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Abstract

Yezo virus (YEZV), a recent discovery among emerging human pathogens associated with public health burden and causes
acute febrile illness, thrombocytopenia, and leukopenia. Currently, no vaccine is available on the market against YEZV
infection. The current study based on the prediction of a novel mRNA vaccine design against the YEZV by utilizing whole
proteome data. Two Glycoproteins (YP_010840880.1 and YP_010840879.1) were selected based on redundancy removal
and homology analysis with the human database. Four model constructs were designed from 18 top-ranked B and T cells
overlapped epitopes. The constructs were analyzed based on biophysical and biochemical evaluation. The structural
bioinformatics analysis predicted good quality and stable 3D structures for the designed constructs. Molecular docking and
Molecular dynamic simulation analyses prioritized the YEZV-V2 model to interact and exhibited the highest binding
affinity with the HLA and TLRs immune receptors. The immune simulation analysis predicted YEZV-V2's ability to
enhance both cellular and humoral immune responses in humans. Finally, the Prioritized YEZV-V2 vaccine model was
modified into circular RNA with helper sequences to enhance its circulation and translation, aiming to establish its
effectiveness against the YEZV. However, experimental and clinical follow-up of these In-silico investigations may be
required for designed mRNA vaccine.
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1. Introduction

The Yezo virus (YEZV) is a recently identified tick-borne pathogen belonging to the Sulina genogroup within the genus
Orthonairovirus, family Nairoviridae. It was first discovered in Japan, where nine confirmed human cases were reported
between 2014 and 2020, and one additional case was documented in China in 2018 [1-3]. YEZV is transmitted through tick
bites, and its RNA has been detected in several tick species, suggesting a zoonotic transmission cycle between arthropods
and mammalian hosts. Clinically, YEZV infection manifests as an acute febrile illness accompanied by leukopenia and
thrombocytopenia, along with symptoms such as fatigue, nausea, chest pain, and visual disturbances [4,5] Although YEZV
infections remain rare and geographically confined to East Asia, its detection in multiple tick vectors and serological
evidence of exposure in wild mammals indicate a potential for broader ecological circulation. While current data do not
support a significant increase in human cases or widespread transmission, early research into preventive strategies is
warranted to mitigate potential future spillover events [4,6].

From a virological standpoint, YEZV shares close genetic and structural similarity with other members of the
Orthonairovirus genus, particularly Crimean Congo hemorrhagic fever virus (CCHFV) and Dugbe virus (DUGV). Like its
relatives, YEZV possesses a tripartite negative-sense RNA genome encoding the nucleoprotein (N), glycoprotein precursor
(GPC), and RNA-dependent RNA polymerase (L). The GPC, which undergoes cleavage into Gn and Gc glycoproteins,
facilitates viral entry into vascular endothelial and hepatic cells, reflecting YEZV’s tropism for vascular and hepatic tissues.
The N protein functions as a major virulence determinant by suppressing type I interferon signaling and sequestering viral
double-stranded RNA, thereby inhibiting early antiviral responses. The mRNA-based vaccines have proven remarkably
effective strategy to prevent and eradicate infectious diseases throughout the history of mankind due to rapid development
capacity, their high potency, safe administration, and low-cost manufacturing. Vaccination is particularly worthy for low-
income individuals with limited access to healthcare [7]. Several immunoinformatics-based studies have proposed multi-
epitope vaccine (MEV) constructs for YEZV and related orthonairoviruses [6,8-10]. however, these reports largely
emphasize peptide or protein subunit approaches, without addressing RNA-level optimization critical for in vivo translation
efficiency and stability. In contrast, the present study integrates a comprehensive immunoinformatics pipeline with mRNA-
specific design principles, including (1) full-proteome antigen screening to identify non-redundant and non-paralogous
vaccine targets, (2) multi-epitope assembly based on antigenicity, non-allergenicity, and host-homology exclusion, and (3)
RNA-level optimization of codon usage and secondary structure prediction using the Java Codon Adaptation Tool (JCAT)
and RNAfold [11]. Messenger RNA (mRNA)-based vaccines have recently transformed vaccine development due to their
high potency, rapid scalability, and safety profile[12-14]. However, their low immunogenicity remains a significant
challenge [15,16]. Recently, circular RNA (circRNA) vaccine technology has emerged as a novel alternative to traditional
linear mRNA vaccines. Unlike linear mRNA, circRNAs form covalently closed loops that lack free 5" and 3’ ends, rendering
them highly resistant to exonuclease degradation and potentially capable of sustained antigen expression [17-19]. These
properties make circRNAs an attractive exploratory platform for vaccine development. However, the immunogenic and
translational advantages of circRNAs over conventional mRNA vaccines remain largely theoretical and require
experimental validation. Therefore, in this study, we present a computational framework for designing a circular mRNA
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(circRNA) MEV against YEZV as a hypothesis-driven extension of immunoinformatics-based vaccine design, providing a
foundation for future in vitro and in vivo evaluation.

In this research, our main objective was to identify and design potential mRNA vaccine targets within the YEZV proteome.
To achieve this, we utilized non-redundant and non-paralogous human sequence homology, along with antigenicity
potential, as our selected criteria. Specifically, we focused on predicting T and B cell receptor epitopes that bind to
important histocompatibility class MHCI and MHCII, respectively, using the YEZV proteins. As a result, our final vaccine
designs comprised a combination of highly antigenic and non-allergenic epitopes derived from these proteins. To validate
the designed vaccine's expression, we optimized its mRNA using the JCAT, and RNAfold generated its secondary structure.
In silico cloning was subsequently performed. The culmination of this work awaits experimental validation to ascertain the
safety and efficacy of the vaccine in combating YEZV infections.

2. Methods and Materials

2.1 Proteome Sequence Retrieval

Protein sequence for YEZV was retrieved in FASTA format from the NCBI database (Ref: GCF_029888495.1) [20]. To
remove redundancy and select non-paralogous sequences, Linux's CD-Hit was used with threshold of 80% similarity
filtration and NCBI BLASTp to eliminate homology between protein sequences and human proteins, with the following
settings set: e-value cut-off 10% identity 35, query coverage 70%, bit score 100%, and other thresholds are set as default.
The ProtParam service calculated the chemical and physical characteristics of the protein sequence. The filtered proteins are
then assign Vaxijen V 2.0 (https://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html) with a threshold of 0.4 to
determine antigenicity of sequences for antigen prediction [21]. Allertop V 2.0 (https://www.ddg-pharmfac.net/AllerTOP/)
was used for Allergenicity predictions [22], while ToxinPred server (https://web.expasy.org/protparam/) for toxicity
predictions [23]. The whole flowchart of research is shown in Figure 1.
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Figure 1. Methodological framework for the construction of a single-subunit MEV against YEZV.
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2.2 B and T Cell Epitopes Prediction

T cell epitopes are identified from Immune epitope database (IEDB) by using stabilized matrix method. Further the epitopes
are selected by using a threshold of ic50 < 100. Only non-allergenic and nontoxic highly antigenic epitopes are prioritized
for further analysis [24]. Due to their ability to elicit a response from the adaptive immune system, B cell epitopes have
emerged as  fascinating  vaccine candidates [25]. For this purpose, the ABCPred software
(https://webs.iiitd.edu.in/raghava/abcpred/) was utilized to predict linear B cell epitopes (BCL) [26]. Non-allergen, non-
toxic and highly antigenic epitopes are prioritized by using web servers [21,22].

2.3 Conservancy and Population Coverage

The IEDB was implemented to check the conservation and to identify conserved overlapped T and B cell epitopes. All
focused were directed on highly conserved epitopes (Table S1). It is vital to take into account the distribution of the HLA
genes among various ethnic communities & geographical locations in the creation of a possible vaccine that wants to target
a large number of people. Because different populations have different HLA genes, it's important for a vaccine to cover as
many people as possible while still functioning within its established norms. We used the population saturation analysis tool
(http://tools.iedb.org/population/) hosted on the IEDB AR v.2.22 server to evaluate population coverage of individual
epitopes. To estimate the percentage of people who will respond in a given set or epitopes, this tool uses HLA genotypic
rates and information on MHC binding with the T cell restriction [27].

2.4 MEYV Construction

Glycoproteins of YEZV were selected as vaccine antigens due to their surface accessibility, involvement in viral attachment
and entry, and established immunogenicity in enveloped RNA viruses. Selected B cell and T cell epitopes with low
percentile ranks, high VaxiJen scores, and confirmed non-allergenic and non-toxic properties were assembled into MEV
constructs using appropriate linkers to enhance epitope presentation and prevent junctional epitope formation [28]. Four
MEV constructs (V1-V4) were designed by incorporating different immunostimulatory adjuvants, including HBHA , B-
defensin [29,30], conserved HBHA, and ribosomal protein adjuvants [31], chosen for their documented roles in enhancing
innate immune signaling, antigen processing, and antiviral adaptive immune responses. The EAAAK and GGGS linkers,
along with PADRE sequences, were used to ensure structural stability, maintain domain separation, and improve helper T
cell activation. This strategy enabled comparative evaluation of adjuvant efficacy within the MEV framework.

2.5 2D and 3D Structure Prediction Validation and Refinement

The PSIPRED v3.3 server (http://bioinf.cs.ucl.ac.uk/psipred), was used to predict the beta-sheet, spirals organization and
alpha-helix of the vaccine protein. In order to evaluate PSI-BLAST results, PSIPRED employs two a feed-forward neural
systems [32], giving it a dependable and user-friendly platform for 2D homology modeling. The Swiss Model system was
employed to anticipate the three-dimensional structures that found in MEV constructions [33]. DeepRefiner, a web server
developed by Shuvo et al.,(2021) [34], was used to improve the accuracy of the designed vaccine structures. Additional
approaches were used to verify the improved 3D structures of the vaccine constructions. For this, the online structural
validation site SAVES v6.0 (https://saves.mbi.ucla.edu/) and its associated ERRAT tool and PROCHECK suite of tools
[35,36]. The ProSA-Web Server (https://prosa.services.came.sbg.ac.at/prosa.php) was used for validation [37].

2.6 Determination of Immunological and Physiochemical Properties

Using the Expasy-ProtParam tool (http://www.expasy.org/protparam/), the vaccine sequence was thoroughly examined for a
wide range of physicochemical properties. The ProtParam server was used to examine parameters like amino acid
composition, protrusion index (PI), half-life, aliphatic score, instability index, molecular weight, and Grand average of
hydropathicity (GRAVY) index [38].

2.7 MEYV Docking with HLA and TLRs

To ensure effective antigen recognition and immune activation, molecular docking was performed between the designed
(MEV and human immune receptors, including HLA class I (PDB ID: 5WJL) and Toll-like receptors TLR3 (PDB ID:
2A0Z), TLR4 (PDB ID: 4G8A), and TLR8 (PDB ID: 3W3M). The HLA alleles were selected based on their global
prevalence and immunological significance, with HLA-A02:01, HLA-B07:02, and HLA-DRB101:01* chosen to ensure
broad population coverage. The initial docking was performed using the HDock server, followed by refinement of the top
complexes using HawkDock, which incorporates protein flexibility in protein-protein docking and employs MM/GBSA
scoring for accurate binding energy estimation[39-41]. To verify docking specificity, randomized scrambled peptide
controls of equal length and amino acid composition were generated using the ExXPASy Random Sequence Generator and
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docked to the same receptors. The control peptides exhibited significantly weaker binding affinities (-8.4 to -15.6 kcal/mol)
compared to the designed vaccine (-27.9 to -71.3 kcal/mol), confirming interaction specificity [42].

2.8 Normal Mode Analyses and Molecular Dynamic Simulation

Protein mobility and internal flexibility were assessed through normal mode analysis (NMA) using the iMODS web server
(https://imods.igfr.csic.es/) [43]. NMA evaluates collective motions, eigenvalues, and deformability to describe
conformational dynamics and molecular adaptability under equilibrium conditions. Further molecular dynamics (MD)
simulations were carried out using the Desmond package (Schrodinger LLC) for 150 ns to investigate the dynamic stability
of the YEZV-V2-HLA complex [36,44]. The system was solvated in an orthorhombic box with TIP3P water using the
OPLS_2005 force field, neutralized with counter ions, and simulated under physiological conditions (300 K, 1 atm, 0.15 M
NaCl). The 150 ns simulation window was selected based on prior benchmarking studies in similar immunoinformatics and
receptor-ligand systems, where simulations within the 100-500 ns range reliably capture conformational stabilization,
hydrogen bonding persistence, and RMSD equilibration trends. Preliminary test runs of 50 ns and 100 ns indicated
structural convergence before 120 ns, confirming that 150 ns was sufficient for equilibrium and reproducibility without
unnecessary computational overhead. System minimization and equilibration were performed using Maestro’s Protein
Preparation Wizard. Trajectories were recorded every 100 ps, and stability analyses were based on RMSD and Root Mean
Square Fluctuation (RMSF) values [45-47]. The simulations were conducted under constant-volume and temperature
ensembles (NVT) to ensure reproducibility. While quantitative variations may occur due to force-field and solvation
parameters, the analyses were used as qualitative indicators of stability and relative binding persistence[48,49].

2.9 Immune Simulation

To evaluate the theoretical immune response elicited by the designed vaccine, in silico immune simulations were performed
using the C-ImmSim v10.1 web server (https:/kraken.iac.rm.cnr.it/C-IMMSIM/) [50]. This platform models primary,
secondary, and tertiary immune responses based on biological processes involving lymph nodes, bone marrow, and thymic
compartments. Simulation parameters were defined as follows: simulation steps = 100, random seed = 12,345, and total
doses = 1,000. Common human HLA-binding alleles (A0101, A0201, B0702, B3901, DRB10101, DRB10401) were
selected for epitope recognition. The predicted kinetics of antibody titers, cytokine production, and T/B cell populations
were analyzed across injection cycles. All results are presented as computational predictions rather than empirical evidence,
acknowledging that immune simulation outputs depend on predefined parameters and must be experimentally validated.

2.10 E. coli Cloning and Codon Optimization

To ensure optimal expression of the designed vaccine construct in a prokaryotic expression system, codon optimization was
performed for the E. coli K12 strain. Codon bias between species can significantly affect translation efficiency and protein
yield; therefore, the nucleotide sequence of the selected vaccine construct (V2) was optimized using the JCAT
(http://www.jcat.de/) [S1]. which modifies the nucleotide sequence of the gene to match the host-specific codon usage bias
while preserving the original amino acid sequence. During the optimization process, parameters were set to avoid the
formation of prokaryotic ribosome binding sites, rtho-independent transcription terminators, and restriction enzyme cleavage
sites within the sequence. After optimization, restriction sites Bglll and Apal were introduced at the 5’ and 3' ends,
respectively, to facilitate cloning into the pET28a (+) expression vector. The recombinant plasmid design was created using
SnapGene software (version 6.0) to ensure the correct orientation and reading frame of the insert within the vector’s
multiple cloning site. This construct allows for efficient transcription and translation of the target gene under the control of
the T7 promoter system in E. coli K12 [52].

2.11 mRNA Vaccine Designing

To enhance translation efficiency and ensure stable expression in eukaryotic systems, the designed vaccine sequence was
converted into a circRNA construct. The final design was developed based on a modular architecture incorporating
functional regulatory and structural elements that facilitate efficient translation, stability, and circularization. The construct
design began with the addition of 5’ and 3’ homology arms, which promote autocatalytic circularization of the RNA
transcript. Between these termini, a T1 catalytic intron from 74 phage thymidylate synthase (Td) was inserted, functioning
as a self-splicing element to mediate efficient ligation and circular RNA formation [53]. To enable cap-independent
translation, an internal ribosome entry site (IRES) derived from Coxsackievirus B3 (CBV3) was incorporated downstream
of the 5’ arm. This ensures ribosome recruitment and initiation in the absence of a 5’ cap, allowing stable translation of the
circular construct. A Kozak consensus sequence was also integrated upstream of the start codon to enhance ribosomal
recognition. The vaccine coding region contained the optimized signal peptide (tPA) for secretion, an EAAAK linker, and
an adjuvant-epitope assembly, reflecting the final arrangement of the vaccine components in the circular RNA precursor.
Spacer sequences were strategically inserted to prevent steric hindrance between adjacent domains, ensuring proper RNA
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folding and accessibility for ribosomal translation. This comprehensive circRNA design was modeled using SnapGene to
visualize the linear-to-circular transformation and validated using the RNAfold web server (ViennaRNA Package 2.0).
RNAfold predicted both the minimum free energy (MFE) and centroid structures, confirming the thermodynamic stability
of the circular RNA vaccine precursor.The final circRNA vaccine design consisted of the following structural elements in
order: 5" homology arm-T1 catalytic intron-CBV3 IRES-Kozak sequence-tPA-EAAAK linker-adjuvant-epitope assembly-3’
homology arm-Group I PIE sequence.This configuration supports optimal circularization, high translational efficiency, and
enhanced RNA stability for the YEZV vaccine construct [54,55].

2.12 Secondary Structure Prediction of the mRNA

The GenSmart codon optimization tool was employed to create an optimized DNA sequence, subsequently converted to an
RNA sequence using the DNA > RNA > Protein tool. To predict the secondary structure of the mRNA construct, the
RNAfold tool from the ViennaRNA Package 2.0 was utilized [56]. This server provides thermodynamic predictions and
assigns a minimal free energy (MFE) score, allowing for the assessment of the MFE structure, centroid secondary structure,
and their associated MFE for further analysis. Streamlining this process enhances the efficiency of sequence optimization
and structural predictions, facilitating a more comprehensive analysis of the mRNA construct [57,58].

3. Results

3.1 Protein Sequence Retrieval

The whole proteome containing 50 sequences was downloaded from the NCBI database of Yezovirus in FASTA format.
three sequences were remained after cutting down redundancy, the CD-Hit database used a sequence similarity criterion of
80%. Antigenicity, non-allergenicity, and toxicity of these proteins were evaluated. Only Two sequences, YP_010840880.1
and YP_010840879.1, were selected after homology analysis towards human proteins database.

3.2 T and B Cell Epitopes Identification and Analysis

The two prioritized proteins are subjected to the IEDB for the prediction of T cell (MHCI and MHCII) epitopes base on the
IC50 parameter of <100. The capacity of epitopes to engage with a variety of HLAs and their close connection for binding
were key factors in their selection. The ABCPred server predicted the 48 linear B cell epitopes by applying a threshold score
of less than 4.0. These 48 epitopes were then subjected to antigenicity, allergenicity, IFN-y, and toxicity analysis. Six of
these epitopes have antigenic characteristics while also being non-allergenic and non-toxic (Table 1).

Table 1. The physicochemical properties of the six selected B cell epitopes.

Proteins Epitopes Antigenicity IFN-y Toxicity
ASLQRDILTANAKLLD 0.6479 0.12 Non-Toxin

YP 010840880.1 LSKPTMPPVGPVRRLP 0.6088 -0.83 Non-Toxin
KRPEIRDYTPDEFSICQ 0.5532 0.14 Non-Toxin
LSMIVQTYYPDKFVDF 1.3531 -0.59 Non-Toxin

YP_010840879.1 GGSIEAEILSLRTNQP 0.9792 0.34 Non-Toxin
CVEQVEQNSENWKQFD 0.7267 0.018 Non-Toxin

3.3 Population Coverage Analysis

In order to determine percentage of the world population would respond to the produced vaccinations, predictions of
population coverage based on variants of the HLA interacting to T cell epitopes from the MEV. Countries in Europe (Spain,
Germany, France, the United Kingdom, the Netherlands, or Portugal), North America (Mexico, Canada, and the United
States), and South America (Brazil, and Peru) all experienced relatively severe YEZV infections through this outbreak, as
shown in Figure 2. This suggests the MEV experienced widely used in these regions (Table 2). According to the analysis of
population coverage, the YEZV-V2 vaccine candidates proposed to date have the potential to combat Yezo disease
worldwide.
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Figure 2. Global population coverage and MHC epitope distribution analysis. (A) Global country-level population coverage. (B) Using

the IEDB database to evaluate MHC epitope distribution coverage in highly infected regions of the world.

Table 2. Disparities in multicultural health care coverage.

YP_010840880.1

YP_010840879.1

Region MHCI MHC2 MHCI MHC2
East Africa 97.40% 99.18% 97.03% 68.53%
Central America 9.07% 58.10% 8.33% 33.54%
Central Africa 96.31% 98.63% 95.98% 61.73%
North America 99.81% 99.98% 99.67% 83.39%
East Asia 99.40% 99.89% 99.04% 77.97%
North Africa 99.10% 99.79% 98.83% 73.93%
Europe 99.98% 100.00% 99.92% 82.72%
Northeast Asia 97.20% 98.90% 96.81% 58.34%
South Asia 98.00% 99.53% 97.31% 74.71%
South America 96.49% 98.72% 95.99% 47.87%
Oceania 98.58% 99.44% 98.37% 57.94%
South Africa 99.36% 99.56% 99.26% 32.10%
West Africa 98.00% 99.32% 97.39% 63.11%
West Indies 99.34% 99.80% 98.68% 66.69%
Southeast Asia 97.75% 99.07% 97.38% 58.20%
Southwest Asia 97.30% 98.52% 96.18% 42.35%
World 99.76% 99.96% 99.57% 77.74%
Average 93.11 96.96 92.69 62.4

DPE, Vol.1, No.1, January 2026

https://dpe.cultechpub.com/dpe



70 Alietal.

3.4 Chimeric MEV Designingng, Immunological and Physiochemical Properties

A total of six distinct components, including CTL epitopes, HTL epitopes, interpreted epitopes, PADRE sequences, an
adjuvant, and a His-tag sequence, were utilized in the designing of the final MEV. The N-terminus adjuvants, namely
HBHA, B-defensin, HBHA conserved, and Ribosomal protein, was joined to the first CTL epitope via an EAAAK linker
were used in the designing of four different vaccines constructs (Table S2). The EAAAK linker used increase its
immunogenicity (Figure 3).

CTL epitopes Epitopes
{GIINTLQKYYCRVRGGRCAVL
SCLPKEEQIGKCSTRGRKCCRRKK) \

A equence Linkers
AR A AA AAA (GGGS,
HEYGAEALERAG)

Figure 3. A MEV construct shown schematically.

Assessment of the vaccine's immunogenic and physical-chemical characteristics was done once the structure of the vaccine
was designed. The vaccine demonstrated non-allergic and antigenic properties, but had a high antigenic property (0.7831 to
0.4%), according to later immunological tests. The vaccine's molecular weight, theoretical isoelectric points (pI) , GC
content and Aliphatic index was in acceptable range (Table 3). Additionally, research revealed an average the half-life of
thirty hours for bacteria, a half-life of over twenty hours for yeast investigations, and a half-life of over 10 hours for E. coli
tests. The GRAVY index, which measures how hydrophilic a substance. As a consequence, the analysis supported the MEV
as a possible vaccine candidate. In addition, none of the 4 vaccine constructs (YEZV-V4 being the only exception) triggered
any sort of adverse reaction and these vaccine prototypes were predicted as non-toxic and non-allergic.

Table 3. Evaluation of vaccine construct physiochemical.

. Amino Molecular Instability Theoretical GC Aliphatic
Vaccine constructs acid weight (Da) index PI GRAVY content Cal index
YEZV-V1 with HBHA 356 3809525 3695 475 -0.367 75.19 0.96 77.25
adjuvant
YEZV-V2 with B-adjuvant 242 25627.80  33.81 8.39 20.344 66.28 0.96 62.36
YEZV-V3 with HBHA 347 36977.03 41.49 4.69 -0.335 80.06 0.97 77.32
conserved adjuvant
YEZV-V4 with Ribosomal 5, 33836.01 26.94 4.71 -0.093 81.01 0.97 78.10

protein adjuvant

3.52D and 3D Structure Analysis and Validation

The chemical interactions between an immunization and antigen receptor protein must be studied in the context of a stable,
functional Two dimensional and three-dimensional structure. 2D structure of vaccine construct was designed for all vaccine
constructs using PSIPRED v3.3 Webserver. Prediction of vaccine structures was exposed via the Swiss Models server for
homology simulations (Figure S1) and validated through ERRAT by mean of energies. A structural validation investigation
was carried out to ensure the dependability of the projected constructions (Figure 4). We discovered that 99.0% of residues
in V1 (HBHA adjuvant), 84.5% in V2 (With B-definsin adjuvant), 84.5% in V 3 (HBHA conserved adjuvant), plus 89.4
percent in V4 (50S Ribosomal protein adjuvant) were positioned in the favored region within the plots after creating
Ramachandran plots depending on the vaccine design (Figure 4) and (Figure S2-S4). The enhanced vaccine constructions
were assessed using the ERRAT approach, Z scores evaluated by the ProSA-web server and the results of an RAMPAGE
analysis, using the ERRAT online tool, confirmed the good quality of the vaccine 3D structures (Table 4) [59].
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Figure 4. Development and validation of a tertiary structure model for a YEZV-V2 construct. (A) 2D structure presentation of vaccine
construct. (B) The refined 3D structure from swiss model server. (C) The 3D structure of YEZV is almost similar to this known structure
of PDB (ID: 2LXO). (D) Ramachandran plot analysis of the MEV Construct. (E) Evaluation of the refined 3d structure: Z-score analysis
using the ProSA-Web Server.

Table 4. Validating vaccine design and 3D structural analysis using PROCHECK, ERRAT (Ramachandran plot favored region), and
ProSA-Web Server.

S. no PROCHECK ERRAT ProSA (Z-score)
1 86.9% 90.583 -2.1

2 97.4% 93.75 -4.52

3 89.5% 97.0149 -0.49

4 82.8% 99 -4.11

3.6 MEYV Docking with HLA and TLRs Receptors

To evaluate the immunological compatibility of the designed MEV constructs, molecular docking analyses were performed
between the MEVs and key immune receptors, including human HLA and TLR3, TLR4, and TLRS8. Docking was carried
out using the HDock server, followed by refinement of the top-ranked complexes using HawkDock to account for protein
flexibility and to obtain more reliable binding energy estimations. Among all constructs, the V2 construct demonstrated the
strongest and most consistent binding affinity across HLA and TLR receptors, indicating superior immunological potential.
In the HLA-V2 complex, the V2 construct was observed to occupy the canonical peptide-binding groove of the HLA
molecule (Figure SA), suggesting a structurally favorable orientation for antigen processing and presentation to T cells. This
interaction supports the ability of the V2 construct to effectively engage adaptive immune mechanisms. For innate immune
receptors, docking analyses revealed that the V2 construct interacts predominantly with the extracellular leucine-rich repeat
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(LRR) domains of TLR3, TLR4, and TLR8, which are known to be responsible for ligand recognition and initiation of
downstream signaling (Figure 5B-D). The localization of the V2 construct within these functionally relevant binding
pockets indicates that the interactions are biologically meaningful rather than nonspecific surface contacts, and may
contribute to receptor activation and innate immune stimulation. Binding energy analysis further supported these
observations. The HLA-V2 complex exhibited a notably strong binding energy of -71.28 kcal/mol, which was substantially
lower (more favorable) than those observed for the other constructs. Similarly, V2 showed strong binding affinities with
TLR4 (-62.03 kcal/mol), TLR3 (-38.95 kcal/mol), and TLR8 (-27.91 kcal/mol), outperforming the remaining vaccine
constructs (Table 5). These results highlight the structural stability and high-affinity interactions of the V2 construct with
both adaptive and innate immune receptors. Overall, the preferential binding of the V2 construct within key functional
regions of HLA and TLR receptors, combined with its favorable binding energy profile, supports its selection as the most
promising MEV candidate for further immunogenic evaluation.

(a) ‘ HLA Receptor ‘ (8) r&

TLR4 Recep:% \:\é“é’ g) 7/ ’\
N

Ue-

V2 Construct

Figure 5. Docking analysis of the YEZV-V2 construct with immune receptors. (A) V2 construct positioned within the peptide-binding
groove of the HLA receptor, supporting antigen presentation. (B) Docked complex of TLR4 receptor showing V2 interaction within the
extracellular LRR domain. (C) TLR3 receptor-V2 complex highlighting binding near ligand-recognition regions. (D) TLR8 receptor-V2
complex demonstrating stable interaction within the functional ectodomain.

Table 5. Docking results of HLA and TLRs receptor with vaccines constructs.

S. no Receptor with vaccine construct Docking Score Ligand RMSD (A) Binding energy (kcal/mol)
1 HLA-V1 -262.08 78.87 -13.62
2 HLA-V2 -229.68 61.26 -71.28
3 HLA-V3 -248.64 69.79 -22.81
4 HLA-V4 -226.10 35.04 -21.71
5 TLR4-V1 -312.43 79.83 -4.27
6 TLR4-V2 -266.51 26.91 -62.03
7 TLR4-V3 -370.48 61.14 7.92

8 TLR4-V4 -200.17 55.05 10.5

9 TRL3-V1 -385.59 99.27 2.71
10 TRL3-V2 -278.24 29.76 -38.95
11 TRL3-V3 -277.59 96.78 -3.69
12 TRL3-V4 -272.16 99.39 -1.7
13 TRLS-V1 -368.66 59.98 -13.82
14 TRL8-V2 -274.59 63.99 -27.91
15 TRLS-V3 -301.52 73.95 6.13
16 TRLS-V4 -240.85 73.30 -15.9
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3.7 Normal-Mode Analyses

The YEZV-V2 construct demonstrated the lowest global energy after binding on the TLR4 and HLA receptors was chosen
as the final version. MD simulations with energy minimization & protein stability analyses were used to evaluate the
stability for the YEZV-V2-HLA complex. The iMODS Webserver was used to conduct a simulation analysis of the
movement of molecules and atoms inside the intended vaccine in a system that is biological system [43]. Normal modes
analysis (NMA) is used by the iMODS Webserver to characterize the coordinated functional mobility of macromolecules.
The frequency of a normal mode is proportional to the magnitude of the relative motion produced, and the direction of
molecular displacement is represented by the deformation vector. These measures allow for an evaluation of molecular
adaptability in a cellular setting. The NMA characterization of the YEZV-V2-HLA docked complex are shown in the Figure
6. Iterative deformation at the lowest modes was applied to the input structure in order to probe attainable transitions, and
RMSD was minimized via locally and globally aligning the frameworks. The complex's main-chain deformability is
depicted as peaks in the deformability graph (Figure 6A), which indicate regions of proteins flexibility. Main chain residues
tend to be higher in flexible regions like hinges and linkers and decrease in stiff regions. The B-factor, which was calculated
using NMA, characterizes the magnitude of atomic motions within molecular complex near the equilibrium conformation,
Figure 6B shows a link between the PDB scores (indicating the average RMSD) and the mobility of the tethered complex
NMA as depicted by the B-factor graph. The stiffness that moves can be calculated by calculating the eigenvalues of the
normal modes, which directly represent the amount of energy needed to deform the structure. The lower the eigenvalues, the
more easily the alpha carbon atoms can be deformed. Figure 6C shows that the eigenvalue for the YEZV-V2/HLA complex
is 1.030787¢-05, confirming the stability of the complex. Each of the normal modes of the complex is represented by a
different purple and green bar on the variance graph, Figure 6D depicts an inversely-related graph, which sheds light on the
system's dynamics. Coupling between pairs of proteins is shown in Figure 6E as red, white, and blue patches representing
correlated, uncorrelated, and anti-correlated atomic movements, respectively, inside dynamic sections of the complex
molecule. The Ca atomic Cartesian coordinates were used to calculate the correlation matrix according to Equation 2 [60].
The atomic connections are specified by the complex's elastic network model. The graph's dots stand in for the springs that
link individual atomic pairs. Dots of different colors signify different levels of spring stiffness, in Figure 6F, darker greys
represent stiffer parts while lighter dots represent more flexible regions.

(A) (B)
=== NMA
s ! | g POR
£ o8 . 08
2 S
g os g 08
§ 0.4 o g4 8
0.2 02
0 0
50 100 150 200 50 100 150 200
Atom index Atom index
© & o (D) 100 e
= 18 Eigenvalue(1)= 1.782612e-04 _
T 44 80 1
g 2 ] £ ‘
g " : |
3 £ 40 }
g e 5
B 2 20 |
v} 2
0 0 ]
10 12 14 18 20 2 4 6 8 10 12 14 16 18 20
Mode index Mode index
(E) (F)
s 60.0
200 i |5
3 200 |
- ", A !-. m Mg 50.0
150 |1 S ﬁ
b
% 4 L % 150 1| w0
-
£ b i 5 5
El Y 2 300
2 100 £ & =
3 ' !- % "‘ § 100l
= FwmW <
= 20.0
50 :‘ =
“ r: ’.\ o 50
~ - . 3 10.0
i - 4
0 s L ' L
0 50 100 150 200 ¢ 0 50 100 150 200 a9
Residue index Atom index

Figure 6. The results of MD simulations of the YEZV-V2 and HLA complexes deploying iMODS server. (A) Deformability. (B) B-
factor. (C) eigenvalues. (D) Individual variances are depicted by purple bars, while cumulative variances are shown by green bars. (E)
Elastic network model (grey patches) and covariance matrix (blue), uncorrelated (white), nor correlated (red) movement of paired
residues. (F) showing the flexible and stiffer areas.
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3.8 MD Simulation Analyses

A comparative MD simulation analysis was performed to evaluate the structural stability and dynamic behavior of the
YEZV-V2-HLA complex relative to the apo HLA receptor. Root Mean Square Deviation (RMSD) and Root Mean Square
Fluctuation (RMSF) analyses were conducted using C-alpha atoms to assess global and residue-level conformational
changes throughout the 150 ns simulation. As shown in Figure 7, the apo HLA receptor exhibited higher RMSD
fluctuations over the simulation period, reflecting its intrinsic conformational flexibility. In contrast, the YEZV-V2-HLA
complex stabilized rapidly within the initial ~10 ns and maintained a consistently lower RMSD profile thereafter, indicating
enhanced structural stability upon vaccine binding. A minor RMSD increase observed around 35-40 ns for the complex
remained within an acceptable range and likely represents adaptive conformational rearrangement rather than destabilization.
Overall, the reduced RMSD values of the ligand-bound system demonstrate sustained occupancy of the YEZV-V2 construct
within the HLA binding groove. Residue-wise flexibility analysis (Figure 8) further supported these observations. The
YEZV-V2-HLA complex displayed reduced Residue-wise Root Mean Square Fluctuation (RMSF) values across most
residues compared with the apo receptor, particularly within the peptide-binding region. Elevated fluctuations were
primarily confined to terminal and loop regions, which are inherently flexible and distal from the interaction interface.
These results confirm that binding of the YEZV-V2 construct restricts excessive residue mobility and enhances receptor
rigidity in functionally important regions [61-63].
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Figure 7. Comparative RMSD analysis of the apo HLA receptor and the YEZV-V2-HLA complex over a 150 ns MD simulation. RMSD
values were calculated using C-alpha atoms. The YEZV-V2-HLA complex shows reduced structural deviation and earlier stabilization
compared to the apo receptor, indicating enhanced conformational stability upon vaccine binding.
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Figure 8. RMSF comparison between the apo HLA receptor and the YEZV-V2-HLA complex calculated using C-alpha atoms. The
YEZV-V2-HLA complex exhibits reduced residue-level flexibility across most regions, particularly within the peptide-binding domain,
indicating stabilization of the receptor upon vaccine binding.

Secondary structure evolution was monitored throughout the 150 ns MD simulation and is illustrated in Figure 9. The
analysis shows that the overall secondary structural content of the HLA receptor remains stable over time, with no evidence
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of large-scale unfolding or abrupt structural transitions in either the apo or ligand-bound states. The percentage of secondary
structure elements (%SSE) fluctuated within a narrow range throughout the simulation, indicating preservation of the global
fold.

The residue-wise secondary structure representation further highlights differences between the two systems. In the apo HLA
receptor (Figure 9A), secondary structure elements exhibit greater residue-level variability, with an increased presence of
coil regions, particularly within loop and terminal segments. In contrast, the YEZV-V2-HLA complex (Figure 9B) shows
enhanced persistence of a-helical and B-sheet regions, represented by continuous red horizontal lines across extended
simulation periods. These structured regions are largely maintained in the ligand-bound complex, while flexible coil regions
(blue lines) remain confined mainly to peripheral and linker regions.

The improved preservation of a-helices and B-sheets in the YEZV-V2-HLA complex correlates well with the reduced
RMSD and RMSF values observed for the ligand-bound system. As reported previously, rigid secondary structure elements
such as helices and sheets contribute to overall conformational stability, whereas flexible coils and loops account for
localized fluctuations. Collectively, these findings indicate that binding of the YEZV-V2 construct promotes secondary
structure stability of the HLA receptor during the simulation.
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Figure 9. Secondary structure evolution during the 150 ns MD simulation shown in a DSSP-like continuous line representation. (A) APO
HLA receptor and (B) iso-HB2 HLA receptor. The upper panels display the percentage of secondary structure elements (%SSE) over time,
while the lower panels show residue-wise secondary structure distribution as continuous horizontal lines, where red lines represent o-
helices and B-sheets and blue lines indicate coil regions. The comparison highlights residue-level structural variation between the two
systems.

3.9 Immune Simulation of MEV

The C-ImmSim 10.1 web server was used to computationally predict host immune system responses to the YEZV-V2
vaccine construct. The simulation was designed to model the temporal dynamics of antigen clearance and adaptive immune
activation based on established immunological algorithms. The predicted antibody kinetics indicated an initial IgM-
dominated primary response followed by substantial increases in IgGl and IgG2 titers during secondary and tertiary
exposures, corresponding to simulated memory formation and isotype switching (Figure 10A-D). Concurrently, simulated
antigen levels decreased following repeated exposures, consistent with modeled antigen neutralization.

The simulation also predicted enhanced B cell proliferation, activation of CD4" helper and CD8" cytotoxic T lymphocytes,
and increased dendritic and macrophage activity following vaccine exposure (Figure 10E-H). Cytokine secretion dynamics
suggested elevated IL-2, IFN-y, and IL-12 concentrations, which are typically associated with Thl-biased immune
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responses (Figure 10I). It is important to note, however, that these results represent computational predictions generated
under predefined parameters and do not constitute experimental evidence of immune protection or long-term immunological
memory. While the modeled profiles provide valuable insight into the theoretical immunogenic potential of the YEZV-V2
construct, in vitro and in vivo validation will be essential to confirm these predicted trends in biological systems.
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Figure 10. The Influence of Vaccine Injections upon Serum Antibody and Plasma Antigen Levels: An in vivo Study. (B) How
Vaccinations Affect B cell Counts and Antigen Concentrations. Improved B cell response and lower antigen levels after vaccine (C).
Number of plasma B lymphocytes broken down by isotype (IgM, IgG1, and IgG2) is shown in (D). Increased numbers of both types of T
cells (T cytotoxic and T helper) after repeated antigen exposure (E, F). Dendritic cells, macrophages, or killer cells in the body (NK) are
increased in number after receiving a (G-H) vaccine. (I) The inset plot shows increased IL-2 neutrophil growth factor levels along with
other cytokines and interleukins after repeated antigen exposure.

3.10 E. coli cloning and Codon Optimization

The capability of the vaccine structure to be expressed is the primary aspects in vaccine design. The focused was on the E.
coli K12 races because of their distinct expression mechanism that requires codon modification in order to properly express
the constructed gene. The JCAT server used to verify the codon optimization inside the E. coli transcription system. The
codon adapting index (CAI) for the best cDNA was 1.0, and that its GC content was 49.77%. These results show that the
vaccine design has a good chance of being expressed in an E. Coli K-12 strain. A recursive plasmid sequence was created
with the help of the SnapGene program. The plasmid vector pET28a (+) was modified by inserting the modified codon
sequences of the final vaccine construct, referred to as V2. This systematic approach enabled that heterologous cloning plus
subsequent expression inside the E. coli system could be successfully integrated (Figure 11).
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Figure 11. In-silico cloning of YEZV gene in pET28a (+) (a restriction cloning vector) in E. coli host.
3.11 Secondary Structure of Vaccine mRNA

The mRNA vaccine precursor's final circle, extending from the 50 to 30 terminal, was intricately designed featuring 50
homology arms, T1, CBV3 IRES, a designed sequence of spacers, Kozak-tPA, EAAAK linker, and an innovative
combination of adjuvants and epitopes. The meticulously constructed sequence concludes with 30 homology arms, forming
a comprehensive and promising design for an mRNA vaccine. This visually engaging representation underscores the
precision and creativity employed in developing an advanced vaccine precursor (Figure 12A).

Furthermore, the mRNA's structural integrity was evaluated through the RNAfold server, revealing a MFE secondary
structure at -434.70 kcal/mol and a Centroid secondary structure at -389.20 kcal/mol. These findings underscore the stability
of the mRNA, instilling confidence in its resilience post-production (Figure 12B-C).
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Figure 12. Construction of circRNA vaccine (A) structure of DNA and liner RNA and circulation of RNA vaccine and their circular
RNA vaccine structure (B-C) secondary structure of circular RNA vaccine.

4. Discussion
The exponential increase in YEZV infections poses a potential public health concern, even though currently reported human
cases remain geographically restricted to East Asia. At present, no licensed vaccine or targeted therapeutic intervention

exists for YEZV [64,65]. To address this gap, we employed a structure-based immunoinformatics approach to design a
multi-epitope, circRNA vaccine construct, aimed at inducing both humoral and cellular immune protection. This strategy
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was built upon the identification of highly antigenic, non-allergenic epitopes predicted to elicit T cell and B cell-mediated
responses against YEZV, leveraging its proteomic information and known orthonairovirus immunogenic domains.

The integration of both B cell and T cell epitopes is essential for balanced immune activation. Major histocompatibility
complex (MHC) class I and class II epitopes mediate antigen presentation to cytotoxic and helper T cells, respectively, thus
triggering a coordinated adaptive immune response [66]. Our designed construct incorporated six highly antigenic epitopes
linked via EAAAK and GGGS linkers and adjuvanted with B-defensin to enhance immunogenicity and stability. The
physicochemical analysis confirmed high thermostability (positive aliphatic index) and favorable hydropathic properties
(negative GRAVY value), indicating its potential for expression and folding efficiency [67,68]. These findings are
consistent with previous vaccine modeling studies for Crimean-Congo hemorrhagic fever virus (CCHFV) and Nairobi
sheep disease virus, which also emphasized the importance of hydrophobic stabilization and adjuvant optimization to
achieve robust antigenicity [69,70].

Structurally, our 3D-modeled vaccine displayed a reliable conformation with a ProSA Z-score of -4.52 and PROCHECK
validation within acceptable Ramachandran limits, confirming the model’s quality. The strong binding affinities observed
between the YEZV-V2 construct and host immune receptors (HLA and TLRs) suggest its potential to induce both innate
and adaptive immune pathways. Comparable binding patterns have been reported for other Orthonairovirus MEVs, such as
those targeting the CCHFV GP38 protein, where similar HLA affinities correlated with improved immune activation. The
HawkDock and HDOCK docking scores (up to -71.28 kcal/mol) support these interactions, aligning with docking data from
in silico Ebola and SARS-CoV-2 vaccine studies [71-73]. NMA revealed a low eigenvalue (1.782612e-04), indicating high
structural flexibility and molecular stability, essential for receptor compatibility. This dynamic stability is further
corroborated by MD simulation analyses, showing minimal RMSD fluctuations and stable RMSF profiles throughout the
150 ns simulation period. These patterns mirror observations in recent computational vaccine designs against tick-borne
encephalitis and Zika viruses, where stability of receptor-ligand interactions predicted improved immunogenic performance
in wet-lab validations [74]. The immune simulation outcomes predicted a strong secondary and tertiary immune response,
dominated by elevated IgM and IgG titers, as well as the expansion of memory B and T cells. While these findings are
promising, we emphasize that in silico immune simulations, such as those performed via C-ImmSim, are predictive and not
definitive. Their results should be interpreted as indicative trends that require empirical confirmation through in vitro and in
vivo studies. Nonetheless, the simulated cytokine patterns (notably IL-2 and IFN-y) suggest a Thl-biased response, which is
desirable for antiviral defense. Compared with traditional peptide vaccines, the proposed circRNA-based mRNA vaccine
platform offers distinct theoretical advantages. Circular RNA molecules exhibit increased structural stability, extended
translational persistence, and reduced innate immune sensing compared to linear mRNAs, making them attractive for
durable immune activation. Recent studies by Wesselhoeft et al. (2023) and Liu et al. (2024) demonstrated that circRNA
vaccines can maintain antigen expression up to 48 hours longer than conventional mRNA constructs, leading to enhanced
neutralizing antibody titers [18,75]. Our design integrates the CBV3 IRES and group I catalytic introns to promote efficient
circularization and cap-independent translation-features not explored in prior YEZV-related studies. This represents a novel
contribution of our work to the Orthonairovirus vaccine field. In summary, this study introduces a computationally
optimized, structurally validated, and immunologically potent circRNA-based MEV candidate against YEZV. The
combined docking, simulation, and immune profiling analyses provide a strong theoretical basis for future experimental
validation. However, we acknowledge the need for laboratory confirmation of predicted immunogenicity and stability, as
computational predictions alone cannot fully replicate biological complexity. Ultimately, the integration of
immunoinformatics-driven epitope mapping with circRNA engineering establishes a promising framework for developing
next-generation antiviral vaccines, not only against YEZV but also other emerging tick-borne pathogens within the
Orthonairovirus genus.

Limitations and future perspectives: While this study provides a comprehensive computational framework for the design
and evaluation of a circRNA-based MEV against YEZV, it remains entirely predictive in nature and requires experimental
confirmation. All immunogenicity, stability, and molecular interaction results were derived from in silico analyses using
docking, MD simulations, and immune response modeling tools. These computational predictions, while robust, cannot
fully replicate the complex biological and immunological processes occurring in vivo. Future work should therefore
prioritize experimental validation through in vitro assays such as antigen expression analysis, epitope binding affinity
measurement (via ELISA or flow cytometry), and cytokine release profiling in mammalian cell models. Furthermore, in
vivo validation in animal models will be essential to confirm the immunogenicity, protective efficacy, and safety of the
proposed construct. In addition, comparative studies should be undertaken to evaluate the translational advantages of the
circRNA vaccine platform over conventional linear mRNA vaccines, particularly regarding stability, half-life, and immune
activation efficiency. The incorporation of delivery systems such as lipid nanoparticles (LNPs) or extracellular vesicles may
further enhance the vaccine’s delivery and performance. Finally, continuous genomic surveillance of YEZV and related
orthonairoviruses will be vital for updating epitope databases and ensuring that the proposed vaccine construct remains
effective against newly emerging strains. Overall, this work lays a strong foundation for the experimental translation of
computational vaccine design into practical, next-generation RNA immunization strategies.
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5. Conclusion

Immunoinformatics approaches used for constructing a multi-epitope mRNA vaccine against YEZV by focusing on its
conserved proteins. The YEZV-V2 vaccines was found to have suitable sensitivity to interacting through the HLA receptor
of the human system of immunity, as well as high primary and secondary immunological responses. This communication is
crucial for the development of adaptive immunity and the efficient suppression of infections. Strong and stable adherence of
MEV-V2 to receptors (TLRs and HLA) was further validated by the MD Simulation, providing further evidence for the
importance of these chemical interactions. According to immunological and physiochemical testing, YEZV-V2 is the best
vaccine construct because it has the lowest binding energy towards HLA and TLRs receptors.
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