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Abstract

Chikungunya virus (CHIKV) infection is a re-emerging arboviral disease in tropical and 

subtropical regions. In addition to acute febrile syndrome, CHIKV infection may lead to chronic 

articular manifestations that significantly affect a long-term quality of life. This study aimed to 

design a universal vaccine candidate covering all circulating genotypes of CHIKV based on 

conserved multiepitope platform. We employed a large scale phylogenetic and 

immunoinformatic approach to identify conserved regions of the open reading frames (ORF2) 

region encoding viral structural proteins. This study ultimately identified 11 high-quality 

epitopes: 6 MHC-I, 1 MHC-II, and 3 B cell epitopes. The selected epitopes span multiple viral 

domains, including C, E1, E2, and E3, with high immunogenicity (VaxiJen ≥66%), non-toxic, and 

non-allergenic properties. These selected epitopes were utilized to design multiepitope vaccine 

constructs (MEV-CHIKV) linked with various linkers in combination with adjuvants (human β-

defensin 3) to enhance the immune responses. Structural validation analysis showed high 

quality and stability of the vaccine construct. Based on molecular docking analysis, the 

designed vaccine has high binding affinities with the active site of TLR3. In silico immune 

simulation showed induction of robust adaptive immune responses, characterized by the 

activation and expansion of B and T cell populations. Codon optimization and rare codon 

analysis revealed a potentially high expression in bacterial system. Thus, the vaccine cadidate 

is anticipated to effectively and simultaneously induce robust cellular and humoral immune 

responses. In addition, it should retain its high protection upon emergence of novel mutations 

within the CHIKV genome. Since our study is merely in silico-based analysis, further in vitro and 

in vivo experimental validation to demonstrate the immunogenic properties of the vaccine 

candidate are still needed.
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Introduction

Chikungunya virus (CHIKV) is an enveloped and a positive-sense single-stranded RNA virus that 

belongs to the Alphavirus genus of the Togaviridae family. Its genome is approximately 11.8 kb 

in length and is composed of two open reading frames (ORFs), i.e. ORF1 and ORF2 that encode 

for four non-structural (nsP1, nsP2, nsP3, and nsP4) and five structural proteins [capsid (C), 

envelope E3, E2, 6K, and E1], respectively. CHIKV is phylogenetically classified into three main 

genotypes, namely Asian, West African and East/Central/South African (ECSA) genotypes1. In 

disease-endemic regions, CHIKV commonly cocirculates with other mosquito-transmitted virus, 

including dengue (DENV) and Zika viruses (ZIKV)2. 

Infection of CHIKV is a re-emerging arboviral disease in tropical and subtropical regions. In 

addition to acute febrile syndrome, CHIKV infection may lead to chronic articular manifestations 

that significantly affect a long-term quality of life (QOL) and disability-adjusted life years 

(DALY)3. In addition, a high rate of fatality (death) has been reported, particularly during an 

epidemic period4,5. The economic burden of CHIKV infection is associated with chronicity, severe 

clinical manifestations, increased risks of hospitalisation, and mortality. Thus, the impact of 

CHIKV infection to the health system and economy can not be underestimated6. 

Similar to other viral infections, effective clearance of CHIKV infection would highly depend on 

robust innate and adaptive (both B cell- and T cell-mediated) immune responses1. Several 

animal and human studies demonstrated thet the E2 protein is the primary target of CHIKV 

neutralising antibodies7-10. Interestingly, the E2 protein stimulated the production of IFNγ at the 

higehst level by T cells11. Understanding of these immune responses and identification of the 

immunodominant epitopes serve a basis for CHIKV vaccine development. Since structural 

proteins are essential for the fusion and entry process of CHIKV into the host cells, they are 

regarded as critical targets for vaccine development1. 
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Recently, there are two CHIKV vaccine available for use to prevent CHIKV infection, i.e. live-

attenuated vaccine VLA1553 (IXCHIQ, Valneva, Austria) and virus-like particle PXVX0317 

(VIMKUNYA, initially developed by the US National Institutes of Health Vaccine Research 

Center)12. VLA1553 generated seroprotective CHIKV neutralising antibody levels in 98.9% 

subjects after a single immunisation shot13. IXCHIQ is administered as a single-dose vaccine and 

is approved for use in adults aged 18 years and older. However, its use is not recommended in 

individuals aged 60 years and above. Similarly, VIMKUNYA is administered as a single-dose 

vaccine and is approved for individuals aged 12 years and older14.

A specific epitope may stimulate different arms of immune responses, either B cell- and T-cell 

mediated responses. A multiepitope vaccine, composed of a number of antigenic epitopes, is 

thus one of the promising platform to develop novel vaccine candidates15. To construct well-

designed and potent multiepitope vaccines, it is essential to identify multiple epitopes that 

simultaneously elicit humoral (antibody) and cell-mediated CD8+ and CD4+ T cell responses16. 

Various bioinformatics and immunoinformatics tools have been employed to construct 

multiepitope-based vaccine against many viral diseases, including human immunodeficiency 

virus 1 (HIV-1)15, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)17, human 

papillomavirus (HPV) type 16 and 1818, and mpox virus19. Subsequent experimental validation 

will significantly improve the accuracy of the predicted epitopes20,21. The first vaccine 

developed using an immunoinformatics-based approach targeted Neisseria meningitidis, and its 

development was successfully achieved22.

Effective B cell as well as CD4+ and CD8+ T cell responses are desirable outcomes of a 

promising vaccine candidate. Additionally, the vaccine candidate should retain its high 

protection against the emergence of new variants since CHIKV is constantly evolving23. Novel 

vaccine candidate designed using conserved multiepitope strategies are theoretically promising 

for enhancing vaccine coverage and immune specificity, while minimizing the risk of 

immunopathology and viral immune escape15. Thus, our study aimed to design a universal 
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vaccine candidate covering all circulating genotypes of CHIKV based on conserved multiepitope 

platform. We employed a large scale phylogenetic and immunoinformatic approach to identify 

conserved regions of the ORF2 that overlap with B or T cell epitopes. The vaccine construct was 

designed by linking all selected epitopes with linkers and adjuvants. Finally, the vaccine 

construct was examined for its molecular interaction with Toll-like receptor 3 (TLR3), its 

potentiality to stimulate immune responses, and its translational feasibility in Escherichia coli.

Materials and Methods

Schematic overview of the bioinformatics workflow used for designing a multiepitope vaccine 

against CHIKV (MEV-CHIKV) is presented in Figure 1.

Data mining and phylogenetic tree construction

A comprehensive collection of CHIKV genomic sequences was obtained from the NCBI database 

on May 27, 2025. The downloaded dataset comprised 2,798 entries annotated as coding 

sequences (CDS), including both nucleotide and translated amino acid sequences. From these, 

2,557 entries were identified as encoding structural proteins. Genotypic classification based on 

NCBI metadata revealed that 1,652 sequences had known genotype annotations. To ensure 

adequate representation of the West African lineage, which is typically underrepresented in 

public databases, an additional seven sequences (HM045816.1, HM045785.1, HM045815.1, 

HM045818.1, AY726732.1, HM045820.1, and HM045817.1) were incorporated24.

Quality control was performed by removing sequences containing ambiguous bases using the 

reformat.sh script from BBTools (https://jgi.doe.gov/data-and-tools/bbtools/). To ensure data 

completeness, only sequences longer than 75% of the full CHIKV genome (≥2,811 bp out of 

3,747 bp) were retained. The final curated dataset consisted of 1,429 high-quality sequences 

spanning three CHIKV lineages: 234 Asian; 1,158 ECSA; and 37 West African lineages. Data 

preprocessing was conducted using UNIX tools (e.g., grep, awk, sed, cat, and sort), SeqKit25, 

and Samtools26,27.
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Multiple sequence alignment was performed using MAFFT with the FFT-NS-2 algorithm28, which 

applies a fast Fourier transform–based progressive alignment strategy optimized for large 

datasets by approximating sequence similarity to accelerate alignment construction. Poorly 

aligned and gap-rich regions were subsequently removed using trimAl 

(http://trimal.cgenomics.org/), which automatically trims alignments based on consistency and 

gap thresholds to reduce noise in downstream phylogenetic inference. ModelTest-NG29 was 

used to identify the optimal nucleotide substitution model by statistically comparing candidate 

models under information-theoretic criteria, resulting in the selection of GTR+I+G4. Maximum 

likelihood (ML) phylogenetic reconstruction was carried out using RAxML-NG30, which estimates 

tree topology and branch lengths by maximizing the likelihood of the observed data under the 

selected model, with node support assessed using 1,000 bootstrap replicates. The resulting 

phylogenetic tree was visualized using FigTree (http://tree.bio.ed.ac.uk/software/figtree/).

Protein alignment and consensus sequence generation

A total of 1,420 translated amino acid sequences were extracted from the filtered dataset for 

further processing. Redundancy was eliminated using CD-HIT31, resulting in 553 unique 

structural polyprotein sequences, including 85 from Asian, 457 from ECSA, and 11 from West 

African lineages. Each lineage’s dataset was aligned separately using MUSCLE32, and consensus 

sequences were generated using EMBOSS33. These lineage-specific consensuses were then 

aligned to generate a global consensus. An ambiguous residue at position 643 (“X”) was 

resolved by substituting with “V” based on the ECSA consensus.

The global consensus sequence was segmented into five major structural protein domains 

based on known amino acid positions: C (1–261), E3 (262–325), E2 (326–748), 6K (749–809), 

and E1 (810–1248). These segments were extracted using Samtools26,27 for downstream 

immunoinformatic analysis.

Epitope prediction and filtering
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Epitope prediction was performed for MHC class I (MHC-I), MHC class II (MHC-II), and B-cell 

responses using the IEDB Analysis Resource (http://tools.iedb.org). MHC-I and MHC-II predictions 

were carried out using NetMHCpan 4.1 EL34 with a reference panel of 27 frequently occurring 

HLA alleles, via the IEDB MHC-I (http://tools.iedb.org/mhci/) and MHC-II 

(http://tools.iedb.org/mhcii/) web servers. B-cell epitopes were predicted using BepiPred Linear 

Epitope Prediction 2.035.

Filtering criteria for MHC-I epitopes included prediction scores ≥0.9 and percentile ranks ≤0.05, 

while MHC-II filtering was based on scores ≥0.9 and ranks ≤0.05. Core peptides were selected 

when available. In cases lacking qualifying peptides, the highest scoring candidate was 

selected. B-cell filtering thresholds were region-specific, with values adjusted to ensure a 

minimum of one epitope per domain (e.g., threshold 0.625 for C, E1, and E2; threshold 0.5 for 

E3 and 6K; minimum length of 8 amino acids).

Subsequently, overlapping epitopes among MHC-I, MHC-II, and B-cell predictions were identified. 

If the overlap was absent across all three, partial overlaps or single best-scoring peptides were 

retained. Selected epitopes were validated using VaxiJen v3.036 for immunogenicity, AllerTOP 

v2.137 for allergenicity, and ToxinPred338 for toxicity. Filtering and integration were 

implemented using custom R scripts based on dplyr, plyr, stringr, data.table, readr, and 

fuzzyjoin packages. 

Vaccine construction

The 11 validated epitopes were assembled into a multi-epitope vaccine (MEV-CHIKV), preserving 

the structural polyprotein order (C → E3 → E2 → 6K → E1). Several linkers were selected: AAY 

between MHC-I and MHC-II epitopes; GPGPG between MHC-II and B-cell epitopes; and EAAAK 

between the adjuvant and MHC-I block. The selected linkers were incorporated to ensure proper 

epitope separation and to enhance structural stability, protein (epitope) expression, solubility, 

bioactivity, and immunogenicity39. A 6xHis tag was added at the N-terminus to facilitate protein 
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purification. As an adjuvant, the antimicrobial human β-defensin 3 peptide was fused to the N-

terminal end of the vaccine construct (UniProt Q5U7J2) to increase immune responses.

Population coverage analysis

To assess population-scale efficacy, predicted HLA-binding alleles were evaluated for population 

coverage using the IEDB Population Coverage tool (http://tools.iedb.org/population/), which 

integrates HLA allele frequency data from diverse ethnic populations to estimate the fraction of 

individuals likely to respond to the selected epitopes. Binding affinities for MHC-I and MHC-II 

alleles were estimated using NetMHCpan 4.1 BA and NetMHCIIpan 4.1, respectively34, both of 

which employ artificial neural network–based models trained on experimentally validated 

peptide–HLA binding datasets. The peptide length for MHC-II prediction ranged from 12–15 

amino acids. The resulting allele set was analyzed across a broad panel of global populations, 

including specific regions in Asia, such as Indonesia, Malaysia, Singapore, Thailand, Vietnam, 

and others. 

Structural modelling, 2D prediction, and 3D structure validation

Secondary structure prediction was performed using PSIPRED40, which employs position-specific 

scoring matrices derived from PSI-BLAST and a neural network–based classifier to assign 

secondary structure states. Tertiary structure modelling was executed using D-I-TASSER41, a 

hierarchical protein structure prediction method that integrates threading-based template 

identification with deep learning–assisted spatial restraints and iterative fragment assembly. Of 

five D-I-TASSER models, the one with the highest estimated TM-score was selected for 

refinement. This model was refined using GalaxyRefine42, which improves local geometry 

through repeated side-chain repacking followed by restrained molecular dynamics relaxation. 

The model with the lowest RMSD, highest GDT-HA, and most favorable Ramachandran statistics 

was selected for further validation.
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Validation included structural quality checks using ProSA43, ProCheck and ERRAT modules from 

SAVES v6.1 (https://saves.mbi.ucla.edu/). ProSA was used to evaluate overall model quality 

based on knowledge-based energy potentials, while ProCheck and ERRAT modules from the 

SAVES v6.1 server assessed stereochemical quality and non-bonded atom interactions, 

respectively. Geometric evaluation was further conducted with MolProbity44, which evaluates 

atomic clashes, rotamer quality, and backbone conformations. Hydrogen atoms were added to 

optimize Asn, Gln, and His flips during the MolProbity analysis. Flexibility analysis was carried 

out using CABS-Flex3.0 (http://biocomp.chem.uw.edu.pl/CABSflex3), which applies a coarse-

grained elastic network model coupled with Monte Carlo sampling to simulate near-native 

conformational fluctuations. Prior to flexibility analysis, the PDB structure was cleaned using 

pdb-tools45 and awk to ensure format compatibility.

Molecular docking

Molecular docking simulations were conducted to evaluate the structural compatibility and 

binding interactions between the MEV-CHIKV vaccine construct and key immune receptors, 

including TLR3 and representative MHC-I and MHC-II alleles. Molecular docking provides a 

computational estimation of how two macromolecules interact in three dimensions, predicting 

likely binding conformations and interaction energies, which is critical for assessing the 

potential of the vaccine construct to engage host immune receptors and present epitopes 

effectively46.  

Molecular docking simulations were carried out using HADDOCK 2.447, a data-driven docking 

platform that models biomolecular complexes through a three-stage protocol consisting of rigid-

body docking, semi-flexible refinement, and final refinement in explicit solvent. Eight target 

proteins were selected based on epitope-HLA allele matches and structural availability in the 

RCSB PDB database. Targets included TLR3 (PDB ID: 1ZIW), six MHC-I alleles (HLA-B57:01, HLA-

B58:01, HLA-B07:02, HLA-A68:01, HLA-B35:01, HLA-B15:01), and one MHC-II allele (HLA-

DRB1*01:01). Protein structures were preprocessed using PyMOL48, including removal of water, 
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ligands, and renumbering. Active-site residues for each target protein were identified using a 

structure-based contact analysis approach implemented in PyMOL. For each receptor, the 

experimentally resolved structure was first preprocessed by removing crystallographic water 

molecules, bound ligands, small molecules, metal ions, and non-relevant peptide chains to 

isolate the biologically relevant receptor conformation. Where co-crystallized peptides or nucleic 

acid ligands were present, these molecules were retained temporarily to guide active-site 

definition.

Active-site residues were defined as receptor amino acids located within a 4 Å spatial distance 

of the bound peptide or nucleic acid ligand, corresponding to direct or near-direct 

intermolecular contacts. These residues were identified using a residue-level proximity selection 

and subsequently extracted as the functional binding interface. For MHC-I and MHC-II molecules, 

this approach delineated the peptide-binding groove residues based on proximity to the co-

crystallized antigenic peptide. For TLR3, active-site residues were identified based on contacts 

with the bound RNA molecule, consistent with known nucleic-acid recognition regions of the 

TLR3 ectodomain.

The identified active-site residues were visually inspected and highlighted to confirm biological 

relevance, and residue lists were exported for use as interface definitions during docking. To 

ensure compatibility with HADDOCK and avoid residue index conflicts, protein chains were 

renumbered systematically following ligand removal, and cleaned receptor structures were 

saved as docking-ready input files. This contact-based active-site identification strategy enabled 

biologically guided docking while avoiding over-constraint, ensuring that predicted interactions 

reflected experimentally supported binding interfaces.

Binding affinity of docked models was assessed using PRODIGY 

(https://bianca.science.uu.nl/prodigy/), which predicts binding free energy and dissociation 

constants based on the number and type of interfacial contacts and non-interacting surface 

properties.
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Selection of docked model for molecular dynamics

Among the 36 generated docking poses of MEV-TLR3, the model with the lowest binding free 

energy and highest predicted affinity (as evaluated by PRODIGY at 37°C) was selected for 

subsequent molecular dynamics (MD) simulation. 

Molecular dynamics simulation by Normal Mode Analysis

MD simulations were conducted using iMODS (https://imods.iqfr.csic.es/) which applies normal 

mode analysis (NMA) to examine the flexibility and stability of protein–protein complexes. The 

optimized docked structure of the MEV–TLR3 complex, selected from HADDOCK and Prodigy 

analyses, was used as the input in PDB format. Structural integrity, chain continuity, and atom 

numbering were verified prior to submission.

iMODS models the protein complex as an elastic network, in which Cα atoms are connected by 

virtual springs, allowing efficient characterization of large-scale collective motions near the 

equilibrium conformation. The first 20 normal modes were calculated, and the corresponding 

eigenvalues were obtained to describe the relative stiffness of each mode.

Residue-wise flexibility was evaluated through deformability analysis, and theoretical B-factors 

were computed to estimate atomic mobility. The contribution of individual normal modes to the 

overall motion of the complex was assessed using variance analysis.

Dynamic coupling between residues was examined using a covariance matrix, which describes 

correlated and anti-correlated motions across the structure. In addition, an elastic network map 

was generated to visualize inter-residue stiffness and mechanical connectivity within the 

complex.

All outputs generated by iMODS, including eigenvalue plots, deformability profiles, B-factor 

distributions, variance plots, covariance matrices, and elastic network maps, were used to 

confirm the MEV-TLR3 complex's dynamic stability. 
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Immune simulation

The immune response to the MEV-CHIKV vaccine construct was simulated using the C-ImmSim 

server49, an agent-based immune simulation platform that models mammalian immune system 

dynamics based on position-specific scoring matrices and machine-learning approaches. The 

finalized MEV amino acid sequence was used as the input antigen.

The simulation was conducted over a period of 365 days, with three vaccine administrations 

scheduled at days 1, 30, and 60, mimicking a prime–boost immunization strategy. Default 

simulation parameters were applied unless otherwise specified. The simulation environment 

models interactions among antigen-presenting cells, B cells, CD4+ helper T cells, CD8+ 

cytotoxic T cells, regulatory T cells, and cytokines, as well as the generation of immunological 

memory.

Model outputs included antigen concentration, immunoglobulin levels (IgM and IgG subclasses), 

population dynamics of B and T cells (including active, resting, memory, and anergic states), 

and cytokine profiles. All simulation outputs were recorded and used for downstream analysis of 

immune response dynamics.

Codon optimization

Codon optimization was conducted to evaluate translational feasibility in E. coli; while in silico 

cloning was not performed, as vector selection and cloning strategy are experimental 

considerations beyond the scope of this computational vaccine evaluation. Codon optimization 

was carried out using JCat50 to adapt the MEV-CHIKV sequence for expression in E. coli K12. JCat 

optimizes codon usage by replacing rare codons with synonymous codons that match the codon 

usage bias of the selected host, thereby improving translational efficiency without altering the 

amino acid sequence. Optimization settings avoided rho-independent terminators, prokaryotic 

ribosome binding sites, and restriction enzyme sites for EcoRI, BamHI, HindIII, PstI, SalI, XbaI, 
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and SmaI. The resulting codon-adapted sequence is suitable for cloning and expression in 

bacterial vectors.

Results 

Phylogenetic tree construction based on global CHIKV sequences and 

consensus sequence generation

Summary of CHIKV genomic dataset used in phylogenetic analysis and summary of amino acid 

dataset and construction of consensus sequence was shown in Supplementary Table 1. It 

provides an overview of CHIKV sequences retrieved from the NCBI database, detailing the 

number of downloaded sequences, annotated structural proteins, genotyped entries, and 

curated sequences after quality control. Final lineage-specific distributions and preprocessing 

tools used for alignment and tree construction are also listed. 

Phylogenetic analysis of 1,429 high-quality CHIKV structural polyprotein sequences was 

performed using the ML method with the GTR+I+G4 substitution model and 1,000 bootstrap 

replicates (Figure 2). The primary tree is midpoint-rooted (left) and illustrates the major 

phylogenetic divergence among the three known genotypes of CHIKV: West African (blue), Asian 

(red), and ECSA (green). Two additional views, an unrooted polar tree (top right) and a branch-

length-transformed tree with equal distances (bottom right), provide alternative visualizations 

to highlight intra-lineage clustering and relationships. This lineage-resolved phylogeny offers 

robust evolutionary context for downstream epitope mapping and consensus sequence 

construction. Accurate lineage discrimination ensures that the derived global consensus 

sequence used in epitope prediction incorporates genetic variability across all three major 

CHIKV genotypes, enhancing vaccine design strategies with broader population coverage and 

immunogenic relevance.
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MHC-I, MHC-II, and B cell epitope prediction and epitope selection for 

multiepitope vaccine construct 

Table 1 lists the immunogenic epitopes identified from the CHIKV structural polyprotein and 

selected for inclusion in the multiepitope vaccine construct (MEV-CHIKV). This pipeline 

ultimately identified 11 high-quality epitopes: 6 MHC-I, 1 MHC-II, and 3 B cell epitopes. The 

epitopes were predicted based on their binding affinity to common HLA alleles and were further 

assessed for immunogenic potential (VaxiJen score), toxicity (ToxinPred), and allergenicity 

(AllerTOP). The selected epitopes span multiple viral domains, including C, E1, E2, and E3, and 

include B-cell, MHC-I, and MHC-II epitopes with high immunogenicity (VaxiJen ≥ 66%), non-toxic, 

and non-allergenic properties. The peptide start-end positions correspond to their location 

within the reference structural polyprotein. Graphical representation of the predicted and 

selected epitopes mapped along the 1248-amino acid CHIKV structural polyprotein is shown in 

Figure 3. 

Population coverage analysis

Population coverage analysis of the selected epitope is shown in Table 2. The table presents 

the estimated HLA population coverage (%) for the selected MHC-I and MHC-II epitopes across 

various global regions, including individual countries in Southeast Asia. Broad population 

coverage is observed for MHC-I epitopes globally, with the highest in East Asia (89.16%). In 

contrast, MHC-II coverage is relatively low, primarily due to the inclusion of only a single high-

affinity MHC-II epitope in the construct, as a result of stringent threshold filtering during the 

epitope selection process. Overall, the MEV-CHIKV demonstrated high theoretical population 

coverage globally and regionally. 

Vaccine construction (MEV-CHIKV)

Based on the previous epitope selection, a multiepitope vaccine against CHIKV (MEV-CHIKV) was 

designed. Schematic representation and tertiary structure of the MEV-CHIKV construct is shown 
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in Figure 4. The construct comprises an adjuvant (human β-defensin 3) at the N-terminus 

(red), followed by a series of epitopes derived from the structural polyprotein of the CHIKV. 

These include six MHC-I epitopes (green), one MHC-II epitope (yellow), and three B-cell epitopes 

(orange). A 6×His tag (blue) was added at the C-terminus for purification purposes. The 

epitopes are arranged in gene order (C → E3 → E2 → 6K → E1) and are separated by appropriate 

linkers: EAAAK (grey) between the adjuvant and first epitope, AAY (purple) between MHC-I 

epitopes, and GPGPG (black) between MHC-II and B-cell epitopes. The design ensures proper 

epitope presentation, structural stability, and enhanced immunogenicity for in silico vaccine 

performance against diverse CHIKV lineages. The resulting 198-amino-acid construct was 

assessed for its safety and efficacy. It was predicted to be non-toxic (ToxinPred2), non-

allergenic (AllerTOP), and immunogenic (VaxiJen score: 66%) 

Secondary and tertiary structure validation of the MEV-CHIKV construct

Figure 5 and Supplementary Table 2 show the structural validation metrics obtained from 

several bioinformatics tools to evaluate the accuracy, quality, and stability of the modeled 

multiepitope vaccine (MEV-CHIKV). Secondary structure prediction by PSIPRED revealed that the 

vaccine construct is predominantly composed of coils (60.61%), followed by α-helices (26.26%) 

and β-strands (13.13%). Tertiary structure modeling and refinement by D-I-TASSER and 

GalaxyRefine showed a reliable model with a GDT-HA of 0.9255 and a MolProbity score of 1.392. 

Additional validation using ProSA (Z-score = -3.73) confirmed structural reliability within the 

range of experimentally determined protein structures. The SAVES suite validated the model 

with a high ERRAT score of 95.536 and a favorable Ramachandran plot profile (98.1% of 

residues in allowed and favored regions). MolProbity analysis further supported the model’s high 

geometric quality, and flexibility was assessed using CABS-Flex, which showed limited RMSF 

values, indicating a stable conformation.

Next, the MEV-CHIKV construct was evaluated for its tertiary structure stability using CABS-Flex 

3.0 (Figure 6). This analysis provides insight into the dynamic behavior of the vaccine 
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construct under physiological conditions. The simulation revealed a median RMSF of 1.989 Å, 

indicating overall structural stability. High flexibility regions, with RMSF values peaking at 9.328 

Å, corresponded to linker regions and terminal loops, which may enhance epitope accessibility. 

These results support the conformational robustness of the vaccine model while preserving 

dynamic features beneficial for immune recognition.

Molecular docking and interaction analysis between MEV-CHIKV and human 

TLR3 receptor

The MEV-CHIKV construct was then evaluated for its interaction with human TLR3 receptor and 

other immune receptors using molecular docking analysis (Figure 7 and Table 3). 

Table 3 summarizes the docking results of the MEV-CHIKV construct against innate and 

adaptive immune receptors using the HADDOCK web server and PRODIGY binding affinity 

analysis. For each receptor, the corresponding HLA allele (if applicable), PDB ID, and HADDOCK-

derived mean binding energy (± standard deviation) of the selected docking cluster are shown. 

Binding free energy (ΔG, kcal/mol), dissociation constant (Kd, M) at 37 °C, and the number of 

intermolecular contacts were predicted using PRODIGY. For TLR3, all HADDOCK clusters were 

analyzed in PRODIGY, and the best-scoring cluster was selected for downstream structural and 

molecular dynamics simulations. For MHC-I and MHC-II receptors, the PRODIGY analysis was 

conducted only on the representative cluster with the lowest HADDOCK binding energy.

The predicted 3D complex of the multiepitope vaccine construct (MEV-CHIKV, green) with the 

TLR3 receptor (red) is shown in Figure 7, highlighting intermolecular contact regions. 

Interacting residues are indicated in blue (on TLR3) and magenta (on MEV-CHIKV). A total of 128 

intermolecular contacts were identified, illustrating strong molecular interactions and stable 

binding. The lower panel presents a heatmap of residue-residue interactions between MEV-

CHIKV (x-axis) and TLR3 (y-axis), where each magenta square represents contact. These 

interactions suggest a potential immune-activating interface, supporting the designed vaccine's 

immunogenic potential.
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Molecular dynamics (MD) simulation of MEV-CHIKV and TLR3 complex with 

iMODS

MD simulation with iMODS Normal Mode Analysis was conducted to evaluate structural flexibility 

and stability of the MEV-TLR3 complex (Figure 8). The deformability plot and B-factor analysis 

revealed limited flexibility, suggesting a stable interaction. The calculated eigenvalue was 

2.686883×10−6, indicating moderate energy requirements for deformation and supporting the 

rigidity of the complex. The covariance matrix revealed largely correlated motions at the 

interaction interface, further confirming the conformational stability of the complex. The elastic 

network model also demonstrated dense connections across the binding interface, indicating a 

robust structural network. Collectively, these results support the functional stability of the MEV–

TLR3 complex for downstream immune activation.

In silico immune simulation of MEV-CHIKV

To simulate host immune response post-vaccination, a 365-day immune response profile was 

generated using C-ImmSim49. The simulation modeled three doses administered at days 1, 30, 

and 60 (Figure 9). The simulation was performed over a period of 365 days with three vaccine 

doses administered at day 1, 30, and 60. The results show a strong adaptive immune response 

characterized by the induction of B and T cell populations, development of memory cells, and 

robust antibody production.

Codon optimization and rare codon analysis of the MEV-CHIKV construct

Codon optimization and rare codon analysis of the MEV-CHIKV construct is shown in Figure 10. 

The nucleotide sequence of the MEV-CHIKV was optimized for expression in E. coli (strain K12) 

using JCat. The final construct has a total length of 594 base pairs, with a high Codon 

Adaptation Index (CAI) of 0.96 and a GC content of 55.05%, indicating suitability for 

heterologous expression. The schematic at the top represents the structural and functional 

domains of the construct, including epitope regions, linkers, a β-defensin adjuvant, and a 6×His 
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tag. The coding sequence is shown below with annotated regions and highlighted rare codons. 

Three rare codons were identified: CAA at positions 19–21 and 388–390, and AGT at position 

394–396. These rare codons, although infrequent, are not expected to significantly hinder 

expression due to their low occurrence and overall high CAI.

Discussion

CHIKV continuously poses serious threats to global health. As of early June 2025, around 

220,000 chikungunya cases and 80 related deaths have been reported across 14 countries, 

primarily in the Americas, Africa, and Asia. While mainland Europe has reported no cases, 

outbreaks are ongoing in the EU outermost regions of Réunion and Mayotte. The Americas 

currently represent the most affected region globally51. The global burden of CHIKV infection 

has driven the development of CHIKV vaccines, leading to the approval of two: the live-

attenuated vaccine VLA1553 (IXCHIQ) and the virus-like particle-based vaccine PXVX0317 

(VIMKUNYA). However, post-licensure monitoring has revealed safety concerns. Recently, 

serious adverse events have been reported globally among vaccine recipients over the age of 

60. As IXCHIQ is a live-attenuated vaccine, its use is also contraindicated in individuals with 

weakened immune systems, regardless of age52. On August 2025, IXCHIQ was fully suspended 

by the US Food and Drug Administration (FDA) due to serious safety concerns among vaccine 

recipients53.

Although a licensed vaccine for CHIKV has recently become available, the development of 

alternative vaccine candidates remains essential due to several limitations of the available 

vaccines. Current vaccines may offer suboptimal protection against the diverse genotypes of 

CHIKV circulating globally, and their safety and efficacy profiles in specific populations—such as 

the elderly or immunocompromised—may not yet be fully established52. Live-attenuated 

vaccine platform might raise safety issues, as shown by the suspension of IXCHIQ due to the 

development of chikungunya-like illness in vaccine recipients53. Moreover, issues related to 

production cost, cold-chain requirements, and long-term immunogenicity highlight the need for 
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improved vaccine platforms. Therefore, designing novel vaccine candidates with broader cross-

protective potential, enhanced stability, and increased accessibility could play a critical role in 

complementing existing vaccination strategies and strengthening global preparedness against 

CHIKV epidemics.

Multiepitope-based vaccines offer more advantages than classical vaccine design, for example 

the presence of multiple MHC-restricted epitopes that can be recognized by T cell receptors 

(TCRs) from various clones16. Thus, the crucial step in the development of multiepitope-based 

vaccine design is identification and selection of potentially immunogenic epitopes. Various 

immunoinformatics tools are currently available to accelerate the vaccine design54. In this 

study, we selected epitopes from each structural protein of CHIKV to expand the spectra of the 

targeted antigens. We first generated a global consensus sequence from all available CHIKV 

genome sequences to be employed for epitope prediction. While our study extensively utilizes 

global CHIKV sequences, the other studies were based on a limited number of sequences55,56. 

The conserved epitopes identified in this study are expected to confer broader and long-lasting 

protection across different CHIKV genotypes that are constantly mutating due to a lack of proof-

reading activity of RNA-dependent RNA polymerase (RdRp). Therefore, the vaccine design aims 

to effectively target the extensive genetic diversity of CHIKV.

The designed vaccine is expected to effectively stimulate both humoral and T cell-mediated 

immune responses. The multiepitope platform is inherently low in immunogenicity; therefore, 

human β-defensins 3 was added as adjuvants to enhance its immune response. A previous 

study compared SARS-CoV-2 epitopes predicted by various computational studies with 

experimentally validated T cell epitopes identified from the blood of convalescent COVID-19 

patients57. The results showed a strong correlation between the predicted and experimentally 

determined epitopes, indicating the high accuracy of in silico epitope prediction57.

Upon administration, multiepitope vaccines will be internalized by dendritic cells (DCs). 

Following DC differentiation into mature phenotypes, the multiepitope vaccines will 
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subsequently be presented to naïve T cells in the context of MHC molecules. DCs are equipped 

with various pattern recognition receptors (PRR), including TLRs, to sense the presence of viral-

derived antigens. TLR3 is intracellularly located in the endosome and can be stimulated by its 

natural ligands, including dsRNA and polyinosinic-polycytidylic acid [poly(I:C)]58. TLR recognition 

of viral-derived antigens and subsequent activation of downstream signaling pathways will 

induce DC maturation and the production of antiviral cytokines. Indeed, it has been shown that 

TLR3 stimulation can inhibit CHIKV infection in vitro59. TLR agonists have been extensively 

utilized as adjuvants for the development of arbovirus vaccines58. Based on molecular docking 

analysis, the designed vaccine has high binding affinities with the active site of TLR3. This 

indicates its capacity to efficiently stimulate the innate and adaptive immune responses.

Although the outcomes of our in silico vaccine design are promising, in vitro and in vivo 

experiments are essential to validate our findings and also to demonstrate its safety and 

efficacy. Therefore, the next step involves experimental validation through various in vitro 

assays to assess its immunogenicity and antigen expression. Subsequently, in vivo studies 

using appropriate animal models should be conducted to evaluate immune responses, 

protective efficacy, and potential safety concerns.

Conclusions

We have designed a conserved and universal CHIKV vaccine candidate against all circulating 

genotypes of CHIKV globally. The candidate is multiepitope-based vaccine platform by 

identifying and screening various T and B cell epitopes that are conserved in CHIKV genome 

sequences. Thus, the vaccine cadidate is anticipated to effectively and simultaneously induce 

robust cellular and humoral immune responses. In addition, it should retain its high protection 

upon emergence of novel mutations within the CHIKV genome. We also examined the predicted 

interaction between the vaccine construct and TLR3. In silico immune simulation showed 

induction of robust adaptive immune responses, characterized by the activation and expansion 

of B and T cell populations. Ultimately, codon optimization and rare codon analysis revealed a 
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potentially high expression in bacterial system. However, since our study is merely in silico-

based analysis, further in vitro and in vivo experimental validation to demonstrate the 

immunogenic properties of the vaccine candidate are still needed.
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Figure Legends

Figure 1. Workflow of the multiepitope vaccine design based on structural proteins of 

CHIKV. The workflow includes data mining, sequence curation, multiple sequence alignment, 

phylogenetic analysis, consensus sequence construction, epitope prediction and filtering, 

vaccine construction, population coverage analysis, structural modeling, docking, molecular 

dynamics simulation, immune simulation, and codon optimization.

Figure 2. Phylogenetic tree of CHIKV structural polyprotein sequences from global 

isolates. Phylogenetic analysis of 1,429 high-quality CHIKV structural polyprotein sequences 

was performed using the maximum likelihood (ML) method with the GTR+I+G4 substitution 

model and 1,000 bootstrap replicates.

Figure 3. Epitope mapping across the structural polyprotein of CHIKV and 

comparative conservation among genotypes. Domain boundaries are color-coded: C 

(blue), E3 (green), E2 (orange), 6K (purple), and E1 (red). Predicted epitopes are overlaid as 

bars and color-coded based on epitope type: B-cell epitopes (dark grey), MHC-I epitopes (black), 

and MHC-II epitopes (light grey). Each epitope is labeled below the polyprotein with its 

corresponding amino acid sequence derived from the global consensus. To assess epitope 

conservation, lineage-specific consensus sequences (West African, Asian, and ECSA) are aligned 

with the global epitope sequence. Sequence variations are annotated with triangle markers at 

the positions of divergence, allowing visual identification of polymorphic residues across 

lineages. This mapping illustrates the distribution and conservation of selected epitopes and 

supports their broad applicability in a multivalent vaccine construct.

Figure 4. Schematic representation and tertiary structure of the MEV-CHIKV 

construct. 3D structure prediction and refinement of the MEV-CHIKV construct was performed 

using D-I-TASSER and GalaxyRefine. The model is visualized with domain-based color coding: β-

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



defensin adjuvant (red), B-cell epitopes (orange), MHC-I (green), MHC-II (yellow), and His-tag 

(blue). The structure demonstrates proper folding and domain separation.

Figure 5. Secondary and tertiary structure validation of the MEV-CHIKV construct. (a) 

Secondary structure prediction of the multiepitope vaccine (MEV-CHIKV) using PSIPRED revealed 

a composition of 26.26% α-helices, 13.13% β-strands, and 60.61% coils, indicating a structurally 

flexible and antigenically favorable construct. (b) Tertiary structure quality assessment 

performed with MolProbity demonstrated excellent stereochemical properties, with 98.5% of 

residues in the favored regions and 99.5% in allowed regions of the Ramachandran plot, and 

only 1 residue as an outlier, confirming the structural reliability of the model.

Figure 6. Tertiary structure flexibility analysis of the MEV-CHIKV construct using 

CABS-Flex 3.0. (a) Superimposition of the top 10 structural models generated by CABS-Flex 

reveals dynamic flexibility across the multiepitope vaccine, particularly in loop and coil regions. 

This structural ensemble highlights conformational variability, especially in surface-exposed 

domains. (b) Root Mean Square Fluctuation (RMSF) plot shows residue-level flexibility, with 

peaks corresponding to highly mobile regions and troughs indicating more stable secondary 

structures. 

Figure 7. Molecular docking and interaction analysis between MEV-CHIKV and human 

TLR3 receptor. 

Figure 8. Molecular dynamics (MD) simulation of MEV–TLR3 complex with iMODS. 

Structural flexibility and stability analysis of the MEV–TLR3 complex using iMODS Normal Mode 

Analysis. (a) The eigenvalue of the first mode was 2.686883 × 10⁻⁶, indicating a stable but 

flexible conformation. (b) Deformability plot showed limited flexibility in most residues, with 

expected peaks at terminal and loop regions. (c) NMA-derived B-factors (red) were consistent 

with crystallographic B-factors (gray), confirming low fluctuation across the structure. (d) 

Variance plot indicated that the first 10 modes accounted for the majority of the motion, 

supporting coordinated global dynamics. (e) Covariance map of atomic fluctuations showed 
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both correlated (red) and anti-correlated (blue) motions, particularly between domains. (f) 

Elastic network model revealed a dense matrix of interatomic connections, especially in the 

core, reinforcing structural stability.

Figure 9. In silico immune simulation of MEV-CHIKV using the C-ImmSim server. (a) 

Antigen concentration and immunoglobulin titers (IgM, IgG1, IgG2) over time. (b) B cell 

population dynamics by functional state (e.g., active, presenting, internalized). (c) Total B cell 

population, memory B cell response, and isotype switching to IgG subclasses. (d) CD4⁺ T-helper 

(Th) cell counts over time, including naïve and memory subsets. (e) CD4⁺ Th cells categorized 

by activation state (active, duplicating, resting, anergic). (f) CD4⁺ T-regulatory (Treg) cell 

population dynamics and activation profile. (g) CD8⁺ cytotoxic T-cell (Tc) population across the 

timeline. (h) CD8⁺ Tc cells broken down by activation states. (i) Cytokine and interleukin 

secretion profile including IFN-γ and IL-2, indicating pro-inflammatory immune stimulation.

Figure 10. Codon optimization and rare codon analysis of the MEV-CHIKV construct. 

Table 1. Predicted B cell, MHC-I, and MHC-II epitopes selected for MEV-CHIKV 

construction.

Table 2. Estimated global and regional population coverage of selected MHC class I 

and class II epitopes. Calculations were performed using the IEDB population coverage tool. 

The "Coverage" column represents the estimated proportion of the population predicted to 

respond to at least one epitope, while "pc90" indicates the minimum number of epitope-HLA 

combinations recognized by 90% of the responding population. 

Table 3. Molecular docking and binding affinity evaluation of MEV-CHKV with immune 

receptors.
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Table 1. 

Domai
n

Target HLA Allele
Peptide 

Sequence
Start-End 
Position* 

Peptide 
Length

Vaxijen 
(Immunoge
nicity, %)

ToxinPred
(Toxicity)

Allertop 
(Allergenicit

y)
C B-Cell NA PRPRPQRQA 30-38 9 100 non-toxin non-allergen

C B-Cell NA KKQPPKKKPAQKK
KKPGR 84-101 18 66 non-toxin non-allergen

C B-Cell NA RRNRKNKKQKQK
KQAP 62-77 16 100 non-toxin non-allergen

C MHC-I HLA-B*57:01, HLA-
B*58:01, HLA-A*32:01 RTALSVVTW 237-245 9 100 non-toxin non-allergen

E1 MHC-I HLA-B*07:02 RPGYSPMVL 830-838 9 66 non-toxin non-allergen

E1 MHC-I HLA-A*32:01 KVFTGVYPF 888-896 9 66 non-toxin non-allergen

E1 MHC-I HLA-A*68:01 HTASASAKLR 934-943 10 66 non-toxin non-allergen

E2 MHC-I HLA-B*35:01, HLA-
B*53:01 YPDHPTLLSY 613-622 10 66 non-toxin non-allergen

E2 MHC-I HLA-B*15:01, HLA-
A*30:01 KARNPTVTY 595-603 9 66 non-toxin non-allergen

E3 MHC-II HLA-DRB1*01:01 YQLLQASLT 309-317 8 66 non-toxin non-allergen

* According to structural polyproteins
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Table 2. 

Class I Class IIPopulation 
(area) Coverage pc90 Coverage pc90

World 81.14% 0.53 14.37% 0.12

Oceania 86.63% 0.75 11.87% 0.11

Europe 82.38% 0.57 17.07% 0.12

Central Africa 70.86% 0.34 3.77% 0.1

East Africa 78.16% 0.46 8.22% 0.11

North Africa 83.54% 0.61 8.00% 0.11

West Africa 85.79% 0.7 13.88% 0.12

Central America 7.76% 0.11 3.57% 0.1

North America 84.52% 0.65 14.70% 0.12

South America 72.70% 0.37 5.28% 0.11

West Indies 86.39% 0.73 12.10% 0.11

East Asia 89.16% 0.92 28.37% 0.14

Northeast Asia 82.82% 0.58 8.83% 0.11

South Asia 83.70% 0.61 10.21% 0.11

Southeast Asia 80.50% 0.51 9.34% 0.11

Southwest Asia 71.70% 0.35 4.46% 0.1

Indonesia 67.45% 0.31 5.46% 0.11

Malaysia 58.33% 0.24 14.64% 0.12

Singapore 77.10% 0.44 3.57% 0.1

Philippines 67.51% 0.31 10.43% 0.11

Thailand 76.95% 0.43 9.50% 0.11

Vietnam 80.24% 0.51 6.57% 0.11

Taiwan 86.81% 0.76 12.24% 0.11
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Table 3. Molecular docking and binding affinity evaluation of MEV-CHKV with immune receptors

PRODIGY AnalysisNo Target 
Protein

HLA Allele 
Type

PDB ID HADDOCK 
Mean Binding 

Energy HADDOCK 
Selected 
Structure

ΔG 
(kcal 

mol-1)

Kd (M) 
at 

37℃

Inter-
molecula

r 
Contacts

Notes for 
PRODIGY 
Analysis

1 TLR3 NA 1ZIW -273.572 ± 
114.038

Cluster 9-3 -17.6 3.9E-13 128 Use all HADDOCK 
clusters then select 
one cluster based 

on the best binding 
free energy (ΔG, 

kcal/mol), 
dissociation 

constant (Kd, M) at 
37 °C, from 

PRODIGY (shown 
here)

2 MHC-I HLA-B*57:01 5VUE -227.961 ± 
57.022

Cluster 5-1 -12.1 3.1E-09 90

3 MHC-I HLA-B*58:01 4LNR -227.444 ± 
76.235

Cluster 7-1 -15.6 1E-11 122

4 MHC-I HLA-B*07:02 5VWH -249.286 ± 
63.891

Cluster 15-2 -12.2 2.6E-09 95

5 MHC-I HLA-A*68:01 6PBH -231.812 ± 
94.881

Cluster 3-1 -13.3 4.3E-10 118

6 MHC-I HLA-B*35:01 7LG0 -267.468 ± 
50.333

Cluster 11-2 -12.6 1.3E-09 85

7 MHC-I HLA-B*15:01 8ELH -254.892 ± 
77.034

Cluster 1-3 -13.9 1.6E-10 113

8 MHC-II HLA-
DRB1*01:01

7YX9 -209.482 ± 
44.894

Cluster 7-1 -13.5 3.2E-10 121

Use only one 
representative 
cluster with the 
best HADDOCK 

score

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS


