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Introduction

Abstract
Introduction:
represents a significant zoonotic threat
for humans and has diagnostic challenges.
In addition, any commercial vaccine isn’t e
currently available.

Methods: In this study, bioinformatics
and immunoinformatics analyses
were used to identify the vaccine and
diagnostic epitopes of B. henselae MopA,
VceA, and LemA proteins. Initially, the
physicochemical properties, secondary
structures, and antigenicity of the MopA,
VceA, and LemA proteins from B. henselae were evaluated. Then, B and T-cell epitopes were
predicted, and further analyzed in terms of antigenicity, allergenicity, solubility, and homology to the
human proteome to determine suitable candidates for the final vaccine construct. The normal mode
and molecular docking analyses were performed between the final vaccine construct and the TLR2
receptor. Finally, the immune response against the final vaccine construct was predicted.

Results: In silico analyses identified many B and T-cell epitopes with promising immunological
and physicochemical properties. Among these, several epitopes showed high antigenicity scores
(EINARVNQI, RAANALTVK, SVQIDTRTK and TSGQVISEDVGIKLE). In addition, the newly
designed vaccine construct containing epitopes from MopA, Vce, and LemA proteins was found to
interact with TLR2 and may stimulate adaptive immune responses.

Conclusion: The present study provides a comprehensive in silico epitope mapping of MopA, VceA,
and LemA proteins of B. henselae. The identified epitopes and the vaccine construct can be candidate
antigens for the development of serological tests and peptide vaccines. However, experimental studies
are needed to validate their diagnostic performance and immunogenic potential.
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blood of infected cats. It is localized in flea intestines
or cat red blood cells and can be transmitted to

Bartonella is a genus of alpha-proteobacteria within the
order Rhizobiales and the family of Bartonellaceae.?
There are 38 identified species of Bartonella and
approximately half are known to infect mammals.’
The most clinically significant species are B. henselae,
Bartonella bacilliformis, and B. quintana.* The primary
reservoir for B. henselae is domestic cats and it causes
cat-scratch disease in humans. B. henselae is transmitted
in nature primarily through the cat flea (Ctenocephalides
felis), which acquires the bacteria while feeding on the

humans through flea bites or via cat scratches and
bites contaminated with flea feces.’ Cats positive for
B. henselae are mostly asymptomatic but infection
in humans can range from mild to potentially fatal.
Immunocompromised individuals, particularly those
with HIV/AIDS may show serious symptoms such as
bacillary angiomatosis and endocarditis.®

In addition, B. henselae is considered within the
scope of the One Health framework due to its zoonotic

:[m]

*Corresponding author: Cemal Un, Email: cemaluen@gmail.com

: © 2026 The Author(s). This work is published by BioImpacts as an open access article distributed under the terms of the
y  Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/). Non-commercial uses of
the work are permitted, provided the original work is properly cited.


https://doi.org/10.34172/bi.33561
https://bi.tbzmed.ac.ir/
https://orcid.org/0000-0002-9189-8324
https://orcid.org/0000-0002-2468-5564
https://orcid.org/0000-0003-0363-9099
https://orcid.org/0000-0001-9633-9786
https://orcid.org/0000-0001-6868-008X
https://orcid.org/0000-0001-7920-9429
https://orcid.org/0000-0002-4248-9671
mailto:cemaluen@gmail.com
https://crossmark.crossref.org/dialog/?doi=10.34172/bi.33561&domain=pdf

Giivendi et al

nature and the close interaction between humans, cats,
and flea. There isn’t any commercial vaccine against B.
henselae and the most effective method of prevention is
maintaining strict flea control in cats.* Early and accurate
diagnosis is essential for effective treatment, but diagnosis
is challenging due to the non-specific clinical symptoms.”
Although diagnosis is mostly based on clinical symptoms,
laboratory testing is required for definitive confirmation.
However, the absence of a widely accepted gold-standard
test significantly complicates the definitive diagnosis of
infections.® Culture, molecular and serological methods
(IFA and ELISA) are used for diagnosis but, their
sensitivity and specificity are variable. Therefore, new
diagnostic methods with high sensitivity and specificity
are needed.’ Recent studies have shown that recombinant
B. henselae proteins used as antigen in serological assays
have shown potential to increase the accuracy and validity
of these tests.'®!! In particular, in silico chimeric protein
designs incorporating B. henselae GroEL protein, 17-
kDa antigen, Pap31, SucB, P26, and BadA proteins have
enhanced the accuracy of serological tests.'* In addition to
these proteins, MopA, a GroEL homolog protein, VceA,
LemA, TrwE, TrwG, VirB2, VirB8, VirB10, and ParA
proteins were identified as potential antigenic targets
for serological diagnosis and vaccine development based
on protein microarray screening data.”® In addition to
recombinant proteins, peptides predicted as epitope
regions using immunoinformatics tools can also be
used as antigens in ELISA to improve the sensitivity
and specificity of diagnostic tests. Currently, these
immunoinformatics tools are frequently used due to their
high accuracy, low cost, and ease of use, and their time
efficiency. Furthermore, advances in genome sequencing
and the availability of vaccine development tools that
predict many important parameters for next-generation
vaccine design, such as vaccinology-related software and
computational/statistical methods, have greatly facilitated
the overall process. Accordingly, in this study, the
MopA, VceA, and LemA proteins were analyzed using
in silico methods to identify novel epitope regions for
potential use in vaccine research or in the development of
new serological tests for humans, as these proteins were
among the most sero-reactive antigens identified in a
proteome-wide microarray analysis."

Materials and Methods

Variation analysis

Protein sequences of B. henselae MopA, VceA, and
LemA proteins were obtained from the NCBI (Accession
numbers: MopA: CAF28126.1, VceA: CAF28044.1 and
LemA: CAF27587.1). BLASTp analysis was performed
to identify potential polymorphisms within each protein.
For each analysis, the specified accession number was used
as the reference sequence, and B. henselae was selected as
the target organism. Default BLASTp parameters were
applied. Sequence variation was assessed by examining
amino acid substitutions across the aligned sequences
using NCBI MSA Viewer version 1.26.0.

Prediction of physico-chemical properties, transmembrane
regions, antigenicity, solubility, signal peptide and
secondary structures

Expasy ProtParam,” TMHMM server v2.0,'* Vaxijen
v2.0, Protein-Sol,'® Signal-BLAST,” GOR IV® and
PSIPRED 4.0% online tools, were used to predict physico-
chemical properties, transmembrane regions, antigenicity,
solubility, signal peptide and secondary structures of the
analyzed proteins, respectively. In addition, the same
tools, except for Signal-BLAST, were used for the vaccine
construct derived from the epitopes selected in this study.
During Signal-BLAST analysis, four different detection
modes were used, and the presence of a signal peptide was
accepted when all of them generated a positive result."

Prediction of B-cell epitopes

Linear B-cell epitopes in the MopA, VceA, and LemA
proteins were predicted by BCEPRED* whereas non-
linear epitopes (Uniprot ID; MopA: 033963, VceA:
X5M8GY9 and LemA: X5M4A9) were predicted by
ElliPro and BepiPred 3.0 online servers.”® During the
prediction of linear B-cell epitopes, peptides, those that
have hydrophilicity, accessibility and exposed surface
properties, were selected. Next, for each predicted B-cell
epitope, additional analyses were conducted. Accordingly,
the toxicity, antigenicity, allergenicity and solubility of the
epitopes were predicted using ToxinPred,* the VaxiJen
v2.0 and VaxiGen,” AllerTOP v2.1,* and PepCalc,”
respectively. As a result, epitopes characterized as soluble,
antigenic, non-allergenic and non-toxic as well as non-
similar to the human proteome were considered B-cell
epitopes. Predicted epitopes were screened against the
human proteome using NCBI BLASTp analysis with
Homo sapiens selected as the target organism. The top
BLASTp hit for each epitope was evaluated, and epitopes
with E-values>0.01 and sequence identity<70% were
considered to have no significant similarity to human
proteins and were retained for further analysis. This
approach was also applied to the selection of T-cell
epitopes. The predicted epitopes were visualized using
PyMOL on three-dimensional protein structures
generated by AlphaFold to assess their structural positions
and potential surface accessibility.

Prediction of T-cell epitopes

MHC-I and MHC-II epitopes were predicted by
NetMHCpan 4.1 EL method using the Next-Generation
IEDB Tools.®® MHC-I epitope prediction was performed
using twelve HLA class I super-type, and MHC-II epitope
prediction was performed using seven HLA class II
reference set. Among the epitopes predicted as MHC-I
(EL percentile<0.5) and MHC-II (EL percentile<2)
epitopes, those characterized as soluble, antigenic, non-
toxic, and non-allergenic as well as non-similar to the
human proteome (E-value>0.01 and identity<70%)
were considered MHC-I or MHC-II epitopes. The
IEDB population coverage tool was used for population
coverage analysis.
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Design of the multi-epitope vaccine construct

The multi-epitope vaccine was constructed using the
selected B and T-cell epitopes.”” During the construction
of multi-epitope vaccine, AAY and GPGPG linkers were
used between B and T-cell epitopes, respectively. Also,
a T-helper peptide called the PADRE sequence linked
to RS-09 peptide (APPHALS) with a linker (PPGVS)
at its N-terminus was added to the N terminus of the
vaccine construct whereas a 6x His-Tag was added to the
C-terminus.*

Refinement and validation of the vaccine construct

The GalaxyRefine server™ was used to refine the predicted
3D structure of the vaccine construct generated by the
AlphaFold 3.0 server.* The quality of the refined models
was evaluated based on various structural parameters,
including the MolProbity score, clash score, rotamer
analysis, and Ramachandran plot. In addition, the final
selected model was also validated using ERRAT and
Verify3D through the SAVES server.

Docking and normal mode analysis

A docking analysis was applied to show the potential
interaction between the refined vaccine construct
and the human TLR2 receptor (PDB ID: 2Z7X) using
HADDOCK.* Then, the docked vaccine-TLR2 complex
were evaluated by normal mode analysis using the iMODS
online server.*

Immunogenicity of the vaccine construct

The C-ImmSim 10.1 server with default parameters® was
used to show the immunogenic potential of the vaccine
construct.

Codon optimization and in-silico cloning

Codon optimization for Escherichia coli was conducted
using a codon optimization tool. With SnapGene 2.0.1
software, the codon optimized gene encoding the vaccine
protein was inserted into the pET28a( +) vector.

Results

Variation analysis

BLASTp results showed no variation for MopA
(CAF28126.1) and VceA (CAF28044.1) proteins among
the available B. henselae sequences in the NCBI database.
However, a single amino acid substitution (I124T) was
detected in the LemA protein sequence (CAF27587.1)
compared with B. henselae sequences in the NCBI
database.

Prediction of physico-chemical properties, transmembrane
regions, antigenicity, solubility, signal peptide

When the physico-chemical properties of MopA, VceA,
and LemA proteins were analyzed their molecular weights
were found to be 57.6 kDa, 39.2 kDa, and 24.5 kDa. The
theoretical isoelectric point (pI) values ranged from
5.10 to 9.44. Among the three proteins analyzed, MopA
protein contained a higher proportion of negatively
charged amino acid residues, whereas VceA and LemA
proteins were enriched in positively charged residues.
The predicted in vivo half-life in E. coli for all proteins was
greater than 10 hours. The instability index of proteins
ranged from 26.45 to 39.33 and all of the proteins were
predicted to be stable. The aliphatic index ranged from
92.15t0 103.8. Negative GRAVY scores were predicted for
all proteins, and each was also predicted to be antigenic
and soluble. Transmembrane regions were identified in
LemA and VceA proteins, whereas no such regions were
detected in MopA protein. In addition, none of them
contained signal peptides (Table 1).

Secondary structure

Secondary structure analysis has shown that alpha helices,
extended strands, and random coils are distributed in
varying proportions in the MopA, VceA, and LemA
proteins. The dominant secondary structure in all three
proteins is the alpha helix, and the proportions and
locations of extended strands, alpha helices and random
coils are presented in Table 2 and Fig. 1.

Table 1. Physico-chemical, antigenicity and transmembrane properties of the MopA, VceA, and LemA proteins

Properties MopA VceA LemA
Amino acids 547 353 214
Molecular weight 57625.19 39169.12 24505.21
Theoretical p/ 5.10 9.44 8.66
Negatively charged residues (Asp + Glu) 78 36 19
Positively charged residues (Arg + Lys) 66 46 21
Estimated half-life (E. coli) > 10 hours > 10 hours >10 hours

Instability index 26.45/Stable

Aliphatic index 101.32
GRAVY -0.041
Antigenicity 0.5253
*Solubility 0.66/Soluble
Number of predicted TMHs 0

29.48/Stable 39.33/Stable

103.80 92.15
-0.157 -0.198
0.7004 0.6199

0.564/Soluble 0.592/Soluble
1 1

*Solubility prediction was performed by removing the transmembrane domain predicted by the TMHMM server v2.0.
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Prediction of B-cell epitopes

Among the predicted B-cell epitopes, those that have
hydrophilicity, accessibility, and exposed surface
properties, were selected and analyses of antigenicity,
toxicity, allergenicity, solubility, and similarity to
the human proteome were performed. Accordingly,
two different epitopes (KEVKFGREARERLLRG and
APQSDVDDAKSAYE) met all the selected criteria and
were considered as B-cell epitopes (Supplementary file 1,
Table S1).

Prediction of T-cell Epitopes

IEDB Next-Generation tools predicted many MHC-I and
MHC-II epitopes for selected alleles. Accordingly, a total
of 8 MHC-I epitopes meeting all selected criteria were
found among the three proteins analyzed. Four of these
were derived from MopA and four from VceA (Table
S1). For the MopA protein, the EINARVNQI epitope
predicted for the HLA-B*08:01 and HLA-A*26:01 allele
showed the highest antigenicity value (1.6135) while for
VceA, SVQIDTRTK (HLA-A*03:01) had the highest
antigenicity (1.6781). A total of 5 MHC-II epitopes met
all the selected criteria among the three proteins analyzed.

Table 2. Secondary structure of MopA, VceA, and LemA proteins

VceA
187 (52.97%)
56 (15.86%)
110 (31.16 %)

LemA
134 (62.62%)
17 (7.94%)
63 (29.44%)

Properties

Alpha helix

MopA
339 (61.97%)
45 (8.23%)
163 (29.80%)

Extended strand

Random coil

10 20

Three of these were derived from MopA, and two from
VceA (Table S1). Any LemA related epitopes did not
met the selected criteria. Among the MHC-II epitopes
predicted for MopA protein, TSGQVISEDVGIKLE
predicted for HLA-DRB3*01:01 allele showed the highest
antigenicity value (1.4163). Among the MHC-II epitopes
predicted for VceA protein, KKIAIKANQVVKKDD
showed the highest antigenicity (0.9072) and was
predicted for three alleles (HLA-DRB5*01:01, HLA-
DRB3*02:02 and HLA-DRB1*15:01). According to the
Population Coverage Analysis Tool, the selected epitopes
associated with MHC-I and MHC-II alleles showed
population coverages of 35.82% and 34.44%, respectively.

Physico-chemical, antigenicity, allergenicity, and
solubility predictions of the vaccine construct

The selected epitopes were determined to be located
on the surface of the proteins (Fig. S1). These selected
epitopes were combined with linker sequences to create
a potential vaccine construct (Fig. 2). Using Expasy
ProtParam, it was predicted that the molecular weight
of the vaccine construct was 28.28 kDa, the estimated pI
value was approximately 9.33, and the negatively charged
(Asp+Glu) residue score was 30, and the positively
charged (Arg+Lys) residue score was 37. The estimated
half-life in E. coli was predicted to be approximately>10
hours. The vaccine construct was stable, with an instability
index of 16.57. In addition, the GRAVY score and
aliphatic index were -0.544 and 67.20, respectively. The
antigenicity value was 0.9283, and the vaccine construct
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Fig. 1. Secondary structures including alpha helix (pink), beta strand (yellow), and coil residues (gray) are shown.

| Biolmpacts. 2026;16:33561



Giivendi et al

did not show allergenic properties and was soluble with a
score of 0.678 (Table S2).

Tertiary structure prediction, refinement and validation
The 3D tertiary structure model of the vaccine construct
was obtained using AlphaFold and then, the refined
models generated by GalaxyWEB were evaluated
based on structural quality parameters, and Model 4
was used for subsequent analyses due to its favorable
MolProbity score (1.180), low clash score (3.9), absence
of poor rotamers, and high Ramachandran favored value
(98.9%). The structural quality of the refined protein was
evaluated using ERRAT and Verify3D. Accordingly,

A

the model showed an overall quality factor of 96.10%
by ERRAT and a 3D-1D residue score of 83.03% by
Verify3D.

Docking and normal mode analyses

Molecular docking analysis showed a significant binding
score of -129.7 using HADDOCK. According to the results
of normal mode analysis, an eigenvalue of 5.297671 x 107
was obtained. In addition, deformability and B-factor
profiles indicated the stability of the docked model with
localized regions of flexibility. Covariance and elastic
network analyses showed the correlated motions within
the docked model (Fig. 3).

B Adjuvant (TLR4 Agonist, Rs09)— in vitro cleavage linker — PADRE —AAY CTL {MHC 1) epitopes —
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Fig. 3. A) Representation of the docked complex of the vaccine construct (blue) with the TLR2 (purple).
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B) Normal Mode Analysis (NMA) of the vaccine construct

and TLR2 complex: (a) Main-chain deformability profile, (b) B-factor values, (c) Eigenvalue of the complex, (d) Covariance matrix, (e) Elastic network model.
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Simulation of the specific vaccine immune responses
The in silico immune simulation performed via the
C-IMMSIM server showed that the injected antigen (Ag)
peakedatapproximately 700,000 counts/mL within thefirst
2 days and was completely cleared by day 5. The humoral
immune response was characterized by an increase in
B-cell populations, stabilizing at approximately 500 cells/
mm? after day 5, with a dominant production of IgM and
IgG1 antibodies. The cellular immune profile showed a
marked Thl dominance, with Thl counts expanding
to approximately 45000 cells/mm?. This activation was
supported by high levels of IFN-y production, peaking
near 400000 ng/mL, and a coordinated increase in IL-2
levels (Fig. 4).

Codon optimization and in-silico cloning

The final vaccine construct (813 bp) was inserted into the
pET28a(+) vector, resulting in a recombinant plasmid of
6148 bp with a GC content of 48.83% (Fig. 5).

Discussion

Bartonella henselae causes cat-scratch disease which
is characterized by severe clinical symptoms in
immunocompromised patients.* The wide range of
clinical presentation of B. henselae, the difficulty in
isolating the pathogen, and the limitations of current
diagnostic methods represent a significant obstacle in both
clinical practice and research. However, diagnostic studies
using recombinant proteins as antigen in serological
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assays show enhanced sensitivity and specificity values.’
For example, a recombinant chimeric protein (designed
from BadA, Pap3l and GroEL) expressed in E. coli
BL21 cells and purified by affinity chromatography has
been reported to show high sensitivity (up to 90.9%)
when tested with serum samples collected from humans
infected with B. henselae.'? A different study reported that
combining GroEL and 17-kDa proteins as ELISA antigens
showed a sensitivity of 82.8% and a specificity of 83.9%
for the serological detection of B. henselae in humans.'' In
addition to the use of recombinant proteins as antigen in
ELISA, synthesized peptides predicted to be epitopes by
advanced immunoinformatics methods can also be used
as antigens in serological tests to increase their sensitivity
and specificity. Based on this, the present study aimed
to identify B-cell and MHC I/II epitopes of the MopA,
VceA, and LemA proteins, which have previously been
reported to have antigenic potential,”® using in silico
methods to identify novel antigens for use in vaccine and
serodiagnostic studies. Accordingly, any major differences
in physicochemical properties were not observed among
the analyzed proteins. All of them were predicted to be
antigenic, soluble, and to have negative GRAVY values,
showing that they are hydrophilic and can form strong
interactions with water molecules.”” However, MopA and
VceA proteins may be better vaccine candidate proteins
than LemA protein because MopA protein has a higher
molecular weight (57.6 kDa) and does not contain
transmembrane domains, while VceA protein has a higher
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Fig. 4. In silico immune response results of the vaccine construct.
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Fig. 5. pET28a(+) vector containing the final vaccine construct.

antigenicity value (0.7004). In this study, B-cell and MHC
I/IT epitopes were predicted among proteins analyzed.
Among the B-cell epitopes, APQSDVDDAKSAYE was
notable due to its high antigenicity values (0.8763).
In addition, the SVQIDTRTK epitope from the VceA
protein, predicted as an MHC-I epitope with the highest
antigenicity value (1.6781), may be a promising candidate
for vaccine research rather than for the development
of serological tests, as MHC-I epitopes are associated
with CD8" T lymphocyte responses (Table S1). Among
the MHC-II epitopes, a MopA protein-derived epitope
(TSGQVISEDVGIKLE) with the highest antigenicity
value (1.4163) may be another candidate for vaccine
research, as B lymphocytes are professional antigen-
presenting cells via MHC-II and generate antibody
responses with the help of CD4" T lymphocytes (Table
S1).

Currently, in silico approaches are frequently used for
epitope prediction.®®* After high-purity synthesis as
peptides, these epitopes discovered in this study can be
used as antigens, particularly in ELISA, for the diagnosis
of B. henselae infecting animals and/or humans. The use
of peptides as antigens in serological assays is considered
more advantageous than the use of recombinant proteins,
as recombinant proteins may contain cross-reactive
epitopes that reduce assay specificity.”* Moreover,
peptides can be designed and produced more easily and
at lower cost compared with other antigen sources, such
as lysates or recombinant proteins of targeted pathogen.*
To date, peptide-based ELISA has not been used for the
diagnosis of B. henselae, except in a chimeric design

containing peptides derived from different proteins."
In our previous studies, peptide-based ELISA has been
used for the diagnosis or serotyping of other pathogens
(such as Toxoplasma gondii and Maedi-Visna virus) and
has generated comparable results to those obtained using
lysate antigens or recombinant.**® Based on previous
studies in which advanced in silico approaches were
applied for peptide prediction and subsequent evaluation
of serodiagnostic performance yielded promising results,
the epitopes predicted in this study are expected to
be suitable for ELISA based diagnosis of B. henselae
in humans or animals, and may also have potential for
the development of peptide-based vaccines against B.
henselae.

In addition to the discovery of epitope regions of
analyzed proteins, in this study, the vaccine construct was
created using selected epitopes, linker sequences and an
immunostimulatory adjuvant. Physicochemical analysis
of the vaccine construct revealed that it has a structural
stability and is highly soluble in water. Structural modeling
and validation analyses were performed to assess the
reliability of the predicted 3D structure of the vaccine
construct. Accordingly, the obtained results indicate that
the refined vaccine construct has a reliable 3D structure
due to its low MolProbity and clash scores, absence of
poor rotamers, high Ramachandran favored value, an
overall quality factor of 96.10% and a Verify3D score
of 83.03%. TLR2, a component of the innate immune
system, contributes to the development of host immune
responses by recognizing various pathogenic ligands.*°
Based on this, the human TLR2 receptor was selected for
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molecular docking and normal mode analyses with the
vaccine construct. The docking and normal mode analyses
shows that the vaccine construct is capable of interacting
with human TLR2. However, molecular docking and
normal mode analyses are computational approaches and
do not show the efficacy of vaccine construct. Therefore,
the predicted TLR2 interaction can be interpreted as a
preliminary hypothesis. The in silico immune simulation
performed using C-IMMSIM suggests that the vaccine
construct may induce both humoral and cellular immune
responses. The observed antigen clearance, B-cell
activation, and IgM/IgG1 production indicate a potential
antibody-mediated response, while the predominance
of Thl cells and elevated IFN-y and IL-2 levels suggest
a possible cell-mediated immune response. However,
these findings are based on in silico results and therefore,
experimental validation is necessary. It has also been
reported that the use of in silico tools involves significant
limitations, such as algorithmic bias and data sparsity.*

In a previous study, a multi epitope vaccine against
Echinococcusgranulosuswasdesigned usingbioinformatics
analysis. Antibodies (IgG and IgE) and IL-4 were detected
in the serum samples of dogs and sheep vaccinated with
this multi-epitope vaccine. In addition, a reduction in the
total number of hydatid cysts in sheep and high protection
in dogs were reported.” These results suggest that multi-
epitope vaccines designed by bioinformatics analysis can
have potential in experimental vaccine studies.

Conclusion

In this study, MopA, VceA, and LemA proteins of B.
henselae were analyzed using in silico approaches for epitope
discovery. Although numerous epitopes were predicted,
several were identified as particularly promising candidates
for use in vaccine development or diagnostic applications. In
addition, the newly designed vaccine construct containing
epitopes from MopA, Vce, and LemA proteins was found
to interact with TLR2 and stimulate adaptive immune
responses, suggesting its potential as a vaccine candidate
against bartonellosis. However, experimental validation was
not performed in this study because binding assays between
TLR2 and the vaccine construct, immunogenicity analyses,
serological confirmation tests, and in vivo functional
studies were not conducted. These are the limitations of
this study, and the findings need to be evaluated in future
experimental studies.
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