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Salmonella enterica, a Gram-negative pathogen, has over 2500 serovars that infect a wide range of hosts. In humans, S. enterica causes typhoid or gastroenteritis and is a major public health concern. In this study, SseB (the tip protein of the Salmonella pathogenicity island 2 type III secretion system) was fused with the LTA1 subunit of labile-toxin from enterotoxigenic E. coli to make the self-adjuvanting antigen L-SseB. Two unique nanoparticle formulations were developed to allow multimeric presentation of L-SseB. Mice were vaccinated with these formulations and protective efficacy determined via challenging the mice with S. enterica serovars. The polysaccharide (chitosan) formulation was found to elicit better protection when compared to the squalene nanoemulsion. When the polysaccharide formulation was used to vaccinate rabbits, protection from S. enterica challenge was elicited. In summary, L-SseB in a particulate polysaccharide formulation appears to be an attractive candidate vaccine capable of broad protection against S. enterica.
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Introduction

Salmonella enterica is a Gram-negative pathogen that is responsible for causing diseases having diverse clinical manifestations in humans, pets, livestock, and poultry. The species has over 2500 serovars that can infect a wide variety of hosts. According to the World Health Organization, non-typhoidal S. enterica is responsible for infecting one in ten people at a loss of 33 million healthy life years annually. In the United States, it is responsible for numerous outbreaks of gastroenteritis due to consumption of contaminated food (1) with 30-50% of bacterial foodborne infections attributable to S. enterica. Fortunately, the disease in self-limiting in healthy individuals and is resolved quickly (2); however, in immune-compromised individuals the infection can often be life-threatening (3). In the U.S., treatment is complicated by the emergence of multi-drug resistant strains with a 40% increase in resistant strain infections in 2015-2016 compared to 2004-2008 (4). Typhoid fever caused by S. enterica serovars Typhi and Paratyphi are responsible for a disease characterized by fever, organomegaly and, in severe cases, intestinal hemorrhaging or perforation, if left untreated. Globally, the disease was responsible for 131,200 deaths in 2017 (3).

Cases of the more serious invasive non-typhoidal Salmonella (iNTS) have been on the rise globally. There were 535,000 iNTS cases and ~77,500 deaths reported in 2017 with the highest incidence in Sub-Saharan Africa (3). The disease has a mortality rate of ~20% which may increase substantially in patients infected with HIV (5, 6). Treatment in the Sub-Saharan region is complicated by the fact that disease symptoms at onset are often similar to commonly occurring comorbidities (e.g. malaria and pneumonia) (7, 8). Although iNTS can be treated successfully with antimicrobials, emerging multidrug-resistant (MDR) strains are becoming a major concern (9).

Vaccination is perhaps the most effective way of treating the disease and preventing the spread of MDR strains. Currently there are two licensed vaccines available and recommended for use against typhoid fever: a live attenuated vaccine (Ty21a) and a capsular polysaccharide-based vaccine (Vi) (10). Several S. Typhimurium glycoconjugate vaccines are also being developed with an aim to generate protective antibody responses against the core and O-polysaccharide of lipopolysaccharide (LPS) present in the bacterial outer membrane. Conjugating these carbohydrate components to a protein carrier converts the resulting T cell-independent response into a T cell-dependent one (11–13). It should be noted that much of the immunity generated by conjugate vaccines has been attributed to the resulting antibody responses; however, the role of antibodies in preventing infections outside a narrow range of Salmonella serovars (e.g. typhoidal and nontyphoidal serovars) is questionable (14). Furthermore, these vaccines have been shown to be moderately protective (32% for Ty21a and 52% for Vi capsular polysaccharide vaccine) in humans (15, 16) Although these antibodies reduces the severity of the disease, they are unable to protect against the actual infection (17). Considering these facts, a protein subunit vaccine that can potentially recognize a broad range of Salmonella serovars would represent an important public health achievement.

In this study, SseB, which is a highly conserved protein localized at the tip of SPI-2 type III secretion apparatus (T3SA) needle, is used as the antigen. Mutations within the individual proteins of the T3SA are not tolerated well and result in non-functional assemblies that compromise pathogen virulence. Therefore, vaccine escape is unlikely for these vaccine targets. SseB was identified as a common target by McSorley et al. (18), however, we have not been able to elicit strong protection in our animal models using SseB alone when administered at a mucosal site using the mucosal adjuvant dmLT (double-mutant labile toxin from enterotoxigenic E. coli). Therefore, based on parallel work from our laboratory, SseB was genetically fused with the A1 subunit of dmLT to generate self-adjuvating L-SseB. L-SseB circumvents the use of dmLT as an adjuvant and the observation that it can lead to cause Bell’s palsy (19). We then elected to formulate L-SseB into a nanoparticle (NP) to enhance its presentation to the innate immune response and to include the TLR-4 agonist BECC438b (20) (Bacterial Enzyme Combinatorial Chemistry candidate 438 extracted from an engineered Yersinia background) which is a biosimilar of the adjuvant monophosphoryl lipid A (MPL).

The efficacy of L-SseB in the two formulations, MedImmune emulsion (ME) (a squalene-based oil-in water emulsion) or Chi-C48/80 (a particulate polysaccharide NP) with and without BECC438b was then determined. We then tested the dose response of this vaccine and found that it elicited robust cell-mediated immunity, which is essential for prevention and clearance of Salmonella (14). This formulation was able to protect against S. Typhimurium and S. Typhi in a mouse model indicating effectiveness against typhoidal and non-typhoidal (including iNTS) Salmonella infections. Protection was then validated in a rabbit diarrheal model of S. Typhimurium infection and found to be effective. In summary, a chitosan-based NP vaccine containing an LTA1 mucosal adjuvant and a TLR-4 agonist shows potential to be a successful broadly protective vaccine against Salmonella infections.





Materials and methods




Materials

pET15b plasmid, ligation mix, and competent Tuner DE3 E. coli were from Millipore-Sigma (St. Louis, MO). Chromatography columns were from GE Healthcare (Piscataway, NJ). All other reagents were from Sigma or Fisher Scientific and were chemical grade or higher. dmLT was a gift from J. Clements and E. Norton (Tulane School of Medicine, New Orleans, LA) and Salmonella enterica serovar Typhimurium SL1344 was a gift from Jorge Galan (Yale University, New Haven, CT). S. Typhi (strain 700931) was purchased from ATCC (Manassas, VA). Squalene was purchased from Echelon Biosciences (Salt Lake City, UT).






Methods




Protein production

The coding sequence for SseB was ligated into pET15b (Millipore-Sigma, St. Louis, MO). The coding sequence for LTA1 was inserted 5’ to the SseB as described previously (21). The plasmid was used to transform E. coli Tuner (DE3). Bacteria were grown in LB broth with shaking at 200 rpm until the A600 reached 0.8. Protein expression was induced by adding IPTG to 1 mM and the culture incubated for an additional 3 h. The bacteria were collected by centrifugation, resuspended in 1X His-Tag Binding Buffer (20 mM Tris-HCl pH 7.9, 500 mM NaCl, 10 mM imidazole), and passed through a LM10 microfluidizer (Microfluidics, Westwood, MA) three times at 18,000 PSI. Because the L-SseB sequestered to inclusion bodies, the lysed bacteria were clarified at 10,000 x g and the pellet containing the inclusion bodies was retained. The pellet was resuspended in 8M urea in 1X His-Tag Binding Buffer. The solution was clarified at 15,000 x g and the supernatant saved. The L-SseB was then purified as previously described for IpaD except 8M urea was present during the entire process (22, 23) The eluted L-SseB was refolded by stepwise dialysis into 10 mM phosphate pH 7.2, 150 mM NaCl (PBS) with the urea reduced by 2M at each buffer exchange. The L-SseB was stored at -80°C (Supplementary Figure 1A). LPS levels were determined using a NexGen PTS with EndoSafe cartridges (Charles River Laboratories, Wilmington, MA). All proteins had LPS levels <5 Endotoxin units/mg protein.





ADP-ribosylation assay

LTA1 from labile toxin of enterotoxigenic E. coli possesses ADP-ribosylase (ADPr) activity, which is required for adjuvanticity (19). Because the L-SseB was isolated from inclusion bodies after urea denaturation and refolding, it was important to assess the activity of the LTA1 moiety (Supplementary Figure 1B). The activity assay was carried out in a 15 µl reaction mix containing 50 mM Tris-HCl pH 7.5, 1 mM EDTA, 1 mM DTT, 500 ng ARF4 substrate, 8.3 µM biotin-labeled NAD+ (BPS Biosciences, San Diego, CA) and 2500 ng of LTA1 fusion protein. After a 1 h incubation at 37°C, the reaction was stopped by adding 5 µl of 3X SDS-PAGE sample buffer and boiled for 5 min. Proteins were separated by 15% SDS-PAGE, subjected to western blot analysis with the biotin moiety on the ribosylated proteins visualized with IR dye 800 CW Streptavidin (Li-Cor, Lincoln, NE).





Far-UV circular dichroism (CD) spectroscopy

CD Spectra in the far UV region were obtained using a Chirascan-plus CD Spectrophotometer (Applied Photophysics, UK) equipped with a Peltier controlled six cell holder. L-SseB (0.1 mg/mL) was loaded into a 1-mm quartz cuvette and spectra were obtained in the far UV region (190 to 260 nm) in 1nm increments with 1 sec per data point integration time. To evaluate thermal melting, a temperature ramp was imposed from 10 to 90°C (acquisition at every 2.5°C) with an equilibration of 2 min at each temperature. After acquisition at 90°C, the L-SseB protein samples were cooled to 10°C and rescanned (Supplementary Figure 2).





Determining the hydrodynamic diameter using dynamic light scattering

The hydrodynamic diameter (Dh) of the L-SseB and formulations were determined by dynamic light scattering (DLS) using a Zetasizer Ultra (Malvern Instruments) (24). Formulations were diluted in 1:10 with water in triplicate and measured in disposable polystyrene cuvettes. The parameters used were as follows: material RI = 1.59, dispersant RI (water) = 1.33, T = 25°C, viscosity (water) = 0.887 cP, measurement angle = 173° backscatter with automatic attenuation. The Z-average values of the Dh for these samples were calculated via cumulant analysis.





Preparation of vaccine formulations

The two vaccine preparations were prepared as described previously (24). Briefly, to make ME (MedImmune Emulsion), squalene (8% by weight) and polysorbate 80 (2% by weight) were mixed to achieve a homogenous oil phase and 40 mM Histidine (pH 6) with 20% sucrose was added to the oil phase to generate 4XME (25). To make the L-SseB with ME, the protein was added to the emulsion to a final concentration of 0.67 mg/ml, vortexed and allowed to incubate overnight at 4°C. The association of L-SseB was assessed using dynamic light scattering (DLS) as described elsewhere (24). BECC438b was made and resuspended as previously described (20). To make BECC438b+ME, BECC438b was mixed by vortexing for 2 min with the ME and incubated overnight at 4°C. The next day, L-SseB was added at a volumetric ratio of 1:1 to achieve the desired final antigen concentration.

Chitosan (Chi) nanoparticles were made by washing the chitosan and then loading it with C48/80 as described (24). The L-SseB in PBS was exchanged into 20 mM histidine buffer pH 6. To make L-SseB-Chi-C48/80, L-SseB was then added in a 1:4 w/v ratio, vortexed and incubated for 2 h at 4°C. Unbound L-SseB was removed by washing the nanoparticles once. Binding efficiency was determined to be 75% based upon the A280 remaining in the supernatant after removal of the particulate chitosan fraction. Where BECC438b was included, the nanoparticles with L-SseB were mixed with BECC438b by vortexing and incubating overnight at 4°C prior to addition the protein.





Mice and immunizations

The animal protocols were reviewed and approved by the University of Kansas Institutional Animal Care and Use Committee Practices (protocol AUS 222-01). Six- to eight-week-old Balb/c mice (Charles River Laboratories, Wilmington, MA) were used for all experiments. For immunizations, mice were anesthetized with isoflurane and vaccine formulations administered intranasally (IN) as previously described (23). Immunizations were on days 0, 14, and 28 for this study. As a positive control, a group of mice was orally administered a live attenuated Salmonella strain (aro) on days 0 and 14 (26). Blood was collected prior to vaccination and on days 42 and 56. No adverse reactions were observed for any of the antigens or vaccine formulations tested here.





Salmonella infection

For S. Typhimurium infection, mice were starved for 4 h and infected with SL 1344 by oral gavage after neutralization of gastric acids with 0.1 ml 5% NaHCO3 15 min prior to bacterial challenge. For the survival assay, mice were challenged with logarithmically grown cultures of 1×106 CFU/mouse of S. Typhimurium and monitored for clinical signs of infection (fever, reduced locomotion, piloerection), morbidity and mortality over 36 days. Morbid mice were humanely euthanized.

An iron overload mouse model was used for oral infection with S. Typhi as described previously (27). Mice were injected intraperitoneally (IP) with deferoxamine (0.5 mg/gm body weight) and ferric chloride (0.32 mg/gm body weight). Mice were starved for 4 h, gastric acids neutralized with 0.1ml 5% NaHCO3 and the mice challenged via intragastric route by S. Typhi (1×106 CFU/mouse).

To determine visceral bacterial load, mice were infected with sub-lethal doses of S. Typhimurium (3x105 CFU/mouse) or S. Typhi (1x104 CFU/mouse). Liver and spleen were harvested at desired time points. Organs were homogenized and lysed with 0.1% Triton X-100. The bacterial load was enumerated via serial dilution of the lysates and spread on Luria agar plates containing streptomycin (50 μg/ml).





Tissue resident memory T cells (TRMs)

Each mouse was intravenously injected with a Treg protector (50 μg/mouse; Biolegend) and euthanized 30 min post injection (28). The liver was extracted and processed through a 70-micron cell strainer into a 50 ml conical tube. The tube was filled with 40 ml RPMI 1640 and the solution clarified at 2000 x g for 10 mins without braking. The supernatant was discarded, the pellet re-suspended in 15 ml of Percoll and centrifuged at 2000 x g for 10 mins without braking. The top layer of cells was discarded while the cells at the interface were collected and washed with PBS containing 2% FBS. Erythrocytes were lysed with lysis buffer and the cells were resuspended in PBS containing 2% FBS for counting. Cell concentration was adjusted to 1x106/tube and stained with fluorochrome tagged antibodies against CD4, CD69 and P2X7. The cells were incubated on ice for 30 min and washed with PBS containing 2% FBS. The cells were then analyzed via flow-cytometry (BD FACS Aria III Fusion).





Cytokine determinations

Cells isolated from liver and spleen were incubated with 10 µg/ml SseB or PBS for 48 h at 37°C. Supernatants were collected and analyzed for cytokines: IFN-γ, IL-10, IL-12p70, IL-17A, IL-1β, IL-2, IL-4, IL-5, IL-6, and TNF-α with concentrations being determined using an MSD plate reader with associated analytical software (Meso Scale Discovery, Rockville, MD). While multiple cytokines were measured, only the ones that were differentially modulated upon stimulation are reported here.





Rabbit studies

Anesthetized New Zealand White (NZW) rabbits (~6 weeks old, 6/group) were immunized IN (days 0, 14 and 28) with PBS, 75 µg or 200 µg L-SseB-Chi-C48/80+BECC438b. On day 56 post first immunization, rabbits were orally challenged with 1x105 CFU of Salmonella Typhimurium/rabbit (29) following neutralization of gastric acidity with 15 ml of 5% sodium bicarbonate. This dose was chosen as it was below the dose threshold that caused diarrhea in the rabbits. They were then monitored for 15 days, and the body weights were recorded. Rabbits were euthanized if diarrhea was detected as the goal was to prevent diarrhea.





Isolation of Rabbit PBMC and cytokines analysis

On day 42, blood was collected from the center auricular artery of the ear. Blood (1 ml) was diluted to 7 ml using PBS and layered over 3 ml histopaque 1077 (Sigma) in a 15 ml conical tube. The tube was centrifuged at 400 x g for 35 mins (no braking) and the cells from the interface were collected. After washing with PBS containing 2% FBS the cells were resuspended in complete RPMI 1640. The cells were enumerated and seeded into 96 well tissue culture plates (1x105 cells/well) and stimulated with SseB (2 μg/well) or left unstimulated. The plates were incubated at 37°C, 5% CO2 for 24 h. The supernatants were collected and analyzed for the presence of IFN-γ and IL-17A by ELISA (Invitrogen) according to the manufacturer’s instructions.





ELISA

Antibodies specific for SseB were determined by ELISA as described previously with minor modifications (21, 23). Briefly, 96-well plates coated with SseB (1 µg/mL in PBS) were blocked overnight with 10% nonfat dry milk in PBS. Each well was incubated with serum samples for 1 h at 37°C. After washing the plates with PBS-Tween 20 (0.05%), secondary antibody (1:3000 KPL, Gaithersburg, MD) was added and incubated for 1 h at 37°C. Level of IgG (H+L) was determined with horseradish peroxidase-conjugated secondary antibodies (human serum adsorbed) generated in goats (Southern Biotech, Birmingham, AL). 3,3′,5,5′-Tetramethylbenzidine (TMB) substrate was added, and reaction was stopped with H3PO4. Endpoint titers were calculated and represented as ELISA units per ml (EU ml-1).





Statistical analysis

GraphPad Prism 8.1.2 was used to perform all statistical comparisons. Differences among treatment groups were analyzed as mentioned in figure legends. A p value of less than 0.05 was considered significant for all comparisons. * P< 0.05; ** P<0.01; *** P< 0.001.






Results




Evaluation of protective efficacy of L-SseB and formulations

We have previously reported on the protective efficacy elicited in mice vaccinated with a fusion protein consisting of the needle tip and first translocator fusion proteins from the SPI-1 (SipD and SipB) and SPI-2 (SseB and SseC) T3SS (30). While successful in protecting mice from death caused by Salmonella infection, this protein cocktail was onerous to produce, and these particular proteins were only marginally stable and would be difficult to produce on a large scale. Based on reports from other groups (31) and the success of our T3SS-based vaccine platform, we decided to fuse LTA1 to SseB to give L-SseB (21, 32) to generate a stable self-adjuvanting subunit vaccine containing only a single T3SS component. Because L-SseB sequestered to inclusion bodies during expression in E. coli, it was purified under denaturing conditions, so to ensure our renaturation methods were successful, we tested and found that the fusion had retained LTA1 moiety’s ADPr activity (Supplementary Figure 1). Likewise, when analyzed by circular dichroism (CD) spectroscopy, the fusion protein was shown to possess an appropriate secondary structure content with mixed α-helical and β-strand makeup and was thermally stable to greater than 60°C (Supplementary Figure 2). Once we were confident that L-SseB could be stably produced, we formulated into two unique candidate vaccines. One formulation was a squalene-based oil-in-water emulsion (ME) and the second was a polysaccharide-based (chitosan) nanoparticle. Each of these formulations allowed for the presentation of the antigen in a multimeric form (21). Additionally, we also tested the effect of an additional adjuvant called BECC438b, a lipid A analogue that is a biosimilar of monophosphoryl lipid A and a TLR-4 agonist, to determine how it might contribute to any observed protective responses.





L-SseB interacts with ME

The first formulation examined was an oil-in water emulsion referred to as ME (MedImmune Emulsion) (24). ME is typically in the 100-200 nm size range and thus can readily be taken up directly by dendritic cells (33, 34). We determined that L-SseB associated with ME+BECC438b by measuring the particle size distribution of ME+BECC438b before and after mixing with L-SseB. L-SseB had a peak mean by intensity (nm) of 393.2 ± 61.5 with a polydispersity index of 0.627 ± 0.079. The relatively larger size of L-SseB is believed to be a reflection of the SseB component which is known to form an oligomer at the SPI-2 T3SA needle tip structure (35). Conversely, ME+BECC438b had a unimodal size distribution of 232 ± 8.7 with a low polydispersity index of 0.268 ± 0.015. Mixing L-SseB with ME+BECC438b slightly increased the nanoemulsion particle size to 244 nm without an increase in polydispersity (0.195 ± 0.02). This suggests that individual L-SseB molecules associate with the ME surface rather than complete L-SseB oligomers. The addition of BECC438b to the ME particles did not noticeably change the size of the nanoemulsion particle (data not shown).





L-SseB interacts with Chi-C48/80 (Chi)

As a second unique particulate formulation, L-SseB was bound to chitosan. Chitosan nanoparticles are a potentially attractive delivery particle due to their positive charge which allows them to interact with negatively charged polysaccharides such as mucin, which is the major component of mucus layer on the surface of nasal epithelial cells. In prior work, DLS measurements were used to confirm the interaction of our preparation of Chi with mucin (24). We thus used DLS to determine the influence that L-SseB association has on the size of the Chi particles. Chi alone has a Dh of 1573 ± 366 nm with a high polydispersity value (0.785), however, the addition of BECC438b reduced the apparent size to 682 ± 246 nm though the polydispersity was still rather high (0.938). The subsequent addition of L-SseB cause a further reduction in size to 293 ± 45 nm and improved the polydispersity value to 0.378. The addition of BECC438b and L-SseB appeared to cause a reduction in Chi aggregation and resulted in a particle that would be amenable to uptake by antigen presenting cells.





Evaluation of protective efficacy of L-SseB and formulations

Initially, we vaccinated mice with L-SseB alone or as part of the ME or Chi-C48/80 formulations with or without BECC438b to determine the resulting antibody responses. The vaccine positive control for these experiments was a S. Typhimurium live attenuated aro strain. Strong IgG responses were detected in all the groups vaccinated with L-SseB but not in either the negative control (PBS) or positive vaccine control aro groups (Supplementary Figures 3-5). The protective efficacy of the vaccine formulations was assessed using a S. Typhimurium typhoid-like mouse model (Figure 1). These mice were vaccinated IN three times with 20 µg L-SseB alone, or ME ± BECC438b or Chi-C48/80 ± BECC438b. The positive control was the live attenuated aro strain (26). On day 56, the mice were orally challenged with 1x106 S. Typhimurium and monitored for 36 days (Figure 1). As expected, the aro strain protected all mice from the S. Typhimurium challenge. The L-SseB alone was only 25% protective when compared to the PBS negative control. When L-SseB was added to ME, the protection increased slightly to 38%, but this was further increased to 63% with the addition of BECC438b. The protective efficacy of the L-SseB-Chi-C48/80 was the same as the negative control, however, the addition of BECC438b resulted in a significant increase in the protective efficacy to ~88%.




Figure 1 | Evaluation of protective efficacy of L-SseB and formulations. Balb/C mice (n=10/group) were vaccinated orally with a S. Typhimurium live, attenuated (aro) strain (positive vaccine control) on days 0, 14 or intranasally (IN) for all other L-SseB-containing vaccine formulations on days 0, 14 and 28. On day 56 mice were challenged orally with S. Typhimurium (1 x 106 CFU/mouse). Significance was calculated by comparing survival of individual vaccinated groups with the PBS vaccinated (negative vaccine control) group using Log-rank (Mantel-Cox) test. **p<0.01, ***p<0.001.







Cytokine production in response to stimulation with SseB

The SseB specific cytokine response was evaluated in cells isolated from the livers and spleens of mice vaccinated as above (Figure 1). Single cell suspensions were stimulated with SseB or left unstimulated with the supernatants then analyzed for secreted cytokines after incubating for 48 h (Figure 2). SseB induced significant levels of IL-17A secretion in mouse livers of the L-SseB alone, with ME+BECC438b or with Chi-C48/80 ± BECC438b (Figure 2A). In contrast, only the L-SseB alone or with Chi-C48/80+BECC438b groups displayed significant levels of IL-17A secreted from the spleen cells stimulated with SseB (Figure 2D). With respect to IFN-γ, groups immunized with L-SseB-Chi-C48/80 ± BECC438b had significant levels of the cytokine secreted from the liver (Figure 2B). In contrast, groups immunized with the aro strain, L-SseB alone or L-SseB-Chi-C48/80+BECC438b had significant levels of IFN-γ secreted from splenocytes (Figure 2E). Interestingly, the only group that showed a significant level of protection also demonstrated a significant increase in secretion of IL-17A and IFN-γ in liver and spleen cells. All vaccinated groups that were not protected from S. Typhimurium challenge were lacking significant secretion of either IL-17A or IFN-γ (or both) in the cells from the liver or spleen. While there was increased secretion of IL-12p70 in both liver and spleen in some groups, the differences were not statistically significant (Figures 2C, F).




Figure 2 | Cytokine production by isolated cells after stimulation with SseB. Single cell suspensions of livers (A–C) and spleens (D–F) from mice vaccinated as in Figure 1 were stimulated with SseB as described in Methods. The supernatants were analyzed for cytokine production by MesoScale Discovery (MSD) analysis as per the manufacturer’s specifications. Significance was calculated by comparing cytokine secretion by cells isolated from PBS vaccinated mice to all other vaccinated groups using one-way ANOVA (Dunnett’s multiple comparison test). *p<0.05, **p<0.01, ***p<0.001.







Induction of tissue resident memory T cells in response to vaccination

The induction of tissue resident memory T cells (TRMs) generated by the mice vaccinated as described above was evaluated next (Figure 3). Single cell suspension from livers of immunized mice were stained with fluorochrome conjugated antibodies against CD4 (a T helper cell marker), CD69 (an early activation marker) and P2X7 (a receptor promoting inflammatory responses). The mean fluorescence intensity (MFI) of P2X7 among the groups was compared (Figure 3). Groups immunized with L-SseB and L-SseB-Chi C48/80+BECC438b showed significant increases in P2X7 MFI (for the CD4+CD69+ cell population), as compared to the PBS immunized group. Vaccination with both L-SseB and L-SseB-Chi C48/80+BECC438b induced TRMs; however, the former was not able to generate acceptable protection supporting the proposal that TRMs are indispensable but not the only factor contributing to protection.




Figure 3 | Induction of tissue resident memory (TRM) T cells in response to vaccination. Balb/C mice (n=4/group) were vaccinated as already described. On day 56, mice were euthanized, and single cell suspensions were prepared from livers. Isolated cells were co-stained with fluorochrome-conjugated CD4, CD69 and P2X7 antibodies and analyzed by flow-cytometry. Mean Fluorescence Intensity (MFI) of P2X7 stained cells was plotted. Significance was calculated by comparing the MFI for P2X7 in the PBS vaccinated group to all other groups by using one-way ANOVA (Dunnett’s multiple comparison test). ***p<0.001.







Cytokine production and TRMs in response to stimulation with SseB in mice immunized with increasing L-SseB concentrations

Having determined that L-SseB-Chi-C48/80+BECC438b was the lead protective formulation of those tested here, we performed a dose escalation in mice using 1, 10, and 20 µg of L-SseB with Chi-C48/80+BECC438b. After three vaccinations, mice were rested for four weeks and then the livers and spleens harvested. Single cell suspensions were produced from these organs, and these were stimulated with SseB to determine the secretion levels of IL-17A, IFN-γ, and IL-12p70 (Figure 4). As shown above, the 20 µg L-SseB-Chi-C48/80+BECC438b group showed a significant increase in the levels of secreted IL-17A and IFN-γ from both liver and spleen cells. High levels of secreted IL-12p70 were also seen in this group of mice (Figure 4). The induction of TRMs was also examined and only the group immunized with 20 µg L-SseB-Chi-C48/80+BECC438b had a significant increase in MFI for P2X7 (Figure 5). Therefore, in conjunction with the findings above, we determined that the optimal dose was on the order of 20 µg L-SseB formulated with Chi-C48/80+BECC438b.




Figure 4 | Cytokine production by isolated cells after stimulation with SseB for mice immunized with increasing L-SseB concentrations. Balb/C mice (n=5/group) were IN vaccinated with PBS or 1, 10 or 20 µg L-SseB in Chi-C48/80-BECC438b on days 0,14 and 28. On day 56, mice were euthanized, and single cell suspensions were prepared. Single cell suspensions of livers (A–C) and spleens (D–F) were stimulated with SseB, and the supernatants analyzed for cytokine production using MSD analysis as per manufacturer’s specifications. Significance was calculated by comparing cytokine secretion by cells isolated from PBS vaccinated mice to all vaccinated groups by using one-way ANOVA (Dunnett’s multiple comparison test). *p<0.05, ***p<0.001.






Figure 5 | Induction of tissue resident memory T cells in response to dose escalation of L-SseB. Isolated cells from the groups described in Figure 4 were co-stained with fluorochrome conjugated CD4, CD69 and P2X7 antibodies. Mean Fluorescence Intensity was analyzed by flow-cytometry and the MFI of P2X7 stained cells was plotted. Significance was calculated by comparing the MFI of P2X7 in PBS vaccinated group to all other groups by using one-way ANOVA (Dunnett’s multiple comparison test). **p<0.01.







Determining the vaccine-mediated reduction in bacterial loads in different organs

To test the efficacy of 20 µg L-SseB-Chi-C48/80+BECC438b, its ability to reduce bacterial loads within the target organs was determined. Two sets of mice were vaccinated with 20 µg L-SseB-Chi-C48/80+BECC438b or PBS and challenged with S. Typhimurium at a sub-lethal dose (3x105 CFU). Livers and spleens were harvested on days 7 and 10, single cell suspensions were prepared and dilution plating with streptomycin selection was performed. On day 7, a reduced bacterial load was observed in both the liver and spleen of mice vaccinated with 20 µg L-SseB-Chi-C48/80+BECC438b when compared to PBS vaccinated mice; however, while it was a two-log reduction in bacteria it was not statistically significant. On day 10, a further reduction in bacterial load was observed in 20 µg L-SseB-Chi-C48/80+BECC438b vaccinated mice in both liver and spleen and this was determined to be significant relative to the PBS vaccinated mice (Figure 6). These findings shown that vaccination with 20 µg L-SseB-Chi-C48/80+BECC438b reduces disease severity by reducing the bacterial load in the visceral organs. In addition to the survival study (Figure 1), this challenge experiment shows that the 20 µg L-SseB-Chi-C48/80+BECC438b is protective by efficiently reducing the bacterial loads in the affected organs.




Figure 6 | Determination of bacterial organ load in immunized mice. Balb/C mice (n=5/group) were immunized with PBS or L-SseB with the stated formulation on days 0, 14 and 28. On day 56, the mice were challenged orally with S. Typhimurium (1 x 106 CFU/mouse). Mice were euthanized on days 7 and 10 post infection and the bacterial loads in the spleen (A) and liver (B) were determined. Significance was calculated by comparing CFU from PBS vaccinated mice to CFU from the L-SseB vaccinated groups by using one-way ANOVA (Dunnett’s multiple comparison test) for respective time points and organs. *p<0.05.







Cytokine production in response to stimulation with SseB in immunized mice

To better understand the mechanism by which the Chi-C48/80+BECC438b heightens the immunogenicity and protective efficacy of L-SseB, groups of mice were immunized with PBS, 20 µg L-SseB alone, and 20ug L-SseB with Chi-C48/80+BECC438b. On day 56 post immunization, mice were sacrificed, single cell suspensions of liver, spleen, and mesenteric lymph nodes (MLN) were prepared, and the cells were stimulated with SseB. After 48 h, the supernatants were collected and analyzed for secreted cytokines. It was observed that L-SseB-Chi-C48/80+BECC438b induced significantly higher level of secreted IL-17A and IFN-γ than did L-SseB alone in all three organs (Figure 7). IL-12p70 secretion from the L-SseB-Chi-C48/80+BECC438b was again elevated in all three organs but these differences were found not to be significant.




Figure 7 | Cytokine secretion by isolated cells in response to stimulation with SseB. Balb/C mice (n=4/group) were immunized IN with PBS, 20 µg L-SseB or 20 µg L-SseB-Chi-C48/80+BECC438b on days 0, 14 and 28. On day 56, the mice were euthanized, and the liver, spleen and mesenteric lymph nodes (MLN) processed to obtain single cell suspensions. Single cell suspensions of livers (A–C), spleens (D–F) and MLNs (G–I) were stimulated with SseB. The supernatants were analyzed for cytokine production by MSD analysis as per manufacturer’s specification. Significance was calculated by comparing cytokine secretion of cells isolated from PBS immunized mice to all vaccinated groups by using one-way ANOVA (Dunnett’s multiple comparison test). **p<0.01, ***p<0.001.







Validation of vaccine efficacy in a mouse S. Typhi infection model

Using the iron-overload mouse model (27) the efficacy of the 5, 10, and 15 µg L-SseB-Chi-C48/80+BECC438b was tested against S. Typhi (the causative agent of the systemic febrile illness in humans). Compared to the PBS immunized group, a statistically significant reduction in bacterial load in spleen was observed with 10 µg L-SseB-Chi-C48/80+BECC438b, with visible reduction in the other groups (Figure 8). Bacterial loads in the liver were significantly reduced for both the 10 µg and 15 µg L-SseB with Chi-C48/80+BECC438b formulations. These observations point to the ability of the vaccine to reduce bacterial burden and therefore disease severity in these mice. This confirms that vaccines developed using the L-SseB platform should be broadly protective across Salmonella serovars.




Figure 8 | Validation of vaccine efficacy in a mouse Typhoid model. Balb/C mice (n=5/group) were immunized with PBS or 5, 10, 15 µg L-SseB-Chi-C48/80-BECC438b on days 0, 14 and 28. On day 56, mice were challenged orally with S. Typhi (1 x 104 CFU/mouse). The mice were euthanized on day 3 post infection and the bacterial load in spleen (A) and liver (B) was evaluated. Significance was calculated by comparing CFU from PBS immunized mice to CFU from vaccinated groups by using one-way ANOVA (Dunnett’s multiple comparison test) for respective time points and organs. ***p<0.001.







Evaluation of the L-SseB-Chi-C48/80+BECC438b formulation in a rabbit infection model

Having tested the immunogenicity and efficacy in rodents, the findings were tested in a rabbit infection model for validation. Groups of rabbits were immunized IN with PBS, 75 µg L-SseB-Chi-C48/80+BECC438b or 200 µg L-SseB-Chi-C48/80+BECC438b on days 0, 14, and 28. On day 56, they were challenged orally with S. Typhimurium and monitored for diarrhea and morbidity. Rabbits vaccinated with 75 µg or 200 µg L-SseB admixed with Chi-C48/80+BECC438b were protected against S. Typhimurium infection when compared to PBS vaccinated rabbits (Figure 9A). In addition, rabbits vaccinated with 75 µg L-SseB-Chi-C48/80+BECC438b lost less weight and recovered faster than both the PBS and 200 µg L-SseB-Chi-C48/80+BECC438b immunized rabbits (data not shown). The data show that L-SseB-Chi-C48/80+BECC438b is able to provide significant protection in the rabbit model of infection.




Figure 9 | Evaluation of the protective efficacy for the chitosan-based NP formulation in rabbits. Rabbits (n=6/group) were immunized IN with PBS or Chi-C48/80-BECC438b with either 75 µg or 200 µg L-SseB on days 0, 14 and 28. On day 56 they were orally challenged with 1x 106 CFU of S. Typhimurium and observed for moribundity and euthanized according to pre-determined and IACUC-approved endpoints. (A) Survival was plotted on a Kaplan-Meier graph. Significance was calculated by comparing survival of individual vaccinated groups with the PBS vaccinated group using Log-rank (Mantel-Cox) test. *p<0.05, **p<0.01. (B) Rabbits were bled on day 42 post vaccination and PBMCs were isolated. The isolated PBMCs were stimulated with SseB and cultured for 24 hours. IFN-γ secretion into the supernatant was determined by ELISA. Significance was calculated by comparing cytokine secretion by cells isolated from PBS vaccinated mice to the two vaccinated groups using a one-way ANOVA (Dunnett’s multiple comparison test). *p<0.05, **p<0.01.



To evaluate the immune responses for the rabbits upon vaccination, they were bled on day 42 and PBMCs were isolated and incubated with SseB. After 24 h, the supernatants were analyzed for cytokine secretion. Significant IFN-γ secretion was observed in PBMC’s isolated from rabbits immunized with both doses of L-SseB-Chi-C48/80+BECC438b (Figure 9B). Interestingly, in this case, there was no significant secretion of IL-17A seen for the PCMBs from any of the groups. As discussed earlier, IFN-γ is important for the control of infection in later stages. Although no IL-17A was detected, this may be because this experiment was performed using isolated PBMCs whereas all previous studies were performed in reticuloendothelial organs (liver and spleen) and MLNs.






Discussion

SseB has been reported to protect mice against a S. Typhimurium challenge when delivered via the intravenous route in the presence of LPS and or flagellin (18, 31). In the work presented here, we demonstrate that SseB can be delivered intranasally fused to LTA1, a potent mucosal adjuvant to elicit protection. In this case, protection was optimal when the L-SseB was formulated with a polysaccharide nanoparticle (Chi-C48/80) and a TLR4 agonist (BECC438b). The advantage of presenting L-SseB on a nanoparticle is that it allows for multimeric presentation of antigen, and this may be important when adapting this vaccine candidate for use in humans. Furthermore, the inclusion of BECC438b provides a proven TLR4 agonist that is a biosimilar of MPL which has been approved for use in some human vaccine formulations (e.g. vaccines against shingles and human papillomavirus). Furthermore, the presence of the LTA1 moiety and BECC438b might be expected to work cooperatively to elicit significant IL-17 and IFN-γ responses in the liver, spleen, and MLN as well as the presence of TRM in the liver, aspects of this formulation that were tested here.

The subclass of T cells secreting IL-17 (Th17 cells) have been reported to play an important role in imparting immunity to extracellular bacteria (36, 37) The importance of IL-17 is further supported by the fact that mice deficient in IL-17 have increased bacterial burden in visceral organs compared to wildtype mice (38). Furthermore, IL-17 deficient mice are also unable to recruit neutrophils to the intestine during infection which may contribute to higher bacterial burden (39). In summary, IL-17 plays an important role in the protection of the intestinal mucosa. Cells isolated from mice vaccinated with L-SseB-Chi-C48/80-BECC438b did demonstrate significantly higher IL-17A levels following SseB stimulation which agrees with these previous observations.

Studies have shown the correlation of Salmonella-specific CD4 and CD8 T cells with a positive outcome of vaccination with the licensed typhoidal vaccines (40, 41) Salmonella specific CD4 T cells can secrete IFN-γ in response to infection and are capable of homing to sites of infection (42, 43). Moreover, studies have provided insights about the age-dependency of vaccine efficacy in the context of tissue resident memory T cell responsiveness (44). IFN-γ secreted at the sites of infection then activates macrophages to aid in control of infection. IL-12 is a key IFN-γ inducing cytokine which has a major role in immunity against intracellular pathogens (45). Once again, these prior observations agree with the cytokine prolife induced by L-SseB-Chi-C48/80-BECC348b as being a major factor in protecting vaccinated from lethal Salmonella infection. In the same respect, CD4+CD69+ T cells expressing a high level of P2X7 have previously been characterized as TRMs that are key factors in promoting protection against the severe effects of Salmonella infection (28). This subset of non-circulating T cells reside in the liver of protected mice and others have shown that unvaccinated mice are partially protected upon adaptive transfer of these cell (28). Taken together, the combined data presented here show that L-SseB-Chi-C48/80-BECC438b induces a significant systemic (liver and spleen) as well as gut-directed (MLN) immune response. Although, the expression of the gut homing receptor was not studied, the fact that there are increased numbers of SseB-specific cytokine secreting cells in the MLN of the mice immunized with L-SseB-Chi-C48/80-BECC438b suggests that homing is occurring.

The observations presented here strongly suggest that a proposed chitosan-based nanoparticle vaccine has the potential to be a “pan-Salmonella” vaccine, effective against both typhoidal and non-typhoidal Salmonella (NTS) serovars. This is especially important because there are no licensed vaccines available for invasive NTS, which has been identified as the leading cause of bacteremia in sub-Saharan Africa (3, 6, 7). High risk groups include children with malaria and malnutrition or HIV infection along with immunocompromised adults (3, 6, 7). Clinically iNTS presents as a febrile illness without diarrhea and leads to invasive bacteremia not limited to the intestine (3, 6, 7). This coupled with the emerging multi-drug resistant strains highlight the need for a vaccine effective across serovars (3, 6, 7) such as the one described in this work.

Herein, we outline the process of selecting an efficacious formulation, choosing the optimum dose for the antigen, immunological studies, and finally validation in a non-rodent model. It should also be noted that the vaccine was evaluated to be efficacious against both a typhoidal and non-typhoidal Salmonella serovar. Although L-SseB alone and all the more complex formulations were able to generate comparable high antibody titers against SseB (Supplementary Figures 2-4), this was not sufficient to ensure protection. As reported by others, we found that TRMs in conjunction with the activation of IL-17A, IFN-γ and IL-12p70 secreting cells are collectively needed for protection against Salmonella infection in mice. To build upon these important findings, however, the contribution of each of the players in protection needs to be studied in greater detail. This work is an early steppingstone for designing future studies that will facilitate the prediction of corelates of protection for a successful vaccine.
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