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ARTICLE INFO ABSTRACT

Keywords: The current COVID-19 pandemic, an infectious disease caused by the novel coronavirus (SARS-CoV-2), poses a
Immunoinformatics threat to global health because of its high rate of spread and death. Currently, vaccination is the most effective
Quantum mechanics/molecular mechanics method to prevent the spread of this disease. In the present study, we developed a novel multiepitope vaccine
cMalllcl?il-iE?tZ;e vaccine against SARS-CoV-2 containing Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron
SARS-CoV-2 (BA.1) variants. To this end, we performed a robust immunoinformatics approach based on multiple epitopes of
Variants the four structural proteins of SARS-CoV-2 (S, M, N, and E) from 475 SARS-CoV-2 genomes sequenced from the

regions with the highest number of registered cases, namely the United States, India, Brazil, France, Germany,
and the United Kingdom. To investigate the best immunogenic epitopes for linear B cells, cytotoxic T lympho-
cytes (CTL), and helper T lymphocytes (HTL), we evaluated antigenicity, allergenicity, conservation, immuno-
genicity, toxicity, human population coverage, IFN-inducing, post-translational modifications, and
physicochemical properties. The tertiary structure of a vaccine prototype was predicted, refined, and validated.
Through docking experiments, we evaluated its molecular coupling to the key immune receptor Toll-Like Re-
ceptor 3 (TLR3). To improve the quality of docking calculations, quantum mechanics/molecular mechanics
calculations (QM/MM) were used, with the QM part of the simulations performed using the density functional
theory formalism (DFT). Cloning and codon optimization were performed for the successful expression of the
vaccine in E. coli. Finally, we investigated the immunogenic properties and immune response of our SARS-CoV-2
multiepitope vaccine. The results of the simulations show that administering our prototype three times signifi-
cantly increases the antibody response and decreases the amount of antigens. The proposed vaccine candidate
should therefore be tested in clinical trials for its efficacy in neutralizing SARS-CoV-2.

1. Introduction

The SARS-CoV-2 pandemic is a global crisis that has yet to be
resolved. Currently, the cumulative number of cases reported worldwide
exceeds 396 million and the death toll is approximately 5.7 million
Organization (2022). The mainstay of COVID-19 treatment is supportive
care, but there is a high mortality rate, especially among the elderly and
those with comorbidities. Intensive research is underway to find
appropriate and effective therapies for the treatment and prevention of
coronavirus infection, including safe and effective vaccines de Oliveira
Campos et al. (2020); Campos et al. (2020a).

Vaccination is an effective means of improving public health by

* Corresponding author.

building adaptive immunity to a target pathogen Ehreth (2003). How-
ever, screening vaccine targets for clinical validation and production of a
vaccine takes a long time. Advances in bioinformatics and
next-generation sequencing technology, immunoinformatics, and
reverse vaccinology can minimize the time required to screen antigens
from protein sequences of pathogens and offer advantages in finding
potential new vaccine targets Scarselli et al. (2005).

In recent months, a dizzying amount of information has emerged
from numerous laboratories. Several vaccine candidates are currently in
various stages of development, and a small number of vaccine candi-
dates have reached clinical phases. As of April 26, 2022, the COVID — 19
vaccine candidate landscape reported 142 vaccines in clinical trials (31
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Fig. 1. Flowchart showing the stepwise methodology of predicting epitopes from structural proteins of the SARS-CoV-2.

in phase 3 and 10 in phase 4) and another 195 in preclinical phase WHO
(2022).

The major vaccines being studied in clinical trials appear to be safe
and effective means of preventing severe COVID-19, hospitalizations,
and deaths, but the quality of evidence varies widely by vaccine.
Questions remain regarding booster vaccination and waning immunity,
duration of immunity, and heterologous vaccination Fiolet et al. (2021).
In addition, the emergence of SARS-CoV-2 variants could jeopardize the
global impact of mass vaccination campaigns, because it is already
known that the natural tendency toward high mutation rates is the
reason for the failure of most vaccines against viruses Zuin et al. (2021);
de Oliveira Campos et al. (2022). After Alpha, Beta, Gamma, and Delta
variants, the most recent variant of concern (VOC) is the Omicron
(B.1.1.529), which has evolved due to the accumulation of a high
number of mutations, particularly in the spike protein, raising concerns
that it is capable of evading pre-existing immunity acquired through
vaccination or natural infection. In fact, it is highly transmissible and has
low susceptibility to neutralization by antibodies Doria-Rose et al.
(2021); England (2021). Even after two doses of SARS-CoV-2 vaccine,
neutralization of Omicron is far less than that of Delta or the parent
viruses of SARS-CoV-2 Garcia-Beltran et al. (2021); Barda et al. (2021).

Conventional (biochemical, immunological, and microbiological)
methods of vaccinology are inappropriate for this pandemic because
antigen identification is time-consuming, culturing pathogens in labo-
ratories is laborious, and costs are high Maria et al. (2017). Despite their
success in many situations, these methods are unproductive for patho-
gens that cannot be cultured in vitro or for pathogens with highly vari-
able antigen sequences such as HIV and influenza Stobart and Moore
(2014). Alternatively, the methods of bioinformatics, vaccinogenomics,
immunoinformatics, structural biology, and molecular simulations can
be used for faster, more accurate, and less expensive vaccine develop-
ment. They were first used to develop a vaccine against serogroup B
meningococci and later against Streptococcus pneumoniae, Staphylococcus

aureus, and Chlamydia Rappuoli (2001); Cui (2005). In recent years,
these technologies have been successfully used in all phases of vaccine
research, including preclinical, clinical, and postvaccine phases Sor-
ia-Guerra et al. (2015); Cui (2005); Soleymani et al. (2022); Elliott et al.
(2008); Lennerz et al. (2014).

Here, we used consistent immunoinformatics and computational
methods to [i] identify structural SARS-CoV-2 proteins from 475 ge-
nomes sequenced from regions with the most registered cases to cover
all SARS-CoV-2 variants of concern. We also [ii] screened the best linear
B-cell epitopes, CTL epitopes, and HTL epitopes from a robust research
protocol with antigenicity, immunogenicity, allergenicity, toxicity, IFN-
y inducing, population coverage, and conservation filters. Furthermore,
[iii] we designed, refined and validated the multi-epitope subunit vac-
cine; [iv] then we optimized the codon sequence and inserted it into a
plasmid to ensure cloning and expression efficiency; [v] finally, we
evaluated the synthesis of immunoglobulins, immune complexes, cyto-
kines, and interleukin and thus the consistency of the immune response
elicited by the prototype vaccine.

2. Methodology

The flow chart of the methodology used in this study is shown
graphically in Fig. 1. Recently, our research group validated similar
immunoinformatics and molecular modeling approaches in the con-
struction of a multiepitope vaccine against Mayaro virus Silva et al.
(2021); da Silva et al. (2022).

2.1. Acquisition of protein sequences

Initially, the primary sequences of SARS-CoV-2 structural proteins
(S, M, N and E) of the Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1),
Delta (B.1.617.2), and Omicron (BA.1) variants were extracted using the
filters from the Virus Pathogen Resource (ViPR) database: severe acute
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respiratory syndrome coronavirus 2; human (host); complete genome
only. The viruses have several strains worldwide due to their natural
tendency to show high mutational rates, which is could reason for fail of
most of the vaccines Garcia-Boronat et al. (2008). For this reason, based
on the multiple sequence alignment of 475 strains sequenced in one of
the five countries with the highest number of cases (United States, India,
Brazil, France, Germany, and United Kingdom), the sequential vari-
ability sites and the conserved fragments of four structural proteins of
SARS-CoV-2 were mapped by the Protein Variability Server (PVS)
(http://imed.med.ucm.es/PVS/) and MUSCLE algorithm.

2.2. Prediction of T cell epitopes

NetMHC 4.0 server (http://www.cbs.dtu.dk/services/NetMHC/)
was used to predict the MHC I binding promiscuous epitopes in the
consensus sequences, including 47 HLA class I alleles. Binding param-
eters using artificial neural networks (ANNs) Nielsen et al. (2003). Then,
the NetCTL server (http://www.cbs.dtu.dk/services/NetCTL/) was used
to predict cytotoxic T lymphocytes and values related to c-terminal
cleavage, TAP transporter affinity, and HLA I binding affinity Peters
et al. (2003). Models with high predictive accuracy were proposed for
neural networks trained on 9-mer data, such that epitopes of this length
are identified with higher sensitivity and specificity Lundegaard et al.
(2008a), (2008b). Finally, the data obtained from both platforms were
stored in spreadsheets and compared to analyze only the epitopes that
were present on both servers.

For consensus prediction of MHC Il-restricted peptide epitopes, the
NetMHCII tool (http://www.cbs.dtu.dk/services/NetMHCII/) was used.
This tool has an allele-specific method that includes an individual pre-
dictor for each MHC molecule in the dataset. Thus, affinities for MHC
molecules can be predicted, with classification into binders and non-
binders Jensen et al. (2018). The NetMHClIIpan (http://www.cbs.dtu.
DK/services/NetMHCIIpan/) has also been used as a guide for T cell
peptide identification. It is based on a comprehensive dataset of > 100,
000 quantitative peptide binding measurements from IEDB, including
36 HLA-DR, 27 HLA-DQ, 9 HLA-DP, and 8 mouse molecules MHC-II
Andreatta et al. (2015). In addition to accurate identification of the
binding core, this pan-specific method allows: quantification of the
probability of multiple binding colors within a single antigenic peptide
and assignment of reliability scores for each binding core prediction
Andreatta and Nielsen (2018).

Predicted binders were selected using a percentile ranking method
comparing predicted affinity to a collection of 400,000 random endog-
enous peptides and MHC binding affinity. ICs, values of < 50 nM and a
percentile rank of < 0.5 were classified as high affinity (or strong
binding), 50-500 nM as medium affinity, and 500-5000 nM as low af-
finity Nielsen et al. (2007), (2009)). According to Vita et al. (2015), no
T-cell epitope has reached an ICs, value of > 5000 nM. Because
regression at this scale (nM) is more challenging, it was linearized using
the equation log50k = 1 — log(ICs()/log(50000). To avoid false posi-
tives, all values in this log-transformed binding affinity (1 — log50k)
identify peptides greater than or equal to 0.7 Fleri et al. (2017).

2.3. Antigenicity prediction

The antigenic properties of the selected theoretical epitopes were
analyzed using VaxiJen 2.0 (http://www.ddg-pharmfac.net/vaxijen/V
axiJen/VaxiJen.html), an alignment-independent method developed to
overcome the limitations of alignment-dependent sequence similarity
methods and based on automatic cross-covariance transformation (ACC)
of protein sequences into uniform vectors of key amino acid properties.
Vaxijen predicts antigens based on protein physicochemical properties
with 70-89 % accuracy Doytchinova and Flower (2007b).
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2.4. Allergenicity prediction

Allergen identification is a crucial factor in the development of the
vaccine. Therefore, AllerTOP v.2.0 server (http://www.ddg-pharmfac.
net/AllerTOP/) measures the allergenic properties of epitopes based
on an alignment-independent method that has been optimized, cross-
validated, and implemented. It uses an updated set of 2427 known al-
lergens and 2427 non-allergenic proteins from widely used foods and
non-immunogenic human proteins. Data processing detects 87 % of al-
lergens and 91 % of non-allergens in the external test set Dimitrov et al.
(2014).

2.5. Immunogenicity prediction

To predict epitopes capable of eliciting both humoral and cellular
immune responses, we used the IEDB immunogenicity prediction tool
(http://tools.iedb.org/immunogenicity/) using the following parame-
ters: cutoff equal to zero and standard mask Vita et al. (2015). We
assessed the immunogenicity of the antigens by summing the immuno-
genicity scores of all epitopes predicted to bind the MHC-I reference set
of alleles in each antigenic region of the proteins. A high score indicates
a greater likelihood of eliciting an immune response Calis et al. (2013).

2.6. Toxicity test

TonxinPred (http://crdd.osdd.net/raghava/toxinpred/) is based on
an SVM model for classifying toxicity and non-toxicity based on various
physicochemical properties of peptides. The database used in this
method consists of 1805 toxic peptides (<35 residues) and 3593 non-
toxic peptides Gupta et al. (2013).

2.7. Conservation analysis

The IEDB Conservancy tool (http://tools.iedb.org/conservancy) was
used to assess the degree of conservation of epitopes within the protein
sequences of all available genotypes of SARS-CoV-2 obtained with
varying degrees of sequence identity Bui et al. (2007). The degree of
conservation can be defined as the proportion of protein sequences in
which the epitope is present at a given degree of identity. In this way, it
would be possible to verify which of the epitopes is most conserved and
thus could become a vaccine candidate.

2.8. Population coverage study

The major histocompatibility complex (MHC) in humans refers to a
genetic region containing hundreds of genes, including human leuko-
cyte antigen (HLA) genes. T cells recognize a complex between a specific
major histocompatibility complex (MHC) molecule and a specific
pathogen-derived epitope, so the binding of peptides to MHC molecules
is allele-specific. The selection of multiple peptides from SARS-CoV-2
with different HLA binding specificities will allow for greater coverage
of the patient population targeted by peptide-based vaccines or di-
agnostics. Knowing that the small set of alleles covers most of the pop-
ulation, the IEDB Population Coverage tool (http://tools.iedb.org/pop
ulation/) calculates the proportion of individuals from a given area
(or worldwide) who are geographically predicted to respond to a given
set of epitopes with known MHC restrictions based on their human
leukocyte antigen (HLA) alleles Bui et al. (2006).

2.9. IFN-y inducing epitope prediction

T helper cells can be identified by the production of various cyto-
kines such as interferon-y (IFN-y), which subsequently play a role in the
activation of various immune cells such as macrophages and natural
killer cells Luckheeram et al. (2012). IFN-y inducibility assessment of
predicted HTL epitopes can be performed using the hybrid prediction
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approach and the Support Vector Machine (SVM) of IFNepitope (http://
crdd.osdd.net/raghava/ifnepitope/).

2.10. Linear B-cell epitope prediction

B-cell epitopes are antigenic determinants and have the ability to
elicit humoral immunity recognized by B-cell receptors or secreted an-
tibodies of the immune system and represent the specific part of the
antigen to which B lymphocytes bind. The linear B-cell epitopes of all
proteins were predicted using BepiPred 2.0 from IEDB (http://tools.
iedb.org/bcell/). The algorithm is based on a random forest algorithm
trained on epitopes annotated from antibody-antigen protein structures
Ponomarenko and Bourne (2007).

2.11. Construction of multi-epitope vaccine sequence

The CTL and HTL epitopes identified by the above immu-
noinformatic methods were used to carefully construct a vaccine
sequence. These CTL and HTL epitopes were linked using AAY and
GPGPG linkers Kadam et al. (2020); Mittal et al. (2020). In addition,
p-defensin was introduced into the N-terminal end of the vaccine
construct due to its adjuvant activity against viral infections Ling et al.
(2017).

2.12. Homology modelling and tertiary structure refinement

The 3D building models were performed using Swissmodel server
(https://swissmodel.expasy.org/), which allows homology modeling
and the creation of 5 final models. At the same time, we also submit the
primary sequence to the Robetta server. The Robetta server (https://ro
betta.bakerlab.org/) generates structural models using either compara-
tive modeling or de novo structure prediction methods. Then the best
models for each server were selected for the refinement step.

The 3D structures were refined using the GalaxyRefine2 tool (http://
galaxy.seoklab.org/). This server is based on a refinement method that
performs short molecular dynamics relaxations (MD) after repeated
side-chain repack perturbations, allowing larger motions. Experimen-
talists have used it in functional protein modeling studies to improve the
quality of model structures obtained with other prediction methods. A
recent benchmark test of CASP (Critical Assessment of techniques for
protein Structure Prediction) refinement targets showed that GalaxyR-
efine2 was successful in performing blind predictions Lee et al. (2019).

2.13. Tertiary structure validation

Validation of the 3D model of the vaccine construct was performed
using ProSA-web, ERRAT, and Verify3D. ProSA-web (https://prosa.serv
ices.came.sbg.ac.at/prosa.php) is a freely available web server that is
commonly used to validate the input 3D model. It assigns a quality score
to the input structure if the score falls outside a range typical of native
proteins and the structure is most likely to have errors. The ERRAT
(http://services.mbi.ucla.edu/ERRAT/) and Verify3D (https://servi
cesn.mbi.ucla.edu/Verify3D/) servers were used to determine the non-
bonded interactions within the structure and to determine the compat-
ibility of an atomic model with its amino acid sequence by assigning the
class of the structure based on its environment and comparing the results
with suitable structures.

The validation analysis was also performed using the Molprobity
server (http://molprobity.biochem.duke.edu/), which provides a broad,
robust analysis of model quality at global and local levels for protein
structures. It relies on the performance and sensitivity provided by
optimized hydrogen placement and analysis of contacts between all
atoms, complemented by covalent geometry and torsion angle criteria
Williams et al. (2018). The central statistic of protein structure quality is
represented by the "molprobity score", a combination of clash score,
rotamer, and Ramachandran assessments in a single score normalized to
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the same scale as X-ray resolution Chen et al. (2010).
2.14. Physiochemical properties of the vaccine

ProtParam (http://web.expasy.org/protparam/) was used to predict
the physicochemical properties of the vaccine candidate, including
molecular weight, theoretical pl, instability index, amino acid compo-
sition, grand average of hydropathicity (GRAVY), atomic composition,
estimated in vitro and in vivo half-life, aliphatic index, and extinction
coefficient. A protein is considered stable if its value is below the
threshold of 40, while the hydropathy index evaluates the probability
that a region is hydrophobic (positive values) or hydrophilic (negative
values) Gasteiger et al. (2005).

2.15. Prediction of post-translational modifications

For the prototype vaccine, post-translational modification analysis
was performed using network prediction tools. NetOGlyc 4.0 (http://
www.cbs.dtu.dk/services/NetOGlyc/) and NetNGlyc 1.0 (http://www.
cbs.dtu.dk/services/NetNGlyc/) were used for glycosylation, which is
one of the significant posttranslational modifications Steentoft et al.
(2013). In addition, this analysis included the prediction of phosphor-
ylation using the NetPhos 3.1 server (http://www.cbs.dtu.dk/services
/NetPhos/) Blom et al. (2004). Finally, the CSS-Palm server
(http://csspalm.biocuckoo.org/online.php) predicts palmitoylation of
proteins, an essential posttranslational lipid modification of proteins
Ren et al. (2008).

2.16. Codon optimization of final vaccine constructs

The Java Codon Adaptation Tool (JCat) https://www.jcat.de/was
used for codon optimization and back translation and evaluated with the
Codon Adaptation Tool to predict the appropriate expression in vector
translation and cloning efficiency Grote et al. (2005) and to generate the
vaccine cDNA sequence required for efficient expression in the Escher-
ichia coli K-12 strain Grote et al. (2005). In addition, the optimized
multiepitope vaccine sequence was inserted into the pET-28a (+) vector
using the SnapGene tool.

2.17. Immune simulation of the vaccine

The C-ImmSim server https://kraken.iac.rm.cnr.it/C-IMMSIM/was
used to characterize the actual immunogenic profiles and immune
response of the vaccine prototype. C-ImmSim is an online server that
uses agent-based modeling to characterize the immune response profile
and immunogenicity of the chimeric peptides. The model is based on
position-specific scoring matrices (PSSM) for peptide prediction derived
from machine learning techniques for predicting immune interactions
Rapin et al. (2010). Two injections of the target prophylactic
SARS-CoV-2 vaccine profile were administered at different 4-week in-
tervals. Our simulation lasted 1050 time steps (one time step of
approximately 8 h), or nearly 12 months. All other simulation parame-
ters were kept as default values Castiglione et al. (2012).

2.18. Molecular docking, QM/MM study and binding profile

The vaccine prototype must bind with target immune cell receptors,
such as Toll-Like Receptor 3 (TLR3) to elicit an efficient immune
response Perales-Linares and Navas-Martin (2013). Using PROPKA 3.1
software (https://github.com/jensengroup/propka/), the molecular
structures of the ligand (vaccine prototype) and receptor (TLR3 - PDB
ID: 1ziw) were first modified by adding charges (protonation or
deprotonation) to the atoms and correcting the bonds. Since
SARS-CoV-2 is present in the bloodstream, the physiological value
(7.2-7.4) was used as the pH parameter. Atomic optimization of the
hydrogen geometry was performed using CHARMm (Chemistry at
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Harvard Molecular Mechanics), a force field parameterized from mo-
lecular dynamics simulation specifically for organic molecules to in-
crease the accuracy of the calculations Vianna et al. (2019); Campos
et al. (2020b); Bezerra et al. (2020).

To evaluate the interaction of the vaccine prototype with the mole-
cule TLR, we performed a structure-based docking analysis on the
PatchDock server (http://bioinfo3d.cs.tau.ac.il/PatchDock/), a molec-
ular docking algorithm based on the principles of shape complemen-
tarity, i.e., molecular shape representation, surface patch matching, and
partitioning and scoring Schneidman-Duhovny et al. (2005). First, the
surfaces of the receptor and ligand molecules were partitioned into
patches that corresponded to the shape of the surface. These patches
then fit into specific patterns that allowed visual discrimination of the
puzzle pieces. Once the patches were identified, shape matching
methods were used to determine the superpositions of these patches.

Subsequently, the vaccine TLR3 candidates were refined using
FireDock server (http://bioinfo3d.cs.tau.ac.il/FireDock/) by the con-
strained restructuring of the side chains at the interface and Monte Carlo
minimization of the binding scoring function. The refined candidates
were ranked based on a binding score parameterized using atomic
contact energy, attenuated van der Waals interactions, partial electro-
statics, and additional binding free energy estimates Andrusier et al.
(2007).

We used the combined quantum mechanics/molecular mechanics
technique (QM/MM) to select the most relevant vaccine-TLR3 (ligand-
receptor) complex from the docking calculations. The QM/MM methods
have now established themselves as the most advanced computational
methods for biomolecular systems. The rapidly growing number of
publications using QM/MM techniques is impressive evidence that they
have come of age since their pioneering beginnings some thirty years
ago Lindorff-Larsen et al. (2010); Senn and Thiel (2009). The QM/MM
formalism allows the partitioning of the total energy and, in particular,
the interaction energy into different components, thus offering the
possibility of analyzing the effects of the protein environment (down to
individual wastes), especially in the presence of many electrostatic in-
teractions Chung et al. (2015).

The QM/MM optimization was performed within the framework of
the ONIOM multilayer method (our own Integrated Molecular Orbital
and N-layer Molecular Mechanics), which is available in Gaussian code.
It is a robust method that allows accurate ab initio calculations of the
total energy of large complexes, such as biochemical systems, when
these systems are divided into two or three layers. In this case, the TLR3
receptor was assigned to the MM layer, while the major amino acid
residues of the vaccine were assigned to the QM layer. The popular
B3LYP hybrid functional (Becke, three parameters, Lee-Yang-Parr) of
exchange-correlation and basis set 6-311 G (d, p) were used to expand
the electronic orbitals for the QM layer, and all amino acid residues
within a radius of 6.0 4 from the centroid of the ligand were allowed to
move during geometry optimization.

Finally, binding poses and parameters were examined using Dis-
covery Studio Visualizer (https://discover.3ds.com/discovery-studio-v
isualizer-download/), LigPlot+ (https://www.ebi.ac.uk/thornton-sr
v/software/LigPlus/), PoseView (https://proteins.Plus/), and: inter-
molecular hydrogen bonds (carbon, conventional, and pi-donor H-
bonds), electrostatic (salt bridge, attractive charges, pi-cation, pi-anion),
hydrophobic (pi-pi stacked, pi-pi stacked, alkyl, pi-sigma, pi-alkyl),
halogens (Cl, fluorine, Br, and I), miscellaneous (charge repulsion, steric
unevenness, acceptor-acceptor collision.

3. Results and discussion

Vaccination is a successful and cost-effective public health preven-
tion strategy to combat deadly infectious diseases worldwide Chabot
et al. (2004). The peptide-based vaccines or multiepitope vaccines have
been shown to be the better choice for safe vaccination because they use
short, nonallergenic peptide fragments to stimulate extremely targeted
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immunoprotective responses Li et al. (2014). Several previous in silico
studies demonstrate the efficacy and effects of prototype multiepitope
vaccines Yazdani et al. (2020); Rakib et al. (2020); AlSaba et al. (2021);
Silva et al. (2021). Moreover, vaccine development in this manner has
already gained momentum, with immunogenic potential demonstrated
through in vivo experiments Lei et al. (2019); Zhao et al. (2021) and
clinical trials Elliott et al. (2008); Lennerz et al. (2014).

In a critical global scenario triggered by the SARS-CoV-2 virus in
recent years, the vaccines in the III and IV phases are relatively effective
in controlling the disease, at least in exacerbating severe cases. How-
ever, the virus are known to have high genomic mutation rates that
provide protection for them, and this is one of the main causes of vaccine
failure Laughlin et al. (2015). Having traced the identified mutations of
the SARS-CoV-2 virus to the present day (April 2022), it is clear that the
accumulation of spike protein mutations is responsible for the increased
infectivity and severity of SARS-CoV-2 and potentially hinders vaccine
efficacy Harvey et al. (2021). Indeed, the emergence of variants of
SARS-CoV-2 could compromise the global impact of mass vaccination
campaigns Fiolet et al. (2021).

Recently, Zang et al. (2022) reported the development of an mRNA
vaccine candidate specific to the receptor binding domain (RBD) of the
Omicron variant. Two doses efficiently induce neutralizing antibodies in
mice. However, the antisera are effective only in the Omicron variant
and not in the wild-type and Delta strains. Lee et al. (2022) developed
the "hybrid" vaccine containing the RBD with all 16 point mutations
shown in Omicron and Delta RBD, and a bivalent vaccine consisting of
Omicron and Delta RBD-L at half dose. Taken together, their data
indicate that the Omicron-specific mRNA vaccine can elicit a strong
neutralizing antibody response against Omicron, but that the inclusion
of epitopes from other variants may be required to elicit
cross-protection.

Therefore, we used an extensive immunoinformatics and molecular
modeling protocol to develop a prototype vaccine against all of the
above variants, in this case consisting of unique mutant epitopes of each
variant.

3.1. Sequence retrieval

Here, the amino acids sequences for four structural proteins (Spike
glycoprotein - S, membrane glycoprotein - M, envelope protein - E and
nucleoprotein - N) of SARS-CoV-2 variants (B.1.1.7 - Alpha, B.1.351 -
Beta, P.1 - Gamma, B.1.617.2 - Delta, and BA.1 - Omicron) were
retrieved from the Vipr database Waterhouse et al. (2009) and used to
predict the B and T cell epitopes. Thus, we encompassed 475 proteomes
of the major circulating SARS-CoV-2 variants, including 38 (16) re-
ported non-synonymous mutations found in the protein spike (nucleo-
capsid phosphoprotein).

3.2. Cytotoxic T Lymphocytes (CTL)

The major histocompatibility complex class I (MHC-I) processing
pathway involves the degradation of protein antigens by a constitutive
proteasome or immunoproteasome, resulting in the production of anti-
genic peptides. The Antigen Processing Protein-Associated (TAP)
transporter transports peptides from the cytosol to the endoplasmic re-
ticulum (ER), binds peptides to human leukocyte antigen (HLA) class I,
and transports the peptide-MHC complex through the Golgi complexes
to the cell surface, where it is presented to CD8 + T cells. Therefore,
MHC I-peptide complexes are critical for infection surveillance by T cells
Gruhler and Fruh (2000); Abbas et al. (2014).

When CTL peptides were identified using NetMHCI and NetCTL 1.2
server, a total of 220 CTL (9-mer) ligands were predicted for the four
polyproteins from ancestral viral sequences based on their high combi-
natorial scores. In addition, a total of 416 epitopes of SARS-CoV-2 var-
iants were predicted based on their high score and submetabolized for
other parameters. In particular, for the epitopes with the highest number
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List of predicted CTL epitopes of the SARS-CoV-2 polyprotein S with all variants Alpha, Beta, Gamma, Delta, and Omicron, each peptide sequence and their number of
alleles, antigenicity prediction score, allergenicity, immunogenicity score, toxicity and conservancy.

NetMHCI NetCTL VaxiJen Allertop IEDB ToxinPred IEDB
Protein S Sequence Alleles Supertypes Antigenicity Allergenicity Immunogenicity Toxicity Conservation
Original Strain
857 - GLTVLPPLL 1 1 0,6621 NON-ALLERGEN 0,01706 Non-Toxin 96.30 %(339/352)
413 - GQTGKIADY 1 2 1,4019 NON-ALLERGEN 0,00796 Non-Toxin 94.03 %(331/352)
699 - LGAENSVAY 1 1 0,4173 NON-ALLERGEN 0,00912 Non-Toxin 97.44 %(343/352)
628 - QLTPTWRVY 1 2 1,2119 NON-ALLERGEN 0,31555 Non-Toxin 98.30 %(346/352)
680 - SPRRARSVA 1 2 0,7729 NON-ALLERGEN 0,04020 Non-Toxin 96.30 %(339/352)
512 - VLSFELLHA 1 1 1,0776 NON-ALLERGEN 0,16070 Non-Toxin 97.73 %(344/352)
886 - WTFGAGAAL 1 2 0,4918 NON-ALLERGEN 0,19798 Non-Toxin 99.43 %(350/352)
88 - GVYFASTEK 4 1 0,7112 NON-ALLERGEN 0,09023 Non-Toxin 95.30 % (345/362)
504 - YQPYRVVVL 2 5 0,5964 NON-ALLERGEN 0,1409 Non-Toxin 98.89 % (358/362)
68 - HVSGTNGTK 4 1 1,0956 NON-ALLERGEN 0,06339 Non-Toxin 96.13 % (348/362)
326 - VRFPNITNL 7 2 1,1141 NON-ALLERGEN 0,1748 Non-Toxin 95.52 % (347/362)
61 - VTWFHAIHV 4 1 0,5426 NON-ALLERGEN 0,38925 Non-Toxin 95.58 % (346/362)
Original Strain/Alpha/Beta/Delta/Gamma/Omicron
341 - FNATRFASV 7 1 0,5609 NON-ALLERGEN 0,14872 Non-Toxin 98.35 % (357/363)
717 - FTISVTTEIL 4 3 0,8535 NON-ALLERGEN 0,04473 Non-Toxin 97.80 % (355/363)
891 - AALQIPFAM 4 2 0,7747 NON-ALLERGEN 0,12066 Non-Toxin 98.90 % (359/363)
711 - IAIPTNFTI 3 3 0,7052 NON-ALLERGEN 0,18523 Non-Toxin 97.52 % (354/363)
257 - WTAGAAAYY 14 4 0,6306 NON-ALLERGEN 0,15259 Non-Toxin 91.18 % (331/363)
713 - IPTNFTISV 4 1 0,8820 NON-ALLERGEN 0,17229 Non-Toxin 97.52 % (354/363)
506 - PYRVVVLSF 5 1 1,0281 NON-ALLERGEN 0,03138 Non-Toxin 98.90 % (359/363)
826 - TLADAGFIK 4 1 0,5781 NON-ALLERGEN 0,28158 Non-Toxin 98.90 % (359/363)
83 - LPFNDGVYF 1 1 0,5593 NON-ALLERGEN 0,11767 Non-Toxin 96.42 % (350/363)
Alpha/Beta/Delta/Gamma/Omicron
1015 - AEIRASANL 4 1 0,7082 NON-ALLERGEN 0,00689 Non-Toxin 100 % (10/10)
611 - YQGVNCTEV 5 1 1,3957 NON-ALLERGEN 0,08675 Non-Toxin 100 % (10/10)
1100 - HWFVTQRNF 4 1 0746 NON-ALLERGEN 0,0482 Non-Toxin 100 % (10/10)
1 - FVFLVLLPL 4 4 0,8601 NON-ALLERGEN 0,04076 Non-Toxin 100 % (10/10)
1224 - IAIVMVTIM 3 1 1,1339 NON-ALLERGEN 0,06312 Non-Toxin 100 % (10/10)
665 - IGAGICASY 1 2 0,6368 NON-ALLERGEN 0,06201 Non-Toxin 100 % (10/10)
1208 - YIKWPWYIW 3 1 0,9673 NON-ALLERGEN 0,42524 Non-Toxin 100 % (10/10)
881 - ITSGWTFGA 2 1 0,4577 NON-ALLERGEN 0,35124 Non-Toxin 100 % (10/10)
82 - VLPFNDGVY 1 2 0,4642 NON-ALLERGEN 0,1815 Non-Toxin 100 % (10/10)
1059 - VVFLHVTYV 8 1 1,5122 NON-ALLERGEN 0,1278 Non-Toxin 100 % (10/10)
Alpha/Beta/Gamma
407 - RQIAPGQTG 2 1 1,7890 NON-ALLERGEN 0,02859 Non-Toxin 100 % (6/6)
442 - SKVGGNYNY 1 1 0,9111 NON-ALLERGEN 0,06751 Non-Toxin 100 % (6/6)
203 - YSKHTPINL 3 1 1,0547 NON-ALLERGEN 0,09845 Non-Toxin 100 % (6/6)
1213 - WYIWLGFIA 1 1 1,0356 NON-ALLERGEN 0,46375 Non-Toxin 100 % (6/6)
1180 - KEIDRLNEV 2 1 0,5300 NON-ALLERGEN 0,15852 Non-Toxin 100 % (6/6)
629 - TPTWRVYST 3 1 0,4605 NON-ALLERGEN 0,22497 Non-Toxin 100 % (6/6)
763 - NRALTGIAV 3 1 0,5302 NON-ALLERGEN 0,20642 Non-Toxin 100 % (6/6)
1058 - GVVFLHVTY 3 1 1,4104 NON-ALLERGEN 0,20837 Non-Toxin 100 % (6/6)
260 - GAAAYYVGY 1 3 0,6604 NON-ALLERGEN 0,09963 Non-Toxin 100 % (6/6)
261 - AAAYYVGYL 2 1 0,4605 NON-ALLERGEN 0,07068 Non-Toxin 100 % (6/6)

of alleles (3257—265’ 51059—1067’ S326—334’ 5506—314’ and 5611—629), the

binding of 14, 8, 7, 5, and 5 alleles, respectively, was predicted. Epitopes
E>37%7 and E>*~8 were predicted to bind the highest number of alleles,
12 and 10, respectively. Similarly, M”28 and M71~5 were predicted to
bind 7 and 6 alleles of the HLA class, II, respectively. Finally, N4
N310’324, and N3117325 were predicted to bind 12, 12, and 11 alleles,
respectively. The other epitopes are characterized by an affinity strength
between 1 and 4 alleles Table 1.

Speed and efficiency are the advantages of in silico screening of
genomic information for vaccine development in the post-genomic era
Doytchinova and Flower (2007a). However, this approach is dependent
on the accuracy of antigen prediction. Thus, the antigenicity of a

Table 2

sequence may be encoded in a subtle and arcane manner that cannot be
identified by direct sequence alignment Doytchinova and Flower
(2007b).

Epitope analysis with Vaxijen found only 118 epitopes of proteins
from precursor viruses to be antigenic. For sequences of S protein vari-
ants, 116 epitopes with high antigenicity scores were selected. Of these,
only 9 epitopes were common to all variants, representing one of the
lowest concordance rates ever reported Abdelmageed et al. (2020); ul
Qamar et al. (2020). This suggests that mutations occurred in regions of
high antigenic potential between the different strains. The highest

values of antigenicity of the amino acid sequences of protein S (540715,
51059-1067 | 10581066 g611-619  g1224-1232  §326-334 6876 203 211

List of predicted CTL epitopes of the SARS-CoV-2 polyprotein E with each peptide sequence and their number ofalleles, antigenicity prediction score, allergenicity,

immunogenicity score, toxicity and conservancy.

NetMHCI NetCTL VaxiJen Allertop 1IEDB ToxinPred IEDB
Protein Sequence Alleles Supertypes Antigenicity Allergenicity Immunogenicity Toxicity Conservation
E 30 - TLAILTALR 2 1 0,7223 NON-ALLERGEN 0.19890 Non-Toxin 87.50 % (14/16)
29 - VTLAILTAL 2 1 0,6140 NON-ALLERGEN 0.21055 Non-Toxin 87.50 % (14/16)
20 - FLAFVVFLL 1 4 0,5308 NON-ALLERGEN 0.30188 Non-Toxin 87.50 % (14/16)
31 - LAILTALRL 1 1 0,8872 NON-ALLERGEN 0.12755 Non-Toxin 87.50 % (14/16)
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Table 3

Computational Biology and Chemistry 101 (2022) 107754

List of predicted CTL epitopes of the SARS-CoV-2 polyprotein M with each peptide sequence and their number ofalleles, antigenicity prediction score, allergenicity,

immunogenicity score, toxicity and conservancy.

NetMHCI NetCTL VaxiJen Allertop IEDB ToxinPred IEDB

Protein Sequence Alleles Supertypes Antigenicity Allergenicity Immunogenicity Toxicity Conservation

M 57 - LWPVTLACF 2 1 1,1590 NON-ALLERGEN 0,06682 Non-Toxin 98,21 % (55/56)
136 - SELVIGAVI 1 1 0,6409 NON-ALLERGEN 0,25658 Non-Toxin 96,43 % (54/56)
188 - AGDSGFAAY 1 1 0,9095 NON-ALLERGEN 0,03981 Non-Toxin 96,43 % (54/56)
138 - LVIGAVILR 3 1 1,1027 NON-ALLERGEN 0,2601 Non-Toxin 94,64 % (53/56)
23 - VIGFLFLTW 1 1 1,1465 NON-ALLERGEN 0,24152 Non-Toxin 92,86 % (52/56)
65 - FVLAAVYRI 2 1 0,5136 NON-ALLERGEN 0,13985 Non-Toxin 92,86 % (52/56)
94 - SYFIASFRL 2 2 0,4821 NON-ALLERGEN 0,18333 Non-Toxin 91,07 % (51/56)
50 - KLIFLWLLW 1 1 0,4968 NON-ALLERGEN 0,34287 Non-Toxin 89,29 % (50/56)
46 - LYIIKLIFL 2 1 0,4865 NON-ALLERGEN 0,1374 Non-Toxin 87,50 % (49/56)
44 - RFLYIIKLI 1 1 0,4257 NON-ALLERGEN 0,05908 Non-Toxin 87,50 % (49/56)

Table 4

List of predicted CTL epitopes of the SARS-CoV-2 polyprotein N with each peptide sequence and their number ofalleles, antigenicity prediction score, allergenicity,

immunogenicity score, toxicity and conservancy.

NetMHCI NetCTL VaxiJen Allertop IEDB ToxinPred IEDB

Protein Sequence Alleles Supertypes Antigenicity Allergenicity Immunogenicity Toxicity Conservation

N 104 - LSPRWYFYY 1 5 1,2832 NON-ALLERGEN 0,35734 Non-Toxin 97.92 % (141/144)
105 - SPRWYFYYL 2 2 0,7340 NON-ALLERGEN 0,34101 Non-Toxin 97.92 % (141/144)
103 - DLSPRWYFY 2 3 1,7645 NON-ALLERGEN 0,25933 Non-Toxin 97.92 % (141/144)
316 - GMSRIGMEV 2 1 0,6287 NON-ALLERGEN 0,07018 Non-Toxin 97.22 % (140/144)
323 - EVTPSGTWL 2 1 0,4548 NON-ALLERGEN 0,03442 Non-Toxin 97.22 % (140/144)
78 - SSPDDQIGY 2 3 0,5260 NON-ALLERGEN 0,0634 Non-Toxin 95.14 % (137/144)
79 - SPDDQIGYY 3 1 0,4863 NON-ALLERGEN 0,06844 Non-Toxin 94.44 % (136/144)
361 - KTFPPTEPK 5 1 0,7571 NON-ALLERGEN 0,1306 Non-Toxin 93.06 % (134/144)

§1218-1221 ° g506-514 = g1208-116 = g442-450 713721 = ¢l=9 = g717-725 step is important to determine whether a peptide-MHC complex (pMHC)

B 3
5891 899 51100 1108 588 96 51015 1023 ISv711 719 5260 268 5665 673
5257 265’ SSO4 512’ SSZ6 834’ 5341 349’ SS3 91’ S6l 69’ S763 771
81180—1188’ 582—90’ 5629—637’ S26l—269 and 3881—889) were 1.7890,

1.5122, 1.4104, 1.3957, 1.1339, 1.1141, 1.0956, 1.0547, 1.0356,
1.0281, 0,9673, 0.9111, 0.8820, 0,8601, 0,8535, 0,7747, 0.7460,
0.7112, 0.7082, 0.7052, 0.6604, 0.6368, 0.6306, 0.5964, 0.5781,
0.5609, 0.5593, 0.5426, 0.5302, 0.5300, 0.4642, 0.4605, 0.4605, and
0.4577 (Table 1).

For the protein E (M), the scores of Eﬁl’69 Egl’39 E55’63 E49’57
F30-38 5765 [29-37 [20-28 pS1-59 o4 p5O-58 (375765 py23-31

M138 146 M84 92 M188 196 M172 180 M171 179 M170 178 M37 45

M136 144 M108 116 M65 73 MSO 58 M46 54 M94 102 M54 62 and
M**52) were 0.8998, 0.8872, 0.8251, 0.7476, 0.7223, 0.7020, 0.6140,
0.5308, 0.4213 and 0.4140 (1.1590, 1.1465, 1.1027, 0.9457, 0.9095,
0.7889, 0.7785, 0.7633, 0.7197, 0.6409, 0.6108, 0.5136, 0.4968,
0.4865, 0.4821, 0.4811 and 0.4257), respectively - see details in Table 2
and Table 3.

Finally the amino acids sequences of protein N N32~41 N103-111
N100-108 " \104-112 \183-191 n345-353 - \187-195  p;386- 394 53— 61

N249 257 N66 74 N361 369 N322 330 N305 313 N379 387 N105 113

N240 248 N316 324 N266 274N306 314 N78 86 N79 87 and N323 331 were

1.7874, 1.7645, 1.7462, 1.2832, 1.2286, 1.1677, 1.1218, 0.9285,
0.8510, 0.7679, 0.7585, 0.7571, 0.7550, 0.7468, 0.7432, 0.7340,
0.6709, 0.6287, 0.5669, 0.5495, 0.5260, 0.4863 and 0.4548, respectivel
(Table 4).

The final peptides were selected and submitted for further analysis.
Because of the high current incidence, allergenicity was checked to
ensure that the vaccine candidate would not induce allergic reactions
once introduced into uniform vectors of equal length using an
alignment-independent protein presentation method based on the key
physiochemical properties of protein sequences Dimitrov et al. (2013).
Of 118 antigenic epitopes, 67 were found to be nonallergenic (Tables 1,
2,3, and 4).

One of the main concerns in subunit vaccine development is the
specificity of the immunogenic epitopes. In case, the immunogenicity

can be an epitope Calis et al. (2013). Here, only 56 nonallergenic epi-
topes were selected based on high immunogenicity values. The highest
immunogenicity values for the S, E, M, and N proteins of SARS-CoV-2
were 0.46375, 0.30188, 0.34287, and 0.34101, respectively. Subse-
quently, these epitopes were also found to be non-toxic. Thus, the
probability of our epitope-based vaccines causing immunogenic and
toxic reactions is very low.

A look at the S protein sequences shows that 21 epitopes with high
immunogenicity values were present only in the original strain of SARS-
CoV-2, 9 were common to all subvariants and 19 in the Omicron variant,

namel 5341 349 S717 725 5891 899 S7ll 719 5257 765 S7137721’
SSO6 514 SSZ6 834 SS3 91 51015 1023 S611 619, SllOO 1108 5178’
51224 1232 5665 673 51208 1216 5881 889 582 90 and 51059 1067

Of the 63 epitopes with the best antigenicity, allergenicity, immu-
nogenicity, and toxicity values, 56 obtained conservation index above
90 %. These results suggest that most epitopes in SARS-CoV-2 are highly
conserved and are good targets for vaccine development, as these epi-
topes are regions that evolve slowly and can be expected to be present
independently of a particular pathogen strain Bui et al. (2007).

In order to predict whether virus-specific T cells recognize variants,
we determined the epitopes with had strong binding affinity with MHC-
I. Those with the highest conservation rates more conserved in all var-
iants would be in the construction of the vaccine.

3.3. Helper T Lymphocyte (HTL)

The MHC Class I and Class II epitopes can be recognized by T cell,
due to its antigenic nature and acknowledged by the T cell receptors
(TCR). MHC class Il molecules contain exogenous antigens or pathogen’s
surface proteins, processed through endocytic pathways to assist the T
lymphocytes or CD4 +T cells Reynisson et al. (2020). Thus, with
powerful tools for analysis of prediction of T cell epitopes a total of 931
HTL epitopes were predicted from the four SARS-CoV-2 virus proteins
using NetMHCII and NetMHClIIpan 4.0 server. In addition, a total of 558
epitopes of all variants with the highest number of alleles were predicted
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Table 5
List of predicted HTL epitopes of the SARS-CoV-2 polyprotein S with all variants Alpha, Beta, Gamma, Delta, and Omicron, each peptide sequence and their number of
alleles, antigenicity prediction score, allergenicity, Epitope IFN-y, toxicity and conservancy.

NetMHCII/NetMHClIIpan VaxiJen Allertop IFNepitope ToxinPred IEDB
Protein S Peptide sequence Alleles Antigenicity Allergenicity Epitope IFN-y Toxicity Conservation
Original Strain
139 - PFLGVYYHKNNKSWM 2 0,6641 NON-ALLERGEN 0.36453817 Non-Toxin 89.23 % (315/353)
142 - GVYYHKNNKSWMESE 2 0,4684 NON-ALLERGEN 0.36198865 Non-Toxin 89.23 % (315/353)
141 - LGVYYHKNNKSWMES 2 0,4937 NON-ALLERGEN 0.40530432 Non-Toxin 90.08 % (318/353
257 - GWTAGAAAYYVGYLQ 4 0,5669 NON-ALLERGEN 0.71724775 Non-Toxin 90.93 % (321/353)
168 - FEYVSQPFLMDLEGK 2 0,8278 NON-ALLERGEN 0.44798419 Non-Toxin 93.76 % (331/353)
Original Strain/Alpha/Beta/Delta/Gamma
763 - LNRALTGIAVEQDKN 2 0,4710 NON-ALLERGEN 0,58194087 Non-Toxin 98.61 % (357/362)
761 - TQLNRALTGIAVEQD 2 0,4153 NON-ALLERGEN 0,43169637 Non-Toxin 98.61 % (357/362)
59 - FSNVTWFHAIHVSGT 3 0,7533 NON-ALLERGEN 0,094599621 Non-Toxin 94.47 % (342/362)
431 - GCVIAWNSNNLDSKV 3 0,4585 NON-ALLERGEN 0,022799683 Non-Toxin 95.58 % (346/362)
Original Strain/Alpha/Beta/Delta/Gamma/Omicron
895 - QIPFAMQMAYRFNGI 3 0,9573 NON-ALLERGEN -0,17853133 Non-Toxin 98.62 % (358/363)
894 - LQIPFAMQMAYRFNG 2 0,7205 NON-ALLERGEN -0,21947589 Non-Toxin 98.62 % (358/363)
885 - GWTFGAGAALQIPFA 5 0,4665 NON-ALLERGEN -0,24676874 Non-Toxin 98.62 % (358/363)
797 - FGGFNFSQILPDPSK 2 0,4404 NON-ALLERGEN -0,4760424 Non-Toxin 96.42 % (350/363)
716 - TNFTISVTTEILPVS 4 1,1691 NON-ALLERGEN -0,1175069 Non-Toxin 97.25 % (353/363)
715 - PTNFTISVTTEILPV 5 1,1349 NON-ALLERGEN 0,006286322 Non-Toxin 97.25 % (353/363)
713 - AIPTNFTISVTTEIL 3 0,6806 NON-ALLERGEN -0,20095993 Non-Toxin 97.52 % (354/363)
712 - IAIPTNFTISVTTEI 3 0,7719 NON-ALLERGEN -0,019108711 Non-Toxin 97.52 % (354/363)
663- DIPIGAGICASYQTQ 2 1,1088 NON-ALLERGEN -0,12625968 Non-Toxin 96.42 % (350/363)
634 - RVYSTGSNVFQTRAG 4 0,4544 NON-ALLERGEN 0,10536516 Non-Toxin 97.25 % (353/363)
632 - TWRVYSTGSNVFQTR 3 0,4253 NON-ALLERGEN 0,10894371 Non-Toxin 97.52 % (354/363)
346 - RFASVYAWNRKRISN 5 0,4243 NON-ALLERGEN 0,61013335 Non-Toxin 97.80 % (355/363)
324 - ESIVRFPNITNLCPF 2 0,6125 NON-ALLERGEN -0,43992195 Non-Toxin 95.32 % (346/363)
255 - SSGWTAGAAAYYVGY 2 0,4136 NON-ALLERGEN 0,87705602 Non-Toxin 89.53 % (325/363)
233 - INITRFQTLLALHRS 2 0,4118 NON-ALLERGEN -0,007153463 Non-Toxin 91.46 % (332/363)
232 - GINITRFQTLLALHR 6 0,5582 NON-ALLERGEN 0,10772613 Non-Toxin 91.18 % (331/363)
231 - IGINITRFQTLLALH 5 0,8391 NON-ALLERGEN -0,38029989 Non-Toxin 91.46 % (332/363)
230 - PIGINITRFQTLLAL 2 0,8877 NON-ALLERGEN -0,042411043 Non-Toxin 91.18 % (331/363)
166 - CTFEYVSQPFLMDLE 4 0.5700 NON-ALLERGEN 0,043175621 Non-Toxin 92.01 % (334/363)
165 - NCTFEYVSQPFLMDL 2 0,5206 NON-ALLERGEN -0,35483268 Non-Toxin 91.74 % (333/363)
Original Strain/Alpha/Beta/Omicron
718 - FTISVTTEILPVSMT 3 1,2603 NON-ALLERGEN -0.40760154 Non-Toxin 99.15 % (353/356)
1210 - IKWPWYIWLGFIAGL 4 0,9153 NON-ALLERGEN 0.61171913 Non-Toxin 99.43 % (354/356)
509 - RVVVLSFELLHAPAT 6 0,7485 NON-ALLERGEN 0.5092653 Non-Toxin 98.87 % (352/356)
2 - FVFLVLLPLVSSQCV 6 0,7185 NON-ALLERGEN 0.092039768 Non-Toxin 97.47 % (347/356)
238 - FQTLLALHRSYLTPG 2 0,5789 NON-ALLERGEN 0.26071055 Non-Toxin 93.53 % (333/356)
1 - MFVFLVLLPLVSSQC 7 0,5741 NON-ALLERGEN 0.084372674 Non-Toxin 97.47 % (347/356)
237 - RFQTLLALHRSYLTP 4 0,5470 NON-ALLERGEN -0.022265746 Non-Toxin 94.10 % (335/356)
1103 - FVTQRNFYEPQIITT 2 0,5314 NON-ALLERGEN -0.4029137 Non-Toxin 100.00 % (356/356)
52 - QDLFLPFFSNVTWFH 3 0,4159 NON-ALLERGEN -0.051186129 Non-Toxin 95,78 % (341/356)
1060 - VVFLHVTYVPAQEKN 2 1,1720 NON-ALLERGEN 0.035308408 Non-Toxin 100.00 % (356/356)
1059 - GVVFLHVTYVPAQEK 5 1,1043 NON-ALLERGEN 0.25556948 Non-Toxin 100.00 % (356/356)
Alpha/Beta/Gamma/Omicron
1061 - VFLHVTYVPAQEKNF 4 1,0339 NON-ALLERGEN -0.070782391 Non-Toxin 100.00 % (7/7)
511 - VVLSFELLHAPATVC 5 0,8618 NON-ALLERGEN 0.47729732 Non-Toxin 100.00 % (7/7)
508 - YRVVVLSFELLHAPA 2 0,7072 NON-ALLERGEN 0.77626818 Non-Toxin 100.00 % (7/7)
886 - WTFGAGAALQIPFAM 2 0,6670 NON-ALLERGEN -0.38373216 Non-Toxin 100.00 % (7/7)
1214 - WYIWLGFIAGLIAIV 4 0,5770 NON-ALLERGEN 10.656.151 Non-Toxin 100.00 % (7/7)
512 - VLSFELLHAPATVCG 2 0,4784 NON-ALLERGEN 0.096827098 Non-Toxin 100.00 % (7/7)
Alpha/Beta/Gamma
259 - TAGAAAYYVGYLQPR 2 1,0413 NON-ALLERGEN 0.55255681 Non-Toxin 100.00 % (4/4)
754 - LQYGSFCTQLNRALT 2 1027 NON-ALLERGEN 0.1500564 Non-Toxin 100.00 % (4/4)
628 - QLTPTWRVYSTGSNV 2 0,9276 NON-ALLERGEN -0.24711649 Non-Toxin 100.00 % (4/4)
260 - AGAAAYYVGYLQPRT 2 0,9134 NON-ALLERGEN 0.59506751 Non-Toxin 100.00 % (4/4)
1218 - LGFIAGLIAIVMVTI 2 0,8933 NON-ALLERGEN 0.32119174 Non-Toxin 100.00 % (4/4)
751 - NLLLQYGSFCTQLNR 2 0,8668 NON-ALLERGEN 0.1651956 Non-Toxin 100.00 % (4/4)
750 - SNLLLQYGSFCTQLN 2 0,8305 NON-ALLERGEN 0.27039446 Non-Toxin 100.00 % (4/4)
890 - AGAALQIPFAMQMAY 2 0,8216 NON-ALLERGEN -0.40373248 Non-Toxin 100.00 % (4/4)
325 - SIVRFPNITNLCPFG 2 0,7899 NON-ALLERGEN -0.23626945 Non-Toxin 100.00 % (4/4)
312 - IYQTSNFRVQPTESI 2 0,7459 NON-ALLERGEN 0.30406292 Non-Toxin 100.00 % (4/4)
760 - CTQLNRALTGIAVEQ 3 0,7454 NON-ALLERGEN 0.16758267 Non-Toxin 100.00 % (4/4)
1212 - WPWYIWLGFIAGLIA 2 0,7293 NON-ALLERGEN 11.863.034 Non-Toxin 100.00 % (4/4)
591 - SFGGVSVITPGTNTS 2 0,6553 NON-ALLERGEN -0.21404582 Non-Toxin 100.00 % (4/4)
218 - QGFSALEPLVDLPIG 2 0,6177 NON-ALLERGEN -0.044834443 Non-Toxin 100.00 % (4/4)
1216 - IWLGFIAGLIAIVMV 6 0615 NON-ALLERGEN 0.86284921 Non-Toxin 100.00 % (4/4)
1215 - YIWLGFIAGLIAIVM 5 0609 NON-ALLERGEN 0.89392418 Non-Toxin 100.00 % (4/4)
50 - STQDLFLPFFSNVTW 2 0,6034 NON-ALLERGEN 0.043916948 Non-Toxin 100.00 % (4/4)
1219 - GFIAGLIAIVMVTIM 2 0,5098 NON-ALLERGEN 0.077612198 Non-Toxin 100.00 % (4/4)
55 - FLPFFSNVTWFHAIH 2 0,4883 NON-ALLERGEN 0.17628387 Non-Toxin 100.00 % (4/4)
140 - FLGVYYHKNNKSWME 4 0,4793 NON-ALLERGEN 0.53199532 Non-Toxin 100.00 % (4/4)

(continued on next page)
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NetMHCII/NetMHCIIpan VaxiJen Allertop IFNepitope ToxinPred IEDB
Protein S Peptide sequence Alleles Antigenicity Allergenicity Epitope IFN-y Toxicity Conservation
368 - LYNSASFSTFKCYGV 2 0,4171 NON-ALLERGEN 0.25053962 Non-Toxin 100.00 % (4/4)
1259 - DDSEPVLKGVKLHYT 2 1,1849 NON-ALLERGEN -0.70684166 Non-Toxin 100.00 % (4/4)
892 - AALQIPFAMQMAYRF 5 0,9108 NON-ALLERGEN -0.71321984 Non-Toxin 100.00 % (4/4)
749 - CSNLLLQYGSFCTQL 3 0,6336 NON-ALLERGEN 0.2869462 Non-Toxin 100.00 % (4/4)
264 - AYYVGYLQPRTFLLK 6 0,4269 NON-ALLERGEN 0.31280017 Non-Toxin 100.00 % (4/4)
Table 6

List of predicted HTL epitopes of the SARS-CoV-2 polyprotein M each peptide sequence and their number of alleles, antigenicity prediction score, allergenicity, Epitope

IFN-y, toxicity and conservancy.

NetMHCII/NetMHCIIpan VaxiJen Allertop IFNepitope ToxinPred IEDB
Protein Sequence Alleles Antigenicity Allergenicity Epitope IFN-y Toxicity Conservation
M 136 - SELVIGAVILRGHLR 2 0,6768 NON-ALLERGEN 0.67529222 Non-Toxin 94.64 % (53/56)
72 - RINWITGGIAIAMAC 7 1,1629 NON-ALLERGEN 0.097493902 Non-Toxin 89.29 % (50/56)
71 - YRINWITGGIAIAMA 6 1,1274 NON-ALLERGEN -0.032197757 Non-Toxin 89.29 % (50/56)
34 - LLQFAYANRNRFLYI 4 0,7387 NON-ALLERGEN -0.59982611 Non-Toxin 85.71 % (48/56)
Table 7

List of predicted HTL epitopes of the SARS-CoV-2 polyprotein E each peptide sequence and their number of alleles, antigenicity prediction score, allergenicity, Epitope

IFN-y, toxicity and conservancy.

NetMHCII/NetMHCIIpan VaxiJen Allertop IFNepitope ToxinPred IEDB

Protein Sequence Alleles Antigenicity Allergenicity Epitope IFN-y Toxicity Conservation

E 53 - KPSFYVYSRVKNLNS 12 0,8229 NON-ALLERGEN -0.52339177 Non-Toxin 68.75 % (11/16)
52 - VKPSFYVYSRVKNLN 9 1,2319 NON-ALLERGEN -0.46468316 Non-Toxin 68.75 % (11/16)
51 - LVKPSFYVYSRVKNL 6 0,7311 NON-ALLERGEN -0.39721306 Non-Toxin 68.75 % (11/16)
56 - FYVYSRVKNLNSSRV 5 0,6103 NON-ALLERGEN -0.1032629 Non-Toxin 62.50 % (10/16)
54 - PSFYVYSRVKNLNSS 10 0,7986 NON-ALLERGEN -0.35688916 Non-Toxin 56.25 % (9/16)
55 - SFYVYSRVKNLNSSR 8 0,6291 NON-ALLERGEN -0.4195908 Non-Toxin 56.25 % (9/16)
57 - YVYSRVKNLNSSRVP 3 0,4492 NON-ALLERGEN -0.22463037 Non-Toxin 50.00 % (8/16)

Table 8

List of predicted HTL epitopes of the SARS-CoV-2 polyprotein N each peptide sequence and their number of alleles, antigenicity prediction score, allergenicity, Epitope

IFN-y, toxicity and conservancy.

NetMHCII/NetMHCIIpan VaxiJen Allertop IFNepitope ToxinPred IEDB
Protein Peptide sequence Alleles Antigenicity Allergenicity Epitope IFN-y Toxicity Conservation
N 108 - PSASAFFGMSRIGME 4 0,6408 NON-ALLERGEN 0,94891009 Non-Toxin 97.22 % (140/144)
83 - QIAQFAPSASAFFGM 6 0,4032 NON-ALLERGEN 0,83655244 Non-Toxin 98.61 % (142/144)
259 - SASAFFGMSRIGMEV 3 0,6584 NON-ALLERGEN 0,79707565 Non-Toxin 97.22 % (140/144)
310 - QIGYYRRATRRIRGG 12 0,4614 NON-ALLERGEN 0,70344772 Non-Toxin 95.83 % (138/144)
311 - IGYYRRATRRIRGGD 11 0,6649 NON-ALLERGEN 0,6416295 Non-Toxin 95.83 % (138/144)
386 - QRQKKQQTVTLLPAA 1 0,6824 NON-ALLERGEN 0,13245676 Non-Toxin 95.14 % (137/144)
264 - ASAFFGMSRIGMEVT 3 0,8620 NON-ALLERGEN 0,085634049 Non-Toxin 97.22 % (140/144)
330 - QTVTLLPAADLDDFS 4 0,5213 NON-ALLERGEN 0,072849059 Non-Toxin 95.83 % (138/144)
49 - TASWFTALTQHGKED 12 0,4491 NON-ALLERGEN -0,079044179 Non-Toxin 98.61 % (142/144)
84 - RQKRTATKAYNVTQA 3 0,6318 NON-ALLERGEN -0,095407182 Non-Toxin 97.92 % (141/144)
389 - RQKKQQTVTLLPAAD 2 0,6555 NON-ALLERGEN -0,098541454 Non-Toxin 94.44 % (136/144)
266 - GTWLTYTGAIKLDDK 6 0,9934 NON-ALLERGEN -0,13745422 Non-Toxin 96.53 % (139/144)
390 - QKKQQTVTLLPAADL 4 0,7662 NON-ALLERGEN -0,14422474 Non-Toxin 94.44 % (136/144)
303 - TWLTYTGAIKLDDKD 2 1,2416 NON-ALLERGEN -0,21623699 Non-Toxin 96.53 % (139/144)
329 - QQTVTLLPAADLDDF 4 0,4614 NON-ALLERGEN -0,24539346 Non-Toxin 95.83 % (138/144)
384 - RWYFYYLGTGPEAGL 2 0,7505 NON-ALLERGEN -0,28690274 Non-Toxin 95.14 % (137/144)
328 - SGTWLTYTGAIKLDD 4 0,6215 NON-ALLERGEN -0,3048811 Non-Toxin 95.83 % (138/144)
105 - ATKAYNVTQAFGRRG 4 0,7146 NON-ALLERGEN -0,41990668 Non-Toxin 97.92 % (141/144)
327 - PRWYFYYLGTGPEAG 2 0,8083 NON-ALLERGEN -0,46153318 Non-Toxin 95.83 % (138/144)
309 - WLTYTGAIKLDDKDP 1 1,2787 NON-ALLERGEN -0,5483585 Non-Toxin 96.53 % (139/144)
265 - SPRWYFYYLGTGPEA 1 0,8767 NON-ALLERGEN -0,61601606 Non-Toxin 96.53 % (139/144)
107 - KAYNVTQAFGRRGPE 1 0,6104 NON-ALLERGEN -0,76630992 Non-Toxin 97.92 % (141/144)
385 - WYFYYLGTGPEAGLP 3 0,7188 NON-ALLERGEN -0,88957872 Non-Toxin 95.14 % (137/144)
106 - TKAYNVTQAFGRRGP 5 0,5975 NON-ALLERGEN -0,89365915 Non-Toxin 97.92 % (141/144)

and submetabolized for other parameters. Specifically, for proteins S
and E, the epitopes §1014-1028 g795-809 g690-704 6310-324 p53-67 ;4
E>458 were predicted to bind 12, 10, 9, 8 12, and 10 alleles, respec-
tively. Similarly, M7?786 and M71 -85 (N49’64, N310’324, and N°11-32%)
were predicted to bind 7 and 6 (12, 12, and 11) alleles of the HLA class I

(see details in Table 5, Table 6, Table 7, and Table 8).

Because antigenicity is the ability to recognize a specific antigen
accompanied by an immune response, antigenic epitopes that can be
recognized by host immune cells and elicit both a humoral and a cellular
immune response to the viral antigen could be used as potential vaccine
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Table 9
Population coverage by MHC-I (CD8" T cell) epitopes.

IEDB IEDB

Protein Sequence North America South America Average Protein Sequence North America South America Average
Original Strain Original Strain/Alpha/Beta/Delta/Gamma

E FLAFVVFLL 42.82 % 21.41 % 32.12% GVYFASTEK 8.94 % 3.10 % 6.02 %
TLAILTALR 9.22 % 14.30 % 11.76 % YQPYRVVVL 11.77 % 8.94 % 10.36 %
LAILTALRL 8.37 % 3.96 % 6.17 % HVSGTNGTK 23.66 % 11.42 % 17.54 %

M VTLAILTAL 5.33 % 1.84 % 3.59 % VTWFHAIHV 0.19 % 0.00 % 0.10 %
LVIGAVILR 15.97 % 29.57 % 22.77 % Original Strain/Alpha/Beta/Delta/Gamma/Omicron
LYIIKLIFL 30.06 % 27.61 % 28.84 % IGAGICASY 5.11 % 3.14% 4.13 %
LWPVTLACF 30.06 % 27.61 % 28.84 % AEIRASANL 26.88 % 18.96 % 22.92 %
FVLAAVYRI 44.14 % 21.85 % 33.00 % IAIVMVTIM 20.11 % 5.15 % 12.63 %
SYFIASFRL 30.06 % 27.61 % 28.84 % VLPENDGVY 511 % 3.14 % 413 %
VIGFLFLTW 3.63 % 1.35% 2.49% VRFPNITNL 53.93 % 48.29 % 51.11 %
RFLYIIKLI 8.21 % 4.42 % 6.32 % VVFLHVTYV 63.33 % 4217 % 52.75 %
KLIFLWLLW 3.63 % 1.35% 2.49 % ITSGWTFGA 5.13 % 7.74 % 6.44 %
SELVIGAVI 9.61 % 2.81 % 6.21 % YIKWPWYIW 13.76 % 8.27 % 11.02 %

N AGDSGFAAY 12.72 % 6.03 % 9.38 % YQGVNCTEV 1.74 % 23.97 % 12.86 %
KTFPPTEPK 17.71 % 7.92 % 12.82 % AALQIPFAM 13.41 % 3.78 % 8.60 %
SPDDQIGYY 30.10 % 11.07 % 20.59 % FNATRFASV 27.37 % 9.21 % 18.29 %
SSPDDQIGY 17.71 % 7.92 % 12.82 % FTISVTTEIL 6.75 % 12.84 % 9.80 %
DLSPRWYFY 12.72 % 6.03 % 9.38 % FVFLVLLPL 42.67 % 46.56 % 44.62 %
SPRWYFYYL 21.04 % 7.77 % 14.41 % IAIPTNFTI 6.45 % 2.24% 4.35 %
GMSRIGMEV 42.97 % 21.41 % 32.19 % IPTNFTISV 6.42 % 7.06 % 6.74 %
EVTPSGTWL 9.95 % 8.47 % 9.21 % LPFNDGVYF 17.71 % 7.92 % 12.82 %
LSPRWYFYY 40.44 % 39.43 % 39.94 % PYRVVVLSF 13.41 % 3.78 % 8.60 %

S AAAYYVGYL 6.48 % 5.08 % 5.78 % TLADAGFIK 12.70 % 4.75 % 8.73 %
TPTWRVYST 4.93 % 2.01 % 3.47 % HWFVTQRNF 29.33 % 33.71 % 31.52 %
NRALTGIAV 7.85 % 4.90 % 6.38 % S WTAGAAAYY 6.45 % 2.24 % 4.35%
KEIDRLNEV 6.85 % 12.30 % 9.58 %
SKVGGNYNY 1.65 % 0.00 % 0.83 %
WYIWLGFIA 0.07 % 0.00 % 0.04 %
YSKHTPINL 17.49 % 14.45 % 15.97 %
RQIAPGQTG 7.87 % 6.16 % 7.02 %
GVVFLHVTY 6.02 % 5.78 % 5.90 %
GAAAYYVGY 5.48 % 417 % 4.83 %

targets Doytchinova and Flower (2007b). To this end, 169 epitopes were
found to be antigens when analyzed with Vaxijen. For the sequence of all
variants of the S protein, 320 epitopes with a high antigenicity score
were selected. In contrast, 95 epitopes were identical to the CTL epitopes
of the original strain. The highest antigenicity scores for the amino acid
sequences of protein S (S1000-1074 716730  §715-729  g663-677
§1059-1074 " ang §1961-107%) were 1.1720, 1.1691, 1.1349, 1.1088,
1.1043, and 1.0339. For protein E (E>37%7) E53757 and E°*7%8), the
values were 1.2319, 0.8229, and 0.7986, respectively. Similarly, the
values for protein M (M7%785 and M7 ~%%) were 1.1629 and 1.1274,
respectively. In addition, the values for protein N (N°*°73% and
N393-317) were 1.2787 and 1.2416, respectively.

These epitopes have been subjected to allergenicity and toxicity
analysis because they represent an important hurdle in vaccine devel-
opment. Therefore, Allertop and Toxinpred aim to predict allergens and
non-allergens with high sensitivity and specificity Dimitrov et al.
(2013). The servers identified 130 HTL epitopes (15-mer) as likely
non-allergens and non-toxic. This type of analysis saves time, resources,
and money for the pharmaceutical and vaccine industries Gupta et al.
(2013). For the S protein, 160 epitopes were selected as nonallergenic
and nontoxic, of which 50 epitopes are present in the wild-type strain.
Therefore, the likelihood of our epitope-based vaccines causing allergic
and toxic reactions is very low. Finally, we identified the 7 mutations
with strong binding affinity, high antigenicity, allergenicity, immuno-
genicity, and nontoxicity present in protein S of all SARS-CoV-2 variants
that we could readily use in the construction of our prototype vaccine.

A total of 75 epitopes of the original strain have a conservation of
more than 90 %, but only 20 epitopes are present in all variants. These
values suggest that the final epitopes are regions that are good targets for
vaccine development because the sequences are likely to be conserved
regardless of disease stage or a particular pathogen strain, making them
effective vaccines. Bui et al. (2007).

10

3.4. IFN-y inducing epitope prediction

A total of 106 potential IFN-y inducing epitopes (15-mer) were pre-
dicted by the IFNepitope server. Of these, only 55 proved to be IFN-y
positive epitopes. These epitopes were selected on the basis of the high
percentile for further analysis of overlap with B-cell epitopes. This
validation is important because HTL epitopes that release cytokines such
as interferon-gamma (IFN-y) have been shown to be an important
mediator of protection against SARS-CoV-2 Lagunas-Rangel and
Chavez-Valencia (2020). After immunization, there is production of
IFN-y and a consistent increase in the Th (helper) cell population with
memory development Seder et al. (2008). Therefore, IFN-/gamma plays
an important role in the clearance of viral infection Chesler and Reiss
(2002).

3.5. Population coverage

The frequency of HLA genotype changes in different populations of
the world and the nature of HLA polymorphism affects the binding of a
peptide identified as an "epitope" during vaccine development, in part
because the binding of peptides to MHC molecules is allele-specific Bui
et al. (2006). Because we know that selecting multiple peptides of
SARS-CoV-2 with different HLA binding specificities will provide greater
coverage of the patient population targeted by our SARS-CoV-2 multi-
epitope vaccine, the IEDB Population Coverage server was used to
calculate the population coverage value of each peptide in different
geographic regions based on their MHC binding alleles Bui et al. (2006).

In this study, the MHC-I-binding alleles of 56 epitopes were identi-
fied, mainly alleles common in populations from North and South
American regions (Table 9). The highest and lowest population coverage
in North America were 63.33 % and 0.07 % for §!0%971973 and
§1218-1227 ° respectively. The highest (lowest) value of population
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Table 10
Population coverage by MHC-II (CD4" T cell) epitopes.
IEDB IEDB
Protein Sequence North America South America Average Protein Sequence North America South America Average
Original Strain Original Strain/Alpha/Beta
E PSFYVYSRVKNLNSS 99.98 % 99.44 % 99.71 % VVFLHVTYVPAQEKN 35.60 % 57.57 % 46.59 %
KPSFYVYSRVKNLNS 99.98 % 99.24 % 99.61 % GVVFLHVTYVPAQEK 67.03 % 59.26 % 63.15 %
VKPSFYVYSRVKNLN 79.78 % 92.60 % 86.19 % VFLHVTYVPAQEKNF 99.99 % 99.82 % 99.91 %
SFYVYSRVKNLNSSR 48.03 % 64.00 % 56.02 % TAGAAAYYVGYLQPR 99.26 % 68.99 % 84.13 %
LVKPSFYVYSRVKNL 51.70 % 42.86 % 47.28 % LQYGSFCTQLNRALT 15.47 % 2.28 % 8.88 %
FYVYSRVKNLNSSRV 21.11 % 23.71 % 22.41 % QLTPTWRVYSTGSNV 2.23 % 20.17 % 11.20 %
YVYSRVKNLNSSRVP 21.46 % 11.15 % 16.31 % AGAAAYYVGYLQPRT 13.04 % 15.13 % 14.09 %
M RINWITGGIAIAMAC 97.28 % 98.63 % 97.96 % LGFIAGLIAIVMVTI 0.0 25.70 % 12.85 %
YRINWITGGIAIAMA 94.50 % 97.43 % 95.97 % NLLLQYGSFCTQLNR 1.24 % 1.25% 1.25 %
SELVIGAVILRGHLR 84.66 % 77.13 % 80.90 % SNLLLQYGSFCTQLN 99.26 % 68.99 % 84.13 %
LLQFAYANRNRFLYI 32.68 % 13.63 % 23.16 % AGAALQIPFAMQMAY 13.32 % 12.73 % 13.03 %
N QIGYYRRATRRIRGG 99.98 % 97.25 % 98.66 % SIVRFPNITNLCPFG 15.47 % 2.28 % 8.88 %
RQKRTATKAYNVTQA 99.91 % 92.19 % 96.06 % IYQTSNFRVQPTESI 19.38 % 9.31 % 14.35 %
IGYYRRATRRIRGGD 99.87 % 92.91 % 96.40 % CTQLNRALTGIAVEQ 22.34 % 37.89 % 30.12 %
TASWFTALTQHGKED 98.56 % 99.78 % 99.17 % WPWYIWLGFIAGLIA 99.26 % 68.99 % 84.13 %
QKKQQTVTLLPAADL 88.07 % 85.16 % 86.62 % SFGGVSVITPGTNTS 59.47 % 46.88 % 53.18 %
QIAQFAPSASAFFGM 85.01 % 87.02 % 86.02 % QGFSALEPLVDLPIG 13.04 % 15.13 % 14.09 %
WYFYYLGTGPEAGLP 76.52 % 70.01 % 73.27 % IWLGFIAGLIAIVMV 79.97 % 60.77 % 70.37 %
GTWLTYTGAIKLDDK 75.35 % 91.49 % 83.42 % YIWLGFIAGLIAIVM 99.82 % 90.68 % 95.25 %
QTVTLLPAADLDDFS 74.96 % 72.42 % 73.69 % STQDLFLPFFSNVTW 13.04 % 15.13 % 14.09 %
QQTVTLLPAADLDDF 74.96 % 72.42 % 73.69 % GFIAGLIAIVMVTIM 5.33 % 7.77 % 6.55 %
PSASAFFGMSRIGME 67.63 % 77.19 % 72.41 % FLPFFSNVTWFHAIH 0.0 0.0 0.00 %
TKAYNVTQAFGRRGP 42.56 % 52.26 % 47.41 % FLGVYYHKNNKSWME 25.44 % 7.30 % 16.37 %
SGTWLTYTGAIKLDD 41.80 % 44.97 % 43.39 % LYNSASFSTFKCYGV 19.38 % 9.31 % 14.35 %
RQKKQQTVTLLPAAD 36.68 % 28.10 % 32.39 % FTISVTTEILPVSMT 19.38 % 32.61 % 26.00 %
ATKAYNVTQAFGRRG 36.54 % 50.20 % 43.37 % DDSEPVLKGVKLHYT 3.96 % 1.70 % 2.83 %
RWYFYYLGTGPEAGL 3.96 % 3.16 % 3.56 % IKWPWYIWLGFIAGL 99.88 % 95.00 % 97.44 %
PRWYFYYLGTGPEAG 3.96 % 3.16 % 3.56 % AALQIPFAMQMAYRF 99.45 % 71.11 % 85.28 %
QRQKKQQTVTLLPAA 27.70 % 19.95 % 23,83 % VVLSFELLHAPATVC 99.32 % 84.10 % 91.71 %
TWLTYTGAIKLDDKD 24.15 % 16.70 % 20,43 % RVVVLSFELLHAPAT 99.91 % 87.89 % 93.90 %
WLTYTGAIKLDDKDP 19.38 % 9.31 % 14.35 % FVFLVLLPLVSSQCV 99.97 % 96.08 % 98.03 %
ASAFFGMSRIGMEVT 16.68 % 7.75 % 12.26 % YRVVVLSFELLHAPA 13.04 % 15.13 % 14.09 %
SASAFFGMSRIGMEV 16.68 % 7.75 % 12.26 % WTFGAGAALQIPFAM 10.17 % 35.26 % 22.72%
SPRWYFYYLGTGPEA 1.24 % 1.25% 1.25% CSNLLLQYGSFCTQL 99.43 % 70.60 % 85.02 %
KAYNVTQAFGRRGPE 0.0 % 0.0 % 0.0 % FQTLLALHRSYLTPG 19.38 % 9.31 % 14.35 %
S CDIPIGAGICASYQT 70.98 % 63.08 % 70.98 % WYIWLGFIAGLIAIV 26.04 % 49.32 % 37.68 %
FEYVSQPFLMDLEGK 91.41 % 85.45 % 91.41 % MFVFLVLLPLVSSQC 99.97 % 96.08 % 98.03 %
FKIYSKHTPINLVRD 99.97 % 98.58 % 99.97 % RFQTLLALHRSYLTP 23.87 % 30.46 % 27.17 %
GIVNNTVYDPLQPEL 98.81 % 99.88 % 98.81 % FVTQRNFYEPQIITT 13.04 % 15.13 % 14.09 %
GIYQTSNFRVQPTES 16.32 % 40.21 % 16.32 % VLSFELLHAPATVCG 22.79 % 5.20 % 14.00 %
GVYYHKNNKSWMESE 75.37 % 66.91 % 75.37 % AYYVGYLQPRTFLLK 99.90 % 95.21 % 97.56 %
GWTAGAAAYYVGYLQ 54.63 % 61.17 % 54.63 % QDLFLPFFSNVTWFH 30.64 % 38.63 % 34.64 %
HWFVTQRNFYEPQII 99.95 % 96.22 % 99.95 % Original Strain/Alpha/Beta/Delta/Gama
IPTNFTISVTTEILP 95.33 % 97.35 % 95.33 % LNRALTGIAVEQDKN 1411 % 16.18 % 15.15%
ITSGWTFGAGAALQI 49.82 % 54.58 % 49.82 % TQLNRALTGIAVEQD 29.93 % 33.06 % 31.50 %
KDFGGFNFSQILPDP 100.00 % 99.53 % 100 % FSNVTWFHAIHVSGT 29.56 % 24.14 % 26.85 %
KGIYQTSNFRVQPTE 1.24 % 1.25% 1.24 % GCVIAWNSNNLDSKV 99.83 % 88.95 % 94.39 %
KHTPINLVRDLPQGF 99.99 % 98.93 % 99.99 % Original Strain/Alpha/Beta/Delta/Gama/Omicron
LGVYYHKNNKSWMES 8.30 % 3.78 % 8.3% QIPFAMQMAYRFNGI 88.37 % 91.57 % 89.97 %
NGVGYQPYRVVVLSF 31.09 % 10.07 % 31.09 % LQIPFAMQMAYRFNG 88.37 % 91.57 % 89.97 %
NRALTGIAVEQDKNT 41.80 % 44.97 % 41.8 % GWTFGAGAALQIPFA 46.92 % 41.86 % 44.39 %
NTSNQVAVLYQGVNC 99.96 % 98.03 % 99.96 % FGGFNFSQILPDPSK 45.94 % 42.30 % 44.12 %
PFLGVYYHKNNKSWM 99.99 % 99.96 % 99.99 % TNFTISVTTEILPVS 62.96 % 82.19 % 72.58 %
QSIIAYTMSLGAENS 49.82 % 54.58 % 49.82 % PTNFTISVTTEILPV 91.63 % 94.17 % 92.90 %
RAAEIRASANLAATK 0.0 % 0.0 % 0% AIPTNFTISVTTEIL 94.87 % 97.54 % 96.21 %
TESIVRFPNITNLCP 99.97 % 98.38 % 99.97 % IAIPTNFTISVTTEL 98.85 % 99.84 % 99.35 %
TESNKKFLPFQQFGR 99.98 % 99.00 % 99.98 % DIPIGAGICASYQTQ 70.98 % 63.08 % 67.03 %
TFEYVSQPFLMDLEG 99.99 % 99.21 % 99.99 % RVYSTGSNVFQTRAG 99.74 % 99.94 % 99.84 %
TPINLVRDLPQGFSA 99.97 % 98.58 % 99.97 % TWRVYSTGSNVFQTR 99.76 % 93.83 % 96.80 %
TPPIKDFGGFNFSQI 38.89 % 21.78 % 38.89 % RFASVYAWNRKRISN 99.94 % 98.24 % 99.09 %
VYSTGSNVFQTRAGC 98.01 % 98.62 % 98.01 % ESIVRFPNITNLCPF 99.97 % 98.50 % 99.24 %
WRVYSTGSNVFQTRA 99.64 % 76.09 % 99.64 % SSGWTAGAAAYYVGY 38.89 % 21.78 % 30.34 %
YQTSNFRVQPTESIV 8.30 % 3.78 % 8.3 % INITRFQTLLALHRS 27.70 % 19.95 % 23.83 %
GINITRFQTLLALHR 33.20 % 11.48 % 22.34 %
IGINITRFQTLLALH 39.86 % 33.92 % 36.89 %
PIGINITRFQTLLAL 23.28 % 10.60 % 16.94 %
CTFEYVSQPFLMDLE 99.99 % 99.18 % 99.59 %
S NCTFEYVSQPFLMDL 100.00 % 99.45 % 99.73 %

11
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Table 11
B cells linear epitopes of SARS-CoV-2 structural proteins.

IEDB

Protein Start End Peptide Length Conservancy

Original Strain

E 6 9 SEET 4 93.75 %(15/16)
59 78 YSRVKNLNSSRVPDLLVLPP 20 00.0 %(0/16)

M 5 20 NGTITVEELKKLLEQW 16 89.29 % (50/56)
40 41 AN 2 98.21 % (55/56)
132 137 PLLESE 6 96.43 % (54/56)
161 163 IKD 3 94.64 % (53/56)
180 191 KLGASQRVAGDS 12 96.43 % (54/56)
199 218 YRIGNYKLNTDHSSSSDNIA 20 94.64 % (53/56)

N 4 15 NGPQNQRNAPRI 12 95.83 % (138/144)
17 48 FGGPSDSTGSNQNGERSGARSKQRRPQGLPNN 32 88.89 % (128/144)
59 105 HGKEDLKFPRGQGVPINTNSSPDDQIGYYRRATRRIRGGDGKMKDLS 47 90.28 % (130/144)
119 127 AGLPYGANK 9 96.53 % (139/144)
137 163 GALNTPKDHIGTRNPANNAAIVLQLPQ 27 93.75 % (135/144)
165 216 TTLPKGFYAEGSRGGSQASSRSSSRSRNSSRNSTPGSSRGTSPARMAGNGGD 52 61.81 % (89/144)
226 267 RLNQLESKMSGKGQQQQGQTVTKKSAAEASKKPRQKRTATKA 42 88.19 % (127/144)
276 299 RRGPEQTQGNFGDQELIRQGTDYK 24 97.92 % (141/144)
343 348 DPNFKD 6 99.31 % (143/144)
358 402 DAYKTFPPTEPKKDKKKKADETQALPQRQKKQQTVTLLPAADLDD 45 84.03 % (121/144)
404 416 SKQLQQSMSSADS 13 96.53 % (139/144)

Original Strain/Alpha/Beta/Delta/Gamma/Omicron

S 13 37 SQCVNLTTRTQLPPAYTNSFTRGVY 25 90.63 % (329/363)
177 189 MDLEGKQGNFKNL 13 87.33 % (317/363)
293 296 LDPL 4 95.59 % (347/363)
329 363 FPNITNLCPFGEVFNATRFASVYAWNRKRISNCVA 35 95.04 % (345/363)
369 393 YNSASFSTFKCYGVSPTKLNDLCFT 25 95.32 % (346/363)
555 562 SNKKFLPF 8 99.17 % (360/363)
602 606 TNTSN 5 99.72 % (362/363)
617 632 CTEVPVAIHADQLTPT 16 95.87 % (348/363)
748 748 E 1 100.00 % (363/363)
773 779 EQDKNTQ 7 98.35 % (357/363)
828 842 LADAGFIKQYGDCLG 15 98.07 % (356/363)
1107 1118 RNFYEPQIITTD 12 99.17 % (360/363)
1133 1172 VNNTVYDPLQPELDSFKEELDKYFKNHTSPDVDLGDISGI 40 95.87 % (348/363)
1203 1206 LGKY 4 98.35 % (357/363)

Table 12
Predicted CTL and HTL epitopes among the SARS-CoV-2 virus structural proteins overlapping with B-cell epitopes of the same.
IEDB
Protein CTL epitope HTL epitope B-Cell epitope
M SELVIGAVILRGHLR PLLESE
N SSPDDQIGY QIGYYRRATRRIRGG
N SPDDQIGYY IGYYRRATRRIRGGD HGKEDLKFPRGQGVPINTNSSPDDQIGYYRRATRRIRGGDGKMKDLS
N KTFPPTEPK DAYKTFPPTEPKKDKKKKADETQALPQRQKKQQTVTLLPAADLDD
S FNATRFASV RFASVYAWNRKRISN FPNITNLCPFGEVFNATRFASVYAWNRKRISNCVA
S VRFPNITNL VRFPNITNLCPFGEVFNATRFASVYAWN
S HWEFVTQRNF RNFYEPQIITTD
S YQGVNCTEV CTEVPVAIHADQLTPT
S HVSGTNGTK FSNVTWFHAIHVSGTNGTKRFDN
S WTAGAAAYY TPGDSSSGWTA
S TLADAGFIK LADAGFIKQYGDCLG
S CTFEYVSQPFLMDLE DLEGKQGNFKN
S TWRVYSTGSNVFQTR
S RVYSTGSNVFQTRAG TGSNVFQ
S GINITRFQTLLALHR NITRFQ

coverage in South America was 48.29 % (0.00 %) for §326-345 (5442_456,
§1213-1227 " and M®1~7%). Similarly, the population coverage method was
used to detect 129 MHC-II -binding allele epitopes. Despite reasonable
antigenicity and immunogenicity values, 45 achieved the highest pop-
ulation coverage of more than 90 % (Table 10). Of note, 5795809 4
5165209 were predicted to be 100 % (99.53 % and 99.45 %, respec-
tively) in North America (South America).

3.6. Identification of B-cell epitopes

B cells have the ability to recognize infectious pathogens or cancer

12

cells and provide long-term protection by producing antibodies. These
antibodies recognize antigen by binding highly selectively to an epitope.
This recognition is used in subunit vaccines to provide long-term pro-
tection against the desired pathogens Jespersen et al. (2017).

The BepiPred 2.0 tool was used to predict B-cell epitopes of different
lengths. A total of 34 sequential B-cell epitopes were predicted from the
IEDB database in proteins of SARS-CoV-2. These B-cell epitopes were
listed based on their position, sequence, length, and conservation in
Table 11. It is worth noting that of the total 34 epitopes ranging in length
from 1 to 52 mer, the best epitopes of protein S, namely S7487748,
§602-606 ¢555-562 ang $1107-1118 had a conservation of 100 %, 99.72
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Table 13
CTL and HTL epitopes used to produce a multiepitope vaccine; their original
strain and their conservation in other strain variants.

CTL Epitopes
Protein  Sequence Initial sequence Subtypes
prediction
N SSPDDQIGY Original Strain
SPDDQIGYY Original Strain
KTFPPTEPK Original Strain
S FNATRFASV Original Strain Alpha/Beta/Delta/
Gamma/Omicron
VRFPNITNL Original Strain Alpha/Beta/Delta/
Gamma
HWFVTQRNF Delta Alpha/Beta/Gamma/
Omicron
YQGVNCTEV Delta Alpha/Beta/Gamma/
Omicron
HVSGTNGTK Original Strain Alpha/Beta/Delta/
Gamma
WTAGAAAYY Original Strain Alpha/Beta/Delta/
Gamma/Omicron
TLADAGFIK Original Strain Alpha/Beta/Delta/
Gamma/Omicron
HTL Epitopes
Protein  Sequence Initial sequence Subtypes
prediction
M SELVIGAVILRGHLR Original Strain
N QIGYYRRATRRIRGG Original Strain
IGYYRRATRRIRGGD Original Strain
S CTFEYVSQPFLMDLE Original Strain Alpha/Beta/Delta/
Gamma/Omicron
RFASVYAWNRKRISN Original Strain Alpha/Beta/Delta/
Gamma/Omicron
TWRVYSTGSNVFQTR  Original Strain Alpha/Beta/Delta/
Gamma,/Omicron
RVYSTGSNVFQTRAG Original Strain Alpha/Beta/Delta/
Gamma/Omicron
GINITRFQTLLALHR Original Strain Alpha/Beta/Delta/
Gamma/Omicron

%, 99.17 %, and 99.17 %, respectively. For proteins M and N, 5 and 11
(1 and 4) linear B-cell epitopes ranging from 2 to 20 mer in length had a
conservation index greater (less) than 90 %. Finally, of the 2 epitopes in
protein E, E®~° was predicted to have a conservation index of 93.75 %
and the other was discarded with a conservation index of 0 % (Table 12).

We found that 10 CTL epitopes of the original strain overlapped with
B-cell epitopes and matched those found in the sequences of the Alpha,
Beta, Delta, Gamma, and Omicron variants. We conclude that these
epitopes in these variants are capable of activating humoral and cellular
immune responses simultaneously and may play a role in vaccine con-
struction. For vaccine construction, 6 HTL epitopes were selected that
overlapped with B-cell epitopes and matched HTL epitopes of protein S.
The overlap of peptides makes it possible to reduce the cost of producing
a large number of peptides and should be used to evaluate the sensitivity
of the study Lehtinen et al. (1995).

3.7. Multiepitope vaccine construction

Proper epitope selection is essential for vaccine construction using
the in silico biological method Yin et al. (2016). In the current study, the
epitopes (CTL and HTL) of the whole SARS-CoV-2 proteome were
screened based on several immune filters. They should be [i] antigenic,
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immunogenic, nontoxic, and nonallergenic, [ii] have affinity for at least
2 HLA alleles, [iii] produce IFN-y (HTL epitopes), [iv] contain over-
lapping HTL and CTL epitopes with B-cell epitopes, and [v] contain at
least 90 % conserved regions. Furthermore, because this is a virus that
increases its virulence potential after mutation events, we increased the
potency of our vaccine by adding regions of high intervariant diver-

gence. In this way, we selected a total of 18 epitopes, 10 CTL (N78-86
N79-87, N361-369" G341-349  326-334  61100-1108 611619 6876 o g

5257—265) and 8 HTL (M136—150’ N310—324’ N311—323’ 8166—180’ 3346—360’
5632—646 S634—648
5

type (Table 13.

We linked the 10 CTL epitopes and 8 HTL epitopes that overlap with
the B-cell epitopes using the AAY (GPGPG) linker for CTL (HTL) epitopes
to form the final vaccine construct. The AAY linker is a type of protea-
some cleavage site that was used to manipulate the protein in favor of
greater stability, folding, and expression patterns Shamriz et al. (2016);
Abdellrazeq et al. (2020); Folegatti et al. (2020). The GPGPG was added
because it could enhance some biological activities of the protein by
increasing solubility and facilitating immunological processing of the
vaccine construct Kavoosi et al. (2007). After the addition of linkers and
adjuvant, the final vaccine construct was 325 amino acids long.

In addition, the adjuvant g-defensin was added at the N-terminus of
the multi-epitope with the EAAAK linker. It helps elicit a high level of
cellular and immunogenic humoral responses to specific antigens and
enhances the stability and longevity of the vaccine Bonam et al. (2017).
Indeed, f-defensins are peptides with antimicrobial, antiviral, antibac-
terial, and antifungal activity and have the ability to recruit
antigen-presenting immune cells with MHC-I and MHC-II Lehrer and Lu
(2012).

The constructed vaccine had high population coverage for countries
with high morbidity and infection. Most studies on SARS-CoV-2 vaccine
construction had focused only on S in predicting B- and T-cell epitopes
Chukwudozie et al. (2021); Khan et al. (2021); Kar et al. (2020). In the
present study, we predicted T-cell epitopes from the conserved regions
of all 4 structural proteins of SARS-CoV-2 and from sequences contain-
ing the variants in question (alpha, beta, gamma, delta, and omicron).
This certainly justifies the robustness of our vaccine construct against
the new variants.

It is not difficult to conclude that the vaccine we developed has
several advantages over single-epitope and conventional vaccines due to
the following particular features: (a) it comprises multiple MHC epitopes
and therefore can be recognized by multiple T/B cell receptors, (b) it
contains overlapping CTL and HTL epitopes and therefore can activate
both innate and adaptive immunity, (c) it comprises polyepitopes of
virulent target antigens, and (d) it has an immune stimulator (adjuvant)
to improve a long-lasting immune response (Jiang et al., 2017; He et al.,
2018) (Table 14).

, and $2327246) that will make up our vaccine proto-

3.8. Construction, refinement and validation of tertiary structure model

During homology modeling, the primary structure for the final
multiepitope subunit vaccine was submitted using Robetta and Swiss
Model, resulting in 1 and 5 models. The best model in each case was
refined using Galaxy Refine. Of the 20 models provided at this stage, the
model with the best stereochemical and structural parameters was
selected, namely GDT-HA (0.9053), RMSD (0.552), MolProbity (1.319),
Clash score (4.0), Poor rotamers (1.3) and Ramachandran plot (97.8).

Table 14
Post-translational modification results of prototype vaccine.
Number of N N glycosylation region O glycosylation Acetylation Acetylation Phosphorylation region
glycosylation region located in exposed surface region region region score
6 115, 136, 163, 313 34, 199, 218, 264, 1 0.467 5,9, 22, 34, 35, 51, 76, 86, 110, 127, 134, 138, 142, 146,
276, 294 152, 171, 199, 214, 218, 235, 237, 254, 256, 264, 271, 276,
294, 319

13
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Model GDT-HA RMSD  MolProbity . *0 Poor  Rama
score rotamers favored

Initial 10.000 0.000 2399 16.1 13 88.2
3 MODEL1  0.8895 0.603 1505 8.8 0.0 97.8
E MODEL2  0.8789 0.613 1.908 10.8 27 97.8
2 MODEL3  0.8816 0.581 1.533 9.4 0.0 97.8
@ MODEL4  0.8895 0.668 1.599 8.8 13 97.8
MODEL5  0.9053 0.552 1.319 4.0 13 97.8
Initial 10.000 0.000 1.679 3.8 0.4 913
= MODEL1  0.9885 0.286 2.031 12.9 0.4 93.8
= MODEL2  0.9892 0.304 2.029 152 0.4 95.0
& MODEL3  0.9892 0.287 2.056 12.1 12 94.1
R MODEL4  0.9854 0.294 2.076 14.4 0.8 93.8
MODEL5  0.9831 0.301 1.957 12.7 0.4 95.0

Fig. 2. 3D structural conformation of the multi-epitope subunit vaccine after homology modeling and refinement by SwissModel and GalaxyRefine servers.

The superimposed structure of the template and the vaccine construct
along with the template scores is shown in Fig. 2. Comparison of the
quality indicators shows that the original tertiary structure models
improved after refinement.

Ramachandran plot, Z-score, ERRAT, and Verify3D analyzes were
performed to verify the structural quality of the predicted model. After
(before) refinement, 97.33 % (92.77 %) of the structure was in the
preferred region of the plot, whereas 2.67 % (6.60 %) of the residuals
were in the allowed region and 0.00 % (0.63 %) of the structure was in
the outlier regions, demonstrating the overall quality of the vaccine
construct (Fig. 3).

The Z-score of — 0.88, which was in the range of scores of proteins of
comparable size, indicates the reliability of the predicted model (3a)
Wiederstein and Sippl (2007). The ERRAT score was 60.4651,
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significantly higher than the threshold of 50 Messaoudi et al. (2013)
(3b). We also use the Structure Assessment server for Ramachandran
plot analysis and Local Quality Estimation, which produces results
consistent with GalaxyRefine results. After refinement, the model
showed an overall QMEANDisco value of 0.35 + /- 0.05 Fig. 4.

3.9. Physiochemical properties and solubility prediction

Physiochemical property evaluation was required for vaccine
formulation to demonstrate that the developed vaccine candidate was
stable and met standards. It contained a total of 325 amino acids, and its
molecular weight and instability index were 35,804.75 and 42.95,
respectively. The hydropathy value of the final vaccine is predicted to be
— 0.332, which means that our final vaccine is hydrophilic in nature.
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Fig. 3. Validation of the final structural subunit vaccine model (A) Vaccine 3D Structure Validation by ProSA-web illustrating Z-score; (B) Quality factor and quality

score by ERRAT (C) Verify3D tools, respectively.
The half-life is predicted to be 30 h in vitro and > 20 h in vivo. The pI

value of the final vaccine is calculated to be 10.04, which is an alkaline
value of the strongly basic in nature.

3.10. Prediction of post-translational modifications

Post-translational modification analysis was performed for the pro-
totype vaccine. The analysis revealed the presence of N-linked

15

glycosylation positions, which is one of the major post translational
modifications. It was predicted that most N-linked glycosylation posi-
tions are located on the exposed surface of the protein. This parameter is
known to increase the accuracy of glycosylation Hamby and Hirst
(2008). The presence of post-translational modifications in eukaryotic
cells such as parasites, including T. gondii, is critical for selecting the
correct expression system for recombinant protein production. Accord-
ingly, the results of our post translational modifications indicated that
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Fig. 4. Ramachandran plot indicated a high proportion of residues.

the presence of N-linked glycosylation, phosphorylation, and acetylation
should be considered in the recombinant production of a vaccine pro-
totype and that eukaryotic expression systems such as yeast, insect, and
mammalian are preferable to bacterial systems (Fig. 5).

3.11. Codon optimization and E. coli expression

In silico cloning was performed so that the vaccine candidate could
be expressed into the E. coli and the expression system was optimized by
codon adaptation, which can increase protein expression up to > 1000-
fold Mauro (2018). Therefore, it was necessary to optimize the codon for
the vaccine construct according to the use of the E. coli expression sys-
tem to ensure efficient translation and increased protein production
Rosano and Ceccarelli (2014). The results of codon optimization of the
vaccine with a GC content of 50.73 %, which is in the optimal range
(30-70 %), indicate good comprehensive stability of the mRNA of the
synthetic gene Grote et al. (2005); Nouri et al. (2016). The CAI value was
predicted to be 1.0, in the range (0.8-1.0) signifies the maximum codon
affinity and indicates high expression of our designed vaccine constructs
in E. coli K12 strain Chen (2012). The generated cDNA sequence was 1,
263 nucleotides long after codon optimization. Finally, the recombinant
plasmid was designed by computationally inserting the aligned codon
sequences into the pET-28a (+) vector using SnapGene software Fig. 6.
This research was conducted to develop a successful cloning approach
that has a great chance of producing a high quality vaccine. Apart from
all these analyzes and conclusions, further experimental validations are
required to confirm the safety and efficacy of the designed vaccine.
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3.12. Immune simulation of the vaccine

Immune simulations suggest that the vaccine elicits a consistent
immune response. After each administration and repeated exposure,
there was a significant increase in antibody response with a concomitant
decrease in antigen levels. Administration of the vaccine by three in-
jections was good at inducing different immunoglobulins. The humoral
response was predominantly IgM > IgG, indicating some degree of
seroconversion (Fig. 7a). The primary response was reflected by an in-
crease in IgM levels that led to a decrease in antigen concentration. The
secondary and tertiary responses with high immunoglobulin activities
(IgG1, IgG2, IgG + IgM) were higher than the primary response (IgM).
This indicates the emergence of an immune memory and thus increased
antigen excretion during subsequent exposures.

In addition, multiple long-lived B cell isotypes were found, suggest-
ing that long-lived B cells have the ability to switch isotype and develop
memory cells (Fig. 7b). This indicates a high number of TH cells and
consequently efficient Ig production supporting a humoral response
(7c), as the increased TH cells promote clonal growth of B cells and
antibody production Smith et al. (2000).

In cell populations TH (helper cells) and TC (cytotoxic cells) with
corresponding memory development, the results were much closer to
memory development (7d). A similar enhanced response was observed,
indicating the immunogenicity of the T cell epitopes included in the
vaccine construct. TC cells increased to near the maximum of over 1160
cells per mm? (Fig. 7e). NK cell numbers were also increased, averaging
350 cells per mm? (Fig. 7). This is observed in the preactivation of the
TC cell response during vaccination.

The activity of NK cells (Fig. 7g) and dendritic cells was noted along
with higher macrophage activity during exposure. The number of active
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Fig. 5. Structure and refinement of the docking complex. (A) Refinement of the docking complex using the FireDock tool. (B) Docked vaccine TLR3 complex and

binding affinities before and after QM/MM simulation.

macrophages increased with subsequent doses and then decreased to
less than 25 cells per mm3 days after the third dose (7h). This suggests
another good performance indicator of the vaccine construct and dem-
onstrates its ability to stimulate the correct immunologic compartment
for an effective response, considering that IFN-y is released from NK and
the presence of IFN-y stimulates macrophage activation Tau and Roth-
man (1999).

High levels of IFN-y and IL — 2 were also detected, consistent with
the prediction of IFN-y epitopes in the vaccine. Because it contains
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antiviral components, IFN-y plays an important role in both innate and
adaptive immunity. A significant increase in the levels of IFN-y, IL — 10,
IL — 23, and IL — 12 was also observed with subsequent exposure. The
increased IFN-y production justifies the selection of IFN-y producing
MHC class II epitopes. This implies that the vaccine elicits a robust im-
mune response with a short exposure and that immunity also increases
with subsequent, repeated exposure (Fig. 71i).

Cytokine and interleukin production is also indicative of a successful
immune response, as IFN-y and IL — 2 production remained constant
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Fig. 6. In silico restriction cloning of the final vaccine construct into pET28a (+) expression vector where red part representing the vaccine insert and black circle

showing the vector.

after the first injection, consistent with the prediction of IFN-y epitopes
in the vaccine. Significant increases in IFN-y levels IL — 10, IL — 23, and
IL — 12, which are important for co-stimulatory signaling of T-cell
activation, were also observed during subsequent exposure. This sug-
gests that the vaccine elicits a robust immune response during a brief
exposure and that immunity also increases during subsequent, repeated
exposures.

In addition, after the first dose, there was an initial increase in IFN-g
responses (associated with both CD8 + T cells and CD4 + Th 1 re-
sponses) and IL — 10 & TGF-b cytokines, which are associated with the
T-reg phenotype. These immune responses are also associated with a
broader base in peak antigen quantification. However, after the first
booster dose, IFNg also peaked. At the second booster dose on day 56,
the IgG response was faster and higher than the IgM response (sug-
gesting complete seroconversion and a B-cell memory response), faster
antigen clearance as evidenced by a narrower base of the antigen spike
compared with the previous doses, and lower levels of T-reg-associated
cytokines (TGFb & IL —10) compared with the response to the first
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booster dose. Overall, the results showed a concomitant increase in
immune response with each vaccination regimen.

Further studies of immunogenicity, efficacy, and possible adverse
effects should be conducted both in vitro and in vivo, including expres-
sion of this vaccine candidate in a bacterial system to verify immuno-
reactivity by serologic analysis.

3.13. Molecular docking, QM/MM study and binding profile

Interaction between the prototype vaccine and an appropriate im-
mune receptor molecule is required for adequate elucidation of the
immune response. Antiviral immunity is mainly activated by the family
of cytosolic receptors for pathogen recognition, including TLR3. Acti-
vation of TLR3 impairs replication of several viruses, including SARS-
CoV Gralinski et al. (2017), MERS-CoV Mubarak et al. (2019), dengue
virus (DENV), human immunodeficiency virus (HIV), influenza virus,
and respiratory syncytial virus (RSV), herpes simplex virus (HSV), and
Marek’s disease virus (MDV) Perales-Linares and Navas-Martin (2013);
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Fig. 7. C-ImmSim server prediction results of immune response after administering vaccine construct; (a) Ab titer increases with each successive injection as antigen
number decreases; (b) B cell population (indicates increase in various B cell types and their potential to switch classes); (c) PLB (plasma B cell) population (indicates
presence of memory B cells and active B cell proliferation); (d) TH cell population (indicates significant increase in TH memory cells); (E) TH cell population per state
(indicates increase in TH cells in active state); (F) TC cell population (indicates fluctuation of TC cell population with time); (G) NK cell population (indicates the
fluctuation of NK cell population with time); (H) macrophage population (indicates the fluctuation of macrophage population with time); I) concentration of cy-

tokines and interleukins (indicates the increased IFN-y and IL-2 production).

Prathyusha et al. (2020).

Here, the X-ray data of the extracellular domain of Human Toll-like
Receptor 3 with a resolution of 2.10 A (PDB ID: 1ZIW) were used as a
template for the docking experiments with our vaccine prototype.
Vaccine-TLR3 docking studies were performed and refined by Patch-
Dock and FireDock simulations, respectively. The Firedock score of
— 12.22 for global binding energy indicates good binding affinity, and a
negative score indicates better docking, in addition to adequate values
for attractive (—21.57) and repulsive (8.66) van der Walls forces, des-
olvation (2.23), and HB (—6.91) energies (Fig. 5a).

It is known that due to the low accuracy of the scoring functions,
more robust approaches should be used to find the best pose among the
docking results Cho et al. (2009). Another important issue related to
ligand-protein docking is to consider the flexibility of the protein
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structure to make the results more realistic Brooijmans and Kuntz
(2003); Burger et al. (2011). Therefore, quantum mechanical/molecular
mechanical (QM /MM) calculations were subsequently performed to
optimize the molecular geometries within the framework of the density
functional theory formalism (DFT) (Fig. 5b) to allow for some degree of
flexibility in the binding pocket of the receptor, which is essential for its
function and to correct for vaccine matching but is not present in the
crude docking procedure Sousa et al. (2006); de Medeiros et al. (2016);
Harmalkar and Gray (2021). The efficacy of this procedure has already
been validated in the development of improved schizophrenia drugs
Zanatta et al. (2014) and multiepitope peptide vaccines against Mayaro
virus Silva et al. (2021); da Silva et al. (2022).

The improved vaccine-TLR3 structure had a binding energy (AG) and
dissociation constant (Kd) of — 16.5 kcal/mol and 6.7E-07, respectively,
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at 25 °C, whereas the first structure AG was equal to — 8.4 and Kd of
2.6E-8. Moreover, there are 322 intermolecular contacts (ICs) at the
interface within the threshold distance of 5.5 4, and the percentage of
charged and apolar noninteracting surface (NIS %) is 33.12 % and 41.28
%, respectively. The van der Waals energy (Eyqy), electrostatic energy
(Eelec), and desolvation energy were — 31.1 kcal/mol, — 23.3 kcal/mol,
and — 1.1 kcal/mol, respectively. RMSD analysis revealed a deviation of
3.9 for the simulated QM:MM vaccine-TLR3 complex from the original
structure.

Finally, the QM/MM simulation shows important binding contacts,
namely GLN283-GLN167, ARG285-PHE121, ALA120-ARG285, LYS145-
GLY286, LYS200-ARG316, LYS102-GLN318, VAL144-PRO287,
ARG285-LYS145, and PHE121-PRO249 in the vaccine-TLR3 system
(Fig. 8). GLN283-GLN167 is characterized by non-classical hydrogen
bonding, indicating that the donor is a polarized carbon atom. The
cationic part of the guanidinium of ARG285 and the anionic carboxylate
group of PHE121 have electrostatic attraction. ALA120-ARG285,
LYS145-GLY286, LYS200-ARG316, and LYS102-GLN318 also exert
electrostatic attraction. VAL144-PRO287 and ARG285-LYS145 belong
to the hydrophobic alkyl type and have a surface area equal to or greater
than the area of a methyl group multiplied by the surface area scaling
factor (default value 0.65), which defines them as non-polarized, non-P.
In contrast, PHE121-PRO249 are characterized as a hydrophobic Pi/
alkyl mixture, defined as weak interactions between a hydrogen and a Pi
ring system.

Considering that TLR-3 has been shown to have a recognition func-
tion in both SARS-CoV and MERS-CoV Gralinski et al. (2017); Mubarak
et al. (2019) and SARS-CoV-2 has a similar genome organization to
these, it is hypothesized that this immune receptor is involved in the
response against the current pandemic virus. The pattern of molecular
interactions of the vaccine with TLR-3 and our in silico simulations
indicate that this receptor is capable of acting as a sensor for recognizing
molecular patterns of the pathogen and eliciting both innate and
adaptive immune responses.

When developing a multiepitope vaccine, it is important to consider
the viral subtypes so that this vaccine has a higher specificity. Here, our
multiepitope vaccine was tested against the BA.1 and BA.2 subtypes of
Omicron (B.1.1.529) using in silico techniques, but we believe that it is
also effective against other Omicron sublineages such as B.A.3 and B.
A.4/5. We compared the mutational profiles of the epitopes and found
that 44.5 % of the epitopes of the vaccine prototype are unique to the
Omicron subvariants, i.e., they represent regions of the viral proteins
that mutated during the emergence of the subvariants BA.1, BA.2, BA.3
and BA.4/5. More importantly, 55.5 % have completely identical pep-
tide sequences conserved in all strains reported up toJuly 2022, namely:
5 CTL (S341-349, g1100-1108 g611-619 §257-265 4 6826-834) 414 5 T,
(S166-180 g346-360 g632-646 ¢634-648 ;4 G232-246y

Immunoinformatics is one of the areas accelerating the progress of
immunological research towards the development of effective vaccines.
Consistent with the scientific literature, peptide epitope-based vaccines
have potential outcomes against several highly infectious diseases such
as SARS-COV — 2 Bhattacharya et al. (2020), MERS-COV UlQamar et al.
(2019), Dengue Brinton (2002), Chikungunya Narula et al. (2018),
Japanese Encephalitis Chakraborty et al. (2020), HIV Abdulla et al.
(2019); Jardine et al. (2013), and Tuberculosis Ong et al. (2020). Thus,
the epitopes described in this study and the prototype vaccine could be
tested as diagnostic reagents and for their potential immunizing capacity
against SARS-CoV-2, respectively.

4. Conclusion

Here, we developed a multiple epitope-based subunit vaccine against
the circulating SARS-CoV-2 variants, namely alpha, beta, gamma, delta,
and omicron. Initially, we predicted B-cell and T-cell epitopes of four
SARS-CoV-2 viral proteins (S, M, N, and E) obtained from 475 genomes
sequenced from the regions with the highest number of registered cases
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using antigenicity, immunogenicity, allergenicity, toxicity, IFN-y
inducing, population coverage, and conservation filters. A total of 18
effective epitopes were combined by using appropriate linkers and
adjuvant to enhance their immunogenicity, resulted in a multi-epitope
vaccine with length of 325aa. The specificity of binding of this vaccine
candidate to the TLR-3 immune cell receptor was evaluated by molec-
ular docking, followed by the application of a QM/MM energy mini-
mization strategy to improve the quality of the result. Finally, we found
that GLN283-GLN167, ARG285-PHE121, ALA120-ARG285, LYS145-
GLY286, LYS200-ARG316,LYS102-GLN318, VAL144-PRO287,
ARG285-LYS145 and PHE121-PR0O249 formed the binding pocket of the
complex.

This is the first study that has considered such a large amount of
protein data, specifically 475 proteomes of the major circulating SARS-
CoV-2 variants, including 38 (16) reported non-synonymous mutations
found in the protein spike (nucleocapsid phosphoprotein). It is also the
only multi-epitope vaccine prototype consisting of B-cell and T-cell
epitopes of all structural polyproteins of this virus, developed using
hybrid quantum mechanical/molecular mechanical approaches. Further
in vitro and in vivo studies are required to confirm the efficacy of our
vaccine prototype against the major SARS-CoV-2 variants.
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