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Background

Enterotoxigenic Escherichia coli (ETEC) is a major cause of diarrhea through two enterotoxins, a heat-labile toxin and a heat-stable toxin. These toxins alter the cellular signaling pathways, ultimately triggering an increase in chloride secretion and watery diarrhea.





Objective

For the development of an ETEC vaccine, we attempted to construct a peptide-specific monoclonal antibody library against heat-labile enterotoxin A subunit (LT-A) by epitope mapping using synthetic peptides.





Methods

Sera produced by five mice immunized with recombinant LT-A protein were examined for specific recognition with synthetic 15-mer and 34-mer peptides of LT-A proteins using enzyme-linked immunosorbent assay. The analysis revealed that the synthetic peptides number 8, 16, 24, 33, 36, 38, and 39 reacted with an anti-LT-A polyclonal antibody. For the possible prediction of LT-A epitopes, each full-length protein sequence was subjected to BCPreds analysis and three-dimensional protein structure analysis. The data showed that three peptides (synthetic peptide numbers: 33, 36, and 38–39) have identical antigenic specificities with LT-A protein, suggesting the usefulness of these linear peptide epitopes.





Results

Based on these peptides, we produced monoclonal antibodies to improve the specificity of LT-A detection. Monoclonal antibodies produced from two peptides (numbers 33 and 36) showed affinity for an LT-A recombinant antigen. Moreover, peptide epitope prediction analysis showed that the sites of the three peptides were identical to those exhibiting actual antigenicity. Also, it was confirmed that the amino acid sequence that actually showed antigenicity was included in the peptide predicted only by ETEC-LT-A-33. Also, the specificity of the antibody for ETEC-LT-A-33 was validated using bacterial cells, and the neutralizing effect of the antibody was determined by assessing cytokine release in infected HCT-8 cells.





Conclusion

The monoclonal antibodies produced in this study are useful toolsfor vaccine production against ETEC and can be used to identify peptide antigencandidates.
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Introduction

Enterotoxigenic Escherichia coli (ETEC) causes diarrhea and diarrheal death among young children and travelers in developing countries. The infection caused by this bacterium is responsible for fatalities, with an estimated 800,000 deaths each year due to diarrhea, making it the second leading cause of death among children under the age of five in 2019, and at least 370,000 children dying from this disease in the same year (1–3). ETEC colonizes the mucosal surface of small intestines and causes severe diarrhea, dysentery, abdominal cramps, and fever. This infection can be life threatening due to substantial fluid loss and severe dehydration (4, 5). The major virulence factors of diarrhea-causing ETEC strains are enterotoxins, specifically a heat-labile toxin (LT) and a heat-stable toxin. These toxins alter the cellular signaling pathways, ultimately triggering an increase in chloride secretion and watery diarrhea (6, 7). The LT is an AB5 toxin encoded by the eltAB operon with similarities to cholera toxin; it binds to ADP and ribosylates the guanyl-nucleotide alpha regulatory binding protein of the adenylate cyclase system, thereby increasing the levels of cyclic AMP (8, 9). Recently, it has been reported that the A subunit of LT (LT-A) possesses adjuvant properties in addition to toxicity (10, 11).

Epitope mapping has become increasingly important in both vaccine and antibody drug development (12, 13). Knowledge of the epitopes of an antibody will markedly facilitate drug design, vaccine development vaccines, and diagnosis. Notably, synthetic peptides are increasingly replacing biological molecules in diagnostic tests (14, 15). Moreover, unequivocally characterized peptide antigens can display enhanced specificity for recognition, thereby eliminating or minimizing potential cross-reactivity between structurally homologous protein epitopes (16–18). Individual antigenic epitope mapping of native proteins provides useful information that can assist in the design of peptide-based diagnostic tests and peptide libraries for monitoring specific cellular immunity in patients (19–21). We have attempted to construct a peptide-specific monoclonal antibody library against LT-A by epitope mapping utilizing synthetic peptides for the production of an ETEC vaccine.

The currently available ETEC vaccine is a recombinant vaccine that combines four recombinant E. coli strains that overproduce adhesins CFA/I, CS3, CS5, and CS6 with a recombinant protein, LCTBA (CTB/LTB hybrid B subunit protein), which is a hybrid B subunit of heat-labile enterotoxin and cholera toxin (22). This recombinant vaccine seemed to be safe and well tolerated in children aged 6–59 months when administered orally, as evidenced by the absence of treatment-related serious adverse events (23). The basis for this approach was that a higher immunogenic response may arise from the binding of a weak immunogen to the carrier molecule. Recombinant molecules can also be used in this process. Moreover, recombinant technology offers a rapid and cost-effective method for the creation of toxoids compared with coupling processes.

The main goal of the current research effort focusing on the development of an ETEC vaccine was to induce immune responses against colonization factors (CFs) and one or both ETEC toxins, which contribute to protective immunity (24, 25). In addition, several of the existing candidate CF/CS antigens may cross-react with antibodies, potentially expanding coverage (26, 27). CF/coli surface (CF/CS) antigens vary considerably; thus, vaccines must express epidemiologically frequent CF/CS antigens and toxin components. A vaccine produced using four-to-five such components would protect against 70%–80% of the most prevalent strains linked to illness.

While cross-reactivity has been exploited to develop a recombinant vaccine for LT-A, the design of peptides for an ETEC vaccine has not been reported, and the effectiveness of current vaccination strategies in preventing enteric infections is still unclear. Therefore, the current study aimed to develop a more specific approach for the prevention and treatment of ETEC infection, a major cause of diarrhea, by identifying optimal vaccine candidates. Herein, for the development of a vaccine against ETEC, we used an epitope-mapping strategy to select synthetic antigenic probes that can recognize specific antibodies against LT-A of ETEC through an enzyme-linked immunosorbent assay (ELISA). Peptide-specific antibodies can be easily produced and, thus, are very useful. To this end, a library of overlapping peptides was synthesized and tested using ELISA, to characterize the linear putative antigenic epitopes of LT-A. Moreover, we produced a monoclonal antibody that can be considered a useful tool and was used to identify a peptide antigen candidate.





Materials and methods




Construction and expression of recombinant protein

ETEC Escherichia coli strain H10407 (O78:H11) was used to isolate the LT-A gene. This strain was cultured in Luria–Bertani (LB) medium. The gene fragment encoding LT-A was amplified through polymerase chain reaction using ETEC H10407 genomic DNA with designed primers (Tables 1, 2). Subsequently, it was cloned into a pETSUMO vector (Novagen, Darmstadt, Germany) through ligase-independent cloning methods (Figure 1A). LT-A was expressed in Escherichia coli BL21 (DE3) cells. Cells were grown to an optical density (at 600 nm) of 0.6 in LB broth containing kanamycin at 37°C. The expression of recombinant LT-A protein was induced with 0.1 mM isopropyl-D-1-thiogalactopyranoside (IPTG). At 4 h after induction, cells were harvested by centrifugation at 5,000×g for 30 min. Cell pellets were suspended in lysis buffer containing 50 mM NaH2PO4/Na2HPO4 (pH 7.4), 500 mM NaCl, and ethylenediaminetetraacetic acid-free protease inhibitor cocktail (Roche, Indianapolis, IN, USA). The suspension was incubated at room temperature with lysozyme for 1 h, followed by cell lysis through sonication. Cell debris was removed by centrifugation at 40,000×g. The supernatant was loaded onto a His column (GE Healthcare, Little Chalfont, UK) pre-equilibrated with buffer A (50 mM NaH2PO4/Na2HPO4 [pH 7.4], 50 mM imidazole, 500 mM NaCl). The column was washed with buffer A, and proteins were eluted with buffer B (50 mM NaH2PO4/Na2HPO4 [pH 7.4], 500 mM NaCl, 50–300 mM imidazole in a linear gradient). Fractions containing the protein were pooled and dialyzed using buffer C (20 mM Tris-HCl [pH 7.4], 50 mM NaCl, 1 mM ethylenediaminetetraacetic acid). The purified preparations were stored at −70°C until use.


Table 1 | Escherichia coli strain used in this study.




Table 2 | LT-LIC primers used in this study.






Figure 1 | Schematic of SUMO-LT-A expression vector and detection of LT-A subunit by anti-LT-A antibody. (A) Schematic of SUMO-LT-A expression vector. The coding sequence of LT-A was cloned into pET SUMO vector. pBR322 ori, replication origin; Kanamycin, coding sequence of kanamycin resistance gene; SUMO, coding sequence of small ubiquitin-like modifier (SUMO); HisG epitope, 6× His tag coding sequence; ATG, start codon; RBS, ribosome binding site; lacO, lac operator; T7, T7 promoter; (B) Heat-labile toxin A subunit purification using an Ni-NTA column and an ion exchange (Q) column and detection of the LT-A subunit by the anti-LT-A antibody. (C) Stained Bis-Tris acrylamide gel with Coomassie blue solution. (D) Purification of the toxin protein from bacterial cells and supernatant. PVDF membrane immunostained with the anti-LT-A antibody.







Western blotting analysis

Purified recombinant toxin proteins were boiled in SDS-PAGE sample buffer and loaded in a 10% Bis-Tris acrylamide gel for 1 h. The separated protein bands were transferred onto a polyvinylidene difluoride (PVDF) membrane (Millipore, Darmstadt, Germany). The membrane was blocked with 5% blocking solution at 37°C for 1 h. Thereafter, the membrane was probed with the primary mouse anti-LT-A antibody (1:500) at 4°C overnight. The membrane was washed thrice for 10 min and incubated with alkaline phosphatase-conjugated anti-mouse IgG antibody (1:2,000; Sigma, St. Louis, MO, USA) at 37°C for 1 h. Protein bands were visualized using the 5-bromo4-chloro-3-indolyl phosphate/nitro blue tetrazolium liquid substrate system (Sigma, St. Louis, USA).





Peptides synthesis

Several 15-mer and 34-mer peptides were synthesized using the Automated Multiple Peptide Synthesizers (GLbiochem, Shanghai, China). Subsequently, the purity of these peptides was evaluated through high-performance liquid chromatography (GLbiochem) and MS (GLbiochem). The synthesized peptides are shown in Supplementary Table S1.





Peptide prediction and three-dimensional structure simulation

For the prediction of LT-A epitopes, each full-length protein sequence was subjected to BCPreds analysis (Imtech, Chandigarh, India), and predicted LT-A epitopes (15 mers and 33 mers) with a BCPreds cut-off value >0.8 were selected (http://tools.iedb.org/main/bcell/). The cut-off score >0.8 was preferred to get peptides resemble to maximum epitope-like properties (28). The DiscoTope Server was used to predict discontinuous LT-A epitopes from 3D protein structures (DiscoTope 2.0; DTU Health Tech, Lyngby, Denmark). Prediction of conformational LT-A epitopes from primary sequencing was performed using the web server CBTOPE (Imtech). Surface-exposed LT-A epitope sequences with a cut-off value for BCPreds >0.8 were selected and further analyzed using VaxiJen (http://www.jenner.ac.uk/VaxiJen) (29) (threshold = 0.4, ACC output) to determine antigenicity.





Polyclonal antibody production

Adult female BALB/C mice (age: 6 weeks) were intraperitoneally immunized with 200 µL of Freud’s adjuvant (Sigma, St. Louis, USA) containing 50 µg of purified recombinant LT-A proteins. The mice received four injections with a 2-week interval between administrations. Serum was collected by cardiac puncture and stored at −80°C until use.





Monoclonal antibody production

Female BALB/c mice (age: 4 weeks) were intraperitoneally injected with 100 µg of peptide emulsified in complete Freud’s adjuvant (Sigma). These mice were also each injected with 100 µg of peptide emulsified in incomplete Freud’s adjuvant (Sigma, St. Louis, USA), with a 2-week interval between administrations. The final intraperitoneal injection with saline was administered 4 days before the fusion. Fusions were performed using conventional methodology (30). Briefly, spleen cells (1 × 108) obtained from immunized rabbits and the fusion partner Sp2/0 were fused at a ratio of 5:1 with 50% polyethylene glycol 1500 (Roche) at 37°C in serum-free medium. The cells were seeded in 96-well microtiter plates (~2 × 105 spleen cells per well) in hypoxanthine-aminopterin-thymidine medium supplemented with 15% fetal bovine serum. Supernatants were tested for the presence of antibodies specific for the immunogen using ELISA. Hybridomas were cloned by limiting dilution in 96-well microtiter plates.





ELISA

ELISA plates (Corning, NY, USA) were coated with 100 ng/100 µL of synthetic peptides at 4°C, overnight. Subsequently, the plates were washed thrice with phosphate-buffered saline containing 5% skim milk for 1 h at 37°C. Sera samples obtained from immunized mice were diluted (1:1,000 dilution) and dispensed into each well. After 2 h of incubation, horseradish peroxidase-conjugated goat anti-mouse IgG (AbClon, Seoul, Korea) (1:10,000 dilution) was added. After 1 h, color was performed with 3,3’,5,5’-tetramethylbenzidine solution for 15 min. The reaction was terminated by the addition of 1 N sulfuric acid solution, and the optical density was determined at 450 nm using the Victor X3 (PerkinElmer, Waltham, MA, USA) ELISA reader (31).





Cell culture and measurement of pro-inflammatory cytokines

Human ileocecal adenocarcinoma (HCT-8) cells were obtained from the American Type Culture Collection (Manassas, VA, USA). These cells were cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum, 4 mmol/L L-glutamine, 100 U/mL penicillin, and 100 U/mL streptomycin. The cells were maintained in a humidified incubator at 37°C with 5% CO2. The levels of pro-inflammatory cytokines, such as IL-8 and INF-γ in culture media were measured using an ELISA kit (Affymetrix, eBioscience) and cytokine-specific antibodies according to the instructions provided by the manufacturer.





Statistical analysis

All experiments in this study were performed in triplicate. The data were analyzed using a one-way analysis of variance, followed by the post hoc Bonferroni test. The p-values <0.05 and <0.01 denoted statistically significant differences.






Results




Detection of LT-A protein by anti-LT-A polyclonal antibody

To evaluate the activity of anti-LT-A antibodies, we tested their ability for the detection of recombinant and endogenous LT-A protein. For this purpose, we constructed and expressed a recombinant LT-A protein (Figure 1A). The expression of LT-A by the recombinant pETSUMO-LT-A was tested using different concentrations of IPTG (0.1–1 mM) and protein induction times (4–12 h). The maximal expression of LT-A was detected under the following conditions: 0.1 mM IPTG and induction for 4 h at 37°C. Next, we purified LT-A protein using a nickel-nitriloacetic acid column. The lysates were subjected to 10% SDS-PAGE and stained with Coomassie brilliant blue. BL21:pETSUMO-LT-A was grown in basal LB medium. Cell lysates were subjected to SDS-PAGE. Western blotting analysis using an anti-toxin antibody revealed the corresponding LT-A recombinant protein at 43 kDa (Figure 1B). Bacterial culture supernatant and toxin protein in bacterial cells were identified to obtain crude enterotoxin of ETEC. The bacterial culture supernatant was precipitated with trichloroacetic acid and pyrogallol red-molybdate-methanol, to confirm the toxin protein (Figures 1C, D). Finally, the toxin protein was purified from bacterial culture supernatants using the pyrogallol red-molybdate-methanol precipitation method.





Synthesis of 39 peptides through peptide overlapping and detection of the peptides by an anti-LT-A polyclonal antibody

For peptide synthesis, we considered peptide fragment length and degree of overlap (32, 33). There were 32 and seven 15-mer and 34-mer peptide fragments. The peptides overlapped three times (Figure 2A, Supplementary Table S1). For epitope mapping, serums produced by five mice immunized with the full-length recombinant LT-A protein were examined for the presence of antibodies specific to the synthetic peptides of LT-A by ELISA. It is expressed as the average O.D value of each ELISA assay (Figure 2B, Supplementary Table S2). As a result, the synthetic peptide numbers 8, 16, 24, 33, 36, 38 and 39 were detected. Those detected peptides are shaded in red in (Figures 2A, B).




Figure 2 | Synthesis of 39 peptides through peptide overlapping and detection of the peptides by an anti-LT-A polyclonal antibody. (A) Amino acids used in the production of peptides. (B) Detection of the 39 peptides by an anti-LT-A polyclonal antibody based on the ELISA results. The positive control (PC) consisted of the entire peptide, while a non-coated well served as the blank control, and the peptide library was incubated with the secondary antibody only to serve as the negative control (NC). The values shown in the figure represent the means ± standard deviation (n = 3).







Monoclonal antibody production and antibody titer measurement using LT-A peptides 33, 36, and 38–39

The selected ETEC-LT-A-33, 36, 38–39 peptides were each injected into four mice. Prior to injection, to prevent the intracellular destruction of small peptides, BSA was conjugated to each of the three peptides. The reaction of the generated antibody with the synthesized peptide was analyzed using ELISA. The antibodies obtained through the immunization of mice with each of these peptides exhibited slightly different titers. Antibody titers of 1:10,000 were recorded for the ETEC-LT-A-33 and 36 peptides, whereas antibodies against the ETEC-LT-A-38–39 peptide were not generated (Figures 3A–C). Therefore, it was confirmed that the ETEC-LT-A-33 and -36 peptides were suitable for antibody production.




Figure 3 | Anti-LT-A antibody titer measurement by ELISA. (A) ELISA data of anti-LT-A peptide 33, (B) ELISA data of anti-LT-A peptide 36 (C) ELISA data of anti-LT-A peptides 38–39. PBS was used as the negative control. The data are presented as mean ± SD of four mice per group at various dilution points.







Prediction of hydrophilicity analysis of the selected ETEC-LT-A peptides

Antibody titer measurement through ELISA was performed to find a part that matches the amino acid sequence that actually showed antigenicity and the peptide prediction result through a program that predicts protein antigenicity, and to confirm the significance. The anti-LT-A polyclonal antibody binding was consistent with the predicted hydrophilicity of peptides. Hydrophilic properties are required for strong antigenicity (34). In Figures 4B–D, amino acids showing strong hydrophilicity in each part of the graph are indicated by black arrows. As a result, it was predicted that the ETEC-LT-A-33, 36, and 38–39 peptides were hydrophilic and may stimulate antibody production. The structure of the domain, including three types of hydrophilic peptides, was analyzed to evaluate whether the antigenic part is exposed to the outside because the interaction between the antigen and the antibody is an important factor for antibody production. It was confirmed that all amino acid regions, including the selected three peptides ETEC-LTA-33, 36, and 38–39, were exposed to the outside of the structure (Figures 5A–C).

For the prediction of LT-A epitopes, each full-length protein sequence was subjected to BCPreds analysis (Imtech) (35, 36). The data showed that the three peptides had specificity for the B-cell epitopes in LT-A. We subsequently checked whether this finding was consistent with the results of amino acid sequence and the experimental data that actually showed antigenicity. As shown in Figures 4A–D, the data from the peptide prediction analysis showed that the sites of the three peptides were identical to those showing actual antigenicity.




Figure 4 | Prediction of hydrophilicity analysis of the selected ETEC-LT-A peptides. (A) Comparison of peptide prediction and amino acid sequences showing antigenicity. (B) Hydrophilicity of ETEC-LT-A-33, (C) hydrophilicity of ETEC-LT-A-36 and (D) hydrophilicity of ETEC-LT-A-38-39. X-axis: position; Y-axis: score; red circle: predicted region; and green circle: mapping region using ELISA.







Prediction of 3D structural analysis of the final selected ETEC-LT-A peptides

As shown in the figure below, it was confirmed that all amino acid regions, including the three selected peptides ETEC-LT-A-33 (RPPDEIKRSGGLMP-C), 36 (RLHRNREYRDRYYR-C), and 38–39 (C-RTITGDTCNEET, C-LRKYQSKVKRQI), were exposed to the outside of the structure (Figures 5A–C). It was confirmed that the amino acid sequence that actually showed antigenicity was included in the peptide predicted only by ETEC-LT-A-33 (Supplementary Table S3). Therefore, the ETEC-LT-A-33 peptide was selected for further analysis.




Figure 5 | Predicted 3D structure analysis of ETEC-LT-A amino acids. (A) 3D structure of ETEC-LT-A-33. (B) 3D structure of ETEC-LT-A-36. (C) 3D structure of ETEC-LT-A-38-39. In each LT-A structure, the region highlighted in green represents the predicted protruding portion, while the predicted sequence segment is indicated by the arrow. The sequence for each structure is listed in Supplementary Table S3.







ETEC-LT-A-33 and confirmation of antibody effects by measuring cytokine secretion in infected HCT-8 cells

Western blotting was used to determine whether ETEC-LT-A-33 could detect the ETEC-LT-A recombinant protein. The cells were treated with 100, 200, and 300 ng of ETEC-LT-A-33. The results of this analysis confirmed that ETEC-LT-A-33 detected the ETEC-LT-A recombinant protein (Figure 6A). Using the MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) assay, we assessed the proliferation of HCT-8 cells to investigate the effect of ETEC-LT-A-33 on cell viability. Treatment with 0–300 ng/mL ETEC-LT-A-33 did not result in cell death (Figure 6B). Thus, we used 0–300 ng/mL ETEC-LT-A-33 for all subsequent experiments. Moreover, after the challenge of infection in intestinal epithelial cells HCT-8, measurement of cytokine release was performed by ELISA to determine the antibody anti-inflammatory effect of the ETEC-LT-A-33 peptide. The results revealed that the levels of major inflammatory factors IL-8 and INF-γ (which are secreted after infection) were decreased (Figures 6C, D). These data confirmed that the antibody exerted a protective effect on HCT-8 intestinal cells.




Figure 6 | Production of cytokine by infected HCT-8 cells was suppressed by ETEC-LT-A-33. (A) Stained Bis-Tris acrylamide gel with Coomassie brilliant blue and immuno-stained PVDF membrane with ETEC-LT-A-33. (B) Cell viability measured by MTT assay. (C), (D) Cytokines levels of IL-8 and INF-γ in HCT-8 infected cells. NT, none treatment; I, infection; LT-A-33: ETEC-LT-A-33. The data shown are presented as mean ± SD from independent experiments executed in triplicate. *p < 0.05 relative to HCT-8 infected cells.








Discussion

Two enterotoxins produced by ETEC, a LT and a heat-stable toxin (ST), are a prominent causes of diarrhea (37, 38). We have attempted to construct a peptide-specific monoclonal antibody library against LT-A by epitope mapping utilizing synthetic peptides for the production of an ETEC vaccine.

Overlapping peptide libraries can be used for epitope mapping of selected protein portions and antigenic fragments that contribute to the immunological activity. Overlapping peptide libraries are ideal for the discovery of T-cell epitopes because the latter are short linear peptides derived from the primary sequence of the protein. These libraries are also appropriate for scanning the primary sequence of proteins for linear or ‘continuous’ B-cell epitopes (antibody-defined) (39–44). In this study, we synthesized a library of 39 peptides overlapping the N-terminal for the development of novel peptide-based diagnostic tools for ETEC. The discovery of a linear epitope in a region described as part of a large conformational epitope is surprising. Nevertheless, cross-reactivity of antibodies between peptides and folded proteins is possible. Examples of antibodies binding to short linear peptides that are part of large conformational epitopes have been previously reported (45, 46). Epitope mapping using synthetic overlapping peptides offers convenience, scalability, and reproducibility for the development of innovative diagnostic/prognostic tools, aiming to support the early clinical diagnosis of disease caused by infection with ETEC. Additional studies are warranted to investigate the importance of the selected peptides in this setting.

The main current vaccine candidates seem to be compatible with the general requirements of the most recent World Health Organization Preferred Product Characteristics for an acceptable ETEC vaccine (47). However, the effectiveness of existing vaccination strategies in protecting against enteric infections remains unknown. To date, the successful immunization of children against these illnesses using either the oral or parenteral route has been challenging. However, the double-mutant heat-labile toxin (dmLT) enhanced mucosal IgA responses as an adjuvant in children and infants; hence, it could assist in overcoming this obstacle. For instance, recent research on Bangladeshi infants aged 6–11 months demonstrated that dmLT enhanced the mucosal immune response to ETEC antigens after vaccination with ETVAX (48). Moreover, the inclusion of dmLT in the vaccine accelerated the kinetics of the immune response. Similar to dmLT, a mucosal adjuvant may help with dose-sparing, as well as enhance the candidates’ cost of goods and the Full Value of Vaccines Assessment (FVVA) (49). In the development of ETEC vaccines, cost effectiveness, appropriate distribution, safety/tolerance, and high immunogenicity should be taken into consideration for successful use in pediatric populations in low- and middle-income countries (50).

Here, we employed a more specific approach through the production of peptides, to develop useful and effective vaccines. This is the first investigation to demonstrate that synthetic peptide fragments of LT-A in ETEC are recognized as linear epitopes. Unlike ETEC vaccines using complexes, we can specify the target site using peptides, thereby increasing the efficiency of the vaccine.

The present results support the significance of conformational features in the antigen-antibody interaction that are extensively reported in the literature. Our findings provide important insights into the nature of the LT-A-antibody interaction that characterizes protein epitopes. Synthetic peptides number 8, 16, 24, 33, 36, 38, and 39 reacted with the polyclonal anti-LT-A antibody. Each full-length protein sequence was subjected to BCPreds analysis and 3D protein structure analysis for 15mer short peptide prediction of LT-A comprising B-cell epitopes. The data revealed that three other peptides (synthetic peptide numbers 33, 36, and 38–39) have the same antigenic specificities as the LT-A protein, suggesting the potential usefulness of epitopes. We have created monoclonal antibodies using these peptides for more precise detection of LT-A. Monoclonal antibodies produced from two of the peptides (numbers 33 and 36) exhibited reasonable affinity for the LT-A recombinant antigen. According to peptide prediction analysis, the sites of the three different types of peptides were also identical to those displaying true antigenicity. Additionally, it was established that the peptide predicted only by ETEC-LT-A-33 had an amino acid sequence that in fact demonstrated antigenicity. The specificity of the antibody for ETEC-LT-A-33 was validated using bacterial cells, and the impact of the antibody was determined by assessing cytokine release in infected HCT-8 cells. Antibody validation data through in vivo are planned for additional experiments for follow-up thesis.





Conclusion

The goal of this study was to discover optimal candidates for the development of a vaccine or a treatment for infection with Escherichia coli, a major cause of diarrhea. Efficacy verification experiments were conducted using epitope peptides. The monoclonal antibodies produced in this study are useful tools for vaccine production against ETEC and helped identify peptide antigen candidates.





Data availability statement

The original contributions presented in the study are publicly available. This data can be found here: https://figshare.com/s/84d61decb6ccd7b4d0b2.





Ethics statement

Animal studies were reviewed and approved by the Center for Infectious Disease Research, National Institute of Health, Korea, and the Korea Centers for Disease Control and Prevention.





Author contributions

Conceptualization, S-HC and J-YP. Writing—original draft preparation, S-HC and J-YP. Writing—review and editing, J-YP. Visualization, J-YP. Supervision, S-HC. Project administration, S-HC. Funding acquisition, S-HC. All authors contributed to the article and approved the submitted version.





Funding

This work was supported by a grant from the Korea National Institute of Health (2021-NI-011-01 to S-HC).





Conflict of interest

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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1152910/full#supplementary-material




References

1. Anderson, JD4, Bagamian, KH, Muhib, F, Amaya, MP, Laytner, LA, Wierzba, T, et al. Burden of enterotoxigenic escherichia coli and shigella non-fatal diarrhoeal infections in 79 low-income and lower middle-income countries: a modelling analysis. Lancet Glob Health (2019) 7(3):e321–30. doi: 10.1016/S2214-109X(18)30483-2

2. Khalil, IA, Troeger, C, Blacker, BF, Rao, PC, Brown, A, Atherly, DE, et al. Morbidity and mortality due to shigella and enterotoxigenic escherichia coli diarrhoea: the global burden of disease study 1990-2016. Lancet Infect Dis (2018) 18(11):1229–40. doi: 10.1016/S1473-3099(18)30475-4

3. Butkeviciute, E, Prudden, HJ, Jit, M, Smith, PG, Kang, G, Riddle, MS, et al. Global diarrhoea-associated mortality estimates and models in children: recommendations for dataset and study selection. Vaccine (2021) 39(32):4391–8. doi: 10.1016/j.vaccine.2021.05.086

4. Qadri, F, Svennerholm, A-M, Faruque, ASG, and Sack, RB. Enterotoxigenic escherichia coli in developing countries: epidemiology, microbiology, clinical features, treatment, and prevention. Clin Microbiol Rev (2005) 18(3):465–83. doi: 10.1128/CMR.18.3.465-483.2005

5. Sasse, M, Reinhardt, F, and Lübbert, C. Traveler’s diarrhea. Dtsch Med Wochenschr (2021) 146(19):1258–64. doi: 10.1055/a-1582-2544

6. Kaper, JB, Nataro, JP, and Mobley, HL. Pathogenic escherichia coli. Nat Rev Microbiol (2004) 2(2):123–40. doi: 10.1038/nrmicro818

7. Lasaro, MA, Rodrigues, JF, Mathias-Santos, C, Guth, BE, Balan, A, Sbrogio-Almeida, ME, et al. Genetic diversity of heat-labile toxin expressed by enterotoxigenic escherichia coli strains isolated from humans. J Bacteriol (2008) 190(7):2400–10. doi: 10.1128/JB.00988-07

8. Mudrak, B, and Kuehn, MJ. Heat-labile enterotoxin: beyond G(m1) binding. Toxins (Basel) (2010) 2(6):1445–70. doi: 10.3390/toxins2061445

9. Norton, EB, Lawson, LB, Mahdi, Z, Freytag, LC, and Clements, JD. The a subunit of escherichia coli heat-labile enterotoxin functions as a mucosal adjuvant and promotes IgG2a, IgA, and Th17 responses to vaccine antigens. Infect Immun (2012) 80(7):2426–35. doi: 10.1128/IAI.00181-12

10. Nawar, HF, Arce, S, Russell, MW, and Connell, TD. Mucosal adjuvant properties of mutant LT-IIa and LT-IIb enterotoxins that exhibit altered ganglioside-binding activities. Infect Immun (2005) 73(3):1330–42. doi: 10.1128/IAI.73.3.1330-1342.2005

11. Meloen, RH, Puijk, WC, Langeveld, JP, Langedijk, JP, and Timmerman, P. Design of synthetic peptides for diagnostics. Curr Protein Pept Sci (2003) 4(4):253–60. doi: 10.2174/1389203033487144

12. Roitburd-Berman, JMGa, Siman-Tov, DD, Freund, NT, and Weiss, Y. Epitope mapping. the first step in developing epitope-based vaccines. BioDrugs (2007) 21(3):145–56. doi: 10.2165/00063030-200721030-00002

13. Ahmad, TA, Eweida, AE, and Sheweita, SA. B-cell epitope mapping for the design of vaccines and effective diagnostics. Trials Vaccinology (2016) 5:71–83. doi: 10.1016/j.trivac.2016.04.003

14. Papini, AM. The use of post-translationally modified peptides for detection of biomarkers of immune-mediated diseases. J Pept Sci (2009) 15(10):621–8. doi: 10.1002/psc.1166

15. Lu, R-M, Hwang, Y-C, Liu, IJ, Lee, C-C, Tsai, H-Z, Li, H-J, et al. Development of therapeutic antibodies for the treatment of diseases. J BioMed Sci (2020) 27(1):1. doi: 10.1186/s12929-019-0592-z

16. Ballew, JT, Murray, JA, Collin, P, Mäki, M, Kagnoff, MF, Kaukinen, K, et al. Antibody biomarker discovery through in vitro directed evolution of consensus recognition epitopes. Proc Natl Acad Sci (2013) 110(48):19330–5. doi: 10.1073/pnas.1314792110

17. Ciccone, R, Piccialli, I, Grieco, P, Merlino, F, Annunziato, L, and Pannaccione, A. Synthesis and pharmacological evaluation of a novel peptide based on anemonia sulcata BDS-I toxin as a new Kv3.4 inhibitor exerting a neuroprotective effect against amyloid-β peptide. Front Chem (2019) 7:479. doi: 10.3389/fchem.2019.00479

18. Pon, R, Marcil, A, Chen, W, Gadoury, C, Williams, D, Chan, K, et al. Masking terminal neo-epitopes of linear peptides through glycosylation favours immune responses towards core epitopes producing parental protein bound antibodies. Sci Rep (2020) 10(1):18497. doi: 10.1038/s41598-020-75754-7

19. Wang, X-N, Zhang, G-P, Zhou, J-Y, Feng, C-H, Yang, Y-Y, Li, Q-M, et al. Identification of neutralizing epitopes on the VP2 protein of infectious bursal disease virus by phage-displayed heptapeptide library screening and synthetic peptide mapping. Viral Immunol (2005) 18(3):549–57. doi: 10.1089/vim.2005.18.549

20. Potocnakova, L, Bhide, M, and Pulzova, LB. An introduction to b-cell epitope mapping and in silico epitope prediction. J Immunol Res (2016) 2016:6760830. doi: 10.1155/2016/6760830

21. Soto, LF, Requena, D, and Fuxman Bass, JI. Epitope-evaluator: an interactive web application to study predicted T-cell epitopes. PloS One (2022) 17(8):e0273577. doi: 10.1371/journal.pone.0273577

22. Holmgren, J, Bourgeois, L, Carlin, N, Clements, J, Gustafsson, B, Lundgren, A, et al. Development and preclinical evaluation of safety and immunogenicity of an oral ETEC vaccine containing inactivated e coli bacteria overexpressing colonization factors CFA/I, CS3, CS5 and CS6 combined with a hybrid LT/CT b subunit antigen, administered alone and together with dmLT adjuvant. Vaccine (2013) 31(20):2457–64. doi: 10.1016/j.vaccine.2013.03.027

23. Seo, H, and Zhang, W. Development of effective vaccines for enterotoxigenic escherichia coli. Lancet Infect Dis (2020) 20(2):150–2. doi: 10.1016/S1473-3099(19)30631-0

24. Khalil, I, Walker, R, Porter, CK, Muhib, F, Chilengi, R, Cravioto, A, et al. Enterotoxigenic escherichia coli (ETEC) vaccines: priority activities to enable product development, licensure, and global access. Vaccine (2021) 39(31):4266–77. doi: 10.1016/j.vaccine.2021.04.018

25. Bourgeois, A, Wierzba, TF, and Walker, RI. Status of vaccine research and development for enterotoxigenic escherichia coli. Vaccine (2016) 34(26):2880–6. doi: 10.1016/j.vaccine.2016.02.076

26. Pantaleo, G, Correia, B, Fenwick, C, Joo, VS, and Perez, L. Antibodies to combat viral infections: development strategies and progress. Nat Rev Drug Discovery (2022) 21(9):676–96. doi: 10.1038/s41573-022-00495-3

27. Walker, R, Kaminski, RW, Porter, C, Choy, RKM, White, JA, Fleckenstein, JM, et al. Vaccines for protecting infants from bacterial causes of diarrheal disease. Microorganisms (2021) 9(7):1382. doi: 10.3390/microorganisms9071382

28. El-Manzalawy, Y, Dobbs, D, and Honavar, V. Predicting linear b-cell epitopes using string kernels. J Mol Recognit (2008) 21(4):243–55. doi: 10.1002/jmr.893

29. Doytchinova, IA, and Flower, DR. VaxiJen: a server for prediction of protective antigens, tumour antigens and subunit vaccines. BMC Bioinformatics (2007) 8:4. doi: 10.1186/1471-2105-8-4

30. Mishell, BB, and Shiigi, SM. Selected methods in cellular immunology.  WH Freeman, editor. San Francisco: G Gowland (1980) p. 354–67.

31. Goding, JW. MonoclonalAntibodies: principles and practice. Academic, NY (1986) p. 82–5. doi: 10.1016/B978-0-12-287023-1.X5044-5

32. Olvera, A, Noguera-Julian, M, Kilpelainen, A, Romero-Martín, L, Prado, JG, and Brander, C. SARS-CoV-2 consensus-sequence and matching overlapping peptides design for COVID19 immune studies and vaccine development. Vaccines (2020) 8(3):444. doi: 10.3390/vaccines8030444

33. Waku, T, Nishigaki, S, Kitagawa, Y, Koeda, S, Kawabata, K, Kunugi, S, et al. Effect of the hydrophilic-hydrophobic balance of antigen-loaded peptide nanofibers on their cellular uptake, cellular toxicity, and immune stimulatory properties. Int J Mol Sci (2019) 20(15):3781. doi: 10.3390/ijms20153781

34. Devi, AS, Rehana, T, Kolaskar, AS, and Pandit, MW. Hydrophilicity and antigenicity of proteins–a case study of myoglobin and hemoglobin. J Biosci (1989) 14(2):133–42. doi: 10.1007/BF02703165

35. Shen, W, Cao, Y, Cha, L, Zhang, X, Ying, X, Zhang, W, et al. Predicting linear b-cell epitopes using amino acid anchoring pair composition. BioData Min (2015) 8:14. doi: 10.1186/s13040-015-0047-3

36. Khanum, S, Carbone, V, Gupta, SK, Yeung, J, Shu, D, Wilson, T, et al. Mapping immunogenic epitopes of an adhesin-like protein from methanobrevibacter ruminantium M1 and comparison of empirical data with in silico prediction methods. Sci Rep (2022) 12(1):10394. doi: 10.1038/s41598-022-14545-8

37. Okamoto, K, Fujii, Y, Akashi, N, Hitotsubashi, S, Kurazono, H, Karasawa, T, et al. Identification and characterization of heat-stable enterotoxin II-producing escherichia coli from patients with diarrhea. Microbiol Immunol (1993) 37(5):411–4. doi: 10.1111/j.1348-0421.1993.tb03230.x

38. Kartsev, NN, Fursova, NK, Pachkunov, DM, Bannov, VA, Eruslanov, BV, Svetoch, EA, et al. Molecular characterization of enterotoxin-producing escherichia coli collected in 2011-2012, Russia. PloS One (2015) 10(4):e0123357. doi: 10.1371/journal.pone.0123357

39. Andersen, PH, Nielsen, M, and Lund, O. Prediction of residues in discontinuous b-cell epitopes using protein 3D structures. Protein Sci (2006) 15(11):2558–67. doi: 10.1110/ps.062405906

40. Elhassan, RM, Alsony, NM, Othman, KM, Izz-Aldin, DT, Alhaj, TA, Ali, AA, et al. Epitope-based immunoinformatic approach on heat shock 70 kDa protein complex of cryptococcus neoformans var. grubii. J Immunol Res (2021) 2021:9921620. doi: 10.1155/2021/9921620

41. Potocnakova, L, Bhide, M, and Pulzova, LB. An introduction to B-cell epitope mapping and in silico epitope prediction. J Immunol Res (2016) 2016:6760830. doi: 10.1155/2016/6760830

42. Olwyn, M, Westwood, R, and Hay, FC. Epitope mapping: a practical approach. Oxford University Press (2001). doi: 10.1385/1-59259-873-0:255

43. Carter, JM, and Loomis-Price, L. B cell epitope mapping using synthetic peptides. Curr Protoc Immunol (2004) 60:9.4. doi: 10.1002/0471142735.im0904s60

44. Reineke, U, Sabat, R, Misselwitz, R, Welfle, H, and Volk, HD. J Schneider-Mergener. a synthetic mimic of a discontinuous binding site on interleukin-10. Nat Biotechnol (1999) 17(3):271–5. doi: 10.1038/7018

45. Lo, Y-T, Shih, T-C, Pai, T-W, Ho, L-P, Wu, J-L, and Chou, H-Y. Conformational epitope matching and prediction based on protein surface spiral features. BMC Genomics (2021) 22(Suppl 2):116. doi: 10.1186/s12864-020-07303-5

46. Liew, OiW, Ling, SSM, Lilyanna, S, Zhou, Y, Wang, P, Chong, JPC, et al. Epitope-directed monoclonal antibody production using a mixed antigen cocktail facilitates antibody characterization and validation. Commun Biol (2021) 4(1):441. doi: 10.1038/s42003-021-01965-x

47. Fleckenstein, JM. Confronting challenges to enterotoxigenic escherichia coli vaccine development. Front Trop Dis (2021) 2:709907. doi: 10.3389/fitd.2021.709907

48. Akhtar, M, Nizam, NN, Basher, SR, Hossain, L, Akter, S, Bhuiyan, TR, et al. dmLT adjuvant enhances cytokine responses to T cell stimuli, whole cell vaccine antigens and lipopolysaccharide in both adults and infants. Front Immunol (2021) 12:654872. doi: 10.3389/fimmu.2021.654872

49. Clements, JD, and Norton, EB. The mucosal vaccine adjuvant LT(R192G/L211A) or dmLT. mSphere (2018) 3(4):e00215–18. doi: 10.1128/mSphere.00215-18

50. Rouzbahani, HA, Gargari, SLM, Nazarian, S, and Abdollahi, S. Protective immunity against enterotoxigenic escherichia coli by oral vaccination of engineered lactococcus lactis. Curr Microbiol (2021) 78(9):3464–73. doi: 10.1007/s00284-021-02601-x




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Park and Cho. 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.


OEBPS/Images/fimmu-14-1152910-g005.jpg





OEBPS/Images/fimmu-14-1152910-g003.jpg
0.b

0.5

ETEC-LT 33 ETEC-LT 36
25
LS
=
=]
1
0.5
e S S e Sl 0
1:100 1:1000 000 1: 50000 1 : 100000 1:100 1:1000 1:5000 1: 10000 1: 50000 1: 100000
Test serum Test serum
Q| i) i} em@umiii emOmsPBS | il 5D il 3 el ) wmOmem PBS

C

0.D

“

ETEC-LT 38 - 39

100 1:1000 1:5000 1: 10000 1 : 50000 1 : 100000

Test serum

G| wPmi) Pyl m@Pmii =O=PRS





OEBPS/Images/fimmu-14-1152910-g002.jpg
B Epitope overlapped mapping of LT-A
0.300
0.250
0.200
=
a
3 0.150
0.100
IR N
I
A S R R R R T R U R R S
,r&,?\&,rl,rl:r'\&,?&,r\&,r\,\3’1,?l,?“'&,rl,v'::;2,?l,r’:,r",;,v:';,?1,?1}1,\-1,?&,?‘,rl,r‘:,vlk&,r S
AT AT Y T O Y AT O OV OV AV OV SV OV OV VT SV OV RV Y YOV Y

PEPTIDE





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Production of monoclonal antibody of heat-labile toxin A subunit to identify enterotoxigenic Escherichia coli by epitope mapping using synthetic peptides

      

        		

          Background

        



        		

          Objective

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Construction and expression of recombinant protein

          



          		

            Western blotting analysis

          



          		

            Peptides synthesis

          



          		

            Peptide prediction and three-dimensional structure simulation

          



          		

            Polyclonal antibody production

          



          		

            Monoclonal antibody production

          



          		

            ELISA

          



          		

            Cell culture and measurement of pro-inflammatory cytokines

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Detection of LT-A protein by anti-LT-A polyclonal antibody

          



          		

            Synthesis of 39 peptides through peptide overlapping and detection of the peptides by an anti-LT-A polyclonal antibody

          



          		

            Monoclonal antibody production and antibody titer measurement using LT-A peptides 33, 36, and 38–39

          



          		

            Prediction of hydrophilicity analysis of the selected ETEC-LT-A peptides

          



          		

            Prediction of 3D structural analysis of the final selected ETEC-LT-A peptides

          



          		

            ETEC-LT-A-33 and confirmation of antibody effects by measuring cytokine secretion in infected HCT-8 cells

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2023.1152910_cover.jpg
& frontiers | Frontiers in Immunology

Production of monoclonal antibody of heat-
labile toxin A subunit to identify
enterotoxigenic Escherichia coli by epitope
mapping using synthetic peptides





OEBPS/Images/table2.jpg
Primer Name
LT-LIC-F

LT-LIC-R

Primer Sequence
AGATTGGTGGCAATGGCGACAAATTATACCGTG

GAGGAGAGTTTAGACTCATAATTCATTCCGAATTCTGTTA

Tm (full)
704

65.6






OEBPS/Images/fimmu-14-1152910-g006.jpg
0%00000
«a ®w e - a
- -

(Joyuod 04) feAlAInS [[2D

ETEC-LT-A-33 (ng/ml)

ETEC-LT-A-33 (ng/ml)

o oan v, 0
~ ~
SR ER &2

100 200 300

NT

ETEC-LT-A-33 (ng/ml)

500

]
S
-

400

3 0
S S
a

”
(qu/3d) A-ANI
JO [9Ad] dANEY

*

=3 =]
S S

" o
(qu/3d) 8-1
JO [9A9] AN ey

100

100

T1+LTA33 LTA33

1

NT

T+1.TA33 1.TA33

1

NT





OEBPS/Images/fimmu-14-1152910-g004.jpg
Hphob. ~ Happ & Hoods

£ O prediction
e
#
O Epitope mapping
(using ELISA)
L . L L
50 100 150 200 250
position
Cc D
2
— S — 15 =5
) 15 /
1 '4 \
Y 1
405 05 ! ;
o o
/ / f /
V | 0.5 t \
0.5
1
S 10 15 20 25 30 35 40 45 505 5 10 15 20 25 30 35 40 45 S0 10 20 30 40 50
position position position






OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-14-1152910-g001.jpg
A

pET SUMO

5643bp

Kanamycin

PBR322 ori

BSA  Smt3-LT-A

LT-A Smt

2pg 1pg 0.5pg 2pg 1pg 0.5pg

40

30

20





OEBPS/Images/table1.jpg
Strain Relevant properties Source of reference
BL21 B F ompT hsdS(ry” my’) gal dem GE Healthcare

H10407 ETEC strain (LT* STa*) ATCC 35401





