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Avant-propos

Le travail de recherche présenté dans ce document s'intéresse aux diverses stratégies vaccinales anti-SARS-CoV-2 et à des travaux développés à l'Institut de Biologie Structurale de Grenoble.

Il est basé sur des articles rédigés en langue anglaise.

La première partie de cette thèse est un travail de recherche bibliographique ayant permis l'écriture d'une revue de la littérature des vaccins anti-SARS-CoV-2. Cette revue introductive permet de comprendre le contexte des travaux de recherche présentés dans la seconde partie.

Elle aborde les problématiques rencontrées lors du choix de l'antigène pour le design vaccinal et présente les différentes stratégies utilisées lors du développement des vaccins anti-SARS-CoV-2.

La seconde partie de cette thèse est expérimentale. Elle présente les résultats obtenus pour deux projets d'évaluation pré-clinique de candidats vaccinaux anti-SARS-CoV-2, développés à l'IBS par les équipes du Pr Weissenhorn et du Dr Fender. L'évaluation de l'immunogénicité de ces candidats a été effectuée en collaboration avec l'équipe du Pr Poignard, équipe dans laquelle je réalise également ma thèse de sciences. J'ai réalisé la titration des réponses anticorps spécifiques du SARS-CoV-2, par la technique de l'ELISA (Enzyme Linked Immunosorbent Assay). J'ai également réalisé les analyses statistiques correspondantes pour le projet du Dr Fender. Les deux articles issus de ces projets sont à l'heure de ma soutenance en cours de révision, ils seront amenés à évoluer en fonction des remarques finales des reviewers.

Conçu comme une aide à la lecture, un tableau récapitulatif simplifié des deux études est mis à disposition à la fin de ce manuscrit, en annexe. 

Vaccins basés sur le spicule :

Les vaccins basés sur l'utilisation du spicule peuvent soit utiliser cet antigène sous forme de protéine recombinante directement injectée au patient, soit être basés sur le matériel génétique codant pour le spicule, alors produit par les cellules du patient. Ces techniques nécessitent un important travail de caractérisation puis d'optimisation de l'antigène, comme expliqué plus en détail dans la revue. Deux mille vingt-deux sera probablement l'année de l'émergence de vaccins anti-COVID-19 de seconde génération, pouvant remplacer les premiers vaccins développés, grâce à des avancées notables, notamment en termes de stockage, de facilité de production, de coûts… Ces vaccins de seconde génération pourront ainsi venir en renfort des capacités de production globale, permettant à la population mondiale de rêver à une couverture vaccinale complète et un retour à l'état prépandémique.

Les vaccins basés sur l'utilisation de spicule recombinant

Les vaccins géniques

Article original (rédigé en anglais) : COVID-19

vaccines : current platforms and future challenges

Introduction

On the 11th of March 2020, the WHO declared a state of pandemic due to SARS-CoV- (11) , and a correlation was shown between the presence of nAbs and protection against reinfection (12). Furthermore, it was demonstrated in various animal models that passive transfer of immune serum or later on of monoclonal nAbs could protect against reinfection and disease (13) (14) (15). This was also further evidenced by protection of individuals through administration of monoclonal nAbs (16) (17). Of note, the importance of effector functions such as ADCC and ADCP in protection are less clear. There was an early fear that a SARS-CoV-2 vaccine could lead to Antibody Dependent Enhancement (ADE) of disease through Fc binding (18), from observations made in vitro and in vivo with MERS-CoV (19) and SARS-CoV (20).

Fortunately, to date, observations from vaccination campaign in real-world settings did not report any ADE-related effects. Although early emphasis has been on nAbs, T cells are certainly an important component of vaccine induced immunity, in particular to prevent severe forms of the infection, likely conferring an advantage to vaccine platforms able to elicit both strong B and T cell responses (21) .

Roughly, two broad approaches can be used to design a vaccine: approaches largely based on empirical know-how and classical/historical platforms: using the pathogen as a whole, but deprived of its virulence capacity, in two possible forms, either live attenuated or inactivated.

Immunisation with the modified pathogen induces an immune response mimicking to different extent the one developed through natural infection. Towards the end of the 20 th century and beginning of the 21 st century, new approaches based on rational vaccine antigen design were developed, involving in particular the selection of precise antigens, and new vectorisation methods. Such approaches require an understanding of correlates of protection and in the case of COVID-19, have been essentially focused on using the spike as an antigen, as explained above.

A very large number of vaccines and vaccine candidates have thus been developed since the beginning of the pandemic (an exhaustive list can be followed through WHO vaccine landscape tracker (22)), exceeding all the expectations from scientists predicting that a licensed vaccine would not be available before 2022 (23). Many have failed, a large number are still in development, and a number have now been authorized for emergency used, or fully approved.

This review proposes an overview of current SARS-CoV-2 vaccines strategies with emphasis on phase 3 studied and authorized vaccines as of November 2021. 

Whole-virus based vaccines

Whole-virus based vaccines use viruses deprived from their virulence capacities, either through attenuation or inactivation. They also aim to elicit spike specific neutralizing antibodies, as explained previously, but in addition they eventually may elicit other Abs (against internal proteins) of less clear interest, along with T cell responses. Regarding cytotoxic CD8

T cell responses, they are essentially induced by attenuated vaccines, and not so much by the inactivated ones.

Live attenuated viral vaccines

In this approach, the virus remains able to replicate, but due to an attenuation process, leads to the elicitation of protective immune responses in absence of disease. A balance therefore has to be achieved: the virus must be attenuated enough to avoid pathogenicity but remain able to replicate enough to induce protective immune responses. Different attenuation methods have been used in the past: classically the virus is passaged a numerous amount of times on various cell types, often from animal origin, or in animal models, in order to lose its in vivo pathogenicity/virulence, through progressive accumulation of mutations. This approach is time consuming and empirical, which makes it less suitable for emerging pathogens in a pandemic as for SARS-CoV-2. In addition, a risk of reversion may remain, as well as the possibility to be pathogenic when administered to immunocompromised patients. Modern alternatives have enabled an accelerated attenuation process and have also been optimized to abrogate the risk of virulence reversion. They are largely based on a precise understanding of viral genes important for virulence and the construction via biotechnology of a virus with deletions or modifications of these genes. No COVID-19 vaccine using such method has advanced to date to clinical trials. Alternatively, a more recent and innovative approach for attenuation, based on codon deoptimization, has been developed by Codagenix which vaccine candidate is now advancing to phase 2-3 (24). Interestingly, this vaccine candidate is administered through a nasal spray in order to induce mucosal immunity.

Inactivated vaccine

Inactivated viruses have been used since the early days of vaccinology to produce many different anti-viral vaccines, as the common measles, mumps and rubella vaccines.

Consequently, virus inactivation methods have been used by many to produce a COVID-19 vaccine. Inactivated virus vaccines are made from viruses cultivated in large scales and then inactivated through chemical (beta propiolactone, formalin…) or physical processes (heat, gamma irradiation…). Such process fully blocks the ability of the virus to replicate, nevertheless allowing through immunization the elicitation of a protective immune response.

Inactivated virus-based vaccines consequently have a better safety profile than those using attenuated viruses. However, the lack of replication tends to strongly decrease the immunogenic potential compared to attenuated virus vaccines, thus inactivated virus vaccines require the use of adjuvants and multiple dose administration. The inactivation process may also be detrimental to surface glycoproteins, decreasing their quantity or modifying their conformation, which may negatively impact antigenicity and immunogenicity and thus the quality of the elicited nAb response. In addition, cellular cytotoxic responses are inconsistently induced by inactivated virus vaccines in contrast to the attenuated ones. Overall, inactivated virus vaccines thus tend to induce strong Ab responses but rather poor cellular immunity (CD8).

The most advanced vaccines in this category are from Sinovac Biotech with its Coronavac vaccine (25), Bharat Biotech with its BBV152 vaccine and Sinopharm with its BBIBP. Those have now been largely approved and are being used across the world. Of note, different adjuvantation techniques have been chosen for these vaccines. For example, BBV152 is formulated with a toll like receptor (TLR) 7/8 agonist molecule, adsorbed to alum (Algel), when BBIBP and CoronaVac are more classically formulated with alum. Interestingly, the French vaccine maker Valneva also designed a vaccine based on chemically inactivated coronaviruses, that recently advanced to phase 3.

Spike-based vaccines

Rational vaccine design based on immunization with a single antigen first requires the identification of correlates of protection. As explained above, nAbs targeting the S proteins of SARS-CoV-2 have been shown to protect in animal models and in humans, as well as correlate with protection in convalescent individuals, leading to the development of a great number of spike-based vaccines, essentially aiming at eliciting nAb responses.

Spike-based vaccines can be of 2 natures: protein-based vaccines using recombinant spike or sub-domains, or genomic vaccines carrying the gene encoding for the spike, as detailed below.

Proper antigen design is a crucial step for these approaches. As mentioned above, the S glycoprotein assembles in a trimer and vaccines based on the whole viral spike have all been designed using a trimeric conformation. Such strategy largely came from studies in the HIV vaccine field, that demonstrated a better antigenicity of the gp120 protein in its trimeric form as compared to the monomer (26). However, the S trimer in its prefusion conformation is in a metastable state, making it difficult to produce and leading to heterogenous batches (27). Thus, techniques have been developed to block the SARS-CoV-2 spike in a pre-fusion metastable state, making it a suitable antigen to induce nAbs. One of this technique consists in proline substitution, extensively studied on other class I viral fusion glycoproteins (28) from HIV, RSV (29), Flu (Hemagglutinin), Ebola, PiV5, Nipah and Hendra viruses (30). Because of their chemical properties, prolines both disfavour helix formation and confer local rigidity to a polypeptide chain. Proline substitutions had notably also been applied to other coronaviruses, such as SARS-CoV and MERS-CoV (2), and the same strategy was thus applied for the design of the SARS-CoV-2 spike to be used in vaccines. This led to the design of a SARS-CoV-2 prefusion spike stabilized by two substitutions (K986P and V987P), called S-2P. All spikebased vaccines in phase 3 clinical trials and beyond are based on the S-2P conformation, with the exception of the Astra Zeneca, CansinoBio5 and Gamaleya vaccines which are based on the S wild type sequence. The use of this wild-type conformation has been proposed as a hypothesis for the somehow lower efficacy of the Astra-Zeneca vaccine (30). Following the S-2P design, a new construction was described with four more prolines substitutions, and shown to be even more stable (31). Further-generation of SARS-CoV-2 vaccines may contain hexa-pro-spikes or newly designed stabilized antigens potentially even more promising (32) (i.e : S2G-delta-HR2, a spike deprived from its heptad repeat 2 domain, responsible for spike metastability).

An alternative to the use of the whole S protein for nAbs induction is to use the RBD, which is the principal target of nAbs following infection (33). However, it has been shown that there are neutralizing epitopes outside the RBD (34) and using the whole S could be advantageous as it may elicit broader nAb responses. In addition, for platforms able to induce CD8 T cells, choosing to use of the whole spike protein instead of the RBD may allow for the elicitation of T cells against a greater diversity of epitopes, thus potentializing cellular responses.

Finally, although the majority of vaccines in this category have been based on spike only, a few have chosen to incorporate other proteins. We can cite as examples the use of a synthetic poxvirus platform to design a multi-antigenic SARS CoV 2 vaccine candidate co-expressing the spike and nucleocapsid antigens (35), and the Immunity Bio vaccine, an adenovirus-based viral vectored vaccine carrying two genes, one coding for the spike protein and the other for the nucleocapsid. Using several proteins instead of the spike only as antigens (multi-antigenic vaccines) notably increases the number of T cells epitopes targeted and may potentially offer a better protection. 

Recombinant spike glycoprotein-based vaccines

In this approach, protein antigens are directly used for immunization, in order to stimulate the immune system. Antigens can be either formulated as such, accompanied by adjuvants (protein sub-unit vaccines), or formulated with nanoparticles/VLPs.

Sub-unit vaccines

In such vaccines, proteins are nowadays produced through recombinant technology. The recombinant protein is expressed and purified, to be finally formulated with adjuvants. Indeed, because protein sub-unit vaccines are poorly immunogenic per se, they have to be administered repeatedly, at relatively high dosage, and accompanied by adjuvants (36). Protein sub-unit vaccine design has benefited from significant advances made in the field of adjuvantation over the last decades. If before the 1990s, the only additive available was aluminium, new products have since entered the market: emulsions (i.e MF59 and AS0), toll-like receptor agonists (GpG)

or combinations of immunopotentiators (QS-21 and MPL) (37). As elderly people immunity is waning with age, adjuvantation is also a powerful tool to increase vaccine immunogenicity in this population, which is also the most at risk to declare severe COVID-19.

In the COVID -19 field, 14 (as of December 2021) protein sub-unit vaccines have reached the stage of phase 3 clinical trial. Among them, the Anhui Biopharmaceutical and Finlay FR-2 vaccine are based on RBD protein, conjugated to tetanus toxoid and adjuvanted with aluminium for the latter.

Nanoparticle vaccines and VLPs

In this approach, protein antigens are formulated with nanoparticles (particles with size 1-1000 nm) to increase stability following injection and to enhance immunogenicity (38). Their 

Gene-based vaccines

Gene-carrying vaccines are the most recent vaccine platforms developed. Two designs are available: viral-vectored vaccines and genomic vaccines (which comprise RNA and DNA vaccines), each of these platforms will be described below. They contrast with traditional vaccinology approaches where either the whole pathogen or protein subunits from it are directly administered. Instead, it is the genomic material coding for a protein (or proteins) chosen as immunogen which is injected to individuals for production in host cells. Once incorporated into host cells, the genomic material is processed via the cellular machinery to produce the desired antigen. This protein can be designed to get anchored on the cell surface or secreted, depending on the vaccine. Because protein expression takes place in host cells, proper folding, protein glycosylation and other posttranslational modifications are respected, thus mimicking the native conformation at viral surface as produced during natural infection. In addition, such pathway insures efficient presentation through CMH class I proteins and thus elicitation of strong T cell responses.

Viral-vectored genetic vaccines

Viral vectored vaccines are a great option, thanks to their usually high immunogenicity combined to good safety performances and easy storage conditions. As mentioned above, the goal of the viral vector is to carry the genomic information encoding for the antigen of choice.

Consequently, viral vectors must be genetically stable, able to tolerate insertions in their genome, and non-pathogenic. Naturally poorly pathogenic or attenuated viruses can be used: adenovirus, measles, modified vaccinia Ankara, vesicular stomatitis viruses have all been proposed as viral vectors. Adenoviruses are the most used vectors for SARS-CoV-2 vaccines.

They are non-enveloped double stranded DNA (sDNA) viruses with big genomic content packaging capacity that make them popular (45). Even if viral vector vaccines have been used

for many veterinary diseases, before COVID-19 pandemic only one vaccine had been approved

to prevent a human disease: Ebola (using an Ad26-MVA based prime boost vaccine) (46). as a vector to express the stabilized pre-fusion spike (47) (48).

In contrast, replicative vectors can perform several cycles. Because of this replication process, high immunogenicity profiles can be achieved. As a poorly pathogenic virus is used, the host immune system is able to control the infection by itself and clear the virus after a few cycles.

Obviously, those vaccines are not usable in immunocompromised patients. Mucosal administration routes can be chosen for such replicative vectors, aiming to trigger immunity in a similar way as following natural infection. The most advanced replicative COVID-19 vaccine candidate, delns1-2019-ncov-rbd-opt1 (developed by Wantaii) is precisely intranasal. The goal is to induce strong intra-nasal humoral response, to efficiently block infection and transmission.

A potential issue with strategies using common viruses as vectors is that a non-negligeable fraction of the population can have a pre-existing anti-vector immunity, developed through natural infection, which may impair immunogenicity (49). An alternative to circumvent this problem is to use viruses infecting animals but not humans. This is the strategy used by AstraZeneca with the ChAdOx1 vaccine which uses a chimpanzee adenovirus as a vector (50).

ChAdOx1 is a non-replicative vaccine encoding for the wild type version of the spike. Because pre-immunization can also be vaccine-induced and observed in a homologous prime-boost setting, some vaccines use heterologous prime-boost regimens with one type of virus for priming and another one for boosting. This strategy has been used by the Gamaleya Institute to create an Ebola vaccine, based on a prime with Ad5 vector and a boost with a VSV vector (51) [START_REF] Dolzhikova | Safety and immunogenicity of GamEvac-Combi, a heterologous VSV-and Ad5-vectored Ebola vaccine: An open phase I/II trial in healthy adults in Russia[END_REF]. Logically, they used their experience to develop the Gam-COVID-Vac vaccine (also known as Sputnik V vaccine). Gam-COVID-Vac is based on a heterologous prime-boost regimen: prime uses the Ad26, followed by injection 21 days later of a boost based on Ad5.

Nucleid acid-based vaccines mRNA vaccines

While it is possible to inject naked RNA, most mRNAs vaccines are formulated with different lipid compositions, polymers or liposomes, preventing its degradation, and increasing its uptake by antigen presenting cells (53) [START_REF] Pardi | mRNA vaccines-a new era in vaccinology[END_REF]. Moreover, to induce optimal immunogenicity and avoid recognition by innate immunity sensors (TLRs) and degradation, the antigen mRNA coding sequence has to be designed properly [START_REF] Sandbrink | RNA Vaccines: A Suitable Platform for Tackling Emerging Pandemics?[END_REF]. Modifications enhancing stability such as addition of a 5' cap, modification of the poly A tail can be added. Notably in "modified" RNA vaccines, the use of naturally occurring modified nucleosides such as methylpseudouridines ensure that the mRNA does not activate innate immunity through TLR recognition, leading to proper translation and antigen expression. Both authorized COVID-19 mRNA vaccines, from Pfizer and Moderna, use modified nucleosides. However, mRNA vaccine with non-modified nucleosides but optimized non-coding regions such as the one from CureVac (CVnCoV) are also starting to prove highly immunogenic in recent studies [START_REF] Gebre | Optimization of Non-Coding Regions for a Non-Modified mRNA COVID-19 Vaccine[END_REF].

Among mRNA vaccines, two designs can be distinguished: either "regular" mRNA vaccines, or self-amplifying mRNA vaccines. In the case of self-amplifying mRNA vaccine vaccines, an additional gene coding for a replicase is added to the sequence of interest. Replicases are enzymes that replicate the RNA before translation. The expected advantage of this supplementary step is to increase the quantity of genetic material available for ribosome transduction, and consequently the amount of protein produced [START_REF] Vogel | Self-Amplifying RNA Vaccines Give Equivalent Protection against Influenza to mRNA Vaccines but at Much Lower Doses[END_REF]. Theoretically, a far lower quantity of mRNA is required for inducing an equivalent immunogenicity, therefore reducing DNA vaccines [START_REF] Smith | Rapid development of a synthetic DNA vaccine for COVID-19[END_REF] The transcription of DNA vaccine takes place in the nucleus instead of the cytosol for RNA vaccines. Once inside the host cell nucleus, the DNA template is used to create many mRNAs, thus leading to the production of more antigens per cells compared to regular mRNA vaccines [START_REF] Fuller | Amplifying RNA Vaccine Development[END_REF]. (In this sense, DNA vaccine are somehow similar to self-amplifying mRNA vaccines).

For plasmid to reach the nucleus, specific administration routes or devices had to be explored. 

Discussion

As seen in this review, many different vaccines have emerged following the COVID-19 pandemic. Although some candidates did give some disappointing results and were abandoned, a number of approaches led to the development of safe and effective vaccines in a record time. Several vaccines have thus been authorized by the regulatory and health agencies of countries around the world, billions of people have now been vaccinated and studied in phase 4, generating a massive amount of data and publications. Overall, among authorized vaccines, the two most efficient appear to be the mRNA vaccines designed by Pfizer/BioNtech and Moderna, which both showed about 95% efficacy in phase 3 studies, with close to 100% efficacy against severe disease (61) [START_REF] Baden | Efficacy and Safety of the mRNA-1273 SARS-CoV-2 Vaccine[END_REF]. Nicely, real world effectiveness was further confirmed at similar levels [START_REF] Dagan | BNT162b2 mRNA Covid-19 Vaccine in a Nationwide Mass Vaccination Setting[END_REF]. The adenovirus-based vaccines also showed strong efficacy, although overall lower than the RNA vaccines. In phase 3 studies the Gamaleya Sputnik vaccine showed 91% efficacy (51), compared to 76% and 72% for the AstraZeneca and J&J vaccines, respectively (67) [START_REF] Goepfert | Safety and Efficacy of Single-Dose Ad26.COV2[END_REF]. Of note, these numbers may vary, notably between populations, risk of being infected, and time since vaccination, which can all impact effectiveness. Concerning the inactivated vaccines, they also offer strong protection, the Sinopharm and CoronaVac ones having an efficacy of 79% and 51%, respectively (69) [START_REF] Kaabi | Effect of 2 Inactivated SARS-CoV-2 Vaccines on Symptomatic COVID-19 Infection in Adults: A Randomized Clinical Trial[END_REF]. Doses of these 2 vaccines have been delivered to more than 3 billion people world-wide, representing an important fraction of the global vaccination effort. Finally, the Novavax protein-based vaccine was recently shown to perform strongly, with 90% efficacy against symptomatic infection and 100% against moderate and severe disease in a Phase 3 trial [START_REF] Heath | Safety and Efficacy of NVX-CoV2373 Covid-19 Vaccine[END_REF].

Beyond the effectiveness of vaccines in reducing the onset of symptoms, several studies suggest that vaccines are also efficient at decreasing viral load and/or length of virus excretion in people infected despite vaccination, having therefore a potential impact on transmission (72) [START_REF] Levine-Tiefenbrun | Initial report of decreased SARS-CoV-2 viral load after inoculation with the BNT162b2 vaccine[END_REF].

Their potential effect on preventing long COVID is however still under investigation.

Overall, all vaccines authorized to date have been remarkably well tolerated, with a good safety track record. For the most, side effects have been mild and of short duration, serious safety problems being extremely rare. Apart for very rare anaphylaxis issues, the most serious undesirable effect has been observed following Astra-Zeneca (74) [START_REF] Greinacher | A Prothrombotic Thrombocytopenic Disorder Resembling Heparin-Induced Thrombocytopenia Following Coronavirus-19 Vaccination[END_REF] and Johnson & Johnson vaccination, in the phase 4 follow up. This side effect termed vaccine induced prothrombotic immune thrombocytopenia (VIPIT) is a condition of blood clots associated with low platelet counts, that occurs following receipt of the vaccine. The likely mechanism is antibodies that induce massive platelet activation, reducing platelet count and causing thrombosis although the full mechanism remains to be elucidated. This effect led to suspension of the deployment of those vaccines to various extents, depending on the country, with mostly limitations based on young age. However, some countries have simply banned the use of the Astra-Zeneca and Janssen vaccines, such as Denmark on the 14th of April. If the causes of VIPIT remain to be elucidated, they are probably related to the use of the adenovirus viral vector and not the spike antigen, as these undesirable effects have not been observed with the other vaccine platforms.

Another milder side effect has been observed following mRNA vaccination: myocarditis with for the most only mild and short-lived forms and rapidly get cured with proper antiinflammatory treatment. Moreover, the study from Hippisley -Cox and al [START_REF] Patone | Risks of myocarditis, pericarditis, and cardiac arrhythmias associated with COVID-19 vaccination or SARS-CoV-2 infection[END_REF] showed that the risk of myocarditis following a mRNA vaccine was only significantly increased for people younger than 40. For older people, the risk was higher to suffer from a myocarditis caused by SARS-CoV-2 infection.

COVID-19 vaccines have therefore demonstrated a high effectiveness and a strong safety profile. However, two factors may jeopardize this remarkable success. First, it was rapidly realized that vaccine-elicited immunity had a tendency to wane over time, for all vaccines but more so for the inactivated ones [START_REF] Wilder-Smith | Effectiveness of an Inactivated SARS-CoV-2 Vaccine[END_REF]. Concerning the mRNA vaccines, the Pfizer vaccineinduced immunity also appears to diminish somehow faster than following vaccination with the Moderna jab. The decline in nAbs titers with time was soon confirmed to be associated with a decrease in protection against infection, and to a lower extend against severe disease, suggesting a need for booster shots, that have been shown to greatly increase Ab levels [START_REF]SARS-CoV-2 Neutralization with BNT162b2[END_REF].

As an additional concern and challenge to the control of the pandemic, new variants of SARS-CoV-2 rapidly emerged and started spreading around the globe. The variants of concern can present increased transmissibility, modified virulence and the potential ability to escape immunity from vaccinated and convalescent individuals. Indeed, changes are found in the RBD and outside in the S protein at sites targeted by neutralizing antibodies. Several variants of concern have now been characterized, none of them to date strongly evading vaccine immunity [START_REF] Bian | Effects of SARS-CoV-2 variants on vaccine efficacy and response strategies[END_REF]. However, such possibility is an additional argument to the need for a booster shot, as previously demonstrated in animal models, where administration of a third dose in an homologous prime-boosts schema restored nAbs levels against variants [START_REF] Brinkkemper | A third SARS-CoV-2 spike vaccination improves neutralization of variants-of-concern[END_REF]. Emergence of variants of concern also led to the design of vaccines adapted to new circulating strains, such as with mRNA vaccines which sequences can be rapidly modified and accommodate new As an additional approach to reinforce immunity through vaccination, "mix and matches" approaches (aka heterologous prime-boost(s) administration) are being studied [START_REF] Deming | A 'mix and match' approach to SARS-CoV-2 vaccination[END_REF] to find combinations that may lead to greater and more prolong Ab responses.

Of note, the decrease in vaccine efficacy discussed above likely depends essentially on decreasing serum neutralizing capacities against variants. However, as mentioned in introduction, some vaccine platforms, such as mRNA and viral vectors, can also induce strong CD8 T cell responses. Quite schematically, if the humoral response is held responsible for early protective immunity, the T cell response is held responsible for preventing severe disease. As the probability to see variants emergence is correlated with the active increased circulation of the virus in the global population, the best chance to tackle variants is to maintain mitigation measures, while vaccinating widely before variants could even emerge. To increase the number of vaccinees, experts underline the necessity to enlarge vaccinate children and increase vaccine access in low-income countries [START_REF] Fontanet | SARS-CoV-2 variants and ending the COVID-19 pandemic[END_REF].

In any case, to prevent a pandemic of this magnitude from reappearing, major investments will have to be done in surveillance infrastructures [START_REF] Graham | Prototype pathogen approach for pandemic preparedness: World on fire[END_REF] and in the research field, such as large scale sequencing to allow for a rapid detection of newly or re-emerging pathogens when still on a local scale [START_REF] Grange | Ranking the risk of animalto-human spillover for newly discovered viruses[END_REF]. Indeed, over the past two decades, humanity has faced a viral threat almost every year with SARS, West Nile virus, pandemic influenza virus, Ebola virus, MERS CoV and Zika virus. This observation led to the creation of the Coalition for Epidemic Preparedness Innovations, aiming to promote vaccine development against infectious diseases with a pandemic potential. Notably, a coronavirus-related disease was already in the list of diseases that could threat global world health in 2018 [START_REF] Si | The WHO R and D blueprint 2018 review of emerging infectious diseases requiring urgent research and development efforts[END_REF]. Following the observation that viruses among the same family do often share relevant characteristics (structure of their surface protein, cellular tropism…), Dr Corbett and her team have proposed a "prototype pathogen approach" to guide vaccine design. In this approach, research teams extensively study characteristics of viruses among a family, to be quickly prepared when a related pathogen emerge.

In the case of SARS-CoV-2, this could help the design of a "universal coronavirus vaccine" (89): a vaccine with a versatile design that could be applied to SARS-CoV 1 and 2, MERS-CoV as well as potential future emerging coronaviruses. In addition to financing vaccine design pipelines, investments will also have to be done in the monoclonal antibodies field. Indeed; as they can be developed in less than 4 months and administered as immunotherapies to symptomatic people, they can allow to fill the time gap between emergence of a pandemic pathogen and vaccine release [START_REF] Rogers | Rapid isolation of potent SARS-CoV-2 neutralizing antibodies and protection in a small animal model[END_REF].

In this regard, beyond scientific progress in the vaccine field, the extremely short development 

INTRODUCTION

Although genomic vaccine have recently demonstrated their capacity to elicit protective immune responses1, protein-based vaccines remain highly attractive due to their lower cost, ease of transport and storage, crucial to reach developing countries and remote locations, as well as better social acceptation, as recently highlighted by hesitancy regarding COVID-19 RNA vaccines. Protein immunogenicity is highly increased through presentation to the immune system in a multimeric manner and a number of vaccine platforms have been developed to this aim, with various advantages and limitations2. We have previously reported that a noninfectious virus like particle (VLP) derived from human Adenovirus of type 3 and consisting of 60 identical penton base monomers could be exploited to display epitopes of interest on its surface3-5. In this vaccine platform, named ADDomer, exposed loops of the penton base protein were engineered to allow insertion of foreign peptides such as a linear neutralizing epitope from Chikungunya virus. However, this design did not permit the insertion of structurally complex antigens. To overcome this limitation while keeping the immunogenicity advantage of ADDomer, we describe here a redesigned platform offering a highly versatile capacity to display large and structurally complex antigens with potential post-translational modifications. In order to decorate the adenovirus-based VLPs with large antigens, the SpyTag/SpyCatcher system6-9 was combined to the ADDomer technology. In this system, derived from Streptococcus pyogenes, an Aspartate residue from the 13 amino-acid SpyTag peptide (ST) can spontaneously create a covalent bond with a Lysine residue encompassed in the complementary SpyCatcher module (SC). We thus genetically inserted the sequence coding for the ST peptide into the 'variable loop' of the ADDomer that was previously used for small antigen insertion, yielding a VLP with 60 potential attachment sites for complex antigens engineered with an SC anchor.

In order to assess the newly developed platform, we decided to first test it as a potential candidate vaccine to elicit neutralizing antibodies (NAbs) against the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). SARS-CoV-2 is an enveloped positive strand RNA virus belonging to the beta-coronavirus genus from the coronaviridae family. It is the etiological agent of COVID-19 and at the origin of the pandemic that started in December 2019, leading to 5 324 969 deaths as of December 17, 2021 (https://covid19.who.int/), and vast socioeconomic consequences 10 . Protection against SARS-CoV-2 infection and COVID-19 can be mediated by neutralizing Abs targeting the envelope trimeric glycoprotein spike (S) exposed at the surface of the virus 11,12 . Accordingly, spike-based vaccine approaches eliciting SARS-CoV-2 NAb responses have been successful at preventing COVID-19 13-15 . The ectodomain of the S protein is divided into the S1 and S2 domains. The Spike protein binds to the host Angiotensin-Converting Enzyme 2 (ACE2) which serves as an entry receptor, as previously reported with SARS-CoV, responsible of the 2002-2004 SRAS outbreak 16-19 . A subdomain of S1, named receptor binding domain (RBD), is the contact interface between the virus and the ACE2 receptor. Numerous studies have shown that the RBD comprises multiple distinct antigenic sites and is a prime target for NAbs in COVID-19 convalescent patients 20-23 These NAbs 24 strongly inhibit cell infection by SARS-CoV-2 by competing with the RBD-ACE2 interaction.

Moreover, anti-RBD NAbs have been shown to confer protection against SARS-CoV-2 challenge in animal models of COVID-19, as well as to prevent COVID-19 in human, thus confirming the interest of using RBD as a vaccine immunogen 25,26,27 .

This prompted us to use the RBD as the antigen to be displayed on our newly-designed VLP platform in order to engineer a novel COVID-19 vaccine approach. Here, we report that the newly designed platform can successfully be decorated with SARS-CoV-2 RBD and is highly immunogenic in mice, eliciting high neutralizing Ab titers.

RESULTS

Internal insertion of ST in ADDomer results in efficient SC cross-linking

ADDomer is a non-infectious 30 nm nanoparticle, formed from 12 bricks of the homopentameric penton base from the human adenovirus type 3. The ST sequence was inserted in the ADDomer gene in a region coding for the exposed flexible loop called the variable loop (Figure 1a). Due to the spontaneous homo-oligomerization of twelve pentameric penton base, sixty copies of ST are exposed on the surface of the ADDomer-ST (ADD-ST) particle. To assess whether the newly inserted ST sequence was accessible and functional on ADD-ST, incubation with different ratio of SC was performed. After boiling of samples, SDS-PAGE profile clearly showed that the incremental SC/ADD-ST ratio is correlated with the apparition of a band of higher molecular weight and the decrease of the intensity of bands related to unlinked moieties. Importantly, there was no remaining signal for undecorated ADD-ST after SC addition at the highest ratio thus reflecting the full decoration of the nanoparticle (Figure 1b). This result suggests an efficient and concentration-dependent formation of the ADD-ST/SC complex. Mass spectroscopy analysis confirmed that the ADD-ST doublet shifted by 13,3kDa (Figure 1c), which corresponds to the molecular weight (MW) of SC. The two peaks observed in mass spectroscopy is due to a second initiation codon in ADD-ST (starting at Methionine 25) without affecting the particle stability 28 and SC can bind to each form indifferently as shown by a similar shift of their MW corresponding to the addition of SC.

Negative staining electron microscopy imaging performed on ADD-ST alone and ADD-ST fully decorated by SC showed that the integrity of the particle was not affected by the presence of SC and the grainy appearance of ADD-ST/SC likely reflects the presence of SC at the particle surface (Figure 1d). Altogether, these data show that SC cross-linking to ADD-ST is operational and can result in saturated decoration of the nanoparticle.

Cryo-EM analysis enables to visualize SC decoration on ADD-ST

In order to visualize the SC arrangement around the ADDomer particle, a structural study by cryo-electron microscopy was used. Fully decorated ADD-ST/SC particles were imaged on a Glacios electron microscope (Figure 2a). Image analysis was performed and the obtained 3D structure was compared to the structure of an undecorated ADDomer particle (EMD-0198).

An extra-density corresponding to SC bound to the ADDomer 'variable loop' was clearly visible in ADD-ST/SC both in the density slice of the 3D map (Figure 2b) and in the isosurface representation of the structure (Figure 2c, purple density and supplementary movie). The resolution of the ADDomer particle is around 2.8 Å, allowing to clearly see the aminopeptidic chain. However, the ST/SC part is not rigidly attached to the ADDomer, which explain why the corresponding density is fuzzy, and the structure not better defined (Supplementary Fig. 1). The ADDomers have 2, 3 and 5 axis of symmetry, (the latter two being shown in Figure 2c), which is a characteristic of a dodecahedron meaning that SC are distributed accordingly. Interestingly, along the 3-fold axis SC are ~ 4.7 nm apart which is close to the Receptor Binding Domain (RBD) in the trimeric spike protein of SARS-CoV-2 (~ 4.1 nm), suggesting that the decorated particles would closely mimic the natural trimeric arrangement of RBDs (Figure 2d). Both the multivalency of SC displayed by the particle and the arrangements they have around the different symmetry axis could be an asset for vaccination purpose if an antigen is fused to this module.

Secreted RBD fused to SC is glycosylated and can be displayed at different ratios on the ADD-ST particle

To take advantage of the spontaneous and covalent linking of SC to ADD-ST, we reasoned that SC could be used as a versatile carrier to easily and efficiently fuse antigens, like in this SARS-CoV-2 vaccine development (Figure 3a), and in broader perspectives to diverse soluble proteins of interest. In the present study, the SARS-CoV-2 RBD was fused to the N-terminus of the SC (RBD-SC) and a melittin signal peptide was added to allow protein post-translational modifications (PTM) such as glycosylations and secretion from insect cells. To assess whether the secreted and purified RBD-SC was glycosylated, it was treated with N-glycosydase (PNGaseF) and the result showed a shift in the migration of the related band in SDS-PAGE gel, indicating that RBD-SC was indeed glycosylated (Figure 3b). As previously performed with unfused SC (Figure 1b), incremental amounts of RBD-SC were added to ADD-ST in order to decorate the particle with different ratio of cargos (from 0,03 to 3 copies of SC per particle monomers). The SDS-PAGE gel profile (Figure 3c) showed the correlated apparition of a band at higher molecular weight with increased concentrations of RBD-SC. This result reflects the covalent linking of RBD-SC to the ADD-ST monomers whereas the band corresponding to non-decorated ADD-ST monomer progressively faded away, disappearing when the particle is fully decorated. This result showed that the ADDomer platform can be decorated with different numbers of antigen copies exposed on its surface. Altogether, these experiments demonstrated that SC fusion to large antigens (~40kDa for RBD-SC) with post-translational modifications enable their covalent linking to the ADDomer platform and that the ratio of decoration can be adjusted according to desired applications.

ADDomers decorated of glycosylated RBD bind to ACE2

RBD is the subdomain of the SARS-CoV-2 spike protein that binds to the human ACE2 receptor. To assess the function of RBDs linked to the ADDomer particles, three different approaches were used. First, binding experiments at the molecular scale were performed using surface plasmon resonance (SPR) on immobilized dimeric human ACE2 fused to Fc domain of human IgG 29 . Sensorgrams of ADD-RBD binding to immobilized human ACE2 showed a clear concentration-dependent binding of the RBD-decorated particles on ACE2 and a stable interaction with no visible dissociation at the end of injections (Figure 4a). The extremely slow dissociation rate (4.57 10 -4 s -1 ) agreed with a sub-nanomolar 'apparent' KD (3.09 x 10 -10 M).

This apparent KD is the result of an avidity with the decorated particle effect since the KD of RBD-SC alone is slightly higher (1.53 10 -8 M; Supplementary Figure 2). In any case, this result showed that the RBD is functional and that our platform somehow mimics viruses that evolved to take advantage of multivalent interactions with cellular receptors. In a second experiment at the cell scale, the direct binding of ADD-RBD onto HeLa cells stably expressing ACE2 was visualized by immunofluorescence using anti-ADDomer antibodies. The green signal seen at the periphery of HeLa-ACE2 cells in presence of ADD-RBD contrasted with the absence of signal observed with the same cells but in presence of undecorated ADD-ST particles. This result demonstrated that RBD at the surface of the particles induced the interaction with ACE2 present at the surface of the HeLa-Ace2 cells (Figure 4b). Finally, a competition experiment between a pseudo-typed virus harboring the SARS-CoV-2 spike and either RBD-SC or ADD-RBD was performed. Negative control was made with undecorated ADD-ST alone. As expected, both RBD-SC alone and ADD-RBD were able to compete with the pseudo-typed virus with a slightly higher efficiency for the RBD-decorated particle (Fig. 4c). Altogether, these experiments showed that RBD-SC is properly folded and can bind the ACE2 receptor at the molecular and cellular scales when applied alone (RBD-SC) or linked to the ADDomer particles (ADD-RBD).

RBD-decorated ADDomer elicits rapid anti-CoV2 Ab responses in mice, enhanced by adenovirus pre-immunity

Multivalent exposition of RBD antigens at the surface of the particle is likely to result in a better activation of the humoral system than RBD alone. However, one cannot exclude that ADDomer itself could also play an indirect role in the anti-SARS-CoV-2 response, especially in a population with preexisting adenovirus immunity. To address these two points, four groups of ten mice were designed (Figure 5a). The two first control groups were injected with RBD-SC alone in the group 1 or with the same amount of unlinked RBD-SC plus naked-ADDomer (i.e.

not displaying the antigen) in the group 2. The two other groups (groups 3 and 4) were vaccinated with ADD-RBD (i.e. RBD displayed at the particle surface) but the group 4 was pre-immunized with naked-ADDomer two weeks before the injection of ADD-RBD, in order to investigate whether anti-HAdV-3 penton base antibodies, as may possibly be found in individuals previously infected with adenovirus type 3, may impact the immunogenicity of ADD-RBD (Figure 5b). The presence of anti-ADDomer (i.e. HAdV-3 penton base adenovirus)

antibodies in group 4 was checked by ELISA one day before the first immunization with ADD-RBD. The results (Supplementary Figure 3) show that all group 4 mice did mount an antibody response against naked-ADDomer. Then, the immune response against the RBD was monitored by ELISA at day 13 (post-1 st immunization), 27 and 41 (post-2 nd immunization). The RBDdecorated particles induced a significant anti-SARS-CoV-2 response after the first immunization (day 13, figure 5c), whereas no response was detectable in controls of group 1 (RBD-SC alone) or group 2 (ADDomer with not displayed SC-RBD). Interestingly, anti

HAdV-3 penton base pre-immunity significantly enhanced the anti-RBD response.

Immunization boost increases both the amplitude and the duration of the response induced by ADD-RBD particles, independently of the anti-vector immunity

Two weeks after the second immunization (day 27), the anti-RBD response was clearly boosted for groups 3 and 4 that were injected with ADD-RBD, whereas the control groups 1 and 2

showed more heterogeneous responses (Figure 6a). This observation confirms that our vaccine platform displaying multivalent RBD antigens yields a rapid and efficient humoral response.

The ADDomer technology applied to RBD antigen also demonstrated a long lasting immunogenic effect with anti-SARS-CoV-2 RBD antibodies remaining at the highest level at day 41 (Figure 6b). The difference between mice pre-immunized by ADDomer (group 4) or not (group 3) was less pronounced than after the first immunization, both groups reaching high and comparable levels. Altogether, these results showed that the second immunization enabled a high and long-lasting Ab response against the SARS-CoV-2 RBD using the ADDomer platform and that anti-vector pre-immunity is beneficial in particular to the initial responses (Figure 6c).

RBD-decorated ADDomer immunization elicits strong neutralizing Ab responses

Since the RBD is critical for binding to the SARS-CoV-2 receptor ACE2, antibodies elicited through immunization with the RBD (RBD-SC or ADDomer-RBD) can hinder the interaction between the Spike proteins and ACE2, blocking viral entry. The ability to neutralize the virus depends on the affinity of the antibodies for the RBD domain, as well as on the epitope recognized. To assess the potency and efficacy of the antibodies induced in the four immunized groups of mice, the neutralization potency of sera (day 41) from vaccinated mice was assessed using SARS-CoV-2 spike (Wuhan strain) pseudo-typed lentivirus and ACE2-expressing HeLa cells. Only a partial and heterogeneous neutralization was obtained from group 1 and 2 sera in which RBD-SC was not displayed on ADDomer, even after two immunizations (Figure 7a, upper panels). Of note, sera from mice immunized with RBD-decorated ADDomer (groups 3 and 4) showed a better neutralization titer after a single immunization than group 1 and 2 after 2 immunizations (Supplementary Figure 4). After the second immunization, strong virus neutralization was observed in all mice from group 3 and 4 (Figure7a, lower panels).

Neutralization titers (ND50) clearly showed that mice vaccinated with RBD-decorated ADDomer had significantly higher neutralizing activity than mice immunized with the same amount of antigen when not displayed on the platform (Figure 7b). Moreover, in accordance with the ELISA results (Figure 5c), the anti-vector response (group 4) slightly increased the neutralization titer compared to the naïve group (group 3), which emphasizes that a pre-existing

HAdV-3 penton base immunity appears beneficial for our novel vaccine platform (Figure 7b).

The neutralizing Ab titers reached in group 3 and 4 were overall superior to those from a cohort of convalescent COVID-19 patients composed of 50% mild (oxygen below 2L/min) and 50% severe (ICU) cases, and measured at 6 months after hospitalization 30 (Figure 7b)

DISCUSSION

In this study, we designed a novel and highly versatile vaccine platform amenable to large antigens by adapting the SpyTag/SpyCatcher technology to ADDomer, an adenovirus-inspired VLP 5,6 . This technology has already been described for designing VLP-derived vaccine, however in these approaches SC was the moiety grafted to the VLPs while the antigens were fused to the Spy Tag 7,31 . In our novel vaccine technology, we used the opposite configuration with SpyTag insertion in an internal loop of ADDomer, which minimized the risk of steric hindrance and functional impact on the spontaneous oligomerization of ADDomers. Insertion of ST in a surface-exposed loop of ADDomer did not impair the spontaneous assembly of twelve pentameric bricks (Figure 1d), thus creating a universal generic platform for multivalent antigen display. Experiments of saturating cross-linking with SC alone suggested that a full decoration (i.e. 60 copies) of the particle can be achieved (Figure 1b). Despite the flexibility of the loop in which ST was inserted, cryo-EM reconstruction of the ADD-ST/SC complex clearly showed an extra density corresponding to the SC interacting with ST fused to the ADDomer.

The data thus strongly suggested that the ADDomer could be used to display a multimerized array of antigens, a property that is crucial for the elicitation of strong Ab responses 32,33,34 .

Interestingly, the characteristic 2, 3 and 5-fold symmetry axis of a dodecahedron are easily visible in the 3D structure (Figure 2c), this spatial configuration showing that the SCs are distributed at different distances from each other according to the symmetry axis. Such distribution of the antigen could potentially further favor the immunogenicity of the VLP by offering different patterns of presentation of the antigen at the particle surface.

The COVID pandemic led us to first evaluate our newly designed platform as an anti-SARS-CoV-2 vaccine to be displayed through fusion to the SC N-terminus. It is worth noting that in the 3-fold axis of ADDomer, the SC adopts a pseudo-trimeric arrangement, which on the RBD decorated VLP closely mimics the tridimensional configuration of this domain in the SARS-CoV-2 spike glycoprotein (Figure 2d). The distance between SC in such configuration is 4,7 nm, which is in the same range as that between RBDs in the trimeric Spike protein (4,1 nm).

Expressing soluble RBD fused to SC in insect cells resulted in N-glycosylation as expected 35 and did not affect the structure of SC, which retained its ability to cross-link to the ADD-ST vaccine platform in a dose dependent manner (Figure 3c). The proper folding of the glycosylated RBD exposed at the surface of the particles and its ability to bind ACE2 were assessed in a functional viral entry assay via competition with SARS-CoV-2 Spike pseudotyped virions (Figure 4c). A surface plasmon resonance (SPR) experiment confirmed the high affinity interaction of ADD-RBD to ACE2, the highly stable interaction observed suggesting an avidity effect of the multivalent particle exposing multiple copies of RBD (Figure 4a).

Moreover, this experiment also shows that expressing RBD in insect cell leads to a functional SARS-CoV2 glycoprotein domain. Several vaccines using the baculovirus expression system in insect cells have been approved, such as vaccines against papillomavirus or hepatitis B. The Novavax COVID-19 vaccine candidate, based on an insect cell-produced trimeric S protein, is also advancing towards approvaltrials 36 .

The ability of the RBD-decorated ADDomer to elicit an anti-SARS-CoV-2 humoral response was then studied in mice. As expected, we confirmed that displaying the RBD in a multimerized manner led to a strong improvement in immunogenicity (groups 3 and 4 versus groups 1 and 2). Indeed, this was clearly apparent from the first injection where the groups with decorated particles showed a significant anti-RBD response at Day 13 as measured in ELISA (Figure 5c), whereas no response was observed for the other groups. This observation is in agreement with experiments reported with other vaccine platforms that showed that injection of RBD or Strimer alone did not produce significant responses 31,37 . In our experiment, we chose to inject 5g of RBD but a dose-response study would be necessary to determine the optimal amount.

As a comparison, similar experiments carried out with a similar 60-mer platform showed that 0.9 g instead of 5 g of RBD resulted in a similar immune response paving the way to dosesparing 38 . After the second immunization, although a response was observed in the nondecorated groups, the titers attained in the decorated groups were about 10 fold greater (Figure 6a). Notably, the anti-RBD response in the latter groups endured over time with similar titers at 2 and 4 weeks following the second immunization (Figure 6b). The anti-SARS-CoV-2 RBD sera were further assessed for their capacity to neutralize S-protein pseudotyped lentivirus particles (Figure 7). As seen for binding responses, a neutralizing activity was observed in the RBD-decorated groups after the first immunization. Overall, a good correlation between ELISA and neutralizing titers was observed. Strong neutralizing titers were attained in all mice immunized with ADD-RBD after the boost immunization, superior to those of convalescent COVID-19 patients (Figure 7b), showing the ability of our vaccine platform to elicit functional Ab responses with a potential protective activity. The low titers obtained in mice immunized with RBD and naked ADDomer (no decoration) again demonstrated that the high immunogenicity achieved with the decorated VLPs originated from the antigen multimeric display. The T-cell response which also plays a role in the protection against COVID-19 was not studied in our work. Overall, the data are in adequacy with results obtained with similar vaccine platforms using multimeric display of the SARS-CoV-2 RBD on scaffolds such as the 24mer-ferritin, the 60-mer dodecahedral thermophilic aldolase 31,38,39,40,41 . In contrast to these latter vaccine platforms, our particles originate from a human virus, Adenovirus serotype 3 (HAd3), which is known to have a relatively high seroprevalence 42,43 . However, if HAdV-3 is globally among the most common types implicated in HAdV infections a great variation is observed by geographic regions. Indeed, HAdV-3 accounts for 15 to 87% of adenoviral respiratory infections with a greater prevalence in Asia than in Western countries 44 .

Neutralizing antibodies against HAdV-3 are mainly directed against the hexon protein which is not present in ADDomer made only of penton bases.

A potentially detrimental impact of preexisting immunity on the immunogenicity of adenovirus-based viral vectors has been described 45,46 , which thus led us to explore whether such effect may also be encountered with our adenovirus-derived VLP platform. Interestingly, in contrast to adenovirus-viral vectors, our adenovirus-inspired VLP platform appears to benefit from pre-immunity against the VLP. Indeed, mice with immunity to ADDomer at the time of the first immunization were found to respond with greater Ab titers against RBD than naive mice (group 4 versus group 3, Figure 5c). This beneficial effect may be in particular explained by the formation of immune complexes leading to a better uptake by antigen presenting cells, via Fc receptors, resulting in an increase in immunogenicity 47 . This property persisted after the second immunization although the differences between groups 3 and 4 were less marked, probably due to an anti-ADDomer response generated in group 3 during the first injection. Of note, the prevalence, in individuals who have been infected with HAdV-3, of antibodies directed against the penton base, which is the only component of ADDomer, is not precisely known. Our present work anticipates that our platform could be used whatever the HAdV-3 immunological status of the patients, and the potential presence of anti-penton antibodies.

In conclusion, we designed a new adenovirus-inspired VLP platform that achieves high immunogenicity against the displayed antigen. In contrast to current platforms using the ST/SC system, we opted to engineer the ST on the VLP side, within the exposed VL. Thanks to this design, it can be envisaged to add another ST in a second exposed loop such as the RGD (RGDL), to further increase stoichiometry (up to 120 attachment sites). Moreover, for mosaic vaccine approaches, the RGDL can be used to insert another orthogonal attachment site such as a snoop tag to display a second antigen. As an added value, the use of two different attachment tags/loops allows for differential antigenic stoichiometries and display patterns.

Indeed, the RGDLs are more central on the pentameric building block of the ADDomer than the VLs, which are exposed on the periphery, resulting in a greater distance between the VLs than the RGDLs at the pentamer level. Displaying antigens through attachment to these two loops will therefore lead to various patterns of antigen display at the VLP scale as shown in supplementary Figure 5. This will offer a large range of combinations to vary the stoichiometry of decoration as well as the distance between the antigens to potentially optimize immunogenicity 48 . The versatility of the vaccine platform can thus be exploited to generate mosaic particles displaying RBDs from different betacoronaviruses 37 or SARS-CoV-2 variants to broaden NAb responses and protect against current and future variants of concern. A recent work described that 60-mer mosaic nanoparticles with four to eight distinct RBDs from betacoronaviruses can be generated. Remarkably, the codisplay of the SARS-CoV-2 RBD along with other RBDs showed that the combination of antigens on the same particle did not affect the elicitation of neutralizing antibodies against a particular RBD 37 . Moreover, neutralization of both 'matched' and 'mismatched' strains was observed after mosaic priming suggesting that such particles might protect against several betacoronaviruses at once after a single injection.

More generally, our new versatile platform constitutes a putative tool in the preparedness to fight emerging pathogens that will remain to be investigated in viral challenge trials.

pooled and Imidazole was withdrawn by buffer exchange using Amicon ultrafiltration devices (MWCO: 4 kDa).

RBD-SC purification

The insect cell supernatant was centrifuged after thawing for 15 min at 7,500 g and loaded onto a Hepes 10 mM pH7.4 pre-equilibrated Heparin column (Cytiva) of 5 ml for 500 ml of supernatant. The column was washed with Hepes 10 mM pH 7.4 for 25 mL then eluted for 10 mL with 0 to 500 mM linear NaCl gradient in Hepes 10 mM pH 7.4. The eluate was supplemented with 30 mM Imidazole-HCl and incubated with Ni-NTA beads (Qiagen), 2 ml of beads for 500 ml culture, for at least 1h at 4°C under gentle agitation. The beads were then poured into an empty column and the protein was eluted by 2 column volumes of 250 mM Imidazole in Hepes 10 mM pH 7.4, NaCl 150 mM. It was then submitted to buffer exchange using Amicon device (MWCO 30 kDa).

RBD purification

The following reagent was produced under HHSN272201400008C and obtained through BEI Resources, NIAID, NIH: Vector pCAGGS containing the SARS-CoV2, Wuhan-Hu-1 Spike Glycoprotein Receptor Binding Domain (RBD), NR-52309.Vector NR-52309 from BEI Resources was used for mammalian expression of the RBD alone used for ELISA. EXPI293 cells grown in EXPI293 expression medium were transiently transfected with the vector according to the manufacturer's protocol (Thermo Fisher Scientific). Five days after transfection, the medium was recovered and filtered through a 0.45 mm filter.

Two-step protein purification on Aktä Xpress, with a HisTrap HP column (GE Healthcare) and a Superdex 75 column (GE Healthcare) was performed using 20 mM Tris pH 7.5 and 150 mM NaCl buffer. For the HisTrap, a wash step in 75 mM imidazole was performed and RBD was eluted in buffer supplemented with 500 mM imidazole before loading onto the gel filtration column run in equilibration buffer.

N-glycosidase treatment RBD-SC was incubated for 1H at 37°C with the N-glycosidase PGNase F (kindly provided by Dr Nicole Thielens) at 1/100 ratio then run on gel next to the same amount of untreated RBD-SC.

ELISA

The antigens (either RBD or ADDomer) were diluted at 1µg/ml in PBS and 50µl were coated overnight at 4°C, in a 96 well plate (Maxisorp NUNC Immunoplate, #442404). Plates were washed using a Thermoscientific Microplate washer (#5165040). After three washes with 100µl of PBS-Tween 0.05%, plates were blocked with PBS-BSA 3% for one hour. Mouse serum was serially diluted in PBS and incubated for one hour (50µl/well) at room temperature. After five washes with PBS-Tween 0.05%; a goat anti mouse IgG (H+L) secondary Ab linked to HRP (JIR 115-035-062) diluted at 1/2,500 in PBS-Tween 0.05% was added for one hour. After five washes, 50µl of TMB substrate was distributed per well. The enzymatic reaction was stopped after 70 sec by addition of 50µl of H2S04 (1M), and plates were read at 450nm with a TECAN Spark 10M plate reader.

Electron microscopy

Negative staining 3.5 L of samples were adsorbed on the clean side of a carbon film previously evaporated on mica and then stained using 2% (w/v) Sodium Silico Tungstate pH 7.4 for 30 s. The sample/carbon ensemble was then transferred to a grid and air-dried. Images were acquired under low dose conditions (<30 e-/Å2) on a F20 electron microscope operated at 120 kV using a CETA camera.

Cryo-EM

Quantifoil grids (300 mesh, R 1.2/1.3) were negatively glow-discharged at 30 mA for 45 s.

3.5 µl of the sample were applied onto the grid, and excess solution was blotted away with a Vitrobot Mark IV (FEI) (blot time: 6 s, blot force: 0, 100% humidity, 20 °C), before plungefreezing in liquid ethane. The grid was transferred onto a 200 kV Thermo Fisher Glacios microscope equipped with a K2 summit direct electron detector for data collection. Automated data collection was performed with SerialEM, acquiring one image per hole, in counting mode.

Micrographs were recorded at a nominal ×36,000 magnification giving a pixel size of 1.145 Å (calibrated using a β-galactosidase sample) with a defocus ranging from -0.6 to -2. 

Surface plasmon resonance

Surface plasmon resonance experiment was performed on a T200 instrument. Anti human Fc polyclonal antiboby (Jackson Immunoresearch, 109-005-008) diluted at 25 µg/ml in 10 mM sodium acetate pH 5 was immobilized on CM5 sensor chips using the amine coupling chemistry according to the manufacturer's instructions (Cytiva) to get an immobilization level of 14 000 RU. ACE-2 -Fc (GenScript Z033484) was diluted at 1.2µg/ml in HBS P+ (Cytiva) to get an capture level of 100RU. For interaction measurements, ADD-RBD (ranging from 1 nM to 11nM in HBSP+) was injected over captured ACE-2 Fc in HBS P+ buffer at 30 µl/min. Anti human Fc polyclonal antiboby flow cell was used for correction of the binding response.

Regeneration of the surfaces was achieved by 10mM Glycine pH2. Binding curves were analyzed using BIAEvaluation software (GE Healthcare) and data was fit to a 1:1 Langmuir with drifting baseline interaction model.

Neutralization assays and pseudo-typed SARS-CoV-2 virion production Pseudovirus production and titration

Neutralization assays were performed using lentiviral pseudotypes harbouring the SARS-CoV-2 spike and encoding luciferase. Briefly, gag/pol and luciferase plasmids were co-transfected with a SARS-CoV-2 spike plasmid with a C-term deletion of 18aa at 1/0,4/1 ratio on adherent HEK293T cells. Supernatants containing the produced pseudoviruses were harvested 72H after transfection, centrifuged, filtered through 0.45µm and concentrated 50 times on Amicon Ultra (MWCO 100KDa), aliquoted and stored at -80°C. Before use, supernatants were tittered using 

Statistical analyses

For ELISA and neutralization assays, IC50 were deduced from crude data after normalization using GraphPad Prism "log(inhibitor) vs normalized response" function. Comparison of IC50 values were performed applying Kruskal-Wallis tests on the data sets, using GraphPad Prism 6 software. 

FIGURES Figure 1: Application of the SpyTag/SpyCatcher cross-linking method to the ADDomer technology. (a) Diagram showing the internal insertion of SpyTag in the internal loop of an ADDomer monomer. Spytag (in green) can make an isopeptidic bond with SpyCatcher (in purple). Structure of a SpyTag covalently linked to a SpyCatcher is shown on the right (PDB code: 4MLI) (b) SDS-PAGE profile of boiled samples of ADD-ST after interaction with incremental ratio of SC showing the apparition of a higher MW covalent adduct (ADD-ST/SC). (c) Electrospray ionization graphs of ADD-ST and ADD-ST/SC

ADD-RBD . (b) SDS-PAGE gel with RBD-SC before (-) and after (+) treatment with Nglycosidase and in absence of SC-RBD. The decrease of the molecular weight of SC-RBD after treatment indicates that it is glycosylated. (c) SDS-PAGE gel of boiled sample showing from left to right, the marker, bands of ADD-ST alone, SC-RBD alone and a fix amount of ADD-ST incubated with different ratio of RBD-SC (per particle monmer). The additional upper bands reflect the covalent adduct between ADD-ST and RBD-SC and thus the apparition of ADD-RBD. As expected, the increasing intensities of the ADD-RBD bands correlate with a decrease

of non-decorated ADD-ST monomer. 

RESULTS

S-LV formation and characterization

The S glycoprotein construct '2P' [START_REF] Wrapp | Cryo-EM structure of the 2019-nCoV spike in the prefusion conformation[END_REF] was expressed in mammalian cells and purified by Ni 2+ -affinity and size exclusion chromatography (SEC) (Figure S1A), with yields up to 10 mg/liter using Expi293F cells. This produced native trimers as determined by negative staining electron microscopy and 2-D class averaging of the single particles (Figure S1B). Since S revealed low thermostability (Tm = 42°C) as reported previously [START_REF] Wrapp | Cryo-EM structure of the 2019-nCoV spike in the prefusion conformation[END_REF], it was chemically cross-linked with 4% formaldehyde (FA) producing a higher molecular weight species as determined by SDS-PAGE (Figure S1C). FA cross-linking preserved the native structure (Figure S1D) over longer time periods (Figures S1E) by increasing the thermostability to a Tm of 65°C. The cryo electron microscopy structure of FA-cross-linked S (FA-S) at 3.4 Å resolution (Figure S2 and Table S1) revealed two major sites of cross linking (Figure 1A). RBD residues R408 and K378 cross-linked neighboring RBDs producing S trimers in the closed "RBD-down" conformation (Figures 1A andB). The second site introduced inter S2 subunit bonds by cross-linking R1019 of the central S2 helix and/or S2 K776 with S2 HR1 K947

(Figure 1C). FA-S was incubated with liposomes (Phosphatidylcholine 60%, Cholesterol 36%, DGS-NTA 4%), and efficiently captured via its C-terminal His-tag. Free, unbound Fa-S was removed from the S proteoliposomes by sucrose gradient centrifugation (Figure S1F) and decoration of the liposomes with FA-S (S-LV) was confirmed by negative staining electron microscopy (Figure 1D).

S-LV immunization induced potent neutralizing antibody responses in cynomolgus macaques

S-LVs were produced for a small vaccination study of cynomolgus macaques to evaluate immunogenicity and elicitation of neutralizing antibodies. Four cynomolgus macaques were immunized with 50 µg S-LVs adjuvanted with monophospholipid A (MPLA) liposomes by the intramuscular route at weeks 0, 4, 8 and 19 (Figure 2A). Sera of the immunized macaques were analysed for binding to native S glycoprotein (S), FA cross-linked S glycoprotein (FA-S) and RBD in two weeks intervals. The results revealed similar S-specific Ab titers for all animals. S ED50 titers increased from ~75 on week 4 to ~10000 on week 6 and to ~20000 on week 12, after the first, second and third immunization, respectively (Figure 2B). Slight reductions in titers were detected against FA-S (Figure 2C). Titers against RBD alone reached ~ ID50s of ~100 on week 4, ~4500 on week 6 and slight increases on week 12 for some animals (Figure 2D). This suggests that the first and second immunization induced significant RBD titers, while the third immunization boosted non-RBD antibodies since the week 12 S-specific titers were > 4 times higher than the RBD-specific titers in contrast to previous time points at which this ratio was lower (Figure 2C). A fourth immunization did not further boost antibody generation and titers at week 22 were lower or comparable to week 12 titers (Figure 2B,C,D). We conclude that S-LV immunization induced primarily RBD-specific antibodies after the first and second immunization, while the third immunization increased the generation of non-RBD antibodies significantly.

Serum neutralization titers using WT pseudovirus were elicited in all four animals. At week 2 after the first immunization, a ID50 titers between 100 and 1000 were observed, which dropped close to baseline at week 4, but was significantly increased at week 6, two weeks after the second immunization demonstrating ID50s between 5000 and ~20000. The ID50s then decreased at week 8 and increased to 20000 to ~40000 at week 11, three weeks after the third immunization. At week 19, neutralization potency decreased but was still high, indicating that three immunizations induced robust neutralization titers. The fourth immunization boosted neutralization titers to the same level as after the third immunization (Figure 3A).

Since antibody titers indicated the induction of high levels of RBD-specific antibodies, in order to understand the part of anti-RBD antibodies in serum neutralization we depleted the serum at week 11 by anti-RBD affinity chromatography, resulting in no detectable RBD antibodies by ELISA. RBD-specific Ab-depleted serum showed 10 to 30% neutralization compared to the complete serum, indicating some level of non-RBD specific neutralization. While RBDspecific Ab neutralization largely dominated in 2 animals, the fraction of non RBD-specific Ab neutralization activity (Figure 3B) appeared greater in the other 2, suggesting a participation of these Abs in the high neutralization titers (Figure 3A).

S-LV immunization protected cynomolgus macaques from SARS-CoV-2 infection

In order to determine the extent of S-LV vaccination induced protection, vaccinated and nonvaccinated animals (n=4) were infected with the primary SARS-CoV-2 isolate (BetaCoV/France/IDF/0372/2020) with a total dose of 1 x 10 5 plaque forming units (pfu).

Infection was induced by combining intranasal (0.25 mL into each nostril) and intratracheal (4.5 mL) routes at week 24, 5 weeks after the last immunization. Viral load in the control animal group peaked in the trachea at 3 days post-exposure (dpe) with a median value of 6.0 log10 copies/ml and in the nasopharynx between days 4 and 6 pe with a median copy number of 6.6 log10 copies/ml (Figure 4A). Viral loads decreased subsequently and no virus was detected on day 10 pe in the trachea, while some animals showed viral detection up to day 14 pe in the nasopharyngeal swabs (Figure 4A). In the bronchoalveolar lavage (BAL), three CTRL animal out of four showed detectable viral loads at day 3 pe, and two of them remained detectable at day 7 pe with mean value of 5.4 and 3.6 log10 copies/mL respectively. Rectal fluids tested positive in one animal, which also had the highest tracheal and nasopharyngeal viral loads (Figure S3A andB). Viral subgenomic RNA (sgRNA), which is believed to estimate the number of infected and productively infected cells collected with the swabs or during the lavage, showed peak copy numbers between day 3/4 and 6 pe in the tracheal and nasopharyngeal fluids, respectively (Figure 4B). In the BALs, the two animals presenting high genomic viral loads also showed detectable sgRNA at days 3 and 7 pe, with medians of 5.1 and 3.1 log10 copies/mL respectively (Figure 4B).

In contrast to control animals, neither gRNA nor sgRNA was detected at any point in the vaccinated group (Figures 4A,B). The mean gRNA peaks in the trachea and nasopharynx (6.0 and 6.6 log10 copies/mL respectively) of the control group were higher (p = 0.0286) than those of the vaccinated group. The area under the curve was also higher in the trachea of the control group (6.2 log10, p=0.286). In the BAL, the difference was not statistically significant due to the low number of animals. The complete absence of viral RNA in the vaccinated group, both in the upper and lower respiratory tract, strongly suggested that sterilizing immunity was induced by vaccination. ID50 antibody titers against S, FA-S and RBD decreased slightly from the day of infection (week 24) to 4 weeks pe (Figure 5A, B, C), although a small increase in Ab titers is observed at week 1pe (week25). Ab titers also correlated with a slight decrease in neutralization from week 24 to 4 weeks pe, although one animal showed a small increase in neutralization on week 25, 1 week pe (Figure 5D). This demonstrated that challenge of vaccinated animals did not significantly boost their immune system. In contrast, the control Vaccinated animals showed no significant impact of challenge on CT scores. The only animal showing a lesion score >10 was in the CTRL group. Whereas all control animals experienced monocytoses between days 2 and 8 pe, probably corresponding to a response to infection, monocyte counts remained stable after challenge for the vaccinated monkeys (Figure S5B), in agreement with the absence of detectable anamnestic response in the latter animals.

The levels of CD4 and CD8 specific T cells were measured in both groups of animals. Before exposure, Th1 type CD4 + T-cell responses were observed in all vaccinated macaques following ex vivo stimulation of PBMCs with S-peptide pools (Figure 6, S6 and S7). None had detectable anti-S CD8 + T cells (Figure S8). No significant difference was observed at day 14 pe, also in agreement with the absence of an anamnestic response in vaccinated animals. In contrast, the anti-S Th1 CD4+ response increased post exposure for most of the control animals (Figure 6 and S6).

We conclude that S-LV vaccination can produce sterilizing immunity indicating that such a vaccination scheme would be efficient to interrupt the chain of SARS-CoV-2 transmission.

S-LV vaccination generated robust neutralization of SARS-CoV-2 variants

Serum neutralization was further tested against variants B.1.1.7 (Alpha, UK), B.1.351 (Beta, SA) and P.1 (Gamma, BR). Comparing the sera of the vaccinated and the non-vaccinated group at weeks 24 and 28 showed high neutralization titers for all three variants with median ID50s ranging from 10.000 to 20.000, comparable to WT pseudovirus neutralization (Figure S9).

However, since the background of pre-exposure serum neutralization of the non-vaccinated challenge group was relatively high (median ID50s ranging from 400 of 1100), we repeated the neutralization with purified IgG from serum samples of the vaccinated group from week 8 (after 2 immunizations), week 12 (3 immunizations) and weeks 24 and 28 (4 immunizations). This showed median ID50s of ~4500 for WT and Alpha on week 8 (Figure 7), comparable to WT serum neutralization (Figure 3A). Lower ID50s were observed against Beta and Gamma at week 8, respectively. Neutralization potency was increased after the third immunization (week 12) with median ID50s of ~5000 (WT), ~8000 (Alpha), ~800 (Beta) and 1000 (Gamma).

Neutralization titers did not increase after the fourth immunization at week 24 and started to decrease at week 28 (Figure 7). We conclude that three immunizations provided robust protection against the variants although neutralization titers maybe have been already within the protective range after two immunizations for the three variants tested. This trend is continued after the fourth immunization which revealed a 3.5 times higher median ID50 for S than for RBD five weeks post immunization. This, thus suggests that more than two immunizations allow to expand the reactive B cell repertoire that target non-RBD S epitopes.

DISCUSSION

Current variants carry the B.1 D614G mutation and have been reported to be more infectious (Cai et EpiCoV platform under accession number EPI_ISL_410720) via the combination of intranasal and intra-tracheal routes (0,25 mL in each nostril and 4,5 mL in the trachea, i.e., a total of 5 mL; day 0), using atropine (0.04 mg/kg) for pre-medication and ketamine (5 mg/kg) with medetomidine (0.042 mg/kg) for anesthesia. Nasopharyngeal, tracheal and rectal swabs, were collected at days 2, 3, 4, 6, 7, 10, 14 and 27 days past exposure (dpe) while blood was taken at days 2, 4, 7, 10, 14 and 27 dpe. Bronchoalveolar lavages (BAL) were performed using 50 mL sterile saline on 3 and 7 dpe. Chest CT was performed at 3, 7, 10 and 14 dpe in anesthetized animals using tiletamine (4 mg kg -1 ) and zolazepam (4 mg kg -1 ). Blood cell counts, haemoglobin, and haematocrit, were determined from EDTA blood using a DHX800 analyzer (Beckman Coulter). concentration to 7.5 mM Tris/HCl pH 7.4. FA was removed by PBS buffer exchange using 30

KDa cut-off concentrators (Amicon). FA crosslinking was confirmed by separating SARS-CoV-2 FA-S on a 10% SDS-PAGE under reducing conditions.

S protein coupling to liposomes

Liposomes for conjugating S protein were prepared as described previously [START_REF] Scianimanico | Membrane association induces a conformational change in the Ebola virus matrix protein[END_REF] with modifications. Briefly, liposomes were composed of 60% of L-αphosphatidylcholine, 4% His tag-conjugating lipid, DGS-NTA-(Ni 2+ ) and 36% cholesterol (Avanti Polar Lipids). Lipid components were dissolved in chloroform, mixed and placed for two hours in a desiccator under vacuum at room temperature to obtain a lipid film. The film was hydrated in filtered (0.22 µm) PBS and liposomes were prepared by extrusion using membrane filters with a pore size of 0.1 μm (Whatman Nuclepore Track-Etch membranes). The integrity and size of the liposomes was analyzed by negative staining-EM. For protein coupling, the liposomes were incubated overnight with FA-S or S protein in a 3:1 ratio (w/w). Free FA-S protein was separated from the FA-S-proteoliposomes (S-LVs) by sucrose gradient (5-40%) centrifugation in a SW55 rotor at 40,000 rpm for 2 h. The amount of protein conjugated to the liposomes was determined by Bradford assay and SDS-PAGE densitometry analysis comparing S-LV bands with standard S protein concentrations.

S protein thermostability

Thermal denaturation of SARS-CoV-2 S, native or FA-cross-linked was analyzed by differential scanning fluorimetry coupled to back scattering using a Prometheus NT.48 instrument (Nanotemper Technologies, Munich, DE). Protein samples were first extensively dialyzed against PBS pH 7.4, and the protein concentration was adjusted to 0.3 mg/ml. 10 μl of sample were loaded into the capillary and intrinsic fluorescence was measured at a ramp rate of 1°C/min with an excitation power of 30 %. Protein unfolding was monitored by the changes in fluorescence emission at 350 and 330 nm. The thermal unfolding midpoint (Tm) of the proteins was determined using the Prometheus NT software.

Negative stain electron microscopy

Protein samples were visualized by negative-stain electron microscopy (EM) using 3-4 µl aliquots containing 0. prior to the start of the neutralization assay. Heat-inactivated sera (1:100 dilution) were serial diluted in 3-fold steps in cell culture medium (DMEM (Gibco), supplemented with 10% FBS, penicillin (100 U/mL), streptomycin (100 μg/mL) and GlutaMax (Gibco)), mixed in a 1:1 ratio with pseudovirus and incubated for 1 h at 37°C. These mixtures were then added to the cells in a 1:1 ratio and incubated for 48 h at 37°C, followed by a PBS wash and lysis buffer added. The luciferase activity in cell lysates was measured using the Nano-Glo Luciferase Assay System (Promega) and GloMax system (Turner BioSystems). Relative luminescence units (RLU) were normalized to the positive control wells where cells were infected with pseudovirus in the absence of sera. The neutralization titers (ID50) were determined as the serum dilution at which infectivity was inhibited by 50%, respectively using a non-linear regression curve fit (GraphPad Prism software version 8.3). Notably, this pseudovirus neutralization assay revealed an excellent correlation with authentic virus neutralization on a panel of human convalescent sera [START_REF] Caniels | Emerging SARS-CoV-2 variants of concern evade humoral immune responses from infection and vaccination[END_REF]. The cells were stimulated with S sequence overlapping peptide pools at a final concentration of 2 μg/mL Brefeldin A was added to each well at a final concentration of 10µg/mL and the plate was incubated at 37°C, 5% CO2 during 18 h. Next, cells were washed, stained with a viability dye (LIVE/DEAD fixable Blue dead cell stain kit, ThermoFisher), and then fixed and permeabilized with the BD Cytofix/Cytoperm reagent. Permeabilized cell samples were stored at -80 °C before the staining procedure. Antibody staining was performed in a single step following permeabilization. After 30 min of incubation at 4°C, in the dark, cells were washed in BD Perm/Wash buffer then acquired on the LSRII cytometer (Beckton Dickinson). Analyses were performed with the FlowJo v.10 software. Data are presented as the sum of each peptide pool and the non-stimulated (NS) condition was multiplied by two.

Antigen specific T cell assays using non-human primate cells

Statistical analysis

Statistical significance between groups was performed using Graphpad Prism (v9.2.0).

Differences between unmatched groups were compared using an unpaired Mann-Whitney U test (significance p<0.05), and differences between matched groups were compared using Wilcoxon signed-rank test (p<0.1). Statistical analysis of NHP gRNA and sgRNA were carried out using Mann-Whitney unpaired t-test in GraphPad Prism software (v8.3.0). (D) SARS CoV-2 pseudovirus neutralization titers at week 24 (challenge) and 1, 2 and 4 weeks post exposure (weeks 25,26,28). The Bars show the median titers.

FIGURES Figure 1: Structural characterization of cross-linked SARS-CoV2 S (FA-S) and FA-S coated lipid vesicles (LV).

For panels A to D, differences between matched groups were compared using the Wilcoxon signed-rank test (p<0.1). Les laboratoires académiques porteurs du projet n'étant pas à même d'assurer ce type de production à grande échelle, la prochaine étape du pipeline serait de trouver un fabricant adapté. Cette étape sera conditionnée par l'intérêt des industriels pour un « énième » vaccin COVID, dans un paysage saturé de candidats plus avancés dans le pipeline. Il est plus raisonnable de penser que les deux équipes parviendront à ces étapes de développement pour d'autres pathologies infectieuses, grâce à l'adaptabilité de leurs plateformes.
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 111 Bref résumé de l'article en françaisLe 11 mars 2020, devant la rapide propagation, le nombre et la fatalité des cas de COVID-19, l'Organisation Mondiale de la Santé (OMS) a catégorisé l'épidémie de SARS-CoV-2 comme une pandémie. Depuis, la pandémie a continué à faire des ravages autour du monde, causant au moins 5,3 millions de morts (chiffres de décembre 2021). Grâce à des avancées scientifiques majeures, des vaccins anti-COVID-19 ont rapidement été disponibles dans certains pays, permettant de ralentir la propagation de nouveaux cas. Cependant, l'apparition de variants du SARS-CoV-2, résistants à l'immunité post-infection et à l'immunité vaccinale, menace les progrès réalisés jusque-là. Nous exposerons les différentes stratégies vaccinales déployées pour développer une immunité protectrice contre le COVID-19, et de potentielles nouvelles pistes de développement. Ce résumé introductif est une version volontairement simplifiée et succincte de l'article de revue en anglais correspondant. Pour comprendre les stratégies de mise au point de vaccins mentionnées plus bas, il est important de connaître quelques caractéristiques du SARS-CoV-2. La surface du SARS-CoV-2, un virus à ARN enveloppé, est décorée de spicules homotrimériques glycosylés de la glycoprotéine S (spike). Cette protéine est responsable de l'attachement du virus au récepteur ACE-2 retrouvé à la surface de certaines cellules du corps humain, notamment au niveau de l'épithélium pulmonaire. La fixation du spicule au récepteur ACE-2 permet l'entrée du virus dans les cellules cibles, puis sa multiplication. Il a par ailleurs été démontré que les patients infectés par le SARS-CoV-2 développent des anticorps anti-spicule et que certains de ces anticorps (Ac) ont des fonctions neutralisantes, c'est-à-dire sont capables de bloquer l'entrée du virus dans la cellule. Les taux élevés d'Ac neutralisants (AcN) sont associés à une meilleure protection contre le développement de formes sévères ou contre les réinfections, que ce soit dans les modèles animaux ou chez les patients infectés. Les AcN étant par ailleurs considérés comme un des mécanismes d'action principaux des vaccins anti-viraux, l'induction d'une réponse AcN est rapidement devenue un des objectifs majeurs de la vaccination anti-COVID-19, et le spike l'antigène de choix dans la mise au point des vaccins. Brièvement, deux stratégies de développement d'un vaccin peuvent être distinguées et seront décrites ci-dessous. La méthode la plus ancienne consiste en l'utilisation du pathogène entier, sous forme inactivée ou atténuée. A l'inverse, la méthode la plus moderne repose sur la mise au point rationnelle du vaccin, en sélectionnant avec précision l'antigène à utiliser et la technique de vectorisation adaptée. Les vaccins à virus entiers On distingue dans cette catégorie les virus vivants atténués et les virus inactivés. Ces vaccins contenant le virus entier, ils induisent des réponses humorales dirigés contre le spicule, dont des Ac neutralisants, mais aussi contre d'autres protéines virales, ainsi que des réponses cellulaires T cytotoxiques, ceci essentiellement pour les vaccins atténués. Les vaccins à virus atténué utilisent des virus toujours capables de réplication, mais qui ont perdu leur pathogénicité par accumulation de mutations, dont certaines vont toucher des gènes responsables de virulence. L'accumulation de mutations se fait de façon classique au fil de nombreux passages sur des lignées cellulaires souvent d'origine animale, qui aboutiront à une adaptation progressive du virus, et éventuellement à une perte du pouvoir pathogène. Ce processus est long, aléatoire, et ne permet pas d'exclure ensuite une réversion à l'état virulent. Il tend donc à être remplacé par des techniques de génie génétique visant à modifier ou à éliminer directement les gènes de virulence. Le seul candidat vaccin anti-COVID-19 à virus vivant atténué en phase 3, Codagenix, utilise enfin une technique d'inactivation novatrice basée sur la dé-optimisation de codons. Dans le cas de vaccins à virus inactivés, les virus sont cultivés en laboratoire, puis récoltés et inactivés par des techniques physico-chimiques (utilisation de solvants, radiations, chaleur…), les privant définitivement de leur capacité de réplication. L'immunogénicité de virus non réplicatifs est amoindrie, ils doivent être administrés avec des adjuvants pour obtenir une réponse immune correcte. L'inactivation peut également modifier la conformation des glycoprotéines de surface, impactant la réponse humorale dirigée contre ces dernières. Trois vaccins inactivés sont largement utilisés aujourd'hui, essentiellement mis au point en Chine et en Inde : le Coronavac, le BBV152 et le BBIBP. Si cette technique est efficace et sûre, elle nécessite d'importantes capacités de culture cellulaire, processus long et peu adapté à une modification rapide du vaccin en cas d'émergence de nouveaux variants.

  Deux méthodes d'utilisation du spicule recombinant comme antigène se distinguent. La première est l'injection de la protéine, accompagnée d'adjuvant : ce sont les vaccins sousunitaires. Relativement peu immunogène, ce type de vaccin doit généralement être administré à des doses assez importantes et de façon répétée. De nombreux vaccins sous-unitaires anti-COVID ont été développés. Parmi eux, le vaccin Finlay FR-2 est basé sur un RBD recombinant couplé à la toxine tétanique. L'autre option est la vectorisation du spicule recombinant par formulation de cette protéine avec des nanoparticules. Ces particules de relativement grande taille (1-1000 nm) peuvent à la fois être phagocytées par les cellules dendritiques et entrer dans les ganglions lymphatiques, assurant une forte réponse immunitaire. Présentés de façon répétée (multimérique) à la surface de la nanoparticule, les antigènes peuvent être reconnus par plusieurs BCR à la surface des lymphocytes B, entrainant une meilleure activation cellulaire et décuplant ainsi la réponse immunitaire. C'est le cas du vaccin de Novavax, pour lequel des spicules sont assemblées de façon multimériques, formant une nanoparticule. Certains vaccins utilisent la capacité d'autoassemblage de protéines virales pour former une pseudo-particule virale (VLP pour virus like particle en anglais) servant de nanoparticules. Le seul vaccin anti-COVID-19 utilisant cette stratégie et en phase 3 d'essais cliniques est le vaccin de Medicago.
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 13 'injection du matériel génétique encodant l'antigène d'intérêt pour son expression dans les cellules du patient lui permet d'adopter une glycosylation et une conformation proche de la forme native de l'antigène tel qu'il est à la surface du virus, ce qui favorise une réponse Ac de bonne qualité. Avec les vaccins géniques, les peptides dérivés de la synthèse de l'antigène sont également présentés au système immunitaire via les protéines du Complexe Majeur d'Histocompatibilité de classe I, pouvant induire une réponse cellulaire T CD8. Par ailleurs, la synthèse de la séquence codante pour l'antigène d'intérêt dans un vecteur vaccinal de type génique est un processus très rapide et versatile, rendant cette plateforme adaptée à un contexte pandémique. Il existe deux types de vaccins géniques : les vaccins géniques à vecteurs viraux, et les vaccins à acide nucléique, avec parmi eux les vaccins à ARN et les vaccins à ADN. Les vaccins à vecteurs viraux sont très immunogéniques, bien tolérés et facilement stockables. La stratégie la plus fréquemment utilisée consiste à se servir d'un virus à la réplication défective comme vecteur, souvent un Adénovirus modifié. Un inconvénient à l'utilisation d'un virus dont la prévalence est élevée dans la population générale est l'existence d'une pré-immunité contre le vecteur, pouvant diminuer l'immunogénicité du vaccin. Parmi les vaccins anti-COVID-19 les plus avancés, Astra Zeneca a contourné ce problème en utilisant un adénovirus de chimpanzé comme vecteur pour son vaccin ChAdOx1. ChAdOx1 est un vaccin non réplicatif codant pour la version non stabilisée du spicule. Les vaccins à ARNm comportent la séquence codant pour l'antigène, avec généralement des modifications des nucléotides utilisés pour éviter une reconnaissance par le système immunitaire inné (vaccin à ARNm modifié). L'ARNm est formulé avec différentes compositions possibles de lipides ou de polymères, afin à la fois d'être protégés de la dégradation et d'augmenter l'absorption par les cellules présentatrices de l'antigène. Deux vaccins ARNm ont été parmi ceux autorisés les plus rapidement après le début de la pandémie, mis au point par Pfizer-BioNtech et Moderna. A la différence des vaccins à ARNm, le matériel génétique injecté dans les vaccins à ADN est transcrit dans le noyau de la cellule. Afin que le plasmide encodant l'antigène atteigne le noyau, des routes d'administration particulières doivent être utilisées, rendant pour l'instant l'utilisation de ce genre de vaccin à grande échelle plus difficile. Pour exemple, le vaccin anti-COVID d'Inovio, un des vaccins les plus avancés en essais cliniques, s'administre en transcutané à l'aide d'un dispositif breveté. Un des avantages principaux des vaccins à ADN est leur grande stabilité. Discussion et conclusion Nous avons vu que de plusieurs vaccins anti-COVID-19 ont démontré lors des essais de phase 3 une très bonne efficacité contre l'apparition de symptômes et les formes sévères de la maladie, et sont maintenant sur le marché. Les deux vaccins les plus efficaces sont ceux à ARNm, mis au point par Pfizer et Moderna. La capacité de ces vaccins à protéger contre la COVID-19 a été confirmée dans les conditions réelles d'utilisation à grande échelle. Au-delà de la capacité des vaccins à éviter la maladie, de nombreuses études suggèrent qu'ils diminueraient la charge virale et la durée d'excrétion en cas d'infection, ayant donc un impact également sur la transmission, en tous cas pour la souche originelle de SARS-CoV-2. Les vaccins anti-COVID sur le marché sont donc efficaces mais également bien tolérés, mis à part quelques rares réactions d'anaphylaxie, possibles lors de l'administration de tout vaccin. L'effet indésirable le plus grave, la thrombocytopénie immunitaire thrombopénique induite par le vaccin (TTIV), a été observé en phase 4 lors de l'administration des vaccins d'Astra-Zeneca et de Johnson & Johnson. Un autre effet indésirable récemment rapporté est la myocardite inflammatoire au décours d'une vaccination par vaccin à ARNm, ces deux effets indésirables restant extrêmement rares. Malgré leur haute efficacité et leur bon profil de tolérance, deux facteurs font planer une menace sur le succès des vaccins anti-COVID-19. Le premier est l'affaiblissement progressif de la réponse immunitaire quelques mois après la vaccination. Le second est l'apparition de variants préoccupants du SARS-CoV-2, possédant une transmission augmentée, et une capacité potentielle à échapper à la réponse immunitaire induite par la vaccination ou développée par des individus convalescents, notamment du fait de mutations et changements consécutifs sur le spicule ou plus spécifiquement le RBD. Ces deux facteurs, baisse de l'immunité et apparition de variants, justifient le recours à l'administration d'une troisième dose, potentiellement avec un vaccin différent des deux premières injections, afin d'induire une réponse Ac plus élevée et plus prolongée. La diminution de l'efficacité mentionnée précédemment est principalement évaluée par une diminution des titres d'AcN. Il faut cependant garder à l'esprit que certaines plateformes vaccinales sont capables d'induire des réponses cellulaires T CD8+, aidant également à la protection anti-COVID-19, et qui pourraient persister plus longtemps. La probabilité de l'émergence des variants étant corrélée à la circulation du virus dans la population globale, la meilleure façon de l'empêcher est le maintien des mesures de précaution, associé à des campagnes de vaccination massives avant même que de nouveaux variants émergent. En complément de ces mesures, il est possible d'imaginer la mise sur le marché rapide de vaccins adaptés aux variants. Par exemple, Moderna a très rapidement lancé un nouveau vaccin adapté au variant B.1.351, en modifiant la séquence codante pour le spicule, qui est actuellement testé en essais cliniques. Afin d'éviter l'apparition d'une pandémie de cette ampleur dans le futur, des investissements massifs devront être fait dans les infrastructures de surveillance en augmentant les capacités de séquençage pour la détection de la (ré)émergence de pathogènes à potentiel pandémique. Par ailleurs, suivant l'observation que les virus au sein d'une même famille partagent les mêmes caractéristiques, les étudier de façon détaillée permettra à l'humanité d'être mieux préparée en cas d'émergence d'un pathogène au sein de cette famille. Cette stratégie a été théorisée par B. Graham et K. Corbett sous le nom d'« approche par prototype de pathogène ».
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 1 Figure 1: Comparative theoretical advantages of the different vaccine platforms that can be used in terms of cellular and humoral immune responses. Adapted from Pr Crackowski.

Figure 2 :

 2 Figure 2: Antigen choice. Different antigenic forms of the S glycoprotein can be chosen when designing a SARS-2-CoV-2 vaccine, each having different advantages in term of immunogenicity and stability. Research teams have used either the S proteins as a whole or only the RBD. The spike can be produced either in a monomeric or a trimeric form. Trimeric spikes can be either in a wild type or in a stabilized conformation. Most of the vaccine candidates to date have been designed with the 2-P stabilized version of the spike, but new constructions will may be used in the future.
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 3 relatively big size allows for both dendritic cells uptake and entry into the lymph node, stimulating both humoral and cellular immune responses. Broadly speaking, nanoparticles complexes can be formulated via in two different ways, either by adsorption at the surface or by encapsulation, each presenting different advantages. Encapsulation protects the antigen from proteases while nanoparticle surface decoration allows for the display of a high density of repetitive epitopes to be presented. This high epitope density or multimerization(39) tends to induce stronger B cell immune responses, notably via BCR cross-linking (40), favoring B cell activation. Nanoparticle-based vaccines are diverse and versatile: indeed, different antigens can be grafted onto the surface of a diversity of type of nanoparticles to create different vaccine candidates. For example, the Kwong team designed candidates based on nanoparticles from Aquiflex aeolius lumazine synthase and Helicobacter pylori ferritin grafted with various trimeric antigens (either from syncytial virus fusion F glycoprotein, parainfluenza virus type glycoprotein, or SARS-CoV-2 glycoprotein), allowing for a rapid turnaround design adapted to pandemic circonstances (41).In the COVID-19 vaccines field, Novavax with its NVX-CoV2373 is the most advanced protein nanoparticle vaccine. NVX-CoV2373 is based on trimeric full-length protein S stabilized in a pre-fusion conformation, produced in insect cells, that assemble in a multimeric pattern. Those nanoparticles are administered with the saponin-based M-Matrix adjuvant(42).Among nanoparticle vaccines, virus-like particles (VLPs) are a particular sub-category. VLPs are "self-assembling systems that spontaneously form virus-shaped particles following expression of one or several viral proteins, often adopting a icosahedral or rod-like structure"(43). In the COVID-19 vaccine field, Medicago is the most advanced biotechnology firm in the VLP vaccine pipeline. Its candidate, CoVLP (for CoronaVirus Like Particle), is a VLP produced by the transient transfection of Nicotiana benthamiana plants, displaying stabilized pre-fusion spikes at its surface. CoVLP has recently advanced to phase 3(44).

Four different types of

  viral vectors vaccines exist (45): replication defective; replication competent, single cycle defective and finally multisegmented viral vectors (those last two being very rarely used). Use of replication defective vectors is the most popular strategy, notably because of its good safety profile: replication has been made impossible by deleting part of the viral genome. An example of this strategy is the Ad26.COV2.S vaccine developed by Johnson and Johnson, benefiting from the firm experience with its commercialized Ad26.ZEBOV/MVA-BN-Filo Ebola vaccine. Indeed, this non-replicating vaccine uses Ad26

  costs. "Regular" mRNA vaccines were the first vaccines approved in the COVID-19 vaccine landscape.Indeed, Pfizer-BioNtech was the first firm to get an FDA authorization for a mRNA COVID-19 vaccine. The manufacturing of mRNA vaccines is a very flexible process and allowed Pfizer-BioNtech to develop both soluble trimerized RBD and membrane bound full length prefusion stabilized spike protein vaccine candidates, respectively BNT162b1 (58) (59) and BNT162b2.The final choice driving the decision to select BNT162b2 coding for a membrane anchored spike protein was its milder systemic reactogenicity profile, together with a similar Ab responses compared to BNT162b1 (60) (61)[START_REF] Walsh | Safety and Immunogenicity of Two RNA-Based Covid-19 Vaccine Candidates[END_REF]. A week later, Moderna mRNA 1273 vaccine also got approved by the FDA. It is a lipid nanoparticle encapsulated mRNA vaccine that encodes for the prefusion stabilized spike protein. When administered to non-human primates (NHP), mRNA 1273 induced Ab production at levels superior to those observed in convalescent people and a rapid clearance of the viral replication in both upper and lower airways.

  The most documented option is the intramuscular administration with an electroporation device. This delivery strategy has been chosen by Inovio, with its INO-4800 vaccine administered by Cellectra, Innovio's patented electroporation device. A second route is the transdermal administration, that engages antigen presentation via dendritic cells. The third potential route is the most invasive and consists of intravenous injection of the vaccine, so that plasmidic DNA can reach secondary lymphoid organs. Because they for the most need special devices or special skills, administration methods required for DNA administration are still a major obstacle to the development of large-scale vaccination programs. However, DNA vaccines have two interesting advantages when compared to mRNA ones in mass-vaccination onsets. First, production of large quantities of plasmidic DNA in E.Coli strains allows a rapid scale-up in production capacities. Another major advantage is the thermostability of plasmidic DNA, stable as long as one year at room temperature, particularly convenient in countries with a poor cold-chain. One of the most advanced DNA vaccine in this pipeline, INO-4800 from Inovio, encoding for the whole spike protein, demonstrated it was well tolerated and induced high levels of Ab responses, and is currently studied in phase 3 clinical trials.

  mutations. For example, Moderna rapidly launched a clinical trial (NCT04785144) with a new vaccine version adapted to B.1.351 variant.

  According to research made by the team of A Sette (83), T epitopes recognition from the B.1.1.7, B.1.351, P1 and B.1.429 variants is not significantly modified as compared to ancestral virus recognition, whether in convalescents or in people vaccinated with the Moderna or Pfizer jabs. This emphasizes the importance of induction of a potent T cell response to provide a robust immune response that could help resist most variants.

(

  TMB) et une réaction colorimétrique rapide s'ensuit. Afin de bloquer la réaction, une solution acide de H2S04 (1M) est ajoutée à 1 minute et 10 secondes. La densité optique est ensuite lue à 450 nm à l'aide du lecteur de plaque TECAN Spark 10M.

Figure 3 :

 3 Figure 3 : Principe de l'ELISA direct

  Afin de pouvoir comparer des sérums entre eux, sont calculées les concentrations inhibitrices médianes : l'IC50 et la ND50, qui correspondent toutes les deux à la dilution de sérum pour laquelle on obtient 50% du signal maximal, en ELISA et en neutralisation respectivement. Ces valeurs sont calculées à l'aide du logiciel Graph Pad.

Figure 4 :

 4 Figure 4 :Principe du test de neutralisation, adapté de R. Rouzeau(5) 

  35 µm. In total, 1038 movies with 40 frames per movie were collected with a total exposure of 40 e-/Å 2 . Image processing and cryo-EM structure refinement Movie drift correction was performed with Motioncor2 50 using frames from 2 to 40. CTF determination was performed with Relion 3.1.2 (Scheres 2012). 939 movies out of 1038 were kept at this stage. Particles selection have been done using the Laplacian filter with a diameter between 30 and 40 nm. A total of 77 323 particles have been automatically selected, boxed into 480x480 pixel 2 boxes and submitted to 2D classification. After extensive selection and generation of an initial model imposing I1 symmetry, 3D refinement followed by CTF Refine and post-processing generated a final reconstruction including 10163 particles with a resolution of 2.76 Å (Fourier Shell = 0.143) (applied B-factor -82) Immunofluorescence Microscopy HeLa-ACE2 cells (kindly provided by Dr David Nemazee) were seeded on polylysine coated glass coverslips the day before the experiment. Coverslips were incubated for 1H at 4°C with 0.75ug of either ADD-ST or ADD-RBD in 50l of pre-chilled DMEM. Coverslips were washed three time in cold PBS then fixed for 10 minutes with -20°C methanol. Fixed cells were blocked for 1H in PBS supplemented by 3% Normal Goat Serum , then incubated for 1H with 1/1,000 rabbit HAd3 anti penton base serum. After three PBS washes cells were incubated with 1/250 antiRabbit Alexa488 Ab (ThermoFischer A32721), washed three time in PBS then nuclei were couterstained with Hoechst 33258 for 3 minutes before mounting. Observation were done on Zoe microscope (BioRad).

HeLa ACE- 2

 2 cells to determine the appropriate dilution of pseudovirus necessary to obtain about 150 000 RLU per well in a 48 well-plate.Neutralization assaySerial 3-fold dilutions starting from 1/10 dilution (serum), or 6µg/mL (known bNAbs) were let in contact with the pseudoviruses for 1h at 37°C in 96-w white plates (Greiner #675083), before addition of HeLa ACE2 cells. Plates were incubated 24h at 37°C, protected from evaporation, then cells were fed with 60 µL of DMEM (Gibco 11966-025) supplemented with 10% FBS ( VWR 97068-086), and incubated for another 24h. Medium in each well was aspirated and replaced by 45 µL of 1X cell lysis buffer (Ozbioscience # LUC1000) for a 60 min-incubation under agitation. Thirty µL of luciferin substrate was then added and Relative Light Unit (RLU) was measured instantly by a luminometer. For competition with ADD-ST, ADD-RBD and RBD-SC the same protocol was used with initial concentration of 150g/mL for ADD-ST, 200g/mL and ADD-RBD and 50g/mL for RBD-SC alone. Serums from a cohort of Grenoble region hospitalized convalescent patients were obtained with their consent, 6 to 8 months following COVID-19 diagnosis. The study was approved by the 'Comité de Protection des Personnes SUD-EST I' on 20 August 2020 (ref 2020-84).

  showing the shift of the peaks by 13.3 kDa. The doublet is due to an alternative start of translation in ADD-ST and display the same mass shift of 13,3kDa. (d) Negative staining electron micrographs of ADD-ST and ADD-ST/SC (bar: 30nm).

Figure 2 :

 2 Figure 2: Cryo-EM reconstruction of ADD-ST decorated with SC. (a) Representative 2D picture of the particles frozen on ice (bar:30nm). (b) Section through the density of the 3D reconstruction without (ADD-ST) or with SC (ADD-ST/SC). (c) Isosurface representation of the ADDomer-ST/SC 3D structure showing the extra density of SC in purple onto the nondecorated ADD-ST scaffold in light blue. The particle is represented along either the 5 or 3 fold-axis (left and right, upper panel; bars: 80 and 20Å, respectively). Focus on a pentameric complex of ADD-ST/SC with a close up view onto a single SC/ST interaction (dashed line boxes in the lower panel). The atomic resolution structure (dark blue) of the HAd3 penton base (PDB 4AQQ) has been fitted into the ADDomer EM density (light blue) (d) Organization of SC along the 3-fold axis of the particle (upper panel) and comparison with SARS-CoV-2 RBD architecture (in red) within the Spike protein structure (in green, PDB 6VXX) at the same scale.

Figure 3 :

 3 Figure 3: Fusion of SARS-CoV-2 RBD to SC enables its surface presentation on ADDomer particles. (a) Schematic representation of the spontaneous RBD-SC binding to ADD-ST to give

Figure 4 :Figure 5 :

 45 Figure 4: Functional characterization of the ADDomer particles decorated with SARS-CoV-2 RBD. (a) Surface plasmon resonance sensorgrams obtained by injection of different amounts of ADD-RBD to the immobilized ectodomain of the human ACE2 receptor fused to IgG Fc constant domain 29 and kinetic analysis. (b) Immunofluorescence microscopy images of HeLa-ACE2 cell at 4°C with double staining with Hoechst (blue) and anti-ADDomer Ab and an Alexa488-conjugated secondary Ab (green) in presence of non-decorated ADD-ST (left) or ADD-RBD (right) particles. (c) Competition of pseudotyped SARS-CoV-2 virus encoding luciferase with either ADD-ST (blue), RBD-SC (red) and ADD-RBD (gold) at different dilutions.

Figure 6 :

 6 Figure 6: Anti-RBD Ab in all groups of mice 2 and 4 weeks after the booster immunization. (a) IC50 of anti-RBD for each individual mice from all groups, 2 weeks after the booster injection. (b) Same data, 4 weeks after the booster injection. Lines are mean values (Kruskall-Wallis statistical test). (c) Means of the anti-RBD response from all mice according to their groups and the time after the first immunization performed at Day 0.
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 73231 Figure 7: Neutralization study of mice sera on SARS-CoV-2 pseudo-typed virus and comparison with COVID-19 convalescent patients.(a) Curves showing the percentage of neutralization of individual sera of mice from all groups on viral infection by SARS-CoV-2 pseudo-typed virus. This pseudo-typed viruses encodes luciferase as a reporter of cell infection and was preincubated with three-time serial dilutions

  group started to show clear detection of S, FA-S and RBD-specific IgG on week 2 pe (week 26) (Figure 5A, B, C), which correlated with the detection of neutralization on week 2 pe in most animals (Figure 5D). Protection of vaccinated animals further correlated with the presence of significant S and RBD-specific IgG and IgA in nasopharyngeal fluids (Figure 2E and S4). This indicated that S-LV vaccination induced mucosal immunity that very likely contributed to the sterilizing effect of vaccination. Similar to previous observations (Maisonnasse et al., 2020; Brouwer et al., 2021), during the first 14 dpe, all control animals showed mild pulmonary lesions characterized by nonextended ground-glass opacities (GGOs) detected by chest computed tomography (CT) (Figure S5A).

  Many vaccines are under development, in preclinical and clinical testing[START_REF] Klasse | Immunogenicity of clinically relevant SARS-CoV-2 vaccines in nonhuman primates and humans[END_REF] and eight have been approved by regulatory agencies over the world. Here we developed a twocomponent system employing SARS-CoV-2 S glycoprotein coupled to liposomes. Since the stability of the wild type SARS-CoV-2 S glycoprotein is low due to its tendency to spontaneously switch into its post fusion conformation[START_REF] Cai | Distinct conformational states of SARS-CoV-2 spike protein[END_REF], SARS-CoV-2 S was stabilized by two proline mutations that enhanced stability[START_REF] Wrapp | Cryo-EM structure of the 2019-nCoV spike in the prefusion conformation[END_REF]. However, this S '2P' version still showed limited stability over time as reported[START_REF] Wrapp | Cryo-EM structure of the 2019-nCoV spike in the prefusion conformation[END_REF], which may be due to cold sensitivity[START_REF] Edwards | Cold sensitivity of the SARS-CoV-2 spike ectodomain[END_REF]. We overcame the problem of stability by using formaldehyde cross-linking that increased the thermostability to 65°C, preserving the native S conformation over extended storage time periods. Furthermore, we detected two crosslinking sites by cryo-EM which showed that cross-linking locked the native S trimer in the closed, RBD-down conformation via covalent inter-protomer interactions, which prevent conformational changes leading to the post fusion conformation. Notably, formaldehyde crosslinking is widely used in vaccine formulations[START_REF] Eldred | Vaccine components and constituents: responding to consumer concerns[END_REF]. S stability has been since improved by engineering six proline mutations (S '6P') which increased the thermostability to 50°C(Hsieh et al., 2020) and by disulfide-bond engineering[START_REF] Xiong | A thermostable, closed SARS-CoV-2 spike protein trimer[END_REF]. Moreover, ligand binding renders S more stable[START_REF] Rosa | SARS-CoV-2 can recruit a heme metabolite to evade antibody immunity[END_REF][START_REF] Toelzer | Free fatty acid binding pocket in the locked structure of SARS-CoV-2 spike protein[END_REF]. Many previous studies have shown that immunogen multimerization strategies are highly beneficial for B cell activation including the use of synthetic liposomes (Alving et al., 2016; Nisini et al., 2018) such as HIV-1 Env-decorated liposome vaccination strategies (Dubrovskaya et al., 2019). We linked SARS-CoV-2 S to liposomes producing synthetic virus-like particles with controlled diameters. Our data show that the S-LVs show similar immunogenic properties as a number of reported self-assembling particles of SARS-CoV-2 RBD and S (Brouwer et al., 2021; Cohen et al., 2021; Guebre-Xabier et al., 2020; Tan et al., 2021b; Walls et al., 2020a; Zhang et al., 2020a). Our S-LVs induce robust and potent neutralizing responses in cynomolgus macaques, which completely protected the animals from infection by sterilizing immunity. Notably, no signs of virus replication could be detected in the upper and lower respiratory tracts consistent with the absence of clinical signs of infection such as lymphopenia and lung damage characteristics for Covid-19 disease. The important correlate of protection against SARS-CoV-2 is provided by neutralizing antibodies (Addetia et al., 2020; McMahan et al., 2021; Yu et al., 2020). The S-LV approach induces high titers already after two immunizations, with a median ID50 of ~8000 two weeks after the second immunization, which is substantially higher than neutralizing Ab responses reported for vaccines tested in NHP studies, including licensed ones. Adenovirus-based vaccines (AstraZeneca ChAdOx1; Janssen AD26COV2SPP°(Mercado et al., 2020; van Doremalen et al., 2020), inactivated virus vaccines (Sinovac PiCoVacc; Sinopharm/BIBP BBIP-CorV)(Gao et al., 2020; Wang et al., 2020b), a DNA vaccine (Yu et al., 2020) and a mRNA vaccine (Pfizer/BionTech BNT162b2)(Vogel et al., 2021) showed 10-20 times lower titers compared to the S-LVs in macaques studies. Further, the Moderna mRNA-1273 (Moderna)(Corbett et al., 2020), S trimers (Clover Biopharmaceutical) (Liang et al., 2021) and NVX-CoV2373 (Novavax)(Guebre-Xabier et al., 2020) induced similar or higher titers in macaque studies. Median ID50 titers increased by a factor of ~4 after the third immunization, but did not amplify after the fourth immunization. The T cell response in the vaccinated group was biased towards TH1 CD4+ T cells consistent with licensed or other experimental vaccines (Corbett et al., 2020; Ewer et al., 2021; Ganneru et al., 2021; Keech et al., 2020; Sahin et al., 2020). Serum neutralization was already significant after the first immunization, but increased by a factor of ~20 after the second immunization and by a factor of 3 after the third immunization indicating that two immunizations with S-LVs may suffice to confer protection. BnAb titers decline within 11 weeks after the third immunization to the levels of week 8 (prior to the third immunization) and increase slightly after the fourth immunization to the median ID50 level attained after the third immunization. Vaccination prevented lymphopenia and lung damage in animals infected with SARS-CoV-2 at a dose comparable (Corbett et al., 2020; Guebre-Xabier et al., 2020; Mercado et al., 2020; van Doremalen et al., 2020; Yu et al., 2020) or lower (Brouwer et al., 2021) than in previous studies. Protection was sterilizing since no replication could be detected in the upper and lower respiratory tract suggesting that vaccination with S-LVs will prevent virus shedding and transmission. Sterilizing immunity likely correlates with mucosal antibody responses that protects the upper respiratory tract from infection (Isho et al., 2020; Randad et al., 2020). Since we detected significant IgG and IgA in nasopharyngeal fluids at the time of viral challenge, we conclude that S-LV vaccination induces sterilizing protection by eliciting mucosal immune responses. SARS-CoV-2 infection generates neutralizing antibodies with up to 90% targeting RBD, which is immunodominant (Piccoli et al., 2020; Robbiani et al., 2020; Suthar et al., 2020). Similarly, mRNA vaccination elicits predominately RBD-specific neutralizing antibodies (Stamatatos et al., 2021). RBD antibodies can be grouped into three classes (Barnes et al., 2020a; Barnes et al., 2020b) and seem to be easily induced by immunization as many of them are generated by few cycles of affinity maturation indicating that extensive germinal center reactions are not required[START_REF] Kreye | A SARS-CoV-2 neutralizing antibody protects from lung pathology in a COVID-19 hamster model[END_REF]. Consistent with these findings we show that RBD-specific antibodies are predominant after the first and second immunization as indicated by similar Sspecific and RBD-specific titers. However, after the third immunization median S-specific ED50s are 3 times higher than RBD-specific ED50s four weeks after the third immunization.

Finally, the beads

  were washed with TBST and resuspended in 70 µL Magpix drive fluid (Luminex Corporation). The beads were agitated for a few minutes on a plate shaker at RT and then readout was performed on the MAGPIX (Luminex Corporation). Reproducibility of the results was confirmed by performing replicate runs. Pseudovirus neutralization assay Pseudovirus was produced by co-transfecting the pCR3 SARS-CoV-2-SΔ19 expression plasmid (Wuhan Hu-1; GenBank: MN908947.3) with the pHIV-1NL43 ΔEnv-NanoLuc reporter virus plasmid in HEK293T cells (ATCC, CRL-11268) (Caniels et al., 2021). The pCR3 SARS-CoV-2-SΔ19 expression plasmid contained the following mutations compared to the WT for the variants of concern: deletion (Δ) of H69, V70 and Y144, N501Y, A570D, D614G, P681H, T716I, S982A and D1118H in B.1.1.7 (Alpha, UK); L18F, D80A, D215G, L242H, R246I, K417N, E484K, N501Y, D614G and A701V in B.1.351 (Beta, SA); L18F, T20N, P26S, D138Y, R190S, K417T, E484K, N501Y, D614G, H655Y and T1027I in P.1 (Gamma, BR) (Caniels et al., 2021). HEK293T/ACE2 cells kindly provided by Dr. Paul Bieniasz (Schmidt et al., 2020) were seeded at a density of 20,000 cells/well in a 96-well plate coated with 50 μg/mL poly-L-lysine 1 day

  To analyze the SARS-CoV-2 protein-specific T cell, 15-mer peptides (n = 157 and n=158) overlapping by 11 amino acids (aa) and covering the SARS-CoV-2 Spike sequence (aa 1 to 1273) synthesized by JPT Peptide Technologies (Berlin, Germany) and used at a final concentration of 2 µg/mL.T-cell responses were characterized by measurement of the frequency of PBMC expressing IL-2 (PerCP5.5, MQ1-17H12, BD), IL-17a (Alexa700, N49-653, BD), IFN-γ (V450, B27, BD), TNF-α (BV605, Mab11, BioLegend), IL-13 (BV711, JES10-5A2, BD), CD137 (APC, 4B4, BD) and CD154 (FITC, TRAP1, BD) upon stimulation with the two peptide pools. CD3 (APC-Cy7, SP34-2, BD), CD4 (BV510, L200, BD) and CD8 (PE-Vio770, BW135/80, Miltenyi Biotec) antibodies was used as lineage markers. One million of PBMC were cultured in complete medium (RPMI1640 Glutamax+, Gibco; supplemented with 10 % FBS), supplemented with co-stimulatory antibodies (FastImmune CD28/CD49d, Becton Dickinson).

(

  A) Right panel, cryo-EM density of FA-S with all three RBD down; each protomer is colored differently. The structure was calculated from 126,719 particles imposing C3 symmetry. is shown, colored according to local resolution. Middle panel, molecular model of FA-S refined to a resolution of 3.4 Å shown as ribbon. Modeled Nlinked glycans are shown as all atom models. Right panel, Two major cross-linking sites were identified that covalently link RBDs and the S2 subunits from different protomers. (B) Close-up of the cross-linking sites between RBDs. Formaldehyde cross-linked amino groups of K378 and R408 of neighboring protomers as indicated by the continuous density connecting side chains (right panel).

Figure 2 :Figure 3 :

 23 Figure 2: Antibody responses induced by S-LV vaccination of cynomolgus macaques (A) Scheme of vaccination, challenge and sampling. Syringes indicate the time points of vaccination, red drops the time of serum collection and the virus particle the time point of challenge. Symbols of identifying individual macaques are used in all figures.(B) ELISA of SARS-CoV-2 S-protein-specific IgG determined during the study at weeks 0,2, 4, 6, 8, 10, 12, 22, 24, 26, 28. Ab titers of individual animals are shown.

Figure 4 :

 4 Figure 4: S-LV immunization protects cynomolgus macaques from SARS-CoV-2 infection (A) Genomic (A) and Subgenomic (sg)RNA viral loads (B) in tracheal swabs (left) and nasopharyngeal swabs (middle) of control (black) and vaccinated (red) macaques after challenge. Viral loads in control and vaccinated macaques after challenge in BAL are shown (right). Bars indicate median viral loads. Vertical red dotted lines indicate the day of challenge. Horizontal dotted lines indicate the limit of quantification.

Figure 5 :

 5 Figure 5: Serum antibody titers and neutralization of vaccinated and control group cynomolgus macaques after SARS CoV-2 challenge. Antibody IgG titers were determined by ELISA at weeks 24 (challenge), 25, 26, 27 and 28 against (A) SARS-CoV-2 S, (B) SARS-CoV-2 FA-S and (C) SARS-CoV-2 S RBD. Vaccinated animals are shown with red symbols and control animals with black symbols.

Figure 6 :

 6 Figure 6: Antigen-specific CD4 T-cell responses in S-LV immunized cynomolgus macaques. Frequency of (A) IFNγ+, TFNα+ and IL-2+, (B), Th1 (IFN γ+/-, IL-2+/-, TNFα+), (C) IL-13+and IL-17+ antigen-specific CD4+ T cells (CD154+) in the total CD4+ T cell population, respectively, for each immunized macaque (n = 4) at week (W)21 post-immunization (p.im.) (i.e. two weeks after the 4 th immunization, pre-exposure) and 14 days post-exposure (d.p.e.). PBMCs were stimulated overnight with medium (pink symbols) or SARS-CoV-2 S overlapping peptide pools (red symbols). Bars indicated means. Time points in each experimental group were compared using the Wilcoxon signed rank test.

Figure 7 :

 7 Figure 7: S-vaccination induces robust neutralization of SARS CoV-2 variants. B.1.1.7 (Alpha, UK), B.1.351 (Beta, SA) and P.1 (Gamma, BR) pseudovirus neutralization titers were compared to the Wuhan vaccine strain. Titers were determined using total IgG purified from sera at weeks 8 (2 immunizations), 12 (3 immunizations), 24 and 28 (4 immunizations).Background neutralization by IgG isolated from naïve animals was <100 for all variants and is indicated by the dashed line.

Figure S2 :

 S2 Figure S2: Cryo-EM structure validation. (A) Cryo-EM image of the S trimer. (B) Isosurface representation of the 3D reconstruction of the S trimer obtained by cryo-EM colored by local resolution (color code in Å). (C) Fourier Shell Correlation (FSC) curves calculated between two independent 3D reconstructions of the S trimer (gold standard FSC, resolution of 3.4 Å at FSC=0.143) and between the cryo-EM 3D reconstruction and the refined atomic model (FSC map vs model, resolution of 3.7 Å at FSC=0.5). (D, E, F) Three different zones of the S trimer are shown to

Figure S3 :

 S3 Figure S3: Viral RNA detection upon SARS CoV-2 challenge. Genomic (A) and subgenomic (sg)RNA (B) viral loads detected in rectal fluids upon challenge of vaccinated animals (red) and control (black) animals. Data for individual animals has been plotted. Vertical red dotted lines indicate the day of challenge. Horizontal dotted lines indicate the limit of quantification.

Figure S4 :

 S4 Figure S4: Detection of RBD-specific IgG and IgA in nasopharyngeal fluids. Relative mean fluorescence intensity (MFI) of IgG and IgA binding to SARS-CoV-2 RBD measured with a Luminex-based serology assay in nasopharyngeal swabs. The background level is indicated by dotted lines. The vertical red line indicates the day of challenge. Groups were compared using the Mann-Whitney U test (*p < 0.05).

Figure S5 :

 S5 Figure S5: Clinical manifestations upon infection. (A) Lung CT scores of control (black) and vaccinated (red) macaques over the course of 14 days post exposure. The CT score is based on the lesion type (scored from 0 to 3) and lesion volume (scored from 0 to 4), which have been summed for each lobe. (B) Monocyte counts in the blood of control (black) and vaccinated (red) macaques after challenge

Figure S7 :

 S7 Figure S7: Gating strategy for antigen-specific CD4 and CD8 T-cell responses in cynomolgus macaques.The analysis is focused on alive cells and singlets. T Lymphocytes are selected after a SSC-A vs FSC-A gating, according to their expression of the CD3 marker (Step 1). CD4 and CD8 positive T cells are devised corresponding their expression of CD4 and CD8.Then for CD4 and CD8 T cell populations, expression of activation markers and cytokine production is studied (Step 2). At the end, boolean gates allow us to study the combination of activated and cytokine producing cells. All these parameters are analysed for all stimulations.

Figure S8 :

 S8 Figure S8: Antigen-specific CD8 T-cell responses in S-LV immunized cynomolgus macaques. Frequency of IFNγ+ (top left), TFNα+ (top middle), IL-2+ (top right), IL-13+ (bottom left) and IL-17+ (bottom right) antigen-specific CD8+ T cells (CD137+) in the total CD8+ T cell population, respectively, for each immunized macaque (n = 4) at week (W)21 (i.e. two weeks after the 4th immunization, pre-exposure) and 14 days post-exposure (d.p.e.). PBMCs were stimulated overnight with medium (pink symbols) or SARS-CoV-2 S overlapping peptide pools (red symbols). Bars indicate means. Time points in each experimental group were compared using the Wilcoxon signed rank test.

Figure S9 :

 S9 Figure S9: S-VLP vaccination induces neutralization of SARS CoV-2 variants. B.1.1.7 (Alpha, UK), B.1.351 (Beta, SA) and P.1 (Gamma, BR) pseudovirus neutralization titers were compared to the Wuhan vaccine strain (WT). Titers were determined at weeks 24 (exposure) and 28 (4 weeks pe). Comparison of sera from vaccinated macaques and the control group indicated high background values at week 24 (challenge) for Beta and Gamma. Groups were compared using the Mann-Whitney U test (*p < 0.05). The bars indicate median titers.

  

  

  

  

  

  

  

  

  

  

  2, the causative agent of COVID-19. Ever since, the pandemic has continued unabated throughout the world, causing as of December 2022, more than 5,3 million deaths(1). Thanks to recent scientific advances and the combined efforts of the scientific community, a number of vaccines have been rapidly developed across the world. Their use, although impaired by unequal distribution across the planet, started to put a dent in the course of the pandemic, but the appearance of new coronavirus variants, potentially resistant to vaccine-induced immunity, may jeopardize the progresses made so far. In this review we will expose the different vaccines

	other localizations), explaining much of the virus tropism and physiopathology. Two entry
	pathways have been described for SARS-CoV-2, either through direct fusion at the cell
	membrane or following endocytic uptake. In both cases, fusion requires cleavage of the S2
	domain through either the cell surface protease TMPRSS2 or cathepsins located in endocytic
	vesicles. Infection of target cells is largely dependent on the expression of such factors.
	The viral spike is of particular importance for vaccine design as, being exposed on the viral
	surface and used for entry, it is the target of neutralizing antibodies. One of the main mechanism
	of action of neutralizing antibodies (nAbs) is the blocking of viral entry blocking by inhibition
	of the interaction between viral surface proteins and cell receptors (ACE-2 receptor in the case
	of SARS-CoV-2) (6). Neutralization is considered as one of the main mechanism of anti-viral
	vaccine-induced protection and as such, vaccines aiming to induce nAbs and therefore using
	the spike protein as an antigen have been sought early on to fight COVID-19 (7) (8). In addition,
	strategies that have been developed to date to elicit protective immunity against COVID-19 and beside their neutralizing capacity, nAbs can potentially trigger Fc-mediated functions such as
	discuss potential new avenues. complement activation, antibody dependent phagocytosis (ADCP), and antibody dependent
	cell-mediated cytotoxicity (ADCC). All these effector functions may also potentially play a role
	Vaccines are "a simple, safe and effective way of protecting people against harmful diseases in antibody (Ab)-mediated protection against disease (9).
	before they come in contact with them" as defined by the WHO. To be effective on a broad
	scale, immune responses need to be induced in a large fraction of the vaccinees and offer long SARS-CoV-2 research has from early on focused on confirming the existence and activity of
	term protection, ideally during years or even a lifetime. Similarly, vaccines against COVID-19 anti-spike nAbs, leading to the rapid isolation of potent nAbs and their development for
	aim to prevent disease, in particular severe cases. They can also have further goals and COVID-19 prevention and treatment. Rapidly, studies further confirmed the importance of
	consequences: to prevent infection, transmission, and long COVID. All these goals have been nAbs in protection against SARS-CoV-2 infection and COVID-19. Most of infected people
	to various extents fulfilled by current vaccines, although some aspects of vaccination outcomes were shown to develop anti-spike humoral immunity with various levels of detectable nAbs
	are still being studied. (10)
	A good understanding of the virus lifecycle and physiopathology, based notably on previous
	research work on other pathogenic human coronaviruses such as MERS-CoV (2) and SARS-
	CoV (3), has helped the rapid design of COVID vaccines. As for the other coronaviruses,
	SARS-CoV-2 has various structural proteins: the nucleocapsid (N), membrane (M), envelope
	(E) and spike (S). The viral spike is made of a trimer of the S glycoprotein, which belongs to
	type 1 fusion proteins and is composed of two domains: S1 and S2 (4) .The S1 domain binds to
	the ACE-2 receptor on target cells through its Receptor Binding Domain (RBD) (5), leading to
	conformational changes from pre-fusion to post-fusion form, leading to viral entry. Cells
	expressing the ACE-2 receptor are very abundant in the trachea and lung epithelium (among

1 Méthodologie du test ELISA Mon

  

	1.Méthodologie
	Avant de nous intéresser aux résultats des deux études, un point de méthodologie
	s'impose pour mieux appréhender les techniques de l'ELISA (Enzyme Linked Immunosorbent
	Assay) et de la neutralisation, techniques réalisées dans le laboratoire du Pr P. Poignard. Ces
	deux tests sont complémentaires et très informatifs dans le contexte de l'évaluation d'un
	candidat vaccinal. L'ELISA permet notamment de déterminer la capacité des Ac contenus dans
	un sérum d'animal immunisé à reconnaitre un antigène donné. Ce test permet donc de définir
	si des Ac spécifiques de l'antigène vaccinal ont été induits par la vaccination et de suivre
	l'évolution de leur titre.
	CHAPITRE 2
	ÉVALUATION DE
	L'IMMUNOGÉNICITÉ DE DEUX
	CANDIDATS VACCINAUX
	Dans le cas des études présentées, l'antigène peut être du spike, du RBD ou de l'ADDomer.
	L'adsorption est réalisée sur la nuit en incubant les plaques à 4°C. Le lendemain, les plaques
	sont lavées avec du PBS-Tween 0,05% à l'aide d'un laveur de plaques (Thermoscientific plate
	washer #5165040). Ensuite est réalisée une étape de blocage par dépôt d'une solution de PBS-
	BSA 3%. La BSA se fixe sur les espaces de la plaque non recouverts par l'antigène, empêchant
	ensuite la fixation aspécifique des Ac. Après une heure d'incubation à température ambiante

time needed to create COVID-19 vaccines has also been made possible by both accelerated regulatory procedures and improvement in communication techniques, allowing development of what Dr Rappuoli calls "internet-based-vaccines"

[START_REF] Rappuoli | Vaccinology in the post -COVID-19 era[END_REF]

. Indeed, the internet now allows instant data sharing on a global scale, which in the context of ground-breaking discoveries in molecular biology that allow gene cell-free synthesis from a known nucleotide sequence, with no need for laboratory culture of virus or proteins production, could to a lead to a vaccine revolution with almost immediate production of new adapted vaccines in automated facilities across the world

[START_REF] Dormitzer | Synthetic generation of influenza vaccine viruses for rapid response to pandemics[END_REF]

.

To conclude this review on an optimistic point, 2022 may see the development of "secondgeneration vaccines", ripping off the first-generation vaccines with improved capacities (including storage performances, production yields, costs…) and an ability to tackle variants. Second generation vaccines could allow worldwide population to dream of a full vaccine coverage by the end of 2022 and a return to a pre-pandemic life. Le test de neutralisation permet d'évaluer la fonctionnalité des Ac à travers la mesure de leur capacité neutralisante, la neutralisation étant définie comme la perte d'infectivité qui a lieu lorsque un Ac fixe un virion (1). La neutralisation est certainement un mécanisme prépondérant de la protection induite par les vaccins contre les infections virales et comme évoqué précédemment dans la revue, il semble exister une corrélation entre réponses neutralisantes et protection (2) (3). Il est important de souligner que les Ac possèdent d'autres activités fonctionnelles (4), non évaluées par le test de neutralisation, mais qui jouent un rôle dans la protection : induction de la cascade du complément, facilitation de l'opsonisation, cytotoxicité médiée par les Ac… 1.travail dans ce projet a consisté à mettre au point puis réaliser les expériences d'ELISA. La première étape consiste à déposer pour adsorption un antigène donné sur une plaque spécialement traitée pour fixer des protéines (Maxisorp NUNC Immunoplate, #442404). pour le blocage et une étape de lavage, les sérums à tester sont déposés dans les puits. Ces sérums sont testés à différentes dilutions, effectuées en cascade, afin d'en déterminer le titre. Après une nouvelle incubation d'une heure suivie de cinq lavages, l'Ac secondaire, couplé à l'enzyme HRP (horseradish peroxydase) est ajouté. Cet Ac provient d'une autre espèce que celle dont on veut doser les Ac, et dans notre cas va s'accrocher aux parties constantes des immunoglobulines murines ou simiennes à doser (Goat anti-mouse IgG (H+L) secondary Ab conjugated to HRP (JIR #115-035-062)) ou (Goat anti-monkey H+L antibody conjugated to HRP (Invitrogen #PA1-84631)). Après une heure, le substrat de l'enzyme HRP est ajouté

  Amicon Ultra MWCO 100kDa), aliquotés et stockés à -80°C. Avant usage, les pseudovirus sont titrés sur des cellules HeLa exprimant le récepteur ACE-2 à leur surface, pour connaitre la concentration à laquelle on obtient une RLU de 150 000 Unité Relative de Lumière par puits de plaque 96 puits. Ce titre a été choisi car il permet une plage dynamique assurant une mesure adéquate du taux de neutralisation. Pour le test de neutralisation, les pseudovirus sont incubés

	en plaque 96 puits avec du sérum dilué en série (ou des anticorps monoclonaux) pendant une
	heure à 37°C. Des cellules HeLa-ACE-2 sont ensuite ajoutées pour une seconde incubation de
	deux jours à 37°C. Après 24h d'incubation, les cellules sont supplémentées en milieu de culture
	complet (DMEM Gibco #11966-025 ; FBS VWR #97068-086). Au bout des deux jours, le
	milieu de culture est aspiré et les cellules lysées (Cell lysis buffer (Ozbioscience # LUC1000).
	Des pseudovirus SARS-CoV-2 ont été utilisés, afin de ne pas avoir à travailler avec des
	particules infectieuses, et permettre des manipulations en laboratoire de confinement P2. Les
	pseudovirus sont capables d'infecter des cellules cibles mais ne peuvent réaliser un second
	cycle d'infection, ne présentant donc pas de danger expérimental. Les pseudovirus sont créés
	par co-transfection de cellules HEK 293T par trois plasmides : un pour gag (pour assurer le

bourgeonnement), un pour la luciférase qui servira de gène rapporteur, et un pour le spike du SARS-CoV-2 (délété de 18 acides aminés en position C-term). Trois jours après la transfection, les pseudovirus sont récoltés, centrifugés, filtrés à l'aide d'un filtre 0,45µm et concentrés 50 fois (La luciférase contenue dans les cellules infectées par les pseudovirus est ainsi accessible, et l'ajout de son substrat, la luciférine, induit une réaction colorimétrique. Ainsi, si les Ac ont un effet neutralisant, ils empêcheront l'entrée des pseudovirus porteurs du gène de la luciférase dans les cellules cibles HeLa-ACE2, ce qui se traduira par une diminution des RLU mesurées par rapport au virus seul, sans Ac. Les RLU sont également mesurées à l'aide du lecteur de plaque TECAN Spark 10M.

2. Induction de puissantes réponses anticorps neutralisantes anti-SARS-CoV-2 par immunisation, via l'utilisation d'une plateforme de multimérisation versatile inspirée des adénovirus.

  murin a été choisi. L'expérience a consisté à immuniser quatre groupes de souris : le premier a reçu le RBD seul, un second groupe a été vacciné par un mélange de RBD soluble et d'ADDomer dépourvu de ST, ADDomer ne pouvant donc pas lier le RBD-SC. Les troisième et quatrième groupes ont reçu l'ADDomer-RBD. Cependant, à la différence du groupe 3, le groupe 4 a reçu également une injection d'ADDomer-ST deux semaines avant le début de la première injection. Le but de cette injection supplémentaire était d'imiter le phénomène de préimmunisation, que l'on peut observer dans les stratégies vaccinales basées sur l'utilisation d'un virus peu pathogène comme vecteur, si ce virus infecte déjà l'homme naturellement (c'est le cas de l'adénovirus de type 3). La réponse immunitaire développée contre le virus va bloquer le vecteur et donc réduire l'immunogénicité de la plateforme vaccinale. Ce phénomène est décrit plus en détail dans la partie introductive de cette thèse.Dans le contexte pandémique actuel, il est intéressant de souligner la versatilité de cette plateforme vaccinale, qui permet de greffer des antigènes complexes à la surface de nanoparticules. Cette caractéristique est intéressante au regard de l'émergence de nouveaux variants du SARS-CoV-2 : des expériences sont actuellement en cours pour évaluer un ADDomer décoré de RBD issus du variant Bêta, mais d'autres pourraient être envisagées avec le variant Omicron. De manière plus large, il est possible d'envisager la greffe d'autre antigènes issus de pathogènes pour lesquels aucun vaccin n'est actuellement disponible.

	Cette étude démontre donc la capacité de la plateforme vaccinale à induire des Ac anti-RBD,
	spécifiques de l'immunogène injecté, et fonctionnels. De plus, si certains vaccins basés sur
	l'utilisation d'adénovirus humain (type 3, type 5) comme vecteurs ont vu leurs performances

modèle Ainsi, à l'exception du groupe 4, tous les groupes de souris ont reçu deux injections de la même dose de leurs candidats vaccinaux respectifs, espacées de deux semaines. La réponse immunitaire humorale induite par la vaccination a d'abord été évaluée par mesure dans le sérum des taux d'immunoglobulines G (IgG) anti -RBD. Les groupes ayant reçu les ADDomer-RBD sont ceux pour lesquels l'augmentation des titres d'Ac anti-RBD a été visible dès le 13 ème jour, après une seule immunisation avec l'ADDomer-RBD, contrairement aux groupes 1 et 2 pour lesquels l'augmentation a n'a été visible à partir de J27, soit deux semaines après la deuxième injection. Entre J27 et J41, les taux d'Ac sont restés semblables pour tous les groupes. Il est intéressant de noter que les taux d'Ac du groupe 4 étaient toujours les plus élevés, suggérant un effet « boost » de la pré-immunisation ADDomer. Afin de tester la fonctionnalité des Ac induits, les capacités de neutralisation du sérum ont été testées contre des pseudovirus SARS-CoV-2. A J41, les groupes 3 et 4 avaient de forts titres de neutralisation, contrairement aux groupes 1 et 2. Pour les groupes 3 et 4, des titres sont d'ailleurs détectables dès J13.

diminuées à cause de la pré-immunité anti-adénovirale présente dans la population générale, ce n'est pas le cas de ce candidat qui montre même de plus hauts titres d'Ac en cas de préimmunisation avec l'ADDomer.

  al., 2021; Gobeil et al., 2021; Korber et al., 2020; Ozono et al., 2021; Yuan et al., 2021; Reduction in neutralization potency of polyclonal plasma Abs is mainly affected by mutations within the three main epitopes in the RBD. Especially the E484K mutation present in Beta and Gamma was reported to reduce neutralization by a factor of 10 (Greaney et al., 2021). Here we show that S-LV vaccination produces robust neutralization of Alpha, Beta and Gamma although the Median ID50s of Beta and Gamma neutralization are reduced 20-and 5-fold after the second immunization compared to WT and Alpha. The third immunization boosted neutralization of Préfecture des Hauts de Seine, France) and in compliance with European Directive 2010/63/EU, the French regulations and the Standards for Human Care and Use of Laboratory Animals, of the Office for Laboratory Animal Welfare

	RESOURCE AVAILABILITY
	Cell lines HEK293T (ATCC CRL-11268) (Caniels et al., 2021) and HEK293F (Thermo Fisher Scientific) (Animal facility authorization #D92-032-02, (OLAW, assurance number #A5826-01, US). The protocols were approved by the institutional and are human embryonic kidney cell lines. HEK293F cells are adapted to grow in suspension. Zhang et al., 2021; Zhang et al., 2020b). Although the D614G mutation alone was reported to ethical committee "Comité d'Ethique en Expérimentation Animale du Commissariat à HEK293F cells were cultured at 37°C with 8% CO2 and shaking at 125 rpm in 293FreeStyle increase neutralization susceptibility (Weissman et al., 2021), further mutations present in Beta l'Energie Atomique et aux Energies Alternatives" (CEtEA #44) under statement number A20-expression medium (Life Technologies). HEK293T cells were cultured at 37°C with 5% CO2 (B1.351 SA) and Gamma (P1, BR) reduce neutralization potencies of natural and vaccine-011. The study was authorized by the "Research, Innovation and Education Ministry" under in flasks with DMEM supplemented with 10% fetal bovine serum (FBS), streptomycin induced sera (Dejnirattisai et al., 2021; Edara et al., 2021; Garcia-Beltran et al., 2021; Geers et al., 2021; Hoffmann et al., 2021; Kuzmina et al., 2021; Rees-Spear et al., 2021; Zhou et al., (100 μg/mL) and penicillin (100 U/mL). HEK293T/ACE2 cells (Schmidt et al., 2020) are a registration number APAFIS#24434-2020030216532863.
	2021), while Alpha (B.1.1.7, UK) neutralization seems to be less affected (Supasa et al., 2021). human embryonic kidney cell line expressing human angiotensin-converting enzyme 2.
	HEK293T/ACE2 cells were cultured at 37°C with 5% CO2 in flasks with DMEM supplemented Animals and study design
	with 10% FBS, streptomycin (100 μg/mL) and penicillin (100 U/mL). VeroE6 cells (ATCC Cynomolgus macaques were randomly assigned in two experimental groups. The vaccinated
	CRL-1586) are a kidney epithelial cells from African green monkeys. VeroE6 cells were group (n = 4) received 50 ug of SARSCoV-2 S-LV adjuvanted with 500 mg of MPLA
	cultured at 37°C with 5% CO2 in DMEM supplemented with or without streptomycin liposomes (Polymun Scientific, Klosterneuburg, Austria) diluted in PBS at weeks 0, 4, 8 and
	(100 μg/mL) and penicillin (100 U/mL) and with or without 5 or 10% FBS, and with or without 19, while control animals (n = 4) received no vaccination. Vaccinated animals were sampled in
	TPCK-trypsin. PBMC were isolated from macaque sera and cultured in RPMI1640 Glutamax+ blood at weeks 0, 2, 4, 6, 8, 11, 12, 14, 19, 21 and 22. At week 24, all animals were exposed to
	Beta and Gamma, albeit with 6-fold (Beta) and 3-fold (Gamma) reductions in potency medium (Gibco) supplemented with 10 % FBS. a total dose of 10 5 pfu of SARS-CoV-2 virus (hCoV-19/France/ lDF0372/2020 strain; GISAID
	compared to WT, which is slightly more potent than the median ID50 of vaccinated and
	hospitalized patient cohorts using the same assay setup (Caniels et al., 2021). Viruses
	In summary, S-LV vaccination represents an efficient strategy that protects macaques from high SARS-CoV-2 virus (hCoV-19/France/ lDF0372/2020 strain) was isolated by the National
	dose challenge. Although the animals have been challenged only after the fourth immunization, Reference Center for Respiratory Viruses (Institut Pasteur, Paris, France) as previously
	which did not boost Ab titers or neutralization titers, our neutralization data suggests that the described (Lescure et al., 2020) and produced by two passages on Vero E6 cells in DMEM
	animals might have been protected after two immunizations. Furthermore, our data suggest that (Dulbecco's Modified Eagles Medium) without FBS, supplemented with 1% P/S (penicillin at
	the third immunization increases S-protein Ab titers more significantly than RBD-specific Ab 10,000 U ml -1 and streptomycin at 10,000 μg ml -1 ) and 1 μg ml -1 TPCK-trypsin at 37 °C in a
	titers. This points to an increase of non-RBD antibodies which may be beneficial for humidified CO2 incubator and titrated on Vero E6 cells. Whole genome sequencing was
	neutralization of different variants. Although other regions within S, notably NTD are targets performed as described (Lescure et al., 2020) with no modifications observed compared with
	for mutation within new variants, S2 or other epitopes may be less prone to mutations due to the initial specimen and sequences were deposited after assembly on the GISAID EpiCoV
	conformational constraints. Therefore future vaccination strategies should consider boosting platform under accession number ID EPI_ISL_410720.
	non-RBD antibodies to compensate for the loss of neutralization activity targeting RBD in
	variants. Notably, SARS-CoV-2 memory B cells are present over a long time period in Ethics and biosafety statement
	convalescent (Gaebler et al., 2021; Sokal et al., 2021) and mRNA vaccinated individuals (Goel Cynomolgus macaques (Macaca fascicularis) originating from Mauritian AAALAC certified
	et al., 2021), which is in line with potential boosting strategies. breeding centers were used in this study. All animals were housed in IDMIT infrastructure
	facilities (CEA, Fontenay-aux-roses), under BSL-2 and BSL-3 containment when necessary

  1-0.2 mg/ml of protein. Samples were applied for 10 s onto a mica carbon film and transferred to 400-mesh Cu grids that had been glow discharged at 20 mA for 30 s and Movies were recorded for a total exposure of 4.5 s with 40 frames per movie and a total dose of 40 e -/Å 2 . The magnification was 36,000x (1.15 Å/pixel at the camera level). The defocus of the images was changed between -1.0 and -2.5 μm. Two different datasets have been acquired on the same grid. First, 1040 movies were recorded with stage Model refinement. The atomic model of the S protein in the closed conformation (PDB 6VXX) (Walls et al., 2020b) was rigid-body fitted inside the cryo-EM density map in CHIMERA (Pettersen et al., 2004). The atomic coordinates were then refined with PHENIX (Adams et al., 2010). The refined atomic models were visually checked and adjusted (if necessary) in COOT (Emsley et al., 2010). The final model was validated with MOLPROBITY (Williams et al., 2018). The figures were prepared with CHIMERA and CHIMERAX (Goddard et al., 2018; Pettersen et al., 2004). The data collection and atomic model statistics are summarized in Table S1. The atomic coordinates and the cryo-EM map have been deposited in the Protein Data Bank and in the Electron Microscopy Data Bank under the accession codes 7QIZ and EMD-13776, respectively. Shi et al., 2020). Lesions and scoring were assessed in each lung lobe blindly and independently by two persons and the final results were established by consensus. Overall CT scores include the lesion type (scored from 0 to 3) and lesion volume (scored from 0 to 4)summed for each lobe as previously described[START_REF] Brouwer | Two-component spike nanoparticle vaccine protects macaques from SARS-CoV-2 infection[END_REF][START_REF] Maisonnasse | Hydroxychloroquine use against SARS-CoV-2 infection in non-human primates[END_REF]. The activated beads were washed three times with 50 mM MES pH 5.0 and added to SARS-CoV-2 S protein, which was diluted in 50 mM MES pH 5.0. The coupling reaction was incubated for 3 h on a rotator at RT. The beads were subsequently washed with PBS and blocked with PBS containing 2% BSA, 3% FCS and 0.02% Tween-20 for 30 min on a rotator at RT. Finally, the beads were washed and stored in PBS containing 0.05% Sodium Azide at 4°C and used within 3 months.

	then negatively stained with 2% (wt/vol) Uranyl Acetate (UAc) for 30 s. Data were collected identified which resulted in a 3D reconstruction at 3.6 Å resolution. Refinement of CTF
	on a FEI Tecnai T12 LaB6-EM operating at 120 kV accelerating voltage at 23k magnification parameters, particle polishing and a second round of CTF parameter's refinement further Chest CT and image analysis
	(pixel size of 2.8 Å) using a Gatan Orius 1000 CCD Camera. Two-dimensional (2D) class improved the resolution to 3.4 Å. The resolution was determined by Fourier Shell Correlation Lung images were acquired using a computed tomography (CT) system (Vereos-Ingenuity,
	averaging was performed with the software Relion (Scheres, 2012) using on average 30-40 (FSC) at 0.143 between two independent 3D maps. The local resolution was calculated with Philips) as previously described (Brouwer et al., 2021; Maisonnasse et al., 2020), and analyzed
	micrographs per sample. The 5 best obtained classes were calculated from around 6000 particles blocres (Cardone et al., 2013) and found to be between 3 and 5 Å. The final 3D map was using INTELLISPACE PORTAL 8 software (Philips Healthcare). All images had the same
	each. sharpened with DeepEMhancer (Sanchez-Garcia et al., 2021). window level of -300 and window width of 1,600. Lesions were defined as ground glass
	opacity, crazy-paving pattern, consolidation or pleural thickening as previously described (Pan Luminex assay
	Cryo-electron microscopy Data collection. 3.5 µL of sample were applied to 1.2/1.3 C-Flat (Protochips Inc) holey carbon grids and they were plunged frozen in liquid ethane with a Vitrobot Mark IV (Thermo Fisher Scientific) (6 s blot time, blot force 0). The sample was observed with a Glacios electron microscope (Thermo Fischer Scientific) at 200 kV. Images were recorded automatically on a K2 summit direct electron detector (Gatan Inc., USA) in counting mode with SerialEM (Mastronarde, 2005). movement between each hole and then 7518 more movies were recorded with image shifts on 50 µL of a working bead mixture containing 20 beads per µL was incubated overnight at 4°C with 50 µL of diluted nasopharyngeal fluid. Nasopharyngeal fluids were diluted 1:20 for detection of S-specific IgG and IgA (Brouwer et al., 2021). Plates were sealed and incubated et al., 2020; Tween-20 0.05 %. Serum dilutions were added to each well for 2h at 37°C and plates were on a plate shaker overnight at 4°C. Plates were washed with TBS containing 0.05% Tween-20
	a 3x3 hole pattern. washed 5 times with PBS Tween. A horseradish peroxidase (HRP) conjugated goat anti-
	Virus quantification in NHP samples monkey H+L antibody (Invitrogen #PA1-84631) was then added and incubated for 1h before
	3D reconstruction. The movies were first drift-corrected with motioncor2 (Zheng et al., 2017). Upper respiratory (nasopharyngeal and tracheal) and rectal specimens were collected with excess Ab was washed out and HRP substrate added. Absorbance was determined at 450 nm.
	The remaining image processing was done in RELION 3.1.2 (Zivanov et al., 2018). CTF swabs (Viral Transport Medium, CDC, DSR-052-01). Tracheal swabs were performed by Antibody titers were expressed as ED50 (effective Dilution 50-values) and were determined as
	estimation was done with GCTF (Zhang, 2016). An initial set of particles (box size of 200 insertion of the swab above the tip of the epiglottis into the upper trachea at approximately 1.5 the serum dilution at which IgG binding was reduced by 50%. ED50 were calculated from crude
	pixels, sampling of 2.3 Å/pixel) was obtained by auto-picking with a Gaussian blob. After 2D cm of the epiglottis. All specimens were stored between 2°C and 8°C until analysis by RT-data (O.D) after normalization using GraphPad Prism (version 6) "log(inhibitor) vs normalized
	classification, the best looking 2D class averages were used for a second round of auto picking. qPCR with a plasmid standard concentration range containing an RdRp gene fragment response" function.
	Following another 2D classification step, the particles belonging to the best looking 2D class including the RdRp-IP4 RT-PCR target sequence. SARS-CoV-2 E gene subgenomic mRNA
	averages were used to create an ab-initio starting 3D model which was then used to calculate a (sgRNA) levels were assessed by RT-qPCR using primers and probes previously described Protein coupling to Luminex beads
	first 3D reconstruction with C3 symmetry. The 2D projections from that 3D model were then (Corman et al., 2020; Wolfel et al., 2020): leader-specific primer sgLeadSARSCoV2-F Proteins were covalently coupled to Magplex beads (Luminex Corporation) via a two-step
	used to do one last auto picking which resulted in a total of 2,582,857 particles. Following CGATCTCTTGTAGATCTGTTCTC, E-Sarbeco-R primer ATATTGCA carbodiimide reaction using a ratio of 75 µg SARS-CoV-2 S to 12,5 million beads. Magplex
	another 2D classification and a 3D classification (C1 symmetry, 5 classes) steps, a 3D map at GCAGTACGCACACA and E-Sarbeco probe HEX-beads (Luminex Corporation) were washed with 100 mM mono-basic sodium phosphate pH
	4.6 Å resolution was obtained from 240,777 particles. The particles were re-extracted (box size ACACTAGCCATCCTTACTGCGCTTCG-BHQ1. The protocol describing this procedure for
	of 400 pixels, sampling of 1.15 Å/pixel). After another 3D refinement (C3 symmetry) and 3D the detection of SARS-CoV-2 is available on the WHO website
	classification (C1 symmetry, no alignment, 3 classes) steps, a final set of 126719 particles was
	123

(https://www.who.int/docs/default-source/coronaviruse/whoinhouseassays.pdf) ELISA Serum antibody titers specific for soluble native S glycoprotein, FA-cross-linked S (FA-S) and for RBD were determined using an enzyme-linked immunosorbent assay (ELISA). Briefly, 96well microtiter plates were coated with 1 µg of S, FA-S or RBD proteins at 4°C overnight in PBS and blocked with 3% BSA for 1 h at room temperature after 3 washes with 150 µl PBS 6.2 and activated for 30 min on a rotor at RT by addition of Sulfo-N-Hydroxysulfosuccinimide (Thermo Fisher Scientific) and 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (Thermo Fisher Scientific).

(TBST) using a hand-held magnetic separator. Beads were resuspended in 50 µL of Goat-antimonkey IgG-Biotin or Goat-anti monkey IgA-Biotin (Sigma Aldrich) and incubated on a plate shaker at RT for 2 h. Afterwards, the beads were washed with TBST, resuspended in 50 µL of Streptavidin-PE (ThermoFisher Scientific) and incubated on a plate shaker at RT for 1 h.

2.1 Bref résumé de l'article en français :En réponse à la pandémie de SARS-CoV-2, l'équipe du Dr Fender a utilisé une construction protéique nommée «ADDomer » pour le design d'un candidat vaccinal de type pseudo-particule virale. Cette nanoparticule non infectieuse, formée par assemblage spontané de sous unités protéiques dérivées de l'adénovirus humain de type 3, avait déjà démontré sa capacité à accepter l'insertion dans des boucles exposées à la surface de courts épitopes linéaires issus de pathogènes. Une nouvelle génération d'ADDomer a été conçue pour permettre cette fois l'attachement irréversible d'antigènes complexes à la surface de la pseudo-particule virale en utilisant le système Spy Tag-Spy Catcher. Ce système est dérivé de Streptococcus pyogenes, et permet une fixation covalente et spontanée entre le résidu aspartate du peptide ST et la lysine du peptide SC. Brièvement, la séquence codant pour le Spy-Tag (ST) a été insérée au niveau des boucles flexibles de la nanoparticule, boucles exposées à la surface et donc à la reconnaissance du système immunitaire. Des expériences de SDS Page, de microscopie électronique et de spectrométrie de masse ont confirmé la capacité du ADDomer-ST à capter le Spy-Catcher (SC). A la suite, la séquence codant pour le SC a été ajouté à la séquence du RBD en position N-term. Le RBD-SC a été produit en cellule d'insecte, permettant sa glycosylation. La taille de la construction a été vérifiée par SDS-Page. Dans un second temps, des expériences ont été réalisées afin de vérifier les capacités de reconnaissance du récepteur ACE-2 par le RBD fixé à l'ADDomer. Cette reconnaissance a d'abord été étudiée par résonnance plasmidique de surface (SPR), puis en testant l'attachement des ADDomer-RBD aux ACE-2 exprimés à la surface de cellules HeLa transfectées. Enfin, une dernière expérience de compétition entre des pseudovirus SARS-CoV-2 et des ADDomer-RBD ou des RBD-ST seuls a mis en évidence la capacité des deux constructions à se fixer aux cellules HeLa ACE-2, empêchant la fixation du pseudovirus à ses cellules cibles.Une fois la bonne conformation de la construction ADDomer-RBD vérifiée, l'étape suivante consistait à apprécier l'immunogénicité de ce candidat vaccinal dans un modèle animal. Le
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ABSTRACT

Virus like particles (VLPs) are highly suited platforms for protein-based vaccines. In the present work, we adapted a previously designed non-infectious adenovirus-inspired 60-mer dodecahedric VLP (ADDomer) to display a multimeric array of large antigens through a SpyTag/SpyCatcher system. To validate the platform as a potential COVID-19 vaccine approach, we decorated the newly designed VLP with the glycosylated receptor binding domain (RBD) of SARS-CoV-2. Cryo-Electron Microscopy structure revealed that up to 60 copies of this antigenic domain could be bound on a single ADDomer particle, with the symmetrical arrangements of a dodecahedron. Mouse immunization with the RBD decorated VLPs already showed a significant specific humoral response following prime vaccination, greatly reinforced by a single boost. Neutralization assays with SARS-CoV-2 spike pseudo-typed-virus demonstrated the elicitation of strong neutralization titers, superior to those of COVID-19 convalescent patients. Remarkably, the existence of pre-existing immunity against the adenoviral-derived particles enhanced the antibody response against SARS-CoV-2. This plug and play vaccine platform represents a promising new highly versatile tool to combat emergent pathogens.

MATERIAL AND METHODS

Baculovirus production

The baculovirus expression system was used for both the production of ADDomer-SpyTag (ADD-ST) and for the RBD fused to SpyCatcher (RBD-SC). Synthetic DNA (Genscript) was cloned in the pACEBac1 using the restriction sites BamHI and HindIII. For RBD-SC, the SARS-CoV-2 spike sequence (320-554) was cloned upstream of the Spy Catcher and a hexa His-Tag was added in C-terminus of SC. This fusion protein was secreted using the melittin signal peptide present in the vector. Recombinant baculoviruses were made by transposition with an in house bacmid expressing Yellow Fluorescent Protein, as previously described 5 .

Baculovirus were amplified on Sf21 cells at low multiplicity of infection (MOI) and after two amplification cycles were used to infect insect cells for 64-72h at high MOI. For ADD-ST production, the infected cells were pelleted and recovered whereas for RBD-SC cells were discarded and the supernatant was saved.

Protein Purification ADDomer and ADD-ST purification

The ADDomer and ADD-ST was purified according to classical protocol 49 . Briefly, after lysis of the insect cell pellet by 3 cycles of freeze-thaw in the presence of Complete protease inhibitor cocktail (Roche), and removal of debris the lysate was loaded onto a 20-40% sucrose density gradient. The gradient was centrifuged for 18h at 4°C on a SW41 Rotor in a Beckman XPN-80 ultracentrifuge. The dense collected fractions at the bottom of the tubes were dialyzed against Hepes 10 mM pH 7.4, NaCl 150 mM and then loaded onto a Macroprep Q cartridge (Bio-rad).

After elution by a 150 to 600 mM linear NaCl gradient in Hepes 10mM pH 7.4, ADDomercontaining fractions were checked by SDS-PAGE and concentrated on Amicon (MWCO: 100kDa) with buffer exchange to Hepes 10 mM pH 7.4, NaCl 150 mM.

Spy Catcher (SC) purification

After lysis of the insect cell pellet as described above in the presence of Complete EDTA-free protease inhibitor cocktail, the clarified lysate was diluted 5-time in wash buffer (Hepes 10mM pH7.4, NaCl 150mM, imidazole 10mM and loaded onto a His Gravitrap column (Cytiva) by gravity, with two passages of the lysate onto the column. The column was washed with the same buffer, then eluted by 200 mM Imidazole. The fractions were analyzed by SDS-PAGE,

Complex formation

ADD-SpyTag + SpyCatcher (ADD-ST/SC) for Cryo-EM:

The purified ADD-ST was mixed with an excess of purified SpyCatcher (ratio 1:4). The protein mix was incubated overnight at 25°C under shaking in Thermomixer (300 rpm). A purification step on a sucrose gradient was performed to remove the SpyCatcher in excess and to recover only the fully-decorated ADD-ST/SC at the bottom of the gradient. Buffer exchange was done in10 mM Hepes, 150mM NaCl and the sample was concentrated to 1.5 mg/ml. ADD-SpyTag + SpyCatcher-RBD (ADD-RBD) for characterization and mice immunization experiments Covalent complex formation was obtained by incubation of purified ADD-ST with purified RBD protein fused to SC (RBD-SC). Incubation was performed at 25°C under agitation on a Thermomixer at 300 rpm. RBD-SC ratio per ADD-ST was varied according to the experiment as indicated in the text. For immunization experiments, a ratio of 40 copies of RBD-SC per ADD-ST was chosen to leave minimal free RBD-SC. This ratio was calculated on SDS-PAGE using ImageLab software (Bio-Rad). Integrity of the ADD-RBD was checked by negative staining electron microscopy.

In vivo experiments and vaccination

Vaccination experiments have been performed according to ethical guidelines, under a protocol approved by the Grenoble Ethical Committee for Animal Experimentation and the French Ministry of Higher Education and Researcher (reference number: APAFIS#27765-2020102114206782 v2). 5-week-old female Balb/c mice were purchased from Janvier (Le Genestet St. Isle, France). For all mice groups, vaccines were in PBS and adjuvantized with one volume of ADDavax (Invivogen). All the mice received 2 vaccine doses at 2 weeks of interval (Day 0 and Day 14) starting at 8-weeks of age. Each mice group received subcutaneously the corresponding vaccine as indicated within the paper in 100µl final volume, in the right flank.

Pre-immunized group received 2 weeks before the first dose of vaccine (day -15) the ADDomer vector alone (5µg in 100 µl final volume, in the right flank). The day before each vaccination, and 2 and 4 weeks after the last vaccination, 100µl of blood was withdrawn for serologic tests.

For retro-orbital blood sampling, mice were anesthetized with 4% Isoflurane.

of sera. Luciferase expression was compared to the one of non-neutralized virus. (b) Comparison of the neutralization titer at 50% of the maximal effect (ND50) from all individual mice with the mean represented by a line. Statistical analysis (Kruskall-Wallis test)

demonstrates the superiority of neutralization of sera from mice immunized with RBDdecorated ADDomer particles versus both non-decorated particles and COVID-19 convalescent patients.

SUPPLEMENTARY FIGURES

Supplementary Fig. S1. Cryo-EM initial 2D classes and local resolution.

Initial 2D classes are shown in the upper panel with the number of particles indicated. The Fourier Shell Correlation in the middle panel gives a 2.76 Å resolution.

Local resolution(lower panel) of the structure is shown along the 2, 3 and 5-fold axis of the particle.

Supplementary Fig. S2. Study of RBD-SC binding to ACE2 by SPR.

RBD-SC alone (i.e. not displayed) was injected at 0, 10 and 100nM onto immobilized ACE2

receptor. The estimated kinetic constants are shown in the table.

Supplementary Fig. S3. Anti-ADDomer response studied by ELISA.

Non-decorated ADDomer were coated on the well and incubated with sera from different groups of mice before the first injection (D-1) or at the end of the experiment (D41). Note that all the mice preimmunized with ADDomer (G4, D-1) were positive before injection of ADD-RBD while naïve mice (G3, D-1) were negative as expected. Mann-Whitney tests showed no difference between group 4 and groups 2 and 3 at D41.

Supplementary Fig. S4. Sera neutralization titer after one and two injections for all groups of mice.

Note that RBD displayed on ADDomer enabled to get similar or higher neutralization titer at the first injection (G3 and G4, D13) than RBD not displayed on the platform after two injections (G1 and G2 at D41). 

Limitations of study

We provide data that immunization of macaques with synthetic S glycoprotein coated liposomes induced robust antibody and neutralization titers after two immunizations. SARS-CoV-2 challenge after four immunizations revealed complete protection by sterilizing immunity. Limitations of the study are first, that the challenge has been performed only after the fourth immunization. Secondly, although the SARS-CoV-2 challenge infection has been performed five weeks after the last immunization, we cannot predict efficacy of protection months post immunization. The third limitation of the study is the small number of animals used, which prevents robust statistical analyses of the results. Fourth, although we observe robust pseudovirus neutralization of Alpha, Beta and Gamma variants, we cannot predict the efficacy of protection upon infection, which will require further studies.

METHODS DETAILS Protein expression and purification

The SARS-CoV-2 S gene encoding residues 1-1208 with proline substitutions at residues 986 and 987 ("2P"), a "GSAS" substitution at the furin cleavage site (residues 682-685) a C- Similarly, serum from vaccinated animals showed strong neutralising activity against SARS-CoV-2. To evaluate the protection conferred by the vaccine, the vaccinated animals were subjected to a nasal aerosol of SARS-CoV-2, compared to a control group of unvaccinated macaques. No viral load or lung lesions were detected in the vaccinated animals, indicating a complete absence of infection and sterilizing immunity. On the contrary, the control animals all developed the disease. In conclusion, the two vaccine approaches evaluated allowed the efficient induction of anti-spike antibodies with a strong neutralising activity against SARS-CoV-2. The liposome-spike approach provided complete protection, most likely preventing transmission, a property that should be confirmed in future larger studies. The ADDomer approach is an interesting vaccine platform because of its adaptability and could be used to combat future pathogens.
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