donor experiment. 293T GFP1-10 (donor) cells were transfected with each of the variant S plasmids. The transfected donor cells (equal number for each transfection condition) were then co-cultured with Vero GFP11 (acceptor) cells (Fig EV2E). Some of the transfected 293T donor cells were set aside and stained for S protein to show equal surface expression between the variants (Fig EV2E). In the acceptor/donor co-culture, we found that the 293T donor cells expressing the novel variant S proteins formed more syncytia with the Vero acceptor cells than either the D614G or Wuhan (Fig EV2E). The results of the acceptor/donor coculture experiment matched our fusion results in Vero cells.

We then measured the kinetics of syncytia formation induced by the different S proteins in Vero GFP-Split cells. We conducted a comparative videomicroscopy analysis where cell-cell fusion could be visualized as soon as 6 h post-transfection. The fusion kinetics of Alpha S protein was more rapid than any of the other variants (Fig 3C Altogether, our data indicate that the S proteins of Alpha and Beta variants form more syncytia than the D614G or Wuhan strains.

Restriction of S-mediated syncytia formation by IFN-b1 and IFITMs

As the variants did not show any major difference in replication under basal conditions, we next investigated whether they were differently sensitive to the interferon response. To this aim, we pretreated Vero cells or U2OS-ACE2 (S-Fuse) cells with increasing doses of IFN-b1 and infected them with the different variants. IFN Of the mutations that are associated with Alpha, we found that the ∆69/70 deletion in the NTD decreased cell-cell fusion whereas P681H and D1118H substitutions both increase fusion (Figs 4A andEV4E). P681H displayed the greatest fusogenicity of all investigated mutations, being almost 2.5-fold higher than D614G S (Figs 4A andEV4E). As previously mentioned, the introduction of the D614G mutation in the S1/S2 border of the Wuhan S protein also relatively increased fusion, stressing the importance of this cleavage site in fusogenicity (Fig 3B).

Among the mutations associated with Beta, the ∆242-244 deletion, as well as the K417N and E484K mutations in the RBD significantly decreased syncytia formation (Figs 4A andEV4F). Only the D251G mutation in the NTD modestly increased syncytia formation relative to D614G (Figs 4A andEV4F). The introduction of the E484K RBD mutation into the Alpha S protein significantly decreased its potential to form syncytia, despite not changing cell surface expression, further supporting the mutation's restrictive effect on cell-cell fusion (Figs 4B andEV2B). Taken together, our data suggest that variant S proteins are comprised of mutations that play contrasting roles in cell-cell fusion. P681H, D1118H, and D215G substitutions facilitate fusion, whereas mutations ∆69/70, ∆242-244, K417N, and E484K antagonize cell-cell fusion.

Binding of S proteins bearing individual variant-associated mutations to ACE2

We next explored the impact of variant-associated mutations on S binding to the ACE2 receptor. To this aim, we transiently expressed each mutant protein in 293T cells. Cells were then stained with a serial dilution of soluble biotinylated ACE2, revealed with fluorescent streptavidin, and then analyzed by flow cytometry (Fig 5A ). Titration binding curves were generated, and EC50 (the amount of ACE2 needed for 50% binding) was calculated. The S protein of Alpha had the highest affinity to ACE2, confirming previous results by us and others (Planas et al, 2021; Ramanathan et al, 2021). Alpha was sequentially followed by Beta, D614G, and Wuhan S (Figs 5B andEV5A). As expected, mutations within the RBD had the most significant impact on ACE2 binding. N501Y found in both Alpha and Beta drastically increased ACE2 binding, in line with previous reports indicating that this mutation enhances affinity of the viral protein to its receptor (Ali et EV5C). The E484K mutant had a slightly, but not significantly, higher binding to ACE2 (Fig EV5C). This was corroborated by the observation that addition of the E484K mutation to Alpha S protein also slightly increased ACE2 binding (Figs 5B andEV5A). Mutation in the S1/S2 cleavage site, HR1/HR2 sites, or NTD did not have any significant impact on ACE2 binding (Figs 5B andEV5B-E). It is worth noting that the NTD ∆242-244 mutant displayed a marginally lower binding to ACE2 (Figs 5B andEV5B). Therefore, the N501Y mutation is the most significant contributor to increased ACE2 binding of the variants, though it does not affect cell-cell fusion on its own. The K417N, ∆242-244, and E484K mutations restrict fusogenicity but differently affect ACE2 binding, with the former two decreasing affinity and the latter slightly increasing.

Therefore, ACE2 binding and fusogenicity are two functions of the S protein that can be partially deconvoluted through individual mutations.

Antibody binding to S proteins bearing individual variant-associated mutations

We had previously found that certain neutralizing antibodies differentially affect SARS-CoV-2 D614G, Alpha, and Beta variants (Planas et al, 2021a). For instance, neutralizing monoclonal antibody 48 (mAb48) restricts D614G virus but not Alpha or Beta variants (Planas et al, 2021a). We sought to determine which mutations in variant S proteins contributed to the lack of recognition by the neutralizing antibodies. To this aim, we assessed by flow cytometry the binding of a panel of four human monoclonal antibodies (mAbs) to the different S mutants. As a control we used mAb10, a pancoronavirus antibody that targets an unknown but conserved epitope within the S2 region (Planchais, manuscript in preparation). mAb10 equally recognized all variants and associated individual mutations (Fig 5C). mAb48 and mAb98 target the RBD and mAb71 the NTD (Planas et al, 2021b) (Planchais, manuscript in preparation). mAb48 did not recognize the Beta variant and more specifically did not bind to the K417N mutant (Fig 5C). The mAb71 recognized neither Alpha nor Beta variants and did not bind to their respective NTD ∆Y144 and ∆242-244 mutations. The K417N and ∆242-244 mutations were also responsible for decreasing Smediated fusion, suggesting a tradeoff between antibody escape and fusion (Fig 5C). mAb98 did not recognize the Beta variant. However, none of the associated mutations were specifically responsible for the lack of binding (Fig 5C ), suggesting a combined effect on the structure of the S protein that may affect antibody escape.

Therefore, several of the mutations found in the variants S proteins are advantageous in terms of antibody escape, despite slightly reducing the ability of the proteins to fuse.

S protein-mediated syncytia formation by the Delta variant

With the emergence and rapid spread of the Delta variant, we sought to characterize its potential to form syncytia. We recently showed that the Delta variant induces large syncytia in S-Fuse cells (Planas et al, 2021b). We thus compared the fusogenicity of the Delta S protein to that of D614G and Alpha. We transiently expressed the three S proteins in Vero GFP-split cells. The Delta S protein triggered more cell-cell fusion than the D614G variant but was similar to the Alpha S protein (Fig 6A). The fusion kinetic of the Delta S was also similar to Alpha but more rapid than D614G (Fig 6B). We confirmed that the variant S proteins were equally expressed on the surface by transfecting them into non-fusogenic 293T cells and performing flow cytometry upon staining with the pan-SARS-CoV-2 mAb129 (Fig EV2D). We next examined the ACE2 binding potential of Delta S protein using our aforementioned
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soluble biotinylated ACE2. The Delta S protein has a higher binding capacity to ACE2 than the D614G S protein, but the binding was lower than the Alpha S protein (Fig 6C).

S protein-mediated syncytia formation and TMPRSS2

We then asked whether the TMPRSS2 protease, which cleaves S and facilitates viral fusion, may act differently on the variant S proteins. To this aim, we generated a Caco2 GFP-split cell line and then expressed the different S proteins to examine fusogenicity. Human Caco2 cells express endogenous levels of TMPRSS2 and ACE2. In line with our results in Vero cells which lack endogenous TMPRSS2 (Fig 3B ), we found that the Alpha, Beta, and Delta variants fused more than the D614G, and the Wuhan S protein fused the least (Fig 6D). Thus, the differences in variant fusogenicity can also be visualized in the presence of TMPRSS2. In order to see whether TMPRSS2 differentially processes the variants S proteins, we expressed each of them without or with TMPRSS2 in 293T cells in the absence ACE2. We examined the processing of the different S by western blot and the expression levels of S1 and S2 by flow cytometry. While all S proteins are processed, the cleavage profile induced by TMPRSS2 and the expression levels between the different variant S proteins were similar (Appendix Fig S3).

Discussion

The replication and cytopathic effects of SARS-CoV-2 variants are under intense scrutiny, with contrasting results in the literature ( Here, we show that Alpha and Beta variants replicate to the same extent as the early D614G strain in different human cell lines and primary airway cells. Moreover, Alpha and Beta induced more cell-cell fusion than D614G. Increased fusion was observed in U2OS-ACE2 cells and in naturally permissive Vero cells. In agreement with infection data, transfection of Alpha and Beta S proteins in the absence of any other viral factors, produced significantly more syncytia than D614G, which in turn, fused more than the Wuhan S. Comparative video microscopy analysis revealed that Alpha S fused the most rapidly, followed by Beta, D614G, and finally Wuhan. Thus, Alpha and Beta variants display enhanced S-mediated syncytia formation. One limitation of our study resides in the fact that were unable to look at surface expression of the variant S proteins in Vero and Caco2 without losing the large S protein-positive syncytia. We thus used the non-fusogenic 293T cells to control for surface expression. We further show that S-expressing 293T cells fuse with Vero cells in donor/acceptor experiments. The experiments confirmed the enhanced fusogenicity of the variants in cells with similar levels of S protein at their surface.

We further show that Alpha and Beta remain sensitive to restriction by IFN-b1. The fusion mediated by their respective S proteins is inhibited by IFITMs. This extends previous results by us and others demonstrating that ancestral Wuhan S is effectively inhibited by this family of restriction factors (Buchrieser et al, 2020; Shi et al, 2021). It has been recently reported in a pre-print that Alpha may lead to lower levels of IFN-b1 production by infected Calu-3 cells and may be less sensitive to IFN-b pre-treatment, when compared to first wave viral isolates (preprint: Thorne et al, 2021). We did not detect here differences of IFN-b1 sensitivity between the variants in Vero and U2OS-ACE2 cells. Again, these discrepant results may reflect inherent differences between Calu-3, Vero, and U2OS-ACE2 cells, or the use of different viral isolates.

We then characterized the contribution of the individual mutations present in Alpha and Beta S proteins to their respective fusogenicity. The highly fusogenic Alpha S consists of more mutations that robustly increase fusion (P681H and D1118H) than mutations that decrease fusion (∆69/70). In contrast, the Beta variant is comprised of several restrictive mutations (∆242-244, K417N, and E484K) and only one mutation that modestly increased fusion (D215G). The strongest increase in fusion was elicited by the P681H mutation at the S1/S2 border. This mutation likely facilitates proteolytic cleavage of S and thus promotes S mediate cell-cell fusion. Indeed, the analogous P681R mutation present in B.1.617. We show that the binding of variant S to soluble ACE2 paralleled their fusogenicity. Alpha bound the most efficiently to ACE2, followed by Beta, D614G, and finally Wuhan. However, the ACE2 affinity of S proteins carrying individual mutations did not exactly correlate to fusogenicity. For instance, the N501Y and D614G mutations drastically increased ACE2 affinity, but only D614G enhanced fusogenicity. The K417N substitution, and to a lesser degree ∆242-244, had a lower affinity to ACE2 and also restricted cell-cell fusion. The E484K mutation significantly restricts fusion, but mildly increases ACE2 affinity. This suggests that on the level of individual S mutations, the relationship between ACE2 affinity and increased fusogenicity is not always linear. Variant mutations may also confer advantages in an ACE2-independent manner. Indeed, recent work has suggested that the E484 mutation may facilitate viral entry into H522 lung cells, requiring surface heparan sulfates rather than ACE2 (Puray-Chavez et al, 2021). It would be of future interest to examine the syncytia formation potential of the variant mutations in other cell types.

We selected a panel of 4 mAbs that displayed different profiles of binding to Alpha, Beta, D614G, and Wuhan S proteins. The mAb10 targeting the S2 domain recognized all variants and was used as a positive control. Wuhan and D614G were recognized by the three other antibodies, targeting either the NTD or RBD. Alpha lost recognition by the anti-NTD mAb71, whereas Beta was neither recognized by mab71 nor by the two anti-RBD antibodies mAb48 and mAb 98. Upon examining the potential of S proteins carrying individual mutations to bind to human monoclonal antibodies, we found that the ones that restrict (∆242-244, K417N) or have no effect on fusogenicity (∆Y144) are also not recognized by some mAbs. This suggests that variant S proteins have undergone evolutionary trade-off in some circumstances, selecting for mutations that provide antibody escape at the detriment of fusogenicity. In accordance with our findings, deep sequence binding analysis and in vitro evolution studies suggest the N501Y mutation increases affinity to ACE2 without disturbing antibody neutralization While we had previously shown that the interaction between the S protein on the plasma membrane with the ACE2 receptor on neighboring cells is sufficient to induce syncytia formation, there is compelling evidence of the importance of the TMPRSS2 protease in S activation (Buchrieser et al, 2020; Dittmar et al, 2021; Koch et al, 2021; Ou et al, 2021). We found that the S protein of the novel variants induced more syncytia formation than the D614G and Wuhan S proteins in human Caco2 cells which express endogenous ACE2 and TMPRSS2. However, we did not detect any major differences in the processing of the variant S proteins by TMPRSS2. It will be worth further characterizing how the fusogenicity of variant-associated mutations is influenced by other cellular proteases like furin.

The presence of infected syncytial pneumocytes was documented in the lungs of patients with severe COVID-19 (Bussani et al, 2020; Tian et al, 2020; Xu et al, 2020). Syncytia formation may contribute to SARS-CoV-2 replication and spread, immune evasion, and tissue damage. A report using reconstituted bronchial epithelia found that viral infection results in the formation and release of infected syncytia that contribute to the infectious dose (preprint: Beucher et al, 2021). The neutralizing antibody response to SARS-CoV-2 infection has divergent effect on cell-cell fusion, with some antibodies restricting S-mediated fusion, while other increase syncytia formation (Asarnow et al, 2021). Cell-to-cell spread of virus may be less sensitive to neutralization by monoclonal antibodies and convalescent plasma than cell-free virus (preprint: Jackson et al, 2021). It is thus possible that infected syncytial cells facilitate viral spread. Within this context, it is necessary to better understand the fusogenic potential of the SARS-CoV-2 variants that have arisen and will continue to emerge.

We have characterized here the replication, fusogenicity, ACE2 binding, and antibody recognition of Alpha and Beta variants and the role of their S-associated mutations. Despite the insights we provide into the S-mediated fusogenicity of the variants, we did not address the conformational changes that the mutations individually or in combination may elicit. We further show that Alpha, Beta, and Delta S proteins more efficiently bind to ACE2 and are more fusogenic than D614G. The virological and immunological features of the Delta variant which explain its higher transmissibility rate compared to the Alpha and other variants at the population level remains an outstanding question.

◀ Figure 5. ACE2 and monoclonal antibody binding to S proteins with Alpha and Beta associated mutations.

A 293T cells were transfected S proteins with each variant-associated mutation for 24 h and stained with biotinylated ACE2 and fluorescent streptavidin before analysis by flow cytometry. B Left Panel: EC50 values (concentration of ACE2 needed for 50% binding) for Alpha and associated mutations. Color code corresponds to location on S protein functional domains and lower EC50 values signify higher affinity to ACE2 binding. Right Panel: EC50 values for Beta and associated mutations. Data set for N501Y and D614G reference mutations are duplicated between left and right panels as mutations are common to both variants. C S protein transfected 293T cells were stained with human monoclonal antibodies targeting the S2 (mAb10), RBD (mAb48 and mAb98), and the NTD (mAb71). Cells were analyzed by flow cytometry. The percentage of positive cells is indicated. 12 of 17

Materials and Methods

Plasmids

A codon-optimized version of the reference Wuhan SARS-CoV-2 Spike (GenBank: QHD43416.1) was ordered as a synthetic gene (GeneArt, Thermo Fisher Scientific) and was cloned into a phCMV backbone (GeneBank: AJ318514), by replacing the VSV-G gene. The mutations for Alpha and Beta (Fig 4A ) were added in silico to the codon-optimized Wuhan strain and ordered as synthetic genes (GeneArt, Thermo Fisher Scientific) and cloned into the same backbone (Planas et al, 2021a). The D614G S plasmid was generated by introducing the mutation into the Wuhan reference strain via Q5 site-directed mutagenesis (NEB). Other individual mutations were subsequently introduced into the D614G S by the same process. Plasmids were sequenced prior to use. The primers used for sequencing and the site-directed mutagenesis are listed in the tables (Tables EV1 andEV2). pQCXIP-Empty control plasmid, pQCXIP-IFITM1-N-FLAG, pQCXIP-IFITM2-N-FLAG, pQCXIP-IFITM3-N-FLAG were previously described (Buchrieser et 

Cells

Vero E6, HEK293T, U2OS, Caco2/TC7, Calu3 were cultured in DMEM with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (PS). Vero and 293T GFP-split cells transduced cells with pQCXIP were cultured with 4 µg/ml and 1 µg/ml of puromycin (InvivoGen), respectively. U2OS GFP-split cells transduced with pLenti6 were cultured in 1 µg/ml puromycin and 10 µg/ml blasticidin (InvivoGen). The MucilAir TM primary human bronchial epithelial model was previously described (Robinot et al, 2021). All cells lines were either purchased from ATCC or were kind donations from members of the Institut Pasteur and were routinely screened for mycoplasma.

Viruses

Experiments with SARS-CoV-2 isolates were performed in a BSL-3 laboratory, following safety and security protocols approved by the risk prevention service of Institut Pasteur. Informed consent was provided by the individuals for use of their biological materials. The viruses were isolated from nasal swabs on Vero cells and further amplified one or two passages on Vero cells. The viruses were sequenced directly from the nasal squabs and again upon passaging. Titration of viral stocks was performed by 50% tissue culture infectious dose (TCID50).

Viral release

For quantification of extracellular viral RNA, supernatants were diluted and heat-inactivated for 20 min at 80°C. qRT-PCR was performed from 1 µl of template RNA in a final volume of 5 ll per reaction in 384-well plates using the Luna Universal Probe One-Step RT-qPCR Kit (New England Biolabs) with SARS-CoV-2 N-specific primers (Table EV1) on a QuantStudio 6 Flex thermocycler (Applied Biosystems). Standard curve was performed in parallel using purified SARS-CoV-2 viral RNA. Infectious virus release was assessed by harvesting supernatant at each time point and preforming a TCID50 assay using Vero cells.

GFP-split fusion assay

For cell-cell fusion assays, Vero, U2OS-ACE2, or 293T cell lines stably expressing GFP1-10 and GFP11 were co-cultured at a 1:1 ratio (3 × 10 4 ,2× 10 4 , and 7 × 10 4 cells/well total, respectively) and were transfected in suspension with a total of 100 ng of DNA with Lipofectamine 2000 (Thermo) in a 96-well plate (uClear, #655090). 10 ng of phCMV-SARS-CoV2-S and/or 25 ng of pCDNA3.1-hACE2, ◀ Figure 6. Delta SARS-CoV-2 S protein induces more syncytia formation and binds more to ACE2 than D614G.

A Vero GFP-split cells were transfected with variant S proteins and imaged ). Cells were allowed to settle, and fluorescence images were taken at 37°C every 10 min up to 24 h using a Nikon BioStation IMQ, with three fields for each condition. Fusion defined as percent of GFP pixels was calculated with ImageJ.

Flow cytometry

For ACE2 binding, 293T cells transfected with S proteins for 24 h were stained with soluble biotinylated ACE2 diluted in MACS buffer at indicated concentrations (from 60 to 0.01 µg/ml) for 30 min at 4°C. The cells were then washed twice with PBS and then incubated with Alexa Fluor 647-conjugated streptavidin (Thermo Fisher Scientific, 1:400) for 30 min at 4°C. Finally, the cells were washed twice with PBS and then fixed with 4% paraformaldehyde. The results were acquired using an Attune Nxt Flow Cytometer (Life Technologies).

Transfection efficiency was assessed by staining with pan-SARS-CoV-2 human mAb129. Antibody binding to S proteins was assessed by an analogous protocol where transfected 293T cells were first stained with either human mAb10 (pan-coronavirus anti-S2), mAb102 and mAb129 (pan-SARS-CoV-2), mAb48 and mAb98 (SARS-CoV-2 anti-RBD), and mAb71 (SARS-CoV-2 anti-NTD) at 1 µg/ml. The antibodies were derived from convalescent individuals by the Mouquet laboratory at the Institut Pasteur. mAb10 was generated during the early stages of the epidemic from a patient infected with the Wuhan strain and thus has a higher affinity for the Wuhan S protein (Planas et al, 2021a). For viral replication, infected cells were fixed at each time with 4% paraformaldehyde for 30 min. The cells were stained in the same manner described above with anti-spike mAb102 and secondary Alexa Fluor 647 (1:500) in MACS buffer containing 0.05% saponin. The gating strategy to determine S protein-positive cells is represented in the supplement (Appendix Fig S1B).

Western Blot

Cells were lysed in TXNE buffer (1% Triton X-100, 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 5 mM EDTA, protease inhibitors) for 30 min on ice. Equal amounts (20-50 lg) of cell lysates were analyzed by Western blot. The following antibodies were diluted in WB buffer (PBS, 1% BSA, 0.05% Tween, 0.01% Na Azide): rabbit anti-human TMPRSS2 (Atlas antibodies cat# HPA035787, 1:1,000), rabbit anti-human actin (Sigma cat#A2066, 1:2,000), and human anti-S serum derived from a convalescent individual (1:1,000). Species-specific secondary DyLight-coupled antibodies were used (diluted 1:10,000 in WB buffer) and proteins were revealed using a Licor Imager. Images were processed using Image Studio Lite software.

Statistical analysis

Flow cytometry data were analyzed with FlowJo v10 software (Tristar). Calculations were all performed with Microsoft Excel 365. GraphPad Prism 9 was used to generate figures and for statistical analysis. Statistical significance between different conditions was calculated using the tests indicated in the corresponding figure legends.

137 A Vero cells were pre-treated for 2 h with a serial dilution of IFN-b1 prior to infection with the SARS-CoV-2 variants. Infected cells were maintained in media containing IFN-b1 and analyzed by flow cytometry 48 h post-infection to determine relative infection change. BU 20S-ACE2 GFP-split cells were pre-treated for 2 h with a serial dilution of IFN-b1 prior to infection with the SARS-CoV-2 variants. Infected cells were maintained in media containing IFN-b1 and relative inhibition of syncytia formation 20 h post-infection was determined via GFP signal. C-G A co-culture of 293T GFP-Split cells were transfected with combination of S, control, ACE2, TMPRSS2, and IFITM plasmids and then imaged 18 h post-transfection.

Effect of IFITMs and TMPRSS2 on the cell-cell fusion induced by different S proteins, (D) Wuhan, (E) D614G, (F) Alpha, and (G) Beta. 293T cells were transfected with variant or mutant S proteins for 24 h and stained with a serial dilution of soluble biotinylated ACE2 and revealed by fluorescent streptavidin before analysis by flow cytometry.

A ACE2 binding dilution curves of each variant S protein. B-E ACE2 binding dilution curves of each variant-associated mutation located in (B) S protein n-terminal domain (NTD), (C) receptor-binding domain (RBD), (D) S1/S2

cleavage site, and (E) heptad repeat 1-2 site (HR1-HR2).

Data information: Data are mean AE SD of three independent experiments.
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Abstract

Here we developed a novel cell-cell fusion assay for HKU1 S protein and used it to functionally characterize the fusogenicity and restriction of the HKU1 S. We find that the TMPRSS2 protease is necessary for HKU S-mediated fusion and must be present on the target cell membrane. Both the cleavage site and the protease activity of TMPRSS2 is necessary for fusion. We further show that human IFITM1 and LY6E are potent restriction factors of HKU1 S-mediated fusion; however, mouse IFITM1 enhances fusion.

Introduction: Human coronavirus HKU1

The pandemic potential of human coronaviruses (hCoVs) was progressively realized with the sequential emergence and spread of SARS-CoV-1 (2002), MERS-CoV (2012) and more recently SARS-CoV-2 (2019 and ongoing). Much scientific attention has been rightfully focused on these three highly pathogenic hCoVs since they are responsible for placing a significant burden on the global economic and public health infrastructure. Also, within the hCoVs are the often overlooked "common-cold" or "seasonal" coronaviruses 229E, NL63, OC43 and HKU1. These viruses are endemic to humans and infection in healthy individuals generally results in mild pathogenicity characterized by "cold-like" symptoms [6]. However, disease can occasionally progress to respiratory distress, asthma exacerbations and chronic bronchitis among vulnerable patients including the elderly, children and the immunocompromised [6]. They are also globally distributed and display seasonality, with infections peaking between December and May [12].

Among the hCoVs, HKU1 remains particularly enigmatic and poorly characterized in the scientific literature. It was first isolated in 2004 in Hong Kong from an elderly patient suffering from pneumonia [11]. The circumstances of the emergence of HKU1 is not known and the intermediate host has not been identified but it is likely that rodents were the ancestral reservoir [17]. Indeed, HKU1 and OC43 both belong to lineage A of betacoronavirus genus and are closely related to the rodent coronaviruses, mouse hepatitis virus (MHV) and rat coronavirus (rCoV) [17].

Unlike the other hCoVs, a bona fide host receptor for HKU1 has yet to be identified. In this preliminary communication, we add to the sparse literature on the virology of HKU1 by developing a HKU1 syncytia formation model which we used to functionally characterize the fusogenicity of the HKU1 S protein and its interactions with TMPRSS2, IFITMs, and LY6E

(Lymphocyte antigen 6 complex locus E). We find that a fully active TMPRSS2 is required for HKU1 S-mediated fusion and that human IFITM1 is a potent inhibitor of fusion. In contrast, mouse IFITM1 behaves as fusion enhancement factor.

Results

TMPRSS2 must be present on the target membrane for HKU1-S mediated fusion

To quantitatively assess the fusogenicity of the HKU S protein we used our previously described 293T GFP complementation split system [181]. Briefly, 293T cells expressing GFP10 are cocultured with an equal number of cells expressing GFP11 and a GFP signal will be produced upon cell-cell fusion (Figure 1A). The degree of fusion can be quantified based on the GFP signal relative to the total cell area or nuclei number. We confirm that 293T cells can be efficiently transfected and that the HKU1 S protein is expressed at the cell surface, using a pan-coronavirus monoclonal antibody (mAb10) that targets the S2 domain (Figure S1A). We found that HKU1 S can only induce cell-cell fusion in the presence of TMPRSS2 (TMP) (Figure 1B). The expression of the ACE2 receptor, which is necessary for SARS-CoV-2 S-mediated fusion, had no effect on HKU1 S-mediated fusion (data not shown). Increasing the amount of TMP expression does not correspond with increased fusion nor does TMP expression affect the viability of the cells (Figure 1B, S1B-C, S1D). We then asked if syncytia formation requires TMP to be present on the same membrane that is expressing the HKU1 S or on the target membrane. To this aim, we performed an acceptor/donor experiment where TMP is either transfected together with S on the donor GFP10 cells or transfected on the acceptor GFP11 cells before co-culture (Figure 1C). We found that TMP must be on the acceptor cell membrane that opposes the membrane expressing HKU1 S protein in order to induce efficient syncytia formation. Transfection of only S protein without TMP did not induce fusion (Figure 1C). 

TMPRSS2 must be fully functional for HKU S-mediated fusion

We then sought to characterize the importance of the enzymatic activity of TMP on HKU1 Smediated fusion by generating TMP mutants. The TMP polypeptide is 492 amino acids in length and contains a transmembrane domain, scavenger receptor cystine-rich domain, LDL receptor class A and a serine peptidase (Figure 2A) [225]. The catalytic activity of TMP can be disrupted by a serine-to-alanine substitution at amino acid position 441 (S441A) in the serine peptidase [226]. Additionally, TMP also possess autocatalytic activity that allows for self-cleavage and protease secretion [227]. An arginine-to-glutamine substitution at amino acid position 255 (R225Q) prevent autocleavage by disrupting the recognition motif [226]. We generated both TMP mutations and confirmed that their expression did not affect the viability of the cells; however, the expression levels of the mutations were slightly lower than the wild type TMP (Figure S1D). We adjusted for this by normalizing for expression levels and characterized their contribution to HKU1 S-mediated fusion (Figure 2B andS1B, C). We found that peptidase activity and autocleavage site are needed for S-mediated fusion. (Figure 2C). This was true even when the mutant TMPs were expressed at greater levels than the WT TMP (data not shown). There was no fusion when HKU1 S protein was co-expressed with the protease inactive TMP-S441A and when co-expressed with autocleavage mutant (TMP-R225Q) it induced negligible (less than 10% of the WT) fusion (Figure 2B). We then preformed video microscopy experiments where we normalized for expression and examined the fusion kinetics of the mutants relative to the WT. Again, we found the kinetics of fusion for the mutants was drastically reduced (Figure 2D andS1B, C). In summary, a fully functional TMP with both the autocleavage site and functional peptidase is required for HKU1 S mediated fusion. Future experiments will investigate if HKU1 S is cleaved by TMP. 

The modulation of HKU1-S mediated fusion by membrane ISGs

We and other had previously reported that the SARS-CoV-2 S-mediated fusion is restricted by human IFITMs, particularly IFITM1 [181,192]. IFITM1 localizes on the plasma membrane, while IFITM2 and 3 transit through the plasma membrane before localizing on the endosomes. To characterize the role of IFITMs on HKU1 S-mediated fusion, we co-transfected hIFITM1, 2 and 3 in addition to S and TMP into our 293T GFP-split system (Figure 3A). hIFITM2 and 3 had no noticeable effect on HKU1 S-mediated syncytia formation (Figure 3B). As was the case for SARS-CoV-2 S-mediated fusion, hIFITM1 was a potent restriction factor of the HKU1 S fusogenicity. Following reports that the membrane-bound ISG LY6E is also an effective restriction factor of SARS-CoV-2, SARS-CoV, MERS-CoV, OC43 and 229E [215], we checked to see if it also restricts HKU1. Indeed, we found that LY6E is also a strong inhibitor of HKU1 S-mediated fusion (Figure 3B). Since rodents are thought to be the ancestral source of HKU1, we wondered if mouse IFITM1 would behave similarly to hIFITM1. To our surprise, we found that mIFITM1 drastically augments HKU1 S-mediated fusion (Figure 3B). We preformed video microscopy to assess the kinetics of fusion in the presence of the different host factors. In line with our previous results, hIFITM2 and hIFITM3 did not have an effect on fusion while hIFITM1 and hLY6E both drastically restricted the fusion kinetic of HKU1 S protein (Figure 3C-F). In contrast, HKU1 S mediated fusion in the presence of mIFITM1 occurred more rapidly and reached a plateau faster (Figure 3G). In the future, we will need to confirm that the expression of HKU1 S or TMP does not differentially affect IFITM expression. This remains a major caveat to these preliminary results. Additionally, the effect of IFITMs on HKU1, could be further supported through the use of pseudotyped virus expressing the HKU1 S protein. 

Discussion

Despite being endemic to humans, research into HKU1 has been neglected due to its mild pathogenicity and the lack of accessible experiment systems. Additionally, HKU1 infection of primary human alveolar type II cells results in the formation of syncytia [11]. With this in mind, we endeavored to functionally characterize the fusogenicity of the HKU1 S protein in our GFPsplit syncytia formation system. We find that TMPRSS2 must be present on the target membrane and its enzymatic activity must be intact for HKU-S mediated cell-cell fusion to occur. This is in line with a previous report that demonstrates that clinical isolates HKU1 require surface TMP for viral entry. TMP is also present in the human airway and in the handful of human epithelial culture models that are susceptible to HKU1 infection. The function of TMP on HKU1 S is not currently known. The S protein of HKU1 possesses a furin-like cleavage site between the S1 and S2 domains and a cleavage site at the S2' [9]. It has been recently reported that HKU1 S1/S2 can be cleaved by the kallikrein 13 (KLK13) protease and it has been postulated that TMP may cleave at the S2' site, like it does for SARS-CoV and SARS-CoV-2 S proteins [35][36][37]. However, an investigation by Siu and colleagues found that the HKU1 S protein was not cleaved by TMP in 293T cells [38].

How TMP modulates HKU1 S fusion remains an outstanding question and future work on the cleavage of HKU1 S by TMP and KLK13 will provide a more thorough understanding into its mechanism of fusion. As the receptor for HKU1 has yet to be identified, there is also a possibility that TMP acts upon an unknown receptor or attachment factor which warrants further exploration.

As is the case for SARS-CoV-2, we found that the human antiviral restriction factors IFITM1 and LY6E strongly inhibit HKU S-mediated syncytia formation [27,39]. Interesting, we found that mouse IFITM1 strongly augments fusion. Rodents were the original reservoir species for HKU1, and this difference might suggest that in its initial host, HKU1 has evolved a way of exploiting subtle differences in IFITM genes to counteract their restriction and enhance its fusion. Work done on OC43 (also of rodent origin) found that mouse IFITM1, and to a lesser degree, human IFITMs increase viral fusion [40]. An understanding of how fusion modulators from the different hosts affect viral fusogenicity will provide insights into viral emergence and pathogenesis. Future characterizations, with infectious HKU1 virus or pseudotyped virus is necessary to validate these observations. Chimeric models that swap out the functional domains of human and mouse IFITM1 may also help elucidate the mechanism of action.

In our previous work, we found that hIFITMs strongly inhibit ACE2-dependent SARS-CoV-2 Smediated syncytia formation. However, the addition of TMP reverted the inhibitory activity of IFITMs. This contrasts with our current observation that hIFITM1 is capable of restricting HKU1 S-mediated fusion even in the presence of TMP. Interestingly, TMP reverted the effect of IFITMs when present in the same cells as ACE2, suggesting a potential role of ACE2 cleavage by TMP in the context of SARS-CoV-2 [181]. By examining and comparing the interplay of TMP, ACE2 and IFITM1 with either the SARS-COV-2 S or HKU1 S protein, we may be able to dissect the modulatory effects of TMP and IFITM1 on fusion.

This work provides a preliminary characterization of the fusogenicity of the HKU1 S protein; however, thorough mechanistic studies and more control experiments are required to contextualize its relevance. Our syncytia formation system can also be employed as a useful proxy to study Smediated viral entry and the role character membrane-bound host factors.

Material and Methods

Plasmids

A codon optimized version of the human coronavirus HKU1 Spike [11] (Sequence ID: YP 

Cells

HEK293T cells were cultured in DMEM with 10% Fetal Bovine Serum (FBS) and 1% Penicillin/Streptomycin (PS). All cells lines were either purchased from ATCC or were kind donations from members of the Institut Pasteur and were routinely screened for mycoplasma.

GFP-Split Fusion assay

For cell-cell fusion assays, 293T cell lines stably expressing GFP1-10 and GFP11 were co-cultured at a 1:1 ratio (7x10 4 cells/well total) and were transfected in suspension with a total of 100ng of DNA with Lipofectamine 2000 (Thermo) in a 96 well plate (uClear, #655090) [181]. 10 ng of phCMV-HKU1-S and/or 5ng (unless otherwise stated) of pCSDest-TMPRSS2, and 40 ng of pQCXIP-IFITM were used and adjusted to 100 ng DNA with pQCXIP-Empty (control plasmid).

At 16-18 h post-transfection images covering 80-90% of the well surface, were acquired per well on an Opera Phenix High-Content Screening System (PerkinElmer). The GFP area, total cell area and/or the number of nuclei was quantified on Harmony High-Content Imaging and Analysis. For video microscopy experiments, 293T GFP split cells (mixed 1:1) were transfected in suspension with 50ng of phCMV-HKU1-S, 25ng of TMP, and 100ng of pQCXIP-ISGs and normalized to 500ng with pQCXIP-Empty for 30mins at 37°C. Cells were washed twice and then seeded at a confluency of 2x10 5 cells per quadrant in a u-Dish 35mm Quad dish (ibidi-#80416). Cells were allowed to settle, and fluorescence images were taken at 37°C every 10min up to 24h using a Nikon BioStation IMQ, with three fields for each condition. Fusion defined as percent of GFP pixels was calculated with ImageJ.

Supplemental Figure 1 (A at the S2' site [94,99]. It is possible that the processing of the S protein elicits conformational or structural changes allows for more efficient fusion that overrides IFITM restriction. However, in our acceptor/donor experiments, we found that TMPRSS2 and IFITMs modulate fusion when expressed on the same cell as the ACE2 receptor, rather than on the cells expressing the S protein.

Furthermore, we found that TMPRSS2 processes S protein and ACE2 but does not degrade IFITMs. Indeed, TMPRSS2 is known to cleave ACE2 and generate soluble receptor fragments.

Therefore, it is plausible that the proteolytic activity TMPRSS2 exerts on ACE2 may alter the interaction between ACE2 and the S protein in a way that circumvents IFITM restriction.

Examining the motility and interaction dynamics of these interactors on the plasma membrane during syncytia formation, may bring us closer to understanding the precise mechanism by which syncytia formation is facilitated or restricted. Future experiments with non-cleavable ACE2 mutants and florescent proteins will provide a deeper understanding of this phenomenon.

Additionally, we present preliminary results that suggest TMPRSS2 is necessary for HKU1 Smediated syncytia formation and that mouse and human IFITM1 either augment or restrict fusion, respectively. TMPRSS2 does not seem to revert the restriction of HKU1 S-mediated fusion by human IFITM1, as it does for SARS-CoV-2 S-mediated fusion. As the ACE2 receptor is not involved in HKU1 S-mediated fusion, this observation supports to the hypothesis that TMPRSS2

interacting with ACE2 somehow hampers IFITM restriction of SARS-CoV-2 S-mediated fusion.

While we still need to validate these observations with additional experiments and controls, future comparative studies that characterize the different roles of TMPRSS2 on SARS-CoV-2 and HKU1 S-mediated fusion may help elucidate their mechanism of action.

As the virus continued to evolve during the course of the pandemic, we set out to functionally characterized the fusogenicity of the SARS-CoV-2 variants of concern. We found that while the Alpha and Beta variants replicated similarly to the early European D614G variant and the ancestral Wuhan strain. We did not characterize the replication of the Delta variant; however, other groups have suggested that it replicates more efficiently than the Alpha variant [231,232]. We found that Alpha, Beta, and Delta variants induced more syncytia than both the D614G and Wuhan strains. Furthermore, the greater fusogenicity of the variants may have implications on their transmissibility and general lung pathology. The development of primary cell culture systems as well as animal models will be necessary to better evaluate the contribution of syncytia to pathology. Our study of the VOC S proteins also provides a functional characterization of the evolution of the SARS-CoV-2 S protein throughout the progression of the pandemic.

This thesis is presented in a manuscript format, as such each of the aforementioned chapters concludes with a subject specific discussion. Here, I endeavor to provide a global discussion regarding the fusogenicity of the SARS-CoV-2 S protein and the potential consequences of Smediated syncytia formation. The first section contextualizes our findings on the fusogenicity of the VOC S proteins and their associated mutations in the context of the continuously expanding literature. This is followed by a general discussion on the impact and potential consequence of syncytia formation on SARS-CoV-2 infection and pathology. In each section I highlight areas of interests for future investigations. Finally, I provide a short description on how our S-mediated syncytia formation system could be applied to characterize S fusogenicity, viral entry, and antibody neutralization. In addition to be the viral fusogen, the S protein is highly antigenic and therefore the target for neutralizing antibodies. As such, many of the mutations found in the variants' S proteins have arisen in the context of antibody escape. The impact of the variants, with all of their accumulated mutations, on pathology is not clear, but some variants are more transmissible [59,60]. Several recent studies including ours, had sought to characterize and compare the S proteins of the variants in terms of their fusogenicity.

Variants of Concern S proteins and Fusogenicity

One of the earlier variants identified was the European variant, which contained the D614G mutation proximal to the S1/S2 cleavage site. This mutation shifts the conformation of the S protein to a state that is more competent for ACE2 binding, while not significantly altering antibody neutralization [49,233]. The D614G replicates more efficiently in primary cell culture models [233]. Furthermore, greater levels of viral genetic material has been found in the upper respiratory tract of infected individuals which may be more associated with transmission rather than disease severity [60]. In terms of fusogenicity, pseudovirus assays have shown that the D614G substitution increases the efficiency of cellular entry [60,234]. The D614G mutant produces more syncytia than the ancestral Wuhan strain in cell culture models [209,235]. We and others have shown that relative to D614G, the Alpha, Beta, and Delta variants are more syncytiogenic in cell culture [209,232,236]. The Alpha and Delta S proteins induce the most cell-cell fusion and they do so more rapidly than the other variants [209,232]. The Beta variant S is also more fusogenic than D614G [209]. In the most general sense, the degree of syncytia formation seems to correlate with the affinity of the variant S proteins to ACE2 [51,209]. A contradictory study found no difference (Alpha) or a slight reduction (Beta and Gamma) in variant S mediated cell-cell fusion; however, work by the same group found the Delta variant to be more syncytiogenic [237,238].

This discrepancy may be explained by variations in the experimental systems and the time-points in which syncytia formation was assessed. Highly fusogenic cells and late time-points may risk missing differences in fusogenicity. The D614G mutation alone elicited significant changes in the S protein that impacted its structure, receptor affinity and fusogenicity. As such, it is worth examining the changes elicited by other individual variant-associated mutations.

The S1 domain is part of the spike that is most exposed to neutralizing antibodies on the virion.

As such, it is under persistent evolutionary pressure and prone to mutations. Some of the more recent variants (Alpha, Beta, Gamma) also share the N501Y mutation within the RBD. This From its location, it would not be unreasonable to speculate that it may impact the fusion machinery and HR1/HR2 association. Further investigations examining the effects of D1118H on the structure and function of the S protein, and the overall infectivity of the S protein would be of interest. A more thorough understanding of the variants and their respective mutation, especially in in vivo models, would be of great value in understanding the transmission and pathology of the novel variants.

Potential consequences of syncytia formation in SARS-CoV-2 pathogenesis

SARS-CoV-2 mediated syncytia formation has been proposed to be a potential contributor to overall pathology. While syncytia have been observed in the lung tissue of patients with fatal COVID19 disease, its relative significance and its general contribution to the viral infection remains unknown. Furthermore, it is unclear if syncytia formation is a feature of asymptomatic or mild SARS-CoV-2 infections or if occurs in vivo upon infection with the common cold coronaviruses like HKU1. Recent literature suggests that SAR-CoV-2 induced syncytia may represent a form of cytopathic effect, trigger an inflammatory or immune response and support viral dissemination and persistence. This section examines and summarizes the potential impact of S-mediated syncytia formation on pathology and highlights avenues for further investigation. 

Cytopathic effects

Unnaturally occurring syncytia are susceptible to rapid cytopathicity. This phenomenon of "syncytial apoptosis" has been well documented in HIV-1 infection in vitro, in vivo and in infected patient tissues [253]. Upon cell-cell fusion, the HIV-1 envelope protein triggers a pro-apoptotic signaling pathway that triggers karyogamy (nuclear fusion) and DNA damage [253]. SARS-CoV-2 S protein-mediated syncytia also collapse and die during the later stages of the process. Of particular interest is the observation that the nuclei within S protein-mediated syncytium cluster together which could potentially be the first step of nuclear fusion and decay [181,254]. Future investigations characterizing the cell death pathways triggered within SARS-CoV-2 induced syncytium, and the roles of other viral proteins would be of interest. There is also a possibility that the death of infected cells may release virions into the surrounding environment, spreading the infection (Figure 5.2). Syncytial pneumocytes in COVID-19 patient tissues are scarce and the degree to which cytopathic effects contribute to pathology is unclear. There is also a paucity of information regarding presence, clearance or turnover of syncytia during early infection. There is also possibility that if syncytia are prone to premature death, they may be detrimental to viral replication. The relationship between syncytial death and viral replication remains to be explored more thoroughly.

Immunological and inflammatory consequences

The formation of syncytia may also have immunological consequences. The adaptive immune response also has profound implications for SAR-CoV-2 mediated cell-cell fusion. Antiviral antibodies may have contradictory roles in cell fusion [257]. Some neutralizing antibodies restrict cell-cell fusion by locking the spike in a pre-fusion state, whereas some weakly neutralizing antibodies behave as allosteric effectors that promote S2 unsheathing and increase syncytia formation [257]. The opposing activities of neutralizing antibodies will need to be elucidated further in order to be understood in terms of pathology.

Virological consequences

Finally, syncytia formation can have direct virological consequences rather than just trigger a generalized cytopathic effect or immune response. Syncytia may allow viruses to spread directly from cell-to-cell without having to enter the extracellular environment ( 

Applications of S-mediated Syncytia formation

From a methodological standpoint, syncytia formation in cell culture can also be utilized as an effective, albeit imperfect, surrogate to characterize the early stages of virion entry via S protein fusogenicity. It has the added benefit for being suitable for biosafety level 2 research environments, when the S protein is expressed alone, in the absence of infectious virus. We also developed a rapid, sensitive and semi-automated assay we termed "S-Fuse", which employed virus-induced syncytia formation as a marker to detect and measure infectious virus in various human samples [181,265]. The S-Fuse assay is now routinely used in our laboratory to assess the activity of anti-SARS-CoV-2 monoclonal antibodies or other antiviral molecules, and to measure the neutralizing antibody response in sera from vaccinated and convalescent individuals [51,56]. Quantitative syncytia formation has also been employed in high-throughput drug screens in order to identify inhibitors of S mediated fusion [85,266]. There are several reporter systems that can be used to * blandine.monel@pasteur.fr (BM); olivier.schwartz@pasteur.fr (OS)

Love at first site: The endoplasmic reticulum and Flavivirus replication

The endoplasmic reticulum (ER) is a continuous intracellular membrane system that composes the nuclear envelope and radiates out to the peripheries of the cell, transitioning from ribosome-studded, flat cisternal sheets to highly curved reticulated tubules. It has been implicated in a diverse array of cellular functions, including production, trafficking, and degradation of proteins; synthesis and distribution of lipids and steroids; calcium sequestration and release; cell signaling and innate immunity; carbohydrate metabolism; and detoxification of harmful substances [1]. Such a ubiquitous and functionally versatile organelle is parasitized by viruses in order to facilitate their life cycle. Rotavirus, vaccinia virus (VV), hepatitis C virus (HCV), as well as members of the Flavivirus genus-dengue virus (DENV), West Nile virus (WNV), yellow fever virus (YFV), and Zika virus (ZIKV)-are all intimately associated with the ER [2]. The flaviviruses replicate on the ER membranes and form immature viral particles that bud into the ER lumen. These particles are then trafficked through the ER-Golgi network and undergo a maturation process brought about by pH alteration and cleavage by the hostprotease Furin. This viral takeover of the ER requires the co-opting of cellular proteins as well as the active remodeling of the ER membrane to create a cellular environment more conducive to replication [3]. Several ER proteins have been identified as host factors in flavivirus replication [4], but a class of resident proteins that shape and maintain the dynamic ER architecture are of particular interest. These "ER-shaping" proteins could potentially serve as host factors that support viral replication or restriction factors that protect the ER. Interactome and CRISPR screens have produced somewhat discordant results, but the less stringent screens suggest that ER-shaping proteins may be targets of viral proteins [5] [6] [7]. This Pearl review will explore the virus-induced ER-membrane rearrangement and the relationship between ER-shaping proteins and the flavivirus life cycle. Immature flavivirus virions form paracrystalline arrays within the ER lumen [11]. In some cell types, flaviviruses also form convoluted membranes (CMs), which are potential sites for the translation and processing of viral proteins [3] [11] [12]. Interestingly, ZIKV infection in certain cell types produces large ER-derived vacuoles, which are followed by an implosive cell death (Fig 1A) [8]. Several Flavivirus proteins and host factors (i.e., reticulophagy factor FAM134B [15]) have been implicated in the ER-modification process. Of recent interest are ER-shaping proteins, that can be operationally subdivided into proteins that help form the structure and curvature of the ER and fusogens that maintain the reticulated ER network.

Virulent and manipulative passions: Virus-induced manipulation to the ER structure

Curvy and sturdy: ER curvature-stabilizing proteins and virus interactions

The class of ER-shaping proteins labeled as curvature-stabilizing proteins are subdivided into two families, the receptor expression-enhancing protein (REEP)/DP1/yop1p and the reticulons [1]. The REEPs are a family of six proteins that interact with microtubules through an extended C-terminal cytoplasmic domain. By facilitating the association of the ER membrane to cytoskeletal dynamics, they provide the mechanics necessary to extend ER tubules, as well as to form the positive curvature of the ER membrane [16] [1]. Mutations in the REEP1 proteins are associated with hereditary spastic paraplegias (HSP), a family of inherited neurological disorders characterized by spastic weakness in the extremities, which is partly reminiscent of symptoms induced by neurotropic flaviviruses [1] [16]. The effect of the REEP family on flavivirus replication has not been thoroughly explored, with one investigation reporting that the depletion of REEP1 does not affect DENV replication [17]. 223

The reticulon family consists of four (Reticulon 1 [RTN1] to RTN4) membrane-bound proteins that contain hydrophobic domains occupying the outer leaflet of the ER membrane. The resultant hydrophobic wedging, and possibly the scaffolding and protein-protein crowding formed by reticulon oligomers, contributes to the curvature of the ER membrane [1]. Several studies have identified reticulons as host factors in viral replication; Enterovirus 71 protein 2C and brome mosaic virus protein 1a both interact with RTNs to facilitate replication [18] [19]. Contrarily, RTN3 acts as a restriction factor in HCV replication by preventing nonstructural protein 4A (NS4A) self-interaction [20].

DENV, WNV, and ZIKV recruit RTN3.1A to the viral-replication site [21]. RTN3.1A depletion reduces viral titers and decreases viral RNA and protein levels [21]. The RTN3.1A colocalizes with the NS4A proteins of DENV, ZIKV, and WNV, but it only directly interacts with WNV NS4A via its N-terminal transmembrane domain (Fig 2A) [21]. The expression of WNV and DENV NS4A alone is sufficient to induce ER rearrangements [22] [23]. Depletion of RTN3.1A differentially alters the formation of the ER-derived replication organelles between flaviviruses. In ZIKV-infected and WNV-infected cells, there is a noticeable decrease in the amount of vesicle membranes present per VP (Fig 2C) [21]. While amount of vesicle membranes per VP was not altered in DENV-infected cells, their morphology became more elongated (Fig 2C ), and there was an increase in immature viral particles upon RTN3.1A depletion (Fig 2C) [21]. Overall, while RTN3.1A may differently influence the life cycle of specific flaviviruses, it interacts with viral proteins and induces morphological changes to the ER in order to promote replication.

Together at-last-in each other's embrace: Virus interaction with the atlastin fusogens

The atlastins (ATLs) are a family of three membrane-bound, dynamin-related guanosine triphosphate (GTP)ases that mediate the construction of the reticulated ER network. The hydrolysis of GTP dissociates cis-membrane dimers and supports the tethering and dimerization with ATLs situated on a different ER membrane [24]. The homotypic fusion of ER membranes results in the formation of three-way junctions, shaping the smooth ER into an intricate and dynamic web of tubules. The depletion of ATL reduces the density of the ER network [25], and mutations in ATLs are also associated with HSP. In addition to their role as an ER-shaping protein, ATLs also influence protein targeting to the inner nuclear membrane and the biogenesis of nuclear pore complexes, regulate lipid droplet size, and facilitate selective autophagy [26] [27] [28]. Thus, ATLs could potentially be expedient host factors for several pathogens. A previous study implicated ATL3 in remodeling the ER to promote the formation of vacuoles that facilitate the intracellular replication of Legionella pneumophila [29].

Two recent investigations examined the relationship between the three ATLs and different flaviviruses and found varying effects based on the virus [17] [30]. Silencing ATL2 resulted in a significant reduction of DENV, WNV, and ZIKV titers and viral RNA [17]. ATL2 depletion affected formation of ER-derived DENV-replication organelles, distorting the size and shape of the vesicles and condensing them into a small perinuclear region (Fig 2D) [17]. The depletion of ATL3 reduced the titers of ZIKV and DENV (but not WNV) and had no effect on viral-RNA levels [17] [30]. ATL3 depletion did not change the morphology of the DENVinduced vesicles but resulted in an increased accumulation of intracellular viral particles in the ER lumen (Fig 2D) [17]. The GTPase function of ATLs is important for DENV and ZIKV replication [30] [17].

The different ATL proteins exhibit variation in their interaction with flavivirus proteins. ATL3 relocates to the ZIKV-replication site and directly interacts with nonstructural protein 3 224 (NS3; Fig 1B ) andNS2B3, that belong to the viral-replication complex (Fig 2B) [30]. Both ATL2 and ATL3 interact with DENV NS3, NS5, and NS2B proteins, though interactions with ATL2 are relatively weak (Fig 2B) [17]. DENV NS1 protein and the envelope and capsid proteins also interact with ATL3 (Fig 2B) [17]. ATL3 is recruited to DENV-replication organelles and is enriched in the membrane-surrounding virions, but it is not necessarily associated with the site of viral-RNA replication [17]. In DENV-infected cells, ATL3 interacts with ADP-ribosylation factor 4 (ARF4), a protein that is associated with trafficking of proteins and vesicle processing [17]. Depletion of AFR4 and the related ARF5 protein impairs DENV assembly and release. The depletion of ATL3 results in the relocalization of Furin from the perinuclear region to the cell periphery (Fig 2D), suggesting that ATL3 may play a role in providing immature viral particles access to Furin (Fig 2D) in addition to a potential direct role on assembly and trafficking of viral particles [17]. Overall, these studies show that ATL3 is associated with 225 the cytoplasmic transport of vesicles and is intimately involved with flavivirus assembly and maturation [17].

Happily, ever after: How the future could shape out ER-shaping proteins impact the life cycle of flaviviruses by interacting with viral proteins, influencing viral assembly and maturation and promoting the formation of ER-derived factories. Future investigations could examine the role of other ER-shaping proteins including Spastin, Lunapark, and other REEP proteins that are involved in the regulation of ER shape through microtubule dynamics, stabilization of three-way ER tubular junctions, and formation and stabilization of the ER curvature, respectively. It will be worth investigating if ER-shaping proteins are involved in ZIKV-induced cytoskeleton modifications [12] and the formation of vacuoles to understand if these proteins are related to ER stress, innate sensing of infection, and viral replication [30] [8] [29]. The interplay between different ER-shaping proteins [31] within the context of viral infection is also of potential interest. Finally, since mutations in several of the ER-shaping proteins are associated with inherited neurological complications, it would be interesting to determine if they are implicated in the pathology induced by neurotropic flaviviruses in relevant cell and animal models [32].

polyprotein precursor that gives rise to seven nonstructural (NS) and three structural proteins (capsid C, premembrane prM, and envelope E). Cellular receptors for the virus include AXL and Tim-1 (8,9). After endocytosis, pH-dependent fusion of viral and endosomal membranes, uncoating, and release of the viral material into the cytoplasm, the subsequent steps of the viral life cycle, including RNA replication, synthesis of viral proteins, and particle assembly, take place in the ER (10)(11)(12)(13)(14)(15). The viral genome serves as mRNA for protein synthesis (16,17). The viral polyprotein is processed by cellular and viral (NS3/NS2B, also termed NS2B3) proteases. NS proteins form a replication complex (RC) with cellular factors that induces membrane rearrangements and formation of novel organelles (14,18,19). NS2A and NS4A/B proteins contain helices that reside in the plane of the ER-luminal membrane leaflets, thereby increasing their surface. The membrane curvature is further induced by oligomerization of NS4A, which interacts with NS4B and NS1. There, the viral positive-strand RNA is copied into a negative-strand intermediate that serves as a template for RNA replication performed by NS5 polymerase and NS3 helicase (14,20).

Remodeling of the ER and accumulation of viral proteins trigger a stress pathway and activate the unfolded protein response (UPR) (21)(22)(23). Uncontrolled UPR response leads to cell death and instigate inflammation. We recently showed that ZIKV induces massive ER-derived vacuolization and UPR, followed by paraptosis, a nonapoptotic form of cell death (23). Therefore, in addition to serving as the site for virus replication and production, the ER is central to the death of infected cells.

The ER is a complex architecture of membranes comprising the nuclear envelope, peripheral sheets, and an interconnected network of tubules. The structure and dynamic nature of the ER allow it to be involved in many processes, including protein production and degradation, cell signaling, and the synthesis and distribution of lipids. Several proteins that shape the ER have been identified. Proteins of the reticulon (RTN) and receptor expression enhancing protein (REEP) families generate curves in membranes and act to maintain the tubules (24)(25)(26). Atlastin proteins (ATLs) mediate the tethering and fusion of tubules to one other to form three-way junctions (27,28), which are stabilized by the Lunapark protein (26). ATLs are large dynamin-related GTPases that dimerize in cis and trans to allow fusion of adjacent ER membranes. Humans have three ATLs (ATL1, ATL2, and ATL3), with redundant activities and various levels of expression in different cell types (29). Several other proteins help the ER to maintain contact with the plasma membrane, other compartments, and the cytoskeleton (25). Mutations in ATL1 and ATL3 or other ER-shaping proteins are associated with neurological diseases, such as hereditary sensory neuropathy and spastic paraplegia, and are characterized by axon and dendrite growth deficits (30)(31)(32)(33)(34)(35)(36).

Reticulon 3.1A (RTN3.1A) is used by flaviviruses to facilitate ER membrane remodeling (37), but the role of other ER-shaping proteins is uncharacterized. Here, we report that ATL proteins enhance ZIKV replication and cytopathic effects. We further characterize the underlying viral and cellular mechanisms and report that ATL3 is recruited to viral replication sites and interacts with NS2A and NS2B3.

RESULTS

Silencing of the ATL proteins impairs ZIKV replication and vacuole formation. We first sought to determine whether ATLs impact ZIKV spread. HeLa cells express ATL2 and ATL3 and background levels of ATL1 (29). We silenced ATL1, -2, and -3 (ATL1/2/3) by using small interfering RNA (siRNA) in these cells. As a positive control, we silenced dolichyl-diphosphooligosaccharide protein glycosyltransferase (DDOST), an ER enzyme required for ZIKV replication (38)(39)(40)(41). Silencing reduced by 80 to 90% the levels of ATL1/2/3 or DDOST mRNA, respectively, as measured by quantitative reverse transcription-PCR (RT-qPCR), without affecting cell viability (Fig. 1A andB). HeLa cells were then challenged with an African isolate of ZIKV (HD78788, referred to as HD78) at different multiplicities of infection (MOIs). Viral replication was followed over time by flow cytometry, by measuring the frequency of cells harboring the viral envelope (E) protein, using the pan-flavivirus anti-E antibody 4G2 (Fig. 1C). Silencing of ATL significantly decreased viral replication. The effect of ATL silencing was more marked at a low MOI. As expected, ZIKV replication was abrogated in the absence of DDOST. We next assessed the release of infectious virus in the medium. To this aim, supernatants were harvested at 24 h and exposed to fresh cells. The release of infectious particles was significantly decreased in cells where ATL or DDOST had been silenced (Fig. 1D).

We previously described the appearance of large ER-derived cytoplasmic vacuoles in ZIKV infected cells (23). In ATL-silenced ZIKV-infected HeLa cells, the formation of these vacuoles was strongly decreased at 24 h, as assessed by light microscopy and visual scoring (Fig. 2A andB). The fraction of cells displaying vacuoles remained low, even at a high viral inoculum (MOI of 10) and at a later time point (48 h postinfection [p.i.]), when about 60% of the cells were 4G2 ϩ . To provide ultrastructural detail, we performed transmission electron microscopy of ZIKV-infected cells at 24 h p.i. (MOI of 10) (Fig. 2C). As expected, large intracellular vacuoles were observed in control infected cells. These vacuoles were much smaller and rarer in the absence of ATL (Fig. 2). In infected cells treated with the control RNAi, we observed membrane alterations and electron-dense structures with enlarged ERs, convoluted membranes, and spherulelike structures (Fig. 3). Virions were observed in these rearranged structures as single or clustered particles within membrane invaginations (Fig. 3). A similar alteration of the ER morphology and the presence of virus particles were observed in ATL-silenced cells. It was difficult to precisely quantify the number of vesicle pockets containing virions with this technique. However, at the high MOI required for transmission electron microscopy experiments, we observed a trend to a decreased number of pockets in the absence of ATL (Fig. 3).

We next examined the role of ATL1/2/3 in primary human adult dermal fibroblasts (HDFa), which represent natural target cells for the virus upon mosquito bite. Silencing of ATL1/2/3 by siRNA resulted in decreased production of viral proteins (Fig. 4A to C). The large intracellular vacuoles were no longer visible in the absence of ATL (Fig. 4D).

ZIKV replication and cytopathic effects in ATL KO cells. To further characterize the role of ATL, we generated an ATL 2/3 double-knockout (dKO) HeLa cell clone, termed 21/1 dKO (and referred to here as dKO) by CRISPR-mediated gene editing (42). We did not target ATL1, which is expressed at background levels in HeLa cells. In dKO cells, DNA sequencing revealed mutations prematurely truncating ATL proteins (42; also, data not shown). Western Blot with an anti-ATL3 antibody confirmed a strong decrease of protein levels in dKO cells, compared to parental (WT) cells (Fig. 5A). We could not assess ATL2 levels, due to the lack of commercially available antibodies. As controls, we stably reexpressed a wild-type (WT) or a GTPase-deficient (ATL3 KA) mutant in dKO cells. We also introduced a wild-type myc-tagged protein (ATL3 myc) to facilitate imaging studies. These proteins were readily detected by Western blotting in reconstituted cells (Fig. 5A). As previously described in another cell line (3T3-derived cells) (42), the shape of the ER was modified in dKO cells (Fig. 5B). Staining of the cells with a red fluorescent ER tracker and analysis by super-resolution microscopy demonstrated a disrupted peripheral ER tubular network. These morphology changes were rescued by WT ATL3 or ATL3-myc, whereas cells expressing the GTPase-defective ATL3KA mutant retained an abnormal ER (Fig. 5B).

We then assessed ZIKV replication in these cells. Viral spread was decreased by more than 2-fold in dKO cells compared to WT cells (Fig. 6A), confirming the results obtained with siRNAs. Viral replication was rescued in dKO reexpressing WT ATL3 and not the KA mutant (Fig. 6A). We also observed a marked decrease of vacuole formation in dKOinfected cells (Fig. 6B). Again, reexpression of WT, but not that of ATL3 KA mutant, restored a rapid appearance of vacuoles. At a later time point (72 h p.i.), the fraction of dying cells was augmented in the presence of functional ATL3 proteins (Fig. 6C). As observed with siRNAs, the release of infectious particles was also significantly decreased in dKO cells and rescued with ATL3, as assessed by a flow-cytometry based assay. These results were also supported by a traditional plaque assay (data not shown). In addition to the African ZIKV strain HD78, replication of three Asian-lineage strain (FG16, PF13, and NC14) ZIKV isolates was also impaired in the absence of ATL (Fig. 6D).

To rule out a clone-dependent effect on ZIKV replication, we used another HeLa dKO clone. In the absence of infection, the viability and growth kinetics of the two dKO clones were similar to the parental HeLa cells. ZIKV replication was impaired in both clones (not shown). throughout the cytoplasm, with dots that likely correspond to three-way ER junctions (26)( Fig. 8). ZIKV induced a profound modification of ATL3 repartition, corresponding to ER morphological changes (Fig. 8).

Therefore, ATL3 is present at viral replication or viral production sites. In infected cells, ATLs are not required for global ER rearrangements triggered by the virus but enhance the formation of vacuoles and cytopathic effects.

ATLs enhance viral production after ZIKV entry and interact with NS proteins. We next studied how ATL positively impacts ZIKV spread. We first measured viral binding and entry in HeLa WT and dKO cells. The cells were exposed to ZIKV for 1 h at 4°C at two MOIs. The viral input was then removed, and half of the cells were harvested to quantify bound particles. The other half was kept at 37°C for two additional hours to allow endocytosis and fusion, and extracellular bound particles were removed with a trypsin treatment. Trypsin eliminated Ͼ90% of bound viral RNA (not shown). Viral RNA was quantified by RT-qPCR (Fig. 9A andB). The signal was proportional to the MOI, indicating that nonsaturating conditions were used. We did not observe any difference in viral binding and entry between the two cell types. To further study the impact of ATLs on viral RNA amplification, we transfected WT and dKO cells with RNA produced from a ZIKV infectious clone expressing a reporter luciferase (43). The ZIKV RNA triggered a luciferase signal that increased over time in WT cells and remained low in dKO cells (Fig. 9C). Similar results were obtained when cells were treated with NH 4 Cl, an inhibitor of vesicular acidification that prevents secondary cycles of viral replication (Fig. 9C). Therefore, ATLs do not improve the early steps of the viral life cycle but facilitate viral RNA production and/or accumulation after viral entry.

We hypothesized that ATL may interact with NS proteins, as previously suggested in an interactome study (44). To test this hypothesis, we performed a coimmunoprecipitation of ATL3-myc and individual NS-HA proteins upon transfection in 293T cells. This demonstrated an interaction between ATL3 and the NS2A and NS2B3 proteins, whereas the other NS proteins either did not associate or only poorly associated with ATL3 (Fig. 10A). Hemagglutinin (HA)-tagged NS2B3 and NS1 proteins were then transiently transfected in HeLa cells stably expressing ATL3-myc, and we examined the intracellular localization of the proteins by immunofluorescence. NS1 and NS2B3 displayed a punctuate staining which resembled that of ATL (Fig. 10B). Deconvolution of the images demonstrated a strong colocalization of ALT3 with NS2B3, and, to a much lower extent, with NS1 (Fig. 10B). To analyze NS3 and ATL3 localization in the context of viral infection, we infected HeLa dKO cells stably expressing ATL3-myc with ZIKV (MOI of 1 for 24 h) and stained the cells for NS3 and ATL3. We observed a strong colocalization between the two proteins (Fig. 11).

Altogether, these results indicate that ATL facilitates ZIKV production at the level of viral RNA and protein synthesis. ATL colocalizes and interacts with different NS proteins, mostly NS2A and NS2B3.

DISCUSSION

Flaviviruses such as ZIKV replicate their genomes in remodeled ER membranes (13,18,20). These viral factories allow the spatiotemporal control of the viral life cycle, ensures RNA amplification and production of viral proteins, and protects the viral RNA from the cytoplasmic environment and detection by sensors (13,14). The ER is also central to ZIKV-induced cytopathic effect, which includes massive cellular vacuolization, triggering of an UPR response, and paraptosis-like cell death (21)(22)(23).

Genome-scale CRISPR and siRNA screens and proteomic analysis of cellular proteins associated with ZIKV or DENV proteins identified numerous host factors required for viral replication (38)(39)(40)(41)(44)(45)(46). A large part of these host dependency factors are localized in the ER. For instance, (i) the ER membrane protein complex (EMC), which promotes the maturation of polytopic membrane proteins, (ii) the ER-associated pro- tein degradation (ERAD), which targets misfolded proteins of the ER for ubiquitination and degradation by the proteasome, and (iii) the retrotranslocon Sec61, an oligosaccharyl transferase complex (OST) that glycosylates nascent proteins, are all required for ZIKV replication (38)(39)(40)(41).

The role of ER-shaping proteins is less characterized. Reticulons (RTNs), atlastins (ATLs), receptor expression enhancing proteins (REEPs), and Lunapark regulate the structure and the dynamics of the ER compartment (25). These proteins were not identified in genomic screens of flavivirus infections. This suggests either that they are not important for viral replication or that the screening procedure may have missed this category of proteins for different reasons. One possible reason could be that their long-term deletion is deleterious to cell growth, independent of any infection. With other approaches than genome-wide screenings, it has been reported that RTN are required for the replication of enterovirus 71 and brome mosaic virus but negatively regulates hepatitis C virus (47)(48)(49). The RTN protein family is a large group of membraneassociated proteins involved in vesicle formation and membrane morphogenesis. RTNs control the formation of ER tubules and increase peripheral ER sheets (24,50). Mutations in RTN2 are associated with hereditary spastic paraplegia disorders similarly to ATL1 (34). RTN3.1A is also required for the efficient replication of WNV, DENV-2, and ZIKV (37). In the absence of RTN3.1A, the number and size of ER membrane structures in flavivirus-infected cells are reduced (37). The impact of RTN3.1A on the viability of infected cells remains unknown.

We report that ATL enhance ZIKV spread by 2-to 3-fold. Reexpression of ATL3 in cells devoid of ATL restores viral replication. The three ATL display extensive homology, with ATL1 being prominently expressed in neurons, and ATL2 and ATL3 more broadly in different cell types (51). It will be of interest to determineg whether the three ATL redundantly facilitate ZIKV replication. We further show that ATLs act after viral entry by increasing the levels of viral RNA and proteins. In the absence of ATL, the amounts of infectious virus released in the supernatants are strongly reduced. Our analysis of ZIKV-infected cells by confocal microscopy, video-microscopy, and electron microscopy indicates that intracellular structures associated with viral production are formed both in the presence and in the absence of ATL. We observed a similar condensation of the ER by immunofluorescence, with the appearance of an electron-dense region and vesicle pockets carrying viral particles. Distinct types of flavivirus-induced membrane alterations have been observed by electron tomography and other techniques (13,18). The alterations include single-membrane invaginations of the ER, which may be associated with RNA synthesis, convoluted double membrane structures containing nonstructural proteins found in the vicinity of ER membranes, and invaginated vesicles (13,18). Our electron microscopy results suggest that in the absence of ATLs, the number of such structures is decreased. Thus, since our results suggest a role for ATL at the replication step (Fig. 9), and given the endogenous role of ATL in ER membrane fusion/curvature, ZIKV likely overcomes the absence of ATL by replicating in viral factories that are much less efficiently formed than in presence of these proteins. It will be worth determining more precisely, by electron tomography and three-dimensional reconstruction, the characteristics and number of viral factories in cells that are either expressing or are deficient in ATL.

Membrane remodeling and accumulation of viral proteins in the ER trigger a stress pathway and activate the unfolded protein response (UPR) (5,21,23,52). Knockout of ATL genes in mammalian cells alters ER sensitivity to UPR stress independently of any viral infection (42). We show here that in the absence of ATL, the appearance of large ER-derived vacuoles is strongly reduced, even at a high MOI. Moreover, the death of infected cells is attenuated without ATL. These observations strongly suggest that ATLs are key players in ZIKV-induced cytopathic effects, either directly or as a consequence of reduced viral replication. A decrease in the efficiency of cell death may also limit the release of infectious virus and further viral spread. Future work will help to determine whether the UPR response in ZIK-infected cells is impaired in the absence of ATL.

We report a recruitment of ATL3 to viral production sites and an interaction and colocalization of ATL3 with some NS proteins, mostly NS2A and NS2B3. We also show that the GTPase activity of ATL3 is required to enhance ZIKV replication and cytopathic effects. These observations raise interesting questions about the consequences of the interaction between NS proteins and ALT3. It will be worth determining whether this interaction modifies the enzymatic activity of ATL or stabilizes the formation or the function of the viral replication complex. RTN3.1 interacts with NS4A and protects NS4A from proteasomal degradation (37). It is tempting to speculate that the interaction of different NS proteins with various ER-shaping proteins may stabilize the docking of replication complexes and/or modulate the dynamics and structure of the ER to facilitate formation of viral factories. Alternatively, ER-shaping proteins could provide a dynamic environment for the creation of viral replication complexes, without requiring a direct interaction with NS proteins. Future work will help understanding the functional consequences of ATL-NS protein interaction. Furthermore, a recent study shows a role for ATL3 in ER export of cargo proteins into COPII vesicles (53). It would be of interest to determine whether ATL play also a role the transport or release of viral particles.

During flavivirus replication, a double-stranded intermediate RNA is produced and can be sensed in the cytoplasm by RIG-I-like receptors such as MD5 or RIG-I (54)(55)(56)(57). It Hereditary sensory and autonomic neuropathies (HSAN) and spastic paraplegia (HSP) involve genes controlling the architecture of the ER and coding for proteins with RTN-like domain, namely, ARL6IP1, ATL1 and -3, FAM134B, REEP1, RTN2, and SPAST (33,58). These mutations induce length-dependent axonopathy of projecting neurons. ZIKV infection during pregnancy leads to severe fetal abnormalities, including debilitating neuropathological outcomes and microcephaly (59). In adults, ZIKV infection can also result in peripheral neuropathy and meningoencephalitis (60). In some individuals, ZIKV accesses the central nervous system, where it infects neurons and neural progenitor cells (61). Experiments with cultured human neuroprogenitor stem cells, organoids, brain slices, and mouse inoculation studies demonstrated that ZIKV (i) targets neural progenitor cells of the cortex, neurons, microglial cells, and astrocytes, (ii) reduces cell proliferation and differentiation, and (iii) modulates inflammation and cell death (62)(63)(64)(65)(66)(67)(68)(69)(70)(71)(72)(73)(74)(75). In ZIKV-Infected neurons, BP1/RIPK1/RIPK3 induces a transcriptional response that reprograms neuronal metabolism in a manner that further restricts viral replication (76). Future ZIKV infection experiments with cells from healthy individuals or from patients with HSP or HSAN should allow further characterization of the role of ATL and other ER-shaping proteins during ZIKV replication and will help to determine whether the virus may impact axonal growth.

MATERIALS AND METHODS

Cells, lentivectors, and viruses. HeLa cells (ATCC) and primary human adult dermal fibroblasts (HDFa; ATCC) were cultured in Dulbecco modified Eagle minimal essential medium supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin at 37°C with 5% CO 2 . HeLa cells stably expressing a fluorescent, calreticulin-based ER marker were established via transfection with pDsRed2-ER Vector (Clontech 632409) and G418 selection. HeLa knockouts for ATL2/ATL3 (dKO cells) were generated using a CRISPR strategy as previously described (42). HeLa cells stably expressing the mEmmerald Sec61␤ protein were generated by transduction with a lentivector expressing Sec61-mEmmerald. HeLa dKO cells were transduced with lentiviral vectors to stably express ATL3 WT, ATL3-myc, or ATL3KA.

ZIKV strains HD78788, PF13, NC14, and FG16 were previously described (8,(77)(78)(79)(80). Virus stocks were produced on C6/36 cells, and titers were determined on Vero cells. Cells were seeded 1 day prior to infection and overlaid with ZIKV at the desired MOI in a final volume of 200 l. After 2 h at 37°C, the inoculum was removed and replaced with fresh medium.

Plasmids. The Sec61-mEmmerald was amplified using PCR from the pUC_CMV-mEmmerald-Serc61 plasmid (Addgene, catalog no. 90992) and cloned into the pLV-EF1a-IRES-Puro Addgene (catalog no. 85132) using EcoRI to generate the pLV-EF1a-Sec61-mEmmerald-IRES-Puro plasmid. The pLVX-ATL3 is derived frompLVX-IRES-ZsGreen1 (Clontech, catalog no. 632187) and encodes WT AXL3. pLVX-ATL3-myc and pLVX-ATL3KA were generated as follows: restriction sites, Kozak sequence, and myc tag were added to ATL3 or ATL3KA from pGW1-ATL3 or pGW1-ATL3KA by PCR. The myc-ATL3 fragment was then inserted into pLVX-IRES-ZsGreen1.

Flow cytometry analysis. Cells were fixed with 4% paraformaldehyde (PFA) and permeabilized with 1% Triton X-100, followed by 30-min incubations with anti-E protein (4G2, purified from the ATCC hybridoma) and anti-mouse secondary antibodies. A Live/Dead Fixable Aqua dead cell stain kit (Thermo Fisher, catalog no. L34965) was used for cell death analysis. Samples were acquired with an Attune NxT flow cytometer (Becton Dickinson), and data were analyzed using FlowJo software. The gating strategy used to determine 4G2-positive cells is outlined in Fig. S6 in the supplemental material. RNA measurement by RT-qPCR. Total RNA was extracted from cells using a QIAamp RNeasy extraction kit (Qiagen). RNA (500 ng) was used for cDNA synthesis using SuperScript II reverse transcriptase (Life Technologies) in an Eppendorf EP Mastercycler Gradient S thermocycler. The following primers were used to amplify viral cDNA as described previously (9): forward (AARTACACATACCARAACAAAGT GGT) and reverse (TCCRCTCCCYCTYTGGTCTTG). cDNAs corresponding to cellular transcripts were amplified using the following primers: ATL1, forward (TTG GCT ACT TAG TCC CGA GAG) and reverse (TGT AAC ATG GAT TTG GGA TGT GG); ATL2, forward (AGT AGT GGT ATC TGT GGC AGG) and reverse (CAC CTC GCC ATG TAA AGC CT); ATL3, forward (ACA GCC AGT CAA CTG TGA AAG) and reverse (CCA GAC GAC CGT ATT CTG TGA); DDOST, forward (GAG ACT CAT TCG CTT TTC TTC CG) and reverse (CTC CAA AAT CTT CTA CCG AAG GG); and RLP13, forward (AGG CAT CAA CAT TTC TGG CA) and reverse (CCA TCC GCT TTT TCT TGT CG).

cDNA amplification was performed by qPCR using 500 nM concentrations of each primer, 25 ng of cDNA, and 10 l of SYBR green. An activation step of 15 min at 95°C was followed by 40 amplification cycles of 95°C for 15 s, 60°C for 20 s, and 72°C for 30 s. The levels of viral RNA or cellular transcripts were normalized to GAPDH (glyceraldehyde-3-phosphate dehydrogenase) or to RLP13.

Transmission electron microscopy. HeLa siSCR or HeLa siATL1/2/3 cells were fixed for 24 h in 4% PFA and 1% glutaraldehyde (Sigma) in 0.1 M phosphate buffer (pH 7.2). Cells were washed in PBS and postfixed with 2% osmium tetroxide (Agar Scientific) for 1 h. The cells were fully dehydrated in a graded series of ethanol solutions and propylene oxide. The impregnation step was performed with a mixture of (1:1) propylene oxide/Epon resin (Sigma) and left overnight in pure resin. The cells were then embedded in resin blocks, which were allowed to polymerize for 48 h at 60°C. Ultrathin sections (70 nm) of blocks were obtained with a Leica EM UC7 ultramicrotome (Wetzlar). Sections were stained with 5% uranyl acetate (Agar Scientific) and 5% lead citrate (Sigma), and observations were made with a JEOL 1011 transmission electron microscope.

Western blotting. Cells were lysed in 1% radioimmunoprecipitation assay (RIPA) buffer in the presence of protease inhibitor cocktail (Sigma, catalog no. R0278), and 10 to 20 g of protein lysates was loaded into 12% Bis-Tris SDS-PAGE gels. The following antibodies were used: anti-ATL3 (Atlas Antibodies, catalog no. HPA065702) and mouse anti-cMyc (Fisher Scientific, catalog no. 10416023). DyLight-coupled secondary antibodies (Thermo Fisher) were used for protein detection on a Li-Cor Odyssey imaging system.

Confocal microscopy and structured illumination microscopy. For ER morphology analysis, HeLa WT, dKO, dKOϩATL3, and dKOϩATL3KA cells stably expressing the red ER-tracker were plated on coverslips and fixed with 4% PFA for 10 min at room temperature. The coverslips were then mounted on slides with Fluoromount-G with DAPI (Thermo Fisher Scientific, catalog no. 00-4959-52). The cells were analyzed using confocal microscopy (Leica SP5 HyD inverted), a 63ϫ oil immersion objective, and LAS AF software. The ER-tracker signal was analyzed and normalized to the selected area of the cells after background subtraction using ImageJ software.

Sec61␤ relocation and viral replication site: HeLa WT or dKO cells stably expressing mEmmerald-Sec61␤ protein were plated on coverslips in 24-well plates and challenged with ZIKV (MOI of 1) for 24 h. The cells were fixed 30 min at room temperature with 4% PFA, permeabilized with Triton 1% for 10 min blocked with 1% PBS-BSA for 30 min, and stained for viral E protein using 4G2 antibody (1 g/ml) for 45 and 30 min with an anti-mouse secondary antibody. The coverslips were mounted on slides using Fluoromount-G with DAPI and analyzed using confocal microscopy or super-resolution microscopy (structured illumination microscopy [SIM]; Zeiss LSM 780-Elyra PS.1). A Plan Apo 63ϫ/1.4 oil objective with a 1.518 refractive index oil (Zeiss) and an EMCCD Andor Ixon 887 1K camera were used. Fifteen images per plane per channel (five phases, three angles) were acquired to obtaine SIM images. The SIM images were processed with Zen software and then aligned with Zen using 100-nm TetraSpeck microspheres (Thermo Fisher Scientific) embedded under the same conditions as the sample. The acquired pictures were analyzed using ImageJ software.

For colocalization of ATL3-myc and NS-HA proteins, HeLa dKO or HeLa dKOϩATL3-myc cells were transfected with plasmids coding for individual viral NS-HA proteins with TurboFect (Thermo Fisher Scientific, catalog no. 0531). After 40 h, the cells were fixed 30 min at room temperature with 4% PFA, permeabilized with Triton 1% for 10 min at room temperature, blocked with 1% PBS-BSA for 30 min at room temperature, and stained with rat anti-HA antibody 3F10 (Roche, catalog no. 11867423001) and mouse anti-cMyc (Fisher Scientific, catalog no. 10416023) antibody. For colocalization of ATL3 and NS3 in the context of viral infections, HeLa dKO or dKOϩATL3-myc cells were infected with ZIKV at an MOI of 1 for 24 h and stained with a rabbit anti-NS3 antibody kindly provided by Andres Merits (81). The cells were analyzed using confocal microscopy (Leica SP5 HyD inverted), a 63ϫ oil immersion objective, and LAS AF software. The acquired pictures were deconvoluted using Huygens software, and the colocalization was quantified with Imaris software.

Time-lapse microscopy. HeLa cells stably expressing Sec61␤-mEmmerald were plated in Hi-Q4 microdishes (10,000 cells per chamber; Ibidi). The following day, the cells were infected with ZIKV (MOI of 1). Transmission and fluorescence images were taken every 5 min for up to 48 h using a Nikon Biostation IMQ, with three fields captured simultaneously for each condition. The images were analyzed with Fiji software.

ZIKV cell attachment and entry. HeLa cells were plated in 24-well plates (50,000 cells/well) with at least four wells/condition. The cells were challenged with ZIKV (MOI of 1 or 10) for 1 h at 4°C. The viral input was removed, and the cells were washed with PBS to remove the unbound particles. Half of the wells were treated with PBS-EDTA to gently detach the cells. The other half of the wells were kept at 37°C for 2 h to allow viral endocytosis/fusion. The cells were then treated with trypsin for 30 min at 37°C to remove the bound particles. The cells were pelleted for lysis, RNA extraction, and RT-qPCR to quantify the viral RNA.

Reporter viral RNA transfection and replication kinetics. To assess ZIKV RNA amplification, HeLa WT and dKO cells were transfected with a genomic viral RNA expressing Renilla luciferase (R-Luc), kindly provided by Pei-Yong Shi (University of Texas Medical Branch) (43). The ZIKV R-Luc reporter viral RNA was generated as previously described (43). A total of 3 ϫ 10 4 cells were plated on a 48-well plate and transfected with 100 ng of RNA using Lipofectamine MessengerMax (Thermo Fisher). At the indicated time points, cells were lysed with 1ϫ Renilla lysis buffer (Promega). The lysates were kept at -20°C until all of the samples were collected. Viral replication was measured with the Renilla luciferase assay (E2820; Promega) on a TriStar2 LB942 microplate reader (Berthold Technologies).

Coimmunoprecipitation. 293T cells were plated in 10-cm dishes and transfected with 7.5-g portions of each indicated plasmid. After 24 h, the cells were washed and collected with a scrapper, and the pellets were lysed for 30 min in cold immunoprecipitation lysis buffer supplemented with Halt protease and phosphatase inhibitor cocktail (Thermo Fisher Scientific) and cleared by centrifugation (15 min at 6,000 ϫ g). Supernatants were incubated overnight at 4°C with anti-HA magnetic beads (catalog no. 88837; Thermo Fisher Scientific). Beads were washed three times with BO15 buffer (20 mM Tris-HCl [pH 7.4], 150 mM NaCl, 5 mM MgCl 2 , 10% glycerol, 0.5 mM EDTA, 0.05% Triton, 0.1% Tween 20). The retained complexes were eluted twice with HA peptide (400 g/ml; Roche, catalog no. 11666975001) 

Introduction

Since their identification in the 1960s, coronaviruses have proven to be a persistent threat. Previous outbreaks of SARS-CoV (2001) and MERS-CoV (2012) as well as the commonly circulating HKU1, NL63, OC43, and 229E viruses have all collectively placed a significant burden on the global public health infrastructure. 1 The current global outbreak of SARS-CoV-2 has been truly staggering in its impact with over 220 million confirmed cases and 4.6 million deaths (as of September 20, 2021). 2 Since the emergence of the ancestral Wuhan strain, several new variants have arisen and spread across the globe. The scale and impact of the pandemic and subsequent vaccination campaigns have piqued scientific interest in SARS-CoV-2; particularly into the virological and molecular determinants of SARS-CoV-2 pathology. The presence of syncytia in the lung tissues of infected patients represents one such pathological feature under scrutiny. 3 The contribution of syncytia to SARS-CoV-2 virology and pathology is currently unclear; however, this past year has seen an unprecedented flurry of research on the molecular and viral determinant of coronavirus induced syncytia formation as well as its potential impact on viral dissemination, pathology and the immune response.

Syncytia are large multinucleated cells produced by two or more cells fusing. During syncytia formation, the plasma membrane of different cells merge into a single lipid bilayer and their cytoplasmic contents merge. 4,5 Many important physiological processes are dependent on cells undergoing syncytialization, including the formation of muscle fibers and the placental barrier as well as bone osteoclast differentiation. 5,6 The fusion process is facilitated by a class of specialized proteins known as fusogens, which help overcome the natural repulsive forces and energetic barriers that act to keep cellular plasma membranes apart. 7 Mechanistically, cell-cell fusion is analogous to virus-cell fusion. Indeed, the membrane of enveloped viruses must fuse with cellular membranes in order for viral contents to be delivered into the cytoplasm, beginning the viral replication cycle. The parallels between the mechanics of physiological cell-cell fusion and virus-cell fusion during infection is appropriately exemplified by the formation of the placenta. The vital placental barrier is formed by a layer of fused cytotrophoblasts called the syncytiotrophoblast. 4,5,8 Syncytins, the fusogens that facilitate cytotrophoblast fusion, are in fact derived from the fusogens of endogenous retroviruses (ERV); the genes of which were assimilated into mammalian genomes 10-85 million years ago. 8 Beyond this particular evolutionary association between viruses and cell-cell fusion exists a more immediate causal relationship, in which syncytia are induced as a consequence of viral infection. Such syncytia could potentially facilitate viral replication, dissemination, immune evasion as well as cause cytopathic effects and wider tissue damage. 9 The most direct example is the fusionassociated small transmembrane (FAST) proteins encoded by the non-enveloped reovirus. 10 These fusogens are uniquely specialized cell-cell fusion proteins and they increase pathogenicity and viral dissemination. 10,11 In contrast, the fusion machinery of enveloped viruses primarily function to fuse the membrane of viral particles with plasma or endosomal membranes. In particular instances, they may induce infected cells to fuse with adjacent cells. Viruses from a broad range of families including Herpesviridae (varicella-zoster virus, herpes simplex virus 1/2, human cytomegalovirus), Paramyxoviridae (Sendai, Nipah, Hendra, measles virus, respiratory syncytial virus), Retroviridae (human immunodeficiency virus 1, human Tlymphotropic virus) have all been shown to form syncytia in vivo and/or in vitro. For a broader discussion on how, and potentially why, different viruses induce syncytia formation we refer the reader to the insightful review by Leroy and colleagues. 9 Syncytial cells have also been observed upon infection with some members of the Coronaviridae family including MERS-CoV, the currently pandemic SARS-CoV-2 and to a lesser degree SARS-CoV. 9 There have been many investigations into the highly antigenic SARS-CoV-2 Spike (S) protein, which is the viral fusogen. Recent characterizations have provided detailed insights into the properties and domains of the S fusogen and its interaction with receptors. There have also been significant advances in the molecular understanding of the relationship between the SARS-CoV-2 S proteinmediated fusogenicity and the innate immune response.

In this article, we endeavor to summarize and contextualize the recent literature, including our own work, on the subject of SARS-CoV-2 induced syncytia formation. We summarize the clinical evidence for coronavirus-induced syncytia formation, examine the molecular determinants of S protein-mediated fusion, and discuss the antiviral innate immunity components that restrict cell-cell fusion. We also examine the molecular and virological implications of the S protein mutations carried by the novel variants of concern in terms of fusogenicity. Finally, we discuss possible consequences of virus-induced syncytia formation on viral infection, dissemination, immune response and pathogenicity.

Clinical Evidence for Coronavirus-Induced Syncytia formation

The clinical manifestations of SARS-CoV-2 infection can range from a mild febrile illness to acute respiratory distress to extensive and occasionally fatal lung damage. 3 The deterioration of lung tissue is characterized by diffuse alveolar damage, micro/macro-vascular thrombosis, and pneumocyte necrosis. 3,12,13 Many of these lung pathologies are also reminiscent of SARS-CoV and MERS-CoV infections. 3,14,15 The clinical features of COVID-19, especially the extensive lung thrombosis, are particularly severe in comparison to other causes of acute respiratory syndrome. 3,16 A combination of hypoxemia, immune-mediated damage, and virus-induced cytopathic effect all contribute to lung epithelial destruction. 3,16,17 Amongst these factors, most of the described histopathology is likely related to the immune response. Indeed, infection of respiratory epithelial cells can lead to monocyte, macrophage and dendritic cell activation and the secretion of proinflammatory cytokines. Excessive cytokine production has been documented in the blood of patients presenting the most severe form of disease. 18-21 Virus-induced cytopathic effects may also directly damage the lung tissue while also triggering further immune activation. A peculiar feature noticed in many clinical reports was the presence of multinucleated pneumocytes. One team reported the presence of infected syncytial pneumocytes in 36/41 patients who died of COVID-19. 3,16 els which also describe the prevalence of syncytia in infected lung tissue. 22-26 It should be noted that these clinical observations are from patients presenting the most severe manifestation of COVID-19 disease and it is currently unclear if syncytia formation is also a feature of milder or asymptomatic SARS-CoV-2 infections. Autopsy reports conducted on patients who were infected with SARS-CoV and MERS-CoV have also reported the presence of giant multinucleated syncytial cells in the lungs, some of which are of epithelial origin. 14,15,27-30 Several of the "common cold" coronaviruses including hCoV-HKU1, hCoV-NL63 and hCoV-229E form syncytia in cell culture models. 31-33 To our knowledge, there are no documented patient case of syncytia induced by these widely circulating coronaviruses. This is unsurprising as they are not known to be lethal, so autopsy reports are scarce. More in vivo evidence in animal models is required to assess the syncytiogenicity of the common cold coronaviruses. It is currently unclear if or how SARS-CoV-2-mediated syncytia formation contributes to pathology; however, it may compound the detrimental effects of virus-induced cytopathicity and generalized immune-mediated damage and contribute to the deterioration of lung tissue seen in critical cases. Furthermore, syncytia may also contribute to viral dissemination and immune evasion by protecting the virus from immune cells and from neutralizing antibodies (discussed in later sections).

SARS-CoV-2 Viral Life Cycle and the S Protein

The S protein is important for both virions and cell-cell fusion. As such, its genesis, action, processing, and translocation within the context of the viral life cycle is of importance to understand syncytia formation. The surface of the SARS-CoV-2 virion contains the trimeric S protein, which protrudes from the surface of the virus giving the virion a "crown-like" appearance from which the family nomenclature of "corona" derives. The structure and features of the S protein are described in depth in a later section. The S protein is a class I fusogen (structurally comprised of ahelices) which facilitates membrane fusion after undergoing structural rearrangements which transition it from a metastable prefusion form to a fusion competent state. 7,34 The fusion of the viral membrane with the cellular membranes and the deposition and uncoating of viral genomic RNA into the cellular cytoplasm represents the first stage of the viral life cycle (Figure 1). 35 This occurs when the S protein on the surface of the virions interacts with the human angiotensin converting enzyme 2 (ACE2) receptor at the surface of the target cell. Several auxiliary receptors such as L-SIGN, DC-SIGN, and neuropilin-1 (Nrp1), may facilitate attachment or entry. 36,37 The virus can then fuse at the plasma membrane (early entry) or with endosomal membranes (late entry) during uptake (Figure 1). When bound at the plasma membrane, the S protein may be primed by host factors like transmembrane serine protease 2 (TMPRSS2), which enhances SARS-CoV-2 entry. 38-40 After endocytosis, proteolytic activity by host factors such as cathepsin L/B (CTSL/B) and furin further assists in the priming the S protein (Figure 1). 38,41,42 Following fusion and uncoating, the first twothirds (from the 5 0 end) of the viral RNA is translated from two open reading frames, ORF1a and ORF1b. 35,39 The resulting polyproteins are co-and post-translationally processed into the non-structural proteins (nsp1-nsp16) that make up the viral replication and transcription complex. 35 Coronaviruses, like many other described viruses, co-opt intracellular membranes to form viral replication organelles that provide a protective microenvironment for the genomic viral RNA replication and protein transcription. 35,43 The structural proteins S, envelope (E), nucleocapsid (N), and membrane (M) as well as several accessory proteins, are transcribed from ORFs from the final third of the viral genome from a nested set of sub-genomic mRNAs. 35 These accessory proteins are thought to play a role in viral pathogenicity and in modulating the host's immune response. During the coronavirus assembly process, the E, M, and S proteins are translocated and inserted into the endoplasmic reticulum and are trafficked through the ER-Golgi intermediate compartment (ERGIC) to the Golgi apparatus (Figure 1). The immature virions then bud into the ERGIC or Golgi compartments. Viral egress occurs through deacidified lysosomedependent exocytosis. 44 During the course of S protein translocation and viral assembly, the S protein is subjected to processing by furin and other cellular proteases, generating the non-covalently associated S1 and S2 subunits which are primed for fusing with the membrane of naı ¨ve cells. 45 

The Role of S Protein in Syncytia Formation

Despite the majority of the genesis and processing of the S protein, as well as viral budding, occurring at intracellular membranes, we and other found that the S protein is present on the surface of infected cells. 26,46 The interaction of the S protein on the infected cell surface with the ACE2 receptor on neighboring cells is the cause of syncytia formation (Figure 1). This process is further augmented by the presence of the TMPRSS2 protease. 46 The exact role that auxiliary receptors may play in cell-cell fusion remains to be elucidated; however, Daly and colleagues note that knocking out Nrp1 in cells expressing ACE2 is detrimental to syncytia formation. 47 
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the S2 domain, which contains the fusion machinery, by stabilizing the S1 domain. 48 However, prior to any receptor interaction, syncytia formation requires the S protein to be translocated to the plasma membrane. Therein lies the first question regarding the mechanism of SARS-CoV-2 S protein-mediated syncytia formation. If throughout the viral life cycle, the S protein is associated with the intracellular membrane and the virus itself does not bud from the cell surface (Figure 1), how then is the S protein able to localize there? Many factors act in conjunction to keep the S protein sequestered on the intracellular membranes. In many coronaviruses, the M protein contains a Golgi localization signal and also associates with the S protein, effectively retaining it on intracellular membranes (Figure 1). 49 Furthermore, the S protein contains within its cytoplasmic tail a binding site for the cytoplasmic coat protein (COPI), which allows for retrograde transport from the Golgi to the ER and further exposure to M protein-mediated sequestration (Figure 1). 49 The E protein may also induce S retention by slowing down the cell's secretory pathway. The co-expression of M and E with the S protein reduces syncytia formation in cell culture models. 49 A recent investigation by Cattin-Ortola ´and colleagues provides relevant mechanistic observation on how the S protein could escape its confines and localize on the cell surface. 50 They suggest that the COPI binding motif of the SARS-CoV-2 S protein tail might be sub-optimal. The presence of a histidine rather than a lysine at residue 1271 as well as threonine at residue 1273 in the S protein contributes to sub-optimal COPI binding and reduced intracellular accumulation. 50 Furthermore, the COPI binding site is in close proximity to the COPII (responsible for anterograde transport of proteins from ER to Golgi) binding site and replacing the histidine with lysine at residue 1271 also reduced interaction with COPII. 50 This suggests that the S protein maybe more prone to exit from the ER (Figure 1). The coexpression of M and E proteins reduced S surface expression but did not negate it. 50 These lower affinity binding motifs in the S protein cytoplasmic tail allow for the S protein to leak to the cell surface and promote syncytia formation (Figure 1).

A study by Braga and colleagues further provides valuable insights into the mechanism of SARS-CoV-2 induced cell-cell fusion. 16 They screened for inhibitors of S protein-mediated syncytia formation and found that the most effective inhibitors shared the common characteristic of regulating intracellular calcium (Ca 2+ ) levels. 16 They noticed intracellular Ca 2+ oscillations in individual S-expressing cells and in syncytial cells and they suggest that expression of the S protein amplifies spontaneous Ca 2+ transients (Figure 1). 16 To better understand the relationship between Ca 2+ fluctuations and syncytia formation, they focused on one of their strongest hits, the anthelminthic drug niclosamide which inhibits the Ca 2+ activated TMEM16 family of chloride channels and scramblases. 16 The expression of the ubiquitous TMEM16F was increased upon S protein expression (Figure 1). 16 The downregulation or overexpression of TMEM16F results in a corresponding decrease or increase in syncytia formation. 16 TMEM16F is a non-specific ion channel and a scramblase that translocates phospholipids bidirectionally between the plasma membrane leaflets. The translocation of specific phospholipids from internal to outer leaflets can serve as a fusion signal (Figure 1). 51 In resting cells, the phosphatidylserine (PS) phospholipid is found on the leaflet facing the cytoplasm. Its translocation to the exofacial leaflet serves as a signal for a variety of cellular processes, including cell-cell fusion (Figure 1). 51 The exposure of PS is associated with a variety of physiological and pathological cell-cell fusion events including skeletal muscle and myoblast formation and repair, macrophage fusion, placental trophoblast fusion, sperm and egg cell fusion during gamete formation, and cancer cell fusion. 51 It is also a marker of cell death through apoptosis. The presence of PS on the viral envelope is important for the entry of viruses including HIV and Ebola and some viruses like alphaherpesvirus induce PS exposure on the host membrane to facilitate infection. 51-55 The translocation of PS may influence the fusogenicity of the lipid membrane as well as assist in the recruitment and modification of fusion protein (the diverse functions of PS is thoroughly reviewed in 51 ). Syncytium formed via S protein-mediated fusion also expose PS on their plasma membrane. 16 The activation of TMEM16F by S and the corresponding translocation of PS may represent one of the mechanisms by which SARS-CoV-2 induces syncytia. TMEM16F also plays a role in lipid scrambling in platelets during blood coagulation and its activation by S may contribute to the extensive thrombosis in severe cases of COVID-19. 16 Additional studies will be needed to fully understand the contribution of PS exposition and other functions of TMEM16F to SARS-CoV-2 infection and syncytia formation. 16,51 Braga et al. also note that the downregulation of TMEM16F does not affect MERS-CoV S proteinmediated syncytia formation. 16 Comparative investigations on this disparity between SARS-CoV-2 S and MERS-CoV S protein in relation to TMEM16F may further elucidate the mechanism of syncytia formation.

In brief, the SARS-COV-2 S protein, which is normally sequestered on intracellular membranes, possesses suboptimal COPI binding sites that allow for leakage and translocation to the cell surface (Figure 1). Once at the surface, the S protein interacts with ACE2 and host factors on adjacent cells to induce syncytia. In parallel, the expression of the S protein also affects intracellular Ca 2+ fluctuations and results in the increased expression of the TMEM16F ion channel and scramblase. TMEM16F translocates PS from the cytofacial leaflet of the plasma membrane to the exofacial leaflet, which promotes the membrane's fusogenic properties (Figure 1). Since the S protein plays a significant role in fusing together membrane during virus-cell fusion and in syncytia formation, a more in-depth molecular characterization of its interactions with host factors and with itself is warranted, which is the subject of the following section.

Molecular Mechanism of S Protein-Mediated Fusion

The S protein is about 1271 amino acids long and is comprised of the S1 and S2 subunits separated by a polybasic cleavage site. Cellular proteases cleave between this S1/S2 site as well as at a S2 0 site in order to activate the S protein. 38 Hoffman and colleagues reported that optimization of the S1/S2 cleavage site facilitates cell-cell but not virus-cell fusion, further suggesting a prominent role in SARS-CoV-2 mediated syncytia formation. 38 The removal of the S1/S2 furin cleavage site reduces cell-cell fusion but does not prevent viral entry. 56 Other studies suggest that removal of the furin cleavage site substantially reduces, but does not prevent, the production of infection particles and cell-cell fusion. 57 Viral replication was attenuated, but not abolished, in human respiratory cell lines and hamster and mouse models upon infection with SARS-CoV-2 lacking the furin cleavage site. 58 These studies highlight the significance of the S1/ S2 furin cleavage site in SARS-CoV-2 infection particularly in case of syncytia formation. Indeed, natural occurring mutations in these sites augment syncytia formation and this is detailed in a later section.

The S1 subunit consists of the N-terminal domain (NTD) and the receptor binding domain (RBD). The function of the NTD is still under investigation, though work on other coronaviruses shows that the NTD may be associated with glycan recognition during initial attachment, receptor recognition and pre-to-post fusion transition of the S protein. 59-61 The C-type lectins DC-SIGN and L-SIGN may act as auxiliary receptors for SARS-CoV-2 by associating with the NTD. 36 SARS-CoV-2 S protein-mediated fusion may also be subject to antibody-dependent enhancement as the binding of antibodies to a specific site on the NTD induces an open RBD state which may enhance fusogenicity. 62 The RBD domain of the S1 interacts with the ACE2 receptor; the presence of which determines cellular tropism (Figure 2). 63-65 The RBDs of the S protein trimer exist in a state of dynamic equilibrium between "up" (open) and "down" (closed) conformations. 66,67 In the "up" conformation, the RBD can bind to ACE2 and the binding of one of the RBDs monomers to ACE2 is followed by sequential opening up and binding of the remaining two RBD monomers to ACE2. 67 As multiple receptors could bind to the S protein, considerable mechanical stress is exerted on the S1. 66 The opening process disrupts contact between ACE2-bound S1 monomers, promoting their dissociation from the complex and revealing the trimeric S2 core, which houses the fusion machinery of the S protein (Figure 2). 67 The S2 domain is comprised of the fusion peptide (FP), heptapeptide repeat sequences 1 and 2 (HR1 and HR2), a transmembrane anchor (TA) and a C-terminal domain (CTD). Upon the release of the S1 domain, the unstructured HR1 in the S2 domain becomes helical, and thrusts the FP into the target cell membrane (Figure 2). 66,68 The FP then disrupts the lipid bilayer of the target membrane and anchors it to the fusion machinery (Figure 2). 69,70 On the other end of the S2 domain, the fusion machinery is anchored on either the virion membrane or the S-expressing cell membrane (in the case of syncytia formation), by the TA subdomain (Figure 2). Upon insertion of the FP into the target membrane, three highly conserved hydrophobic grooves on HR1 are exposed, which allows for interaction with the HR2 subdomain. 66 The HR2 domain contains a rigid helix and a flexible loop. 70,71 The interaction between HR1 and HR2 forms a six-helix bundle which brings the two anchored membranes into close proximity to one another, overcoming the natural repulsive force that keeps the membranes apart (Figure 2). 66 Once the energetic barrier for fusion is reduced, the outer leaflets of the membranes merge in a step referred to as hemi-fusion. This is followed by the formation of a pore which expands to create one continuous membrane, allowing mixing of the viral or cytoplasmic contents (Figure 2). 66 The CTD is associated with COPI/II binding and intracellular transport. 50 Furthermore, work by Sanders et al. found that the cystine-rich membrane proximal cytoplasmic region of the S protein CTD is necessary for syncytia formation, and that it associates with membrane cholesterol in a raft-independent manner (Figure 1). 72 The subdomains of the S protein play important roles in receptor recognition and binding, translocation, and fusogenicity. The S protein is also highly antigenic and has been subject to evolutionary pressure throughout the pandemic, leading to the rise of several variants of concern (VOC). These variants' S proteins contain several mutations that alter its propensity to carry out its aforementioned functions. The following section will examine how the mutations within VOC S proteins influence syncytia formation.

Variants of Concern S Proteins and Fusogenicity

Since the start of the pandemic, the ancestral Wuhan strain has been replaced by variants 3). In addition to being the viral fusogen, the S protein is highly antigenic and therefore the target for neutralizing antibodies.

As such, many of the mutations found in the variants' S proteins have arisen in the context of antibody escape. The impact of the variants, with all of their accumulated mutations, on pathology is not clear, but some variants are more transmissible. 73,74 Several recent studies have sought to characterize and compare the S proteins of the variants in terms of their fusogenicity. One of the earlier variants identified was the European variant, which contained the D614G mutation proximal to the S1/S2 cleavage site. This mutation shifts the conformation of the S protein to a state that is more competent for ACE2 binding, while not significantly altering antibody neutralization. 65,75 The D614G variant replicates more efficiently in primary cell culture models. 75 Furthermore, greater levels of viral genetic material has been found in the upper respiratory tract of infected individuals which may be more associated with transmission rather than disease severity. 73 In terms of fusogenicity, pseudovirus assays have shown that the D614G substitution increases the efficiency of cellular entry. 73,76 The D614G mutant produces more syncytia than the ancestral Wuhan strain in cell culture models. 77,78 We and others have shown that relative to D614G, the Alpha, Beta, and Delta variants are more syncytiogenic in cell culture. 77,79,80 The Alpha and Delta S proteins induce the most cell-cell fusion and they do so more rapidly than the other variants. 77,79 The Beta variant S is also more fusogenic than D614G. 77 In the most general sense, the degree of syncytia formation seems to correlate with the affinity of the variant S proteins to ACE2. 77,81 A contradictory study found no difference (Alpha) or a slight reduction (Beta and Gamma) in variant S mediated cell-cell fusion; however, work by the same group found the Delta variant to be more syncytiogenic. 82,83 This discrepancy may be explained by variations in the experimental systems and the time-points in which syncytia formation was assessed. Highly fusogenic cells and late time-points may risk missing differences in fusogenicity. The D614G mutation alone elicited significant changes in the S protein that impacted its structure, receptor affinity and fusogenicity. As such, it is worth examining the changes elicited by other individual variant-associated mutations. The S1 domain is part of the spike that is most exposed to neutralizing antibodies on the virion. As such, it is under persistent evolutionary pressure and prone to mutations. Some of the more recent variants (Alpha, Beta, Gamma) also share the N501Y mutation within the RBD. This mutation increases the affinity of S protein to ACE2 and viral transmission but does not affect antibody neutralization. 77,84-88 The hydrophobic pocket formed by the Y41 and K353 regions of ACE2, interacts more efficiently with the Y501 mutant than with the wild type S. 89 Despite its higher affinity to ACE2, the N501Y mutation alone did not increase syncytia formation in cell culture. 77 E484K, another significant mutation within the RBD, present in Beta and Gamma variants, also later emerged in a subset of the Alpha lineage. 90 The RBD of Beta variant also includes the K417N (K417T in Gamma). The E484K and K417N mutations are associated with antibody escape, though they may alter ACE2 binding when in conjunction with N501Y. 88,90-92 E484K may increase affinity to ACE2, whereas K417N seems to decrease it. 85,93 Individually, both mutations reduced syncytia formation. 77 The E484K mutation has been suggested to allow for infection of H522 human lung cells independently of ACE2. 94 This alternate entry pathway may rely on surface heparan sulfates and clathrinmediated endocytosis. 94 Within the NTD domain of the variant S proteins are several mutations that are generally associated with antigenicity. 92 As previously mentioned, the NTD is also involved in receptor binding and structural changes, and some of the variant associated mutations within the domain have been shown to impact S protein-mediated fusogenicity. The D69/70 mutation that is associated with the Alpha variant increases infectivity through greater incorporation of cleaved S protein into virions. 95 Furthermore, D69/70 may compensate for the reduced infectivity brought about the antibody escape mutation in the RBD of the variants. 95 Interestingly, restoring the D69/70 mutation abrogates the relative increase in syncytia formation elicited by the Alpha S protein relative to the D614G S protein. 95 However, the deletion on its own within the D614G S protein is detrimental to syncytia formation. 77 The comparatively greater syncytia formation induced by the Alpha variant S protein may thus be a result of the D69/70 mutation working in conjunction with other mutations. The deletion of 242-244 in the NTD of the Beta variant also restricts syncytia formation on its own. 77 It remains to be seen how it functions within the context of partner mutations. Interestingly, the D215G mutation of the Beta variant facilitates syncytia formation. 77 The mechanism of its action is unknown, and future investigations examining it within the context of L-SIGN, DC-Sign and neuropilin-1 binding and overall S structural changes would be of interest. 36 Such investigation could broaden the scope of target cells that may be able to form syncytia.

Of particular interest are the P681H and P681R mutations found in the S1/S2 cleavage site of Alpha and Delta variants, respectively. The P681 site is positioned in a surface-exposed loop of the S protein and is accessible to proteases. A recent investigation in the Alpha variant with the P681H mutation showed that there is a greater exposure of the furin cleavage site which naturally increases affinity to furin. 96 The presence of more cleaved Spike in the virion or at the cell surface can increase fusogenicity. Indeed, we showed that the P681H mutation drastically increased syncytia formation. 77 It has also been suggested that O-glycosylation modulates furin cleavage of the S protein, and the presence of the P681 region facilitates the activity of glycosylation enzyme GALNT1. 97 How the variant-associated mutations affect glycosylation and subsequent furin cleavage would be of future interest. Work by Saito and colleagues suggest that the P681R mutation of Delta variants increases S protein cleavage and subsequent viral fusion. 80 The P681R mutation was also responsible for larger syncytia forming in experiments conducted with artificial virus reversed engineered to contain the mutation. 80 Infection with virus housing the P681R resulted in higher pathogenicity in a hamster model: animals infected with the mutant virus experienced greater weight loss and reduced pulmonary function than with the D614G virus. 80 The A570D and S982A mutations, also within proximity of the cleavage site of the Alpha variant, did not significantly affect syncytia formation individually; however, structural studies suggest that they may reduce contact between individual chains of the trimeric spike. 77,98 In conjunction with other mutations like P681H, they may augment cleavage of the S protein. 98 The D1118H mutation in the S2 of the Alpha variant, between the HR1 and HR2 domain potently increases syncytia formation. 77 Characterization of this mutation in the literature is scarce. From its location, it would not be unreasonable to speculate that it may impact the fusion machinery and HR1/HR2 association. Further investigations examining the effects of D1118H on the structure and function of the S protein, and the overall infectivity of the S protein would be of interest. A more thorough understanding of the variants and their respective mutation, especially in in vivo models, would be of great value in understanding the transmission and pathology of the novel variants.

Modulation of S-Mediated Fusion by Host Factors

Restriction and enhancement factors play a complex role in regulating viral infection. Several of these are membrane-bound and operate at the entry and fusion step of the viral life cycle. This section will examine the role of key membranebound restriction and enhancement factors on S protein-mediated fusion and syncytia formation. Upon infection, cytosolic sensors detect viral genetic material and trigger the expression of type I, II and III interferons (IFN), which subsequently set off signaling pathways that promote the expression of a wide array of interferon-stimulated genes (ISGs) to impede viral replication. One such family of ISGs are the interferon-induced transmembrane (IFITM) proteins. Functional IFITMs can be further categorized into three clades and despite the nomenclature only members of clade 1, -IFITM1, 2 and 3 as well as the mouse specific IFITM6 and 7 -are truly IFN induced, ubiquitously expressed and possess bona fide innate immune activity. 99 IFITMs restrict a broad spectrum of enveloped viruses including influenza, HIV-1, Ebola, Marburg, dengue, Zika, West Nile, Japanese encephalitis, Rift Valley Fever as well as members of the coronavirus family. 100-102 IFITM1 localizes on the plasma membrane, while IFITM2 and 3 both transit through the plasma membrane and then localize within the endolysosomal compartments. IFITMs prevent viruses from crossing the cellular membrane and accessing the cytoplasm, possibly by altering the rigidity and the curvature or the composition of the membrane. 100,102-104 This serves to increase the energetic barrier for fusion, hindering virus-cell fusion at hemi fusion or pore formation stage. 105,106 In the case of coronaviruses, IFITMs block the entry of MERS-CoV, SARS-CoV, hCoV-NL63 and hCoV-229E. 107-109 However, the interaction between IFITMs and coronavirus S protein-mediated fusion 110 Furthermore, they also identified mutations within the IFITM1 and 3 that can convert them from inhibitors of MERS-CoV and SARS-CoV S mediated entry, into enhancers. 109 The contradictory effects of IFITMs and their mutations on different coronaviruses may be a result of how and where they interact with the different cellular receptors. 109 There have been several reports examining the role of IFITMs on SARS-CoV-2 S mediated fusion. Work by Shi and colleagues show that IFITM1, 2 and 3 are restriction factors of SARS-CoV-2 infection, with IFITM1 being particularly potent. 102 Another study using pseudotyped lentiviral vectors expressing SARS-CoV-2 S protein found that IFITM2 was the most potent inhibitor of entry and that removal of the polybasic S1/S2 cleavage site makes S protein particularly sensitive to IFITM2. 111 Shi et al. also suggest that restriction by IFITM3 is independent of its palmitoylation, a posttranslation modification thought to affect hydrophobicity and location of IFITM3 to membrane compartments. 102,112 Since the palmitoylation site is necessary for the antiviral activity of IFITM3 against IAV, hCoV-229E and hCoV-NL63, this may suggest that the restriction of SARS-CoV-2 infection at the endosome may occur in a different manner. 102,109,112 Shi et al. confirm that the amphipathic helix domain within the hydrophobic region of IFITM3, is necessary for restricting S mediated fusion. The amphipathic helix is believed to insert into membrane bilayers and mechanically induce a curvature and rearrange lipids in a manner that antagonizes fusion. 105,113-115 One investigation suggests that endogenous IFITMs in human lung cells may on the contrary, facilitate SARS-CoV-2 infection. 116 The authors proposed that IFITMs interact with the S protein and that reduction of endogenous IFITMs drastically impedes viral replication. 116 They also found that IFNb enhanced SARS-CoV-2 infection in small airway epithelial cells. 116 The discrepant observations might be a result of the different IFITM expression systems or cell culture models. Further investigations examining the relationship between IFITMs and SARS-CoV-2 are warranted.

SARS-CoV-2 mediated syncytia formation is effectively restricted by IFITMs, with IFITM1 displaying the most potent activity. We reported that restriction of syncytia formation by IFITMs is subject to reversion by TMPRSS2. 46 TMPRSS2 drastically augmented S protein-mediated syncytia formation, whether IFITMs were present or absent. 46 This protease also increases infection by SARS-CoV-2 and reverts the inhibitory effect of IFITMs on viral infection. 102 Studies on other coronaviruses have also found that TMPRSS2 thwarts the antiviral effects of IFITMs. 117,118 It would be of future interest to characterize the relationship between TMPRSS2, ACE2, and IFITMs to better understand how TMPRSS2 subverts the potential biophysical constraints imposed by IFITMs. Understanding the mobility and interaction dynamics of these three interactors during infection or syncytia formation may be informative of the precise mechanism in which syncytia formation is restricted. Of note, we also observed that syncytia induced by the S proteins of D614G, Alpha, and Beta variants are effectively restricted by IFITMs. 77 Other membrane-bound restriction factors impact S-protein mediated syncytia formation. The IFN inducible Lymphocyte antigen 6 complex locus E (LY6E) is a glycosylphosphatidylinositol (GPI)anchored protein that associates with membrane lipid rafts. 119,120 LY6E is a pro-viral factor that promotes the uptake of Yellow Fever virus, the uncoating of influenza A, and HIV-1 infection of high CD4expressing cell. 120-122 It is also a receptor for syncytin-A, a mouse endogenous retroviral envelope. 123 However, LY6E is an inhibitor of hCoV-OC43, hCoV-229E, SARS-CoV, SARS-CoV-2, and MERS-CoV infection and associated syncytia. 124,125 The precise mechanism by which LY6E inhibits membrane fusion is not clear. 124 It does not affect S protein maturation or expression of surface receptors. 124 The GPI-anchor which associates LY6E to lipid rafts is crucial to its activity. Lipid rafts are cholesterol and glycosphingophospolipid rich regions in the plasma membrane that compartmentalize important processes including ligand receptor engagements. The mechanism by which LY6E exerts its restriction is likely different than that of IFITMs. The antifungal drug amphotericin B (AmphoB), which binds cholesterol in the plasma membrane and increases it fluidity, can rescue restriction by IFITMs but not LY6E. Understanding the precise mechanism by which LY6E restricts fusion would be of interest.

Recently, the ISG Cholesterol 25-hydroxylase (CH25H) has been described as an inhibitor of SARS-CoV-2 membrane fusion. 126,127 CH25H is induced by SARS-CoV-2 infection and converts cholesterol into 25-hydrocholersterol (25CH). 126 25CH inhibits viral-cell fusion by depleting fusion accessible plasma membrane cholesterol through the activation of acyl-CoA: cholesterol acyltransferase (ACAT) localized on the ER membrane. 126 CH25H expression also significantly reduces SARS-CoV-2 S protein-mediated syncytia formation. 127 These observations further emphasize the significance of cholesterol access to S proteinmediated fusion.

In summary, a few important ISGs act to antagonize SARS-CoV-2 S mediated cell-cell fusion by altering the target membranes. IFITMs likely restrict syncytia formation by altering the biomechanical properties of the plasma membrane, whereas LY6E does so through an unknown mechanism. CH25H facilitates the depletion of membrane cholesterol and the The Potential Roles of Syncytia Formation in SARS-CoV-2 Infection SARS-CoV-2 mediated syncytia formation has been proposed to be a potential contributor to overall pathology. However, its relative significance and its general contribution to the viral infection remains unknown. Formation of abnormal multinucleated pneumocytes represents a form of cytopathic effect. There are significant differences between physiological and pathological syncytia. During physiological syncytiogenesis, such as in placental trophoblast formation, the cell cycle is arrested at the G0 phase. 128 The expression of the Syncytin-2 (SYN2) fusogen is also restricted to the G0 phase, which allows for strict regulation of the physiological cell-cell fusion process. 128 The transient expression of SYN2 in cells in any other phase (S,G2,M) of the cycle results in the formation of unstable and functionally compromised syncytia. 128 Furthermore, physiological fusion processes like placental formation is controlled through polarized expression of the receptor and fusogen. 8 SYN2 expression is limited to a few cytotrophoblasts, whereas its receptor (major facilitator superfamily domain-containing protein 2) is expressed on syncytiotrophoblasts. 8 In stark contrast, unregulated pathogen-induced syncytia formation, in cells which normally do not fuse, is likely to be pathological.

Unnaturally occurring syncytia cells are susceptible to rapid cytopathicity. This phenomenon of "syncytial apoptosis" has been well documented in HIV-1 infections in vitro, in vivo and in infected patient tissues. 129 Upon cell-cell fusion, the HIV-1 envelope protein triggers a pro-apoptotic signaling pathway that triggers karyogamy (nuclear fusion) and DNA damage. 129 SARS-CoV-2 S protein-mediated syncytia also collapse and die during the later stages of the process, and of particular interest is the observation that the nuclei within S protein-mediated syncytium cluster together (Figure 4 top left). 46,130 Future investigations characterizing the cell death pathways triggered within SARS-CoV-2 induced syncytium, and There is also a possibility that the death of infected cells may release virions into the surrounding environment, spreading the infection (Figure 4 top left). Syncytial pneumocytes in COVID-19 patient tissues are scarce and the degree to which cytopathic effects contribute to pathology is unclear. There is also a paucity of information regarding presence, clearance or turnover of syncytia during early infection. There is also possibility that if syncytia are prone to premature death, they may be detrimental to viral replication. The relationship between syncytial death and viral replication remains to be explored more thoroughly.

The formation of syncytia may also have immunological consequences. Zhang and colleagues found the presence of lymphocytes contained within syncytia as a cell-in-cell structure among COVID-19 patient lung tissue. 26 Using cell culture models, they demonstrated that syncytia formed through S protein-mediated fusion can internalize various T and B cell lines, monocytes and peripheral blood mononuclear cells (Figure 4 bottom left). 26 The internalized cells readily underwent shriveling, deterioration of the plasma membrane and death (Figure 4 bottom left). 26 These studies provide a possible mechanism by which syncytia may contribute to lymphopenia among patients with COVID-19. 26 There is also an outstanding question whether S-mediated syncytia trigger elements of the innate immunity. Cell-cell fusion events induced by other pathogens have been documented to induce interferon expression. Syncytia induced by measles virus amplifies IFNb production in vitro. 131 Similarly, cell-cell fusion induced by the bacterial pathogen Burkholderia pseudomallei elicits type I IFN expression through the DNA sensing cGAS-STING pathway. 132 This reportedly occurs independently of bacterial ligands. 132 How S proteinmediated pathological syncytia formation is related to immune activation or recognition remains an outstanding question.

Recent work suggests that S protein-mediated syncytia formation results in the activation of Caspase-9, followed downstream by the activation of Caspase-3/7, and later by gasdermin E (GSDME)-mediated pyroptosis. 133 This inflammatory form of cell death may have significant implication in triggering the immune response and warrants further investigation (Figure 4 top left). The adaptive immune response also has profound implications for SARS-CoV-2 mediated cell-cell fusion. Antiviral antibodies may have contradictory roles in cell fusion. 134 Some neutralizing antibodies restrict cell-cell fusion by locking the spike in a pre-fusion state, whereas some weakly neutralizing antibodies behave as allosteric effectors that promote S2 unsheathing and increase syncytia formation. 134 The opposing activities of neutralizing antibodies will need to be elucidated further in order to be understood in terms of pathology.

Finally, syncytia formation can have direct virological consequences rather than just trigger a generalized cytopathic effect or immune response. Syncytia may allow viruses to spread directly from cell-to-cell without having to enter the extracellular environment. This strategy shields the virus from neutralizing antibodies, physical barriers like the mucociliary blanket, as well as components of the immune system (Figure 4 bottom right). 135 Many respiratory viruses such as measles, influenza, respiratory syncytia virus, parainfluenza virus, and human metapneumonia virus exploit this mechanism of dissemination. 135 As already discussed above, nonenveloped reoviruses employ evolutionarily conserved fusogens, dedicated to the induction of cell-cell fusion, as a mechanism of cell-tocell transmission. 10,11 Recent cell culture studies suggest that SARS-CoV-2 cell-to-cell dissemination is a possible route of spread (Figure 4 bottom right). Cell-free virus was effectively neutralized by monoclonal antibodies and convalescent plasma; however, cell-to-cell viral spread was either not or less sensitive to neutralization (Figure 4 bottom right). 130,136 The direct spread of HIV from cell-tocell has also been demonstrated to be less sensitive to the restrictive effects of antiretrovirals and neutralizing antibodies. 137,139 A more thorough understanding of the significance of SARS-CoV-2 cellto-cell spread to the pathology and antibody response is warranted. Beyond direct cell-to-cell spread, syncytia can contribute to the overall infectious dose and viral dissemination upon being dislodged (Figure 4 top right). In reconstituted primary bronchial epithelia, multi-ciliated cells and basal cells form syncytia which are then released into the apical lumen. 140 Vesicular inclusions containing virus particles were detected within the released syncytia, potentially suggesting continued viral replication. 140 Infected single and syncytial cells that are released may thus spread infection (Figure 4 top right). Like several of the aforementioned processes, syncytial release is not unique to SARS-CoV-2. 140 Infection of epithelial cell cultures from macaque respiratory tissue with measles virus also results in the formation and shedding of infectious syncytia. 141 From a methodological standpoint, syncytia formation in cell culture can also be utilized as an effective, albeit imperfect, surrogate to characterize the early stages of virion entry via S protein fusogenicity. It has the added benefit for being suitable for biosafety level 2 research environments, when the S protein is expressed alone, in the absence of infectious virus. We also developed a rapid, sensitive and semi-automated assay we termed "S-Fuse", which employed virusinduced syncytia formation as a marker to detect and measure infectious virus in various human samples. 46,142 The S-Fuse assay is now routinely used in our laboratory to assess the activity of anti-SARS-CoV-2 monoclonal antibodies or other 
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 94 99, 100]. After endocytosis, proteolytic activity by host factors such as cathepsin L/B (CTSL/B) and furin further assists in the priming the S protein[99, 101, 102]. Following fusion and uncoating, the vRNA is translated from ORF1a and ORF1b to produce polyproteins which are then processed into the nonstructural proteins that form viral replication and transcription complexes (Figure1.4). Simultaneously, discontinuous transcription from the viral genome creates sgRNAs from which the viral structural and accessory proteins are expressed (Figure1.4)[93]. The specific roles of the viral proteins both within the viral life and in modulating the cellular environment are described in the following section.Coronaviruses, like many other described viruses, co-opt intracellular membranes to form viral replication organelles that provide a protective microenvironment for vRNA replication and protein transcription[93, 103]. During the coronavirus assembly process, the E, M, and S proteins are translocated and inserted into the endoplasmic reticulum and are trafficked through the ER-Golgi intermediate compartment (ERGIC) to the Golgi apparatus (Figure1.4). During the course of translocation and viral assembly, the S protein is subjected to processing by furin and other cellular proteases, generating the non-covalently associated S1 and S2 subunits which are primed for fusing with the membrane of naïve cells upon reinfection [104]. The immature virions bud into the ERGIC or Golgi compartments and viral egress occurs through deacidified lysosomedependent exocytosis [105].
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 14 Figure 1.4 Coronavirus replication cycle. The viral S protein interacts with the ACE2 receptor to fuse into the cell at the plasma membrane (early entry) or within endosomes (late entry). The viral genome is deposited into the cytoplasm and is translated from ORF1a and ORF1ab. The resulting polypeptides are post-and co-translationally processed into the non-structural proteins which form the viral replication and transcription complexes, induce remodelling of intracellular membrane and facilitate immune escape. The structural and accessory proteins are produced from a nested set of subgenomic mRNAs encoded in the viral genome. The structural proteins translocate to the ER membranes and transit through the ER-ERGIC-Golgi network and interact with newly synthesize vRNA. Immature virions bud into the intracellular compartments and are maturated as they egress via deacidified lysosome-dependent exocytosis. Reused with permission from Springer Nature. Nature Reviews Microbiology, Vol 19, V'kovski et al., Coronavirus biology and replication: implications for SARS-CoV-2, Page 156, Copyright (2021) [93]. doi: https://doi.org/10.1038/s41579-020-00468-6
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 15 section. The S protein is a class I fusogen (structurally comprised of α-helices) which facilitates membrane fusion after undergoing structural rearrangements which transition it from a metastable prefusion form to a fusion competent state[106, 107]. It is a glycosylated protein about 1271 amino acids long and is comprised of the S1 and S2 subunits separated by a polybasic cleavage site.Cellular proteases cleave between this S1/S2 site as well as at a S2' site in order to activate the S protein ([99]. The S1 subunit consists of the N-terminal domain (NTD) and the receptor binding domain (RBD). The function of the NTD is still under investigation, though work on other coronaviruses shows that the NTD may be associated with glycan recognition during initial attachment, receptor recognition and pre-to-post fusion transition of the S protein[108- 110]. The C-type lectins DC-SIGN and L-SIGN may act as auxiliary receptors for SARS-CoV-2 by associating with the NTD[96]. SARS-CoV-2 S protein-mediated fusion may also be subject to antibody-dependent enhancement as the binding of antibodies to a specific site on the NTD induces an open RBD state which may enhance fusogenicity[111]. The RBD domain of the S1 interacts with the ACE2 receptor; the presence of which determines cellular tropism (Figure1.5)[46, 49, 112]. The RBDs of the S protein trimer exist in a state of dynamic equilibrium between "up" (open) and "down" (closed) conformations[113, 114]. In the "up" conformation, the RBD can bind to ACE2 and the binding of one of the RBD monomers to ACE2 is followed by sequential opening up and binding of the remaining two RBD monomers to ACE2[114].Since multiple receptors are able to bind to an S protein, considerable mechanical stress is exerted on the S1[113]. The opening process disrupts contact between ACE2-bound S1 monomers, promoting their dissociation from the complex and revealing the trimeric S2 core, which houses the fusion machinery of the S protein (Figure1.5) [114]. The S2 domain is comprised of the fusion peptide (FP), heptapeptide repeat sequences 1 and 2 (HR1 and HR2), a transmembrane anchor (TA) and a C-terminal domain (CTD). Upon the release of the S1 domain, the unstructured HR1 in the S2 domain becomes helical, and thrusts the FP into the target cell membrane (Figure 1.5) [113, 115]. The FP then disrupts the lipid bilayer of the target membrane and anchors it to the fusion machinery (Figure 1.5) [116, 117]. On the other end of the S2 domain, the fusion machinery is anchored on either the virion membrane or the S-expressing cell membrane (in the case of syncytia formation), by the TA subdomain (Figure 1.5). Upon insertion of the FP into the target membrane, three highly conserved hydrophobic grooves on HR1 are exposed, which allows for interaction with the HR2 subdomain [113]. The HR2 domain contains a rigid helix and a flexible loop [117, 118]. The interaction between HR1 and HR2 forms a six-helix bundle which brings the two anchored membranes into close proximity to one another, overcoming the natural repulsive force that keeps the membranes apart (Figure 1.5) [113]. Once the energetic barrier for fusion is reduced, the outer leaflets of the membranes merge in a step referred to as hemi-fusion. This is followed by the formation of a pore which expands to create one continuous membrane, allowing mixing of the viral or cytoplasmic contents (Figure 1.5) [113].
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 152341262 Figure 1.5 Molecular mechanism of Spike (S) protein-mediated virus-cell or cell-cell fusion. Top: the functional subdomains of the S protein. N-terminal domain (NTD), receptor binding domain (RBD), fusion peptide (FP), heptapeptide repeat sequences 1 and 2 (HR1 & HR2), transmembrane anchor (TA), C-terminal domain (CTD). Bottom: 1) The S protein associates with the ACE2 receptor via its RBD. It is also processed by cellular proteases at the S1/S2 or S2' sites (not shown).2) The S1 domain is released which allows for HR1 to extend and thrust the FP into the target cell plasma membrane. The FP anchors the target membrane while the TA anchors the fusion machinery to the viral or infected cell membrane. 3) Interactions between HR1 and HR2 results in a hairpin-like foldback that overcomes the energetic barrier to fusion and brings the membranes close together. A hemi-fusion step occurs where the outer layers of the fusing membranes merge (not shown). 4) The association of HR1 and HR2 and the corresponding membrane fusion result in the formation of a pore that will gradually expand. The viral or cytoplasmic contents are then merged. Figure generated by the author and submitted to the Journal of Molecular Biology in an invited review article. Rights retained to use figure in thesis or dissertation. Original source: Elsevier. Journal of Molecular Biology, Rajah et al., 2021 [1]. doi: https://doi.org/10.1016/j.jmb.2021.167280
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 1264 N protein encapsidates newly produced viral genomic RNA forming helical viral ribonucleoprotein (vRNP) complexes [126]. The interaction of neighboring vRNPs allows for the compaction and efficient packaging of the large viral genome into the virion [126]. It has been suggested that the N protein may support virion budding by exerting a "pushing' force from within during assembly [119]. It may also have a role in suppressing the granule-dependent antiviral response as it has been shown to recruit stress granule protein G3BP1 [125]. The immunosuppression role of the N protein is also highlighted by its ability antagonize retinoic acidinducible gene I (RIG-I) and inhibit IFN induction [127]. Envelope Protein E protein is an integral membrane protein which impacts trafficking, sequestration, and processing of the S protein and is mainly associated with virion assembly [119, 121]. Studies done on other coronaviruses demonstrate that the lack of E protein negatively affects viral maturation and significantly reduces viral titers [121]. Interactions between E and M are required for the formation of viral particles [119]. In contrast to the "pushing" force applied by the N protein, it has been postulated that E and M contribute to viral budding by forming symmetric lattices and creating an optimal curvature which generates a "pulling" force [119]. The E protein also assists in the retention of S on intracellular membranes by modulating the cells secretory pathway [119]. Both E and M, have also been shown to affect the maturation of the N glycans on the S protein independent of their sequestration function [119]. SARS-CoV-2 E proteins can associate with one another and form homopentameric cation channels [128]. In a SARS-COV-1 animal model, mutations that compromised the channel activity of the E protein significantly reduced pathogenesis; however, compensatory mutations that restored channel activity, arose upon passaging [129]. This suggests that the homotypic interaction of coronavirus E proteins has an important viral function and is significant for pathogenesis. Indeed, the transport of calcium through the ion channel form by SARS-CoV-1 E protein stimulates the inflammasome and worsens disease [130]. Furthermore, the SARS-CoV-2 E proteins, recruits PALS1 (a human tight junction protein) to the site of viral maturation and assembly on the ERGIC [131]. This may compromise the epithelial junctions resulting in increased viral dissemination and immune cell infiltration [131].

  has also been shown to attenuate the type 1 IFN response by cleaving ISG15 [132]. Nsp1 is proteolytically processed and released rapidly from the viral polyproteins and functions as a global "host shutoff factor" [133]. It binds to human ribosomal complexes and interferes with mRNA binding, thus preventing the translation of host proteins [133]. The ultimate effect is the cultivation of a cellular environment that favours the translation of the viral mRNA over the host's mRNA [133]. Nsp3, nsp4, and nsp6 are thought to modify intracellular membranes into environments that support the viral replication and transcription complex (vRTC) [134]. During the course of coronavirus infection, highly dynamic viral replication organelles including double membrane vesicles (DMV), convoluted membranes and double membrane spherules are derived from the endoplasmic reticulum [134, 135]. Intermediate double-stranded vRNA localizes in DMVs and newly synthesized vRNA can be detected in these structures during SARS-CoV and MERS-CoV
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 1632131 Figure 1.6 The innate immune response to coronavirus infection. Pathogen recognition receptors (TLRs, RIG-I, and MDA5) recognize viral components leading to the transcription of NF-kB, IRF3 and 7, which will subsequently translocate to the nucleus and stimulate cytokine and IFNI/III production. Secreted IFNI/III will be recognized by IFNAR and IFNLR receptors which will set of a signaling pathway that will result in the phosphorylation of the STAT proteins. STAT1 and 2 will complex with IRF9 and translocate to the nucleus to trigger the expression of interferon stimulated genes. Reused with permission from Elsevier. Cell Host & Microbe, Vol 27, Park et al., Page 871, Copyright (2020) [156].doi: https://doi.org/10.1016/j.chom.2020.05.008
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  163]. The virus uses cell-cell fusion as a mechanism to spread from the mucosal epithelium at the initial site of infection to sensory neuronal cells where it can establish a latent infection [163]. Syncytial cells have also been observed upon infection with some members of the Coronaviridae family including MERS-CoV, the currently pandemic SARS-CoV-2 and to a lesser degree SARS-CoV [163]. The potential consequences of SARS-CoV-2 mediated syncytia formation is discussed in Chapter 5.

  viral dissemination and immune evasion by protecting the virus from immune cells and from neutralizing antibodies. The current evidence regarding consequences of SARS-CoV-2 mediated syncytia formation is explored in Chapter 5 (Discussion).

Figure 1 . 7

 17 Figure 1.7 Cellular syncytia in the lungs of COVID19 patients. Original image from Figure 4C of Bussani et al., 2020, Persistence of viral RNA, pneumocyte syncytia and thrombosis are hallmarks of advanced COVID-19 pathology (2020) [80], EBioMedicine Vol 61. Reused under creative commons license. https://doi.org/10.1016/j.ebiom.2020.103104.

  signal[184]. In resting cells, the phosphatidylserine (PS) phospholipid is found on the leaflet facing the cytoplasm. Its translocation to the exofacial leaflet serves as a signal for a variety of cellular processes, including cell-cell fusion[184]. The exposure of PS is associated with a variety of physiological and pathological cell-cell fusion events including skeletal muscle and myoblast formation and repair, macrophage fusion, placental trophoblast fusion, sperm and egg cell fusion during gamete formation, and cancer cell fusion[184]. It is also a marker of cell death through apoptosis. The presence of PS on the viral envelope is important for the entry of viruses including HIV and Ebola and some viruses like alphaherpesvirus induce PS exposure on the host membrane to facilitate infection[184][185][186][187][188]. The translocation of PS may influence the fusogenicity of the lipid membrane as well as assist in the recruitment and modification of fusion protein (the diverse functions of PS are thoroughly reviewed in[184]

1 . 3 . 4 . 3 CH25H

 1343 that promotes the uptake of Yellow Fever virus, the uncoating of influenza A, and HIV-1 infection of high CD4-expressing cells[211][212][213]. It is also a receptor for endogenous retroviruses. However, LY6E is an inhibitor of OC43, 229E, SARS-CoV-1, SARS-CoV-2, and MERS-CoV infection and associated syncytia formation [214, 215]. The precise mechanism by which LY6E inhibits membrane fusion is not clear [214]. It does not affect S protein maturation or expression of surface receptors [214]. The GPI-anchor associates LY6E to lipid rafts is crucial to its activity. Lipid rafts are cholesterol and glycosphingophospholid rich regions in the plasma membrane that compartmentalize important processes including ligand receptor engagements. The mechanism by which LY6E exerts its restriction is likely different than that of IFITMs. The antifungal drug amphotericin B (AmphoB), which binds cholesterol in the plasma membrane and increases it fluidity, can rescue restriction by IFITMs but not LY6E[215]. Understanding the precise method by which LY6E mediates fusion remains a major question. Recently, the ISG Cholesterol 25-hydroxylase (CH25H) has been described as an inhibitor of SARS-CoV-2 membrane fusion [216, 217]. CH25H is induced by SARS-CoV-2 infection and converts cholesterol into 25-hydrocholersterol (25CH) [216]. 25CH inhibits viral-cell fusion by depleting fusion accessible plasma membrane cholesterol through the activation of acyl-CoA: cholesterol acyltransferase (ACAT) localized on the ER membrane [216]. CH25H expression also significantly reduces SARS-CoV-2 S protein-mediated syncytia formation [217]. These observations further emphasize the significance of cholesterol access to S protein-mediated fusion. In summary, a few important ISGs act to antagonize SARS-CoV-2 S mediated cell-cell fusion by altering the target membranes. IFITMs likely restrict syncytia formation by altering the biomechanical properties of the plasma membrane, whereas LY6E does so through an unknown mechanism. CH25H facilitates the depletion of membrane cholesterol and the compositional change is also unfavorable to cell-cell fusion. Molecular mechanisms by which ISGs inhibit viruscell and cell-cell fusion remain a pertinent field in understanding SARS-CoV-2 induced pathology. Research Objectives Syncytia formation can have an impact on viral pathology by facilitating cell-to-cell dissemination, inducing cytopathic and inflammatory responses and by shielding replicating virus from neutralizing antibodies and immune cells. The coronavirus S protein is a viral fusogen that mediates viral entry by interacting with the cellular receptors. This interaction allows for the merging of the viral membrane with the host cell's plasma membrane and the subsequent deposition of viral contents into the cytoplasm. Interestingly, several reports identified the presence infected multinucleated syncytial cells in the lungs of patients with severe COVID-19

Introduction COVID- 19

 19 consists of a spectrum of syndromes from a mild, flu-like illness to severe pneumonia. Disease severity is linked to lung epithelial destruction, resulting from both immune-mediated damages and viral cytopathic effects. SARS-CoV-2 infection of respiratory epithelial cells likely activates monocytes, macrophages, and dendritic cells, resulting in secretion of proinflammatory cytokines (Huang et al, 2020; Ong et al., 2020; Zhou et al, 2020). Excessive systemic cytokine production may lead to thrombosis, hypotension, acute respiratory distress syndrome (ARDS), and fatal multi-organ failure. The innate type-I and type-III interferon (IFN) response, which normally controls viral replication is also reduced in severe cases (Blanco-Melo et al, 2020; preprint: Hadjadj et al, 2020; Park & Iwasaki, 2020). However, prolonged IFN-production aggravates disease by impairing lung epithelial regeneration (Broggi et al, 2020; Major et al, 2020). In the lung, SARS-CoV-2 infects ciliated cells in the airway, alveolar type 2 pneumocytes, and epithelial progenitors among others (Bost et al, 2020; Hou et al, 2020; Subbarao & Mahanty, 2020). SARS-CoV-2 and other coronaviruses are cytopathic (Freundt et al, 2010; preprint: Gorshkov et al, 2020; Ogando et al, 2020; Ren et al, 2020; Tang et al, 2020). The death of infected cells is also a trigger of immune activation. SARS-CoV-2 entry into cell is initiated by interactions between the spike glycoprotein (S) and its receptor, angiotensin-converting enzyme 2 (ACE2), followed by S cleavage and priming by the cellular protease TMPRSS2 or other surface and endosomal proteases (Letko et al, 2020; Matsuyama et al, 2020; Hoffmann et al, 2020b). The structure of S in complex with ACE2 has been elucidated (Lan et al, 2020; Walls et al, 2020; Wang et al, 2020). S consists of three S1-S2 dimers, displaying conformational changes upon virus entry leading to fusion. Besides fusion mediated by virions, S proteins present at the plasma membrane can trigger receptor-dependent syncytia formation. These syncytia have been observed in cell cultures and in tissues from individuals infected with SARS-CoV-1, MERS-CoV, or SARS-CoV-2 (Franks et al, 2003; Matsuyama et al, 2010; Chan et al, 2013; Qian et al, 2013; preprint: Giacca et al, 2020; Hoffmann et al, 2020a; Tian et al, 2020; Xu et al, 2020), but they were not precisely characterized. It has been proposed that they may originate from direct infection of target cells or from the indirect immune-mediated fusion of myeloid cells. Fused pneumocytes expressing SARS-CoV-2 RNA and S proteins were observed in 92 post-mortem lung tissues of 20 out of 41 COVID-19-infected patients, indicating that productive infection leads to syncytia formation, at least in critical cases (preprint: Giacca et al, 2020). SARS-CoV-2 replication is in part controlled by the innate host response, through mechanisms that are currently being unveiled. Interferon-stimulated genes (ISGs) inhibit discrete steps of the viralA
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 1932 Figure 1. SARS-CoV-2 induced syncytia formation. A GFP-Split U2OS-ACE2 were co-cultured at a 1:1 ratio and infected with SARS-CoV-2. Syncytia formation and cell death was monitored by video microscopy or at endpoint using confocal microscopy and high-content imaging. B Still images of GFP (syncytia) and propidium iodide (PI) (cell death) at different time points. Scale bar: 100 µm. C Quantification of U2OS-ACE2 fusion and death by time-lapse microscopy. Results are mean AE SD from three fields per condition. D S staining of infected U2OS-ACE2 cells analyzed by immunofluorescence. The Hoechst dye stains the nuclei. Scale bar: 40 µm. E Surface S staining of infected U2OS-ACE2 cells analyzed by flow cytometry. Results are representative of at least three independent experiments.

  Fig 1B and C and Movie EV1). Most of the syncytia end up dying, as assessed by the acquisition of propidium iodide (PI) (Fig 1B and C and Movie EV1). The extent of fusion was then quantified by measuring the GFP + area with a high-content imager. The total area of syncytia within each well correlated with the viral inoculum, indicating that the assay provides a quantitative assessment of viral infection (Fig 2A). S was expressed by the syncytia, but also by single infected cells that have not yet fused, as assessed by immunofluorescence (Fig 1D). Flow cytometry on unpermeabilized infected cells further showed that S was present at the surface (Fig 1E).

  Their expression was verified by flow cytometry or Western blotting (Fig EV1). We then compared their sensitivity to SARS-CoV-2 infection. The presence of TMPRSS2 increased the appearance of fused cells by 5-to 10-fold (Fig 2A). On the contrary, IFITM1 significantly inhibited syncytia formation (Fig 2B and Movie EV1). Therefore, TMPRSS2 and IFITM1 exert opposite effects on syncytia formation. IFITM2 and 3 were poorly active (Fig 2B), probably because they mostly accumulate within the endosomal compartment, which limits their ability to alter fusion events occurring at the plasma membrane. Since only 40% of each cell population expressed high levels of IFITM, as assessed by flow cytometry (Fig EV1) and immunofluorescence (Fig 2C), we asked whether IFITM + cells were present in the syncytia. A co-staining with anti-IFITM antibodies indicated that syncytia did not incorporate IFITM1 + cells present in the culture, whereas this was not the case for IFITM2 and 3 (Figs2C and EV3). Moreover, the inhibitory effect of IFITM1 on syncytia was associated a decreased number of S + cells (Fig2D).
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  Cell fusion was quantified by measuring the GFP + area by high-content imaging after 18 h. (B and C) or analyzed over time by video microscopy (D and E). B Representative images of cell-cell fusion. Scale bar: 100 µm. C Quantification of GFP + areas. Results are mean AE SD from five independent experiments. D TMPRSS2 accelerates fusion. Cells were monitored by video microscopy, and the GFP area was quantified over time. Left panel: one representative experiment. Results are mean AE SD from three fields per condition. Right panel: Mean AE SD from seven independent experiments (at 12 h post-transfection). E Impact of TMPRSS2 and IFITMs on the kinetics of fusion by S-expressing 293T cells. One representative out of three independent experiment is shown. Data information: Statistical analysis: B, C: One-way ANOVA, ns: non-significant, ***P < 0.001, ****P < 0.0001. D: Wilcoxon matched-pairs signed-rank test, **P < 0.01. including HCoV-229E, MERS, and SARS-CoV-1 (Matsuyama et al, 2010; Glowacka et al, 2011; Shulla et al, 2011; Bertram et al, 2013; Shirato et al, 2013; Reinke et al, 2017; Kleine-Weber et al, 2018). With SARS-CoV-2, a first cleavage of S by furin at the S1/S2 site is required for subsequent cleavage by TMPRSS2 at S2' site (Hoffmann et al, 2020a). ACE2 cleavage by TMPRSS2 at a polybasic site generates a soluble fragment of the receptor (Haga et al, 2008; Shulla et al, 2011; Heurich et al, 2014). It has been proposed that this dual action on S and ACE2 facilitates virion uptake by target cells, through mechanisms that are not fully understood. The enhancement of syncytia formation described here with SARS-CoV-2 suggests that TMPRSS2
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ACE2

  Figure EV1. ACE2 and IFITM expression in U2OS-ACE2 cell derivatives. A ACE2 expression assessed by Western blot in U2OS-ACE2 GFP-split cells expressing or not IFITM1. Cell lysates were analyzed by for ACE2 and actin as a loading control. B-E Analysis of ACE2 and IFITMs levels by flow cytometry. (B) Gating strategy. Cells were gated by size and granularity. Positive and negative gates were then set on control U2OS cells lacking the protein of interest. (C) ACE2 levels on parental U2OS (control) and various IFITM derivatives. (D) IFITM1 levels on parental U2OS (control) and U2OS-ACE2 IFITM1 cells. (E) IFITM2 and IFITM3 levels on parental U2OS (control) and U2OS-ACE2 IFITM2 and U2OS-ACE2 IFITM3 cells.
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 EV3EV4 Figure EV3. Expression of IFITM1, IFITM2, and IFITM3 in SARS-CoV-2-infected syncytia. SARS-CoV-2-induced syncytia in U2OS cells are IFITM1 dim or negative, but IFITM2/3 positive. Left: Non-infected U2OS-ACE2 cells. Middle and right: Cells infected with SARS-CoV-2 at the indicated MOI. The GFP area is delimited in white. With IFITM1, the fused GFP area does not overlap with the red IFITM1 area. For IFITM2 and IFITM3, an overlap with the GFP is visible. Scale bars: 100 µm. Quantifications are presented Fig 2C.
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  thrombosis and alveolar damage(Bussani et al, 2020). The deterioration of respiratory tissue is likely a result of both virusinduced cytopathicity and indirect immune-mediated damage(Buchrieser et al, 2020; Zhang et al, 2020; Zhou et al, 2020; Zhu et al, 2020). A peculiar dysmorphic cellular feature is the presence of large infected multinucleated syncytia, predominately comprised of pneumocytes (Bussani et al, 2020; Braga et al, 2021; Sanders 118 et al, 2021). Other coronaviruses including SARS-CoV-1, MERS-CoV, and HKU1 also induce syncytia formation in patient tissues and cell culture systems (Franks et al, 2003; Chan et al, 2013; Dominguez et al, 2013; Qian et al, 2013). Syncytial cells may compound SARS-CoV-2-induced cytopathicity, play a role in viral persistence and dissemination, and could be a pathological substrate for respiratory tissue damage (Buchrieser et al, 2020; Braga et al, 2021; Sanders et al, 2021). Release of syncytial cells may contribute to the overall infectious dose (preprint: Beucher et al, 2021). Heterocellular syncytia containing lymphocytes have also been documented in the lungs of infected patients (Zhang et al, 2021). The SARS-CoV-2 S protein is a viral fusogen. The interaction of trimeric S with the ACE2 receptor and its subsequent cleavage and priming by surface and endosomal proteases results in virus-cell fusion (Hoffmann et al, 2020). Merging of viral and cellular membranes allows for viral contents to be deposited into the cell to begin the viral life cycle. Within the cell, newly synthesized S protein, envelope, and membrane proteins are inserted into the endoplasmic reticulum (ER) and trafficked and processed through the ER-Golgi network (Nal et al, 2005; Duan et al, 2020; Cattin-Ortol a et al, 2021). Virion are formed by budding into ER-Golgi membranes and are then transported to the surface in order to be released from the cell (Klein et al, 2020). While the majority of the S protein is sequestered within the ER, motifs within its cytoplasmic tail allow for leakage from the Golgi apparatus and localization at the plasma membrane (Cattin-Ortol a et al, 2021). The S protein at the surface of an infected cell interacts with receptors on adjacent cells, fusing the plasma membranes together and merging the cytoplasmic contents. We and others had previously shown that the S protein interacting with the ACE2 receptor induces cell-cell fusion (Buchrieser et al, 2020; Braga et al, 2021; Lin et al, 2021; Sanders et al, 2021; Zhang et al, 2021). The TMPRSS2 protease further augments cell-cell fusion (Buchrieser et al, 2020; Barrett et al, 2021; Hornich et al, 2021).

  deficiencies in the interferon response are associated with severe or critical COVID-19 (Arunachalam et al, 2020; Bastard et al, 2020, 2021; Hadjadj et al, 2020; van der Made et al, 2020). SARS-CoV-2induced syncytia formation by the Wuhan strain is restricted by innate immunity, in part through the action of interferon-induced transmembrane proteins (IFITMs) (Buchrieser et al, 2020). IFITM1, 2, and 3 are restriction factors which display antiviral activity against a variety of enveloped viruses including SARS-CoV-2, likely by increasing membrane rigidity and hindering virus-cell fusion (Shi et al, 2021). Their effectiveness at restricting cell-cell fusion induced by the novel variants has yet to be assessed.

  Fig 1). Cells were infected at an equivalent, non-saturating MOI, initially titrated in Vero cells (Appendix Fig S1A). Viral replication was assessed at 24, 48, and 72 h by flow cytometry upon staining with the pan-SARS-CoV-2 anti-S mAb102 human monoclonal antibody (Planas et al, 2021a) and then gating for S+ cells (Appendix Fig S1B). Globally, the variants replicated similarly (Fig 1). This similar replication was observed at different MOIs (Appendix Fig S1A)

  Pizzorno et al, 2020; Robinot et al, 2021; Touret et al, 2021). The cells were infected with each variant at a similar low viral inoculum (10 4 TCID50). Viral RNA and infectious virus release were monitored over 96 h by RT-qPCR and TCID50. Alpha and Beta variants produced slightly more extracellular viral RNA than D614G at later time points but not significantly higher levels of infectious particles (Fig 1D).

  Figure 1.

  Fig EV1B). Relative to D614G, Alpha and Beta variants produced significantly more syncytia, approximately 4.5-fold and threefold respectively, after 20 h of infection with the same MOI (Fig 2B and Appendix Fig S2A). In order to characterize syncytia formation in a cell line expressing endogenous ACE2, we generated Vero cells carrying the GFP-split system. After 48 h of infection with the same MOI, we again found that Alpha and Beta variants produced significantly more syncytia than D614G (Fig 2C and Appendix Fig S2B) despite similar infection levels (Fig 1C). Of note, D614G produced similar levels of syncytia as the Wuhan strain in both Vero and S-Fuse cells (Fig 2 and Appendix Fig S2).

  and Movie EV1). Beta also induced significantly faster fusion than D614G, whereas the Wuhan S was the slowest of all the compared proteins (Fig 3C and Movie EV1).
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 123 Figure 2. SARS-CoV-2 variant infection increases formation of syncytia in U2OS-ACE2 and Vero GFP-split cells. AU 2OS-ACE2 or Vero cells expressing either GFP 1-10 or GFP 11 (1:1 ratio) were infected 24 h after plating and imaged 20 h (U2OS-ACE2) or 48 h (Vero) post-infection. B Left Panel: Fusion was quantified by GFP area/ number of nuclei and normalized to D614G for U2OS-ACE2 20 h post-infection at MOI 0.001. Right Panel: Representative images of U2OS-ACE2 20 h post-infection, GFP-Split (green), and Hoechst (blue). Top and bottom are the same images with and without Hoechst channel. C Left Panel: Quantified fusion of Vero cells infected at MOI 0.01. Right Panel: Representative images of Vero cells 48 h post-infection, GFP-Split (green), and Hoechst (blue). Data information: Scale bars: 200 µm. Data are mean AE SD of eight independent experiments. Statistical analysis: one-way ANOVA compared with D614G reference, ns: non-significant, **P < 0.01, ****P < 0.0001.

  Hou et al, 2020; Frampton et al, 2021; Leung et al, 2021; preprint: Liu et al, 2021a; Touret et al, 2021). For instance, there was no major difference in the replication kinetics of Alpha and D614G strains in some reports (preprint: Thorne et al, 2021; Touret et al, 2021), whereas others suggested that Alpha may outcompete D614G in a co-infection assay (Touret et al, 2021). Some studies proposed that the N501Y mutation may provide a replication advantage, whereas others suggested that N501Y is deleterious (Hou et al, 2020; Frampton et al, 2021; Leung et al, 2021; preprint: Liu et al, 2021a). These discrepant results may be due to the use of different experimental systems, viral strains, multiplicities of infection, and cell types.
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  (preprint: Liu et al, 2021a; Starr et al, 2021; Zahradn ık et al, 2021). The E484K and K417N RBD mutations in the Beta variant may also increase ACE2 affinity, particularly when in conjunction with N501Y (preprint: Nelson et al, 2021; Zahradn ık et al, 2021). However, the resulting conformational change of the S protein RBD may also decrease sensitivity to neutralizing antibodies (preprint: Nelson et al, 2021). Future work assessing the structural and conformational changes in the S protein elicited by a combination of individual mutations or deletions may further help elucidate the increased fusogenicity and antibody escape potential of the variants.

  Figure 6.

  18 h post-transfection. Left Panel: Fusion was quantified by GFP area/number of nuclei and normalized to D614G for each of the transfected variant S proteins. Right Panel: Representative images of Vero GFP-split cells 18 h post-transfection, GFP (green), and Hoechst (blue). Top and bottom are the same images with and without Hoechst channel. Scale bars: 200 µm. B Left Panel: Quantification of Delta S protein-mediated fusion in Vero GFP-split cells by video microscopy. Results are mean AE SD from three fields per condition from one representative experiment. Right Panel: Fusion quantification of three independent video microscopy experiments, 20 h post-transfection, normalized to D614G. C 293T cells were transfected S proteins with each variant-associated mutation for 24 h and stained with biotinylated ACE2 and fluorescent streptavidin before analysis by flow cytometry. Left Panel: Representative ACE2 binding dilution curves for the Delta variant in relation to Alpha and D614G. Right Panel: EC50 values (concentration of ACE2 needed for 50% binding) for Alpha for the Delta variant. D Caco2 GFP-split cells were transfected with variant S proteins and imaged 18 h post-transfection. Left Panel: Fusion was quantified by GFP area/ number of nuclei and normalized to D614G for each of the transfected variant S proteins. Right Panel: Representative images of Caco2 GFP-split cells 18 h post-transfection, GFP (green), and Hoechst (blue). Top and bottom are the same images with and without Hoechst channel. Scale bars: 200 µm. Data information: Data are mean AE SD of at least three independent experiments. Statistical analysis: one-way ANOVA compared with D614G reference, *P < 0. 05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ª 2021 The Authors The EMBO Journal e108944 | 2021 25 ng of pCSDest-TMPRSS2, and 40 ng of pQCXIP-IFITM were used and adjusted to 100 ng DNA with pQCXIP-Empty (control plasmid). At 20 h post-transfection, images covering 80-90% of the well surface, were acquired per well on an Opera Phenix High-Content Screening System (PerkinElmer). The GFP area and the number of nuclei were quantified on Harmony High-Content Imaging and Analysis Software (Fig EV1B). For infection, cells were plated at the aforementioned concentrations and infected the next day with a range of MOIs and fixed at 20 h (U2OS-ACE) or 48 h (Vero) postinfection with 4% paraformaldehyde for 30 min. For video microscopy experiments, Vero GFP-split cells (mixed 1:1) were transfected in suspension with 50 ng of phCMV-SARS-CoV2-S and 450 ng of pQCXIP-Empty for 30 min at 37°C. Cells were washed twice and then seeded at a confluency of 2 × 10 5 cells per quadrant in a u-Dish 35mm Quad dish (Ibidi #80416
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  Viral trophism and the entry step of the infection cycle is determined by the binding of the coronavirus Spike (S) protein to a host receptor. The coronavirus S protein comprises of an S1 domain that is responsible for initial attachment and receptor binding as well as a conserved S2 domain, which contains the machinery that fuses the viral membrane with the host's cellular membrane; allowing for viral contents to be deposited into the cell. SARS-CoV-1, NL63, and SARS-CoV-2 primarily use angiotensin converting enzyme 2 (ACE2) as the entry receptor and MERS-CoV S protein binds to dipeptidyl peptidase (DPP4). OC43, the closest hCoV relative to HKU1, uses a glycan-based receptor carrying 9-O acetylated sialic acid (9-O-Ac-Sia) for viral entry [219]. The receptor binding site (RBS) on the S protein of OC43 is conserved and functional in HKU1; however, HKU1 has a significantly lower affinity to 9-O-Ac-Sia and the architecture of the RBS on its S proteins makes its less accessible to the receptor [219]. In contrast to OC43, o-acetylated sialic acids are not sufficient for HKU1 infection and instead behave as receptor recognition or initial attachment factors [220].The cell surface TMPRSS2 protease has also been shown to be important for the entry of HKU1 and drug treatments that inhibit TMPRSS2 drastically reduce viral entry[221]. Importantly, clinical isolates of HKU1 (as well as 229E and OC43) are more reliant on TMPRSS2 for viral entry, which suggests that wild type virus preferential fuses at the plasma membrane or in early endosomes[173, 221]. This is in contrast to cell-culture adapted hCoVs that seem to prefer fusion at late endosomes and some progressively lose their ability to infect and replicate with increased passaging [221]. This highlights another issue that hampers scientific research into the virology of HKU1; the virus is notoriously difficult to culture and passage [222]. HKU1 has only been shown to replicate in the human airway epithelial cell culture (HAE) model, primary human bronchialtracheal epithelial cell (HTBEC) culture model and primary human alveolar type II cells; however, it is unclear if passaging alters the biology of the virus [180, 221, 223]. Nonetheless, with the current lack of autopsy reports (HKU1 infection is rarely lethal and patients are prone to secondary infections) and animal models, primary cell cultures are the most convincing model to reproduce viral infection and pathogenesis in the human airway epithelium [222]. Interestingly, it has been reported that HKU1 infection of primary human alveolar type II cells results in the formation of large fused multinucleated syncytia [180]. Patient autopsy reports and studies with animal models have described the presence of syncytia in the lung tissue upon infection with the highly pathogenic coronavirus including SARS-COV-2, MERS-CoV and SARS-CoV-1 [80, 85, 169, 170] [83, 84, 171-177]. Among the other common cold hCoVs, both 229E and NL63 have been shown to form syncytia in cell culture [178, 179]. It is currently not known if syncytia formation also occurs during asymptomatic or mild infections; however, it is now a well-documented pathological feature of severe coronavirus disease. Recent work done on SARS-CoV-2, suggest that syncytia may contribute to cytopathicity and the inflammatory response, cell-to-cell viral dissemination and evasion from neutralizing antibodies and immune cell elimination [173, 224].From a practical standpoint, syncytia formation can be used a proxy to study viral fusion since there are mechanistic parallels between S-mediated virus-cell and cell-cell fusion. We and others have shown SARS-CoV-2 S-mediated syncytia formation can be used to functionally characterize fusion via interaction with viral receptors, host proteases like TMPRSS2 and membrane-localized interferon-stimulated genes (ISGS)[173, 181, 209]. IFITMs are a family of ISGs of particular interest since they antagonize the entry of several enveloped viruses by altering the curvature and biophysical properties of the plasma membrane[181, 190, 192].

Figure 1

 1 Figure 1 TMP must be present on the target membrane for HKU1 S-mediated syncytia formation. (A) 293T GFP-split cells were transfected with HKU1 S protein and TMPRSS2 and imaged 18h post-transfection. (B) Quantification of fusion at different quantities of TMP. (C) TMPRSS2 and HKU1 S acceptor/donor experiment Left panel: experiment schematic and quantification. Right Panel: Representative images of 293T GFP-split cells 18h post-transfection, GFP (Green). Top and bottom are the same images with and without Bright Field. Scale bars: 200 µm. Data are mean ± SD of at least 3 independent experiments. Statistical analysis: One-way ANOVA, ns: nonsignificant, *P < 0. 05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 3

 3 Figure 3 Modulation of HKU1 S mediated fusion by membrane host factors (A) 293T GFP-split cells were transfected with HKU1 S protein and TMPRSS2 with or without ISGs (hIFITMs, hLY6E, mIFITM1) and imaged 18h post-transfection. (B) Left: Quantification of the effect of ISGs on fusion. Normalized to transfection control. Right: Representative images of 293T GFPsplit cells 18h post-transfection with select ISGs, GFP (Green) and Hoechst (Blue). Top and bottom are the same images with and without Hoechst channel. Scale bars: 200 µm. Data are mean ± SD of at least 3 independent experiments. (C-G) Fusion kinetics of HKU1 S-mediated fusion in the presence of TMP and ISGs analysed by video microscopy (C) hIFITM1 (D) hIFITM2 (E) hIFITM3 (F) LY6E (G) mIIFTM1. Representative graphs of at least 2 experiments.
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 1 was ordered as a synthetic gene (GeneArt, Thermo Fisher Scientific) and was cloned into a phCMV backbone (GeneBank: AJ318514), by replacing the VSV-G gene. pQCXIP-Empty control plasmid, pQCXIP-IFITM1-N-FLAG, pQCXIP-IFITM2-N-FLAG, pQCXIP-IFITM3-N-FLAG were previously described [181, 228]. LY6E and mIFITM1 were also cloned into the pQCXIP backbone. pQCXIP-BSR-GFP11 and pQCXIP-GFP1-10 were from Yutaka Hata [229]; Addgene plasmid #68716; http://n2t.net/addgene:68716; RRID: Addgene_68716 and Addgene plasmid #68715; http://n2t.net/addgene:68715; RRID: Addgene_68715). pCSDest-TMPRSS2 was from Roger Reeves [230]; Addgene plasmid # 53887; http://n2t.net/addgene:53887; RRID: Addgene_53887). TMPRSS2 mutants R225Q and S441A were generated via Q5 Site-directed mutagenesis (NEB) [226]. The primers used to generate the TMPRSS2 mutants are as follows: R225Q (For: CCGCCAGAGCcaGATCGTGGGC, Rev: CTTGAGTTCAAGTTGACCCC) and S441A (For: CCAGGGTGACgcgGGAGGGCCTC, Rev: CAAGAATCGACGTTCCCC) [226].

)

  FACs plot and MFI showing HKU1 S protein is expressed at 293T cell surface. (B) Quantified percent expression level of WT TMP, TMP-R225Q and TMP-S441A in 293T cells 18h post-transfection. (C) Quantified MFI of WT TMP, TMP-R225Q and TMP-S441A in 293T cells after 18h post-transfection. (D) Percent of live cells upon transfection with TMP and mutant TMPs. Data are mean ± SD of at least 3 independent experiments. # denotes concentration used for equal expression in main figures. Histopathological reports during the early stages of the pandemic, identified the presence of infected multinucleated syncytial cells in COVID-19 patient lung tissues [80]. The mechanism by which SARS-CoV-2 induces syncytia and the degree to which it affects pathology is not fully understood. Our investigation found that SARS-CoV-2 infected cells express the S protein on the cell surface, which can then interact with ACE2 receptors on neighboring cells to induce cell-cell fusion [181]. Syncytia formation is augmented by the presence of the TMPRSS2 protease and restricted by the ISGs, IFITM1, 2 and 3 [181]. Interestingly, TMPRSS2 reverts the IFITM mediated restriction [181]. The mechanism by which TMPRSS2 subverts the biophysical constraints imposed by IFITMs remains an outstanding question. Proteolytic processing by TMPRSS2 has also been shown to undermine IFITM-mediated restriction of S mediated cell entry for other coronaviruses including hCoV-229E and the bat SARS-like WIV1 [207, 208]. The SARS-CoV-2 S protein is first cleaved at the S1/S2 site by furin and subsequently by TMPRSS2

  The fusogenicity of the SARS-CoV-2 variants correlated with the affinity of the respective S proteins to the ACE2 receptor. The individual mutations associated with the variant S proteins differentially affected fusogenicity and antibody evasion potential. The VOCs are associated with increased transmission and worsened disease outcomes. It is currently unknown if the lung pathology induced by the VOCs also includes the formation of more syncytial pneumocytes. It would be of interest, to retrospectively compare autopsy reports in order to analyze the size and frequency of syncytia in the lungs of patients who were infected with the different variants.
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 51 Figure 5.1 Spike protein mutations associated with Alpha, Beta, Delta and Gamma SARS-CoV-2

  mutation increases the affinity of S protein to ACE2 and viral transmission but does not affect antibody neutralization [209, 239-243]. The hydrophobic pocket formed by the Y41 and K353 regions of ACE2, interacts more efficiently with the Y501 mutant than with the wild type S [244]. Despite its higher affinity to ACE2, the N501Y mutation alone did not increase syncytia formation in cell culture [209]. E484K, another significant mutation within the RBD, present in Beta and Gamma variants, also later emerged in a subset of the Alpha lineage [245]. The RBD of Beta variant also includes the K417N (K417T in Gamma). The E484K and K417N mutations are associated with antibody escape, though they may alter ACE2 binding when in conjunction with N501Y [243, 245-247]. E484K may increase affinity to ACE2, whereas K417N seems to decrease it [240, 248]. Individually, both mutations reduced syncytia formation [209]. The E484 mutation has been suggested to allow for infection of H522 human lung cells independently of ACE2 [249].This alternate entry pathway may rely on surface heparan sulfates and clathrin-mediated endocytosis[249].Within the NTD domain of the variant S proteins are several mutations that are generally associated with antigenicity[247]. As previously mentioned, the NTD is also involved in receptor binding and structural changes, and some of the variant associated mutations within the domain have been shown to impact S protein-mediated fusogenicity. The Δ69/70 mutation that is associated with the Alpha variant increases infectivity through greater incorporation of cleaved S protein into virions[61]. Furthermore, Δ69/70 may compensate for the reduced infectivity brought about the antibody escape mutation in the RBD of the variants[61]. Interestingly, restoring the Δ69/70 mutation abrogates the relative increase in syncytia formation elicited by the Alpha S protein relative to the D614G S protein[61]. However, the deletion on its own within the D614G S protein is detrimental to syncytia formation[209]. The comparatively greater syncytia formation induced by the Alpha variant S protein may thus be a result of the Δ69/70 mutation working in conjunction with other mutations. The deletion of 242-244 in the NTD of the Beta variant also restricts syncytia formation on its own[209]. It remains to be seen how it functions within the context of partner mutations. Interestingly, the D215G mutation of the Beta variant facilitates syncytia formation[209]. The mechanism of its action is unknown, and future investigations examining it within the context of L-SIGN, DC-Sign and neuropilin-1 binding and overall S structural changes would be of interest[96]. Such investigation could broaden the scope of target cells that may be able to form syncytia.Of particular interest are the P681H and P681R mutations found in the S1/S2 cleavage site of Alpha and Delta variants, respectively. The P681 site is positioned in a surface-exposed loop of the S protein and is accessible to proteases. A recent investigation in the Alpha variant with the P681H mutation showed that there is a greater exposure of the furin cleavage site which naturally increases affinity to furin [250]. The presence of more cleaved Spike in the virion or at the cell surface can increase fusogenicity. Indeed, we showed that the P681H mutation drastically increased syncytia formation [209]. It has also been suggested that O-glycosylation modulates furin cleavage of the S protein, and the presence of the P681 region facilitates the activity of glycosylation enzyme GALNT1 [251]. How the variant-associated mutations affect glycosylation and subsequent furin cleavage would be of future interest. Work by Saito and colleagues suggest that the P681R mutation of Delta variants increases S protein cleavage and subsequent viral fusion [236]. The P681R mutation was also responsible for larger syncytia forming in experiments conducted with artificial virus reversed engineered to contain the mutation [236]. Infection with virus housing the P681R resulted in higher pathogenicity in a hamster model: animals infected with the mutant virus experienced greater weight loss and reduced pulmonary function than with the D614G virus [236]. The A570D and S982A mutations, also within proximity of the cleavage site of the Alpha variant, did not significantly affect syncytia formation individually; however, structural studies suggest that they may reduce contact between individual chains of the trimeric spike [209, 252]. In conjunction with other mutations like P681H, they may augment cleavage of the S protein [252]. The D1118H mutation in the S2 of the Alpha variant, between the HR1 and HR2 domain potently increases syncytia formation [209]. Characterization of this mutation in the literature is scarce.
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 52 Figure 5.2 The potential consequences of syncytia formation on SARS-CoV-2 pathology. Center: Cells infected with SARS-CoV-2 express the spike protein at the surface and form large multinucleated syncytia. Top left: The process of syncytial death via apoptosis or pyroptosis can release virus to infect neighbouring cells and/or trigger an inflammatory response. Top right: Infected syncytia can lift off to contribute to viral dissemination and the overall infectious dose. Bottom left: Syncytial cells can target lymphocytes for cell-in-cell mediated death. Bottom right: Syncytia can facilitate cell-to-cell spread of the virus and shield the virus from neutralizing antibodies. Figure generated by the author and Julian Buchrieser and submitted to the Journal of Molecular Biology in an invited review article [1]. Rights retained to use figure in thesis or dissertation. Original source: Elsevier. Journal of Molecular Biology, Rajah et al., 2021. doi: https://doi.org/10.1016/j.jmb.2021.167280

  Zhang and colleagues found the presence of lymphocytes contained within syncytia as a cell-in-cell structure among COVID-19 patient lung tissue [173]. Using cell culture models, they demonstrated that syncytia formed through S protein-mediated fusion can internalize various T and B cell lines, monocytes and peripheral blood mononuclear cells (Figure 5.2) [173]. The internalized cells readily underwent shriveling, deterioration of the plasma membrane and death [173]. This study provides a possible mechanism by which syncytia may contribute to lymphopenia among patients with COVID-19 [173]. This phenomenon was described in one article and more investigations to support these observations as well mechanistic studies examining how syncytia contribute to cellin-cell mediated death would be of interest to the field. There is also an outstanding question whether S-mediated syncytia trigger elements of the innate immunity. Cell-cell fusion events induced by other pathogens have been documented to induce interferon expression. Syncytia induced by measles virus amplifies IFN-β production in vitro [255]. Similarly, cell-cell fusion induced by the bacterial pathogen Burkholderia pseudomallei elicits type I IFN expression through the DNA sensing cGAS-STING pathway [256]. This reportedly occurs independently of bacterial ligands [256]. How S protein-mediated pathological syncytia formation is related to immune activation or recognition should be explored further. Recent work suggests that S protein-mediated syncytia formation results in the activation of Caspase-9, followed downstream by the activation of Caspase-3/7, and later by gasdermin E (GSDME)-mediated pyroptosis (Figure 5.2) [224] . This inflammatory form of cell death may have significant implication in triggering the immune response and warrants further investigation.
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 52 . This strategy shields the virus from neutralizing antibodies, physical barriers like the mucociliary blanket, as well as components of the immune system [258]. Many respiratory viruses such as measles, influenza, respiratory syncytia virus, parainfluenza virus, and human metapneumonia virus exploit this mechanism of dissemination [258]. As previously discussed (Chapter 1), nonenveloped reoviruses employ evolutionarily conserved fusogens, dedicated to the induction of cell-cell fusion, as a mechanism of cell-to-cell transmission [165, 166]. Recent cell culture studies suggest that SARS-CoV-2 cell-to-cell dissemination is a possible route of spread. Cell-free virus was effectively neutralized by monoclonal antibodies and convalescent plasma; however, cell-to-cell viral spread was either not or less sensitive to neutralization (Figure 5.2) [254, 259]. The direct spread of HIV from cell-to-cell has also been demonstrated to be less sensitive to the restrictive effects of antiretrovirals and neutralizing antibodies [260-262]. A more thorough understanding of the significance of SARS-CoV-2 cell-to-cell spread to the pathology and antibody response is warranted. Beyond direct cell-to-cell spread, syncytia may potentially contribute to the overall infectious dose and viral dissemination upon being dislodged [263]. In reconstituted primary bronchial epithelia, multi-ciliated cells and basal cells form syncytia which are then released into the apical lumen (Figure 5.2) [263]. Vesicular inclusions containing virus particles were detected within the released syncytia, potentially suggesting continued viral replication [263]. Infected single and syncytial cells that are released may spread infection. Like several of the aforementioned processes, syncytial release is not unique to SARS-CoV-2 [263]. Infection of epithelial cell cultures from macaque respiratory tissue with measles virus also results in the formation and shedding of infectious syncytia [264].
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 2 quantify syncytia formation and they are compared by Sanders et al[266]. can also target immune cells for cell-in-cell mediated death and also protect the virus against neutralizing antibodies. Rapid syncytial collapse may be detrimental to viral replication and could trigger an inflammatory immune response. Understanding S-mediated syncytia formation may provide insights into SARS-CoV-2 induced pathologyS1 Short Introduction: Zika VirusS1.1 ZIKV Epidemiology, Transmission and Clinical FeaturesZika Virus (ZIKV) is a member of the Flavivirus genus, which includes other significant pathogens like Dengue virus (DENV) and West Nile virus (WNV). It is an arbovirus that is primarily transmitted to humans by Aedes mosquitoes; however, it can also be transmitted sexually and from mother-to-child (vertical transmission) [268]. It was initially isolated from the Zika forest of Uganda in the late 1940s and for the latter half of the 1900s it circulated in equatorial Africa and Southeast Asia in relative obscurity, causing only sporadic infections [268, 269]. The virus expanded beyond its endemic regions and caused large scale epidemics on Yap Island in the Federated States of Micronesia in 2007 and then in French Polynesia in 2013 [268]. By 2015, ZIKV had become pandemic and spread to 87 countries (mainly in the Americas and the Caribbean) and caused more than 500,000 human infections [269]. Most infections are asymptomatic. When symptoms are present, the illness is generally mild and selflimiting and characterized by fever, fatigue, rashes and joint and muscle pains [268, 269]. The progressive ZIKV epidemics correlated with reports of more severe neurological symptoms. An increase in Guillain-Barré syndrome, a demyelinating disease characterized by peripheral nerve damage and paralysis, was reported during the French Polynesian epidemic [269]. During the 2015 pandemic more than 3,700 cases of congenital birth defects were reported including fetal microcephaly [269]. The pandemic has since subsided; however, the experience of the pandemic has left scientific and public health institutions better prepared to deal with the potential reemergence of ZIKV or other related viruses [269]. There are currently no approved therapeutics for ZIKV, and a couple of candidate vaccines are undergoing clinical trials [269]. Viral Replication and Proteins ZIKV is a single-stranded positive-sense RNA virus with a single open reading frame flanked by highly structured 3' and 5' untranslated regions. The viral genome encodes for three structural protein (capsid, pre-membrane and envelope) and seven non-structural protein (NS1, NS2A, NS2B, NS3, NS4A, NS4B, NS5). The envelope protein mediates viral entry via receptor mediated endocytosis, where acidification of the endosome results in the fusion of the viral and the endosomal membranes and the release of the viral genome into the cellular cytoplasm [270]. The vRNA is translated into a single polyprotein that is co-and post-translationally processed by viral and host factors. The NS3 protein functions as a protease, helicase and nucleotide triphosphates and is important for polyprotein processing, vRNA replication and synthesis. The NS1, NS2A and NS2B proteins facilitate immune evasion, the formation of the viral replication complex and also mediate viral assembly [268, 270]. NS2B also functions as a co-factor for NS3. ZIKV hijacks the intracellular membranes as well as several host factors to form endoplasmic reticulum (ER)derived replication structures. Several of viral protein, including NS2A, NS2B, NS4A and NS4B may be implicated in this process [271, 272]. The NS5 protein is an RNA-dependent RNA polymerase which synthesizes vRNA and the capsid protein bind to the vRNA and forms the nucleocapsid that that is packaged into the virion [268, 270]. Immature viral particles bud into the ER and are maturated by pH changes and by the action of the host protease furin, before exiting the cell via the secretory pathway [270] PEARLS The entanglement between flaviviruses and ER-shaping proteins Maaran Michael RajahID 1,2 , Blandine MonelID 1☯ *, Olivier SchwartzID 1,3☯ * Institut Pasteur, Virus and Immunity Unit, CNRS-UMR3569, Paris France, 2 Ecole Doctorale Bio Sorbonne Paris Cite ´(BioSPC) -Universite ´de Paris, Paris, France, 3 Vaccine Research Institute, Creteil, France ☯ These authors contributed equally to this work.

Virus-induced morphological

  changes to the ER membrane are brought about by active restructuring facilitated by interactions between viral proteins and host factors. The functional benefits of membrane alterations include the spatial compartmentalization of the viral-replication machinery-increasing the accessibility and concentration of necessary host factors-protection from the innate immune response, and the possibility of increased viral spread[3] [8]. The characteristics of the replication-supporting ER-membrane structures differ between viruses. HCV forms a "membranous web" and double-membrane vesicles, and VV manipulates the ER into wrapping around the cytosolic site of viral-DNA replication[9] [10]. Flaviviruses form invaginations in the ER referred to as vesicle packets (VPs), which are clusters of vesicle membranes housing the viral-replication machinery[3] [11] [12] [13][14].

Fig 1 .

 1 Fig 1. Microscopy images of ZIKV-infected HeLa Cells 24 hours after infection. (A) Electron micrograph of ER-derived vacuoles in a ZIKV-infected cell. (B) Confocal microscopy image showing the colocalization (yellow/orange) of ER-shaping protein ATL3 (green) with the ZIKV protein NS3 (red). ATL3, Atlastin-3; ER, endoplasmic reticulum; NS3, nonstructural protein 3; ZIKV, Zika virus. https://doi.org/10.1371/journal.ppat.1008389.g001

Fig 2 .

 2 Fig 2. The relationship between ER-shaping proteins and flaviviruses during infection. A simplified schematic showing the interaction between different flavivirus proteins and ER-shaping proteins: (A) RTN3.1A and (B) ATL2 (left) and ATL3 (right). (C) Depleting RTN3.1 results in elongated RCs in DENV-infected cells and fewer RCs per VP in WNV-infected and ZIKV-infected cells. (D) Depleting ATL2 (left) results in VPs that are smaller, distorted, and condensed but does not change the overall number of VPs, whereas ATL3 depletion results in the host-protease Furin relocating from the perinuclear region to the cell periphery and accumulation of immature virus particles in the ER lumen. Immature virus particles are represented smaller than they would be in relation to VPs. ATL2, Atlastin-2; ATL3, Atlastin-3; DENV, dengue virus; ENV, envelope; ER, endoplasmic reticulum; NS1, nonstructural protein 1; RC, replication complex; RTN3.1A, Reticulon 3.1A; VP, vesicle packet; WNV, West Nile virus; ZIKV, Zika virus. https://doi.org/10.1371/journal.ppat.1008389.g002

FIG 1

 1 FIG 1 Silencing of ATL impairs ZIKV replication. (A) HeLa cells were transfected with siRNAs targeting a control scrambled RNA (siSCR), dolichyl-diphosphooligosaccharide-protein glycosyltransferase RNA (siDDOST), or targeting ATL1, ATL2, and ATL3 (siATL1/2/3). The efficiency of the silencing was checked by RT-qPCR at 3 days posttransfection. The relative expression of each RNA compared to GAPDH is shown. (B) Cell viability was assessed by flow cytometry after 4 days of siRNA treatment using forward-and side-scatter parameters. (C) Cells were infected with ZIKV HD78 (at the indicated MOI), and the percent E-positive cells was determined by flow cytometry at 48 h p.i. using 4G2 antibody. (Upper panel) Representative experiment (MOI of 1 at 48 h p.i.) showing fluorescence-activated cell sorting (FACS) dot plots. (Left panel) Representative experiment showing kinetics (MOI of 1). (Right panel) Means Ϯ the standard errors of the mean (SEM) of five independent experiments at 48 h p.i. (D) Supernatants from infected cells (at 24 h p.i.) were used to infect fresh HeLa cells. The percent E-positive cells was determined at 24 h p.i. The means Ϯ the SEM of three independent experiments are shown. Statistical significance was determined by using analysis of variance (ANOVA) and Bonferroni posttests. ***, P Ͻ 0.001; **, P Ͻ 0.01; *, P Ͻ 0.05.

FIG 2

 2 FIG 2 Silencing of ATL impairs ZIKV-induced vacuoles. (A) HeLa siSCR or siATL1/2/3 cells infected or not with ZIKV (MOI of 10) were observed by light microscopy at 24 h p.i. to visualize virus-induced vacuoles. (B) Cells infected with ZIKV were observed by light microscopy at 24 h p.i., and the percentage of vacuole-positive cells was calculated. (C) HeLa siSCR or siATL1/2/3 cells infected or not with ZIKV (MOI of 10) were observed by transmission electron microscopy at 24 h p.i. to visualize virus-induced vacuoles. (Left) Percent vacuoles and cells quantified at 24 h p.i. at the indicated MOI. (Right) Percent vacuoles and cells at the indicated times (MOI of 1). The means Ϯ the SEM of three independent experiments are shown. Statistical significance was determined by using ANOVA and Bonferroni posttests. ***, P Ͻ 0.001.

FIG 4

 4 FIG 4 Silencing of ATL impairs ZIKV replication in primary adult human dermal fibroblast (HDFa) cells. (A) HDFa cells were transfected with siRNAs targeting a control scrambled RNA (siSCR) or targeting ATL1, ATL2, and ATL3 (siATL1/2/3). The efficiency of the silencing was checked by RT-qPCR at 3 days posttransfection. The relative expression of each RNA compared to GAPDH is shown. (B) Cell viability was assessed by flow cytometry after 4 days of siRNA treatment using forward-and side-scatter parameters. (C) Cells were infected with ZIKV HD78 (at the indicated MOI), and the percent E-positive cells was determined by flow cytometry at 48 h p.i. using 4G2 antibody. (Left) Representative experiment (MOI of 1). (Right) Means Ϯ the SEM of three independent experiments at 48 h p.i. The statistical significance was determined by using ANOVA and Bonferroni posttests. *, P Ͻ 0.05. (D) Cells infected or not with ZIKV (MOI of 1) were observed by light microscopy at 24 h p.i. to visualize virus-induced vacuoles.

FIG 5

 5 FIG5 Characterization of ATL KO HeLa cells. (A) HeLa cells were knocked out for ATL2 and ATL3 genes (dKO) using CRISPR. HeLa WT or dKO cells were then transduced to express exogenous ATL3-myc, ATL3 WT, or ATL3 mutated in the GTPase activity domain (ATL3KA). ATL3 expression was assessed by Western blotting. Actin was used as a loading control. (B) HeLa WT or dKO cells transduced with control (ctrl), ATL3 WT, or ATL3KA vectors and expressing an ER-tracker dsRed2 were examined by confocal microscopy to observe the structure of the peripheral ER tubular network. Three-way junctions were quantified as previously described(42). At least three cells per condition per experiment from three independent experiments were analyzed and plotted. Statistical significance was determined by using a one-way ANOVA test and a Dunnett posttest. ***, P Ͻ 0.001.

FIG 6

 6 FIG 6 Knockout of ATL impairs ZIKV replication. (A) HeLa WT or dKO cells, transduced with control (ctrl), ATL3 WT, or ATL3KA vectors were infected with ZIKV (MOI of 0.1). The percentage of E ϩ cells was monitored over time by flow cytometry using 4G2 antibody. (Upper panels) Representative FACS dot plots. (Lower left panel) A representative experiment. (Lower right panel) Means Ϯ the SEM of five independent experiments at 48 h p.i. (B) Percent vacuoles and cells quantified at 24 h p.i. (MOI of 1). The means Ϯ the SEM of three independent experiments are shown. (C) The percent dead cells were quantified at 72 h p.i. (MOI of 0.1) by Live/Dead staining and flow cytometry. The means Ϯ the SEM of three independent experiments are shown. (D) HeLa WT or dKO cells transduced with control (ctrl) or ATL3 WT vectors were infected with ZIKV PF13, NC14, or ZIKV FG16 (MOI of 0.01), and the percent E ϩ cells was determined by flow cytometry at 48 h p.i. The means Ϯ the SEM of three independent experiments are shown. Statistical significance was determined by using a t test in comparison to the WTϩCtrl condition. ***, P Ͻ 0.001; **, P Ͻ 0.01; *, P Ͻ 0.05.

FIG 7

 7 FIG 7 Impact of ATL on ZIKV-induced ER relocation. HeLa WT or dKO cells expressing a fluorescent Sec61␤-mEmmerald ER protein (green) were infected with ZIKV (MOI of 1). (A) The ER structure was observed by time-lapse microscopy for 24 h. Still images extracted from Video S1 in the supplemental material are shown for transmitted light and Sec61␤ at the specified time points. White arrows indicate ZIKV-induced ER relocation. (B) HeLa WT or HeLa cells expressing Sec61␤-mEmmerald (green) were infected or not for 24 h with ZIKV (MOI of 1). Cells were fixed and stained for the viral E protein (red) and observed by super-resolution imaging (SIM). A representative image is shown.

FIG 8

 8 FIG 8 ATL3 is recruited to the viral replication site. HeLa cells expressing ATL3-myc were infected or not with ZIKV (MOI of 1) for 24 h. The cells were then fixed and stained for ATL3-myc (green) and viral E protein (white) and analyzed by confocal microscopy. A representative image is shown.

FIG 9

 9 FIG 9 ATLs facilitate ZIKV replication after viral entry. (A) HeLa WT or dKO cells were exposed to ZIKV for 1 h at 4°C to allow viral binding. Viral input was washed out, and bound viral particles were quantified by RT-qPCR. The data are means Ϯ the SEM of three independent experiments. (B) HeLa WT or dKO cells were exposed to ZIKV for 1 h at 4°C, washed out, and treated with trypsin to remove the bound viral particles. The cells were incubated at 37°C for 2 h to allow endocytosis and/or viral fusion. Intracellular viral RNA was quantified by RT-qPCR. Means Ϯ the SEM of three independent experiments are shown. (C) HeLa WT or dKO cells were transfected with RNA from a ZIKV infectious clone expressing luciferase. The results are expressed in relative light units (RLU). The means Ϯ the SEM of at least three independent experiments are shown. Statistical significance was determined using a t test, and each group was compared to the WTϩctrl condition. ***, P Ͻ 0.001; **, P Ͻ 0.01; *, P Ͻ 0.05.

FIG 10

 10 FIG 10 Legend (Continued)One field from a representative experiment is shown. Colocalization (Pearson's coefficient) was determined after deconvolution with Imaris software. At least 10 cells per condition (from three independent experiments) were plotted. Statistical significance was determined by using a t test ***, P Ͻ 0.001.

FIG 11

 11 FIG11 ATL3 colocalizes with NS3 in ZIKV-infected cells. HeLa dKO cells transduced with a control vector (dKOϩctrl) or stably expressing ATL3-myc (dKOϩATL3) were infected with ZIKV (MOI of 1) for 24 h. The cells were then fixed and stained for ATL3-myc (green) and NS3 (red). One field from a representative experiment is shown. Colocalization (Pearson's coefficient) was determined after deconvolution with Imaris software. At least 10 cells were plotted from three independent experiments. Statistical significance was determined using a t test. ****, P Ͻ 0.0001.

  may be of interest to analyze how viral sensing and production of type I IFN is modulated by ATL and other ER-shaping proteins.

Figure 1 .

 1 Figure 1. Schematic representation of the diverse activities of the SARS-CoV-2 spike (S) protein during infection and syncytia formation. Viral infection begins when the S protein on the surface of the virion interacts with the ACE2 receptor. During early entry, the S protein is processed by the TMPRSS2 protease and fusion occurs on the plasma membrane (PM). The S protein can also fuse with endosomal membranes during late entry, upon being primed by cathepsins and furin. The positive-sense single stranded (+ss) viral genomic RNA is deposited in the cytoplasm and translated. Viral RNA replication and transcription occur on membranes. Upon being transcribed, the S protein is translocated and inserted into the endoplasmic reticulum (ER) and is generally sequestered within intracellular membranes by the membrane structural protein (M). The expression of the S protein leads to intracellular calcium fluctuations and the increased expression of the TMEM16F scramblase. TMEM16F exposes the phosphatidylserine (PS) from the cytofacial leaflet of the PM to the exofacial leaflet. The transcribed S protein is processed by furin and transported throughout the ER-Golgi network. During COPI (retrograde) and COPII (anterograde) transport, leakage of the S protein can occur from vesicles (not shown in simplified schematic). The S protein is then translocated to the PM, where it associates with cholesterols, and induces syncytia formation by interacting with receptors on neighbouring uninfected cells. The sequestered S protein is in packaged into virions that bud into the Golgi or ER-Golgi intermediate compartment (ERGIC), and virions exit the cell via deacidified lysosome-dependent exocytosis (not shown). The ER, ERGIC, and Golgi membranes are bilayers which are represented as single lines in this schematic.

Figure 2 .

 2 Figure 2. Molecular mechanism of Spike (S) protein-mediated virus-cell or cell-cell fusion. Top: the functional subdomains of the S protein. N-terminal domain (NTD), receptor binding domain (RBD), fusion peptide (FP), heptapeptide repeat sequences 1 and 2 (HR1 & HR2), transmembrane anchor (TA), C-terminal domain (CTD).Bottom: 1) The S protein associates with the ACE2 receptor via its RBD. It is also processed by cellular proteases at the S1/S2 or S2 0 sites (not shown). 2) The S1 domain is released which allows for HR1 to extend and thrust the FP into the target cell plasma membrane. The FP anchors the target membrane while the TA anchors the fusion machinery to the viral or infected cell membrane. 3) Interactions between HR1 and HR2 results in a hairpin-like foldback that overcomes the energetic barrier to fusion and brings the membranes close together. A hemi-fusion step occurs where the outer layers of the fusing membranes merge (not shown). 4) The association of HR1 and HR2 and the corresponding membrane fusion result in the formation of a pore that will gradually expand. The viral or cytoplasmic contents are then merged.

Figure 3 .

 3 Figure 3. Spike protein mutations associated with Alpha, Beta, Delta and Gamma SARS-CoV-2 variants. Nterminal domain (NTD), receptor binding domain (RBD), fusion peptide (FP), heptapeptide repeat sequences 1 and 2 (HR1 & HR2), transmembrane anchor (TA), C-terminal domain (CTD).

Maaran

  Michael Rajah, A. Bernier, J. Buchrieser, et al. Journal of Molecular Biology xxx (xxxx) xxx compositional change is also unfavorable to cellcell fusion. Molecular mechanisms by which ISGs inhibit virus-cell and cell-cell fusion remain a pertinent field in understanding SARS-CoV-2 induced pathology.

Figure 4 .

 4 Figure 4. The potential consequences of syncytia formation on SARS-CoV-2 pathology. Center: Cells infected with SARS-CoV-2 express the spike protein at the surface and form large multinucleated syncytia. Top left: The process of syncytial death via apoptosis or pyroptosis can release virus to infect neighbouring cells and/or trigger an inflammatory response. Top right: Infected syncytia can lift off to contribute to viral dissemination and the overall infectious dose. Bottom left: Syncytial cells can target lymphocytes for cell-in-cell mediated death. Bottom right: Syncytia can facilitate cell-to-cell spread of the virus and shield the virus from neutralizing antibodies.

  

  

  

  

  

  

  

Table 2 :

 2 Widely used SARS-CoV-2 vaccines and efficacy data from phase III trials.
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Table 1 :

 1 Qualitative

	SARS-CoV-2 Variant	Transmissibility	Antibody Escape	Disease Severity
	Ancestral Wuhan	Reference	Reference	Reference
	D614G	+	idem	idem
	Alpha	+++	+	+
	Beta	+	+++	+++
	Gamma	++	++	++
	Delta	++++	++	+++

comparison of transmissibility, antibody escape and disease severity (hospitalization risk) of the D614G, Alpha, Beta, Gamma and Delta variants relative to the ancestral Wuhan strain. The number of + signs represents an undefined qualitative difference between variants based on the author's interpretation and synthesis of the data described in the text. The + signs do not correspond to set quantitative values and this table is intended to be interpreted as a visual summary of the general trend.

Table 2 :

 2 Widely used SARS-CoV-2 vaccines and efficacy data from phase III trials. Adapted from Tregoning et al., 2021; Nature Reviews Immunology[91] 

	Vaccine/	Platform	Efficacy	Effect on Disease
	Manufacturer			Severity
	Pfizer-BioNTech	mRNA	95%	95%-100% effective in
	(BNT162b2)			preventing severe disease
	Moderna	mRNA	94%	100% efficacy
	(mRNA-1273)			against severe disease
	AstraZeneca-	Viral Vector	55%-81% (higher	100% efficacy against
	University of Oxford		efficacy when doses	hospitalization
	(AZD1222)		are 3 months apart)	
	Johnson & Johnson	Viral Vector	66%	85% efficacy against
	(Ad26.COV-S)			severe disease
	Gamaleya	Viral Vector	92%	No data (June 2021)
	Sputnik V			
	Sinovac Biotech	Inactivated Virus 50% to 91%	100% efficacy against
			(depending on study)	severe disease and
				hospitalization. 51%
				effective against
				symptomatic infection.
	Sinopharm	Inactivated Virus 78%	79% efficacy against
				hospitalization

  .

	Furthermore, nsp3 possesses nucleotide triphosphate hydrolase (NTPase) and RNA helicase (Hel)
	activities that facilitate vRNA replication by presumably unwinding the intermediate double
	stranded vRNA [138].
	Nsp12 is the viral RNA-dependent RNA-polymerase (RdRp) that is responsible for replicating the
	viral genome and transcribing the sgRNAs [93, 139]. Nsp7 and nsp8 are co-factors for nsp12 that
	stabilize and support its processing ability. Nsp8 prevents premature disassociation of the RdRp
	from the vRNA and may also function as a primase and an adenylyltransferase [93, 139]. Nsp14
	is an N7-methyltransferase and also functions a 3'-5' exonuclease that proofreads the newly
	synthesized vRNA [93, 140]. Nsp16 possesses 2'-O-methyltransferase activity and nsp10 is a
	cofactor for nsp14 and nsp16 [93, 141]. Nsp9 has a modest affinity for RNA-binding and is
	necessary for efficient viral replication [142] Nsp11 is an intrinsically disordered protein and its
	function remains to be elucidated [143]. Nsp15 has an endoribonuclease function and mediates
	evasion from host dsRNA sensors [144, 145].

1.2.8 Immune response to SARS-CoV-2 infection

  

	.6) [146-148]. ORF6 also inhibits the nuclear
	translation of STAT1; which is required to induce the transcription of genes that mount the immune
	response (Figure 1.6) [149] [146]. ORF7a inhibits IFNα signaling by blocking the phosphorylation
	of STAT2 while ORF7b affects antiviral signaling by interfering MAVS-induced IFNβ production
	[150, 151]. It has been suggest that in ORF8 expressing cells, major histocompatibility complex I
	(MHC-I) molecules are targeted for lysosomal degradation which prevents infected cells from
	being targeted by the immune system [152].
	SARS-CoV-2 infection of the respiratory and gastrointestinal tract activates the host immune
	response. The lung epithelial deterioration seen in severe COVID-19 disease is elicited by a
	combination of both virus-induced cytopathic effects and immune mediated damage. The antiviral
	immune response is classically subdivided into adaptive and innate immunity.

1.2.8.1 Adaptive Immune Response

  

	The adaptive immune response is characterized by the activation of B cells, CD4 + T cells and
	CD8 + T cells. B cells produce specific antibodies in response to viral infection or vaccination
	[153]. Neutralizing antibodies produced by the B cells can bind to cell-free virus and prevent viral
	entry and infection. The neutralizing antiviral antibody response to SARS-CoV-2 appears within
	the first two weeks after symptom onset. The majority of neutralizing antibodies target the RBD
	of the S protein (>90%) and some target the NTD [153, 154]. CD4 + T cells control viral infections
	by differentiating into T helper cells (Th1) and T follicular helper cells (Tfh). Th1 cells produce
	cytokines including IFNγ and also play a role activating and recruiting innate immune cells [153].
	Tfh cells assist B cells in the production and affinity maturation of neutralizing antibodies [153].
	Furthermore, CD4 + T cells also differentiate into CD4-CTL cells that have direct cytotoxic activity
	again infected cells. There is a higher proportion of CD4-CTL cells in patients hospitalized with
	COVID-19 relative to non-hospitalized patients; however, the contribution of CD4-CTL cell to
	the protective or pathogenic immune response to SARS-CoV-2 remains to be understood [155].
	Additionally, CD4 T cells assist in the differentiation and proliferation of CD8 T cells [153]. CD8+
	T cells can control viral infection by killing infected cells and the presence of these cells during
	SARS-CoV-2 infection is associated with more favorable disease outcomes [153]. The adaptive
	immune response is dependent on the selection, maturation and expansion of specific naïve cells
	and as such is generally slower to react to infection than the innate immune response [153].

1.2.8.2 Innate Immune Response

  

	In contrast to the adaptive immune response, the innate immune response is triggered within a few
	hours post-infection. It rapidly antagonizes viral replication and spread while also activating
	components of the adaptive immune system. Infection of respiratory epithelial cells can lead to
	monocyte, macrophage and dendritic innate immune cell activation. These innate immune cells
	recognize pathogen-associated molecular patterns (PAMP) through specific pattern-recognition
	receptors (Figure 1.6) [156]. During the course of the coronavirus infection, viral genetic material
	is detected by endosomal sensors (Toll-like receptors; TLRs) and by cytosolic sensors (RIG-I and
	MDA5). This will lead to the activation of transcription factors NF-kB, IRF3 and IRF7 which
	translocate to the nucleus [156]. NF-kB stimulates the production of proinflammatory cytokines
	whereas IRF3 and IRF7 mediated the induction of type 1 (IFNα/β) and type 3 (IFNλ) interferons
	[156]. Secreted IFNs will bind to type 1 IFN receptors (IFNARS) and type 3 IFN receptors
	(IFNLR) on neighbouring cells which subsequently set off signaling pathways that involves the
	phosphorylation of STAT1 and STAT2 by janus activated kinases (JAK) (Figure 1.6). STAT1
	and STAT2 will form a complex with IRF9 and translocate to nucleus and promote the expression
	of a wide array of interferon-stimulated genes (ISGs) to impede viral replication (Figure 1.6) [156,
	157]. Several ISGs localize or translocate through the plasma membrane and serve to impede S
	protein-mediated viral infection as well as syncytia formation (discussed in part 3). It was recently
	shown that a prenylated membrane-associated isoform of the ISG OAS1 can efficiently detect
	SARS-CoV-2 is protective against severe COVID-19 disease [158]. As described in previous
	sections, several of the innate immune signaling pathways are actively antagonized by viral
	proteins.

legend on next page Figure 1.8

  Schematic representation of the diverse activities of the SARS-CoV-2 spike (S) protein during infection and syncytia formation. Viral infection begins when the S protein on the surface of the virion interacts with the ACE2 receptor. During early entry, the S protein is processed by the TMPRSS2 protease and fusion occurs on the plasma membrane (PM). The S protein can also fuse with endosomal membranes during late entry, upon being primed by capthespins and furin.

	The positive-sense single stranded (+ss) viral genomic RNA is deposited in the cytoplasm and
	translated. Viral RNA replication and transcription occur on intracellular membranes. Upon being
	transcribed, the S protein is translocated and inserted into the endoplasmic reticulum (ER) and is
	generally sequestered within intracellular membranes by the membrane structural protein (M). The
	expression of the S protein leads to intracellular calcium fluctuations and the increased expression
	of the TMEM16F scramblase. TMEM16F exposes the phosphatidylserine (PS) from the cytofacial
	leaflet of the PM to the exofacial leaflet. The transcribed S protein is processed by furin and
	transported throughout the ER-Golgi network. During COPI (retrograde) and COPII (anterograde)
	transport, leakage of the S protein can occur from vesicles (not shown in simplified schematic).
	The S protein is then translocated to the PM, where it associates with cholesterols, and induces
	syncytia formation by interacting with receptors on neighbouring uninfected cells. The sequestered
	S protein is in packaged into virions that bud into the Golgi or ER-Golgi intermediate compartment
	(ERGIC), and virions exit the cell via deacidified lysosome-dependent exocytosis (not shown).
	The ER, ERGIC, and Golgi membranes are bilayers which are represented as single lines in this
	schematic. Figure generated by the author and submitted to the Journal of Molecular Biology in
	an invited review article [1]. Rights retained to use figure in thesis or dissertation. Original source:
	Elsevier. Journal of Molecular Biology, Rajah et al., 2021.
	doi: https://doi.org/10.1016/j.jmb.2021.167280

  ). ACE2 cleavage by TMPRSS2 and other cellular proteases was previously reported and proposed to generate a receptor enhancing viral uptake (Haga et al, 2008; Shulla et al, 2011; Heurich et al, 2014). Altogether, our results indicate that TMPRSS2 processes both ACE2 and S, but does not degrade IFITMs.

  :68716; RRID:Addgene_68716 and Addgene plasmid #68715; http://n2t.net/addgene:68715; RRID:Addgene_68715). pcDNA3.1-hACE2 was from Hyeryun Choe (Li et al, 2003) (Addgene plasmid # 1786; http://n2t.net/addgene:1786; RRID:Addgene_1786). pCSDest-TMPRSS2 was from RogerReeves (Edie et al, 2018) (Addgene plasmid # 53887; http://n2t.net/addgene:53887; RRID:Addgene_53887

Kodaka et al, 2015; Addgene plasmid #68716; http://n2t.net/ addgene

  The impact of IFITMs was measured in absence of TMPRSS2 (left panel), in the presence of TMPRSS2 in donor (middle panel) or acceptor cells (right panel). Data are mean AE SD of four independent experiments. Statistical analysis: One-way ANOVA, ns: non-significant, ***P < 0.01, ****P < 0.0001. B-D Impact of TMPRSS2 on IFITMs, ACE2, and S levels. B. TMPRSS2 does not decrease IFITM amounts measured by flow cytometry. 293T cells were transfected with the indicated IFITM plasmids, with or without TMPRSS2, and analyzed 18 h later. C. Impact of TMPRSS2 on S and ACE2, measured by Western blot. 293T cells were transfected with or without IFITM1, TMPRSS2, S, or ACE2 plasmids, and analyzed 18 h later. D. TMPRSS2 decreases S surface levels, measured by flow cytometry. 293T cells were transfected with S plasmid, with or without TMPRSS2, and analyzed 18 h later. Murine polyclonal anti-S antibodies, one serum from a convalescent COVID-19-infected patient (sera n°111), and two monoclonal antibodies (anti-S1 and anti-S2) were tested. Data are representative of three independent experiments.

	Source data are available online for this figure.

  × 10 5 cells per quadrant. Transmission and fluorescence images were taken at 37°C every 10 min up to 24 h using a Nikon BioStation IMQ, with three fields for each condition. The GFP area was quantified on ImageJ. Secondary antibodies coupled with Alexa Fluor 488 or 647 (Invitrogen) were used at 1:500 for FACS and IF.VirusThe strain BetaCoV/France/IDF0372/2020 was supplied by the National Reference Centre for Respiratory Viruses hosted by Institut Pasteur (Paris, France) and headed by Pr. S. van der Werf. The human sample from which the strain was isolated has been provided by Dr. X. Lescure and Pr. Y. Yazdanpanah from the Bichat Hospital, Paris, France. The viral strain was supplied through the European Virus Archive goes Global (Evag) platform, a project that has received funding from the European Union's Horizon 2020 research and innovation program under grant agreement no. 653316. Titration of viral stocks was performed on Vero E6, with a limiting dilution technique allowing a calculation of DCP50.

		Flow cytometry
		For intracellular staining, cells were fixed in 4% PFA for 15 to
		30 min at RT and staining was performed in PBS, 1% BSA, 0.05%
		sodium azide, and 0.05% Saponin. Cells were incubated with
		primary antibodies and then with secondary antibodies for 30 min
	10 and 293T-	at RT. Surface staining was performed before fixation, in PBS 1%
	GFP11 cells (6 × 10 4 cells/well cells mixed at a 1:1 ratio) in 96 well	BSA. Cells were incubated with primary antibodies and then with
	plates (lClear, #655090) were transfected in suspension using Lipo-	secondary antibodies for 30 min at RT. Cells were fixed for 15 min
	fectamine 2000 (Thermo) with 100 ng of DNA. 10 ng of phCMV-	in 4% PFA. Cells were acquired on an Attune NxT Flow Cytometer
	SARS-CoV2-S, 25 ng of pCDNA3.1-hACE2, 25 ng of pCSDest-	(Thermo Fisher) and data analyzed with FlowJo software.
	TMPRSS2, and 40 ng of pQCXIP-Empty or pQCXIP-IFITM-N-FLAG Statistical analysis	
	were used and adjusted to 100 ng DNA with pQCXIP-Empty. 18 h	U2OS viral-mediated cell-cell fusion, video microscopy,
	post-transfection, 21 images, covering 90% of the well surface, were Flow cytometry data were analyzed with FlowJo v10 software (TriS-	and immunofluorescence
	acquired per well on an Opera Phenix High-Content Screening tar). Calculations were performed using Excel 365 (Microsoft).	
	System (PerkinElmer) and the cell confluence area and GFP area Figures were drawn on Prism 8 (GraphPad Software). Statistical	U2OS-ACE2 GFP1-10 or GFP11 stably expressing TMPRSS2, IFITM1,
	was quantified on Harmony High-Content Imaging and Analysis analysis was conducted using GraphPad Prism 8. Statistical signifi-	
	Software. For "donor/acceptor" experiments, 3 × 10 4 293T GFP1-10 cance between different groups was calculated using the tests indi-	
	and GFP11 expressing cells were separately transfected with 50 ng cated in each figure legend.	
		Western blot
	Antibodies	Cells were lysed in TXNE buffer (1% Triton X-100, 50 mM Tris-HCl
		(pH 7.4), 150 mM NaCl, 5 mM EDTA, protease inhibitors) for
	Mouse monoclonal antibodies (mAb): IFITM1 (#60074-1-Ig, Protein-	30 min on ice. Equal amounts (20-50 lg) of cell lysates were
	tech) 1:250 for FACS, and IF; IFITM2/3 (#66081-1-Ig, Proteintech)	analyzed by Western blot. The following antibodies were diluted in
	1:250 for FACS, and IF; ACE2 (AC18F) (#AG-20A-0032-C100-	WB-buffer (PBS, 1% BSA, 0.05% Tween, 0.01% Na Azide): goat
	adipogen). Rabbit polyclonal antibodies: FLAG-Tag DYKDDDDK	anti-human ACE2 (R&D cat#AF933, 1:2,000), mouse anti-human

of DNA in suspension at 37°C shaking 900 rpm for 20 min using Lipofectamine 2000 (Thermo). For donor cells, 293T-GFP1-10 cells were transfected with 10 ng of phCMV-SARS-CoV2-S, AE10 ng pCSDest-TMPRSS2, and AE20 ng pQCXIP-IFITM-N-FLAG and adjusted to 50 ng with pQCXIP-Empty. For acceptor cells, 293T-GFP11 cells were transfected with 10 ng of pCDNA3.1-hACE2, AE10 ng pCSDest-TMPRSS2, and AE20 ng pQCXIP-IFITM-N-FLAG and adjusted to 50 ng with pQCXIP-Empty. After transfection, cells were washed and resuspended in DMEM 10% FBS, mixed at a 1:1 ratio in different combinations, plated at 6 × 10 4 cells per well in a 96-well plate and imaged 18 h post-transfection. For live imaging, 2.5 × 10 5 GFP1-10 and GFP11-expressing 293T cells, mixed at a 1:1 ratio, were transfected in suspension at 37°C, with a shaking at 900 rpm for 20 min using Lipofectamine 2000 (Thermo) and 100 ng of DNA (10 ng of phCMV-SARS-CoV2-S, 20 ng of pCDNA3.1-hACE2, 20 ng of pCSDest-TMPRSS2, and 40 ng pQCXIP-IFITM-N-FLAG, adjusted to 100 ng with pQCXIP-Empty). Cells were washed and seeded into a µ-Dish 35 mm Quad dish (ibidi-#80416) with 2.5 (D6W5B) (#14793, Cell Signaling) 1:800 for FACS. TMPRSS2 (#HPA035787-Atlasantibodies) 1:500. ZO-1 (#40-2200-Thermo Fisher) 1:100. Goat polyclonal antibodies: ACE2 (AF933-R&D). SARS_Ssd3 702, SARS_Ssd3 -369, SARS_Ssd3 293, and Ascite Sso14 200705 were kindly gifted by Nicolas Escriou. SARS_Ssd3 702 antibody was used at 0.5 lg/ml for FACS and IF. Human Mab: Anti-SARS-CoV2 monoclonal antibodies 48 and 71 recognize two domains of the S1 protein (Planchais et al, manuscript in preparation). 2, 3, or control cells were mixed (1:1 ratio) and plated at 8 × 10 3 cells per well in a 96-well plate (lClear, #655090), 24 h before infection. Cells were then infected with different MOI of SARS-CoV-2 in 150 µl of media. 18 h post-infection, media was removed, and cells were fixed in 4% PFA for 30 min at room temperature, washed, and resuspended in PBS. For fusion and viability quantification, cells were stained for 10 min with Hoechst 33342 (1:5,000) before being imaged. For S and IFITM analysis, cells were washed twice PBS and stained with primary antibody for 45 min in PBS, 1% BSA, 0.05% sodium azide, and 0.05% Saponin in the wells. Cells were washed twice with PBS, 0.05% Saponin and stained with secondary antibody for 30 min at RT in PBS, 1% BSA, 0.05% sodium azide, 0.05% Saponin, and Hoechst 33342 (1:10,000) and washed with PBS. Cells were acquired on an Opera Phenix High Content Screening System (PerkinElmer) and analyzed on Harmony High-Content Imaging and Analysis Software. For live imaging, U2OS-ACE2 GFP1-10 and GFP11 were mixed at a 1:1 ratio and plated at 4 × 10 4 cells per quadrant in a µ-Dish 35 mm Quad dish (ibidi-#80416). Cells were infected the next day with SARS-CoV-2 (MOI 0.2) in media containing propidium iodide. Transmission and fluorescence images were taken at 37°C every 10 min, up to 48 h, using a Nikon BioStation IMQ, with three fields for each condition. ACE2 (Adipogen AC18F cat #AG-20A0032-C100, 1:1,000), rabbit anti-human TMPRSS2 (Atlas antibodies cat# HPA035787, 1:1,000), mouse anti-Flag tag (Sigma cat# F1804, 1:1,000), rabbit anti-human actin (Sigma cat#A2066, 1:2,000), and mouse ascite anti-SARS S, (1:1,000; Siu et al, 2008). Specie-specific secondary DyLight-coupled antibodies were used (diluted 1:10,000 in WB-buffer) and proteins revealed using a Licor Imager. Images were quantified and processed using Image Studio Lite software.

  Tian S, Hu W, Niu L, Liu H, Xu H, Xiao SY (2020) Pulmonary pathology of early-phase 2019 novel coronavirus (COVID-19) pneumonia in two patients with lung cancer. J Thorac Oncol 15: 700 -704

	Diamond MS, Whelan SPJ, Ding S (2020) Cholesterol 25-hydroxylase suppresses SARS-CoV-2 replication by blocking membrane fusion. bioRxiv Expanded View Figures
		https://doi.org/10.1101/2020.06.08.141077 [PREPRINT]
		Zani A, Yount JS (2018) Antiviral protection by IFITM3 in vivo. Curr Clin
	Figure EV1.	Microbiol Rep 5: 229 -237
	Walls AC, Park YJ, Tortorici MA, Wall A, McGuire AT, Veesler D (2020)	Zhao X, Guo F, Liu F, Cuconati A, Chang J, Block TM, Guo JT (2014) Interferon
	Structure, function, and antigenicity of the SARS-CoV-2 spike glycoprotein.	induction of IFITM proteins promotes infection by human coronavirus
	Cell 181: 281 -292.e6	OC43. Proc Natl Acad Sci USA 111: 6756 -6761
	Wang Q, Zhang Y, Wu L, Niu S, Song C, Zhang Z, Lu G, Qiao C, Hu Y, Yuen K-	Zhao X, Sehgal M, Hou Z, Cheng J, Shu S, Wu S, Guo F, Le Marchand SJ, Lin
	Y et al (2020) Structural and functional basis of SARS-CoV-2 entry by	H, Chang J et al (2018) Identification of residues controlling restriction
	using human ACE2. Cell 181: 894 -904.e9	versus enhancing activities of IFITM proteins on entry of human
	Warren CJ, Griffin LM, Little AS, Huang IC, Farzan M, Pyeon D (2014) The	coronaviruses. J Virol 92:e 01535-17
	antiviral restriction factors IFITM1, 2 and 3 do not inhibit infection of	Zhao X, Zheng S, Chen D, Zheng M, Li X, Li G, Lin H, Chang J, Zeng H, Guo JT
	human papillomavirus, cytomegalovirus and adenovirus. PLoS One 9:e 96579	(2020) LY6E restricts entry of human coronaviruses, including currently
	Wrensch F, Winkler M, Pohlmann S (2014) IFITM proteins inhibit entry driven	pandemic SARS-CoV-2. J Virol 94:e 00562-20
	by the MERS-coronavirus spike protein: evidence for cholesterol-	Zheng M, Zhao X, Zheng S, Chen D, Du P, Li X, Jiang D, Guo J-T, Zeng H,
		Lin H (2020) Bat SARS-Like WIV1 coronavirus uses the ACE2 of
		multiple animal species as receptor and evades IFITM3 restriction via
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  al, 2021; Luan et al, 2021; Tian et al, 2021). The K417N substitution present in the Beta S decreased ACE2 binding (Figs 5B and

Table 1 :

 1 Sequecing and qRT-PCR primersThis chapter presents preliminary results on the subject of human coronavirus HKU1 and Smediated fusion. Work on this project is ongoing and more experiments and controls are necessary to validate the conclusions. I present this data with the belief that even a small investigation into a neglected virus like HKU1, has scientific value. This study was supervised by Pr. Olivier Schwartz and Dr. Julian Buchrieser.
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of viral RNA, pneumocyte syncytia and thrombosis are hallmarks of advanced COVID-19 pathology

  SARS-CoV-2 viral load, symptoms and disease progression after intial exposure. Symptoms generally occur 5 days post-infection and viral load peaks after a week. Most infections are asymptomatic or result in mild disease; however, some patients progress to severe and critical illnesses. This generally corresponds with an excessive immune response and increasing antibody titers. Reprinted with permission form BMJ Publishing Group Ltd: The BMJ, Vol 371,Cevik et al., Virology, transmission, and pathogenesis of SARS-CoV-2, Page 3, Copyright (2020). doi: https://doi.org/10.1136/bmj.m3862. Original data from Cell, Vol 181, Oberfeld et al., 2020 SnapShot: COVID-19. https://doi.org/10.1016/j.cell.2020.04.013 Permission also secured from Elsevier. Cellular syncytia in the lungs of COVID19 patients. Original image from Figure 4C of Bussani et al., 2020, Persistence of viral RNA, pneumocyte syncytia and thrombosis are hallmarks of advanced COVID-19 pathology (2020), EBioMedicine Vol 61. Reused under creative commons license. https://doi.org/10.1016/j.ebiom.2020.103104.This article is published under the terms of the Creative Commons Attribution-NonCommercial-No Derivatives License (CC BY NC ND).For non-commercial purposes you may copy and distribute the article, use portions or extracts from the article in other works, and text or data mine the article, provided you do not alter or modify the article without permission from Elsevier. You may also create adaptations of the article for your own personal use only, but not distribute these to others. You must give appropriate credit to the original work, together with a link to the formal publication through the relevant DOI, and a link to the Creative Commons user license above. If changes are permitted, you must indicate if any changes are made but not in any way that suggests the licensor endorses you or your use of the work. Coronavirus replication cycle. The viral S protein interacts with the ACE2 receptor to fuse into the cell at the plasma membrane (early entry) or within endosomes (late entry). The viral genome is deposited into the cytoplasm and is translated from ORF1a and ORF1ab. The resulting polypeptides are post-and co-translationally processed into the non-structural proteins which form the viral replication and transcription complexes, induce remodelling of intracellular membrane and facilitate immune escape. The structural and accessory proteins are produced from a nested set of subgenomic mRNAs encoded in the viral genome. The structural proteins translocate to the ER membranes and transit through the ER-ERGIC-Golgi network and interact with newly synthesize vRNA. Immature virions bud into the intracellular compartments and are maturated as they egress via deacidified lysosome-dependent exocytosis. Reused with permission from Springer Nature. Nature Reviews Microbiology, Vol 19, V'kovski et al., Page 156, Copyright (2021). doi: https://doi.org/10.1038/s41579-020-00468-6This Agreement between Institut Pasteur --Maaran RAJAH ("You") and Springer Nature ("Springer Nature") consists of your license details and the terms and conditions provided by Springer Nature and Copyright Clearance Center. The innate immune response and signaling response to coronavirus infection. Pathogen recognition receptors (TLRs, RIG-I, and MDA5) recognize viral components leading to the transcription of NF-kB, IRF3 and 7, which will subsequently translocate to the nucleus and stimulate cytokine and IFNI/III production. Secreted IFNI/III will be recognized by IFNAR and IFNLR receptors which will set of a signaling pathway that will result in the phosphorylation of the STAT proteins. STAT1 and 2 will complex with IRF9 and translocate to the nucleus to trigger the expression of interferon stimulated genes. Reused with permission from Elsevier. Cell Host & Microbe, Vol 27, Park et al., Page 871, Copyright (2020). doi: https://doi.org/10.1016/j.chom.2020.05.008
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Nous avons constaté que les variants Alpha et Bêta se répliquent de la même manière, mais forment plus de syncytia que les souches D614G et Wuhan, à la fois lors de l'infection et lors de la transfection des spicules. La protéine S du nouveau variant Delta est également plus fusogène que celle du variant D614G. L'affinité des protéines S avec le récepteur ACE2 est d'ailleurs corrélée à leur fusogénicité. Nous avons aussi observé que les mutations associées aux variants P681H, D1118H et D215G augmentent la formation de syncytia, alors que les mutations E484K, K417N et Δ242-244 sont restrictives. De plus, les mutations qui réduisent la formation de syncytia facilitent l'échappement aux anticorps. Nous avons également constaté que les IFITM restreignent de manière similaire la formation de syncytia induite par les spicules. Dans l'ensemble, nous suggérons donc que les variants sont plus syncytogéniques. Additionnellement, nous avons utilisé notre système rapporteur de la formation de syncytia pour fournir une caractérisation préliminaire de la protéine S du HKU1, un coronavirus humain négligé. Les coronavirus associés au rhume ou « saisonniers » 229E, NL63, OC43 et HKU1 sont endémiques chez l'homme. L'infection chez les individus sains entraîne généralement une pathogénicité légère caractérisée par des symptômes ressemblant au rhume. Cependant, la maladie peut parfois évoluer vers une détresse respiratoire, des exacerbations de l'asthme et une bronchite chronique chez les patients vulnérables, notamment chez les personnes âgées, les enfants et les personnes immunodéprimées. Ces coronavirus sont également répartis dans le monde entier et présentent une saisonnalité, les infections atteignant un pic entre décembre et mai. Parmi les coronavirus du rhume, HKU1 reste particulièrement énigmatique et mal caractérisé dans la littérature scientifique. Nous avons donc caractérisé la fusogénicité de la protéine S de ce virus,

est aussi une caractéristique des infections asymptomatiques ou bénignes du SRAS-CoV-2 ou si elle se produit in vivo lors d'une infection par les coronavirus du rhume comme HKU1. La littérature récente suggère que les syncytia induits par le SRAS-CoV-2 peuvent représenter une forme d'effet cytopathique, déclencher une réponse inflammatoire ou immunitaire et favoriser la dissémination et la persistance virales. D'un point de vue méthodologique, la formation de syncytia en culture cellulaire peut également être utilisée comme substitut efficace, bien qu'imparfait, pour caractériser les premiers stades de l'entrée du virion via la fusogénicité de la protéine S. Cette technique présente l'avantage supplémentaire d'être adaptée aux environnements de recherche de niveau de biosécurité 2, lorsque la protéine S est exprimée seule, en l'absence de virus infectieux.En somme, notre travail fournit une caractérisation fonctionnelle de la protéine S du SRAS-CoV-2 et de la formation de syncytia.
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Synopsis

Research Objective:

To understand the mechanism of SARS-CoV-2 mediated cell-cell fusion and characterize the role of the TMPRSS2 and IFITMs on syncytia formation.

Highlights:

• The interaction of S protein on the plasma membrane of an infected cell with the ACE2 receptor on neighbouring cells results in syncytia formation

• TMPRSS2 augments syncytia formation while IFITMs (particularly IFITM1) hampers it

• IFITM mediated restriction is subverted by the presence of TMPRSS2 
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Synopsis

Research Objective:

To characterize the fusogenicity of the S proteins of the Alpha, Beta, and Delta variants relative to the early European D614G strain and the ancestral Wuhan strain.

Highlights:

• The S proteins of the Alpha, Beta and Delta variants induce more syncytia than the D614G and Wuhan strains • The ACE2 affinity of the full variant S proteins correlates to their fusogenicity • Variant-associated mutations P681H, D1118H, and D215G increase cell-cell fusion, while the antibody escape mutations E484K, K417N and Δ242-244 hampers it. 

Graphical Abstract 2
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Expanded View Figures

▸

Figure EV1. Qualitative and quantitative assessment of syncytia formation.

AU 2OS-ACE2 GFP-split cells were infected at MOI 0.01 with the Wuhan, D614G, Alpha, and Beta strains for 20 h. Cells were stained for S protein with the human pan-SARS-CoV-2 102 mAb and Alex647 fluorescent secondary antibody. Representative confocal images of the variant induced syncytia formation: GFP-Split (green), Spike (red), and Hoechst (blue). Scale bars: 50 µm. B Quantification method for syncytia formation using the Opera Phenix high content imager and harmony software: Total syncytia area (GFP area) is normalized for cell number upon quantifying the number of nuclei (Hoechst).
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EV1

The 293T cells were transfected with variant S proteins for 20 h and stained with human pan-coronavirus mAb10 without permeabilization. 293T cells were chosen because they lack ACE2 and do not fuse upon S transfection; this makes them suitable for single-cell flow cytometry.

A Left Panel: Quantification of percent of cells expressing each S protein at the surface. Right Panel: Representative FACs plots. B Quantification of median florescent intensity (MFI) of variant S protein at the cell surface and representative histograms of MFI of the Wuhan, D614G, Alpha, Beta, and Alpha + E484K variants S protein using mAb10. C Quantification of median florescent intensity (MFI) of variant S protein at the cell surface and representative histograms of MFI of the Wuhan, D614G, Alpha, Beta, and Alpha + E484K variants S protein using mAb129. D Quantification of median florescent intensity (MFI) of variant S protein at the cell surface and representative histograms of MFI of the Delta variant compared with the Alpha and D614G using mAb129. E Controlled acceptor/donor experiment 293T GFP1-10 donor cells transfected with S protein and verified to have equal S protein expression on the surface (top), were then added to Vero GFP11 acceptor cells (bottom) to assess fusion.

Data information: Flow cytometry data are mean AE SD of at least three independent experiments. Statistical analysis: one-way ANOVA compared with D614G reference, ns: non-significant, *P < 0. 05, ****P < 0.0001.
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Flow cytometry

The expression of the HKU1 S protein was assessed via transfection into 293T cells for 24h followed by staining with human mAb10 (pan-coronavirus anti-S2) at 1 µg/mL and secondary staining with Alexa Fluor 647 (1:500) in MACs buffer. TMPRRS2 (and mutant) expression was assessed in a similar manner using rabbit anti-human TMPRSS2 (Atlas antibodies cat# HPA035787, 1:1,000) and Alexa Fluor 488 (1:500) as the secondary antibody.

Statistical analysis

Flow cytometry data was analyzed with FlowJo v10 software (Tristar). Calculations were all performed with Microsoft Excel 365. GraphPad Prism 9 was used to generate figures and for statistical analysis. Statistical significance between different conditions was calculated using the tests indicated in the corresponding figure legends.

Chapter 5: Discussion & Perspectives

Preface to Chapter 5:

This chapter serves as a general discussion on the subject of SARS-CoV-2 and syncytia formation.

It was written by Maaran Michael Rajah, with editorial support from Pr. Olivier Schwartz and Dr. Julian Buchrieser. Sections of this discussion chapter were adapted and submitted as an invited review article to the Journal of Molecular Biology [1]. Permission has been granted by the publisher to include the article in this thesis (see appendix).

Rajah MM, Bernier A, Buchrieser J , Schwartz S. The mechanism and consequences of SARS-CoV-2 spike-mediated fusion and syncytia formation, Journal of Molecular Biology (2021), doi: https://doi.org/10.1016/j.jmb.2021.167280.

Conclusion

Several histopathological reports have identified the presence of infected multinucleated syncytial cells in COVID-19 patient lung tissues. The mechanism of how cells fuse and the contribution of syncytia formation to SARS-CoV-2 pathology was not fully understood. Here, we found that cells infected with SARS-CoV-2 virus express the S protein on the surface which then interacts with ACE2 receptors on neighboring cells to induce cell-cell fusion. IFITMs a family of ISGs that are thought alter the local biophysical properties of cellular membranes effectively restrict syncytia formation. The TMPRSS2 protease not only augments S-mediated syncytia formation but also reverts restriction by IFITMs. SARS-CoV-2 evolved during the course of the pandemic, with many mutations arising within the highly antigenic S protein. We examined the syncytiogenicity of the novel variants of concerns and functionally characterized the fusogenicity of their respective S proteins. We showed that the S protein of the Alpha, Beta and Delta variants are more fusogenic and also have a higher ACE2 binding affinity than both the early D614G variant and the ancestral Wuhan strain. The individual mutations harbored by the novel variants have a significant impact on S function and syncytia formation, both individually and cumulatively. The impact of syncytia on the pathology of emerging variants remains an outstanding question. We then used our syncytia formation system to provide a preliminary description of the HKU1 S protein.

We suggest that a fully function TMPRSS2 protease is necessary for HKU1 S-mediated fusion 

Supplemental Chapter: The role of ER-Shaping proteins on Zika Virus replication

This supplemental chapter presents my work prior to the pandemic that was done with and under the supervision of Dr. Blandine Monel. I present here, two published articles that explore the role of ER-shaping protein on Zika virus replication.

The first of which, is a short review titled "The entanglement between flaviviruses and ERshaping proteins" [103] published in PLOS pathogens which describes the role of each of the ER-Shaping proteins and how they impact the virology of Flaviviruses. This will serve as an in-depth introduction as well as a discussion of the subject. proteins". This protein family includes atlastins, receptor expression-enhancing proteins (REEPs), and reticulons and they collectively function to maintain the shape, structure and integrity of the ER. Understanding how ZIKV interacts with ER-Shaping proteins and the impact on viral replication will provide a better understanding into the biology of the virus. The following article summarizes the role of ER Shaping proteins on Flavivirus replication. This is then followed by a research article on the role of the atlastin protein on ZIKV replication.

Altogether, our results obtained in either silenced or knocked out cells indicate that ATL proteins facilitate the replication of ZIKV strains of different origins and enhance the formation of ER-derived vacuoles in infected cells.

ER modifications in ZIKV-infected WT and dKO cells. ZIKV infection induces a profound modification of the topography of ER that can be visualized by immunofluorescence or transmission electron microscopy. To study the impact of ATL on these changes, we generated WT or dKO cells stably expressing a fluorescent Sec61␤-mEmmerald protein (Fig. 7). Sec61 is the main protein translocation complex of the ER membrane. As expected, in the absence of infection, in HeLa WT cells, Sec6␤ was mainly detected in a perinuclear region, associated with a dispersed staining throughout the cytoplasm. A similar global pattern was observed in dKO cells. Analysis by super-resolution confirmed the presence of an abnormal tubular ER (not shown).

We visualized cells using time-lapse fluorescence microscopy after incubation with virus, with images acquired every 5 min for up to 24 h. Representative examples are shown in Fig. 7A (see also Videos S1 and S2 in the supplemental material). In both WT and dKO cells, ZIKV modified the aspect of the ER, with a condensation and intensification the Sec61␤ signal that was visible at 12 to 16 h p.i. In WT cells, this contraction of the ER was followed by formation of cytoplasmic vacuoles and cell death (Fig. 7A; see Videos S1 and S2). The vacuoles were surrounded by Sec61␤, supporting our finding that they originate from the ER (23). In dKO cells, the changes in ER topology were much less associated with vacuolization (Fig. 7), confirming our results obtained by optic and electron microscopy (Fig. 2). We then examined viral production sites and ATL localization by confocal microscopy. As expected, in both WT and dKO cells, the viral protein E accumulated in the ER, in a region enriched for Sec61␤ (Fig. 7B). In noninfected cells, ATL3, visualized with an anti-myc antibody, appeared as a dispersed signal for 30 min at room temperature. Samples were then subjected to immunoblotting with the following antibodies: mouse anti-GAPDH (SC-47724, 1:5,000; Santa Cruz), rabbit anti-HA (catalog no. 3724, 1:5,000; Cell Signaling Technology), and mouse anti-Myc (catalog no. 2276S, 1:2,000; Cell Signaling Technology). The signals were acquired by using a Fusion Fx camera (VILBERT Lourmat).
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antiviral molecules, and to measure the neutralizing antibody response in sera from vaccinated and convalescent individuals. 81,143 Quantitative syncytia formation has also been employed in highthroughput drug screens in order to identify inhibitors of S mediated fusion. 16,72 There are several reporter systems that can be used to quantify syncytia formation and they are compared by Sanders et al. 72 

Conclusion and Perspectives

Several histopathological reports have identified the presence of infected multinucleated syncytial cells in COVID-19 patient lung tissues. The degree to which syncytia affect pathology is not fully understood. Recent studies have provided valuable insights into the role of syncytia in SARS-CoV-2 infection as well as into mechanism of their formation. Syncytia might facilitate infection by disseminating the virus through cell-to-cell contacts or upon cell death, targeting immune cells, and protecting the virus against neutralizing antibodies. On the contrary, rapid syncytial collapse may be detrimental to viral replication and could trigger an inflammatory immune response. In either case, SARS-CoV-2 syncytia most likely contribute to viral pathogenicity.

Syncytia formation is sensitive to the antiviral innate immune response. Some ISGs modify the membrane in ways that are unfavorable to fusion. SARS-CoV-2 is a rapidly evolving virus, with many mutations within the S protein. The individual mutations harbored by Alpha, Beta, Gamma, and Delta variants have significant impact on S function and syncytia formation, both individually and cumulatively. The impact of syncytia in the pathology of emerging variants remains an outstanding question. 
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The authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence the work reported in this paper. The SARS-CoV-2 B.1.617 lineage was identified in October 2020 in India 1-5 . Since then, it has become dominant in some regions of India and in the UK, and has spread to many other countries 6 . The lineage includes three main subtypes (B1.617.1, B.1.617.2 and B.1.617.3), which contain diverse mutations in the N-terminal domain (NTD) and the receptor-binding domain (RBD) of the SARS-CoV-2 spike protein that may increase the immune evasion potential of these variants. B.1.617.2-also termed the Delta variantis believed to spread faster than other variants. Here we isolated an infectious strain of the Delta variant from an individual with COVID-19 who had returned to France from India. We examined the sensitivity of this strain to monoclonal antibodies and to antibodies present in sera from individuals who had recovered from COVID-19 (hereafter referred to as convalescent individuals) or who had received a COVID-19 vaccine, and then compared this strain with other strains of SARS-CoV-2. The Delta variant was resistant to neutralization by some anti-NTD and anti-RBD monoclonal antibodies, including bamlanivimab, and these antibodies showed impaired binding to the spike protein. Sera collected from convalescent individuals up to 12 months after the onset of symptoms were fourfold less potent against the Delta variant relative to the Alpha variant (B.1.1.7). Sera from individuals who had received one dose of the Pfizer or the AstraZeneca vaccine had a barely discernible inhibitory effect on the Delta variant. Administration of two doses of the vaccine generated a neutralizing response in 95% of individuals, with titres three-to fivefold lower against the Delta variant than against the Alpha variant. Thus, the spread of the Delta variant is associated with an escape from antibodies that target non-RBD and RBD epitopes of the spike protein.

Article

Reduced sensitivity of SARS-CoV-2 variant Delta to antibody neutralization

The SARS-CoV-2 Delta variant (B.1.617.2) has been detected in many countries. It has become predominant in the Indian state of Maharashtra and probably other Indian regions 4 , and represented 77% of the sequenced viruses circulating in the UK between 2 June and 9 June 2021 6 . It has been classified as a variant of concern (VOC) and is believed to be 60% more transmissible than the Alpha variant (B.1.1.7). Little is known about the sensitivity of the Delta variant to the humoral immune response. Recent reports have indicated that members of the B.1.617 lineage exhibit a reduced sensitivity to certain monoclonal and polyclonal antibodies compared to the Alpha variant 1-5,7-9 .

Isolation and characterization of the Delta variant
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