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Abstract

Dengue virus, a pervasive mosquito-borne pathogen, imposes a substantial global health burden and is responsible
for numerous fatalities annually globally, with tropical and sub-tropical regions particularly susceptible to dengue out-
breaks. Despite decades of efforts, there has been no effective treatment or prevention for dengue, which makes it a
life-threatening disease. Hence, this study proposes an innovative bioinformatics-driven approach to construct a vaccine
targeting the dengue virus. The study involved a comprehensive analysis of conserved regions of dengue virus serotypes
1-4's non-structural proteins (NS1, NS3, and NS5) and structural protein (E) to predict the potential B & T-cell epitopes
which were linked with appropriate adjuvants and linkers to generate four distinct vaccine candidates. The constructed
vaccine models underwent rigorous evaluation, considering physicochemical attributes, structural integrity, popula-
tion coverage, and immune system response through simulation. The results confirm that these vaccine candidates are
non-allergenic, non-toxic, antigenic, and immunogenic. Additionally, they exhibit 99.70% world population coverage
and 100% conservation across all dengue strains, which is crucial for vaccine efficacy. A Ramachandran plot showed
that 95.6% of the amino acid residues of the candidates belong to the optimal zone, while around 4% are in additional
allowed regions. Further, molecular docking and dynamic simulation of interaction with the human toll-like receptor 4, a
fundamental component of innate immunity, was carried out to gain more insight into interaction dynamics. As a result
of these analyses, the candidates’ binding dynamics and structural stability were revealed. Overall, this study presents
promising vaccine candidates for addressing dengue’s global health burden. Their robust design and demonstrated
immunogenicity make them attractive candidates for further experimental testing and development as potential vac-
cines against current strains and future variants.
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1. Innovative bioinformatics-driven strategy leads to multi-epitope dengue vaccine development.
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2. Thevaccine candidates are predicted to be safe, effective against all strains, and cover 99.70% of the global popula-
tion.
3. Molecular simulations provide key insights into vaccine’s structural integrity and receptor interactions.
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1 Introduction

The Dengue virus is a member of the Flaviviridae family and causes severe dengue disease worldwide. There are over
a hundred countries where the disease is prevalent [1]. It is most prevalent in the tropical and subtropical regions of
America, Africa, Southeast Asia, and the Pacific Ocean [2]. Dengue fever infections claim the lives of nearly 36,000 people
every year and affect about 390 million people globally. Some countries have witnessed a significant number of cases,
such as Bangladesh with 101,000 cases, Vietnam with 320,000 cases, Malaysia with 131,000 cases, and the Philippines
with 420,000 cases [3]. The virus can cause two major and sometimes fatal complications: dengue hemorrhagic fever
and dengue shock syndrome, which involve DENV-1, DENV-2, DENV-3, and DENV-4 serotypes. Other symptoms include
severe headache, stomachache, rash, fatigue, loss of appetite, diarrhea, vomiting, and a bad taste. The virus can also
impair the physical and mental development of the infected individuals [2].

Dengue virus (DENV) is characterized by its positive-strand RNA composition. The virus's 11 kilobase RNA genome
encodes three structural proteins: the capsid, pre-membrane, and envelope, and seven non-structural proteins: NST,
NS2A, NS2B, NS3, NS4A, NS4B, and NS5. These proteins are initially translated as a single polyprotein and then cleaved by
viral and host cellular proteases at specific sites. One of the non-structural proteins is NS protein 5 or NS5, which plays a
role in protecting the viral genome and enhancing polyprotein translation. NS5 is involved in two functions: RNA meth-
yltransferase (MTase) and viral RNA replication. In humans, NS5 interferes with the host’s antiviral interferon signalling
by interacting with proteins in the JAK-STAT pathway, among others [4-6].

Till date, there is no antiviral drug that can effectively treat dengue virus infections, which cause dengue fever and its
related symptoms, such as pain, muscle aches, and fever. Therefore, acetaminophen and paracetamol are commonly used
to relieve these symptoms [2]. (CDC, 2021). Researchers attempted to develop a dengue vaccine in 1929 using immu-
nogenic, inactivated viral components such as phenol, formalin, or bile, but they failed to achieve their goal [2]. Later,
during WWII, several research facilities produced live-attenuated virus (LAV) vaccines against both DENV type 1 and 2.
However, these early practices were stopped due to safety issues, as they involved introducing live viruses into humans
[7-9]. There have been several new dengue vaccine concepts evaluated in humans and animal models since the 1970s,
but none have reached clinical or preclinical success [10], except for the CYD-TDV developed by Sanofi Pasteur. In the US,
this vaccine is the only one approved by the CDC and FDA and is available for purchase as Dengvaxia. Clinical trials are
also ongoing for Vaxfectin [11], DENVax [12], and TV0O03 [12]. A number of limitations, however, make it difficult to achieve
broad coverage and elicit a robust immune response against dengue virus serotypes [11-14]. Moreover, development
of vaccine from scratch completely following traditional methods is always challenging, time consuming, and costly
which rarely succeed [15]. Considering the limitations of the former approach to predict and design dengue vaccine,
immunoinformatics emerges as a pivotal player, revolutionizing the landscape of vaccine prediction and design. Immu-
noinformatics proves instrumental in dissecting the complexity, offering computational tools to analyze genetic diversity,
predict epitopes on viral proteins, and assess potential cross-reactivity with diverse viral strain [16]. This approach not
only expedites the identification of antigens for vaccine candidates but also ensures the development of vaccines with
broad-spectrum protection. Therefore, researchers have capitalized on these advantages, designing numerous dengue
vaccines targeting different protein [17].

The development of a functional dengue vaccine has been challenged by antibody-dependent enhancement, an
important obstacle to vaccine development. When antibodies fail to neutralize or weakly neutralize the virus, it can infect
host cells, leading to increased viral replication and aggravated disease. Cross-reactive antibodies generated by previ-
ous exposure to different DENV serotypes or related flaviviruses, such as Zika and yellow fever, can trigger this complex
phenomenon [18, 19]. Therefore, we need a vaccine that can protect against each variant of the dengue virus and sustain
that protection for an extended period of time to fight the disease and lower the risk of ADE [20, 21]. Multi-epitope vac-
cines represent a promising advancement in vaccination technology, offering numerous advantages over conventional
methods. These vaccines utilize short antigenic peptide fragments, or epitopes, to stimulate specificimmune responses
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while minimizing the risk of allergic reactions [22]. By incorporating multiple epitopes, multi-epitope vaccines can effec-
tively target a broad range of pathogens, including viruses and tumors. One of the key advantages of multi-epitope
vaccines is their ability to induce comprehensive immune responses. These vaccines activate cytotoxic T lymphocytes
(CTL), helperT cells (Th), and B cells simultaneously, leading to robust cellular and humoral immunity. This multifaceted
approach enhances the vaccine’s effectiveness in combating infectious diseases and cancers [23]. Furthermore, multi-
epitope vaccines offer resistance to genetic variation, ensuring efficacy against evolving pathogens. Their safety and
stability profile are superior to conventional vaccines, reducing the risk of adverse effects. Additionally, the streamlined
manufacturing and distribution processes make multi-epitope vaccines more accessible and cost-effective [23][23].
There have been many successful applications of computational techniques for developing multi-epitope vaccines for
challenging diseases, such as SARS-CoV-2 [25, 26], H. pylori [27]. For these vaccines, it is crucial to choose epitopes with
desirable properties, such as immunogenicity, antigenicity, non-allergenicity, safety, and stability across strains.

This study presents a bioinformatics-based dengue vaccine candidate with multiple epitopes. We analyzed structural
protein E and nonstructured proteins NS1, NS3, and NS5 across all DENV serotypes to identify potential T and B cell
epitopes. We then carefully combined these epitopes with appropriate linkers and adjuvants to form four distinct vaccine
candidates. Our findings included physicochemical properties, structural stability, population coverage, and immune
response evaluations. In addition, we examined the complex interaction between the vaccine candidates and innate
immunity using molecular docking and dynamic simulations. Therefore, our research suggests that a bioinformatics-
based vaccine development strategy can provide a strong foundation for developing vaccines. Using this method, we
can effectively address the complex genetic evolution and structural variations of the virus, which may prove helpful in
addressing an ever-evolving global health threat.

2 Methodology
2.1 Data retrieval of dengue virus polypeptide sequences and phylogenetic tree construction

Several previous studies provided the basis for selecting vaccine targets [16, 28-30]. Out of four, three NS proteins (NS1,
NS3, and NS5) were selected for t-cell epitopes and one structural protein (E protein) was selected to predict b-cell
epitopes. In order to collect a large dataset of polypeptide sequences from around the world, NCBI and ViPR databases
were used and filtered for completeness and redundancy. A key step in developing a comprehensive multi-epitope vac-
cination method was to find conserved peptides within the polyproteins of all dengue serotypes therefore all the filtered
sequences were aligned with the reference NS1, NS3, and NS5 proteins of Dengue virus from RefSeq server using the
MEGAT11 [31] and the Muscle algorithm. Finally, we used the neighbor-joining method in the MEGA11 to construct the
phylogenetic tree which was visualized and annotated using the iTOL (Fig. 1).

2.2 Common epitope identification and validation

Potential T- and B-cell epitopes were predicted using the IEDB tool [32] at https://www.iedb.org/home_v3 after sequence
alignment. The recommended NetMHCPan 4.1 EL method was used with default epitope lengths for CD8 +and
CD4 + epitopes. B-cell epitope length was between 8 and 16 amino acids, and methods such as Bepipred, Bepipred 2.0,
and Emini surface accessibility were employed. Finally, we used the ElliPro server to find discontinuous B-cell epitopes
[33]. Epitopes common to all forty strains were extracted for each protein type. The IEDB server was used to perform
conservancy analysis on predicted MHC class | and Il epitopes.

2.3 Allergenicity, antigenicity profiling & physiochemical properties evaluation

The physicochemical characteristics of both the viral proteins and the designed vaccine candidates were assessed using
the ProtParam web server [34]. Toxicity and antigenicity of predicted peptides and the final vaccine candidates were
assessed with ToxinPred [35] and Vaxijen v2.0 [36]. Allergenicity and IFNy induction potential of the epitopes were evalu-
ated using AllerTOP v.2.0 [37], and IFNepitope. TNFepitope (http://crdd.osdd.net/raghava/ifnepitope/predict.php) and
IL4Pred (https://webs.iiitd.edu.in/raghava/il4pred/) were used to test the ability of MHC-I-related and MHC-lI-related
epitopes to produce TNF-a and IL-4, respectively.
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Fig. 1 Overview of the study methodology of in silico vaccine design against dengue virus (type1-4). The iterative process encompasses
diverse computational steps, including data retrieval (NCBI, ViPR), phylogenetic analysis, sequence alignment, epitope prediction, screening,
vaccine construction, characteristics assessment, molecular docking, molecular simulation, and immune simulation

2.4 Screening of epitopes for autoimmunity and immunogenicity

To design multiepitope vaccines that enhance immunity without causing autoimmunity, it is crucial to select epitopes
that are immunogenic and have minimal similarity to human proteins. The NCBI BlastP (https://blast.ncbi.nlm.nih.gov/
Blast.cgi) was used to evaluate the selected epitopes for the possibility of autoimmunity. Moreover, theirimmunogenicity
was assessed using a Class | Immunogenicity prediction tool (http://tools.iedb.org/immunogenicity/).

2.5 Vaccine construction & population coverage analysis

Using amino acid linkers such as AAY, GPGPG, and KK, the selected CTL, HTL, and B-cell epitopes were combined to make
the chimeric vaccine. Several vaccines were produced, each with a different adjuvant, such as 50S ribosomal protein L7/
L12 and HBD3 with the RR motif+RS09 using the EAAAK linker. In order to boost the vaccine’s effectiveness and strength,
a synthetic pan DR (PADRE) epitope (AKVAAWTLKAAAC) that activates CD4 + T-cells was added. The PADRE sequence
is much more potent than the common T helper epitopes and can overcome the variation in HLA-DR molecules in dif-
ferent individuals. Compared to the vaccines without the PADRE, all vaccines containing the PADRE triggered stronger
CTL responses. Additionally, all adjuvant proteins were found to stimulate multiple TLR complexes, resulting in a strong
immune activation and CTL orientation. Furthermore, We employed the Immune Epitope Database (IEDB) tools (http://
tools.iedb.org/population/) to examine the distribution of helper T lymphocyte (HTL) and cytotoxic T lymphocyte (CTL)
epitopes among different populations. By devising these highly customised algorithms specifically for epitope-based
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vaccination, we were able to minimise complexity and variability across various ethnic populations while maximising
research coverage by using IEDB reference alleles. We used these techniques to evaluate potential population coverage
and comprehend the distribution of CTL and HTL epitopes in various populations. Using this method allowed us to cal-
culate the percentage of people on the globe with HLA alleles that are able to identify and react to particular epitopes
that are part of our vaccination.

2.6 Vaccine 2D and 3D structure prediction, refinement, and validation

The secondary structure of the vaccine formulation was predicted using the freely available PSIPRED server. To obtain
insights into the 3D structure, the publicly accessible 3D pro web service [38] was employed. This tool not only predicts
the 3D conformation but also sheds light on solvent accessibility, disordered regions, secondary structures, binding sites,
and overexpressed solubility. ChimeraX software [39] facilitated the initial 3D structure assessment, followed by refine-
ment via the Galaxy Refine server [40]. Notably, Galaxy Refine significantly enhanced the model’s structure and overall
quality. Validation of the improved 3D structure was performed using two open-source online tools, PROSA-web [41] for
summarizing error scores and PROCHECK (UCLA-DOE LAB) for analyzing the Ramachandran plot.

2.7 Molecular docking analysis

We aimed to target human toll-like receptor 4 (hTLR-4), which has the PDB ID 4G8A, with our multi-epitope vaccine.
Using its default settings, we used the ClusPro 2.0 server to analyze the docking interaction between vaccine candidates
and receptors [42]. This server predicts optimal docking models by eliminating steric clashes, clustering the 1000 lowest
energy structures, and generating numerous conformations.

2.8 Molecular dynamic (MD) simulation

The protein-ligand complexes were simulated for 100 ns using GROMACS version 2020.6 [43]. The CHARMM36m force
field and TIP3 water model were used to create a water box with 1 nm edges from the protein surface. By adding ions,
the system was neutralized. The system was equilibrated in NVT and NPT ensembles before energy minimization was
achieved. With periodic boundary conditions and 2 fs time steps, a 100 ns MD simulation was carried out. The trajec-
tory data was examined every 100 ps. After the simulation, GROMACS' built-in modules (RMSD, RMSF, Gyrate, SASA, and
Hbond) were used to do RMSD, RMSF, Rg, and SASA analyses. The analyses were visualized using ggplot2 in RStudio.
The MD simulations were done on high-performance Ubuntu 20.04.4 LTS systems at the Bioinformatics Division of the
National Institute of Biotechnology.

2.9 Immune simulation

We employed the C-ImmSim agent-based modeling service [44] to simulate the immune responses elicited by our
vaccine. C-lImmSim integrates machine learning techniques and position-specific scoring matrices (PSSM) for accurate
immune epitope prediction, enabling comprehensive exploration of potential interactions between the vaccine and
the immune system. To ensure consistency and comparability with established protocols, we maintained all default
simulation parameters. We administered three vaccine injections at 14-week intervals to mirror real-world vaccination
practices and evaluate long-term immunological responses. Each dose contained 1000 vaccine particles in both situa-
tions, and the simulation was run for 1095-time steps (350 days). Within the simulated timeframe (1, 84, and 168), each
time step represents eight hours, with the initial injection taking place at time zero. This time scale effectively captures
the dynamic nature of immune responses while maintaining computational efficiency. Initializing the simulation at time
zero establishes baseline conditions for assessing subsequent immune reactions [44].

2.10 Codon optimization and In silico cloning
Since the codons used by the E. Coli host system differ from those used by humans, codon optimization is required
to boost expression in the bacterial host system. JAVA Codon Adaptation Tool (http://www.jcat.de/) was utilized to

optimize the code (Grote et al. 2005), and the E. Coli k12 strain was chosen as the bacterial host system [16]. Additional
option of ‘avoid the rho-independent transcription termination’, ‘avoid prokaryote ribosome binding site, and ‘avoid
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restriction enzymes cleavage sites’ were all checked. JCAT output includes code that has been optimized in addition
to percentages of GC and CAl, which are used to assess the protein expression. Ideal range for CAl value is between
0.8-1.00 and for GC content percentage is between 30 and 70% [45]. Xhol and BstAPI restriction sites were added to
N terminal and C terminal respectively to DV-1 and DV-3 vaccine whereas for DV-2 and DV-4 Mlul was added to the C
terminal instead of BstAPI. Subsequently, the SnapGene tool was used to individually insert each fragment into the
pET-28a (+) vector which was collected from the ‘Addgene’ vector database [46].

3 Result
3.1 Retrieval of polypeptide sequences and phylogenetic analysis

After extensive screening forty polypeptide sequences were selected from distinct parts of the world for each of
the four dengue serotypes, as shown in Supplementary Table 1. We used ten sequences to represent each Dengue
virus serotype and made a phylogenetic tree using the full sequences of all forty polyproteins, as seen in Fig. 2
which disclosed the complex genetic relationships among the different Dengue virus types and some cases where
genetic similarity was not affected by geographical distance. For example, Dengue Virus Type 1 strains from the
Pacific and Asia were genetically similar. We also found a separate genetic cluster that included strains from Brazil,
Italy, Singapore, and America, which were genetically related even though they were from different world regions.
The phylogenetic tree also revealed the unusual and interesting presence of Dengue Virus serotype 2 and 3 strains in
the Dengue Virus Type 1 clade, which helps us to better understand the complicated genetic evolution of this virus.

We got the reference sequences of the structural envelope protein and the NS proteins (NS1, NS3, and NS5) and
aligned them with the 40 polypeptide sequences. We used these alignments and the consensus-like sequences of
all the proteins for the T-cell and B-cell epitope prediction. Figure 3 shows a schematic diagram of the dengue virus
polyprotein.

Tree scale: 0.1 ———

. Dengue Virus Type 4
. Dengue Virus Type 3

Dengue Virus Type 2
Dengue Virus Type 1

Bootstrap values

Maximum: -

Fig.2 Phylogenomic Analysis of 40 Polyprotein Sequences Reveals Remarkable Sequence Conservation Across Serotypes, as Evidenced by
Color-Coded Branches (Blue, Purple, Pink & Orange) and Bootstrap Support Gradient (Red to Green)
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Fig. 3 Analysis of the Polyprotein Landscape in Dengue Virus. DENV Genome Reveals 3 Structural Proteins (Envelope, Pre-membrane, and
Capsid) and 7 NS Proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5), initially translated as a single polyprotein. The Consensus Sequence
was Derived from 40 Distinct Sequences of Various Strains Deposited on NCBI and ViPR

3.2 Selection of CD4 +and CD8 +T Cell Epitopes

We analyzed all the protein sequences and found more than 48,600 different epitopes. Only five MHC-1 epitopes from
NS1 were consistent across all sequences, but they were similar to human proteins and discarded. We also found twenty
common epitopes for NS3, but only ten were antigenic while only five of them—TVWFVPSIK, KTVWFVPSIK, KTVWFVPSI,
GLYGNGVVT, and GKTVWFVPSI—met the criteria of being safe, immunogenic, different from human proteins, and fully
conserved. These epitopes also had extensive population coverage, which indicates their ability to activate the immune
system. Similarly, we found ten shared MHC-1 epitopes for NS5. Only two of them—DVVPMVTQMA and FCSHHFHEL—
were safe, non-toxic, and not similar to human proteins. These epitopes were fully conserved across all NS5 protein
sequences, which shows their importance for future dengue treatments (Table 1).

We also examined helper T-cell epitopes (HTLs) using the same protein sequences from all serotypes and found almost
23,600 unique epitopes. Only three of them were common among all the predicted NS1 protein epitopes (Table 2).
However, we had to exclude these three frequent epitopes because they were allergic. For the NS3 protein, there were
no common epitopes among the strains from all four serotypes. However, we found three epitopes shared by three
dengue serotypes 1, 2 and 3. (Table 2). The only non-allergenic and non-toxic was the EAKMLLDNINTPEGI epitope, which
is rare in dengue virus type 4 strains. It had the potential to produce cytokines like INF-y and IL-4. It also showed 100%
conservation across all the sequences from dengue serotypes 1, 2 and 3. We included epitopes from serotype 4 strains
to induce a balanced immunological response. We found 39 shared epitopes from the 10 different strain sequences we
used. Only ten of them were non-allergenic. Surprisingly, none of these epitopes were similar to human protein, and they

Table 1 Key Characteristics

of the Top 5 Shared mhc-1 Protein  Epitopes Ag Al Tx Im Cn (%) blastP  PoC(%) IFN TNF
Epitopes in each Non- NS1 AVHADMGYW 07254 N N 023175 100 0034 9855 N P
structural Proteins GEDGCWYGM 0185 Y N 021399 100 066 9855 N P
DGCWYGMEI 03245 Y N 0.14399 100 015 9855 P P
DGCWYGMEIR 07659 Y N 0.09814 100 0.18 9855 P P
GCWYGMEIR 11489 Y N 0.06739 100 015 9855 P P
NS3 TVWFVPSIK 08732 N N 0.1576 100 52 98.55 P P
KTVWFVPSIK 11266 N N 031819 100 65 98.55 N P
KTVWFVPSI 08266 N N 028313 100 52 98.55 N P
GLYGNGWVT 00784 N N 0.11746 100 46 98.55 P P
GKTVWFVPSI 07869 N N 031668 100 65 98.55 N P
NS5 GSLIGLTSRA 13600 Y N 0.07968 100 11 98.55 N P
QMAMTDTTPF 09856 Y N  —0.04178 100 11 98.55 N P
DVVPMVTQMA 08159 N N  —0.29238 100 16 98.55 N P
AVSRGSAKL 05956 Y N —021733 100 26 98.55 N P
FCSHHFHEL -00200 N N 020635 100 11 98.55 P P

Ag Antigenicity, Al Allergenicity, Tx Toxicity, Ch Conservancy, PoC Population coverage, Y Yes, N No, P posi-
tive
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Table 2 Key characteristics

of the top common mhc-2 Protein Epitopes Ag Al Tx Cn(%) |IFN-y IL-4 Blastp PoC (%)
epitopes in each non- NS DNVHTWTEQYKFQPE 08732 Y N 100 P P 35 8181
structural proteins NVHTWTEQYKFQPES 08732 Y N 100 P P 35 81.81
VHTWTEQYKFQPESP 08732 Y N 100 P P 35 8181
NS3D(1-3) KMLLDNINTPEGIP ~ —05029 Y N 100 N P 49 8181
AKMLLDNINTPEGI  —05121 Y N 100 P P 49 8181
EAKMLLDNINTPEGI  -02188 N N 100 P P 14 81.81
NS3 D4 TTDISEMGANFRAGR 07356 N N 100 P P 39 81.81
TDISEMGANFRAGRV 08488 N N 100 P P 61 81.81
NS5 CVYNMMGKREKKLGE ~ 09619 N N 100 P P 24 8181
QRGSGQVGTYGLNTF 11573 N N 100 P P 10 81.81
REKKLGEFGKAKGSR 07419 N N 100 P P 20 81.81
REKKLGEFGKAKGSR 07419 N N 100 P P 20 81.81

Ag Antigenicity, Al Allergenicity, Tx Toxicity, Cn Conservancy, Poc Population coverage, Y Yes, N No, P posi-
tive, D(1-3) Dengue virus types 1-3, D4 Dengue virus type 4

all activated IFN-y. We also found 15 common epitopes among all the 40 sequences of the NS5 protein. Eight of them
were antigenic. These eight epitopes were not similar to human proteins, safe, and not allergic.

3.3 Selection of B-cell epitopes

We aimed to identify and select B-cell epitopes that target the envelope protein (E) of all four Dengue virus serotypes
(DENV1-4). For that purpose, we used Bepipred, Bepipred 2.0, Emini surface accessibility, and Kolaskar & Tongaonkar
algorithms from the IEDB database to screen 40 sequences from different serotypes. We chose epitopes that were 8-16
amino acids long and met certain antigenicity and allergenicity thresholds. For DENV1, we found 11 conserved epitopes,
9 with high antigenic scores of 0.4391-1.3954. Three of them—KQEVVVLGS, KYSVIVTVH, and ATEIQTSGTT—had low
allergenicity potential, high immunogenicity scores and were conserved in all strains, showing their potential as vaccine
targets (Table 3). For DENV2, we found 12 common epitopes, 5 with non-allergenic properties (WQEVVVLGS, VDIVLE-
HGSCVTT, TEAKQPAT, KQDVVVLGS, and FTGHLKCR) and 7 with high antigenicity (0.4516-1.8735). All the strains fully
conserved these epitopes, which supports their potential. We then analysed DENV3 and found 11 common epitopes,
9 with high antigenicity (0.4280-1.5850). Only 5 of them were non-allergenic (VVTKKEEPV, KQEVVVLGS, LATLRKLCIEG,
KYTVIITVH, and FVLKKEVSETQH), but they had high immunogenicity scores and were conserved in all strains. Lastly, for
DENV4, we found 7 conserved epitopes, but only 2 were not allergic (EMAETQHGT and QGEPYLKEEQDQ). These epitopes
had antigenicity values of 0.6967 and 0.5256, respectively, and were found in all the sequences. Overall, this method
successfully identified a set of highly conserved, immunogenic, and non-allergenic B-cell epitopes for all four Dengue
virus serotypes which were further utilized to design the vaccine candidates.

3.4 Vaccine construction

Our vaccine constructs were designed by combining the selected epitopes, and we used appropriate linkers such as
AAY, GPGPG, and KK to join the CD4 +and CD8 +T-cell and B-cell epitopes. Various criteria were evaluated to find the
optimal vaccine design, including allergenicity, antigenicity, autoimmunity, secondary and tertiary structure quality,
and discontinuous epitope scores. By adding several adjuvants with EAAAK linkers, we attempted to improve vaccine
quality. Afterwards, we evaluated four designs based on physical-chemical properties, tertiary structure quality (ProSA),
toxicity, allergenicity, and antigenicity. DV1 is the original vaccine design, whereas DV2 represents an improved vaccine
construct in which 50S ribosomal proteins are attached to the N-terminus and PADRE sequences are attached to the
C-terminus. Instead of placing the PADRE sequence at the C-terminus, the DV3 design places it at the N-terminus. Adding
the RS09 adjuvant to the C-terminus and the RR motif to the N-terminus of HBD3, the DV4 design boosts the vaccine’s
effectiveness. In addition to improving vaccine development, the four enhanced 3-D structures in Fig. 4 are listed in
Supplementary Table 2.
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of Envelop proteins of all DENV1 KQEVVVLGS 0.7548 N 0.16354 100 53
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DENV2 WDFGSLGG 2.1175 N —0.0708 100 48

VDIVLEHGSCVTT 0.6793 N 0.08161 100 10

TEAKQPAT 0.2204 N —0.29452 100 59

KQDVVVLGS 0.5388 N 0.13824 100 13

FTGHLKCR 1.8735 N -0.2157 100 30

DENV3 VVTKKEEPV 1.4897 N —-0.24213 100 44

KQEVVVLGS 0.7548 N 0.16354 100 53

LATLRKLCIEG 0.6532 N —0.04889 100 14

KYTVIITVH 0.7294 N 0.3659 100 6.3

FVLKKEVSETQH 0.4280 N —0.39467 100 2.9

DENV4 EMAETQHGT 0.6967 N 0.08931 100 1.7

QGEPYLKEEQDQ 0.5256 N —-0.09611 100 24

NIELEPPFGD 1.3635 Y 0.2162 100 5.5

EVDSGDGN 0.8081 Y -0.07679 100 10

WDFGSVGG 2.24 Y —0.0215 100 39

Fig.4 The predicted 3D
models of DV1-4 vaccine
models. SubFig A displays
the model for DV1 vaccine
in red. SubFig B showcases
the DV2 vaccine with the
50S ribosomal protein L7/
L12 adjuvant highlighted

in yellow at the N-terminal
and the PADRE sequence

in purple at the C-terminal.
SubFig C presents the DV3
vaccine model, emphasizing
the PADRE sequence in purple
at the C-terminal. SubFig D
illustrates the DV4 construct,
with the HBD3 featuring the
RR motif highlighted in pink
at the N-terminal and the
RS09 adjuvant in green at the
C-terminal

Ag Antigenicity, Al Allergenicity, Tx Toxicity, Cn Conservancy, Y Yes, N No
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3.5 Population coverage

We conducted a global population coverage study to assess the potential of the constructed vaccines to protect against
the disease across diverse geographies using the IEDB reference alleles. The results showed that the linked CTL epitopes
covered an impressive 98.55% of the world’s population, while the combined HTL epitopes achieved a coverage of
81.81%. The multi-epitope vaccine, which included all the selected epitopes, reached an outstanding population cov-
erage of 99.70%, demonstrating its wide-ranging potential for effective vaccination. Supplementary Fig. 1 shows the
detailed population coverage data for each region.

3.6 Assessment and validation of designed vaccine models

Then, this study investigated the immunogenicity, biophysical properties, and structural integrity of the constructed
vaccines with and without various adjuvants such as 50S ribosomal protein L7/L12, PADRE, HBD3 with the RR motif, and
RS09. Our study, as shown in Supplementary Table 3, reveals that none of the formulations were toxic or allergenic. We
used the Vaxijen server to predict the antigenicity of the unmodified vaccine (DV1), which scored 0.6718. Interestingly, the
antigenicity scores for DV1 were slightly higher than those for the vaccine with any adjuvants, with scores for DV2, DV3,
and DV4 at 0.6135,0.6704, and 0.6392, respectively. We also analyzed the physical characteristics of these vaccine models,
which indicated that they had different structural features. The four vaccine models had different chain lengths—DV1
has 215 amino acids, DV2 has 362 amino acids, DV3 has 233 amino acids, and DV4 has 279 amino acids, but all of them
demonstrated similar isoelectric point (pl) values, ranging from 9.09 to 9.78. The instability index values indicate that DV1
and DV3 are less stable than DV2 and DV4, which is important to consider. For instance, DV2 has a high aliphatic index,
which suggests better thermostability, a desirable feature for long-term transport and storage.

The negative GRAVY scores of these vaccines indicate that they are hydrophilic. In terms of solubility and molecu-
lar interactions DV1, DV3, and DV4 all have lower hydrophilicity than DV2. Figure 5 demonstrates that all vaccine
models have high-quality protein structures, as most amino acids are in the "most favoured regions," according to
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Fig.6 Z-score plot analysis of vaccine 3D models. The z-score indicates overall model quality of each vaccine 3D model. The value is dis-
played in the plots with a dark black point demonstrating alignment with native protein structures

our Ramachandran plot analysis. DV4 stands out among the tested vaccines, with 95.6% of its amino acid residues in
the "most preferred regions," 4% in additional allowed regions, 0% in generously allowed regions, and 0.4% in disal-
lowed regions. Figure 6 also shows that the Z scores, ranging from -1.58 to -3.55, confirm structural similarity with
known protein structures, further enhancing the models’ potential for structural biology and vaccine development.

3.7 Secondary structure prediction

We examined the secondary structures of our four vaccine models with PDBsum, unveiling a captivating landscape
of diverse configurations. DV1, adhering to our predictions, displayed a balanced mix of 2 3-strands, 1 -hairpin, 8
helices, 30 B-turns, and 2 y-turns (Supplementary Fig. 2). In contrast, DV3 was very different, with no p-hairpins or
B-strands, but 11 a-helices, 27 3-turns, and one y-turn. DV2 and DV4 were very similar, with 2 $-strands, 1 3-hairpin,
14 helices, 36 3-turns, and 3 y-turns each, suggesting possible commonalities in their function or stability. These
intriguing results show the amazing diversity in secondary structure formations among the DV models, each with
its own distinctive feature, and set the stage for further investigation of their unique properties and potential in
vaccine development.
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3.8 Conformational B-cell epitopes

Ellipro server was used to predict discontinuous B cell epitopes of the designed vaccine constructs. The prediction identi-
fied 29 vaccine-related epitopes (Supplementary Table 4). These epitopes had scores ranging from 0.509 to 0.934. DV3
was the most productive model, generating nine discontinuous epitopes. DV1 had the fewest conformational epitopes,
with only five discontinuous epitopes, due to the lack of adjuvants.

3.9 Molecular docking analysis

Using ClusPro v2.0, we investigate the interaction between vaccination candidates and TLR-4, a key receptor for induc-
ing a strong immune response. Our extensive analysis generated thirty docked complexes for each vaccine construct
bound to TLR-4 using this computational method, and then we calculated the centre and lowest energy scores of each
and the most promising docked complexes based on the lowest binding energy for each vaccine model were selected
(Fig. 7). The most stable configurations with docking score values were —1150.4, — 1139.1, — 1147.4, and — 1484.5 for DV1,
DV2, DV3 and DV4 respectively. Following that, we used PDBsum and ChimeraX to visualize the structural features of the
complexes and to understand better the nature of these interactions (Fig. 8A and B).

Our analysis showed that the TLR-4 receptor (chain B) and the vaccine (chain E) formed a significant interaction net-
work, consisting of 7 salt bridges (between Lys180, Glu27, Glu31, Glu24, Glu42 residues of the receptor & Glu108, Arg46,
Arg43, Arg46, lys39, Arg12 of vaccine) and 20 hydrogen bonds (between Asn143, Lys186, GIn163, GIn188, GIn115, Pro28,
Cys29, Glu27, Glu31, Glu24, Pro23, Met41, Glu605, Glu603 of receptor residues and Asn131, Ser107, Glu108, Glu124, Arg47,
Arg46, Arg 43, Lys39, Arg12, Ala19, Val20, Asn4, Gly1 of vaccine) (Fig. 8C, D). Most of these interactions occurred in the con-
tact area between the two molecules, which covered a large 1544 A2 for TLR-4 and 1522 A2 for the vaccine, respectively.

3.10 Immune simulation

To delve deep into the analysis, we used the C-ImmSim server to simulate immune response after the three vaccine
doses over a year. The B-cell population demonstrated a significant increase in the presence, production, and levels of
IgG1+1gG2, IgM, and IgG +IgM antibodies during the secondary and tertiary responses as the antigen concentration
decreased. The main immune response had IgM and IgM +1gG antibodies. Figure 9A, B, and G show that the IgM and
IgM +1gG titers had a clear separation in the first response. The secondary and tertiary responses had a different separa-
tion of these peaks. A stronger secondary and tertiary immune response was possible because of a higher total Band TH
cell count (Fig. 9B, D). In later exposures, there was an increase in memory cell equivalents, total and active B lymphocytes,

Fig. 7 The solid molecular
surface display of the ATLR-4/
MD receptor, B predicted
vaccine models and C their
docked complex to the TLR-4
receptor. The TLR-4 receptor

is in Green and MD molecules
in Purple. The vaccine models
are highlighted in Red
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Fig. 8 The docked complex of TLR4 and multi-epitope vaccine (DV-4) obtained from ClusPro based on the lowest binding energy. A Depicts
the docked complex of TLR4/MD2-vaccine, with the vaccine construct highlighted in red, the TLR4 dimer in green, and MD2 co-receptor in
purple. B Highlights the specific interacting residues between the docked TLR4/MD2 tetramer (chain B) and the vaccine (chain E). TLR4 inter-
acting residues are represented in green, MD2 residues in purple sticks, and vaccine contact residues in red spheres (white backbone). C and
D Display the residue interactions across the interface, with interacting chains connected by colored lines, each denoting a different type of
interaction as indicated in the key provided

and TH cells (Fig. 9C, E, F). There was a lot of IFN during the immune response, especially in the secondary and tertiary
responses. This is because 63% of the vaccine's epitopes can produce IFN (Fig. 9H).

3.11 Molecular dynamic simulation

Finally, we used Molecular Dynamics (MD) simulation to study the dynamic behaviour and stability of both the vaccine-
TLR-4 complex and the TLR-4 alone, as shown in Fig. 10. Figure 10A shows the initial snapshot of the complex, while
Fig. 10B shows the final snapshot, highlighting the effects of different parameters on the complex’s behavior.

First of all, The RMSD profiles presented in Fig. 10C provide a dynamic representation of the systems’stability across the
simulation period. In both scenarios, an upward trend in RMSD values is evident, denoting conformational adjustments
influenced by the vaccine binding to the receptor. Specifically, the RMSD trajectory of the vaccine-receptor complex
exhibits an initial fluctuation, starting at 0.50 nm, reaching 1.3 nm after 25 ns, and steadily increasing to 1.70 nm over
the 100 ns simulation. In contrast, the receptor alone maintains relatively stable RMSD values throughout. Examining
regional flexibility via RMSF analysis (Fig. 10D) reveals pronounced alterations in receptor mobility upon vaccine inter-
action, particularly in the central protein regions. Notably, residue 600 displays heightened flexibility, with RMSF values
ranging from 0.2 to 0.7 nm, implying potential repercussions on interaction dynamics and conformational adaptability.
Analysis of radius of gyration (Rg) profiles (Fig. 10E) demonstrates a consistent decrease in both protein configurations
throughout the simulation. However, while the receptor maintains an Rg value below 3.25 nm, the vaccine-receptor com-
plex exhibits values fluctuating between approximately 4.00 and 3.25 nm. This reduction in Rg for the complex suggests
enhanced stability and ordered conformational changes, indicative of molecular interactions. Furthermore, evaluation
of solvent accessible surface area (SASA) dynamics (Fig. 10F) unveils notable disparities between the vaccine-receptor
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complex and the receptor alone. SASA values for the complex remain relatively constant, surpassing 500 nm?, indicating
sustained exposure to solvents and inherent flexibility. In contrast, the receptor displays lower SASA values, typically
below 400 nm?, signifying limited exposure of its hydrophobic core to solvents.

3.12 Codon optimization and in-silico cloning
To achieve in silico cloning, vaccines must be expressed efficiently into an E. Coli expression system. The expected

epitopes for T-cells and B-cells, along with the proper adjuvants and linkers, were used to construct four vaccines (DV-
1-4). The Java codon adaptation tool (JCAT) was utilized to modify the codon usage to accommodate the majority
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of sequenced prokaryotic organisms using the sequences of these vaccines as input (individually). According to the
analysis's findings, the DNA sequences of DV-1-4 were, in order, 645, 1086, 699, and 837 nucleotides. The observed CAls
(DV-1=0.98; DV-2=0.98; DV-3=0.98 and DV-4=0.99) indicated that the adapted sequences were made up of codons
capable of cellular machinery of the target organism. Furthermore, the optimized sequences had a GC content between
46 and 49%. The sequence data suggests that the proposed vaccines are reliably expressed and of high efficiency in
E. coli. Restriction recognition sites of the restriction enzymes Xhol and BstAPI were conjugated at the N and C-terminal
of reverse translated nucleotides of DV-1 and 3 respectively and Xhol and Mlul were conjugated at the N and C terminal
of reverse translated nucleotides of DV-2 and 4 respectively (Fig. 11) and the final optimized sequences were inserted
into the pET28a (+) vector in order to clone the designed vaccines using SnapGene software. The cloned plasmids for
DV-1-4 had final lengths of 5378, 5496, 5432, and 5247 kbp, in that order (Fig. 12).

4 Discussion

Over 100 countries are endemic to dengue, a global health problem since 1779 [47]. Over the last 50 years, dengue
incidence has increased 30-fold due to various complex factors [48] (CDC 2014). Vaccination is an important strategy to
control these high-prevalence diseases by reducing the disease burden and preventing virus transmission [49]. Ineffec-
tive treatments and vaccines, however, have worsened the dengue situation [50, 51]. A tetravalent vaccine is necessary
for complete protection against dengue disease; the high mutation rates of the serotypes make developing a dengue
vaccine challenging [52, 53]. A vaccine against dengue has been developed by Sanofi Pasteur and is marketed as Deng-
vaxia®. There is, however, a difference in the vaccine’s efficacy depending on the serotype and the region, as well as the
fact that the vaccine is only administered to seropositive individuals [54].
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Fig. 11 The linear vaccine constructs with restriction enzymes; Xhol and BstAPI conjugated at the N and C-terminal of A DV-1 and C DV-3, &
Xhol and Mlul conjugated at the N and C terminal of B DV-2, and D DV-4, respectively. (SnapGene software)

The development of a potent tetravalent dengue vaccine has been attempted numerous times [11, 12, 14, 55], but
these efforts have failed to elicit a sufficient immune response against one of the serotypes, mainly DENV 4 [56]. To
develop a successful dengue vaccine, the vaccine must induce immunity against all four serotypes, regardless of loca-
tion. To accomplish this, we targeted conserved structural and non-structural proteins from all four serotypes. Based
on the conservation of the virus proteins and their ability to induce a sufficient immune response when vaccinated, we
selected E, NS1, NS3, and NS5 for our analysis. There have been previous vaccine approaches to the dengue virus using
the E protein [57], the NS1 protein [58], the NS3 protein [59], and the NS5 protein [60]. However, to our knowledge, none
of these four proteins have been combined with epitopes from all the proteins to construct a vaccine.

In this study, we conducted a comprehensive bioinformatics analysis to design a possible dengue vaccine, which
included retrieving polypeptide sequences, phylogenetic analysis, epitope prediction, designing vaccine candidates,
molecular docking of TLR-4 and the vaccine construct, dynamic simulation of the complex using GROMACS (version
2020.6), cloning into a vector and immune simulation using C-ImmSim. Our results provide valuable insights to develop
an effective dengue vaccine. For instance, the phylogenetic analysis of 40 polypeptide sequences from Dengue virus
serotypes 1 to 4 revealed complex patterns of genetic relatedness. Despite their geographical distance, dengue virus
strains had close genetic similarities, suggesting a complex genetic evolution and transmission dynamics [61]. The diver-
sity and evolution of dengue virus strains underscores the need for a comprehensive vaccine strategy.

In our epitope prediction analysis of CD4 +, CD8 + T-cells, and B-cells, we identified thousands of unique epitopes but
selected only those common to all strains. These epitopes were found to have strong antigenic properties, were non-
allergenic, and were non-toxic, making them promising vaccine candidates. Vaccine candidates were constructed by
joining CD4 +and CD8 +T-cell and B-cell epitopes with suitable linkers. Our four vaccine candidates (DV1, DV2, DV3, and
DV4) were created using different strategies, each with unique features and adjuvants, to improve the vaccine’s potential
[62-64]. An important aspect of our dengue vaccine candidate is that the population coverage analysis showed that the
vaccine could cover 99.70% of the global population. The presence of discontinuous B-cell epitopes in all models further
illustrates the vaccine’s potential by targeting different aspects of the immune response [65].

The secondary structure analysis revealed variations in the composition of secondary structure elements across the
vaccine models, with some models featuring 3-strands, helices, and p-turns, while a-helices and -turns characterized
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Fig. 12 In Silico Restriction Cloning of Codon-Optimized Multi-Epitope Vaccine sequences highlighted A DV-1 in Red, B DV-2 in Purple, C
DV-3 in Green, and D DV-4 in Blue into a pET-28a(+) Vector colored in Black. Restriction sites Xhol, BstAPI (for DV-1 and DV-3), and Xhol, Mlul
(for DV-2 and DV-4) are conjugated at the N and C-terminal regions of the vaccines, allowing for efficient cloning. The final constructs are

suitable for expression in E. coli (strain K12) for vaccine production

others. The structural differences may have an impact on the immune response as well as the stability of proteins. Com-
pared to previous vaccine design studies [28, 62, 66, 67], these vaccine models were found to be of high quality, antigenic,
and safe, although some were more thermostable and hydrophobic than others. According to the antigenicity analysis,
one vaccine model without an adjuvant had the highest antigenicity, which is atypical. Therefore, this model may induce
a powerful immune response without extra adjuvants, which could be extremely useful for vaccine development.
Further, molecular docking analysis revealed positive interactions with the TLR-4 receptor, an essential immune system
component [68]. A strong interaction network was observed between vaccine models and TLR-4 receptors through salt
bridges and hydrogen bonds. It was apparent that the vaccine and immune receptor had a high interaction surface area,
which suggests a high affinity for binding [67], crucial for triggering a robust immune response. During the interaction
between the vaccine and the receptor, the molecular dynamics simulation results showed dynamic structural changes,
changes in receptor mobility, increased system compactness, and constant solvent exposure [63].0Overall, the attach-
ment of the vaccine molecule to the receptor seemed to alter the toll-like receptor, causing it to become more flexible,
unfurl, and become more accessible to solvents, as compared to its stable form without the attached molecule. The
changes in the receptor caused by the vaccination at a molecular level give us information about the structural changes
and movements that occur during receptor activation and subsequent signaling. The receptor’s flexibility and unfolding
are enhanced when the vaccine binds to it, indicating that the receptor may assume a "activated " open conformation.
This conformation could potentially assist subsequent contacts and signaling processes. Additional pathway analysis
and mutational investigations are required to validate; however, the vaccine-induced instability and conformational
shifts of the receptor indicate that these structural changes may contribute to the activation of downstream signaling..
By analyzing these interactions, we can better understand how proteins interact with their ligands and how this affects
their structural dynamics. Last but not least, the immune simulation graphs demonstrate that the immune system rec-
ognized and responded effectively to the virus, eliminating it and producing antibodies in the process. It is based on the
growth of active T and B cells after simulated antigen injections. Lack of immune tolerance or suppression, low levels of
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anergic cells, and the presence of key molecules indicate a robust immune response that produces antibodies to clear
the infection [69, 70].

Therefore, our study contributes significantly to the development of a much-needed vaccine for dengue. Our findings
provide a solid foundation for further research and development efforts, although the virus remains challenging from a
genetic, structural, and immune perspective.

5 Conclusion

In conclusion, this study designed a multi-epitope vaccine candidate using bioinformatics to fight the dengue virus, a
global health threat. Following established vaccine development principles, we identified and selected highly immu-
nogenic and conserved epitopes targeting structural and nonstructural dengue proteins (E, NS1, NS3, and NS5) from
all four serotypes [1-4]. By assessing its allergenicity, antigenicity, and ability to stimulate humoral and cellularimmune
responses, we ensured broad population coverage, reaching 99.70% of the global population, while prioritizing safety
and efficacy. Importantly, our analysis using a Ramachandran plot revealed that 95.6% of the amino acid residues of
the vaccine candidates reside within the optimal zone, with around 4% in additional allowed regions and 0.4% in disal-
lowed regions. Different adjuvants (50S ribosomal protein L7/L12, RS09, HBD3, PADRE sequences) were used to construct
and optimize four different vaccine models. Molecular dynamics simulations were then used to analyze the molecules’
structural integrity, interactions with receptors, and dynamic behavior. An agent-based modelling server was used to
simulate the immune response to each vaccine model to gain a deeper understanding of immunogenicity. These find-
ings indicate the potential of these multi-epitope vaccine candidates. There is still much work to be done to validate
their efficacy in combating dengue virus infection, leading to the development of an effective and novel vaccine against
this widespread global health threat.
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