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Recombinant BCG Vaccines Reduce Pneumovirus-Caused Airway Pathology by Inducing Protective Humoral Immunity
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The Human Respiratory Syncytial Virus (hRSV) and the Human Metapneumovirus (hMPV) are two pneumoviruses that are leading agents causing acute lower respiratory tract infections (ALRTIs) affecting young infants, the elderly, and immunocompromised patients worldwide. Since these pathogens were first discovered, many approaches for the licensing of safe and effective vaccines have been explored being unsuccessful to date. We have previously described that immunization with recombinant strains of Mycobacterium bovis Bacillus Calmette-Guérin (rBCG) expressing the hRSV nucleoprotein (rBCG-N) or the hMPV phosphoprotein (rBCG-P) induced immune protection against each respective virus. These vaccines efficiently promoted viral clearance without significant lung damage, mainly through the induction of a T helper 1 cellular immunity. Here we show that upon viral challenge, rBCG-immunized mice developed a protective humoral immunity, characterized by production of antibodies specific for most hRSV and hMPV proteins. Further, isotype switching from IgG1 to IgG2a was observed in mice immunized with rBCG vaccines and correlated with an increased viral clearance, as compared to unimmunized animals. Finally, sera obtained from animals immunized with rBCG vaccines and infected with their respective viruses exhibited virus neutralizing capacity and protected naïve mice from viral replication and pulmonary disease. These results support the notion that the use of rBCG strains could be considered as an effective vaccination approach against other respiratory viruses with similar biology as hRSV and hMPV.
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INTRODUCTION

For almost a century, Mycobacterium bovis Bacillus Calmette-Guérin (BCG) has been widely used to prevent Tuberculosis and has also been characterized as an effective T helper type 1 (Th1) inducer (1). Further, BCG has been shown to be safe in adults, infants, and newborns. The approach of using BCG as a vector for recombinant expression of heterologous antigens has been previously tested for several pathogens, such as measles virus, rotavirus, hepatitis B virus, Plasmodium yoelii, Bordetella pertussis, and Toxoplasma gondii, exhibiting promising results in mouse models for those diseases (2–7).

Worldwide, human Respiratory Syncytial Virus (hRSV) is the leading cause of acute lower respiratory tract infections (ALRTIs). HRSV was first identified in 1956 and mainly afflicts infants, young children, elderly, and immunocompromised patients, causing about 34 millions of ALRTIs and ~200,000 deaths per year (8). Next to hRSV, human Metapneumovirus (hMPV) is the second cause of ALRTIs (9) and was first identified in 2001 (10). Although the overall burden in hospitalization remains poorly characterized for hMPV, as it was recently identified, it has been estimated that about a 7–19% of children hospitalization can be due solely to this virus (11, 12). Furthermore, clinical studies have shown that by the age of 5, virtually every child has been infected with both of these viruses, exhibiting classical ALRTI manifestations, which include fever, cough, wheezing, and some clinical manifestation like bronchiolitis, laryngotracheitis, acute bronchitis, and pneumonia (8, 10–14) with an increase in the mucus production, obstruction of bronchoalveolar spaces, exacerbated inflammatory response, and the generation of airway hyper-responsiveness (15–17). In addition, prospective surveillance studies have suggested that children affected by severe hMPV infections usually require longer recovery periods at intensive care units than do children infected with hRSV (11–14). Both hRSV and hMPV are RNA single-stranded, negative sense enveloped viruses, belonging to the Pneumoviridae family, particularly the Orthopneumovirus genus and the Metapneumovirus genus, respectively (15). Furthermore, hRSV has been recently renamed as human Orthopneumovirus (15).

Some reports have suggested that the host immune system is unable to generate an effective and protective immunological memory against either of these viruses, which after disease resolution, prompts the acquisition of repeated infections throughout life (18, 19). Accordingly, it has been described that the nucleoprotein of hRSV (N-hRSV) is able to inhibit the assembly of an effective immunological synapse, apparently by clustering with the pMHC-TCR complex (20). Also, N-hRSV blunts the interferon response by interacting with MDA5 and MAVS, pivotal elements in the main pathways associated with the viral clearance (21). On the other hand, the phosphoprotein of hMPV (P-hMPV) has been described as a crucial component for the assembly of the virus replication core (22). It has been reported that P of hMPV-B1 serotype could interfere with the RIG-I pathway, prompting the inhibition of the interferon I pathway (23). Considering this, both proteins have been previously suggested as possible candidate antigens for the induction of a strong and protective cellular immune response against either hRSV or hMPV infections when used for immunization, respectively (24, 25).

Our group has previously reported that recombinant BCG strains (rBCG) expressing either N-hRSV (rBCG-N) or P-hMPV (rBCG-P) as heterologous antigens, can protect against infection by hRSV or hMPV, respectively (24, 25). In this work, we evaluated the previously unexplored humoral immune response induced in mice immunized with either rBCG-N and rBCG-P. We observed that the post-challenge antibody response is enhanced by the established immunity elicited by both rBCG vaccines (rBCG-N or rBCG-P). This concerted response was able to significantly decrease viral replication and disease by promoting the secretion of neutralizing antibodies specific against the attachment and the fusion glycoproteins of both paramyxoviruses. These results suggest that rBCG strains are good vaccine candidates able to induce a cellular immune response capable of boosting the humoral immune response against unrelated antigens and to prevent the disease cause by both pneumoviruses.

MATERIALS AND METHODS

hRSV and hMPV Propagation and Titration

HEp-2 cells (American Type Culture Collection, CCL-23TM) and LLC-MK2 (American Type Culture Collection, CCL-7TM) were used to propagate hRSV serogroup A2, strain 13018–8 (clinical isolate obtained from the Instituto de Salud Pública de Chile) and hMPV serogroup A, strain CZ0107 (clinical isolate obtained from the Laboratorio de Infectología y Virología of the Hospital Clínico, Pontificia Universidad Católica de Chile) (26, 27). Briefly, cell monolayers were grown in T75 flasks with DMEM (Life Technologies Invitrogen, Carlsbad, CA) supplemented with 10% FBS (Gibco Invitrogen Corp, Carlsbad) for HEp-2 cells and Opti-MEM supplemented with 5% FBS for LLC-MK2 cells, until 80–90% confluence. Flasks containing 5 mL of infection medium [DMEM 1% FBS for hRSV and Opti-MEM 5% FBS medium, supplemented with CaCl2 (100 μg/mL) for hMPV] were inoculated with 2 × 105 Plaque formation units (PFU) of the respective virus and incubated at 37°C. After viral adsorption (2 h), supernatants were replaced with fresh medium (DMEM 1% FBS and Opti-MEM) and incubated for 48 h for hRSV and 72 h for hMPV, until visible cytopathic effect was observed. For harvesting, cells were scraped, and the flask content was pooled and centrifuged first at 300 × g for 10 min and then at 500 × g for 10 min in order to remove cell debris. In parallel, supernatants of non-infected cells monolayers (HEp-2 and LLC-MK2) were collected as previously described and used as non-infectious control (Mock). Viral titers of supernatants were determined by immunocytochemistry in 96-well plates with HEp-2 and LLC-MK2 cells monolayers, as previously described (26–29). hRSV and hMPV inoculums were routinely evaluated for lipopolysaccharide and Mycoplasma contamination.

Doses of BCG-WT, rBCG-N, and rBCG-P for Immunization

Vaccine doses of BCG-WT (Danish 1331 strain), rBCG-N, and rBCG-P (both of them obtained as previously described (24, 25) were prepared by growing the mycobacteria on 7H9 liquid medium (Sigma-Aldrich, M0178-500G), supplemented with 10% OADC (Sigma-Aldrich, M0678-1VL) and Kanamycin only for the recombinant bacteria [20 μg/mL] (Sigma-Aldrich, 60615), until reaching an OD600 equal to 0.8. Then, the mycobacteria cultures were washed three times with 1X PBS-0.05% Tween 80, resuspended with 1X PBS-glycerol 50% at a final concentration of 4 × 108 CFU per vial and frozen at −80°C until their use. For immunization, vials were centrifuged at 14,000 g and resuspended in saline solution prior to injection.

Dot-Blot Assays

Lysates obtained from BCG-WT and rBCG strains expressing either N-hRSV or the P-hMPV, as well as purified N and P proteins as positive controls and 1X PBS as a negative control, were spotted into nitrocellulose membranes. Loaded membranes were incubated for 1 h at 4°C. Membranes were then blocked with a solution 1X PBS and 5% non-fat milk solution for 2 h at RT. Then, membranes were incubated for 1 h with an hRSV anti-N protein monoclonal antibody (1E9/D1 clone 1.48 mg/mL) and hMPV anti-P protein polyclonal antibody (6B12 clone 1.2 mg/mL) diluted in 1X PBS and 5% non-fat milk at a final dilution for both antibodies of 1:750. As a secondary antibody, an HRP-Goat anti-mouse IgG (H+L) (1.5 mg/mL) (Life Technologies, N. Meridian rd., Rockford, IL 61101, USA) was used diluted in 1X PBS, 5% non-fat milk, at a final dilution of 1:2,000, for 1 h. Membranes were washed with 1X PBS, 0.05% Tween 20, three times after every step. Finally, membranes were incubated with the HRP Chemiluminescent Substrate (Invitrogen, Carlsbad, CA 92008, USA) and proteins were visualized with the gel documenter myECL Imager (ThermoFischer Scientific).

Mouse Immunization and Viral Infection

Six to eight-week-old BALB/cJ mice received a sub-cutaneous injection in the right dorsal flank with 1 × 108 CFU of BCG WT or rBCG strains expressing N-hRSV or P-hMPV, respectively, in a final volume of 100 μL per dose (n = 6 per group) (Figures 2A,G). After 14 days, mice were boosted with the respective BCG strain. Twenty-one days post immunization, mice were intraperitoneally anesthetized with a mixture of ketamine and xylazine (80 and 4 mg/kg, respectively), and challenged by intranasal instillation with ~1 × 107 PFU of hRSV A2, strain 13018-8 or ~1 × 106 PFU of hMPV A, strain CZ0107, accordingly to the vaccine injected, in a final volume of < 100 μL per mouse. Blood samples were obtained from these animals before immunization, boost, challenge, and at 7 days post-infection (dpi) and 14 dpi. For hRSV infected mice, lung samples, and Bronchoalveolar Lavage (BAL) were obtained at 7 and 14 dpi. For hMPV-infected mice, blood samples, lung samples, and BAL were obtained at 28 dpi, and 21 days post re-infection with ~1 × 106 PFU of hMPV (49 dpi). All animals were treated and manipulated with supervision of a veterinarian and according to the institutional guidelines of the Pontificia Universidad Católica de Chile and the “Guide for the care and use of laboratory animals”.

Quantification of IgG Isotypes

Ninety-six well ELISA plates were separately coated with the following antigens overnight at 4°C: 50 μL/well of hRSV or hMPV (previously UV-inactivated for 45 min and sonicated by 10 min to expose as many antigens as possible), 100 ng/well of N-hRSV purified protein or 100 ng/well of F-, G- and P-hRSV proteins (SinoBiological, Beijing, China). For hMPV ELISA, plates were coated with 200 ng/well of P-, M-, and M2.1- proteins purified.

Plates were blocked with 200 μL of 1X PBS, 2% Fish gelatine. After 1 h at RT, plates were washed three times with 200 μL of 1X PBS, 0.05% Tween 20 and incubated for 1 h at RT with 100 μL of the different serum samples previously diluted at 1:500 in triplicate (14 dpi for hRSV and 28 dpi for hMPV). Then, the plates were washed three times and incubated with 50 μL of 1:2,000 dilution of HRP-Goat anti-mouse IgG (H+L) (Life Technologies, N. Meridian rd., Rockford, IL 61101, USA) for 1 h at RT. Afterwards, plates were washed and revealed with 50 μL of 1 mg/mL 3-39-5-59-tetramethylbenzidine (TMB, Merck) at RT in the darkness. After 10 min, 50 μL of H2SO4 solution were added to stop the reaction. Plates were analyzed in an ELISA reader at 450 nm (Multiskan Ex, Thermo Labsystems).

Immunoglobulin isotypes were also analyzed from the same sera samples in similar conditions. 96-well ELISA plates were coated overnight at 4°C with 50 μL of hRSV or hMPV, previously UV-inactivated by 45 min and sonicated by 10 min. After blocking and washing as previously described, the plates were incubated with 50 μL of 1:500 dilution of sera sample in triplicate (14 dpi for hRSV and 49 dpi for hMPV) 1 h at RT. Biotinylated Rat anti-Mouse IgG2a (Clone RMG2a-62, Biolegend, San Diego, CA) and IgG1 (Clone RMG1-1, Biolegend, San Diego, CA) antibodies were used to assess the titers of circulating anti-hRSV IgG isotype in vaccinated and control mice. Plates were read at 450 nm and data was represented as a ratio of the IgG2a concentration/IgG1 concentration. The concentration of different IgG, IgG1, and IgG2a isotypes, was measured interpolating the absorbance values in a curve of mice purified IgG-antibody. The production of the hybridomes was made by GrupoBios, Chile.

Determination of Linked Recognition Mechanism

Six to eight-week-old BALB/cJ mice received a sub-cutaneous injection in the right dorsal flank with 1 × 108 CFU of either BCG WT or rBCG-N strains (n = 5 for each group). Other mice were immunized with purified N-hRSV protein in Freund adjuvant or purified N-hRSV protein in Aluminum Hydroxide adjuvant (Supplementary Figure 2). After 14 days, animals were boosted with the same dose and at day 21 post-immunization, mice were euthanized. Spleens were collected and plated at a final concentration equal to 1 × 106 cells/mL in 24 well plates. Then, cells were stimulated with purified N-hRSV protein (1 μg/mL) and after 72 h T cells were purified by MACS columns following the manufacturer instructions (mouse CD4+ T cell isolation kit, Miltenyl Biotec). Purified T cells were transferred to a total of 5 naïve mice per group and 1 day post-transfer, animals were either treated with mock or infected with hRSV. Animal body weight loss was monitored and at 7 dpi mice were euthanized (Data not shown). Sera samples were used to measure antibody secretion against the whole virus and the N, F, and G hRSV proteins by indirect ELISA, as described above.

Serum Neutralization Assays

HEp-2 or LLC-MK2 cells were grown until 80–90% of confluence. Then, the sera from 14 dpi in the hRSV-infected animals or 21 days post-second infection (49 dpi) in the hMPV-infected animals were pooled and incubated at 56°C for 30 min to inactivate the complement system. Sera were then incubated with GFP-recombinant viruses (hRSV or hMPV), respectively, at 37°C for 1 h. The mixtures were added to the respective cell culture and incubated for 1 h at 37°C in 5% of CO2 supplement. Then supernatants were replaced with fresh DMEM 1% FBS for the HEP-2 cells and Opti-MEM for the LLC-MK2 cells. Cells were incubated for 48 h at 37°C with a 5% of CO2 supplement. GFP expression in both cells was visualized by epifluorescence microscopy and the plaque-forming units (PFU) were quantified as previously described (30). As a positive control, cells were treated with GFP-expressing virus without sera, and as negative control cells were treated with Mock.

Passive Transfer of Immune IgG From rBCG-Vaccinated Mice to Naive Animals

Six to eight-week-old BALB/cJ mice were intravenously transferred with 100 μg of total IgG from the sera of the following animal groups: non-immunized but hRSV-infected (nt-hRSV), BCG-WT immunized hRSV-infected, rBCG-N immunized hRSV-infected, non-immunized but hMPV-infected (nt-hMPV), BCG-WT hMPV-infected, and rBCG-P immunized hMPV-infected mice (n = 6 for each group). Serum samples used for these experiments were collected at 14 dpi (hRSV) and 49 dpi (hMPV). One day after the transfer, animals were intraperitoneally anesthetized with a mixture of ketamine and xylazine (80 and 4 mg/kg, respectively) and challenged by intranasal instillation with 1 × 107 PFU of hRSV or 1 × 106 PFU of hMPV, respectively. In both cases, Mock treatments were used as negative control and virus infected non-transferred (nt) as an infection-control. In order to evaluate the effect of the protection, animals were immunized with 100 μg of palivizumab (intraperitoneal route) as a positive antiviral control against hRSV. Weight loss was daily measured in both experiments (Data not shown). At 7 dpi, animals were terminally anesthetized by i.p. injection of a mixture of ketamine and xylazine (20 and 1 mg/kg, respectively) and BALs and lungs were collected.

Evaluation of hRSV- and hMPV-Associated Disease Parameters

To determine the infiltration of polymorphonuclear cells, BALs were collected as previously described (24). Briefly, lung samples were collected, clamping the non-lobed section of the lung, stored in 4% PFA and later used to histological analyzes, as previously described (24). A lower section of the lobate lung was collected and stored in TRIzol (Life Technologies), and the RNA was extracted following the manufacture conditions. The rest of the lung was collected and incubated with collagenase IV for 30 min at 37°C, then PBS-1X/1%FBS was added to stop the collagenase reaction. Lung samples were homogenized using a 70 μm cell strainer (BD Biosciences) and centrifugated at 0.3 g for 5 min at 4°C. Supernatants were discarded, and pellets were incubated for 5 min with an ACK solution at RT. The cells were washed with PBS/1%FBS and centrifuged once again. Finally, samples were resuspended in 1 mL of PBS/1%FBS and used for flow cytometry. BAL samples were collected by gently instilling 1 mL of PBS with a tuberculin syringe through the trachea of the animals and subsequently recovered (twice), while the lung was pinched. The final volume was centrifuged at 0.3 g for 5 min at 4°C. Supernatant was stored at −80°C and pellets were resuspended in 300 μL of PBS/1%FBS. Finally, the cells from Lungs and BALs were incubated in 96 six-well plates and centrifugated at 0.3 g for 5 min at 4°C, then the samples were stained with anti–CD11b PerCP-Cy 5.5 (clone M1/70, BD Pharmingen), anti–CD11c APC (clone HL3, BD Pharmingen), and anti-Ly6G FITC (Clone 1A8, BD Pharmingen) antibodies. Data were acquired on FACSCanto II cytometer (BD Biosciences) and analyzed using FlowJo v10.0.7 software (BD Biosciences). Viral loads were detected in the lungs by qRT-PCR as previously described (24, 25). Also, lung samples were stored in 4% PFA, maintained at 4°C, embedded in paraffin, cut, and stained with H&E as previously described (24).

Statistical Analyses

All statistical analyses were performed using GraphPad Prism version 6.0 Software. Statistical significance was assessed using One-way ANOVA with a posteriori Tukey test or Two-way ANOVA test with a posteriori Tukey test.

RESULTS

rBCG-N and rBCG-P Vaccines Are Able to Reduce Disease-Associated Parameters Caused by hRSV or hMPV Infection

The expression of the hRSV N protein or the hMPV P protein in rBCG-N or rBCG-P strains, respectively, was corroborated by dot blot assays. Both recombinant BCG strains expressed significant amounts of the respective proteins, as compared to negative and BCG-WT controls (Supplementary Figure 1).

The hRSV- and hMPV-associated disease parameters were evaluated post-immunization to evaluate the protective capacity of the rBCG strains against each respective viral infection (Figure 1). The immunization scheme is described at the Materials and Methods section (Mouse immunization and viral infection) and is also shown in Figure 2A. As shown in Figure 1A, infection with 1 × 107 PFU of hRSV induces body weight loss in all infected animals 1 day post-infection (dpi). Importantly, rBCG-N-immunized and hRSV-infected mice started recovering their original body weight at 2 dpi and recovered their original body weight by day 5 pi. On the contrary, the non-immunized and hRSV-infected group (hRSV) was not able to recover their initial weight by 7 dpi.
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FIGURE 1. Evaluation of infection parameters from animals infected with hRSV or hMPV. Several infection parameters were measured in the mice infected with hRSV or hMPV to corroborate that both viral infections promote the diseases. For hRSV all the parameters were measured at day 7 post-infection, for hMPV weight loss was measured for 7 days post-infection, while the neutrophils infiltrate and the viral load were measured at day 28 pi. The weight loss was measured from hRSV- (A) and hMPV-infected mice (D). Also, the viral load was quantified for hRSV (B) and (E) hMPV. In addition, the neutrophils infiltration was measured in the hRSV- (C) and hMPV-infection (F), respectively. The bars observed in the (B,C) are accordingly: [image: yes] Mock-treated, [image: yes] hRSV-infected, [image: yes] Immunized with BCG-WT and infected with hRSV (BCG-WT+hRSV) and [image: yes] Immunized with rBCG-N and infected with hRSV (rBCG-N +hRSV). The bars observed in (E,F) are accordingly: [image: yes] Mock-treated, [image: yes] hMPV-infected, [image: yes] BCG-WT +hMPV, and [image: yes] rBCG-P + hMPV. N = 3 for each group, with two independent experiments. Differences were evaluated by a one-way ANOVA (*p < 0.05; **p < 0.01; ***p ≤ 0.001; ****p ≤ 0.0001). The error bars represent the Standard Deviation (SD).



Likewise, as seen for the rBCG-N immunized and hRSV-infected mice (rBCG-N+hRSV), vaccination was able to drastically decrease viral loads in the lungs of the hRSV-infected animals as compared to the non-immunized but infected group (hRSV) (Figure 1B). Further, the BCG-WT immunized and hRSV-infected mice (BCG-WT+ hRSV) showed a significant decrease in the viral loads, as compared to hRSV mice, although this decrease was less pronounced than the observed for the rBCG-N+hRSV mice (Figure 1B). Remarkably, the number of BAL neutrophils (CD11b+ Ly6G+ cells) infiltrating the lungs of rBCG-N-vaccinated animals was lower than those vaccinated with BCG-WT or hRSV-infected, naïve mice (Figure 1C).

A similar protective response was found for the hMPV-infected animals with a similar body weight loss and recovery (Figure 1D). Also, the rBCG-P immunized and hMPV-infected mice (rBCG-P+hMPV) showed a significant decrease in viral loads as compared to the non-immunized and hMPV-infected mice (hMPV) (Figure 1E) and a decrease in the number of infiltrating neutrophils in the BALs (Figure 1F). Remarkably, no significant differences were detected in the BALs of BCG-WT+hMPV when compared with the hMPV-infected naive mice. Therefore, and as described previously, immunization with recombinant rBCG vaccines significantly decrease disease parameters associated to hRSV and hMPV infection, such as body weight loss, viral loads, and neutrophil infiltration in the lungs.

Immunization With rBCG Strains Enhances Post-challenge Antibody Responses for Several Viral Proteins

To evaluate whether the immune protection induced by the rBCG vaccines involves a humoral-mediated response, the presence of anti-hRSV or -hMPV antibodies in sera from immunized mice (BCG-WT, rBCG-N, and rBCG-P groups) was measured (Figure 2). An increase in the total anti-hRSV antibodies was observed in the rBCG-N+hRSV sera at both 7 and 14 dpi, as compared to all the other treatments (Figure 2B). BCG-WT+hRSV treated mice showed a significant increase in anti-hRSV antibodies as compared to mock-treated and the hRSV-infected mice at 14 dpi (Figure 2B). However, this increase was not as pronounced as the one observed for the rBCG-N+hRSV treated mice. No significant differences were detected between hRSV- and the mock-treated animals at day 7 post-infection, although there is a clear tendency to an increase in the quantity of IgG.
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FIGURE 2. Evaluation of the induction of IgG specific-antibodies against viral antigens after a viral infection. IgG for different antigens were evaluated from the sera obtained at different time points: Prior to immunization (Preimmune), prior to virus infection (Prechallenge), 7 and 14 days post-infection (7 dpi and 14 dpi) for hRSV or 7 dpi and 28 dpi for hMPV, respectively (A, G). Specific antibodies levels were determined by ELISA assay against hRSV (B), N protein (C), P protein (D), G protein (E), F protein (F). Similarly, this same ELISA assays were done against hMPV (H), P protein (I), M2.1 protein (J), and M protein (K). The bars observed in the (B–F) are accordingly: [image: yes] Mock-treated, [image: yes] hRSV-infected, [image: yes] BCG-WT +hRSV, and [image: yes] rBCG-N +hRSV. On the other hand, the bars observed in (H–K) are accordingly: [image: yes] Mock-treated, [image: yes] hMPV-infected, [image: yes] BCG-WT +hMPV, and [image: yes] rBCG-P +hMPV. The measure was made at 450 nm. The sera from 6 different animals for each group was used for the ELISA assay, with each serum tested in 3 replicates. N = 3 for each group, with two independent experiments. Differences were evaluated by a two-way ANOVA (*p < 0.05; **p < 0.01; ***p ≤ 0.001; ****p ≤ 0.0001). The error bars represent the Standard Deviation (SD).



Since the production of total antibodies against hRSV was significantly higher in infected mice previously immunized with rBCG-N, we measured the specific antibody production against various individual hRSV proteins, such as N, P, G, and F proteins (Figures 2C–F). We observed that at 7 and 14 dpi rBCG-N+hRSV treated mice secreted more anti-N antibody as compared with all the other groups (with the exception of the BCG-WT+hRSV group at 7 dpi). At 14 dpi BCG-WT+hRSV also showed an increase in the anti-N antibody secretion, as compared to mock-treated and the hRSV mice (Figure 2C). A significantly higher antibody secretion against P-, G-, and F-hRSV proteins was detected at 7 and 14 dpi for the rBCG-N+hRSV treated mice as compared to the mock controls (Figures 2D–F). Remarkably, this increase was statistically higher when compared to all the other treatments at 14 dpi, with the exception of BCG-WT+hRSV for the F-protein (Figure 2F). The IgG concentration for the F protein was as high as the one detected for the total hRSV antibodies (about 1,500–2,000 μg/mL), indicating that this protein is one of the major antigenic determinants of the virus, accordingly to what has been previously described (31).

When the humoral response induced by the rBCG-P vaccine was evaluated, high antibody titers were observed starting from 28 dpi against total hMPV, P-, M2.1-, and M-proteins for the rBCG-P+hMPV, when compared with all the other treatments, with the exception of the BCG-WT+hMPV treated mice for the total anti-hMPV (Figures 2H–K). Likewise, the BCG-WT+hMPV treated mice also showed significantly higher anti-hMPV antibody titers as compared to the mock-treated mice at 28 dpi (Figure 2H). Remarkably, a higher secretion of anti-M antibodies was detected for the rBCG-P+hMPV treated mice as early as 7 dpi, as compared to all the other treatments (Figure 2J). Finally, the BCG-WT+hMPV treated mice and the hMPV infected naïve mice showed higher levels of anti-M2.1 antibodies as compared to the mock treated-mice at 28 dpi (Figures 2I–K). Again, post-infection IgG levels for all the proteins evaluated was significantly higher in rBCG-P-immunized mice as compared to the other groups, suggesting that the effect was induced by both vaccination and infection.

The low IgG levels detected in the sera from mock-treated mice against both G and F proteins, could be associated with the assay methodology properties, as ELISA may have shown unspecific interactions (Figure 2). These results suggest that immunization with rBCG vaccines, upon challenge with the pathogen, is able to promote the secretion of antibodies against several proteins of each respective virus.

Transfer of Activated N-hRSV Protein-Specific T Cells From Immunized Mice to Challenged Mice Leads to Diversification of the Antibody Response Against Viral Proteins

As shown above, a significant increase in the secretion of antibodies specific against proteins different than those expressed by the rBCG vaccines was detected upon immunization and viral challenge (Figure 2).Therefore, to elucidate whether the secretion of antibodies against the different proteins was an effect of either the expressed proteins by themselves or an effect of the vaccine prototypes as a whole, we measured the secretion of antibodies by hRSV-infected mice that were previously adoptively transferred with T cells derived from rBCG-N immunized mice (Figure 3 and Supplementary Figure 3). Briefly, mice were immunized with 1 × 108 CFU of either BCG-WT or rBCG-N, then at day 14 post-immunization mice were boosted with the same vaccine dose. Unimmunized or mice immunized with purified hRSV Nucleoprotein with either Freund adjuvant or Aluminum Hydroxide adjuvant, were included as controls (Supplementary Figure 2). At day 21 after the first immunization, animals were euthanized, spleens were collected and 72 h-long splenocyte cultures were performed stimulating with purified hRSV nucleoprotein. Next, T cells were purified and immediately transferred to naïve mice. Animals were then infected and euthanized at 7 dpi, sera were collected, and the secretion of specific antibodies was measured.
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FIGURE 3. The rBCG-N vaccine promotes the secretion of antibodies against several antigens through the Linked Recognition mechanism. The secretion of specific antibodies against the whole virus and the N, F, and G hRSV proteins were measured by indirect ELISA from the sera collected of the T cell transferred and infected mice after 7 dpi. The anti- hRSV (A), anti-N-hRSV (B), anti-F-hRSV (C) and anti-G-hRSV (D) were evaluated and measured at 450 nm. The bars observed in the (A–D) are accordingly: [image: yes] Non-transferred and Mock-treated (ST+Mock), [image: yes] Non-transferred, and hRSV-infected (ST+hRSV), [image: yes] T cells transferred from mice immunized with hRSV-N protein in Freund adjuvant, treated with mock (N-Freund+Mock), [image: yes] T cells transferred from mice immunized with hRSV-N protein in Freund adjuvant, infected with hRSV(N-Freund+hRSV), [image: yes] T cells transferred from mice immunized with BCG-WT and then infected with hRSV (BCG-WT + hRSV) and [image: yes] T cells transferred from mice immunized with rBCG-N and then infected with hRSV (rBCG-N +hRSV). The sera from five different animals for each group was used for the ELISA assay, with each serum tested in three replicates. Data combinate from two independent experiment for ST+mock, ST+hRSV, BGC-WT+hRSV and rBCG-N+hRSV groups (N = 9), and one independent experiment for N-Freund+Mock, N-Freund+hRSV groups (N = 5). Differences were evaluated by a one-way ANOVA (*p < 0.05; **p < 0.01; ***p ≤ 0.001; ****p ≤ 0.0001). The error bars represent the Standard Deviation (SD).



We detected that mice receiving T cells from the rBCG-N immunized group and then infected with hRSV (rBCG-N+hRSV) induced the higher antibody secretion against the proteins evaluated, as compared to control animals (Figure 3). The anti-hRSV antibody titers were higher in the rBCG-N-transferred mice, exhibiting a significant increase when compared to most of the other groups, except the one immunized with purified hRSV-N protein with Freund as adjuvant and then infected with hRSV (N-Freund+hRSV), were no significant differences were detected. Remarkably, mice receiving T cells from the BCG-WT immunized and then infected with hRSV (BCG-WT+hRSV) showed no significant differences as compared to the N-Freund group (Figure 3A).

A similar response was observed when the anti-N antibody secretion was evaluated, as only rBCG-N+hRSV transferred mice showed a rise in antibody titers, as compared to all other experimental groups. No significant differences were observed between the mock-treated, hRSV-infected and BCG-WT+hRSV transferred groups (Figure 3B). Regarding the other viral proteins, we identified an increase in the anti-F and anti-G antibody secretion for the rBCG-N+hRSV transferred mice as compared to mock-treated mice, whether they were immunized or not (Figures 3C,D).

As controls, we also included animals immunized with the nucleoprotein of hRSV, along with either the Freund Adjuvant—a Th-1 inducer—or Aluminum hydroxide Adjuvant—a Th-2 inducer (32, 33) (Supplementary Figures 2, 3). Remarkably, the total anti-hRSV, anti-F and anti-G antibodies secretion was statistically higher in the mice transferred with the T cells from the animals immunized with the Aluminum hydroxide adjuvant, as compared to all the other groups. This effect was not seen when the specific anti-N antibodies were measured, as the rBCG-N+hRSV transferred animals exhibited a significantly higher antibody secretion as compared to all the groups except for the Aluminum hydroxide (Supplementary Figure 3). These results suggest that, although animals are being immunized with a particular antigen, the vaccine elicited T helper response seems to promote the activation of B cells specific for viral antigens beyond those encoded by these recombinant proteins. As such, these data also suggest the normal presentation of nucleoprotein and phosphoprotein peptides by the B cells of hRSV and hMPV infected mice, respectively.

rBCG Vaccines Induce an Efficient Antibody Class Switching Upon Viral Infection

Since antibody class switching also depends on the help provided by CD4+ T cells, we sought to evaluate whether this phenomenon is also promoted by the cellular immunity induced by rBCG vaccination. Sera obtained from the experimental groups presented in Figure 2 were analyzed by ELISA and the IgG2a/IgG1 antibody ratio was determined for virus-specific antibodies. Similar responses were observed for both rBCG vaccines as compared with their respective control groups (Figure 4). rBCG-N+hRSV treated mice showed the highest IgG2a/IgG1 ratio for virus-specific IgGs as compared to all of the others control mice (Figure 4A). Nevertheless, the BCG-WT+hRSV treated mice also showed an increased IgG2a/IgG1 ratio as compared to mock-treated and hRSV mice, although this rise was not as high as the observed for the sera derived from rBCG-N+hRSV-treated mice (Figure 4A). Additionally, the hRSV infected naïve mice only showed an increase in the antibody ratio when compared with the mock-treated animals (Figure 4A).


[image: image]

FIGURE 4. The rBCG strains induce a strong IgG2a isotype switching after a viral infection. The secretion of specific antibody isotype IgG2a and IgG1 was measured in both vaccines by indirect ELISA. The assay was done using a total virus extract and expressed as the ratio between the IgG2a and IgG1 in animals infected with hRSV (A) and hMPV (B). Secretion of this specific antibody was measured from sera at 14 dpi (hRSV) or 49 dpi (hMPV) using total extract of each virus to incubate the plate. The bars observed in the (A) are accordingly: [image: yes] Mock-treated, [image: yes] hRSV-infected, [image: yes] BCG-WT +hRSV, and [image: yes] rBCG-N +hRSV. On the other hand, the bars observed in (B) are accordingly: [image: yes] Mock-treated, [image: yes] hMPV-infected, [image: yes] BCG-WT +hMPV, and [image: yes] rBCG-P +hMPV. The measure was made at 450 nm. The sera from six different animals for each group was used for the ELISA assay, with each serum tested in three replicates. N = 3 for each group, with two independent experiment. Differences among groups were evaluated by a one-way ANOVA (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001). The error bars represent the Standard Deviation (SD).



As stated above, a similar pattern was observed in the sera derived from rBCG-P-vaccinated mice (Figure 4B). The rBCG-P+hMPV treated mice also showed an increase in the IgG2a/IgG1 antibody ratio, as compared with mock-treated and hMPV infected naïve mice (Figure 4B). Further, a higher IgG2a/IgG1 antibody ratio was observed for the BCG-WT+hMPV treated mice as compared to hMPV-infected and mock-treated mice. Remarkably, no differences were detected in the ratio among the sera from mock-treated and hMPV infected naïve mice. These results indicate that antibodies secreted by animals immunized with rBCG vaccines undergo significant isotype switching that may contribute to their viral clearance capacity.

rBCG-Induced Antibodies Show Virus Neutralizing Capacity ex vivo

To evaluate whether the antibodies generated by the rBCG immunization are able to neutralize hRSV or hMPV replication ex-vivo, sera collected from the immunized and infected animals were incubated with hRSV or hMPV and later used to infect cells (Hep-2 for hRSV and LLC-MK2 for hMPV), then PFUs were evaluated (Figure 5). Sera obtained from rBCG-N+hRSV-treated, BCG-WT+hRSV-treated and hRSV-infected mice led to a decrease in the number of viral PFUs, represented as an increase in the percentage of inhibition of viral loads, as compared to mock-treated mice. Furthermore, sera from rBCG-N+hRSV-treated mice showed a higher antiviral effect when compared with sera derived from hRSV-infected and BCG-WT+hRSV-treated animals (Figure 5A). As for hMPV-infected animals, rBCG-P+hMPV-treated, BCG-WT+hMPV-treated, and hMPV-infected mice showed a significant increase in the percentage of inhibition, as compared to mock-treated mice. Moreover, rBCG-P+hMPV-treated and hMPV-infected mice showed significantly higher percentage of inhibition as compared to sera from BCG-WT+hMPV-treated animals. However, no differences were found among rBCG-P+hMPV and hMPV mice (Figure 5B). These data suggest that immunization with rBCG promotes the secretion of antibodies with enhanced capacities to neutralize virus in cell culture experiments.


[image: image]

FIGURE 5. Sera from immunized mice are able to neutralize both viruses in vitro. Sera pools from all experimental groups were incubated with the GFP-virus and then used to infected cells to evaluate whether they have the ability to neutralize viral replication. The effect was measured counting the plaques forming units (PFUs) induced by each GFP- virus and indicated as percentage of inhibition. The effect observed from the sera of the hRSV-infected animals was evaluated at 14 dpi (A) and the effect from hMPV-infected animals was evaluated at 49 dpi (B). The bars observed in the (A) are accordingly: [image: yes] Mock-treated, [image: yes] hRSV-infected, [image: yes] BCG-WT +hRSV, and [image: yes] rBCG-N +hRSV. On the other hand, the bars observed in (B) are accordingly: [image: yes] Mock-treated, [image: yes] hMPV-infected, [image: yes] BCG-WT +hMPV, and [image: yes] rBCG-P +hMPV. N = 3 for each group, with two independent experiments. Differences were evaluated by a one-way ANOVA (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ***p ≤ 0.0001). The error bars represent the Standard Deviation (SD).



Antibodies triggered by rBCG vaccination followed by virus challenge protect naïve mice from viral-induced lung pathology.

After evaluating the neutralizing effect of the sera obtained from the immunized mice ex-vivo, we sought to evaluate the capacity of these sera to protect from a viral infection in vivo. With this aim, sera were transferred from immunized to naïve mice, which in turn were challenged with the respective virus. As shown in Figure 6A, a significant viral load reduction was observed for mice transferred with sera from rBCG-N+hRSV-treated mice as compared to non-transferred but hRSV-infected mice (nt-hRSV). The adoptive transfer of sera from rBCG-N+hRSV-treated mice led to similar levels of protection as compared to the transfer of Palivizumab, a commercially available humanized anti-hRSV-F mAb (Figure 6A). Further, a significant decrease in the infiltration of neutrophils to the lungs was observed for mice that had received sera from rBCG-N+hRSV-treated animals (Figure 6B).
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FIGURE 6. Passive immunity transfer from sera of previously rBCG immunized mice protects naïve mice from hRSV- and hMPV-associated pathology. Sera from 14 dpi (hRSV) or 49 dpi (hMPV) was passively transferred to naïve mice. Then mice were then infected with hRSV or hMPV, respectively. As a control, a non-transferred group was also infected (nt-hRSV or nt-hMPV). Parameters as viral load in lung by RT-qPCR (A for hRSV and D for hMPV), neutrophils infiltrated in BALs (B for hRSV and E for hMPV) and histopathological lung H&E staining (C for hRSV and F for hMPV) were evaluated. For hRSV, Palivizumab was used as a positive control. The bars observed in the (B,C) are accordingly: [image: yes] Mock-treated, [image: yes] nt-hRSV, [image: yes] Transf. hRSV, [image: yes] Transf. BCG-WT +hRSV, and [image: yes] Transf. rBCG-N +hRSV and [image: yes]0 Palivizumab. On the other hand, the bars observed in (E,F) are accordingly: [image: yes] Mock-treated, [image: yes] nt-hMPV, [image: yes] Transf. hMPV [image: yes] Transf. BCG-WT +hMPV, and [image: yes] Transf. rBCG-P +hMPV. Differences were evaluated by a one-way ANOVA (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001). These results are from two independent experiments with 3 animals by group. The error bars represent the Standard Deviation (SD).



Additionally, H&E staining of histopathological lung samples showed that nt-hRSV and hRSV animals exhibited a loss of lung structure and a high cellular infiltration (Figure 6C). In contrast, animals transferred either with Palivizumab, sera from BCG-WT+hRSV-treated mice or sera from hRSV-infected mice and then challenged with hRSV, showed reduced pathological signs as compared to nt-hRSV mice (Figure 6C). When mice transferred with sera from rBCG-N+hRSV-treated mice were evaluated, signs of improvement in the lung structure and a decrease in the cellular infiltration were observed as compared to nt-hRSV, being similar to the infiltration found in the lungs from mock-treated mice (Figure 6C).

Equivalent parameters were evaluated for animals transferred with sera from rBCG-P+hMPV-treated mice. As seen in mock-treated mice, we observed almost no hMPV replication and significantly lower viral loads in mice that received sera from rBCG-P+hMPV-treated mice, as compared to non-transferred but hMPV-infected (nt-hMPV), mice transferred with sera from hMPV-infected mice, and from BCG-WT+hMPV-treated mice (Figure 6D). Further, animals transferred with BCG-WT+hMPV-treated mice also showed a decrease in viral loads relative to nt-hMPV, although this was not seen against hMPV-transferred + hMPV mice. Neutrophil infiltration into the lungs was also evaluated for the rBCG-P vaccine. Importantly, sera transfer from rBCG-P+hMPV-treated mice led to a reduced infiltration of neutrophils into lungs, similar to the values seen in mock-treated mice. Further, nt-hMPV mice, mice transferred with sera from hMPV-treated and BCG-WT+hMPV-treated mice showed higher values of neutrophil infiltration, as compared to mice receiving sera from rBCG-P+hMPV-treated mice (Figure 6E). Although animals transferred with sera from BCG-WT+hMPV-treated mice also showed a slight reduction in neutrophil infiltration as compared with the sera from nt-hMPV mice, the value of neutrophils was significantly higher than in those transferred with sera from rBCG-P+hMPV transferred mice (Figure 6E). No significant differences were detected between the hMPV-transferred group and nt-hMPV mice. These data were consistent with the observation that mice receiving sera from rBCG-P+hMPV mice showed a healthier lung structure, similar to the control mock-treated mice, with signs of significantly lower inflammatory cell infiltration, as seen in the histopathological lung samples (Figure 6F). In contrast, mice from groups nt-hMPV, hMPV-transferred, and BCG-WT+hMPV transferred showed a significant loss of lung structure and an increase of inflammatory cell infiltration (Figure 6F). These data suggest that passive transfer of humoral immunity from rBCG-vaccinated mice into naïve animals is able to significantly reduce virus-associated pathology symptoms, characterized by viral loads, neutrophil infiltration, and lung structure damage.

DISCUSSION

Both hRSV and hMPV are respiratory viruses identified as the leading cause of most pathologies affecting the upper and lower respiratory tract of infants, children, elderly and immunocompromised people (10). Both hRSV and hMPV cause bronchiolitis, bronchitis, pneumonia, and high rates of hospitalizations, with hMPV as an emergent pathogen (8, 10–15). Nowadays, no vaccines against these viral pathogens are available. Thus, we developed two vaccines prototype using recombinant BCG strains (rBCG) that incorporate the genes codifying either the N protein (rBCG-N) of hRSV or the P protein (rBCG-P) of hMPV, respectively (24, 25). In this present work, we sought to evaluate whether the previously found cell-mediated immune response protection against hRSV and hMPV was also accompanied by a virus-specific neutralizing antibodies production after viral infection.

Both rBCG-N and rBCG-P have been previously reported as protectors from lung damage, neutrophils infiltration to the lungs and viral replication. Further, these rBCG vaccines were shown to elicit a Th-1 response and induce the proliferation of specific CD4+ and CD8+ IFNγ+ producers T cells (24, 25, 34). Also, rBCG-N has been found to induce a Th-17 response and a long-lasting immunity in mice (34). In the present work, we observed that rBCG-N and rBCG-P were able to induce high antibody titers specific for hRSV and hMPV, respectively, as well as for several of the viral proteins. Interestingly, antibodies against hRSV were found before viral challenge in sera from rBCG-N immunized mice, but no antibodies against hMPV were found in sera from rBCG-P immunized mice before the viral challenge. Further, titers of anti-hMPV, anti-P, anti-M2, and anti-M antibodies were found at 28 dpi in the sera of rBCG-P immunized and hMPV-infected mice. Consistently, it has been previously reported that hMPV displays a biphasic replication cycle and infection peaks fluctuating from 7 to 14 dpi and it is possible to find neutralizing antibodies throughout 28 dpi and until 60 dpi (30). The different behaviors seen between hRSV and hMPV could be associated with the capacity of the N protein of hRSV to migrate to the surface of the host cells, a characteristic that could also enhance its capacity to be presented as an antigen by immune cells (20), when compared with the P protein of hMPV (35). Another reason that could explain the antibody secretion differences found could be associated with the capacity of the BCG to achieve a proper folding of these proteins.

Mature B cells are activated upon B cell receptor (BCR) binding to antigen, which is processed and presented to effector helper T cells (36). Activated B cells will produce antibodies against this antigen. Significantly, even when the concentration and affinity of the antigen is very low, it has been reported that insoluble antigens may congregate in a region of the immunological synapse along with cytoplasmic effectors polarizing inside the B cell, which enhance antigen processing and presentation to T cells (36). We observed that both vaccines induced significant antibody secretion against viral proteins different than those expressed by the rBCGs. Remarkably, the secretion of antibodies against hRSV was significantly higher in the immunized animals (BCG-WT + hRSV and rBCG-N + hRSV), as compared to the unimmunized and infected mice. It has been reported that both hRSV and hMPV infections do not induce an effective humoral immune response, promoting a low antibody secretion with a non-protective isotype (37). On the contrary, we found that BCG-WT, rBCG-N, and rBCG-P promote an increase in antibody secretion throughout time. Such antibody secretion could be explained by the immunogenic capacity of BCG to induce a strong Th-1 profile, prompting the secretion of IFN-γ in higher levels than IL-4 (38). Such Th-1 driving, in turn, promotes the proliferation and differentiation of the B cells population into an effector plasma cell profile, which increase the secretion of antibodies (39, 40). In addition, BCG vaccination by itself has been associated to the selection and survival of B cells and their subsequent maturation toward plasma cell and memory B cell by Follicular B-helper T cell (TFH), which could explain the high antibody titers detected for the mice immunized with the BCG-WT (41). Furthermore, it has been previously described that the immunization with BCG is able to induce the secretion of IgG2a antibodies by itself, therefore explaining the isotope switching detected. Also, the antibodies increase found in rBCG-N when compared to the BCG-WT could be associated with the nature of the antigen and the capacity of the host to present this antigen (39) that could, in turn, promote the enhancement of these capacities of the rBCG, when compared to the BCG-WT strain. Also, it is possible for B cells to be activated recognizing the specific recombinant antigen in their B cell receptor (BCR), while presenting another viral antigen in their Major Histocompatibility complex II (MHC-II) to T cells, for their later activation. These activated T cells will aid naïve B cells to maturate and differentiate into plasma cells, that will secrete high levels of antibodies, as compared with the BCG-WT- which did not express the recombinant antigen- after the viral infection (36). Higher antibody concentrations in sera from hMPV- compared to hRSV-infected mice were found. Such differences could be attributed to the times of collected samples, as the hMPV sera were collected at 28 dpi and the hRSV sera were collected at 14 dpi (40).

Production of IgG specific for an antigen different than the one used for the immunization has been previously reported for other pathogens (42–44). Such phenomenon, known as “linked recognition,” takes place when two or more proteins have epitopes spatially close to each other in a manner that the B cell presents on MHC-II one of those linked antigens to the T cell. As a result, the B cell that receives help from the T cell becomes activated and reacts to the secondary antigen—not the one presented to the T cell—and generates antibodies against this linked antigen. Therefore, it is likely that linked recognition takes place after rBCG-N and rBCG-P immunization, as IgGs specific for other antigens, such as P, F, and G proteins for hRSV and M and M2.1 for hMPV, were produced. These proteins are all closely expressed on the surface of infected cells, along with the N protein during early stages of the replication cycle of hRSV (20). Importantly, the anti-F antibody secretion at 14 dpi from BCG-WT+hRSV and rBCG-N+hRSV mice is significantly higher (about 1,500–2,000 μg/mL) than the one seen for all the other proteins (about 500 μg/mL). Such large antibody titers could be explained by the capacity of both BCG and F protein to activate the TLR4 signaling pathway, which eventually can induce IL-6 secretion (31, 45) and promote secretion of protein specific IgGs by B cells (46).

To corroborate that the linked recognition antibody secretion against the different viral proteins were an effect of the vaccine as a whole and not just an effect of the expressed proteins, we compared the response induced by the transfer of T cells purified from rBCG-N immunized, BCG-WT immunized, and hRSV-infected mice 7 dpi, the point when we detect an early IgG secretion. We also included other groups such as N-hRSV + Freund Adjuvant –as a Th-1 inducer adjuvant- and N-hRSV + Aluminum hydroxide (Alum) Adjuvant –as a Th-2 inducer adjuvant (Supplementary Figure 2). The data obtained indicates that rBCG-N vaccine promotes the highest antibodies secretion when compared with all the other groups, even against N-hRSV protein + Freund Adjuvant –whose adjuvant formulation is based on an extract of BCG.

These results suggest that the live-attenuated vaccine as a whole is required to induce an increase in the humoral immune response. Remarkably, N-hRSV + Alum Adjuvant showed higher levels of antibodies secretion when compared to the other control groups in three of the four analyses made (Supplementary Figure 3). A possible reason for this could be associated with the capacity of this adjuvant to promote a Th-2 immune profile, through the IL-4 secreted by the monocytes –instead of IFN-γ- promoting and strong but not protective humoral response (47). Moreover, it has been reported that the effect of Alum is dependent of several variables, such as the adsorption capacity of the antigen and the protein content of the vaccine, among others (48). Although the IgG measurement was performed at both 7 and 14 dpi, we decided to perform the linked recognition assay at 7 dpi, as we detected that as early as this time point the CD4+ T cell population was already activated, therefore the mechanism we suggest could occur at this time (Supplementary Figure 4).

A signature immune response against respiratory viruses, such as hRSV and hMPV, is the antibody secretion of IgG1 and IgG3 isotypes (49, 50). Importantly, although these subclasses can opsonize and neutralize these viruses, they are not suitable for the induction of an effective antiviral response, thereby not being optimal for the control of the infection. Importantly, several studies have demonstrated that IgG2a is the adequate isotype against these infections since it increases the opsonization and exhibits enhanced neutralizing capacities when compared to the IgG1 isotype (51). Interestingly, we found that the use of rBCG strains promotes an isotype switching from IgG1 to IgG2a, which has been previously reported to be associated with an efficient immune response due to the neutralizing activity of these antibodies and the activation of the complement pathway (4). Such isotype changes –along with the Th-1 driving- have already been reported after rBCG immunization (1, 24, 25, 34, 52). Interestingly, we found that rBCG-N vaccine enhanced isotype switching, prompting to an even better humoral response. Also, rBCG-P and BCG-WT promoted the isotype switching seen in rBCG-N—for hMPV-infected mice—but in lower levels when compared with rBCG-N. Such a difference among viruses could be explained because IgG2a displays a faster viral clearance as compared to IgG1, thereby allowing rapid elimination of the pathogen (40). Further, the differences could also be associated to the fact that the IgG2a/IgG1 ratio was determined for the sera obtained at 14 dpi for hRSV and at 28 dpi for hMPV, promoting in this way the decrease of the total circulating IgG.

The use of IFN-α previous to an hRSV-infection has been associated with an increase in the IgA secretion in neonatal and adult mice, accompanied by a strong B cell activation and maturation (53). This effect has also been observed after the BCG vaccination where, using blood samples from neonatal vaccinated children, it was found that BCG promotes the secretion of type I IFN by the plasmacytoid dendritic cells. This might explain why BCG is a good vaccine against viral and intracellular pathogens as we have found in our study (54). The neonatal immune response induced by hRSV-infection promotes an inefficient antibody secretion during the first infection, as compared with adult mice (55). Such a response is characterized with low levels of IgM and IgG in the sera, with a peak at day 28 post-infection, instead of the 7-day post-infection peak detected in adult mice (55). A possible explanation for this behavior is the associated age response dependent-limitation. Also, the antibody levels increase faster after a second infection (55). Therefore, there seem to be differences in the immune response of neonatal compared to adult mice, which could vary the response to the vaccination. For this reason, further studies in neonatal mice are needed to better understand the response of vaccines against hRSV to be intended finally to vaccinate newborns.

As we determined that both rBCG were able to induce the secretion of several types of antibodies, we then sought to evaluate their neutralizing capacities. We found that sera from rBCG-N+hRSV and BCG-WT+hRSV mice at 14 dpi were able to neutralize hRSV-GFP in Hep-2 cell culture since the hRSV PFUs in these cells significantly decreased, shown as an increase in the percentage of inhibition. Importantly, such inhibition was also found in BCG-WT+hRSV sera but its effect was not as high as the one seen in rBCG-N+hRSV sera, suggesting that the BCG could promote the isotype antibodies switching, inducing an inhibitory effect on the capacity of hRSV to infect cells ex vivo. Likewise, rBCG-P+hMPV and BCG-WT+hMPV displayed higher percentage of inhibition when compared with mock-treated sera. The hMPV sera also presented significantly higher capacities to neutralize hMPV-GFP in cell culture. These data suggest that a second challenge with hMPV could induce a positive effect on the neutralizing capacity of IgG2a antibodies promoting the control of the viral replication in both the infection alone and the rBCG-P vaccine. Also, although the neutralizing levels in those three groups—hMPV, BCG-WT+hMPV, and rBCG-P+hMPV—were similar, the quantity of secreted antibodies was significantly different among them, suggesting that the vaccine not only promoted the isotype switching, but also a higher secretion of these antibodies.

Given that both vaccines showed neutralizing capacity of the secreted antibodies ex vivo, we used these sera to perform a passive transference of immunity to naïve mice. In the sera transfer experiments, sera from hRSV-infected mice resulted in a mildly decrease of neutrophils infiltration to the lungs, but only sera from rBCG-N and hRSV-infected mice induce a reduction of neutrophils to mock-like levels. Remarkably, we observed that sera from previously rBCG-N and rBCG- P immunized mice were able to reduce viral load, neutrophils infiltration to lungs and protected from lung damage when compared to their respective control groups.

Currently, the most effective FDA approved treatment against hRSV is palivizumab, a monoclonal antibody that targets a region of F protein that is highly conserved between both antigenic groups of the virus. Further, such antibody is currently used as a prophylactic method, mainly for high-risk infants (51). However, a major concern about this treatment is its price/effectiveness relation, since at least five doses are required in order to achieve a passive immune response. Moreover, even after the administration of five doses, only a 50% of the cases reported a decrease in the hRSV-associated disease parameters. Accordingly, no memory immune response has been reported after administration of palivizumab (19, 51, 56). Importantly, in the sera transfer experiment we found that our rBCG-N strain is able to induce an even more pronounced humoral-mediated protection than palivizumab. Such protection could be associated with the high levels of anti-viral antibodies in the sera of immunized animals and the significant isotype switching, which in turn promote an effective antiviral response, as well as the activation of complement pathway (19).

In conclusion, the use of BCG as a vector could be considered as a promising vaccine approach against respiratory viruses, promoting an efficient humoral response characterized by high titers of neutralizing and protecting antibodies. Thus, our rBCG strains are not inducing only a cellular response, as previously described, but also a humoral response, mediated by neutralizing antibodies against several viral proteins, that promotes an effective immune response when those are transferred to naïve recipient mice.
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