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cohort studies suggest that an effective vaccine against HIV-1 will require the induction of a multifunctional immune response. This response may range from rapid elicitation of protective broadly neutralizing antibodies (bNAbs) and non-neutralizing humoral response to Envelope, and cellular responses against a large array of viral proteins [START_REF] Bonsignori | Antibody-virus coevolution in HIV infection: paths for HIV vaccine development[END_REF].

Although not yet recognized as correlate of protection, the mucosal response appears to be a key player in protection against HIV-1 infection, as exemplified by HIV-exposed seronegative (HESN) individuals that only secrete gp41-specific mucosal immunoglobulin A (IgA) that constitute their main correlate of protection [START_REF] Miyazawa | The 'immunologic advantage' of HIV-exposed seronegative individuals[END_REF]. Indeed, induction of a strong and local immunity at main portals of virus entry, such as genital tract or rectal mucosa, could prevent viral spreading during sexual contact as around 90% of all HIV transmissions occur mucosally. However, the persistence of induced mucosal immune response in human is not well documented as mucosal samples are not systematically collected during clinical trials [START_REF] Akapirat | Characterization of HIV-1 gp120 antibody specificities induced in anogenital secretions of RV144 vaccine recipients after late boost immunizations[END_REF].

The importance of HIV-1-specific secretory IgA responses to protect against HIV-1 vaginal infection has been illustrated by pioneering works, both in preclinical non-human primate model and simian HIV (SHIV) [START_REF] Bomsel | Immunization with HIV-1 gp41 subunit virosomes induces mucosal antibodies protecting nonhuman primates against vaginal SHIV challenges[END_REF], as well as in a phase I clinical trial [START_REF] Leroux-Roels | Randomized Phase I: Safety, Immunogenicity and Mucosal Antiviral Activity in Young Healthy Women Vaccinated with HIV-1 Gp41 P1 Peptide on Virosomes[END_REF], by the combination of intranasal and intramuscular vaccination of virosomes expressing fragments of gp41. The use of gp41-specific Fab-IgAs derived from HIV-1 highly-exposed but persistently seronegative individuals also highlighted the role of CHI domain of IgA in the protection against sexually acquired HIV-1 [START_REF] Khamassi | The CH1α domain of mucosal gp41 IgA contributes to antibody specificity and antiviral functions in HIV-1 highly exposed Sero-Negative individuals[END_REF]. However, beside these studies including a mucosal administration of vacccine, no induction of strong HIV-1 specific mucosal immunity has been described to date in clinical trials using parenteral route, in contrast to human papillomavirus where protection has been induced in cervicovaginal mucus through this route. The identification of new adjuvants leading to the induction of mucosal immunity after parenteral routes of administration by modifying homeostasis of T subsets [START_REF] Aldon | Chemokine-Adjuvanted Plasmid DNA Induces Homing of Antigen-Specific and Non-Antigen-Specific B and T Cells to the Intestinal and Genital Mucosae[END_REF] or by preconditioning the vaccine-draining lymph nodes [START_REF] Christensen | A Liposome-Based Adjuvant Containing Two Delivery Systems with the Ability to Induce Mucosal Immunoglobulin A Following a Parenteral Immunization[END_REF] are currently promising approaches.

As an alternative to parenteral administration, several mucosal administration strategies have been explored, such as vaginal, rectal, oral, nasal or sublingual (SL). Indeed mucosal vaccination can induce both humoral and cell-mediated immunity at systemic and mucosal level. First, specialized dendritic cells will uptake the antigen and migrate from the mucosa to the draining lymph node. Then, B and T cells will acquire mucosal homing properties inducing mucosal immunity by directing effector immune cells to mucosal sites through tissue-specific homing receptors [START_REF] Lycke | Recent progress in mucosal vaccine development: potential and limitations[END_REF].

Vaginal and rectal vaccine delivery are not currently used partially due to the restricted mucosal response to the inductor site, where the formulation is delivered [START_REF] Holmgren | Mucosal immunity and vaccines[END_REF]. Moreover, the immune responses induced by vaginal delivery may be influenced by the menstrual cycle, microbiota or pH and could affect vaccine efficacy. Although oral route of administration does not offer protection in the genital tract as it induces only a restricted response (gut, salivary glands, mammary glands) [START_REF] Lycke | Recent progress in mucosal vaccine development: potential and limitations[END_REF], this administration route could be interesting for the induction of mucosal immunity to impede HIV replication in the gastrointestinal tract. Therefore, mucosal alternatives still need to be further investigated, and among nasopharyngeal administration, the sublingual route has already been shown to be of great interest.

Sublingual drug delivery has been established for many years and is also used for immunotherapy in allergy treatment. Alike nasal administration, main advantages of the sublingual vaccine administration are: 1/ high patient compliance due to the needle-free administration and 2/ induction of a broad immune responses both at the systemic and mucosal level in the upper and lower respiratory tract, stomach, small intestine and reproductive tract [START_REF] Kraan | Buccal and sublingual vaccine delivery[END_REF]. There are complex cellular processes involved in the induced mucosal antibody-mediated and cytotoxic T-cell responses at distant mucosal sites after sublingual administration of the vaccine antigen and migration of antigen-presenting cells to the draining lymph nodes including: i) the selective migration of IgA antibody-secreting cells (plasmablasts) to distant mucosal sites using CCL28/CCR10 chemokine/chemokine receptor system [START_REF] Lazarus | A Common Mucosal Chemokine (Mucosae-Associated Epithelial Chemokine/CCL28) Selectively Attracts IgA Plasmablasts[END_REF], and ii) the recirculation of mucosal antigen-bearing dendritic cells (DCs) to distant secondary lymphoid organs with induction of the mucosal response at remote effector sites [START_REF] Hervouet | Antigen-bearing dendritic cells from the sublingual mucosa recirculate to distant systemic lymphoid organs to prime mucosal CD8 T cells[END_REF] (Figure 1). Besides, the ability of sublingual vaccines to trigger mucosal IgA relies on the use of effective vaccine adjuvants or supplementation [14;15]. 4) Dissemination of the immune response to distant lymph nodes, and subsequent humoral protection of distant mucosal sites. Adapted from [START_REF] Kraan | Buccal and sublingual vaccine delivery[END_REF].

Liquid sublingual administration of HIV-1 model antigens has permitted to highlight the induction of a robust immune response and has provided a better understanding of the cellular mechanisms involved in the dissemination of the immune response from the delivery site to the distant effector sites. However, though promising, vaccine formulations as liquid dosage led to high heterogeneity of the induced immune responses, as exemplified by non-human primates immunized with a sublingual gp41-based subunit vaccine [START_REF] Bekri | Sublingual Priming with a HIV gp41-Based Subunit Vaccine Elicits Mucosal Antibodies and Persistent B Memory Responses in Non-Human Primates[END_REF] or with replication-incompetent SIV DNA provirus [START_REF] Chaudhary | Comparative Evaluation of Prophylactic SIV Vaccination Modalities Administered to the Oral Cavity[END_REF].

In fact, liquid vaccines administered under the tongue are exposed to dilution in the saliva and swallowing. Consequently, formulations that are not designed to be absorbed orally (per os) can be degraded by the harsh gastric conditions (acidic pH and gastric enzymes). Thus, to avoid swallowing, liquid formulations are carefully deposited on the floor of the mouth and their volume restricted to 10 µl or in mice and 800 µl in non-human primate. Moreover, the procedure is always performed on sedated animals (ketamine/xylazine or analogues, or gaseous anesthesia) maintained with head in anteflexion or bending forward during at least 15 min [START_REF] Hervouet | Antigen-bearing dendritic cells from the sublingual mucosa recirculate to distant systemic lymphoid organs to prime mucosal CD8 T cells[END_REF][START_REF] Bekri | Sublingual Priming with a HIV gp41-Based Subunit Vaccine Elicits Mucosal Antibodies and Persistent B Memory Responses in Non-Human Primates[END_REF].

For human use, participants of clinical trials are asked to avoid swallowing during few minutes after sublingual administration. Therefore, in this context, new innovative sublingual delivery systems have been designed to overcome technological barriers and to improve the control of the administered HIV-1 vaccine dose, opening the possibility for human use [START_REF] Paris | Sublingual vaccination and delivery systems[END_REF].

For instance, liquid sublingual formulations can be delivered by existing dentistry injectors repositioned to propel vaccine formulation into sublingual mucosa [START_REF] Jones | HIV-1 vaccination by needle-free oral injection induces strong mucosal immunity and protects against SHIV challenge[END_REF]. This needle-free injector could deliver the vaccine directly across the buccal epithelium, where the professional antigen-presenting cells reside among other immune cells (Figure 1). This needle-free sublingual system was used to administer a modified vaccinia vector and an adjuvanted recombinant trimeric gp120 protein (MVA-HIV/cycP-gp120), has shown protection against heterologous SHIV in rhesus macaques, through the induction of a strong systemic and mucosal immunity. Indeed, whereas the topical application under the tongue of the same formulation led to undetectable mucosal antibodies, a broad mucosal IgA production was induced in vaginal and rectal mucosa, as well as saliva after this needle-free injection to a higher extent than the alternative intradermal/subcutaneous (ID/SC) immunization. Interestingly, the presence of IgG in the rectal mucosa at pre-challenge points protected the animals from infection by rectal challenge whereas animals presenting a contraction in rectal IgG were more subjected to infection. This illustrates the importance of sublingual route as a way to generate a long lasting protective immune response at mucosal sites. Of interest, beside mucosal response, a strong systemic IgG response was also induced and was shown to be protective against tier-2 neutralization resistant SHIV-SF162P3 virus and led to the induction of broadly cross-reactive neutralizing antibodies against multiple clades of HIV-1. Additionally, this sublingual administration of MVA-HIV/cycP-gp120 induced significant anti-Env CD4+ T-cell response and anti-V2 (non-neutralizing) response correlating with delayed SHIV infection. Altogether these results indicate that mucosal sublingual administration, when using an adequate tool, can induce a protective humoral and cellular response at both systemic and mucosal levels.

As an alternative to liquid dosage and needle-free injection, HIV-1 antigens can be administered sublingually by solid or semi-solid forms. Adjuvanted HIV-1 gp41-derived antigens developed in [START_REF] Bomsel | Immunization with HIV-1 gp41 subunit virosomes induces mucosal antibodies protecting nonhuman primates against vaginal SHIV challenges[END_REF] were delivered by thermostable virosomes as freeze-dried tablets for sublingual administration [START_REF] Amacker | New GMP manufacturing processes to obtain thermostable HIV-1 gp41 virosomes under solid forms for various mucosal vaccination routes[END_REF]. Formulated as powders, these virosomal HIV-1 mucosal vaccines present the great advantage to have low dependence on the cold chain, therefore facilitating storage, shipment and distribution. In addition, these new "ready to use and all-in-one" products offer the advantage of carrying simultaneously vaccine antigens and adjuvants on the same particle.

Similarly, sublingual mucoadhesive platforms were also developed to deliver sub-unit antigens, such as HIV gp140 protein [START_REF] Hanson | Mucoadhesive wafers composed of binary polymer blends for sublingual delivery and preservation of protein vaccines[END_REF]. The challenge of solid dosage remains on the preservation of antigen integrity to ensure original antigenicity and immunogenicity even after storage at room temperature [20;21].

Several promising studies have recently highlighted the role of specific devices to promote robust systemic and mucosal immune response against HIV-1 after sublingual administration of HIV-1 antigens combined with potent adjuvants to overcome local tolerance. If several devices are already in the pipeline, we could assume that emerging strategies based on SL vaccination will emerge in the near future. For example, the identification of innovative heterologous prime-boost strategies of vaccination, such as the combination of several mucosal administration routes (such as SL and nasal [START_REF] Amacker | New GMP manufacturing processes to obtain thermostable HIV-1 gp41 virosomes under solid forms for various mucosal vaccination routes[END_REF]) could synergize their potency to overcome the challenge of inducing potent neutralizing immune responses at HIV-1 mucosal portals of entry. Yet, additional combination of several types of antigens (immunogens inducing anti-Envelope antibodies and T cell-inducing vectors) in a single SL administration would be of great interest to shorten the vaccination regimen and would eventually facilitate vaccination compliance and coverage.

Figure 1 .

 1 Figure 1. Schematic representation of the mucosal humoral response to an HIV antigen after sublingual administration. (1) Antigen passage through sublingual mucus and mucosa, uptake by resident immune cells and recruitment of circulating cells, (2) Immune cell maturation and migration to lymph nodes, (3) Initiation of adaptive response in draining lymph nodes by antigen presentation, (4) Dissemination of the immune response to distant lymph nodes, and subsequent humoral protection of distant mucosal sites. Adapted from[START_REF] Kraan | Buccal and sublingual vaccine delivery[END_REF].
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