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Mucosal administration of anti-bacterial antibodies provide long

 

the treatment of respiratory infections, in particular those due to pathogens associated with persistent chronic or recurrent acute respiratory infections, like the ESKAPE bacteria (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp.), which are often multi-drug resistant and a major threat for human health.

In respiratory medicine, drugs can be delivered parenterally or locally, using the airways as a direct portal to the lungs.

Although intravenous (IV) injection is the conventional route for anti-infective Abs, it is not optimal for the delivery of fulllength Abs to the airways, where pathogens mainly infect, propagate, and disseminate. Indeed, the transport of Abs across the lung epithelial layer is relatively inefficient in either direction [START_REF] Dall'acqua | Properties of human IgG1s engineered for enhanced binding to the neonatal Fc receptor (FcRn)[END_REF][START_REF] Hart | Preclinical efficacy and safety of mepolizumab (SB-240563), a humanized monoclonal antibody to IL-5, in cynomolgus monkeys[END_REF][START_REF] Respaud | Development of a drug delivery system for efficient alveolar delivery of a neutralizing monoclonal antibody to treat pulmonary intoxication to ricin[END_REF] . In contrast, we and others have shown that airway administration of Abs conferred greater protection than parenteral administration [START_REF] Leyva-Grado | Direct administration in the respiratory tract improves efficacy of broadly neutralizing anti-influenza virus monoclonal antibodies[END_REF][START_REF] Piepenbrink | Therapeutic activity of an inhaled potent SARS-CoV-2 neutralizing human monoclonal antibody in hamsters[END_REF][START_REF] Secher | In a murine model of acute lung infection, airway administration of a therapeutic antibody confers greater protection than parenteral administration[END_REF][START_REF] Vigil | Airway delivery of antiinfluenza monoclonal antibodies results in enhanced antiviral activities and enables broad-coverage combination therapies[END_REF] . Airway delivery favors a rapid onset of action, resulting in the efficient neutralization of pathogens [START_REF] Secher | In a murine model of acute lung infection, airway administration of a therapeutic antibody confers greater protection than parenteral administration[END_REF][START_REF] Vigil | Airway delivery of antiinfluenza monoclonal antibodies results in enhanced antiviral activities and enables broad-coverage combination therapies[END_REF] and the pharmacokinetics profile is favorable: Abs accumulate at higher concentrations in the airways than after IV infusions and pass slowly and in low amounts from the airways into the circulation [START_REF] Respaud | Development of a drug delivery system for efficient alveolar delivery of a neutralizing monoclonal antibody to treat pulmonary intoxication to ricin[END_REF][START_REF] Secher | In a murine model of acute lung infection, airway administration of a therapeutic antibody confers greater protection than parenteral administration[END_REF] . In addition, the respiratory mucosa, which is directly accessible through the airways, provides a specific immune environment, favorable for establishing long-term protection. Indeed, comparative studies have shown that mucosal routes provide superior efficacy in the induction of mucosal immune responses as compared to systemic administration [START_REF] Neutra | Mucosal vaccines: the promise and the challenge[END_REF] . In particular, higher protection was obtained, at local or even remote sites, against airway pathogens when immunization was applied by the mucosal route [START_REF] Perrone | Intranasal vaccination with 1918 influenza virus-like particles protects mice and ferrets from lethal 1918 and H5N1 influenza virus challenge[END_REF][START_REF] Forbes | Multifunctional, high-level cytokine-producing Th1 cells in the lung, but not spleen, correlate with protection against Mycobacterium tuberculosis aerosol challenge in mice[END_REF] . Here, we speculated that mucosal delivery of Abs through the airways is well-suited to achieve both direct control and long-term containment of bacterial respiratory pathogens.

Using an acute model of respiratory infection, due to Pseudomonas aeruginosa, a bacterium with a frequent multiresistance phenotype and high rate of recurrence, we found that mucosal delivery of neutralizing Abs provided both an optimal defense against primary infection and frontline immunity for the remote protection against subsequent infections. Abmediated long-lasting protection was dependent on the size of the inoculum, the dose of Abs, and the presence of the cognate antigen during the primary infection. Remarkably, the immune response was sufficient to promote partial heterologous protection against P. aeruginosa strains from different ser- 

Antibody-mediated long-term protection against P. aeruginosa depends on a subtle balance between bacteria inoculum and antibody dose

To further characterize long-term protection induced by prior mucosal Ab treatment, we treated animals with a suboptimal quantity of mAb166 (50 µg) (Fig. 2A), leading to 60% protection after the primary infection (Fig. 2B). Interestingly, this was not sufficient to protect all the rescued animals from a second infection (Fig. 2B). This was confirmed in vitro, using bone marrowderived macrophages (BMDM) APC. BMDM were activated in a mAb166 and FcγR dose-dependent manner, as compared to BMDM treated with MPC11 (Supplementary Fig. 5A), suggesting that the amount of IC generated after infection was important to generate long-term protection [START_REF] Wang | From therapeutic antibodies to immune complex vaccines[END_REF] . To investigate whether long- colony-forming unit (CFU)] (Fig. 2C), which caused morbidity (Supplementary Fig. 6B) but not mortality (Supplementary Fig. 6C). We observed that these animals were not protected from a second infection with a lethal dose of PA103 (Fig. 2B). Interestingly, we observed in vitro a dose-dependent activation of APC regarding the quantity of bacteria used to generate IC (Supplementary Fig. 5B), suggesting that an adequate inflammatory microenvironment is necessary to promote long-term protection. Finally, we demonstrated that APC activation by IC was dependent on their ligation to FcγR as anti-CD16/CD32 Ab treatment blocked expression of interleukin (IL)-6 after 24 hours of stimulation.

Taken as a whole, our results suggest that an optimal amount of IC was critical to induce long-term protection.

Long-term protection is associated with improved lung inflammatory response against P. aeruginosa To gain first insight into the mechanisms accounting for longterm lung protection during P. aeruginosa infection, we quantified, in the airways and lung tissue, the recruitment of neutrophils-the prototypal leukocytes associated with the control of P. aeruginosa infections [START_REF] Cripps | Pulmonary immunity to Pseudomonas aeruginosa[END_REF] . After 4 hours, we observed that they were significantly more neutrophils in both BALF and lungs of the protected animals as compared to the susceptible controls (Figs. 3A and3B). This was accompanied by a significant reduction of PA103 load (Figs. 3C and3D). At 24 hours after secondary infection, a time at which there were fewer bacteria in the lungs of the mice, there were no longer differences in the number of airways neutrophils (Figs. 3A and3B). These data suggest that long-term lung protection generated by mucosaladministered Abs remodels lung immune response to improve neutrophil recruitment, which in turn achieves better control of P. aeruginosa.

Although a neutrophilic-dependent immune response is necessary for bacterial clearance, a protracting and non-resolving inflammatory response is associated with poor host outcomes in P. aeruginosa acute lung infection model [START_REF] Lin | Inflammation: a double-edged sword in the response to Pseudomonas aeruginosa infection[END_REF] . Therefore, we investigated pro-inflammatory cytokines and chemokines in BALF upon P. aeruginosa secondary infection. Interestingly, the expression of the innate immunity mediators CXCL1, IL-6, CCL3, and to a lesser extent tumor necrosis factor-α (Figs. 3E-H) was significantly reduced in the BALF of mice with protective immunity within 4 hours after the challenge. Despite an increased neutrophil influx, dampening of pro-inflammatory pathways may mediate the early resolution of the acute inflammatory response. At a later time point, the levels of CXCL16 and CCL7, two chemokines associated with the recruitment and activation of cells associated with adaptive immunity, were significantly increased in mice protected from secondary infection (Figs. 3I and3J).

To determine whether mAb166 treatment triggers a specific lung immune microenvironment after the primary infection, which may contribute to long-term protection, we analyzed immune cells in the lungs of mice, 28 days after the primary infection. Interestingly, the frequency and number of neutrophils were increased in the group, which will resist secondary infection (Supplementary Fig. 7B and7C), while alveolar macrophages were not modified (data not shown). This was associated with an increased expression of CXCL1 (Supplementary Fig. 7D) while other pro-inflammatory cytokines (IL-6, tumor necrosis fac- The enhanced lung bacterial clearance after the secondary infec-298 tion might be due to improved uptake/bactericidal features of 299 recruited neutrophils. This may be due to better bacterial 300 opsonization afforded by circulating anti-P. aeruginosa IgG.

301

Indeed, humoral immunity is the main specific immune 302 response to protect against extracellular pathogenic 303 bacteria [START_REF] Stead | Humoral 877 immunity and bronchiectasis[END_REF][START_REF] Pan | IL17-Producing gammadelta T cells may enhance humoral 879 immunity during pulmonary Pseudomonas aeruginosa infection in mice[END_REF] .

304

To delineate the immune mechanisms of long-term protec-305 tion against bacterial pneumonia, we analyzed the primary as 306 well as recall humoral response against P. aeruginosa. We 307 observed a significant enrichment of anti-PA103 IgG in the 308 serum of mice infected with a lethal dose of PA103 and treated 309 with an optimal quantity of mAb166 as compared to the ones 310 infected with a non-lethal dose (Fig. 4A), the ΔpcrV mutant or 311 animals treated with a suboptimal quantity of mAb166 (Supple-312 mentary Fig. 8). Moreover, under protective conditions, we 313 observed a rapid and robust induction of the humoral response 314 after the secondary infection (Fig. 4B). Interestingly, comparing 315 before and after the secondary infection, we showed a signifi- [START_REF] Song | Functional heterogeneity of marginal zone B cells 882 revealed by their ability to generate both early antibody-forming cells and[END_REF] . It is noteworthy that similar results were obtained 327 in the prophylactic intervention model (Supplementary Fig. 8).

328

This enrichment of lung B cells was not associated with the 329 development of inducible bronchial-associated lymphoid tissue 330 after either the primary or the secondary infection (Supplemen-331 tary Fig. 9). We next investigated whether P. aeruginosa prior 332 exposure established such humoral response within the airways 333 and observed while IgG titers in BALF were present in a lesser 334 extent as compared in serum (Fig. 4F), they were significantly 335 enriched in protected mice (Fig. 4G). Interestingly, we observed 336 similar BALF enrichment of IgG before the secondary infection, 337 while IgA was not detectable (Supplementary Fig. 7E and7F). 

359

To investigate whether this protracted humoral anti-PA103 360 response was protective on its own, we collected sera from ani-361 mals that were either protected from a secondary infection or 362 not and uninfected/mAb-treated control mice. First, we explored 363 the impact of serum on PA103 growth. As shown in Fig. 5A, only 364 serum from protected mice limited bacterial growth and the inhibitory effect was independent of the activity of the complement (Fig. 5A). Interestingly, enrichment of IgG3 in the serum was significantly associated with the limitation of bacterial growth, as compared to IgG1 (Figs. 5B and5C). To determine whether serum IgG would be sufficient to confer protection against P. aeruginosa infection, sera from infected/treated animals containing anti-PA103 IgG (Supplementary Fig. 10) were decomplemented and administered intraperitoneally to naïve mice (Fig. 5D) before and after PA103 infection. Animals, which were either not subjected to serum transfer (data not shown) or treated with control sera, developed severe pneumonia and died within a few days. In contrast, mice, which received serum from immune-(LD100-mAb166) animals survived better from PA103 infection as compared to those which received serum from non-protected-(LD0-mAb166) animals (Figs. 5E and5F). This result suggests that the humoral anti-PA103 response developed in animals resistant to secondary infection contributes to the protective anti-bacterial response.

Long-lasting humoral response induced by anti-bacterial antibodies mediates cross-protection against P. aeruginosa Although numerous P. aeruginosa antigens have been investigated as immunotherapy or vaccine candidates, their develop- 34 . Here, we investigated whether Ab-mediated long-term response in mice infected with PA103 (serotype O11) and treated with mAb166 may protect animals from a secondary infection by heterologous strains of P. aeruginosa (Fig. 6A). We used CLJ1 and PA14 strains, which belong to the serogroups O12 and O10, respectively (Supplementary Table 1). PA14 express pcrV, while not CLJ1, but none of them are sensitive to mAb166 immunotherapy (Supplementary Fig. 11). Although the long-term effect associated with the infection with PA103-3.10 5 colony-forming unit (CFU) and the treatment with mAb166-100 µg was not sufficient to protect animals against a lethal challenge with CLJ1 (Supplementary Fig. 12), it significantly protects individuals from a sublethal infection by CLJ1 or lethal infection by PA14 (Fig. 6B). Interestingly, this protection was associated with the production of anti-CLJ1 or anti-PA14 IgG, which, even lower as compared to the production of anti-PA103 IgG, was significantly superior to controls (Fig. 6C). These results suggest that prior lung infection rescued by passive inhaled immunotherapy induces a humoral protective immunity against P. aeruginosa pneumonia induced by heterologous strains. responses. However, this Ab-mediated long-term effect was for instance limited to cancer or viral infection and after a systemic administration of the therapeutic agent [START_REF] Dilillo | Fc-receptor interactions regulate both cytotoxic 800 and immunomodulatory therapeutic antibody effector functions[END_REF][START_REF] Pelegrin | Antiviral monoclonal antibodies: can they be more than simple neutralizing agents?[END_REF] . Our results showed that this effect was not related to unspecific vaccination process (due to natural immunity), as the long-term immunity was dependent on the dose of the Abs and the size of bacteria inoculum while an antibiotic treatment was unable to promote protection against secondary infection. Similarly, we observed that this effect was restricted to the presence of the antigen as demonstrated by the absence of protection after a secondary infection when the mice have been primarily infected with a P. aeruginosa strain devoid of antigen expression. This indicates a critical role of IC between therapeutic Abs and bacteria expressing the cognate antigen. Our results support this hypothesis, showing that the amount of IC was correlated to the activation of APC in an FcγR-dependent manner. Evidence in the literature showed that receptor-mediated capture of extracellular antigen by APC considerably enhanced the efficiency of antigen uptake, processing, and presentation on major histocompatibility complex molecules to T cells [49][50][51][52] , especially under inflammatory conditions 53 . As suggested by the literature, the induction of 
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In particular, it was shown that IgG3 had superior binding to cap-488 sular polysaccharide, better ability to control bacterial growth, Fig. 5 Serum from challenged immune mice protects against Pseudomonas aeruginosa infection. (A) Bacterial growth assay using samples collected at D+28 after primary infection with P. aeruginosa (LD100 or LD0) and treated with mAb166 (100µg). Correlation analysis of PA103 burden (depicted in Fig. 5A the lung parenchyma of the protected animals, but not isolated 499 lymphoid follicles. This differs from an influenza lung infection, which elicits tertiary lymphoid structures and is associated with memory responses [START_REF] Allie | The establishment of resident memory B cells in the lung requires local antigen encounter[END_REF][START_REF] Geurtsvankessel | Dendritic cells are crucial for maintenance of tertiary lymphoid structures in the lung of influenza virus-infected mice[END_REF] while being similar to what was observed in pneumococcus-recovered lungs [START_REF] Barker | Lung-resident memory B cells protect against bacterial pneumonia[END_REF] . Taken together, these results indicate that P. aeruginosa-specific memory humoral response induced by mucosal delivery of Abs mediates protection against repeated pulmonary infection. This is in accordance with previous evidence indicating an essential contribution of the humoral and B cell response to anti-viral Abs long-term response [START_REF] Gros | Induction of long-term protective antiviral endogenous immune response by short neutralizing monoclonal antibody treatment[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] . Interestingly, in the context of cancer, the long-term antitumor protection induced by Ab therapy was independent of endogenous Ab response [START_REF] Abes | Long-lasting antitumor protection by anti-CD20 antibody through cellular immune response[END_REF] , suggesting dis- The long-term protection provided by inhaled Abs after resolution and challenge by P. aeruginosa appears complex and may involve multiple overlapping pathways which may remodel immune cells [START_REF] Lavoie | Innate immune responses to Pseudomonas aeruginosa infection[END_REF][START_REF] Moser | Immune responses to Pseudomonas aeruginosa biofilm infections[END_REF] . In fact, CD4+ T cells are critical to coordinate innate and adaptive immunes responses against P. aeruginosa [START_REF] Pan | IL17-Producing gammadelta T cells may enhance humoral 879 immunity during pulmonary Pseudomonas aeruginosa infection in mice[END_REF][START_REF] Liu | The responses of gammadelta T-cells against acute Pseudomonas aeruginosa pulmonary infection in mice via interleukin-17[END_REF] , including B cell maturation and class-switching, providing bacterial clearance [START_REF] Kamei | Collaboration between macrophages and vaccine-induced CD4+ T cells confers protection against lethal Pseudomonas aeruginosa pneumonia during neutropenia[END_REF][START_REF] Green | IFN-gamma from CD4 T cells is essential for host survival and enhances CD8 T cell function during Mycobacterium tuberculosis infection[END_REF] . Alveolar macrophages are firstline phagocytes preventing P. aeruginosa to invade airways [START_REF] Sallenave | Phagocytic and signaling innate immune receptors: are they dysregulated in cystic fibrosis in the fight against Pseudomonas aeruginosa?[END_REF] .

Although we cannot exclude the possibility that other immune cell populations are involved in long-term protection, our cell depletion and flow-cytometric analysis suggested that CD4+ T cells and alveolar macrophages might not contribute to longterm protection against pneumonia. Our results are in line with findings showing that CD4 depletion does not alter the production of anti-P. aeruginosa IgG3 after whole cell vaccination [START_REF] Sen-Kilic | Defining the mechanistic correlates of protection conferred by whole-cell vaccination against Pseudomonas aeruginosa acute murine pneumonia[END_REF] or that alveolar macrophages do not play an important role in defense of the lung against P. aeruginosa [START_REF] Cheung | Role of pulmonary alveolar macrophages in defense of the lung against Pseudomonas aeruginosa[END_REF][START_REF] Kooguchi | Role of alveolar macrophages in initiation and regulation of inflammation in Pseudomonas aeruginosa pneumonia[END_REF] . A shared downstream mechanism of anti-P. aeruginosa immunity involved improved neutrophil recruitment. Here, we showed that mucosal Ab treatment hastened neutrophil influx both before and after secondary infection in animals protected against P. aeruginosa pneumonia. Additional experiments will be necessary to provide a complete picture of the cellular and molecular partners accounting for the induction of long-term anti-P. aeruginosa humoral response, mediated by Ab treatment [START_REF] Pan | IL17-Producing gammadelta T cells may enhance humoral 879 immunity during pulmonary Pseudomonas aeruginosa infection in mice[END_REF][START_REF] Tertilt | Expression of B-cell activating factor enhances protective immunity of a vaccine against Pseudomonas aeruginosa[END_REF] . P. aeruginosa is a highly versatile pathogen intrinsically associated with chronic obstructive pulmonary disease or patients with CF, acting as a colonizer that contributes to the deterioration of lung function and fatal outcomes [START_REF] Martinez-Solano | Chronic Pseudomonas aeruginosa infection in chronic obstructive pulmonary disease[END_REF][START_REF] Patel | Relationship between bacterial colonisation and the frequency, character, and severity of COPD exacerbations[END_REF] , or being also a causative agent of nosocomial pneumonia with significantly higher mortality as compared to other pathogens [START_REF] Chastre | Ventilator-associated pneumonia[END_REF] and even in readmitted patients 44 . In this context, understanding immune mechanisms of long-term protection against P. aeruginosa is critical to developing effective Ab-based therapies that are broadly protective against bacterial pneumonia. For instance, whether Ab-mediated long-lasting effects are solely directed at the Abtargeted antigen or provide epitope spreading remains unclear and may depend on the pathological context 3 . Historically, anti-P. aeruginosa vaccination has been notably hampered by the inability to provide broad protection across different serotypes [START_REF] Hatano | Complex serology and immune response of mice to variant high-molecular-weight O polysaccharides isolated from Pseudomonas aeruginosa serogroup O2 strains[END_REF][START_REF] Donta | Immunoprophylaxis against klebsiella and pseudomonas aeruginosa infections. The Federal Hyperimmune Immunoglobulin Trial Study Group[END_REF][84] . In this study, animals primarily infected with PA103 strain (serotype O11) and treated with a monoclonal Abs targeting the type 3 secretion system were partly protected against secondary infections by heterologous P. aeruginosa strains (serotype O10 or O12). Interestingly, at the recall, the humoral response showed enrichment of IgG specific to the heterologous strains including the opsonic IgG3 subtypes (data not shown), suggesting that monoclonal Ab treatment has overcome the immunodominance of lipopolysaccharide antigen eliciting a broad anti-P. aeruginosa Ab response.

A limitation of our study relies on the complete understanding of the immune mechanisms accounting for this crossprotection, which may rely on the generation of a network of adaptive memory cells that can cross-react with antigens from 573 heterologous bacteria 85,86 or through the induction of trained 574 innate immunity which has been shown to mediate persistent 575 broad-spectrum protection against lung pathogens 87-89 .

576

In conclusion, mucosal delivery of Abs offers the best protec-577 tion against P. aeruginosa, a high-priority classified pathogen for 578 which there is currently no approved vaccine or Ab. It will allow 579 rapid pathogen neutralization limiting its replication while pro-580 viding an optimal host immune response to eliminate the patho- 

Preparation of pulmonary and spleen immune cells

Lung and spleen homogenates were prepared using a Gentle-MACS tissue homogenizer (Miltenyi Biotec, Germany). Lung pieces were then digested in a medium containing 125 µg/mL of Liberase (Roche, France) and 100 µg/mL of DNAse I (Sigma, France) for 30 minutes at 37°C under gentle agitation. After washes, contaminating erythrocytes were lysed using Hybri-Max lysis buffer (Sigma, France) according to manufacturer's instructions. Samples were sequentially filtered over 100 µm and 40 µm nylon mesh. After final wash, cell pellets were resuspended in PBS containing 2% FCS, 2mM EDTA, and 1X murine Fc-block (Becton Dickinson, France)-described elsewhere as flow cytometry staining (FACS) buffer.

Flow cytometry

Cells were incubated in FACS buffer for 20 minutes at 4°C. Then, cells were stained in FACS buffer for 20 minutes at 4°C with appropriate dilutions of the following Abs: CD45-APC-Cy7 (30- 

Preparation of IC and primary BMDM

IC we prepared by mixing mAb166 (at the indicated concentration) and PA103 (with the indicated inoculums) for 1 hour at 4°C under rotation. As control, we used PA103 co-incubated with MPC11, in the same conditions. Murine bone-marrow cells were isolated from femurs and differentiated into macrophages after culturing 10 6 cells/mL for 7 days in DMEM (Sigma) supplemented with 10% FCS, 1% penicillin/streptomycin mixture (Gibco) and 50 ng/mL of M-CSF (Gibco). Mature BMDM were plated in a 96-well plate at 1.10 5 cells/well in complete medium for 24 hours before being stimulated 6 hours with IC or MPC11-PA103 mixture in the absence or presence of 1X Fcblock (Biolegend). Cell-free supernatant was harvested and assessed for IL-6.

Cytokines, mAb166, and IgG measurements

Pa-specific IgG, IgG1, and IgG3 titers, in serum and BALF levels, were measured by sandwich enzyme-linked immunosorbent assay. Briefly, high-binding Immulon 96-well plates (Thermo Fischer Scientific, France) were coated with 0.5 µg/mL of PA103, PA14, or CLJ1 lysates, prepared from overnight cultures that were then sonicated, and diluted in bicarbonate buffer. The plates were then washed and blocked with 1% BSA-PBS. Serum or BALF samples were incubated for 2 hours. A biotinconjugated goat anti-rat IgG Ab (Biolegend, France) was added for 2 hours. After a washing step, peroxidase-conjugated streptavidin (R&D) was added for 20 minutes. Between each step, plates were thoroughly washed in 0.05% Tween20-PBS. Tetramethylbenzidine was used as a substrate, and the absorbance was measured at 450 nm using a microplate reader (Tecan, Switzerland). The titer was calculated by binary logarithm regression as the reciprocal dilution of the sample, where the extinction was 2-fold the background extinction. Similar procedure was used to quantify mAb166 in serum and BALF using recombinant pcrV Med. 198, 1923-1935 (2003). 

U n c o

  r r e c t e d P r o o f MPC11 and administered the IC or mixture, respectively, to animals. As shown in Supplementary Fig. 4, animals infected with 195 PA103 WT alone or co-incubated with MPC11 died quickly after 196 primary infection while those treated with PA103 WT complexed 197 with mAb166 were fully protected. Interestingly, the animals 198 that were inoculated with IC and survived the primary infection, 199 were not protected from the secondary infection. This suggests 200 that long-term response cannot be induced with immunization 201 by IC but requires an infectious trigger and subsequent thera-202 peutic Ab treatment. 203 Overall, these results indicate that the induction of long-term 204 protection against P. aeruginosa by Abs delivered through the 205 airways depends on the Ab binding to its target antigen, as pre-206 viously shown with antitumor Ab 11 .

Fig. 1

 1 Fig. 1 Prophylactic and therapeutic mucosal administration of anti-bacterial antibodies (Ab)s, through the airways, mediates long-term protection against Pseudomonas aeruginosa. (A) C57/BL6jRj (B6) mice were treated or not with 100 µg of mAb166 via the pulmonary (airway) route 2 hours before being infected by the orotracheal instillation of 40 µL of P. aeruginosa strain PA103 (5 × 10 5 CFU / primary infection). Surviving animals were challenged, 30 days later (secondary infection) by the orotracheal instillation of 40 µL of P. aeruginosa strain PA103 (5 × 10 5 CFU) without additional treatment. (B) Survival was monitored over the entire period. The results correspond to six pooled, independent experiments (n = 27-43 mice per group), ***: p < 0.001 with a log-rank test. (C) B6 mice were infected by the orotracheal instillation of 40 µL of P. aeruginosa strain PA103 (3 × 10 5 CFU = LD100 / primary infection) and 1 hour later were treated or not with 100 µg of mAb166 via the pulmonary (airway) route. Surviving animals were challenged, 30 days later (secondary infection) by the orotracheal instillation of 40 µL of P. aeruginosa strain PA103 (3×10 5 CFU) without additional treatment. (D) Survival was monitored over the entire period. The results correspond to six pooled, independent experiments (n = 36-72 mice per group), **: p < 0.01 with a log-rank test. (E) B6 mice were treated with 100 µg of mAb166 via the pulmonary (airway) or intravenous (IV) 2 hours before being infected as described in (A). (F) survival was monitored over the entire period. The results correspond to two pooled, independent experiments (n = 8-27 mice per group), **: p < 0.01 with a log-rank test. (G) B6 mice were treated with 100 µg of mAb166 or 25 mg/kg of Amikacin and were infected as described in (A). (H) Survival was monitored over the entire period. The results correspond to two pooled, independent experiments (n = 19-24 mice per group), ***: p < 0.001 with a log-rank test. (I) B6 mice were treated with 100 µg of mAb166 and infected with PA103 wild-type or with PA103ΔpcrV as described in (A). (J) Survival was monitored over the entire period. The results correspond to two pooled, independent experiments (n = 15-24 mice per group) **: p < 0.01 with a log-rank test. (K) The bacterial load (CFU) in the BAL and the lungs was measured 24 hours after the primary infection or after the secondary infection. The data are quoted as the mean values ± standard error of the mean. The results correspond to four pooled, independent experiments (n = 5-15 mice per group), *: p < 0.05; **: p < 0.01; ***: p < 0.001 with a t test comparing with untreated groups. BAL = broncho-alveolar lavage; CFU = colony-forming unit; d = days; h = hours; mAb = monoclonal antibodies.
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  r r e c t e d P r o o f term protection was only explained by the reduction of bacterial growth, we infected mice with a non-lethal dose of PA103 [5.10 4

  Fig.7H-L).

316

  cant enrichment of anti-PA103 IgG in the serum only in pro-317 tected mice as compared to susceptible controls suggesting 318 the induction of a memory humoral response (Fig. 4C). We next 319 addressed the frequencies of CD19+ B cells in the spleen, as a 320 surrogate of systemic and local humoral responses, at 1 day after 321 the secondary infection. The number of systemic B cells was 322 enhanced in mice that developed long-term protection, as com-323 pared to sensitive animals (Figs. 4D and 4E), with a significant 324 proportion of them with an MZ phenotype (CD21 h IgM h , 325 CD19 + ) (data not shown), which are critical for the Ab 326 responses

338

  This was associated with an enrichment of CD19+ B cells in 339 the lung parenchyma (Figs.4H and 4I) as well as an increased expression of BAFF-which is known as a crucial cytokine for 341 B cell activation and maturation 33 -24 hours after the secondary 342 infection (Fig.4J).

U n c o

  r r e c t e d P r o o f We next assessed the relative amount of different anti-PA103 344 IgG subclasses present in animals exhibiting a different ability to 345 limit the extent of the secondary infection. IgG1 and IgG3 were 346 the most abundant isotypes found in the serum and BALF (data 347 not shown) after P. aeruginosa infection. We observed a signifi-348 cant enrichment of IgG3 in contrast with IgG1 in the serum of 349 the mice resistant to the secondary infection, as compared to 350 the susceptible animals (Figs. 4K and 4L). Indeed, a formal corre-351 lation analysis of bacterial burden in the lung with IgG titers in 352 the serum showed that the presence of IgG3 correlated with 353 better bacterial control, as compared to IgG1 after PA103 sec-354 ondary infection (Figs. 4M and 4N). Overall, our data support 355 the idea that the mice infected and treated with mAb166, under 356 optimal conditions, resist re-infection by PA103 due to an effi-357 cient anti-bacterial humoral immune response, which is recalled 358 after the second bacterial infection.

Fig. 2

 2 Fig. 2 Antibody-mediated long-term protection against Pseudomonas aeruginosa depends on a subtle balance between bacteria inoculum and antibody dose. (A) B6 mice were treated with 100 µg or 50 µg of mAb166 and infected as described in Fig. 1A. (B) Survival was monitored over the entire period. The results correspond to four pooled, independent experiments (n = 27-32 mice per group), *: p < 0.05 with a logrank test. (C) B6 mice were treated with 100 µg of mAb166 and infected with a lethal dose (5×10 5 CFU / primary infection) or a non-lethal dose (5×10 4 CFU / primary infection) as described in Fig. 1A. (D) Survival was monitored over the entire period. The results correspond to five pooled, independent experiments (n = 16-30 mice per group), ***: p < 0.001 with a log-rank test. CFU = colony-forming unit; d = days; h = hours; mAb = monoclonal antibodies.

  U n c o r r e c t e d P r o o f ment has been hampered by the inability to achieve broad protection across different serotypes

410

  Despite considerable advances in antimicrobial chemotherapy, 411 treatment of P. aeruginosa infections has become challenging 412 because of the increasing prevalence of intrinsic and acquired 413 multi-drug resistance to antibiotics 35-38 . Notably, P. aeruginosa 414 has become the most common multi-drug resistant Gram-415 negative bacteria causing pneumonia in hospitalized patients, 416 associated with premature mortality 39 . In addition, managing 417 antibiotic-resistance infections of P. aeruginosa is costly, adding 418 pressure on overburdened healthcare systems 40 . Besides acute 419 pneumonia, P. aeruginosa can also cause persistent infections 420 in patients with chronic pulmonary diseases, including cystic 421 fibrosis (CF) 41 , chronic obstructive pulmonary disease 42 , or 422 non-CF bronchiectasis 43 and is also associated with recurrent 423 infections in patients in the intensive care unit 44 . Anti-424 infectious Ab therapies have gained an important place in the 425 therapeutic arsenal against infectious diseases. As illustrated in 426 the treatment of Clostridium difficile or HIV infections, they offer 427 novel perspectives for addressing antimicrobial resistance and 428 chronic/recurrent P. aeruginosa infections. Our group and others 429 have demonstrated that the airways constitute an attractive and 430 feasible alternative route for Ab delivery into the lungs[START_REF] Respaud | Development of a drug delivery system for efficient alveolar delivery of a neutralizing monoclonal antibody to treat pulmonary intoxication to ricin[END_REF][45][46][47] 

Fig. 3

 3 Fig. 3 Long-term protection is associated with improved lung inflammatory response against Pseudomonas aeruginosa. B6 mice were treated/ infected as described in Fig. 1C. Neutrophils (CD45+ CD11b+ SiglecF-Ly6G+ cells) number in lung (A) and BAL (B) were determined 4 and 24 hours after the secondary infection. The data are quoted as the mean values ± SEM. The results correspond to three pooled, independent experiments (n = 13 mice per group), *: p < 0.05 with t test. Bacterial load in lung (C) and BAL (B) were determined 4 hours after the secondary infection. The data are quoted as the mean values ± SEM. The results correspond to two pooled, independent experiments (n = 10 mice per group), *: p < 0.05 with t test. At 4 and 24 hours after the secondary infection, BAL fluid was analyzed by Multiplex assay for the production of (E) CXCL1, (F) IL-6, (G) TNF-α, (H) CCL3, (I) CCL7, (J) CXCL16. The data are quoted as the mean values ± SEM. The results correspond to three pooled, independent experiments (n = 13 mice per group), *: *: p < 0.05; **: p < 0.01; ***: p < 0.001 with a t test. BAL = broncho-alveolar lavage; CFU = colony-forming unit; d = days; h = hours; IL = interleukin; mAb = monoclonal antibodies; SEM = standard error of the mean; TNF = tumor necrosis factor.
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  r r e c t e d P r o o f enhancing their local concentration, limiting their passage into 432 the systemic circulation, and leading to a better antimicrobial 433 protective response as compared to other delivery 434 routes 20,22,23,48 . After mucosal delivery, Ab-mediated anti-435 infective response relies mostly on Fab-dependent neutraliza-436 tion of pathogen and recruitment of immune mediators via 437 FcγR. Using a robust and straightforward murine model of pneumonia mimicking the initial phases of lung infection during P. aeruginosa colonization of the airways, we demonstrated for the first time a long-lasting protection associated with mucosal-delivered Abs, protecting individuals from a secondary infection. Recent clinical and preclinical studies have identified similar functions for Abs, which act as immunomodulators that

Fig. 4

 4 Fig. 4 Mucosal administration of mAb166 leads to the development of a sustained and protective humoral immune response against Pseudomonas aeruginosa. B6 mice were treated/infected as described in Fig. 1C. (A) The concentration of total anti-PA103 IgG in serum was determined by ELISA at days 1, 3, 7, 10, 14, 28 after the primary infection. The data are quoted as the mean values ± SEM. The results correspond to seven pooled, independent experiments (n = 10-33 mice per time-points), ###: p < 0.001 with two-way analysis of variance followed by a Bonferroni post-test, comparing PA103(LD100)/mAb166 with PA103(5.10 4 CFU = LD0)/mAb166. **: p < 0.01; ***: p < 0.001 with two-way analysis of variance followed by a Bonferroni post-test, comparing with PBS controls. (B) The concentration of total anti-PA103 IgG in serum was determined by ELISA at days 1, 5, and 7 after the secondary infection. The data are quoted as the mean values ± SEM. The results correspond to three pooled, independent experiments (n = 10 mice per time-points). (C) The concentration of total anti-PA103 IgG in serum was determined by ELISA at days -1, +1 after the secondary infection. The data are quoted as individual values. The results correspond to four pooled, independent experiments (n = 17-19 mice per group), *: p < 0.05; with a paired t test. 24 hours after the secondary infection, (D) representative dot plot depicting CD19+ B cells in the spleen, (E) frequency and total number of splenic CD19+ B cells (CD45+ CD3-CD19+ cells). The data are quoted as the paired mean values ± SEM. The results correspond to two pooled, independent experiments (n = 10 mice per time-points), *: p < 0.05; with a t test. (F) The concentration of total anti-PA103 IgG in BALF was determined by ELISA at days 1, 5 and 7 after the secondary infection. The data are quoted as the mean values ± SEM. The results correspond to six pooled, independent experiments (n = 8-18 mice per time-points). (G) the concentration of total anti-PA103 IgG in BALF was determined by ELISA at day 1 after the secondary infection. The data are quoted as the mean values ± SEM. The results correspond to three pooled, independent experiments (n = 8-19 mice per timepoints). **: p < 0.01; with a t test. 24 hours after the secondary infection, (H) representative dot plot depicting CD19+ B cells in the lung, (I) total number of lung CD19+ B cells; and (J) BAFF expression in the BALF. The data are quoted as the paired mean values ± standard error of the mean. The results correspond to two pooled, independent experiments (n = 10 mice per time-points), *: p < 0.05; **: p < 0.01 with a t test. The concentration of anti-PA103 IgG1 (K) and IgG3 (L) in serum was determined by ELISA at days -1, +1 after the secondary infection. Correlation analysis of PA103 burden (depicted in Fig. 3C) in lung and IgG1 (M) or IgG3 (N) in the serum. The data are quoted as individual values. The results correspond to four pooled, independent experiments (n = 17-19 mice per group), *: p < 0.05; with a paired t test. Dotted lines indicated data from five uninfected/untreated mice; continuous lines indicated data from five infected/untreated mice. BALF = bronchoalveolar lavage fluid; CD = cluster of differentiation; CFU = colony-forming unit; ELISA = enzyme-linked immunosorbent assay; h = hours; Ig = immunoglobulin; mAb = monoclonal antibodies; PBS = phosphate-buffered saline; SEM = standard error of the mean.
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467

  Ab-mediated long-term protection may be supported by the 468 ability of APC to internalize IC and promote protective adaptive 469 memory responses 54,55 . 470 To translate the observations of Ab-mediated long-term pro-471 tection into human benefits, it appears essential to identify the 472 molecular and cellular mechanisms supporting these long-term 473 protective responses. During viral infections, Ab-mediated 474 long-term protection relies on the induction of endogenous 475 humoral response 9,10,15,56 , but not in cancer models 14 . Here, 476 we provided evidence that anti-P. aeruginosa humoral response 477 is a critical component of Ab-mediated long-term protection. In 478 fact, historical data have established that impaired serum-killing 479 of P. aeruginosa was associated with poor outcome in infected 480 patients 57 . Here, we first showed that anti-bacterial IgG and 481 especially IgG3 are generated in a greater extent after primary 482 infection in individuals that will subsequently survive the chal-483 lenge, with a direct effect on the control of the bacterial growth 484 and lung load. This subclass stimulated by a pro-T helper 1 485 inflammatory milieu 58 was already demonstrated to actively 486 contribute to the protection against other respiratory bacteria 59 .

  Fig.5Serum from challenged immune mice protects against Pseudomonas aeruginosa infection. (A) Bacterial growth assay using samples collected at D+28 after primary infection with P. aeruginosa (LD100 or LD0) and treated with mAb166 (100µg). Correlation analysis of PA103 burden (depicted in Fig.5A) and IgG1 (B) or IgG3 (C) in the serum. The data are quoted as individual values. The results correspond to three pooled, independent experiments (n = 9-17 mice per group), ***: p < 0.001; two-way analysis of variance followed by Bonferroni post-test. (D) Serum from B6 mice that have been previously infected with P. aeruginosa (3.10 5 CFU = LD100) and treated with mAb166 (100µg) were collected at D+28 after primary infection. Sera were injected intraperitoneally in naïve B6 mice at D-1, D0 and D+1 after an infection with P. aeruginosa (3.10 5 CFU); survival (E) and body weight (F) were monitored over 7 days. The results correspond to three pooled, independent experiments (n = 15 mice per group), ***: p < 0.01 with a log-rank test comparing with mAb166/PBS group; ##: p < 0.01 with a log-rank test comparing with mAb166/PA103(5.10 4 ) group. CFU = colony-forming unit; D = day; Ig = immunoglobulin; mAb = monoclonal antibodies.
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  r r e c t e d P r o o f and also promoted neutrophil-mediated killing against Gram-490 negative lung pathogen as compared to IgG1 60 . Secondly, trans-491 ferred anti-bacterial IgG3 enriched serum provided protection 492 against P. aeruginosa infection. This protection due to opsonic 493 IgG3 was not mediated through the complemented pathway, 494 confirming the limited ability of mouse complement to mediate 495 bacterial killing 61-63 . Finally, both lung and systemic B cells are 496 substantiated in the context of long-term protection. It is note-497 worthy that we observed lung plasma cells scattered within 498

Fig. 6

 6 Fig. 6 Long-lasting humoral response induced by anti-bacterial Ab mediates cross-protection against Pseudomonas aeruginosa. (A) B6 mice were treated/infected as described in Fig. 1C. At the challenge, mice were infected with either homologous strain PA103 wild-type (LD100), or heterologous strains CLJ1 (LD50) or PA14 (LD100). (B) Survival was monitored over the entire period. The results correspond to three pooled, independent experiments (n = 10-36 mice per group), **: p < 0.01; ***: p < 0.001 with a log-rank test comparing with respective untreated groups. (C) Total anti-PA103 (white bars), anti-CLJ1 (black bars) or anti-PA14 (gray bars) IgG in serum was determined by enzyme-linked immunosorbent assay at D+7 after secondary infection. The data are quoted as the mean values ± standard error of the mean. The results correspond to three pooled, independent experiments (n = 5-10 mice per group). D = day; Ig = immunoglobulin; mAb = monoclonal antibodies. U n c o r r e c t e d

581

  gen and induce long-lasting protection against secondary 582 infections. This novel modality associated with anti-bacterial 583 Abs may be of importance for the treatment of pathogen-584 causing recurrent acute infections as well as chronic respiratory 585 infections, especially in the context of antibiotic resistance. 586 METHODS (Kyoto University, Japan), CLJ1 kindly provided by Dr. Ina Attree 605 (CEA Grenoble, France) and PA14, kindly provided by Dr. Eric 606 Morello (Tours University, France). The uniformity of the colonies 607 was checked by plating on Pseudomonas isolation agar (PIA) 608 plates. PA103 has been transformed by quadriparental mating 609 by a mini-Tn7T transposon encoding allowing a constitutive 610 expression of the LuxCDABE operon. Bacteria were prepared as 611 previously described 22 . Mice were anesthetized with isoflurane 612 4% and an operating otoscope fit with intubation specula was 613 introduced to both maintain tongue retraction and visualize 614 the glottis. A fiber optic wire threaded through a 20G catheter 615 and connected to torch stylet (Harvard Apparatus, France) was 616 inserted into the mouse trachea. Correct intubation was con-617 firmed using lung inflation bulb test and 40 µL of the bacterial 618 solution was applied using an ultrafine pipette tip. Inoculum size 619 for infections were confirmed by counting CFU on PIA plates and 620 were as follow: 5.10 4 CFU (LD0 dose), or 5.10 5 CFU (LD100, exper-621 iments with prophylactic intervention), or 3.10 5 CFU (LD100, 622 experiments with therapeutic setting) for PA103; 5.10 5 CFU 623 (non-lethal dose) for PA103ΔpcrV. Mortality and body weight 624 of animals were monitored daily. In all experiments, moribund 625 animals or animals with a weight loss of more than 20% were 626 sacrificed for ethical reasons and considered as dead animals 627 due to the infection. 628 Antibody, antibiotic administration 629 mAb166 was either administered 2 hours before (prophylactic 630 intervention) or 1 hour after the infection (therapeutic intervention), at the dose of 100 µg or 50 µg (suboptimal quantity) in 50 A. Pitiot, et al. www.elsevier.com Mucosal Immunology (2023) xx:xxxxxx MUCIMM 30 No. of Pages 14, Model 5G 6 April 2023 U n c o r r e c t e d P r o o f introduced orotracheally, as described in the previous section. 634 Amikacin sulfate (Sigma, France), 25 mg/kg was administered 635 through the airways using the same protocol. For CD4+ T-cell 636 depletion, mice were treated at D+28 with 200 µg/mice of 637 anti-CD4 Abs delivered by both intraperitoneal and intranasal 638 administration 66 . 639 P. aeruginosa secondary infection 640 Mice recovering from the primary infection were re-infected oro-641 tracheally as described above with PA103-5.10 5 CFU (experi-642 ments with prophylactic intervention) or 3.10 5 CFU 643 (experiments with therapeutic intervention); CLJ1-1.10 6 CFU 644 (LD50) or PA14-1.10 6 CFU (LD100), 30 days after the primary 645 infection. 646 Blood sampling and adoptive serum transfer experiments 647 Blood samples were collected every 3 days after the primary 648 infection and at day 1, 5, and 7 after the secondary infection 649 to assess endogenous anti-P. aeruginosa IgG concentrations. At 650 day 28 after the primary infection, mice were sacrificed and sera 651 were collected, pooled, heat-inactivated (56°C) for 30 minutes, 652 and diluted 1:6 in PBS. For serum transfer experiments, age-653 matched mice were administered intraperitoneally 100 µL of 654 1/6-fold diluted serum in 1X PBS, on days -1, 0, and +1 post-655 infection with an LD100 of PA103 (3.10 5 CFU). 656 Broncho-alveolar lavage, organ sampling, bacterial load 657 assay 658 BALF was collected after P. aeruginosa infection by introducing a 659 catheter into the trachea under deep pentobarbital anesthesia 660 and washing sequentially the lung with 1 x 0.5 mL and 2 x 1 661 mL of 1X PBS at room temperature. The lavage fluid was cen-662 trifuged at 400 g for 10 minutes at 4°C and the supernatant of 663 the first lavage was stored at -20°C for analysis. The cell pellet 664 was resuspended in PBS, counted in a hemocytometer chamber 665 and used for subsequent analysis. 666 Spleen and lungs were perfused with 10 mL of PBS 1X and 667 harvested in GentleMACS C tubes (Miltenyi Biotec, Germany) 668 containing 2 mL of RPMI medium (Invitrogen, France) for flow 669 cytometry or GentleMACS M tubes (Miltenyi Biotec, Germany) 670 containing 2 mL of 1X PBS for microbiology assay. 671 Bacterial load in lung homogenates or BAL (before centrifu-672 gation) was determined by plating tenfold serial dilutions on 673 PIA-agar. Plates were incubated at 37°C in a 5% CO 2 atmosphere, 674 and the CFU were counted after 24 hours. 675 The effect of serum on bacterial growth was performed in 676 triplicate as previously described 90 . Briefly, PA103 were grown 677 overnight in 10 mL of LB at 37°C and resuspended in PBS to a 678 final concentration of 5.10e7 CFU/ml. 5 μL was then mixed with 679 45 μL of undiluted mouse serum at 37°C with shaking (180 rpm). 680 Bacterial growth was determined after 60 and 180 minutes by 681 plating tenfold serial dilutions on PIA-agar. Plates were incu-682 bated at 37°C in a 5% CO 2 atmosphere, and the CFU were 683 counted after 24 hours. 684 Histology 685 At sacrifice, lungs were inflated with 2 mL of 4% paraformalde-686 hyde (PFA, Shandon) before being fixed in 4% PFA for 24 hours, 687 Lungs were then dehydrated in ethanol and embedded in paraf-688 fin. Serial sections (3 mm) were stained with hematoxylin and 689 eosin and all lung sections were analyzed by an independent clinical pathologist. Pictures were sampled using an automated upright microscope (Leica) with 10X and 20X objectives.

  F11), CD3 PerCP-Cy5.5 (17A2), CD19 V450 (1D3), IgM PE (RMM-1), CD21 APC (7E9), CD11b PercP (M1/70), and Ly6G FITC (1A8) from Biolegend and Siglec-F BV421 (E50-2440) from BD. Dead cells were stained with the LIVE/DEAD Fixable Aqua Dead Cell Staining kit (ThermofisherScientific) and acquired on a MACS Quant (Miltenyi Biotec) cytometer. Analyses were performed using Venturi-One software (Applied Cytometry; UK).

U n c o
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Mice and antibodies 588

Adult male C57BL/6jrj (B6) mice (6-8 weeks old) were obtained 589 from Janvier (Le Genest Saint-Isle, France). All mice were housed 590 under specific-pathogen-free conditions at the PST "Animaleries" 591 animal facility (Université de Tours, France) and had access to