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Salmonella enterica infections remain a challenging health issue, causing significant morbidity and mortality worldwide. Current vaccines against typhoid fever display moderate efficacy whilst no licensed vaccines are available for paratyphoid fever or invasive non-typhoidal salmonellosis. Therefore, there is an urgent need to develop high efficacy broad-spectrum vaccines that can protect against typhoidal and non-typhoidal Salmonella. The Salmonella outer membrane porins OmpC and OmpF, have been shown to be highly immunogenic antigens, efficiently eliciting protective antibody, and cellular immunity. Furthermore, enterobacterial porins, particularly the OmpC, have a high degree of homology in terms of sequence and structure, thus making them a suitable vaccine candidate. However, the degree of the amino acid conservation of OmpC among typhoidal and non-typhoidal Salmonella serovars is currently unknown. Here we used a bioinformatical analysis to classify the typhoidal and non-typhoidal Salmonella OmpC amino acid sequences into different clades independently of their serological classification. Further, our analysis determined that the porin OmpC contains various amino acid sequences that are highly conserved among both typhoidal and non-typhoidal Salmonella serovars. Critically, some of these highly conserved sequences were located in the transmembrane β-sheet within the porin β-barrel and have immunogenic potential for binding to MHC-II molecules, making them suitable candidates for a broad-spectrum Salmonella vaccine. Collectively, these findings suggest that these highly conserved sequences may be used for the rational design of an effective broad-spectrum vaccine against Salmonella.
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INTRODUCTION

Salmonella enterica infections remain a significant worldwide health problem, accounting for more than 120 million cases and approximately 1 million deaths annually (1, 2). These high morbidity and mortality rates are caused mainly by enteric fevers (typhoid and paratyphoid) and by non-typhoidal Salmonella (NTS) gastroenteritis (1–3). Furthermore, invasive NTS bacteremia (iNTS) is a common complication observed in immunocompromised adults and in young children with severe malaria and malnutrition (4). The current available licensed vaccines against Salmonella are the oral live attenuated Ty21a, the Vi capsular polysaccharide (Vi CPS), and the Vi-tetanus toxoid conjugate (Vi-TT), which only target the Typhi serovar, and have shown variable efficacy; 50% (95% CI 35–61%) for Ty21a, 55% (95% CI 30–70%) for Vi-CPS, and 54.6% (95% CI 26.8–71.8%) for Vi-TT (5, 6), while no licensed vaccines against iNTS are currently available (7). Although cross-reactivity through vaccination with the Ty21a vaccine can be induced against Paratyphi A, B, and Enteritidis serovars (8, 9), cross-protection has been reported only against Paratyphi B (10). Therefore, there is an urgent need for the development of novel broad-spectrum vaccines against Salmonella, which must be based on shared key structural components that induce protective immune responses against typhoidal and NTS serovars.

Porins are one of the most abundant outer-membrane proteins (Omp) in Gram-negative bacteria, which play a crucial role in the diffusion of small hydrophilic compounds, and are essential for bacterial survival and pathogenicity (11, 12). Porins are β-barrel structures consisting of 16 β-sheets (β), with 8 internal periplasmic turns (T) and 8 extracellular loops (L) (13, 14). Salmonella and other Gram-negative bacteria express two major porins, OmpC and OmpF (15–17). We have previously shown that S. Typhi OmpC and OmpF porins efficiently elicit innate immune responses through the TLR-mediated activation of antigen-presenting cells (18), which induce long-lasting porin-specific bactericidal antibody and cell-mediated immune responses (19–22). However, the basis of antigen specificity of Salmonella porins is not well-understood. Previous studies have shown that the porin OmpC shows a high degree of homology in terms of sequence and structure among Enterobacteriaceae porins (11, 13, 15, 23, 24). Therefore, antibody and cell-mediated cross-reactivity among Salmonella serovar porins has been widely reported in mouse models (19, 24–28). However, the degree of amino acid conservation of the porin OmpC among typhoidal and NTS serovars remains unknown. Through bioinformatics, we found that the typhoidal and NTS OmpC amino acid sequences can be classified into eight different clades that are independent of serovar classification. In addition, we found that the porin OmpC contains three distinct amino acid sequences, which are highly conserved among typhoidal and NTS serovars. These highly conserved sequences are located along the transmembrane β-sheet domains within the porin β-barrel. Furthermore, we found that one of the highly conserved OmpC sequences is present exclusively in Salmonella and not in other Enterobacterial porins and has the potential of binding to MHC-II molecules. Collectively, our results show that the porin OmpC of Salmonella contains highly conserved amino acid sequences, which could be used for the rational design of an effective, broad-spectrum vaccine against Salmonella.



MATERIALS AND METHODS


Conservation Analysis

Full-length protein sequences for OmpC porin from typhoidal and NTS serovars (Typhi, Paratyphi A, B, C, Typhimurium, Enteritidis, Dublin, and Gallinarum) were collected from the NCBI Entrez protein database using Taxonomy IDs (Txid). Subsequently, sequences for OmpC from all serovars were each aligned using Clustal Omega standalone binary 1.2.1 (29) and used to create a neighbor-joining tree using the Jukes-Cantor model resampled with 100 bootstraps and samples separated into clades (8 clades). Porin conservation was assessed using in-house developed software, based on a sliding window approach. Amino acid conservation within each clade was assessed using a 15 amino acid window with a mean conservation value (between 0 and 1) given for each window, determined by amino acid similarity. Windows with a mean value less than the first quartile of all windows was classed as conserved (intra-clade). Zero (0) represents a fully conserved window. This was used to generate an intra-conservation plot representing the mean window conservation across the entire proteome. Subsequently, conservation across clades (inter-clade) was assessed by identifying windows at the same position across clades that were conserved within their respective clades (i.e., mean window value below the first quartile) and given an arbitrary value between 0 and 1000 to indicate the magnitude of inter-clade conservation given. A consensus was created from the clades with shared conservation.



Porin Visualization

Salmonella Typhi OmpC full-length amino acid sequence was obtained from UniProt (P0A264-OMPC SALTI) (30), and the secondary structure was visualized using PDBSum (31). The three-dimensional S. Typhi OmpC (32) porin structure was obtained from PDB (ID: 3UU2). Geneious version 8.1.7, created by Biomatters (33), was used for porin 3D visualization.



MHC-II Peptide-Binding Prediction

To evaluate the potential immunogenicity of the OmpC conserved sequences, the Immuno Epitope Database (IEDB, https://www.iedb.org) MHC-II binding prediction tool was used. The MHCII binding predictions were performed on Oct/18/2019 using the IEDB analysis resource Consensus tool (34, 35). The predicted output is given in units of IC50nM for combinatorial library and SMM_align; hence, a lower number indicates a higher affinity. According to the IEDB, as a rough guideline, peptides with IC50 values <50 nM are considered high affinity, <500 nM intermediate affinity and <5,000 nM low affinity. Most known epitopes have high or intermediate affinity (36).



BLAST Analysis

The conserved sequences of Salmonella OmpC porin were compared against Non-Redundant (nr) GenBank database using the standard protein Basic Local Alignment Search Tool (BLAST), BLASTP 2.10.0+, using the default options (37). Fast minimum evolution pairwise alignment trees were constructed using the default options of BLASTP 2.10.0+ (max seq. difference 0.85, Grishin distance).



Statistical Analysis

Statistics were calculated using linear regression in GraphPad Prism 6.0. P values ≤ 0.05 were considered as significant.




RESULTS


Identification of Conserved Amino Acid Sequences in the Porin OmpC Among Typhoidal and Non-Typhoidal Salmonella Serovars

To determine the degree of conservation among OmpC amino acid sequences from clinically relevant typhoidal (Typhi, Paratyphi A, B, and C) and non-typhoidal (Typhimurium, Enteritidis, Dublin, and Gallinarum) Salmonella serovars (38), we retrieved and aligned 761 Salmonella serovar OmpC amino acid sequences and assessed conservation within serovars using in-house developed software (see methods) (Table 1). However, sequences within serovars showed very poor identity, likely due to the serological classification of serovars (39). Therefore, OmpC sequences from these serovars were used to create a neighbor-joining tree and outgroups were classed into 8 separate clades (Figure 1A, Table 2). Each clade contained a mixture of serovars (Figures 1B,C). However, clades A, B, C, D, F, and H consisted of a majority of non-typhoidal serovars, while clades E and G were comprised of mostly typhoidal serovars, with clade E containing only sequences from Paratyphi A and B. As would be expected, the greater the number of sequences per clade the greater the number of serovars it contained (R2 = 0.7709, **p = 0.00413). We found that Clade D contained sequences from all 8 serovars analyzed, followed by clade A with 7 serovars, C and F with 6 serovars, clade H with 5 serovars, clades B and G with 4 serovars, and clade E with 2 serovars. In addition, we found that the most widely distributed serovars among the clades were Paratyphi A and B, which had sequences present in all of the clades. Salmonella Enteritidis was found in all but one of the clades analyzed (clade E), while Typhimurium and Dublin were found in 6 clades. Typhi and Paratyphi C serovars were only present in 3 clades, whereas Gallinarum was only found in one clade.


Table 1. Number of full-length amino acid sequences retrieved from the NCBI Entrez Protein database for the selected Salmonella OmpC porin.
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FIGURE 1. Phylogeny of Salmonella OmpC protein. (A) Neighbor-joining tree of full-length Salmonella OmpC protein sequences. Full-length Salmonella OmpC protein sequences used to create a neighbor-joining tree using the Jukes-Cantor model with 100 bootstraps. Outgroups separated into 8 clades (A–H). (B) Prevalence of typhoidal and non-typhoidal Salmonella serovars among each OmpC clade. Full-length OmpC protein sequences were retrieved from NCBI and aligned using Clustal Omega, and intra-serovar OmpC conservation was assessed using in-house developed software utilizing a sliding window approach (for a detailed description see methods). The percentage of each Salmonella serovar OmpC amino acid sequence within Salmonella clades is shown. Typhoidal serovars are shown in blue while non-typhoidal serovars are shown in red. (C) Number of serovars per clade represented by a bar chart.



Table 2. Number of full-length amino acid sequences for each clade of Salmonella OmpC porin sequences.
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Next, we assessed the degree of conservation of full-length OmpC sequences within each clade (intra-clade; Figure 2A). Analysis showed a pattern of diversity and conservation across the protein unique to each clade, however some clades showed similar conservation fingerprints. For example, clades D and F showed a similar trend at the N-terminus, whereas clades F and G were more similar toward the C-terminus. There was no significant correlation between either the number of serovars per clade and the median conservation value for that clade (R2 = 0.09655, p = 0.6412) and the number of sequences per clade and the median conservation value for that clade (R2 = 0.008383, p = 0.8293).


[image: Figure 2]
FIGURE 2. Assessment of Salmonella OmpC clade conservation. (A) Intra-clade conservation of OmpC porin within typhoidal and non-typhoidal Salmonella serovars. Conservation of each Salmonella clade of the OmpC protein identified using a 15 amino acid sliding window approach (in-house software; for a detailed description see methods). The measure of OmpC amino acid conservation within Salmonella clades is shown in Y-axis (0–1), while X-axis shows the position in the aligned amino acid consensus sequence. A conservation value below the first quartile was classed as conserved for each clade. (B) Inter-clade conservation patterns in the protein sequence of OmpC porin among typhoidal and non-typhoidal Salmonella serovars. Full-length OmpC protein sequences were retrieved from NCBI and aligned using Clustal Omega, and inter-serovar conservation was assessed using in-house developed software. The measure of OmpC amino acid conservation between Salmonella clades is shown in Y-axis, while X-axis shows the position in the aligned amino acid consensus sequence. Colors indicate the number of clades that share conservation between each other. Arrows indicate the regions conserved among all Salmonella clades and gray bars indicate regions of distinct cross-clade conservation (see Table 1).


Subsequently, conservation between clades was assessed (Figure 2B), which identified 5, 15, 23, 28, 16, 8, and 2% of the protein covered by regions conserved in all 8 or 7, 6, 5, 4, 3, and 2 clades respectively. Whereas, 3% of the protein sequence showed no conservation across clades, located centrally at position 236–246. Remarkably, when comparing more clades (>5) two regions of distinct cross clade conservation could be seen located at the 50–200 (X) and 320–430 (Y) amino acid positions, suggesting two regions of functional importance. Within these locations there were three regions (R1–R3) that showed a high degree of conservation among all of the Salmonella clades analyzed (Table 3). Collectively, these data show that the OmpC porin contains distinct amino acid sequences that are highly conserved among typhoidal and non-typhoidal Salmonella serovars.


Table 3. Conserved regions in the amino acid consensus sequences for the porin OmpC among the Salmonella serovars analyzed.
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The Conserved Amino Acid Sequences Are Located Along the β-Sheets of OmpC Porin

Next, we sought to identify the location of the conserved regions along the secondary structure of S. Typhi OmpC, the only available crystal structure of a Salmonella OmpC porin reported to date (Figure 3A) (32). Our results show that the sequence of the conserved region R1 (KGETQINDQLTGY) was located partially along the β3 β-sheet, the periplasmic turn T3, and part of the β4 β-sheet. The conserved region R2 (WTRLAFAGLKFA) was located along the β5 β-sheet. Finally, the conserved region R3 (GFANKTQNFEVVAQYQFDFGLRPSQAYLSKG) was located along the β13 β-sheet, the periplasmic turn T7, and the β14 β-sheet. The visualization the conserved amino acid sequences on the crystal S. Typhi OmpC porin structure showed that most of the conserved sequences were distributed along the porin β-barrel (Figure 3B). Collectively, our data show that the amino acid sequences conserved among Salmonella clades are located along the β-sheets and periplasmic turns of the OmpC porin β-barrel.


[image: Figure 3]
FIGURE 3. The amino acid sequences conserved among Salmonella OmpC porin clades are located along the β-sheets of the β-barrel. (A) The secondary structure of the S. Typhi OmpC porin was modeled with PDBsum (ID: 3UU2). α-helices and β-sheets are numbered and shown in purple. The periplasmic turns are labeled T1–T8, and the extracellular loops are labeled L1–L8. The porin amino acid sequence is shown without the signal peptide. (B) Crystal structure of a S. Typhi OmpC monomer. (A,B) The conserved regions (R1–R3) among Salmonella clades are highlighted in colors, R1 (magenta), R2 (yellow), and R3 (cyan).




The Conserved Amino Acid Sequence R1 Is Exclusive for Salmonella

Because porins from Enterobacteriaceae show high-level sequence similarity (11, 13, 15, 24), we questioned whether the conserved sequences were exclusive to Salmonella porin OmpC. BLASTp analysis of R1 indicated that this amino acid sequence was found among several OmpC porins from Salmonella enterica serovars, as well as other Salmonella porins, such as OmpS2 and PhoE (E-value 3 × 10−4, 100% identity). In addition, BLASTp results showed that the amino acid sequence from R1 (KGETQINDQLTGY) was also present in the OmpC and OmpF porins of the plant-associated genus Pantoea (40) (Figure 4). Conversely, the amino acid sequence of R2 (WTRLAFAGLKFA) was not exclusive to Salmonella serovars, since BLASTp results showed that this sequence was also found in the porins OmpC and OmpN of Escherichia coli and Klebsiella sp. (E-value 3 × 10−3, 100% identity) (Figure 5). Finally, the amino acid sequence of R3 (GFANKTQNFEVVAQYQFDFGLRPSQAYLSKG) was found to be present in several Salmonella enterica serovar OmpC porins, however it was also present in other porins, such as PhoE, OmpC, and OmpF from other Enterobacteria, such as E. coli, Enterobacter sp., Citrobacter sp., Klebsiella sp., and Rahnella sp. (E-value 6 × 10−19-4 × 10−18, 90.62% identity) (Figure 6). Next, based on HLA allele frequencies and reference sets with maximal population coverage, we predicted the MHC-II alleles to which the conserved R1 seqeunce could bind (Table 4).


[image: Figure 4]
FIGURE 4. The amino acid sequence of R1 is exclusive of Salmonella porins. Fast minimum evolution tree between the R1 sequence and the Non-Redundant (nr) GenBank database calculated by BLASTp.



[image: Figure 5]
FIGURE 5. The amino acid sequence of R2 is present in Escherichia coli and Klebsiella sp. porins. Fast minimum evolution tree between the R2 sequence and the Non-Redundant (nr) GenBank database calculated by BLASTp.
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FIGURE 6. The amino acid sequence of R3 can be found in Salmonella and other Enterobacerial porins. Fast minimum evolution tree between the R3 sequence and the Non-Redundant (nr) GenBank database calculated by BLASTp.



Table 4. MHC-II binding prediction for HLA allele frequencies and reference sets with maximal population coverage for the conserved amino acid sequence R1 among Salmonella OmpC porin.
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DISCUSSION

The development of novel tools for the detection of conserved sequences among vaccine candidates is particularly relevant to the discovery of shared antigenic determinants, which could be used for the rational design of broad-spectrum vaccines. In this study, we used in-house-developed software to evaluate the amino acid sequence conservation of the OmpC porin among typhoidal and NTS serovars. Although it has been reported that the porin OmpC has a high degree of homology in sequence and structure among Enterobacteriaceae porins, most of these works have focused on defining the differences among amino acid sequences between the OmpC of Salmonella serovars and other Enterobacteria, but have not shown the degree of conservation of OmpC among serovars (11, 13, 15, 23, 24). To our knowledge, our work is the first to determine the degree of amino acid conservation of the OmpC porin among typhoidal and NTS serovars, and is the first work to define the conserved regions among Salmonella serovars OmpC porin.

Previous reports have shown that the OmpC transmembrane regions are homologous in sequence and structure among Enterobacteria (13, 41). Consequently, it was expected that most of the conserved sequences among Salmonella OmpC would be located along the transmembrane β-sheets of the porin β-barrel, as our results show. By contrast, none of the conserved amino acid regions were located along the surface-exposed loops; furthermore, we identified a region within the OmpC porin with no conservation across clades that corresponds to the external loop L4, which has been shown to be one of the regions with more antigenic variability within the OmpC (42–44). Our results show that the Salmonella OmpC conserved regions are located along the transmembrane β-sheets of the porin β-barrel, one explanation for this could be that some of the amino acid sequences contained in the conserved regions R1 and R3 of Salmonella OmpC are located in subunit contact regions, which are highly conserved among Enterobaceriaceae porins (24, 45). Likewise, it has been reported that the arginine residue (R-95) contained in the conserved region R2 is involved in pore formation (15, 46), which could explain the conservation of this region among Salmonella serovars.

The evidence that the conserved sequence in R1 was exclusively found in Salmonella porin sequences and not in other gut-associated Enterobacteria, suggests that the immune response that this sequence would induce should be Salmonella-specific. Conversely, the finding that the sequences contained in regions R2 and R3 were also found in porins of other commensal and pathogenic Enterobacteria, such as E. coli, Klebsiella sp., Enterobacter sp., Citrobacter sp., Klebsiella sp., and Rahnella sp., suggests that the sequences of regions R2 and R3 are not exclusive of Salmonella porins. Our results show that the conserved OmpC sequences R1 can potentially bind to human MHC-II molecules. Similar results were found for human CD4+ T cell epitopes conserved between meningococcal and gonococcal Neisseria porins (47, 48). Furthermore, it has been reported that Enterobacteriaceae porins have crucial antigenic epitopes corresponding to regions buried within the outer membrane, which are also highly conserved among Enterobacterial species (24). Some of the amino acid residues from the OmpC conserved region R1 (GFKGETQ) have also been shown to be highly conserved among Enterobacteriaceae porins because of their location in a crucial domain involved in porin subunit interactions (24, 45). In addition, some of the amino acid sequences conserved among Salmonella serovars (R1 and R3), have previously been reported as antibody targets or predicted as potential B cell epitopes (11, 24, 49); however, it remains unknown whether any of the conserved sequences can also be recognized by antibodies. In addition, further studies are needed to determine the contribution of MHC-restriction responses to the immunogenicity of the conserved OmpC peptides in T cells. Previous work identified two MHC-I-restricted epitopes in Salmonella OmpC porin (50), and strikingly, the amino acid sequence contained in one of the CD8+ T cell-specific peptides contains identical or similar residues to the sequences contained in the conserved region R2 (TRVAFAGL). However, future work will need to focus on whether CD8+ T cells from healthy donors or convalescent patients may also recognize some of the conserved OmpC sequences.

Although this work has shed some light regarding antigen specificity of the Salmonella OmpC porin among typhoidal and NTS serovars, there are still several questions left unanswered. For instance, it remains to be determined the cytokine profile produced by OmpC-specific CD4+ T cells, as we have previously shown that vaccination of healthy volunteers with either the Ty21a vaccine or with Salmonella porins induces IFN-γ- and TNF-α-producing CD4+ T cells (20, 22). Furthermore, it remains unknown whether the conserved OmpC peptide sequences can be also recognized by T cells from convalescent patients or healthy volunteers challenged with typhoidal and NTS Salmonella serovars. Because our current porin-based vaccine candidate is made of a mixture of OmpC and OmpF porins, it remains to be determined the degree of conservation of the porin OmpF among typhoidal and non-typhoidal Salmonella by means of the same methodology.

In conclusion, our work is the first to specifically establish the degree of conservation of the porin OmpC among typhoidal and non-typhoidal Salmonella serovars and to define the specific amino acid sequences with the highest degree of conservation among typhoidal and NTS serovars. Furthermore, we found that one of the highly conserved OmpC amino acid sequences is exclusive for Salmonella and has immunogenic potential for MHC-II binding. Considering that porins are highly immunogenic and protective vaccine candidates against Salmonella infections, our findings may lead to a better understanding of the basis of antigen specificity of Salmonella porins, which could be used to design tools for monitoring the porin-specific immune response after challenge or vaccination and could have direct implications for the rational design of a broad-spectrum vaccine against Salmonella.



DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/supplementary material.



AUTHOR CONTRIBUTIONS

NV-P and JB performed the experiments, analyzed the results, and wrote the paper. MP-T and GA-V analyzed the results and wrote the paper. PKe wrote the in-house computer program. AK, CP-S, and CG-C analyzed results and revised the manuscript. IW-B, LS-T, RP-P, and AI analyzed the results and revised the manuscript. AR-S, PKl, and CL-M designed the study, supervised the experiments, and revised the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.



FUNDING

This study received financial support from the Mexican National Research Council (CONACyT) projects: SEP-CONACYT CB-2015-256402, SRE-CONACYT 263683 and from Mexican Institute for Social Security (IMSS) Project Numbers: FIS/IMSS/PROT/G17/1682, and FIS/IMSS/PROT/MD17/1690 and by the Bacterial Vaccines (BactiVac) Network project BVNCP-07, funded by the GCRF Networks in Vaccines Research and Development which was co-funded by the MRC and BBSRC, all awarded to CL-M. SEP-CONACYT CB-2011-166946 awarded to RP-P. Association of Physicians of GB & Ireland Links with Developing Countries Scheme 2013/2014, from WT 091663MA awarded to PKl and CL-M. AR-S was a Jenner Investigator and a Wellcome Trust Career Development Fellow, supported by the WT 097395/Z/11/Z. NV-P, MP-T, and GA-V acknowledge Ph.D. scholarships received from IPN PIFI (Ref. 1924), IMSS (Ref. 99094890), and CONACyT (Refs. 339525 and 290749). NV-P also acknowledges financial support provided by IMSS through the Programa para el Desarrollo Profesional en Investigación Internacional de Estudiantes de Posgrado (PRODESI) program (Ref. R-2012-785-088). NV-P was an Academic Visitor at the Jenner Institute and at the Peter Medawar Building for Pathogen Research in the University of Oxford. CL-M acknowledges the support received from the IMSS-CIS Programa de Cooperación Internacional. JB acknowledges his D.Phil. scholarship from the Nuffield Department of Medicine, which was partly funded by an MRC research training and support grant (Ref. 1240480).



ACKNOWLEDGMENTS

The authors would like to thank Burkhard Ludewig for valuable comments and support to this project and Juan M. Inclan-Rico for critical reading and editing of the manuscript.



REFERENCES

 1. MacLennan CA, Martin LB, Micoli F. Vaccines against invasive Salmonella disease: current status and future directions. Hum Vaccin Immunother. (2014) 10:1478–93. doi: 10.4161/hv.29054

 2. Crump JA, Sjolund-Karlsson M, Gordon MA, Parry CM. Epidemiology, clinical presentation, laboratory diagnosis, antimicrobial resistance, and antimicrobial management of invasive Salmonella infections. Clin Microbiol Rev. (2015) 28:901–37. doi: 10.1128/CMR.00002-15

 3. Buckle GC, Walker CL, Black RE. Typhoid fever and paratyphoid fever: Systematic review to estimate global morbidity and mortality for 2010. J Glob Health. (2012) 2:010401. doi: 10.7189/jogh.01.010401

 4. Keestra-Gounder AM, Tsolis RM, Baumler AJ. Now you see me, now you don't: the interaction of Salmonella with innate immune receptors. Nat Rev Microbiol. (2015) 13:206–16. doi: 10.1038/nrmicro3428

 5. Jin C, Gibani MM, Moore M, Juel HB, Jones E, Meiring J, et al. Efficacy and immunogenicity of a Vi-tetanus toxoid conjugate vaccine in the prevention of typhoid fever using a controlled human infection model of Salmonella Typhi: a randomised controlled, phase 2b trial. Lancet. (2017) 390:2472–80. doi: 10.1016/S0140-6736(17)32149-9

 6. Milligan R, Paul M, Richardson M, Neuberger A. Vaccines for preventing typhoid fever. Cochrane Database Syst Rev. (2018) 5:CD001261. doi: 10.1002/14651858.CD001261.pub4

 7. Tennant SM, MacLennan CA, Simon R, Martin LB, Khan MI. Nontyphoidal salmonella disease: current status of vaccine research and development. Vaccine. (2016) 34:2907–10. doi: 10.1016/j.vaccine.2016.03.072

 8. Pakkanen SH, Kantele JM, Savolainen LE, Rombo L, Kantele A. Specific and cross-reactive immune response to oral Salmonella Typhi Ty21a and parenteral Vi capsular polysaccharide typhoid vaccines administered concomitantly. Vaccine. (2015) 33:451–8. doi: 10.1016/j.vaccine.2014.11.030

 9. Wahid R, Fresnay S, Levine MM, Sztein MB. Cross-reactive multifunctional CD4+ T cell responses against Salmonella enterica serovars Typhi, Paratyphi A and Paratyphi B in humans following immunization with live oral typhoid vaccine Ty21a. Clin Immunol. (2016) 173:87–95. doi: 10.1016/j.clim.2016.09.006

 10. Levine MM, Ferreccio C, Black RE, Lagos R, San Martin O, Blackwelder WC. Ty21a live oral typhoid vaccine and prevention of paratyphoid fever caused by Salmonella enterica Serovar Paratyphi B. Clin Infect Dis. (2007) 45(Suppl 1):S24–28. doi: 10.1086/518141

 11. Arockiasamy A, Krishnaswamy S. Prediction of B-cell epitopes for Salmonella typhi OmpC. J Biosci. (1995) 20:235–43. doi: 10.1007/BF02703271

 12. Nikaido H. Molecular basis of bacterial outer membrane permeability revisited. Microbiol Mol Biol Rev. (2003) 67:593–656. doi: 10.1128/MMBR.67.4.593-656.2003

 13. Arockiasamy A, Krishnaswamy S. Homology model of surface antigen OmpC from Salmonella typhi and its functional implications. J Biomol Struct Dyn. (2000) 18:261–71. doi: 10.1080/07391102.2000.10506664

 14. Balasubramaniam D, Arockiasamy A, Kumar PD, Sharma A, Krishnaswamy S. Asymmetric pore occupancy in crystal structure of OmpF porin from Salmonella typhi. J Struct Biol. (2012) 178:233–44. doi: 10.1016/j.jsb.2012.04.005

 15. Puente JL, Juarez D, Bobadilla M, Arias CF, Calva E. The Salmonella ompC gene: structure and use as a carrier for heterologous sequences. Gene. (1995) 156:1–9. doi: 10.1016/0378-1119(94)00883-T

 16. Santiviago CA, Toro CS, Bucarey SA, Mora GC. A chromosomal region surrounding the ompD porin gene marks a genetic difference between Salmonella typhi and the majority of Salmonella serovars. Microbiology. (2001) 147(Pt 7):1897–907. doi: 10.1099/00221287-147-7-1897

 17. Tatavarthy A, Cannons A. Real-time PCR detection of Salmonella species using a novel target: the outer membrane porin F gene (ompF). Lett Appl Microbiol. (2010) 50:645–52. doi: 10.1111/j.1472-765X.2010.02848.x

 18. Cervantes-Barragan L, Gil-Cruz C, Pastelin-Palacios R, Lang KS, Isibasi A, Ludewig B, et al. TLR2 and TLR4 signaling shapes specific antibody responses to Salmonella typhi antigens. Eur J Immunol. (2009) 39:126–35. doi: 10.1002/eji.200838185

 19. Blanco F, Isibasi A, Raul Gonzalez C, Ortiz V, Paniagua J, Arreguin C, et al. Human cell mediated immunity to porins from Salmonella typhi. Scand J Infect Dis. (1993) 25:73–80. doi: 10.1080/00365549309169673

 20. Salazar-Gonzalez RM, Maldonado-Bernal C, Ramirez-Cruz NE, Rios-Sarabia N, Beltran-Nava J, Castanon-Gonzalez J, et al. Induction of cellular immune response and anti-Salmonella enterica serovar typhi bactericidal antibodies in healthy volunteers by immunization with a vaccine candidate against typhoid fever. Immunol Lett. (2004) 93:115–22. doi: 10.1016/j.imlet.2004.01.010

 21. Secundino I, Lopez-Macias C, Cervantes-Barragan L, Gil-Cruz C, Rios-Sarabia N, Pastelin-Palacios R, et al. Salmonella porins induce a sustained, lifelong specific bactericidal antibody memory response. Immunology. (2006) 117:59–70. doi: 10.1111/j.1365-2567.2005.02263.x

 22. Carreno JM, Perez-Shibayama C, Gil-Cruz C, Lopez-Macias C, Vernazza P, Ludewig B, et al. Evolution of Salmonella Typhi outer membrane protein-specific T and B cell responses in humans following oral Ty21a vaccination: a randomized clinical trial. PLoS ONE. (2017) 12:e0178669. doi: 10.1371/journal.pone.0178669

 23. Puente JL, Alvarez-Scherer V, Gosset G, Calva E. Comparative analysis of the Salmonella typhi and Escherichia coli ompC genes. Gene. (1989) 83:197–206. doi: 10.1016/0378-1119(89)90105-4

 24. Simonet V, Mallea M, Fourel D, Bolla JM, Pages JM. Crucial domains are conserved in Enterobacteriaceae porins. FEMS Microbiol Lett. (1996) 136:91–7. doi: 10.1111/j.1574-6968.1996.tb08030.x

 25. Isibasi A, Ortiz V, Vargas M, Paniagua J, Gonzalez C, Moreno J, et al. Protection against Salmonella typhi infection in mice after immunization with outer membrane proteins isolated from Salmonella typhi 9,12,d, Vi. Infect Immun. (1988) 56:2953–9.

 26. Isibasi A, Ortiz-Navarrete V, Paniagua J, Pelayo R, Gonzalez CR, Garcia JA, et al. Active protection of mice against Salmonella typhi by immunization with strain-specific porins. Vaccine. (1992) 10:811–3. doi: 10.1016/0264-410X(92)90041-H

 27. Gonzalez CR, Isibasi A, Ortiz-Navarrete V, Paniagua J, Garcia JA, Blanco F, et al. Lymphocytic proliferative response to outer-membrane proteins isolated from Salmonella. Microbiol Immunol. (1993) 37:793–9. doi: 10.1111/j.1348-0421.1993.tb01707.x

 28. Toobak H, Rasooli I, Gargari SLM, Jahangiri A, Nadoushan MJ, Owlia P, et al. Characterization of the Salmonella typhi outer membrane protein C. Korean J Microbiol Biotechnol. (2013) 41:128–34. doi: 10.4014/kjmb.1207.07009

 29. Sievers F, Wilm A, Dineen D, Gibson TJ, Karplus K, Li W, et al. Fast, scalable generation of high-quality protein multiple sequence alignments using Clustal Omega. Mol Syst Biol. (2011) 7:539. doi: 10.1038/msb.2011.75

 30. UniProt C. UniProt: a hub for protein information. Nucleic Acids Res. (2015) 43(Database issue):D204–12. doi: 10.1093/nar/gku989

 31. Laskowski RA, Hutchinson EG, Michie AD, Wallace AC, Jones ML, Thornton JM. PDBsum: a Web-based database of summaries and analyses of all PDB structures. Trends Biochem Sci. (1997) 22:488–90. doi: 10.1016/S0968-0004(97)01140-7

 32. Prasanth P, Putcha BK, Arockiasamy A, Krishnaswamy S. Crystal Structure of Outer Membrane Protein OmpC From Salmonella typhi (2012). doi: 10.2210/pdb3UU2/pdb

 33. Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S, et al. Geneious Basic: an integrated and extendable desktop software platform for the organization and analysis of sequence data. Bioinformatics. (2012) 28:1647–9. doi: 10.1093/bioinformatics/bts199

 34. Wang P, Sidney J, Dow C, Mothe B, Sette A, Peters B. A systematic assessment of MHC class II peptide binding predictions and evaluation of a consensus approach. PLoS Comput Biol. (2008) 4:e1000048. doi: 10.1371/journal.pcbi.1000048

 35. Wang P, Sidney J, Kim Y, Sette A, Lund O, Nielsen M, et al. Peptide binding predictions for HLA DR, DP and DQ molecules. BMC Bioinform. (2010) 11:568. doi: 10.1186/1471-2105-11-568

 36. Vita R, Mahajan S, Overton JA, Dhanda SK, Martini S, Cantrell JR, et al. The Immune Epitope Database (IEDB): 2018 update. Nucleic Acids Res. (2019) 47:D339–43. doi: 10.1093/nar/gky1006

 37. Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z, Miller W, et al. Gapped BLAST and PSI-BLAST: a new generation of protein database search programs. Nucleic Acids Res. (1997) 25:3389–402. doi: 10.1093/nar/25.17.3389

 38. Jones TF, Ingram LA, Cieslak PR, Vugia DJ, Tobin-D'Angelo M, Hurd S, et al. Salmonellosis outcomes differ substantially by serotype. J Infect Dis. (2008) 198:109–14. doi: 10.1086/588823

 39. Wattiau P, Boland C, Bertrand S. Methodologies for Salmonella enterica subsp. enterica subtyping: gold standards and alternatives. Appl Environ Microbiol. (2011) 77:7877–85. doi: 10.1128/AEM.05527-11

 40. Dutkiewicz J, Mackiewicz B, Kinga Lemieszek M, Golec M, Milanowski J. Pantoea agglomerans: a mysterious bacterium of evil and good. Part III Deleterious effects: infections of humans, animals and plants. Ann Agric Environ Med. (2016) 23:197–205. doi: 10.5604/12321966.1203878

 41. Sujatha S, Arockiasamy A, Krishnaswamy S, Usha R. Molecular modelling of epitope presentation using membrane protein OmpC. Indian J Biochem Biophys. (2001) 38:294–7. Available online at: http://nopr.niscair.res.in/handle/123456789/15316

 42. Paniagua-Solis JMO, Natalia Ortiz-Navarrete V, Ramirez G, Gonzalez C, Isibasi A. Predicted epitopes of Salmonella typhi OmpC porin are exposed on the bacterial surface. Immunol Infect Dis. (1995) 5:244–9.

 43. Paniagua-Solis J, Sanchez J, Ortiz-Navarrete V, Gonzalez CR, Isibasi A. Construction of CTB fusion proteins for screening of monoclonal antibodies against Salmonella typhi OmpC peptide loops. FEMS Microbiol Lett. (1996) 141:31–6. doi: 10.1016/0378-1097(96)00200-5

 44. Arockiasamy A, Murthy GS, Rukmini MR, Sundara Baalaji N, Katpally UC, Krishnaswamy S. Conformational epitope mapping of OmpC, a major cell surface antigen from Salmonella typhi. J Struct Biol. (2004) 148:22–33. doi: 10.1016/j.jsb.2004.03.011

 45. Cowan SW, Schirmer T, Rummel G, Steiert M, Ghosh R, Pauptit RA, et al. Crystal structures explain functional properties of two E. coli porins. Nature. (1992) 358:727–33. doi: 10.1038/358727a0

 46. Misra R, Benson SA. Genetic identification of the pore domain of the OmpC porin of Escherichia coli K-12. J Bacteriol. (1988) 170:3611–7. doi: 10.1128/jb.170.8.3611-3617.1988

 47. Wiertz EJ, van Gaans-van den Brink JA, Schreuder GM, Termijtelen AA, Hoogerhout P, Poolman JT. T cell recognition of Neisseria meningitidis class 1 outer membrane proteins. Identification of T cell epitopes with selected synthetic peptides and determination of HLA restriction elements. J Immunol. (1991) 147:2012–8.

 48. Wiertz EJ, van Gaans-van den Brink JA, Gausepohl H, Prochnicka-Chalufour A, Hoogerhout P, Poolman JT. Identification of T cell epitopes occurring in a meningococcal class 1 outer membrane protein using overlapping peptides assembled with simultaneous multiple peptide synthesis. J Exp Med. (1992) 176:79–88. doi: 10.1084/jem.176.1.79

 49. Isibasi A, Paniagua J, Rojo MP, Martin N, Ramirez G, Gonzalez CR, et al. Role of porins from Salmonella typhi in the induction of protective immunity. Ann N Y Acad Sci. (1994) 730:350–2. doi: 10.1111/j.1749-6632.1994.tb44289.x

 50. Diaz-Quinonez A, Martin-Orozco N, Isibasi A, Ortiz-Navarrete V. Two Salmonella OmpC K(b)-restricted epitopes for CD8+-T-cell recognition. Infect Immun. (2004) 72:3059–62. doi: 10.1128/IAI.72.5.3059-3062.2004

Conflict of Interest: CL-M is listed as inventor on a patent related to the use of Salmonella porins as adjuvants and vaccines.

The remaining 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.

Copyright © 2020 Valero-Pacheco, Blight, Aldapa-Vega, Kemlo, Pérez-Toledo, Wong-Baeza, Kurioka, Perez-Shibayama, Gil-Cruz, Sánchez-Torres, Pastelin-Palacios, Isibasi, Reyes-Sandoval, Klenerman and López-Macías. 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) and the copyright owner(s) 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/fimmu-10-02966-g005.gif





OPS/images/fimmu-10-02966-g006.gif





OPS/images/fimmu-10-02966-g003.gif





OPS/images/fimmu-10-02966-g004.gif





OPS/images/fimmu-10-02966-t003.jpg
Conserved region Amino acid sequence

R1 KGETQINDQLTGY
R2 WTRLAFAGLKFA
R3 GFANKTQNFEWAQYQFDFGLRPSQAYLSKG





OPS/images/fimmu-10-02966-t001.jpg
Serovar

Typhi
Paratyphi A
Paratyphi B
Paratyphi C
Dublin
Enteritidis
Typhimurium
Gallinarum

Txid

90370
54388
57045
57046
98360
149539
90371
594
Total

Number of sequences

24
57
40
6
19
426
186

761





OPS/images/fimmu-10-02966-t002.jpg
Clade Number of sequences

208

18
181
169

17

IO ™mTmoow>»

Total 761





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Conservation of the OmpC Porin Among Typhoidal and Non-Typhoidal Salmonella Serovars



		Introduction



		Materials and Methods



		Conservation Analysis



		Porin Visualization



		MHC-II Peptide-Binding Prediction



		BLAST Analysis



		Statistical Analysis







		Results



		Identification of Conserved Amino Acid Sequences in the Porin OmpC Among Typhoidal and Non-Typhoidal Salmonella Serovars



		The Conserved Amino Acid Sequences Are Located Along the β-Sheets of OmpC Porin



		The Conserved Amino Acid Sequence R1 Is Exclusive for Salmonella







		Discussion



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		References

















OPS/images/cover.jpg
, frontiers
in Immunology

Conservation of the OmpC Porin
Among Typhoidal and Non-Typhoidal
Salmonella Serovars





OPS/images/fimmu-10-02966-g001.gif





OPS/images/fimmu-10-02966-g002.gif
TS B

Iy
T





OPS/images/fimmu-10-02966-t004.jpg
HLA allele

HLA-DRB3°01:01
HLA-DQA1*01:01/DQB1*05:01
HLA-DQA1°05:01/DQB1°02:01
HLA-DRB4'01:01
HLA-DQA1*03:01/DQB1*03:02
HLA-DQA1*01:02/DQB1*06:02
HLA-DRB1*12:01
HLA-DQA1*04:01/DQB104:02
HLA-DRB1°03:01
HLA-DPA1°01/DPB1°04:01
HLA-DPA1*01:03/DPB1°02:01
HLA-DPA1*02:01/DPB1*01:01
HLA-DPA1°08:01/DPB1°04:02
HLA-DRB3*02:02
HLA-DRB1°08:02
HLA-DRB1*13:02
HLA-DQA1*05:01/DQB1*03:01
HLA-DRB1°04:01
HLA-DRB1*11:01
HLA-DPA1°02:01/DPB1*06:01
HLA-DRB1°04:05
HLA-DRB1°01:01
HLA-DRB1°07:01
HLA-DRB1°09:01
HLA-DRB1*15:01
HLA-DRB5°01:01
HLA-DPA1°02:01/DPB1*14:01

Percentile rank

18
39.5
50
55
56
60.5
61.5
64.5
69
69.5
70
72
745
75
76
76
82
85
85
855
86
87
88
92
92
95
96

Adjusted rank

28.07
61.59
77.97
85.76
87.32
94.34
95.9
100.58
107.6
108.38
109.16
112.27
11617
116.95
118.51
118,51
127.87
132.56
132.55
133.33
134.1
135.66
137.22
143.46
143.46
148.14
149.7









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





