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Abstract

Introduction: Dengue virus (DENV),
transmitted by Aedes mosquitoes, |
remains a serious global health threat |
with an increasing incidence, largely
due to its complex epidemiology and
the impact of climate change. DENV
belongs to the Flaviviridae family,
comprising four serotypes (DENV-1
to DENV-4). The high mutation rate
of DENV and the risk of antibody-
dependent  enhancement  (ADE)
complicate the development of a
vaccine. This study aims to design a
multi-epitope vaccine against DENV,
with a focus on DENV-2, the strain
associated with severe symptoms.
Methods: First, the genome of DENV-2 was analyzed and vaccine candidate proteins were identified
by examining properties such as immunogenicity, toxicity, and allergenicity. The secondary and
tertiary structures of the vaccine were predicted and validated, and the vaccine interaction with MHC
receptors was analyzed through docking. The stability and flexibility of the vaccine were also evaluated
by molecular dynamics simulation. Finally, the vaccine gene sequence was optimized for expression in
Nicotiana benthamiana and cloned into the pBI121 vector.

Results: In this study, four proteins were selected from the initial 10 proteins after eliminating those that
were allergens, toxins, or had homology to human or mouse proteins. Finally, protein 3 was identified
as the source antigen for epitope prediction and vaccine construction. This highly immunogenic, non-
toxic, and non-allergenic protein, located in the cytoplasm, was used to design a multi-epitope vaccine
that includes selected epitopes, an IL-12 adjuvant, and a His tag. The designed vaccine consisted of 380
amino acids, exhibited a suitable stability index, and possessed a valid three-dimensional structure,
with 95.4% of the amino acids located in the preferred region of the Ramachandran map. Docking and
dynamic simulations demonstrated a stable interaction between the vaccine and MHC-I and MHC-II
receptors. Also, the vaccine gene sequence was cloned into the pBI121 vector for optimal expression in
N. benthamiana with a codon compatibility index of 0.78 and a GC content of 50.53%.

Conclusion: This study demonstrates the potential of computational approaches for developing
targeted vaccines against dengue fever. Additionally, molecular farming offers a promising, safe, and
cost-effective method for large-scale production of vaccines. Future research should focus on preclinical
and clinical trials to validate the safety and efficacy of the vaccine.
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Introduction

Dengue fever (DF), a significant public health concern,
is caused and transmitted by the dengue virus (DENV)
and Aedes mosquitoes, respectively. DF is classified
as a neglected tropical infection. Climate change can
intensify the prevalence of DENV and infect millions of
people annually in tropical and subtropical regions.'”
The symptoms of DENV infection include fever,
myalgia, cephalalgia, arthralgia, and potentially a medical
emergency, such as hemorrhagic fever, which can lead to
Dengue Hemorrhagic Fever (DHF) and Dengue Shock
Syndrome (DSS) in severe cases.**

DENV, as a single-stranded RNA virus from the
Flaviviridae family, including arthropod-transmitted
viruses, can infect humans.® There are 47 strains of
DENV divided into four serotypes (DENV-1 to 4), with
minor antigenic differences.” Since DENV, including
several strains and serotypes, can select and bind to many
receptors on different cell types.® DENV is spherical,
with a diameter of 40-50 nm. The virus contains positive
single-stranded RNA with a 5-methyl cap and a single
open reading frame.’

In the initial step of infection, DENV binds dermal
macrophages and dendritic cells, then spreads to lymph
nodes and other organs through the cells. Viremia takes
at least 10 to 12 days before clinical symptoms appear.
Mosquitoes can be infected during this viremic state and
transmit the virus to other potential hosts.'® Aedes aegypti
and Aedes albopictus are two primary DENV vectors.
DENV is transmitted in two cycles: sylvatic (in wild
animals) and human. The sylvatic cycle involves non-
human primates, specifically a monkey-Aedes-monkey
cycle, in certain regions, such as Southeast Asia and West
Africa.®!!

DENYV binds to a host cell and enters the cell through
the process of endocytosis. The virus enters the cell,
merges with the endosomal membrane, and is discharged
into the cytoplasm. The virus disassembles and releases
the viral genome. The ribosome machinery of the host cell
translates viral RNA (VRNA) into a single polypeptide,
which is cleaved into 10 proteins. Additionally, DENV
utilizes the host cell machinery to replicate; therefore, the
virus can overcome various challenges posed by the host
immune system.? The virus is assembled on the surface of
the endoplasmic reticulum (ER) when newly synthesised
RNA and structural proteins bud off from the ER. The
trans-Golgi network (TGN) converts immature viruses
into an infectious form. Thus, the host cell releases a
mature virus to infect other cells.”

According to the challenges posed by the complex
pathogenesis, potential antibody-dependent enhancement
(ADE) effects, and the high mutation rate of DENV, the
development of a DENV vaccine is crucial. Additionally,
the mutability of DENV can lead to the emergence of new
serotypes over time. For instance, the emergence of new
DENV-3 and DENV-2 serotypes highlights the ongoing
challenges of severe prevalence caused by the quick
evolution of DENV; thus, effective vaccine strategies are

indispensable.”»"* The complex pathogenesis of DENV
and its influence on immune reinforcement are crucial
challenges to developing an efficient DENV vaccine. Most
DENYV vaccines are still in the trial stages; although some
diminished live tetravalent DENV vaccines are licensed.?

DENV-2 has re-emerged with evolving transmission
patterns and multiple genetic lineages across various parts
of the world, particularly in Africa and South America.'**®
For instance, recent molecular surveillance in East Africa
has identified two imported Cosmopolitan genotype
lineages of DENV-2, likely introduced from Asia and now
circulating in that region.'® Likewise, Brazil has reported
several introductions and widespread dissemination of
these lineages, illustrating how viral evolution links across
continents.'” This global trend of gene flow, geographic
connections, vector control challenges, and increased
international travel has complicated the dengue burden
both regionally and worldwide. Consequently, developing
an effective DENV-2 vaccine is a vital scientific objective
and a public health priority."'8

The initial life-diminished tetravalent DENV vaccines,
Dengvaxia (Sanofi) and TAK-003 (Takeda), have been
associated with numerous adverse effects. In 2023, Takeda
withdrew its candidate DENV vaccine from consideration
for FDA licensing. Many documents from current vaccine
trials report significant side effects, including cephalalgia,
asthma, and urticaria.'”*° A clinical trial involving pregnant
women revealed other adverse events, such as abortion,
voluntary abortion, and fetal demise. Furthermore, it
was found that these vaccines offer limited protection
against the DENV-2 strain.?! Recent advancements in
candidate DENV vaccines demonstrate that developing a
new epitope vaccine can be highly effective, particularly
against DENV-2. Thus, the computational study aims
to design a novel multi-epitope vaccine against DENV-
2 strains for production in plant systems. In this study,
vaccine design was based on reverse vaccinology and
bioinformatics tools. By analyzing the genome structure
of dengue virus type 2 and predicting B and T epitopes, a
multi-epitope construct was designed, including selected
epitopes, IL-12 adjuvant, and a His purification tag, which
was examined and confirmed for immunogenicity, non-
allergenicity, and non-toxicity.

Materials and Methods

A schematic representation of the stepwise vaccine
structure and validation process used in this study is
depicted in Fig. 1, aimed at increasing methodological
transparency and reproducibility of our computational
method.

Target protein selection and preparation

The complete genome sequence of DENV-2 (NCBI
Reference Sequence: NC_001474.2) was analyzed using
the reference strain 16681. To identify potential coding
regions, the NCBI ORF Finder** was used with a minimum
OREF length cutoff of 300 nucleotides, ensuring that only
sufficiently long open reading frames were selected for
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Fig. 1. Schematic representation of the computational vaccine design workflow used in this study. The pipeline includes DENV-2 protein selection, epitope
prediction and analysis, vaccine construct design, structural modeling, docking and dynamics simulation, vaccine evaluation, and virtual cloning.

downstream analyses.

Following ORF identification, the subcellular
localization of the encoded proteins within human host
cells was predicted using the Virus-mPLoc server.” This
tool applies a multi-label learning approach to predict
multiple possible subcellular localizations, which is
important because the site of protein expression within
the host can strongly influence immune recognition.

To further characterize the candidate proteins, SignalP
version 6.0** was employed with default parameters to
detect signal peptides. Signal peptide predictions are
critical in vaccine design as they help identify proteins
secreted or targeted to the host cell surface, which are
generally more accessible to immune surveillance.

Allergenicity filtering. Allergenic proteins were
detected and removed using the AlgPred server.” Three
complementary prediction methods were applied under
default parameters: (i) a BLAST tool-based ARP (Allergen
Representative Protein) search, (ii) an SVM classifier
based on amino acid composition (ACC), and (iii) an
SVM classifier based on dipeptide composition (DC).
Only proteins predicted as non-allergens by all three
methods were retained, thereby minimizing the risk of
false negatives and ensuring the exclusion of allergenic
proteins.

Host homology filtering. To prevent autoimmunity
and cross-reactivity, candidate proteins were analyzed
using the BLAST tool* against the complete human and
mouse proteomes. Default parameters were applied,
and proteins with significant similarity (>30% identity
over >70% coverage) to host proteins were excluded from
further analyses.

Antigenicity prediction. The antigenicity of each non-
allergenic, non-host-homologous protein was assessed
using VaxiJen v2.0.” VaxiJen uses an alignment-
independent approach based on the auto-cross covariance
(ACC) transformation of protein sequences. The “virus”
model was applied with the default threshold of 0.40;
proteins scoring>0.40 were considered antigenic and
selected for epitope prediction.

Toxicity prediction. Toxicity was evaluated using the
ToxinPred server.”® The SVM (Swiss-Prot) prediction
model with default thresholds was employed to classify
peptides as toxic or non-toxic. Additionally, the motif-
based module of ToxinPred was applied using an E-value
cutoff of 10 and an SVM threshold of 0.0 to detect
potentially toxic motifs. Only peptides consistently
classified as “Non-Toxin” by all models were retained.

Transmembrane topology analysis. Finally, the
candidate proteins were examined for the presence of
transmembrane helices using TMHMM v2.0. Proteins
or epitopes predicted to be buried within transmembrane
domains were excluded, as such epitopes are typically
inaccessible to host immune surveillance. Only soluble or
exposed regions were retained for vaccine design.

Collectively, these sequential filters—allergenicity, host
homology, antigenicity, toxicity, and transmembrane
topology—ensured that only safe, antigenic, non-toxic,
and non-host homologous proteins/epitopes were
forwarded to the next stage of epitope prediction and
vaccine construct assembly.

Multi-epitope vaccine design and epitope selection
criteria

The IEDB server was utilized with default parameters
to systematically predict epitopes for all HLA alleles in
the protein with the highest immunogenicity score. To
ensure robustness and reproducibility, explicit selection
criteria were applied. Antigenicity was evaluated using
VaxiJen v2.0 (virus model) with a threshold of>0.40.
Strong MHC-binding affinity was required: epitopes with
IC50<500 nM or percentile rank<1% were selected for
MHC-I, and epitopes with IC50<1000 nM or within
the top 10% were selected for MHC-II. Allergenicity
was excluded using AlgPred, where epitopes had to be
negative in all three methods (BLAST-ARP, SVM-ACC,
and SVM-DC). Toxicity was filtered using ToxinPred
with the SVM (Swiss-Prot) model and the motif-based
module (E-value<10, SVM score 0.0); only epitopes
consistently predicted as “Non-Toxin” were retained.
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To avoid autoimmune cross-reactivity, epitopes showing
significant similarity to human or mouse proteins (>30%
identity across >70% coverage) in BLAST were discarded.
Furthermore, only epitopes with>90% conservancy
among representative DENV-2 sequences were included
in the final construct.

The vaccine design was constructed by linking the
selected epitopes using flexible linkers (GPGPG or
KK). An adjuvant, Interleukin-12 (IL-12; Accession
No. AAB37425.2), was incorporated to enhance
immunogenicity, joined via a PAPAP linker. A His-tag
was added at the C-terminus to facilitate purification in
Nicotiana benthamiana, a model plant for recombinant
protein expression. The final construct was then validated
for its antigenicity, allergenicity, and toxicity using the
aforementioned tools.

Physicochemical characteristics

The physical and chemical characteristics of the candidate
vaccine were analyzed using the ProtParam tool.*
Parameters, including theoretical pI, molecular weight,
total numbers of negatively charged residues (Asp + Glu)
and positively charged residues (Arg + Lys), grand average
of hydropathicity (GRAVY), the aliphatic index, and the
instability index, were predicted and analyzed.

Secondary and tertiary structures

The Prabi server® and SWISS-MODEL?** were respectively
utilized with default parameters to predict the secondary
and tertiary structures of the candidate vaccine sequence.
The top template was Q2PE76.1.A (AlphaFold DB model
of IL12B_BUBCA, Bubalus carabanensis), with sequence
identity 72.41% and template coverage corresponding to
residues 264-379. Subsequently, the Z score was calculated
by ProSA-web.” The precision of the predicted protein
structure was analyzed using the Ramachandran plot. The
PDB file containing the predicted tertiary structure of the
vaccine protein was analyzed using the MolProbity server
to confirm the three-dimensional structure and assess its
quality.

Molecular docking and NMA-based dynamics simulation
Molecular docking was performed with the HDOCK
server® using the designed multi-epitope vaccine as
ligand and experimentally solved MHC structures as
receptors. For MHC class I, we selected HLA-A*02:01
(PDB ID: 5YXU) because of its wide representation in
immunological studies and the availability of a high-
quality crystal structure; for MHC class II, we used HLA-
DRBI (PDB ID: 4MD4) as a structural representative
of the DRBI1 family. The use of experimentally resolved
PDB templates facilitates reproducibility and allows us to
map peptide-binding grooves and contact networks with
confidence.

Epidemiological data indicate that certain DRB1 alleles
— notably HLA-DRB1*09:01 — are associated with
reduced progression to severe dengue (DHF->DSS) in
DENV-2 cohorts, highlighting the biological relevance of

allele-specific investigation.”” Because an experimentally
determined PDB for DRB109:01 is not available, a reliable
allele-specific structural analysis requires homology
modelling of the DRB109:01 B-chain followed by model
validation. To avoid introducing unvalidated receptor
models in the current manuscript, we used 4MD4 as
an experimentally derived scaffold for initial structural
docking and interaction mapping.

To gain further insights into the stability and molecular
basis of vaccine-MHCbinding, the docked complexes were
analyzed using the ProteinTools web server.** Hydrogen
bond analysis was performed by applying standard
geometric criteria: a donor-acceptor distance of<3.5 A
and a donor-H-acceptor angle of>120°. The vaccine
construct-MHC-I (PDB ID: 5YXU, HLA-A*02:01) and
vaccine construct-MHC-II (PDB ID: 4MD4, HLA-DRB1)
complexes were examined. ProteinTools automatically
detected hydrogen bond networks and provided residue-
specific interactions along with donor/acceptor atoms,
interatomic distances, and DHA angles. Hydrophobic
contacts were also screened using default cutoffs (<4.0-
5.0 A between nonpolar atoms).

Molecular dynamics simulations were performed
using the iMODS server,*” which applies a normal mode
analysis (NMA)-based approach. Therefore, classical
MD parameters such as force fields, solvent models,
temperature, and simulation time are not applicable in
this context. Additionally, the online server accurately
predicted various dynamic parameters, including B-factor
(mobility profiles), covariance map, deformability,
variance, individual values, and the protein complex
elastic network. The B-factor output serves as an analog to
root mean square fluctuation (RMSF), providing residue-
level insight into protein flexibility.

Codon optimization and in silico cloning
ExpOptimizer*® was utilized for codon optimization
to express the vaccine in N. benthamiana, based on the
molecular farming system. Also, Geneious Prime 2023.0.1
Software ** was employed to insert and clone virtually the
entire vaccine construction into the pBI121 vector, which
would be transferred and expressed in plant cells via the
Agrobacterium-mediated gene transfer system.

Results

Epitope prediction

The DENV-2 genome is a single-stranded RNA with a
length of 10,723 nucleotides (nt) and a 46% GC content.
It identified 11 ORFs (Table 1). No signal peptides were
detected.

After that, allergenic proteins were removed from
the study. None of the 10 proteins showed significant
similarity with the host proteins. Moreover, proteins that
lacked sufficient immunogenicity and antigenicity were
excluded from further analysis. Among the identified
OREFs, four proteins met the initial criteria of adequate
antigenicity and immunogenicity, low similarity to host
proteins, and non-allergenic properties. Subsequently,
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Table 1. Characteristics of the identified ORFs

Length (# Predicted subcellular localization in
amino acids) human host cell

Viral capsid

Protein name

Protein-1 3391 Host endoplasmic reticulum
Protein-2 168 :g:: Zil:pﬁg:iinri:ticulum
Protein-3 110 Host cytoplasm

Protein-4 192 Host cell membrane
Protein-5 101 :Zz: zjllor:lzz::rane
Protein-6 102 Host cytoplasm

Protein-7 160 Host cytoplasm

Protein-8 105 Host cytoplasm

Protein-9 189 Host endoplasmic reticulum
Protein-10 228 Host endoplasmic reticulum
Protein-11 184 Host cell membrane

Host endoplasmic reticulum

two of these proteins were identified as non-toxic.
However, proteins with predicted transmembrane helices
were excluded due to potential folding and expression
challenges.

Protein-3, which is localized in the host cytoplasm,
exhibited the highest antigenicity score (0.702) among
all non-toxic, non-allergenic candidates. Its accessible
cytoplasmic  location, combined with favorable
immunological characteristics and the absence of signal
peptides or allergenic motifs, made it the most promising
antigen for multi-epitope vaccine design. Therefore,
Protein-3 was selected for epitope prediction and vaccine
construction (Table S1). After all target antigen-associated
epitopes were identified, each epitope was assessed for
toxicity, antigenicity, and allergenicity (Table 2).

Vaccine construction

Adjuvant was attached at the C-terminus of the candidate
vaccine. The His-tag, containing six histidine residues,
was added to the C-terminus of the adjuvant for effective
purification. The sequence length of the designed vaccine
candidate includes 380 amino acids (Fig. 2A). The
toxicity, antigenicity, and allergenicity of the designed
vaccine construction were analyzed. The results showed
no toxin peptide sequences in the vaccine construction.
Also, the construction was non-allergic. The antigenicity
score was 0.7345, a favourable score.

Physicochemical analysis provided valuable insights
into the construction of the vaccine. The molecular weight
and theoretical pI were, respectively, 39564.68 Da and
10.14. The number of positively charged residues (38) was
higher than negatively charged residues (22). According
to the instability index (27.26), the designed construction
is stable. The aliphatic index and GRAVY were 62.39 and
-0.104 (Table 3).

Secondary and tertiary structures
The Prabi server predicted the secondary structure of
the designed vaccine and revealed 8.16% helix content

(Table 4; Fig. 2B). The SWISS-MODEL site predicted
the tertiary structure of the vaccine candidate (Fig. 2C).
Furthermore, ProSA-web was used to assess the 3D model
of the vaccine construct, producing an initial model (Z
score =-3.35; Fig. 2D).

Moreover, the Ramachandran diagram illustrates the
distribution of amino acids in various positions along
the conformation of the protein backbone. The results
showed that 95.4% of the amino acids are in the preferred
region of the Ramachandran chart, demonstrating an
appropriate conformational arrangement. Moreover,
99.1% of the amino acids were detected in the permitted
range, indicating that reasonable deviations from
ideal conformations are possible (Fig. 2E). The results
offered important information about the reliability and
quality of the tertiary structure of the candidate vaccine
protein. Generally, the vaccine construct is structurally
stable and functional due to the favorable and permitted
conformations that most amino acids exhibit.

Molecular docking

Among 100 generated models, the docked model was
selected based on the lowest ligand RMSD and the highest
docking score (-252.66 kJ/mol for 5YXU and -286.03
kJ/mol for 4MD4). Model 1 was introduced as the well-
docked vaccine-receptor complex. The model showed
that the vaccine can engage with the MHC (Fig. 3).

The interaction analysis demonstrated that the designed
vaccine forms multiple hydrogen bonds and stabilizing
contacts with both MHC-I and MHC-II molecules.

For the MHC-I complex (5YXU), a total of 9 hydrogen
bonds were identified, with interatomic distances ranging
from 2.1 A to 3.4 A and angles from 125° to 168°. Notably,
residues Arg372 and Tyr25 of HLA-A*02:01 formed
strong hydrogen bonds with the vaccine construct,
indicating a firm anchoring within the peptide-binding
groove. Hydrophobic contacts involving Thr106 and
Tyr32 further stabilized the interaction.

For the MHC-II complex (4MD4), 12 hydrogen bonds
were observed, with distances between 2.7 A and 3.3 A
and angles from 133° to 174°. Key stabilizing residues
included Argl140, Arg146, and His177, which established
multiple bonds with acidic residues of the construct,
creating a strong electrostatic complementarity.
Additional hydrogen bonds such as His425-Glu47 and
GIn379-Asn69 further reinforced the interaction.

Collectively, these hydrogen bond networks and
hydrophobic interactions suggest that the vaccine
construct is able to establish a stable and biologically
plausible binding mode with both MHC-I and MHC-II
molecules, providing structural support for its predicted
immunogenicity.

NMA-based dynamics simulation

In the deformability plots, peaks represent regions
of structural flexibility in the complexes. For 5YXU
(Fig. 4A) and 4MD4 (Fig. 5A), several flexible regions
were observed, indicating possible epitope accessibility.
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Table 2. The characteristics of the selected epitopes

Epitope sequence Antigenicity Toxicity Allergenicity
1 DAGRRS 0.3969 Non-Toxin No-Evidence
B cel 2 GTPMSIFDNGHPFPRP 0.0121 Non-Toxin No-Evidence
1 CLNIGVTNV 2.5179 Non-Toxin No-Evidence
2 FSRKPISFA 1.628 Non-Toxin No-Evidence
3 LAIAVRDTF 1.562 Non-Toxin No-Evidence
4 TVAWLAIAVR 1.5565 Non-Toxin No-Evidence
MHC | 5 VFSRKPISF 1.2657 Non-Toxin No-Evidence
6 RSFFVFSRK 1.2521 Non-Toxin No-Evidence
7 FAMVAATTV 1.0787 Non-Toxin No-Evidence
8 MVAATTVRM 0.966 Non-Toxin No-Evidence
9 VTNVVATAY 0.6223 Non-Toxin No-Evidence
1 PISFAMVAATTVRMA 1.3754 Non-Toxin No-Evidence
2 KPISFAMVAATTVRMA 1.3785 Non-Toxin No-Evidence
MHC I 3 PISFAMVAATTVRMAM 1.2918 Non-Toxin No-Evidence
4 PNPRSFFVFSRKPISFAM 1.2086 Non-Toxin No-Evidence
5 RKPISFAMVAATTVRMA 1.1581 Non-Toxin No-Evidence
A
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Fig. 2. Structure and validation of the designed multi-epitope vaccine construct. A) The amino acid sequence of the vaccine construction contains linkers
(Black), adjuvant (yellow), His-tag (Green), epitopes for MHC-II (Purple), MHC-I (Blue), and B cells (Red). B) The secondary structure of the designed
vaccine. C) Analysis of the 3D model of the candidate vaccine construction. D) 3D model of the candidate vaccine construct. E) Ramachandran plot analysis
for candidate DENV-2 vaccine. Model template: SWISS-MODEL reported Q2PE76.1.A (AlphaFold DB model of IL12B_BUBCA,; seq identity 72.41%;
template range 264-379).

The B-factor plots, which are conceptually equivalent to
RMSEF, illustrate residue-level fluctuations. As shown in
Figs. 4B and 5B, both complexes exhibit low fluctuation
in the core regions, with moderate mobility in surface-

exposed loops, suggesting stable complex formation.

The eigenvalues of the docked complexes were
calculated as 2.781410e-05 (for 5YXU) and 5.255996e-
05 (for 4MD4), indicating good overall stability and
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Table 3. Physicochemical properties of the vaccine candidate

Property Value
Molecular weight 39564.68
Theoretical pl 10.14
Total number of negatively charged residues (Asp + Glu) 22
Total number of positively charged residues (Arg + Lys) 38

The instability index 27.26 (stable)
Aliphatic index 62.39
Grand average of hydropathicity (GRAVY) -0.104

Table 4. Predicted secondary structure composition of the designed
vaccine construct

Secondary structure type Percentage (%)* Count
Alpha helix (Hh) 8.16 31
Extended strand (Ee) 30.53 116
Random coil (Cc) 61.32 233

* Percentages are calculated based on the total length of the vaccine
protein (380 amino acids).

moderate stiffness of the protein complexes (Figs. 4C and
5C).

The variance plots (Figs. 4D and 5D) demonstrate the
contribution of individual and cumulative modes to the
overall motion, with higher variance indicating greater
flexibility. Purple bars represent the variance of individual
normal modes, while green bars show cumulative
variance.

The covariance matrices (Figs. 4E and 5E) show mostly
correlated (red) and non-correlated (white) motions,
suggesting coordinated movement between key residues
involved in docking.

Finally, the elastic network maps (Figs. 4F and 5F)
illustrate atomic interactions as spring connections.
Darker grey regions correspond to rigid segments,
reflecting strong interatomic constraints and mechanical
stability of the docked complexes.

Collectively, these analyses confirm the favorable
binding interactions and structural stability of the
vaccine-receptor complexes, supporting their potential
biological relevance.

Codon optimization and in silico cloning

ExpOptimizer was used to optimize the codon usage of the
final vaccine construct for expression in N. benthamiana,
a plant model. The optimized sequence length was 1140,
with a codon adaptation index of 0.78. The GC content of
the optimized sequence was 50.53%, indicating a positive
potential for expressing the candidate vaccine in N.
benthamiana. The codon-adapted vaccine construction
was inserted into the pBI121 vector (Fig. 6).

Discussion

Although DF is a serious risk to life, there are few effective
treatments available in tropical regions, particularly in
developing countries, which are the primary areas of
DENV transmission. Currently, there are no antiviral

Fig. 3. Docked complexes of the designed multi-epitope vaccine
construct with MHC receptors, obtained using the HDOCK server. (A)
Vaccine construct (yellow) docked to MHC class | (PDB ID: 5YXU,
HLA-A*02:01). (B) Vaccine construct (yellow) docked to MHC class Il
(PDB ID: 4MD4, HLA-DRB1). In both panels, the receptor molecules are
shown in ribbon representation with distinct colors for each chain, while
the ligand (vaccine) is highlighted in yellow for clarity.

therapies available for DF. Studies on antiviral agents can
be lengthy and may lead to the development of resistance
and an increase in viral prevalence.*” Vaccines that
neutralize viruses and create a functioning immune system
are an alternative to antiviral medications. However,
developing a vaccine using conventional methods for
any pathogen usually takes many years. Hopefully, the
development of in silico methods and the availability of
biological databases have simplified the identification of
the most efficient epitopes, thereby decreasing the time
required to design candidate vaccines.”*> Additionally,
immunoinformatics offers an in silico method for
developing epitope-based vaccines, which is typically
quicker and more precise, economical, and chemically
stable than traditional methods, without infectious or
oncogenic risks. Therefore, it is imperative to develop
an efficient dengue vaccine with the fewest possible side
effects to decrease the incidence of the disease.****

The immune response to DENV-2 is a complex
process that involves both innate and adaptive immune
mechanisms. Infection can activate the innate immune
system, with dendritic cells and macrophages playing
crucial roles in recognizing and responding to the virus.
These cells release cytokines and interferons that initiate
an antiviral response, aiming to control the spread of the
virus.*46

The activation of Band T cells characterizes the adaptive
immune response. B cells produce specific antibodies
against DENV-2, which can neutralize the virus. However,
in dengue, a phenomenon known as antibody-dependent
enhancement (ADE) can occur.* ADE occurs when
non-neutralising antibodies from a previous dengue
infection with a different serotype enhance the virus entry
into host cells, potentially leading to more severe disease.
It is particularly relevant for DENV-2, as individuals
previously infected with another serotype may experience
severe outcomes during a subsequent DENV-2 infection.*

This study used immunoinformatics to develop
a multi-epitope vaccine against DENV-2. A target
protein was detected by ORF prediction to design a
promising candidate vaccine. Many bioinformatics
tools comprehensively assessed the predicted epitopes
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for their allergenicity, immunogenicity, and toxicity.
Computational analysis confirmed the absence of a toxin
region but a high antigenicity score, demonstrating a
strong potential to provoke an immune response. These
results indicated the protein as a significant candidate for
further studies, particularly in vaccine development.

The proper adjuvants, linkers, and His-tag were used to
merge the selected epitopes during vaccine construction.
Attaching KK linkers to B-cell epitopes and GPGPG to
specific T-cell epitopes in the study created a multi-
epitope vaccine. As an adjuvant, the PAPAP linker was
used to anneal the IL-12 to the N-terminal of the chimeric
construction. As flexible spacers, GPGPG and KK linkers
support the protein fold, making B-cell and T-cell
epitopes more accessible to the immune system.® The
immune system is typically not stimulated very well by
subunit vaccinations alone. Therefore, adjuvants are used
in conjunction with this type of vaccine.”

IL-12 is a pro-inflammatory cytokine crucial in the
immune response, primarily produced by dendritic cells,
macrophages, and B cells. Additionally, IL-12 plays a
significant role in linking innate immunity to adaptive
immunity by inducing the differentiation of naive T
cells into Th1 cells, which are crucial for targeting and
eliminating intracellular pathogens.”> IL-12 stimulates
the production of interferon-gamma (IFN-y), enhancing
the cytotoxicity of CD8+ T and natural killer (NK) cells.
Due to the potent immunomodulatory effects of IL-12,

interleukin is studied in cancer immunotherapy and
autoimmune disease treatments, although its clinical use
poses challenges due to potential toxicity.*

The candidate vaccine was non-allergenic and non-
toxic, without 10-mer toxin peptide sequences. The
antigenicity of the construction was 0.7345, a favourable
score, demonstrating the strong potential to stimulate
an immune response. The vaccine construction is stable
with favourable characteristics, a molecular weight of
39,564.68, an aliphatic index of 62.39, and an instability
index of 27.26. The secondary structure of the vaccine
construction primarily consists of random coils (61.32%),
with significant alpha helices and extended strands.
The Ramachandran plot analysis confirms proper
conformational arrangement, with 95.4% of amino acids
in favoured regions, indicating structural stability.

The results from docking and molecular dynamics
simulations  collectively  improve the predicted
effectiveness of the designed vaccine construct by
providing a structural understanding of its interaction
with antigen-presenting molecules. The selected MHC-I
(5YXU, HLA-A02:01) and MHC-II (4MD4, HLA-
DRB1) molecules showed a strong binding affinity to
the construct, as demonstrated by numerous hydrogen
bonds and hydrophobic interactions with key residues
in the peptide-binding grooves. These interactions
involved stabilising contacts with Arg372 and Tyr25
in HLA-A02:01, as well as with Argl40, Argl46, and
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His177 in HLA-DRBI, indicating precise anchoring of
the epitopes within the MHC binding sites—an essential
aspect for effective CD8" and CD4" T-cell activation.

Furthermore, the dynamics simulations based on NMA
confirmed the structural stability of the vaccine-MHC
complexes. The presence of low eigenvalues and minimal
residue fluctuations in the B-factor plots suggests that the
core regions of the complexes maintain conformational
stability under simulated physiological conditions.
Additionally, the covariance and elastic network maps
support the coordinated movement and mechanical
stability of the docked complexes. Collectively, these
analyses establish a robust computational framework
to understand the interactions between the vaccine and
human MHC molecules, potentially leading to a strong
immune response.

T cells, particularly CD8+cytotoxic T lymphocytes,
also play a vital role by targeting and destroying infected
cells. However, an overly vigorous T-cell response can
contribute to the immunopathology observed in severe
dengue cases, highlighting the delicate balance between
effective immunity and immunopathogenesis in DENV-2
infections. Understanding these immune mechanisms is
crucial for developing vaccines and therapeutic strategies
against dengue.”** T-cells are the major elements in cell-
mediated immunity and the adaptive immune system.™
They regulate innate immune cell activation, antibody
responses, and the lysis of infected cells.”” Most of the
T-cell epitopes displayed by MHC complexes in human
and animal models were sourced from the structural
proteins of DENV.*® When a T-cell epitope is located on
the cell surface and detected by TCRs on T cells, it can
activate the immune system within the cell.”” Pathogen-
derived peptide fragments are exposed to the immune
system components by binding to MHC molecules.®
Thus, cellular immunity stimulation can primarily depend
on the robust binding of T-cell epitopes with MHCs.®!

Finally, the ExpOptimizer server and Geneious Prime
Software were respectively used for codon adaptation
and in silico cloning into pBI121. The optimized DNA
exhibited a favourable GC content of 50.53% and a codon
adaptation index (CAI) of 0.78, indicating that the DNA
sequence has a suitable proportion of favourable codons,
which enhances its potential for successful expression in
N. benthamiana.

Molecular farming offers numerous benefits, as it
utilises plants to create recombinant proteins.”” One
significant advantage is the lower cost of producing
recombinant proteins in plants. Large-scale plant
cultivation in greenhouses or farms can be accomplished
without specific machinery such as fermenters and
bioreactors.”® In contrast to bacterial systems, plants can
synthesize pharmaceutical proteins that require assembly
from different subunits and undergo post-translational
modifications, particularly glycosylation. The ability
results from the eukaryotic membrane systems of plant
cells, which function similarly to those in mammalian
cells, allowing for these modifications.**%® In addition,

there is no risk of zoonotic diseases, which are a potential
issue in animal systems and molecular farming,* as no
common and transmissible diseases exist between plants
and humans.®

Due to the favorable in silico properties of the designed
vaccine, its expression from an appropriate heterologous
systemisessential for experimental validation downstream.
Plant-based expression systems—particularly transient
Nicotiana benthamiana expression—present significant
advantages over conventional microbial and mammalian
systems.” These comprise low cost of production, non-
presence of endotoxins, scalability, and capability of
conducting eukaryotic post-translational modifications
such as disulfide linkage formation and glycosylation
that are frequently essential for proper folding and
immunogenicity of recombinant proteins.®® In
addition, plant-based expression systems are deemed
environmentally friendly and biosafe for use for the
rapid deployment of vaccines in outbreaks. These
considerations render the plant system highly favorable
for manufacturing the multi-epitope dengue vaccine
candidate designed herein.®

For instance, Margolin et al. could express a high spike
protein derived from SARS-CoV-2 as a recombinant
vaccine in N. benthamiana.® In another study, a self-
adjuvanted and novel dual antigen subunit vaccine
against Mycobacterium tuberculosis was designed, cloned
into the pBI121 vector, and introduced into the genome
of cucumber (Cucumis sativus) via Agrobacterium
tumefaciens.”! Additionally, Goudarziasl et al. designed
a multi-epitope candidate vaccine against SARS-CoV-2,
which can be expressed in plants using pBI121 to produce
the pharmaceutical recombinant protein.”> In a recent
study, two recombinant constructs containing prostate
cancer-specific protein (PAP) in the form of PAP-Fc and
PAP-FcK were transferred to Nicotiana tabacum using
the pB121 vector through the Agrobacterium-mediated
system and then produced in this plant.”

The pBI121 vector, one of the classical and reliable
binary vectors in the field of plant biotechnology, was
deliberately selected for this study based on both scientific
and practical considerations. This vector features a
standard T-DNA region, widely used in A. tumefaciens
gene transfer systems, which enables the stable integration
of the target gene into the host plant genome. One of the
most significant advantages of pBI121 is the strong and
constitutively active CaMV 35S promoter, which ensures
efficient and high expression in various plant tissues,
particularly in N. benthamiana, the target host chosen in
this study.””

In addition, the presence of a multisite cloning site
(MCS) in the structure of this vector allows for the easy
cloning of selected epitopes, adjuvants (such as IL-
12), and purification tags, such as His-tag, without the
need for vector redesign. These features facilitate the
design and assembly process of the vaccine structure,
preventing structural errors. Also, the high compatibility
of pBI121 with expression conditions in plants, whether
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in the form of transient or stable expression, has led to
this vector being used in dozens of successful studies in
the field of producing plant vaccines and recombinant
pharmaceutical proteins.”

Given the existing infrastructure of this project, the
previous experimental experience with Agrobacterium-
based vectors, and numerous scientific reports of the
successful use of pBI121 in producing multi-epitope
vaccines, the selection of this vector was based on
experimental evidence, technical efficiency, and
compatibility with the research objectives. Therefore,
pBI121 is a logical, effective, and documented choice for
the expression of the vaccine construct designed in this
study.”

According to the protein structure and high molecular
weight of the designed vaccine, the proposed delivery
method is intramuscular injection, which is consistent
with other subunit protein vaccines. This method can
provide effective access to epitopes to the immune
system and induce adaptive immunity. In future studies,
alternative formulations and routes such as oral delivery
can also be explored.”

Some of these studies proposed multi-epitope vaccine
designs against DENV-2 using computer methods,
as shown in the studies by Morgan et al, Kaushik et al,
Tariq et al, and Saha et al. While these studies successfully
identified immunogenic epitopes from the E and NS1
proteins,”* our study takes a different approach by
examining a less-studied protein. We employed a strict
selection process that included checking for toxicity,
allergenicity, host similarity, and membrane localization.
Additionally, unlike Morgan et al and Tariq et al, we
used PAPAP-IL12 as the adjuvant and demonstrated
its structural incorporation through Ramachandran
analysis and docking onto MHC molecules.””®" Our study
also utilized normal mode-based molecular dynamics
(iMODS) alongside traditional docking to explore
complex flexibility, a feature that most previous research
has not addressed. Importantly, we optimized our
construct for codons and conducted i silico cloning into
Nicotiana benthamiana using the pBI121 vector, enabling
plant-based expression. This aspect was absent in all
four comparison studies. These combined advancements
not only enhance the structural and immunological
effectiveness of our construct but also provide a realistic
model for low-cost, scalable vaccine production through
molecular farming.

Although our study presents a computationally designed
multi-epitope vaccine against DENV-2, it remains in the
in silico stage. In contrast, studies like the rEGVac pilot
trial have successfully translated computational vaccine
designs into experimental and preclinical validation,
outlining a future path for our construct towards in vivo
assessment and clinical application.®®

Conclusion
In conclusion, given the global impact of DF, it is crucial
to develop a vaccine, particularly one targeting the

Research Highlights

What is the current knowledge?

o DF is a severe viral infection caused by DENV,
transmitted by Aedes mosquitoes.

o« DENV-2 is the most prevalent and deadly serotype
associated with severe disease outcomes.

o Previous vaccine development efforts against DENV-2
have been largely unsuccessful.

What is new here?

o A multi-epitope vaccine against DENV-2 was designed
using immunoinformatics with predicted high efficacy
and safety.

o The study proposes using a plant-based system as a
cost-effective and low-risk platform for recombinant
vaccine production.

DENV-2 strain. This study highlighted the ability of in
silico tools and immunoinformatics to advance vaccine
research by identifying and optimizing epitopes. In the
study, a promising candidate vaccine was designed using
computational methods to target specific B cells and
MHCI/II epitopes. The candidate vaccine demonstrated
proper stability, antigenicity, and safety profiles for
further development. Nonetheless, preclinical and
clinical trials are essential to comprehensively analyzing
the efficiency and safety of the candidate vaccine.
Additionally, molecular farming can provide a new, cost-
effective, and safer approach to producing vaccines on a
large commercial scale.
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