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ABSTRACT 223F O

cg9<g Xx
Papillomaviruses can infect animals and humans, causing benign lesions and cancer. Chimeric vaccines may address &' <2 = o)
the limited coverage of current papillomavirus vaccines by providing cross-type immunity. The present study 3 & =8 =
focused on the in silico design of a chimeric mMRNA vaccine targeting a wide range of human papillomaviruses g—g = jZ>
(HPV). The study incorporated 25 amino acid sequences derived from L1 and L2 capsid proteins of 14 high-riskand 3 £ =5 =
11 low-risk HPV strains. These sequences underwent multiple sequence alignment, and the resulting sequences were 1 3 X 2>
used to develop consensus sequences. Computational approaches were then applied to predict and identify [, o™ © O
immunodominant T-cell and B-cell epitopes. The mRNA vaccine structure was designed by merging codon- §> SN
optimized multi-epitope chimeric peptides with regulatory components that enhance both transcription and ' & 0
translation efficiency. The present study identified 19 T and 6 B cell epitopes, which were evaluated as non-toxic, |-'|_-|

non-allergenic, highly antigenic, and fully or partially conserved. The final multi-epitope peptide vaccine had a
molecular weight of 60,161.29 kDa, a theoretical isoelectric point (pl) of 9.44, a solubility index of 0.451, and an
antigenicity score of 0.9178. The mRNA vaccine exhibited a stable mRNA structure with a minimum free energy of
-731.10 kcal/mol and an estimated molecular weight of 644.98 kDa. The proposed vaccine demonstrated no cross-
affinity with the human genome and attained a worldwide population coverage rate of 86.24%. The vaccine formed
a stable docking complex and exhibited strong interactions with major histocompatibility class | and class Il
molecules, as well as Toll-like receptor 4 (TLR4), Toll-like receptor 9 (TLR9), and the B-cell receptor. Binding
affinities were assessed based on free energy (AG) values of -34.01 kcal/mol and -20.77 kcal/mol for major
histocompatibility complex (MHC) class | and Il, respectively, -1377.5 kcal/mol for TLR4, -24.19 kcal/mol for
TLRY, and -34.41 kcal/mol for the B-cell receptor. This vaccine triggered both antibody and cell-mediated immune
responses and increasing levels of IFN-y and the interleukins IL-2, IL-10, and IL-12. This vaccine is considered
preventive against multiple HPV infections. Nonetheless, in vitro and in vivo investigations are necessary to validate
the safety and efficacy of this vaccine.

Keywords: Chimeric mRNA, Immune simulation, Molecular docking, Molecular dynamics simulation, Multi-
epitope peptides, Papillomavirus

INTRODUCTION

Human papillomaviruses (HPV) are responsible for 99% of cervical cancer, 93% of anal cancer, 40% of vaginal cancer,
40% of penile cancer, 63% of oropharyngeal cancer, 51% of vulvar cancer, and can also lead to head and neck
malignancies (Mahmoudvand et al., 2022). The primary way that HPVs are spread is through intercourse with an
infected person. According to reports from 2020, cervical cancer is a significant global health challenge, ranking as the
fourth most frequent cancer among women globally, with an approximation of 604,127 new cases and a fatality rate of
341,831 (Singh et al., 2023). This disease is most common in Africa, with 119,000 new cases and a mortality rate of
69,000, as reported in 2018 (Jedy-Agba et al., 2020). By contrast, Sub-Saharan Africa has an average of 24% of the
world's high-risk HPV infection rates; Southeast Asia (14%) and Eastern Europe (14%) next, followed by Latin America
and the Caribbean (16%) (Bruni et al., 2010; Jedy-Agba et al., 2020).

Cervical cancer is associated with 14 high-risk human papillomaviruses (HR-HPV), such as HPV 16, 18, 31, 33, 35,
39, 45, 51, 52, 56, 58, 59, 66, and 68 (Hargza et al., 2022), as well as intermediates, potentially carcinogenic types,
causing approximately 2% of cases of cervical cancer, comprising HPV26, 30, 34, 53, 66, 67, 69, 70, 73, and 82 (Geraets
et al., 2012). It has been reported 23 low-risk (LR-HPV) variants, such as 6, 11, 26, 40, 42, 53, 54, 55, 61, 62, 64, 67, 69,
70,71, 72,73, 81, 82, 83, 84, 1S39, and CP6108 that are non-carcinogenic or cause benign anogenital or cutaneous warts
(Serretiello et al., 2023). The two main causes of cervical cancer globally are HPV-16 and HPV-18, which account for
270,000 fatalities, with developing nations accounting for 85% of these cases (Ahmed et al., 2017), and with an
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estimated $8.0 billion in medical expenses per year (Chesson et al., 2012). In contrast, infections caused by HPV have
been reported not only in humans but also in birds and reptiles. Researchers have identified 24 canine papillomaviruses
(CPVs) and six feline papillomaviruses (FcaPVs), linked to different oral and cutaneous illnesses in dogs and cats
(Medeiros-Fonseca et al., 2023). Currently, there are restrictions on commercial vaccinations for bovine papillomavirus
(BPV) and canine oral papillomavirus (COPV), which frequently rely on L1-based virus-like particles (VLPs) (Jagu et
al., 2011). Nevertheless, these vaccinations may lack extensive cross-protection against different HPV strains. The use of
L2 in chimeric designs is anticipated to enhance cross-protection, as it contains conserved regions shared among
different HPV types (Li et al., 2016). This approach may therefore offer a more effective strategy for veterinary
applications.

All HPVs possess capsids, which are non-enveloped icosahedral viruses (T = 7d) with a diameter of 55-60 nm.
These viruses include a double-stranded DNA genome comprising late segments (L), which include two late genes (L1
and L2) that play a role in virion assembly and entry (Hare¢za et al., 2022). This genome also includes early proteins (E),
comprising six early genes (E1, E2, E4, E5, E6, E7), which promote viral replication, and a long control region (LCR),
which functions as the viral origin of replication and regulates transcription (Wang, 2015). Currently, the US food and
drug administration (FDA) has approved three primary prophylactic HPV vaccines including bivalent (Gardasil-9,
9vHPV), which offers protection against nine HPV types (6, 11, 16, 18, 31, 33, 45, 52, and 58); quadrivalent (Gardasil,
4vHPV), which targets HPV types 6, 11, 16, and 18; and bivalent HPV vaccine (Cervarix, 2vHPV), which protects
against HPV types 16, 18, and 45 (Boxus et al., 2016; Huber et al., 2021).

These vaccines, which are L1-based, have demonstrated strong immunogenicity, safety, and effectiveness. However,
the protection they offer is restricted to particular HPV types that they are intended to target. Furthermore, these vaccines
do not produce broad-spectrum neutralizing immunity against other HPV types, suggesting that certain non-targeted
HPV genotypes persist in propagating infection (Akuzum et al., 2018). To address these challenges, recent advancements
in HPV L2-based vaccination have focused on achieving both broad-spectrum and type-specific protection against a
range of HPV genotypes (Ryan et al., 2024).

Despite L2-based vaccinations offering great potential, they have been demonstrated to elicit only modestly
enhanced immune responses compared to L1 virus-like particles (VLPs) (Kristi et al., 2017). Therefore, the development
of fusion or chimeric vaccines via co-expression of major (L1) and minor (L2) capsid proteins constitutes a feasible
method for generating multivalent vaccines with improved immunogenicity.

Epitope prediction is a computational method for designing multi-subunit vaccines for emerging infections. This
field uses specific pathogen components, known as epitopes, to create vaccines (Sanami et al., 2023). Epitope-based
peptide vaccine development simplifies the design process, making it cheaper and quicker; choosing immunodominant
epitopes determines what triggers an immune response (Cai et al., 2021). The in silico approach and bioinformatics
strategies, including computational tools, techniques, and databases, have been employed to develop effective vaccine
candidates aimed at combating numerous human pathogenic diseases, including viruses like SARS-CoV-2 and
mammarenavirus (Shawan et al., 2023), HPV infection (Mahmoudvand et al., 2022; Sanami et al., 2023), and
monkeypox virus (Sanami et al., 2023).

In recent years, mMRNA technology has been utilized to develop preventive vaccines against infectious diseases.
Wolff et al. (1990) demonstrated the initial in vitro-transcribed mRNA-expressing reporter proteins in muscle post-
injection and noted that mRNA encoding viral or pathogenic antigens provoked immunological responses against the
specific antigen (Maruggi et al., 2019). The mRNA-based technology is gaining traction in vaccine development because
of its rapid manufacturing process, and is considered non-infectious due to the lack of genome mutation, and it promotes
both humoral and cell-mediated immunity (Maruggi et al., 2019).

In the present study, an in silico technique was used to predict epitopes from fourteen high-risk (14HR-HPV) and
eleven low-risk (11 LR-HPV) of major capsids (L1) and minor capsids (L2) proteins. The consensus sequences, derived
from the highly conserved amino acid sequences at each site, were used to predict epitopes following the multiple
sequence alignment (MSA) of 25 protein sequences. The present study aimed to design a chimeric L1/L2 mRNA-based
vaccine targeting a broad range of HPV genotypes. All successful epitopes were connected with the necessary linkers,
and this construct was used to build an mRNA structure to create a multi-epitope chimeric L1/L2 mRNA-based vaccine.

MATERIALS AND METHODS

Ethical approval
This research was entirely based on immunoinformatics and computational analyses. No animal or human subjects
were involved in the design or execution of this study.
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In silico procedures and essential steps

The immuno-informatics flow chart for developing a chimeric L1/L2 mRNA-based vaccine against diverse HPV species
in this study (Figure 1A and 1B).
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Figure 1A. Depicts an overview of all in silico procedures
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Figure 1B. Highlights the crucial steps involved in in silico procedures

Retrieval of protein sequence, identification of conserved regions, and generation consensus sequences

The present study encompassed 25 amino acid sequences chosen from 14 high-risk (HR) and 11 low-risk (LR) HPV
types (Hareza et al., 2022; Serretiello et al., 2023). In each category, the chosen HPV types were derived from highly
carcinogenic HR and LR varieties associated with benign vaginal warts or epithelial lesions. The major (L1) and minor
(L2) capsid proteins of HPV were included in these sequences. These sequences were obtained from the PaVE database
and utilized as input for the upcoming bioinformatics analysis. The BioEdit program (version 7.0) was used to perform
multiple sequence alignments on protein sequences using the ClustalW algorithm. The alignment results were then
uploaded into the Jalview software v2.11.3.2) to generate consensus sequences, which were then used to predict putative
immunogenic T and B cell epitopes (Waterhouse et al., 2009). Figures 2A and 2C display the multiple sequence
alignment (MSA) of the chosen HPV strains and their accession numbers.
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Immune cell epitope prediction (T cells and B cells)

Cytotoxic T lymphocyte (CTL) cells recognize endogenous antigenic peptides presented by major
histocompatibility complex (MHC) | molecules. In contrast, helper T lymphocyte (HTL) cells recognize foreign
antigenic peptides presented by MHC Il molecules (Shi et al., 2024). The T cells are incapable of directly recognizing
epitopes; they must engage with MHC molecules to identify antigen-presenting cells (APCs) (Sha et al., 2020; Shi et al.,
2024). In the context of antigen presentation, MHC molecules are predominantly categorized into two types, including
class I (MHC 1) and class Il (MHC II) (Rock et al., 2016). The epitopes for MHC class | were predicted utilizing the
NetCTL-1.2 online tools (Larsen et al., 2007). The method combines the prediction of peptide MHC class | binding,
proteasomal C-terminal cleavage, and TAP transport efficacy. The server facilitates predictions of CTL epitopes
constrained to the 12 MHC class | supertypes. Artificial neural networks are utilized for MHC class | binding and
proteasomal cleavage. The transport efficiency of TAP is predicted with a weight matrix. Prediction parameters were
configured to default settings for peptide length (9-mer peptides, with a weight on C-terminal cleavage of 0.15, a weight
on TAP transport efficiency of 0.05, and an epitope identification threshold of 0.75. Furthermore, criteria were
established to integrate MHC, cleavage, and TAP transport (Larsen et al., 2007).

The Immune Epitope Database (IEDB) analytic tools were used to predict epitopes for MHC-class Il, or HTL
(Jensen et al., 2018). The parameters were established by default, selecting species/locus as (Human, HLA-DR),
utilizing the complete human leucocyte antigen (HLA) reference set with a panel of 27 alleles that offer over 99%
population coverage for MHC Il (Dehghani et al., 2024), and employing netMHClIpan 4.1 EL (recommended epitope
predictor 2023.09) as the predictive methodology. The ABC Pred server was used to assess linear B Cell Lymphocyte
(BCL) epitopes. ABCPred utilizes ANN scores to rank epitopes based on scores surpassing the threshold of 0.5; a
sequence with a higher score is more likely to be an epitope. Consequently, the epitope prediction was established at a
threshold score of 0.81. This program predicts linear B cell (LBL) epitopes of 15 amino acids with an accuracy of
65.93%, employing a recurrent neural network (Saha and Raghava, 2007). Discontinuous B-cell epitopes or non-linear
B-cell epitopes are essential components of an antibody. Predicting discontinuous B-cell epitopes is crucial for creating
vaccines that accurately replicate natural antigenic structures and generate robust, specific antibody responses
(Ponomarenko et al., 2008). The non-linear B-cell epitopes were identified from the refined three-dimensional (3D)
model utilizing the online Elli-Pr program, accessible on the IEDB server. The parameters for epitope prediction were
established with a maximum score of 0.5 and a maximum distance of 6 Angstréms.

Screening the best epitopes for toxicity, antigenicity, allergenicity, and evaluation of vaccine physiochemical
characteristics and solubility

Non-toxic epitopes were assessed utilizing the ToxPred2 web server, utilizing batch submission and protein
scanning as criteria. The server functions with the SVM (Swiss-Prot) algorithm (Gupta et al., 2013). The VaxiJen v2.0
was employed to assess the antigenicity of the predicted epitopes by selecting viral organisms as target species and
establishing a threshold of > 0.4 (Hasan et al., 2024). The service demonstrates an accuracy of 70-89% in predicting
tumor, viral, and bacterial antigens. Aller-TOP v2.1 was employed to assess the allergenicity of the predicted epitopes
(Dimitrov et al., 2014). This service categorizes epitopes as "potential allergens™ and "potential non-allergens. Protein
solubility was analyzed using the Protein-Sol server (Hebditch et al., 2017). The ExXPASy-ProtParam tool was utilized to
assess the vaccine's physicochemical properties (Naveed et al., 2022).

Epitope human homology and conservation analysis

Epitope conservation, a crucial step in the immunoinformatics methodology, determines the degree of desirable
epitope distributions within the homologous protein ensemble. The epitope conservancy analysis tool from the IEDB
was employed to determine the conservancy percentage by examining the identities of protein sequences (Hasan et al.,
2024).

Analysis of the population coverage of cytotoxic T lymphocyte and helper T lymphocyte epitopes

The geographic distribution of HLA alleles differs globally. Consequently, to maximize individual outreach,
population coverage must be considered in the development of a successful vaccine candidate (Shawan et al., 2023). The
population coverage tool on the IEDB server utilizes MHC binding and/or T-cell restriction data to ascertain the
coverage of certain CTL and HTL epitopes across class I, class I, and their combination. The examination of CTL and
HTL population coverage was based on the identification of epitopes by global human leucocyte antigen (HLA).

Prediction of helper T lymphocyte-inducing cytokines

Type Il interferon-gamma (IFN-y) enhances antigen presentation by upregulating MHC molecules, hence
augmenting T-cell responses (Shao et al., 2017). Moreover, IFN-y prolongs T-cell memory, which is crucial for the
long-term effectiveness of vaccines (Pulendran et al., 2021). They also improve antigen presentation in macrophages and
dendritic cells (APCs), which improves immune responses (Shao et al., 2017). The induction of cytokines for HTL
epitopes was investigated using the IFNepitope web server, which applies SVM-based methodologies and models for
comparing IFN with other cytokines (Castro et al., 2018).

Designing an mRNA-based vaccine

The final, top-ranked epitopes, such as CTL, HTL, and LBL, were combined using amino acid linkers to build a
chimeric L1/L2 vaccine model, following the methods described by Kakakhel et al. (2023) and Oladipo et al. (2022).

345



Sylvere et al., 2025

The chimeric mMRNA vaccine construct was designed by arranging selected epitopes in a specific order to optimize
immunogenicity and coverage. The sequence begins with helper T lymphocyte (HTL) epitopes, followed by linear B-
cell (LBL) epitopes, and ends with cytotoxic T lymphocyte (CTL) epitopes. Specifically, it consists of 4 HTL epitopes
from L1 and 4 from L2, then 4 LBL epitopes from L1 and 2 from L2, and finally 5 CTL epitopes from L1 and 6 from
L2. The KK linker was used to join intra-B cell epitopes, while EAAAK and GGGGS were used to combine intra-CTL
and HTL epitopes, respectively. Furthermore, the EAAAK linker was used to link the IgE signal peptide and PADRE
sequence. The ultimately chosen top-ranked epitopes, including CTL, HTL, and LBL, were amalgamated utilizing
amino acid linkers to construct a chimeric L1/L2 vaccine model. The KK linker facilitated the conjunction of intra-B cell
epitopes, whilst EAAAK and GGGGS were employed to amalgamate intra-CTL and HTL epitopes, respectively.
Additionally, the EAAAK linker was employed to connect the IgE signal peptide to the PADRE sequence.

The N-terminal of this vaccine design had a Pan-DR-binding epitope (PADRE: AKFVAAWTLKAAAGG) and the
IgE leader signal peptide (MDWTWILFLVAAATRVHS). PADRE was incorporated as a universal synthetic peptide
that binds to the MHC-II receptor, activating CD4+ T-cells and initiating an innate immunological response, while also
functioning as a Toll-like receptor agonist (Ghaffari-Nazari et al., 2015). The PADRE can be synergistically integrated
with TLR agonists in vaccine formulation, enhancing robust helper T-cell activation and resulting in superior adaptive
immune responses (Rosa et al., 2004). The IgE signal leader peptide was incorporated into the vaccine design to guide
newly synthesized antigenic proteins to the endoplasmic reticulum for proper folding and secretion. In the C-terminal,
the vaccine contained MITD (UniProt ID: Q5S1P3) to direct MHC class | epitopes to the endoplasmic reticulum and a
6xHis-tag for detection and purification purposes (Oladipo et al., 2022). The linkers were used to ensure that the proteins
maintain a stable and flexible conformation. To optimize mRNA design for in vitro transcription and subsequent
translation, essential regulatory elements were integrated into the construct. These included a T7 promoter to drive in
Vitro transcription, 5’ and 3’ untranslated regions (UTRs) derived from a- and f-human globin, respectively, a Kozak
consensus sequence (GCCGCCACCATGGCG) to enhance translational initiation, a poly (A) tail consisting of 120
adenosine residues (A), a translation termination codon, and a BspQI restriction site for precise plasmid linearization.
The inclusion of these elements is consistent with established methodologies aimed at improving mRNA stability and
translational efficiency (Pichon and Perche, 2021). UTRs were provided by GenScript.

Modelling of two and three-dimensional (2D and 3D) structures, refining, and validating the vaccine
candidate

The SOPMA tool and PSIPRED 4.0 were employed to predict the conformational states (alpha-helix, beta-sheet,
turn, coil) of the vaccine design (Hasan et al., 2024). The trRosetta web server was utilized to generate the 3D structure
of the vaccine. This server employs a limited trRosetta methodology to develop the protein structure via direct energy
minimization, utilizing inter-residue distance and orientation distributions predicted by a deep neural network (Du et al.,
2021). The 3D model was optimized to improve structural integrity via the Galaxyrefine server. The quality assessment
was corroborated by the Pro-SA online platform, PROCHECK, and ERRAT, which were utilized for stereochemistry
analysis via the Ramachandran plot (Sanami et al., 2023).

Analysis of molecular docking

A vaccine design may have the potency to elicit an immune response against a varying number of epitopes
recognized by the HLA alleles. For this reason, the most frequent MHC class I/11 alleles were selected from RCSB PDB
using the PDB accession codes (PDB ID: 6TDS) and (PDB ID: 1BX2), respectively. Epitopes were screened by a
molecular docking method with MHC class | and 1l alleles using the MDockPeP server (Xu et al., 2018). A molecular
docking study was conducted to demonstrate the interaction of the proposed vaccine with Toll-like receptors (TLR4 and
TLR9), MHC alleles, and B-cell receptors (BCRs). The ClusPro server v2.0 was employed to dock vaccine-TLR4,
whereas the HawkDock server v2 was utilized to analyze interactions involving vaccine-TLR9, MHC class I/I1, and
BCR receptors. HawkDock was employed to assess binding interactions, determine binding free energy, and execute
Molecular Mechanics Generalized Born Surface Area (MM-GBSA) analysis. Toll-like receptors (TLR4 and TLR9) are
proteins that engage with antigens from diverse organisms, initiating immune responses such as cytokine production
(Kaur et al., 2022). The PDB ID codes for human TLR4, TLR9, and BCR receptors are 3FXI, 8AR3, and CD79 (PDB
ID: 3KG5), respectively. These receptors were downloaded from the Protein Data Bank (RCSB PDB). The Dock Prep
server, an integrated tool in the UCSF Chimera v1.17.3 software, was used to prepare the receptors. Instead, the
constructed vaccine was treated as a ligand. The preparation of receptors consisted of removing co-crystallized ligands,
heteroatoms, and water molecules. The next step involved adding hydrogen GM (Gasteiger-Marsili) charges (Shawan et
al., 2023). The LigPlot+DIMPLOT and PDBsum server programs were used to determine the interaction between the
ligand (vaccine) and receptors.

Simulating molecular dynamics of the docking complex

The molecular dynamics simulation (MD) approach plays a crucial role in determining the atomic behavior and
interactions of other biomolecules based on interatomic forces (Hollingsworth and Dror, 2018). The internal coordinate
normal mode analysis server (iMODS) was utilized to examine the interatomic dynamics between the vaccine and
receptor complexes (Lopez-Blanco et al., 2014). This program forecasts intricate torsional angles, examines protein and
nucleic acid dynamics through normal mode analysis (NMA), structural deformation, eigenvalues, root mean square
deviation (RMSD), covariance, and complex stability.
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In silico immune simulation

Immunomodeling forecasts the immune system's recognition of epitope peptides. The graphs of the simulation and
the epitope outcomes were generated by the C-IMMSIM Online server. This immune server utilizes machine learning
(Al) and a position-specific scoring matrix (PSSM) to predict epitopes and study immune interactions (Rapin et al.,
2011). The simulation volume was kept at the default parameters. Four injections were set as a time step for injection
scheduled on days 1, 14, 28, and 42 (The first dose was given at time = 0, and each time-step equals 8 hours of real life)
with several antigens to inject, optimized to 20, 50, 100, and 1000. All other parameters were configured to their default
values, including 100 simulation steps, a random seed of 12345, host HLA selection, a vaccine without LPS, an adjuvant
value of 100, and the simulation volume of 10.

Codon optimization, secondary structure prediction for mRNA vaccine, and cloning simulation

Codon optimization was performed using the Vector-Builder's Codon Optimization program, specifically designed
for humans (Homo sapiens; Liu et al., 2021). This program optimizes gene expression by picking codons favored in
human cells. The optimized sequences can enhance protein yields and overall expression levels in experimental
applications. The generated sequence was then cloned into a standard cloning vector provided by GenScript (pUC57)
using SnapGene software, flanked by EcoRI and Sacl restriction enzymes. The final mRNA construct was generated
utilizing the optimized DNA sequence from the Codon Optimization tool provided by Vector Builder. The DNA
sequence was subsequently uploaded to the RNAfold web server to forecast the secondary structure of the mRNA
vaccine construct. This server forecasts mRNA structures utilizing the least free energy and partition algorithm,
assigning a minimal free energy (MFE) score to evaluate the MFE of secondary and centroid structures (Gruber et al.,
2008).

RESULTS

Retrieval of protein sequences, multiple sequence alignment, and generating consensus sequences

Twenty-five amino acid sequences were selected from high-risk and low-risk HPV types derived from the major
(L1) and minor (L2) capsid proteins. BioEdit software version 7.0.0 performed the multiple sequence alignments (MSA)
(Figures 2A and 3C) and Jalview version 2.11.3.2 generated the consensus sequences. The consensus sequence was
generated from the highly conserved amino acid residues at each position to facilitate the development of an effective
vaccine against multiple types (Figures 2B and 3D).

Prediction and evaluation of major histocompatibility class I and Il (MHC-I/II) and Linear B CELL (LBL)
epitopes based on L1/L2 proteins

The study employed NetCTL 1.2 servers to categorize immunogenic epitopes according to MHC class I. The IEDB
server was utilized to predict Helper T cell epitopes using human leukocyte alleles (MHC class Il; HLA-DR) as the
species or locus, NetMHCllpan 4.1 EL as the prediction method, and a 15-mer epitope length. Analysis of CTL L1
epitopes revealed that, of the 45 potential CTL epitopes, only 11.11% (5 out of 45) successfully met the criteria for
toxicity, antigenicity, allergenicity, and conservancy (Table 1). Similarly, 48 potential CTL epitopes derived from L2
proteins were selected. Only 26.7% (13 of 48) of epitopes successfully passed the screening for toxicity, antigenicity,
and allergenicity. Of the 13 subjects, 46.15% (6 out of 13) exhibited conservation level and were selected for vaccine
design (Table 2).

The IEDB server identified 53 MHC-I11 binding epitopes derived from L1 proteins. Following screening, 16.98% (9
of 53) of HTL epitopes, deemed non-toxic, non-allergenic, and probable antigens. However, 44.4% (4 out of 9) of the
epitopes incorporated in the vaccine design exhibited conservation based on conservation analysis and were retained
(Table 1). The prediction of HTL from L2 proteins led to the discovery of 38 possible epitopes using the IEDB server.
However, only 10.5% (4 of the 38) were likely to be antigens and were not toxic or allergenic. These 4 epitopes, as
predicted by epitope conservation analysis (IEDB Analysis Resource), were retained for vaccine design (Table 2)

B-cell epitopes play a crucial role in antigenic determinants and are detected by B-cell receptors (BCR). The
ABCpred server predicts linear B-cell (LBL) epitopes, which are 15 amino acids in length, using a recurrent neural
network. Using a threshold of 0.81, 31 potential linear B-cell lymphocyte (LBL) epitopes derived from L1 proteins were
identified. Out of 31, 25.8% (8 out of 31) were found to be non-toxic, probable antigens, and non-allergens. The IEDB
conservancy analysis indicated that 22.22% (4 out of 18) of the epitopes were conserved and selected for vaccine design
(Table 1). Furthermore, 37 linear B-cell epitopes derived from L2 proteins were predicted. The assessment for
antigenicity, allergenicity, and toxicity revealed that 48.64% (18 out of 37) of the LBL epitopes were non-toxic, non-
allergenic, and probable antigens. Only two epitopes that demonstrated conservation through the conservancy analysis
method were retained for further examination (Table 2). The present study included epitopes that were entirely or
partially conserved and successfully underwent screening for toxicity, antigenicity, and allergenicity.

The present study evaluated the capacity of selected HTL epitopes to induce IFN-y cytokine production using an in
silico method with the IFNepitope server. The results revealed four HTL L1 epitopes and four HTL L2 epitopes that
produced IFN-y with favorable scores (Table 3).
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Figure 2. Multiple sequence alignment and consensus sequences derived from human papillomavirus (L1) proteins. A: Depicts a multiple sequence alignment of 25 protein sequences, comprising 14 high-risk
(sequences enclosed within the red rectangular frame) and 11 low-risk (non-enclosed sequences) human papillomavirus (HR-HPV and LR-HPV) strains. B: The produced consensus sequence. BioEdit software version 7.0.0
conducted multiple sequence alignment, while Jalview version 2.11.3.2 produced the consensus sequence.
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Figure 3. Multiple sequence alignment and consensus sequences derived from human papillomavirus (L2) proteins. C: Depicts a multiple sequence alignment of 25 protein sequences, comprising 14 high-risk and 11
low-risk human papillomavirus (HR-HPV and LR-HPV) strains. D: The produced consensus sequence. BioEdit software version 7.0.0 conducted multiple sequence alignment, while Jalview version 2.11.3.2 produced the consensus
sequence.
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Table 1. The L1 (CTL, HTL and LBL [B cell]) epitopes successfully passed screening based on antigenicity, toxicity, allergenicity, and conservancy analysis

Antigenicity score

g&?gpcgs Allele Epitope sequence 8t4t)he threshold (> Toxicity/allergenicity Conservancy analysis at the max. identity set to 100%
HLA-A*01:01,HLA-A*26:01 YVTRTNIYY 0.6843 Non-toxin/allergen 100.00%: HPV31,HPV35,HPV29
HLA-A*01:01,HLA-A*26:01 MVDTGFGAM 1.6337 Non-toxin/allergen EOPOVO;);ég?I\D/XJG,HPV31,HPV35,HPV66, HPV6, HPVLL, HPV40,
CTL (5) HLA-B*39:01,HLA-B*40:01 VEVGRGQPL 1.2418 Non-toxin/allergen lHOPO\./O507°A): HPV16, HPV35, HPV33, HPVS1, HPVA0, HPV27, HPV29,
HLA-B*40:01 EEYDLQFIF 1.7384 Non-toxin/allergen ]HOPO\./OGO’ ﬁ;‘i}gﬁ’g&;ﬁ%ﬁ@ggﬁhﬂ%%g’HPV45’HPV45‘HPV68’
HLA-B*40:01 WEVDLKEKF 1.2621 Non-toxin/allergen 100.00%: HPV35, HPV52, HPV33
HLA-DRB1*01:01 MDFATLQANKSDVPL  0.7698 Non-toxin/allergen 93.33%
HLA-DRB1*03:01 DNRENVSMDYKQTQL 1.4352 Non-toxin/allergen 100%: HPV42
HTL () HLA-DRB1*04:05 ARHFFNRAGTVGEKE 0.7295 Non-toxin/allergen 86.67%
HLA-DRB1*03:01 RENVSMDYKQTQLCI 1.6266 Non-toxin/allergen 93.33%
FVTVVDTTRSTNMTLC 1.0558 Non-toxin/allergen 100.00%: HPV52, HPV58, HPV6, HPV11, HPV33
LBL (4 GQPLGVGISGHPLLNK 0.5668 Non-toxin/allergen 100.00%: HPV16, HPV31, HPV35, HPV52, HPV42, HPV44, HPV33
@ RHVEEYDLQFIFQLCK 0.4410 Non-toxin/allergen 93.75%
RVRLPDPNKFGLPDTS 0.4553 Non-toxin/allergen 100.00%: HPV16, HPV31, HPV35, HPV52, HPV42, HPV44, HPV33

CTL (5): Cytotoxic T lymphocytes epitopes, HTL (4): Helper T lymphocytes, LBL (4): Linear B Cell lymphocytes, HPV: Human papillomavirus, HLA: Human leucocyte antigen
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Table 2. The L2 (CTL, HTL and LBL [B cell]) epitopes successfully passed screening based on antigenicity, toxicity, allergenicity and conservancy analysis

Type of

Antigenicity score

. Allele Epitope sequence at the threshold Toxicity/allergenicity Conservancy analysis at the max. identity set to 100%
epitopes © 0.4)
HLA-A*02:01 ILQWGSLGV 1.8703 Non-toxin/allergen 100.00%: HPV42, HPV29
HLA-B* 15:01 LQWGSLGVF 2.2096 Non-toxin/allergen 100%: HPV42
HLA-B*27:05 RRKRIPYFF 1.5931 Non-toxin/allergen 100.00%:HPV35,HPV56,HPV66,HPV1
CTL®)  HLA-B*27:05 KRRKRIPYF 1.7636 Non-toxin/allergen 100.00%: HPV51
HLA-B*27:05 VRFSRLGQK 2.1048 Non-toxin/allergen 100.00%: HPV51
HLA-B*27:05 SRLGQKATM 1.2853 Non-toxin/allergen 100.00%: HPV51
HLA-DRB1*15:01 ADKILQWGSLGVFFG 0.8722 Non-toxin/allergen 100.00%: HPV42
HTL (4 HLA-DRB1*15:01 IADKILQWGSLGVFF 0.9813 Non-toxin/allergen 93.33%
) HLA-DRB1*07:01  TSGFEITSSSTDEAT 0.6108 Non-toxin/allergen 73.33%
HLA-DRB1*15:01 DKILQWGSLGVFFGG 0.6126 Non-toxin/allergen 100.00%: HPV42
TGSGTGGRTGYVPLGT 1.3789 Non-toxin/allergen 93.75%
LBL (2) GGLGIGTGSGTGGRTG 1.4744 Non-toxin/allergen 100.00%: HPV16, HPV18, HPV58, HPV59, HPV6, HPV43,

HPV44, HPV27, HPV29, HPV 57

CTL (6): Cytotoxic T lymphocytes epitopes, HTL (4): Helper T lymphocytes, LBL (2): Linear B Cell lymphocytes, HPV: Human papillomavirus, HLA: Human leucocyte antigen

Table 3. The predicted cytokines induction for HTL epitopes on L1/L2 proteins

Type of epitopes Epitope sequence IFN-y IFN-y score
MDFATLQANKSDVPL POSITIVE 0.45234024
DNRENVSMDYKQTQL POSITIVE 0.39683519
HTL L1 (4)
ARHFFNRAGTVGEKE POSITIVE 0.46861774
RENVSMDYKQTQLCI POSITIVE 0.50127294
ADKILQWGSLGVFFG POSITIVE 0.53283921
IADKILQWGSLGVFF POSITIVE 0.53596388
HTL L2 (4)
TSGFEITSSSTDEAT POSITIVE 0.41927147
DKILQWGSLGVFFGG POSITIVE 0.56924381

IFN-y: Interferon gamma; HTL (4): Helper T lymphocytes
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Molecular docking between cytotoxic T lymphocyte epitopes and major histocompatibility class I alleles
The final vaccine design contained 11 CTL epitopes generated from L1/L2 proteins, as they had the lowest docking
energy score against the most common MHC-class | alleles worldwide (PDB ID: 6 TDS), using the MDockPeP server

(Figure 4 and Table 4).

L2- LQWGSLGVF

L2- KRRKRIPYF L2- VRFSRLGQK L2- ILQWGSLGV

Figure 4. Docking between major histocompatibility class-I alleles and cytotoxic T lymphocyte epitopes produced from L1/L2
proteins. The receptors are indicated in gray, whereas epitope peptides are shown in magenta. The docking complex was visualized with the UCSF
Chimera v1.17.3 program.
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Table 4. Docking between MHC-I alleles and CTL epitopes produced from L1/L2 proteins

HLA class | Alleles CTL L1 epitopes Docking score
VEVGRGQPL -140.1
MVDTGFGAM -143.9
EEYDLQFIF -174.1
WEVDLKEKF -187.9
YVTRTNIYY -205.9
PDB ID: 6TDS, HLA-A02:01 CTL L2 epitopes Docking score
KRRKRIPYF -197.7
RRKRIPYFF -204.3
LQWGSLGVF -161.0
ILQWGSLGV -161.7
SRLGQKATM -147.4
VRFSRLGQK -177.1

CTL: Cytotoxic T lymphocytes epitopes, HLA: Human leucocyte antigen, MHC-I: Major histocompatibility complex class |, PDB:
Protein data bank

Epitope human homology and population coverage analysis

Human epitope homology was employed to identify the most immunogenic and pathogen-specific epitopes, while
excluding those that resemble self-proteins. The individual epitope was verified by restricting organisms from UniProt
complete proteomes (Homo sapiens, taxid: 9606). Not all predicted epitopes were detected in the human genome,
indicating that they exhibit no cross-reactivity with the human proteome. The population coverage analysis of combined
epitopes L1/L2 proteins (CTL L1 and CTL L2) and (HTL L1 and HTL L2) revealed to cover the majority of Europe
(92.93%), followed by North America (88.33 %), East Asia (76.73%), South Asia (75.51%), and North Africa (75.59%).
However, the lowest population coverage rates were observed in Central America (21.92%), Central Africa (44.53%),
South America (51.7%), and East Africa (53.67%). Overall, the vaccine achieved a global coverage rate of 86.24%
(Figure 5). The MHC molecules are extremely variable, with over a thousand known variants, resulting in varying

binding specificity to homologous epitopes, which can be related to population coverage scores that vary among
ethnicities.
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Figure 5. Population coverage calculation of cytotoxic T lymphocyte (CTL) and helper T lymphocyte (HTL) epitopes derived from
L1/L2 proteins

Chimeric mRNA-based vaccine assembly

The chimeric L1/L2 mRNA-based vaccine model with 25 epitopes was generated by conjugating various
combinations of shortlisted CTL, HTL, and B-cell (LBL) epitopes with appropriate linkers. The chimeric mMRNA-based
vaccine was composed of 4 HTL L1 and 4 HTL L2 joined together using GGGGS, 4 LBL L1 and 2 LBL L2 linked with
a KK flexible linker, and 5 CTL L1 and 6 CTL L2 combined with an EAAAK rigid linker. Other regulatory elements
added to the primary construct included the signal peptide (IgE leader sequence), the Pan DR-binding epitope (PADRE),
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and MITD (UniProt ID: Q5S1P3) to direct MHC class | epitopes to the endoplasmic reticulum. Moreover, a Histidine
(6xHis-tag) was incorporated into the C-terminal for detection and purification purposes. To design a complete mRNA
structure, a T7 promoter RNA polymerase (TAATACGACTCAC TATAGGG), 5'UTR (human alpha-globin gene:
HBA), and Kozak sequence were added in the N-terminal, while a translation stop signal (a stop codon), 3'UTR (human
beta-globin gene: HBB), and Poly (Ax120) tail were added to the C-terminal of the vaccine construct. Moreover, the
restriction enzyme (BspQIl: GCTCTTC) sequence was added after the Poly (A) tail to facilitate the linearization of
plasmid DNA for in vitro transcription. UTRs for a-human globin (5'UTR) and B-human globin (3'UTR) were
introduced to maintain mMRNA stability. Figure 6 shows a graphical representation of a chimeric mRNA-based vaccine
construct against diverse HPV species.

Dircction 53" |

GGGOGS Linker [ EAAAK Linker 1

6xHis-tag ’

EAAAK g
- KK Linker Stop codon
5'CAP I

Figure 6. Graphical representation of chimeric L1/L2 mRNA-based vaccine construct against human papillomavirus species. The
construct consists of 19 T-cell epitopes and 6 B-lymphocyte epitopes, along with a T7 promoter, 5’unstranslated region (5’UTR) from
a-human globin, a 3'UTR from B-human globin (3°UTR), a Kozak sequence, a stop codon, a Poly (Ax120) tail, a 6xHis-Tag sequence,
and a plasmid linearization restriction enzyme sequence (BspQl).

EAAAK

Assessment of antigenicity, allergenicity, and solubility profiling and physiochemical properties of the
vaccine construct

The ProtParam server estimated the molecular weight of the multi-epitope chimeric peptide vaccine to be
60161.29~60kDa and a theoretical pl of 9.44, suggesting a basic character. Of the 562 amino acid residues, fifty-six (56)
were negatively charged (Asp+Glu), while seventy-three (73) were positively charged (Arg+Lys). The vaccine exhibited
thermal stability (aliphatic index = 68.49) and a stability rating over 40 (instability index = 36.89). Furthermore, the
grand average of hydropathicity (GRAVY) was estimated to be -0.366, indicating a hydrophilic character and illustrating
its capacity to interact more effectively with surrounding water molecules. The Protein-Sol service predicted the
solubility of the vaccine to be 0.451. A scaled solubility value over 0.45 is anticipated to exhibit increased solubility
compared to the average solubility of E. coli protein in the experimental solubility dataset by Niwa et al. (2009).
Moreover, the vaccine demonstrated an average half-life of 30 hours in vivo (in mammalian reticulocytes), exceeding 20
hours in yeast, and surpassing 10 hours in Escherichia coli. The vaccine exhibited an antigenicity score of 0.9178 at a
threshold of > 0.4 and contained no suspected allergens, as confirmed by the VaxiJen 2.0 and AllerTOP v.2.0 servers,
respectively. Table 5 summarizes the physicochemical characteristics of the selected vaccine design, highlighting the
vaccine’s stability and its ability to elicit a robust immune response in the organism. The vaccine is anticipated to be
safe, as allergenicity tests indicated no risk of allergenicity. The examination of physicochemical characteristics revealed
that the vaccine structure meets the standards for vaccine formulation (Table 5).

Table 5. Physiochemical properties of the multi-epitope chimeric vaccine construct.

Features Value

Number of amino acids 562aa

Molecular weight 60161.29~ 60kDa
Theoretical pl 9.44

Solubility (> 0.45) 0.451
Antigenicity score (> 0.4) 0.9178
Allergenicity Non-allergen
Instability index 36.89

Aliphatic index 68.49

Grand average of hydropath city GRAVY) -0.366

Formula C2683H4187N7610786S15
Total number of atoms 8432

Estimated half-life

30 hours (mammalian reticulocytes, in vitro)
> 20 hours (yeast, in vivo)
> 10 hours (Escherichia coli, in vivo)
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Secondary (2D) structure prediction of the chimeric L1/L2 mRNA-based vaccine

The 2D structure of the produced vaccine was predicted and validated by applying PSIPRED (Figure 7B) and
SOPMA (Figure 7C) servers. SOPMA servers calculate the fraction of 2D configurations using four conformational
states, including alpha helix, sheet, turn, and random coil. The secondary structure results revealed that the proposed
vaccine had 129 (22.95%) alpha helices, 158 (28.11%) extended strands, and 275 (48.93%) random coils. The outcomes
revealed that the designed vaccine had acceptable configuration states of protein characterized by flexibility and
stability, which indicated that epitopes are located in an accessible region of the protein.

A

The final vaccine construct was designed in the following sequential order: (4 HTL L1+ 4 HTL L2) + (4 LBL L1+ 2 LBL L2) + (5 CTL L1+ 6
CTLL2)
MDWTWILFLVAAATRVHSEAAAKAKEVAAWTLKAAAGGGGGGSMDFATLQANKSDVPLGGGGSDNRENVSMDYKQTQLGGGG
SARHFFNRAGTVGEKEGGGGSRENVSMDYKQTQLCIGGGGSADKILQWGSLGVFFGGGGGSIADKILQWGSLGVFFGGGGSTSG
FEITSSSTDEATGGGGSDKILQWGSLGVFFGGKKRVRLPDPNKFGLPDTSKKFVTVVDTTRSTNMTLCKKGQPLGVGISGHPLLNK
KKRHVEEYDLOQFIFQLCKKKTGSGTGGRTGYVPLGTKKGGLGIGTGSGTGGRTGEAAAKYVTRTNIYYEAAAKMVDTGFGAMEAA
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Figure 7. Prediction of secondary structure (2D) of chimeric L1/L2 mRNA-based vaccine. The chimeric L1/L2 mRNA-based vaccine
construct's open reading frame amino acid sequence begins with helper T lymphocyte (HTL) epitopes, followed by linear B-cell
(LBL) epitopes, and ends with cytotoxic T lymphocyte (CTL) epitopes. Specifically, this vaccine consists of 4 HTL epitopes from L1
and 4 from L2, then 4 LBL epitopes from L1 and 2 from L2, and finally 5 CTL epitopes from L1 and 6 from L2, linked together with
the proper linkers (EAAAK, GGGGS, and KK) (A). In the open reading frame (ORF) of the vaccine, there is a PADRE sequence that
is underlined and an IgESP (immunoglobulin E signal peptide) that is highlighted in yellow at the N-terminal. There is also an MITD
sequence that is highlighted in green and an orange 6xHis tag at the C-terminal. The legend within the picture (B) explains how the
different sections (helixes, strands, coils) are colored. The 2D structure was constructed with PSIPRED (B), while conformation states
were generated with the NPSA/SOPMA web server (C).

Validation and modeling of the vaccine construct's tertiary (3D) structure

The trRosetta server indicated that the overall evaluation of protein quality parameters was high, as determined by
PROCHECK (Ramachandran plot analysis) and ProSA online services, after 3D structural refinement. Figure 8B
illustrates that the improved model had 96.1%, 3.5%, 0.4%, and 0.2% of the residues situated in the most favored,
additional allowed, generously allowed, and forbidden zones, respectively. The refined construct had a Z-score of -7.2,
signifying high quality (Z < 0; Figure 8C), and an ERRAT quality factor of 88.3721. The ERRAT server was employed
to analyze the non-bonded interaction data. The GalayxRefine2 website indicated that the refined 3D structure exhibited
GDT-HA scores of 0.9644, a root mean square deviation (RMSD) of 0.372, a MolProbity score of 1.390, a clash score
of 7.1, poor rotamers at 0.2, and a Ramachandran preferred score of 98.8. This finding suggests that the modeled protein
demonstrated high stereo-chemical quality, with the majority of its residues occupying energetically favorable
conformations.
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Figure 8. Validation of the vaccine design's 3D structure with a Ramachandran plot and the ProSA web server. 3D model of the vaccine

(A), validation of the model's 3D structure using a Ramachandran plot, with (96.1%) residues in the most preferred region (B), and overall model
quality with a Z-Score value of ( -7.2) using ProSA (C).

Identification of non-linear/discontinuous B-cell epitopes
ElliPro was employed to identify non-linear B-cell epitopes on the vaccine's 3D structure, using a threshold of a
minimum score exceeding 0.5 and a maximum distance of 6 angstroms (6 A) as the default parameters. The findings
revealed that the formulated vaccine contained numerous non-linear B cell epitopes within its three-dimensional
structure (Figure 9 and Table 6).
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Figure 9. Discontinuous B cell epitopes in the chimeric L1/L2 mRNA-based vaccine 3D structure (1-12). The vaccine design is shown by

gray sticks, whereas cyan spheres depict the discontinuous B cell epitopes. The numbers (1-12) demonstrate residues and their corresponding scores as
shown in Table 6.
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Table 6. List of predicted conformational /discontinuous B-Cell epitopes in the final vaccine construct

. Number
No. Residues . Score
of residues
1 A:N106, A:VV107, A:S108, A:M109, A:D110, A:Y111 6 0.979
2 A:H560, A:H561, A:H562 3 0.969
3 A:F549, A:V550, A:P551, A:l1552, A:M553, A:G554, A:I1555, A:1556, A:H557, A:H558, A:H559 11 0.895
4 A:S438, A:R439, A:L440, A:G441, A:Q442, A:K443, A:A444, A:T445, A:M4A46, A:E4A47, A:A448, A:A449, A:A450, A:K451, 111 0.776
A:L452, A:Q453, A:W454, A:G455, A:S456, A:L457, A:G458, A:V459, AF460, A:E461, A:A462, A:A463, A:A464, A:K465,
A:P466, A:E467, A:V468, A:T469, A:L470, A:R471, A:C472, A:WA4T3, A:A474, A:L475, A:G476, A:FA77, A:YAT8, A:P479,
A:E480, A:E481, A:1482, A:L483, A:L484, A:T485, A:W486, A:Q487, A:R488, A:N489, A:G490, A:E491, A:D492, A:L493,
A:T494, A:Q495, A:D496, A:M497, A:E498, A:L499, A:VV500, A:E501, A:T502, A:R503, A:P504, A:S505, A:G506, A:D507,
A:G508, A:N509, A:F510, A:Q511, A:K512, A:W513, A:A514, A:A515, A:L516, A:G517, A:VV518, A:P519, A:S520, A:G521,
A:E522, A:E523, A:Q524, A:R525, A:Y526, A:T527, A:C528, A:R529, A:V530, A:Q531, A:H532, A:E533, A:G534, A:L535,
A:Q536, A:G537, A:P538, A:L539, A:T540, A:L541, A:R542, A:W543, A:E544, A:P545, A:P546, A:Q547, A:P548
5 A:T232, A:L233, A:C234, A:K235, A:K236, A:G237, A:Q238, A:P239, A:L240, A:G241, A:VV242, A:G243, A:1244, A:S245, 24 0.741
A:G246, A:H247, A:P248, A:L249, A:L250, A:N251, A:K252, A:K253, A:K254, A:R255
6 A:D64, A:N65, A:E67, A:N68, A:V69, A:S70, A:M71, A:D72, A:Y73, A:K74, A:Q75, A:T76, A:Q77, A:L78, A:G79, A:G82, A:S83, 37 0.74
A:A84, A:HB6, A:F87, A:F88, A:N89, A:R90, A:A91, A:G92, A:T93, A:V94, A:G95, A:E96, A:K97, A:G99, A:G100, A:G101,
A:G102, A:S103, A:R104, A:E105
A:K112, A:Q113, A:T114, A:Q115, A:L116, A:C117, A:1118, A:G119 8 0.724
A:G345, A:Q346, A:P347, A:L348, A:E349, A:A350, A:A351, A:A352, A:K353, A:E354, A:E355, A:Y356, A:D357, A:L358, 20 0.701
A:Q359, A:F360, A:1361, A:E363, A:A364, A:K367
9 A:W151, A:G152, A:S153, A:L154, A:G155, A:V156, A:F157, A:F158, A:G159, A:G160, A:G161, A:G162, A:S163, A:T164, 31 0.682
A:S165, A:G166, A:F167, A:E168, A:1169, A:T170, A:S171, A:S172, A:S173, A:T174, A:D175, A:E176, A:Al177, A:T178, A:G179,
A:G180, A:G181
10 A:G282, A:Y283, A:VV284, A:P285, A:L286, A:G287, A:T288, A:K289, A:G291, A:G292, A:L293, A:G294, A:1295, A:G296 14 0.594
11 A:A338, A:K339, A:VV340, A:E341, A:VV342, A:G343, A:R344 7 0.528
12 A:A36, A:G37, A:G38, A:G39, A:G40 5 0.511
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Molecular docking analysis

To determine the modes and energies of the proposed vaccine against human TLR4 and TLR9, molecular docking
techniques were applied. The ClusPro 2.0 server produced the top five ranked models of the docking complex between
the vaccine and TLR4. The optimal model, encompassing 52 members, demonstrated the lowest binding energy value of
(AG = -1377.5 kcal/mol) and was therefore selected for further analysis (Figure 10). This model showed a representative
center with a weighted score value of -1363.1. The interactions between residues were resolved by LigPlot+/DIMPLOT
(Figure 1011, 111, 1V). The hydrogen bonds that had formed between residues of vaccine and receptor are: ASN 365 (B):
LYS 388 (A); ASN 365 (B): ASN 365 (A); LYS 388 (B): ASN 365 (A); GLN 507 (B): GLN 507 ( A); ASP 101 (C):
ARG 764 (A); ASP 101 (C): SER 317 (A); TYR 102 (C): ARG 764 (A); SER 103 (C): ASN 266 (A); THR 116
(C):ASN 265 (A); GLN 111 (C):HIS 159 (A); THR 112 (C): GLU 135 (A); THR 112 (C): ARG 87 (A); GLY 110 (C):
ARG 87 (A); ARG 68 (C):GLU 42 (A); LYS 109 (C):SER 62 (A); ASP 100 (C): ARG 234 (A); ASP 99 (C): ARG 289
(A); ARG 106 (C): SER 18(A); ARG 106 (C): SER 183 (A); ARG 90 (D): GLU 439 (A); GLY 123 (D): SER 416 (A);
LYS125 (D): SER 445 (A); LYS 125 (D): ASN 417 (A); LYS 125 (D): GLU 422 (A).
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Figure 10. The docked complex between the vaccine and human Toll-like receptor 4 (TLR4) and residue interactions analysis.
Docked complex between vaccine and TLR4 (1) and its interactions (11, 11, 1V). The vaccine is shown in gray, whereas the receptor is

shown in green (I). The LIGPLOT+/DIMPLOT displays hydrogen bonds depicted by dashed (green) lines with the bond length displayed inside, while
red dashed lines denote hydrophobic interactions.
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Figure 11. The docked complex between the vaccine and human Toll-like receptor 9 (TLR9) and residue interactions analysis.
Schematic diagram of the docking complex between vaccine chain A and TLR9 chain B (V), along with their interaction residues (V1). The vaccine is
highlighted in purple, and TLR9 in blue (V). Blue dashed lines represent hydrogen bonds, while salt bridges are shown as red dashed lines (V1).
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The docking of HLA alleles (MHC-1/1) and B cell receptor with the vaccine was determined using HawkDock
Server v2 (Table 7). Docking results indicated that the vaccine interacted effectively with HLA (MHC-I) (PDB ID:
6TDS, HLA-A02:01), scoring -4772.84 and having a binding free energy of (AG = -34.01 kcal/mol). The docking
analysis of the vaccine against HLA (MHC-I1I) (PDB ID: 1BX2, HLA-DR2, DRA*0101) yielded a score of -5281.54
and a hinding free energy of (AG = -20.77 kcal/mol). Finally, the vaccine-BCR interaction resulted in a score of -
4004.84 and a binding free energy of (AG = -34.41 kcal/mol).

Table 7. Docking analysis between vaccine and B-cell receptor, human leucocyte antigen, and Toll-like receptors 4 and
9

Binding free energy Score of
Receptors Alleles PDB 1D (AG kcal/mol) top-ranked models
Vaccine-BCR PDB ID: 3KG5 -34.41 -4004.84
. CTL (PDB ID: 6 TDS, HLA-A02:01) -34.01 -4772.84
Vaccine- MHC class |
Vaccine- MHC class Il HTL (PDB ID: 1BX2, HLA-DR2, DRA*0101) 2077 -5281.54
Vaccine-TLR4 (PDB ID: 3FXI) -1377.5 -1363.1
Vaccine-TLR9 (PDB ID: 8AR3) -24.19 -3015.32

BCRs: B-cell receptors, HLA: Human leucocyte antigen, MHC-I/11: Major histocompatibility complex class | and 11, TLR4 and TLR9: Toll-like
receptors (4 and 9), PDB: Protein data bank, HTLs: Helper T lymphocytes

Molecular dynamics simulation

Molecular dynamics simulation (iMODs) changes the complex's force field over time to do structural critical
analysis. Figure 12 illustrates the molecular dynamics simulation results of interatomic interactions between the vaccine
and Toll-like receptors. The iMODs results for the vaccine-TLR9 complex (Figure 12A) showed an increase in
deformability (Figure 12B). The NMA profile is more flexible than the PDB profile, as shown by the B-factor (Figure
12C), variance (%) (Figure 12D), eigenvalues with a minimum Eigenvalue of 2.735661e-05 (Figure 12E), a covariance
map depicting correlated (red), uncorrelated (white), and anti-correlated (blue) motions of paired residues (Figure 12F),
and the elastic network (Figure 12G).

The interaction between the vaccine and TLR4 (Figure 12H) exhibited protein deformability or variations at each
residue capacity level (Figure 121). This was due to the complex possessing regions with varying elevations, including
lower and higher hinges or peaks. The ligand-receptor combination remained stable in dynamic conditions, as indicated
by the RMSD plot, which showed lower deformability. These findings collectively indicated that stable RMSD plots and
low deformability in molecular dynamics simulations serve as indicators of structurally stable vaccine constructs, which
are essential for effective immune recognition and vaccine efficacy.

Figure 12J shows the complex's NMA and PDB fields, along with a B-factor that indicated the degree to which
atoms or residues in a molecule deviate from their normal positions during simulation. The NMA and PDB fields' results
revealed a few disordered regions with larger B-factors, corresponding to increased atomic displacement, indicating
flexible loops that enhance antigen presentation and immune recognition. Furthermore, the vaccine-TLR4 compound
displayed an Eigenvalue of 5.599239e-08 (Figure 12L). The eigenvalue for each normal mode signifies the rigidity
(compactness) of the motion. The covariance matrix or heat map illustrates the correlation of motions between pairs of
residues, such as correlated (red), uncorrelated (white), or anti-correlated (blue) behaviors (Figure 12M).

The elastic network model (Figure 12N) illustrates the connections between pairs of atoms through springs,
representing interactions among residues, where each dot on the graph signifies a spring linking the corresponding
atoms. Dots are color-coded based on stiffness, with darker shades of gray indicating greater stiffness in the springs and
lighter shades indicating less stiffness. Overall, the iMODS analysis demonstrated that the vaccine-receptor complexes
remained stable and flexible, with regions exhibiting compactness and deformability within the complex's coordinate
system.
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Figure 12. Molecular dynamics simulation analysis of the vaccine design and the docked complexes. The vaccine-TLR9 complex in
its NMA mobility, as visualized in the UCSF Chimaera v1.17.3 program (A). A: The vaccine is represented in green, while the receptor
(TLRY9) is highlighted in blue. B: The deformability map, C: The normal mode analysis (NMA), D: Variance (%), E: Eigenvalues of 2.735661e-05, F:
A heat map illustrating the correlated (red), uncorrelated (white), and anti-correlated (blue) movements of paired residues, G: An elastic network
depicting the connections between atom pairs via springs. H: The structure of the vaccine-TLR4 complex, I: Deformability vaccine-TLR4 complex, J:
The correlation between its NMA and PDB fields, and a B-factor, K: Variance (%), L: Eigenvalues 5.599239 -08, M: Covariance map illustrating
correlated (red), uncorrelated (white), and anti-correlated (blue) motions of paired residues (M), N: Elastic network.
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Immune simulation of the multi-epitope chimeric vaccine

The C-IMMSIM tool simulates the binding of B-cell epitopes, class | and 11 HLA epitopes, and T-cell receptors to
HLA peptide complexes. Figure 13A illustrates that the antigen count experienced a steep increase with a peak antigen
count of ~650,000 Ag/mL at day 14-15, indicating the introduction of the antigen, followed by a quick fall at day 16,
and signifying effective immune clearance. Minor secondary peaks indicated potential booster effects or numerous
antigen administrations.

The IgM response began increasing around day 10 and reached its peak at approximately day 18 (90,000 arbitrary
units), a typical pattern for a primary immune response, followed by a rapid decline after day 25. This can be seen in
Figure 13A, which showed both primary and secondary antibody responses. The IgG response, including 1gG1, 19G2,
and combined 1gG, increased sharply after the antigen peak, indicating a strong adaptive memory response from the
immune system. An extensive presence of IgG1 and 1gG2 was found, beginning to increase around day 15 and reaching
a peak of roughly 100,000 arbitrary units around day 30, with IgG1 predominating, indicating a T-helper (Th2)-biased
humoral response. The combined IgM and 1gG responses peaked at approximately day 20, reaching around 110,000
arbitrary units, and maintained a high level until the end of the simulation at approximately day 35. The elevated total Ig
response indicates enduring immunity.

The immunological simulation results in Figure 13B demonstrated B cell dynamics after vaccination. The total B
cell population remained stable until day 10, then experienced a significant increase around day 15, signifying a time of
immunological activation. The plateau following antigen clearance indicates the establishment of memory. A decline in
naive (non-memory) B cells was observed around day 15, as they transformed into activated B cells and memory B cells.
Memory B cells proliferated rapidly, stabilizing at ~350 cells/fmm?3 when exposed to antigens, and then entered a stable
phase, indicating long-term immunity. The existence of permanent memory B cells signifies a strong adaptive response.
Furthermore, the designed vaccine induced the production of B cells antibody isotypes, including B Isotype IgM, B
Isotype 1gG1, and B Isotype 1gG2 (Figure 13B). IgM peaked early (on day 15), with a count of ~500 cells/mm3, which
shows a primary immune response. Conversely, 1gG1 significantly surpassed 1gG2 on day 15, stabilizing at around 100
cells/mm3 and 50 cells/mm3, respectively, after IgM, indicating class switching and the initiation of long-term immunity.
The fact that IgG1 was more common than IgG2 shows a Th2-skewed response, which is typical of protein subunit
vaccines and some mRNA vaccines.

The immune simulation results of the vaccine presented in Figures 13CDF suggested that the immune system was
activated approximately 35 days post-vaccination. These results showed important responses from the macrophage
(MA), dendritic cell (DC), and T-helper (TH) cell populations. The data showed that the total number of macrophages
remained mostly unchanged, cycling between active and resting states (Figure 13C), thereby avoiding excessive immune
exhaustion. Around day 15, the internalized antigen and the rise in presenting macrophages reached their peak, which
means that antigens are being absorbed and presented to T cells. Another observation was that the active and resting
states of macrophages oscillated, indicating ongoing immunological control.

A rapid increase (~days 10-15) in total TH cells indicated a vigorous adaptive immunological response.
Additionally, an increased proliferation of total TH cells was noticed, reaching approximately 1,2000 cells/mm3 around
days 15 to 20, signifying a robust adaptive immune response. The quantity of memory T-helper cells increased to
approximately 1,000 cells/fmmg, providing sustained protection. Figure 13F illustrates that the presence of dendritic cells
(DCs) escalated around day 15, indicating effective antigen acquisition and T cell activation. The present vaccine
induced sustained amounts of resting and active dendritic cells to avert immunological overactivation.

The immunological simulation results demonstrated that the vaccine generated several cytokines, including
interferons (IFN), interleukins, and regulatory cytokines (Figure 13E). A significant increase in IFN-y, peaking
approximately ~550,000 ng/uL at day 15, followed by a gradual decline, was observed. IL-2 response peak reached
around ~750,000 ng/uL at around day 17, followed by a rapid decline afterward, demonstrating the vaccine‘s capacity to
stimulate proliferation and activation of T-cells. Furthermore, the vaccine was shown to stimulate the production of
Interleukin-12 (IL-12). This serves as a crucial immunomodulatory molecule in vaccine design by promoting Thl-type
immune responses, enhancing cytotoxic T lymphocyte activity, and stimulating interferon-gamma production.

Finally, regulatory cytokine, including 1L-10, showed an increase around 40,000 ng/pL at (around day 16),
reaching a peak at around day 17. The study observed a significant increase in T-helper cells, including memory T-
helper cells, as well as CTL, dendritic cells, and macrophages. Additionally, the vaccine elicited the activity of natural
killer cells. These findings suggest that the vaccine candidate induced a robust and effective immune response,
potentially protecting against the targeted disease.
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Figure 13. Different immune responses are generated by the C-ImmSim server. A: The immunoglobulins produced in response to antigen
(Ag) injection are shown in the panel. B: B cell population in response to Ag injections, C: Macrophage population by state, D: Population per state of
T-helper cell, E: Production of cytokines and interleukins (increased production of IFN-y, IL-2, 1L-10, and IL-12, F: DC population by state.
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Codon-optimization and in silico cloning

The final chimeric vaccine was codon-optimized for Homo sapiens using the VectorBuilder online tool. The
optimized mRNA open reading frame comprised 1686 nucleotides. The findings indicated that the mRNA sequence of
the vaccine exhibited a CAl of 0.91, suggesting stability in the mRNA sequence. The vaccine exhibited a GC content of
59.92%, indicating its potential for efficient expression in human cells. The optimal GC content for effective expression
typically ranges from 30% to 70%, while a CAl value above 0.8 is considered acceptable for robust expression in the
host organism. Subsequently, the entire MRNA vaccine sequence was inserted into the standard custom cloning vector
pUC57 using SnapGene software, between the EcoRIl (GAATTC) and Sacl (GAGCTC) restriction sites.

Additionally, the BspQI (GCTCTTC) restriction enzyme sequence was added to the constructed vaccine after the
poly (A) tail to facilitate plasmid DNA linearization during IVT mRNA synthesis. The resulting plasmid vector
construct "chimeric L1/L2_pUC57" consisted of 4725 bp, comprising 2027 bp of the inserted sequence (Figure 14).
After that, the entire mRNA vaccine was inserted using SnapGene software between the two restriction sites of EcoRl
(GAATTC) and Sacl (GAGCTC) in the standard custom cloning vector pUC57. This plasmid is suitable for cloning due
to its efficient replication capabilities. GenScript provided the plasmid vector.
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Figure 14. Cloning simulation of the final vaccine construct against human papillomavirus species in the pUC57 standard vector
(size of 4725 bp) between the EcoRI (at a position of 396) and Sacl (at a position of 2421). The red spots represent (BspQI) restriction
sites for plasmid DNA linearization, whereas the longer orange arrow represents a multi-epitope chimeric L1/L2 mRNA vaccine of 2027 bp length.

Assessment of the vaccine mRNA structure

The RNAfold web server was used to calculate the minimum free energy (MFE) of the mRNA vaccine, yielding an
MFE of -731.10 kcal/mol. The centroid secondary structure exhibited a value of -527.51 kcal/mol. Furthermore, the
thermodynamic ensemble had a free energy of (-757.80 kcal/moal), a frequency of 0.00% for the MFE structure, and an
ensemble diversity of 560.43 (Figure 15). These results suggested that following synthesis, the mRNA might be stable.
The structure displayed in Figure 15 is colored by base-pairing probabilities. For unpaired regions, the color denotes the
probability of being unpaired.
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Figure 15. The secondary structure prediction of the final constructed mRNA-based vaccine. A: The model of the vaccine's MFE
secondary structure. B: The predicted model of the vaccine's centroid secondary structure. C: A mountain plot illustrating the MFE structure, the
thermodynamic group of mRNA structures, the centroid structure, and the positional entropy plot for each nucleotide position. In this plot, red
represents MFE, green denotes PF, and blue indicates the centroid.

DISCUSSION

This study developed a chimeric L1/L2 mRNA-based vaccine against different HPVs, a significant health concern that
includes cervical cancer (Mahmoudvand et al., 2022). Currently, the US FDA-approved prophylactic vaccines, such as
Gardasil-9 and Gardasil-4, which are based on HPV major (L1) capsids, only target a restricted subset of HPV species
(Mo et al., 2022). Consequently, they allow untargeted strains to continue spreading infection, highlighting the need for
broad protective vaccinations. Developing broad protective vaccinations is a successful strategy to combat the
transmission of all kinds of HPV.

Several studies have embraced the development of broad-spectrum vaccinations considering the exploitation of L2
minor capsids due to the underlying highly conserved epitopes across multiple HPV species (Huber et al., 2017; Olczak
and Roden, 2020). The L2 capsid, a small protein encoded in HPV genomes, has been studied for its antigenic properties
and potential use as a preventive vaccine. Although less immunogenic than the L1 protein, L2 vaccinations stimulate
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durable, broad-range immune responses against various HPV infections (Huber et al., 2017; Olczak and Rodent, 2020).
A combination of L2 and early viral (L1) antigens may promote both curative and preventive responses (Boxus et al.,
2016). The multivalent L2 epitopes (peptide vaccines), fusion or chimeric procedures between L1 and L2, fusion of L1
with other immunogenic proteins, and multi-epitope approaches have emerged as viable options to enhance
immunological responses (Namvar et al., 2019).

The creation and development of multi-epitope-based peptide vaccines is an emerging area of research that utilizes
specific pathogen components, referred to as epitopes, to formulate vaccinations. The development of epitope-based
peptide vaccines is promising due to their relative ease, affordability, rapid design, and protein stability (Shawan et al.,
2023). These vaccines can be formulated to target several viral and pathogenic illnesses, including HPV, utilizing multi-
epitope peptides (Kumar et al., 2022). Traditional vaccine approaches that effectively prevent numerous diseases
encompass live-attenuated, inactivated pathogens, and subunit vaccines; nonetheless, they have yet to meet the criteria
for a completely safe, non-allergenic vaccine with rapid development and extensive production capabilities
(Mohammadi et al., 2023).

In silico techniques have been used to create peptide vaccines from HPV proteins (Shahab et al., 2023), and
prophylactic multi-epitopic DNA vaccines have been developed (Namvar et al., 2019). Plasmid DNA-based vaccines are
less preferred due to high costs, complexity, and immunogenicity, along with the potential for anti-DNA antibody
production and genomic mutations (Gurunathan et al., 2000), while mRNA vaccines offer low production costs, quick
development, and adequate efficacy, making them preferred for preventive and therapeutic applications (Kowalzik et al.,
2021).

The use of in silico chimeric L1/L2 mRNA vaccine creation is crucial in veterinary medicine, as papillomavirus
infections significantly impact both companion animals and humans, resulting in various epithelial lesions and, in some
cases, contributing to cancer development (Medeiros-Fonseca et al., 2023). In veterinary medicine, the availability of
commercial vaccinations for BPV and COPV is currently limited, often relying on the use of L1 protein-based virus-like
particles (VLPs). Nevertheless, these vaccinations may lack extensive cross-protection against different HPV strains.
The use of L2 in the chimeric design is anticipated to enhance cross-protection, as L2 encompasses conserved epitopes
across multiple HPV types, potentially rendering it a more efficacious strategy for veterinary applications.

Selecting helper T cells (CD4+) and cytotoxic T lymphocytes (CD8+) appears to be a beneficial approach for
developing vaccines. This is because cytotoxic T lymphocytes enhance both humoral and cellular immunity, and helper
T cells play a crucial role in developing adaptive immune responses. This means that they may play a crucial role in
eliminating viruses. The MHC molecules display T cell epitopes that enhance the production of effector cells,
immunological memory, and IFN-cells. In this study, the choice of HTLs was based on their capacity to elicit favorable
IFN-y and cytokine responses. Furthermore, linear and discontinuous B-cell epitopes were analysed. The B cell surface
membrane receptor contains linear B cells, which are identified by their antigen markers. When a protein adopts its
native three-dimensional conformation, it can present conformational (discontinuous) epitopes that are specifically
recognized by B cells, leading to the production of targeted antibodies (Lon et al., 2020).

In this study, the best epitopes were joined using the proper linkers, as linkers play a crucial role in epitope
presentation, vaccine stability, and overall antigenicity (Tarrahimofrad et al., 2021). The GGGGS linker is very flexible
and soluble, which makes it a great choice for fusion protein domains that need to move or interact in certain ways
(Chen et al., 2013). The KK linker improves epitope processing and presentation, thereby enhancing immunogenicity. In
contrast, EAAAK (a rigid-based linker) enhances immune activation by promoting epitope attachment to adjuvants and
providing structural stability across glutamic acid and lysine amino acids (Naveed et al., 2022).

The multi-epitope vaccine construct contained regulatory elements, such as the IgE signal leader peptide, which
aids in protein processing and regulates expression, leading to increased immunogenicity (Li et al., 2022). The vaccine
construct also included PADRE as an adjuvant or agonist that recruits and activates Toll-like receptors in CD4+ cells
(Ghaffari-Nazari et al., 2015). Furthermore, MITD was included in the vaccine due to its role in directing cytotoxic T
lymphocyte epitopes to the endoplasmic reticulum compartment (Ghaffari-Nazari et al., 2015; Oladipo et al., 2022). The
addition of a polyhistidine tail (6xHis-tag) was incorporated to facilitate protein detection and purification purposes.

The vaccine's chimeric L1/L2 mRNA structure was optimized for efficient human expression, and incorporating
untranslated regions (UTRs), Poly (A) tail, and Kozak sequence for maintaining the vaccine's stability, translation
efficiency, and immunogenicity (Sun et al., 2023; Jin et al., 2025).

The physicochemical analysis of the designed vaccine revealed an antigenicity score of 0.9178, surpassing the
threshold value of 0.4, which suggested a robust ability to provoke immunological responses. The computed solubility
was 0.451, which exceeded the average solubility of E. coli protein in the experimental solubility dataset (0.45),
demonstrating acceptable protein solubility and influencing the efficacy and stability of the vaccine during production
and storage. Additionally, the vaccine was found to be non-toxic and non-allergenic, confirming its safety in the body.
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The Expasy-ProtParam analysis projected the vaccine to have a molecular weight of 60.16 kDa, with 562 amino acids
(aa), indicating an appropriate vaccine candidate. The developed antigenic vaccine demonstrated similar protein
properties, as it fell within the allowed range of less than 110 kDa, making it easier to express and purify than larger
proteins (Sanami et al., 2023). The molecular weight of a chimeric mMRNA-based vaccine was 644.98 kDa, as estimated
using the RNA molecular weight calculator online tool. The molecular weight of mRNA-based vaccines can vary
significantly depending on their specific design and components, as numerous studies have reported sizes ranging from
285.3 kDa to 71.897 kDa (Naveed et al., 2022; Oladipo et al., 2022). The developed vaccine consisted of multi-epitope
peptides with a theoretical pl of 9.44, an aliphatic index of 68.49, and an instability index of 36.89. A protein exhibiting
an instability greater than 40 is deemed unstable (Mohammadi et al., 2023). The grand average of hydropathicity
(GRAVY) was anticipated to be -0.366, indicating hydrophilicity and its enhanced capacity to interact with neighboring
water molecules (Akbay et al., 2021). The predicted half-life of the suggested vaccine design is 30 hours in human
reticulocytes, over 20 hours in yeast, and beyond 10 hours in E. coli, indicating prolonged stability when interacting with
the immune system. The designed vaccine showed comparable physiochemical characteristics, such as high antigenicity
potency, protein solubility and stability, hydrophilicity in nature (GRAVY), extended half-life, and accepted molecular
weight, as well as the absence of allergens and toxins (MEVs; Ghorban Hosseini et al., 2017; Mahmoodi et al., 2023;
Rizarullah et al., 2024). These findings revealed that the produced vaccine is a promising contender for future use, as its
physicochemical properties align with those of previous investigations.

The global distribution of HLA alleles, class | and 1, necessitates a focus on population coverage when developing
effective vaccines to reach the maximum number of people (Shawan et al., 2023). This vaccine achieved a global
coverage rate of 86.24%, based on population coverage of T-cell epitopes, as sourced from the IEDB website. Compared
to prior and recent prophylactic vaccines, the coverage of the selected T-cell epitopes is inferior to that of the Gardasil-9
vaccine (89.72%); however, it surpassed the finding reported by Ryan et al. (2024) (82.63%). This variability is
contingent upon the selected allele, which significantly affects epitope presentation and the predicted efficacy of
vaccines across diverse populations (Cai et al., 2021).

The vaccine's 2D structure model identified stable, flexible, and globular secondary structural features in a-helices,
B-sheets, turns, and coils. The probability that SOPMA servers will accurately predict the fraction of 2D configurations
using four conformational states, alpha helix, sheet, turn, and random coil, is 80% (Hasan et al., 2024). Three-
dimensional structural modeling demonstrated that the vaccine included the highest number of amino acid residues in
the most favored area, achieving a coverage of 96.1% and a Z-score of -7.2, signifying high quality (Z < 0). A high-
resolution protein model is expected to have more than 90% of its amino acid residues located within the most favored
regions of the Ramachandran plot, indicating robust stereochemical quality (Morris et al., 1992). Additionally, a more
negative Z-score reflects better overall structural quality and model reliability (Wiederstein and Sippl, 2007). These
attributes significantly reflect the vaccine's stability, transportability, and immunogenicity. The MDockPeP server was
used to predict the binding interaction between cytotoxic T cell epitopes and Major histocompatibility class | or HLA
alleles. All epitopes, including 5 CTL L1 and 6 CTL2, exhibited an enhanced binding affinity to MHC-I, with a negative
free binding energy, indicating a thermodynamically favorable interaction.

In the present study, molecular docking was used to examine how the designed chimeric L1/L2 mRNA vaccine
parts interact with HLA alleles, human TLR9 and TLR4, and B cell receptors (BCRs), while molecular dynamics (MD)
simulations were used to analyze the stability, flexibility, and behavior of the complex. The vaccine exhibited effective
binding affinity with HLA class I, displaying a free energy value of AG = -34.01 kcal/mol, and with HLA class Il, which
showed a free energy value of AG = -20.77 kcal/mol. This suggests that the vaccine contains antigenic peptides which
immune cells (T cells or B cells) recognize via HLA, resulting in robust cellular and humoral immune responses. The
results are corroborated by the findings of Lee et al. (2024), who demonstrated that the HLA-restricted peptide vaccine
elicited both T and B cell immunity. Moreover, a significant affinity was observed between the vaccine and TLR4 and
TLRY, as well as the B cell receptor (BCR), characterized by the lowest free energy (AG). Lower binding-free energy
(AG) values indicate a more favorable interaction, implying that the vaccine exhibited a vigorous affinity for the
receptors. This suggests that the vaccine contained antigenic peptides that trigger robust immune responses in immune
cells such as T cells or B cells (Lee et al., 2024). TLR9 plays a critical role in cytokine production and the activation of
antigen-presenting cells by recognizing unmethylated CpG motifs commonly found in bacterial and viral DNA
(Rottembourg et al., 2010).

The docking analysis results indicated that the vaccine interacted efficiently with receptors, creating hydrogen
bonds, salt bridges, and hydrophobic interactions. Crucially, this vaccine should integrate with or be recognized by
TLR9 and TLR4. As reported by Lampe et al. (2020), a vaccine that can interact with or be recognized by Toll-like
receptors TLR9 and TLR4 is likely to enhance immune activation and exhibit synergistic effects on antigen-presenting
cells (APCs), as well as improve the modulation of both innate and adaptive immune responses.

369



Sylvere et al., 2025

The iMODs were used for Molecular Dynamics simulation to analyze the vaccine-TLR9 and TLR4 complex's
stability, flexibility, and functional dynamics. In the present study, normal mode analysis (NMA) was conducted using
iMODs to evaluate the stability and dynamic behavior of the designed vaccine in complex with Toll-like receptor TLR9
and TLR4. The deformability plot showed that the vaccine construct had both rigid and flexible parts, with higher
deformability observed for the vaccine-TLR 9 complex. Rigidity and flexibility are necessary to maintain the structure's
strength and allow the antigen to be presented effectively (Ward and Wilson, 2020). Regions corresponding to predicted
epitopes exhibited higher flexibility, suggesting an ability to interact dynamically with immune receptors. Conversely,
the core structural elements in TLR4 showed rigidity, ensuring that the construct remains intact upon receptor binding.

The B-factor analysis showed notable variations in the number of atoms located in surface-exposed areas,
suggesting that the epitopes are readily accessible. In vaccine design, regions with higher B-factor values generally
indicate increased flexibility and surface exposure, making them more likely to be recognized by the immune system
(Ullah et al., 2022). Such regions are typically more accessible to antibodies and immune receptors (Soltan et al., 2021).

The elastic network model demonstrated that the vaccine structure maintained a balanced network of interactions
between residues, preventing it from becoming too unstable while still allowing it to change its shape. It is known that
eigenvalues derived from normal mode analysis (NMA) reflect molecular flexibility and stability (Guan et al., 2025).
The vaccine-TLR9 and TLR4 complexes exhibited lower values of eigenvalues, with the vaccine-TLR9 complex
demonstrating a lower eigenvalue. The low eigenvalue identified in this study suggested that both vaccine-TLR9 and
TLR4 complexes exhibited structural adaptability, facilitating successful receptor binding. A smaller eigenvalue
corresponds to a softer mode and a simpler deformation, signifying greater flexibility. Overall, docking and molecular
dynamics studies demonstrated that the complexes remain stable during the simulation.

The immunological simulation profile results indicated that the wvaccine had exceptional efficacy when
administered four times, biweekly, over a 42-day period. This vaccine stimulated the production of B-cells, Helper T
Lymphocytes (HTL), Cytotoxic T Lymphocytes (CTL), Natural Killer (NK) cells, macrophages, and the release of
interferon (IFN). Interferons and natural Killer cells have been documented as primary defenses against invading viruses,
including HPV, underscoring their critical role in viral elimination (Shahab et al., 2023). T cells and cytokines are vital
in eradicating virus-infected cells (Akbay et al., 2021). The current vaccine corresponds with mRNA vaccines (e.g.,
BNT162b2, mRNA-1273), which have previously demonstrated a robust IgG-dominant response and rapid antigen
clearance (Polack et al., 2020; Baden et al., 2021). In comparison, the current simulation also exhibited a considerable
IgG response, indicating effective memory formation. The IgM immune response result indicated that IgM reached its
peak early, approximately between days 15 and 17, signifying a typical primary immunological response. Nevertheless,
IgM titers subsequently diminished, indicating early activation. Likewise, research on protein subunit vaccinations (e.g.,
Novavax NVX-CoV2373) generally produced elevated 1gG levels, but a delayed IgM response (Heath et al., 2021).

The current vaccine induced a prolonged presence 1gG1 and 1gG2 responses, with 1gG1 dominating, suggesting a
Th2-biased humoral response. The current vaccine appeared to induce a more biased immune response toward 1gG1,
suggesting a heightened Th2 response (humoral immunity, B-cell activation), which may be advantageous for
preventing severe disease. Comparably, the COVID-19 vaccine BNT162b2 has been shown to induce human antibody
and T (H) 1 T cell responses (Sahin et al., 2021). The elevated 1gG levels observed at day 35 indicated prolonged
immune protection conferred by the constructed vaccine.

It was reported that the mRNA vaccines made by Pfizer-BioNTech and Moderna caused effective 1gG responses
and produced numerous memory B cells (Polack et al., 2020; Baden et al., 2021). The current candidate vaccine
exhibited a similar pattern, with a rapid 1gG1 response and long-lasting memory B cells, suggesting that the immune
response may persist over time. Regarding B cells expressing isotypes, IgM-expressing B cells are part of the primary
immune response. Their persistence indicates the continued presence of antigens or immune boosting. Similar trends are
observed in the vector-based Johnson and Johnson COVID-19 vaccine (Ad26.COV2.S), where IgM lasts longer before
class switching (Sadoff et al., 2021). Comparable macrophage activation trends have been noted in mRNA vaccines
(Baden et al., 2021) and protein-based vaccines (Heath et al., 2021), supporting robust immune priming. The present
vaccine demonstrated a rapid increase in total TH cells and memory T-helper cells. Similar to the BNT162b2 and
MRNA-1273 vaccines, which exhibited the induction of a robust Thl-skewed response essential for viral elimination
(Polack et al., 2020). The designed vaccine elicited dendritic cells (DCs), which efficiently drive antigen-specific T cell
activation. Effective DC activation is crucial for mRNA vaccine-induced immunity (Tarke et al., 2021). IFN-y is
essential for Thl polarization, which enhances cytotoxic T-cell (CD8+) activity and facilitates pathogen elimination. The
present vaccine induced a strong IFN-y response, indicating the activation of cell-mediated immunity. This discovery is
analogous to mRNA vaccines (Pfizer/Moderna) and viral vector vaccines (AstraZeneca) (Sahin et al., 2021; Sadoff et
al., 2021). The designed vaccine increased interleukin IL-2, which showed that it could cause T-cells to grow and
differentiate, which would lead to a strong immune response. This trend has been observed in mRNA vaccines, which
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have induced early T-cell proliferation for enhanced immunity (Mudd et al., 2022). Furthermore, the immune simulation
results indicated that 1L-10 was released, resulting in a vaccination with reduced side effects. This cytokine helps the
immune system heal and lower inflammation (Voysey et al., 2021).

The codon optimization tool in VecBuilder yielded favorable results, achieving a CAl of 0.91 and a GC content of
59.92%, thereby satisfying the optimal expression criterion for the target organism. A CAl exceeding 0.8 indicates
successful expression (Morla and Kumar, 2016), while a GC concentration between 30% and 70% is advised for optimal
gene expression in the chosen organism (SignaGen Laboratories, 2015). Multiple studies have demonstrated that
immunoinformatics techniques can be employed to develop and evaluate vaccines for various targets (Mahmoudvand et
al., 2022; Shawan et al., 2022; Sanami et al., 2023; Shahab et al., 2023). Overall, the findings indicated that the chimeric
vaccine construct is robust, efficacious, safe, and capable of concurrently halting numerous pandemics through in silico
analysis. However, it is advisable to validate this vaccine candidate both in vitro and in vivo to ensure safety and
efficacy.

CONCLUSION

Papillomaviruses are non-enveloped viruses with circular, double-stranded DNA, capable of infecting both humans and
companion animals. Human papillomavirus infections persist due to limited preventative vaccinations targeting specific
species. The immunoinformatics approach enables the rapid and cost-effective development of broad-spectrum mRNA
vaccines against human papillomaviruses, showing promise for addressing papillomavirus infections in humans, as well
as animals, including livestock and pets. This study demonstrated that the proposed mRNA-based vaccine design is
highly efficient and induces immune responses through in silico immunological simulation. Furthermore, the vaccine's
physicochemical properties indicated that it is soluble and stable, possesses a strong affinity for binding to innate
immunological receptors (TLRs), and demonstrates flexible, durable, and adaptable dynamic interatomic interactions.
These characteristics suggested that the vaccine can support both innate and adaptive immunity against specific viral
infections. The proposed vaccine design is a promising contender for producing mRNA vaccines for global use. The
design of a potentially wide-spectrum vaccine is a significant step forward in vaccine research and pandemic
preparedness. Despite the encouraging findings of the present study, more in vitro and in vivo experimental testing is
advised to confirm its safety and effectiveness.
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