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Abstract

Human Herpesvirus 6 (HHV-6) is a common virus characterized by its double-stranded DNA structure that infects almost
everyone by early childhood. While usually mild, HHV-6 poses serious health threats to people with weakened immune
systems, contributing to neurological issues like encephalitis and adding complications in organ transplant cases. Despite its
ubiquity and potential risks, there is currently no licensed vaccine to prevent either HHV-6 infection or reactivation. In this
study, an immunoinformatics and reverse vaccinology approach was employed to design a self-amplifying mRNA (saRNA)
multi-epitope vaccine targeting HHV-6. Four immunogenic viral proteins were screened, leading to the identification of 8
B-cell epitopes, 8 cytotoxic T lymphocyte (CTL) epitopes, and 8 helper T lymphocyte (HTL) epitopes, all exhibiting strong
antigenicity and non-allergenic, non-toxic profiles. These epitopes were assembled into four vaccine constructs using
optimized linkers and adjuvanted with the 50S ribosomal L7/L12 protein to enhance immunogenicity. Among the constructs,
V3 demonstrated the most favorable physicochemical properties and structural stability. Molecular docking analyses
revealed strong binding of V3 with Toll-like receptor 4 (TLR4), achieving a ClusPro docking score of -361.46 and a
HADDOCK score of -5.3 + 4.1, supported by stable electrostatic and van der Waals interactions. Normal mode analysis
(NMA) confirmed the structural stability of the V3-TLR4 complex, with a low eigenvalue indicative of favorable
conformational dynamics. Immune simulations using C-ImmSim predicted robust primary, secondary, and tertiary immune
responses, characterized by immunoglobulin class switching, memory B- and T-cell generation, and a Thl-biased cytokine
profile. Codon optimization and in silico cloning further validated the feasibility of vaccine expression and downstream
experimental testing. Collectively, these findings highlight the potential of the proposed HHV-6 saRNA multi-epitope
vaccine as a promising prophylactic candidate, warranting further in vitro and in vivo validation.
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1. Introduction

Human Herpesvirus 6 (HHV-6) is a widely distributed DNA virus classified within the Herpesviridae family and exists in
two closely related variants, HHV-6A and HHV-6B. This virus is highly prevalent worldwide, with nearly all individuals
acquiring it early in life [1]. Following initial infection, HHV-6 establishes latency, primarily in monocytes, macrophages,
and T cells, allowing it to persist in the host for life. Although often asymptomatic, HHV-6 can reactivate under
immune-compromised conditions, leading to serious complications, particularly in organ transplant recipients and patients
with weakened immune systems. The virus has been linked to conditions such as encephalitis, hepatitis, and myocarditis,
and is suspected to contribute to certain chronic diseases and neurological conditions. Given its ability to remain latent and
reactivate, as well as its integration into human chromosomes, HHV-6 poses a unique challenge in public health, especially
in vulnerable populations [2].

HHV-6 Primary infection typically occurs during early childhood, most commonly before the age of two years, and is often
associated with mild or self-limiting clinical manifestations such as febrile illness or exanthema subitum (roseola infantum).
Seroprevalence studies indicate that HHV-6 exposure is nearly universal across diverse geographic regions, including North
America, Europe, Asia, Africa, and South America. Following primary infection, HHV-6 establishes lifelong latency in
various host cells, including monocytes, macrophages, and T lymphocytes. Reactivation of latent HHV-6 is frequently
observed in immunocompromised individuals, particularly hematopoietic stem cell and solid-organ transplant recipients,
patients undergoing chemotherapy, and individuals with advanced immunodeficiency. In these populations, HHV-6
reactivation has been associated with severe clinical outcomes, including encephalitis, bone marrow suppression, graft
rejection, hepatitis, myocarditis, and increased mortality. A unique epidemiological feature of HHV-6 is its ability to
integrate into human chromosomes, a phenomenon known as chromosomally integrated HHV-6, which occurs in
approximately 0.5-1% of the global population and can be vertically transmitted. This integration complicates diagnosis and
may influence disease severity and reactivation risk. Given its high prevalence, lifelong persistence, potential for
reactivation, and lack of a licensed vaccine, HHV-6 represents a significant and underrecognized public health concern,
particularly among vulnerable populations.With the limitations of existing antiviral therapies and the lack of a licensed
vaccine for HHV-6, the development of an effective prophylactic measure is crucial. In this study, a computational
immunoinformatics methodology was used to design a multiepitope self-amplifying mRNA (saRNA) vaccine targeting
HHV-6. The creation of saRNA vaccines provides numerous benefits, such as rapid production and the ability to encode
multiple epitopes within a single construct. By leveraging immunoinformatics, we identified and screened epitopes with the
highest prospective to bring strong and specific immune responses, ultimately creating a vaccine construct that could offer
comprehensive and targeted protection against HHV-6.

Messenger RNA (mRNA) vaccines have materialized as a groundbreaking platform for preventing infectious diseases,
leveraging their ability to deliver mRNA into host cells, where it is translated into pathogen-specific antigenic proteins to
stimulate targeted immune responses [3,4]. These vaccines remain lauded for their safety, versatility, rapid development,
and capacity to provoke mutually humoral and cellular immunity. The remarkable success of mRNA vaccines in addressing
SARS-CoV-2 has sparked interest in their application to other pathogens [5], including HHV-6. HHV-6 produces several
proteins that contribute to its infection and immune evasion strategies, making it a prime target for vaccine development.
However, single-protein immunization strategies often fall short of providing comprehensive protection, necessitating a
multivalent methodology.

Current study uses advanced an innovative multivalent saRNA vaccine targeting HHV-6, designed to express key viral
antigens involved in infection and immune system evasion. The vaccine construct incorporates epitopes linked by a flexible
Glutamic acid-Alanine-Alanine-Alanine-Lysine (EAAAK), Alanine-Alanine-Tyrosine (AAY),
Glycine-Proline-Glycine-Proline-Glycine (GPGPG), and Lysine-Lysine (KK) linkers, ensuring optimal antigen folding and
functional expression in a single sequence. Advanced immunoinformatics tools guided the selection of these epitopes to
ensure high immunogenicity, safety, and antigen specificity.

Preclinical evaluation of the vaccine demonstrated its capability to stimulate robust antibody retorts and antigen-specific
T-cell immunity [6]. In silico analyses, including molecular docking normal mode analysis (NMA) and immune simulations,
confirmed durable binding to immune receptors and predicted a potent and stable immune response. These outcomes
recommend that the vaccine devours the prospective to provide comprehensive protection against HHV-6 infection and
reactivation. This work signifies a substantial step onward in the design of saRNA vaccines and highlights a promising
candidate for combating HHV-6, a pathogen with substantial public health implications.
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2. Materials and Methods

2.1 Sequence Retrieval

To identify and retrieve the amino acid sequences for target proteins, The UniProt database ( https://www.uniprot.org ) was
utilized [7]. Specifically, sequences of key proteins from HHV-6A (Proteome ID: UP000008227) were selected, including
Envelope Glycoprotein B (UniProt ID: Q9QNCS), Envelope Glycoprotein H (UniProt ID: Q9QNCS), Envelope
Glycoprotein L (UniProt ID: Q9QNC9), and the Major Capsid Protein (UniProt ID: Q9QND4). Each sequence was
downloaded in FASTA format to facilitate detailed analysis.Antigenic possessions of these proteins remained subsequently
projected using the VaxiJen tool (http://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html) [8], which is based on a
physicochemical algorithm for determining antigenic potential. Additionally, AllerTop v2.0
(https://www.ddg-pharmfac.net/AllerTOP/) [9], a tool leveraging a fingerprint-based descriptor technique, was used to
evaluate allergenic potential. To minimize the risk of autoimmune reactions and host cross-reactivity, host non-homology
analysis was conducted using BLASTp (https://blast.ncbi.nlm.nih.gov/Blast.cgi) against the Homo sapiens reference
proteome. Searches were performed using default parameters with an E-value cutoff of le-3, and proteins showing >30%
sequence identity and >70% query coverage were excluded. BLASTp was selected due to its widespread use and reliability
in identifying sequence-level homology relevant to immune cross-reactivity in immunoinformatics-based vaccine design

[10] (Figure 1).
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Figure 1. A graphic overview of our multi-epitope self-amplifying vaccine design process, information on databases, software, and web
services used in our research.

2.2 Prediction of B-Cell Epitopes

To explore the immune-stimulating potential of the selected proteins, current study focused on predicting B-cell epitopes,
which are instrumental in activating humoral immunity and enhancing pathogen defense through antibody response [11].
Using the ABCpred server [12,13], which applies a neural network approach, identified 16-mer B-cell epitopes with a
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cut-off score of 0.51. This method offers refined predictions by considering key factors, such as specificity, compassion,
accuracy, and confidential predictive value, to ensure high reliability in epitope identification [14].

2.3 Cytotoxic T-Lymphocyte Cell Epitope Prediction

The initial step in sparking the host immune feedback against diseases involves presenting antigens to cytotoxic T
lymphocyte (CTL) through major histocompatibility Class-I (MHC-I). Leveraging the IEDB (https://tools.iedb.org/mhci/)
consensus algorithm and all available human leukocyte antigen (HLA) leukocyte antigens, which pinpointed MHC class-I
binding epitopes [15]. This entailed utilizing diverse human MHC-I binding alleles to identify epitopes with significant
immunogenicity for stimulating CD8" T lymphocytes. Prioritizing epitopes with an IC50 < 100 nm, our focus was on these
highly promising candidates for inclusion in vaccine design.

2.4 Helper T Lymphocyte Epitope Prediction

To  initiate = both  cellular and  humoral  immune  responses, The  NetMHClIIpan2.1 server
(https://services.healthtech.dtu.dk/service.php?NetMHClIpan-2.1) was utilized to predicted helper T lymphocyte (HTL)
epitopes [16]. This server analyzes MHC-II peptide binding to identify epitopes with strong binding affinity to specific
alleles. Candidate peptides were ranked based on binding strength, least percentile rank, and great prediction scores,
allowing us to prioritize epitopes with the highest potential to effectively trigger immune responses.

2.5 Evaluation of Predicted Epitopes

To guarantee the safety and efficacy of the selected B- and T-cell epitopes, a series of evaluations was performed.
Allergenicity was first assessed using AllerTop v2.0 (https://www.ddg-pharmfac.net/AllerTOP/) [9], which predicts
potential allergens using a fingerprint-based algorithm. VaxiJen v2.0
(http://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html) to evaluate antigenicity, selecting epitopes with a minimum
probability  threshold of 0.4 to prioritize highly antigenic candidates [8]. Lastly, the ToxinPred2
(https://webs.iiitd.edu.in/raghava/toxinpred2/) [17] server was utilized to screen for potential toxicity, helping us identify
safe components with the highest potential for vaccine development.

2.6 Construction of Final Vaccine

All epitopes selected from the preceding immunoinformatics analyses were assembled into a single cohesive multi-epitope
subunit vaccine construct. The design incorporated CTL, HTL, and B-cell (BCL) epitopes, along with an
immunostimulatory adjuvant, to ensure balanced activation of cellular and humoral immune responses. To maintain epitope
integrity and promote optimal antigen processing and presentation, specific linkers were strategically selected based on their
established immunological roles. CTL epitopes were joined using the AAY linker, which enhances proteasomal cleavage
and facilitates efficient MHC class I presentation. HTL epitopes were connected using the GPGPG linker [18], commonly
employed to preserve epitope conformation and improve MHC class II processing. B-cell epitopes were linked using KK
linkers [18], which provide flexibility and enhance surface accessibility of antigenic regions. An immunostimulatory
adjuvant was positioned at the N-terminus of the construct and connected to the epitope assembly via the EAAAK linker .
This rigid o-helical linker provides structural stability and spatial separation between the adjuvant and epitope domains,
thereby minimizing steric interference and enhancing overall immunogenicity [19]. All protein sequences used for epitope
selection and vaccine construction were retrieved from public databases, and their corresponding accession numbers are
provided in the Methods section to ensure transparency and reproducibility. Terminology related to epitopes, linkers,
immune cell types, and vaccine platforms has been standardized throughout the manuscript for consistency.

2.7 Physicochemical and Solubility Analysis

The Expasy-ProtParam (https://web.expasy.org/protparam/) [20] web server was employed to assess key physicochemical
attributes of these vaccine constructs, such as molecular mass, theoretical pl, half-life, aliphatic index, and grand average of
hydropathicity. For antigenicity, the VaxiJen v2.0 server was used by a threshold of 0.4 for bacterial antigens, providing an
accuracy range of 70-89%. ANTIGENpro (http://scratch.proteomics.ics.uci.edu/) [21], a sequence-based tool, was also
applied to validate antigenicity further. Additionally, the SOLpro server (http://scratch.proteomics.ics.uci.edu/) [22],
utilizing support vector machine architecture, predicted protein solubility when overexpressed in E. coli. Finally,
allergenicity of the construct was assessed using AllerTOP v2.0, which boasts an accuracy of 88.7%.

2.8 Disulfide Engineering Strengthening Vaccine Constructs for Superior Stability
Disulfide engineering is a powerful technique employed in protein engineering to boost the stability, functionality, or

specificity of proteins by introducing covalent disulfide bonds [23]. The designed vaccine constructs were submitted to
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Disulfide by Design 2, an online server, for disulfide bond engineering analysis (http://cptweb.cpt.wayne.edu/DbD2/) [24],
used to detect residues pairing with mutational potential essential for disulfide engineering. Computational modeling and
mutational analyses guided the selection of optimal cysteine residue pairs [25], ensuring proper folding and minimal impact
on protein activity. This approach not only enhanced the structural integrity of our constructs but also allowed us to probe
functional mechanisms more effectively.

2.9 Structure Determination and Validation

To map optimal epitope locations, secondary structure prediction was performed using PSIPRED v4.0
(http://bioinf.cs.ucl.ac.uk/psipred/) [26] which analyzes a-helices, B-sheets, and coil regions through neural network- and
information theory-based methods [25]. To gain insight into the vaccine’s tertiary structure, the AlphaFold server
(https://alphafold.ebi.ac.uk/) was employed [27], which is Al powered and uses a template-based approach and ranks
structural models by P values.

Enhancement of the initial 3D  structure was achieved with the GalaxyRefine web  server
(https://galaxy.seoklab.org/cgi-bin/submit.cgi?type=REFINE) [28], which applies molecular dynamics for iterative
reassembling and structural optimization. For structural validation, we analyzed the Ramachandran plot with PROCHECK
(https://servicesn.mbi.ucla.edu/PROCHECK/) and ProSA-web (https://prosa.services.came.sbg.ac.at/prosa.php) [29],
confirming stereochemical quality and detecting any potential errors. Lastly, the refined 3D model of the vaccine construct
was envisioned with Chimera 1.17.1 (https://www.cgl.ucsf.edu/chimera/) [30] for enhanced structural clarity.

2.10 Molecular Docking

Molecular docking was accompanied to forecast binding communications and affinities among the vaccine construct and
immune receptors, aiding in understanding the potential immune response. The ClusPro 2.0 (https://cluspro.bu.edu/)
docking, the balanced scoring mode was selected, which combines electrostatic, hydrophobic, and van der Waals
interactions to generate optimal docking conformations. A total of 1000 rigid-body docking models were generated, which
were subsequently clustered based on pairwise RMSD with a clustering radius of 9 A. The top-ranked clusters were selected
according to lowest weighted energy scores and cluster size. The selected docked complexes were then submitted to
HADDOCK (https://wenmr.science.uu.nl/haddock2.4/) for semi-flexible refinement. In HADDOCK, active and passive
residues were automatically defined, and docking was performed through the standard three-stage protocol: (i) rigid-body
energy minimization (it0), (ii) semi-flexible simulated annealing (itl), and (iii) explicit solvent refinement (water refinement
stage). The final docking solutions were ranked based on the HADDOCK score, which integrates van der Waals energy,
electrostatic energy, desolvation energy, and restraint violation energy [31,32], including TLR2 (PDB ID: 4G8A), TLR4
(PDB ID: 4G8A), and TLRS (PDB ID: 3W3G). After the docking results, the complex with TLR4 (V3-TLR4) was selected
for further analysis due to its favorable global docking score and binding energy, indicating a strong potential for
interaction.

2.11 iMODS-Based Structural Dynamics Analysis

The structural dynamics and strength of the prioritized vaccine complex were studied using iMODS
(http://imods.chaconlab.org/) [33], which performs NMA based on an elastic network model. The PDB structure of the
docked complex was uploaded in default format, and simulations were carried out using Co atoms to assess collective
molecular motions near equilibrium. The analysis generated deformability plots, eigenvalue spectra, B-factor profiles,
variance maps, covariance matrices, and elastic network models, providing a comprehensive evaluation of molecular
flexibility and rigidity. The eigenvalue, which reflects the energy required to deform the structure, was used as a key
indicator of complex stability, where lower eigenvalues correspond to higher structural stability. Additionally, deformability
and B-factor plots were analyzed to identify flexible hinge regions and structurally rigid domains critical for receptor
binding. The covariance matrix was used to examine correlated, uncorrelated, and anti-correlated motions between residue
pairs, while the elastic network model illustrated the stiffness distribution across the complex. These parameters collectively
provided insight into the intrinsic motions, structural resilience, and binding stability of the vaccine-receptor complex [34],
supporting its suitability for effective immune activation.

2.12 mRNA Construction and Codon Optimization

saRNA platform was selected for vaccine development due to its ability to achieve prolonged and robust antigen expression
at substantially lower RNA doses compared with conventional non-replicating mRNA vaccines. Unlike standard mRNA,
saRNA encodes a viral replicase complex that enables intracellular RNA amplification, thereby enhancing translational
efficiency, sustaining antigen production, and improving immune stimulation—features particularly advantageous for
multiepitope vaccine constructs [35]. The saRNA construct was designed based on an alphavirus-derived replicon backbone
encoding the non-structural proteins nsP1-nsP4, which collectively mediate RNA replication. Specifically, nsP1 is
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responsible for RNA capping and membrane association, nsP2 functions as a helicase and protease, nsP3 contributes to
replication complex assembly, and nsP4 acts as the RNA-dependent RNA polymerase [36]. Together, these components
enable autonomous RNA replication within host cells while lacking structural viral genes, ensuring biosafety [37]. The
multi-epitope antigen cassette was inserted downstream of the subgenomic promoter, allowing efficient transcription and
translation of the vaccine antigen without disrupting replicase function. To evaluate RNA folding stability and structural
integrity, secondary structure prediction of the saRNA vaccine sequence was performed using the RNAfold server
(https://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi) [38], which predicts RNA structures based on minimum
free energy (MFE) calculations. The resulting MFE models provided insight into thermodynamic stability, revealing
favorable folding patterns with stable base-pairing and limited structural constraints that could impede ribosomal access.
These features are essential for efficient translation and sustained antigen expression and contribute to the overall
effectiveness of the saRNA vaccine [39]. For optimal expression in a prokaryotic system during cloning and validation steps,
codon optimization was performed using the integrated DNA technologies Codon Optimization Tool
(https://www.idtdna.com/CodonOpt) [40]. The nucleotide sequence was adapted to match Escherichia coli codon usage
preferences while maintaining the original amino acid sequence. This optimization ensured favorable GC content and a high
codon adaptation index (CAI), supporting efficient transcription and translation during plasmid amplification and
downstream experimental workflows. A schematic representation of the saRNA construct, illustrating the replicon backbone
(nsP1-nsP4), subgenomic promoter, antigen cassette, untranslated regions, and regulatory elements, has been added to the
manuscript to improve conceptual clarity and facilitate understanding of the vaccine architecture [41].

2.13 Host-Immune System Simulation

The immunogenic potential of the designed vaccine construct was evaluated using the C-ImmSim server
(https://kraken.iac.rm.cnr.it/C-IMMSIM/) [42] which simulates mammalian immune system responses based on
position-specific scoring matrices and machine learning algorithms [43]. This platform enables the computational
assessment of both humoral and cellular immune dynamics following antigen exposure. To mimic a realistic vaccination
regimen, the immune simulation was performed using three vaccine doses administered at four-week intervals,
corresponding to simulation time steps 1, 84, and 168, respectively. The simulation volume was set to 50, and the total
simulation duration was 1000-time steps to capture primary, secondary, and tertiary immune responses. A fixed random
seed (13.461) was applied to ensure reproducibility of the stochastic simulation outputs. The resulting profiles of
immunoglobulin production, immune cell populations, and cytokine responses were subsequently analyzed to assess the
strength, durability, and quality of the vaccine-induced immune response.

3. Results and Discussions

3.1 Protein Sequence Retrieval

In this study, four immunogenic proteins from HHV-6 (Uganda-1102 strain) were selected for potential use in vaccine
development. These proteins were retrieved from the UniProt database, monitored through detailed analyses of their
immunogenicity and physicochemical properties. Based on antigenicity scores, the selected proteins included: Probable
Envelope Glycoprotein B (antigenic score: 0.4799), Envelope glycoprotein L (antigenic score: 0.4432), Envelope
glycoprotein H (antigenic score: 0.5284), and Major capsid protein (antigenic score: 0.4414).

Each protein underwent allergenicity evaluation using the AllergenFP v1.0 server, confirming a non-allergenic summary for
all candidates (Table 1). Non-homology counter to the host proteome was also verified, ensuring the selected proteins had
no similarity with host proteins using BLASTp software minimizing potential cross-reactivity [44]. Based on these
assessments, the selected proteins proceeded to further analysis, guiding the deliberate development of a multi-epitope
vaccine.

Table 1. Antigenicity and allergenicity assessment of the nominated proteins.

Proteins Name Antigen Score Allergenicity Score
Envelope glycoprotein B 0.4799 NON-ALLERGEN
Envelope glycoprotein L 0.4432 NON-ALLERGEN
Envelope glycoprotein H 0.5284 NON-ALLERGEN
Major capsid protein 0.4414 NON-ALLERGEN

https://irp.cultechpub.com/irp IRP, Vol. 2, No. 1, March 2026



Ullah 51

3.2 B-cell Epitopes Prediction

For designing vaccine constructs that closely mimics the natural immune response and builds lasting adaptive immunity
[45], specific epitopes were identified from each of the four target proteins using the ABCpred server. B-cell epitopes are
important in triggering adaptive immunity [46], as they are renowned by B-cell receptors, leading to the construction of
antibodies. To ensure strong immunogenicity, three top-scoring B-cell epitopes with a 16-mer window length were chosen
from to each protein, the selection criteria was particularly antigenic, non-allergen and non-toxic (see Table 2). This
selection aims to enhance the vaccine’s effectiveness by carefully targeting epitopes that play a pivotal role in immune
response.

3.3 Cytotoxic T Lymphocytes Epitopes Prediction

Cytotoxic T Lymphocytes (CTLs) are essential for activating the immune response. Their role in vaccine design is
particularly valuable, as CTLs allow MHC class I molecules to present small peptide fragments on the surface of T-cells
after treating [47]. This process is crucial for targeting infected cells and initiating a robust immune defense. To identify
potential CTL epitopes for each protein sequence, the NetCTL 1.2 server was used, which evaluates each predicted epitope
and assigns a score based on binding affinity and sensitivity. High-scoring epitopes indicate strong binding to MHC class |
molecules and minimal sensitivity, indicating their potential to elicit a healthy immune response. From the four target
proteins, a total of eight CTL peptides with the highest scores were selected based on antigenicity, non-allergenicity, and
non-toxicity (Table 2).

3.4 Helper T-cells Prediction

Helper T-cells play a fundamental part in activating and sustaining adaptive immunity. They aid in the production and
release of antibodies by B-cells and enhance the function of CTLs in targeting and eliminating infected cells [49].
Recognizing their importance in coordinating immune responses, The analysis focused on identifying HTL epitopes that
complement B-cell and CTL responses to stimulate a well-rounded and potent immune response. The top two HTL epitopes
were selected based on their lowest percentile rankings [50], reflecting strong binding affinities and immune-stimulating
potential (Table 2). The selected epitopes were further passed from antigenicity, allergenicity and toxicity tests for their
safety and immunogenic properties. Results confirmed that all chosen HTL epitopes are non-allergenic, non-toxic, antigenic,
which is crucial for a robust immune response.

Table 2. Top prioritized B-cell epitope, HTL-epitopes and CTL-epitopes and their antigenicity, allergenicity and toxicity scores.

Epitopes Antigenicity Score Allergenicity Score Toxicity Score
NTLNLFPLNFKSITNK 1.0783 NON-ALLERGEN Non-Toxin
HKYPFRICISAKGTDL 0.6778 NON-ALLERGEN Non-Toxin
VELPEGLYCPRTEINL 0.5323 NON-ALLERGEN Non-Toxin
KLPFRSSRPTILIRNT 0.9880 NON-ALLERGEN Non-Toxin
YSTKNTGPMPVLRVLK 0.5038 NON-ALLERGEN Non-Toxin
LQNIYEKHMFFTNLTF 0.8352 NON-ALLERGEN Non-Toxin
AKDIATTYNFTQHLSF 0.6901 NON-ALLERGEN Non-Toxin
VSLIRLVKRTISISNL 0.7511 NON-ALLERGEN Non-Toxin
NLFLPLNFSITNKRKF 1.2507 NON-ALLERGEN Non-Toxin
HYIRAGYNHKYPFRRI 1.1044 NON-ALLERGEN Non-Toxin
ENTDSFYSNIGFILLY 0.7771 NON-ALLERGEN Non-Toxin
KLPFRSSRPTILIRN 0.8955 NON-ALLERGEN Non-Toxin
PMNDILRLSPVPSVK 0.8055 NON-ALLERGEN Non-Toxin
GPLQYIYIKNIDELK 0.5949 NON-ALLERGEN Non-Toxin
DIATTYNFTQHLSFV 0.9254 NON-ALLERGEN Non-Toxin
AAAFAHYRNLVSLIRL 0.5528 NON-ALLERGEN Non-Toxin
TLNLFPLNF 1.5023 NON-ALLERGEN Non-Toxin
AKAKYPFSY 0.6997 NON-ALLERGEN Non-Toxin
YSNIGFILLY 1.6602 NON-ALLERGEN Non-Toxin
SSRPTILIR 0.9319 NON-ALLERGEN Non-Toxin
RLSPVPSVK 2.1086 NON-ALLERGEN Non-Toxin
IYIKNIDEL 0.9366 NON-ALLERGEN Non-Toxin
EAKDIATTY 0.9728 NON-ALLERGEN Non-Toxin
AHYRNLVSL 0.8009 NON-ALLERGEN Non-Toxin
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3.5 Assembling Epitopes for Vaccine Constructs

For the vaccine constructs, eight CTL epitopes, eight HTL epitopes, and eight B-cell epitopes were strategically assembled
into a single linear sequence. These components were connected using the EAAAK linker, which is recognized for its
structural stability and ability to provide spatial separation between the adjuvant and epitope regions [51], facilitating
efficient immune activation. To design the chimeric HHV-6 vaccine models, CTL, HTL, and B-lymphocyte epitopes was
cherished by particular amino acid linkers—GGGS’ ‘HEYGAEALERAG’ and ‘EAAAK’, respectively [52]. To augment
immunogenicity, four distinct adjuvants—p-defensin, conserved HBHA, ribosomal protein, and HBHA—were integrated at
the N-terminus of the vaccine construct and linked using an EAAAK linker to ensure structural stability and functional
separation. To further enhance vaccine potency, expression efficiency, bioactivity, and overall immunogenic response, the
pan-DR epitope (PADRE; AKVAAWTLKAAAC) was incorporated. This epitope is well known for its ability to promote
CD4* T-cell activation and broad HTL responses (Supplementary Table 1).

IYIKNIDEL
SSRPTILIR

AHYRNLVSL
EAKDIATTY
RLSPVPSVK
YSNIGFLLY
AKAKYPFSY
TLNLFPLNF

KLPFRSSRPTILIRN

ENTDSFYSNIGFLLY
GPLQYIYIKNIDELK

NLFPLNFKSITNKRF
HYIRAGYNHKYPFRI
PMNDILRLSPVPSVK
DIATTYNFTQHLSFVY ‘
AAFAHYRNLVSLIRL
HKYPFRICSIAKGTDL
VELPEGLYCPRTEINL

KLPFRSSRPTILIRNT

YSTKNTGPMPVLRVLK
AKDIATTYNFTQHLSF

%

\\‘:\ \
[

rr -
{f CTL-Epitopes. J B-Cell Epitopes ]
I KK Linker

H EAAAK Linker I AYY Linker

I GPGPG Linker

Figure 2. The multi epitope V3 construction through linkers and adjuvants.
3.6 Physiochemical Chemical Assessment of Constructs

To evaluate the physicochemical properties of the vaccine constructs, including stability, solubility, and overall suitability
for subsequent experimental phases [53], the constructs were analyzed using the ExXPASy ProtParam online server [54], the
physicochemical outputs from Expasy, like molecular weight, isoelectric point (pI), extinction coefficient, and instability
index, provide essential comprehensions keen on the biochemical properties of proteins. These results are fundamental for
understanding protein behavior, stability, and solubility under various conditions. This comprehensive approach to vaccine
construction aims to create a stable and effective candidate, ready for subsequent in vivo validation (Table 3).

Table 3. Physiochemical properties of vaccine constructs.

Vaccine Construct HHV6 - V1 HHV6 - V2 HHV6 - V3 HHV6 - V4

No. of Amino Acids 622 508 613 593

Molecular Weight (kDa) 69.46 56.99 68.34 65.27

Theoretical pl 9.77 10.05 9.73 9.73

Aliphatic Index 83.91 80.18 85.6 86.64

g;iﬁgpa it tyAverage -0.366 -0.355 -0.348 0212

Instability Index 40.8 40.17 37.42 35.44

GC Content (%) 72.64 7421 73.44 72.75

CAI 0.94 0.9 0.93 0.97

Antigenicity = (VaxiJen 0.6842 (Antigenic) 0.7289 (Antigenic)  0.6838 (Antigenic)  0.6706 (Antigenic)

threshold = 0.4)

Allergenicity (AllerTOP v2.0)

Non-allergen

Non-allergen

Non-allergen

Non-allergen
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3.7 Secondary Structure Prediction

The secondary structure of the vaccine construct was predicted through the PSIPRED server [55], a reliable tool for
analyzing protein sequences. PSIPRED utilizes position-specific scoring matrices to forecast alpha-helices, beta-strands,
and random coil regions within the protein (Figure 3 and figure S1, S2, S3). These analyses was executed to realize the
structural composition of the vaccine and assess its folding patterns, which are critical for maintaining functionality and
stability. The results revealed a well-balanced distribution of alpha-helices and beta-strands, essential for providing
structural integrity, along with coil regions contributing to flexibility [56]. These findings helped validate the structural
design and supported further analyses for vaccine optimization.
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Figure 3. 2D structure of V3 construct, yellow color in the structure represents beta strands, the pinks color represents Alpha Helix and
the black represents random coils in the structure.

3.8 D structure Evaluation and Prediction

Ensuring a robust 3D structure for the chimeric vaccine constructs, the Alphafold server [57] generated initial models
(Figure 4A), refined further using the GalaxyRefine server (Figure 4B). After producing four refined models, the most
optimal one was chosen based on high GDT-HA scores and favorable Rama-favored ratings (Table S1). The ProSA-web
Z-score for the top-prioritized HHV-6 construct V3 stood at -2.02 confirming its stability and reliability (Figures 4C)
Validation via the Ramachandran plot demonstrated that 95.36%, 88.88%, 97.5% and 81.9% of residues in the V1, V2, V3
and V4 constructs respectively were within the most favored regions, reflecting quality across all models (Figure 4D). The
remaining vaccine constructs V1, V2 and V4 figures are available in supplementary file as (Figure S4, S5, S6).
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Figure 4. Vaccine construct V3. (A) 3D structure predicted on Alphafold server. (B) validated structure of V3. (C) Z-score of V3
construct. (D) ramachandran plot of V3 construct scoring 97.5% of residues in most favored region, 1.9% of residues in additional
allowed region, 0.6% in generously allowed region and 0% in disallowed regions.

3.9 Molecular Docking Analysis

Molecular docking was executed to calculate the binding affinity and interaction of four vaccine constructs (V1, V2, V3,
and V4) with Toll-like receptors TLR2, TLR4, and TLRS8, aiming to assess their potential for eliciting immune responses.
The purpose was to identify the construct that demonstrated the strongest and most stable binding to these receptors, as
effective receptor engagement is crucial for activating innate immunity [58], the docked score of all constructs with
receptors are in (Table 4).

Table 4. Docking results of all vaccine constructs with toll like receptors.

Ligands vs Receptors Docking Score  Confidence Score Lowest Binding Energy Ligand RMSD (A) Docked Models

V1-TLR2 -305.4 0.9572 -1260.9 105.46 M3
V1-TLR4 -336.18 0.9764 -1394.9 43.04 M1
V1-TLRS -284.13 0.936 -1345.4 51.35 M1
V2-TLR2 -293.23 0.9461 -1786.3 147.18 M1
V2-TLR4 -298.19 0.9509 -1247 28.92 MO
V2-TLRS8 -297.73 0.9505 -1539.2 70.45 M1
V3-TLR2 -343.61 0.9796 -1293.2 143.52 MO
V3-TLR4 -361.46 0.9856 -1302.2 61.11 MO
V3-TLRS -345.36 0.9803 -1552.3 94.78 M1
V4-TLR2 -194.54 0.7091 -1113.2 171.88 M5
V4-TLR4 -219.25 0.7998 -904.8 33.88 M4
V4-TLRS8 -233.11 0.8405 -1222.3 85.4 M4
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The top prioritized construct on the basis of lowest binding energy and docking score was further submitted to HADDOCK
server [59] to evaluate the interaction stability, and the count of important interactions, including hydrogen bonds and
hydrophobic interactions (Table 5). Among the constructs, V3 exhibited the most favorable binding affinity and interactions
with all three receptors, particularly TLR4, suggesting its superiority in receptor activation and immunogenic potential
(Figure 5). This analysis provided valuable insights for selecting the most promising vaccine candidate for further
validation.

Table 5. The HADDOCK score of top prioritized vaccine construct V3-TLR4.

Parameter HHV6-V3-TLR4
Cluster Number 0

HADDOCK Score -5.3+/-4.1

Cluster Size 6

RMSD from Lowest-Energy Structure 113+/-09A

Van der Waals Energy -72.7 +/- 9.2 kcal/mol
Electrostatic Energy -399.8 +/- 16.3 kcal/mol
Desolvation Energy 19.2 4/- 3.9 keal/mol
Z-Score -2.02
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Figure 5. Docked structure of MEV and TLR receptor. (A) Docked structure of vaccine construct V3-TLR4. (B) Salt bridge between V3
and TLR4.

3.10 Dynamic Stability Analysis of Vaccine Complex

iMODS analysis was employed in our prioritized vaccine complex to estimate the structural dynamics and stability of the
V3-TLR4 complex. This tool provided critical insights into the flexibility and large-scale motions of the complex, crucial
for ensuring its efficient interaction with immune receptors [60]. The analysis generated deformation energy graphs, which
highlighted the regions prone to structural instability, and eigenvalue plots, which quantified the energy essential for
deformation, reflecting the overall rigidity of the complex. Additionally, B-factor and mobility graphs revealed the flexible
and rigid regions, aiding in optimizing the construct for better immunogenicity and receptor binding.
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Eigenvalue of the complex. (D) Variance of complex V3-TLR4. (E) Covariance matrix analysis of complex V3-TLR4. (F) Elastic
network model of complex V3-TLR4.

3.11 mRNA Vaccine Construction and Codon Optimization

Additionally, for the saRNA vaccine construct, secondary structure prediction of the ranked vaccine mRNA sequence was
performed using two online servers, Mfold v2.3 [61], and the RNAfold tool from the ViennaRNA [62] webserver was
employed. Inauguration predictions on centroid outranked structure and defining the MFE through the inventive
McCaskill's algorithm., shedding light on the structural dynamics crucial for vaccine effectiveness. The primary output, the
MFE (AG in Kcal/mol), indicates the constancy of the mRNA folding structure, with lower values signifying greater
stability (Figure 7). The nucleotide sequence for the multi-epitope vaccine was optimized using the ExpOptimizer tool [63],
selecting “Escherichia coli” as the expression host. After optimization, using integrated DNA technologies server [64] the
CAI improved to 0.9, which falls within the preferred range of 0.8 to 1.0. Additionally, the GC content was fine-tuned to
50.71%, aligning well with the ideal range of 40% to 60%, ensuring efficient expression and stability.
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Figure 7. mRNA vaccine secondary structure of MEV. (A) The model performance analysis of the MFE of the HHV6 V3-TLR4 mRNA
structure highlights its thermodynamic stability, providing insights into its efficient folding and functional potential. (B) The projected
model of the secondary centroid structure further illustrates the MFE configuration, representing the most thermodynamically favorable
conformation of the HHV6 V3-TLR4 mRNA. (C) The mountain plot visualization integrates the MFE structure, thermodynamic
ensemble, and centroid structure, offering a comprehensive understanding of the mRNA's stability and secondary structure interactions.
(D) The positional entropy plot reveals the variability and flexibility at specific sites, providing critical information on structural
robustness and the dynamic adaptability of the mRNA.

3.12 Immune Simulation

The in silico immune simulation was performed using the C-ImmSim server to evaluate the immunogenic potential of the
designed HHV-6 multi-epitope saRNA vaccine. The simulation outcomes demonstrate a coordinated activation of humoral
and cellular immune responses, as shown in the graph (Figure 8).
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Figure 8. The in silico immune simulation results of the vaccine construct, obtained using C-ImmSim, are summarized as follows: (A)
Following stimulation with a multiepitope vaccine, immunoglobulin levels were assessed. (B) Memory B-lymphocyte levels (y2) were
quantified, and immunoglobulin isotypes (IgM, 1gG1, 1gG2) were analyzed during the immune response. (C) The counts of active,
proliferative, quiescent, and anergic B-lymphocytes were evaluated alongside (D) the plasma cell populations under various conditions.
(E) Total and memory T-lymphocyte populations were examined. (F) The numbers of active, proliferative, quiescent, and anergic
T-lymphocytes were measured. (G) The distribution of various T-lymphocyte subsets was assessed. (H) T-lymphocyte populations were
evaluated across different conditions. (I) Counts of active, proliferative, quiescent, and anergic T-lymphocytes were analyzed. (J) The
total number of NK cells was determined. (K) The volume of dendritic cells (DCs) was measured. (L) The number of macrophages was
calculated. (M) Eosinophil counts were determined. (N) Cytokines produced during the immune response were quantified.
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Following antigen administration, a strong primary immune response was observed, characterized by a rapid increase in
antigen concentration and an early rise in IgM antibodies, beginning approximately 5-7 days post-immunization (Figure 8A).
This initial IgM surge reflects the first line of adaptive immune defense upon exposure to the HHV-6 antigen. Subsequently,
a pronounced secondary immune response was evident, marked by a substantial increase in IgG isotypes (IgG1 and 1gG2)
along with sustained IgM levels, indicating effective class switching and affinity maturation. The elevated IgG titers suggest
enhanced immunological memory and improved antigen-specific neutralization capacity upon repeated antigen exposure
(Figure 8A). Consistent with these observations, B-cell populations showed marked expansion. Total B-cell counts
increased rapidly during the secondary phase, accompanied by the generation of memory B cells (Figure 8B). The
distribution of B-cell states revealed a transient rise in actively proliferating B cells, followed by stabilization into memory
and resting phenotypes, indicating successful establishment of long-term humoral immunity (Figure 8C-D). The vaccine
construct also elicited a robust T-cell-mediated immune response. Both helper T (Th) and cytotoxic T (Tc) cell populations
expanded significantly following immunization (Figure 8E). The early activation and proliferation of Th cells support
efficient antigen presentation and B-cell help, while the expansion of Tc cells indicates the potential for effective clearance
of HHV-6-infected cells. Analysis of T-cell functional states showed a clear transition from active and proliferating cells
during the early immune phase to resting and memory states at later time points (Figure 8F-I). The presence of memory Th
and Tc cells highlights the capacity of the vaccine to induce durable cellular immune memory, which is critical for
long-term protection against viral reactivation. Innate immune components were also strongly activated following
vaccination. Natural killer (NK) cell populations increased rapidly, peaking around day 5 post-immunization (approximately
370-375 cells/mm?), before stabilizing with moderate fluctuations over time (Figure 8J) . This early NK-cell activation
likely contributes to initial viral control and supports the development of adaptive immunity. Similarly, dendritic cells (DCs)
showed a notable increase, with resting DCs constituting the majority of the population (Figure 8K). The rise in resting DCs
following antigen exposure indicates efficient antigen uptake and processing, while the limited number of presenting DC
subsets suggests controlled and sustained immune activation rather than excessive inflammation. Macrophage populations
also increased steadily, reflecting their role in antigen presentation and cytokine production (Figure 8L). The simulation
further demonstrated stable effector cell (EP) populations, with active and presenting effector states maintained throughout
the simulation period (Figure 8M). This supports the persistence of immune surveillance mechanisms following vaccination.
Cytokine profiling revealed elevated levels of IFN-y and IL-2, which are hallmark cytokines of a Thl-biased immune
response (Figure 8N). IFN-y plays a critical role in antiviral defense by enhancing macrophage activation and cytotoxic
T-cell function, while IL-2 supports T-cell proliferation and memory formation. Additional cytokines, including IL-12 and
TNF-0, further indicate coordinated innate-adaptive immune crosstalk. Collectively, the immune simulation results
demonstrate that the HHV-6 multi-epitope saRNA vaccine is capable of inducing strong primary and secondary immune
responses, effective immunoglobulin class switching, robust B- and T-cell memory formation, and a favorable Th1-oriented
cytokine profile. These findings suggest that the designed vaccine construct has the potential to provide comprehensive and
long-lasting immune protection against HHV-6 infection and reactivation.

4. Discussion

The present study demonstrates a comprehensive immunoinformatics-driven framework for the rational design of a
multiepitope saRNA vaccine targeting HHV-6, a ubiquitous virus with significant clinical relevance in
immunocompromised individuals. Although HHV-6 infection is often asymptomatic in immunocompetent hosts, its
capacity for latency, chromosomal integration, and reactivation is associated with severe neurological disorders, transplant
rejection, and systemic complications. These features underscore the urgent need for prophylactic strategies beyond
conventional antiviral therapies [18,65].

A key strength of this work lies in the systematic epitope prioritization strategy, which integrated B-cell, CTL, and HTL
epitopes derived from structurally and immunologically relevant HHV-6 proteins. This multiepitope approach aligns with
growing evidence that vaccines capable of activating both humoral and cellular immunity provide superior protection
against persistent and latent viral infections compared with single-antigen formulations. Similar multiepitope strategies have
shown enhanced immunogenicity in computational and experimental studies targeting herpesviruses and other DNA viruses,
supporting the rationale of the present design. The incorporation of the 50S ribosomal L7/L.12 adjuvant further strengthens
the construct by promoting innate immune activation and antigen presentation. Previous studies have demonstrated that
ribosomal protein-based adjuvants effectively enhance T-cell-mediated immunity and bias immune responses toward
protective Thl profiles [66]. The careful use of optimized linkers ensured appropriate spatial separation of epitopes,
reducing the risk of junctional epitope formation and preserving antigen processing efficiency. Together, these design
principles reflect current best practices in epitope-based vaccine engineering. Structural validation provided important
mechanistic support for the vaccine’s immunological potential. Accurate folding and conformational stability, predicted
using AlphaFold and refined via GalaxyRefine, are critical determinants of antigen recognition and immune receptor
engagement [67]. Improper protein folding can compromise epitope accessibility or trigger aberrant immune responses. The
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favorable structural quality metrics observed here are consistent with recent reports demonstrating the reliability of
Al-based structure prediction tools for vaccine design.

Interaction analyses with innate immune receptors revealed TLR4 as a dominant recognition partner, suggesting that the
vaccine may effectively activate early innate immune signaling pathways. This observation is consistent with earlier
findings showing that TLR4 engagement plays a pivotal role in antiviral immunity by promoting dendritic cell maturation,
cytokine secretion, and subsequent adaptive immune activation [68]. NMA further indicated favorable conformational
dynamics of the vaccine-TLR4 complex, suggesting stable receptor engagement under physiological conditions—an
essential feature for efficient immune priming. From a translational perspective, the adoption of a saRNA platform
represents a notable advancement over conventional non-replicating mRNA vaccines. saRNA systems enable prolonged
antigen expression at significantly lower doses, thereby enhancing immunogenicity while potentially reducing
manufacturing costs and reactogenicity. The inclusion of codon optimization and RNA secondary structure analysis further
supports efficient expression and stability, consistent with recent saRNA vaccine studies targeting viral pathogens.

The immune simulation results provide theoretical evidence that the designed vaccine could induce a balanced and durable
immune response, characterized by immunoglobulin class switching, memory B-cell formation, cytotoxic and HTL
activation, and a Thl-skewed cytokine profile. Such immune characteristics are particularly important for controlling
HHV-6, which employs immune evasion and latency mechanisms. Comparable immune profiles have been reported in
computational studies of multiepitope vaccines against herpesviruses, reinforcing the validity of the predicted trends.

5. Study Limitations and Future Perspectives

Despite the promising findings presented in this study, several limitations should be acknowledged. First, the vaccine design
and evaluation were conducted entirely using computational and immunoinformatics-based approaches. While these tools
provide powerful and cost-effective insights into antigenicity, immunogenicity, structural stability, and immune interactions,
they cannot fully replicate the complexity of biological systems. Consequently, the predicted immune responses, molecular
interactions, and stability profiles require experimental validation. To address this limitation, a clear roadmap for future
experimental validation is proposed. Initial validation should involve in vitro synthesis of the saRNA followed by lipid
nanoparticle (LNP) encapsulation to ensure efficient cellular delivery and protection from degradation [65,66]. In vitro
expression assays using mammalian cell lines should then be performed to confirm antigen expression, translational
efficiency, and intracellular localization. Protein expression can be verified using techniques such as Western blotting,
immunofluorescence, and Enzyme-Linked Immunosorbent Assay. Subsequently, in vivo validation in appropriate animal
models is essential to evaluate vaccine immunogenicity, safety, and protective efficacy. These studies should assess
humoral immune responses (IgM and IgG subclass production), cellular immune activation (CD4" and CD8" T-cell
responses), cytokine profiles, and memory cell generation. Toxicity and biodistribution analyses will also be necessary to
confirm the safety of the saRNA-LNP formulation. Where feasible, viral challenge studies may be conducted to evaluate
protective efficacy against HHV-6 infection or reactivation.

Second, although immune simulations suggest robust humoral and cellular immune activation, actual host immune
responses may vary due to genetic diversity, HLA polymorphism, and host-specific immunological factors. Additionally,
the ability of HHV-6 to establish latency and integrate into the human genome poses unique biological challenges that
cannot be fully addressed through computational modeling alone.

Future studies should also focus on optimizing vaccine delivery strategies, including LNP composition, dosing regimens,
and booster schedules, as well as evaluating alternative adjuvant configurations to further enhance immunogenicity.
Ultimately, clinical trials will be required to determine the safety, immunogenicity, and protective potential of the proposed
vaccine in diverse human populations. Collectively, these efforts will be critical for translating the present in silico findings
into a viable and effective prophylactic strategy against HHV-6 infection and reactivation.

6. Conclusion

In conclusion, this study determines the dynamic design as well as computational evaluation of a multiepitope mRNA
vaccine targeting HHV-6, leveraging immunoinformatics and reverse vaccinology to address a critical unmet need. The
vaccine construct, enriched with antigenic, non-allergenic, and non-toxic epitopes linked to an effective adjuvant, exhibited
strong binding affinity and stability with immune receptors, as confirmed over molecular docking, dynamics simulations,
and binding energy analyses. Immune simulations further validated its potential to stimulate a robust humoral and cellular
immune response, laying a solid foundation for its prophylactic application. The iMODS analysis affirmed the structural
flexibility and permanency of the vaccine-receptor complex, enhancing confidence in its functional viability. While these
computational findings are promising, experimental validation will be crucial to confirm the vaccine's immunogenicity,
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safety, and protective efficacy, ultimately paving the way for combating HHV-6 infections and reactivation in high-risk
populations.
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