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Purpose of the review:

This review recalls recent findings regarding the induction of vaccinal effects by HIV-1 broadly neutralizing antibodies (bNAbs) and highlights potential therapeutic strategies to exploit such immunomodulatory properties.

Recent findings:

Studies in different animal models have shown that monoclonal antibodies can generate long-lasting protective immunity. Induction of this vaccinal effect by HIV-1 bNAbs has also been more recently reported in animal models of HIV-1 infection. Notably, bNAbs treatment of macaques infected with the SHIV chimeric virus improved both humoral and cellular adaptive immune responses that contributed to disease control. Importantly, this concept has been extended to HIV-1 infected patients as enhancement of humoral responses was recently reported in HIV-1 patients treated with bNAbs.

Studies aiming at elucidating the mechanisms underlying these immunomodulatory properties of bNAbs have identified a role for immune complexes in shaping immune responses against HIV-1.

They also highlight different Fc effector functions that might be required for the enhancement of HIV-1 immune responses upon bNAbs treatment.

Summary:

HIV-1 bNAbs can elicit protective adaptive immune responses through mechanisms involving multiple cellular and molecular actors of the immune system. Harnessing these mechanisms will be crucial to achieve protective immunity against HIV-1 infection by bNAbs.

Introduction

Monoclonal antibodies (mAbs) offer new therapeutic opportunities for the treatment of viral infections [START_REF] Salazar | Antibody therapies for the prevention and treatment of viral infections[END_REF]. Recent clinical data have demonstrated the efficacy of several broadly neutralizing antibodies (bNAbs) to control viremia in HIV-infected patients, supporting the idea that bNAbs could broaden the therapeutic arsenal against HIV-1 infection [START_REF] Mendoza | Combination therapy with anti-HIV-1 antibodies maintains viral suppression[END_REF][START_REF] Bar-On | Safety and antiviral activity of combination HIV-1 broadly neutralizing antibodies in viremic individuals[END_REF][START_REF] Carrillo | Antibodies and Antibody Derivatives: New Partners in HIV Eradication Strategies[END_REF][START_REF] Gruell | Antibody-mediated prevention and treatment of HIV-1 infection[END_REF].

Beyond their neutralization capacity through the binding of their Fab fragment to viral antigens, the biological activity of mAbs is also mediated by the Fc moiety upon interaction with the complement system and Fcγ receptors (FcγRs) expressed by many of the immune system's cells. Much attention has been paid to the potential of bNAbs to clear free virions from the blood as well as to guide host immune effector cells to kill HIV-1 infected cells by several Fc-mediated mechanisms (i.e. complement-dependent cytotoxicity, antibody-dependent cellular phagocytosis, antibody-dependent cell-mediated cytotoxicity,…) [START_REF] Lu | Beyond binding: antibody effector functions in infectious diseases[END_REF][START_REF] Bournazos | Anti-retroviral antibody FcγR-mediated effector functions[END_REF]. However, the opsonization of viral particles and/or infected cells by antiviral mAbs generates immune complexes (ICs) that can bind complement receptors (CRs) and FcγRs expressed on antigen-presenting cells which in turn modulate the antiviral adaptive immune response [START_REF] Nimmerjahn | Antibody-mediated modulation of immune responses[END_REF][START_REF] Lambour | Converting monoclonal antibodybased immunotherapies from passive to active: bringing immune complexes into play[END_REF][START_REF] Wang | From therapeutic antibodies to immune complex vaccines[END_REF]. There is now accumulating evidence that mAbs can enhance antiviral immune responses by recruiting the endogenous immune system of infected individuals. Studies in murine models of retroviral infection have reported the generation of long-lasting protective immunity following mAb-based immunotherapies [START_REF] Gros | Induction of long-term protective antiviral endogenous immune response by short neutralizing monoclonal antibody treatment[END_REF][START_REF] Gros | Endogenous cytotoxic T-cell response contributes to the long-term antiretroviral protection induced by a short period of antibody-based immunotherapy of neonatally infected mice[END_REF][START_REF] Michaud | A crucial role for infected-cell/antibody immune complexes in the enhancement of endogenous antiviral immunity by short passive immunotherapy[END_REF][START_REF] Nasser | Long-lasting protective antiviral immunity induced by passive immunotherapies requires both neutralizing and effector functions of the administered monoclonal antibody[END_REF], revealing the potential of antiviral mAbs to elicit vaccinal effects. Such studies in mice have since been extended to different preclinical models of viral infections (reviewed in [START_REF] Pelegrin | Antiviral Monoclonal Antibodies: Can They Be More Than Simple Neutralizing Agents?[END_REF]) and more recently in HIV-1 infected patients [16**]. These observations have led to a change in the paradigm on the therapeutic effect of bNAbs as this concept of vaccinal effect induction by antiviral antibodies is now being considered by the scientific and medical communities.

This review summarizes the studies supporting the notion of the vaccinal effects of HIV-1 antibody therapy. It also focuses on the main mechanisms involved in such immunomodulatory properties and discusses the major issues at stake in the elaboration of efficient treatment of HIV-1 infected patients by bNAbs to enhance host immune responses.

HIV-1 bNAbs elicit antiviral host immune responses

Antiviral immune responses induced by antibody-based immunotherapies have been observed in several models of HIV-1 infection in NHP (i.e. infection of macaques by different strains of simian immunodeficiency virus (SIV) or the chimeric virus SHIV) [START_REF] Hessell | Animal models in HIV-1 protection and therapy[END_REF]. Treatment of SIV-infected adult macaques with neutralizing polyclonal IgG (SIVIG) effectively controlled viremia and accelerated B cell responses resulting in reduced pathogenesis [START_REF] Haigwood | Passive immunotherapy in simian immunodeficiency virus-infected macaques accelerates the development of neutralizing antibodies[END_REF]. SIVIG-treatment of infected macaques was also shown to drive enhanced CD4 + and CD8 + T-cell responses allowing a T cell-based SIV control for up to 2 years [START_REF] Yamamoto | Post-infection immunodeficiency virus control by neutralizing antibodies[END_REF][START_REF] Yamamoto | Polyfunctional CD4+ T-cell induction in neutralizing antibody-triggered control of simian immunodeficiency virus infection[END_REF][START_REF] Iseda | Biphasic CD8+ T-Cell Defense in Simian Immunodeficiency Virus Control by Acute-Phase Passive Neutralizing Antibody Immunization[END_REF]. Similarly, early treatment of SHIV-infected infant macaques with polyclonal HIVneutralizing IgG accelerated a de novo neutralizing antibody production that was associated with disease protection [START_REF] Ng | Passive neutralizing antibody controls SHIV viremia and enhances B cell responses in infant macaques[END_REF][START_REF] Jaworski | Neutralizing polyclonal IgG present during acute infection prevents rapid disease onset in simian-human immunodeficiency virus SHIVSF162P3-infected infant rhesus macaques[END_REF]. These observations might have important therapeutic implications if transferable to humans. Supporting this possibility, enhancement of humoral responses by bNAbs has been recently reported in HIV-1 infected patients [16**]. Thus, the administration of the 3BNC117 bNAb to HIV-1 infected individuals elicited host humoral responses in both viremic and virally suppressed subjects on antiretroviral therapy (ART). Significantly, viremic patients showed stronger levels of endogenous anti-HIV-1 antibodies suggesting, as previously reported, that viremia might contribute to the development of antibody responses [24*,25].

HIV bNAbs have also been shown to enhance adaptive cellular responses in SHIV-infected macaques, both in terms of magnitude (by inducing Gag-specific CD4 + and CD8 + T-cells proliferative responses) [START_REF] Watkins | An anti-HIV-1 V3 loop antibody fully protects cross-clade and elicits T-cell immunity in macaques mucosally challenged with an R5 clade C SHIV[END_REF] and quality (by decreased expression of the exhaustion marker PD-1 on Gag-specific CD4 + and CD8 + T-lymphocytes) [START_REF] Barouch | Therapeutic efficacy of potent neutralizing HIV-1specific monoclonal antibodies in SHIV-infected rhesus monkeys[END_REF]. Improved T-cell function was observed upon bNAbs treatment 9 months after SHIV infection and was associated with a moderate increase in neutralizing antibody titers.

Moreover, long-term viral control in the absence of further bNAbs infusions was achieved in a subset of animals. Importantly, these data show that bNAbs might induce vaccinal effects when administered after establishment of chronic infection. Recently, bNAbs-mediated induction of a protective virusspecific CD8 + T-cell response has been reported after administration of two bNAbs (3BNC117 and 10-1074) to SHIV-infected macaques [28*]. In this study CD8 + T cells depletion led to viral rebound suggesting an essential role of this T-cell subset in controlling viral infection. However, neither the polyfunctionality of CD8 + T cells nor the distribution of CD8 + T-cell memory subsets differed in controllers versus non-controllers. Importantly, very recent exciting results in clinical trials suggest that enhancement of virus-specific T-cell responses might also occur in bNAbs-treated, HIV-1infected patients. Notably, two out of nine patients treated with a combination of two bNAbs (3BNC117 and 10-1074) during analytical treatment interruption [START_REF] Mendoza | Combination therapy with anti-HIV-1 antibodies maintains viral suppression[END_REF] showed long-term HIV-1 control that was associated with improved HIV-1-specific CD4 + and CD8 + T-cell responses (unpublished observation, [START_REF] Nussenzweig | Discovery and development of HIV broadly neutralizing antibodies, 26th Conference on Retroviruses and Opportunistic Infections[END_REF]).

These results highlight the potential of HIV-1 bNAbs in boosting adaptive immune responses.

However, the elucidation of the mechanism involved and whether such enhanced immune responses might lead to long-term protection in HIV-1 infected patients still needs further investigations.

Mechanisms involved in the enhancement of adaptive immune responses by antiviral mAbs

Evidence shows that the immunomodulatory action of therapeutic mAbs depends on Fc-FcγR interactions [START_REF] Michaud | A crucial role for infected-cell/antibody immune complexes in the enhancement of endogenous antiviral immunity by short passive immunotherapy[END_REF][START_REF] Nasser | Long-lasting protective antiviral immunity induced by passive immunotherapies requires both neutralizing and effector functions of the administered monoclonal antibody[END_REF][START_REF] Dilillo | Differential Fc-Receptor Engagement Drives an Anti-tumor Vaccinal Effect[END_REF]. Several studies point to a role for ICs in enhancing antigen uptake and presentation by dendritic cells (DCs) via FcγRs binding. DCs are in turn strongly activated and drive enhanced immune responses [START_REF] Lambour | Converting monoclonal antibodybased immunotherapies from passive to active: bringing immune complexes into play[END_REF][START_REF] Wang | From therapeutic antibodies to immune complex vaccines[END_REF]. In agreement with this, DCs activated in vitro with antibodyopsonized SIV virions improved antiviral T-cell responses. IC-mediated DC stimulation resulted in increased virus-specific CD4 + T-cell responses [START_REF] Yamamoto | Post-infection immunodeficiency virus control by neutralizing antibodies[END_REF] and enhanced cross-presentation of viral proteins in an Fc-dependent manner [START_REF] Villinger | Evidence for antibody-mediated enhancement of simian immunodeficiency virus (SIV) Gag antigen processing and cross presentation in SIV-infected rhesus macaques[END_REF] (Figure 1). In contrast, DCs activated in vitro with polyclonal IgGopsonized HIV-1 virions showed a decreased capacity to stimulate HIV-specific cytotoxic T lymphocytes (CTL) [START_REF] Posch | Antibodies attenuate the capacity of dendritic cells to stimulate HIV-specific cytotoxic T lymphocytes[END_REF]. However, the nature of the antibody (neutralization capacity, isotype, …) as well as that of the antigen (viral proteins, virions, infected cells) used for the generation of ICs are important parameters affecting the immune response outcome [START_REF] Lambour | Converting monoclonal antibodybased immunotherapies from passive to active: bringing immune complexes into play[END_REF]. Taking this into consideration, the question whether ICs generated with HIV-1 bNAbs and different viral determinants might improve Tcell responses deserves further investigations.

Vaccine approaches also support a role for ICs in shaping antibody responses against HIV-1 [START_REF] Hioe | The use of immune complex vaccines to enhance antibody responses against neutralizing epitopes on HIV-1 envelope gp120[END_REF][START_REF] Kumar | Improving immunogenicity of HIV-1 envelope gp120 by glycan removal and immune complex formation[END_REF][START_REF] Kumar | Elicitation of broadly reactive antibodies against glycanmodulated neutralizing V3 epitopes of HIV-1 by immune complex vaccines[END_REF].

Immunization of mice with ICs formed with different recombinant HIV-1 envelope gp120 proteins (rgp120) and a panel of anti-gp120 antibodies directed against different sites of vulnerability led to enhanced serum levels of HIV-1-specific antibodies. Interestingly, IC-mediated modulation of humoral responses led to a marked skewing to the V1V2 or V3 regions of the HIV-1 viral envelope which was dependent on the gp120 strain and the specificity of the mAb used to form the ICs [36*].

Additional mice immunization studies showed that ICs formed with rgp120 proteins and polyclonal antibodies from HIV-neutralizers induced higher HIV-specific antibody titers, higher-avidity antibodies and expanded germinal centers (GC) B-cell reactions as compared to mice vaccinated with ICs from non-neutralizers [37**]. These enhanced humoral responses occurred via the acceleration of antigen deposition within B-cell follicles and were dependent on ICs interaction with CRs (Figure 1).

These observations are consistent with the role of the complement system in modulating humoral immunity via IC-mediated antigen deposition on follicular dendritic cells (FDC) [START_REF] Carroll | Regulation of humoral immunity by complement[END_REF]. Importantly, the glycosylation pattern of the antibodies used to generate the ICs was determinant to modulate humoral responses: notably sialylated ICs drove enhanced antigen deposition on B cells and FDC within the GC in a complement-dependent manner [37**] as compared to non-sialylated ICs.

IC-based immunization studies, while informative, do not reflect the viral and immunological environment associated with HIV-1 infection (i.e. viral replication, immune cells activation, immunosuppression, …). In this regard, it is worth mentioning that virus-driven inflammation has been associated with bNAbs development in spontaneous controllers of HIV-1 [24*]. Moreover, ICs used for vaccination studies were mostly generated with rgp120. However, in an ongoing infection bNAbs can also opsonize viral particles and infected cells. This different composition of ICs associated with the lysis of opsonized viral determinants by immune effector cells might generate a broader spectrum of danger signals able to modulate the host immune response. Supporting this notion, HIV-1 infected cells are stronger inducers of innate immunity than cell-free virions [START_REF] Lepelley | Innate sensing of HIV-infected cells[END_REF]. Thus, an important issue is to elucidate the immunological mechanisms that drive protective adaptive immune responses in a context of antibody therapy in HIV-1 ongoing infection. Addressing this issue may be challenging because it requires relevant in vivo experimental settings that permit an in-depth study of host immune responses but ethical, technical and cost reasons still limit this type of investigations in humans and NHP. However, in vivo studies in retrovirus-infected mice allowed to characterize and conceptualize several molecular and cellular mechanisms involved in the induction of protective humoral and cellular responses by antiviral mAbs [START_REF] Pelegrin | Antiviral Monoclonal Antibodies: Can They Be More Than Simple Neutralizing Agents?[END_REF] (Figue 1). First, ICs formed with infected cells, rather than virions, lead to antiviral CTL responses through FcγR-mediated binding to DCs [START_REF] Michaud | A crucial role for infected-cell/antibody immune complexes in the enhancement of endogenous antiviral immunity by short passive immunotherapy[END_REF]. This is due to the fact that CTL immunodominant epitopes expressed on infected cells are poorly incorporated into virions [START_REF] Chen | Identification of a gag-encoded cytotoxic Tlymphocyte epitope from FBL-3 leukemia shared by Friend, Moloney, and Rauscher murine leukemia virus-induced tumors[END_REF]. Second, antiviral mAb treatment counteracts the induction of immunosuppressive responses by preventing the expansion of regulatory T cells (Tregs) via an Fcdependent mechanism [START_REF] Nasser | Control of regulatory T cells is necessary for vaccine-like effects of antiviral immunotherapy by monoclonal antibodies[END_REF]. Importantly, Tregs depletion leads to improved humoral and cellular antiviral responses [START_REF] Nasser | Control of regulatory T cells is necessary for vaccine-like effects of antiviral immunotherapy by monoclonal antibodies[END_REF][START_REF] Dietze | Combining regulatory T cell depletion and inhibitory receptor blockade improves reactivation of exhausted virus-specific CD8+ T cells and efficiently reduces chronic retroviral loads[END_REF][START_REF] Moore | Effects of Friend Virus Infection and Regulatory T Cells on the Antigen Presentation Function of B Cells[END_REF]. Third, mAb-mediated induction of high levels of virus-specific antibodies contribute to the long-term maintenance of CD8 + T-cell responses and is crucial to achieve long-term protection [13,44*]. Forth, neutrophils are essential innate cells for the induction of protective immunity via the acquisition of B-cell helper functions that lead to strong primary and memory humoral responses [44*]. These recent findings show a hitherto overlooked immunomodulatory role of neutrophils in mAb-based therapies. They are consistent with previous studies reporting B-cell helper functions of neutrophils in other experimental settings [START_REF] Puga | B cell-helper neutrophils stimulate the diversification and production of immunoglobulin in the marginal zone of the spleen[END_REF][START_REF] Parsa | BAFF-secreting neutrophils drive plasma cell responses during emergency granulopoiesis[END_REF] and with recent works describing the role of neutrophil-mediated phagocytosis in the protective effect of antiviral mAbs [START_REF] Ackerman | Enhanced phagocytic activity of HIV-specific antibodies correlates with natural production of immunoglobulins with skewed affinity for FcgammaR2a and FcgammaR2b[END_REF][START_REF] Sips | Fc receptor-mediated phagocytosis in tissues as a potent mechanism for preventive and therapeutic HIV vaccine strategies[END_REF][START_REF] Gunn | A Role for Fc Function in Therapeutic Monoclonal Antibody-Mediated Protection against Ebola Virus[END_REF]. Taken together, these mouse studies highlight the importance of boosting both T-cell and B-cell responses to achieve long-term protective immunity. They also identify several immune actors that come into play.

A key question now is to assess whether these mechanisms of antibody-mediated immunomodulation also apply to HIV-1 bNAbs-based immunotherapies.

How can the vaccinal effect be improved?

A fine dissection of the immune actors at play in the boosting of adaptive immune response by bNAbs will be required to translate this concept of vaccinal effect into efficient HIV-1 treatment. However, the immunological mechanism involved in this process already identified in preclinical studies might help the design of improved immunotherapies. Two distinct but complementary approaches might be considered: the improvement of bNAbs properties [START_REF] Sun | Recent Progress toward Engineering HIV-1-Specific Neutralizing Monoclonal Antibodies[END_REF] and appropriate host-directed therapies (HDT) [START_REF] Kaufmann | Host-directed therapies for bacterial and viral infections[END_REF] (Figure 2). Both approaches might be guided by immune correlates of protection (identified either from vaccine strategies [52-54*] or from analysis of cohorts of HIV-1-infected subjects with or without disease progression [55,56*]) that point to a key role of the quality of antibody responses (i.e. polyfunctionality, glycoforms, ….) rather than the quantity.

Improvement of bNAbs properties might be achieved by exploiting optimal Fc-FcγRs/CRs interactions. This will require the identification of Fc-dependent effector functions needed for the induction of vaccinal effects together with the identification of the main immune cells and molecular effectors involved. In keepin with this, defined Fc effector functions involving both FcγRs and CRs might predict the development of HIV-1-neutralizing antibody responses [56*,57*]. Antibody subclass selection together with Fc-glycoengineering may represent a major asset to induce vaccinal effects, as both isotype and Fc-glycosylation pattern regulate antibody activity. Due to its enhanced affinity for FcγRs, most HIV-1 bNAbs tested in clinical trials are of the IgG1 isotype. Reflecting the antiviral efficiency of this antibody subclass, IgG1 responses against HIV-1 antigens have been shown to be the best predictor of HIV-1 neutralization breadth in plasma of chronically-infected patients [START_REF] Kadelka | Distinct, IgG1-driven antibody response landscapes demarcate individuals with broadly HIV-1 neutralizing activity[END_REF].

However, highly-functional HIV-1-specific IgG3 have been shown to correlate with vaccine efficacy [START_REF] Chung | Polyfunctional Fc-effector profiles mediated by IgG subclass selection distinguish RV144 and VAX003 vaccines[END_REF] and to contribute to disease control in spontaneous HIV-1 controllers [START_REF] Sadanand | Temporal variation in HIV-specific IgG subclass antibodies during acute infection differentiates spontaneous controllers from chronic progressors[END_REF]. This suggests that bNAbs of IgG3 isotype might also be considered, alone or in combination with IgG1, to exploit multiple Fc effector functions [55].

Fc-engineering to enhance neonatal Fc receptor (FcRn) binding might represent another interesting approach. This Fc modification leads to increased bNAbs half-life in vivo [61**] and improved protection against SHIV infection in macaques [START_REF] Ko | Enhanced neonatal Fc receptor function improves protection against primate SHIV infection[END_REF]. It could also potentially promote the induction of vaccinal effects due to the role of FcRn in the regulation of immune responses [START_REF] Rath | Regulation of immune responses by the neonatal fc receptor and its therapeutic implications[END_REF]. Fcglycoengineering might also be exploited to enhance protective immune responses by bNAbs as antibody glycosylation alters the affinity of antibodies for Fc receptors and has immunomodulatory properties (reviewed in [START_REF] Jennewein | The Immunoregulatory Roles of Antibody Glycosylation[END_REF]). Supporting this notion, as above-mentioned, sialylated HIV-1 bNAbs used in IC-based immunization studies enhanced humoral responses [37**]. A refined understanding of Fc glycosylation profiles linked to the associated Fc effector functions and FcRs/CRs interactions will guide the engineering of therapeutic antibodies with enhanced immunomodulatory properties.

The combination of improved bNAbs with HDT might also be rewarding to enhance host immune responses. However, prior to treatment it would be necessary to take into consideration the viral and immunological status of HIV-1-infected patients because virus-driven inflammation, immune cellsactivation, function and counts as well as immunosuppression mechanisms differ between acute versus chronic infection. Host intrinsic factors such as gender, genetic landscape and gut microbiome might also be considered [START_REF] Fischinger | Sex differences in vaccine-induced humoral immunity[END_REF][START_REF] Subbaraman | Broadly neutralizing antibodies: What is needed to move from a rare event in HIV-1 infection to vaccine efficacy?[END_REF][START_REF] Koay | The microbiome and HIV persistence: implications for viral remission and cure[END_REF].

One approach might rely on counteracting immunosuppressive immune responses already established in infected subjects. To this end, inhibition of Tregs-mediated immunosuppression has been attempted by several therapeutic approaches aiming at their modulation and/or depletion [START_REF] Younas | IL-7 modulates in vitro and in vivo human memory T regulatory cell functions through the CD39/ATP axis[END_REF][START_REF] Brezar | Negative modulation of suppressive HIV-specific regulatory T cells by IL-2 adjuvanted therapeutic vaccine[END_REF][START_REF] Nishikawa | Regulatory T cells in cancer immunotherapy[END_REF][START_REF] Huijts | The effect of everolimus and low-dose cyclophosphamide on immune cell subsets in patients with metastatic renal cell carcinoma: results from a phase I clinical trial[END_REF]. It is noteworthy that treatment intensification (5-drug ART) in HIV-1-infected patients has been recently associated with reduced frequencies of Tregs and broad HIV-1-specific CD8 + T cell responses [START_REF] Grützner | Treatment Intensification in HIV-Infected Patients Is Associated With Reduced Frequencies of Regulatory T Cells[END_REF].

Release of immunosuppression might be also achieved by targeting 'immune checkpoints' molecules that play a critical role in the exhaustion/dysfunction of immune responses (i.e. PD-1, CTLA4, TIM-3, CD160, … reviewed in [START_REF] Attanasio | Costimulatory and Coinhibitory Receptor Pathways in Infectious Disease[END_REF][START_REF] Seddiki | Therapeutic HIV-1 vaccine: time for immunomodulation and combinatorial strategies[END_REF]). Inhibiting the PD-1-PD-1L interaction has been shown to enhance virus-specific cellular responses in animal models of HIV-1 infection [START_REF] Velu | Enhancing SIV-specific immunity in vivo by PD-1 blockade[END_REF] and in HIV-1-infected patients [START_REF] Guihot | Drastic decrease of the HIV reservoir in a patient treated with nivolumab for lung cancer[END_REF]. Notably, a drastic and sustained decrease of the HIV-1 reservoir was associated with an increase in HIV-1-specific CD8 + T cells in a HIV-positive lung cancer patient under anti-PD1 therapy.

Interestingly, PD-1 blockade has also been shown to improve HIV-specific CD4 + T cells [START_REF] Porichis | Responsiveness of HIV-specific CD4 T cells to PD-1 blockade[END_REF] and NK cells function [78**] as well as to enhance HIV-1-specific immunoglobulin production [START_REF] Cubas | Inadequate T follicular cell help impairs B cell immunity during HIV infection[END_REF]. Finally, the simultaneous blocking of PD-1 and the immune checkpoints BTLA and TIM-3 enhanced proliferation of HIV-1-specific T cells and cytokine production in response to Gag and Nef peptides [START_REF] Grabmeier-Pfistershammer | Antibodies targeting BTLA or TIM-3 enhance HIV-1 specific T cell responses in combination with PD-1 blockade[END_REF].

Conclusion

Evidence shows that bNAbs can elicit protective adaptive immune responses. This highlights the need to revisit the concept of bNAbs as only "passive" immunotherapies. However, converting bNAbs into "active" immunotherapies will require the rethinking of the design of antiviral bNAbs-based immunotherapies. A major challenge ahead of us is to elucidate the molecular and cellular mechanisms driving vaccinal effects by bNAbs, such as they might be harnessed and efficiently exploited in therapeutic applications to achieve protective immunity against HIV-1 infection.

To achieve this aim, it is likely that the induction of protective immune responses by HIV bNAbs will require not only the development of new generations of bNAbs with enhanced efficacy, but also the improvement of their use, alone or in combination therapies.

Key points:

• bNAbs can elicit protective adaptive immune responses 

•

  bNAbs shape immune response through the formation of immune complexes that bind to Fc receptors expressed by different immune cells • bNAbs-induced vaccinal effects might be potentiated by therapeutic interventions including engineering of bNAbs with improved properties combined with host-directed therapies • A refined understanding of the multiple mechanisms involved in the boosting of immune responses by bNAbs is required to optimally exploit their immunomodulatory properties
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Combo therapies with bNAbs and immunostimulatory agents might also be considered to induce vaccinal effects. Targeting T-cell co-stimulatory receptors such as CD40, OX40, GITR, and CD137 [START_REF] Attanasio | Costimulatory and Coinhibitory Receptor Pathways in Infectious Disease[END_REF][START_REF] Mayes | The promise and challenges of immune agonist antibody development in cancer[END_REF] has been shown to improve antiviral immune responses in different infection settings [START_REF] Goulding | OX40:OX40L axis: emerging targets for improving poxvirus-based CD8(+) T-cell vaccines against respiratory viruses[END_REF][START_REF] Lee | Targeting CD137 enhances vaccine-elicited anti-respiratory syncytial virus CD8+ T cell responses in aged mice[END_REF][START_REF] Vezys | 4-1BB signaling synergizes with programmed death ligand 1 blockade to augment CD8 T cell responses during chronic viral infection[END_REF] and to synergize with PD-1 blockade [START_REF] Attanasio | Costimulatory and Coinhibitory Receptor Pathways in Infectious Disease[END_REF]. An alternative approach would reside in the use of agonists of Toll-like receptors (TLRs) as their activation is essential for the development of antiviral responses. [START_REF] Perdigão | Reactivation of Latent HIV-1 Expression by Engineered TALE Transcription Factors[END_REF][START_REF] Cary | Targeting the latent reservoir to achieve functional HIV cure[END_REF]. Along with this, the contribution of PD-1 to the establishment and maintenance of HIV latency has recently been shown [START_REF] Evans | Programmed cell death-1 contributes to the establishment and maintenance of HIV-1 latency[END_REF], suggesting that this immune checkpoint might be also explored as a target to reverse latency.

While the above-mentioned immunomodulation strategies seem promising, the achievement of protective immune responses allowing a HIV functional cure will certainly need combinatorial interventions involving multiple HDT and bNAbs with improved properties.
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