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Klebsiella pneumoniae (K. pneumoniae) has been identified as a major cause of nosocomial infections 
with multidrug-resistant phenotypes. Vaccination is one of the most effective methods to prevent 
infectious diseases. We aim to design a vaccine candidate based on the epitope-rich domains of the 
OmpA, OMPK17, and fimb proteins of K. pneumoniae that could protect against this infection. A 
vaccine structure was constructed by selecting five epitope-rich domains from three proteins. We 
decided to add the heat-labile toxin (LT) of Escherichia coli as an adjuvant to the designed protein 
structure. The evaluation of the vaccine candidates’ interaction with the immune system’s receptors 
showed an appropriate interaction of the specially adjuvated protein with TLR2 and TLR4. The stability 
of the interactions was also studied by molecular dynamics (MD) for to 100 ns. All parameters showed 
that the structure of the candidate proteins alone and in complex with TLR2 and TLR4 are stable, 
especially the adjuvanted protein. Immune response simulations showed that both candidates induce 
acceptable protective immune responses. Overall, the LT-adjuvanted design protein may have the 
potential to induce more favorable protective immune responses. However, further in vitro and in vivo 
studies are required to obtain more definitive results.
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Klebsiella pneumoniae, a member of the Enterobacteriaceae family, is characterized as an encapsulated, nonmotile, 
gram-negative bacterium. Klebsiella pneumoniae has been prioritized by the World Health Organization 
(WHO) as one of the top three pathogens of international concern in 20171. There are emerging issues of 
global health importance today, and one of them is the rapid spread of multidrug-resistant (MDR) bacteria2. 
The antimicrobial resistance of K. pneumoniae in severe healthcare-associated infections is approximately 
50% worldwide, according to a global WHO report3. Thus, there is an urgent need for effective strategies to 
prevent K. pneumoniae  infections4. Many investigators have explored routes for the development of vaccines 
against K. pneumoniae, including inactivated whole cell K. pneumoniae, capsular polysaccharide-based vaccine, 
ribosomal-based vaccines and etc4–6. However, to date, no vaccine has been licensed to provide complete 
protective immunity against this bacterium.

Vaccination is widely acknowledged as one of the most efficacious methods for preventing infectious diseases.
Immunoinformatics, a specialized branch of bioinformatics that uses computational tools and algorithms to 

predict, analyze, and validate immune responses, plays a key role in the design of vaccine epitopes. Epitope-based 
vaccines aim to induce specific immune responses by targeting key antigenic components of pathogens, making 
immunoinformatics an essential tool in this process7,8. Immunoinformatics tools facilitate the identification of 
B and T cell epitopes from pathogen genomes and proteomes. These epitopes are critical regions on antigens 
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recognized by the immune system. Advanced algorithms predict MHC-binding peptides (both class I and 
class II) that are essential for T cell-mediated immunity and surface-exposed or structural epitopes for B cell 
activation9,10. Antigenic and immunogenicity computational models evaluate predicted candidate epitopes, 
ensuring that the selected epitopes are effective and can elicit robust immune responses11. The tools also assess 
allergenic potential to ensure the safety of vaccine candidates12. Immunoinformatics helps design multi-epitope 
vaccines by combining T- and B-cell epitopes in a single construct. This approach ensures broader protection 
by targeting diverse immune pathways and pathogen strains13. Immunoinformatics tools analyze pathogen 
diversity to identify epitopes that are conserved across multiple strains or serotypes14. This is particularly useful 
for designing universal or broad-spectrum vaccines15. By reducing reliance on traditional experimental methods, 
immunoinformatics accelerates the vaccine design process. Computational predictions significantly reduce cost 
and time while increasing the accuracy of selecting promising candidates for experimental validation16. Multi-
epitope vaccine strategy also offers several advantages over whole organism vaccines, including lack of infectivity, 
immunogenicity, ease of production, reduced allergic and reactive responses. In the case of peptide vaccines, 
there is evidence that some peptides alone are capable of eliciting the necessary immune responses17. Recent 
advancements in bioinformatics, immunoinformatics, and vaccinology have ushered in a new era of vaccine 
development, offering a more contemporary, robust, and realistic approach to designing potent immunogens. 
Computational tools and techniques provide a rational and efficient framework for the development of safe, 
effective, and specific vaccines, especially against challenging pathogens18. One of the most fundamental steps in 
the design of a multi-epitopic vaccine is the selection of appropriate antigens. The selected antigens should play 
an essential role in the function or survival of the pathogen. In this study, we aim to implement a principled and 
rational approach to the immunoinformatics design of a multiepitopic vaccine against K. pneumoniae. Since both 
types of B cells and T cells have an important role in the fight against K. pneumoniae infection, the prediction 
of B cell and T cell epitopes may be important in the design of a vaccine against K. pneumoniae in order to 
stimulate both arms of the immune system19. Klebsiella pneumoniae-associated diseases express through various 
virulence factors, including capsules, mucoviscosity-associated exopolysaccharides, lipopolysaccharides (LPSs), 
adhesins, and iron uptake systems20,21. Outer membrane proteins (OMPs) serve as crucial immunogenic entities 
in bacteria, imparting characteristics such as immune evasion, stress tolerance, and resistance to antibiotics/
antimicrobials, as well as protecting bacteria against lung collectins22–24. While several factors may be involved 
in the pathogenic potential of K. pneumoniae, OmpA stands out significantly, contributing to the pathogen’s 
virulence, complement resistance, and biofilm formation23. Another key member of the OMP family implicated 
in K. pneumoniae pathogenesis is Outer Membrane Protein-K17 (OMPK17, also known as OMPX). Studies 
have demonstrated that K. pneumoniae OMPK17 can be detected by immune serum from patients with acute K. 
pneumoniae infection25,26. In gram-negative bacteria, adhesion is frequently facilitated by fimbriae, filamentous 
organelles expressed on the bacterial cell surface27. Fimbriae play a pivotal role as a virulence factor for K. 
pneumoniae, enabling the pathogen to adhere to and invade host cells, as well as form biofilms on both biotic 
and abiotic surfaces28,29. New-generation vaccines, designed with subunit components or nucleic acids, exhibit 
lower immunogenicity compared to traditional vaccines containing live-attenuated or inactivated pathogens30. 
The adjuvant augments the strength and longevity of the vaccine, modifying the impact of subsequent adaptive 
immune responses to vaccine antigens without causing a specific immune response against itself31–34. Escherichia 
coli (E. coli) LT has been shown to be a potent adjuvant capable of enhancing the antigenicity of vaccines, as a 
platform for the display of proteins or antigenic peptides for the development of novel vaccines, and as a vehicle 
for the delivery of naturally derived proteins to cells35–37.

We aimed to use immunoinformatics tools to design a multi-epitope protein targeting different mechanisms 
using OmpA, OMPK17 and fimbriae proteins that play important roles in the survival and function of K. 
pneumoniae, in addition, we designed a multi-epitope protein combined with LT adjuvant to compare its 
immunogenicity. To develop a robust vaccine against K. pneumoniae, we used reverse vaccinology to identify 
immune epitopes within the OmpA, OMPK17 and fimbriae proteins that are essential for K. pneumoniae 
function. We used computational approaches to evaluate the interaction of the recombinant proteins with TLR2 
and TLR4 to assess their biological activity. Finally, we used in silico immune simulations to analyze the impact 
of the protein vaccine candidates on the induction of immune function.

Results
Genome extraction of OmpA, OMPK17 and fimbriae proteins
The sequences of OmpA (Accession number: W9BFP5), OMPK17 (Accession number: Q48427) and fimbriae 
(Accession number: W1DI64) proteins were extracted from the Uniprotkb database (https://www.uniprot.org/).

Prediction of B-cell epitopes
B cells, which are potent inducers of humoral immunity, are essential for complete host protection against 
Klebsiella infections. Therefore, for the development of new vaccine candidates against this bacterium, the 
identification of antigenic B cell epitopes is valuable38. Prediction of B-Cell epitopes for all three proteins OmpA, 
OMPK17 and fimbriae was done using Bepipred 2.0 and Kolaskar and Tongaonkar of IEDB server. Among the 
epitopes predicted by Kolaskar and Tongaonkar, epitopes with scores higher than the threshold of 1.02 were 
selected (Supplementary Table S1). The selected epitopes from the BepiPred 2.0 web server also had scores above 
the threshold of 0.5 (Supplementary Table S1).

Prediction of T-cell epitopes
CD4+ T cells are significantly increased in cells involved in primary K. pneumoniae infection, and mice lacking 
T cells are not protected from reinfection, suggesting that T cells are required for the protective response against 
this bacterium39. For the prediction of T cell epitopes, the IEDB (NetMHCIIpan 4.1 BA) and Rankpep databases 
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were also used. A set of MHCII alleles DRB1*0101, *0301, *0401, *0701, *0801, *1101, *1301, *1501 was chosen 
to cover most human genetic backgrounds. The most important epitopes with the highest scores were selected. 
In the Rankpep database, the binding threshold score was different for each allele. In this prediction, only 
epitopes categorized in the binding type highlighted in red and having a score higher than the threshold binding 
were selected (Supplementary Table S2). Epitopes predicted by NetMHCIIpan 4.1 BA with IC50 less than 50 
were selected as good binders (Supplementary Table S2).

Selection of epitope-rich regions and vaccine candidates design
To select the domains that make up the vaccine candidate, the regions of these three proteins of OmpA, OMPK17 
and fimbriae with the highest epitope abundance and antigenicity are considered the target domain for vaccine 
design. Under these conditions, five epitope-rich domains from these three proteins were finally selected as 
vaccine candidates containing many B- and T-cell epitopes (Table 1). By combining the selected domains with 
EAAAK and GGGGS linkers, 48 protein sequences were designed. The 48 designed sequences were evaluated 
based on physicochemical, antigenic, secondary structure and tertiary structure characteristics, and finally the 
most suitable protein was introduced as a vaccine candidate (Fig. 1). We also added E. coli LT adjuvant to the 
selected vaccine candidate structure and by comparing the characteristics of the designed protein with and 
without adjuvant, we introduced the best vaccine candidate against K. pneumoniae (Fig. 1).

Physical and chemical properties of designed structures
ProtParam and Protscale tools (http://expasy.org/tools/protparam.html) were used to obtain the physical and 
chemical properties of the designed structures. These properties included number of amino acids, molecular 
weight, PI, number of charged amino acids, amino acid composition, hydrophobicity and hydrophilicity. The 
physicochemical parameters of the designed protein and the adjuvant protein have been evaluated by means of 
ProtParam. The results of this investigation are presented in Table 2. Both proteins were found to be stable at 
different temperatures.

Antigenicity, allergenicity, toxicity and solubility evaluation
The antigenicity of the designed protein was calculated by the VaxiJen v2.0 server. The results indicated that the 
vaccine candidate had a high potential to stimulate the immune system. The antigenicity of the selected protein 
0.6048 was predicted and it was 0.7242 for vaccine candidate + adjuvant. AllerTOP v.2 web server was used 
to check the allergenicity of the designed structure. The designed protein and protein with adjuvant were not 
allergenic. Also, the solubility of the vaccine candidates were evaluated using Recombinant Protein Solubility 
Prediction (https://biotech.ou.edu/), which indicated the both proteins have the potential for solubility when 
overexpressed in E. coli. The designed proteins were submitted to the ToxinPred2 server and the results showed 
that the vaccine candidates were not-toxic (Supplementary Table S3).

Secondary and tertiary structure prediction and validation
The GOR IV software was used to check the second structure of the designed structures. The amino acids that 
make up these recombinant proteins are involved in forming random coils, alpha helixes, and beta strands. 
The results of the prediction of the second structure of the unadjuvanted and the adjuvanted protein are shown 
in Table 3 and Fig. 2a–b. The I-TASSER and GalaxyWEB web servers for the prediction of unadjuvanted and 
adjuvanted tertiary structures of protein sequences. All structures were validated and the best structure was 
selected. GalaxyWeb predicted 3D structures of higher quality than I TASSER. Predicted tertiary structures were 
evaluated using the MolProbity, ProSA-web, and SAVES v6.1 servers. The MolProbity server was used to assess 
the structural similarity of new proteins to the best-known structures of similar proteins ​(​​​h​t​t​p​:​/​/​m​o​l​p​r​o​b​i​t​y​.​b​i​o​c​
h​e​m​.​d​u​k​e​.​e​d​u​/​i​n​d​e​x​.​p​h​p​​​​​)​. In the MolProbity analysis, the protein structure analysis was evaluated based on the 
Clash and MolProbity scores. The MolProbity score, normalized to a scale similar to X-ray resolution, combines 
the Clashscore, Rotamer, and Ramachandran scores into a single score. Among structures of similar resolution, 
the 100th percentile is the best and the 0 percentile is the worst40. A good and acceptable MolProbity score is 
less than 241. The SAVES v6.1 server (https://saves.mbi.ucla.edu/) was also used to check the Ramachandran plot 
and evaluate the placement of amino acids in the favored, allowed, and disallowed regions. The results of the 
tertiary structure evaluation of two proteins with and without adjuvants are shown in Table 4. Ramachandran 

Antigenic determinant Position Antigen

MNFKKSIALLFIALNIASLPTYAGVSKTFKDKCASTTAKLVQSVQLVKLASDTNKD
SKGIYITDSTGKTRFIPGGQYYPENYLSNEMRKIAMAAVLSNVRVNICASEAYTPNHVWAIELAAE LT adjuvant

MLSLGVSYRFGQEDAAPVVAPAPAPAPEVATKHFTLKSDVLFNFNKATLK
PEGQQALDQLYTQLSNMDPKDGSAVVLGYT 210–290 OmpA 1

AGKISARGMGESTPVTGNTCDNVKARAALIDCLAPDRRVEIEVKGYKEVVTQPAA 320–374 OmpA 2

YNKGQYYGITAGPAYRLNDWASIYGVVGVGYGKFQNNNYPHKSDMSDYGFSYGAGLQFNPIENVALDFSYEQSRIRNVDVG 80–160 OMPK17

DVRLANDNTISTDYRGYAIVPYVTPYRRTDITLDSTTLGEDMELPETTKSVVPTRGAIVRASYDGNIGQRAFVHL
KTASGQDVPYGAMVLLVGDSKSQPSIVSDAGMVYMSGLQQTGILNVQWGKSAAQQCNASFTLPTREGKASGISKS
KRFAVSHSQGNILMKKIVILITLLMLGGQAA

620–800 fimbriae 1

SCNISTPRSQITLNRIDKGKLMSLSRGATTPSEKTIAMNISCPNDSVGNTLIYWFNPVGGI
SASGNGIVDNMLSGSDAANNVGIIFKLSGSPVVFYDTDNYNYKINTSNDLNKTINLTADY 980–1100 fimbriae 2

Table 1.  Five epitope-rich domains selected from three proteins OmpA, OMPK17 and fimbriae.
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Property Vaccine candidate Vaccine + adjuvant

Number of amino acids 539 666

Molecular weight (dalton) 57,702.07 70,719.80

Number of negatively charged amino acids 50 55

Number of positively charged amino acids 51 61

Isoelectric point (PI) 7.53 8.64

Instability index 31.77 33.85

Estimated half-life 30 h in mammalian cells, more than 20 h in yeast cells and more than 10 h 
in E.coli

30 h in mammalian 
cells, more than 
20 h in yeast cells 
and more than 10 h 
in E.coli

Aliphatic index 81.11 80.71

Table 2.  Physicochemical characteristics of protein candidate and adjuvanted protein.

 

Fig. 1.  (a) The tertiary structure of the designed protein. (b) Schematic representation of the final construct of 
the multi-epitope protein. (c) The tertiary structure of the adjuvanted protein. (d) Schematic representation of 
the final construct of the adjuvanted protein.
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plot analysis further validated the reliability of the model, showing that most residues are located in the most 
favoured and allowed regions for both unadjuvanted (Fig. 2c) and adjuvanted (Fig. 2d) proteins (Table 4). Also, 
unadjuvanted (Fig. 2e) and adjuvanted (Fig. 2f) proteins had Z-scores within the range of the native protein 
structure (Table 4). Proteins less than 1000 residues with z-score ≤ 10 are acceptable42. These results support the 
suitability of the models for subsequent molecular docking and dynamic simulation studies, suggesting that the 
backbone conformation of the generated model is favourable.

Prediction of conformational B-cell epitopes
Analysis of the 3D structure of the vaccine candidates using ElliPro Server revealed conformational epitope 
regions (Fig. 3a–e). Predicted conformational B cell epitopes ranged from 0.754 to 0.863 for the unadjuvanted 
protein (Fig. a–c) and from 0.876 to 0.832 for the adjuvanted protein (Fig. d–e) (Table 5).

Protein–protein molecular docking
Cluspro 2.0 was used to analyze protein–protein binding between vaccine candidates designed with and without 
adjuvants with TLR4 and TLR2. To select the best interaction, weighted score parameters, number of bindings 
between vaccine candidates and TLR4 and TLR2 receptors, affinity and binding free energy were used. The 
molecular interactions between the residues in the vaccine-receptor complexes were demonstrated using 
PDBsum generate web server (Figs. 4 and 5). We considered the lowest energy, the most negative weight score, 
the lowest Kd for affinity, and the highest number of amino acids involved in binding, especially with active 
site residues, as essential standards for selecting the strongest complexes. As shown in Figs. 4 and 5, the vaccine 
candidates formed a strong interaction with the active site of TLR2 and TLR4, and this binding includes the 
essential amino acids Ile319, Phe322, Phe325, Tyr326, Val348, Phe349, and Pro352 for TLR2 and the amino 
acids Arg434. Arg380, Lys341, Lys263 and Gln339 for TLR4. The results showed that the binding of adjuvanted 
vaccine compared to unadjuvanted vaccine has higher affinity and energy with immune system receptors. It also 
interacts with all amino acids of the active site (Figs. 4 and 5) (Table 6). Residues involved in the interaction of 
vaccine-receptor complexes were visualized using PyMOL (The PyMOL Molecular Graphics System, Version 
1.1, Schrödinger, LLC) and mapped using the PDBsum generate web server.

Evaluate the stability of structures using molecular dynamics simulation
Molecular dynamics simulations up to 100 ns (ns) were performed to verify the stability of the designed protein 
structures and protein-receptor complexes. The root mean square distance (RMSD) parameter is used when 
analyzing the results of molecular dynamics simulations of proteins and complexes to obtain the degree of 
movement of the protein or atoms when the ligand is placed in the active site of the receptor and to evaluate 
the stability of the structure during the simulation period. The analysis of the results in terms of the RMSD of 
the adjuvanted and non-adjuvanted proteins and their complexes with the receptor showed that both designed 
proteins were stabilized during the simulation with an average RMSD of 0.69 and 0.61 nm, respectively (Fig. 6a). 
The protein-TLR2 complexes with an average RMSD of 1.04 did not reach complete stability and fluctuated. 
However, the adjuvanted protein-TLR2 complex with an average RMSD of 0.46 nm was completely stable during 
the simulation. Similarly, the protein-TLR4 and adjuvanted protein-TLR4 complexes were completely stable 
during the simulation with average RMSD of 0.69 and 0.57, respectively (Fig. 6a). Rg, which evaluates the extent 
of compressibility changes during MD simulations, is another parameter that has been studied in the evaluation 
of molecular dynamics simulations. Radius of gyration (Rg) is widely used to calculate the behavior of proteins 
and is defined as the distribution of protein atoms around their axis. The more stable the compression of the 
protein during the simulation, the more stable the protein and the complexes are, so this variable allows us to 
analyze the overall dimensions of the protein. As the graph shows, the compression levels of the adjuvanted and 
unadjuvanted proteins alone and in interaction with TLR4 and TLR2 were stable during the simulation (Fig. 6b).

An evaluation of the movement and flexibility of the structure during the simulation is provided by the 
root mean square fluctuations (RMSF) of the amino acids. To investigate the changes in the backbone atoms 
of the designed adjuvanted and non-adjuvanted proteins, as well as their complexes with TLR4 and TLR2, we 
performed RMSF analysis. As shown in Fig. 6c, the RMSF values for the designed proteins fluctuated at some 
points, but when these proteins interacted with the immune system receptors, they reached complete stability. 
This indicates that the proteins interactions with these receptors are strong and stable.

Evaluate immune response simulations
C-ImmSim Server output provides simulated immune response for producing immunoglobulins and cytokines. 
Based on the results extracted from laboratory studies, it also analyzes the production of various immune cells, 
including B cells, T cells. The simulation of the humoral and cellular immune response of the host to the vaccine 
candidate proteins is shown in Fig. 7. The antigen and immunoglobulin parameters, the B cell population, the 

Secondary structure Vaccine candidate Vaccine + adjuvant

Alpha-helix 133 (24.68%) 125 (18.77%)

Extended-strand 103 (19.11%) 159 (23.87%)

Random coil 303 (56.22%) 382 (57.36%)

Table 3.  Evaluation of the second structure of unadjuvanted and adjuvanted proteins using the GOR web 
server.
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Fig. 2.  Prediction and validation of the secondary and tertiary structure of the vaccine candidates (a) 
secondary structure of the unadjuvanted designed protein, (b) secondary structure of the adjuvanted protein, 
(c) validation of the tertiary structure of the unadjuvanted protein by Ramachandran plot, (d) validation of 
the tertiary structure of the adjuvanted protein by Ramachandran plot, (e) validation of the tertiary structure 
of the unadjuvanted protein by ProSA-web, (f) validation of the tertiary structure of the adjuvanted protein by 
ProSA-web.
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TH cell population and the cytokine production have been studied in this evaluation. The increase in IgM levels 
indicates the initial host response, with both unadjuvanted and adjuvanted proteins showing increased titers. In 
addition, a secondary response to antigenic proteins is demonstrated by increased immunoglobulin levels, B cell 
populations and TH cell populations (Fig. 7). There was also a significant increase in the levels of cytokines and 
interleukins after immunization, especially interferon γ. Increases, especially in immunoglobulin levels, B and 

Fig. 3.  The most potent vaccine candidate conformational epitopes designed using the Ellipro server. (a) 13 
residues (AA 1–13) with residue score 0.863; (b) 68 residues (AA 472–539) with residue score 0.846; (c) 18 
residues (AA 123–140) with residue score 0.754; (d) 43 residues (AA 1–43) with residue score 0.876; (e) 83 
residues (AA 584–666) with residue score 0.832.

 

Web server Score Vaccine candidate Vaccine + adjuvant

MolProbity analysis Clash score 0 (100% best
among structures)

7.38 (85% best
among structures)

MolProbity score 1.10 (100% best
among structures)

1.90 (81% best
among structures)

ProSA-web z-score − 3.87 − 4.39

SAVES Percent of proteins in desired regions 98.3% 97.9%

Table 4.  Evaluation of the third structure of unadjuvanted and adjuvanted proteins using MolProbity, ProSA-
web, and SAVES servers.
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T cell populations, which are necessary to eliminate Klebsiella infection, showed a higher titer of the adjuvanted 
protein (Fig. 7 b,d,f,h) compared to the unadjuvanted protein (Fig. 7 a,c,e,g).

Codon optimization and in silico cloning of the designed candidate vaccines
Codon compatibility index and GC content of nucleotide sequence before optimization were 0.56 and 56.95% 
for unadjuvanted protein and 0.56 and 57.10 for adjuvanted protein, respectively. After codon optimization, the 
parameters were 1 and 50.64% for unadjuvanted protein and 1 and 50.45% for adjuvanted protein, respectively. 

Fig. 4.  (a) 3D representation of the docking complex of the unadjuvanted vaccine construct (red) with 
the human TLR2 (green) (b) Molecular interactions between chain-A of TLR2 molecule and chain-B of 
unadjuvanted vaccine construct (c) 3D representation of the docking complex of the adjuvanted vaccine 
construct (red) with the human TLR2 receptor (green) (d) Molecular interactions between chain-A of TLR2 
molecule and chain-B of adjuvanted vaccine construct.

 

Candidate Start End Peptide
Number of
residues Score

Vaccine 1 13 MLSLGVSYRFGQE 13 0.863

472 539 QQTGILNVQWGKSAAQQCNASFTLPTREGKASGISKS
KRFAVSHSQGNILMKKIVILITLLMLGGQAA 68 0.846

123 140 RRVEIEVKGYKEVVTQPA 18 0.754

Vaccine + adjuvant 1 43 MNFKKSIALLFIALNIASLPTYAGVSKTFKDKCASTTAKLVQS 43 0.876

584 666
PSIVSDAGMVYMSGLQQTGILNVQWGKSAAQQ
CNASFTLPTREGKASGISKSKRFAVSH
SQGNILMKKIVILITLLMLGGQAA

83 0.832

Table 5.  Prediction of B-cell conformational epitopes of proteins with and without adjuvant by Ellipro.
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Complex ΔG (kcal mol−1) Weighted score No. of hydrogen bonds PRODIGY (Kd)

Vaccine
candidate–TLR4 − 19.9 − 1137.4 30 2.5e−15

Vaccine
candidate–TLR2 − 11.5 − 1354.3 10 3.4e−09

Vaccine
Candidate + adjuvant–TLR4 − 21.9 − 1059.5 36 8.7e−17

Vaccine
Candidate + adjuvant–TLR2 − 15.7 − 1320.0 14 3.1e−12

Table 6.  Evaluation of molecular binding results between unadjuvanted and adjuvanted vaccine candidates 
with TLR4 and TLR2.

 

Fig. 5.  (a) 3D representation of the docking complex of the unadjuvanted vaccine construct (red) with 
the human TLR4 (green) (b) Molecular interactions between chain-Z of TLR4 molecule and chain-A of 
unadjuvanted vaccine construct (c) 3D representation of the docking complex of the adjuvanted vaccine 
construct (red) with the human TLR4 recepto (d) Molecular interactions between chain-Z of TLR4 molecule 
and chain-A of adjuvanted vaccine construct.
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Cloning of the optimized vaccine candidate sequence in pET-28a (+) using SnapGene Version 3.2.1 showed that 
the vaccine candidate sequences in pET-28a (+) could be cloned (Fig. 8a,c). Double digestion with NcoI and XhoI 
enzymes revealed the presence of vaccine candidates of 1623 bp for the unadjuvanted protein and 2005 bp for the 
adjuvanted protein together with the pET-28a (+) vector of 5231 bp (Fig. 8b,d).

Materials and methods
Retrieval of the OmpA, OMPK17 and fimbriae protein sequences
The protein sequences of OmpA, OMPK17, and fimbriae from K. pneumoniae were obtained from the UniProtKB 
database (https://www.uniprot.org/). UniProtKB offers a user-friendly interface facilitating the retrieval of 
specific protein sequences and access to protein data43.

Fig. 6.  (a) RMSD results of the unadjuvanted and adjuvanted proteins, protein-TLR2, adjuvanted protein-
TLR2, protein-TLR4, and adjuvanted protein-TLR4 complexes. (b) Rg results of the unadjuvanted and 
adjuvanted proteins, protein-TLR2, adjuvanted protein-TLR2, protein-TLR4, and adjuvanted protein-TLR4 
complexes. (c) RMSF results of the unadjuvanted and adjuvanted proteins, protein-TLR2, adjuvanted protein-
TLR2, protein-TLR4, and adjuvanted protein-TLR4 complexes.
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Fig. 7.  In silico immunity simulation against protein antigens designed as vaccine candidates using the 
C-ImmSim web server. Simulations after three injections at steps 1, 336 and 672 are shown. (a) Antigen 
and immunoglobulin simulated by unadjuvanted protein; (b) Antigen and immunoglobulin simulated by 
adjuvanted protein; (c) B cell population simulated by unadjuvanted protein; (d) B cell population simulated 
by adjuvanted protein; (e) TH cell population simulated by unadjuvanted protein; (f) TH cell population 
simulated by adjuvanted protein; (g) cytokine production simulated by unadjuvanted protein; (h) cytokine 
production simulated by unadjuvanted protein.

 

Scientific Reports |         (2025) 15:7321 11| https://doi.org/10.1038/s41598-025-91602-y

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


T cell epitope prediction
Prediction of T-cell epitopes is critical for eliciting both humoral and cellular immune responses and is therefore 
essential for the design of effective prophylactic bacterial vaccines. We used the Rankpep 1D sequence-based 
screening server to identify T cell epitopes. This server uses position-specific scoring matrices (PSSM) and a 
binding threshold of 2% to predict immunodominant peptides that interact with MHC molecules44. In addition, 
we used the Immune Epitopes and Analysis Resource (IEDB) server (http://tools.immuneepitope.org/mhcii/) 
with the NetMHCIIpan 4.1 BA method to predict T cell epitopes. For HLA class II epitope prediction, we 
considered the DRB1*0101, DRB1*0301, DRB1*0401, DRB1*0701, DRB1*0801, DRB1*1101, DRB1*1301, 
and DRB1*1501 alleles, which cover more than 95% of the global HLA variability45. NetMHCIIpan 4.1 BA 
prediction evaluates the ability of a peptide to bind an MHC molecule using Artificial Neural Networks (ANNs) 
and employs custom machine learning strategies to integrate different types of training data46.

Prediction of linear B cell epitopes
Two databases were used to predict linear B cell epitopes, namely BepiPred 2.0 and Kolaskar & Tongaonkar 
Antigenicity (http://www.iedb.org/). The BepiPred 2.0 server predicts B cell epitopes from a protein sequence 
using a random forest algorithm on epitopes and non-epitope amino acids that are determined from crystal 
structures. Residues are predicted to be part of an epitope if they have a score above a threshold of 0.547. Kolaskar 
& Tongaonkar is a semi-empirical method for B cell epitope prediction that uses the physicochemical properties 
of amino acid residues and their frequency of occurrence in empirically known segmental epitopes. Evaluation 
of this method for a large number of proteins has shown that the accuracy of antigen prediction is about 75%48. 

Fig. 8.  (a) Cloning of the unadjuvanted protein gene into the pET-28a vector (shown in red) (b) Informatics 
evaluation of the cloning of the unadjuvanted protein by double digest. (c) Cloning of the adjuvanted protein 
gene into the pET-28a vector (shown in yellow) (d) Informatics evaluation of the cloning of the adjuvanted 
protein by double digest.
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The IEDB database is a collection of experiments that identify and characterize epitopes and epitope-specific 
immune receptors, along with various other details such as host organism, immune exposures, and inducible 
immune responses49.

Selection of epitope-rich regions and vaccine candidates
In order to select epitope-rich domains, the predicted B-cell and T-cell epitopes were scored, and regions of the 
proteins that shared B-cell and T-cell epitopes with high scores were selected and used for protein production. 
Selected epitopes were located within conserved regions of the protein. Multiple epitopes were combined. 
Finally, the B-cell and T-cell epitope rich domains of the OmpA, OMPK17, and fimb proteins were selected for 
attachment to various linkers and the candidate vaccine sequence was produced.

Physical and chemical characteristics of the final designed structure
Using the Protparam tool available on the server (http://expasy.org/tools/protparam.html), the physical and 
chemical properties of the final structure were investigated, including the number of amino acids, molecular 
weight, PI, number of charged amino acids, amino acid composition, estimated half-life, instability index, 
aliphatic index, and grand average of hydropathicity. The comparative analysis of these properties is helpful in 
the understanding of the functional and structural characteristics of the protein, as well as in the exploration of 
its molecular evolution50. Comparative analysis of these properties helps in understanding the functional and 
structural characteristics of the protein, as well as in exploring its molecular evolution51.

Investigation of allergenicity, toxicity, solubility and antigenicity of the designed protein
The VaxiJen v2.0 server was employed to analyze the antigenicity of the designed vaccine candidate antigen, 
classifying antigens based on automatic cross-covariance (ACC), which transforms protein sequences into 
uniform vectors of key amino acid features52. AllerTOP v.2 (http://www.ddg-pharmfac.net/AllerTOP/) was 
utilized to predict the allergenicity of the designed protein based on key physicochemical properties. Allergens are 
small antigens that typically elicit an IgE antibody response53. Additionally, the Recombinant Protein Solubility 
Prediction (https://biotech.ou.edu/) was used to predict protein solubility; this server calculates average charge, 
percentage of turn residues, percentage of cysteine, percentage of proline, hydrophilicity, and total number of 
residues54. The ToxinPred2 server (https://webs.iiitd.edu.in/raghava/toxinpred/) was also used to predict the 
toxicity of the vaccine candidate55.

Secondary and tertiary structure prediction
Secondary structure prediction of the candidate protein was conducted using the Garnier-Osguthorpe-Robson 
IV (GOR IV) server (​h​t​t​p​s​:​​/​/​n​p​s​a​​-​p​b​i​l​.​​i​b​c​p​.​f​​r​/​c​g​i​​-​b​i​n​/​n​​p​s​a​_​a​u​​t​o​m​a​t​.​​p​l​?​p​a​g​e​=​/​N​P​S​A​/​n​p​s​a​_​g​o​r​4​.​h​t​m​l), which 
is based on probability parameters obtained from experimentally solved protein tertiary structures determined 
by x-ray crystallography56. Furthermore, tertiary structure modeling was performed using the I-TASSER ​(​​​h​t​t​p​s​:​
/​/​z​h​a​n​g​g​r​o​u​p​.​o​r​g​/​I​-​T​A​S​S​E​R​/​​​​​) and GalaxyWEB web servers (https://galaxy.seoklab.org/)57. GalaxyRefine server 
was used to refine the modeled structures58.

Evaluation of the tertiary structure of designed protein
The predicted 3D structure of the designed protein was assessed using MolProbity ​(​​​h​t​t​p​:​/​/​m​o​l​p​r​o​b​i​t​y​.​b​i​o​c​h​e​
m​.​d​u​k​e​.​e​d​u​​​​​)​​​5​9​​​, ProSA-web (https://prosa.services.came.sbg.ac.at/prosa.php)60 and SAVES v6.1 ​(​​​h​t​t​p​s​:​/​/​s​a​v​e​s​.​
m​b​i​.​u​c​l​a​.​e​d​u​​​​​)​​​6​1​​ servers were used to evaluate predicted 3D structure. These tools are essential for identifying 
errors in both experimental and theoretical models of protein structures. Evaluations were based on criteria 
ensuring proximity to natural protein structures for cellular expression. ProSA-web assessed structure quality 
using Z-scores and energy plots. An error in the 3D structure is indicated by a Z-score out of range for native 
proteins60. MolProbity, a widely used tool for assessing macromolecular structures, analyzed parameters such 
as MolProbity score, collision score, and Ramachandran diagram to validate 3D structures62. Additionally, the 
Ramachandran plot from PROCHECK in the SAVES v6.1 web server was utilized to calculate torsion angles of 
residues, assessing whether the residues in the distant regions are allowed and favorable61.

Conformational B cell epitope prediction
For the prediction of structural epitopes of the vaccine candidate protein, the ElliPro server ​(​​​h​t​t​p​:​/​/​t​o​o​l​s​.​i​e​d​b​.​o​
r​g​/​e​l​l​i​p​r​o​/​​​​​) was used with a threshold of 0.5. This server predicts B-cell structural epitopes based on the tertiary 
structure of the designed protein using a modified version of Thornton’s method along with MODELLER and 
Jmol63.

Investigation of the interaction of recombinant proteins with receptors of the immune 
system
Crystallographic structures of TLR2 (PDB ID: 53di) and TLR4 (PDB ID: 7mlm) receptors were retrieved from 
the PDB database (https://www.rcsb.org). After removal of ligands and water molecules, hydrogen atoms and 
charges were added to both receptors and the unadjuvanted anted proteins structure using the Dock prep tool 
in UCSF Chimera (Chimera 1.5.3) software64. TLR2 and TLR4 are important receptors of the immune system to 
fight K. pneumoniae. Important amino acids in the active site of TLR2 include Leu317, Ile319, Phe322, Leu324, 
Phe325, Tyr326, Val348, Phe349, and Pro35265. Other important amino acids in theactive site of the TLR4 
receptor include Arg434, Ser413, Ser386, Arg380, Lys341, Lys263, and Gln33966. Designed protein interaction 
and TLR2 and TLR4 of the immune system using the Cluspro2 server. (https://cluspro.bu.edu/home.php)67. The 
PRODIGY web server was also used to predict the binding energy of the protein complexes. This server focuses 
on prediction of binding affinity in biological complexes and identification of biological interfaces68. Finally, 
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residues involved in vaccine-receptor interactions were visualized using PyMOL (The PyMOL Molecular 
Graphics System, Version 1.1, Schrödinger, LLC) and mapped using the PDBsum generate web server (​h​t​t​p​s​:​​/​/​w​
w​w​.​​e​b​i​.​a​c​​.​u​k​/​t​h​​o​r​n​t​o​​n​-​s​r​v​/​​d​a​t​a​b​a​​s​e​s​/​p​d​​b​s​u​m​/​G​e​n​e​r​a​t​e​.​h​t​m​l​)69.

Molecular dynamics simulation
To evaluate the stability of the strongest complexes, unadjuvanted proten-TLR2, unadjuvanted proten-TLR4, 
adjuvanted proten-TLR2 and unadjuvanted proten-TLR4, as well as the 3D structure of both proteins, MD 
simulations were performed up to 100 ns. The simulation was performed using the GROMACS 2022 software 
and the OPLS-AA force field70. The structures were placed in a triaxial box. The distance from all edges was 1 nm. 
The protein-receptor complexes and unbound protein structures were then placed in a simulation box filled with 
TIP3P water molecules. The ligand-receptor interaction can change the total charge, and water molecules added 
to the system change the charge of the system from zero. In the simulation process, if the charge of the system 
is positive, it is neutralized with chlorine ions, and if the charge of the system is negative, it is neutralized with 
sodium ions. The energy minimization process for single protein structures and their complexes with simulated 
immune system receptors was performed in two parts: first the systems were equilibrated using NVT (constant 
number of particles, volume and temperature) at 300 K and 100 ps, then NPT (number of stationary particles, 
pressure and temperature) was equilibrated using a Parrinello-Rahman barostat at 300 K, 1.0 bar and 100 ps. The 
Ewald mesh particle algorithm was used to handle long-range electrostatic charges, and the ineffective distance 
was considered to be 10 angstroms. Van der Waals interactions were calculated with an effective distance of 
1  nm. A linear constraint algorithm was used to limit the length of the covalent bonds. After applying the 
necessary balances, the complexes and unbound structures were simulated up to 100 ns. Using the simulation 
data, we performed analyzes RMSF, RMSD, and Rg.

Simulation of the immune system
To evaluate the possibility of inducing the required immune response against the designed proteins unadjuvanted 
and adjuvanted as antigen, the study of immune simulation and immune response profiling was performed. 
Immune response induction for the designed proteins was performed using the C-ImmSim simulation server 
(http://150.146.2.1/C-IMMSIM/index.php). The simulations were performed with the default parameters and 
the time steps for injection of the antigens were set to 1, 336, and 672. Simulations were performed with 10 μL 
simulation volume, 1000 simulation steps, LPS-free and adjuvanted vaccine71.

Codon optimization and cloning simulation
In order to improve recombinant protein production, codon optimization was performed using the JCat tool 
(https://www.jcat.de/) for the E. coli K12 strain. The parameters of CAI and the percentage of GC content 
were measured. CAI is the most important index for the prediction of gene expression levels. It is a measure 
of how well the coding sequence describes the use of codons in an organism72. The optimized codons of the 
unadjuvanted and adjuvanted proteins were cloned into pET28a(+) vector and evaluated using the SnapGene 
Version 3.2.1 tool for double digestion with NcoI and XhoI enzymes73.

Discussion
Today, several proteins of K. pneumoniae are being introduced and investigated as vaccine candidates in many 
studies74,75. Outer membrane proteins (OMPs) are surface proteins that act as membrane channels to allow 
hydrophilic molecules to pass across the membrane. OMPs of K. pneumoniae as subunit vaccine candidates induce 
host-specific antibodies and have been effective against Klebsiella infection in animal models76,77. The OmpA 
protein appears to be one of the best protein candidates for vaccine development. This is due to its immunogenicity 
and its role in pathogenesis23. OmpA is highly conserved among members of the Enterobacteriaceae and has 
important pathogenic roles, including bacterial adhesion, invasion or intracellular survival, as well as evasion 
of host defenses or stimulation of pro-inflammatory cytokine production78. OMPK17 is one of the antigens 
that can be detected in the immune serum of patients with an acute K. pneumoniae infection. A member of the 
OMP family that plays an important role in the pathogenesis of K. pneumoniae, outer membrane protein-K17 
(OMPK17, also known as OMPX)79. This protein can induce protection against K. pneumoniae in mice, mainly 
through induction of T-helper type 2 immune response26,80. Fimbriae, filamentous organelles expressed on the 
surface of the bacterial cell, often mediate adhesion in Gram-negative bacteria. Two fimbrial adhesins, type 1 
fimbriae and type 3 fimbriae, can be produced by most clinical isolates of K. pneumoniae28. Given the necessity of 
the aforementioned OmpA, OMPK17 and fimb proteins, we decided in this study to design a vaccine consisting 
of domains rich in B- and T-cell epitopes. The ultimate goal is to protect these necessary and important proteins in 
the event of human exposure to K. pneumoniae. The bacterium is targeted and destroyed by the immune system. 
Based on immunoinformatics analysis, 5 epitope-rich domains of these three proteins containing B- and T-cell 
antigenic epitopes were finally selected and linked with GGGGS and EAAAK bonds. Ideally, epitope vaccines 
should contain B cell epitopes that induce protective antibody responses, but also essential T cell epitopes that 
stimulate Th responses. We also added E. coli LT adjuvant to the designed construct to select the best candidate 
with protective efficacy against K. pneumoniae by comparing the immunogenicity of two proteins with and 
without LT adjuvant. Physical and chemical parameters of proteins, secondary and tertiary structure, solubility, 
allergenicity and antigenicity were analyzed after designing the protein sequences as vaccine candidate. Both 
protein candidates had the required physicochemical properties, were non-allergenic and antigenic. Also, the 
third structure quality evaluations of both structures showed that they had an acceptable third structure. Today, 
bioinformatics studies are used for a variety of purposes, including vaccine design and characterization of new 
genes. In this context, computational methods for protein–protein interaction prediction and analysis facilitate 
the evaluation of the interactions of vaccine candidates with immune system receptors81.
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After confirming the physicochemical properties and evaluating the tertiary structure of the designed 
proteins, we evaluated vaccine candidates with and without adjuvant to interact with the immune system’s TLR2 
and TLR4. The innate immune response, mediated by TLRs, controls the growth of the bacteria at the site of 
infection. In K. pneumoniae infection, TLR2 and TLR4 are important TLRs. TLR2 transduces the signal for 
resistance to foreign pathogens. TLR4 can induce host defense against gram-negative bacterial lung infections 
through recognition of bacterial LPS82,83. The result of molecular docking using Cluspro 2. web server showed 
that both recombinant proteins effectively bind to the active site of TLR2 and TLR4 and can activate innate 
immune receptors to induce immune response. Analysis of the results showed that the protein designed with 
LT adjuvant has a stronger and more effective interaction with the active site amino acids of both receptors. To 
evaluate the stability of the tertiary structure of the designed proteins as well as the stability of their interaction 
with TLR2 and TLR4, MD simulation was performed up to 100 ns. The analysis of the results in terms of RMSD, 
Rg and RMSF of the designed proteins showed that the designed proteins with and without adjuvants have a 
stable tertiary structure during the simulation. The unadjuvanted protein fluctuated during the simulation in 
the interaction with TLR2, indicating that their interaction is somewhat unstable, but the interaction of the 
adjuvanted protein with this receptor is quite stable during the simulation, confirming that it is an effective 
interaction. Both unadjuvanted protein-TLR4 and adjuvanted protein-TLR4 complexes were stable during the 
simulation. These results show that the adjuvanted protein shows more acceptable results and is more effective 
in interacting with the receptors of the immune system.

Several studies have been conducted in relation to the immunoinformatic design of K. pneumoniae proteins 
as vaccine candidates84–86. Ranjbarian et al. introduced YGKFQNNNYPHKSDMSDYGFSYGAG peptide vaccine 
candidate, which was B-cell and T-cell overlapping86. Our investigation showed that our designed protein also 
contains this peptide. Furthermore, the simulation results of the immune response against two proteins designed 
with and without adjuvant as antigens showed that both proteins are suitable candidates as vaccines and stimulate 
the necessary responses against K. pneumoniae, but the responses produced in the adjuvanted protein generate 
a stronger and more appropriate response, especially the production of immunoglobulins, the B-cell and T-cell 
responses. These responses are necessary to eliminate K. pneumoniae.

In this study, we designed and introduced a multi-epitopic vaccine candidate against K. pneumoniae infection 
using the most accurate and comprehensive immunoinformatics tools. All immunoinformatics analyses 
indicated that our vaccine candidate is likely to be effective against the K. pneumoniae. However, our study 
has limitations. Experimental testing is the cornerstone of the development and validation of multi-epitopic 
vaccines. While in silico tools and computational modeling provide valuable insights into epitope selection, 
vaccine structure design, and immunogenicity potential, these methods rely on predictions that require 
experimental confirmation. In vitro and in vivo testing bridges the gap between theoretical predictions and 
practical applications and ensures the safety, efficacy, and immunogenicity of vaccine candidates.

Multi-epitopic vaccines are designed to target specific regions of pathogens, which are computationally 
predicted to elicit robust immune responses. However, the actual recognition and processing of these epitopes 
by the immune system needs to be confirmed through in vitro assays and animal models.

Consequently, experimental testing is essential to advance multi-epitope vaccines from conceptual designs to 
viable clinical solutions. This ensures that theoretical constructs meet the stringent requirements of real-world 
application, safety, efficacy, and practicality of these innovative vaccines.

Conclusion
In summary, we have analyzed three K. pneumoniae proteins, OmpA, OMPK17, and fimb, to select the best 
immunogenic domains to induce a strong immune response. We designed a candidate protein vaccine against 
K. pneumoniae by selecting 5 B- and T-cell epitope-rich domains. We added the sequence of E. coli LT as an 
adjuvant and evaluated the results, which showed this adjuvant increased the immunogenicity of the candidate 
vaccine, and its interaction with TLR2 and TLR4 made the immune system stronger and more stable. Finally, 
the adjuvanted vaccine candidate provides a potentially more appropriate response against MDR K. pneumoniae.

Data availability
The sequences of the OmpA (accession number: W9BFP5), OMPK17 (accession number: Q48427), and fim-
briae (accession number: W1DI64) proteins were extracted from the Uniprotkb database ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​u​n​i​p​r​o​
t​.​o​r​g​/​​​​​)​. Prediction of B cell epitopes for all three proteins was performed using the BepiPred 2.0 and Kolaskar 
& Tongaonkar Antigenicity (http://www.iedb.org/). The IEDB with the NetMHCIIpan 4.1 BA method ​(​​​h​t​t​p​s​:​/​/​
w​w​w​.​i​e​d​b​.​o​r​g​/​​​​​) and Rankpep (http://imed.med.ucm.es/Tools/rankpep.html) databases were used to predict T 
cell epitopes. The ProtParam and Protscale (http://expasy.org/tools/protparam.html) tools were used to obtain 
the physical and chemical properties of the designed structures. The antigenicity of the designed protein was 
calculated using the VaxiJen v2.0 server (https://www.ddg-pharmfac.net/vaxijen/). The AllerTOP v.2 web server 
was used to check the allergenicity of the designed structure (https://www.ddg-pharmfac.net/AllerTOP/). The 
ToxinPred2 server was used to predict the toxicity of the designed protein ​(​​​h​t​t​p​s​:​/​/​c​r​d​d​.​o​s​d​d​.​n​e​t​/​r​a​g​h​a​v​a​/​t​o​x​i​n​
p​r​e​d​/​​​​​)​. GOR IV software was used to check the second structure of the designed structures (​h​t​t​p​s​:​​/​/​n​p​s​a​​-​p​b​i​l​.​​i​
b​c​p​.​f​​r​/​c​g​i​​-​b​i​n​/​n​​p​s​a​_​a​u​​t​o​m​a​t​.​​p​l​?​p​a​g​e​=​/​N​P​S​A​/​n​p​s​a​_​g​o​r​4​.​h​t​m​l). The Recombinant Protein Solubility Prediction 
(https://biotech.ou.edu/) was used to predict protein solubility. The web servers I-TASSER ​(​​​h​t​t​p​s​:​/​/​z​h​a​n​g​g​r​o​u​
p​.​o​r​g​/​I​-​T​A​S​S​E​R​/​​​​​) and GalaxyWEB (https://galaxy.seoklab.org/) were used to predict the tertiary structures of 
the designed structures. The predicted tertiary structures were evaluated using the MolProbity ​(​​​h​t​t​p​:​/​/​m​o​l​p​r​o​b​i​
t​y​.​b​i​o​c​h​e​m​.​d​u​k​e​.​e​d​u​/​i​n​d​e​x​.​p​h​p​​​​​)​, ProSA-web (https://prosa.services.came.sbg.ac.at/prosa.php) and SAVES v6.1 
(https://saves.mbi.ucla.edu/) servers. The 3D structure of the vaccine candidates was analyzed using the ElliPro 
server (http://tools.iedb.org/ellipro/). Cluspro 2.0 (https://cluspro.bu.edu/login.php?redir=/queue.php) was 
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used to analyze protein-protein binding between vaccine candidates designed with TLR2 and TLR4 receptors. 
Crystallographic structures of TLR2 (PDB ID: 53di) and TLR4 (PDB ID: 7mlm) were obtained from the RCSB 
protein database (http://www.rcsb.org/). The binding site of all complexes was analyzed using PDBsum generate 
web server (​h​t​t​p​s​:​​​/​​/​w​w​​w​.​e​b​​i​.​​a​c​.​​u​k​/​​t​h​o​r​n​​​t​o​n​-​​s​​r​v​/​d​a​t​​a​b​​a​s​e​​s​/​p​d​​b​s​u​m​/​G​e​n​​e​r​a​t​e​.​h​t​m​l). MD simulations of vaccine 
candidates-TLRs complexes were performed using the GROMACS 2022 package ​(​​​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​5​2​8​1​/​z​e​n​o​
d​o​.​6​1​0​3​5​6​8​​​​​.​)​. The C-ImmSim server was used to simulate immune responses to vaccine candidates ​(​​​h​t​t​p​s​:​/​/​k​r​
a​k​e​n​.​i​a​c​.​r​m​.​c​n​r​.​i​t​/​C​-​I​M​M​S​I​M​/​i​n​d​e​x​.​p​h​p​​​​​)​. Codon optimization was performed using the JCat tool ​(​​​h​t​t​p​s​:​/​/​w​w​
w​.​j​c​a​t​.​d​e​/​​​​​)​. Designed proteins were cloned into the pET28a(+) vector and evaluated using the SnapGene Version 
3.2.1 tool. All data generated or analyzed during this study are included in this article.
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