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multiepitope vaccine was designed using immunogenic TM and CA proteins. Predicted
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(aliphatic index 85.44), with 94.2% of residues in favored Ramachandran regions.
Docking analysis revealed strong binding to TLR4 (—66 kcal/mol), and molecular
dynamics simulations validated the structural stability. Immune simulations revealed
increased antigen and antibody levels (IgM early, IgG1/IgG2 after day 15), progressive
CD4+ T-helper expansion, transient CD8+ T-cell peaks, elevated IFN-y and IL-2, and
strong dendritic cell activation through MHC I and 1I pathways. These findings indicate
the vaccine effectively stimulates humoral and cellular responses, supporting its potential
as a promising candidate against the Jembrana virus.
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m INTRODUCTION strategy for controlling and preventing the spread of
Jembrana disease, caused by the Jembrana virus, viral diseases. For Jembrana disease, the available
vaccine is an inactivated vaccine derived from the
spleens of infected cattle, treated with Triton X-100 [3].

While this vaccine can reduce clinical symptoms, its

affects Bali cattle and their offspring with mortality up to
30% and abortion up to 49% during the acute phase [1].

These high rates result in substantial economic losses and

hinder national beef production. Initially restricted to effects on the cellular immune response and long-term

Bali, the disease has spread to West Sumatra, Lampung, viral persistence remain unclear [4]. Post-vaccination

East Java, and Kalimantan [2]. Vaccination remains a key challenge studies have also shown that immunized cattle

may still test positive for Jembrana virus infection [3].
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Recombinant strategies have recently been explored. A
DNA vaccine delivered via PLGA nanoparticles has
reached the in vitro evaluation stage [5]. However, DNA
vaccines still raise safety concerns, including autoimmune
risks, genome integration, and possible mutagenesis [6].
These limitations highlight the need for safer and more
effective alternatives.

Multiepitope vaccines offer a promising solution.
Composed of sequential or overlapping peptides, they are
designed to elicit targeted immune responses and block
viral infections [7]. The selected peptides are derived from
viral structural and non-structural proteins that play
essential roles in entry and replication within host cells
[8]. Compared to whole-protein, live-attenuated, or
inactivated vaccines, peptide-based multiepitope vaccines
enable the precise selection of antigens, thereby avoiding
non-beneficial epitopes that may weaken immune
responses [9].

This approach has also been applied successfully to
livestock diseases. For example, multiepitope constructs
have been designed against Anaplasma marginale [10],
Lumpy Skin Disease virus [11], Brucella spp. [12], and
Bovine Viral Diarrhea virus [13]. These studies confirmed
construct stability through molecular docking and
dynamics and predicted robust humoral and cellular
responses in in silico immune simulations. Such findings
reinforce the relevance of this strategy for developing safe
and effective vaccines in cattle. Computational
vaccinology further accelerates vaccine development by
enabling rapid prediction of immunogenic targets while
reducing costs and animal use [14]. Comparable strategies
have been applied in drug discovery, including network
pharmacology and docking for anticancer compounds
[15], QSAR and dynamics for antimalarial inhibitors [16],
and computational screening of HER2 inhibitors [17].
Immunoinformatics also permits simulation of T- and B-
cell recognition, MHC coverage, cytokine release, and
antibody kinetics, providing early insights into vaccine
efficacy. Here, a multiepitope vaccine against Jembrana
virus was designed using reverse vaccinology. Epitopes
from TM, involved in viral-host fusion [14], and CA, a
dominant antibody target [4], were linked with peptide
spacers and fused to the 50S ribosomal protein L7/L12 as

a TLR4 agonist. The construct was evaluated through

antigenicity, allergenicity, toxicity, and structural
analyses, followed by molecular docking, dynamics,
immune simulation, and in silico cloning to assess

potential immunogenicity and expression.

m EXPERIMENTAL SECTION
Materials

The materials used in this study for the design of
the multiepitope vaccine construct included the
(TM)
sequences of the Jembrana disease virus strain Tabanan

transmembrane and capsid (CA) protein
1987, as well as the ribosomal protein L7/L12 sequence.
The ribosomal protein sequence was retrieved from
UniProtKB with accession number POWHE3.1, while
the Toll-like receptor 4 (TLR4) receptor sequence of Bos
indicus was obtained from the GenBank database with
accession number KX138607.1.

Additionally, various online and standalone
software tools were utilized throughout the study. The
online tools included the IEDB Analysis Resource, IEDB
TepiTool, NetBoLAlIpan 1.0 server, SOPMA, AlphaFold
2, GalaxyRefine, ERRAT, PDBsum Generate, ProtParam,
VaxiJen v2.0, AllerTOP v2.0, ToxIBTL, SwissModel,
GRAMM Docking, PRANKWEB, CABS-Flex 2.0, Java
Codon Adaptation Tool (JCat), the Takara Cut-Site
Navigator, and C-IMMSIM. The standalone software
used consisted of PyMol molecular graphics system,
Discovery Studio Visualizer 2016, and SnapGene software.

Instrumentation

All computational analyses were performed using
a Lenovo Ideapad Slim 3i laptop equipped with an Intel
Core i7 processor and running Windows 11 Home
Single Language.

Procedure

Data mining of immunogenic protein sequences and
the TLR4 receptor

In this study, the immunogenic protein sequences
of the TM and CA proteins of the Jembrana virus
Tabanan 1987 strain were obtained from previously
published research data [7,18]. The complete sequence
of the Bos indicus TLR4 was retrieved from the GenBank
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database under accession number KX138607.1. The TLR4
receptor, a protein located on the surface of various cell
types [19], was selected as the target receptor for
interaction with the multiepitope vaccine, as the specific
host receptor for the Jembrana virus has not yet been
identified.

Epitope analysis of the TM and CA proteins of the
Jembrana virus Tabanan 1987 strain

B-cell epitope prediction of the immunogenic TM
and CA proteins was performed in silico using the IEDB
(http://tools.iedb.org/main/bcell/).
Three prediction methods were utilized, including

Analysis Resource
BepiPred Linear Epitope Prediction 2.0, Emini Surface
Accessibility Prediction, and Kolaskar & Tongaonkar
Antigenicity. Cytotoxic T lymphocyte (CTL) epitope
prediction was conducted using the IEDB TepiTool
(http://tools.iedb.org/tepitool/) with the Bos taurus MHC
class I allele parameter (BoLA-D18.4) [14]. Helper T
lymphocyte (HTL) epitope prediction for MHC class 1I
was carried out using the NetBoLAllpan 1.0 server
(https://services.healthtech.dtu.dk/services/NetBoLAlIpa
n-1.0/) with the Bos taurus DRB3 allele as a parameter
[20]. These analyses enabled the identification of short
peptide epitopes from TM and CA proteins that are
potentially recognized by B cells and T cells.

Multiepitope vaccine construct design

During the design of the multiepitope vaccine
construction, the vaccine components are arranged
consecutively according to the research on multiepitope
vaccine development for SARS-CoV-2 conducted by Yu
et al. [21], which begins with an adjuvant in the N-
terminal part. In this study, we utilized 50S ribosomal
L7/L12, a TLR4 agonist. In the following, we added
EAAAK (Glu-Ala-Ala-Ala-Lys) rigid linker, CTL
(Cytotoxic T Lymphocyte) epitope, HTL (Helper T
Lymphocyte) epitope, and LBL (Linear B Lymphocyte). In
this study, a TLR4 agonist, ribosomal 50S L7/L12, was
added to the N-terminal part of the vaccine construction
to serve as an adjuvant [12]. In the construction of
multipitope vaccines, the CTL peptide is linked to the
AAY (Ala-Ala-Tyr) linker, the HTL peptide is linked to
the GPGPG (Gly-Pro-Gly-Pro-Gly) linker, and the LBL
peptide is linked to the KK (Lys-Lys) linker. The

construction scheme of the Jembrana disease

multiepitope vaccine is shown in Fig. 1.

3D structure prediction, structure optimization, and
quality validation of a multiepitope vaccine

The multiepitope vaccine was then subjected to
secondary structure analysis to determine the composition
of a-helix, B-sheet, and coil in the construct using the
SOPMA (https://npsaprabi.
ibep.fr/cgibin/npsa_automat.pl?page=/NPSA/npsa_sop
ma.html) [22]. Then, it was modeled in 3D by submitting
the construct sequences into the AlphaFold 2 online

online  program

program  (https://colab.research.google.com/github/
sokrypton/ColabFold/blob/main/AlphaFold2.ipynb) [23].
Once modeled, the structure was optimized using
GalaxyRefine Server (https://galaxy.seoklab.org/) [24].
The refined vaccine structure was verified using ERRAT
(https://saves.mbi.ucla.edu/). Structure verification using
ERRAT was performed based on crystallography [25].
The quality of multiepitope vaccine construction was
validated by analyzing Ramachandran plots obtained from
PDBsumGenerate (https://www.ebi.ac.uk/thorntonsrv/
databases/pdbsum/Generate.html) [26].

Physiochemical analysis, antigenicity, allergenicity,
and toxicity of multiepitope vaccine constructs
Multiepitope vaccine constructs were analyzed for
their physicochemical properties, including molecular
weight, amino acid composition, instability index, half-
life, and pI, using the ProtParam online program
[27]. The
antigenicity, allergenicity, and toxicity of the multiepitope

(https://web.expasy.org/protparam/)

vaccine construct were evaluated to ensure its safety
profile [28]. Multiepitope vaccine constructs must weigh
less than 110kDa to facilitate purification [21].
Multiepitope vaccine constructs were predicted for
antigenicity using the online program VaXijen v2.0
(http://www.ddg-pharmfac.net/vaxijen/scripts/VaxiJen_
scripts/VaxiJen3.pl) with a threshold of 0.4 [29]. A
vaccine is considered antigenic if it has an antigenicity
value of more than 0.4. Vaccine construction was also
predicted for its allergenicity using the AllerTOP v2.0
online program (https://www.ddgpharmfac.net/Aller
TOP/feedback.py) [30], and its toxicity using the
ToxIBTL program (https://server.weigroup.net/ToxIBTL/
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Server.html) [31].

Molecular docking between the vaccine and TLR4
Molecular docking was performed to determine the
interaction ability between the vaccine and TLR4, a
universal receptor. The TLR4 structure was obtained from
modeling the TLR4 sequence of Bos indicus using the
SwissModel online program (https://swissmodel.expasy.
org/interactive) [32]. The quality of the TLR4 receptor
model structure was determined from the Ramachandran
plot that was obtained from PDBsum Generate
(http://www.ebi.ac.uk/thorntonsrv/databases/pdbsum/G
enerate.html) [26]. Molecular docking between the TLR4
receptor and the multiepitope vaccine construct was
performed using the GRAMM docking online program
[33]. The
docking complex was then visualized and edited using the

(https://gramm.compbio.ku.edu/gramm)

PyMol molecular graphics system and Discovery Studio
Visualizer. In addition, the docking results were further
validated using PyMOL. Residue interaction analysis of
docking complexes with TLR4 was performed using
PDBsum Generate. The docking complex residue
interaction data were also compared with the ligand
binding site found on the TLR4 receptor. TLR4 ligand
binding site map can be determined by analysis using
PRANKWEB (https://prankweb.cz) [34]. Based on the
analysis using PRANKWEB, several binding sites,
referred to as pockets, were identified, along with the
corresponding amino acid residues and the probability of
binding at these sites.

Molecular dynamics

Molecular dynamics analysis was performed by
submitting the PDB files of the multiepitope vaccine
construct, TLR4 receptor, and their complex into the
online program CABS-Flex 2.0 (http://biocomp.chem.
uw.edu.pl/CABSflex2) [35]. Default mode
(minimum restraint, 38; maximum restraint, 8.0; gap, 3;

settings

SS mode; temperature, 1.4) were used in the molecular
dynamics analysis using CABS-Flex 2.0. The results of the
analysis will determine the flexibility of the vaccine based
on structural heterogeneity, optimum free energy, and the
most stable configuration. CABS-Flex 2.0 utilizes the
coarse-grained (CG) method for molecular dynamics
simulations. In comparison to the all-atom (AA)
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approach, the CG method offers several advantages,
such as being computationally less expensive, well-
suited for large biomolecular systems, and significantly
reducing running time [36].

Codon optimization and in silico cloning

Codon optimization was performed in order to
optimize the expression of the protein sequences. Codon
optimization was performed in silico using the online
program JCat (http://www.jcat.de/) [37]. In the codon
optimization process, Escherichia coli (Strain K12) was
chosen as the host for multiepitope vaccine protein
expression, and several parameters were selected that
should be
transcription

avoided, including rho-independent

termination, prokaryotic ribosome
binding sites, and restriction enzyme cutting sites [21].
The E. coli K-12 strain was selected as the expression
system due to its recognition by the U.S. FDA as safe, its
ease of genetic manipulation, and its capability for large-
scale protein production [38]. Furthermore, the JCat
tool server utilizes E. coli K-12 sub-strain MG1655 as
one of its reference datasets, which by default directs the
optimization process toward this species [37].

After codon optimization, in silico cloning was
performed by inserting the multiepitope vaccine
sequences into the SnapGene software tool [39]. During
in silico cloning, the multiepitope vaccine construction
sequences were first analyzed for restriction enzyme
sites to predict the presence of these sites in the vaccine
construction. Restriction enzyme site analysis was
performed using the Takara Cut-Site Navigator program
(https://www.takarabio.co.jp/research/enzyme/enzyme
_search.php). Then, cloning was accomplished by
inserting the vaccine construction sequences, which had
been modified with restriction enzyme sequences in the

N- and C-terminal parts, into the pET-28b(+) vector.
m RESULTS AND DISCUSSION

TM and CA Immunogenic Protein Sequence Data

The TM protein comprises a 1,077 bp nucleotide
sequence that encodes 359 amino acids, resulting in a
molecular weight of approximately 41.08 kDa [12]. The
CA protein has a 1,164 bp nucleotide sequence encoding
226 amino acids, with a molecular weight of
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approximately 25.28 kDa [5]. The sequence data of the
immunogenic TM protein are presented in Table 1.

In this study, the TM and CA proteins of the
Jembrana disease virus (JDV) were selected as vaccine
targets due to their conserved immunogenic epitopes,
which have been shown to elicit antibodies in JDV-
infected animals. Importantly, the immunogenicity of the
TM protein remains intact despite undergoing
glycosylation during infection in cattle [40]. Likewise, the
CA protein contains several linear and conformational
[2]. These

characteristics make TM and CA promising components

epitopes recognized by antibodies

283

B and T Cell Epitope Analysis Data on TM and CA
Proteins of Jembrana Virus Tabanan Strain 1987

During epitope mapping analysis of TM and CA
proteins, more than 10 sequences of amino acid epitopes
from LBL, CTL, and HTL epitopes were detected.
However, from all these epitopes, only 2 epitopes from
each epitope were selected for vaccine construction. The
selected epitope must fulfill the following requirements:
LBL epitope has a length of about 5-8 amino acids, CTL
epitope has a length of about 8-11 amino acids [41],
HTL epitope has a length of about 13-17 amino acids
[9]. The amino acid sequence data for each epitope are

for the development of multiepitope vaccines.

presented in Table 2.

Table 1. Nucleotide and amino acid sequences of the TM and CA proteins of the Jembrana disease virus

Protein

Nucleotide sequence

Amino acid sequence

™

GCCGTGGGGATGGTCATATTCCTTCTCGTGTTAGCTATCA
TGGCGATGACAGCATCTGTCACCGCAGCTGCTACGCTCG
TGAAGCAACACGCCACGGCACAAGTAGTGGGGAGACTGA
GCACGAATCTAACTTATATCACTAAGATACAGAATCAATA
CCTGCACCTGTTTCAAAATCTGAACACACGAGTTAATAAT
CTACATCATAGGGTTACTTACCTTGAGTTTTTGGCAGAAG
TCCATGAGGTACAAACTGGGCTAGGGTGTGTGCCGAGAG
GAAGATATTGCCATTTTGACTGGCGCCCAGAGGAGGTAG
GATTAAACATGACGCTCTGGAATTCTACCACCTGGCAACA
ATGGATGTCCTACTACGATCAGATAGAAGAAAACATATG
GAATTTGAAATACAATTGGTCTGAGGCCTTAGAGAAAGG
AAAGAGTAATACTGACGGTTTGGAGCCGGATGTCTTCCG
ATACTTGGCAGACCTATCCTCCAGTTTTACATGGGGTAGT
TGGGTGGATAAGCTTGTATGGCTAGCTTATATACTTTTGG
CTTATTTTGCATTTAAGGTCCTCCAGTGCATCATGTCAAA
CTTGGGCGCTCAAACACGGTATCAGTTGCTGAATGCGCA
AGAGGATACCGACCCTGCAGGGGACGGAGACCAGCCAGA
CGACCACCGATCCGGAGACACCCCTCGTTCTGGGGTACC
CTCCGGGGGCTGGTCTCAGAAGCTCAGCGAAGGCAAGAA
GATCGGATGTCTGATCTTGAGAACAGAATGGCAGAATTG
GAGGAACGATTTGAGGACCTTGCGCTGGTTGACTCTGGG
GGGAAAAATCCTGCAGCTCCCGCTCAGTCTGTTAGTCCTC
CTAGTTCGAATCCTTTTGCATATTCTCTCTCCCACTTTTCA
AAATCAAAGAGGGTGGACTGTGGGGAGAAAGGGAACAG
GTGGGGACGACCGGGAGCTTTCCCCGGAGCTGGAATATC
TGAGTTGGACTGGATCGAGTCAGGAGATGGTGGAGATGA
GAGACCTAAAGGAGGAAGATATCCCCGAGGAGGGAATAC
GCCCAGTTGAGATG

AVGMVIFLLVLAIMAMTASVTAA
ATLVKQHATAQVVGRLSTNLTYI
TKIQNQYLHLFQNLNTRVNNLHH
RVTYLEFLAEVHEVQTGLGCVPR
GRYCHFDWRPEEVGLNMTLWNS
TTWQQWMSYYDQIEENIWNLKY
NWSEALEKGKSNTDGLEPDVFRY
LADLSSSFTWGSWVDKLVWLAYI
LLAYFAFKVLQCIMSNLGAQTRY
QLLNAQEDTDPAGDGDQPDDHR
SGDTPRSGVPSGGWSQKLSEGKKI
GCLILRTEWQNWRNDLRTLRWLT
LGGKILQLPLSLLVLLVRILLHILSP
TFQNQRGWTVGRKGTGGDDREL
SPELEYLSWTGSSQEMVEMRDLKE
EDIPEEGIRPVEM

CA

CCTCAGCTGAGAAAGAACTTCCCCGCCGTGAGCACCTCC
GACGGCTCTCCTAGATACGACCCCGACCTGACCAAGCAG

PQLRKNFPAVSTSDGSPRYDPDLT
KQLKIWADATEKHGVDHHAVNI
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Protein

Nucleotide sequence

Amino acid sequence

CTGAAGATTTGGGCCGACGCCACCGAGAAGCACGGCGTG
GATCACCACGCCGTGAACATCCTGGGCGTGATCACCGCC
AACCTGACCCAGAGCGAGATCCGGCTGCTGCTGCAGAGC
ACCCCCCAGTGGAGGCTGGACATCCAGCTGATCGAGTCC
AAGCTGAACGCCCGGGAGCACGCCCACAGAGTGTGGAAG
GAGAGCCACCCCGAGGCCCCTAAGACCGACGAGATCATC
GGCAAGGGCCTGACCGCCGCCGAGCAAGCTACCCTGACC
ACCCAAGAATGCCGCGACACCTACCGCCAGTGGGTGCTG
GAGGCCGCTCTGGAAGTGGCCCAAGGCAAGCACGACCGG
CCCGGACCTATCAACATCCACCAAGGCCCCAAGGAGCCC
TACCCCGAGTTCGTGAACAAGCTGGTGACCGCCCTGGAG
GGCATGGCCGCTCCTGAAACCACCAAGCAGTACCTGCTG
GACCACCTGAGCGTGGACCACGCCAACGAGGACTGCCGG
GCTGTGCTGCTGCCCCTGGGACCTTCTGCCCCTATGGAGC
GGAAGCTGGAGGCCTGCCGCGCTGTGGGAAGCTCTAAGC
AGAAGATGCAGTTC

LGVITANLTQSEIRLLLQSTPQWRL
DIQLIESKLNAREHAHRVWKESHP
EAPKTDEIIGKGLTAAEQATLTTQ
ECRDTYRQWVLEAALEVAQGKH
DRPGPINITHQGPKEPYPEFVNKLV
TALEGMAAPETTKQYLLDHLSVD
HANEDCRAVLLPLGPSAPMERKLE
ACRAVGSSKQKMQF

Table 2. The amino acid sequence of the TM and CA protein epitope

Cytotoxic T lymphocyte

Protei
rotein (CTL) epitope

Helper T lymphocyte (HTL)
epitope

Linear B lymphocyte (LBL)
epitope

™ KQHATAQVVTKIQNQYLH AVGMVIFLLVLAIMAAMTASVTAAATLVKQ

ALEKGKSNRDLKEEDIP

CA LQSTPQWRLIHQGPKEPY

STSDGSPRYDPDLTKLGVITANLTQSEIRL

SDGSPRYDPDLTKQESHPEAPKT

Three complementary prediction methods were
applied to identify the most promising B-cell epitopes
from these proteins, such as BepiPred Linear Epitope
Prediction 2.0, Emini Surface Accessibility Prediction,
and Kolaskar & Tongaonkar Antigenicity. BepiPred 2.0,
which uses a random forest algorithm based on decision
trees, was employed to predict linear epitopes with high
accuracy [42]. The Emini Surface Accessibility Prediction
was then used to determine whether predicted epitopes
are likely to be exposed on the protein surface [43], while
the Kolaskar & Tongaonkar Antigenicity assessment
evaluated their physicochemical properties to estimate
antigenicity [44]. The overlap in predictions from these
methods reinforces the reliability of the identified
epitopes, increasing confidence in their potential to elicit
strong B-cell responses.

To complement B-cell targeting, cytotoxic T
lymphocyte (CTL) and helper T cell (HTL) epitopes were
predicted to ensure a balanced humoral and cellular
immune response. CTL epitopes were identified using the
IEDB TepiTool with the BoLA-D18.4 MHC class I allele,
a well-characterized bovine allele that has been previously

used for other veterinary vaccine targets [45]. HTL
epitopes were predicted using the NetBoLAlIIpan tool,
which employs a pan-specific approach to cover BoLA-
DRB3 alleles prevalent in cattle [46]. Together, these
predictions ensure that the vaccine construct has the
potential to activate both CD8+ and CD4+ T cell
pathways, enhancing overall immune protection.

Multiepitope Vaccine Construct

In the design of the Jembrana disease multiepitope
vaccine, the selected TM and CA protein epitopes were
arranged consecutively, starting from the N-terminal
adjuvant TLR4 agonist ribosomal 50S L7/L12, CTL
epitope connected with AAY linker, HTL epitope
connected with KK linker, LBL epitope connected with
GPGPG linker. In this study, 12 epitopes were used, with
a total of 309 amino acid residues in the vaccine
construction. The arrangement of each component in
the multiepitope vaccine construction is shown in Fig. 1.

The 50S L7/L12 ribosomal protein sequence, a
known TLR4 agonist, was included as an adjuvant to
stimulate antigen-presenting cells (APCs) and induce
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proinflammatory cytokines such as TNF-a, IL-1B, and IL-
6 [47]. This strategy is supported by evidence that TLR4
activation can significantly boost both innate and adaptive
immune responses. Additionally, the construct utilized a
combination of rigid and flexible linkers to optimize
structural stability and epitope presentation. The rigid
EAAAK linker stabilizes the construct via a-helix formation
[48], while flexible linkers such as AAY, GPGPG, and KK
improve flexibility and immune accessibility [49].
Notably, GPGPG linkers have been shown to enhance
CD4+ T cell responses [50], and KK linkers help reduce
immunodominance at junctional epitopes [51].

The choice and arrangement of linkers had a direct
impact on the secondary structure of the construct. AAY
linkers, rich in alanine, promoted a-helix formation [52],
while GPGPG linkers, containing glycine and proline,
contributed flexibility and loop formation [53]. Conversely,
KK linkers favored random coil structures over a-helices
[54]. Structural modeling revealed that the construct
exhibited a high a-helix content, providing the 50S L7/L12
ribosomal protein sequence, a known TLR4 agonist, was
included as an adjuvant to stimulate antigen-presenting
cells (APCs) and induce proinflammatory cytokines such
as TNF-a, IL-1B, and IL-6 [47]. This strategy is supported
by evidence that TLR4 activation can significantly boost
both
Additionally, the construct utilized a combination of rigid

innate and adaptive immune responses.

and flexible linkers to optimize structural stability and

— Ribosomal 50 S L7/L12 ﬁ ] R

‘ EAAAK Linker

CTL (Cytotoxic T
Lymphocyte) epitope
TM protein

CTL (Cytotoxic T

CA protein

HTL (Helper T

TM protein

@@L SLBLL

Lymphocyte) epitope

Lymphocyte) epitope
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epitope presentation. The rigid EAAAK linker stabilizes
the construct via a-helix formation [48], while flexible
linkers such as AAY, GPGPG, and KK improve
flexibility and immune accessibility [49]. Notably,
GPGPG linkers have been shown to enhance CD4+ T
cell responses [50], and KK linkers help reduce
immunodominance at junctional epitopes [51].

The choice and arrangement of linkers had a direct
impact on the secondary structure of the construct. AAY
linkers, rich in alanine, promoted a-helix formation
[52], while GPGPG linkers, containing glycine and
proline, contributed flexibility and loop formation [53].
Conversely, KK linkers favored random coil structures
over a-helices [54]. Structural modeling revealed that
the construct exhibited a high a-helix content, providing
a robust framework [55], a low B-sheet content, which
reduces aggregation risks [56], and a mix of -turns and
random coils that may enhance epitope exposure to the
immune system [57].

Secondary Structure and 3D Structure Prediction

Furthermore, the secondary structure was analyzed
from this construction, and then the 3D structure was
modeled. In this study, five models were obtained, and
model 1 was selected for further validation. Model 1 was
chosen because it was more accurate and robust. The
secondary structure is illustrated in Fig. 2, while the 3D
structure is shown in Fig. 3.

)
¥

ALEXGKSN
ROLKEEDWP

ﬁ GPGPG Linker @ KK Linker

HTL (Helper T LBL (Linear B
Lymphocyte) epitope Lymphocyte) epitope
CA protein CA protein

LBL (Linear B
Lymphocyte) epitope
TM protein

Fig 1. Jembrana disease multiepitope vaccine construct
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and 34.95% random coils. The a-helix is predominantly
present in the TLR4 agonist ribosomal 50S L7/L12
adjuvant, all CTL epitopes, the HTL epitope of the TM
protein, and three residues of the LBL epitope at
positions 256, 297, and 298. Extended strands were
identified at residues 65-67, 86-89, 136-139, 169-172,
193-197, 216, 235-239, 256-258, and 266. The p-turns
were identified at residues 46, 50, 70-74, 87-89, 98-99,
123-124, 161, 179, 267-268, and 293-294. Random coil
structures were mainly present in the adjuvant region
(residues 4-5, 37-38, 47-49, 75, 80, 90-92, and 125), in
parts of the CTL epitope from the CA protein (residues

Fig 3. 3D model of multiepitope vaccine construct. Based

on the colors, the red is TLR4 agonist ribosomal 50S
L7/L12 adjuvant, light red is EAAAK linker, pink is
epitope CTL, light pink is AAY linker, magenta is epitope
HTL, light magenta is GPGPG linker, purple is epitope
LBL, and light purple is KK linker

In Fig. 2, the secondary structure of the multiepitope
vaccine consists of 48.87% a-helix, 9.71% extended
strands associated with B-sheet formation, 6.47% p-turns,

163-167 and 173-178), and in most HTL and LBL
epitopes.

Analysis of Quality and Validation

Multiepitope vaccine structures were verified
using the ERRAT program. The principle of ERRAT is
to analyze the non-bonded atom-atom interaction in a
protein structure and compare it with a database of high-

resolution and reliable structures. The results of
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structure verification using ERRAT are shown in Fig. 4.
Based on the ERRAT verification results shown in Fig. 4,
the model exhibited an overall quality score of 95.098 with
an error rate of less than 5%, indicating that the structure
can be categorized as reliable. ERRAT scores above 90%
generally indicate that the majority of non-bonded
interactions in the model fall within the acceptable range
observed in experimentally determined protein
structures. The low error rate (<5%) in this model
suggests that the atomic interaction geometry closely
resembles that of well-resolved protein structures [25].

Furthermore, according to the Ramachandran plot
in Fig. 5, generated using the PDBsum analysis program,
94.2% of residues are located in the most favored region,
4.6% in the additionally allowed region, 1% in the
generously allowed region, and 0% in the disallowed
region. The analysis confirmed that the vaccine is stable
and reliable, with 94.2% of residues located in the most
favored regions and no residues in disallowed regions.
Analysis of the amino acid distribution on the
Ramachandran plot reveals that, in general, the amino
acids adopt anti-parallel B-sheet, parallel 3-sheet, and left-
handed a-helix structures. Notably, two amino acids
(Glu301 and Lys136) are located in the generously
allowed region, while one amino acid (Ser270) does not
adopt a defined structure as it is positioned in quadrant 4
of the Ramachandran plot.

Physiochemical Analysis, Allergenicity, Antigenicity,
and Toxicity of Multiepitope Vaccine Constructs

In addition to its structural quality, the vaccine
construct has a molecular weight of 32.292 kDa, which
indicates ease of purification [58-59]. Its stability is
supported by an instability index of 29.32, which classifies
it as stable [60], and its thermostability is confirmed by an

aliphatic index of 85.44. The secondary structure
composition, with 6.47% beta turns and 34.95% random
coils, contributes to a flexible spatial arrangement that
facilitates effective epitope formation. According to
ProtParam analysis, the estimated half-life of the
construct is 30 h in mammalian reticulocyte cells (in
vitro), more than 20 h in yeast (in vivo), and over 10 h in
E. coli (in vivo).

Beyond structural integrity, the construct also
demonstrated safety.
Computational predictions consistently identified it as

favorable  immunological

antigenic, non-allergenic, and non-toxic—key properties
of a viable vaccine candidate. Antigenicity ensures

180-

Psi (degrees)

30
Phi (degrees)

Fig 5. Ramachandran plot of multiepitope vaccine
constructs. “Red” regions indicate the “most favored
region”, “light yellow” regions indicate the “additionally
allowed” region, “pale yellow” regions indicate the
“generously allowed” region, and “white” regions
indicate the “disallowed” region

$

©
2
.
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Fig 4. Verification of multiepitope vaccine constructs. The yellow-colored part is the 95% rejected part of the structure
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stimulation of B and T cell responses [60], non-
allergenicity minimizes the risk of hypersensitivity [61],
and non-toxicity guarantees compatibility with host
tissues [62]. These findings were further validated by
specialized tools. Allergenicity analysis using AllerTOP
v.2.0 classified the construct as non-allergenic, while
VaxiJen v2.0 predicted an antigenicity score of 0.4986,
exceeding the 0.4 threshold and confirming its antigenic
nature. In addition, ToxIBTL analysis indicated that the
construct is non-toxic. These combined features suggest
that the construct can effectively interact with immune
receptors without eliciting harmful side effects.

Molecular Docking Between the Vaccine Construct
and TLR4

Since no specific receptor has been identified for
Jembrana virus infection, this study utilized the TLR4
receptor as a universal receptor, known to bind to ENV
proteins, to evaluate the interaction capability between
the receptor and the vaccine through molecular docking
[39]. Molecular docking was performed by interacting the
TLR4 of B. indicus, which serves as a receptor, and a
multiepitope vaccine construct, which acts as a ligand,
using the GRAMM program. The results obtained from
molecular docking were several possible complexes formed
between TLR4 and the multiepitope vaccine construct,
with the lowest interaction energy value recorded at
—66 kcal/mol. Furthermore, the docking analysis yielded
a root mean square deviation (RMSD) value of 0.442 A,
which indicates a highly reliable and stable docking pose.
Previous studies have reported that docking models with
sub-angstrom RMSD values (<1 A) are categorized as
high-quality, accurately reproducing experimental
structures and thereby validating the docking results
obtained in this study [41].

The docking complex was also analyzed for the
interaction between residues using PDBsum Generate,
which resulted in three types of interactions: three salt
bridges, eight hydrogen bonds, and 459 non-bonded
contacts. The binding site of the ligand (multiepitope
vaccine construct) to the TLR4 receptor, as well as the
binding probability between the TLR4 receptor and the

multiepitope vaccine construct, is illustrated in Fig. 6.

Chain ( Chain A Chain (
A @D @D G27s
argso @D @D Va6

Lyssoo @D @D Pro30?

Teps3 @D @D Pro202

Lewsot @ @D G203
L1 @D @@Ly
Leuts @D

(b) Chain A

Glu79 Leal$
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Fig 6. (a) 3D visualization of molecular docking between
TLR4 of Bos indicus with Jembrana disease virus
multiepitope vaccine construct, “red structure” indicates
receptor, “turquoise structure” indicates multiepitope
vaccine construct. (b) Interactions between residues in
the docking complex: “red line” indicates salt bridge,
“blue line” indicates hydrogen bond, “orange dashed
line” indicates non-bonded contact
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Based on Fig. 6, it can be seen that there were three
types of interactions: three salt bridges, seven hydrogen
bonds, and 453 non-bonded contacts. A salt bridge occurs
between residues Lys130, Lys153, and Arg257. Hydrogen
bonds occur on residues: Asp84, His103, Ser105, Thr110,
Lys130, Lys153, and GIn599. Non-bonded contact itself is
an interaction between atoms that are not connected by

289

covalent bonds [63]. In this case, a non-covalent bond
refers to bonds other than ionic bonds and hydrogen
bonds,
hydrophobic bonds.

such as van der Waals interactions and

In Table 3, it can be seen that the vaccine construct
can interact with the ligand binding site on TLR4 through
two types of interactions: specifically, hydrogen bonds

Table 3. TLR4 ligand binding site map and binding probability of ligand (vaccine construct) on TLR4 receptor

TLR4+Mu
Pocket Probabili Ami Iti-epit
ocke Position Score robability m.mo Amino acid number -ep 1. ope
rank score acid vaccine
construct
1 10.15 0.587 12 661 664 665 668 720 724 729 754 757 758 761 762
2 3.61 0.141 9 681 683 709 713 719 745 747 748 751
&
3 1.61 0.025 6
4 1.36 0.016 6 114 117 136 137 138 144
v,
5 - 1.15 0.010 6 771 775 780 787 790 795
6 g 1.08 0.009 6 181 183 209 211 212 263
7 " 1.06 0.008 6 673 729 731 732 758 764
t
0.004 5 412 414 429 434 443

8 084
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and non-bonded contacts, with a probability of 0.025
(2.5%). The residues that interact in the binding site of the
TLR4 receptor are Met41, Asp60, Ser62, Leu63, Asp84,
and Ser86. Additionally, the vaccine construct interacts
with TLR4 outside of the binding pocket, forming salt
bridges (Lys130, Lys153, and Arg257), hydrogen bonds
(Asp84, His103, Ser105, Thr110, Lys130, Lys153, and
GIn599), and non-bonded contacts. The presence of
hydrogen bonds and strong ionic bonds suggests a close
and stable interaction between the vaccine construct and
TLR4 [21].

Molecular Dynamics Between Vaccine Constructs
and TLR4

To determine the stability of the multiepitope vaccine
construct's structure, molecular dynamics simulations were
performed on the docking complex with the minimum
binding energy, the non-interacting vaccine construct,
and the non-interacting TLR4. The simulation results of
molecular dynamics in this study are based on the root
mean square fluctuation (RMSF) of the docking complex,
which was then compared with the structure of the non-
interacted vaccine construct and TLR4. In this study,
molecular dynamics simulations were performed for 50
cycles, with 50-frame trajectories recorded over a 10-ns
time period. The RMSF value of the molecular dynamics
simulation results for the TLR4 receptor is shown in Fig. 7.

The stability of TLR4 (chain A) was evaluated based
on the RMSF values, where the RMSF of the ligand-bound
TLR4 receptor was lower than that of the native receptor.

As shown in Fig. 7, a total of 341 residues exhibited lower
9 4
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RMSF values. Among these, one residue, Met41, was
located within the binding site, resulting in an RMSF
decrease from 0.689 to 0.652 A. In addition, fifteen
residues located in interaction regions outside the
binding site also displayed decreased RMSF values,
including Ile54 (2.338 to 1.958 A), Met58 (0.444 to
0.441 A), Phe77 (1.299 to 1.191 A), Gly100 (1.204 to
0.707 A), His103 (0.853 to 0.833 A), Ser105 (0.644 to
0.462 A), GIn129 (0.501 to 0.293 A), Val134 (0.483 to
0.449 A), Lys153 (0.791 to 0.409 A), Glul54 (0.410 to
0.246 A), Glu178 (0.458 to 0.335 A), His179 (0.417 to
0.103 A), Lys595 (0.677 to 0.346 A), Asp569 (2.287 to
1.732 A), and Asp596 (0.767 to 0.471 A). Although only
one residue within the binding site exhibited a reduction
in RMSF value, the observed decreases in other regions
may also contribute to the overall stability of the
receptor [64].

The stability of the vaccine was evaluated based on
RMSF values. The RMSF of the vaccine (chain C) in
complex with TLR4 was lower than that of the unbound
vaccine, indicating reduced structural flexibility upon
interaction. As shown in Fig. 8, a total of 118 residues
exhibited lower RMSF values in the vaccine-TLR4
complex compared to the unbound form. Among these,
three residues were located in the TLR4 ligand-binding
site, such as Glu68 (from 0.501 to 0.641 A), Ala69 (from
0.787 to 0.826 A), and Alal00 (from 1.319 to 1.593 A).
In addition, 17 residues located outside the binding site
but still involved in interaction also showed decreased
RMSF values, including Glu59 (from 2.743 to 2.129 A),

Native TLR4
——— TLR4+Vaccine

J‘

i fu

0

400

800

Residue index
Fig 7. Comparative graph of RMSF between the docked TLR4 receptor with vaccine construct (blue line) and native

TLR4 receptor (orange line)
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Fig 8. Comparative RMSF graph between vaccine constructs docked with TLR4 receptor (blue line) and native vaccine

(orange line)

Ser86 (from 1.628 to 1.513 A), Prol01 (from 1.992 to
1.891 A), Gly201 (from 1.654 to 1.245 A), Pro202 (from
1.458 to 1.179 A), Gly203 (from 1.484 to 1.037 A), Thr206
(from 0.683 to 0.599 A), GIn253 (from 1.656 to 1.405 A),
Pro262 (from 4.477 to 4.322 A), Leu265 (from 5.693 to
3.906 A), Glu266 (from 5.505 to 5.143 A), Lys267 (from
6.314 to0 4.894 A), Lys273 (from 5.756 to 1.984 A), Arg274
(from 5.800 to 2.167 A), Leu276 (from 4.435 to 3.370 A),
Glu278 (from 6.435 to 5.391 A), and Pro307 (from 5.424
to 2.037 A). Overall, the lower RMSF values were
predominantly distributed across the epitope regions,
suggesting that the epitope structures remain stable,
thereby indicating a high potential for interaction with
MHC molecules or immune system receptors [65].

Codon Optimization and In Silico Cloning of
Multiepitope Vaccine Construct

The multiepitope vaccine construct, after codon
optimization, consists of 309 amino acids and 927
nucleotides. The optimized sequence achieved a Codon
Adaptation Index (CAI) of 1.0, which falls within the ideal
CAlrange 0of 0.9 to 1.0 [37]. In E. coli samples, higher CAI
values showed a positive linear correlation with protein
expression levels, indicating that genes with elevated CAI
values tend to be expressed more efficiently [66]. In
addition to the CAI value, the GC content of a gene also
influences protein expression in the E. coli expression
system. Extremely low GC content (< 30%) or excessively
high GC content (> 80%) should be avoided, as both can

reduce mRNA stability and interfere with translation
initiation [67]. In this study, codon optimization
resulted in an overall GC content of 51.99%, which falls
within the moderate range of GC content.

In order to evaluate the simulation of inserting
vaccine constructs into expression vectors, an in silico
cloning process was performed in this study. This
approach also provides insights into protein expression
in the E. coli BL-21 (DE3) prokaryotic system. The pET
28b+ vector was used as the prokaryotic cloning vector
in this study. The E. coli BL21 (DE3) strain was selected
due to its widespread use in recombinant protein
production. For the in silico cloning process, restriction
enzyme sites Xhol and Ndel were added to the N- and
C-terminal regions of the construct, respectively. The
results of this cloning simulation are presented in Fig. 9.

Based on Fig. 9, the pET-28b(+) plasmid has a
length of 5,368 bp. After the addition of the multiepitope
vaccine construct, which includes Xhol and Ndel
restriction enzyme sites and has a length of 939 bp, the
total sequence length of the plasmid is approximately
6223 bp. Previous studies have shown that pET-28b(+)-
based expression systems can successfully produce
multiepitope proteins of various sizes, including
brucellosis diagnostic proteins < 65 kDa [68] and HIV
envelope-derived constructs 32 and 53 kDa [69]. Based
on these findings, it is possible that the Jembrana virus
multiepitope vaccine protein could also be efficiently
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Ndel

PET-288+TM-CA fixed
6223 op

INSERT
FRAGMENT || Replace

Xhol (158) Ndel (237)

PET-28b(+)
5368 bp

Fig 9. In silico cloning of multiepitope vaccine in pET-28b (+) plasmid

expressed in the E. coli BL21 system, providing a practical
platform for large-scale production.

Immune Simulation Analysis

Immune simulation analysis is a crucial step in the
development of multiepitope vaccines, as it enables the
evaluation of their ability to induce immune responses
[70]. The results of the immune simulation are shown in
Fig. 10. The immune response simulation of the
multiepitope vaccine construct is presented in Fig. 10.
Antigen levels increased following vaccine administration
on days 1, 14, and 28, while antibody production rose
significantly after the first booster (day 15) and continued
to increase until day 35. B-cell populations expanded
accordingly, with IgM isotypes observed in the early phase
and IgG1 and IgG2 appearing after day 15, steadily rising
until day 30. CD4+ T-helper cells also showed a
progressive increase, whereas CD8+ cytotoxic T cells

Ndel ($35)

Insert
Xhol (2)

Xhol Ndel

TM-CA fixed
935 op

peaked shortly after vaccination but gradually declined,
suggesting that highly functional antigen-specific CD8+
T cells are not maintained in the long term [71].
Cytokine analysis revealed elevated IFN-y levels
during the early vaccination phase, consistent with the
activity of CD8+ T cells, which are known producers of
IFN-y [72].
corresponding to the proliferation of T-helper cells.

IL-2 concentrations also increased,
Dendritic cells were activated post-vaccination, with
antigen-engulfing cells peaking on days 4-5 and again
after booster doses. Antigen-presenting dendritic cells
via MHC class I increased shortly after vaccination and
boosters, while MHC class II presentation remained
elevated throughout the study period. Collectively, these
findings demonstrate that the multiepitope vaccine
construct effectively stimulates both humoral and
cellular immune responses, supported by antibody
production, T-helper proliferation, cytokine secretion,
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Fig 10. Immune response simulation of the multiepitope vaccine construct. (a) Antibody production, (b) B lymphocyte

population after three vaccine administrations, (c) CD8+ cytotoxic T-cell population after injection, (d) CD4+ T-

helper population after vaccination, (e) cytokine and interleukin concentrations, and (f) dendritic cell population after

vaccination

and dendritic cell involvement. Overall, the integrated
computational analysis supports the Jembrana virus
multiepitope vaccine construct as a promising candidate
for further experimental validation. By combining
conserved viral epitopes, immune-enhancing adjuvants,
and an expression-ready design, this construct offers a
feasible pathway toward developing an effective and
scalable JDV vaccine.

m CONCLUSION

This study successfully designed a multiepitope
vaccine candidate against Jembrana disease virus by
combining conserved epitopes from the transmembrane
and capsid proteins with immune-enhancing adjuvants
and optimized linker sequences. In silico prediction and
validation confirmed the presence of high-probability B-
cell, cytotoxic T-lymphocyte, and helper T-lymphocyte
epitopes, supporting the potential to induce both humoral
and cellular immunity. Structural modeling revealed a
stable construct with high o-helix content, low
aggregation potential, and optimal epitope exposure,
while safety analyses confirmed antigenicity, non-

allergenicity, and non-toxicity. Molecular docking and
dynamics demonstrated strong and stable binding to the
TLR4 receptor, and codon optimization suggested
efficient expression in the E. coli BL21 (DE3) system.
Importantly, immune simulations indicated effective
responses, including increased antigen levels, early IgM
IgG1/IgG2  production,
expansion of CD4+ T-helper cells, transient CD8+ T-cell

production followed by

activation, elevated IFN-y and IL-2 levels, and strong
dendritic cell involvement via both MHC I and II
pathways. Collectively, these findings highlight the
vaccine as a promising JDV candidate, and this warrants
further validation through in vitro and in vivo studies.
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