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Abstract: Nipah virus (NiV) is a highly lethal zoonotic paramyxovirus with no licensed vaccines or targeted antiviral
therapies, posing a serious global health threat. Recurrent outbreaks in South and Southeast Asia highlight the critical
need for efficacious and broadly protective vaccine strategies. In this research, an immunoinformatics-based approach
was utilized to construct a multi-epitope vaccine (MEV) targeting the highly conserved NiV fusion protein (NCBI
ID: AAY43915.1). The protein exhibited high antigenicity, non-allergenic potential, and favorable physicochemical
properties. Cytotoxic T-lymphocyte (CTL), Helper T-lymphocyte (HTL), and B-cell epitopes were predicted
and rigorously screened for immunogenicity, non-toxicity, and sequence conservancy, resulting in the selection
of epitopes with over 90% identity across Bangladeshi and Malaysian NiV strains. Population coverage analysis
confirmed the broad applicability of Human Leukocyte Antigen (HLA), particularly in endemic regions. The finalized
MEV construct, incorporating appropriate linkers and a 50S ribosomal protein adjuvant, showed structural stability
following modelling, refinement, and validation. Molecular docking revealed strong binding affinity with TLR3 and
TLR4, Computational immune simulations predicted robust adaptive.immune responses, and codon optimization,
along with in silico cloning, confirmed favorable expression in E. coli. Although these findings are supported by
computational analyses and should be validated “experimentally, the proposed MEV demonstrates strong cross-
protective and immunogenic potential, offering an encouraging platform for the design of a pan-strain NiV vaccine.

Keywords: Nipah Virus, Multi-epitopeVaccine (MEV), Fusion Protein, Molecular Docking, Immunogenicity,
Vaccine.

1. INTRODUCTION regulating membrane coalescence between the

virus and host cells. Given its essential function

The Indian subcontinentis a hotspot for zoonotic
infections due to dense human-animal interactions,
inadequate disease monitoring, and limited public
health infrastructure [ 1]. Among these threats, Nipah
virus (NiV) is known to be a highly fatal zoonotic
paramyxovirus capable of both animal-to-human,
and human-to-human transmission, with mortality
rates reaching up to 100% in some outbreaks [2,
3]. Despite multiple outbreaks in Bangladesh,
India, and Malaysia, there isn’t a licensed human
vaccination against NiV at the moment, posing a
persistent threat to regional and global health [4, 5].

Nipah virus (NiV) is a membrane-bound
negative-sense RNA virus of the genus Henipavirus
within the Paramyxoviridae family. Its genome
encodes the six structural proteins, of which the
fusion protein (F) is essential for viral uptake by

and relatively conserved nature, the F protein is an
attractive target for vaccine development aimed at
providing broad-spectrum protection across NiV
strains.

Traditional vaccine approaches for NiV,
including live-attenuated, viral vector-based,
and protein subunit vaccines, are still in clinical
or preclinical phases [6]. These strategies face
challenges such as biosafety level 4 (BSL-4)
restrictions, high production costs, and prolonged
development timelines [7, 8]. In contrast, a
multi-epitope  vaccine (MEV) design using
immunoinformatics offers a safer, faster, and
more cost-effective alternative for targeting highly
pathogenic viruses like NiV [9, 10]. Several in
silico studies have previously proposed multi-
epitope vaccine (MEV) constructs against NiV,
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primarily targeting surface glycoproteins or
combinations of viral antigens [11-13]. While these
studies demonstrated preliminary immunogenic
potential, many were limited to epitope prediction
and basic antigenicity assessments, with insufficient
integration of population coverage analysis, innate
immune receptor interactions, structural dynamics,
or expression feasibility. Consequently, the
cross-strain protective capacity and translational
relevance of earlier MEV designs remain
inadequately explored. In the present study, we
tackle these limitations through the development
of a novel multi-epitope vaccine based on the
highly conserved NiV fusion protein, incorporating
carefully selected B-cell, Cytotoxic T-lymphocyte
(CTL), and Helper T-lymphocyte (HTL) epitopes
that are safe, non-allergenic, and immunogenic.
Our MEV design integrates molecular docking
with innate host defence receptors TLR3 and
TLR4, structural flexibility assessment through
intrinsic dynamics analysis, immune response
computational modelling via C-ImmSim, and
codon optimization with virtual cloning for E. coli
expression, alongside comparative evaluation to
highlight its enhanced antigenicity and stability.

This study marks a major advancement in
computational vaccinology by, combining the
design of a potent MEV candidate against NiV
with comprehensive validation of its structural
and immunological perfoermance using multi-
tiered bioinformatics ‘strategies. The findings have
strong implications for preclinical development and
pandemic preparedness in NiV-endemic regions.
To achieve broad coverage, we assessed epitope
conservancy across NiV strains from diverse
geographical outbreaks [14]. The selected epitopes
showed high sequence identity in both Malaysian
and Bangladeshi isolates, indicating potential
cross-strain protection. Human Leukocyte Antigen
(HLA) allele mapping predicted binding to widely
distributed alleles, enabling extensive population
coverage, especially in Southeast Asia, and it
supports the translational feasibility of the construct
for practical application in endemic regions.
By combining these multi-tiered computational
validations, this study aims to provide a
comprehensive and translationally relevant MEV
framework with strong potential for preclinical
development and pandemic preparedness in NiV-
endemic regions.

2. MATERIALS AND METHODS

A computational method was employed to identify
a candidate protein and design the vaccine
construct, analyze its structure, and perform in
silico validation and immune simulation. Detailed
methodology is outlined in Figure 1.

2.1. Retrieval and Examination of NiV Fusion
Protein Sequence

The surface fusion protein sequence of NiV was
sourced from the NCBI protein repository utilizing
the accession number AAY43915.1. This protein
is critical for viral entry and a prime target for
immune recognition. The antigenic properties were
evaluated utilizing the VaxiJen v2.0 computational
platform (https://www.ddg-pharmfac.net/vaxijen/
VaxiJen/VaxiJen.html) with a threshold of 0.4 for
viral proteins. Sequences that scored more than
0.4 on antigenicity were chosen. Using AllerTOP
v2.0 _/(http://www.ddg-pharmfac.net/AllerTOP/),
Allergenicity was determined using a machine
learning—based approach that employs auto- and
cross-covariance (ACC) transformation of protein
sequences [15].

2.2. Epitope Prediction

2.2.1. Linear B Iymphocyte (LBL)
prediction

epitope

Linear B-cell epitopes (LBL) were predicted using
BepiPred 2.0, available through the IEDB Analysis
(https://www.iedb.org/). Epitopes ranging from 10 to
30 amino acids were selected based on their location
in surface-exposed, flexible, and hydrophilic
regions. Subsequent validation was performed for
antigenic potential (VaxiJen v2.0) and allergenic
profile (AllerTOP v2.0). Linkers including GPGPG
and EAAAK were incorporated to maintain proper
spacing and improve immunogenicity [16].

2.2.2. Cytotoxic T-Lymphocyte (CTL) epitope
prediction

CTL epitopes were identified using the IEDB
MHC-I binding prediction tool. Epitopes with
ICso values < 500 nM and percentile ranks < 1%
were selected to ensure strong binding affinity
to prevalent HLA class I alleles. These epitopes
were validated for antigenicity and allergenicity,
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Fig. 1. Methodological workflow toward the development of a pan-strain multi-epitope vaccine against the Nipah
virus fusion protein. The diagram outlines key stages in the immunoinformatics-driven approach, including epitope
prediction, conservation analysis across strains, population coverage evaluation, and final vaccine construct design.
This multi-step process ensures the creation of a broadly protectivedand immunologically relevant vaccine candidate.

and connected using AAY and GPGPG linkers to
minimize junctional immunogenicity [17]

2.2.3. Helper
prediction

T-Lymphocyte (HTL)  epitope

The IEDB MHC-II binding tool 'was employed to
predict HTL epitopes. (https://tools.iedb.org/main/
tcell), and their ability to'induce cytokine responses
was evaluated using TL4Pred and IL10Pred servers.
Epitopes exhibiting IL-4 and IL-10 induction scores
exceeding 2.0 and 0.3, correspondingly, were
given precedence. Epitopes that successfully met
the criteria for antigenicity and allergenicity were
integrated into the vaccine framework utilizing
GPGPG and AAY linkers [18].

2.3. Epitope Conservancy, Cross-Strain Analysis,
and Population Coverage

To ensure broad protection and real-world
applicability, all shortlisted CTL, HTL, and B-cell
epitopes were assessed for sequence conservancy
across major Nipah virus strains (NiV-M and
NiV-B) using the IEDB Epitope Conservancy
Analysis Tool. Epitopes with >90% sequence
identity across these strains were retained for
vaccine construction, thereby enhancing cross-

strain efficacy and robustness. To assess allele
representation, the IEDB Population Coverage
Tool was applied, analyzing global and regional
populations with emphasis on South and Southeast
Asia and Sub-Saharan Africa, areas heavily
impacted by NiV outbreaks. The final vaccine
construct demonstrated a global HLA coverage of
89.3%, with over 92% population coverage in South
Asia, indicating its strong potential for widespread
immunological applicability.

2.4. Design of the Multi-Epitope Vaccine

The confirmed CTL, HTL, and B-cell epitopes were
concatenated to design the MEV. The 50S ribosomal
protein L7/L12 was conjugated at the N-terminal
end as an adjuvant through an EAAAK linker. A
6xHis tag was incorporated at the C-terminal end
to enable purification. Design aimed to optimize
folding, immunogenicity, and structural integrity.

2.5. Physicochemical and Structural
Characterization
The physicochemical properties, including

molecular weight, theoretical isoelectric point
(pD), aliphatic index, grand average of hydropathy
(GRAVY) wvalue, and instability index, were
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assessed utilizing the ProtParam tool (https://
web.expasy.org/protparam/) [19]. Solubility was
predicted via SoluProt (https://bio.tools/soluprot),
which achieves 74% accuracy through 10-fold
cross-validation. Antigenicity, allergenicity, and
immunogenicity were reconfirmed using VaxiJen,
AllerTOP, and IEDB immunogenicity tools.

2.6. Prediction of Secondary Structure of the
Constructed NiV Vaccine

The prediction of secondary structure elements
(a-helices, B-strands, and coils) was carried out using
PSIPRED (https://bioinf.cs.ucl.ac.uk/psipred/)
and SOPMA (https://npsa-prabi.ibcp.fr/cgi-bin/
npsa_automat.pl?page=/NPSA/npsa_sopma.html).
SOPMA provided additional insights, predicting
secondary structure elements with a 69.5%
confidence score, using optimized parameters (e.g.,
window size and number of conformational states)
[20].

2.7. Tertiary Structure Modeling, Refinement,
and Validation

The three-dimensional conformation of the MEV
was generated employing the I-TASSER server
(https://zhanggroup.org/I-TASSER/), which
utilizes iterative threading methodelogies to
achieve high-precision modeling. “Furthermore,
the tertiary structure of the wvaccine construct
was modeled using' trRosetta ~(https://yanglab.
qd.sdu.edu.cn/trRosetta/?utm)  [21]. Subsequent
refinement |of . the" model was executed with
GalaxyRefing” (https://galaxy.seoklab.org/cgi-bin/
submit.cgi?type=REFINE), which specializes in
side-chain repacking and structural relaxation.
Validation procedures were performed using
PROCHECK, employing Ramachandran plots to
evaluate the positioning of residues within preferred
regions [22].

2.8. Disulfide Bond Engineering

Disulfide bonds, important for vaccine stability,
were predicted using DbD2 server (http://cptweb.
cpt.wayne.edu/DbD2/) [23] and verified by
I-TASSER structural analysis. Residue pairs with
favorable y3 angles and energy thresholds were
selected to enhance protein rigidity.

2.9. In silico Docking with TLR Receptors

The designed vaccine construct was subjected
to molecular docking with Toll-like receptor 3
(TLR3; PDB ID: 2A0Z) and Toll-like receptor 4
(TLR4; PDB ID: 4G8A) using the ClusPro v2.0
server. (https://cluspro.bu.edu/login.php). Crystal
structures of Toll-like receptors TLR3 and TLR4,
obtained from the RCSB Protein Data Bank (PDB
IDs: 2A0Z and 4G8A, respectively), were used as
receptors. The vaccine construct (MEV)served as
the ligand for docking evaluations. The top-ranked
docking complexes, based on binding energy and
cluster size, were selected for further analysis. The
docked poses were visualized using PyMOL. For
improved visual clarity, high-resolution ribbon
models were generated, maintaining the original
docking orientations _and  binding interfaces.
Further stability assessments ‘of docked complexes
were conducted-via:the iMODS server (https://
imods.igf.csic.es/), which performs normal mode
analysisi(NMA) for evaluating complex dynamics
and.deformability [24].

2.10. Codon Optimization and In Silico Cloning

The polypeptide sequence of the MEV construct was
subjected to back-translation into its corresponding
nucleotide sequence through the utilization of the
EMBOSS Backtranseq program (https:/www.
ebi.ac.uk/jdispatcher/seqstats/emboss_pepstats)
[25], followed by optimization via the Java Codon
Adaptation Tool (J-CAT) (https://www.prodoric.de/
JCat) [10], to enhance expression within Escherichia
coli (strain K-12). The evaluation encompassed
the Codon Adaptation Index (CAI), GC content,
and the frequency of rare codons. Subsequently,
the optimized sequence was incorporated into the
pET-29a (+) vector employing SnapGene (https://
www.snapgene.com/) for the purpose of simulated
cloning [26].

2.11. Immune Simulation

The immune response elicited by the vaccine was
modeled utilizing C-ImmSim (https://kraken.iac.
rm.cnr.it/C-IMMSIMY/), an agent-based simulation
tool that accurately represents primary, secondary,
and tertiary immune responses [26]. The parameters
subjected to analysis encompassed antibody titers,
cytokine profiles, and the development of memory
cells throughout a 35-day simulation period.
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3. RESULTS
3.1. Sequence and Structural Analysis

The surface fusion (F) protein of Nipah virus (NiV)
(NCBI accession: AAY43915.1) was retrieved
for downstream immunoinformatics analysis.
Antigenicity analysis using VaxiJen v2.0 yielded
a score of 0.4870, confirming its immunogenic
potential. AllerTOP v2.0 classified the protein
as non-allergenic. ProtParam analysis showed a
molecular weight of 41.11 kDa and an isoelectric
point (pl) of 6.54, suggesting good stability and
solubility.

3.2. Prediction of B cell and T cell Epitope

Using BepiPred 2.0, 30 linear B-cell epitopes were
predicted. Following filtration for antigenicity,
allergenicity, toxicity, and suitable length (8-50 aa),
four epitopes were selected (Table 1). NetMHCPan
4.1 predicted 200 CTL candidates, from which 8
were shortlisted based on strong MHC-I binding
affinity (IC50 < 500 nM) with high antigenicity,
and safety criteria (Table 2). I[EDB MHC-IL

binding predictions yielded 1000 HTL candidates.
Ten epitopes were retained based on antigenicity,
cytokine-inducing capacity, and lack of homology
to human proteins (Table 3).

3.3. Developing a Vaccine Construct

Selected epitopes from B-cells, CTL, and HTL
were concatenated utilizing KK, AAY, and GPGPG
linkers. The addition of the 50S ribosomal protein
L7/L12 as an adjuvant was accomplished at the
N-terminus through an EAAAK linker, while a
6xHis-tag was incorporated at the C-terminus. The
resultant construct comprised 383 amino acids and
exhibited a VaxiJen antigenicity score of 0.6705
(refer to Figure 2).

3.4. Physiochemical Properties of the Vaccine
Construct

ProtParam revealed an instability index of 33.53
(stable),valiphatic index of 109.87, and GRAVY
score of 0.155. Solubility prediction scores from
ProteinSol (0.524) and SoluProt v2.0 confirmed
good solubility (Table 4).

Table 1. Predicted epitopes selected fromBepiPred Linear Epitope Prediction 2.0.

Protein Segment  Peptide Antigenicity Antigenic  Allergenicity  Toxicity
(Amino acid) Score

Fusion (25-33) VGILHYEKL A® 1.4183 NA® NT
Fusion (215-226) ~>GPNLQDPVSNSM A 0.1771 NA NT
Fusion (325-332) * 'NIEIGFCL A 1.9336 NA NT
Fusion (523+-543) NTYSRLEDRRVRPTSSGDLYY A 0.7837 NA NT

a: Antigenicity, b: Not Applicable, c: Non-Toxic.

Table 2. Lists of MHC-I epitopes showing antigenic score, allergenicity, and toxicity.

Protein Segment Peptide Antigenicity Antigenic  Allergenicity Toxicity
(Amino acid) Score

Fusion (126-135) AQITAGVALY A® 0.6530 NA® NT*
Fusion (27-36) ILHYEKLSKI A 0.4121 NA NT
Fusion (310-318) SIVPNFILV A 0.5759 NA NT
Fusion (47-55) KIKSNPLTK A 0.7250 NA NT
Fusion (512-521) FISFITVEKK A 1.7539 NA NT
Fusion (195-203) TELSLDLAL A 1.1768 NA NT
Fusion (124-133) TAAQITAGVA A 0.7852 NA NT
Fusion (125-134) AAQITAGVAL A 0.7441 NA NT

a: Antigenicity, b: Not Applicable, c: Non-Toxic.
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Table 3. List of MHC-II epitopes, selected on the basis of allergenicity, toxicity and homology.

Protein Peptide Antigenicity Antigenic  Allergenicity  Toxicity Homology
Score
Fusion (315-323) FILVRNTLI A® 0.5200 NA® NT* NH!
Fusion (179-187) INTNLVPTI A 0.7834 NA NT NH
Fusion (309-317) ISIVPNFIL A 0.7808 NA NT NH
Fusion (46-54) YKIKSNPLT A 0.9685 NA NT NH
Fusion (515-523) FIIVEKKRN A 2.5120 NA NT NH
Fusion (516-524) IIVEKKRNT A 1.8403 NA NT NH
Fusion (122-130) IATAAQITA A 0.7382 NA NT NH
Fusion (120-128) IGIATAAQI A 1.0247 NA NT NH
Fusion (518-526) VEKKRNTYS A 1.0619 NA NT NH
Fusion (410-418) LMIDNTTCP A 0.5036 NA NT NH

a: Antigenicity, b: Not Applicable, c: Non-Toxic, d: No Homology

Table 4. Physiochemical properties of the developed
vaccine.

Vaccine construction characteristics

Vaccine length 383 Amino Acid
Molecular Weight 41.18 KDa
Antigenicity 0.6705

Allergic Potential Non allergenic
Toxicity Nontoxic
Theoretical pl 6.73 Isoelectric point
Instability Index 33.53

Total Atom Number 5929 Atoms
Aliphatic Index (AI) 109.87

Extinction coefficient 13,410 M cm™ (at 280

nm, in water)
0.155
0.524

GRAVY score
Solubility

3.5. Structural Modeling and Validation
3.5.1. Secondary structure

PSIPRED has identified that the construct comprises
approximately 34.48% alpha-helices, 19.24%
extended strands, 6.58% beta-sheets, and 35.70%
coils, as illustrated in Figure 3. Additionally, Figure
4 outlines the distribution of alpha-helices, beta-
strands, turns, and coils in the secondary structure
based on SOPMA analysis. The major proportion
of coils and helices that are flexible yet stable
regions may support appropriate folding and
immunogenicity.

MAKLSTEELLDAFKELTLIELSEF VK AFEETFDVTAAAPVAVAAAGA
PAGAAPEEAEEKDSFDVVLEAAGDKKIQVIKVVRELTSLGLGEAKA
VVDGAPKAVLEGANKETAEK AKA ALEEAGAT VTLKEAAK SiGINES

BSGDINN PGP

AYFILVRNTLIINTNLVPTIISIVPNFILYKIK SNPLTFIIVEKKRNIIVEK
KRNTIATAAQITAIGIATAAQIVEKKRNTY SLMIDNT TC P NN

6xHis-tag

EAAAK AAY GPGPG KK

[ Adjuvant @ CTLepitope [ HTL epitope

[ B-cell epitope

Fig. 2. Schematic representation of the multi-epitope
vaccine construct. The design includes a 50S ribosomal
protein L7/L12 adjuvant (blue), eight CTL epitopes
(red), ten HTL epitopes (green), and four B-cell epitopes
(yellow), separated by linkers (EAAAK, GPGPG,
AAY, and KK), and a 6xHis tag at the C-terminus for
purification. This layout enhances structural stability and
immune visibility.

3.5.2. Tertiary structure

The 3D model generated via trRosetta (TM-score
of 0.454) and refined using GalaxyRefine exhibited
good stereochemical quality, with 94.2% of residues
falling in favored regions of the Ramachandran
plot, as shown in Figure 5. The clustering in these
favored regions corresponds to typical a-helix and
B-sheet conformations, with only a few outliers
such as Asn143.
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Fig. 4. SOPMA-based prediction of the NiV vaccine secondary structure. The top graph indicates the distribution
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Fig. 5. Ramachandran plot of the refined NiV vaccine
model, showing the distribution of phi and psi dihedral
angles among amino acid residues.

3.5.3. Disulfide engineering

Figure 6 shows the secondary structure of the NiV
Multi-epitope vaccine construct as predicted by
I-TASSER. The model highlights the predicted
disulfide bonds in grey, loops/coils in green,
a-helices in blue, and -strands in yellow. According
to I-TASSER calculations, the predicted disulfide
bond exhibits torsion angles between +125.95° and
-65.97° and bond energies between 1.45 and 10.37
kcal/mol.

3.6. Molecular Docking and Complex Stability
ClusPro revealed strong binding between MEV and

TLR3 (-885.4 kcal/mol) and TLR4 (-1366.3 kcal/
mol). AutoDock Vina confirmed TLR4 binding
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Fig. 6. 3D structure of the constructed NiV vaccine
visualized using the I-TASSER server, indicating overall
folding and disulfide bonds.

affinity at —8.0 kcal/mol. Figure 7(a) and 7(b) show
the docking complexes of MEV-TLR3 and MEV-
TLR4, respectively. Figure 7(a) demonstrates ‘\a
stable and Precise binding between the engineered
multi-epitope Nipah virus immunogen construct
and the leucine-rich repeat (LRR) domain of Toll-
like Receptor 3 (TLR3). This:domain'is critical for
recognizing viral components and initiating innate
immune responses. Molecular "docking analysis
demonstrated that the “vaccine construct aligns
effectively within the extracellular binding groove of

Multi-epitope Nipah Vaccine construct

(a)
R 08857
g "‘o =
-
N-terminal ~
a-helix Interaction =
N
C-terminal | TLR-3
a-helix 9 receptor
<
f

u;R aornai rminus

TLR3,engaginginseveralnon-covalentinteractions,
including hydrogen bonds, electrostatic forces,
and van der Waals linkages —that contribute to the
structural stability of the complex. This structural
compatibility suggests that the vaccine construct
can effectively mimic natural ligand binding,
thereby acting as a potential TLR3 agonist. Figure
7(b) shows the docking interaction with TLR4,
revealing a similarly high-affinity interface. The
MEYV binds to the ectodomain of TLR4, the region
involved in initiating MyD88-dependent signalling
pathways. Binding was stabilized by electrostatic
interactions and hydrophobic patches, which are
essential for TLR4 dimerization and activation. The
docking model had low binding energy and a large
cluster size, indicating robust receptor engagement.
By engaging TLR3 and TLR4, the construct may
trigger signalling cascades that activate antigen-
presenting cells and-promote cytokine production,
ultimately enhancing. both innate and adaptive
immune responses. These findings support the
immunogenic potential of the construct and provide
a strong foundation for its further development as a
prophylactic vaccine against Nipah virus. Normal
Mode Analysis (iMODS) showed low deformation
energy, suggesting stability and minimal flexibility
at the complex interface. Figures 8(a) and 8(b)
show the deformability of the docked complexes
MEV-TLR3 and MEV-TLRA4, respectively.

3.7. Immune Simulation

The C-ImmSim server was employed to evaluate
the immune response of the multi-epitope vaccine,

N-terminal

Vaccine
construct

/ Domain

Interaction
C-terminus

Fig. 7. Docking interaction of the multi-epitope vaccine with (a) TLR3 (PDB ID: 2A0Z) and (b) TLR4 (PDB ID:
4G8A), visualized using PyMOL based on docking poses from ClusPro and AutoDock Vina. Ribbon models highlight

the binding interface.
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Fig. 8. iMODS server energy profiles and deformability plots showing flexibility and dynamics of the vaccine
complexed with (a) TLR3 and (b) TLR4.

indicating strong and sustained protective immunity.
As shown in Figure 9, IgM antibodies rose rapidly,
peaking around day 10 and then switching to IgG
antibodies, indicating successful isotype switching.

Figure 10 demonstrates the activation of the
adaptive immune system, particularly TH1 cells,
which promote antiviral defence by stimulating
macrophages, natural killer cells, ‘and cytokine
production. Figure 11 illustrates the dynamics
of CTLs, showing ancinitial increase in active

700000 o 4000 and replicating cells followed by the formation
IgM+ 1g+G of memory cells,. confirming long-term immune

600000 gy —— | 3500 LS .
IgG1 + Ig62 memory. «Increased B-cell activity, along with
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5 2500 2 activation 'of both humoral and cellular immunity.
g 400000 §, E Figure'12 depicts the cytokine response with early
8 2000 ¢ > peaks in IFN-y and IL-2 after vaccination. Together,

c o . . . . . .
) e (5ot %g these results indicate effective immune stimulation

% 100000 2% and durable memory formation.
1000 2
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Fig. 9. Antigen levels and antibody titers over 35 days,
showing transition. from IgM to IgG and establishment
of immunological memory.

The codon-optimized MEV gene (1146 bp) exhibited
a CAl value of 0.553 and a GC content of 49.21%.
The designed sequence was effectively integrated
into the pET-29a (+) expression plasmid using
SnapGene. Figure 13 shows the cloned plasmid

(a) TH cell population (cells per mm?) () TH cell population per state (cells per mm?)
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THHD"I’?&: DUPLICATING —
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3000 1 200
2
2500 11508
S 1500
[-]
2000 ] 1oo§
500 F
1500 {50
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days days

Fig. 10. T-helper cell population dynamics over 35 days, showing activation, proliferation, and memory cell formation.
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Fig. 11. Cytotoxic T-cell population dynamics and functional states in response to immune activation over time.
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Fig. 12. Cytokine profile over 35 "days, highlighting
IFN-y and IL-2 expression -evels during immune
response.
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map. Although the initial codon adaptation index
(CAI) value was moderate .(0.553),”"we ensured
balanced GC content (49.21%) and eliminated
rare codons to improve translational efficiency
in E. coli. Future iterations of the construct may
incorporate synthetic codon harmonization or host-
adapted_sequences to further enhance expression
yield, setting a precedent for codon-aware design in
MEV development.

4. DISCUSSION

This study presents a comprehensive computational
immunology-based strategy for developing a
broad-spectrum multi-epitope vaccine (MEV)
candidate targeting the highly conserved fusion (F)

Cloned
5646 bp

Fig. 13. Plasmid map showing cloning of the vaccine sequence into the pET-29a (+) vector using SnapGene software.
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protein of the Nipah virus (NiV) [27], a pathogen
identified by the WHO as a top global health
threat [28]. The construct was developed using
predicted CTL, HTL, and B-cell epitopes, filtered
for antigenicity, non-allergenicity, non-toxicity, and
cross-strain conservation. The selected epitopes
showed > 90% sequence identity in both Malaysian
and Bangladeshi NiV isolates, supporting its broad-
spectrum potential. Well-characterized spacers
(GPGPG, AAY, KK) were incorporated to optimize
epitope presentation, and the fusion protein was
selected for its pivotal role in viral entry, immune
recognition and ability to induce neutralizing
antibodies. Compared to earlier designs [29,
30], this construct offers higher epitope density,
improved VaxiJen scores, and has undergone
extensive in silico refinement, including docking
and dynamics simulations, indicating stronger
predicted immune activation. This enhancement
is significant when considering the higher HLA
coverage and the compact length of the construct,
which may translate to better immune recognition
in diverse populations.

Previous Nipah virus multi-epitope vaccine
studies have often targeted single viral proteins,
such as the nucleoprotein, with an emphasis on
blocking viral entry through receptor binding. For
example, one recent design focused exclusively
on nucleoprotein — ephrin B2 interactions [31].
While informative for [ entry ~inhibition, such
strategies overlook critical aspects of host immune
engagement necessary for durable protection. In
contrast, our approach centers on the fusion protein
and integrat€s ~comprehensive immune-receptor
interaction analyses, particularly with TLR3 and
TLR4, to enhance innate and adaptive activation.
We also assessed molecular docking with Toll-like
receptors TLR3 and TLR4, critical mediators of
innate immunity. The resulting favorable docking
scores and stable interaction profiles indicate
that the vaccine construct has strong potential to
trigger downstream immune signaling pathways.
A comparative analysis of our approach with
previously published studies is presented in Tables
5 and 6 (Supplementary Material).

The choice of trRosetta for tertiary structure
modeling was critical, as it allowed us to predict
a high-resolution model of the fusion protein,
which is essential for accurate docking studies.
Structural optimization with GalaxyRefine further

ensured that the final model was physically stable
and conducive to immunogenic interactions
[32]. Stereochemical validation yielded a high-
quality model, with 94.2% of residues in favored
Ramachandran regions. Disulfide bond engineering
contributed to the predicted structural stability.

To analyze the structural robustness and
receptor-binding potential of the MEV, docking
simulations were carried out with Toll-like receptors
TLR3 and TLR4, which play a critical role in
recognizing viral components and activating innate
immunity. The docking results revealed favorable
binding conformations and stable interactions
between the MEV construct and both receptors. In
the MEV-TLR3 complex, the vaccine construct
was anchored within the‘reeceptor’s LRR domain
through multiple hydrogen bonds and hydrophobic
contacts, indicating<a strong affinity that could
trigger antiviral signaling pathways. Similarly, the
MEV-TLR4“ complex showed compact binding
and highrsurface complementarity, suggesting the
potential for receptor activation and maturation of
dendritic cells.

As illustrated in Figure 7(a) and 7(b), the MEV
construct effectively engages key ligand-binding
regions of TLR3 and TLR4, demonstrating structural
compatibility essential for initiating innate immune
responses. This interaction promotes cytokine
production, antigen presentation, and T-cell priming
— key steps for a successful prophylactic vaccine.
Additionally, molecular docking revealed strong
binding affinities with TLR3 (-885.4 kcal/mol) and
TLR4 (-1366.3 kcal/mol), further supporting robust
innate immune activation [33]. The interaction was
further validated through normal mode analysis
(NMA) using the iMODS server, which confirmed
structural stability and flexibility at the docking
interface [34]. Immune simulation results revealed
early IgM peaks followed by strong secondary IgG
responses, persistent memory cell populations, and
increased levels of IL-2 and IFN-y — indicative of a
potent Thl-driven immune response. Compared to
earlier constructs, ours demonstrated higher VaxiJen
scores (0.6705 vs. 0.52 stated by Mohammed et
al. [30]), a compact length (383 vs. 427 amino
acids), and broader HLA allele coverage (> 92%
in South Asia) reported by Majee ef al. [29]. The
early IgM peaks followed by strong IgG responses
indicate rapid and sustained immune activation,
which is essential for protective immunity against
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NiV. The persistent memory cell populations
observed further suggest that the vaccine construct
could elicit long-term protection, a crucial
factor for combating future NiV outbreaks [35].
Codon adaptation was applied to optimize the
construct for expression in Escherichia coli,
resulting in a CAI of 0.553 and a GC content of
49.21%. Virtual cloning into the pET-29a (+)
vector verified its compatibility with standard
bacterial expression systems [36]. Broad epitope
conservancy between NiV-M and NiV-B strains
supports the construct’s potential for cross-strain
protection, strengthening its applicability against
future outbreak variants. Given the virus’s high
mutation rate and recombination potential in animal
reservoirs [37], this cross-strain compatibility
increases the robustness of the proposed vaccine
against future variants. While the computational
framework used here is powerful and predictive,
it cannot fully substitute for biological complexity.
Thus, future studies should prioritize in vitro
expression, epitope-specific ELISA, cytokine
profiling, and in vivo challenge models to
experimentally confirm the immune potential and
safety profile of the vaccine.

Despite its comprehensiveness, this-study is
based solely on in silico predictions and simulations.
Although widely wvalidated, these computational
tools may not capture the full spectrum of host
immune responses. No in vitre  or in vivo data
are available at this stage, and the vaccine’s
performance in (biological systems remains to
be determined: Future wet-lab validation will be
critical to confirm the construct’s safety, stability,
immunogenicity, and protective efficacy. This study
represents an essential step toward rational NiV
vaccine development by offering a validated, pan-
strain, computationally optimized candidate with
potential for experimental translation.

Overall, this multi-epitope vaccine design
represents a significant advancement over many
previously published Nipah virus (NiV) vaccine
constructs [31, 38-40], as it moves beyond mere
epitope description to mechanistic validation of
immune activation. Recent NiV immunoinformatics
studies have similarly emphasized integration
of conserved T and B-cell epitopes and receptor
engagement, yet few have combined this with
comprehensive innate receptor analysis and broad
HLA coverage in the context of fusion protein

targeting [9, 41]. Furthermore, our construct also
demonstrates favorable interactions with important
receptors like TLR3 and TLR4 important in
predicting innate and adaptive activation that may
enhance antigen presentation and Thl responses.
The robust immune simulation profile showing
sustained IgG responses and memory formation
further supports the potential for durable protection.
Additionally, the high epitope conservancy across
NiV strains and extensive predicted population
coverage imply broader cross-strain and population-
wide effectiveness compared to other designs with
narrower allele coverage [41].

Although advanced approaches such as
AlphaFold-based modeling and all-atom molecular
dynamics simulations can provide higher-resolution
structural insights, their inclusion was beyond the
scope of this preliminary computational screening
study. Instead, walidated tools suitable for multi-
epitope chimeric vaccine constructs were employed.
Future swork. will incorporate MD simulations,
AlphaFold-based refinement, and expanded
immune simulations to further validate structural
stability and immune dynamics. Together, these
features position our construct as a computationally
optimized candidate with enhanced immunogenic
breadth and translational promise for future
experimental validation.

5. CONCLUSIONS

This study presents a computationally optimized,
structurally ~ validated multi-epitope  vaccine
candidate against Nipah virus. By integrating
pan-strain conserved epitopes, population-specific
HLA coverage, and a robust immunoinformatics
workflow, the proposed vaccine construct exhibits

strong translational potential. Its successful
docking with immune receptors, favorable
immune simulation profile, and expression

compatibility in E. coli further strengthen its
candidacy for experimental validation. This work
not only advances Nipah vaccine research but also
establishes a versatile platform for MEV design
against other emerging zoonotic viruses.
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