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Abstract

In the pursuit to combat infectious diseases, the
development of vaccines remains a cornerstone of
public health strategy. This study presents a novel in
silico approach to the design of multi-epitope vaccines
against Listeria monocytogenes and Clostridium
tetani, pathogens responsible for significant morbidity
and mortality worldwide. Utilising advanced
computational tools, we identified and characterised
antigenic and non-allergenic epitopes from surface
proteins of these bacteria, essential for eliciting a
targeted immune response. Our analysis included the
prediction of linear B-cell epitopes using the ABCPred
server, assessment of antigenicity with VaxiJen and
determination of epitope orientation within the cellular
membrane via DeepTMHMM. Molecular dynamics
simulations provided insights into the stability and
interactions of the protein-peptide complexes, with
RMSD and RMSF analyses confirming the structural
integrity conducive to vaccine efficacy. The strategic
linking of shortlisted epitopes, facilitated by the KK
linker, led to the construction of vaccine candidates
with broad protective capabilities.

Our findings demonstrate the potential of
computational methods in streamlining vaccine
development, offering a blueprint for rapid and
efficient generation of vaccine candidates against
complex pathogens. The implications of this research
are far-reaching, providing a method that is both
scientifically robust and technically sound, capable of
addressing the urgent need for new vaccines in the face
of emerging infectious diseases.
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Introduction

The global endeavour to combat infectious diseases has been
revolutionised by the advent of vaccines, which have now
expanded their reach to address a myriad of conditions
including cancer, Ebola and allergies. The intersection of
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biotechnology and vaccine development has been
particularly transformative, enabling the detailed elucidation
of pathogen molecular structures and the discovery of
protective antigens. These advancements have shifted the
paradigm from empirical vaccine research to a more rational,
evidence-based approach, significantly reducing the error
rates and costs associated with traditional vaccine
development methods.*

A key aspect of this progress lies in the understanding of the
human leukocyte antigen (HLA) system, a set of proteins
found on the surface of cells that plays a critical role in the
immune response. HLAs are responsible for presenting
peptide fragments including pathogen-derived epitopes, to T
cells, thereby triggering an immune response. The
specificity of HLA-peptide binding is paramount in
designing vaccines that can elicit a robust and targeted
immune response.

In our context, the HLA-A*02:01 allele emerges as a key
player due to its widespread prevalence and its ability to
present a diverse range of epitopes to T cells. Epitopes that
bind to HLA-A*02:01 have the potential to induce strong
immune responses and are therefore of particular interest in
vaccine development.#17:19.20

Another promising developments in this field is the concept
of cross-immunity which posits that vaccines designed for
one disease may confer protection against multiple
pathogens. This is achieved through the activation of both
innate and adaptive immunity, with innate immune cells like
dendritic cells and macrophages playing a pivotal role in
inducing a broad immune response. This is particularly
relevant in the context of HLA molecules, as their
polymorphic nature can influence the repertoire of epitopes
presented and the breadth of the immune response elicited.
Thus, identifying epitopes that bind promiscuously to
various HLA alleles can be instrumental in developing
multivalent vaccines.*17:19.20

In the pursuit for multivalent vaccines, researchers are
actively seeking bacterial epitopes that can elicit such cross-
immunity. ldentifying common virulence factors and
immune structure domains across different bacterial species
is crucial for this endeavour. Despite the lack of sequence
homology, certain virulence factors such as the pore-forming
toxins Listeriolysin O from Listeria monocytogenes,
pneumolysin from Streptococcus pneumoniae and the ESX-
1 secretion system components ESAT-6 and CFP-10 from
Mycobacterium tuberculosis, share functional similarities
that can be exploited for vaccine development.>14
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Furthermore, the glycolytic enzyme glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), found in these
pathogens, has been identified as a key player in virulence
and immunogenicity. GAPDH’s ability to bind to various
immune-related proteins and intracellular transport GTPases
presents a unique opportunity to identify broad
immunogenic epitopes suitable for the development of
multivalent vaccines.138911.13.15,18.21

This study aims to harness these insights to predict B-cell
epitopes and to develop vaccine candidates against Listeria
monocytogenes and Clostridium tetani. By leveraging
computational techniques to map epitopes and design
vaccines, we aspire to contribute to the global effort in
creating more effective and comprehensive immunisation
strategies against these formidable pathogens. We seek to
identify epitopes that bind promiscuously to various HLA
alleles, specifically HLA-A*02:01, thereby maximising the
potential for inducing broad and robust immune responses.
Additionally, we aim to elucidate the molecular interactions
between these epitopes and their corresponding proteins,
shedding light on potential vaccine targets and mechanisms
of action. Ultimately, our goal is to pave the way for the
development of novel vaccines capable of conferring broad
protection against infections caused by Listeria
monocytogenes and Clostridium tetani.

Material and Methods

In silico analysis of HLA-A*02:01:

Protein structure: HLA-A*02:01 is one of the most
common human leukocyte antigen (HLA) alleles in many
populations worldwide. Its prevalence makes it an attractive
target for vaccine development as it has the potential to
provide broad coverage across diverse populations. We
extracted the three dimensional PDB structures of proteins
analogous to the HLA-A*02:01 epitope from the PDB
database. We downloaded and examined the three
dimensional structure of the protein 4U6Y which is similar
to the HLA-A*02:01 epitope. The protein’s spatial
configurations were analyzed and their formats were
converted for compatibility with docking software
(AutoDock).

Identification and preparation of peptide: We have used
IEDB tool to identify the potential peptides that can bind to
HLA-A*02:01 epitope by giving our protein of
interest(4U6Y) and selecting HLA-A*02:01 as the allele for
prediction. Based on their IC 50 values, the peptides were
selected from the IEDB as shown in table 1. Peptide
sequences were converted into PDB format using the Open
babel tool.

Molecular Docking: In the process of molecular docking
and binding energy estimation, the ADCP Crank pep toolkit
was employed as a robust de novo method for the docking
of proteins and peptides. This toolkit utilises the potential
energy generated by the given peptide to fold it, thereby
facilitating the interaction between the peptide and the
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protein receptor. ADCP, a peptide docking software,
orchestrates the sampling and folding of peptides by
manipulating the backbone conformation. To ascertain the
potential energy of the receptor, AutoDock, in conjunction
with ADCP, utilises affinity maps. By utilising AutoGridFR,
binding pocket affinity maps of the protein, previously
unknown for the peptides binding sites, are generated.
Subsequently, a target file is generated and the peptides are
docked according to their sequence onto the protein receptor.

The assessment of the docking process hinges on the
determination of binding affinities, measured in terms of
kilocalories per mole (kcal/mol). A lower negative energy
value indicates a more stable system and a stronger binding
relationship between the peptide and the protein receptor.
This process serves as a pivotal step in understanding the
molecular interactions between proteins and peptides,
providing crucial insights into potential therapeutic targets
and drug design strategies.

Molecular Dynamics Simulation: Molecular dynamics
(MD) simulation, a technique employed to examine atomic
interactions over time, was utilised to analyse protein-
peptide interactions in this study. The GROMACS software
package, incorporating CHARMM-36 force fields, was
employed to manipulate atom mobility and study molecular
interactions. The parameters of the force fields defined the
forces acting on particles within the system.

To maintain the system's equilibrium, solvation was created
and CI- and Na® ions were incorporated to preserve
elemental balance and form the system's topology. The
simulations were conducted at 1 bar and 310K to optimise
forces below 10 KJ/mol. The Berendsen thermostat and
barostat algorithms were utilised to control pressure and
temperature by modifying volumes. MD simulations were
run for a duration of 10 nanoseconds (ns) with a time step of
2 femtoseconds (fs) using the leapfrog approach to facilitate
analysis. These computational methods ensured simulation
stability and energy conservation, thereby enabling a
comprehensive understanding of molecular characterization
and stable arrangements of protein-peptide interactions.

Trajectory analysis: In the trajectory analysis, root mean
square deviation (RMSD) and root mean square fluctuation
(RMSF) were employed to evaluate the stability and
interactions observed during protein-peptide stimulation.
RMSD quantifies the average deviation of a set of atoms,
typically the backbone atoms of the protein from their
reference positions over time. On the other hand, RMSF
measures the average variation of individual atoms from
their reference positions throughout the simulation.

During the analysis, the simulations' trajectories were
examined using RMSD and RMSF graphs. These graphs
provide insights into the structural changes and fluctuations
occurring within the protein-peptide complex over the
course of the simulation. RMSD reveals the overall stability
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of the complex by tracking the deviation of backbone atoms
from their initial positions while RMSF highlights the
flexibility and dynamic behaviour of individual atoms within
the complex.

Through trajectory analysis, we were able to assess the
stability and conformational changes of the protein-peptide
complex, gaining valuable insights into the molecular
interactions driving their binding affinity. These analyses
contribute to a deeper understanding of the structural
dynamics underlying protein-peptide interactions and to aid
in the rational design of therapeutic interventions.

Prediction of Multi-Epitope Vaccine Candidates Against
Listeria monocytogenes and Clostridium tetani: To
generate vaccine candidates against Listeria monocytogenes
and Clostridium tetani, we initiated our study by identifying
surface proteins of these pathogens from previous studies.
The prediction of bacterial membrane proteins was
conducted using DeepTMHMM, a tool that calculates
posterior probabilities of proteins being located in bacterial
membranes. Subsequently, the primary sequences of these
proteins were utilised to predict linear B cell epitopes using
the ABCPred web server, with a prediction threshold set at
0.8 to ensure high specificity.6.710.12

The antigenicity of the predicted epitopes was assessed using
the VaxiJen v2.0 web server, employing a default threshold
of 0.4 to distinguish antigenic epitopes. To evaluate the
allergenicity of the identified epitopes, the AllerTOP v2.0
web server was utilised. Epitopes deemed antigenic and non-
allergenic were selected for further analysis.??2

In the development of vaccine candidates, a strategic
approach to epitope linking was employed. The identified
antigenic and non-allergic epitopes were joined using
specific linkers and an adjuvant. In one strategy, the B cell
epitopes were linked to each other using the KK linker.
Subsequently, the linked epitope sequence was connected to
the adjuvant through the EAAAK linker.

The selected adjuvant, beta-defensin, was chosen for its dual
functionality as an antimicrobial and an immunomodulatory
agent'®, Beta-defensin was connected to the very first
epitope in the sequence via the EAAAK linker. This strategic
epitope linking approach facilitated the enhancement of the
immune response, contributing to the development of potent
vaccine candidates against Listeria monocytogenes and
Clostridium tetani.

Results and Discussion

In-silico analysis of HLA-A*02:01: To investigate the
affinity between the reference protein and the putative
peptide inhibitor, we employed a comprehensive array of
prediction tools including AutoDockFR, AutoDock4 and
Auto Dock Crank Pep suites. The binding pocket of the
protein was meticulously generated utilising an adapted
Metropolis Monte Carlo method, laying the groundwork for
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precise docking simulations. The principle guiding peptide
folding posits that longer peptides necessitate a greater
number of Monte Carlo steps for accurate folding, ensuring
meticulous molecular modelling.

Docking scores, a crucial metric indicative of binding
affinity, were derived through ADCP docking and
meticulously tabulated in table 4 for comprehensive
analysis. Subsequently, Pymol software was harnessed to
visualise protein-peptide interactions, enabling the ranking
of peptides based on their intermolecular interactions.
Furthermore, a two-dimensional plot of the complex's
secondary structure was meticulously constructed to
pinpoint the residues exerting influence on the system's
interactions. The process of peptide construction from amino
acid sequences was meticulously executed, with docking
results further validated against experimental data to ensure
accuracy and reliability. The ADCP program, integral to the
analysis of protein-peptide interactions, was seamlessly
executed on the Linux operating system, underscoring the
robustness and versatility of our computational approach.

Of particular note, peptide 2 emerged as a standout
candidate, boasting the highest ranking score of all peptides
at -9.64 kcal/mol. This exceptional score, highlighted in fig.
1, underscores its potential as a promising inhibitor and
emphasises its critical role in facilitating coordinate
interactions within the protein-peptide complex.

In figure 2, X-axis, labelled time (ns), indicates the
simulation time frame while the Y-axis, labelled RMSD
(nm) measures the deviation of the protein structure from a
reference conformation. The fluctuating blue line graph
reflects changes in the protein conformation over time, with
higher RMSD values suggesting greater structural
variation.Figure 2 represents the RMSD plot which
illustrates the dynamic stability of the protein structure
throughout the simulation. Initially, the protein experiences
conformational adjustments, reflected by the rising RMSD
values. As the simulation progresses, the RMSD stabilises,
indicating that the protein has reached a consistent
conformation. This stabilisation phase is crucial for reliable
interpretations of the protein behaviour in a simulated
physiological environment.

Figure 3 represents the graph of root mean square fluctuation
(RMSF) plot, which is used to analyse the flexibility of
protein structures at the atomic level. The X-axis represents
individual atoms or residues within the protein, while the Y-
axis shows the RMSF values in nanometers. Peaks in the
graph indicate regions of high flexibility, suggesting these
areas of the protein are more dynamic and can move more
freely. Conversely, areas with lower RMSF values represent
more rigid and stable parts of the protein. This is crucial for
understanding protein dynamics, as regions with higher
flexibility often play key roles in protein function, such as
binding sites for other molecules or regions involved in
enzymatic activity.
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The results of the MD simulations revealed a steady RMSD
graph, indicating minimal divergence from the reference
protein structure and consistent stability of the protein-
peptide complex (Figure 2). Furthermore, the RMSF plots
displayed fluctuations in residue positions over time with
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some residues exhibiting higher deviations than others
(Figure 3). These findings suggest that the complex
maintains structural stability while allowing for localized
flexibility in certain regions

Figure 1: Represents by molecular docking studies shows interactions between protein - peptide

RMSD (nm)

RMSD plot

8 Plot Area 12

Figure 2: RMSD plot for protein-peptide
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Figure 3: RMSF plot for each Residue
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Visual inspection of the complex trajectories using Pymol
software corroborated the RMSD and RMSF analyses,
confirming the overall stability and dynamic behavior of the
protein-peptide interactions. Additionally, analysis using the
Protein-Ligand Interaction Profiler (PLIP) tool revealed a
significant humber of hydrophobic interactions within the
peptide, contributing to the stability of the complex. Overall,
the MD simulations provided valuable insights into the
structural dynamics and stability of protein-peptide
interactions, highlighting the robust nature of the studied
complex.

Prediction of Multi-Epitope Vaccine Candidates against
Listeria monocytogenes and Clostridium tetani: This study
identified 4  surface proteins (LMOf2365 0578,
LMOf2365_0581, LMOf2365_0639, LMOf2365_2117) in
Listeria monocytogenes and 1 surface layer protein
(CTC00462) in Clostridium tetani (Table 5). The proteins
were shown to be present in the outer region of the
membrane (Figures 4 to 8). Our study predicted linear B cell
epitopes of 16 amino acids length using ABCPred
webserver. It predicted 33 epitopes in LMOf2365 0578, 15
epitopes in  LMOf2365 0581, 29 epitopes in
LMOf2365_0639, 30 epitopes in LMOf2365_2117 and 49
epitopes in CTCO00462 (Supplementary Tables 1 to 5).
Among them, some epitopes are allergenic, non-allergenic,
antigenic and non-antigenic.

Res. J. Chem. Environ.

For a vaccine candidate, epitopes should be antigenic in
order to induce immune response and non-allergenic to
avoid any allergic reaction in the host. So, epitopes that are
antigenic, non-allergenic and lie on the outer region of the
membrane have been shortlisted. Finally, we obtained 16
epitopes from protein LMOf2365_0578, 7 epitopes from
LMOf2365_0581, 13 epitopes from LMOf2365_0639, 5
epitopes from LMOf2365 2117, 22 epitopes from
CTC00462. Tables 6 to 10 show amino acid sequences of
shortlisted antigenic and non-allergenic epitopes with their
start position in the protein, BCEPred score and VaxiJen
v2.0 score. All of these epitopes reside in the outer region of
the membrane (Figures 4 to 8).

The epitopes together have been linked to generate a vaccine
candidate. To generate vaccine candidate for Listeria
monocytogenes, the shortlisted epitopes from proteins
LMOf2365_0578, LMOf2365_0581, LMOf2365_0639 and
LMOf2365 2117 have been joined (Table 6-9). To generate
vaccine candidates for Clostridium tetani, shortlisted
epitopes from proteins CTCO00462 have also been joined
(Table 10). For dual vaccines against both Listeria
monocytogenes and Clostridium tetani, epitopes identified
for Listeria monocytogenes proteins and Clostridium tetani
each with KK linker have also been joined (Table 11).
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Figure 4: DeepTMHMM posterior probabilities for LMOf2365_0578.
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Figure 5: DeepTMHMM posterior probabilities for LMOf2365_0581
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Figure 6: TMHMM posterior probabilities for LMOf2365_0639
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Figure 7: DeepTMHMM posterior probabilities for LMOf2365 2117
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Figure 8: DeepTMHMM posterior probabilities for CTC00462

Table 1
List of predicted epitopes against HLA allele using IEDB

Peptide Sequence
Peptide 1 MGQIVTMFE
Peptide 2 GQIVTMFEA
Peptide 3 QIVTMFEAL
Peptide 4 IVTMFEALP
Peptide 5 VTMFEALPH
Peptide 6 TMFEALPHI
Peptide 7 MFEALPHII
Peptide 8 FEALPHIID
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Table 2 Table 3
Hydrogen bonds within the complex Hydrophobic Interactions within the complex
Index Residue AA Index Residue AA
1 32A GLN 1 27A TYR
j jgﬁ 2';('53 3 BA PHE
5 5B IS 4 35A ARG
6 237A GLY 5 48A ARG
Table 4
Docking scores of peptides obtained by ADCP docking
Peptides Ranking scores (kcal/mol)
Peptide 1 -6.098884
Peptide 2 -9.640905
Peptide 3 -6.789289
Peptide 4 -9.178511
Peptide 5 -2.411339
Peptide 6 -7.535579
Peptide 7 -6.478482
Peptide 8 -6.462157
Table 5
Identified surface proteins in Listeria monocytogenes and Clostridium tetani
Protein name Length (aa) Location NCBI protein accession
LMOf2365 0578 677 Cell wall WP_003727281.1
LMOf2365 0581 343 Plasma membrane WP_010958763.1
LMOf2365_0639 589 Cell wall WP_010958775.1
LMOf2365 2117 562 Cell wall WP_003731372.1
CTC00462 1202 Cell wall WP_035124690.1
Table 6
Shortlisted B cell epitopes from LMOf2365 0578
Epitope sequence Start BcePred | VaxiJen VaxiJen AllerTOP
position Score score prediction prediction
DSLSMEIEPNDALVND 646 0.94 1.11 Antigen Nonallergen
IEKKQSAVTDPKYDST 625 0.89 0.58 Antigen Nonallergen
PELQDDKSSTLKNVNT 36 0.89 1.08 Antigen Nonallergen
GNTEFTTSVLIKYKPP 437 0.88 0.71 Antigen Nonallergen
TSKITYSAEVMAKRPK 313 0.87 0.71 Antigen Nonallergen
PSLEEISVERNNISDV 211 0.87 0.4 Antigen Nonallergen
ELEVIDRRTVRQGWTI 570 0.86 0.87 Antigen Nonallergen
KPVKITATNPKATIDP 296 0.86 1.12 Antigen Nonallergen
EGIQYLPNLYNVQLQF 128 0.86 0.67 Antigen Nonallergen
ANSTIADLFPDEGMAK 64 0.85 0.41 Antigen Nonallergen
KYQSKSPSSSPIYLNT 605 0.84 0.6 Antigen Nonallergen
VGDKVNATQFRADVNA 464 0.84 1.11 Antigen Nonallergen
TVANQLGRTENNNFQT 80 0.82 0.89 Antigen Nonallergen
GSSGKAELEVIDRRTV 564 0.82 1.18 Antigen Nonallergen
EVMAKRPKYSSNRVSG 321 0.82 1.05 Antigen Nonallergen
KNLKASPLTIPANSTI 53 0.81 0.52 Antigen Nonallergen
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Epitope sequence Start BcePred VaxiJen VaxiJen AllerTOP
position score score prediction prediction
GLHFQEKKEEDKEKDS 145 0.89 1.71 Antigen Nonallergen
KEEITVNCVANTAVTN 69 0.86 0.71 Antigen Nonallergen
NVEITNQSKEEITVNC 61 0.85 1.21 Antigen Nonallergen
KEEDKEKDSSENDVQI 152 0.85 2.01 Antigen Nonallergen
YKKGSEKVLHESKRTD 228 0.84 0.93 Antigen Nonallergen
KVHLVAKNKEDKWEWT 269 0.83 0.71 Antigen Nonallergen
LELNQIKPATRNYRNV 190 0.81 0.51 Antigen Nonallergen
Table 8
Shortlisted B cell epitopes from LMOf2365 0639
Epitope sequence Start BcePred VaxiJen VaxiJen AllerTOP
position Score score prediction prediction
GGSYDHYFDIDHSLTI 336 0.94 0.69 Antigen Nonallergen
LQDISAKTSDGSKVTS 449 0.93 1.6 Antigen Nonallergen
PPAPGPDPTPDPTPNP 510 0.92 0.91 Antigen Nonallergen
PTPDPTPNPNNPNINP 517 0.91 0.82 Antigen Nonallergen
DKSISYTKDSTKTDQQ 432 0.91 1.06 Antigen Nonallergen
TVTIHAKPVITADKSI 420 0.91 0.66 Antigen Nonallergen
YFDIDHSLTITNDSAI 342 0.86 0.64 Antigen Nonallergen
EVNAALPNTGDASQAT 552 0.84 0.94 Antigen Nonallergen
TVLINSSIKSSALNFD 222 0.84 0.55 Antigen Nonallergen
HAETDDGTPVTSDFNT 375 0.83 0.87 Antigen Nonallergen
AKIPSLTNLSIAGDNL 111 0.83 0.46 Antigen Nonallergen
TSSASTYFTLNETKID 268 0.82 0.76 Antigen Nonallergen
YGEQTTVTEEQFLKDV 359 0.81 0.48 Antigen Nonallergen
Table 9
Shortlisted B cell epitopes from LMOf2365 2117
Epitope sequence Start BcePred VaxiJen VaxiJen AllerTOP
position Score score prediction prediction
TKEIRVTIPFNPQKTI 481 0.9 0.6 Antigen Nonallergen
TFTITYGDTNPVKLTF 393 0.9 1.14 Antigen Nonallergen
TGTAEGLPPGKYTATE 363 0.9 0.52 Antigen Nonallergen
QKTINITFSDNKIMVP 493 0.88 0.49 Antigen Nonallergen
DVKSTDGTTLKKVTTN 436 0.81 0.95 Antigen Nonallergen
Table 10
Shortlisted B cell epitopes from CTC00462
Epitope sequence Start BcePred VaxiJen VaxiJen AllerTOP
position Score score prediction prediction
DKTITANKVNVKGDVI 935 0.93 0.87 Antigen Nonallergen
DGKVDEDTAEDVRNYE 361 0.9 1.46 Antigen Nonallergen
KRIAKGADRFDTNLKV 229 0.89 0.64 Antigen Nonallergen
QKVIDTKVEDKANYTE 1167 0.89 1.18 Antigen Nonallergen
SEAIEKDLKGEKESTG 326 0.88 1.75 Antigen Nonallergen
DTKITTSKDGKAARLE 822 0.87 2.07 Antigen Nonallergen
TIEINDKLKDAYGNKI 642 0.87 1.25 Antigen Nonallergen
STVKMDAEPMTLKKDT 891 0.84 0.74 Antigen Nonallergen
GFEADYSEVKNSIKAK 502 0.84 1.12 Antigen Nonallergen
SEKNNDKLKFKVTVTE 1132 0.84 1.48 Antigen Nonallergen
VEKGNAAGDKDWAVNI 1018 0.84 0.77 Antigen Nonallergen
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LGAKNIYIVGGKGVVT 105 0.82 0.7 Antigen Nonallergen
DFAGRTIEKEDLSKDK 979 0.81 0.68 Antigen Nonallergen
MKTSTTNKVENYKFKD 796 0.81 1.18 Antigen Nonallergen
IRVIYSKDVSEKVAKE 687 0.81 0.89 Antigen Nonallergen
PSGTNKLYTPDGKDGE 535 0.81 0.9 Antigen Nonallergen
LNLNQIKVVFDGKVDE 351 0.81 1.08 Antigen Nonallergen
VERIGGNSRYETNAEI 133 0.81 0.93 Antigen Nonallergen
THYTLTDEGTERLQK 1077 0.81 0.48 Antigen Nonallergen
ILLTDASDKPSADLTA 85 0.8 0.65 Antigen Nonallergen
DGKVRDLPSDTKITTS 813 0.8 1.09 Antigen Nonallergen
KVTVTEADTKVDQASK 1142 0.8 1.33 Antigen Nonallergen
Table 11

VaxiJen and AllerTop Prediction: Predicted vaccine candidates generated from the B cell epitopes identified from the
proteins LMOf2365 0578, LMOf2365 0581, LMOf2365 0639, LMOf2365 2117 of Listeria monocytogenes and
CTC00462 of Clostridium tetani
Vaccine candidate derived from the proteins LMOf2365 0578, LMOf2365 0581, LMOf2365 0639,

LMOf2365 2117 of Listeria monocytogenes

VaxiJen prediction: Antigen (score: 0.89), Aller TOP prediction: non-allergen (with adjuvant)

VaxiJen prediction: Antigen (score: 0.90), AllerTOP prediction: non-allergen (without adjuvant)
GIINTLQKYYCRVRGGRCAVLSCLPKEEQIGKCSTRGRKCCRRKK DSLSMEIEPNDAL
VNDKKIEKKQSAVTDPKYDSTKKPELQDDKSSTLKNVNTKKGNTEFTTSVLIKYKPPKKTSKI
TYSAEVMAKRPKKKPSLEEISVERNNISDVKKELEVIDRRTVRQGWTIKKKPVKITATNPKATI
DPKKEGIQYLPNLYNVQLQFKKANSTIADLFPDEGMAKKKKYQSKSPSSSPIYLNTKKVGDKV
NATQFRADVNAKKTVANQLGRTENNNFQTKKGSSGKAELEVIDRRTVKKEVMAKRPKYSSN
RVSGKKKNLKASPLTIPANSTIKKGLHFQEKKEEDKEKDSKKKEEITVNCVANTAVTNKKNVE
ITNQSKEEITVNCKKKEEDKEKDSSENDVQIKKYKKGSEKVLHESKRTDKKKVHLVAKNKED
KWEWTKKLELNQIKPATRNYRNVKKGGSYDHYFDIDHSLTIKKLQDISAKTSDGSKVTSKKPP
APGPDPTPDPTPNPKKPTPDPTPNPNNPNINPKKDKSISYTKDSTKTDQQKKTVTIHAKPVITAD
KSIKKYFDIDHSLTITNDSAIKKEVNAALPNTGDASQATKKTVLINSSIKSSALNFDKKHAETDD
GTPVTSDFNTKKAKIPSLTNLSIAGDNLKKTSSASTYFTLNETKIDKKYGEQTTVTEEQFLKDV
KKTKEIRVTIPFNPQKTIKKTFTITYGDTNPVKLTFKKTGTAEGLPPGKYTATEKKQKTINITF
SDNKIMVPKKDVKSTDGTTLKKVTTN

Vaccine candidate derived from the protein CTC00462 of Clostridium tetani

VaxiJen prediction: antigenic (score: 1.01), AllerTOP prediction: non-allergenic (with adjuvant)

VaxiJen prediction: antigenic (score: 1.05), AllerTOP prediction: non-allergenic (without adjuvant)
GIINTLQKYYCRVRGGRCAVLSCLPKEEQIGKCSTRGRKCCRRKK DKTITANKVNVK
GDVIKKDGKVDEDTAEDVRNYEKKKRIAKGADRFDTNLKVKKQKVIDTKVEDKANYTEKKS
EAIEKDLKGEKESTGKKDTKITTSKDGKAARLEKKTIEINDKLKDAYGNKIKKSTVKMDAEP
MTLKKDTKKGFEADYSEVKNSIKAKKKSEKNNDKLKFKVTVTEKKVEKGNAAGDKDWAVNI
KKLGAKNIYIVGGKGVVTKKDFAGRTIEKEDLSKDKKKMKTSTTNKVENYKFKDKKIRVIYS
KDVSEKVAKEKKPSGTNKLYTPDGKDGEKKLNLNQIKVVFDGKVDEKKVERIGGNSRYETNA
EIKKTHYTLTDEGTERLQKKKILLTDASDKPSADLTAKKDGKVRDLPSDTKITTSKKKVTVTE
ADTKVDQASK

Vaccine candidate derived from the proteins LMOf2365 0578, LMOf2365 0581, LMOf2365 0639,
LMOf2365 2117 of Listeria monocytogenes and CTC00462 of Clostridium tetani

VaxiJen prediction: antigenic (score: 0.95), AllerTOP prediction: non-allergenic (with adjuvant)
VaxiJen prediction: antigenic (score: 0.96), AllerTOP prediction: non-allergenic (without adjuvant)

GIINTLQKYYCRVRGGRCAVLSCLPKEEQIGKCSTRGRKCCRRKK DSLSMEIEPNDAL
VNDKKIEKKQSAVTDPKYDSTKKPELQDDKSSTLKNVNTKKGNTEFTTSVLIKYKPPKKTSKI
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TYSAEVMAKRPKKKPSLEEISVERNNISDVKKELEVIDRRTVRQGWTIKKKPVKITATNPKATI
DPKKEGIQYLPNLYNVQLQFKKANSTIADLFPDEGMAKKKKYQSKSPSSSPIYLNTKKVGDKV
NATQFRADVNAKKTVANQLGRTENNNFQTKKGSSGKAELEVIDRRTVKKEVMAKRPKYSSN
RVSGKKKNLKASPLTIPANSTIKKGLHFQEKKEEDKEKDSKKKEEITVNCVANTAVTNKKNVE
ITNQSKEEITVNCKKKEEDKEKDSSENDVQIKKYKKGSEKVLHESKRTDKKKVHLVAKNKED
KWEWTKKLELNQIKPATRNYRNVKKGGSYDHYFDIDHSLTIKKLQDISAKTSDGSKVTSKKPP
APGPDPTPDPTPNPKKPTPDPTPNPNNPNINPKKDKSISYTKDSTKTDQQKKTVTIHAKPVITAD
KSIKKYFDIDHSLTITNDSAIKKEVNAALPNTGDASQATKKTVLINSSIKSSALNFDKKHAETDD
GTPVTSDFNTKKAKIPSLTNLSIAGDNLKKTSSASTYFTLNETKIDKKYGEQTTVTEEQFLKDV
KKTKEIRVTIPFNPQKTIKKTFTITYGDTNPVKLTFKKTGTAEGLPPGKYTATEKKQKTINITF
SDNKIMVPKKDVKSTDGTTLKKVTTNKKDKTITANKVNVKGDVIKKDGKVDEDTAEDVRNY
EKKKRIAKGADRFDTNLKVKKQKVIDTKVEDKANYTEKKSEAIEKDLKGEKESTGKKDTKIT
TSKDGKAARLEKKTIEINDKLKDAYGNKIKKSTVKMDAEPMTLKKDTKKGFEADYSEVKNSI
KAKKKSEKNNDKLKFKVTVTEKKVEKGNAAGDKDWAVNIKKLGAKNIYIVGGKGVVTKKD
FAGRTIEKEDLSKDKKKMKTSTTNKVENYKFKDKKIRVIYSKDVSEKVAKEKKPSGTNKLYT
PDGKDGEKKLNLNQIKVVFDGKVDEKKVERIGGNSRYETNAEIKKTIHYTLTDEGTERLQKKK

ILLTDASDKPSADLTAKKDGKVRDLPSDTKITTSKKKVTVTEADTKVDQASK

Supplementary Table 1
Predicted B cell epitopes from LMOf2365 0578 (ABCPred threshold = 0.8)

Epitope sequence Start ABCPre | VaxiJen VaxiJen AllerTOP
position d score score prediction prediction
DSLSMEIEPNDALVND 646 0.94 1.11 Antigen Nonallergen
EGTLRDDFIYKVRLNT 484 0.91 0.81 Antigen Allergen
TYSWDEDIPFNGSNNL 341 0.9 0.37 Non Antigen Nonallergen
IEKKQSAVTDPKYDST 625 0.89 0.58 Antigen Nonallergen
ADAEYTYLVGDKVNAT 456 0.89 0.49 Antigen Allergen
TYELGTPLTEQQFLND 383 0.89 -0.19 Non Antigen Nonallergen
PELQDDKSSTLKNVNT 36 0.89 1.08 Antigen Nonallergen
GNTEFTTSVLIKYKPP 437 0.88 0.71 Antigen Nonallergen
VVTLSSPKSGYYKQDA 504 0.87 0.31 Non Antigen Nonallergen
TSKITYSAEVMAKRPK 313 0.87 0.71 Antigen Nonallergen
PSLEEISVERNNISDV 211 0.87 0.4 Antigen Nonallergen
TITGAMTPFTNSGGDI 584 0.86 -0.08 Non Antigen Allergen
ELEVIDRRTVRQGWTI 570 0.86 0.87 Antigen Nonallergen
KPVKITATNPKATIDP 296 0.86 112 Antigen Nonallergen
NGYPQLYRLNINNGNI 158 0.86 0.54 Antigen Allergen
EGIQYLPNLYNVQLQF 128 0.86 0.67 Antigen Nonallergen
ANSTIADLFPDEGMAK 64 0.85 0.41 Antigen Nonallergen
LLELQIPDEFRMDIDA 531 0.85 1.22 Antigen Allergen
HITDLSSLTNNKMPNL 246 0.85 0.16 Non Antigen Allergen
NDSYESKITWTLEDAP 660 0.84 0.9 Antigen Allergen
KYQSKSPSSSPIYLNT 605 0.84 0.6 Antigen Nonallergen
VGDKVNATQFRADVNA 464 0.84 1.11 Antigen Nonallergen
YVRSQSFYVETPVVTS 265 0.84 0.56 Antigen Allergen
DQPTTITTNFDKVLKD 404 0.83 0.06 Non Antigen Nonallergen
YVEPPQVVSYNSGLTY 369 0.83 0.53 Antigen Allergen
SVFGITKPVKITATNP 290 0.83 0.36 Non Antigen Nonallergen
TVANQLGRTENNNFQT 80 0.82 0.89 Antigen Nonallergen
GSSGKAELEVIDRRTV 564 0.82 1.18 Antigen Nonallergen
EVMAKRPKYSSNRVSG 321 0.82 1.05 Antigen Nonallergen
KNLKASPLTIPANSTI 53 0.81 0.52 Antigen Nonallergen
RVSGVSGVTYSWDEDI 333 0.81 0.89 Antigen Allergen
VETGKELPKSPELQDD 26 0.81 0.33 Non Antigen Nonallergen
PDEGMAKTVANQLGRT 73 0.8 0.73 Antigen Allergen
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Epitope sequence Start ABCPred VaxiJen VaxiJen AllerTOP
position score score prediction prediction
TAAIQMPAENYDGIIL 128 0.9 0.2 Non Antigen Nonallergen
HESKRTDLSMAPNSNF 237 0.89 0.77 Antigen Allergen
GLHFQEKKEEDKEKDS 145 0.89 1.71 Antigen Nonallergen
MGYVDYSIPNTKPDKT 86 0.86 0.69 Antigen Allergen
KEEITVNCVANTAVTN 69 0.86 0.71 Antigen Nonallergen
NVEITNQSKEEITVNC 61 0.85 1.21 Antigen Nonallergen
ILLIIATYFVGKRAAK 321 0.85 0.52 Antigen Nonallergen
KEEDKEKDSSENDVOQI 152 0.85 2.01 Antigen Nonallergen
YKKGSEKVLHESKRTD 228 0.84 0.93 Antigen Nonallergen
EFTISSDQAKKANKVA 286 0.83 1.38 Antigen Allergen
KVHLVAKNKEDKWEWT 269 0.83 0.71 Antigen Nonallergen
DGIILGGLHFQEKKEE 139 0.83 0.39 Non Antigen Nonallergen
LGLEKDYTWMYIVGGV 302 0.82 0.05 Non Antigen Nonallergen
TRNYRNVVEMNLQNTK 199 0.81 0.78 Antigen Allergen
LELNQIKPATRNYRNV 190 0.81 0.51 Antigen Nonallergen

Supplementary Table 3
Predicted B cell epitopes from LMOf2365 0639 (ABCpred threshold = 0.8)

Epitope sequence Start ABCPred VaxiJen VaxiJen AllerTOP
position score score prediction prediction
AGSYQTPPNFNNYSVS 320 0.96 0.31 Non Antigen | Nonallergen
GGSYDHYFDIDHSLTI 336 0.94 0.69 Antigen Nonallergen
TEAQMDTITNVTISNS 65 0.93 0.59 Antigen Allergen
LQDISAKTSDGSKVTS 449 0.93 1.6 Antigen Nonallergen
PPAPGPDPTPDPTPNP 510 0.92 0.91 Antigen Nonallergen
TVSGITKSYFDTITKM 295 0.92 -0.24 Non Antigen Allergen
PTPDPTPNPNNPNINP 517 0.91 0.82 Antigen Nonallergen
DKSISYTKDSTKTDQQ 432 0.91 1.06 Antigen Nonallergen
TVTIHAKPVITADKSI 420 0.91 0.66 Antigen Nonallergen
YFDTITKMEYNALYNN 303 0.9 -0.04 Non Antigen | Nonallergen
VVEGNEPPTPPAPGPD 501 0.88 0.57 Antigen Allergen
SITNIMPLKSIPNLAT 174 0.88 0.21 Non Antigen | Nonallergen
TLMTERGVNFDGYLFP 248 0.87 0.29 Non Antigen Allergen
TVTLNAENAAGLKATP 401 0.86 1.18 Antigen Allergen
YFDIDHSLTITNDSAI 342 0.86 0.64 Antigen Nonallergen
TVLIGIHIAGVAILFF 568 0.85 0.5 Antigen Nonallergen
EVNAALPNTGDASQAT 552 0.84 0.94 Antigen Nonallergen
TITNDSAISYGEQTTV 350 0.84 0.58 Antigen Allergen
TVLINSSIKSSALNFD 222 0.84 0.55 Antigen Nonallergen
CVLLMMPFTISFSANV 11 0.84 1.66 Antigen Nonallergen
HAETDDGTPVTSDFNT 375 0.83 0.87 Antigen Nonallergen
AKIPSLTNLSIAGDNL 111 0.83 0.46 Antigen Nonallergen
NPNINPNPDNGQSANS 527 0.82 1.71 Antigen Allergen
TSSASTYFTLNETKID 268 0.82 0.76 Antigen Nonallergen
YGEQTTVTEEQFLKDV 359 0.81 0.48 Antigen Nonallergen
GQSSTSDITEAQMDTI 57 0.8 0.94 Antigen Allergen
GQSANSENASNPSNSE 537 0.8 1.3 Antigen Allergen
SKPGVYTVTLNAENAA 395 0.8 0.62 Antigen Allergen
YFTLNETKIDGSRLTI 274 0.8 1.05 Antigen Allergen
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Epitope sequence Start ABCPred VaxiJen VaxiJen AllerTOP
position Score score prediction prediction
ATEVTAPLGYQKNPTP 376 0.94 -0.21 Non Antigen Allergen
EGQTITRLTFENPISTA 173 0.94 0.7 Antigen Allergen
SEKVQASPTSSNGWQL 22 0.93 1.26 Antigen Allergen
ITEATAPPGYEKSTKE 468 0.92 0.34 Non Antigen Nonallergen
ISTASGSLTSGNFLDD 185 0.91 0.31 Non Antigen Allergen
PVYQDIRTIPGSNLTW 112 0.91 0.24 Non Antigen Nonallergen
TKEIRVTIPENPQKTI 481 0.9 0.6 Antigen Nonallergen
TFTITYGDTNPVKLTF 393 0.9 1.14 Antigen Nonallergen
TGTAEGLPPGKYTATE 363 0.9 0.52 Antigen Nonallergen
EAWGTTNPTGNIEVWQ 72 0.89 0.38 Non Antigen Allergen
DYGVDAGTTNVWQVNQ 53 0.89 0.89 Antigen Allergen
QKTINITFSDNKIMVP 493 0.88 0.49 Antigen Nonallergen
TALPQTGDSSNSSTIF 530 0.87 0.69 Antigen Nonallergen
TSSNGWQLKWAIKNND 30 0.87 1.77 Antigen Allergen
PNLKSENFDMDAGITT 308 0.86 1.27 Antigen Allergen
DVVWYDFNGDGIQQDS 214 0.86 1.14 Antigen Allergen
KIMVPKKPTPTKGSTV 504 0.85 0.69 Antigen Allergen
SITIFKQDEANKKGLA 416 0.85 0.34 Non Antigen Allergen
NSDGIGPVYQDIRTIP 106 0.85 0.32 Non Antigen Allergen
YAIKDNSQSEVAKITT 343 0.84 0.64 Antigen Allergen
VLPGDYQVKFTLPNND 264 0.84 0.27 Non Antigen Nonallergen
DGETWGSFEGNYIVPE 158 0.84 -0.22 Non Antigen Nonallergen
DGIQQDSEEPAPFVKV 223 0.83 0.36 Non Antigen Nonallergen
TPTKGSTVVKVSGETT 512 0.82 1.22 Antigen Allergen
GVFKESATTNNIGSYL 245 0.82 0.04 Non Antigen Allergen
VDLLTKDGVFKESATT 238 0.82 0.12 Non Antigen Nonallergen
NLTWKFSHRGRMGVDT 124 0.82 0.84 Antigen Allergen
IEVWQNGNGYNVPAFS 83 0.81 0.79 Antigen Allergen
DVKSTDGTTLKKVTTN 436 0.81 0.95 Antigen Nonallergen
YQKNPTPKTFTITYGD 385 0.8 0.26 Non Antigen Allergen
Supplementary Table 5
Predicted B cell epitopes from CTC00462 (ABCpred threshold = 0.8)
Epitope sequence Start ABCpred VaxiJen VaxiJen AllerTOP
position Score score prediction prediction
AATKGYPVIFGNKNNV 180 0.96 0.24 Nonantigen Nonallergen
DKTITANKVNVKGDVI 935 0.93 0.87 Antigen Nonallergen
GIKMDADETHDIKASS 874 0.92 1.45 Antigen Allergen
DGKVDEDTAEDVRNYE 361 0.9 1.46 Antigen Nonallergen
IAEGKITVKFNTKIDK 1033 0.9 1.21 Antigen Allergen
VMDDYTATIKGSEVTP 756 0.89 0.78 Antigen Allergen
KRIAKGADRFDTNLKV 229 0.89 0.64 Antigen Nonallergen
QKVIDTKVEDKANYTE 1167 0.89 1.18 Antigen Nonallergen
EYLADASGWIIKEKTI 550 0.88 -0.55 Nonantigen Allergen
SEAIEKDLKGEKESTG 326 0.88 1.75 Antigen Nonallergen
TVSIELKYTGSLDKFG 909 0.87 1.01 Antigen Allergen
THDIKASSISTVKMDA 882 0.87 1.19 Antigen Allergen
DTKITTSKDGKAARLE 822 0.87 2.07 Antigen Nonallergen
AKERNNYTLRDSKGNK 700 0.87 1.79 Antigen Allergen
TIEINDKLKDAYGNKI 642 0.87 1.25 Antigen Nonallergen
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KIYINFDRAMDKKSLK 588 0.87 1 Antigen Allergen
DGDAIADLQDDERTVI 392 0.87 -0.11 Nonantigen Allergen
EVEKIAGDTYDVISSE 720 0.86 0.58 Antigen Allergen
GESKKGEKDGDAIADL 384 0.86 1.73 Antigen Allergen
EKTIDFKIGEVTGKPK 562 0.85 1.54 Antigen Allergen
SGWIIKEKTIDFKIGE 556 0.85 0.72 Antigen Allergen
KGEKESTGKADVQSIE 334 0.85 1.65 Antigen Allergen
LAVGGEGVLPDAVIKG 210 0.85 0.7 Antigen Allergen
STVKMDAEPMTLKKDT 891 0.84 0.74 Antigen Nonallergen
VTPIVDEVVNMGKADK 769 0.84 -0.47 Nonantigen Allergen
VKTVKGGTDGKIYINF 578 0.84 1.62 Antigen Allergen
GFEADYSEVKNSIKAK 502 0.84 1.12 Antigen Nonallergen
KELAKNYKVERIGGNS 125 0.84 0.61 Antigen Allergen
SEKNNDKLKFKVTVTE 1132 0.84 1.48 Antigen Nonallergen
SQRIESKEDLDGNSKK 1111 0.84 1.8 Antigen Allergen
VEKGNAAGDKDWAVNI 1018 0.84 0.77 Antigen Nonallergen
KFGEEKDYQFKAGDKT 922 0.83 1.25 Antigen Allergen
IRLNEDKVSADKIELK 607 0.83 1.76 Antigen Allergen
LGAKNIYIVGGKGVVT 105 0.82 0.7 Antigen Nonallergen
DFAGRTIEKEDLSKDK 979 0.81 0.68 Antigen Nonallergen
IGKKGEKVANKSASNI 844 0.81 1.16 Antigen Allergen
MKTSTTNKVENYKFKD 796 0.81 1.18 Antigen Nonallergen
KKERIAILFGQEMKTS 784 0.81 0.24 Nonantigen Nonallergen
DVIDLAGNVMDDYTAT 748 0.81 0.27 Nonantigen Allergen
IRVIYSKDVSEKVAKE 687 0.81 0.89 Antigen Nonallergen
PSGTNKLYTPDGKDGE 535 0.81 0.9 Antigen Nonallergen
YYLEEKLPSGTNKLYT 528 0.81 0.16 Nonantigen Nonallergen
LNLNQIKVVFDGKVDE 351 0.81 1.08 Antigen Nonallergen
VERIGGNSRYETNAEI 133 0.81 0.93 Antigen Nonallergen
THYTLTDEGTERLQK 1077 0.81 0.48 Antigen Nonallergen
ILLTDASDKPSADLTA 85 0.8 0.65 Antigen Nonallergen
DGKVRDLPSDTKITTS 813 0.8 1.09 Antigen Nonallergen
GVENVRTGSNTIEIND 632 0.8 1.35 Antigen Allergen
KVTVTEADTKVDQASK 1142 0.8 1.33 Antigen Nonallergen

Figure 4 represents the graph of the visual output from
DeepTMHMM, a predictive model for protein structures. It
showcases the probabilities of protein segments being
located within the cell membrane (transmembrane), or on the
inside or outside of the cell. A pronounced peak signifies a
high probability transmembrane region, suggesting this part
of the protein integrates into the lipid bilayer. Conversely,
the absence of a peak in the inside area indicates a low
probability of intracellular localization, while a consistent
line at the top of the outside area denotes a high probability
extracellular domain. This predictive model is crucial for
understanding protein orientation and interactions within
cellular membranes, informing research and therapeutic
strategies.

Figure 5 represents the graph of the pronounced peak
suggesting a segment is likely embedded in the membrane,
essential for functions like signalling or transport. The
absence of peaks in the inside region implies low
intracellular presence, while a consistent line in the outside
region denotes a probable extracellular stretch. Figure 6

https://doi.org/10.25303/293rjce069083

represents the graph displaying a high-probability peak in
the transmembrane region, indicating a segment likely
spanning the membrane, integral for cellular functions such
as signalling. The flat line in the outside region suggests a
continuous extracellular domain while the absence of a peak
in the inside region implies a low probability of intracellular
localization.

Figure 7 represents the peak in the transmembrane section
indicating a high probability of a helix spanning the
membrane, essential for cellular functions like signalling.
The flat line in the outside section suggests a continuous
extracellular domain, while the absence of a peak in the
inside section implies low intracellular localization.

Figure 8 represents the pronounced peak in the
transmembrane region suggesting a high probability of a
helical segment spanning the lipid bilayer, essential for
cellular functions such as signalling or substance transport.
The consistent line at the top of the outside region indicates
a segment likely exposed to the extracellular environment
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while the absence of a peak in the inside region implies a low
probability of intracellular localization.

Conclusion

Our research marks a significant stride in vaccine
development against Listeria monocytogenes and
Clostridium tetani. Through rigorous computational
analysis, we have identified promising vaccine candidates
and unravelled the intricacies of protein-peptide interactions
crucial for vaccine efficacy. Leveraging State-of-the-Art
tools and predictive models, we have pinpointed antigenic
epitopes located in the outer membrane regions, ensuring
accessibility to the immune system. Molecular dynamics
simulations have affirmed the stability and structural
integrity of the protein-peptide complexes, with RMSD and
RMSF analyses confirming a robust interaction conducive to
vaccine potency. Visual inspection using Pymol and the
Protein-Ligand Interaction Profiler (PLIP) tools has
underscored the significant hydrophobic interactions
contributing to complex stability.

Our findings offer valuable insights into the rational design
of multi-epitope vaccines, poised to provide broad protection
against these formidable pathogens. The novelty of our
approach lies in the comprehensive in silico methodology
employed, which has not only identified potential vaccine
targets but has also elucidated the underlying mechanisms
governing protein-peptide interactions. This research
represents a pivotal step towards advancing immunisation
strategies, offering a promising avenue for combating
infectious diseases on a global scale.

This sets the stage for further experimental validation and
clinical trials, with the ultimate goal of translating these
computational predictions into tangible solutions for public
health challenges. By bridging the gap between
computational biology and vaccine development, our work
holds immense potential to revolutionise the field and
contributes to the ongoing efforts to safeguard human health.
As we continue to refine and validate our findings, we
remain committed to advance the frontier of vaccine
research.
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