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Introduction

Human Adenovirus (AdVs) belongs to the family Adenoviridae 
and consist of Double-Stranded DNA (DSDNA) virus. There are 
seven adenovirus species that infect humans. These viruses range 
from 70 to 90 nm in diameter and are responsible for several 
illnesses, such as acute respiratory infections, conjunctivitis, and 
gastroenteritis. Human AdV species are widely found in food and  

 
water and are considered the second most prevalent source of 
gastroenteritis in kids [1]. AdVs are icosahedral, non-enveloped 
viruses with a diameter of 70–90 nm and a protein capsid. 
Adenovirus proteins fall into three general groups: structural, 
non-structural, and regulatory proteins [2]. Protein IX (IX) and 
Protein VI (VI), minor capsid proteins involved in capsid assembly 
and stability; Hexon (II), the major capsid protein; Penton (III), 

Abstract  

Human Adenovirus (ADV), a member of the Adenoviridae family, is Double-Stranded DNA (DSDNA) virus associated with gastroenteritis, 
conjunctivitis, and severe respiratory infection and illnesses in infants and immunocompromised individuals. Despite its widespread prevalence 
in food and water sources, no specific and effective treatment strategy is currently available. In the current study, robust immunoinformatic 
approaches were employed to develop a multi-epitope vaccine targeting conserved fiber protein of adenovirus. Non-allergic and antigenic and 
non-toxic B-cell, Cytotoxic T Lymphocyte (CTL), and Helper T Lymphocyte (HTL) epitopes were predicted and combined with appropriate linkers, 
such as KK, GPGPG, and AAY. Additionally, human beta-defensin was added as an adjuvant at the C-terminal end of the vaccine construct using 
the EAAAK linker to enhance immunogenicity. The designed vaccine exhibited favorable physicochemical properties with a solubility score of 
0.8327, and an Antigenicity potential score 0.913813, while the construct remained non-allergenic and non-toxic. Structural validation through 
RAMPAGE, ProSa web, and ERRAT confirmed the reliability of the vaccine model, with an ERRAT value 86.475 and 91.3% residues located in 
the most favored region of the Ramachandran plot. The vaccine also showed a ProSA Z-score of -6.87, further indicated structural stability and 
quality. Molecular docking analysis revealed strong interactions between the vaccine construct and Toll-like receptor 2 (TLR-2 with a binding 
energy score of −257.02 kJ/mol. Subsequently, Molecular dynamics simulations further confirmed the stability of the vaccine TLR-2 complex. 
Codon optimization and in-silico cloning into the pET28a (+) vector suggested efficient expression potential in E. coli. Additionally, immune 
simulation studies predicted a promising immunological response. Collectively, the proposed multi-epitope vaccine construct demonstrated 
promising immunogenic and structural characteristics against adenovirus infection. However, future in vitro and in vivo experimental studies are 
required to confirm its safety, efficacy, and therapeutic potential for preventing and treating of adenovirus-related diseases.

Keywords: Human mast adenovirus; Multi-epitope base subunit vaccine; TLR-2; Docking and MD simulation; Immunoinformatics design; E. coli 
Expression 

https://juniperpublishers.com
http://dx.doi.org/10.19080/GJPPS.2026.12.555845
https://juniperpublishers.com/gjpps


Global Journal of Pharmacy & Pharmaceutical Sciences

How to cite this article:   Arshad I, Najeeb U, Li P, Israr H, Sajjad A, et al. From Epitope Discovery to Immune Simulation: An Integrated Computational Strategy 
for Multi-Epitope Vaccine Design Against Human Mastadenovirus. Glob J Pharmaceu Sci. 2026; 12(4): 555845. DOI:10.19080/GJPPS.2026.12.555845002

which forms the capsid vertex and binds to the Fiber protein; 
Fiber (IV), which projects from the vertex and is responsible 
for attachment to host cells; and other proteins are among the 
structural proteins. Non-structural proteins include E1A (E1A), a 
transcriptional regulator; E1B (E1B), which regulates apoptosis; 
E2A (E2A) and E2B (E2B), involved in viral DNA replication and 
transcription; E3 (E3), which regulates the host immune response; 
and E4 (E4), which regulates viral late gene expression. Regulatory 
proteins include VA RNA (VA), a small RNA that regulates viral 
replication and translation; μ (μ), which regulates viral late gene 
expression; and IVa2 (IVa2), which regulates viral DNA replication 
and transcription. Other proteins, such as Protein V (V), Protein 
VII (VII), and Protein X (X), play roles in viral assembly, DNA 
packaging, and replication.

The AdV genome is a linear, double-stranded DNA molecule 
approximately 36 kilo base pairs (kb) in length, composed of 
two inverted terminal repeats (ITRs) flanking a single origin of 
replication [3]. The genome is divided into two main regions: 
early (E) and late (L). The early region is further divided into 
sub-regions (E1, E2, E3, and E4), which encode non-structural 
proteins involved in transcriptional regulation, apoptosis, DNA 
replication, and immune response modulation. The late region 
encodes structural proteins, including Hexon, Penton, and Fiber, 
and is divided into subregions (L1-L5). Additionally, the genome 
contains intermediate region (I) genes, such as IVa2 and μ, 
which regulate viral DNA replication and late-gene expression. 
The adenoviral genome also features Inverted Terminal 
Repeats (ITRs), a single origin of replication, VA RNA genes, and 
glycoprotein genes, which play crucial roles in viral replication, 
transcription, and entry. Overall, the AdV genome is a complex 
and highly organized molecule, with different regions and genes 
working together to facilitate viral replication and infection [4].

 AdVs were first identified in 1953 by Wallace Rowe 
and colleagues, and since then, over 70 serotypes have been 
discovered [5]. The virus was initially isolated from human 
adenoids, hence its name adeno”. Throughout its history, 
adenovirus has caused several notable outbreaks, including a 
1955 outbreak of adenovirus-associated lung disease among 
US armed peoples, which had a mortality rate of 0.2%. Other 
significant outbreaks include a 1961 epidemic of adenovirus type 
7 in US military camps (mortality rate: 0.5%), a 1997 outbreak 
of AdV type 4 in US soldierly workers (mortality rate: 0.2%), and 
a 2007 outbreak of adenovirus type 14 in US fighting recruits 
(mortality rate: 0.3%). More recently, an outbreak of adenovirus 
type 7 in a New Jersey rehabilitation center in 2018 resulted in 
a mortality rate of 4%. While Adenovirus infections generally 
have a low mortality rate of less than 1%, certain serotypes 
can cause severe illness with higher mortality rates, especially 
among immunocompromised  individuals, and are recognized as 
significant pathogens due to their widespread distribution and 
ability to cause disease.

 AdVs are found worldwide, can cause both epidemic and 
sporadic diseases in humans and animals [6]. AdVs are typically 
species-specific, although they can occasionally infect closely 
related species. Usually, aerosols released by coughing and 
sneezing or pharyngeal secretions of infected people spread early 
illnesses [7]. Due to the infection’s ability to survive in tonsillar 
muscle and the duodenal epithelial tissue long after the clinical 
disease has passed, the fecal-oral route is also an important way 
of transmission. Depending on the species and type of institution, 
between 36 and 90 percent of nonhuman primates kept in 
captivity have viruses in their stools, which are excreted in high 
volumes by healthy apes and macaques. Housing people in close 
quarters encourages the spread of illness. Compared to adults, 
kids and newborn nonhuman primates are more vulnerable 
to clinically manifest adenovirus poisons. The host species, 
patient’s age and immune condition, and virus serotype all have a 
significant impact on the degree of infection. As previously stated, 
even though the patient sheds a significant amount of virus, many 
of these infections remain clinically undetectable.

 AdVs enter susceptible cells through specific receptors and 
use their filamentous projections to facilitate endocytosis. Once 
inside, the virus undergoes partial degradation, releases its DNA 
into the cytoplasm, and transports it toward the nuclear pores 
via microtubules. Subsequently, the viral DNA is released into the 
nucleus, while the capsid remains within the cytoplasm [8]. During 
replication, AdVs obstruct the production of proteins and DNA in 
cells and host mRNA processing, ultimately leading to cell death. 
Infected cells develop large inclusion bodies containing crystalline 
arrays of virions, viral capsid proteins, and encapsulated DNA, 
which are visible under electron microscopy [9].

AdV infection commonly affects the respiratory airways and 
lungs, causing patchy areas of firmness and discoloration in the 
affected lung tissue. Microscopically, this is characterized by 
necrosis of epithelial cells in the alveoli, bronchi, trachea, and 
bronchioles, accompanied by basophilic intranuclear inclusion 
bodies. Neutrophils and macrophages have also been observed to 
infiltrate infected areas. Additionally, the cornea and conjunctival 
effusion appeared edematous and congested. The conjunctival 
epithelial tissue exhibits parts of necrosis and intranuclear 
inclusion body development under a microscope [10]. The second 
most public tissue system affected by AdVs and causing diarrhea 
is the gastrointestinal tract. The small intestine and stomach may 
appear normal or exhibit edema and congestion [11]. The mucosa 
displays localized and confluent erosions or ulcerations under 
a microscope, along with necrotic enterocytes with adenoviral 
inclusions. Adenovirus pancreatitis in macaques typically affects 
young, immunocompromised individuals, such as those with 
SRV-1, SRV-2, and SIV infections. The pancreas exhibits white or 
red foci of necrosis and hemorrhage, with histological features 
including neutrophil infiltration, extensive necrosis, concentrating 
on interlobular channels, and lobular fibrosis. Adenovirus 
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infections can also cause less common diseases, including 
necrotizing hepatitis, hemorrhagic cystitis, and tubulointerstitial 
nephritis. Intra-nuclear inclusions in adenovirus-infected cells 
must be distinguished from those caused by CMV, SV40, B virus, 
and measles virus. Additionally, some AdV strains can lead to 
significant nucleomegaly and cytomegaly, similar to CMV and 
SV40 [12].

Cough and hyperpnea are symptoms of clinically evident 
respiratory tract infections; in more severe cases, dyspnea and 
cyanosis are also present. Kerato-conjunctivitis may also be 
present. Most animals heal in a week–ten days, although adults 
recover faster. Except for newborns, death is often low and 
frequently stems from subsequent bacterial infections. As a result 
of viral replication in the enterocytes of the small intestine, other 
animals may develop diarrhea. Like the respiratory tract, recovery 
usually takes two weeks, but even after the animal stops showing 
symptoms, the virus may still be excreted in its feces for several 
weeks. The source of infection for other vulnerable people is 
ongoing viral shedding in the feces. Rarely, severely necrotizing 
pancreatitis in immunocompromised macaques can result in 

diarrhea and death.

There are no commercially available antiviral medicines 
precisely for AdV infections [13]. The goal of treatment plans 
for diarrheal illnesses is to avoid dehydration and subsequent 
bacterial infections. Supportive therapy is also advantageous for 
maintaining a stable calorie intake in severely anorexic animals. 
In present study, we employed an in-silico method to project a 
novel multi-epitope subunit vaccine against adenovirus, focusing 
on the fiber protein as a key antigen. Using computational tools 
and bioinformatics techniques, we identified and selected highly 
conserved and immunogenic epitopes from the fiber protein, 
which were then combined to create a multi-epitope construct. 
This computational approach enabled us to predict and optimize 
the immunogenic potential of the vaccine, reducing the need for 
extensive experimental trials. By leveraging the power of in silico 
design, we aimed to develop a multi-epitope subunit vaccine that 
provides broad-spectrum protection against multiple adenovirus 
serotypes, addressing the limitations of existing vaccine 
approaches and ultimately conducive to the advance of an active 
and safe vaccine against adenovirus-related diseases.

Figure 1: A diagrammatically depiction of the steps involves in the designing of an epitopes-based vaccine against the AdVs Generated 
with AI.
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Methodology

A step-by-step flowchart of this study is depicted in (Figure 1).

Collection of protein sequence

A single fiber protein corresponding to human Adenoviruses 
(AdVs) was retrieved in FASTA format from the UniProt database 
(https://www.uniprot.org/) [14]. The selected protein sequence 
was analyzed for its potential use in vaccine development. 
Antigenicity assessment was performed using the VaxiJen v2.0 
online server (http://www.ddg-pharmfac.net/VaxiJen/VaxiJen/
VaxiJen.html), with the default threshold value, and the protein 
was identified as antigenic. Subsequently, the selected protein 
sequence was utilized for further immunoinformatics analyses 
and epitope prediction [15].

T-lymphocytes prediction

The NetCTL 1.2 website was used to predict CTL epitopes 
against the selected protein sequence (https://services.
healthtech.dtu.dk/services/NetCTL-1.2/) [16]. Three essential 
characteristics that influence the prediction of CTL epitopes 
are proteasome-associated antigen processing (TAP) transport 
precision, proteasomal C-terminal breakdown efficacy, and peptide 
necessary to MHC. An artificial neural network predicted peptide 
binding to MHC-1 and proteasomal C-terminal degradation, 
whereas a weight matrix predicted the TAP transport score. CTL 
epitope identification was performed through a threshold of 0.75 
[17].

HTL epitopes prediction

The following seven human alleles were able to have their 
15-mer length estimated by helper T lymphocytes (HTL): 
HLA-DRB1*03:01, HLA-DRB3*01:01, HLA-DRB4*01:01, HLA-
DRB1*07:01, HLA-DRB1*15:01, HLA-DRB3*02:02, and HLA-
DRB-5*01:01. This was accomplished by the Internet IEBD tool 
(https://www.iedb.org/), [18]. The IC50 value for each epitope 
indicates the extent to which the peptide binds to the appropriate 
receptors. Peptides with low binding affinities have IC50 values of 
less than 500 nM, whereas those with high binding affinities have 
IC50 values of less than 50 nM. Higher binding affinities result in 
lower percentile rankings; a negative correlation has been shown 
between the percentile rank score and the binding affinity of the 
epitope.

B-cell epitopes prediction

B-cell epitopes are critical for producing an efficient safe 
response because they can increase humoral immunity via B-cell 
receptor binding or antibody production [19]. ABCpred (https://
webs.iiitd.edu.in/raghava/abcpred/ABC_submission.html) is an 
online tool utilized to forecast linear or continuous B-cell epitopes 
[20], which is crucial for the host antibody manufacturing strategy. 
Linear B cell epitopes were predicted via ABCpred [20], with an 
accuracy rate of 75%, specificity of 0.75, and sensitivity of 0.49 
[21].

Population coverage analysis

A complete analysis of the population coverage of certain 
epitopes was conducted by the population coverage examination 
tool available on the IEDB website (https://www.iedb.org/) 
[22], To conduct comprehensive research, we uploaded collected 
MHC-II epitope information and used a choice technique that 
considered the worldwide distribution. We remained able to 
check the precision of our data while employed under normal 
conditions by comparing the coverage of HLA class II necessary 
alleles.

Final multi-epitope vaccine construction

To successfully distinguish high-score epitopes from the B-cell, 
CTL, and HTL epitopes, several criteria were used. The selected 
epitopes were methodically mixed to form the final multi-epitope 
subunit vaccine. The designated epitopes were linked together 
by linkers such as AAY, GPGPG, and KK [23]. Vital substances 
called linkers aid in immunological processing and HLA-II epitope 
binding [24]. They show a lower overall number of epitopes, in 
addition to the location of cleavage. To improve immunogenicity 
and homogeneity, a human beta-defensin 103 adjuvant (UniProt 
ID: P81534) was added to the C-terminal sequence of the vaccine 
[25].

Antigenicity and Allergenicity prediction of the final 
vaccine construct

The AllerTop 2.0 website (https://www.ddg-pharmfac.net/
AllerTOP/) was used to determine whether the vaccine was 
allergenic [26]. However, we used two distinct online programs, 
ANTIGENpro (http://scratch.proteomics.ics.uci.edu/) & VaxiJen 
2.0 (http://www.ddg-pharmfac.net/VaxiJen/), to forecast the 
antigenicity score [27], and as a result, the vaccine sequence was 
proven to be both non-allergenic and antigenic.

Physiochemical characteristics of the vaccine

Using an online platform called ProtParam (http://web.
expasy.org/protparam/) [28], we estimated the Grand Average 
of Hydropathicity (GRAVY), stability index, theoretical isoelectric 
point, amino acid content, in vivo and in vitro half-lives, aliphatic 
index, and molecular mass.

Vaccine solubility rate prediction

The web-based program SOLUPROT (https://loschmidt.
chemi.muni.cz/soluprot/) was used to examine the multi-
epitope  subunit vaccine design [29]. The multi-score technique 
generates an assimilation score. A protein in Escherichia coli with 
a solubility score of less than 0.5 is considered insoluble and is 
indicated by a red tint. In contrast, a protein is probably soluble if 
it is green and has a score higher than 0.5.

Secondary structure prediction of final vaccine design

To establish the secondary structure of the vaccine design, 
position-specific integrated-BLAST (PSI-BLAST) data were 
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examined with two feed-forward neuronic networks, which are 
well-known for their high accuracy. The online server PRISPRED 
(http://bioinf.cs.ucl.ac.uk/psipred/) reliably predicts structural 
features like membrane helix prediction, domain identification, 
alpha helices, protein folds, and secondary structure [30].

Three-dimensional structure of the final vaccine 
construct

The formation of a three-dimensional vaccine model is a 
vital step in the progress of epitope-based vaccines. For three-
dimensional structural analysis, the amino sequence of the 
vaccine was submitted to the Robetta tool in FASTA format. Since 
2014, the Robetta website (https://robetta.bakerlab.org/) has 
been acknowledged as the most accurate server [31], owing to 
its Continuous Automated Model Evaluation (CAMEO) technique, 
which guarantees accuracy.

Refinement of the vaccine tertiary structure

The purpose of a protein rest on its 3D structure, which is 
dictated by its amino acid sequence. These features influence 
protein interactions with other particles in the body, including 
antibodies, enzymes, and receptors [32]. As a result, the three-
dimensional model  of a vaccine protein may affect its ability to 
stimulate an immune comeback and run defensive immunity 
[33]. Galaxy Refine (https://galaxy.seoklab.org/cgi-bin/submit.
cgi?type=REFINE) is an online tool used to optimize the three-
dimensional structure of the multi-epitope subunit vaccine [34]. 
The Galaxy Refine findings show the scores for each of the five 
structural models created, as well as the rotamers for GDT-HA, 
RMSD, Clash, MolProbity, and Poor, and the proportion of favored 
areas in the Ramachandran plot. Using the CASP10 refining 
process, this technology repackaged the protein side chains. The 
structure generated using the CASP10 technique was improved 
using the best protein structure prediction web resources 
available [35]. Galaxy Refine, one of the most dependable servers 
for refining the overall and limited quality of protein structures, 
stepped in. Galaxy Refine reduces the 3D structure via molecular 
dynamics simulations.

Validation of the multi-epitope subunit vaccine’s 
tertiary structure

The PROCHECK, ERRAT, and ProSA are available online toola 
to verify the structural validity of the new vaccine model [36]. 
The ERRAT website was used to identify noncovalent connections 
between distinct atoms. The PROCHECK service was used to assess 
the stereochemical properties of the residues. Subsequently, a 
Ramachandran plot was used to validate the proposed model, 
by assessing the distribution of residues within energetically 
favorable regions; score 85% were considered acceptable. SAVES 
(https://saves.mbi.ucla.edu) version 6.0 provides access to both 
ERRAT, and PROCHECK [37]. The ProSA-web server was used to 
compute Z-score and the energy plot, which indicate the overall 
quality score of the mark vaccine model (https://prosa.services.

came.sbg.ac.at/prosa.php) [38]. The data were visually presented 
with residues on the x-axis and Z-scores on the y-axis and 
compared to naturally existing protein structures identified by 
X-ray crystallography, and NMR.

Discontinuous B-cell epitopes prediction

Protein folding reasons reserved areas of the protein sequence 
to meet, ensuing in discontinuous B-cell epitopes [39]. The ElliPro 
website (http://tools.iedb.org/ellipro/) forecast antibody epitope 
prediction and analyzes protein three-dimensional structures to 
identify probable conformational or discontinuous B cell epitopes 
[40]. ElliPro evaluates the Protrusion Index (PI) values of residues 
and clusters around them, along with the spheroidal shape of 
the protein, using three approaches. Standard epitope prediction 
parameters were applied after uploading the chosen model in 
PDB set-up to the ElliPro online server.

Molecular docking of the vaccine with TLR-2 and 
examination of the complexes by PDBsum

The vaccine substance can elicit a persistent immune 
response only by attaching to specific resistant cell receptors 
[41]. We investigated these interactions by molecular docking 
experiments. By analyzing the connections between a ligand and a 
receptor particle, molecular docking facilitates the determination 
of the affinity and stability of complex binding. The RCSB PDB 
database (https://www.rcsb.org) was utilized to obtain the 
PDB construction of TLR-2 (PDB Code: 6NIG) [42]. To study the 
relationship between the inoculation material and TLR, the TLR-2 
and vaccine fragment were uploaded to the HDOCK online server 
(http://hdock.phys.hust.edu.cn/) [43]. The TLR and vaccine 
material three-dimensional complexes were rendered using 
PyMOL. In the end, PDBsum was utilized to map the interaction 
residues between the vaccine and TLR.

Binding affinity of the vaccine-TLR2 complex

After the docking analysis identified the optimal structure for 
each docked complex, the binding affinity of the TLR and vaccine 
was tested via the PDBsum online server. PDBsum (https://
www.ebi.ac.uk/thornton-srv/databases/pdbsum/) is a graphic 
database that includes an item summary for each 3D structure 
in the Protein Data Bank (PDB) [44]. Figures accompanying the 
molecule demonstrate how it interacts with other molecules 
to build structures like protein chains, DNA, ligands, and metal 
ions. To provide a three-dimensional view of the particles and 
their connections, the database mainly leverages the molecular 
graphics applications PyMOL, Rasmol, and JSmol.

Molecular Dynamics Simulation Protocol

The structure stability and dynamics of vaccine-TLR complex 
were studied using the all-atom Molecular Dynamics (MD) 
simulations in GROMACS simulation software [45]. First, the 
initial structure of the system was established by positioning the 
complex into a periodic dodecahedron box and then followed by 
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the solventation with the explicit water model. In order to create 
a physiological system, counter-ions were added to balance out 
the charge of the system. The energy minimization procedure was 
executed to relax the system to its stable state. Then the system 
was equilibrated under two successive processes; first was the 
equilibration of the NVT ensemble for 100 ps to balance out the 
temperature, followed by the second phase of NPT ensemble 
equilibration for 100 ps at 1 bar. The production MD run was 
executed at 300 K with the step size of 2 fs for 100 ns. The long-
range electrostatics was accounted for with the Particle Mesh 
Ewald (PME) algorithm, whereas all the covalent bonds in the 
system were constraint with the LINCS algorithm. The trajectory 
analyses were done using GROMACS utility tools in combination 
with MD analysis and SciPy packages. The overall convergence of 
the system was estimated by computing the Root Mean Square 
Deviation.

bind vdW elec polar nonpolarG E E G G∆ = ∆ + ∆ + ∆ + ∆

Where the individual contributions correspond to van der 
Waals interactions ( vdWE∆ ), electrostatic interactions ( elecE∆ ), polar 
solvent interactions ( polarG∆ ), and non-polar solvent interactions 
( nonpolarG∆ ). This breakdown facilitates an understanding of the 
physicochemical principles underlying molecular recognition.

Reverse translation, codon optimization, and in-silico 
cloning of the final vaccine construct

Codon variation is a mechanism in which two species employ 
distinct codons to boost the rate of foreign gene production in 
the host. To prompt the vaccine protein in E. Coli K12, the vector 
constructer codon optimization tool was used to generate the 
prokaryotic organism with the greatest sequence (https://
en.vectorbuilder.com/tool/codon-optimization.html) [46]. To 
express a chimeric protein in the expression system, we used the 
EMBOSS reverse backtranseq tool(https://www.ebi.ac.uk/Tools/
st/emboss_backtranseq) to convert the amino acid sequence to 
nucleotide sequences [47]. The ideal ranges for the expression 
rate components are 0.8-1.0, 30-70% for the Codon Adaptation 
Index (CAI), and 0.8-1.0 for the GC-content codon. A CAI of 1.0 was 
regarded as the optimal outcome. The optimized base sequence 
also lacked restriction enzyme slicing sites for BmtI and HindIII. 
Next, BmtI and HindIII restriction sites were introduced into the 
N and C terminals, respectively. The enhanced codon sequence 
of the vaccine project was cloned into the E. Coli strain pET28a 
(+) vector using the SnapGene 3.2.1 software’s restricted cloning 
module.

Immune simulation of the multi-epitope based 
constructed vaccine

Immunological simulation of vaccine proteins is a vital step 
in immune system study because it allows scholars to evaluate 
the potential immune response profile and immunogenicity of 
the vaccine. The immunological response to vaccine protein was 
simulated by C-ImmSim, an agent-based safe server (https://
kraken.iac.rm.cnr.it/C-IMMSIM/) [48]. The C-ImmSim service 

predicts immunological interactions and epitopes via a machine 
learning methods and Position-Specific Scoring Matrix (PSSM). 
Most vaccines currently in use require a four-week gap between 
doses [49]. To establish the greatest possible invention profile 
for a preventative onchocerciasis vaccine, the TOVA strategy 
endorses delivering three dosages divided by four weeks. This 
is the reason why the simulation was run with the subsequent 
defaulting parameters: host HLA selection (A MHC class I A0101 
allele, DR MHC class II DRB1_0101 allele, B MHC class I B0702,), 
random seed (12345), simulation steps (100), simulation volume 
(10), and injection time step set to 1. C-ImmSim, another acronym 
for the antigen, is a tool for quantifying the immunological 
response induced by the vaccination in host cells, namely human 
cells, after delivery. The equipment detects interferons, cytokines, 
and vaccine-specific antibodies, as well as helper T-cell levels 1 
(Th1) and 2 (Th2). Overall, our service supports the description 
of vaccines and probable host immune responses.

Results

Collection of protein

The amino acid sequence of the Adenovirus (AdVs) fiber 
protein was retrieved from the Uniprot database in FASTA format 
using its corresponding accession number (P03275). The selected 
protein was analyzed to evaluate its suitability as a potential 
vaccine candidate. Antigenicity and allergenicity assessments 
were performed using the VaxiJen v2.0 and AllerTOP v2.0 servers, 
respectively. The results indicated that the AdVs fiber protein 
possessed strong antigenic properties while being classified as 
non-allergenic, supporting its potential application in vaccine 
design.

Cytotoxic T-lymphocyte prediction

Cytotoxic T lymphocytes (CTLs) have been found to be critical 
in providing humoral immunity support, elimination of infected 
cells, and development of long-term immune memory. In the 
current study, the fiber protein sequences were analyzed using 
NetCTL 1.2 software to determine the potential CTL epitopes. The 
epitopes were selected based on the strength of their predicted 
immunogenicity and high binding capacity with MHC class I. 
Three epitopes were identified from the set of predicted epitopes 
and assigned for vaccine production. These epitopes are listed in 
(Table 1).

Helper T-lymphocyte prediction

Helper T cells reactivate B cells, regulate the immune 
response, and encourage the production of antibodies. Th1 cells 
enhance immunity through cell-mediated mechanisms, whereas 
Th2 cells boost humoral immunity [50]. They can be divided into 
several smaller groups, each with specific roles. To identify highly 
immunogenic epitopes, the fiber protein sequence was uploaded 
to the IEDB. Six 15-mer HTL epitopes were nominated for vaccine 
construction using percentile ranking and non-overlapping 
criteria. Table 2 displays the selected HTL epitopes used in this 
study.
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Table 1: Compilation of CTL epitopes. Each epitope is selected according to its score.

No Protein Peptide sequence Affinity Affinity rescale Cleavage Tap Combine score Immunogenicity

1 Fiber Pro-
tein SEDTFNPVY 0.2392 1.0156 0.9774 2.521 1.2882 0.16893

2 --- ASHNLDINY 0.397 1.6857 0.8558 3.28 1.978 0.12261

3 --- EVSTYSMSF 0.1179 0.5004 0.9729 2.519 0.7723 -0.41883

Table 2: A list of HTL epitopes, Chosen according to their percentile rank.

No Protein Alleles Start End Length Core Peptide Peptide Score Rank

1 Fiber Protein HLA-DRB3*01:01 94 108 15 ISLDTSAPL KSNISLDTSAPLTIT 0.882 0.11

2 --- HLA-DRB3*01:01 93 107 15 ISLDTSAPL TKSNISLDTSAPLTI 0.8662 0.13

3 --- HLA-DRB3*01:01 92 106 15 ISLDTSAPL KTKSNISLDTSAPLT 0.8284 0.16

4 --- HLA-DRB3*02:02 256 270 15 MRINNNLLI GGGMRINNNLLILDV 0.7809 0.22

5 --- HLA-DRB3*02:02 304 318 15 YLFNASNNT GLYLFNASNNTKKLE 0.7244 0.3

6 --- HLA-DRB1*07:01 170 184 15 LTVTASPPL SDTLTVTASPPLTTA 0.8517 0.31

Table 3: Prediction of linear B-cell epitopes is provided, with their matching scores.

Protein Rank Sequence Start Position Score

Fiber protein 1 TSHGMLALKMGSGLTL 107 0.95

--- 3 NMEIKTGGGMRINNNL 300 0.93

--- 8 DPSPNCRIHSDNDCKF 456 0.88

Table 4: World class II coverage.

Number of epitope hits / HLA combinations recognized Percent of individuals Cumulative percent of population coverage

0 81.77 100

1 18.23 18.23

Table 5: Discontinuous B-cell epitope scores are shown with the residues number.

No. Residues Number of residues Score

1

A:R36, A:G37, A:G38, A:R39, A:C40, A:S44, A:C45, A:L46, A:P47, A:K48, 
A:E49, A:Q51, A:I52, A:G53, A:C55, A:S56, A:T57, A:R58, A:G59, A:R60, 
A:K61, A:C62, A:C63, A:R64, A:R65, A:K66, A:K67, A:E68, A:A69, A:A70, 

A:A71, A:K72, A:S73, A:E74, A:D75, A:T76

36 0.765

2

A:M1, A:R2, A:I3, A:H4, A:Y5, A:L6, A:F8, A:A9, A:F12, A:L13, A:L15, A:V16, 
A:P17, A:V18, A:P19, A:G20, A:H21, A:F77, A:N78, A:P79, A:V80, A:Y81, 
A:A82, A:A83, A:Y84, A:A85, A:S86, A:H87, A:N88, A:L89, A:D90, A:I91, 

A:N92, A:Y93

34 0.739

3

A:N196, A:A197, A:S198, A:N199, A:N200, A:T201, A:K202, A:K203, A:L204, 
A:E205, A:P207, A:G208, A:P209, A:G210, A:S211, A:D212, A:T213, A:G240, 
A:L241, A:K244, A:E248, A:K250, A:T251, A:G252, A:G253, A:G254, A:M255, 
A:R256, A:I257, A:N258, A:N259, A:N260, A:L261, A:K262, A:K263, A:D264, 
A:P265, A:S266, A:P267, A:N268, A:C269, A:R270, A:S273, A:D274, A:N275, 

A:D276, A:C277, A:K278, A:F279

49 0.68

4
A: G186, A: P187, A: G188, A: P189, A: G190, A: G191, A: S219, A: P220, A: 

P221, A: L222, A: T223, A: T224, A: A225, A: K226, A: K227, A: T228, A: 
S229, A:H230, A: G231

19 0.671

5 A: A94, A: A95, A: Y96, A: E97, A: V98 5 0.525
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B-cell epitopes prediction

B cells are required to produce antibodies, which are 
essential for both adaptive and innate immune responses. 
B-cell epitopes are significant because they can activate several 
protection mechanisms, including cell-mediated cytotoxicity, 
complement system activation, and agglutination neutralization 
[51]. Therefore, it needs to be properly developed. To develop 
vaccines and treatments that successfully prevent AdV infection, 
appropriate B cell epitopes must be selected. Following the 
ABCpred program’s identification of B-cell epitopes, three 16-mer 
epitopes were selected for vaccine development. Table 3 lists the 
selected B-cell epitopes.

Population coverage analysis

This study thoroughly examined the population distribution of 
the discovered HTL vaccine candidates and associated HLA alleles. 
The population coverage analysis of the MHC class II-restricted 
epitopes derived from the fiber protein is presented in (Figure 2) 
while the worldwide population coverage of individual MHC class 
II epitopes is illustrated in (Figure 3). The analysis revealed great 
population coverage, indicating the potential applicability of the 
selected epitopes across diverse populations. As shown in (Table 
4), the percentages of each separate population were 81.77% 
and 18.23%, respectively, whereas the proportion of the total 
population covered was 100.0% and 18.23%.

Figure 2: Restricted MHC Class 2 epitope population coverage derived from the fiber protein.

Final vaccine construct

To construct subunit  vaccines, short amino acid sequences 
acknowledged as linkers are used to join diverse epitopes or 
peptide fragments. linkers are essential for the stability, efficacy, 
and capacity of vaccines to prompt an immune response [52]. AAY, 
GPGPG, and KK linkers joined the HTL, CTL, and B-cell epitopes 
is used to generate a vaccine construct containing numerous 
epitope subunits, respectively. To improve the vaccine’s capacity 

and  trigger an immune response, HUMAN Beta-defensin 103, 
which is crucial for innate immunity and initiating antigen-
specific immune responses, was attached to the C- terminal end of 
the vaccine project via an EAAAK linker. [53, 54]. Figure 4 shows a 
schematic of the immunization program.

Vaccine Immunogenicity, Allergenicity, Toxicity, and 
Antigenicity Profiling

We assessed the immunogenicity, antigenicity, toxicity, 
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and allergenicity of the produced vaccine. Antigenicity was 
reported as 0.5875 by the VaxiJen 2.0 program; however, it was 
reported as 0.913813 by the ANTIGENpro server. However,  an 
immunogenicity score of -3.56177 was estimated using the IEDB 
server. Remarkably, it is non-toxic and non-allergenic.

Physiochemical properties and solubility rate of the 
vaccine

The SoluProt server produced a scaled solubility estimate 
of 0.8327 for the designed subunit vaccine. We examined the 
theoretical isoelectric point (PI), molecular weight, half-life in E. 
Coli, aliphatic index, amino acid composition, instability index, 
and GRAVY value of the vaccine. The vaccine was found to have 
a molecular weight of 29400.85, a 36.69 instability rating, and 

a 75.91 aliphatic index, indicating that it is stable and strongly 
thermostable. E. Coli appears to express and purify the vaccine 
with ease. The theoretical pI was determined to be 9.59. Water 
exhibited a hydrophilic interaction with a GRAVY score of -0.308. 
Reliability and robustness in terms of physical characteristics. 
This indicates that the constructed vaccine is stable and accurate.

Secondary structure of the vaccine

The PSIPRED server was used to create the secondary 
structure of the final vaccine, which is graphically represented in 
(Figure 5). Using the Expasy ProtParam tool, the study’s findings 
revealed that the vaccine’s stability was 3.23% alpha-helix, 
34.77% extended strand, and 62.01% random coil. In comparison, 
the instability index of the vaccine was 36.69.

Figure 3: World class II individual epitope population coverage.

Tertiary structure prediction of the final subunit 
vaccine

Vaccines are designed to imitate the structure of the virus 
or bacteria they are intended to kill to aid the immune system’s 
recognition and response to infection [55]. Three-dimensional 
vaccine framework configurations were produced using a 
comparative modeling approach and Robetta online software 
[56]. The Robetta server created five prototypes for the vaccine 
structural design, and the best model was selected through a 
thorough quality assessment.

Tertiary structure enhancement

After modeling the protein structure, we used the Galaxy 
Refine web server to improve its quality [57]. The proposed 

architecture achieved an incredible quality by lowering the energy 
consumption and optimizing the loops. Using the Galaxy Refine 
web server, five distinct model structures were created from the 
‘raw’ vaccine model. Model 2 outperformed the other models in 
terms of structural quality when a range of measures was applied. 
During the refinement process, several criteria were considered, 
including GDT-HA 0.9713, RMSD 0.350, and MolProbity score 
2.100. Although 92.8 percent was the expected Rama desired 
score, the results showed that the clash and poor rotamer scores 
were 13.7 and 0.4, respectively.

Vaccine’s tertiary structure validation

The ProSA-web Z-score of -6.87 (Figure 6a) for the modified 
model was greater than the average for native proteins of the 
same size. Ramachandran plots were used to verify the enhanced 
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model. The residues were distributed among the following 
regions according to the results: 2.3% in the banned region, 5.9% 
in the farther allowed regions, 91.3% in the Rama, and 0.5% in the 
freely authorized region (Figure 6b). The overall quality and flaws 
of the original 3D model were assessed using the ProSA-web and 

ERRAT servers. However, this is consistent with research verified 
structures and approaches the average value of the database. 
The total quality factor of the enhanced model was 86.475 when 
ERRAT was used (Figure 6c). A 3D model of the vaccine plan that 
was constructed and verified is shown in (Figure 7).

Figure 4: A single protein was used to create three B-cell epitopes, six HTL epitopes, and three CTL epitopes using different linkers to 
create the multi-epitope subunit vaccine. Human beta-defensin 103 has also been incorporated in the start of the vaccine construct.

Discontinuous B-cell epitopes prediction

The structure and folding of a specific protein may result in 
new conformational B-cell epitopes; therefore, further research is 
required. The ElliPro server was employed when discontinuous 
B-cell epitopes were discovered in the upgraded 3D model. 
ElliPro predicted five different discontinuous B-cell epitopes, each 
containing 143 residues with scores between 0.525 and 0.765 
(Table 5). Figure 8 displays the entire three-dimensional model, 
as well as details on each of the six epitopes.

Vaccine’s molecular interaction with tool-like receptor 
2

An immunological response cannot begin until the immune 
receptors correctly bind to the antigen molecules. To do this, 
a subunit vaccine was developed and docked via the HDOCK 
server with the human immunological receptor TLR-2. Upon 
virus detection, TLR-2 can effectively trigger an immunological 
reaction. The docking study demonstrated a strong correlation 
between TLR-2 and the vaccine approach. A value of -257.02 
kcal/mol was obtained for TLR-2 binding. (Figure 9a) shows that 

PyMOL was used to display the TLR-2 complex and vaccine after 
docking analysis. Further investigation of the docked complex 
using the PDBsum website showed that the combination of TLR-
2 and immunization resulted in 217 non-bonding contacts, 16 
hydrogen bonds, and 3 salt bridges (Figure 9b-c).

Molecular Dynamics Simulation and MM/PBSA Analysis

The 100-ns Molecular Dynamics (MD) simulation trajectory 
provided insights into the conformational dynamics and 
structural stability of the receptor vaccine complex. As shown 
in (Figure 10a), the backbone RMSD exhibited a rapid initial 
increase during the early phase of the simulation, followed by 
an apparent equilibration at approximately 5 Å within the first 
20 ns. Subsequently, the RMSD gradually increased and reached 
approximately 7.5 Å toward the end of the simulation, suggesting 
the presence of ongoing conformational rearrangements and 
flexibility rather than complete structural rigidity. Despite these 
fluctuations, the trajectory remained within a dynamically stable 
conformational regime, indicating that the complex retained its 
overall structural integrity throughout the simulation.
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Figure 5: The secondary structure of the vaccine is shown. The helix, beta strand, and coil are shown in pink, yellow, and grey, respectively.

Figure 6: The black dot in graph (a) represents the Z-score of the vaccine design. (b) The AdVs Ramachandran diagram’s torsional angles 
(blue squares) show how they extend from the core (red) to the permitted regions (brown). (c) Presenting the overall quality indicator and 
running an ERRAT validation.
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Figure 7: PyMol was used to visualize the tertiary structure of the vaccine construct; the linkers and epitopes are indicated in different 
colors in the figure.

Figure 8: The five expected discontinuous B cell epitopes are represented in three dimensions by the new vaccine model. Grey sticks 
represent vaccine residues, and yellow spheres represent discontinuous epitopes. (a) 36 residues with an average value of 0.765. (b) 34 
residues had a score of 0.739. (c) This structure contains 49 residues and 0.68. (d) The score is 0.671, with 19 residues. (e) Five residues 
yielded a 0.525 result.

The Radius of Gyration (ROG) fluctuated within a relatively 
narrow range of approximately 30.5–32.5 Å, reflecting moderate 
changes in the overall compactness of the complex. Notably, a 

decline in the RoG after approximately 80 ns suggests increased 
structural compactness during the final phase of the simulation, 
potentially indicating the adoption of a more compact and 
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energetically favorable conformational state (Figure 10b). The 
residue-wise RMSF analysis further demonstrated that most 
residues exhibited relatively low fluctuations of <4 Å, supporting 
the overall structural stability of the complex (Figure 10c). 
However, residues within the 1600–2000 region displayed 
comparatively higher fluctuations, reaching approximately 

10 Å. These highly mobile regions are likely associated with 
solvent-exposed or loop regions and may contribute to local 
conformational adaptability at the interaction interface. Such 
flexibility can facilitate accommodation and optimization of 
intermolecular contacts through conformational adjustment.

Figure 9: (a) Vaccine binding geometry with TLR-2; the residues in the yellow-highlighted selection are carrying out hydrophilic and 
hydrophobic interactions; (b–c) shows how the TLR-2 complex interacts with other proteins during immunization, Chain A representing a 
receptor and Chain B representing a vaccine.

To further characterize the energetic basis of complex 
formation, an MM/PBSA analysis was performed to quantify 
the individual energetic contributions to receptor–vaccine 
association. The energy decomposition revealed a highly 
favorable electrostatic contribution elec 1061.92 kcal/molE∆ = −

, indicating that electrostatic interactions constitute a major 
favorable component of the binding process. This contribution 
was complemented by favorable van der Waals interactions 

vdW 171.00 kcal/molE∆ = − . Collectively, these molecular-mechanics 
components yielded a strongly favorable gas-phase interaction 
energy 

( ) 1232.92 kcal/molgasG∆ = − .

In contrast, the favorable gas-phase interactions were 
substantially counterbalanced by an unfavorable polar solvation 
contribution polar 1169.88 kcal/molG∆ = , reflecting a considerable 
polar desolvation penalty upon complex formation. The non-
polar solvation component nonpolar 22.69 kcal/molG∆ = −  contributed 
modestly but favorably to the overall binding energetics, consistent 
with favorable non-polar contacts at the molecular interface. The 
combined solvation contribution solar 1147.19 kcal/molG∆ = −  therefore 
represented a substantial energetic opposing factor to the 
favorable gas-phase interactions.
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Figure 10: Conformational analysis of the complex during 100 ns MD simulation. (a) RMSD plot showing the structural deviation of the 
protein backbone; (b) Radius of Gyration (RoG) indicating the change in global compactness; (c) RMSF profile highlighting the flexibility of 
individual residues.

Overall, the MD and MM/PBSA results indicate that the 
receptor–vaccine complex maintains its structural integrity while 
undergoing localized conformational fluctuations during the 
100-ns simulation. The energetic profile suggests that complex 
formation is primarily supported by strong electrostatic and 
van der Waals interactions, whereas the unfavorable polar 
solvation contribution partially offsets these favorable forces. The 
modestly favorable non-polar solvation term provides additional 
stabilization. Thus, the observed stability of the complex appears 

to arise from the net balance between favorable intermolecular 
interactions and opposing solvation effects, together with dynamic 
conformational adaptation at flexible regions of the complex.

Back translation, codon optimization, and in-silico 
cloning of the vaccine

The EMBOSS program was used to transform the vaccine 
protein back into a nucleotide sequence. The reverse sequence 
was treated using the vector builder codon optimization tool. The 
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Vector Builder codon optimization tool was used to calculate the 
ideal GC content % and Codon Adaptation Index (CAI) value to 
achieve significant protein synthesis levels. The codon usage of the 
vaccine antigen gene is thought to have been altered to resemble 
that of the host organism. Therefore, in this case, the gene will 
probably be expressed more successfully, increasing the synthesis 
of antigens and possibly resulting in the creation of a more 
effective vaccine. In this study, the AdVs vaccine had an estimated 
GC content of 56.87%. Notably, it has been demonstrated that a 
GC content of 50% enhances the rate at which the viral sequence 

is expressed in the E. Coli K12 strain [58]. A CAI value of 0.95 was 
obtained from this sequence. A score greater than 0.8 on the CAI is 
typically regarded as good, and the optimum range for GC content 
is 30–70 percent. Our findings, which are in line with other 
studies that found comparable data ranges for sustained vaccine 
expression, demonstrate the high expression rates of the targeted 
immunization. The modified AdVs vaccine sequence was cloned 
into the pET28a (+) vector using the restriction enzymes HindIII 
and BmtI (Figure 11).

Figure 11: The optimized sequence of the final vaccine construct was cloned into the pET28a (+) vector, which is indicated in red.

Immune simulation of the final vaccine design

Vaccine creation requires immune simulation. A vaccine 
against a particular virus strengthens the body’s defenses against 
it without causing disease [59]. Therefore, we used the C-Immim 
server to perform immunological simulations to evaluate the 
immune response induced by our vaccine. Following immunization, 

noticeable early immunological reactions were observed. IgM 
antibodies have a titer scale greater than 500000/ml, whereas 
IgM+IgG antibodies have a titer scale greater than 600000/ml. 
IgG1+IgG2 displayed high titer scales of approximately 200,000/
ml, whereas IgG1 exhibited a titer scale of 100,000. (Figure 12a) 
illustrates that the Ag antibody had a tighter scale of 700,000 
during the postnatal era, whereas the IgG2 antibody response was 
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less than 100,000. Cytokines and interleukins stimulate the basic 
immunological response provoked by vaccination [60]. Following 
immunization, the vaccine antigen is recognized by the Antigen-
Presenting Cells (APCs) of the immune system, which then 
prepare to distribute it to T-cells. This method stimulates T-cells, 
which release cytokines such as interferon-gamma (IFN-γ) and 
IL-2 that promote B- and T-cell development [61]. The antibodies 
produced by B cells can eradicate the pathogens that are the 

subject of vaccines. Interleukins (IL) and cytokines increase 
sharply after immunization [62]. After a slow increase, the 
IFN-g concentrations of the targeted immunization were nearly 
450,000/ml. Concurrently, the IL-2 concentration increased to 
almost 220,000/ml (Figure 12b). Our immunization against 
AdVs demonstrated a greater level of immunogenicity, as it may 
produce a strong immune response.

	

Figure 12: Close-up of the AdVs immunological simulation on the C-ImmSim Server. (a) Black represents the injection of the antigenic 
component; other colors depict how vaccination affects the immune system. (b) displays the levels of interleukins and cytokines produced 
by the AdVs vaccine.

Discussion

 AdV proteins, including fiber proteins, have been found to 
be antigenic and are the most conserved region among various 
AdVs. Therefore, they are crucial for host replication and 
infection. Therefore, it is essential to investigate subunit vaccines. 
Vaccination, also referred to as immunization, is a generally 
acknowledged method for reducing or eliminating viruses. 
Instead of using the entire pathogen as a tool, subunit vaccine 
development has entered a new phase, where the most precise 
or accurate antigenic component is found for immunization. 
This is because computer technologies have advanced and are 
now used in biological research [63]. Computational algorithms 
are the most widely used and successful method for developing 
nanoscale chemical inhibitors and potential vaccines [64]. 
Because enormous amounts of pathogen genomic and proteome 
data can be rapidly collected, epitope-based vaccines are useful 
in both preventing and curing diseases caused by a variety of 
pathogens, as shown by AdVs.

Computational approaches were used to identify HTL and CTL 
epitopes based on viral proteins; these epitopes’ validation scores 
suggest that they may be useful in the creation of subunit vaccines 
[65]. There are various variations in Major Histocompatibility 
Complexes (MHCs). Cytotoxic T cells use a 9-mer peptide 
found on the MHC-I cell surface as an impulsive cue to initiate 
a chain reaction of related immune responses that eventually 
results in cell destruction [66]. A 15-mer peptide is presented 
to helper T lymphocytes by MHC-II molecules [67]. To improve 
immunization, our final subunit vaccine combined high-affinity 
CTL, HTL, and B cell epitopes. Despite not being allergenic, these 
data imply that the antigenic qualities of the vaccine may cause 
an immune reaction. The antigenic and allergic properties of the 
vaccine were also determined. Apart from these specific epitopes, 
linear B-cell epitopes are expected to facilitate B-cell development 
and antibody synthesis. Calculations were performed for the 
molecular weight, theoretical PI, aliphatic array, and heat stability 
of the vaccine. At a molecular weight of 29400.85 kDa, the vaccine 
falls within the range that is considered appropriate for subunit 

http://dx.doi.org/10.19080/GJPPS.2026.12.555845


Global Journal of Pharmacy & Pharmaceutical Sciences

How to cite this article:  Arshad I, Najeeb U, Li P, Israr H, Sajjad A, et al. From Epitope Discovery to Immune Simulation: An Integrated Computational Strategy 
for Multi-Epitope Vaccine Design Against Human Mastadenovirus. Glob J Pharmaceu Sci. 2026; 12(4): 555845. DOI:10.19080/GJPPS.2026.12.5558450017

shots. In principle, immunization appears to be straightforward, 
with a PI score of 9.59. The aliphatic array shows the presence 
of aliphatic side chains, in addition to the instability index, 
verifying the heat stability of the vaccine. The SOPMA Secondary 
Structure Prediction Server’s examination and prediction of the 
vaccine’s secondary structure revealed an alpha-helix of 3.23%, 
an extended strand of 34.77%, and a random coil of 62.01%. 
Homology modeling produces a three-dimensional structure that 
can be used to investigate the general behavior, dynamics, and 
interactions between proteins and ligands, in addition to providing 
a wealth of information about the spatial arrangement of these 
significant protein residues. Errors in the final 3D structure of 
the vaccine were identified using various structural validation 
approaches. Because most residues were found in the most 
favorable zone and relatively few in the disordered region, the 
primary Ramachandran plot was used to assess the acceptability 
of the overall model.

The vaccine was also docked with TLR-2 to better understand 
how the immune system responds to the final vaccine design. 
TLR-2 reduces the potential energy of the system to the lowest 
feasible level, ensuring that the bound vaccine protein remains 
structurally stable. Energy was lowered. By removing some 
protein atoms, energy minimization corrects the superfluous 
topology of the structure and produces a more stable structure 
with proper stereochemistry. Additionally, molecular docking 
analysis demonstrated strong interactions between the designed 
vaccine construct and the TLR-2 receptor, indicating the potential 
ability of the vaccine to stimulate innate immune responses. The 
highly negative docking score (−257.02 kcal/mol) suggested 
favorable binding affinity and stable complex formation, as 
reported in previous immunoinformatics-based vaccine studies 
[68-75]. The presence of hydrogen bonds 16, 3 salt bridges 16, 
and 217 non-bonded contacts further supported the structural 
stability of the docked complex.

Furthermore, the molecular dynamics simulation 
demonstrated that the vaccine-TLR-2 complex was stable and 
adaptable in structure. The RMSD plot indicated fluctuations at 
the beginning, after which there was a gradual stabilization of 
the complex, implying that the vaccine-TLR-2 complex reached 
equilibrium during the simulation. RMSF plot indicated that 
the majority of the residues had low fluctuations, while only 
a few residues had moderate fluctuations, which could enable 
receptor-ligand adaptation. The RoG plot further illustrated 
the compactness and stabilization of the complex during the 
latter stages of the simulation. Based on the above results, it is 
possible to conclude that the designed multi-epitope vaccine 
is stable in its interaction with TLR-2 and could contribute 
effectively to immune responses against different viral diseases 
[76-78]. The objective was to optimize codons using the Codon 
Adaptation Index (CAI) to maximize the vaccine protein 
expression (transcription and translation) in the host Escherichia 

coli strain K-12. The overexpressed recombinant protein must 
be soluble for numerous biochemical processes to occur within 
the host E. coli. The solubility of the vaccine protein in the host 
was sufficient. Proteins are intended to be strengthened by 
numerous mechanical and biological processes. Using modern 
immunoinformatics methods, this study produced a unique, 
affordable, and effective subunit vaccine against AdV infection, 
this vaccine is neither harmful nor allergenic. The result of this 
experiment was a VaxiJen 2.0 antigenicity score of 0.5875. The 
antigen pro server result of 0.913813 and the instability index 
value of 36.69, when contrasted with the study’s findings of a 
3.23% alpha-helix, 34.77% extended strand, and 62.01% random 
coil, show that the vaccine is stable. A faster denaturing period 
was associated with a larger coil percentage. Half-life plays an 
essential role in protein expression and purification. The half-
life of mammalian reticulocytes was estimated to be 30 h in an 
in vitro investigation. If in vivo yeast is used, it is allowed to sit 
for more than 20 h. This study employed TLR-2 and involved 
in vivo cultivation of Escherichia coli for a duration exceeding 
10 h. Overall, this study demonstrates that the designed multi-
epitope vaccine is structurally stable, immunologically potent, 
and suitable for further experimental validation as a promising 
candidate for vaccine development.

Conclusion

The primary goal of this study was to create a multi-epitope 
subunit vaccine against AdVs using in silico methods, considering 
the antigenic characteristics of the fiber protein. The discovery of 
B-cell, cytotoxic T-cell, and helper T-cell epitopes was anticipated 
to be required to construct a vaccine as MHC-I and II display the 
pathogen epitope. We employed appropriate linkers to fuse these 
epitopes. The proposed tertiary structure was validated to ensure 
vaccine efficacy. Among the physicochemical characteristics, 
stability, antigenicity, and allergenicity were calculated. The 
vaccine was bound to TLR-2 to assess its affinity for the receptor. 
To increase the vaccine expression in the host Escherichia coli, the 
protein underwent reverse transcription for codon optimization. 
While this approach can assist in controlling AdV infection, wet-
lab experimental validation is needed to confirm the effectiveness 
of the generated vaccine.
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