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Abstract

Background: Listeria monocytogenes, a Gram-positive bacterium, is a prominent foodborne pathogen that causes listeriosis and poses
substantial health hazards worldwide. The continuing risk of listeriosis outbreaks underlies the importance of designing an effective
prevention strategy and developing a robust immune response by reverse vaccinology approaches. This study aimed to provide a critical
approach for developing a potent multiepitope vaccine against this foodborne disease. Methods: A chimeric peptide construct containing
5 B-cell epitopes, 16 major histocompatibility complex I (MHC-I) epitopes, and 18 MHC-II epitopes were used to create a subunit vac-
cination against L. monocytogenes. The vaccine safety was evaluated by several online methods, and molecular docking was performed
using ClusPro to determine the binding affinity. Immune simulation was performed using the C-ImmSimm server to demonstrate the
immune response. Results: The results validated the antigenicity, non-allergenicity, and nontoxicity of the chimeric peptide construct,
confirming its suitability as a subunit vaccine. Molecular docking showed a good score of 1276.5 and molecular dynamics simulations
confirmed the construct’s efficacy, demonstrating its promise as a good candidate for listeriosis prophylaxis. The population coverage
was as high as 91.04% with a good immune response, indicating good antigen presentation with dendritic cells and production of memory
cells. Conclusions: The findings of this study highlight the potential of the designed chimeric peptide construct as an effective subunit
vaccine against Listeria, paving the way for future advances in preventive methods and vaccine design.
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1. Introduction
In 1924 Murray, Webb, and Swann for the first time

variety of environmental conditions such as high salinity,
low temperature (refrigerator), and a wide range of pH val-

identified Listeria monocytogenes as a gram-positive bacil-
lus responsible for epidemic cases of mononucleosis, a dis-
ease that affects laboratory rabbits and guinea pigs; they
named it Bacterium monocytogenes [1,2]. In Denmark after
a couple of years, another scientist named Nyfeldt isolated
a similar bacteria that causes mononucleosis [3]. L. mono-
cytogenes is considered one of the most dangerous food-
borne pathogens causing listeriosis in humans. This bac-
terium poses a serious threat to food safety because of its
incredible capacity to proliferate, endure, and flourish in a

ues [4-0].

Given the potentially dangerous outcomes of listerio-
sis, an in-depth study is needed to identify the virulent pro-
teins responsible for the pathogenicity of Listeria and de-
sign prevention strategies for this foodborne illness [7,8].
With its ability to cross the blood—brain barrier, L. monocy-
togenes poses a particular threat to the central nervous sys-
tem [9]. The ability of Listeria to grow at refrigerated tem-
peratures complicates food safety procedures even more. It
has a mortality rate of about 20-30%. This bacteria has
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been linked to a variety of food products, including dairy,
ready-to-eat meats, and vegetables, due to its tolerance to
many settings. Every year, an estimated 1600 people die
from listeriosis in the United States alone, with specific de-
mographic groups, such as pregnant women and persons
with compromised immune systems, being at a higher risk
[10,11].

Considering the serious consequences that listeriosis
may lead to, we must comprehend the virulent proteins
that are crucial to the pathogenicity of Listeria. Because
this bacterium can adapt to a variety of conditions, it be-
comes a complex task to ensure food safety [12,13]. The
study sets out on a complex expedition utilizing subtrac-
tive immunoinformatic techniques to reveal the molecular
complexities of Listeria’s pathogenicity factors. The ulti-
mate objective is to design a chimeric multiepitope vac-
cine strategically, a novel approach that has the potential
to mitigate the harmful effects of L. monocytogenes on hu-
man health. The goal of this study is to improve our un-
derstanding of foodborne pathogens and proactively come
up with novel ways to protect public health [14—-16]. Ad-
vances in computational biology and bioinformatics have
enabled the rapid and cost-effective design of vaccines
against L. monocytogenes using in silico approaches. For
instance, bioinformatics-based predictive algorithms can be
employed to identify potential antigens with the capacity to
elicit an effective immune response against this pathogen.
Additionally, data-driven approaches such as systems vac-
cinology can be utilized to analyze large datasets of im-
munological parameters to identify potential vaccine tar-
gets [17-21]. Such approaches have the potential to sig-
nificantly accelerate the development of effective vaccines
against L. monocytogenes, which can have a major impact
on public health [7].

In this study, computational approaches, more pre-
cisely reverse vaccinology approaches, were used to de-
velop a chimeric vaccine construct against L. monocyto-
genes infections. The multiepitope strategy has been used
for development and design purposes, and the efficiency
of the designed construct has been validated by computa-
tional means [22,23]. The results confirm that the designed
vaccine construct has the potential to be used as a consid-
erable prevention strategy against this foodborne infection
and a robust, long-lasting immune response was simulated
[24]. This study presents a promising approach to combat
L. monocytogenes foodborne infections. The designed vac-
cine construct was found to be safe and to possess a pos-
itive immunological response. Future objectives include
progressing to preclinical trials, modifying the vaccine for-
mulation based on new data, and investigating possible uses
for other foodborne infections, all of which will contribute
to ongoing efforts to improve global food safety. The field
of in silico or computational vaccine development, and in
particular reverse vaccinology, is a potential way to over-
come the drawbacks of conventional approaches.

2. Material and Methods
2.1 Selection of Proteins from UniProt

The first step in designing an in silico multiepitope
vaccine is the selection of protein. For this purpose, the
proteins must be related to the disease of interest and must
be antigenic enough to be recognized by the immune sys-
tem [25,26]. Proteins chosen as vaccine targets must be ex-
pressed in the target organism, exhibit immunogenic prop-
erties, and possess an optimal length for antibody bind-
ing, while also ensuring the comprehensive coverage of
antigenic sites [27]. These criteria help prioritize proteins
with the highest potential to stimulate effective immune re-
sponses, contributing to the development of successful vac-
cines. To this end, the UniProt Database was queried to
retrieve the complete proteome of L. monocytogenes, iden-
tified by the UniProt ID UP000000817.

The antigenicity or immunogenicity of the identi-
fied proteins was predicted using the online tool VaxiJen
v2.0 (http://www.ddg-pharmfac.net/vaxijen/VaxiJen/Vaxi
Jen.html). The tool is based on the Antigenic Index (Al),
which considers the hydrophobicity and flexibility of the
amino acid residues present in the protein sequence. The
Al score of a protein sequence ranges between 0 and 1, with
a score of 1 indicating a higher antigenicity of the protein
[28]. Moreover, the physiochemical properties of selected
proteins were analyzed using the ExXPASy-Protparam tool
(https://web.expasy.org/protparam/) [29].

2.2 Selection of B-Cell Epitopes

Once the antigen of choice is identified, the next step
is to identify regions of the protein that can be used as po-
tential vaccine epitopes. The target proteins are shortlisted
and B-cell epitopes are predicted from the The Immune Epi-
tope Database (IEDB) database (http://tools.iedb.org/main/
beell/). This can be done by using algorithms such as a
combinatorial peptide library or artificial neural network to
identify the optimal peptides that can be recognized by the
B-cell receptors [30].

2.3 Selection of T-Cell Epitopes

In addition to B-cell epitopes, T-cell epitopes must
also be identified and selected to design a successful mul-
tiepitope vaccine. The T-cell epitopes are typically iden-
tified using an algorithm that considers the context of the
protein sequence, as well as the major histocompatibility
complex (MHC) class I or class II alleles that are expressed
by the target population [8,31]. It is important to select T-
cell epitopes that are conserved across different strains of
the pathogen, as well as epitopes that are recognized by dif-
ferent MHC alleles [28]. The in silico multiepitope vac-
cine design is to select the T-cell epitopes from the IEDB
(http://tools.iedb.org/main/tcell/). This can be done by us-
ing algorithms such as the support vector machine or hidden
Markov Model to identify the optimal peptides that can be
recognized by the T-cell receptors [32].
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2.4 Immunogenicity Analysis

The analysis of immunogenicity is an important step
in vaccine design, and is performed using an immunoinfor-
matics tool such as Vaxijen v2.0 (http://www.ddg-pharmfa
c.net/vaxijen/VaxiJen/VaxiJen.html). This tool can be used
to identify the most immunogenic epitopes and to evaluate
the potential of the vaccine to create an effective and safe
vaccine [28].

2.5 Vaccine Construct and Assembly

A multiepitope vaccine construct can be generated
by combining potential epitopes, together with an adju-
vant such as 50S ribosomal protein L7/L12 (UniProt ID:
Q8Y3L4) attached to the N-terminal of the construct [33].
Linkers of type EAAAK, GPGPG, and AAY can be used,
and a 6xHis tag can be added to the C-terminus to enable
the expression and binding of the histidine protein. To re-
duce the size of the vaccine construct, overlapping epitopes
from B-cell, cytotoxic T lymphocyte (CTL), and helper T
lymphocyte epitopes can be merged. The sequence of these
epitopes can then be used to form the final vaccine construct
and its corresponding region in the protein [27].

2.6 Physiochemical Evaluation

When the multiepitope constructions have been suc-
cessfully synthesized, it is critical to conduct an analy-
sis of the constructs’ physiochemical characteristics, anti-
genicity, immunogenicity, allergenicity, and toxicity. To
this purpose, the antigenicity of the constructions may be
evaluated using Vaxigen v2.0 (http://www.ddg-pharmfac.
net/vaxijen/VaxiJen/VaxiJen.html), and the allergenicity of
the constructs can be evaluated using AllerTOP v2.0 (ht
tps://www.ddg-pharmfac.net/AllerTOP/). In addition, the
toxicity of the constructions may be evaluated using Tox-
inPred (https://webs.iiitd.edu.in/raghava/toxinpred/protein.
php/), which can be found at this URL. In addition, the
physiochemical characteristics of the constructions may be
analyzed with the ExPASy-Protparam tool (https://web.ex
pasy.org/protparam/) and the constructs’ levels of purity
can be measured with the use of solubility tests.

2.7 Population Coverage of Vaccine Construct

The IEDB provides a tool to evaluate the population
coverage of a vaccine construct based on the genetic diver-
sity of the target population. This tool uses data on more
than 7 million known alleles of the MHC molecules and
provides estimates of the population coverage of a given
vaccine construct [34]. The tool accepts either a list of epi-
topes or a protein sequence as an input and compares them
with the IEDB’s MHC allele information.

2.8 Secondary and Tertiary Structure Prediction and
Validation

A structural study of the construct is required to ver-
ify the design of the multi-epitope vaccine [35]. PSI-

&% IMR Press

blast based secondary structure PREDiction 4.0 (PSIPRED
4.0) (http://bioinf.cs.ucl.ac.uk/psipred) for secondary struc-
ture prediction and trRosetta (https://yanglab.qd.sdu.edu.c
n/trRosetta/) for tertiary structure prediction may be used to
do this. These tools build a three-dimensional (3D) model
of the construct based on the protein sequence and expected
immunogenicity [36]. The model may then be used to as-
sess the construct’s stability and verify the design [28]. Af-
ter the 3D model of the project has been created, it must be
refined to guarantee that it is correct and sturdy [37]. To
this end, Galaxy Refine (http://galaxy.seoklab.org/), a pro-
tein structure refining tool, may be used. To enhance the
3D model of the build, this program employs a mix of en-
ergy reduction and residue-level optimization. This phase
is critical to ensuring that the construct is stable and capable
of eliciting a significant immunological response [30]. The
last stage in structure prediction is to verify the vaccine’s
structure. The vaccine’s tertiary structure was confirmed
further using ProSA-web (https://prosa.services.came.sbg.
ac.at/prosa.php) and SAVES 6.0 tools (https://saves.mbi.uc
la.edu/). ProSA-web developed a quality model from low-
resolution input, as well as z-scores, and showed residue
energies. SAVES was used to evaluate non-bonded inter-
actions and generate a Ramachandran map, which depicts
the permitted and forbidden areas for amino acid moieties
based on phi and psi angles. The structure’s quality was as-
sessed by examining the z-score and Ramachandran score
using online tools [32].

2.9 Molecular Docking and Molecular Dynamics
Simulations

Molecular docking is a computer tool for analyzing
the interaction of a ligand with its target molecule. To
further assess the vaccine’s effectiveness, molecular dock-
ing was done using the E-cadherin receptor ligand bind-
ing domain as the target using the ClusPro 2.0 tool (http
s://cluspro.org/). Molecular dynamics (MD) simulations
(https://imods.iqftr.csic.es/) were also used to analyze the
vaccine’s dynamic behaviour [38]. These simulations aid
in determining the vaccine’s potential effectiveness and in-
tensity of the antibody response it induces.

2.10 Codon Optimization and Expression Analysis

The sequence was reverse-translated using EMBOSS
6.0.1 backtranseq software (https://www.ebi.ac.uk/Tools/
emboss) to aid in the production of the chimeric protein in
an expression vector. The generated sequence was subse-
quently codon-optimized using the Java Codon Adaption
tool (JCat), an online web-based server (http://www.jcat.d
e/). The report included information about the optimized
codons’ GC content % and codon Al (CAI) score, which
may be used to evaluate their likelihood for optimal ex-
pression. The recommended range for GC content is 30%
to 70% since levels outside this range might have a dele-
terious influence on transcriptional and translational per-
formance. The PbR322 vector was selected for expres-
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sion, and Pfol and AfIIII restriction sites were added to
the construct’s ends using the SnapGene program (https:
//www.snapgene.com/), allowing it to be cloned into the
vector. To amplify the construct, in silico polymerase chain
reaction (PCR) was performed using SnapGene.

2.11 Immune Simulations

Comprehensive immunological simulations using the
C-ImmSim server aided in the full assessment of the vac-
cine’s potential immunogenicity. These simulations were
carefully designed to precit the vaccine’s expected im-
munological response, which included immune system ac-
tivities such as antigen presentation, processing, and T-
cell activation. The simulations demonstrated the dynamic
movements of major cell types such as dendritic cells,
macrophages, epithelial cells, B lymphocytes, CD4 Helper
T-Cells (HTLs), CD8 CTLs, natural killer cells, and cy-
tokines.

3. Results
3.1 Analysis of Protein Sequences

The complete genome sequence of the betacoron-
avirus was obtained from the UniProt Database with the
UniProt ID UP000000817. Additionally, the highly anti-
genic extracellular membrane protein was retrieved from
the same source using the UniProt ID Q8Y3L4. Selection
of the protein was based on different evaluating parame-
ters that make it suitable for vaccine design. Analysis of
the physiochemical properties of the antigenic protein was
conducted with the ExPASy-Protpram tool. The instabil-
ity index (II) of the protein was calculated as 26.51, its
aliphatic index as 82.73, and the grand average of hydro-
pathicity (GRAVY) as —0.394.

3.2 Identification of B-Cell Epitopes

To predict B-cell epitopes, the IEDB Linear Epitope
Prediction program version 2.0 was used. The antigenicity
of the protein was analyzed using the Kolaskar and Ton-
gaonkar techniques for predicting antigenicity. This ap-
proach is based on the physico-chemical characteristics of
the amino acids that make up the protein. It was discovered
that the protein had an antigenic propensity that ranged from
alow of 0.4535 up to a high of 1.138. The average was de-
termined to be 0.73. It was decided that a value of 0.5 would
serve as the antigenic determination threshold for the pro-
tein, and any value larger than 0.5 would indicate the pres-
ence of probable antigenic determinants. It was discovered
that nine epitopes met the threshold value and were antic-
ipated to have the ability to produce a B-cell response. Of
these nine epitopes, only two were antigenic; therefore, they
were eliminated from consideration as shown in Table 1.

3.3 Recognition of T-Cell Epitopes

The stabilized matrix method was used to predict a
distinct set of MHC human leukocyte antigen alleles in hu-

50s Ribosomal Protein L7/ L12

MAKLSTDELLDAFKEMTLLELSDFVKKFE Mycobacterium tuberculosis

ETFEVTAAAPVAVAAAGAAPAGAAVEAA
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TDLLEIDLTHNTQLIYFQAEGCRKIKELDV
THNTQL
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DDNFASEVAAAFEMQ
DNFASEVAAAFEMQA
NFASEVAAAFEMQAT
PDDNFASEVAAAFEM
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TTLDCSFNK
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YLYLNNTEL
TTSQSVTYVY

MVSNPLLTF

Fig. 1. The final vaccine construct by joining the Adjuvant,
Linkers, B-Cell, MHC-I and MHC-II Epitopes. MHC, major
histocompatibility complex.

mans. Of the 766 selected epitopes, 50 were chosen based
on their maximum binding affinity to MHC-I alleles. Then
the selected epitopes were assessed for their antigenicity,
toxicity, and allergenicity, and those found to have a score
less than 0.4 or deemed toxic or allergenic, were excluded.
The remaining 16 epitopes were further analyzed for their
conservancy, antigenic nature, allele binding, and surface
accessibility. Additionally, 630 epitopes were predicted to
have IC5( values less than 200, of which 30 were chosen
based on their interaction with more than 4 MHC class 11
alleles. The final selected epitopes were used to construct a
vaccine chimera, with both MHC-I and MHC-II bindings
being analyzed to identify potential epitopes to increase
vaccine efficacy as shown in Table 2.
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Table 1. Prediction of linear B-cell epitopes by Immune Epitope Database (IEDB) antibody epitope prediction resource analysis.

Epitopes Length Antigenicity
EITTDKETSSTQPTIKNTLKAGQTQSFNDWFPDDN 35 0.3440 (Probable NON-ANTIGEN)
ITTLDLSQNTNL 12 0.8194 (Probable ANTIGEN)
LTEIDVSHNTQL 12 0.8984 (Probable ANTIGEN)
NKKITKLDVTPQTQL 15 1.0751 (Probable ANTIGEN)
TDLLEIDLTHNTQLIYFQAEGCRKIKELDVTHNTQL 45 0.7778 (Probable ANTIGEN)
AGITELDLSQNPKL 14 1.1387 (Probable ANTIGEN)
TELTELDVSHNTKL 14 1.0134 (Probable ANTIGEN)
TKNPAPEKGV 10 0.0424 (Probable NON-ANTIGEN)
VDEDNKQLNSTTEISGTIGDNYTTEPKTIE 30 0.4535 (Probable ANTIGEN)

Table 2. The finalized and selected MHC-I and MHC-II epitopes on the basis of antigenicity scores.

MHC-1

Epitopes Length

Antigenicity

PDDNFASEVAAAFEM 15
DDNFASEVAAAFEMQ 15
DNFASEVAAAFEMQA 15
NFASEVAAAFEMQAT 15
PDDNFASEVAAAFEM 15

0.4208 (Probable ANTIGEN)
0.7668 (Probable ANTIGEN)
0.5962 (Probable ANTIGEN)
0.9263 (Probable ANTIGEN)
0.4208 (Probable ANTIGEN)

ETLTNNSLTIAVSPD 15 0.4828 (Probable ANTIGEN)
NFASEVAAAFEMQAT 15 0.9263 (Probable ANTIGEN)
PKETLTNNSLTIAVS 15 0.3668 (Probable NON-ANTIGEN)
MHC-II

Epitopes Length Antigenicity
LSAEPTNATG 10 0.7925 (Probable ANTIGEN)
TTLDCSFNK 9 0.3722 (Probable NON-ANTIGEN)
YLLDCQAAGI 10 0.7415 (Probable ANTIGEN)
YLYLNNTEL 9 0.9089 (Probable ANTIGEN)
TTSQSVTYVY 10 0.6815 (Probable ANTIGEN)
MVSNPLLTF 9 —0.1206 (Probable NON-ANTIGEN)

3.4 Construction of Multiepitope Subunit Vaccines

The final vaccine construct consisted of a 50S ribo-
somal protein L7/L12 (Uniprot ID: POWHE3) as an adju-
vant, attached at the N-terminus of a peptide sequence via
an EAAAK linker to induce a specific immune response.
After the adjuvant, five B-cell epitopes were attached at
the previous EAAAK linker. Then 16 MHC-I epitopes and
18 MHC-II epitopes were connected by CPGPG and AAY
linkers, respectively, and a 6xHis tag was fused to the C-
terminus for protein purification and identification. The
chimeric peptide sequence had a total of 504 amino acids
and a calculated molecular weight of 54,266.40 Da. Fig. 1
shows the construction of the vaccine by joining the adju-
vant, epitopes, and linkers [39].

3.5 Evaluation of the Antigenicity and Allergenicity of
Vaccine Proteins

The antigenicity of the whole vaccine sequence was
determined using the Vaxijen 2.0 server and found to be
0.6507, indicating that the sequence is antigenic. The anti-
genicity of the same sequence without the adjuvant was also
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Fig. 2. The graph of the worldwide population coverage anal-
ysis obtained by the IEDB Population Coverage Analysis Tool.

tested using Vaxijen 2.0 and the score was 0.6761, confirm-
ing antigenicity regardless of the presence or absence of the
adjuvant. Additionally, AllerTOP v2.0 was utilized to en-
sure the vaccine sequence is non-allergenic. The toxicity
of the vaccine construct was predicted to be nontoxic using
the ToxinPred.
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Fig. 3. Protein structure prediction and quality assessment. (A) The secondary structure of the vaccine predicted by PsiPred. (B)

Tertiary structure of the vaccine construct. (C) Ramachandran plot constructed by PROCHECK, indicating the good quality of the

predicted protein model.

3.6 Analysis of Solubility and Physiochemical Properties
of Multiepitope Subunits

The molecular weight of the specific vaccine con-
struct was found to be 72,455.26 Da using the ExPASy-
ProtParam, and the theoretical isoelectric point value (PI)
was 8.44. The half-life of the protein construct was deter-
mined to be 30 h (mammalian reticulocytes, in vitro), >20
h (yeast, in vivo), and >10 (Escherichia coli, in vivo). The
instability index (II) for the protein was predicted by Prot-
pram to be 24.87, suggesting that it is a stable model. The
estimation of the aliphatic index was 82.80, indicating its
thermostability. The GRAVY was —0.240, demonstrating
the protein’s hydrophobic nature.

3.7 Population Coverage of the Vaccine Construct

The population coverage of the combination alleles
of MHC-I and MHC-II was projected globally, and the
91.04% coverage was examined by the IEDB tool as shown
in Fig. 2. This indicates that the chosen epitopes are promis-
ing candidates for the prevention of this bacterium.

Fig. 4. Docked complex of vaccine construct with the receptor
E-Cadherin indicating a good and stable interaction.
3.8 Extrapolation of Secondary and Tertiary Structures

The secondary structure of the chimeric vaccine con-
struct was estimated with the help of the PSIPRED service.
The results of this estimation showed that the amino acid
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Fig. 5. The results of the Molecular Dynamic Simulation study of vaccine construct and E-Cadherin docked complex. (A) De-
formability, (B) Normal Mode Analysis (NMA) Mobility, (C) Eigenvalue, (D) co-variance map (correlated (red), uncorrelated (white),
or anti-correlated (blue) motions), (E) elastic network (darker grey regions indicate stiffer regions).

residues were likely to form helices, beta strands, and coils, develop the tertiary structure of the predicted model. A total
as shown in Fig. 3A. The anticipated secondary structure of five models were developed, and the one that proved to
is shown in Fig. 3B. The tertiary structure of the construct  be the most successful was selected based on criteria includ-
was predicted utilizing the Rosetta server, which resultedin =~ ing Global Distance Test-High Accuracy (0.8884), root-
a 3D model. The GalaxyRefine service was used to further =~ mean-square deviation (0.630), and MolProbity (1.493).
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Fig. 6. Cloned vaccine construct in PbR322 Vector using SnapGene.

Scores of 4.3 and 0.2 for collision and poor rotamer, respec-
tively, were achieved by the model that was selected. The
Ramachandran plot predicted a score of 95.9% for the par-
ticipant. The SAVES server was used to confirm the tertiary
structure refinement, which resulted in an enhanced Ra-
machandran plot. Before refining, 82.3% of the amino acids
were in ramafavoured regions, 14.7% in the additionally al-
lowed regions, and 3% in the disallowed region. After re-
fining, 95.9% of the amino acids were in the ramafavoured
regions, 3.3% in the additionally allowed region, and 0.8%
in the disallowed region. The Fig. 3C represents the Ra-
machandran plot of the designed vaccine construct. The
ProSA-web, on the other hand, predicted a negative Z-score
of about 5.64.

3.9 Molecular Docking with the Ligand-Binding Domain
of Toll-Like Receptor E-Cadherin

With the online ClusPro tool, we were able to de-
termine the strength of the interaction that exists between
the improved structure of the vaccine construct and E-
cadherin. The 10 findings were prioritized, and the best-
docked model that could be constructed from those results
had a docking score, interaction energy, and cluster size.
It was determined that the complex had an atomic interac-
tion score of 1276.5, which was negative. Fig. 4 depicts a
3D schematic illustrating hydrogen bonds and interaction
bumps, as well as the interaction angles and docking po-
sition. MD simulations were performed to gain a deeper
understanding of the interaction.
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3.10 MD Simulations

It is necessary to understand particle motion to have
a better grasp of the docking outcomes. The MD online
application was used to simulate the motion of particles
derived from amino acid residues implicated in protein—
protein interactions in docking studies. MD Online imple-
ments an energy reduction method in the input stage and
then presents the final model findings. The docked model
is processed, and the energy is minimized. The system is
given a copy of the complex, and the force field of the com-
plex is modified at various time intervals. The resulting
model has low energy for all particles and enhanced inter-
actions for all residues (Fig. 5).

3.11 Codon Optimization of Expression Analysis

To improve protein expression, the JCat was used to
optimize codons. The optimized codon sequence was 2019
nucleotides long, with a codon adaption index (CAI) of 0.94
and a GC content of 55.6%. Since the ideal GC content
range is between 30% and 70%, these values indicate that
vector expression will be steady. Then the optimized se-
quence was cloned into a PbR322 (+) vector to generate a
recombinant plasmid, which was amplified in silico using
SnapGene software (Fig. 6).

3.12 Immune Simulations

The immunological simulation findings produced on
the C-ImmSim server provide convincing quantitative in-
sights into the vaccine’s potential immunogenicity. The
simulations addressed a wide range of immune system ac-
tivities, including antigen presentation, processing, and T-
cell activation, intending to predict the vaccine’s immuno-
logical response. Dendritic cells, macrophages, epithelial
cells, B lymphocytes, CD4 T-helper lymphocytes, CD8 T-
cytotoxic lymphocytes, natural killer cells, and cytokines
were identified as having distinct dynamics. Antigen pre-
sentation by dendritic cells, for example, increased signif-
icantly, reaching a numerical value of 230 mm?, suggest-
ing increased immunological activation. The simulations
also demonstrated a coordinated response, with a quantifi-
able association between CD4 T-helper cell activation and
cytokine production, indicating a robust and organized im-
mune response. Fig. 7 depicts the detailed numerical re-
sults, which not only improve our understanding of the vac-
cine’s immunogenic potential but also give a quantitative
basis for evaluating its efficacy and immunostimulatory ca-
pabilities, directing future vaccine development and opti-
mization techniques.

4. Discussion

The development of an in silico vaccine against Lis-
teria is an important area of research for the prevention of
foodborne infection. An in silico vaccine is a computer-
generated vaccine that is designed to target a specific
pathogen, such as Listeria. In silico vaccines are created
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by combining the genomic sequence of the pathogen with
the genetic sequence of its host. This combination of in-
formation is used to generate a vaccine that is designed to
induce an immune response against the pathogen. In sil-
ico vaccine design is the computational optimization and
design of vaccines [40]. This computational approach has
been used to predict potential vaccine candidates, design
optimal vaccine formulations, and assess vaccine efficacy.
In recent years, there has been increasing interest in apply-
ing this approach to the design of vaccines against Listeria
[41], a Gram-positive bacterium that is a major cause of
foodborne disease [42].

Many studies have focused on the identification of po-
tential vaccine targets for Listeria [43]. For example, a
study by Cordero et al. [44] used bioinformatics methods to
identify potential Listeria vaccine targets by analyzing the
sequence of its outer membrane protein. The authors iden-
tified many potential targets, including several cell wall-
associated proteins and many flagellar proteins. Another
study by Pefia-Gonzalez et al. [45] used a computational
approach to predict the antigenic potential of Listeria pro-
teins. The authors identified several potential vaccine tar-
gets, including several surface proteins and lipoproteins. In
addition to identifying potential vaccine targets, in silico
vaccine design has also been used to optimize vaccine for-
mulations. For example, a study by Dutta ef al. [46] used
computational methods to identify optimal combinations of
Listeria antigens for a potential vaccine formulation. The
authors identified a combination of antigens that provided
the highest level of protection against the bacteria.

In 2015, Geyer et al. [43] published a research that fo-
cused on discovering vaccine targets for Listeria. This sort
of study is critical because it aids in the creation of vac-
cines by identifying particular proteins or antigens that can
elicit an immune response against the virus [47]. Naveed
et al. [39] published another important study in the disci-
pline of vaccine design and development. They designed
a vaccine construct utilizing the M protein of SARS-Cov-2
using bioinformatics techniques. They discovered numer-
ous possible vaccine targets, including cell wall-associated
proteins and flagellar proteins. Computer analysis was used
to narrow down possible candidates for future experimental
examination in this technique [48].

In silico vaccine design has also been used to assess
the efficacy of potential vaccine formulations. For exam-
ple, a study by Liang et al. [49] used computational mod-
eling to evaluate the efficacy of a potential Listeria vac-
cine. The authors found that the vaccine was able to induce
a strong immune response and to reduce the levels of bacte-
ria in infected animals. Overall, the current state of the field
of in silico vaccine design for Listeria is rapidly advancing.
By using computational methods to identify potential vac-
cine targets, optimize vaccine formulations, and assess the
efficacy of vaccine candidates, researchers are making sig-
nificant progress toward the development of effective vac-
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cines against this pathogen. In addition, hypothetical pro-
teins also could be a considerable source for vaccine devel-
opment according to a recent study [50].

The use of in silico approaches for vaccine design
could lead to the development of novel vaccines that are tai-
lored to the specific needs of a particular host. This could
potentially reduce the cost and time required for vaccine
production and allow for the development of more effective
vaccines. In a recent study, the use of an in silico approach
to identify potential antigenic epitopes on the surface of
Listeria monocytogenes was shown to be more effective
than traditional methods of vaccine design [51]. This study
demonstrated that the in silico approach was able to iden-
tify a greater number of antigenic epitopes than traditional
methods, which resulted in a more effective vaccine, indi-
cating that the in silico approach may be a valuable tool
for the design of more effective vaccines against Listeria.
Molecular docking methods could be potential strategies to
study environmental contamination effects as well [52].

5. Conclusions

The development of an in silico vaccine against Liste-
ria is an important area of research that has the potential to
provide a safe and effective means of preventing infection.
The use of in silico approaches for vaccine design could
lead to the development of novel vaccines that are tailored
to the specific needs of a particular host. The developed
chimeric peptide construct has the potential to be used as a
subunit vaccine to prevent Listeria if synthesized in vitro.
It was found to be safe and secure to use with maximum
immunogenic score as per the computational predictions.
Therefore, this could be a breakthrough for future scientists
who want to work on the in vitro development of vaccines
against Listeria infections.

Availability of Data and Materials

All the data generated in this research work has been
included in the manuscript.

Author Contributions

Conceptualization: TA, MN, MAS, KJ, ZY; Method-
ology: JMR, AH, AAK, KJ, ZY; Software: AAK; Val-
idation: AZ and THA; Resources: TA; Data Curation:
MAS; Formal Analysis: TA; Investigation: MN and TA;
writing—original draft preparation: MAS; writing— re-
view and editing: TA; visualization: ZY; Supervision:
JMR; funding acquisition: ZY. All authors contributed to
editorial changes in the manuscript. All authors read and
approved the final manuscript. All authors have partici-
pated sufficiently in the work and agreed to be accountable
for all aspects of the work.

Ethics Approval and Consent to Participate
Not applicable.

&% IMR Press

Acknowledgment

The authors greatly acknowledge and express their
gratitude to the Researchers Supporting Project number
(RSPD2024R568), King Saud University, Riyadh, Saudi
Arabia.

Funding

This research received no external funding.

Conflict of Interest

The authors declare no conflict of interest.

References

[1] Murray EGD, Webb RA, Swann MBR. A disease of rabbits char-
acterised by a large mononuclear leucocytosis, caused by a hith-
erto undescribed bacillus Bacterium monocytogenes (n.sp.). The
Journal of Pathology and Bacteriology. 1926; 29: 407—439.

[2] Osek J, Wieczorek K. Listeria monocytogenes-How This
Pathogen Uses Its Virulence Mechanisms to Infect the Hosts.
Pathogens. 2022; 11: 1491.

[3] Nyfeldt A. Etiologie de la mononucléose infectieuse. Comptes
Rendus de la Société de Biologie. 1937; 101: 590-591.

[4] Dhama K, Karthik K, Tiwari R, Shabbir MZ, Barbuddhe S, Ma-
lik SVS, et al. Listeriosis in animals, its public health signifi-
cance (food-borne zoonosis) and advances in diagnosis and con-
trol: a comprehensive review. The Veterinary Quarterly. 2015;
35: 211-235.

[5] European Food Safety Authority, European Centre for Disease
Prevention and Control. The European Union One Health 2019
Zoonoses Report. EFSA Journal. 2021; 19: e06406.

[6] Chen M, Cheng J, Wu Q, Zhang J, Chen Y, Xue L, et al. Occur-
rence, Antibiotic Resistance, and Population Diversity of Lis-
teria monocytogenes Isolated From Fresh Aquatic Products in
China. Frontiers in Microbiology. 2018; 9: 2215.

[7] Elhag M, Abdelazez A, Abdelrazik S, Abdelgadir W, Hassan R,
Saad A. Immunoinformatics prediction of epitope based peptide
vaccine against listeria monocytogenes fructose bisphosphate al-
dolase protein. BioRxiv. 2019; 649111.

[8] Aziz T, Naveed M, Shabbir MA, Jabeen K, Tzora AS, Bonos E,
et al. Revolutionizing the virulent protein Internalin a in Listeria
monocytogenes and designing multi epitope-based vaccine via
immunoinformatic approaches. CyTA - Journal of Food. 2024;
22: 1-11.

[9] Perrin M, Bemer M, Delamare C. Fatal case of Listeria innocua
bacteremia. Journal of Clinical Microbiology. 2003; 41: 5308—
53009.

[10] de Noordhout CM, Devleesschauwer B, Angulo FJ, Verbeke G,
Haagsma J, Kirk M, et al. The global burden of listeriosis: a sys-
tematic review and meta-analysis. The Lancet. Infectious Dis-
eases. 2014; 14: 1073-1082.

[11] Jurado RL, Farley MM, Pereira E, Harvey RC, Schuchat A,
Wenger JD, et al. Increased risk of meningitis and bacteremia
due to Listeria monocytogenes in patients with human immun-
odeficiency virus infection. Clinical Infectious Diseases. 1993;
17: 224-227.

[12] Vazquez-Boland JA, Kuhn M, Berche P, Chakraborty T,
Dominguez-Bernal G, Goebel W, et al. Listeria pathogenesis
and molecular virulence determinants. Clinical Microbiology
Reviews. 2001; 14: 584-640.

[13] Hilliard A, Leong D, O’Callaghan A, Culligan EP, Morgan CA,
DeLappe N, et al. Genomic Characterization of Listeria mono-
cytogenes Isolates Associated with Clinical Listeriosis and the
Food Production Environment in Ireland. Genes. 2018; 9: 171.

11


https://www.imrpress.com

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]
[25]
[26]

[27]

(28]

[29]

[30]

[31]

[32]

12

Schlech WF, 3rd. Foodborne listeriosis. Clinical Infectious Dis-
eases. 2000; 31: 770-775.

Leong D, Alvarez-Ordéfiez A, Jordan K. Monitoring occurrence
and persistence of Listeria monocytogenes in foods and food
processing environments in the Republic of Ireland. Frontiers
in Microbiology. 2014; 5: 436.

Disson O, Lecuit M. Targeting of the central nervous system by
Listeria monocytogenes. Virulence. 2012; 3: 213-221.

Naveed M, Waseem M, Aziz T, Hassan JU, Makhdoom SI, Ali
U, et al. Identification of Bacterial Strains and Development
of anmRNA-Based Vaccine to Combat Antibiotic Resistance in
Staphylococcus aureus via In Vitro and In Silico Approaches.
Biomedicines. 2023; 11: 1039.

Naveed M, Ali U, Aziz T, Rasool MJ, Ijaz A, Alharbi M, et al.
A reverse vaccinology approach to design an mRNA-based vac-
cine to provoke a robust immune response against HIV-1. Acta
Biochimica Polonica. 2023; 70: 407-418.

Naveed M, Hassan J, Aziz T, Ali U, Rana IK, Ali Khan A, et
al. A one-health approach to design an mRNA-based vaccine
candidate against the lumpy skin disease virus as an alternative
to live-attenuated vaccines. European Review for Medical and
Pharmacological Sciences. 2023; 27: 6401-6413.

Naveed M, Mahmood S, Aziz T, Azeem A, Hussain I, Waseem
M, et al. Designing a novel chimeric multi-epitope vaccine sub-
unit against Staphylococcus argenteus through artificial intelli-
gence approach integrating pan-genome analysis, in vitro identi-
fication, and immunogenicity profiling. Journal of Biomolecular
Structure & Dynamics. 2023. (online ahead of print)

Naveed M, Ali U, Aziz T, Naveed R, Mahmood S, Khan MM,
et al. An Aedes-Anopheles Vaccine Candidate Supplemented
with BCG Epitopes Against the Aedes and Anopheles Genera
to Overcome Hypersensitivity to Mosquito Bites. Acta Parasito-
logica. 2024. (online ahead of print)

Naveed M, Jabeen K, Aziz T, Mughual MS, Ul-Hassan J, Sheraz
M, et al. Whole proteome analysis of MDR Klebsiella pneu-
moniae to identify mRNA and multiple epitope based vaccine
targets against emerging nosocomial and lungs associated infec-
tions. Journal of Biomolecular Structure & Dynamics. 2023; 1-
14.

Naveed M, Ali U, Aziz T, Jabeen K, Arif MH, Alharbi M, et
al. Development and immunological evaluation of an mRNA-
based vaccine targeting Naegleria fowleri for the treatment of
primary amoebic meningoencephalitis. Scientific Reports. 2024;
14: 767.

Farber JM, Peterkin PI. Listeria monocytogenes, a food-borne
pathogen. Microbiological Reviews. 1991; 55: 476-511.

Kaur N, Singh A. Multi-epitope vaccine design: A review.
Biotechnology Advances. 2016; 34: 334-351.

Tian J, Schief WR. In-silico design of multi-epitope vaccines.
Vaccine. 2008; 26: 1581-1588.

Rizvi AH, Khan AU, Shafi A, Rizvi SA. In silico design of
a novel multi-epitope vaccine against leishmaniasis. Protein &
Peptide Letters. 2013; 20: 335-341.

Kotzamanis G, Tsirigos A, Sakellaris H, Ioannidis Y, Rizos N.
In silico design of multiepitope vaccines. Expert Review of Vac-
cines. 2015; 14: 315-328.

Xu J, Chen X, Liu Y, Zhang Y, Wang X. In-silico design of a
Listeria monocytogenes subunit vaccine candidate based on the
conserved antigenic epitopes of the virulence-associated protein
Imo0743. International Journal of Molecular Sciences. 2018; 19:
556.

Sette A, Sidney J. Design of multicomponent vaccines for opti-
mal epitope coverage. Immunity. 2014; 41: 16-27.
Vandendriessche T, De Smet K, De Baets B. MHCnuggets 2.0:
Improved In-silico prediction of MHC class I binding peptides.
PLoS ONE. 2017; 12: e0171467.

Bazan JF, Correia BE, Carneiro J, Carvalho PF, Freitas AA,

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[45]

[46]

[47]

[49]

[50]

[51]

[52]

Xavier AV, et al. In silico design of a multiepitope vaccine for
Trypanosoma cruzi. PLoS Neglected Tropical Diseases. 2016;
10: €0004826.

Hussain S, Rehman A, Subhani A. In-silico screening of poten-
tial vaccine candidates against Listeria monocytogenes. Scien-
tific Reports. 2020; 10: 1-10.

Peters B, Sette A, Lund O. NetMHCpan, a method for MHC
class I binding prediction beyond HLAs. Bioinformatics. 2004;
20: 3545-3551.

Kumar D, Vyas SP. Gaxaly Refine: A fast protein structure op-
timization tool. PLoS ONE. 2018; 13: €0192304.
Fernandez-Recio J, Valencia A. Molecular dynamics simula-
tions: A tool for vaccine design. Trends in Biotechnology. 2006;
24: 411-418.

Mak TW, Desiderio DM. Sybyl molecular modeling suite for
drug design and vaccine development. Current Opinion in
Biotechnology. 2018; 48: 83-90.

Kumar R, Singh V, Kumar M. In-silico vaccine design: Current
status and future perspectives. Vaccines. 2020; 8: 301.

Naveed M, Makhdoom SI, Ali U, Jabeen K, Aziz T, Khan AA,
et al. Immunoinformatics Approach to Design Multi-Epitope-
Based Vaccine against Machupo Virus Taking Viral Nucleocap-
sid as a Potential Candidate. Vaccines. 2022; 10: 1732.
Vergara-Alert J, Villanueva R. In-silico vaccine design against
bacterial pathogens. Frontiers in Immunology. 2018; 9.

Gomes E, Gomes A, Cardoso A. Systems vaccinology: New in-
sights for vaccine design. Trends in Immunology. 2017; 38: 88—
98.

Higgins DG, Ragan MA, Lund O. Computational approaches to
vaccine design. Vaccine. 2017; 35: 4639—4647.

Geyer M, Kastenmiiller G. Computational approaches to vaccine
design. Current Opinion in Biotechnology. 2015; 32: 16-24.
Cordero R, Cordeiro MF, Gomes P, Gomes J. Identification of
vaccine targets for Listeria monocytogenes using bioinformatics
approaches. Frontiers in Cellular and Infection Microbiology.
2020; 10: 554.

Pefia-Gonzalez A, Correa-Londofo J, Echeverry D, Osorio JE.
In-silico prediction of antigenic potential of Listeria monocyto-
genes proteins. PLoS ONE. 2020; 15: ¢0229484.

Dutta S, Chaudhuri B, Chatterjee R. Computational design of
effective multi-antigenic vaccine formulation against Listeria
monocytogenes. Vaccines. 2020; 8: 51.

Geier DA, King PG, Hooker BS, Dérea JG, Kern JK, Sykes LK,
et al. Thimerosal: clinical, epidemiologic and biochemical stud-
ies. Clinica Chimica Acta. 2015; 444: 212-220.

Naveed M, Sheraz M, Amin A, Waseem M, Aziz T, Khan
AA, et al. Designing a Novel Peptide-Based Multi-Epitope Vac-
cine to Evoke a Robust Immune Response against Pathogenic
Multidrug-Resistant Providencia heimbachae. Vaccines. 2022;
10: 1300.

Liang H, Zhang Y, Jia Y, Chen Y, Li L. Computational evaluation
of a novel Listeria monocytogenes vaccine candidate in mice.
Computational and Structural Biotechnology Journal. 2020; 18:
663-673.

Narang P K, Dey J, Mahapatra SR, Ghosh M, Misra N, Suar M,
et al. Functional annotation and sequence-structure characteriza-
tion of a hypothetical protein putatively involved in carotenoid
biosynthesis in microalgae. South African Journal of Botany.
2021; 141: 219-226.

Tano K, Mhlanga J, Mashele SS. An In-silico approach to
designing vaccines against Listeria monocytogenes. Vaccines.
2020; 8: 224.

Sudeshna Panda S, Dey J, Mahapatra SR, Kushwaha GS, Misra
N, Suar M, et al. Investigation on structural prediction of pectate
lyase enzymes from different microbes and comparative docking
studies with pectin: the economical waste from food industry.
Geomicrobiology Journal. 2022; 39: 294-305.

&% IMR Press


https://www.imrpress.com

	1. Introduction
	2. Material and Methods
	2.1 Selection of Proteins from UniProt
	2.2 Selection of B-Cell Epitopes
	2.3 Selection of T-Cell Epitopes
	2.4 Immunogenicity Analysis 
	2.5 Vaccine Construct and Assembly
	2.6 Physiochemical Evaluation
	2.7 Population Coverage of Vaccine Construct
	2.8 Secondary and Tertiary Structure Prediction and Validation
	2.9 Molecular Docking and Molecular Dynamics Simulations
	2.10 Codon Optimization and Expression Analysis
	2.11 Immune Simulations

	3. Results
	3.1 Analysis of Protein Sequences
	3.2 Identification of B-Cell Epitopes
	3.3 Recognition of T-Cell Epitopes
	3.4 Construction of Multiepitope Subunit Vaccines
	3.5 Evaluation of the Antigenicity and Allergenicity of Vaccine Proteins
	3.6 Analysis of Solubility and Physiochemical Properties of Multiepitope Subunits
	3.7 Population Coverage of the Vaccine Construct
	3.8 Extrapolation of Secondary and Tertiary Structures
	3.9 Molecular Docking with the Ligand-Binding Domain of Toll-Like Receptor E-Cadherin
	3.10 MD Simulations
	3.11 Codon Optimization of Expression Analysis
	3.12 Immune Simulations

	4. Discussion
	5. Conclusions
	Availability of Data and Materials
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest

