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 Bovine viral diarrhea virus (BVDV) poses substantial economic burdens to global 

cattle industries. To address this, we designed an innovative multi-epitope vaccine 

targeting BVDV via immuno-informatics. Seven cytotoxic T lymphocyte (CTL), 

five helper T lymphocyte (HTL), and seven B-cell epitopes from E0/E2 

glycoproteins were strategically connected using AAY, GPGPG, and KK linkers. 

To boost immunogenicity, a β-defensin adjuvant was incorporated at the N-terminal 

of the vaccine using a short peptide linker EAAAK.  Computational analysis 

confirmed favorable physiochemical properties, antigenicity, solubility, and safety 

(non-allergenic, non-toxic). Structural optimization yielded a stable vaccine's 3D 

model with improved Z-score (-2.67). Molecular docking revealed strong 

interactions between the vaccine and bovine TLR2 and TLR4. Molecular dynamics 

analysis confirmed the stability of the docked vaccine-TLR complexes. Immune 

simulation predicted robust humoral responses (elevated IgG/IgM) and cellular 

immunity (increased IFN-γ/IL-2). The codon-optimized sequence showed 

significant potential for high-level expression in E. coli. The newly designed 

chimeric E0/E2 epitope vaccine shows promise for triggering dual immune 

responses, offering a viable strategy for BVDV control. 
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INTRODUCTION 

 

Bovine viral diarrhea virus (BVDV), a member of 

the Pestivirus genus within the Flaviviridae family, is a 

major cattle pathogen causing global economic losses 

(Newcomer, 2021). Its clinical manifestations range from 

acute diarrhea, respiratory distress, and reproductive 

issues (such as abortions and infertility) to 

immunosuppression, though subclinical infections are 

common (Lanyon et al., 2014). BVDV comprises two 

biotypes classified by cytopathic effects in cell cultures. 

Non-cytopathic (ncp) strains dominate and evade host 

immunity to establish persistent infections, while 

cytopathic (cp) variants induce cell death and correlate 

with acute clinical manifestations (Miroslaw et al., 2022). 

Early gestational exposure to ncp BVDV strains may 

induce persistent infection (PI), with PI calves becoming 

lifelong viral shedders (Knapek et al., 2020). The 12.3-

12.5 kb positive-sense RNA genome encodes a 

polyprotein cleaved into structural (C, Erns, E1, E2) and 

non-structural components (Npro, p7, NS2-3, NS4A/B, 

NS5A/B) (Wernike and Beer, 2022). BVDV exhibits 

significant genetic diversity, with two major genotypes 

(BVDV-1 and BVDV-2) and numerous subgenotypes.  

The E2 glycoprotein, a key surface-exposed envelope 

component of BVDV, critically mediates viral attachment 

and host cell entry (Leal et al., 2024). As a conserved 

immunogen, E2 induces neutralizing antibodies and has 

been widely utilized in DNA vaccines (BVDV-1/-2) and 

subunit vaccines (full/truncated forms), eliciting robust 

humoral and cellular immunity against BVDV infection 

(Couvreur et al., 2007; Chowdhury et al., 2021). 

Interestingly, the protective effectiveness of the 

inactivated BVDV-2 vaccine is improved by the addition 

of recombinant E2 protein (Chung et al., 2018). The E0 or 

Erns protein exhibits high immunogenicity, positioning it 

as a prime candidate for vaccine engineering. The fusion 

protein Erns-LTB induces a defensive immune response 

that safeguards against a wide variety of BVDV strains 

(Wang et al., 2021). The bovine enterovirus (BEV) vector 

vaccine, which contains the BVDV E0 protein, shows 

potential as a vaccine for preventing and controlling both 
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BEV and BVDV by inducing a strong immune response 

(Ren et al., 2020). More importantly, the recombinant 

Erns-E2 protein induced stronger immune response than 

either the individual Erns or E2 protein in response to 

BVDV infection (Wang et al., 2020). Virus-like particles 

(VLP) vaccines incorporating the Erns/E2 proteins of 

BVDV elicit stronger immune responses, both humoral 

and cellular when compared to inactivated vaccines (Yang 

et al., 2022). 

Effective BVDV control relies on vaccination, 

biosecurity, and culling of persistently infected (PI) 

animals. Current vaccines include modified live virus 

(MLV) and inactivated types, with the latter offering 

enhanced safety but requiring booster doses for efficacy 

(Newcomer et al., 2017). MLV vaccines contain 

attenuated strains of BVDV that stimulate a stronger 

immune response, although they carry risks of virulence 

reversion. Given the significant impact of BVDV on 

global cattle industry, developing safer next-generation 

vaccines with improved immunogenicity and stability 

remains imperative. 

Multi-epitope vaccines offer distinct advantages over 

conventional approaches. First, multi-epitope vaccines are 

designed to target specific T lymphocyte (CTL), helper T 

lymphocyte (HTL), and B-cell epitopes of a pathogen, 

excluding non-protective components present in whole-

pathogen formulations. Second, by using only selected 

epitopes, multi-epitope vaccines minimize the risk of 

adverse reactions associated with certain components of 

traditional vaccines, such as allergenic or reactogenic 

components. Furthermore, multi-epitope vaccines possess 

the ability to simultaneously induce robust cellular and 

humoral immune responses against specific pathogens 

(Hammed-Akanmu et al., 2022). Lately, there has been an 

increasing fascination with studying multi-epitope 

vaccines for various viruses, including SARS-Cov2 

(Ahammad and Lira, 2020), Influenza virus (Rcheulishvili 

et al., 2023), Monkeypox virus (Suleman et al., 2022), 

Goatpox virus (Long et al., 2023), and Orf virus (Pang et 

al., 2024). However, no BVDV-specific multi-epitope 

vaccine has been reported. This study pioneers an 

immunoinformatics-driven design of a BVDV subunit 

vaccine targeting E0/E2 immunogens, systematically 

evaluating its structural stability and protective potential. 

 

MATERIALS AND METHODS 

 

Retrieval of protein sequences: E0/E2 glycoproteins 

(GenBank: NP_776261.1/NP_776263.1) of the cytopathic 

reference strain BVDV-1 NADL, and β-defensin-3 

adjuvant (GenBank: AAV41025.1) were retrieved from 

the NCBI database.  

 

Screening of CTL epitopes: CD8+ cytotoxic T 

lymphocytes (CTLs) mediate antiviral cellular immunity 

by eliminating infected cells through recognition of MHC-

I bound epitopes derived from degraded viral proteins 

(Reina-Campos et al., 2021). To enable rational vaccine 

design, 9-mer CTL epitopes from glycoproteins were 

computationally screened using the IEDB MHC-I tool 

(Zhang et al., 2023). The NetMHCpan 4.1 EL algorithm 

was adopted with the following common alleles BoLA-

1:00901/00902, BoLA-2:00801, BoLA-4:02401, BoLA-

D18.4, BoLA-HD6, BoLA-T2a, and BoLA-T5 (Wei et 

al., 2025). CTL epitopes meeting binding score (>0.6) and 

percentile rank (<0.5%) were filtered. VaxiJen v2.0 

(threshold: 0.4) was subsequently utilized to determine the 

antigenic properties of specific epitopes (Doytchinova and 

Flower, 2007). ToxinPred was employed for predicting 

the toxicity of selected epitopes (Gupta et al., 2015). 

 

Screening of HTL epitopes: Helper T cells, also known 

as HTLs or CD4+ T cells, identify epitopes attached to 

MHC-II molecules that originate from degraded viral 

protein fragments. This recognition leads to the activation 

of both cytotoxic T-cell and B-cell pathways, thereby 

promoting both cellular and humoral immunity (Habib et 

al., 2024). Predictions for the 15-mer HTL epitopes from 

E0/E2 proteins were made using the NetMHCIIpan-2.1 

tool (Jensen et al., 2018). Seven highly prevalent BoLA-

DRB3 alleles (*0101, *0301, *0303, *0401, *0701, 

*0901, and *1101) were prioritized in MHC-II epitope 

presentation analysis (Wei et al., 2025). HTL epitopes 

meeting criteria (binding score >0.7, percentile rank 

<10%) were selected. Antigenicity screening via VaxiJen 

v2.0 (threshold: 0.4) and subsequent ToxinPred analysis 

confirmed non-toxicity of prioritized epitopes. 

 

Screening of B-cell epitopes: B-cell epitope recognition 

induces plasma cell differentiation, culminating in 

pathogen-specific immunoglobulin secretion for immune 

neutralization (Akkaya et al., 2020). The ABCpred server 

was utilized to identify potential linear B-cell epitopes (16 

mer) of the E0 and E2 proteins at the default threshold of 

0.51 (Devarakonda et al., 2023). High-scoring B-cell 

epitopes (>0.87) were subjected to sequential validation: 

antigenicity prediction using VaxiJen v2.0 (threshold: 0.4) 

followed by toxicity screening via ToxinPred. 

 

Multi-epitope vaccine construction: A computationally 

designed BVDV subunit vaccine integrates 

immunodominant epitopes through category-specific 

linkers: CTL epitopes (AAY linkers); HTL epitopes 

(GPGPG); B-cell epitopes (KK). To optimize immune 

activation, the β-defensin-3 adjuvant was N-terminally 

fused via an EAAAK linker. 

 

Comprehensive vaccine characterization: The multi-

epitope vaccine underwent systematic computational 

profiling: physicochemical properties analysis via 

ProtParam (Wilkins et al., 1999); Solubility prediction 

using Protein-Sol (threshold: 0.45) and antigenicity 

validation with ANTIGENpro with a cutoff 0.4 (Hebditch 

et al., 2017); Toxicity screening via ToxinPred and 

allergenicity prediction using AllerTOP2.0 (Gupta et al., 

2015). 

 

Modeling, refining and validating of the multi-epitope 

vaccine: PDBsum was used to predict the vaccine’s 

secondary structure, with the Phyre2 tool being employed 

to establish its 3D representation (Laskowski, 2022). 

Subsequently, the 3D model was refined by the 

GalaxyRefine server (Heo et al., 2016). The structural 

quality of both the original and refined models was 

assessed using ProSA-Web, with a positive Z-score 

indicating the presence of erroneous or irregular sections 
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in the 3D protein models (Wiederstein and Sippl, 2007). 

Comparative analysis of Ramachandran plots generated 

by PROCHECK revealed distinct residue distributions 

across four conformational categories (most favored, 

additionally allowed, generously permitted, and 

disallowed regions) between the initial and optimized 

structural models (Laskowski et al., 1993). 

 

Molecular docking: Utilizing the HawkDock molecular 

docking platform, we quantified the binding kinetics 

between the chimeric E0-E2 vaccine and bovine TLR2 

and TLR4 (AlphaFold:AF-Q95LA9-F1/AF-Q9GL65-F1) 

(Weng et al., 2019). Binding energy calculations were 

conducted via the MM/GBSA (Molecular 

Mechanics/Generalized Born Surface Area) methodology. 

Subsequent analysis of intermolecular contacts identified 

key interacted residue clusters between the docked chains 

through the PDBsum tool (Laskowski et al., 2018). 

 

Molecular dynamics assessment: This study used 

iMODS tool to perform molecular dynamics simulations 

of the TLR-conjugated immunogens (Lopez-Blanco et al., 

2014). The stability of the vaccine receptor complexes 

model was assessed using Normal Mode Analysis (NMA) 

and the results were described as deformability plot, B-

factor value, eigenvalue, variance, covariance matrix, and 

elastic network model.  

 

Immune simulation: Employing the C-ImmSim 

computational platform, we performed detailed immune 

response profiling of the E0-E2 chimeric epitope vaccine 

(Stolfi et al., 2022). The simulation protocol comprising 

1050-time steps with each representing 8 hours. Three-

dose immunization was administered at strategic 

intervals: day 1 (step 1), day 28 (step 84), and day 56 

(step 168). 

 

Codon optimization and virtual cloning: The chimeric 

vaccine underwent reverse-translation and Escherichia 

coli K12 codon optimization (JCat tool), with codon 

adaptation index (CAI) and GC content analysis to 

validate transcriptional-translational compatibility. Higher 

CAI values and optimal GC content range of 30-70% 

generally indicate higher levels of exogenous gene 

expression (Fadaka et al., 2021). To facilitate vector 

cloning, Hind Ⅲ/Xho I restriction sites were engineered 

into the cDNA termini for directional cloning into pET-

28a(+) using SnapGene. 

 

RESULTS  

 

Selection of immunogenic epitopes from the E0/E2 

proteins: Immunodominant epitopes were systematically 

prioritized through computational immunogenicity 

screening. CTL epitopes of E0/E2 proteins were predicted 

via IEDB MHC-I server with stringent criteria: binding 

score above 0.6, percentile rank below 0.5%, antigenicity 

exceeding 0.4, and non-toxicity, yielding 7 dominant 

epitopes (4 from E0, 3 from E2; Table 1). Parallel HTL 

epitopes were identified using NetMHCIIpan-2.1 with 

thresholds: prediction score >0.7, antigenicity >0.4, 

percentile rank <10%, and non-toxicity, resulting in 5 

epitopes (2 from E0, 3 from E2; Table 1). Linear B-cell 

epitopes were selected through ABCpred with criteria: 

prediction score >0.87, antigenicity >0.4, and non-

toxicity, yielding 7 epitopes for vaccine development (3 

from E0, 4 from E2; Table 1). Fig. 1 delineates the 

computational engineering pipeline for the BVDV multi-

epitope vaccine. 

 

Engineering the BVDV E0-E2 multi-epitope vaccine: 

The BVDV E0-E2 multi-epitope vaccine was engineered 

by fusing 7 CTL, 5 HTL, and 7 linear B-cell epitopes 

from E0/E2 proteins with β-defensin adjuvant. The 

vaccine was engineered using AAY (for CTL), GPGPG 

(for HTL), and KK (B-cell) linkers, where the β-defensin 

was EAAAK-linked at the N-terminus to boost 

immunogenicity. Fig. 2 displays the peptide 

compositional signature of the chimeric E0-E2 vaccine 

targeting BVDV. 

 

Comprehensive E0-E2 multi-epitope vaccine 

characterization: ProtParam analysis of the constructed 

E0-E2 multi-epitope vaccine reveals optimal biophysical 

characteristics: a 357-residue construct (39.35 kDa) with 

an isoelectric point of 9.66. The protein demonstrates 

exceptional stability (instability index: 26.60 vs. 40 

threshold) and pronounced hydrophilicity (GRAVY: -

0.607). Enhanced solubility (0.52 vs. 0.45 cutoff) and 

strong antigenic potential (0.7374 vs. 0.40 baseline) were 

confirmed through computational validation. Crucially, 

comprehensive safety profiling via AllerTOP v2.0 and 

ToxinPred 1.0 established non-allergenic properties and 

absence of toxic motifs, fulfilling essential prerequisites 

for vaccine candidacy. 

 

Modeling, refining and validating of the E0-E2 multi-

epitope vaccine: Secondary structure of the chimeric E0-

E2 vaccine comprises 6 helices (labeled H1-H6), one 

antiparallel β-sheet including 3 strands (labeled A), 68 β-

turns, 15 γ-turns, one β hairpin, and 2 disulphides (Fig. 3). 

We employed the phyre2 online platform to predict the 

3D model of the vaccine (Fig. 4A). The vaccine's 3D 

model was subsequently refined through the 

GalaxyRefine web server, and five optimized 3D models 

were generated. The refined structural model (Fig. 4B) 

demonstrated significant improvement in validation 

parameters, with a GDTHA (Global Distance Test Total 

Hydrophobic Accessibility) score of 0.8459 accompanied 

by an RMSD (Root Mean Square Deviation) of 0.655 Å. 

Quality assessment metrics revealed a MolProbity score 

of 2.842 and Clash score of 33.5. Comparative analysis 

through the ProSA web server showed enhanced model 

quality, as evidenced by the Z-score reduction from -1.59 

in the initial model (Fig. 4C) to -2.67 in the optimized 

structure (Fig. 4D). Ramachandran plot analysis 

quantified substantial conformational improvements: In 

the original E0-E2 multi-epitope vaccine model (Fig. 4E), 

residue distribution comprised 54.6% in in the most 

favored regions (A, B, L), 27.8% in allowed areas (a, b, l, 

p), 8.1% in marginally permitted zones (~a, ~b, ~l, ~p), 

and 9.5% in disallowed positions. Post-refinement 

analysis (Fig. 4F) showed remarkable optimization with 

71.9% core region occupancy (+17.3%), 19.3% allowed 

regions (-8.5%), 2.4% marginally permitted regions (-

5.7%), and 6.4% disallowed regions (-3.1%). 
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Fig. 1: The construction strategy of the chimeric E0-E2 vaccine. 

 
 

Fig. 2: Construction of the chimeric E0-E2 vaccine. (A) Schematic 
representation of the chimeric E0-E2 vaccine assembly. (B) Peptide 

compositional signature of the chimeric E0-E2 vaccine. (Purple for β-

defensin adjuvant; Red for CTL epitopes; Green for HTL epitopes; Blue 
for linear B-cell epitopes. Black residues represent the connectors 

between different elements: EAAAK for β-defensin and CTL epitopes; 

AAY for CTL epitopes; GPGPG for HTL epitopes; KK for linear B -cell 
epitopes.) 

 

Table 1: CTL, HTL and B-cell epitopes screened for BVDV E0-E2 multi-epitope vaccine construction. Selection criteria comprised: CTL (9-mer; 
binding score >0.6, percentile rank <0.5%), HTL (15-mer; binding score >0.7, percentile rank <10%), and B-cell epitopes (16-mer; ABCpred >0.85), all 
maintaining antigenicity score >0.4 and non-toxicity. 

Protein Types Epitope Binding alleles Predicted score Percentile rank Antigenicity Toxicity 

E0 CTL 

epitopes 

71-LQRHEWNKH-79 BoLA-1:00901 0.78 0.09 0.4507 - 

36-KICTGVPSH-44 BoLA-1:00901 0.68 0.13 0.7987 - 

138-CKKGKNFSF-146 BoLA-D18.4 0.68 0.12 1.4590 - 
159-IAASDVLFK-167 BoLA-T2a 0.82 0.06 0.5929 - 

HTL 

epitopes 

88-PWILVMNRTQANLTE-102 BoLA-DRB3*0101 0.777 3.00 0.6973 - 

BoLA-DRB3*0301 0.665 5.00  
BoLA-DRB3*0303 0.865 2.00  
BoLA-DRB3*0901 0.623 4.00  

BoLA-DRB3*1101 0.806 4.00  
16-QRAMFQRGVNRSLHG-30 BoLA-DRB3*0101 0.741 5.00 0.5152 - 

BoLA-DRB3*0301 0.758 1.00  

BoLA-DRB3*0303 0.804 5.00  
BoLA-DRB3*0901 0.726 0.80  
BoLA-DRB3*1101 0.735 9.00  

B-cell 
epitopes 

111-AVTCRYDRASDLNVVT-126  0.91  0.9388 - 
128-ARDSPTPLTGCKKGKN-143  0.89  1.0653 - 
182-LVDGLTNSLEGARQGT-197  0.88  0.8274 - 

        
E2 CTL 

epitopes 

316-QQYMLKGEY-324 BoLA-1:00901 0.81 0.07 0.4845 - 

BoLA-1:00902 0.74 0.02  
BoLA-D18.4 0.83 0.04  

BoLA-T5 0.74 0.02  
210-YQFKESEGL-218 BoLA-D18.4 0.71 0.10 0.8535 - 

BoLA-HD6 0.81 0.11  

284-ISSEGPVEK-292 BoLA-T2a 0.78 0.10 0.9896 - 
HTL 
epitopes 

64-YLAILHTRALPTSVV-78 BoLA-DRB3*0101 0.848 0.70 0.4217 - 
BoLA-DRB3*0301 0.735 1.50  

BoLA-DRB3*0303 0.735 1.50  
BoLA-DRB3*0701 0.702 0.40  
BoLA-DRB3*0901 0.723 0.90  

BoLA-DRB3*1101 0.873 0.70  
262-TVQVIAMD--TKLGPMP-276 BoLA-DRB3*0101 0.711 6.00 0.5545 - 
49-DGKLMYLQRCTRETR-63 BoLA-DRB3*0101 0.700 7.00 0.5227 - 

BoLA-DRB3*1101 0.762 7.00  

B-cell 

epitopes 

319-MLKGEYQYWFDLEVTD-334  0.93  0.8222 - 

90-EDVVEMNDNFEFGLCP-105  0.88  0.7294 - 
27-TTTWKEYSPGMKLEDT-42  0.88  0.8372 - 

248-AIVPQGTLKCKIGKTT-263  0.87  0.8054 - 

 

Molecular docking of vaccine-TLRs: Computational 

docking of the E0-E2 chimeric vaccine with bovine 

TLR2/4 using HawkDock yielded top-ranked models 

based on docking score and binding affinities. The 

highest-ranked model for the TLR2-E0-E2 complex 

demonstrated superior binding (docking score: -6471.12; 

binding free energy: -44.01 kcal/mol) (Fig. 5A). The 

optimal model for the TLR4-E0-E2 complex, demonstrated  
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Fig. 3: Secondary structure of the chimeric E0-E2 vaccine. 

 

 
 
Fig. 4: Structural refinement pipeline of the chimeric E0-E2 vaccine. (A) 

Original 3D structure. (B) Optimized 3D structure. (C, D) Z-scores of 
both the original and optimized models. (E, F) Ramachandran plots 
show the distribution of residues located in the most favored, additional 

allowed, generously allowed, and disallowed regions in both the original 
and optimized models. 

improved binding characteristics (docking score: -7810.60; 

binding free energy: -57.33 kcal/mol) (Fig. 5B). 

Visualization and interaction mapping via PDBsum 

revealed: 2 salt bridges, 4 hydrogen bonds, and 180 non-

bonded contacts in TLR2-vaccine interactions (Fig. 5C, 5E). 

The characterization of interactions in the TLR4-vaccine 

complex revealed the presence of 4 salt bridges, 6 hydrogen 

bonds, and 309 non-bonded contacts (Figs. 5D, 5F). The 

results unequivocally indicated a strong interaction between 

the E0-E2 chimeric vaccine and bovine TLR2/4. 

 

Molecular dynamics analysis: Deformability plot shows 

the deformability of different atoms in the TLR2/TLR4-

BVDV-E0-E2 complexes. Most atoms have low 

deformability, indicating a stable structure. However, 

some regions show high deformability peaks, suggesting 

greater flexibility and susceptibility to deformation during 

the simulation (Figs. 6A, 6G). B-factor plot displays the 

thermal motion amplitude of atoms. The red and gray 

parts represent B-factor values from NMA and 

experimental PDB, respectively. Overall, B-factor values 

are low in most regions, indicating stable atomic thermal 

motion (Figs. 6B, 6H). The eigenvalues plot demonstrates 

the relative modal stiffness of the vaccine-TLR 

complexes, and elevated eigenvalues indicate rigid 

conformational states resistant to perturbation (Figs. 6C, 

6I). The variance plot shows the contribution of each 

mode to the overall variance in the system, with purple 

and green corresponding to individual and cumulative 

variances, respectively (Figs. 6D, 6J). The covariance 

matrix represents the correlated (red), uncorrelated 

(white), and anti-correlated (blue) motions between 

residue pairs (Figs. 6E, 6K). The elastic network model 

provides information on the interactions between atoms in 

the vaccine-TLR complexes, while the darker gray areas 

indicate stiffer parts (Figs. 6F, 6L).  

 

Immune simulation: Immune simulation of the E0-E2 

multi-epitope vaccine demonstrated robust 

immunogenicity, with IgM titers rising to ~60,000 

(IgM+IgG: ~90,000) post-second dose, and peaking at 

~100,000 (IgM+IgG: ~180,000) after the third 

immunization (Fig. 7A). Concomitant increases in 

IgM/IgM+IgG plasma cells (PLB) mirrored this trend (Fig. 

7B). Antigen-driven B cell proliferation was evident 

through elevated total B cell counts and activated B cell 

populations following each vaccination (Figs. 7C, 7D). 

Throughout the simulation period, vaccination significantly 

increased the number of total helper T cells (TH) and active 

TH cells, particularly following administration of the E0-E2 

multi-epitope subunit vaccine for the second and third time 

(Figs. 7E, 7F). Additionally, there was a notable increase in 

the quantity of active cytotoxic T (TC) cells following 

administration of the E0-E2 multi-epitope subunit vaccine 

(Fig. 7G). The E0-E2 multi-epitope vaccine elicited marked 

IFN-γ induction (~400,000 ng/mL) post-first/second doses, 

while the third administration induced relatively less IFN-γ 

production. Concurrently, IL-2 levels peaked at 500,000 

ng/mL across all administrations, showing intensified 

responses after booster doses (Fig. 7H). These data 

demonstrated that the E0-E2 multi-epitope vaccine 

effectively induced a robust immune response including 

both the humoral immunity and cellular immunity. 
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Fig. 5: Computational docking of the chimeric E0-E2 vaccine and 
bovine TLR2/TLR4. (A, B) Interaction patterns between the chimeric 
E0-E2 vaccine (red) and bovine TLR2/TLR4 (purple). (C, E) 

Identification of the interacting residues between the chimeric E0-E2 
vaccine and TLR2. (D, F) Identification of the interacting residues 
between the chimeric E0-E2 vaccine and TLR4. 

Rational codon optimization and cloning: The vaccine 

sequence underwent Escherichia coli K12 codon 

optimization, achieving maximal translational efficiency 

(CAI=1.0) with balanced GC content (50.98%) within the 

recommended 30-70% range for prokaryotic expression 

systems (Table 2). These optimized parameters ensure 

high-level heterologous expression in E. coli systems. The 

codon-optimized E0-E2 gene was subsequently precisely 

inserted into the pET-28a(+) vector via Hind Ⅲ/Xho I 

restriction cloning, generating the final SnapGene-

designed construct (Fig. 8). 

 

DISCUSSION 

 

This study designed a BVDV subunit vaccine 

integrating immunodominant E0/E2 epitopes through 

rational multi-epitope engineering. Computational 

screening identified 7 CTL, 5 HTL, and 7 B-cell epitopes, 

strategically fused using AAY/GPGPG/KK linkers to 

optimize structural stability and epitope presentation 

(Humayun et al., 2022). A β-defensin adjuvant, connected 

via EAAAK linker at the N-terminus, was incorporated to 

enhance immunogenicity and durability of immune 

responses (Zhu et al., 2023). The final 357-aa construct 

displays a significant level of antigenicity and solubility, 

without any allergenic or toxic properties.  

Viral proteins serve as key pathogen-associated 

molecular patterns (PAMPs), particularly recognized by 

TLR1/2/4/6/10, which mediate innate antiviral responses 

(Fitzgerald and Kagan, 2020). TLR2 recognizes human 

cytomegalovirus glycoprotein B and H, activating NF-κB 

signaling pathway and inducing proinflammatory 

cytokines production (Boehme et al., 2006). TLR2/TLR6 

heterodimer plays a critical role in modulating the innate 

immune response to respiratory syncytial virus (RSV) by 

inducing the production of TNF-α, IL-6, CCL2, and 

RANTES, which are essential for inhibiting viral 

replication (Murawski et al., 2009). In addition, TLR2 

specifically recognizes the SARS-CoV-2 E protein, 

inducing  proinflammatory  cytokine  secretion  (Zheng et   

 
Fig. 6: Molecular dynamics profiling of the TLR-BVDV-E0-E2 complexes. (A, G) Structural deformation profiles. (B, H) B-factor distribution heatmap. 
(C, I) Eigenvalues spectrum analysis. (D, J) Variance analysis plot. (E, K) Covariance matrix plot. (F, L) Elastic network model. 
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Fig. 7: Computational immunogenicity assessment of the chimeric E0-E2 vaccine. (A) Kinetic profiles of IgM and IgG antibody titers. (B) The plasma 
cells (PLB) isotypes. (C) B cell repertoire quantification. (D) B cell maturation state classification. (E) TH cell quantification. (F) TH cell differentiation 
status. (G) TC functional state distribution. (H) Cytokine cascade dynamics. 

 

 

Fig. 8: Computational insertion of the 
chimeric E0-E2 epitope cassette into 

the pET-28a (+) vector. 
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Table 2: Codon optimization of the BVDV E0-E2 multi-epitope vaccine 

Vaccine 

construct 

Protein sequence Codon optimization (E.coli K12) 

BVDV E0-E2 GIINTLQKYYCRVRGGRCAVL
SCLPKEEQIGKCSTRGRKCCR

RKKEAAAKLQRHEWNKHAA
YKICTGVPSHAAYCKKGKNFS
FAAYIAASDVLFKAAYQQYML

KGEYAAYYQFKESEGLAAYISS
EGPVEKGPGPGPWILVMNRTQ
ANLTEGPGPGQRAMFQRGVN

RSLHGGPGPGYLAILHTRALPT
SVVGPGPGTVQVIAMDTKLGP
MPGPGPGDGKLMYLQRCTRE

TRKKAVTCRYDRASDLNVVT
KKARDSPTPLTGCKKGKNKKL
VDGLTNSLEGARQGTKKMLK
GEYQYWFDLEVTDKKEDVVE

MNDNFEFGLCPKKTTTWKEY
SPGMKLEDTKKAIVPQGTLKC
KIGKTT 

 

GGTATCATCAACACCCTGCAGAAATACTACTGCCGTGTTCGTGGTGGTCGTTGCGCT
GTTCTGTCTTGCCTGCCGAAAGAAGAACAGATCGGTAAATGCTCTACCCGTGGTCGT

AAATGCTGCCGTCGTAAAAAAGAAGCTGCTGCTAAACTGCAGCGTCACGAATGGAAC
AAACACGCTGCTTACAAAATCTGCACCGGTGTTCCGTCTCACGCTGCTTACTGCAAA
AAAGGTAAAAACTTCTCTTTCGCTGCTTACATCGCTGCTTCTGACGTTCTGTTCAAAG

CTGCTTACCAGCAGTACATGCTGAAAGGTGAATACGCTGCTTACTACCAGTTCAAAG
AATCTGAAGGTCTGGCTGCTTACATCTCTTCTGAAGGTCCGGTTGAAAAAGGTCCGG
GTCCGGGTCCGTGGATCCTGGTTATGAACCGTACCCAGGCTAACCTGACCGAAGGT

CCGGGTCCGGGTCAGCGTGCTATGTTCCAGCGTGGTGTTAACCGTTCTCTGCACGGT
GGTCCGGGTCCGGGTTACCTGGCTATCCTGCACACCCGTGCTCTGCCGACCTCTGT
TGTTGGTCCGGGTCCGGGTACCGTTCAGGTTATCGCTATGGACACCAAACTGGGTCC

GATGCCGGGTCCGGGTCCGGGTGACGGTAAACTGATGTACCTGCAGCGTTGCACCC
GTGAAACCCGTAAAAAAGCTGTTACCTGCCGTTACGACCGTGCTTCTGACCTGAACG
TTGTTACCAAAAAAGCTCGTGACTCTCCGACCCCGCTGACCGGTTGCAAAAAAGGTA
AAAACAAAAAACTGGTTGACGGTCTGACCAACTCTCTGGAAGGTGCTCGTCAGGGTA

CCAAAAAAATGCTGAAAGGTGAATACCAGTACTGGTTCGACCTGGAAGTTACCGACA
AAAAAGAAGACGTTGTTGAAATGAACGACAACTTCGAATTCGGTCTGTGCCCGAAAA
AAACCACCACCTGGAAAGAATACTCTCCGGGTATGAAACTGGAAGACACCAAAAAAG

CTATCGTTCCGCAGGGTACCCTGAAATGCAAAATCGGTAAAACCACC 

 

al., 2021). TLR4 demonstrates broad specificity through 

recognition of some viral glycoproteins, such as RSV F 

protein and Ebola virus GP (Kurt-Jones et al., 2000; 

Okumura et al., 2010). We strategically selected these 

receptors for computational docking analysis with our E0-

E2 multi-epitope vaccine construct. Computational 

docking of our E0-E2 vaccine with bovine TLR2/4 

revealed robust receptor-ligand interactions. Immune 

simulations predicted elevated IgG/IgM titers and IFN-

γ/IL-2 levels, indicative of dual cellular-humoral 

immunity, positioning it as a hopeful vaccine candidate 

against BVDV. Among various expression systems like 

mammalian cells, yeast, and insect cells, E. coli stands out 

as the top prokaryotic choice for its scalability, cost-

effectiveness, and simplified purification (Tripathi and 

Shrivastava, 2019). So, we picked the E. coli expression 

system to produce our multi-epitope vaccine. The vaccine 

sequence was expertly optimized and ligated into pET-28a 

(+) vector for high-yield prokaryotic expression. The 

recombinant protein can be easily purified via nickel 

affinity chromatography. 

While our multi-epitope vaccine candidate has 

demonstrated strong immunogenic potential in 

immunoinformatic analyses, the actual protective efficacy 

against BVDV infection has not been empirically 

established in biological systems. To bridge this 

knowledge gap, our subsequent research phase will 

perform well-controlled challenge-protection trials in 

cattle cohorts to evaluate its safety and protective 

capabilities relative to commercially available inactivated 

vaccines and modified live virus (MLV) vaccines.  

 

Conclusions: A β-defensin-adjuvanted E0-E2 multi-

epitope vaccine incorporating 7 CTL, 5 HTL, and 7 B-cell 

epitopes was designed through immunoinformatics. The 

vaccine demonstrates favorable solubility and 

antigenicity, devoid of any allergenic or cytotoxic 

properties. Furthermore, this candidate vaccine exhibits a 

high-affinity interaction with the bovine TLR2 and TLR4, 

leading to a durable and robust immune response in the 

organism. However, systematic evaluation of the vaccine's 

safety and protective efficacy is required through phased 

experimental validation. 
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