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Aeromonas caviae is a surging and opportunistic bacterium that causes gastrointestinal infections and septicemia.
Due to the overuse of antibiotics, A. caviae has evolved to be antimicrobial resistant. This emergence has become a
significant concern, as the effectiveness of antibiotics is threatened, demanding the need for alternative therapeutic
approaches. The research employs immunoinformatics-based computational techniques to develop a multi-epitope-
based vaccine for treating infections triggered by A. caviae. The whole proteome of A. caviae (strain: GSH8M-1) was
retrieved and analyzed for anti-microbial resistance and was sequestered. Cytoplasmic membrane and periplasmic
membrane proteins were compiled for B-cell and T-cell epitope prediction. Among those, six promiscuous epitopes
(EIKPKDYPK, PYKFAPDGF, TTLGDDAKR, LPARAARTM, SLLPARAAR, FELDDKASL) were then connected
using GPGPG linkers. Human P-defensin adjuvant was connected by an EAAK linker. Docking of the vaccine
construct was performed with Human toll-like receptor 2 (TLR-2), TLR-3, Major Histocompatibility Class I
(MHC-I), and MHC-II, and TLR2 with the lowest docking score was selected. Finally, the presumed vaccine was
subjected to codon optimization, /n silco cloning and immune simulations. This evaluation ensures the feasibility of
the vaccine to elicit the immune response against antimicrobial resistance 4. caviae infections, laying the preparation

for future experimental investigations and clinical applications.

1. INTRODUCTION

Antimicrobial resistance has become one of the top 10 global
public health threats, according to the World Health Organization
(WHO) [1]. The misuse and overuse of antimicrobials over the years
has resulted in the development of many drug-resistant pathogens.
Global Antimicrobial Resistance and Use Surveillance System
report 2022 [2] stated antimicrobial resistance is estimated to kill
approximately 700,000 people annually. The emergence of multi-
drug-resistant pathogens has led to a dangerous level such that it
has increased mortality for even common infections. Antimicrobial
resistance affects everyone, irrespective of income and region. Recent
research studies have predominantly observed the rise of antimicrobial-
resistant Aeromonas species.

Aeromonas caviae is a Gram-negative bacterium that can cause
gastrointestinal infections and extra-intestinal infections, including
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septicemia, traumatic wound infections, and lower respiratory tract
infections [3]. Inrecent years, pathogenic A. caviae has shownresistance
to penicillin, carbenicillin, ampicillin, and ticarcillin [4]. Since the
multidrug-resistant bacteria show resistance against conventional
antibiotics, treating an individual with this opportunistic 4. caviae
has become more challenging [5]. Hence, effective and long-
lasting novel therapy is needed to encounter A. caviae infections.
An immunoinformatics-based approach and reverse vaccinology
techniques are considered to mitigate the emerging resistance in these
bacteria. The process of discovering antigenic proteins (epitopes) from
a genome is called reverse vaccinology. These reverse vaccinology
methods involve the comparative in silico analysis of multiple genome
sequences to find conserved antigens in a population of heterogeneous
pathogens. These methods can also be used to identify antigens
that are distinctive to pathogenic isolates but are absent in commensal
strains [6].

The primary objective of this study is to design a multi-epitope-based
vaccine against 4. caviae causing gastrointestinal and extra-intestinal
infections such as soft-tissue infections, osteomyelitis, endocarditis,
and meningitis. This vaccine candidate aims to enhance protective
immunity while addressing the growing challenge of antimicrobial
resistance. This study explores the core proteome of the 4. caviae

© 2025 Isha Yadava, ef al. This is an open access article distributed under the terms of the Creative Commons Attribution License -NonCommercial-ShareAlike

Unported License (http://creativecommons.org/licenses/by-nc-sa/3.0/).


https://crossmark.crossref.org/dialog/?doi=10.7324/JABB.2025.v13.i6.19&domain=pdf

Yadava, et al.: Multi-epitope based vaccine against Aeromonas caviae 2025;13(6):160-170 161

strain (GSH8M-1) assessed through proteome subtraction to design a
multi-epitope-based vaccine construct using reverse vaccinology and
immunoinformatics techniques. Suitable candidates for vaccine design
were identified using in vivo techniques, and multiple computational-
based bioinformatics tools were applied to predict antimicrobial
resistance proteins, and their localization, and to select promiscuous
epitopes (B-cell and T-cell epitopes) [7]. The epitopes were further
shortlisted based on antigenicity, allergenicity, solubility, and toxicity.
Highly antigenic, non-allergenic, and nontoxic epitopes were selected
for vaccine prediction. Further secondary structures were predicted,
the vaccine was docked with human toll-like receptor 2 (TLR-2),
codon optimization was conducted, and it was evaluated through
immune simulation [8]. The results will serve as trailblazer work for
identifying an immunogenic vaccine model to prevent infections with
A. caviae. The vaccine construct developed would provide a proactive
approach to preventing A. caviae infections, particularly benefiting
immunocompromised individuals. By reducing reliance on antibiotics,
the vaccine helps mitigate the spread of antimicrobial resistance.

2. METHODOLOGY

2.1. Proteome Retrieval, Antimicrobial Resistance Protein
Identification, and Subcellular Localisation

The process began with the retrieval of the complete proteome
sequence (UniProt ID: UP000280168) of A. caviae from UniProtKB,
comprising 4364 proteins. The cited proteome was then subjected
to the Comprehensive Antibiotic Resistance Database (CARD)
(RGI Resistance Gene Identifier - McMaster University) [9] for the
identification of the resistance protein sequences. This was followed
by subjecting the shortlisted resistance protein to surface localization
using an online server PSORTb (PSORTb Subcellular Localization
Prediction Tool, version 3.0) [10], which predicts the subcellular
localization of proteins from Gram-positive and Gram-negative
bacteria. In the analysis of subcellular localization, the focus was on
retaining cytoplasmic membrane and periplasmic membrane proteins.
Other cytoplasmic proteins were not deemed viable targets for vaccines
but rather for drug development purposes. Surface proteins, which are
exposed to the host immune system, are considered suitable vaccine
candidates since they can elicit the appropriate immune responses.
Virulent proteins, which can cause infections, are also viewed as
promising vaccine candidates due to their potential to provoke robust
immune responses. This selective approach is designed to identify
vaccine candidates that are most likely to generate effective immune
responses against A. caviae, thereby optimizing the efficiency of
epitope-based vaccine design. To identify virulent proteins, Vaxi-DL
(Vaxi-DL|Home) [11] (a web server used to evaluate the potential
of protein sequences to serve as vaccine target antigens) was used.
After analyzing extensively, only shortlisted target proteins underwent
putative epitope predictions.

2.2. B-cell and T-cell Epitope Prediction and Validation

The immune epitopes and database and analysis resource (Immune
Epitope Database [IEDB]) webserver was utilized to predict B-cells
and Major Histocompatibility Class I (MHC-I) and MHC-II epitopes.
For B-cell epitope prediction, the Bepipred linear epitope prediction
2.0 server (B Cell Tools - IEDB) [12] was utilized. In T-cell epitope
prediction, IEDB-recommended (MHC-I Binding - IEDB) and
(MHC-II Binding - IEDB) were used to predict MHC-I and MHC-II
epitopes, respectively [13]. In both the MHC epitopes prediction
phase, a reference set of MHC alleles was used, and the promiscuous
epitopes were selected [14]. Epitopes were analyzed for antigenicity,

allergenicity, water solubility, and toxicity to evaluate their potential
to provoke an immune response, avoid allergic reactions, select water-
soluble peptides, and prevent toxic responses [ 15], respectively. Vaxijen
2.0 (VaxiJen - ddg-pharmfac.net) [16], AllerTop (Bioinformatics tool
for allergenicity prediction - ddg-pharmfac.net) [17], PepCalc (Peptide
solubility calculator - PepCalc.com), and ToxIBTL (https://server.wei-
group.net/ToxIBTL/Server.html) [18] conduct these analyses.

2.3. Design of Multi-epitope-based Vaccine Construct

The selected epitopes were combined with the Human [-defensin
adjuvant [19], which enhances the immune response evoked by the
vaccine. Human B-defensin can activate immune cells and amplify
immune responses [20]. Along with the adjuvant, linkers such as
EAAK and GPGPG are also used [21]. They maintain structural
integrity, immunogenicity, and balance of epitope presentation. The
contemporary method described herein lays the groundwork for the
development of a multi-epitope-based vaccine [22] with significant
potential to effectively combat 4. caviae infections. These methods
enhance the vaccine’s efficiency, safety, and immunogenicity.

2.4. Structure Prediction and Analysis of the Physicochemical
Properties of the Vaccine Construct

The physicochemical properties of the construct were evaluated using
an online server, the ProtParam tool (Expasy - ProtParam tool) [23],
which depicted molecular weight, theoretical pl, aliphatic index,
hydrophobicity, and other parameters of the vaccine construct. After
physicochemical analysis, the secondary structure of the vaccine model
was predicted by an online server, Protein Structure Prediction Server
(PSIPRED) [24]. The predicted model was subjected to validation
after visualization in PyMOL software. Using ProSA-web [25] and
PROCHECK [26], the Z-score and Ramachandran plots were obtained,
respectively. The Z-score predicts the accuracy, and any deviation in
it suggests errors, whereas the Ramachandran plot helps in stereo-
chemical analysis [27].

2.5. Molecular Docking and Interaction Analysis of the Vaccine
Construct

Molecular docking analysis is a significant method in studying how
the vaccine construct interacts with immune receptors. Herein, the
molecular docking interactions of the vaccine construct were analyzed
using the HDOCK (HDOCK Server - HUST) server [28]. Initially, the
immune receptors: MHC I (1CE6), MHC II (1KGO), TLR 2 (6 NIG),
and TLR 3 (7C76) were retrieved from the RCSB Protein Data Bank
(RCSB PDB) and were given for docking, resulting in the evaluation of
docking score. The lower the docking score, the higher the interaction
between the vaccine and receptor [28,29]. Further, the server PDBsum
(EMBL-EBI homepage|EMBL-EBI) [30] was utilized to interpret the
binding interactions between the residues of the vaccine and receptors.

2.6. Codon Optimization and Insilco Cloning of the Vaccine
Construct

The codon optimization of the vaccine construct has been performed
using the JCat tool (JCat: A novel tool to adapt codon usage of a target
gene) [31]. Herein, codon optimization of the multi-epitope-based
vaccine model was reverse transcribed to DNA using the JCat tool.
The gene expression was optimized with Codon Adaptation Index
(CAI) >0.7 and GC content >60%, and the optimized DNA sequence
for in silico cloning was acquired. This optimized and transcribed
DNA was virtually cloned into an expression pET28a (+) vector with
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restriction enzyme sites (Eco53KI and EcoRV) [32] and the cloned
vaccine was obtained using SnapGene software (SnapGene | Software
for everyday molecular biology).

2.7. Immune Simulation of Proposed Vaccine

The designed vaccine was subjected to an online web server C-Immsim
(kraken.iac.rm.cnr.it) [33] to review the ability of the vaccine toward
different immune responses. The evaluation involves quantifying
antibody levels (xx/ml), interferons, and cytokines (ng/ml) against
antigenic constructs. The measurements indicate the usefulness
of epitope-based vaccines against diverse pathogens. Antibody
counts reflect immune response strength, while interferons and
cytokines indicate immune system activation. Such evaluations
assist in identifying promising vaccine candidates and improve the
design for effective immune responses against various pathogens.
This computational vaccinology approach, along with experimental
validations, helps in constructing a multi-epitope-based vaccine.

3. RESULTS AND DISCUSSION

3.1. Proteome Retrieval, Antimicrobial Resistance Protein
Identification, and Subcellular Localization

The whole proteome of 4. caviae (strain no. UP000280168) was
retrieved from UniProtand analyzed for antimicrobial-resistant proteins.
The core proteome consists of a total of 4364 proteins, among which
fourteen proteins were found to be antimicrobial resistant by using the
CARD and were categorized using PSORTb based on their subcellular
localization. CARD analysis was utilized in selecting Antimicrobial
Resistance (AMR) genes from Acinetobacter baumannii, responsible
for nosocomial infections in humans [34]. Among the AMR proteins
selected by CARD analysis, five were cytoplasmic membranes, one
was periplasmic, three were unknown, and five were found to be in the
cytoplasm as mentioned in Figure 1. The cytoplasmic membrane and
periplasmic-based proteins (AOA3GII8KS, Q68E66, AOA2USQNR4,
AO0A3S5WNVO0, AOA3G91627, and AOA3GIILN3) were selected for
further processes. Periplasmic and cytoplasmic proteins often contain
highly immunogenic epitopes, meaning they can elicit strong immune
responses. The selected six protein sequences were evaluated by Vaxi-
DL, a web-based deep learning server that evaluates the potential of
protein sequences to serve as vaccine target antigens. Out of six, four
were obtained to be suitable candidates for vaccine constructs based
on their antigenicity, as shown in Figure 2. Another study by Dixit,
Vaxi DL, was found and acknowledged for predicting antigenicity
in the N-acetylmuramoyl-L-alanine amidase vaccine against
immunoproliferative small intestine disease [35].

3.2. B-cell and T-cell Epitope Prediction and Validation

The filtered four protein sequences were selected to produce B-cell
and T-cell (MHC-I and II) epitopes using the IEDB. The importance of
B-cell and T-cell epitope prediction has been validated in a molecular
modelling study on vaccine design against Klebsiella aerogenes [36],
where they have explained how B-cell and T-cell epitopes enhance
immune responses. Linear B-cell epitopes from four different protein
sequences were analyzed using the IEDB B-cell epitope prediction tool;
all the predicted epitopes are mentioned in Table 1. Similarly, T-cell
epitopes were predicted using the IEDB T-cell Epitopes-MHC Binding
Prediction tool. In T-cell epitope prediction, both MHC-I and II were
considered, and only promiscuous epitopes were shortlisted and tested
for antigenicity, solubility, toxicity, and allergenicity using Vaxijen,
PepCalc, ToxIBTL, and AllerTop, respectively. The antigenicity score

Proteome 4364

Antimicrobial Proteins 14
Cytoplasmic 5
Cytoplasmic membrane G 5

Unknown | 3

Category of proteins

Periplasmic |1

Number of proteins

Figure 1: Number of proteins obtained at each step of protein selection.
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Figure 2: Candidates for vaccine construct.

was predicted by using a threshold value of 0.5 for higher accuracy and
higher specificity in VaxiJen 2.0. The ones with antigenicity near one,
water-soluble, non-allergic, and non-toxic were selected for vaccine
design as shown in Table 2. The work performed by Kobayashi
defined how promiscuous T-cell epitopes were used for HER2/neu
tumor antigen [37]. The epitopes EIKPKDYPK, PYKFAPDGF,
TTLGDDAKR, FELDDKASL, LPARAARTM, and SLLPARAAR
were shortlisted based on the promiscuity.

3.3. Multi-epitope-based Vaccine Construct

The design of multi-epitope-based vaccines against A. caviae has
been constructed by joining the selected epitopes using a GPGPG
linker. In a study by Aldakheel ez al., a potential vaccine was created
against Clostridium perfringens using EAAK and GPGPG linkers [38].
To enhance the immunogenicity and potency, an adjuvant (Human
[-defensin) that can induce immune response was added using an
EAAK linker. Epitopes were attached using the GPGPG spacer, chosen
for its ability to lower binding affinity across key regions and its high
glycine and proline content, which are associated with beta turns and
the generation of secondary and tertiary structures, while also providing
greater flexibility for the epitopes to adopt various conformations that
enhance immune recognition. Studies indicate that a GPGPG spacer
construct can effectively stimulate helper T Helper T lymphocytes cell
(HTL) responses through either polypeptide or DNA immunization
strategies, aiding in the control of infections [39,40]. Human beta-
defensin adjuvant serves as an immunomodulatory agent that has been
found effective in boosting the immune response and in potentiating
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Table 1: Predicted B-cell epitope selected for vaccine candidates in Aeromonas caviae.

Protein accession number/name

>tr]AOA3GI9ILN3|AOA3GIILN3 AERCA
Beta-lactamase

>tr|Q68E66|Q68E66_AERCA Ethidium
bromide resistance protein

>tr AOA2USQNR4|A0A2USQNR4
AERCA Colistin resistance protein

>tr|AOA3SSWNVO|AOA3SSWNVO_
AERCA MFS transporter

Predicted B-cell epitopes

GDKAATDPLDRERAVGVSGGFELDDKASLPWLKGSAFLQFPEE
VDSLEKAYRQWTPAYSPGSHRQPFDRLYHTYLNVPEQAMGHYSK
EDKPIRVTPGMLAGVDNAAMQQAIDLTHQGQYAVGEMTQGA
YPVSEQTLLAGNSPAMIYNTNPAAPAPAAAGPNE

SSEGFTKLAGQKLDAWPSWKSLRRP

IKIILYKLEDFKVLFDQNEALAEYEEKWFKGDSVGRSNLNRYL
AEPIPFTTLGDDAKRDTNQSKNFSMNGYEKDTNPFTMGRKE
FDDNLARNSEGCKGVCDRVPNIEIKPKDYPKFCDKNTCYPTY
YKRYPDAHRQFTPDCPSSDIENCTDEELTNTDSLGALGLYLHGT
PYKFAPDGFIKEKGMNMECLQKNAAANRTAIYEQELDIFKQ

RRYSPLTKSAAWVDRFGRDAVGALSNTGHVAGLSVERVLLPA
RAARTMTTTATLDAGRQVAELGGVGARISAQNWLQLPGTPP
SASDLAPQFATMAAAATASAPTHT

Table 2: Predicted T-cell epitope selected for vaccine candidate.

Protein Epitopes Antigenicity
MCR phosphor-ethanol-amine transferase ~ EIKPKDYPK 0.8906
PYKFAPDGF 0.9841
TTLGDDAKR 0.8022
MOX beta-lactamase FELDDKASL 0.5737
GFELDDKASL 0.4958
TPAYSPGSHR 0.9076
Macrolide phosphor-transferase (MPH) GHVAGLSVER 1.1988
LPARAARTM 0.7479
SLLPARAAR 0.5469

Allergenicity  Toxicity Solubility Promiscuous allele
Non-Allergic ~ Non-Toxic ~ Good water Solubility 81
Non-Allergic ~ Non-Toxic ~ Good water Solubility 81
Non-Allergic ~ Non-Toxic ~ Good water Solubility 81
Non-Allergic ~ Non-Toxic ~ Good water Solubility 81
Non-Allergic ~ Non-Toxic ~ Good water Solubility 27
Non-Allergic ~ Non-Toxic ~ Good water Solubility 27
Non-Allergic ~ Non-Toxic ~ Good water Solubility 27
Non-Allergic ~ Non-Toxic ~ Good water Solubility 81
Non-Allergic ~ Non-Toxic ~ Good water Solubility 81

antigen-specific immunity by activating dendritic cells and T cells.
The review on the application of built-in adjuvant for epitope-based
vaccines by [19] offers evidence of the usage of beta-defensin as an
adjuvant. The schematic diagram of the constructed vaccine along with
adjuvants and linkers is illustrated in Figure 3. Similar designing of a
vaccine construct was successfully done by Naveed et al. to construct
a peptide vaccine against Citrobacter freundii, which is associated with
gastrointestinal and respiratory tract infection [41].

3.4. Structure Prediction and Analysis of the Physiochemical
Properties of the Vaccine Construct

The physiochemical properties were predicted before the construction
of the 3D structure. The physicochemical properties of the predicted
vaccine constructs are shown in Table 3 using the ProtParam tool.
The vaccine consists of 146 amino acids with a molecular weight of
15104.80 kDa. Here, theoretical Isoelectric pH defines the pH at which
the net charge of the protein is zero and was found to be 9.59. The
aliphatic index refers to the relative volume occupied by the aliphatic
side chains. The results have been similar to the vaccine developed
by Alawam et al., against Aeromonas hydrophila [42]. It was found
that almost 66.92 is occupied by alanine, valine, isoleucine, and
leucine residues. The hydropathicity value indicates that the molecule
is slightly hydrophilic; it has a slight tendency to interact with or be
attracted to water. The antigenicity score and solubility refer to the
capacity to bind specifically to binding sites and the amount of protein
that dissolves in the solution, respectively. Among the six, the one
with greater antigenicity (1.0553) and solubility value (0.9332) was
selected for secondary structure prediction. The secondary structure

MRVLYLLFSFLFIFLMPLPGVFGGIGDPVTCLK
SGAICHPVFCPRRKQIGTCGLPGTKCCKKP

EIKPKDYPK

PYKFAPDGF

TTLGDDAKR

LPARAARTM

SLLPARAAR

FELDDKASL

|:| Adjuvant :‘ Epitope
B =24k I crGrG

Figure 3: Schematic diagram of multi-epitope-based vaccine.

of the vaccine construct has been predicted using PSIPRED and is
illustrated in Figure 4. In an approach to form a multi-epitope vaccine
against Pseudomonas to analyze the vaccine’s secondary structure by
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Table 3: Physicochemical properties of vaccine constructs.

Hydropathicity Antigenicity Solubility

Aliphatic

Theoretical

Mol.

weight (kd)

Total number of

Vaccine construct

score
0.9790

Index (GRAVY)

66.92

pl

Amino Acids

9.59 —0.155 0.906174

15104.80

146

MRVLYLLFSFLFIFLMPLPGVFGGIGDPVTCLKSGAICHPVFCPRRKQIGTCGL

PGTKCCKKPEAAKFELDDKASLGPGPGEIKPKDYPKGPGPGPYKFAPDGFGPG

PGTTLGDDAKRGPGPGLPARAARTMGPGPGSLLPARAAR

0.933284

1.0553

—0.155

66.92

9.59

15104.80

46

1

MRVLYLLFSFLFIFLMPLPGVFGGIGDPVTCLKSGAICHPVFCPRRKQIGTCGLPG
TKCCKKPEAAKEIKPKDYPKGPGPGPYKFAPDGFGPGPGTTLGDDAKRGPGP

GLPARAARTMGPGPGSLLPARAARGPGPGFELDDKASL

—0.155 1.0440 0.926247

66.92

9.59

15104.80

146

MRVLYLLFSFLFIFLMPLPGVFGGIGDPVTCLKSGAICHPVFCPRRKQIGTCGLPGTK
CCKKPEAAKPYKFAPDGFGPGPGTTLGDDAKRGPGPGLPARAARTMGPGPGSL

LPARAARGPGPGFELDDKASLGPGPGEIKPKDYPK
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0.934967

0.9766

—0.155

66.92

9.59

15104.80

146

MRVLYLLFSFLFIFLMPLPGVFGGIGDPVTCLKSGAICHPVFCPRRKQIGTCGLPGTK

CCKKPEAAKTTLGDDAKRGPGPGLPARAARTMGPGPGSLLPARAARGPGPGFELDD

KASLGPGPGEIKPKDYPKGPGPGPYKFAPDGF

0.933050

—0.155 0.9763

66.92

9.59

15104.80

146

MRVLYLLFSFLFIFLMPLPGVFGGIGDPVTCLKSGAICHPVFCPRRKQIGTCGLPGTKCC
KKPEAAKLPARAARTMGPGPGSLLPARAARGPGPGFELDDKASLGPGPGEIKPK

DYPKGPGPGPYKFAPDGFGPGPGTTLGDDAKR

9.59 66.92 —0.155 0.9997 0.887535

15175.80

146

MRVLYLLFSFLFIFLMPLPGVFGGIGDPVTCLKSGAICHPVFCPRRKQIGTCGLPGTK

CCKKPEAAKSLLPARAARGPGPGFELDDKASLGPGPGEIKPKDYPKGPGP

GPYKFAPDGFGPGPGTTLGDDAKRGPGPGLPARAARTM

Dey et al., the PSIPRED web server was found to be effective [43].
The predicted (3D) model was subjected to validations. Here, the
ProSA-web was utilized for analyzing Z-scores while PDBsum gave
the Ramachandran plot. The Z score for the construct was found to
be —6.63. This determines the overall model quality, and here groups
of structures from different sources (X-ray, NMR) are distinguished
by different colors. The Ramachandran plot shows the phi-psi torsion
angles for all residues in the structure. About 49% of the residues fall
into the most favorable regions, about 37.5% into additional allowed
regions, and 13.5% are in generously allowed regions. None of the
residues were in disallowed regions, indicating that the vaccine
construct is stable and well-formed. A similar array of structural
validation has been performed by Srijita, where they have designed an
epitope-based vaccine against Clostridium difficile [44].

3.5. Molecular Docking and Interaction Analysis of the Vaccine
Construct

The interaction of the designed vaccine construct was evaluated by
docking the construct with TLR-2, TLR-3, MHC-I, and MHC-II. TLRs
are known to detect microbial infection by recognizing pathogen-
associated molecular patterns in microbes, leading to innate immune
activation. MHC promotes antigen presentation of CD8+ and CD4+ T
cells and could promote adaptive immune responses. The bond strength
between receptor and vaccine was evaluated, and the one with the
lowest binding affinity was selected because it provides a more stable
complex, which means the ligand is more likely to remain bound to the
target protein; it is even crucial for effective inhibition or activation
of protein functioning, and they are most biologically relevant [45].
Among the docked complexes, TLR-2, which exhibited the lowest
docking score of —450.6 kcal/mol, was selected. The docked complex
of the vaccine and TLR-2 has been illustrated in Figure 5. Molecular
interactions, such as hydrogen bonds, salt bridges, and hydrophobic
contacts, were assessed to understand the binding strength. The
conformation of the vaccine construct was also important to ensure a
proper fit within the binding site. HDOCK was used for docking the
TLR-2 and the construct, and it was further visualized using PyMOL.
The molecular interactions were analyzed by utilizing PDBsum.
Several binding interactions like hydrogen bonds, salt bridges, and
non-bonding contacts were depicted in Table 4. The interactions
between chains and residues are illustrated in Figure 6.

3.6. Codon Optimization and In silico Cloning of Vaccine
Construct

Computational cloning was executed via the JCat tool and the codon
optimization tool. Codon Optimization is the process of the optimization
of a specific sequence of the host to obtain maximum expression in the
host. It enhances protein expression by adjusting the gene sequence to
match the target organism’s preferred codons. This includes replacing
less favored codons, optimizing mRNA stability through UTR
modifications, enhancing translation efficiency with optimal ribosome
binding sites, and minimizing immune recognition by altering surface
residues. The optimized gene is checked for immunogenicity and
expression levels with the help of bioinformatics tools, which improve
protein yield and lower immunological responses. The experiments
performed in a recent work [46] elucidated how codon optimization
enhances the expression of a heterologous gene in Escherichia coli.
The “codon adaptation index (CAI)” and GC content values represent
the effective codon usage of the model vaccine construct as shown in
Figure 7. The mentioned vaccine construct was given for improved
DNA sequencing, which was further used for processing. By utilizing
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Table 4: No. of different bonds linked to each other.

Chains No. of interface residue Interface area (A?) No. of salt bridges No. of hydrogen bonds No. of non-bonded contacts
{A}{B} 15:13 832:843 2 4 74
{A}{C} 7:9 516:510 - 1 31
{A}{E 16:33 950:909 - 7 197
{B}{C} 8:8 425:442 - 1 30
{B}{D} 5:6 283;264 - - 20
{B}{E} 6:13 485:422 - - 83
{C}{D} 12:13 778:762 2 5 69
{C}{E} 8:22 644:548 - 4 109

° Z SCORE: -6.63 g et

P ¥,
~10 1. i ]
1
-2 /3 = = =5 = - 7 45 0 45w ks %o
E m Number of residues Phi (degrees)

Figure 4: (a) Predicted structure of multi-epitope-based vaccine construct, (b) Z-score graph, (c¢) Ramachandran plot.

the JCat server, the vaccine design was also subjected to a process
for obtaining in silico clones in expression vector pET28a (+). This
was performed after obtaining the optimal CAI score of more than 0.7
and GC content >60% for vaccine sequence (DNA). A T-cell-based
multi-epitope vaccine was developed against leishmaniasis, a common
parasitic infection, where in the final step, the two proposed vaccine
candidates were ligated into the pET28a(+) vector for subsequent
vaccine production [47]. The optimized DNA sequence for the vaccine
construct was then virtually cloned into the expression pET28a (+)
vector using restriction enzymes (Eco53KI and EcoRV) at their
respective restriction sites. Finally, using SnapGene software, the
virtually cloned vaccine with inserted optimized (DNA) sequences
was created, as shown in Figure 8.

3.7. Immune Simulation of Proposed Vaccine

The C-Immsim is used to analyse the interaction of vaccines with
the immune system. The results demonstrated that the vaccine
triggered a potent immune response. Zheng et al. ensembled the
vaccine against the Pegivirus, earlier known as the Hepatitis G
virus, where the vaccine formed was further validated through
immune simulation [48]. Through C-Immsim, it has been analysed
that the vaccine elicited strong immune response, including the
highest production of Immunoglobulin (Ig)M and IgG antibodies
around 15 days, followed by other Igs, indicating a strong defence
against the targeted pathogen as shown in Figure 9. It activates
both HTL and cytotoxic T lymphocytes to enhance cellular
immunity. In addition, the vaccine is anticipated to stimulate
the release of cytokines, such as interleukins and interferon-
gamma, suggesting an active immune system response. While

Figure 5: Schematic diagram of docked complex (vaccine construct with
toll-like receptor 2).

these simulation results are promising, real-world experiments
are necessary to confirm the vaccine’s effectiveness against A.
caviae. Thus, the study indicates that the constructed vaccine can
elicit a broad range of strong immune responses [49]. Immune
simulations are essential for evaluating the vaccine’s efficacy
by modelling immune responses in a controlled environment.
They provide information about humoral and cellular immunity
by measuring antibody levels, evaluating T-cell activation, and
assessing cytokine production. Furthermore, simulations forecast
the development of immunological memory, which shows how
effectively the immune system will react to infections in the
future. Before beginning experimental trials, researchers can
improve the vaccine’s design and guarantee its efficacy and safety
by examining these results.
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Vaccine Construct Improved DNA Characteristic

ATGCGCGTGCTGTACCTGCTGTTCAGCTTCCTGT
MRVLYLLFSFLFIFLMPLP TCATCTTCCTGATGCC 50 CAl-Value of the improved
GVEGGIGDPVTCLKSGAI CCTGCCCGGCGTGTTCGGCGGCATCGECGACCC .
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Figure 7: Codon optimization using the JCat tool.
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Figure 8: Cloning of a designed vaccine into a pET28a (+) vector. The inserted DNA segment is shown in red, while the plasmid is in black.
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Figure 9: Host immune system stimulation in response to the designed vaccine. (a) production of antibodies against the vaccine antigen, (b) cytokines, and

interleukin concentration against the vaccine antigen.
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4. CONCLUSION

The emergence of antimicrobial-resistant 4. caviae has become a life-
threatening issue globally, raising the need for developing a novel
vaccine against the bacterial disease. This study focused on designing
an epitope-based vaccine construct using reverse vaccinology and
immunoinformatics approaches that will elicit an immune response
against A. caviae. Potential antigenic epitopes were selected based
on the bacterium’s known resistance to antibiotics like penicillin,
carbenicillin, ampicillin, and ticarcillin, which complicate treatment
options for infections. The constructed vaccine aims to provoke an
active immunological response against A. caviae infections, such
as osteomyelitis, soft tissue infection, endocarditis, and meningitis,
addressing the urgent public health threat posed by increasing extra-
intestinal infections in immunocompromised individuals and patients
with severe underlying diseases. Potential antigenic epitopes against the
bacteria were selected, and the construct was formulated with the aid of
various bioinformatics tools, it is suggested that the vaccine construct
provokes an active immunological response in the host. Furthermore,
the validation of these in silico predictions can be done using wet
laboratory experiments, and it is hoped that this work may help to
develop the interest of biotechnologists in the field of bioinformatics
and vaccine technology. Even though the study showed favorable
outcomes, there are still a few methodological limitations that can be
overcome in the future. The predicted results may not always match
the biological outcomes, as it is difficult for computational models to
capture the complexity of the immune responses in vivo. Factors such as
protein folding and posttranslational modifications could also affect the
immunogenicity of the predicted epitopes. This might be overcome in
the future by developing advanced servers or tools with more advanced
algorithms to validate the predictions. Furthermore, substantial
experimental support is required for the optimal combination of
epitopes in the vaccine construction. The next steps in the development
of this vaccine involve several phases, including vaccine formulation
using recombinant technology, purification and confirmation of the
recombinant protein, and conducting animal studies. Furthermore,
toxicity tests, efficacy as well and assessments for predicting humoral
response in immunised mice, focusing on the measurement of antibody
isotypes, mucosal responses, and cytokine responses should be included.
Efficacy testing will assess the protective effect of the vaccine against
A. caviae infections, while histopathological assays will evaluate
tissue responses and any potential pathological changes resulting from
vaccination. Ultimately, it is essential to validate the vaccine construct
experimentally both in vitro and in vivo to ensure its effectiveness and
safety before advancing to clinical trials.
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