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Abstract

:

Background: Influenza D Virus (IDV) presents a possible threat to animal and human health, necessitating the development of effective vaccines. Although no human illness linked to IDV has been reported, the possibility of human susceptibility to infection remains uncertain. Hence, there is a need for an animal vaccine to be designed. Such a vaccine will contribute to preventing and controlling IDV outbreaks and developing effective countermeasures against this emerging pathogen. This study, therefore, aimed to design an mRNA vaccine construct against IDV using immunoinformatic methods and evaluate its potential efficacy. Methods: A comprehensive methodology involving epitope prediction, vaccine construction, and structural analysis was employed. Viral sequences from six continents were collected and analyzed. A total of 88 Hemagglutinin Esterase Fusion (HEF) sequences from IDV isolates were obtained, of which 76 were identified as antigenic. Different bioinformatics tools were used to identify preferred CTL, HTL, and B-cell epitopes. The epitopes underwent thorough analysis, and those that can induce a lasting immunological response were selected for the construction. Results: The vaccine prototype comprised nine epitopes, an adjuvant, MHC I-targeting domain (MITD), Kozaq, 3′ UTR, 5′ UTR, and specific linkers. The mRNA vaccine construct exhibited antigenicity, non-toxicity, and non-allergenicity, with favourable physicochemical properties. The secondary and tertiary structure analyses revealed a stable and accurate vaccine construct. Molecular docking simulations also demonstrated strong binding affinity with toll-like receptors. Conclusions: The study provides a promising framework for developing an effective mRNA vaccine against IDV, highlighting its potential for mitigating the global impact of this viral infection. Further experimental studies are needed to confirm the vaccine’s efficacy and safety.
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1. Introduction


In the taxonomic classification, influenza viruses belong to the Orthomyxoviridae family and have four types including A, B, C, and D [1]. The Influenza A virus (IAV), which belongs to the Alpha influenza genus, is the most severe, creating pandemics, whereas influenza B virus (IBV), of the genus Beta influenza virus, is less severe but can still generate epidemics. Influenza C virus (ICV), which is classified within the Gamma influenza virus genus, is typically linked with minimal symptoms, while Influenza D virus (IDV) is a new RNA virus that is less prevalent and has not yet been found to cause human illnesses [2,3]. It is a recently discovered zoonotic virus that developed in a pig with influenza-like illness (ILI) in Oklahoma, United States, in 2011 [4]. Since its discovery, IDV has been found in various species of animals, including pigs, cattle, goats, and sheep [5]. IDV’s global prevalence was proved by its isolation in Morocco, Togo, Benin, China, and Japan, highlighting its widespread dispersion [3]. Since 2012, it has been discovered that IDV is present among both cattle and small ruminants in Western and Northern Africa [6].



IDV is an enveloped virus that contains seven RNA segments, including Nucleoprotein (NP), Polymerase Acidic Protein (PA), Matrix Protein (M), Hemagglutinin Esterase Fusion (HEF), Non-Structural Proteins (NS), Polymerase Basic Protein 1 (PB1) and Polymerase Basic Protein 2 (PB2), which contain single-strand-negative-sense belonging to the genus Delta influenza virus [7]. The virions measure 80–120 nm in diameter. IDV is closely related to influenza C viruses, sharing about 50% amino acid similarity and a similar gene structure [8]. HEF is a viral surface protein that is responsible for the attachment, entry, and exit of the Influenza D virus (IDV) from host cells [9]. HEF has both hemagglutinin and esterase activities, which during virus release, binds to 9-O-acetylated sialic acids on the surface of the cell and cleaves them off [10]. The HEF protein is the principal target of neutralizing antibodies against Influenza D viruses, and it serves as the foundation for their classification into lineage. The IDV virus can be classified into five genetic lineages based on the coding sequences of HEF, which show considerable antigenic variation. The region of the HEF molecule that binds to receptors contains specific structures (epitopes) that are recognized by antibodies that can react with similar molecules. The five amino acids located at positions 210–214 in the HEF protein are responsible for determining the antigenic specificity of each lineage virus [11]. Understanding the structure and function of HEF may help to develop effective vaccines and therapeutics against IDV. The HEF of Influenza D virus (IDV) is vital in vaccine design as it is the most variable and immunogenic protein of IDV, and it mediates the key steps of viral entry and exit.



IDV is usually diagnosed utilizing molecular detection techniques such as the popular “real-time polymerase chain reaction (RT-PCR)” and genomic sequencing [12]. Serological tests can also be performed to determine the existence of IDV-specific antibodies in animal populations. Hemagglutination inhibition tests and other serological methods are also utilized to detect and characterize IDV in clinical and surveillance samples. The virus uses cattle as its natural reservoir and amplification host, with sporadic overflow to swine [13]. The highest occurrence of IDV has been recorded in young calves that exhibit indications of bovine respiratory disease (BRD) [14]. IDV has been identified as a contributing factor in bovine respiratory disease (BRD), causing mild to moderate respiratory illness in cattle. It has been shown to replicate efficiently at 37 °C in cell culture, which is the average lung temperature, and it can develop in more types of cells than the Type C virus. Despite the initial identification of IDV in pigs and cattle, the likelihood of zoonotic transmission to humans is unclear. While there have been no reports of any human sickness caused by the Influenza D virus, the possibility of human susceptibility to infection cannot be ruled out [15,16].



The virus’s pathogenic potential in humans is unclear; thus, vaccination and the continual monitoring of new infections in industrial animals are essential to protect both animal and human health. The potential risk of IDV transmission to humans is a major concern for public health, as it may accelerate viral genetic changes, leading to increased transmission and pathogenicity [3]. Vaccination is a potential method of preventing and controlling influenza, including IDV, but there are currently few commercially available vaccines for IDV as researchers have focused on developing effective IDV vaccines, including novel adjuvant trivalent inactivated vaccines [15]. This highlights the need to apply immunoinformatic methods to create an mRNA vaccine for IDV infections. The technological foundation of mRNA vaccines exhibits remarkable flexibility in production and application, enabling the encoding of any protein and the development of vaccines targeting various diseases [17]. mRNA vaccines present an attractive combination of immunological properties, safety, and flexibility, positioning them as a transformative vaccine technology platform [18]. By encoding the HEF sequences of different IDV lineages, an mRNA vaccine can potentially induce a broad and long-lasting immunity that can neutralize diverse strains of IDV. Moreover, an mRNA vaccine can also stimulate cellular immunity, which can help to clear the virus and prevent severe disease. HEF plays a critical role in the development of an effective and flexible mRNA vaccine for IDV. Therefore, this study’s goal is to develop a potent and universal mRNA vaccine against Influenza D Virus infections using immunoinformatic approaches to lessen the worldwide impact of this viral infection.




2. Methodology


2.1. Selection and Retrieval of Target Protein Sequences


HEF amino acid sequences of 88 Influenza D virus isolates were retrieved from the National Center for Biotechnology Information (NCBI) database [19]. The isolate’s selection was directed at all the continents. The sequences obtained consist of the pertinent genomic data necessary for the experiment and analysis. The criteria for retrieving the data included a complete coding sequence, host (all isolates were either bovine or swine), and high coverage level. The amino acid sequences obtained were cleaned, sorted, and prepared for antigenicity prediction, which was carried out using the VaxiJen v2.0 [20] bioinformatics tool.




2.2. Prediction of Cytotoxic T-Cell Lymphocyte (CTL) Epitope


Epitopes of the CTL were predicted by the use of NetMHCpan-4.1 [21]. In the analysis, the epitopes were generated for 6 cow alleles including BoLA-2:01201, BoLA-1:02301, BoLA-3:00101, BoLA-3:00201, BoLA-T2a, BoLA-6:04101, and BoLA-6:01301. CTL epitopes were also generated for 5 swine alleles including SLA-1:0401, SLA-2:0401, SLA-1:0801, SLA-3:0401, and SLA-2:0201 [22]. The antigenicity, toxicity, and allergenicity of the predicted epitopes were analyzed using VaxiJen v2.0 [20], ToxinPred v2 [23], and AllerTOP v.2.0 [24], respectively. The epitopes classified as “toxin” and “allergen”, and antigenicity values less than 0.45 were excluded from the study [25].




2.3. Prediction of Helper T-Lymphocytes (HTL) Epitope


HTL epitopes constitute a component of the immunoinformatic strategies employed in the development of vaccines. They play an important role in generating both cellular and humoral immune responses when they bind to specific MHC class II molecules. Potential HTL epitopes were predicted utilizing the IEDB server [26] and NetMHC-II server [27]. After this, the toxicity, antigenicity, and allergenicity of the epitopes were predicted. The epitopes that passed were further analyzed for their cytokine-inducing abilities using IFNepitope [28], IL-4pred [29], and IL-10pred [30] servers, respectively, for assessing interferon-(IFN-Y), interleukin-4 (IL-4) and interleukin-10 (IL-10) inducing capability.




2.4. Linear B-Lymphocyte (LBL) Epitope Prediction


The B-cells are integral to the adaptive immune system’s production of memory immune cells and direct activity against antigens and pathogens. The B-cell epitopes are antigenic regions recognized by antibodies for binding, leading to response immune actions against antigens [31]. Predicting the B-cell epitopes of the vaccine construct is essential to ensure long-term protection against the target organism [32]. Potential B-cell epitopes were predicted utilizing the ABCpred [33], and BEPIpred server [34].




2.5. Prediction of Conformational B-Cells Epitopes


The conformational B-cell epitopes of the 3-D refined model were predicted using the ElliPro [35] server from IEDB. One of the key elements in developing vaccines is understanding the conformational B-cell epitopes, which are specific sites on the antigens that play a role in immune function.




2.6. mRNA Primary Vaccine Construction


Following the procedure of [32], we designed the vaccine’s primary construct incorporating specific epitopes and co-translational residues. Initially, a 5′ cap, tailored to the host organism and obtained from NCBI [19], was incorporated to ensure stability and functionality within the vaccine formulation. Subsequently, the inclusion of the 5′ untranslated region (UTR), likewise obtained from the NCBI database, was employed to regulate the translation processes. Next, the KOZAK sequence, housing the start codon, was incorporated. Following this, tPA, sourced from the UniPROT server [36], was implemented, alongside a beta-defensin121 from Sus scrofa, utilized as an adjuvant. The HTL epitopes, associated with the adjuvant, utilized GPGPG and were interwoven with KK to connect the HTL epitopes with the B-cell epitopes. The B-cell epitopes were linked to CTL epitopes via EAAAK linkers. Also, MITD (MHC-I targeting domain) was integrated to facilitate the targeting of CTL epitopes to the compartment of MHC-I in the endoplasmic reticulum. Ultimately, the 3′ UTR and Poly-A tail were appended to enhance both mRNA stability and translational efficiency.




2.7. Prediction of Antigenicity, Toxicity and Allergenicity of Vaccine Candidate


The antigenicity, allergenicity and toxicity of the primary vaccine construct were evaluated. The VaxiJen server for antigenicity is based on an “alignment-independent prediction of protective antigens” categorizing viral, bacterial, and tumour antigens based on their physicochemical characteristics [20].




2.8. Prediction of Physicochemical Properties of the Vaccine Candidate


ExPASy ProtParam tool [37], an online server accessible for determining the physicochemical features of the vaccine, was utilized to predict the properties of the primarily designed construct, including the length of the construct, molecular weight, instability index, theoretical isoelectric point (pI), aliphatic index, estimated half-life, as well as the grand average of hydropathicity (GRAVY).




2.9. Prediction of the Solubility Properties of the Vaccine Construct


The solubility of the vaccine construct was predicted to determine the amino acid residue hydrophobicity and hydrophilicity using the Protein–Sol server [38].




2.10. Prediction of Secondary Vaccine Construct


The vaccine’s secondary structure shows information about the relationship of the amino acids present in the vaccine construct and helps to determine the orientation of the protein folding. SOPMA (Self Optimized Prediction Method) [39] was used in predicting the secondary construct of the vaccine.




2.11. Tertiary Vaccine Construct


The 3-D structure of the vaccine construct was predicted using ColabFold v1.5.5 [40], a tool created by DeepMind that creates a preliminary 3-D model of the structure from its amino acid sequence.




2.12. Refinement and Validation of the Tertiary Vaccine Construct


To enhance the accuracy of the anticipated tertiary structure of the mRNA vaccine, the initial model generated by ColabFold v1.5.5 underwent refinement utilizing the GalaxyRefine server [41]. This refinement tool employs a validated approach rooted in the community-wide CASP10 framework, which focuses on optimizing both the local and global aspects of the protein structure. The validation of the refined structure was executed via the PROCHECK [42] principle, by generating the plot of Ramachandran obtained from SAVES v6.0. A Ramachandran plot score exceeding 85% was deemed acceptable, indicating energetically favourable regions on the surface of the protein structure.




2.13. Molecular Docking


Molecular docking is a technique used to predict the interaction between a ligand and a receptor. This study verified the binding affinity between the receptors and the vaccine candidate. Specifically, the vaccine construct was docked with MHC molecules, namely toll-like receptor-2 (TLR-2) and toll-like receptor-4 (TLR-4), to test the vaccine’s affinity with humoral immune response cells. The RCSB protein data bank [43] was used to download the crystal structures of TLR-2 and TLR-4 while the HDOCK server [44] was used for the molecular docking, showing the binding affinity of the vaccine construct and the TLRs.



The methodology workflow for this study is presented in Figure 1.





3. Results


3.1. Selection and Retrieval of Target Protein Sequences


Of the 88 HEF sequences retrieved from NCBI, 76 passed the antigenicity threshold of 0.45 on VaxiJen v2.0. These were sorted to reveal 56 unique protein sequences which were subjected to further analysis. Table 1 shows the distribution of the retrieved isolates across each continent.




3.2. Evaluation of Cytotoxic T-Cell Lymphocyte Epitope


To select the most optimal and desirable epitopes for our vaccine development from a pool of CTL epitopes predicted across sequences from the six continents, we utilized an overlapping approach to prevent repetition and redundancy in the predicted epitopes. There were 256 unique epitopes with frequencies ranging from 9 to 1 predicted by the NetMHCpan-4.1 server. A total of 78 epitopes passed the “allergenicity” and “toxicity” tests. These were evaluated for antigenicity by utilizing the appropriate server. The results obtained showed that 30 out of the 66 epitopes scaled above the antigenicity threshold of 0.45. Further analysis revealed that 8 had immunogenicity scores above 1.2 as shown in Table 2. These were used for the construction of the vaccine.




3.3. Evaluation of Helper T-Lymphocytes (HTL) Epitope


NetMHC-II and IEDB servers were used in predicting the HTL epitopes. A total of 1314 and 362 epitopes were, respectively, predicted from the servers. Further analyses, such as toxicity and allergenicity, were conducted. Furthermore, the epitopes were screened for their IFN-γ, IL-4, and IL-10 inducibility. After undergoing immunogenicity testing, 10 epitopes (as shown in Table 3) were ultimately identified as successful HTL epitopes suitable for developing the primary mRNA vaccine construct.




3.4. Prediction and Evaluation of Linear B-Cell Epitope


The B-cell epitopes prediction of the antigenic sequences was carried out via the BEPIpred and ABCpred servers. A total of 17 promising epitopes were generated with sequence lengths ranging from 11–17 (Table 4). The epitopes were further screened down to 4 based on their exceptional non-allergenicity and anti-toxicity profile. A total of 4 epitopes were selected as part of the mRNA vaccine construct for IDV.




3.5. Prediction and Evaluation of Conformational B-Cells Epitopes


The results of the conformational or circular B-cell epitopes for the vaccine construct show its three-dimensional structure, including the various positions of the conformational B-cell, as demonstrated in Figure 2 below.




3.6. mRNA Primary Vaccine Construction


After conducting several analyses, eleven (11) epitopes comprising 3 HTL epitopes, 4 B-cell epitopes, and 4 CTL epitopes were selected for the primary vaccine construct. Additional components, such as the 5′ UTR, Kozak sequence, tPA, etc., were incorporated into the primary construct forming the mRNA vaccine, as illustrated in Figure 3 below.




3.7. Prediction of Antigenicity, Toxicity and Allergenicity of Vaccine Candidate


The antigenicity prediction of the construct via VaxiJen 2.0, with a threshold of 0.45, showed that it is antigenic. The AllerTOP 2.0 and ToxinPred v2, respectively, predicted the allergenicity and toxicity of the primary construct, indicating the non-allergenic and non-toxic nature of the construct.




3.8. Prediction of Physicochemical Properties of the Vaccine Candidate


The physical and chemical properties of the final construct are characterized by a molecular weight of 110.58 kDa with a length of 1058. The theoretical pI of the vaccine is 8.47, and the amino acid composition analysis reveals that it contains 101 negatively charged Aspartate and Glutamate, and 118 positively charged Argine and Lysine amino acids. The instability index was predicted to be 35.40, which classifies the vaccine construct as a stable molecule. The aliphatic index of the vaccine construct is 79.04, suggesting its potential thermostability. Additionally, the Grand Average of Hydropathicity (GRAVY) score is positive at 0.058, indicating that the vaccine is hydrophobic. The estimated half-life of the vaccine construct in Escherichia coli (in vivo) is >10 h, as reported in Table 5. The results suggest that the vaccine construct has a favourable physicochemical profile, indicating its potential for stability, solubility, and interaction with the immune system.




3.9. Prediction of the Solubility Properties of the Vaccine Construct


A subsequent ProteinSol assessment indicated the vaccine construct to be soluble, with a solubility score of 0.45 (Figure 4).




3.10. Secondary Vaccine Construct


The result of the analysis from the SOPMA server revealed that the construct is stable with 47.35% alpha-helix, 14.27% extended stranded, and 38.37% random coils as shown in Table 6. The outcome demonstrated that the secondary structure of the vaccine construct had high globular conformation and stability (Figure 5).




3.11. Tertiary Vaccine Construction, Refinement, and Validation of the Construct


The Colab Alphafold 2 server successfully predicted the 3-D structure, and the resulting structure was refined using GalaxyRefine server to ensure it maintained its native-like properties. This illustration, as shown in Figure 6, depicts the predicted 3-D structure, the refined structure and the surface structure of the refined vaccine construct. The protein’s quality was evaluated utilizing Ramachandran plots (Figure 7). The Ramachandran plot analysis confirmed that there are 1058 total residues in the amino acids of the IDV construct, of which approximately 94.2% are found in the region that is mostly favoured [A, B, L], and 5.1% are in the additional allowed regions. Notably, the amino acid residues located in disallowed regions constituted just 0.3% of the overall proportion, suggesting that the expected quality of the structure is relatively high.




3.12. Molecular Docking


The 3-D refined structure was docked with TLR-2 and TLR-4, respectively. The docking results from the HDOCK server predicted the top 10 models of the structures. The ranking was determined by docking score, ligand RMSD(Å) and confidence score. Model 1 was chosen for both docked structures because it has the highest binding affinity (suggested by the lowest docking score). The results showed that the construct and the two TLRs have a strong affinity, as shown in Table 7, Figure 8 (construct and TLR-2) and Figure 9 (construct and TLR-4).





4. Discussion


Influenza D Virus (IDV) is a recently discovered enveloped RNA virus mostly found in swine and bovine [3]. It has also been found in other animal species exhibiting respiratory symptoms. Although there has been no record of human infection, it has been found that the IDV antibodies present in a sample of human serum through exposure or cross-reactivity with the Influenza C Virus have suggested a potential zoonotic risk, emphasizing the importance of surveillance and preventive measures to address this public health concern [45]. Hence, there is a need for an animal vaccine to be designed. This vaccine will contribute to the prevention and control of IDV outbreaks and the development of effective countermeasures against the emerging pathogen [46]. Our study presents a groundbreaking approach in the fight against IDV, as we focus on designing a universal mRNA vaccine utilizing the novel immunoinformatic approach, resulting in a safe, stable and soluble vaccine candidate.



HEF protein, which is the only surface glycoprotein of Influenza D Virus, was used as the target protein for this study. It has three main functions, including the ability to bind to the host cell receptors, the cleavage of the receptor as a result of its esterase activity, and the ability to mediate the fusion of the viral envelope. Also, HEF is vital for successful viral entry and replication in the host cell [47]. Eighty-eight (88) HEF sequences were retrieved and evaluated, and seventy-six (76) passed the antigenicity test.



After identifying the antigenic sequences, a further analysis was conducted to predict T-cell and B-cell epitopes. Identifying these epitopes is crucial for creating powerful antibodies that neutralize active proteins [48]. It is essential to accurately identify these epitopes in order to choose antibodies with a strong affinity, which contributes to the effectiveness of immunotherapy and immunodiagnostics. The role of T-cell epitopes in stimulating adaptive immunity by interacting with MHC molecules cannot be left out. According to [49,50,51], when choosing epitopes for an mRNA vaccine, it is vital to confirm that the epitopes are immunogenic and capable of inducing an immune response that can provide protection. This is why we selected epitopes pertinent to illicit necessary immune responses.



The vaccine was constructed using four CTL epitopes, three epitopes of HTL and four epitopes of B-cell after appropriate screening. The selected HTL epitopes excel due to their ability to stimulate interferon (IFN-γ), interleukin-4 (IL-4) and interleukin-10 (IL-10) production. The cytokines are crucial for stimulating the activation and maturation of T-helper 1 and T-helper 2 cells, respectively [52] suggesting that our vaccine construct can promote the release of essential cytokines. The prediction of each of the epitope’s antigenicity, toxicity, and allergenicity helped ensure that the vaccine candidate was safe, effective, and capable of stimulating an appropriate immune response.



The analysis of the physiochemical properties of the final vaccine construct was carried out immediately after the construction to know the molecular weight, aliphatic index, and instability index, and to ensure it was non-toxic or non-allergic. According to [53], the emergence of allergenicity and toxicity poses a substantial obstacle to the development of vaccines, manifesting after a vaccine has prompted an immune response that transitions to an allergic reaction. However, our vaccine construct indicated a non-allergenic and non-toxic nature, showcasing its likelihood of not triggering allergenic reactions when consumed, and minimizing the risk of harmful effects on cells or tissues, thereby rendering it safe for use. Also, the molecular weight is 110.58 kDa and the theoretical pI is 8.47, which suggests that the vaccine is alkaline in nature. The construct was considered stable, with an instability index of 35.40, which is below 40; this aligns with a similar study carried out by [54] on designing and evaluating a mRNA vaccine against BK virus using in silico studies. The GRAVY score and aliphatic index suggest that the final construct has a mild hydrophobic and thermostable character.



The vaccine candidate has a solubility score of 0.45 and can be effectively secreted in E. coli. According to [55], the solubility of mRNA vaccine protects mRNA from degradation, ensuring that mRNA can reach the target cells intact. Therefore, the solubility of vaccines is essential for their development and delivery. Glycosylation can affect the solubility of the vaccine by altering the function of the viral protein, stability, and folding, as well as their interactions with host receptors and immune cells [56]. HEF is glycosylated, meaning it has sugar chains attached to its surface. Therefore, enveloped viruses rely on glycosylation for immune escape and vaccine development employing adaptation and evolution for this purpose.



The orientation of protein folding can be determined by the results of the secondary structure [50,52]. The primary vaccine construct was inputted into an appropriate server to predict and analyze its secondary structure. The vaccine construct’s stabilized structure comprises 47.35% alpha-helix, 14.27% extended strands, and 38.37% random coils, as confirmed by the analysis. Thus, the result showed that the vaccine’s structure is highly globular, flexible, and stable in its secondary conformation.



The combination of AlphaFold 2 and GalaxyWEB has proved to be a highly effective approach in accurately predicting and refining the tertiary structure of the IDV vaccine. The Ramachandran plot results indicate a favourable distribution of amino acid residues, which is a promising sign of a structurally sound vaccine. Moreover, the use of multiple validation tools significantly increased the confidence in the accuracy and reliability of the predicted IDV vaccine structure.



The prediction of the binding affinity and position of a ligand and its corresponding receptor is a widely used bioinformatics approach, known as molecular docking. Ref. [57] suggest that molecular docking is a useful approach for simulating the binding affinity of epitopes to their corresponding MHC molecules. In this study, the vaccine construct’s ability to bind to TLRs on immune cells was determined by docking the tertiary construct, with TLR-2 and TLR-4, respectively. The HDOCK server provided 10 models of each of the docking structures. Model 1 was selected for both docked complexes using the confidence score, ligand RMSD(Å), and docking score. The vaccine construct has a higher binding affinity with TLR-2 and TLR-4, with docking scores of −359.19 and −379.08, respectively. This signifies the potential for triggering an immunological response because, according to [58] the strength of the binding between the receptor and its ligand increases as the energy decreases. Based on the analyses, it can be concluded that the IDV vaccine construct has the potential to be effective and safe. Therefore, the study’s overall findings suggest that this promising new vaccine candidate should be further developed and evaluated.




5. Conclusions


In light of the significant threat posed by the Influenza D virus, particularly its zoonotic potential, and impact on animal health, we have undertaken a comprehensive study leveraging immunoinformatic approaches to design an mRNA vaccine targeting this pathogen. The discoveries made in this study serve as a significant stepping stone toward the development of a stable and highly effective vaccine candidate for the Influenza D virus. The accurately selected epitopes and the favourable properties of the vaccine construct offer a solid foundation for further research and development. Therefore, this study provides a platform for rapid response and the proactive mitigation of future outbreaks of IDV or related infections.
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Figure 1. Workflow of the Methodology used in the study. 
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Figure 2. Three-dimensional structures of eight predicted conformational B-cell epitopes: The yellow portion represents the B-cell epitope, while the grey portion represents the surrounding residues. The pI scores for each epitope are as follows: (A) 0.848 with eight residues, (B) 0.691 with 9 residues, (C) 0.831 with 10 residues, (D) 0.861 with 11 residues, (E) 0.885 with 11 residues, (F) 0.815 with 12 residues, (G) 0.923 with 13 residues, and (H) 0.799 with 20 residues. 
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Figure 3. The schematic diagram showing the final mRNA vaccine construct. The 1058-amino acid-designed vaccine consists of 5′ Cap, 5′ UTR, Kozak sequence, tPA, adjuvant (purple) and three HTL (orange) epitopes linked by the GPGPG linker (black). The HTLs are joined together by GPGPG, the last HTL epitope and the first LBL (yellow) epitope are linked by the KK linker, including the other LBLs. The last LBL and the CTLs (green) are linked by EAAAK. MITD, 3′ UTR and Poly-A tail (121 alanine) are added at the C-terminal end of the vaccine construct for stability and purification. 
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Figure 4. A graph showing the solubility prediction of the vaccine construct (QuerySol) and the average soluble E. coli protein (PopAvrSol). 
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Figure 5. Secondary structure prediction of the vaccine construct. 
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Figure 6. Three-dimensional structure of the vaccine construct. (A) Structure (Rank 1) of the vaccine from AlphaFold (B) Refined vaccine construct (in ribbon) from Galaxy Refine (C) Surface structure of the refined vaccine construct. 
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Figure 7. Validation of the 3-D structure. (A) Results of the Ramachandran plot generated by the PROCHECK (B) Analysis of the Ramachandran plot. 
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Figure 8. Molecular docking results. (A) Tertiary structure of the construct. (B) Toll-like receptor-2 (TLR-2). (C) Docked complex of TLR-2 (Green) and the construct (Orange). 
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Figure 9. Molecular docking results. (A) Tertiary structure of the construct. (B) Toll-like receptor-4 (TLR-4). (C) Docked complex of TLR-4 (Blue) and the vaccine construct (Orange). 
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Table 1. Total retrieved isolates across continents.
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	Continent
	Isolates





	Africa
	1



	Europe
	25



	North America
	43



	South America
	4



	Asia
	14



	Oceania
	1










 





Table 2. Final CTL epitopes.
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	CTL Epitopes
	Antigenicity
	Allergenicity
	Toxicity
	Immunogenicity





	VANISMNLK
	Antigen
	Non-allergen
	Non-toxic
	1.6606



	YSIKSTPRF
	Antigen
	Non-allergen
	Non-toxic
	1.4093



	VNPRASPQV
	Antigen
	Non-allergen
	Non-toxic
	1.4867



	RGIAGSRVK
	Antigen
	Non-allergen
	Non-toxic
	1.3654



	AERELICIV
	Antigen
	Non-allergen
	Non-toxic
	1.3012



	AEKELICIV
	Antigen
	Non-allergen
	Non-toxic
	1.2598



	GDIEMRQLL
	Antigen
	Non-allergen
	Non-toxic
	1.2738



	VNPRASSQV
	Antigen
	Non-allergen
	Non-toxic
	1.2661










 





Table 3. Final HTL epitopes.
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	Epitopes
	Antigenicity
	IL-4
	IL-10
	Interferon
	Immunogenicity





	GLLFVGFVAGGVAGG
	Antigen
	Inducer
	Inducer
	Positive
	0.53738



	AGGYFWGRSNERGGG
	Antigen
	Inducer
	Inducer
	Positive
	0.4476



	VAGGYFWGRSNERGG
	Antigen
	Inducer
	Inducer
	Positive
	0.44493



	LTTITAITACQAERE
	Antigen
	Inducer
	Inducer
	Positive
	0.41419



	NRVAAYRGIASAEVK
	Antigen
	Inducer
	Inducer
	Positive
	0.32272



	VAGGYFWGRSNERGG
	Antigen
	Inducer
	Inducer
	Positive
	0.44493



	NRVAAYRGIASAEVK
	Antigen
	Inducer
	Inducer
	Positive
	0.32272



	AGGYFWGRSSERGGG
	Antigen
	Inducer
	Inducer
	Positive
	0.2928



	SYCFDTDGGYPIQVV
	Antigen
	Inducer
	Inducer
	Positive
	0.28454



	RSYCFDTDGGYPIQV
	Antigen
	Inducer
	Inducer
	Positive
	0.23615










 





Table 4. Final B-cell epitopes.
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	B-Cell Epitopes
	Allergenicity
	Toxicity
	Immunogenicity





	FGLLFIGFVAGGVAGGYF
	Non-allergen
	Non-toxic
	0.65678



	PEAGIDCFGLNWTQTK
	Non-allergen
	Non-toxic
	0.45256



	GGIAQEAGPGCWYIDS
	Non-allergen
	Non-toxic
	0.44557



	TAITACQAERELICIVQR
	Non-allergen
	Non-toxic
	0.3973



	GGIAQEAGPGCWYVDS
	Non-allergen
	Non-toxic
	0.36809



	LGSTIALCLLGLVAIAAF
	Non-allergen
	Non-toxic
	0.34982



	KTTPYAGEADDNHGDI
	Non-allergen
	Non-toxic
	0.31345



	GYFWGRSNGRGGGASV
	Non-allergen
	Non-toxic
	0.29455



	ASVINQKDWIGFGDSR
	Non-allergen
	Non-toxic
	0.28608



	KRGGGIAQEAGP
	Non-allergen
	Non-toxic
	0.28007



	TKRGGGIAQEA
	Non-allergen
	Non-toxic
	0.24407



	TKRGGGIAQE
	Non-allergen
	Non-toxic
	0.20752



	KRGGGIAQEA
	Non-allergen
	Non-toxic
	0.20527



	ASVINQKDWVGFGDSR
	Non-allergen
	Non-toxic
	0.19668



	TKVVITSDPYYWGSTI
	Non-allergen
	Non-toxic
	0.1955



	GYRGIAPGTYSIRSTP
	Non-allergen
	Non-toxic
	0.17528



	SPLWYAESSVNPGARP
	Non-allergen
	Non-toxic
	0.14735










 





Table 5. Physicochemical properties evaluation of the construct.
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	Property
	Value





	Molecular weight
	110,576.04 Da



	Number of Amino acids
	1058



	Theoretical pI
	8.47



	Total number of negatively charged residues (Asp and Glu)
	101



	Total number of positively charged residues (Arg and Lys)
	118



	Formula
	C4822H2727N1347O1475S75



	Total number of atoms
	15,446



	Estimated half-life [The N-terminal of the sequence considered is A (Ala)]
	30 h (mammalian reticulocytes, in vitro)

>20 h (yeast, in vivo)

>10 h (Escherichia coli, in vivo)



	Instability index
	35.40 (<40)



	Aliphatic index
	79.04 (>50)



	Grand average of hydropathicity (GRAVY)
	0.058



	Predicted Scaled Solubility
	0.454










 





Table 6. Study of the secondary structure of the designed vaccine.
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	Name of the Examined Unit
	Number of Residues
	Percentages





	Alpha-helix
	501
	47.35%



	310 helixes
	0
	0.00%



	Beta bridge
	0
	0.00%



	Extended strand
	151
	14.27%



	Beta turn
	0
	0.00%



	Random coil
	406
	38.37%



	Other states
	0
	0.00%










 





Table 7. Summary of the docking complexes.
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	Docking Complexes
	Docking Score
	Confidence Score
	Ligand RMSD (Å)





	Construct and TLR-2
	−359.19
	0.9850
	115.12



	Construct and TLR-4
	−379.08
	0.9899
	67.81
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