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Abstract

Introduction: During the global outbreak of COVID-19, the crucial role of vaccinatien.in enhancing
population immunity, limiting viral transmission, and reducing disease severity, hospitalizations, and
mortality became evident. The purpose of all vaccines is to expose the body to an antigen that will not cause
disease, but will stimulate the immune system. There are different vaccines against the corona virus. An
important aspect of COVID-19 vaccine development is the wide varietyaof technological platforms that
have been explored for producing effective immunization strategies, among which recombinant protein—
based vaccines are characterized by high protein expression efficiency, favorable long-term stability, and
the ability to elicit robust immune responses. The aim of thisresearch was to design the first Multi-epitope
Peptide Vaccine (MPV) candidate targeting SARS-CoV-2. Materials and Methods: Protein sequences
were retrieved from public databases, and key epitope-rich regions were linked using rigid peptide linkers.
The physicochemical properties of the construct, including antigenicity, allergenicity, toxicity, stability,
half-life, and molecular features, were evaluated, using bioinformatics tools. Results: Comprehensive in
silico analyses confirmed the construct's promisingvaccine profile: it was predicted to be highly antigenic
(\VaxiJen score up to 1.698), non-allergenic, non-toxic, and stable (instability index: 37.59). Structural
modeling and validation yielded a high-quality 3D model with.96.1% of residues in favored Ramachandran
regions and a ProSA Z-score of -2.46¢indicative of native-like folding. Conclusion: These computational
results suggest that the designed multi-epitope‘construct holds strong potential to have a protective immune
response against COVID-~19. Nevertheless, further laboratory and in-vivo investigations will be required
for validating its.safety, Ammunogenicity, and protective potential.

Keywords: Bioinformatic Design, Multitope Peptide, Recombinant Protein, SARS-CoV-2, Vaccine
Development.

1. Introduction

SARS-CoV-2, first reported in late 2019 and provisionally named 2019-nCoV, rapidly expanded across
international borders, ultimately posing a substantial global public health risk [1]. Although numerous
speculations have been made regarding how this disease began, its exact origin remains unknown. In a very
short period, COVID-19 became a global pandemic and was identified as the most recent threat to public
health since the influenza pandemic of 1918 [2]. Findings suggested that the initial transmission dynamics
of 2019-nCoV between humans paralleled those documented during the 2002 SARS-CoV emergence.
Mitigating the spread of the virus depends heavily on comprehensive international collaboration and public
health coordination [3].
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According to the World Health Organization, the most effective way to end this crisis is through a safe
and effective vaccine. The genetic sequence of SARS-CoV-2, the coronavirus responsible for COVID-19,
was published on January 11, 2020, marking a significant milestone for global research and development
efforts to produce a vaccine against this disease [4].

These viruses are single-stranded, enveloped, and contain a single-stranded RNA consisting of 29,891
nucleotides and 12 genes for the synthesis of non-structural and structural proteins of the virus [5]. The
virus has a diameter of 80-160 nm and is classified into four groups: Alpha, Beta, Delta, and Gamma
coronaviruses [6]. It also contains several non-structural proteins (NSPs) such as NSP13, NSP3, NSP12,
and NSP5, which are critical for their lifespan and pathogenicity [4]. The coronavirusshas four main
structural proteins known as membrane protein (M), spike protein (S), envelope protein (E), and
nucleocapsid protein (N). The spike protein enables the virus to penetrate host cells and cause.infection [7].
The nucleocapsid (N) protein encapsulates the viral RNA genome to form the ribonucleocapsid structure
[8]. Antibody levels targeting the nucleocapsid (N) protein - known to be the most, abundant structural
protein of the virus - have been shown to rise. Although it is unlikely that N antibodies neutralize the virus,
a study has shown that they protect mice against hepatitis virus,and coronavirus [6]. Thesformation and
assembly of the virus are carried out by the M protein, and the'role of the E protein is to create pores for
ion transport and the formation of virions [9].

Coronaviruses are classified into four major evolutionary groups known,as Alpha, Beta, Gamma, and
Delta. Only the Alpha and Beta branches contain strains that have adapted to infect humans and are linked
with respiratory illnesses. In contrast, viruses within the,Gamma and Delta groups are largely associated
with animal hosts and seldom involve human infection. SARS-CoV/.-2 belongs to the Betacoronavirus genus
and is associated with respiratory, gastrointestinaland neurological manifestations in humans, collectively
referred to as Coronavirus Disease 2019 (COVID-19) [10].

In addition to these proteins, five other proteins,including ORF7, ORF6, ORF8, ORF3a, and ORF9, are
also present in the structure of the virusisThese proteins assist in interactions with host cells, creating
favorable conditions for viral replication, madifying host gene induction, and neutralizing the host's
antiviral defense system [1].

The earliest COVID-19 vaccine candidate advanced rapidly into human clinical trials on March 16, 2020.
By April 8, 2020, a total 0f 115 vaccine candidates had been registered worldwide, of which 78 were under
active develepmentand 37-had,been discontinued. The reported efficacy of the authorized vaccines ranged
from approximately 70% to 90%. Consequently, only a small proportion of vaccinated individuals exhibited
breakthrough infections, while mortality rates were reduced by nearly 10%. These findings underscore the
crueial role of vag€ination in mitigating the world-wide impact of COVID-19 [11].

A wide range of genetic factors were evaluated for the production of COVID-19 vaccines, including
nucleic acid—based vaccines (DNA or RNA), virus-like particles, viral vector systems (both non-replicating
and replicating), jpeptide vaccines, recombinant protein formulations, as well as live-attenuated and
inactivated virus‘platforms. In general, four strategies have been used for vaccine production: Based on
traditional models or second the use of weakened or inactivated viruses. Eight vaccines have been
developed using this approach, including the Iranian vaccine (COV-Iran Barekat), the Indian vaccine
(Bharat), and the Chinese vaccine (Sinopharm) [11].

The second vaccination strategy employs viral vector platforms, through which sixteen vaccines have
been developed worldwide, including several from China. The third approach is based on nucleic acid
technologies (DNA or RNA), with approximately sixteen vaccines designed using this model—most
notably the Moderna and Pfizer vaccines developed in the United States. The fourth strategy utilizes viral
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protein subunits or recombinant proteins. Vaccines from France, the Iran—Cuba Pasteur Institute (Sanofi),
and the United States (Novavax) follow this approach. Several FDA-approved vaccines require strict
temperature regulation; factors such as improper cold-chain management, transportation issues, or
inadequate storage conditions can compromise vaccine efficacy and result in the loss of immunization
capacity [12].

While traditional vaccine platforms including inactivated viruses, viral vectors, and protein subunits have
been instrumental in pandemic control, they often face challenges related to complex manufacturing, cold-
chain requirements, and a focus on single antigenic targets that may be susceptible to immune evasion by
viral variants [7, 12]. In contrast, the multi-epitope peptide vaccine (MPV) strategy. represents a next-
generation, rational design approach. MPVs are engineered by bioinformatic selection of immunodominant
epitopes, which are then chemically synthesized or recombinantly expressed as a single polypeptide. This
strategy offers distinct advantages: it bypasses the need for culturing live pathogens, allows\for precise
targeting of conserved regions across multiple viral proteins, and can be rapidly adapted in“response to
emerging variants. Critically, by presenting the immune system with a curated pool.of key antigenic
signatures without the pathogen's replication machinery, an MRV can initiate a focused and accelerated
immune response, effectively "outpacing” the natural infection“timeline‘to establish protective immunity
before the pathogen can establish a significant stand [13, 14].

The efficacy of a vaccine hinges on its ability to stimulate/both arms of\the adaptive immune system:
humoral immunity, mediated by B cells and neutralizing antibadies, and cellular immunity, driven by helper
(CD4+) and cytotoxic (CD8+) T cells [15]. The MPV platform is uniquely suited for this coordinated
activation through targeted immunogen design. By integrating well-characterized B-cell and T-cell epitopes
into a single construct, an MPV can be engineeredto simultaneously elicit robust antibody production for
viral neutralization and potent T-cell responses for the clearance of infected host cells. This targeted
approach minimizes the inclusion of nonsessential or immunosuppressive viral sequences, thereby
enhancing vaccine safety by reducing the risk of adverse reactions. Furthermore, the selection of conserved,
immunodominant epitopes aims to previde broad andsdurable protection, potentially overcoming the
limitations of strain-specific immunity. Therefore, a rationally designed MPV that synergistically activates
humoral and cellular pathways represents a promising strategy for developing safe, effective, and broadly
protective vaccines against pathogens like SARS-CoV-2 [8, 13].

At present the bioinformatic approach has been demonstrated to be effective in designing vaccines,
including for*COVID-19 vaceines and other infectious diseases [16]. This study utilized computational
analyses to develop a multi-epitope. peptide vaccine (MPV) candidate against SARS-CoV-2. The design
strategically incorporated T- and B-cell epitopes derived from the virus’s nucleocapsid (N), spike (S), and
membrane (M) proteins, aiming to maximize immune response potential.

2- Materials and Methods

2.1. Acquisition of Protein Sequences

The sequences of the SARS-CoV-2 structural proteins (in FASTA format), including the Spike (S)
glycoprotein (RefSeq: AOA679GIEY), Nucleocapsid (N) protein (RefSeq: AOA6CO0T6Z7), Membrane (M)
protein (RefSeq: PODTCS), and Envelope (E) protein (RefSeq: PODTC4), were retrieved from the National
Center for Biotechnology Information (NCBI) and UniProt databases (_https://www.uniprot.org). Epitopic
regions of B cells were selected using online software. To preserve structural integrity, glycine—proline (GP)
linkers were applied, and the three-dimensional (3D) configuration of the final construct was generated and
validated using bioinformatics modeling tools (Figure 1).
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Figure 1: Nucleotide sequence of the designed structure. Green: nucleotide sequence from Spike protein. Purple: nucleotide
sequence of membrane protein. Red: nucleotide sequence of the coating protein. Aqueous: nucleotide sequence of nucleocapsid
protein. Black: linkers.

VRFPNITNLCPFGEVFNGPSPTKLNDLCFTNVYGP
TESNKKFLPFQQFGRDIAGPVTLACFVLAAVYRIN
GPLLVTLAILTALRLCAYCCNIVNVSLVKPSFYVYS
RVKNLNSSRGPIRQGTDYKHWPQIAQFAPSAAFFG
MSRIGMEVTPSGTWLTYTGAIKL

Figure 2: The amino acid sequence of the designed construct: Green: Selected epitope from the spike_protein. Purple: Selected
epitope from the membrane protein. Red: Selected epitope from the envelope protein. Blue: Selected epitope from the nucleocapsid
protein. Black: Linkers.

2.2. B-cell epitope prediction

An indispensable step in the design of a multiepitopic protein for vaccine production or the construction
of a serological test is the prediction of Linear B cell epitopes. B-cell.€pitopes represent distinct antigenic
regions accessible on the surface of a pathogen, which can be specifically recognized and bound by
antibodies, ultimately leading to the activation,of the host immure system [17]. To predict linear epitopes
for  the four main  structural  proteins of  the coronavirus, the  ABCPred
(http://www.imtech.res.in/raghava/abcpred) and IEDB (http://tools.iedb.org/conservancy) databases were
used. The highest predictive performance in ABCPred was achieved using a 16-residue peptide window
during model configuration. This online software utilizes a neural network algorithm (with a threshold of
0.51) for predicting linear epitopes.

2.3. T-cell Epitope Prediction

The analysis employed a combined methodology, based on established computational epitope prediction
strategies, utilizing the IEDB epitope analysis resource (https://www.iedb.org’home v3.php) for MHC
class I and II binding predictions. Specifically, CD8+CTL epitopes from the DENV-4 antigenic components
were predicted using the NetMHCpanEL method, constrained by the HLA-A*11:01 allele. These results
were subsequently filtered using the SMM method based on an IC50 threshold of 500 nM and a percentile
rank <0.2 to prioritize CTL candidates. Concurrently, CD4+HTL epitopes (15-mer) were predicted using
NetMHClIpanEL for the HLA-DRB1*04:01 allele. Finally, all predicted MHC classes were screened for
antigenicity, non-allergenicity, non-toxicity, high conservancy, and appropriate transmembrane topology.

Pratein (Canctrunet Dacion

T.h GTTAGATTTCCTAATATTACAAACTTGTGCCCTTTTGGTGAAGTTTTTAACGGTCCATCTCCTAC
- TAAATTAAATGATCTCTGCTTTACTAATGTCTATGGTCCAACTGAGTCTAACAAAAAGTTTCTG
(G P CCTTTCCAACAATTTGGCAGAGACATTGCTGGTCCAGTAACTTTAGCTTGTTTTGTGCTTGCTG
CTGTTTACAGAATAAATGGTCCATTGCTAGTTACACTAGCCATCCTTACTGCGCTTCGATTGTGT
2.8 GCGTACTGCTGCAATATTGTTAACGTGAGTCTTGTAAAACCTTCTTTTTACGTTTACTCTCGTGT
Af TAAAAATCTGAATTCTTCTAGAGGTCCAATCAGACAAGGAACTGATTACAAACATTGGCCGCA ag the 3D
conf AATTGCACAATTTGCCCCCAGCGCTTCAGCGTTCTTCGGAATGTCGCGCATTGGCATGGAAGT 1 the field
CACACCTTCGGGAACGTGGTAAAAGCTT .
Of CUIIlpUldLlUIl'dl suruciurdl D1O10EY. 111 UllS Study, 10 U1€ D) SUucCure ol uic consuruct, ue omne server
GalaxyTEM (template-based modeling) (https://galaxy.seoklab.org) was used. This site uses template-

1e-proline
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based models of homologous proteins as templates to predict the structure of the target protein. Finally, the
quality and reliability of the generated model were assessed using the online software PROCHECK
(https://www.ebi.ac.uk/thornton-srv/software/PROCHECK) and ProSA
(https://prosa.services.came.sbg.ac.at/prosa.php). The ProSA server indicates the quality of the generated
model by calculating the Z-score, which is a metric that reflects the overall quality of the model. This
platform evaluates the performance of a given model by comparing its score against those derived from all
reference structures available in the Protein Data Bank (PDB). Additionally, the quality of the generated
models was further assessed using the Ramachandran plot through the PROCHECK server [18]. The
Ramachandran diagram is a two-dimensional plot used to visualize the bond angles in terms of energy and
stability, represented by the values of the @ and ¢ angles in the protein structure [19].

2.6. Evaluation of the Antigenicity of the Selected Epitope

The antigenicity of the selected epitope is assessed to determine its potential to trigger ‘an immune
response. This is done using computational tools and algorithms that predict how likely a peptide 1s to be
recognized by the immune system. For predicting the antigenicity of the epitope subunits, the online server
VaxiJen v2.0 (http://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html) was used. Default parameters
of this server were applied to determine the antigenic protein. According to studies, the accuracy of this
software for viral models has been reported to be 87% [20].

2.7. Determination of the Allergenicity of the Selected Epitope:

The allergenicity of a selected epitope is an essential fagtor to consider when designing vaccines, as it
helps ensure that the epitope does not provoke allergic reactions in individuals. The AllerTop v.2.0 online
server (https://www.ddg-pharmfac.net/AllerTOP/data.html) wasyused to predict the allergenicity of the
proposed epitope for the design of an immunogeniei€onstruct. This sefver is the first free server capable of
predicting the allergenic potential of target antigens [21]. The multi-epitope sequences that exhibited the
maximum antigenicity among the different peptide positioning combinations were selected.

2.8. Evaluation of the Toxicity of the Predicted Epitopes

Assessing the toxicity of predicted epitopes is an essential step in vaccine design to ensure that the selected
epitopes do not pose harmful effects to the host! Several computational tools and databases are available to
predict the toxicity of peptides. \To evaluate the toxicity of the epitopes, the ToxinPred server
(http://crdd.osdd.net/raghava/toxinpred). was' utilized. This server is designed to identify whether short
epitopes are toxic or non-toxic. This tool'predicts the toxic potential of peptides by considering factors such
as amino acid.ecomposition, structure, and sequence similarity to known toxins [22].

2.9. Prediction of Stability and Half-Life

To.assessithe stability and half<life of epitopes, computational tools and bioinformatics resources are used
to estimate theirproperties under different biological conditions. The ProtParam tool predicts the half-life
of peptides in different biological systems, including: /n vitro (mammalian cells): Typical half-life
prediction is based en N-terminal rule degradation. /n vivo (bacteria or yeast): Predicted half-life is based
on known experimental data from similar sequences [23]. The stability coefficient and half-life under in
vivo and in vitro/conditions were assessed using the ProtParam tool from the ExPASy on-line server
(https://web.expasy.org/protparam).

2.10. Evaluation of Physicochemical Properties

The physicochemical parameters of the vaccine construct were evaluated using the PEPCALC tool
(https://pepcalc.com) and ProtParam (https://web.expasy.org/protparam/). Properties such as amino acid
composition and charge, molecular weight, polarity, half-life, extinction coefficient, instability index, and
water solubility were analysed [24].

3-Results
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239 3.1. Analysis of Predicted Linear B-Cell Epitopes

240 Based on ABCPred analyses, linear epitopes were predicted. The nucleotide sequence of each epitope,
241  sequence length, and structural protein associated with each sequence are presented in Table 1.
242  Additionally, the amino acid sequences, start and end positions of each epitope, along with the
243 corresponding structural protein, are shown in Table 2. In the final stage, a multi-epitope protein was
244 engineered by joining the selected epitopic regions with suitable linkers. GP linkers were employed to
245  connect these regions, resulting in the assembly of the complete multi-epitope structure.

246
247
248 Table 1: Nucleotide Sequences of the Designed Construct from Different Regions of the SARS-CoV
Length of
; ; Structural
Nucleotide Sequence of Epitopes Sequence .
Protein
(bp)
GTTAGATTTCCTAATATTACAAACTTGTGCCCTTTTGGTGAAGTTTTTAAC 51 Spike
TCTCCTACTAAATTAAATGATCTCTGCTTTACTAATGTCTAT 42 Spike
ACTGAGTCTAACAAAAAGTTTCTGCCTTTCCAACAATTTGGCAGAGACATTGCT 54 Spike
GTAACTTTAGCTTGTTTTGTGCTTGCTGCTGTTTACAGAATAAAT 45 Membrane
TTGCTAGTTACACTAGCCATCCTTACTGCGCTTCGATTGTGTGCGTACTGCTGCAATATTGTT
129 Envelope

AACGTGAGTCTTGTAAAACCTTCTTTTTACGTTTACTCTCGTGTTAAAAATCTGAATICTTCTAGA

ATCAGACAAGGAACTGATTACAAACATTGGCCGCAAATTGCACAATTTGCCCCCAGCGCT
126 Nucleocapsid
TCAGCGTTCTTCGGAATGTCGCGCATTGGCATGGAAGTCACACCTTCGGGAACGTGGTAAAAGCTT

249
250
251  Table 2: Selected B-Cell Epitopes from Studied Proteins Predicted’by ABCPred
. . . Start End Structural
Amino Acid/Sequenceof Epitopes Position  Position Protein
VREPNITNLCPFGEVFN 327 343 Spike
SPTKENDLCFTNVY 382 396 Spike
TESNKKFLPFQQFGRDIA 553 569 Spike
VTLACFVLAAVYRIN 59 74 Membrane
LLVTLAILTALRLECAYCCNIVNVSLVKPSFYVYSRVKNLNSSR 27 69 Envelope
IRQGTDYKHWPQIAQFAPSAAFFGMSRIGMEVTPSGTWLTYTGAIKL 292 339 Nucleocapsid
252
253
254 3.2.T-cell Epitope Prediction and Prioritization
255 The analysis identified potential T-cell epitopes across the selected viral components. The final prioritized

256  list of predicted epitopes for both MHC Class | (CD8+) and MHC Class Il (CD4+) binders is presented in
257  Table 3. The initial prediction utilized established computational epitope analysis resources, including the
258 IEDB and CTLPred servers, constrained by the specific HLA alleles (HLA-A*11:01 and HLA-
259 DRB1*04:01). Subsequent prioritization involved stringent, in-house filtering criteria applied to all
260  predicted candidates. These selection rules included: favorable IEDB scores, high predicted conservancy,
261  strong binding affinity (IC50<500 nM and percentile rank <0.2), minimum lengths (=9-mer for MHC | and
262  15-merl5 for MHC I1), documented antigenicity/immunogenicity, and favorable topological accessibility.
263  Following these rigorous specifications, a total of 6 epitopes were shortlisted for MHC | binders and 6
264  epitopes for MHC 1l binders across the analyzed viral components for the multi-epitope vaccine design.
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Table 3: Predicted T-Cell Epitopes from Studied Proteins Predicted by IEDB epitope analysis

Peptide 2?:(5: Region Start End (Irflr\,llo) HLA Alleles
GPVRFPNIT I N-terminal 1 9 25 HIZA-A*03:01
VRFPNITNL | N-terminal 3 11 28 HLA-B*57:01
YGPTESNKK I Central 46 54 12 HLA-A*01:01, B*35:01
LCAVYRINGP I Central 69 77 8 HIA-A*02:01, B*07:02
CCNIVNVSL I C-terminal 117 125 38 HLA-C*07:01
NIVNVSLVK | C-terminal 119 127 41 HLA=B*27:05

PVRFPNITNLCPFG Il N-terminal 2 17 22 DRB1*01:01
FGEVFNGPSPTKL Il N-terminal 10 22 24 DRB1*03:01

ACFVLAAVYRINGP Il Central 61 73 18 DRB1*15:01
LCAVYRINGPLLV Il Central 69 81 10 DRB1*04:01, DOB 1*03:02
IYSRVKNLNSSRG Il C-terminal 133 145 35 DRB1*11:01
KPSFYVYSRVKNL Il C-terminal 137 . 149 40 DQB1*06:02

3.3. Generation of three-dimensional structures of epitopes
Five three-dimensional (3D) structures werepredicted using the GalaxyTEM server. The quality of the
models was then analyzed using the ProSA and Ramachandran Plot servers to evaluate the third model and
select the best structure (Figure 3A).
ProSA evaluates the overall quality of'a protein model. Positive scores indicate potential errors in the
generated 3D structures, whereas the most negative Z-score eorresponds to the highest structural integrity
of the designed tertiary construct [18]¢ The highest negative score among the five predicted structures was
-2.46 (model 3), which falls within the range of charaCteristic scores for native crystallized proteins of
similar size (dark blue). This result validates the structural models generated by the GalaxyTEM software

(Figure 3B).

The Ramachandran\plot also revealed that 0%, 3.9%, and 96.1% of the amino acid residues are located in

the outlier region, allowed region, and favored region, respectively (Figure 3C).
B
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Figure 3. A) The structural integrity of the 3D crude model was evaluated using the ProSA-web server to detect potential and
quality errors. The model exhibited a Z-score of —2.46, which is consistent with the range observed for naturally occurring protein
structures. B) The final vaccine construct was refined using the GalaxyRefine server, which produced five three-dimensional
models. Among these, the third model, displaying the highest refinement score, was selected for further analysis and visualized
using YASARA software. C) Ramachandran plot assessment of the selected 3D model showed that the vast majority of bond angles
fall within allowed regions, indicating a reliable stereochemical quality.

3.4. Antigenicity Analysis of the Selected Epitope

The peptide epitopes were analyzed for their antigenic potential using the VaxiJen v2.0 online platform.
Among the predicted epitopes, six with the most desirable antigenicity scores were selected, ranging from
a minimum of 0.6241 to the highest score of 1.6982. The predicted scores indicate that the antigenic nature
of the protein sequence has successfully created an immunogenic construct. Therefore, this sequence was
used for designing an epitope-based immunogenic vaccine [20].

3.5. Allergenicity Evaluation of the Selected Epitope

Each of the predicted epitopes was individually assessed for allergenicity,using the AllerTop v.2.0
software. Those with an allergic risk were removed, and those lacking allergenic properties were selected
for further synthesis to create the immunization construct for subsequent analysis.

3.6. Toxicity Evaluation of the Epitopes
The ToxinPred server, one of the best bioinformatics tools, was used to predict the toxicity of the target
antigens. With the default parameters of this server, all the predicted epitopes were found to be non-toxic.

3.7. Prediction of Stability and Half-life

The resulting sequence, consisting of 166 amino acids and a molecular weight of 18,248.28 Daltons, was
proposed as a multi-epitope vaccine candidate: The half-life of this multi-epitope that predicted by
ProtParam was 30 hours in vitro and 10 hours in‘vive.

3.8. Evaluation of Physical and'Chemical Properties

ProtParam was employed to evaluate the physicochemical properties of the engineered protein. The
analysis estimated the molecular weight of the constructat ~18 kDa and its theoretical isoelectric point (pl)
at 9.68. The calculated pl \value indicated that the protein exhibits an overall alkaline character. The
construct comprises 166 amino acid residues. The protein exhibited an instability index (1) of 37.59,
suggestinggdhat it is probably stable under physiological conditions. Furthermore, the aliphatic index and
GRAVY value were 88.67 and 0.190, respectively, reflecting the hydrophilic nature of the construct and its
potential for favorable interactions with water molecules.

4. Discussion

The COVID-19andemic underscored the critical need for next-generation vaccine platforms that can be
rapidly deployed, cost-effectively manufactured, and designed to induce broad, sustained protection against
emerging variants. The design and development of vaccines involve various stages, from identifying target
epitopes to evaluating their immunogenicity, antigenicity, stability, and allergenicity. In this context,
immunoinformatics offers a highly streamlined approach, moving beyond traditional vaccine development
to target only the most potent immunodominant epitopes [4].

In this study, a comprehensive bioinformatics strategy was employed, integrating various computational
tools to develop a multi-epitope vaccine targeting SARS-CoV-2, specifically focusing on structural proteins
pivotal to viral infectivity and pathogenicity.
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The designed vaccine comprises amino acid sequences related to the Receptor-Binding Domain (RBD)
of SARS-CoV-2, including the S2, S1, E, N, and M regions. The protein sequences of SARS-CoV-2 were
obtained from the NCBI database, and the optimal regions were linked together using linkers to construct
the appropriate vaccine design. This multi-epitope strategy is inherently superior to first-generation
vaccines that focused solely on the Spike protein's receptor-binding domain, which is prone to mutation
and subsequent immune evasion [13]. By incorporating conserved epitopes from the N and M proteins, the
MPV design promotes the induction of cytotoxic T-helper (Th) and T lymphocytes (CTLS) cells, which are
crucial for clearing viral-infected cells and establishing long-term cellular immunity, a feature vital for
cross-protection against SARS-CoV-2 [13].

Precisely controlling the spatial arrangement and orientation of protein domains to optimize the functional
performance of the target protein remains a significant challenge in protein engineering [3]. The structural
integrity and potential immunogenicity of the designed MPV construct were rigorously assessed through
comprehensive in silico validation methods. In most cases, the direct linkage of functional peptides without
a linker can lead to numerous undesirable outcomes, including improper folding of the fusion protein,
disruption of biological activity, or low protein production yield [25]. Linkers,in addition to their essential
role in connecting functional domains (such as flexible linkers) or releasing functional demains in vivo
(such as cleavable linkers), may offer many other advantages for the production of recombinant proteins.
These include improving biological activity, enhancing expression yield, and achieving desirable
pharmacokinetic profiles [14]. In this study, the selected regions of linear B-cell epitopes were fused using
GP linkers, resulting in the construction of a novel multi-epitepe structures B-cell epitopes are regions on
the surface of an antigen, to which specific antibodies recognize and bind, triggering the immune response,
this interaction is at the core of the adaptive immune system [15].

This structural optimization was confirmed by the predicted tertiary model’s quality. Analysis of the
Ramachandran plot demonstrated that 96.1% of the residues wereglocated in the most favored regions,
which is a strong indicator of a stable, folded protein structure similar to a native biological molecule.
Complementary analysis using the ProSA server yielded a Z-score of -2.46, falling well within the
acceptable range for experimental proteins,/further validating the thermodynamic stability and quality of
the predicted 3D structure. Such robust,bioinformatics.€evidence provides a strong foundation for the
candidate’s stability, which is a key advantage for recombinant protein platforms over more labile vaccine
formats [5]. The pl value of the/construct was approximately 18 kDa, indicating its alkaline nature.
Additionally, a high aliphatic index of 88.67 suggested that the designed protein is thermostable, while the
instability index of 37.59 indicated that,the.construct is Stable. Based on the GRAVY score, the construct
was hydrophilic, demonstrating its ability to interact easily with water molecules.

The selected.epitopes were analyzed for their antigenicity using the VaxiJen 2.0 server, which confirmed
their potential to trigger an immune response. Six epitopes with the highest antigenicity scores, ranging
from 0,6241 to 1.6982, were chosen for further studies. These scores demonstrated that the designed protein
construct possesses an immunogenic nature, making it a viable candidate for vaccine development.

5. Conclusion

In fact, by examining the physicochemical properties, it was determined that the designed construct is
hydrophilic, heat-resistant, alkaline, has a long half-life, and is stable, making it suitable for use in
preventing COVID-19. Despite the promising outcomes obtained from in silico analyses, additional in vivo
and in vitro investigations are required to validate the safety, effectiveness, and immunogenic potential of
the vaccine against SARS-CoV-2. The successful in silico validation now provides a clear pathway for
moving to the next stage of preclinical investigation, involving gene synthesis, expression in a suitable host
system, and comprehensive in vivo immunogenicity and challenge studies to confirm the protective efficacy
of this promising vaccine candidate.
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