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Attenuated Salmonella strains constitute a promising technology for the development of a more efficient multivalent protein based vaccines. In this study, we constructed a novel attenuated strain of Salmonella for the delivery and expression of the H1N1 hemagglutinin (HA) and the conserved extracellular domain of the matrix protein 2 (M2e). We demonstrated that the constructed Salmonella strain exhibited efficient HA and M2e protein expressions and little cytotoxicity and pathogenicity in mice. Using BALB/c mice as the model, we showed that the mice vaccinated with a Salmonella strain expressing HA and M2e protein antigens, respectively, induced significant production of HA and M2e-specific serum IgG1 and IgG2a responses, and of anti-HA interferon-γ producing T cells. Furthermore, immunization with Salmonella-HA-M2e-based vaccine via different routes provided protection in 66.66% orally, 100% intramuscularly, and 100% intraperitoneally immunized mice against the homologous H1N1 virus while none of the animals survived treated with either the PBS or the Salmonella carrying empty expression vector. Ex vivo stimulated dendritic cells (DCs) with heat killed Salmonella expressing HA demonstrated that DCs play an important role in the elicitation of HA-specific humoral immune responses in mice. In summary, Salmonella-HA-M2e-based vaccine elicits efficient antigen-specific humoral and cellular immune responses, and provides significant immune protection against a highly pathogenic H1N1 influenza virus.
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INTRODUCTION

Influenza is one of the most important viral diseases in humans caused by influenza A viruses, with significant medical and economic burdens (Meltzer and Bridges, 2003). Vaccination remains the most effective method to protect the population, including both humans and animals, against influenza infections (Chen et al., 2008; Soema et al., 2015). Although currently available influenza vaccines are effective in controlling viral infections, these vaccination strategies require a large supply of specific-pathogen free (SPF) embryonated eggs and a long timeline that could be threatened during an influenza pandemic (Chen et al., 2008; Soema et al., 2015). Further, the influenza viruses have the ability to continuously evolve either gradually through antigenic drift (point mutations) or rapidly through reassortment with another divergent virus (antigenic shift) (Nicholson et al., 2003). Consequently, the immunity generated against one vaccine strain is only protective against another strain that shares antigenically related proteins. Thus to control and prevent potential outbreaks of pandemic influenza viruses (e.g., the 2009 swine-origin H1N1 virus), an effective and broadly protective vaccine that is based on relatively conserved amino acid sequences and egg-independent production would be a promising approach. Influenza A viruses are members of the orthomyxoviridae family, which have enveloped, segmented, single-stranded negative sense RNA genome (Jang et al., 2009). These viruses generally cause yearly epidemics and, potentially, pandemics when an influenza virus with a novel antigenically shifted hemagglutinin (HA) emerges in a population resulting in widespread infection, high morbidity, and high mortality (Hoelscher et al., 2006). The HA is the most abundant integral viral envelope protein, and currently available vaccination strategies aim at inducing the neutralizing antibody responses by targeting the globular head of the HA protein (Chen et al., 2008; Pan et al., 2010). These strategies are only effective when HA in the vaccine antigenically matches the HA of the circulating viruses. Further, because the influenza virus strain that will cause the next epidemic or potential pandemic cannot be predicted, novel and effective vaccination strategies, therefore, should be devised that will not only provide the broad spectrum of protection, but are also readily available to modifications and allow concurrent quick production of the vaccine. Similar to HA, the matrix protein 2 (M2) is an integral transmembrane protein of influenza A viruses (Deng et al., 2015). The ectodomain of M2 (M2e), 23 amino acid residues, has been remarkably conserved in all human influenza A strains, and animal experiments have demonstrated that M2e-specific antibodies can provide cross-protective immunity against infections caused by different types of influenza A subtypes (Layton et al., 2009; Kim et al., 2013; Deng et al., 2015). Although natural infections and vaccinations with currently available influenza vaccines elicit very weak M2e-specific immune responses, presenting M2e on a suitable carrier greatly improves its immunogenicity and cross-protective efficacy (De Filette et al., 2006; Layton et al., 2009). Several M2 based vaccine candidates have been attempted including flagellin-M2e conjugates (Wang B.-Z. et al., 2012), baculovirus-expressed M2e (Zebedee and Lamb, 1988) and M2e DNA constructs that potentially express M2 (Fiers et al., 1999; Mozdzanowska et al., 2003). Although effective in eliciting M2e-specific immune responses, these vaccines were not completely protective against influenza virus infections. Besides M2e, conserved HA stalk domain has also been used to induce a broad spectrum of protection against divergent influenza strains (Steel et al., 2010; Yassine et al., 2015; Joyce et al., 2016).

In this study, we exploited the Salmonella enterica serovar Typhimurium (S. Typhimurium) as delivery system for HA and M2e, and evaluated the efficacy of the system in mice. Live attenuated Salmonella vaccine vectors carrying recombinant influenza HA, M2e and NA antigens have been previously used (Layton et al., 2009; Van et al., 2013; Pei et al., 2015; Je Hyoung et al., 2017). These studies have demonstrated that these vaccines elicit efficient systemic and mucosal immune responses to both the foreign and the Salmonella derived antigens and protect animals against influenza virus infections. Salmonella based vaccines have certain advantages over currently available influenza vaccines. This vaccination strategy is highly cost effective and allows for a quick response to novel influenza viruses, as it circumvents the need for a constant supply of eggs. Moreover, only antigenically important proteins from the influenza viruses are used to construct the vaccine, so the candidate offers the potential to differentiate vaccinated from infected animals. Here we report the construction of an O antigen deficient S. Typhimurium mutant, JOL1800 strain, expressing and secreting H1N1 HA and multiple tandem copies of M2e proteins. Our results show that coadministration of Salmonella strains expressing-HA (Sal-HA) and M2e (Sal-M2e) proteins, respectively, induced significant production of HA and M2e-specific humoral and cell mediated immune (CMI) responses in mice, independently of the route of vaccination. We also show that ex-vivo loaded DCs with heat killed Sal-HA elicited HA-specific humoral immune responses in mice. A lethal H1N1 (Influenza A Puerto Rico/8/34) virus challenge experiment shows that Sal-HA plus Sal-M2e vaccination can protect the mice from a highly pathogenic H1N1 virus infection. Taken together, these findings suggest that Salmonella based vaccines represent a promising vaccination approach against influenza viruses and is thus worthy of further investigation.

MATERIALS AND METHODS

Bacterial Strains, Virus, and Cell Line

The bacterial strains used in this study are listed in Supplementary Table S1. Influenza virus A/Puerto Rico/8/34 (H1N1) was used in this study. The virus was cultivated in the allantoic cavity of SPF embryonated eggs, titered in Madin Darby Canine Kidney (MDCK) cells, and expressed as 50% tissue culture infective dose (TCID50). The 50% egg infective dose (EID50) of H1N1 was determined in SPF embryonated eggs by Reed and Muench method (Reed and Muench, 1938), before use in challenge experiment.

Construction of an Attenuated Auxotrophic Salmonella Typhimurium Mutant Expressing HA1 and M2e Proteins

The optimized HA1 gene sequence of Influenza virus A/Puerto Rico/8/1934 (H1N1) was synthesized (Bionee, Korea) and built into the pJHL65 plasmid, an asd+ constitutive expression vector, and propagated in asd mutated Escherichia coli strain as previously described (Hur and Lee, 2011). The recombinant plasmid, pJHL65-HA1, was subsequently transformed into an attenuated auxotrophic mutant of S. Typhimurium, strain JOL1800, and the resultant clone was designated as JOL1917 (Sal-HA). The JOL1800 strain was constructed by the deletion of the lon, cpxR, asd, and wbaP genes from the wild-type S. Typhimurium, JOL401 isolate, as described earlier (Hur and Lee, 2011), and used as the delivery vehicle for the HA1 protein. The synthesized H9N2 M2e gene with sequence (MSLLTEVETPTRNGWECKCSDSSD) was amplified and inserted into the pJHL65 expression vector. Both HA1 and M2e genes were cloned in frame downstream to the β-lactamase signal sequence (bla SS) present in the pJHL65 vector to elicit the periplasmic secretion of the expressed proteins in JOL1800 strain. The multiple tandem copies of M2e gene was cloned and expressed as previously described (Kim et al., 2013). Briefly, for the 1 x M2e gene cloning, M2e was amplified using a forward primer containing EcoR1 site (primer 1) and a reverse primer (primer 3) bearing the BamH1 and HindIII sites with stop codon in between (Supplementary Table S1). To create the M2e dimer, a forward primer containing the Bgl II recognition site (primer 2) was used and paired with primer 3. Amplicons from primer1/3 and primer 2/3 were digested with the corresponding EcoR1/BamH1 (fragment 1) and BglII/HindIII restriction enzymes (fragment2), respectively. The fragments were then ligated together with EcoR1/HindIII digested pJHL65 expression vector and propagated in asd mutated E. coli cells. The recombinant plasmid pJHL65-2M2e was further digested with BamH1/HindIII and then fused with the fragment 2 to create pJHL-3M2e. The process was repeated until a construct bearing four copies of the M2e gene was produced. The recombinant pJHL65-4M2e plasmid was transformed into JOL1800, and the resultant clone was designated as JOL1913 (Sal-M2e).

To produce the coating antigen for determination of the HA and the M2e specific antibody responses, the HA1 and M2e were cloned into pET28a (+) and pET32a (+) expression vectors, respectively, (Novagen, San Diego, CA, USA), and subsequently transformed into E. coli BL21 plys strain (Novagen, USA) for protein expression (Hajam et al., 2013). The expressed proteins both in S. Typhimurium and in E. coli were confirmed by Western blot analysis using either polyclonal HA antibody (#A01557; GenScript, USA) or polyHis-Tag antibody (#AB-TA13002, AprilBio, Co., Ltd, Korea). The E. coli expressed proteins were purified by Ni-NTA chromatographic column and dialysed against PBS (three washes). Purified proteins were quantified by a Bradford assay (Bradford, 1976), filtered, and stored at -20°C until further use.

Mice Immunization

All animal experimentation work was approved by the Chonbuk National University Animal Ethics Committee (CBNU2015-00085), and was carried out according to the guidelines of the Korean Council on Animal Care and Korean Animal Protection Law, 2007; Article 13 (Experiments with Animals). Four weeks old BALB/c mice were purchased and maintained under standard conditions, and provided antibiotic-free food and water ad libitum. One week later, the mice were divided randomly into five groups (n = 17). Groups 1 (im-Sal-HA-M2e), 2 (ip-Sal-HA-M2e) and 3 (po-Sal-HA-M2e) were immunized intramuscularly (i.m), intraperitoneally (i.p) and orally (po), respectively, with 2 × 107 colony forming units (CFU) of each JOL1913 and 1917 in 100 μl volume. Groups 4 (Sal-vector) and 5 (PBS) received intramuscularly 100 μl of JOL1837 containing an empty pJHL65 vector and 100 μl of PBS, respectively. The strain JOL1837 is an O antigen deficient JOL1800 strain carrying an empty pJHL65 vector only. Serum samples were collected on the day of immunization (pre-immunization) and weekly thereafter to assess the HA and the M2e specific immune responses. Further, animals (n = 4) were sacrificed on days 4 and 14 post-immunization to assess the bacterial load in spleen as described previously (Yin et al., 2015). The animals were observed throughout the period of experiment for any toxicity issues. To evaluate the safety of the vaccine, additional group (n = 8) was inoculated intramuscularly with the wild type S. Typhimurium, strain JOL990, and safety of the vaccine was recorded in the context of the death of the animals.

Antigen Specific ELISA

Sera samples were drawn from mice at indicated time points after immunization and before challenge with the influenza virus strain A Puerto Rico/8/34 (H1N1). An indirect ELISA was used to measure the systemic HA and M2e specific IgG1 and IgG2a antibodies in the sera as described previously (Won and Lee, 2016).

Hemagglutination Inhibition (HI) Assay

Hemagglutination inhibition (HI) assay was performed to assess the HI titers in the sera of immunized and control mice as described previously (Huleatt et al., 2008).

DC Vaccination

Bone marrow-derived primary dendritic cells (BMDCs) were prepared from BALB/c mice using murine rGM-CSF (Ebensen et al., 2004). For stimulation experiments, approximately 2 × 106/ml BMDCs were cultured in 6 well plates in complete RPMI-1640 media and treated with either heat killed JOL1917 (400 particles/cell) or left unstimulated for 16 h. Then DCs were concentrated by centrifugation, washed, resuspended in sterile PBS, and injected by IP route into female BALB/c mice (2 × 106 per mice, n = 3). Second DC vaccination was given after 7 days post-first immunization. Serum samples were collected on day 14 and 21 post-first immunization for determination of HI titers, and isotype specific IgG1 and IgG2a antibodies.

IFN-γ ELISPOT Assay

The relative numbers of IFN-γ expressing T cells in single cell spleen suspensions were measured using the mouse IFN-γ ELISPOT kit (#88-7314-88, MAB TECH, Sweden) as per the manufacturer’s instructions. Briefly, splenocytes (2 × 105, n = 4) were added to each well of pre-coated 96 well plate in triplicate, and stimulated with or without 100 μl/well (10 μg/ml) of a purified HA protein at 37°C for 40 h. After incubation, the cells were removed and the plate was washed and incubated with 100 μl/well (1 μg/ml) of a biotinylated detection antibody (#R4-6A2-biotin) for 2 h at room temperature. Then the plate was washed and incubated with 100 μl/well of Streptavidin-HRP (1:1000) for 1 h at room temperature. Finally, the plate was treated with 100 μl/well of the ready to use TMB substrate solution and incubated until distinct spots emerged, and the reaction was stopped by washing extensively in deionized water. The number of spots was counted in a dissection microscope and the results were expressed as spot forming cells (SFC) per million cells.

RT-PCR Assay

Splenocytes stimulated with recombinant HA protein were harvested after 24 h, and the total RNA was isolated by RNeasy Mini kit (Qiagen, Hilden, Germany) as per the manufacturer’s instructions. The cDNA was prepared from equal quantity of RNA (1 μg) using SuperScriptTM III Reverse Transcriptase kit (Invitrogen, San Diego, CA, USA) as previously described (Hajam et al., 2015), and stored at -20°C until use. Real time PCR assay (qRT-PCR) for gene expression studies was performed with the ABI applied biosystems using Power SYBR Green PCR Master Mix (#4367659, Applied Biosystems, USA) as described previously (Won and Lee, 2016). The relative amounts of cytokine mRNA present (normalized with GAPDH) was determined by 2-ΔΔCT method (Pfaffl, 2001).

Studies of Immunized Mice Challenged with Lethal H1N1 Virus

For viral challenge experiments, mice (n = 9, each group) were first anesthetized with sevoflurane and then challenged intranasally with 50 μl PBS (25 μl per nostril) containing a dose of 106EID50 of lethal influenza virus strain A Puerto Rico/8/34 (H1N1) 4 weeks after vaccination as previously described (Kamble et al., 2017). The infected mice showed the typical effects of systemic infection caused by influenza virus. The mice were observed daily to monitor body weight for 14 days and humane endpoints were used during the survival experiments. Animals were considered gravely ill and were euthanized by overdose of chloroform if they lost more than 30% of their body weight or exhibited lethargy, ruffled hair coat or hunched posture. We have taken special precautions and followed standard guidelines as per the Guide for the Care and Use of Laboratory Animals to minimize sufferings of animals.

For determination of viral titers, lungs were isolated from mice (n = 3) at day 4 after virus inoculation. Lung tissues of equal weight were homogenized in DMEM medium to achieve 10-fold serially diluted suspensions of tissue homogenates and were titrated in 96-well culture plates of MDCK cells. The titers were calculated by use of the Reed-Muench method and were expressed as log10 TCID50/g lung tissue.

Statistical Analysis

Statistical analysis was performed using GraphPad prism 7.00 program (San Diego, CA, USA). Data were analyzed by two tailed unpaired student’s t-test to compare the data from gene expression studies. One way ANOVA with Tukey’s multiple comparison test was used between different groups. Data are represented as mean ± standard deviation. p < 0.05 were considered statistically significant.

RESULTS

Design of an Influenza HA and M2e Based Vaccine Delivered by an O Antigen Deficient Salmonella Mutant

The synthetic HA1 of Influenza virus A/Puerto Rico/8/1934 (H1N1) and M2e genes were codon optimized for expression in S. Typhimurium. The HA1 and M2e genes were amplified using gene specific primers and cloned into pJHL65, an asd+ constitutive expression vector, respectively, and the clones were propagated in Δasd E. coli strain as described previously (Hur and Lee, 2011). To direct the expressed proteins to the periplasmic space, the genes were cloned in frame downstream to the bla SS of the pJHL65 vector (Figure 1). The insertion of HA1 or M2e gene into pJHL65 vector was confirmed by digestion of the positive clones with EcoR1 and HindIII to release a fragment of 675 bp or 396 bp sizes. Subsequently, the pJHL65-HA1 gene construct or pJHL65-M2e plasmid was electroporated into a ΔcpxR, Δlon, Δasd, and ΔwbaP mutated S. Typhimurium strain, JOL1800, and the resultant clones were designated as JOL1917 (Sal-HA) and JOL1913 (Sal-M2e), respectively. The strain JOL1800 is an O antigen deficient mutant derived from the strain JOL912 as previously described (Hur and Lee, 2011). The O antigen of JOL912, encoded by wbaP, was deleted by the allelic exchange method (Hur and Lee, 2011) and the silver-staining analysis confirmed the deletion of the O antigen. The silver staining verified the typical LPS ladder of the polymeric O antigen for the wild type, and the absence of this pattern in the JOL1800 strain (Data not shown). Western blot analysis showed a protein band corresponding to the 28 kDa and the 16 kDa, the expected size of our proteins and thus confirmed the expression of HA and M2e proteins in JOL1800, respectively (Supplementary Figure S1). The proteins were biologically active as evidenced by the elicitation of the antigen-specific immune responses in mice, as observed in the present study.
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FIGURE 1. Construction of a pJHL65 recombinant plasmid expressing either HA1 or M2e gene. The codon optimized HA1 or M2e gene was cloned in frame downstream to the bla signal sequence of pJHL65 vector at EcoR1 and HindIII site, and the presence of respective genes in recombinant pJHL65 plasmid were confirmed by colony PCR and RE analysis.



Bacterial Recovery from Immunized Mice and In Vivo Toxicity Assay

To evaluate the bacterial load in mice immunized with either JOL1913+1917 (2 × 107cfu each/mouse), JOL1837 (4 × 107 cfu/mouse) or PBS (100 μl), four mice from each group were sacrificed at 4 and 14th day post-immunization (dpi), and bacterial count in spleen was estimated. Mice immunized with attenuated S. Typhimurium showed mean bacterial counts of 2.87–3.89 logs CFU/spleen at 4th dpi, independently of the route of vaccination, while no bacterial count was recorded at 14th dpi (Figure 2I). This finding demonstrates that attenuated Salmonella delivering heterologous antigens efficiently reach to the secondary lymphoid organs. This increases the likelihood of antigen-specific lymphocytes encountering their cognate antigens and subsequent elicitation of immune responses against the Salmonella derived foreign antigens. Among Salmonella vaccinated groups, orally immunized mice group showed significantly (p < 0.05) lower bacterial counts in spleen compared to the parenterally immunized groups, which showed almost comparable bacterial counts (Figures 2I,II). Further, mice were closely monitored for any signs of toxicity. All mice infected with JOL1913+I917 and JOL1837 remained alive throughout the period of experiment. In contrast, mice inoculated with a much lower dose of the wild type strain, JOL990 (1 x106), died within a period of 7 days (Figure 3). Thus, the constructed JOL1917+JOL1913-based vaccine appeared to be relatively safe in vivo as compared to the wild type strain.
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FIGURE 2. Bacterial recovery from infected mice. Mice were either inoculated intramuscularly with the PBS only, JOL1837 carrying empty vector (Sal-vector) and constructs JOL1917+1913 (im-Sal-HA-M2e) or intraperitoneally with constructs JOL1913+1917 (ip-Sal-HA-M2e) or orally with constructs JOL1913+1917 (po-Sal-HA-M2e). After 4 and 14 days post-immunization (dpi), 4 animals in each group at each time point were sacrificed and the bacterial load in spleen was evaluated. (I) Mean bacterial count of different groups and the results are expressed as log10 CFU/spleen. Each data point represents mean of four animals. (II) Bacterial counts of individual animals of each group at 4th dpi and the results are expressed as log10 CFU/spleen. ∗p < 0.05; asignificant with respect to PBS, Sal-vector and po-Sal-HA-M2e groups; bsignificant with respect to Sal-vector and PBS controls; dpi, days post-immunization; ns, non-significant.
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FIGURE 3. In vivo safety evaluation of the vaccine. Mice were either inoculated intramuscularly with the wild type strain JOL990 (Sal-990, n = 8), PBS only, JOL1837 carrying empty vector (Sal-vector) and constructs JOL1917+1913 (im-Sal-HA-M2e) or intraperitoneally with constructs JOL1913+1917 (ip-Sal-HA-M2e) or orally with constructs JOL1913+1917 (po-Sal-HA-M2e). The animals were monitored for 28 days and the mortality of the animals was recorded. Non-lethal endpoints were used during the experiments and mice were euthanized to limit suffering, when they exhibited weight loss of more than 30%, lethargy, ruffled hair coat, or hunched posture.



Sal-HA-M2e Based Vaccine Stimulates Efficient Antibody Responses

To examine the ability of Sal-HA-M2e-based vaccine to induce humoral responses in BALB/c mice, isotype-specific antigen ELISA was carried out to assay the levels of serum IgG1 and IgG2a at 0,7,14, 21, and 28th dpi. The kinetics of HA and M2e specific IgG1 and IgG2a responses are shown in Figure 4. Our results demonstrated that the mice immunized with Salmonella-HA-M2e based vaccine displayed significantly higher (p < 0.05) HA and M2e-specific IgG1 and IgG2a responses compared to the controls. The induction of IgG1 and IgG2a responses were independently of the route of vaccination. Both the HA and the M2e specific IgG1 and IgG2a levels were detected at 14th dpi that maintained till 28th dpi in all the Sal-HA-M2e immunized groups (Figures 4I–IV). Our results demonstrated that Sal-HA-M2e immunized groups showed almost comparable levels of HA-specific IgG1 and IgG2a responses (Figures 4I,II). However, the M2e-specific IgG1 and IgG2a responses were significantly (p < 0.05) lower in orally vaccinated group as compared to the im-Sal-HA-M2e and ip-Sal-HA-M2e immunized groups (Figures 4III,IV). Further, the ratio of IgG1/IgG2a suggested that coadministration of Sal-HA and Sal-M2e in mice skewed the immune response toward Th1 type against HA while as Th2 type against M2e. This demonstrates that the strategy of coadministration of Sal-HA and Sal-M2e strains has potential to elicit efficient HA and M2e specific humoral immune responses in mice.
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FIGURE 4. Efficient humoral immune responses are stimulated in BALB/c mice (n = 6) after vaccination with JOL1913+1917. Mice were either immunized intramuscularly with the PBS only, JOL1837 carrying the empty vector pJHL65 (Sal-vector) and constructs JOL1913+JOL1917 (im-Sal-HA-M2e), or intraperitoneally with JOL1913+JOL1917 (ip-Sal-HA-M2e) or orally with constructs JOL1913+1917 (po-Sal-HA-M2e). The antibodies IgG1 and IgG2a were measured in serum at different time points post-vaccination by indirect ELISA. (I,II) Kinetics of HA-specific IgG1 and IgG2a responses, respectively, in sera from vaccinated mice. (III,IV) Kinetics of M2e-specific IgG1 and IgG2a responses, respectively, in sera from vaccinated mice. The assays are performed in duplicate and the data are presented as mean ± SD. ∗p < 0.05, ∗∗p < 0.01; asignificant with respect to PBS, Sal-vector and po-Sal-HA-M2e groups; bsignificant with respect to Sal-vector and PBS controls; dpi, days post-immunization; ns, non-significant.



The functional activities of the sera from the vaccinated mice were further investigated by determining the HI titers against the influenza virus strain A Puerto Rico/8/34 (H1N1). Consistent with our results of the serum IgG1 and IgG2a responses, mice immunized with Sal-HA-M2e based vaccine also displayed significantly higher (p < 0.01) HI titers as compared to the control Sal-vector and PBS groups (Figure 5), independently of the route of immunization. The HI titers were almost comparable in all the Sal-HA-M2e immunized groups. All these findings clearly demonstrate that Salmonella based influenza vaccines have potential to induce functional antibodies that confer protective immunity against the influenza infections (Chen et al., 2008).
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FIGURE 5. Specific antibody titers in mice (n = 6) after vaccination with JOL1913+1917. Mice were either immunized intramuscularly with the PBS only, JOL1837 carrying the empty vector pJHL65 (Sal-vector) and constructs JOL1913+JOL1917 (im-Sal-HA-M2e), or intraperitoneally with JOL1913+JOL1917 (ip-Sal-HA-M2e) or orally with constructs JOL1913+1917 (po-Sal-HA-M2e). Serum samples were analyzed for HI activity after 28 days post-vaccination. Each data points represent mean ± S.D. ∗∗p < 0.01; ns, non-significant.



Salmonella-HA-M2e Based Vaccine Stimulates Efficient CMI Responses

To study the HA-specific T cell responses induced by the attenuated Salmonella based vaccine, splenocytes were isolated from vaccinated mice 14 days after immunization and stimulated with a purified HA protein (10 μg/ml) for 40 h. Our results showed that Sal-HA-M2e vaccination induced significantly higher (p < 0.05) anti-HA IFN-γ secreting T cell responses compared to the PBS and the Sal-vector groups (Figure 6). However, among Sal-HA-M2e vaccinated groups, orally immunized mice showed significantly (p < 0.05) lower anti-HA IFN-γ secreting T cell responses compared to the intramuscularly and the intraperitoneally vaccinated mice groups. These results thus clearly indicate that Salmonella-based vaccines induce antigen-specific T cell responses.
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FIGURE 6. Analysis of IFN-γ production by HA-specific T cells in immunized mice (n = 4) at 14th day after primary immunization. Mice were either inoculated intramuscularly with the PBS only, JOL1837 carrying empty vector (Sal-vector) and constructs JOL1917+1913 (im-Sal-HA-M2e) or intraperitoneally with constructs JOL1913+1917 (ip-Sal-HA-M2e) or orally with constructs JOL1913+1917 (po-Sal-HA-M2e). Splenocytes (2 × 105) were harvested from immunized mice and restimulated with HA antigen (10 μg/ml) for 40 h. The HA-specific T cells secreting IFN-γ were analyzed by ELSIPOT assay Kit. The results are expressed as spot-forming cells (SFC) per million cells and the assays were performed in duplicate. Each data points represent mean ± SD. ∗p < 0.05; ∗∗P < 0.01; asignificant with respect to PBS, Sal-vector and po-Sal-HA-M2e groups; bsignificant with respect to Sal-vector and PBS controls; ns, non-significant.



Next we evaluated the ability of immunized splenocytes to respond to a recall HA antigen in the context of inductions of cytokine gene expressions. In this regard, splenocytes isolated from vaccinated mice 14 days after immunization were stimulated with HA protein (10 μg/ml) for 24 h and then RNA was isolated for quantification of IL-4, IL-10, and IFN-γ mRNA level inductions by qRT-PCR assay. After stimulation with HA protein, splenocytes of Sal-HA-M2e immunized groups showed significantly higher (p < 0.05) mRNA induction levels of IFN-γ in comparison to the Sal-vector and the PBS control groups (Figure 7). However, mice orally immunized with Sal-HA-M2e vaccine showed significantly (p < 0.05) lower IFN-γ mRNA induction levels compared to the im-Sal-HA-M2e and ip-Sal-HA-M2e immunized groups. This result was consistent with the findings of the anti-HA IFN-γ secreting T cell responses observed in the immunized mice. The mRNA levels of IL-4 and IL-10, the Th2 cytokines, were also significantly higher (p < 0.05) in Sal-HA-M2e immunized groups compared to the Sal-vector and the PBS control groups (Figure 7). The levels of IL-4 were almost comparable in all the Sal-HA-M2e immunized groups while the levels of IL-10 were significantly (p < 0.05) higher in i.m and i.p Sal-HA-M2e groups compared to the orally vaccinated group. Further, the IFN-γ mRNA levels were significantly higher (p < 0.05) compared to IL-4 and IL-10 mRNA levels, suggesting that Salmonella based vaccines have potential to skew the immune response toward Th1 type, which is important for the clearance of influenza infections (McMichael et al., 1983).
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FIGURE 7. Analysis of cytokine gene expressions in splenocytes. Mice were either inoculated intramuscularly with the PBS only, JOL1837 carrying empty vector (Sal-vector) and constructs JOL1917+1913 (im-Sal-HA-M2e) or intraperitoneally with constructs JOL1913+1917 (ip-Sal-HA-M2e) or orally with constructs JOL1913+1917 (po-Sal-HA-M2e). Splenocytes (2 × 106, n = 4) were harvested from immunized mice after 14 days post-immunization and restimulated with HA antigen in vitro (10 μg/ml) for 24 h. Then the total RNA was extracted and gene transcription for IFN-γ (I), IL-4 (II), and IL-10 (III) cytokines was quantified by qRT-PCR assay. Results are expressed as fold induction (log10) of cytokine mRNA transcription by HA stimulated cells compared to the media treated (Med) cells. B-actin was used as an internal control and mRNA levels at 0 h was used as calibrator. Histograms represent mean cytokine levels and bars represent SD. ∗p < 0.05; ∗∗p < 0.01; asignificant with respect to PBS, Sal-vector and po-Sal-HA-M2e groups; bsignificant with respect to Sal-vector and PBS controls; ns, non-significant.



Immunization with DCs Stimulated Ex Vivo with JOL1917 Elicits HA-Specific Immune Responses

Additional studies were conducted to gain insights on the role played by DCs in the immune responses stimulated using Salmonella as an antigen delivery system. Mice were immunized by IP route with 2 × 106 BMDCs, which had been stimulated ex vivo with inactivated JOL1917 (400 particles/cell) for 16 h. Anti-HA antibody responses were detected in all the vaccinated mice (Figures 8I–III). Ex vivo stimulated DCs induced both IgG1 and IgG2a antibodies in serum, but the shift toward a more dominant Th2 (IgG1) response pattern was obtained using inactivated JOL1917 as a delivery system. In contrast, mice immunized with live attenuated JOL1917 strain showed a shift toward a more dominant Th1 response, as evidenced by the higher inductions of IgG2a levels. This suggests that it is possible to modulate the major Th immune response using Salmonella as an antigen delivery system. Further, we evaluated the HI titers in the immunized sera. Our data showed that ex vivo stimulated DCs had elicited HI titres in immunized mice as compared to the unimmunized control group (Figure 8III). These observations clearly indicate that DCs play an important role in the elicitation of immune responses when attenuated Salmonella mutants are used as a technology platform for the delivery of heterologous antigens.


[image: image]

FIGURE 8. Immune responses stimulated by DCs stimulated ex vivo with heat killed JOL1917. Murine BMDCs (2 × 106) were stimulated with either JOL1917 (400 particles/cell) or left unstimulated for 16 h. These ex vivo stimulated DCs were then injected intraperitoneally in BALB/c mice (n = 3) to evaluate the HA-specific immune responses. (I) HA-specific serum IgG1 responses 14 and 21 days post-first immunization. (II) HA-specific serum IgG2a responses 14 and 21 days post-first immunization. (III) HI titers after 14th day post-first immunization. Each data point represents mean ± standard deviation (SD).∗p < 0.01; ∗∗p < 0.01.



Salmonella-HA-M2e Based Vaccination Provided Significant Protection against Lethal H1N1 Challenge

The benchmark of an influenza vaccine is protection against a lethal virus challenge. Therefore to evaluate the efficacy of Sal-HA-M2e vaccination, all vaccinated and control mice were challenged with a lethal dose of highly pathogenic H1N1 virus at 28th dpi. The clinical protection observed in the context of body weight and survival is shown in Figures 9I,II. Immediately after virus challenge, all mice experienced a decrease in body weight. The mice vaccinated with Sal-HA-M2e, independently of the route of vaccination, gradually recovered after day 6 and showed protection in 66.66% orally, 100% intramuscularly, and 100% intraperitoneally immunized mice against a homologous H1N1 virus. The mice vaccinated with either JOL1800 or PBS only, however, showed continued significant weight loss and exhibited no protection against H1N1 challenge (Figures 9I,II). The obtained results clearly suggest that Sal-HA-M2e based vaccine provides significant immune protection against the lethal H1N1 influenza virus.
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FIGURE 9. Immune protection of mice against lethal influenza A/Puerto Rico/8/34 (H1N1) challenge (n = 10). Mice were either inoculated intramuscularly with the PBS only, JOL1837 carrying empty vector (Sal-vector) and constructs JOL1917+1913 (im-Sal-HA-M2e) or intraperitoneally with constructs JOL1913+1917 (ip-Sal-HA-M2e) or orally with constructs JOL1913+1917 (po-Sal-HA-M2e). Mice were then challenged intranasally with 106EID50 of lethal H1N1 virus at 4 weeks after primary immunization. Mice were monitored for weight loss (I) and survival (II) throughout a 14 day observation period. The results are presented in terms of percent of body weight and percent survival, respectively. (III) Lung tissues (n = 3) were harvested at 4 days post-challenge (dpc) and viral titers were determined by Reed and Muench method. The experiments were performed in triplicate and the results are presented as mean ± SD. ∗p < 0.05; ∗∗p < 0.01; dpc, days post-challenge; asignificant with respect to PBS, Sal-vector and po-Sal-HA-M2e groups; bsignificant with respect to Sal-vector and PBS controls; ns, non-significant.



Further, we investigated the ability of Sal-HA+Sal-M2e vaccination on the effect of local replication of challenged virus in immunized and control mice. To this end, lung tissues were harvested from animals at 4th day post-challenge (dpc) and the virus titers in these tissues were determined. The titers of H1N1 virus in mice immunized with JOL1913+1917 were significantly (p < 0.05) lower than those in animals administered with either PBS or Sal-vector (Figure 9III). The titers were 1000-fold lower in case of i.m-Sal-HA-M2e and i.p-Sal-HA-M2e immunized groups, and less than 1000-folds in case of po-Sal-HA-M2e immunized group. These findings are consistent with our immune protection results, and thus clearly indicate that Salmonella-based vaccines can induce immune protection against the highly pathogenic influenza A virus challenges.

DISCUSSION

Our goal was to investigate whether a novel attenuated O antigen deficient Salmonella mutant delivering HA and M2e could elicit a significant HA and M2e specific immune responses, and subsequent protection in mice against a lethal challenge of H1N1 influenza A virus. A major obstacle in vaccine development against influenza viruses is the extent of genetic diversity, and consequently, antibodies raised against one vaccine strain provide little or no protection against the heterologous strain (Nicholson et al., 2003; Deng et al., 2015). One approach to induce a broad spectrum of protection is to design a vaccine that is based on the highly conserved region of a virus subjected to minor antigenic variations. M2e is an attractive choice to elicit a broad spectrum of protection against many subtypes as it is highly conserved target for the universal development of influenza A vaccine (Wang B.-Z. et al., 2012; Deng et al., 2015; Berlanda Scorza et al., 2016). However, when presented by itself, is weakly immunogenic and remarkably, natural infection induced anti-M2e responses are very modest, most likely due to its low presence on virions (Deng et al., 2015). Several strategies have been employed to enhance the M2e-specific antibody responses, for instance, linking of M2e to a suitable carrier (Layton et al., 2009) or increasing the density of M2e molecules by expressing multiple tandem copies of M2e (Deng et al., 2015). Although M2e-specific antibodies were enhanced and certain level of cross protection was observed in animal models, but complete protection against the lethal infections was not achieved (Layton et al., 2009; Deng et al., 2015). Previously, Salmonella system has been used to deliver M2e in chickens and significant protection against low pathogenic avian influenza (AI) H7N2, but not highly pathogenic H5N1 AI was observed (Layton et al., 2009). Combining HA and M2e is an attractive approach to induce broadly reactive anti-M2e specific antibodies. Previous study shows that immunization with M2e peptide formulated in Freund’s adjuvant failed to elicit M2e-specific antibody responses, but by including a T cell epitope derived from HA in the M2e conjugate, M2e-specific antibodies were readily induced (Pejoski et al., 2010). Further, the degree of M2e epitope density linked to the carrier molecule is a critical factor for the elicitation of efficient and protective M2e-specific immune responses (Zebedee and Lamb, 1988; Grandea et al., 2010). In accordance with this notion, we coadministered attenuated Salmonella strains expressing HA and multiple tandem copies of M2e, respectively, in mice and evaluated the potential of this strategy to elicit the HA and the M2e specific immune responses. Induction of HA-specific neutralizing antibody responses in peripheral blood circulation strongly correlates with the recovery from the clinical disease and protection from subsequent challenge infections (Chen et al., 2008). The present study demonstrates that the Sal-HA-M2e based vaccine induced significantly elevated levels of HA-specific antibody responses and subsequent protection against H1N1 challenge. The induction of antibody responses was independent of the route of vaccination, and consistently the protection against infection was also independent of the route of immunization. The type of HA and M2e specific IgG isotypes that are elicited by immunization correlates well with the protective effectiveness of the vaccine in mice (Viertlboeck et al., 2007; Pejoski et al., 2010). Although T cell responses induced by an M2e-based vaccine have been reported previously, the protection by the M2e vaccination is mainly mediated by the induced antibodies but not the T cells (Deng et al., 2015). In the present study, we show that Salmonella delivering HA and M2e proteins induced significantly higher HA and M2e specific IgG1 and IgG2a responses and this correlates well with the immune protection studies. We found complete protection against H1N1 challenges in intramuscularly and in intraperitoneally immunized groups, which showed significantly higher both HA and M2e-specific humoral immune responses. However, the M2e-specific humoral responses were significantly lower in orally vaccinated mice group compared to the im-Sal-HA-M2e and the ip-Sal-HA-M2e immunized groups. This result might explain why immune protection was comparatively less in case of orally immunized mice group. Our results are in accord to the previously published report that shows mice orally immunized with a S. Typhimurium delivering influenza nucleoprotein resulted in comparatively less immune protection than the intranasally and the intraperitoneally immunized mice groups (Ashraf et al., 2011). Previous study has also reported enhanced immune responses induced by the multiple repeats of the M2e and the HA delivered through the adenoviral vectors (Kim et al., 2014). The potential of this approach has been demonstrated by inducing HA-specific and broadly cross reactive M2-specific antibodies and significant protection against lethal live virus challenge as shown in the present study.

The cell mediated immunity induced by influenza viruses are necessary for viral clearance from the lungs and are, therefore, critical for mice to recover from influenza virus infections. In the present study, the Sal-HA-M2e based vaccine not only generated efficient humoral immune responses but also induced significantly higher anti-HA specific IFN-γ T cell responses. This finding is consistent with the previous report that a DNA vaccine encoding M2e together with H1 HA induced significantly higher HA-specific CD8+ and M2e-specific T cell responses compared to the DNA vaccine encoding M2e or H1 HA alone (Wang B. et al., 2012). This can be explained, in part at least, by Salmonella dependent improvement in the capacity of DCs to process and present both MHC class-I and II restricted Ags. The immunization studies performed with the ex-vivo DCs loaded with heat killed JOL1917 suggest that DCs play an important role in the elicitation of immune responses when Salmonella are used as a foreign antigen delivery system. DCs loaded with heat-killed JOL1917 elicited antigen specific immune responses as evidenced by the significantly higher induction of HA-specific IgG1 and IgG2a responses. Further, ex vivo stimulated DCs elicited HI titers against the influenza virus, suggesting that DCs play an important role in triggering a specific immune response during Salmonella infections. Our results are in accord to the previously published report (Yrlid et al., 2001). These findings clearly indicate that Salmonella expressing foreign antigens are biologically active and promote antigen-specific immune responses.

Further, we evaluated the recall cytokine responses in splenocytes. The nature of the cytokines released during the activation process is an important parameter to define the type of immune response elicited. Our data demonstrated that there is an increment in IFN-γ, a Th1 cytokine, expressions by HA restimulated splenocytes. IFN-γ is a prototypic Th1-polarizing cytokine and is very critical in the development of cellular immune responses, especially cytotoxic CD8+ responses, which are effective in clearance of viral infections (Matteoli et al., 2008; Mills, 2008). We also observed an increment in IL-10 and IL-4, the Th2 cytokines, which have a clear role in the generation of potent antibody responses through class switching to IgG1 and IgG3 (Moore et al., 1993; Sanders et al., 2006). The induction of INF-γ was significantly higher than IL-10 and IL-4, suggesting that the present strategy results in a mixed type of immune response with preferred Th1 type shift. Interesting, we have also observed an increment in the number of influenza-specific IFN-γ producing T cells in Sal-HA-M2e immunized mice, in response to restimulation with a recombinant HA protein. IFN-γ is a critical cytokine in the generation of potent cytotoxic CD8+ T cell responses, which have potential to provide non-specific protection against the pathogenic viruses (McMichael et al., 1983; Sridhar et al., 2013). The CD8+ T cell responses are essential to clear influenza viruses from the lungs and, having their broad antigen-specificity, can reduce disease symptoms caused by a potential pandemic influenza A virus outbreak (McMichael et al., 1983; Sridhar et al., 2013). Indeed, there exists a strong correlation between productive virus infection and cross-reactive cellular immunity against subsequent infection with heterologous influenza viruses based on the studies involving humans and other host-species (McMichael et al., 1983; Kreijtz et al., 2007; Sridhar et al., 2013). These findings clearly indicate that Sal-HA-M2e based vaccine has the potential to stimulate efficient protective humoral and CMI responses and can protect from pathogenic influenza infections. Our results are in accord to the previously published report that shows S. Typhimurium delivering influenza HA and NA proteins elicited efficient IFN-γ responses and significant protection against influenza virus infections (Pei et al., 2015). The present study also demonstrated that orally immunized mice group resulted in lower IFN-γ responses compared to the intramuscularly and the intraperitoneally immunized mice groups, which might explain the immune protection observed in the present study.

Salmonella based vaccines have certain advantages over conventional influenza vaccines. These vaccines are readily amenable to modifications once the circulating strains are identified and can be rapidly produced in large quantities without the need of specific cell culture conditions, as is the case with whole virus based influenza vaccines. Moreover, the delivery of foreign antigens by Salmonella provides an appropriate danger signals to the immune system, acting as natural adjuvant, thereby promoting efficient maturation and activation of DCs, which is prerequisite for the induction of potent adaptive immune responses (Ebensen et al., 2004; Sharpe, 2009). Previously, attenuated Salmonella system has been used to deliver HA based DNA vaccines against highly pathogenic H5N1 influenza virus, and partial protection was conferred against the virus infection (Van et al., 2013). A potential limitation with the DNA vaccines delivered through bacteria is the inability to stably maintain the plasmid DNA inside the bacteria. Moreover, the gene expression of heterologous antigens encoded by DNA is inefficient, resulting in the poor immunogenicity of the vaccine (Van et al., 2013). Our strategy of employing Salmonella system expressing HA and M2e proteins has elicited significant immune protection against the lethal H1N1 challenge infection. The removal of the immunodominant O-antigen makes the vaccine strain relatively safe as demonstrated in this study. Furthermore, the outer-membrane proteins and other foreign antigens carried by the O-antigen deficient Salmonella mutant are more exposed to the immune system (Kong et al., 2011), which in turn might result in the enhanced immunogenicity against the Salmonella-derived membrane proteins.

Taken together, our strategy of employing the codon-optimized HA and M2e amino acid sequences delivered by an auxotrophic mutant of S. Typhimurium has proven to be effective in eliciting a significant protective immunity in mice. Our results of the HA and the M2e specific immune responses elicited by Sal-HA-M2e vaccine suggest that attenuated Salmonella system simultaneously carrying expression cassettes for various antigens can function as a vaccine candidate against multiple strains of influenza viruses. Thus, Salmonella based vaccines constitute a promising technology for the development of more efficient multivalent protein based vaccines. Considering the potential of M2e specific immunity to virus, the present strategy may offer cross protective immunity against different subtypes of influenza A viruses, and thus warrants further investigation in this regard. Further, additional studies are needed to study the effect of Salmonella-based influenza vaccines in other animal models that should facilitate the development of Salmonella-based vaccines against influenza virus infection.
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FIGURE S1 | Western blot analysis of HA and M2e proteins expressed by JOL1800 strain. The HA1 and multiple tandem copies of M2e proteins expressed by JOL1800 strain were confirmed by Western blot analysis. The JOL1800 bacteria harboring either pJHL65-HA1 plasmid (JOL1917), pJHL65-M2e plasmid (JOL1913) or empty pJHL65 plasmid (JOL1837) were allowed to grow till 0.6 OD600nm. Then bacterial pellets were subsequently subjected to Western blot analysis using poly His-Tag antibody (#AB-TA13002, AprilBio, Co., Ltd, Korea). Lane M, protein Marker (#P8500, GenDEPOT, USA); lane 1, bacterial pellet of JOL1913 showing a 16 kDa band; lane 2, bacterial pellet of JOL1917 showing a 28 kDa band; lane 3, control JOL1837 bacterial pellet.

REFERENCES

Ashraf, S., Kong, W., Wang, S., Yang, J., and Curtiss, R. (2011). Protective cellular responses elicited by vaccination with influenza nucleoprotein delivered by a live recombinant attenuated Salmonella vaccine. Vaccine 29, 3990–4002. doi: 10.1016/j.vaccine.2011.03.066

Berlanda Scorza, F., Tsvetnitsky, V., and Donnelly, J. J. (2016). Universal influenza vaccines: shifting to better vaccines. Vaccine 34, 2926–2933. doi: 10.1016/j.vaccine.2016.03.085

Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 72, 248–254.

Chen, M.-W., Cheng, T.-J. R., Huang, Y., Jan, J.-T., Ma, S.-H., Yu, A. L., et al. (2008). A consensus-hemagglutinin-based DNA vaccine that protects mice against divergent H5N1 influenza viruses. Proc. Natl. Acad. Sci. U.S.A. 105, 13538–13543. doi: 10.1073/pnas.0806901105

De Filette, M., Fiers, W., Martens, W., Birkett, A., Ramne, A., Löwenadler, B., et al. (2006). Improved design and intranasal delivery of an M2e-based human influenza A vaccine. Vaccine 24, 6597–6601. doi: 10.1016/j.vaccine.2006.05.082

Deng, L., Cho, K. J., Fiers, W., and Saelens, X. (2015). M2e-based universal influenza A vaccines. Vaccines 3, 105–136. doi: 10.3390/vaccines3010105

Ebensen, T., Paukner, S., Link, C., Kudela, P., de Domenico, C., Lubitz, W., et al. (2004). Bacterial ghosts are an efficient delivery system for DNA vaccines. J. Immunol. 172, 6858–6865.

Fiers, W., Neirynck, S., Deroo, T., Saelens, X., Vanlandschoot, P., and Jou, W. M. (1999). A universal influenza A vaccine based on the extracellular domain of the M2 protein. Nat. Med. 5, 1157–1163. doi: 10.1038/13484

Grandea, A. G., Olsen, O. A., Cox, T. C., Renshaw, M., Hammond, P. W., Chan-Hui, P.-Y., et al. (2010). Human antibodies reveal a protective epitope that is highly conserved among human and nonhuman influenza A viruses. Proc. Natl. Acad. Sci. U.S.A. 107, 12658–12663. doi: 10.1073/pnas.0911806107

Hajam, I. A., Dar, P. A., Appavoo, E., Kishore, S., Bhanuprakash, V., and Ganesh, K. (2015). Bacterial ghosts of Escherichia coli drive efficient maturation of bovine monocyte-derived dendritic cells. PLoS ONE 10:e0144397. doi: 10.1371/journal.pone.0144397

Hajam, I. A., Dar, P. A., Sekar, S. C., Nanda, R., Kishore, S., Bhanuprakash, V., et al. (2013). Expression, purification, and functional characterisation of Flagellin, a TLR5-ligand. Vet. Ital. 49, 181–186. doi: 10.12834/VetIt.2013.492.187.192

Hoelscher, M. A., Garg, S., Bangari, D. S., Belser, J. A., Lu, X., Stephenson, I., et al. (2006). Development of adenoviral-vector-based pandemic influenza vaccine against antigenically distinct human H5N1 strains in mice. Lancet 367, 475–481. doi: 10.1016/S0140-6736(06)68076-8

Huleatt, J. W., Nakaar, V., Desai, P., Huang, Y., Hewitt, D., Jacobs, A., et al. (2008). Potent immunogenicity and efficacy of a universal influenza vaccine candidate comprising a recombinant fusion protein linking influenza M2e to the TLR5 ligand flagellin. Vaccine 26, 201–214. doi: 10.1016/j.vaccine.2007.10.062

Hur, J., and Lee, J. H. (2011). Enhancement of immune responses by an attenuated Salmonella enterica serovar Typhimurium strain secreting an Escherichia coli heat-labile enterotoxin B subunit protein as an adjuvant for a live Salmonella vaccine candidate. Clin. Vaccine immunol. 18, 203–209. doi: 10.1128/CVI.00407-10

Jang, H., Boltz, D., Sturm-Ramirez, K., Shepherd, K. R., Jiao, Y., Webster, R., et al. (2009). Highly pathogenic H5N1 influenza virus can enter the central nervous system and induce neuroinflammation and neurodegeneration. Proc. Natl. Acad. Sci. U.S.A. 106, 14063–14068. doi: 10.1073/pnas.0900096106

Je Hyoung, K., Ahmed Hajam, I., Hwa Lee, J., Je Hyoung, K., Ahmed Hajam, I., and Hwa Lee, J. (2017). A consensus-hemagglutinin-based vaccine delivered by an attenuated Salmonella mutant protects chickens against heterologous H7N1 influenza virus. Oncotarget doi: 10.18632/oncotarget.16353 [Epub ahead of print].

Joyce, M. G., Wheatley, A. K., Thomas, P. V., Chuang, G.-Y., Soto, C., Bailer, R. T., et al. (2016). Vaccine-induced antibodies that neutralize group 1 and group 2 influenza A viruses. Cell 166, 609–623. doi: 10.1016/j.cell.2016.06.043

Kamble, N. M., Hajam, I. A., and Lee, J. H. (2017). Orally administered live attenuated Salmonella Typhimurium protects mice against lethal infection with H1N1 influenza virus. Vet. Microbiol. 201, 1–6. doi: 10.1016/j.vetmic.2017.01.006

Kim, E.-H., Lee, J.-H., Noriel, P., Pascua, Q., Song, M.-S., Baek, Y.-H., et al. (2013). Prokaryote-expressed M2e protein improves H9N2 influenza vaccine efficacy and protection against lethal influenza a virus in mice. Virol. J. 10:104. doi: 10.1186/1743-422X-10-104

Kim, E. H., Park, H.-J., Han, G.-Y., Song, M.-K., Pereboev, A., Hong, J. S., et al. (2014). Intranasal adenovirus-vectored vaccine for induction of long-lasting humoral immunity-mediated broad protection against influenza in mice. J. Virol. 88, 9693–9703. doi: 10.1128/JVI.00823-14

Kong, Q., Yang, J., Liu, Q., Alamuri, P., Roland, K. L., and Curtiss, R. III. (2011). Effect of deletion of genes involved in lipopolysaccharide core and O-antigen synthesis on virulence and immunogenicity of Salmonella enterica serovar typhimurium. Infect. Immun. 79, 4227–4239. doi: 10.1128/iai.05398-11

Kreijtz, J. H. C. M., Bodewes, R., van Amerongen, G., Kuiken, T., Fouchier, R. A. M., Osterhaus, A. D. M. E., et al. (2007). Primary influenza A virus infection induces cross-protective immunity against a lethal infection with a heterosubtypic virus strain in mice. Vaccine 25, 612–620. doi: 10.1016/j.vaccine.2006.08.036

Layton, S. L., Kapczynski, D. R., Higgins, S., Higgins, J., Wolfenden, A. D., Liljebjelke, K. A., et al. (2009). Vaccination of chickens with recombinant Salmonella expressing M2e and CD154 epitopes increases protection and decreases viral shedding after low pathogenic avian influenza challenge. Poult. Sci. 88, 2244–2252. doi: 10.3382/ps.2009-00251

Matteoli, G., Fahl, E., Warnke, P., Müller, S., Bonin, M., Autenrieth, I. B., et al. (2008). Role of IFN-gamma and IL-6 in a protective immune response to Yersinia enterocolitica in mice. BMC Microbiol. 8:153. doi: 10.1186/1471-2180-8-153

McMichael, A. J., Gotch, F. M., Noble, G. R., and Beare, P. A. S. (1983). Cytotoxic T-cell immunity to influenza. N. Engl. J. Med. 309, 13–17. doi: 10.1056/NEJM198307073090103

Meltzer, M. I., and Bridges, C. B. (2003). Economic analysis of influenza vaccination and treatment. Ann. Intern. Med. 138: 608; author reply 608–609.

Mills, K. H. G. (2008). Induction, function and regulation of IL-17-producing T cells. Eur. J. Immunol. 38, 2636–2649. doi: 10.1002/eji.200838535

Moore, K. W., O’Garra, A., de Waal Malefyt, R., Vieira, P., and Mosmann, T. R. (1993). Interleukin-10. Annu. Rev. Immunol. 11, 165–190. doi: 10.1146/annurev.iy.11.040193.001121

Mozdzanowska, K., Feng, J., Eid, M., Kragol, G., Cudic, M., Otvos, L., et al. (2003). Induction of influenza type A virus-specific resistance by immunization of mice with a synthetic multiple antigenic peptide vaccine that contains ectodomains of matrix protein 2. Vaccine 21, 2616–2626.

Nicholson, K. G., Wood, J. M., and Zambon, M. (2003). Influenza. Lancet 362, 1733–1745. doi: 10.1016/S0140-6736(03)14854-4

Pan, Z., Zhang, X., Geng, S., Fang, Q., You, M., Zhang, L., et al. (2010). Prime-boost immunization using a DNA vaccine delivered by attenuated Salmonella enterica serovar typhimurium and a killed vaccine completely protects chickens from H5N1 highly pathogenic avian influenza virus. Clin. Vaccine Immunol. 17, 518–523. doi: 10.1128/CVI.00387-09

Pei, Z., Jiang, X., Yang, Z., Ren, X., Gong, H., Reeves, M., et al. (2015). Oral delivery of a novel attenuated Salmonella vaccine expressing influenza a virus proteins protects mice against H5N1 and H1N1 viral infection. PLoS ONE 10:e0129276. doi: 10.1371/journal.pone.0129276

Pejoski, D., Zeng, W., Rockman, S., Brown, L. E., and Jackson, D. C. (2010). A lipopeptide based on the M2 and HA proteins of influenza A viruses induces protective antibody. Immunol. Cell Biol. 88, 605–611. doi: 10.1038/icb.2010.15

Pfaffl, M. W. (2001). A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res. 29:e45.

Reed, L. J., and Muench, H. (1938). A simple method of estimating fifty per cent endpoints. Am. J. Epidemiol. 27, 493–497.

Sanders, C. J., Yu, Y., Moore, D. A., Williams, I. R., and Gewirtz, A. T. (2006). Humoral immune response to flagellin requires T cells and activation of innate immunity. J. Immunol. 177, 2810–2818.

Sharpe, A. H. (2009). Mechanisms of costimulation. Immunol. Rev. 229, 5–11. doi: 10.1111/j.1600-065X.2009.00784.x

Soema, P. C., Kompier, R., Amorij, J.-P., and Kersten, G. F. A. (2015). Current and next generation influenza vaccines: formulation and production strategies. Eur. J. Pharm. Biopharm. 94, 251–263. doi: 10.1016/j.ejpb.2015.05.023

Sridhar, S., Begom, S., Bermingham, A., Hoschler, K., Adamson, W., Carman, W., et al. (2013). Cellular immune correlates of protection against symptomatic pandemic influenza. Nat. Med. 19, 1305–1312. doi: 10.1038/nm.3350

Steel, J., Lowen, A. C., Wang, T. T., Yondola, M., Gao, Q., Haye, K., et al. (2010). Influenza virus vaccine based on the conserved hemagglutinin stalk domain. mBio 1:e18-10. doi: 10.1128/mBio.00018-10

Van, T. T. H., Lin, Y.-C., Van, T. N. N., Nguyen, T. Q., Le, T. T. H., Do, T. H., et al. (2013). Salmonella as a vaccine vector for influenza virus. Proc. Vaccinol. 7, 23–27. doi: 10.1016/j.provac.2013.06.005

Viertlboeck, B. C., Schweinsberg, S., Hanczaruk, M. A., Schmitt, R., Du Pasquier, L., Herberg, F. W., et al. (2007). The chicken leukocyte receptor complex encodes a primordial, activating, high-affinity IgY Fc receptor. Proc. Natl. Acad. Sci. U.S.A. 104, 11718–11723. doi: 10.1073/pnas.0702011104

Wang, B., Yu, H., Yang, F.-R., Huang, M., Ma, J.-H., and Tong, G.-Z. (2012). Protective efficacy of a broadly cross-reactive swine influenza DNA vaccine encoding M2e, cytotoxic T lymphocyte epitope and consensus H3 hemagglutinin. Virol. J. 9:127. doi: 10.1186/1743-422X-9-127

Wang, B.-Z., Gill, H. S., Kang, S.-M., Wang, L., Wang, Y.-C., Vassilieva, E. V., et al. (2012). Enhanced influenza virus-like particle vaccines containing the extracellular domain of matrix protein 2 and a Toll-like receptor ligand. Clin. Vaccine Immunol. 19, 1119–1125. doi: 10.1128/CVI.00153-12

Won, G., and Lee, J. H. (2016). Multifaceted immune responses and protective efficacy elicited by a recombinant autolyzed Salmonella expressing FliC flagellar antigen of F18+ Escherichia coli. Vaccine 34, 6335–6342. doi: 10.1016/j.vaccine.2016.10.066

Yassine, H. M., Boyington, J. C., McTamney, P. M., Wei, C.-J., Kanekiyo, M., Kong, W.-P., et al. (2015). Hemagglutinin-stem nanoparticles generate heterosubtypic influenza protection. Nat. Med. 21, 1065–1070. doi: 10.1038/nm.3927

Yin, J., Cheng, Z., Xu, L., Li, Q., Geng, S., Pan, Z., et al. (2015). Immunogenicity and protective efficacy of Salmonella enterica serovar Pullorum pathogenicity island 2 mutant as a live attenuated vaccine candidate. BMC Vet. Res. 11, 162. doi: 10.1186/s12917-015-0497-3

Yrlid, U., Svensson, M., Håkansson, A., Chambers, B. J., Ljunggren, H. G., and Wick, M. J. (2001). In vivo activation of dendritic cells and T cells during Salmonella enterica serovar Typhimurium infection. Infect. Immun. 69, 5726–5735. doi: 10.1128/iai.69.9.5726-5735.2001

Zebedee, S. L., and Lamb, R. A. (1988). Influenza A virus M2 protein: monoclonal antibody restriction of virus growth and detection of M2 in virions. J. Virol. 62, 2762–2772.

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The reviewer VC and handling Editor declared their shared affiliation, and the handling Editor states that the process nevertheless met the standards of a fair and objective review.

Copyright © 2017 Hajam and Lee. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-08-00872-g003.jpg
Number of animals

6_
- Sal-990
i -= Sal-vector
-+ im-Sal-HA-M2e
2+ -+ ip-Sal-HA-M2e
-4~ po-Sal-HA-M22e
0 T

4 8 12 16 20 24 28
dpi





OPS/images/fmicb-08-00872-g002.jpg
o

a 3 PBS
B3 Sal-vector

4 H im-Sal.HA-M2e
£ BZ ip-Sal-HA-M2e
&5 po-Sal-HA-M2e
2
Q2
¥






OPS/images/fmicb-08-00872-g001.jpg
HA1l or M2e gene






OPS/images/cross.jpg
3,

i





OPS/images/cover.jpg
, frontiers
in Microbiology

An Influenza HA and M2e Based
Vaccine Delivered by a Novel
Attenuated Salmonella Mutant

Protects Mice against Homologous
H1N1 Infection





OPS/images/logo.jpg
, frontiers
in Microbiology





OPS/images/fmicb-08-00872-g009.jpg
Percent survival

Percent body weight

1007

0

60

40

PBS
Salvector
im-Sal HA M2e
— ip-SalHA-M2e






OPS/images/fmicb-08-00872-g008.jpg
OD492nm

010

005

0.001

0.06

1261

14

1562

14
HI diters

205t

= PBs

205t

PBS






OPS/images/fmicb-08-00872-g007.jpg
15

10

TFN-y mRNA induction

—> Logfoldinduction =
2 5 &

g

IL4 mRNA induction

i

IL10 mRNAinducton

T

o
=]

10000 g

10000

PBS
Sal.vector

PBS
Sal.vector






OPS/images/fmicb-08-00872-g006.jpg
SFC/10° cells

2004

1504
1004
50+
0 T T
) s 3 @ 03
& O v QY v
4 @'&c &é‘ &é &,é
& & ¥
& 4 §





OPS/images/fmicb-08-00872-g005.jpg
Log, HI titer






OPS/images/fmicb-08-00872-g004.jpg
Y o4 W YV oo @
-
L EEE
22%3% 2:33 G
ey .pp a.m.m..o
0B E 80 18BN
\ DBEENR
J :
= ale
o 2 2
_ K|
3 . =
g ¥ T3 -
2 - 2
$ | g
m -
I T _
S ) -
ol i > .
eee Y eb
8% g 248
5 S n o
EEE " fiam
21131 83411
- V7 J= Ry - P&mm.m.
B D Z DBEBS

14th

ific IgG1
HA-specific IgG2a

7th

HA-spec

1.54
2.0+

wuOek(JO <——

28th

14th

14th 21st 28th

7th

—>dpi





