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A B S T R A C T   

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the latest of the several viral pathogens that 
have acted as a threat to human health around the world. Thus, to prevent COVID-19 and control the outbreak, 
the development of vaccines against SARS-CoV-2 is one of the most important strategies at present. The study 
aimed to design a multi-epitope vaccine (MEV) against SARS-CoV-2. For the development of a more effective 
vaccine, 1549 nucleotide sequences were taken into consideration, including the variants of concern (B.1.1.7, 
B.1.351, P.1 and, B.1.617.2) and variants of interest (B.1.427, B.1.429, B.1.526, B.1.617.1 and P.2). A total of 11 
SARS-CoV-2 proteins (S, N, E, M, ORF1ab polyprotein, ORF3a, ORF6, ORF7a, ORF7b, ORF8, ORF10) were 
targeted for T-cell epitope prediction and S protein was targeted for B-cell epitope prediction. MEV was con
structed using linkers and adjuvant beta-defensin. The vaccine construct was verified, based on its antigenicity, 
physicochemical properties, and its binding potential, with toll-like receptors (TLR2, TLR4), ACE2 receptor and B 
cell receptor. The selected vaccine construct showed considerable binding with all the receptors and a significant 
immune response, including elevated antibody titer and B cell population along with augmented activity of TH 
cells, Tc cells and NK cells. Thus, immunoinformatics and in silico-based approaches were used for constructing 
MEV which is capable of eliciting both innate and adaptive immunity. In conclusion, the vaccine construct 
developed in this study has all the potential for the development of a next-generation vaccine which may in turn 
effectively combat the new variants of SARS-CoV-2 identified so far. However, in vitro and animal studies are 
warranted to justify our findings for its utility as probable preventive measure.   

1. Introduction 

The human race has encountered several bacterial and viral patho
gens that have acted as a threat to human health around the world. The 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the 
latest of them. The coronavirus disease (COVID-19) has emerged as the 
third human zoonosis of this century and has become significantly 
harmful to human health [1,2]. Previously, in 2002, coronavirus (CoV) 
belonging to the Betacoronavirus genus infected humans to cause a se
vere acute respiratory syndrome (SARS-CoV). The Middle East respira
tory syndrome (MERS-CoV) occurred in 2012, also belonged to the same 

genus. But neither of those has caused the vast irreparable loss to hu
mankind as of the pandemic of SARS-CoV-2 [3,4]. This deadly virus 
contains an unsegmented, 3′ polyadenylated and 5′ capped 
positive-sense, single-stranded, and ~30 kilobases long RNA genome 
which is 79.0% and 50.0% identical to the genomes of SARS-CoV and 
MERS-CoV, respectively [5]. This genome in a sequential manner, re
sults in non-structural and structural proteins such as - ORF1ab, surface 
glycoprotein (S), ORF3a, envelop protein (E), membrane glycoprotein 
(M), ORF6, ORF7a, ORF7b, ORF8, nucleocapsid phosphoprotein (N), 
and ORF10 proteins [6]. 

Thus, to prevent COVID-19 and control the outbreak, the 
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development of vaccines against SARS-CoV-2 is one of the most 
important strategies. Till now, more than 180 different types of vaccines 
(e.g., mRNA, DNA, subunit etc vaccines) are under development. Among 
these, the clinical trials of 42 vaccine candidates have been started while 
10 are in phase III trials [7]. CoVaxin from Bharat Biotech (inactivated 
virus vaccine) [8], Gam-Covid-Vac or Sputnik V from Russia (viral 
vector vaccine) [9], Moderna (mRNA1273) [10] and Pfizer (BNT162b2) 
[11] (RNA and DNA vaccines) are some of the vaccines that are either 
approved or in trial stages. Among them, Pfizer and Moderna vaccine are 
stated to be 95% and 94.1% effective according to the clinical trials in 
people with no evidence of previous COVID-19 infection [12]. However, 
for Moderna the success rate dropped to 86.4% for 65 or more than 65 
years old people, and Pfizer was suspected to be less effective against the 
South African (B.1.351) variant [12]. Also, according to Bharat Biotech, 
the efficacy in those without prior infection of CoVaxin is 81% in 
neutralizing the UK variant and other heterologous strains [13]. On the 
other hand, Sputnik V, a recombinant adenovirus-based vaccine, was 
reported to be 91.6% effective in lessening the disease’s severity [14]. 
However, it is still suspected to be effective against a fast-spreading 
variant [15]. 

Thus, although it is too early to predict these vaccines’ ability to 
provide long-term protection, at present it is affirmed that they can 
protect human for 6–8 months after a booster vaccination by developing 
cellular immune response [16]. However, the complex genetic makeup 
and high mutation rate of the SARS-CoV-2 make the outcome of the 
vaccine response uncertain. Thus, a strategic development of a vaccine 
by targeting all the proteins is required [17]. 

The high mutation frequency of SARS-CoV-2 is the major concern at 
the present time. The Centre for Disease Control and Prevention (CDC) 
has designated B.1.1.7, B.1.351, P.1 and B.1.617.2 variants as “variants 
of concern” [18]. B.1.1.7, B.1.351, P.1, and B.1.617.2 are the Pango 
lineage nomenclatures [19] and the corresponding Nextstain nomen
clatures are 20I/501Y.V1, 20H/501.V2, 20J/501Y.V3 and 20A/S:478K, 
respectively. B.1.1.7, B.1.351, P.1 and B.1.617.2 variants were first 
detected in United Kingdom, South Africa, Japan/Brazil and India, 
respectively. Variants B.1.427, B.1.429, B.1.525, B.1.526, B.1.617.1, 
B.1.617.3 and P.2 were designated as “variants of interest” by CDC [18]. 
WHO labeled the variants B.1.1.7, B.1.351, P.1, P.2, B.1.525, B.1.526, 
B.1.617.1 and B.1.617.2 as alpha, beta, gamma, zeta, eta, iota, kappa 
and delta, respectively. Both variants B.1.427 and B.1.429 had been 
designated as epsilon by WHO [18]. All the variants of concern and 
interest harbor the D614G mutation. This mutation in the spike protein 
increases the infectivity of SARS-CoV-2 virus [20]. Serum neutralization 
titers of B.1.351 were lower compared to P.1 and B.1.1.7, whereas for 
P.1 and B.1.1.7 the serum neutralization titers were almost equal [21]. 
P.1 had the greatest fold reduction in susceptibility when Bamlanivimab 
and Etesivimab were used together compared to B.1.1.7, B.1.351, P.1, 
B.1.427, B.1.429 and B.1.526 [22]. Variants with L452R and E484K 
mutations in spike protein had markedly reduced susceptibility to 
Bamlanivimab and, for Etesevimab and Casirivimab, the susceptibly 
might be also reduced [22–24]. Variants harboring receptor binding 
domain mutations K417 N/T, E484K, and N501Y had high resistance to 
neutralization [25]. B.1.526, B.1.427, and B.1.429 lineages of 
SARS-CoV-2 contain the L452R mutation, whereas B.1.525, P.2, P.1, and 
B.1.351 contain the E484K mutation (some B.1.526 and B.1.1.7 also 
contain the E484K mutation) [23]. The B.1.351 lineage had greater 
resistance to neutralization compared to the variant B.1.429 by Moderna 
and Novavax, which elicited a neutralizing antibody [26]. Although 
many variants contain the E484Q and L452R separately, recently both of 
these mutations were found together in India. They were designated as a 
“double mutant” which is of B.1.617 lineage [27]. 

While there are many approaches for vaccine development like killed 
vaccine, live-attenuated vaccine, DNA/RNA vaccines, etc., epitope- 
based chimeric or subunit vaccines have advantages over them. This is 
because an ideal multi-epitope vaccine (MEV) can enhance immune 
response and eventually scale down the risk of re-infection by 

magnifying the host immunogenicity [28]. Moreover, they are safer as 
they do not require an entire pathogen. Also, highly promiscuous epi
topes can bind multiple alleles simultaneously which can ensure the 
desired immune response among a heterogeneous human population. 
Further, usage of multiple epitopes from different virus antigens can 
expand the spectra of targeted viruses of high mutation frequency [29]. 
Because they contain multiple MHC restricted epitopes, they can be 
recognized by TCRs of various T cell subsets. Along with inducing strong 
cellular and humoral immune responses with the help of the combina
tion of multiple kinds of epitopes, they also can enhance long-lasting 
immune responses with the help of their adjuvant [30]. 

Our approach is to design epitope-based chimeric vaccines by 
screening all existing proteins in SARS-CoV-2 so that the most immu
nogenic peptides can be used. In this study, the analysis was done using 
the conserved regions of proteins of different SARS-CoV-2 strains ob
tained from NCBI virus portal. This ensures the predicted MEVs will 
target all the SARS-CoV-2 strains including the concerned lineages. 

2. Methods 

2.1. Retrieval of nucleotide and protein sequences of SARS-CoV-2 

Nucleotide and protein sequences of SARS-CoV-2 were retrieved 
from NCBI virus portal (https://www.ncbi.nlm.nih. 
gov/labs/virus/vssi/#/, queried on 22/04/21). The Virus, Nucleotide 
Completeness and Host fields were set to “Severe acute respiratory 
syndrome coronavirus 2 (SARS –CoV-2), taxid: 2697049”, “complete” 
and “Homo sapiens (human), taxid: 9606” respectively in the NCBI Virus 
portal for retrieving the sequences analyzed in the present study. The 
Collection Date field was set from 1st December 2019 to 22nd April 2021. 
A meta data (containing accession number, Release Date, Geographical 
Location, Collection Date) of all the nucleotide sequences of SARS-CoV-2 
fulfilling the above-mentioned criteria was also obtained from the same 
database. Sequences which did not mention the specimen collection 
month were not included. One percent (1%) of accession numbers of 
SARS-CoV-2 nucleotide sequences from each month were randomly 
selected using the sample_n () function of dplyr package in R [31]. 
Finally, randomly selected nucleotide sequences of SARS-CoV-2 were 
retrieved. The Pango Lineages of selected sequences were assigned using 
Pangolin webserver (https://pangolin.cog-uk.io/). The rationale for 
selecting sequences on the basis of collection date was that the se
quences collected would closely reflect the viral strain circulating in that 
particular month. 

In NCBI Virus portal, there are a maximum of 12 SARS-CoV-2 (S, N, 
E, M, ORF1ab polyprotein, ORF1a polyprotein, ORF3a, ORF6, ORF7a, 
ORF7b, ORF8, ORF10) proteins with respect to a particular SARS-COV-2 
nucleotide accession number. As ORF1a polyprotein is a part of ORF1ab, 
11 proteins were therefore selected in this study. Finally, the protein 
sequences of these 11 proteins corresponding to a particular nucleotide 
sequence were obtained from the virus portal. 

2.2. Multiple sequence alignment and phylogenetic tree construction 

Multiple sequence alignment (MSA) of all the selected nucleotide 
sequences of SARS-CoV-2 was performed using online MAFFT platform 
(https://mafft.cbrc.jp/alignment/server/). Default parameters were 
used. The phylogenetic tree was constructed using IQ-TREE employing 
the parameter rich–model called GTG + I + G model, as suggested by 
Abadi et al. [32]. 

Protein sequences corresponding to the selected nucleotide se
quences of SARS-CoV-2 for a particular protein was also aligned with the 
online MAFFT platform (https://mafft.cbrc.jp/alignment/server/). 

Selection of conserved regions from MSA of protein sequences 
and prediction of antigenicity The MSA files were visualized using 
MEGA X (Version 10.1.7) [33] and 100% conserved regions of each of 
the 11 proteins were manually extracted. Conserved regions shorter 
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than 9 residues were not included. The density of conservancy was 
calculated for each protein by using the following formula: 

Density of conservancy = (Number of conserved regions of length ≥
9 residues for a protein) *(Average length of conserved regions for a 
protein)/(Length of the protein). 

The formula for density of conservancy accounted for the length of 
the protein and the length of the conserved regions in that particular 
protein. The density of conservancy serves as a measure of conservancy 
of a protein. The higher the density of conservancy, the higher is the 
conservancy. 

The antigenicity of each of the proteins sequences was determined 
using VaxiJen server 2.0 (http://www.ddg-pharmfac.net/vaxijen/). 
which is a web-based server for the alignment-independent prediction of 
antigenicity [34]. This server predicts each submitted sequence as an 
antigen or non-antigen along with a probability score. The mean anti
genicity score was then calculated by averaging the antigenicity scores 
of all the protein sequences of a particular protein. The process was 
repeated for all the 11 SARS-CoV-2 proteins. 

2.3. B cell epitope prediction 

The conserved amino acid sequences of spike glycoprotein were 
submitted with a 0.5 cut-off value to find their chance of being antigenic 
or non-antigenic. Along with this, for transmembrane topology predic
tion, TMHMM v0.2 server (http://www.cbs.dtu.dk/services/TMHMM/) 
was used. This server is based on the hidden Markov model and has a 
high degree of accuracy in predicting protein topology. Each of the 
conserved sequences was subjected to this server to discriminate intra
cellular and surface protein regions [35]. 

Conserved sequences that were predicted as antigen along with ful
filling exomembrane characteristics, were analyzed for linear B cell 
epitope prediction using BepiPred-2.0 (http://www.cbs.dtu.dk/ 
services/BepiPred/) with the default threshold value [36]. The same 
analysis was also performed using another web-based tool ABCpred (htt 
ps://webs.iiitd.edu.in/raghava/abcpred/ABC_submission.html) which 
has a default threshold value of 0.51 with an epitope length of 16 mer 
[37]. After obtaining the outputs, peptides that were found to be fully 
overlapping in both tools were selected to be potential epitopes. 

To determine the surface accessibility, hydrophilicity, flexibility, and 
secondary structure properties of these epitopes, IEDB analysis resource 
(http://tools.immuneepitope.org/bcell/) was used. Using Emini surface 
accessibility prediction, surface exposure probabilities of the amino 
acids were predicted with default threshold 1.0, using surface accessi
bility scale [38]. Along with this, for the analysis of hydrophilicity of the 
amino acid residues, Parker Hydrophilicity prediction was used. This 
tool uses a hydrophilic scale which is dependent on peptide retention 
times of 20 model synthetic peptides during high-performance liquid 
chromatography (HPLC) on a reversed-phase column [35]. Karplus’ and 
Schulz’s flexibility prediction was used with default parameters for 
determining flexibility of the residues [39]. The presence of beta-turn, 
an extremely important factor for an epitope, was predicted using 
beta-turn prediction algorithm developed by Chou and Fasman [40]. 
Finally, all these prediction results were analyzed and their antigenicity, 
allergenicity and toxicity were assessed using VaxiJen v2.0, AllergenFP 
and ToxinPred respectively. The most common, conserved, non-allergen 
and non-toxic peptides were considered to be the most potential B cell 
epitopes. 

2.4. T cell MHC class I and class II epitope prediction 

Epitopes for Cytotoxic T cell lymphocytes (CTL) were predicted for 
all the 11 proteins, using the conserved regions of each protein through 
artificial neural network algorithm-based online server NetCTL 1.2. 
(http://www.cbs.dtu.dk/services/NetCTL/). Default parameters were 
used. Epitopes were predicted against all the 12 MHC class I supertypes. 
Epitopes, identified as MHC ligands, were further selected for 

subsequent analysis. 
The epitopes were subjected to MHC I binding prediction, using the 

peptide binding to MHC class I molecules tool [41] found in Immune 
Epitope Database or IEDB (http://tools.iedb.org/mhci/). NetMHCpan 
EL 4.1 was used as the prediction method as recommended by IEDB 
using specific MHC Class I alleles (Supplementary File 1, Sheet 1) [42]. 
Nonamer was selected as the peptide length. A percentile rank with a 
threshold of 1% for MHC class I binding epitopes was used to filter out 
peptide-allele combinations with weak binding affinity. The lower the 
percentile ranks, the higher was the interaction shown between peptide 
and MHC molecules. 

The peptide binding to MHC class II molecules tool of IEDB was used 
to predict T-helper cell (HTL) epitopes for 11 proteins (http://tools.iedb. 
org/mhcii/) [41,43,44]. In this case, conserved regions of each protein 
were used for the prediction. IEDB recommended 2.22 be used as the 
prediction method using specific MHC class II alleles (Supplementary 
File 1, Sheet 2) [45]. Peptide length was selected as 15 mer. A percentile 
rank with a threshold of 10% was used for MHC class II binding epitopes 
to filter out peptide-allele with weak binding affinity. The selected allele 
files for HLA class I and II follow the most common specificities in the 
general population, based on data available from DbMHC and allelefre 
quencies.net, which represents commonly shared binding specificities 
(i.e., supertypes) [46]. Peptides with the number of binding alleles ≥5 
for MHC class I binding epitopes and ≥8 for MHC class II binding epi
topes were selected for further analyses. 

The selected CTL and HTL epitopes were analyzed using Vaxijen 
server 2.0 (http://www.ddg-pharmfac.net/vaxijen/) to find their anti
genic properties [34]. The threshold value was set at 0.6. The epitopes 
that passed the antigenicity test were analyzed for allergenicity using 
AllergenFP (http://ddg-pharmfac.net/AllergenFP/) and toxicity using 
ToxinPred (http://crdd.osdd.net/raghava/toxinpred/). Class II epitopes 
that passed antigenicity, toxicity, and allergenicity tests were further 
analyzed for Interferon-γ production using IFNepitope (http://crdd.osdd 
.net/raghava/ifnepitope/), for IL-4 production using IL4pred (http://c 
rdd.osdd.net/raghava/il4pred/) and for IL-10 production using 
IL-10Pred (http://crdd.osdd.net/raghava/IL-10pred/). 

2.5. Epitope conservancy and population coverage of selected epitopes 

During epitope prediction, fully conserved regions from the proteins 
were used. Moreover, as COVID-19 caused by SARS-CoV-2 is a 
pandemic, so the constructed MEV should be effective in different 
populations around the globe to combat this crisis. Thus, population 
coverage is a very important area to be taken into consideration for the 
predicted epitopes, as we can observe their probable effective utility for 
the potential vaccine development in different populations. Population 
coverage was performed for whole world and specially for the countries 
mostly affected by death and infection (as mentioned in John Hopkins 
Covid tracker) by SARS-CoV-2 using the IEDB population coverage 
analysis tool (http://tools.iedb.org/population/) [47]. 

2.6. Molecular interaction analysis of selected CTL and HTL epitopes with 
HLA alleles 

For docking of the CTL and HTL epitopes with representative HLA 
alleles, firstly the three-dimensional structure of the epitopes was pre
dicted using PEP-FOLD3 (https://bioserv.rpbs.univ-paris-diderot.fr/se 
rvices/PEP-FOLD3/) server [48]. As the representative HLA alleles, 
complex structures of HLA-A*02:01 (PDB ID: 1DUZ) and DRB1*01:01 
(PDB ID: 1AQD) were retrieved from Protein Data Bank which served as 
MHC class I and II receptors respectively. The peptides which were 
already bounded to the receptor PDB structures (“LLFGYPVYV” with 
PDB ID: IDUZ and “VGSDWRFLRGYHQYA” with PDB ID: 1AQD) were 
considered as control peptides. These control peptides were removed 
using PyMOL and energy minimization was carried out. Afterward, the 
selected CTL and HTL epitopes were docked with the processed MHC 
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class I and II receptors respectively. For docking, ClusPro 2.0 
protein-protein docking server (https://cluspro.bu.edu/home.php) was 
used [49]. This server performs blind docking by sampling billions of 
conformations using CAPRI experiment, determines the most likely 
models based on RMSD clustering, and refines the selected docked 
structures using energy minimization [50]. The best receptor-epitope 
complexes were selected based upon the lowest interaction energy and 
the visual similarity with the control peptide-receptor complex. Finally, 
the molecular interactions of the complexes were evaluated using 
PDBsum Protein-Protein interaction (http://www.ebi.ac.uk/thornton 
-srv/databases/cgi-bin/pdbsum/GetPage.pl?pdbcode=index.html). 

2.7. Construction of multi-epitope vaccine 

The pre-selected B and T cell epitopes were used for the multi- 
epitope vaccine (MEV) construction by adapting the previously- 
described protocols [51]. Two linkers GPGPG, and AAY were used to 
link the epitopes together. The GPGPG linker was used to connect the B 
cell epitopes and MHC Class II epitope, and the AAY linker was used to 
connect the MHC Class I epitopes. These linkers helped to protect their 
individualistic immunogenic properties after their inter-interaction 
compatibility authentication. Moreover, at the N terminal, 
Beta-defensin 3 (Q5U7J2_HUMAN) (https://www.uniprot. 
org/uniprot/Q5U7J2#sequences) was linked using EAAAK linker as 
an adjuvant for boosting of the immunogenicity of the vaccine. Finally, 
to enable protein purification and identification, 6xHis tag was added at 
the C-terminal end. 

2.8. Evaluation of physicochemical properties of the vaccines 

The vaccine that was finally developed was subjected to antigenicity 
and allergenicity prediction using VaxiJen v2.0 (http://www.ddg-ph 
armfac.net/vaxijen/VaxiJen/VaxiJen.html) and AllergenFP V.1.0 
(http://ddg-pharmfac.net/AllergenFP/), respectively [34,52]. Also, the 
construct sequences were submitted to Expasy ProtParam tool (http 
s://web.expasy.org/protparam/) to calculate different parameters 
such as the number of amino acids, molecular weight, theoretical iso
electric point (pI), half-life, instability index, aliphatic index, GRAVY 
score, etc [53]. Based on the physicochemical properties of the 
construct, the quality of the vaccine was assessed. 

2.9. Secondary structure prediction 

Protein secondary structure plays an important role in protein 
folding properties and its physicochemical characteristics [54]. Thus, for 
the prediction of the constructed MEV secondary structure, and to assess 
its secondary structural properties, RaptorX property (http://raptorx. 
uchicago.edu/StructurePropertyPred/predict/) was used. RaptorX 
property performs template free secondary structure prediction by using 
a machine-learning model called DeepCNF (Deep Convolutional Neural 
Fields). Along with the secondary structure of the MEV, solvent acces
sibility and disorder regions (DISO) were also speculated, based on the 
output of 66% and 89% accuracy respectively [55]. 

2.10. Tertiary structure prediction, molecular refinement, and structure 
validation of MEV 

The three-dimensional structure of the constructed MEV was pre
dicted using the 3Dpro tool (http://scratch.proteomics.ics.uci.edu/) 
[56]. Because of the lack of any suitable template for homology 
modeling, this ab initio approach was used. Thus, for the refinement of 
the predicted protein structure, the GalaxyRefine web server (http://ga 
laxy.seoklab.org/cgi-bin/submit.cgi?type=REFINE) was employed [57, 
58]. This server follows a refinement method that rebuilds the 
side-chains along with side-chain repacking. It also causes structural 
relaxation using molecular dynamics simulation, improving the 

structural quality significantly. 
Following the refinement, the models were subjected to quality 

checking or assessment using the ERRAT (https://servicesn.mbi.ucla. 
edu/ERRAT/) [59], ProSA (https://prosa.services.came.sbg.ac.at/ 
prosa.php) [60], and the Ramachandran plot analysis using 
SWISS-MODEL Structure Assessment platform (https://swissmodel. 
expasy.org/assess) [61]. Based on these results, the qualities of the 
refined models were validated and the most suitable model was selected 
for further steps. 

2.11. Conformational B cell epitopes prediction of the constructed MEV 

To predict conformational B cell epitopes on the MEV construct 
DiscoTope-2.0 (http://www.cbs.dtu.dk/services/DiscoTope/), ElliPro 
(http://tools.iedb.org/ellipro/), and SEPPA v3.0 (http://www. 
badd-cao.net/seppa3/index.html) were used. The PDB structure of the 
constructed MEV was submitted to each server with default parameters 
(DiscoTope threshold = − 3.700, ElliPro threshold = 0.5, and SEPPA 
threshold = 0.064). The residues predicted as conformational B cell 
epitope by all of the three tools were selected and visualized using 
PyMOL. 

2.12. Molecular docking and binding affinity analysis 

To assess the binding affinity of selected potential vaccine candidates 
with TLR2 (PDB ID: 2Z7X), TLR4 (PDB ID: 4G8A), ACE2 receptor (PDB 
ID: 3SCI), and B Cell Receptor (PDB ID: 3KG5), molecular docking was 
performed using the ClusPro 2.0 protein-protein docking server (https 
://cluspro.bu.edu/home.php) [49]. From the outcome, the vaccine re
ceptor complex that appeared to be docked with maximum residue 
interaction and lowest interaction energy was selected, because the 
lower energy score corresponds to the better binding affinity [62]. 
Further, the complexes were analyzed using PDBsum Protein-Protein 
interaction (http://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/pd 
bsum/GetPage.pl?pdbcode=index.html) to observe the interactions 
between MEV and the receptors [63]. 

2.13. Molecular simulation study of the vaccine construct and TLR4 

The binding stability and flexibility of the vaccine and TLR4 complex 
was analyzed using iMODS server (http://imods.Chaconlab.org/) which 
performs Normal Mode Analysis (NMA) in internal (dihedral) co
ordinates using an elastic network model (ENM) [64]. The server pro
vides B-factor and deformability plots, covariance map, mode variance 
plot, eigenvalues and elastic network. 

2.14. Immune simulation 

The immunogenicity and immune response profile of the selected 
vaccine were simulated through the C-ImmSim server (https://150.14 
6.2.1/C-IMMSIM/?page=0). This server uses a position-specific 
scoring matrix (PSSM) and machine learning techniques for the pre
diction of the immune response. The simulation volume was set to 10, 
random seed 12345, number of steps 1095, adjuvant 100, simulation 
time steps 1, 84, and 168 along with homozygous host haplotypes HLA- 
A0321, HLA-A0110, HLA-B5801, HLA-B3501, HLA-DRB1-0801, and 
HLA-DRB1_1501 [65]. 

2.15. Codon optimization and in silico cloning 

Because of the codon bias, codon adaptation is a vital step in reverse 
vaccinology which can promote recombinant protein expression 
significantly. For this purpose, the Java codon adaptation index (JCAT) 
(http://www.jcat.de/) was used to get the optimized DNA sequence of 
the final vaccine to construct along with the codon adaptation index 
(CAI) value and GC content. Here, the selected target organism was 
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Escherichia coli (strain K12), and EcoRI and BamHI as the restriction 
enzyme cleavage sites [66]. SnapGene software (version 5.2.3) (https: 
//www.snapgene.com/) was used to integrate the adapted DNA 
sequence to pET-28a (+) vector, between the EcoRI and BamHI restric
tion sites. This vector enables enhanced protein recovery and purifica
tion due to its N-terminally 6 × His-tagged proteins. 

3. Results 

3.1. Retrieval of nucleotide and protein sequences of SARS-CoV-2 

The meta data list retrieved consisted of 154805 sequences from 1st 

December 2019 to 22nd April 2021 (based on collection date, accessed 
on 22/04/21). A total of 501 sequences were excluded because the 
specimen collection month was not mentioned. Thus, the final list 
consisted of 154,304 sequences. A total of 1283 accession numbers of 
SARS-CoV-2 sequences were obtained from the final list after randomly 
selecting 1% of the sequences from each month (except March 2021). In 
the case of March 2021, 1% of sequences were randomly selected 
differently to consider the new B.1.617.1 and B.1.617.2 variants. 
Initially, accession numbers of five B.1.617.1 variants and the only 
B.1.617.2 variants were included; then, accession numbers for 260 
SARS-CoV-2 sequences were retrieved randomly from March 2021. A 
total of 1549 (1283 + 266) SARS-CoV-2 nucleotide sequences were 
retrieved from NCBI virus portal using the selected accession numbers. 
The number of sequences taken from each month are given in Supple
mentary File 2 (Sheet 1). Most sequences are taken from March 2021 
(266). 

The number of protein sequences retrieved for a particular protein 
corresponding to 1549 SARS-CoV-2 nucleotide sequences are given in 
Supplementary File 2 (Sheet 2). There should be 1549 sequences for 
each protein corresponding to 1549 SARS-CoV-2 sequences. However, 

some SARS-CoV-2 nucleotide sequences do not have protein sequences 
as they were part of genome assembly projects (533).The accession 
numbers of these sequences (without any proteins) are given in Sup
plementary File 2 (Sheet 3). Of the 1016 (1549–533) SARS-CoV-2 
nucleotide sequences, 158 sequences did not have protein sequences 
for Orf 8 (Supplementary File 2, Sheet 4). MW553306 and MW629363 
did not have sequences for Orf 3a and Orf 7a, respectively. 

The Pango lineage distribution of all the 1549 sequences are given in 
Supplementary File 2 (Sheet 5). The number of sequences taken from 
each Pango Lineage is given in Supplementary File 2 (Sheet 6). The 
variants B.1.1.7, B.1.351, P.1, B.1.427, B.1.429, B.1.526 and P.2 had 
162, 2, 3, 17, 38, 50 and 3 SARS-CoV-2 nucleotide sequences, 
respectively. 

3.2. Multiple sequence alignment and phylogenetic tree construction 

IQ-TREE constructs a phylogenetic tree by maximum likelihood. 
GTG-I-G was used as the substitution model, as previously described 
[32]. Distinct clusters of B.1.1.7, B.1.351, P.1, B.1.427, B.1.429, 
B.1.526, B.1.617.1, B.1.617.2and P.2 variants were observed in the 
constructed phylogenetic tree. The percentages of sequences harboring 
the mutations D614G, N501Y, E484K, L452R, and P681H in S protein 
are shown in Fig. 2A. 

The insertions and deletions found in different proteins after 
inspecting the MSA of 11 proteins are given in Supplementary File 2 
(Sheet 7). Deletion of three amino acids (SGF) was found in Orf 1 ab 
protein of 215 SARS-CoV-2 sequences. Most of them were of B.1.1.7 
variants (155) followed by B.1.526 (50). Both B.1.351 and all the three 
P.1 variants had this deletion too (Supplementary File 2, Sheet 7). 

Fig. 1. Phylogenetic tree of the nucleotide sequences of different variants of SARS-CoV-2 to represent the relatedness as well as diversity of different variants of 
coronavirus. A total of 1549 nucleotide sequences were applied to construct the tree. The colored strip charts represent different variants. The color codes illustration 
of each variant have been demonstrated at the left side of the figure. The branches of the tree are also colored according to the variants. Deep blue represents the 
variants of concern while sky blue represents the variants of interest. The nucleotide sequences of variants B.1.351, B.1.427 and B.1.429 are more closely related as 
they had clustered together in the tree. The same is true for P.1 and P.2; B.1.617.1 and B.1.617.2. Tree scale is 0.01. 
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Fig. 2. A) A bar plot showing the % of sequences containing a particular mutation. The y–axis denotes the % of sequences with the single nucleotide variation (SNV) 
and the x-axis showing the position of the mutation in the Surface glycoprotein. The bars are colored according to the mutation type and the color code is given on the 
right of figure. B) Bar plot showing the density of conservancy of each protein constructed using information of the density of conservancy (y-axis) and the proteins of 
coronavirus (x-axis) used in this study. The values on the top of each bar represents the value of density of conservancy. C) A lollipop plot showing the average 
antigenicity scores of each protein. The average antigenicity scores have been shown at the right sides of the lollipops. 
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3.3. Conserved region selection from MSA of protein sequences and 
prediction of antigenicity 

The conserved regions extracted from the protein sequences of a 
particular protein are presented in Supplementary File 2 (Sheet 8). 
Fig. 2B represents the density of conservancy for each protein. ORF10 of 
SARS-CoV-2 was the most conserved among the SARS-CoV-2 proteins, 
with a density of conservancy of 0.86. Following this, antigenicity of the 
targeted proteins was observed. The average antigenicity score of 
ORF7b was found to be the highest compared to other proteins. The 
average antigenicity scores of different proteins have been demonstrated 
in Fig. 2C. 

3.4. B cell epitopes 

Among the total of 32 conserved sequences of spike glycoprotein, 16 
sequences satisfied the VaxiJen v2.0 threshold score and were predicted 
to contain antigenicity properties. All these sequences belonged to the 
outside region of the protein according to the TMHMM v0.2 output. 
BepiPred-2.0 and ABCpred predicted 34 and 134 peptides, respectively 
from the 16 sequences from which 5 overlapping peptides were 
identified. 

On the basis of the IEDB analysis resource prediction of surface 
accessibility, hydrophilicity, flexibility, secondary structure properties 
of these peptides, 3 of them (“427IADYNYKLP435”, “667NSYECDIPIGA
GIC680”, “1111WFVTQRNFY1119”) appeared to possess all these desired 

properties by crossing the prediction threshold values (Supplementary 
File 4). Thus, these epitopes were surface accessible, hydrophilic, flex
ible and contained a beta turn in the secondary structure. After further 
assessment of allergenicity, toxicity and antigenicity, these 3 epitopes 
were selected as the potential B cell epitopes as these were predicted to 
be non-allergen, non-toxic and antigenic (Table 1). 

3.5. Selection of potent CTL and HTL epitopes for vaccine construct 

A total of 363 CTL epitopes (ORF 1 ab = 280, S = 40, M = 16, E = 9, 
N = 9, ORF7b = 7 and ORF10 = 2) were predicted from NetCTL 1.2 
(http://www.cbs.dtu.dk/services/NetCTL/). Of them, 289 epitopes 
(ORF 1 ab = 227,S = 32,M = 13,E = 9,N = 7 and ORF 7b = 1) had a 
percentile rank of ≤1%, as predicted with MHC class I molecules tool of 
IEDB (http://tools.iedb.org/mhci/). Of these 289 epitopes, 65 epitopes 
(ORF 1 ab = 49, S = 11, M = 2, E = 2 and N = 1) had bound with ≥5 
MHC Class I alleles. 

Out of 65, 8 CTL epitopes (ORF 1 ab = 6, S = 1 and M = 1), satisfied 
the antigenicity, allergenicity and toxicity tests. Finally, these epitopes 
were selected for vaccine construction. Epitope “1891EIDPKLDNY1899” of 
ORF1ab had the highest antigenic score of 1.6159 and epitope 
“3164RVVFNGVSF3172” bound with the highest number of MHC Class I 
alleles (9) (Supplementary File 3). 

A total of 323 HTL epitopes (ORF 1 ab = 252, S = 43, M = 14, E = 6, 
N = 6, ORF7b = 1 and ORF 10 = 1) were predicted by MHC class II 
molecules tool of IEDB (http://tools.iedb.org/mhci/) having percentile 

Table 1 
Selected potential B cell, MHC class I and class II epitopes.  

Epitope Overlapped Epitope VaxiJen 2.0 AllergenFP v.1.0 ToxinPred Protein Type Identifier 

RVVFNGVSF  0.7252 Non Allergen Non Toxic ORF1ab MHC Class I E1 
YPSLETIQI  0.8151 Non Allergen Non Toxic ORF1ab MHC Class I E2 
YTEISFMLW  1.2159 Non Allergen Non Toxic ORF1ab MHC Class I E3 
TVKPGNFNK  1.3778 Non Allergen Non Toxic ORF1ab MHC Class I E4 
VVSTGYHFR  1.4741 Non Allergen Non Toxic ORF1ab MHC Class I E5 
EIDPKLDNY  1.6159 Non Allergen Non Toxic ORF1ab MHC Class I E6 
GVVFLHVTY  1.4104 Non Allergen Non Toxic Surface Glycoprotein MHC Class I E7 
LVIGAVILR  1.1027 Non Allergen Non Toxic Membrane Glycoprotein MHC Class I E8 
DGYFKIYSKHTPINL DGYFKIYSKHTPINLV 0.7526 Non Allergen Non Toxic Surface Glycoprotein MHC Class II E9 
GYFKIYSKHTPINLV 0.9278 Non Allergen Non Toxic 
FNMVYMPASWVMRIM AYFNMVYMPASWVMRIM 0.6579 Non Allergen Non Toxic ORF1ab MHC Class II E10 
AYFNMVYMPASWVMR 0.8153 Non Allergen Non Toxic 
FLLVTLAILTALRLC VVFLLVTLAILTALRLC 0.6311 Non Allergen Non Toxic Envelope protein MHC Class II E11 
VVFLLVTLAILTALR 0.7559 Non Allergen Non Toxic 
LVSTQEFRYMNSQGL  0.6617 Non Allergen Non Toxic ORF1ab MHC Class II E12 
KVKYLYFIKGLNNLN  0.9061 Non Allergen Non Toxic ORF1ab MHC Class II E13 
IADYNYKLP  1.1012 Non Allergen Non Toxic Surface Glycoprotein B cell E14 
WFVTQRNFY  0.7376 Non Allergen Non Toxic Surface Glycoprotein B cell E15 
NSYECDIPIGAGIC  0.6147 Non Allergen Non Toxic Surface Glycoprotein B cell E16 

*Bolded epitopes are used to construct multi-epitope vaccine. 

Fig. 3. Population coverage of the selected epitopes for vaccine construct in different countries world-wide. The y-axis shows the countries and the x axis shows the 
% coverage. The percentage of population coverage is shown right to the bars. 
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Fig. 4. The view of- A) HLA-A*02:01 presenting control and CTL epitopes (E1-E8); B) DRB1*01:01 presenting control and HTL epitope (E13). HLA alleles, control 
peptides and selected viral epitopes are shown in grey, red and blue respectively. 
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rank ≤ 10%. Of these 323 epitopes, 42 (ORF 1 ab = 33, S = 4, E = 4 and 
ORF7b = 1) epitopes bound with ≥8 MHC Class II alleles. 

Out of the 42 epitopes, 8 HTL epitopes (ORF 1 ab = 4, S = 2 and E =
2) passed the antigenicity, allergenicity, and toxicity tests. But only 
epitope, “424KVKYLYFIKGLNNLN438” of Orf 1 ab was found to be IFN-γ 
producer, IL-10 and IL-4 non-producers. “424KVKYLYFIKGLNNLN438” 
had an antigenicity score of 0.9061 and bound with 17 HLA Class II 
alleles. Therefore, it was selected as the final HTL epitope for vaccine 
construction (Table 1) (Supplementary File 3). 

3.6. Population coverage of selected epitopes 

The population coverage of the selected epitopes for different 
countries and the whole world is shown in Fig. 3. The selected epitopes 
had the highest population coverage of 98.97% in Germany. The result 
for England was nearly equal (98.92%). The epitopes showed a high 
population coverage in all the countries which are greatly affected by 
SARS-CoV-2. This shows that our vaccine constructed from these 
selected epitopes will be able to efficiently combat this pandemic. 

3.7. Interaction of selected epitopes with HLA alleles 

As the outcome of molecular docking simulations of the CTL and HTL 
epitopes with MHC class I (HLA-A*02:01) and MHC Class II 
(DRB1*01:01) receptors, it appeared that the epitopes interacted to the 
receptor grooves in a similar manner to the control peptides (Fig. 4). For 
the CTL and MHC class I receptor interaction, the control peptide formed 
10H bonds and 155 non-bonded contacts with the receptor with the 
lowest interaction energy score − 1163.6. Whereas, the selected CTLs 
interacted with the receptors with similar energy scores. Among them, 
E4 showed the highest no of H bonds and E7 showed the highest non- 
bonded interactions with the receptor which were closest to the con
trol complex (Table 2). For the HTL-MHC class II complex, the non- 
bonded contacts were much higher for E13-MHC class II complex but 
the H bond number was lesser than the control complex (Table 2). Thus, 
the selected epitopes showed strong potential ability to complex with 
MHC receptors in comparison with the control peptides. 

3.8. Multi epitope vaccine construction 

A total of 12 epitopes- 3 B cell, 1 MHC Class II, and 8 MHC Class I 
epitopes were used to design the MEV. The predicted epitope sequences 
were joined using GPGPG and AAY linkers. The adjuvant Beta-defensin 
was attached to the N terminal with the help of EAAAK linker. Also, to 
facilitate protein purification, a 6xHis tag was added to the C terminal. 
Thus, the final construct generated was as follows (Bold letters indicate 
the linkers): “EAAAKGIINTLQKYYCRVRGGRCAVLSCLPKEEQIGKCST 
RGRKCCRRKKEAAAKIADYNYKLPGPGPGWFVTQRNFYGPGPGNSYEC 
DIPIGAGICGPGPGKVKYLYFIKGLNNLNAAYRVVFNGVSFAAYYPSLETI
QIAAYYTEISFMLWAAYTVKPGNFNKAAYVVSTGYHFRAAYEIDPKLDN 

YAAYGVVFLHVTYAAYLVIGAVILRHHHHHH” (Fig. 5A). 

3.9. Evaluation of physicochemical parameters 

The Expasy ProtParam tool, VaxiJen v2.0, and AllergenFP v.1.0 
predicted the physicochemical properties of the designed MEV 
construct. The vaccine construct was composed of 219 amino acids and 
possessed 24.326 kDa molecular weight. As the molecular weight is 
lower than 110 kDa, it can be considered as a good vaccine candidate 
[67]. The vaccine was predicted to be slightly basic in nature because 
the estimated pI was 9.4. The half-life was predicted to be 1 h in 
mammalian reticulocytes in vitro. The instability index of the vaccine 
was 23.69, which is less than 40 and thus indicating the construct to be 
stable. The aliphatic index of the construct was 79.82, which indicates 
the construct was thermostable [68]. The hydrophilic nature of the MEV 
construct was proved by its GRAVY score − 0.124, which is a negative 
value [69]. Moreover, the VaxiJen score of the construct was 0.6199, 
indicating a probable antigen; also, it was predicted to be non-allergen. 

3.10. Secondary structure assessment 

RaptorX property was used to evaluate the secondary structure of the 
MEV construct. The secondary structure of the vaccine construct 
(Fig. 5B) predicts the vaccine to be composed of 16% alpha helix, 36% 
beta strand and 47% coil. From the solvent accessibility prediction by 
RaptorX property, it was observed that 41% of the vaccine residues were 
in an exposed region, 22% in moderately exposed region and 36% in a 
buried region (Fig. 5C). It was also predicted that only 12 residues (5%) 
were in a disordered region (Fig. 5D). 

3.11. Tertiary structure evaluation 

Using 3Dpro, the preliminary 3D structure of the MEV was predicted. 
Here, due to the lack of any proper PDB template this de novo method 
was used. Thus, to improve the quality, the predicted structure was 
refined using GalaxyRefine server. This server refined the structure and 
five refined models were obtained. These models were further evaluated 
based on their ERRAT score, Ramachandran plot, and ProSA Z-score. On 
the basis of these results, the best-resulting model was selected for 
further analyses (Fig. 6A). Here, the final selected structure was found to 
have a ProSA Z-score of − 2.97. This value confirms its near-native 
quality as it is placed close to the experimentally resolved structures 
of similar sizes (Fig. 6B). From the Ramachandran plot analysis, it was 
observed that 96.2% residues of the finally selected refined model were 
in the favorable and allowed region (Fig. 6C), whereas, before refine
ment, the favorable region residues were 89.4%. Finally, analysis of 
ERRAT server predicted the quality score of 79.0576, which indicated 
the presence of very few inaccurate regions in the MEV 3D structure. 

3.12. Discontinuous B-cell epitopes on MEV 

Out of 219 total residues, DiscoTope-2.0 predicted 20 residues as 
conformational B cell epitope. Whereas, ElliPro and SEPPA v3.0 pre
dicted 97 and 106 residues to possess discontinuous epitope quality. 
Among them, “17R”, “61YKLP64”, “81GPGNSYECD89”, “160PG161”, resi
dues were common in all the three predictions (Fig. 6D). The ElliPro 
score of these residues ranged between 0.584 and 0.995. 

3.13. Interaction of vaccines with potential receptors 

To evaluate the interaction between the MEV construct and TLR2, 
TLR4, ACE2 receptors, and B Cell Receptor (BCR), blind molecular 
docking was performed using ClusPro 2.0 server. Among all the gener
ated docking models, the ones with the higher cluster size and lower 
interaction energy scores were considered as the best-docked complex. 
Because of these properties, it could be estimated that the MEV construct 

Table 2 
The interactions between the selected epitopes and MHC receptors of the docked 
complexes.  

Epitope Receptor Lowest interaction 
energy 

No of H 
bonds 

No of Non-bonded 
contacts 

Control MHC I − 1163.6 10 155 
E1 MHC I − 732.1 5 104 
E2 MHC I − 609.8 5 63 
E3 MHC I − 736.1 5 103 
E4 MHC I − 462.6 11 107 
E5 MHC I − 756.7 8 143 
E6 MHC I − 532.1 4 89 
E7 MHC I − 855.5 1 150 
E8 MHC I − 763.1 5 118 
Control MHC II − 1629.8 14 199 
E13 MHC II − 895 10 261  

A.A. Saba et al.                                                                                                                                                                                                                                 



Computers in Biology and Medicine 136 (2021) 104703

10

in the complexes occupies the receptor properly along with satisfactory 
binding affinity. Here, the cluster size of the selected MEV complexes 
with TLR2, TLR4, ACE2 receptor, and BCR are 46, 36, 106, and 114; and 
the lowest interaction energy score was − 1004.1, − 1256.9, − 1411.8, 
and − 1162.4 respectively (Supplementary File 5). 

Following the selection of the best-docked complexes, molecular 
interactions that formed between the MEV and the receptors were 
visualized with the help of PDBsum. For each complex, the number of 
interacting interface residues and the quantification of the interface area 
were predicted for the MEV and receptor. Also, the number of salt 
bridges, hydrogen bonds, and non-bonded contacts formed between 
them were predicted. According to the results, the MEV formed a 
number of different bonds with each receptor (Table 2). However, unlike 
the others, for MEV-BCR it was observed that the MEV forms bond with 
both chains of the BCR homodimer (Fig. 7 and Table 3). 

3.14. Molecular simulation study of the vaccine construct and TLR4 

The affine –model based arrow is mainly directed towards function- 
based motions [64]. The affine–model based arrows showed the vaccine 
construct and TLR4 were directed towards each other. This inferred 
functional role and also indicated strong binding (Fig. 8A). Deform
ability depicts the flexibility of the protein whereas B-factor is a measure 
of the mobility of the protein [70]. The relative amplitude of the dis
placements of atoms about an equilibrium position is indicated by 
B-factors [64]. The peaks in the deformability curve demonstrated 
flexible regions. There were few such peaks in vaccine –TLR 4 complex 
which illustrates stable binding (Fig. 8B). Few fluctuations of atomic 

displacements were observed for the vaccine–TLR4 complex (Fig. 8C). 
The eigenvalue was 7.077913e− 06 (Fig. 8D), and there is an inverse 
relationship between normal mode variance and the eigenvalues. The 
red bars indicate variance of individual modes while the green bars 
indicate cumulative variance (Fig. 8E). In vaccine-TLR4 complex, 
approximately 80% of the variance was justified by the first 8 normal 
modes (Fig. 8E). The coupling between pairs of residues is illustrated by 
the covariance map where red, white and blue color corresponds to 
correlated, uncorrelated and anti-correlated motions (Fig. 8F). The 
elastic network shows the pairs of atoms connected by a spring. The 
darker the grey color, the stiffer the spring (i.e. more rigid positions in 
the complex) (Fig. 8G). 

3.15. Immune simulation through in silico simulation 

The immune simulation was performed in an agent-based represen
tation of immune cells. The secondary and tertiary immune responses 
were better than the primary response as they resulted in reduced an
tigen count per mL. The primary response resulted in a slight increase in 
IgM antibody which is normal as IgM are the first antibody types to be 
produced. The antibody levels (IgG1 + IgG2, IgM, IgG + IgM) increased 
in secondary and tertiary responses which had led to decreased antigen 
level (Fig. 9A). There was a marked increase in the IgM + IgG level in the 
secondary response compared to the primary response. The IgM + IgG 
further increased in the tertiary response. There was a significant in
crease in memory B cells during secondary response which depicts active 
B –cell proliferation. The memory B-cell rose further during tertiary 
response (Fig. 9B). The elevation of different B-cell types indicated class 

Fig. 5. A) Combination of linkers, adjuvant, and epitopes and their assembly for multi epitope vaccine (MEV) construction, B) Predicted secondary structure of the 
MEV construct along with amino-acid sequence and positions, C) Solvent accessibility prediction result indicating the exposed, medium, and buried regions of the 
MEV protein, D) Disordered region prediction result indicating the disordered and ordered regions of the MEV protein. 
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Fig. 6. A) The tertiary structure of the MEV construct finally selected in the study, B) Validation of the three dimensional structure of MEV using ProSA. The Z-score 
of the refined model is − 2.97 which is lying among the score range, C) Ramachandran plot analysis showing 96.2% MEV residues in favorable allowed region. D) The 
surface view of constructed MEV structure. The yellow indicated regions represent the discontinuous B cell epitopes. 
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Fig. 7. The docked complexes of MEV-TLR2 (A), MEV-TLR4 (B), MEV-ACE2 receptor (C), and MEV-BCR (D) are presented (Blue = MEV, Green = Receptor) along 
with the diagram of interactions between MEV and receptor chains. Interacting chains are joined by colored lines, each representing a different type of interaction 
(Red = salt bridges, blue = H-bonds, striped line = non-bonded contacts). Here, the number of salt bridge and H-bond lines indicates the number of potential 
hydrogen bonds between the residues. As non-bonded contacts can be plentiful, the width of the striped line is proportional to the number of atomic contacts. 

Table 3 
The interactions between MEV and receptors of the docked complexes.  

Complex No. of interface residue No. of interface area (Å2) No. of salt bridges No. of H-bonds No. of non-bonded contacts 

MEV Receptor MEV Receptor 

MEV-TLR2 27 37 1606 1523 3 14 233 
MEV-TLR4 37 52 2141 2008 10 20 288 
MEV-ACE2 receptor 26 45 1852 1691 6 21 279 
MEV- BCR (chain A) 15 19 890 808 3 8 96 
MEV- BCR (chain B) 13 12 816 835 None 7 73  
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switching potential. The responses were long-lasting (Fig. 9B). The 
plasma B cells also produced increased IgM and IgG response in sec
ondary and tertiary responses, which also indicated the presence of 
memory B cells and active B-cell proliferation (Fig. 9C). An elevated 
level of TH cells and Tc cells was also observed along with the formation 
of memory TH and Tc cells (Fig. 9 D, E and F). There was a substantial 
increase in TH memory cell after the second dose and the level was 
almost equal in the third dose. The memory cells were long-lasting 
(Fig. 9D). The level of active state TH cell was also increased sharply 
during the secondary dose and was almost equal for tertiary response 
(Fig. 9E). The Tc cells elevated to a maximum of greater than 1150 cell 
per mm3 but then the level fluctuated (Fig. 9F). The NK cell numbers 
were also increased but the level fluctuated. The average level was 350 
cells per mm3 (Fig. 9G). The number of active macrophages increased 
with subsequent doses and then decreased to 20–25 cells per mm3 after 
44 days from the third dose (Fig. 9H). The IFN- γ production by the 
constructed vaccine was high which plays a vital role in immunity 
against virus (Fig. 9I). The increased IFN-γ production justifies the se
lection of IFN- γ producing MHC-Class II epitope, “424KVKYLY
FIKGLNNLN438”. The IL-2 production was also high, which demo 
nstrated that the constructed MEV will promote T-cell differentiation 
and proliferation. 

3.16. Codon adaptation and cloning 

The amino acid sequence of vaccine was translated back to a cDNA 
nucleotide sequence to inspect the expression and to clone the con
structed vaccine inside a suitable vector. After codon optimization, the 
V1 vaccine construct showed 50.98935% GC content. The normal esti
mated GC content range is 40–60%, thus the GC content of the V1 
vaccine is acceptable. Also, the codon optimization index (CAI) value 
was 0.983051, which is more than 0.5, thus is an admissible value and 
indicates high expression in the vector (Fig. 10). 

4. Discussion 

SARS-CoV provoked a large-scale epidemic and the pathogenic 
mechanisms behind this have been partially decrypted. Recent therapies 
have failed to meet the initial enthusiastic expectations [71], and now 

new waves of SARS-CoV-2, through the evolution of its new strains, are 
imminent in several parts of the world. Under the current condition, 
more therapeutic and preventive approaches are warranted, which 
might ameliorate the current pandemic by combating SARS-CoV-2. 

Orf 10 was found to be the most conserved protein in this study as 
depicted by the highest density of conservancy value of 0.86 (Fig. 2B). 
Within RNA viruses, RNA-dependent RNA polymerase is thought to be a 
conserved protein [72]. RdRp consists of 932 amino acids (from Serine 
4393 to Glutamine 5324 of the Orf 1 ab). Inspection of the RdRp portion 
of Orf1ab revealed that 729 sites out of 932 were conserved in all the 
sequences (there was no mutation at these sites), Two amino acid resi
dues at positions 4619 and 4715 had high variations. At 4619, 7.09% of 
the sequences had leucine instead of proline and at 4715, 4.13% of the 
sequences had proline instead of leucine. The density of conservancy for 
RdRp was calculated to be 0.68. However, the whole Orf1ab protein had 
a density of conservancy of 0.37 and hence is less conserved. The high 
conservancy of Orf10 and RdRp shows that these proteins may play vital 
roles in SARS-CoV-2 life cycle. Targeting these proteins might be a great 
weapon for preventing viral infection and replication. The MEV con
structed consisted of two epitopes “4733VVSTGYHFR4741” and 
“4801TVKPGNFNK4809” of ORF1ab that belong to the RdRp region and 
hence, the construct may play a crucial role in blocking the action of this 
essential protein. 

The finally selected epitopes for vaccine construct were matched 
with the epitopes deposited in the IEDB database to identify any 
experimentally determined immune epitopes. Predicted T cell epitopes 
“4733VVSTGYHFR4741”, “4801TVKPGNFNK4809” and “1891EIDPKLD 
NY1899” of ORF1ab, “1059GVVFLHVTY1067” of S and “138LVIGAVILR146” 
of M exactly matched the epitopes with IEDB IDs 71837, 67051, 
1315808, 23200 and 132149, respectively. Epitope with IEDB ID 71837 
(“4733VVSTGYHFR4741”) bound with HLA-A*31:01, HLA-A*68:01, HLA- 
A*03:01,HLA-A*11:01 and HLA-A*33:01 with IC50 values of 1.69 
nM,7.4 nM,31.5 nM,8.55 nM and 41.2 nM, respectively in MHC ligand 
binding assays. Epitope (4801TVKPGNFNK4809) labeled as 67051 in IEDB 
had been found to bind with HLA-A*31:01, HLA-A*68:01, HLA-A*03:01 
and HLA-A*11:01 and HLA-A*33:01 with IC50 values of 41.6 nM, 122 
nM, 81.5 nM and 33 nM, respectively. The epitopes (labeled as 71837 
and 67051 in IEDB) were found in Replicase polyprotein 1 ab of SARS 
coronavirus Tor2. In T cell receptor (TCR) dependent Activation Induced 

Fig. 8. Output of normal mode analysis (NMA) study by iMODS. A) NMA mobility of the vaccine-TLR complex with affine-model arrows, B) Deformability plot, C) B- 
factor plot, D) Eigenvalue plot, E) Normal mode variance plot. The red bars indicate variance of individual modes while the green bars indicate cumulative variance 
F) Covariance map. Red, white and blue color corresponds to correlated, uncorrelated and anti-correlated motions G) Elastic network. The darker the grey color, the 
stiffer the spring. 
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Marker (AIM) assays (which measured the combination of markers 
CD69+CD137+),“4733VVSTGYHFR4741” of ORF1ab polyprotein, 
“1059GVVFLHVTY1067” of S and “138LVIGAVILR146”of M showed positive 
response in 100%, 50% and 50% of the subjects, respectively and the 
MHC restriction were HLA-A*11:01, HLA-A*32:01 and HLA-A*68:01, 
respectively [73]. Activation Induced Marker (AIM) assays measures 
T-cell response. In the same experiment, “1891EIDPKLDNY1899” of 
ORF1ab gave positive response in 50% of the subjects for both MHC 
restriction HLA-A*01:01 and HLA-A*26:01 by TCR dependent AIM as
says [73]. Moreover, the HTL epitope “424KVKYLYFIKGLNNLN438” of 

ORF1ab and the B-cell epitopes “427IADYNYKLP435”, “667NSYECDIPI
GAGIC680”and“1111WFVTQRNFY1119” had overlapped with 5, 7, 9 and 
25 immune epitopes available in IEDB database, respectively. Thus, the 
predicted T and B-cell epitopes are expected to elicit good cellular and 
humoral immune response. 

B cell epitopes are entities that can be specifically recognized and can 
react with particular paratopes. Upon interaction with the epitopes 
followed by stimulation of the humoral immune response, B cell secretes 
antibodies which bind to the virus-surface structure protein at the time 
of viral entry [74]. In case of SARS-CoV-2, the S, M, E and N proteins are 

Fig. 9. Outcome of the immune simulation analysis of A) The Ab titers level increasing with each successive injection along with decreasing antigen count, B) B cell 
population (indicates elevation of different B-cell types and their class switching potential), C) PLB (Plasma B cell) population (indicates the presence of memory B 
cells and active B-cell proliferation), D) TH cell population (indicates a substantial increase in TH memory cell), E) TH cell population per state (indicates the increase 
of active state TH cell), F) Tc cell population (indicates the fluctuation of Tc cell population with time), G) NK cell population (indicates the fluctuation of the NK cell 
population with time), H) Macrophage population (indicates the fluctuation of the Macrophage population with time), I) Concentration of cytokines and interleukins 
(indicates the increased IFN- γ and IL-2 production). Inset plot shows danger signal together with leukocyte growth factor IL-2. 
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involved in forming the outer layer of the virus. Among them, S protein 
forms the outermost structure which facilitates virus entry through 
binding to the ACE2 receptor [75]. Thus, for a more effective and rapid 
antibody-dependent immune response upon viral insertion, S protein is 
the most suitable target candidate for inhibiting host-virus interaction at 
the very beginning before other structural proteins come into play [76]. 
For the prediction of the linear or continuous epitope, two tools were 
used for a more specific outcome as each bioinformatics-based web 
server has its own algorithm and sensitivity. Thus, rather than random 
prediction, sequences that overlapped fully in both tools were consid
ered for analysis to obtain a more accurate and reliable result [77]. 
However, a significant portion of the predicted epitopes (“427IADY
NYKLP435”, “667NSYECDIPIGAGIC680”, “1111WFVTQRNFY1119”) passed 
all the featured criteria of being surface accessible, hydrophilic, flexible, 
and beta-turn containing, along with being non-allergen and non-toxic. 
These qualities are significant as beta-turns and hydrophilic residues are 
generally surface-exposed and play a significant role in immune 
response initiation [78]. 

For vaccine construction, a multi-epitope based vaccine was 
preferred compared to a single epitope-based vaccine because (i) it can 
induce both TH and Tc response as it contains both MHC Class I and II 
epitopes (ii) it can lead to antibody production as it contains B cell 
epitopes, and (iii) it contains adjuvant beta–defensin which activate the 
primary innate antiviral immune response [79]. Hence, both humoral 
and cell-mediated immune response will be elicited by the vaccine 
construct, as suggested in the present study. For T cell MHC class II 
epitope prediction, the epitopes were analyzed for interferon-γ, IL-4 and 

IL-10 production. IL-10 is an immunosuppressive cytokine. Thus, IL-10 
inducing epitopes can lead to immune suppression. IL-10 inhibits 
IFN-γ secretion from TH1 cells [80]. IL-4 is responsible for allergic re
actions. This is because IL-4 directs TH2 development and thus leads to 
IgE production [81]. IFN- γ plays an important role in clearing viral 
infection [82]. 

To evaluate the interaction of the selected epitopes with HLA alleles, 
HLA-A*02:01and DRB1*01:01 were chosen as the representative HLA 
alleles as these are two of the most frequent alleles in world population 
[17]. The resulted interaction of the epitopes with the receptors indi
cated their potential role in eliciting an immune response. 

After epitope selection, different linkers and adjuvant were used to 
develop a potent vaccine construct. Immunogenic adjuvant beta- 
defensin was used to activate the primary innate antiviral immune 
response along with other immunomodulatory activities including 
modulation of the adaptive immune response, and also has previously 
been appeared as a potent adjuvant when linked to MERS-CoV antigens 
[79]. It was attached to the N-terminal of the vaccine sequence with an 
EAAAK linker. This rigid spacing linker helped to increase the immu
nogenic properties by its helix formation properties. To complement its 
rigidity, to link the epitopes linkers GPGPG and AAY was used to 
decrease junctional immunogenicity and facilitate the rational design 
construction of a potent MEV [69,83,84]. 

The vaccine constructs were evaluated based on their physico
chemical parameters, as these parameters have a major impact on the 
success of immunization [85]. For instance, the molecular weight and 
isoelectric point (pI) are important parameters for the solubility and the 

Fig. 10. In silico cloning of MEV gene in a restriction cloning vector pET28a (+) in E.coli host. Here, the red areas indicate the MEV, and the black areas represent the 
expression vector, pET28a (+). 
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nature of the vaccine construct. Molecular weight of the construct 
(24.326 kDa) developed in this study could be a concern with respect to 
immune response. Vaccine candidates with higher molecular weight can 
be difficult to develop and have the possibility of interfering with the 
normal function of the complement system. Also, it has been reported 
that the MEVs with molecular weight less than 110 kDa could be a good 
vaccine candidate [86,87]. Although our vaccine construct is 219 amino 
acids long, 53.4% of this construct is concentrated with the epitopes 
chosen through robust filtering process. Additionally, beta-defensin 
adjuvant will also activate innate antiviral immune response. The high 
percentage of residues of the vaccine construct represents epitopes 
consisting of the best characteristics (one of them is high antigenicity) 
that supports its potential immunogenicity. Moreover, Singh et al. 
(2007) identified a few low molecular weight (as low as 18 kDa) proteins 
in the Omps of Salmonella which showed potent T cell mediated immune 
response in patients with salmonella-induced reactive arthritis [86]. 
Thus, the constructed MEV with 24.326 kDa molecular weight could be 
a potent candidate for strong immune response. Additionally, the use of 
adjuvant in the vaccine construct helps to overcome any obstacle that 
could arise due to the lower molecular weight by increasing vaccine 
immunogenicity [88]. The construct possessed pI > 7 (9.4), indicating 
its alkaline nature. The half-life (1 h in mammalian reticulocytes in 
vitro) indicates vaccines required time for disappearance of half of the 
initial amount, which is related to the stability of the protein. The sta
bility of the vaccine construct is indicated by the stability index. Here, 
the stability index was 23.69, which is < 40 and indicates the vaccine 
construct to be stable in standard condition [89]. Another parameter 
was the grand average of hydropathicity - GRAVY score − 0.124. The 
mean value of hydropathy of proteins amino acids ranges between − 2 
and +2. The negative value indicates hydrophilicity and the hydrophilic 
nature indicates improved solubility [90]. Thus, the constructed MEV 
appeared to be suitable when all the physicochemical aspects were 
investigated/evaluated. We then opted to search for regions in the 
designed MEV that may serve as potential discontinous (conforma
tional) B-cell epitopes and it was predicted that specially two discon
tinuous epitopes “61YKLP64”and “81GPGNSYECD89” overlapping the 
linear B cell epitopes present in the vaccine construct. These confor
mational epitopes may help to evoke the humoral immune response 
[51]. The designed MEV was docked with TLR2 and TLR4 which indi
cated the possibility of inducing innate immune response along with 
playing a vital role in maintaining the balance of TH1 and TH2 response 
[91]. TLR4, which is an agonist to beta-defensin, interacts with the 
adjuvant to enhance the immune response [87]. Also, along with TLR2, 
it plays role in the activation of the MyD88-dependant pathway which 
leads to early-phase NF-κB activation, and type 1 IFN production [92]. 
Moreover, due to the presence of TLR2 and TLR4 on innate immune cells 
like dendritic cells, macrophage, monocytes, binding of MEV with the 
receptors can lead to production of pro-inflammatory cytokines and 
chemokines [93]. Based on this MEV-TLR2/4 recognitions, activation of 
dendritic cells can link innate and adaptive immunity by efficiently 
processing and presenting antigens to T cells [94]. 

As COVID-19 uses angiotensin-converting enzyme 2 (ACE2) as its 
potential receptor, docking analysis of MEV was also performed with 
this and favorable interaction was observed. Thus, the constructed MEV 
has the potential to interrupt the interaction of viral surface glycoprotein 
with ACE2 receptor and thus can be considered as a possible therapeutic 
target for COVID-19. Finally, the interaction with BCR indicated the 
ability of the MEV to elicit cellular or hormonal immune response [95]. 
The docking interface and the bonds between the residues, along with 
the binding affinity indicated the MEVs possibility to exert its immu
nogenic function. Following the docking analysis, the immune simula
tion was done to assess the competency of the vaccine construct to the 
adaptive immune system mechanisms. The antibody titers showed 
elevation after the second dose that indicated enhanced primary im
mune response. Also, as response of the MEV, an increasing amount of 
TH cells along with an elevated concentration of IFN-γ was observed. The 

increased TH cells support B cell clonal expansion and antibody synthesis 
[96]. IFN-γ plays an important role in both innate and adaptive immu
nity by containing antiviral factors [97]. It promotes macrophage acti
vation, TH1 cell generation along with suppressing the TH2 response 
[98]. In this way, TH1/TH2 balance is maintained so that excess TH2 
response cannot counteract the TH1 mediated antiviral actions [99]. 

The iMODS server was used for the prediction of the binding stability 
and flexibility of the vaccine-TLR4 complex. The large eigenvalue of 
7.077913e− 06 (Fig. 8D) showed that high energy is required to deform 
the complex. Very few peaks were observed in the deformability plot 
(Fig. 8B) that illustrated high stability of the complex with an extremely 
low chance of deformability. The complex had a high number of 
correlated residues as shown by the red color in the covariance map 
(Fig. 8F). A higher number of stiffer regions was present in the vaccine- 
TLR4 complex, as illustrated by the grey dots in the elastic network 
(Fig. 8G). The results from iMODs demonstrated stable binding of the 
vaccine-TLR4 complex. 

The MEV construct was optimized by codon adaptation approach 
that helps to increase protein expression by up to >1000-fold [100]. 
Thus, it facilitates and maximizes protein expression by controlling 
expression limitations related to codon usage [101]. Through this pro
cess, the Codon Adaptation Index (CAI) and GC content were obtained. 
The CAI index varies from 0 to 1, where a value equal to 1 means the 
maximum codon affinity. As the CAI value of the MEV construct was 
0.983051, it can be stated that the MEV obtained nearly maximum 
codon affinity. The GC content 40–60% indicates a good comprehensive 
stability of mRNA from the synthetic gene [102], thus the 50.98935% 
GC content of the MEV fulfilled the criterion. However, apart from all 
these analyses and findings, additional experimental validation is 
needed to confirm the safety and effectiveness of the designed MEV. 

Most of the nucleotide sequences deposited in NCBI are from USA. 
The variant B.1.1.7 is highly prevalent in USA and 162 sequences 
included in the present study also belonged to B.1.1.7. However, the low 
prevalence of P.1 and B.351.1 led to retrieval of few sequences from 
these variants (B.1.351 = 2 and P.1 = 3). Though the sequences 
retrieved were mostly of USA origin, the MEV constructed had high 
population coverage for countries having high morbidity and infection. 

Supplementary File 6 shows the viral strains and proteins considered 
in different epitope-based vaccine construction studies against SARS- 
CoV-2. The presence of immunodominant CD8+ T-cells against inter
nal proteins of SARS-CoV-2 in convalescent individuals highlights the 
importance of those proteins in vaccine construction [103]. Most of the 
vaccine construction studies against SARS-CoV-2 had focused only on S 
or the structural proteins (S, M, E and N) for both B and T-cell epitope 
prediction [17,62,79,87,89,104–108]. In the present study, we pre
dicted T cell epitopes from the conserved regions of all the 11 proteins of 
SARS-CoV-2 (conserved regions presented in Supplementary file 2, sheet 
8). Due to stringent and robust selection criteria, 8 CTL epitopes from 
three proteins (ORF 1 ab = 6, S = 1, and M = 1) and 1 HTL epitope from 
Orf 1 ab were selected for designing the MEV construct together with 
three B-cell epitopes. The epitopes from other proteins did not pass the 
filtering process and hence, were not included in the chimeric vaccine 
construct. Moreover, the epitopes were designed using conserved region 
of protein sequences of SARS-CoV-2 which included the variants of 
concern (B.1.1.7, B.1.351, P.1,and B.1.617.2) and the variants of in
terest (B.1.427, B.1.429, B.1.526, B.1.617.1and P.2). Although some 
studies considered the alpha (B.1.1.7) variant of concern in vaccine 
construction, none included as many variants of concern and interest as 
we did in this present study [106,108]. This surely justifies the robust
ness of our vaccine construct in combating the new variants. Moreover, 
the resemblance of B and T cell epitopes with immune epitopes in IEDB 
explains the possible elicitation of cellular and humoral response. 

5. Conclusion 

This global SARS-CoV-2 pandemic has taken many precious lives. 
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This contiguous virus has crippled the whole world economy. The only 
effective way to contain the spread of this devastating virus is the suc
cessful vaccination program. Though several countries have initiated 
mass vaccination, successful vaccination against all the strains of coro
navirus is still far from attainable. In this study, we have designed a 
multi-epitope-based vaccine to tackle this vicious virus. In silico based 
immunoinformatics approaches were used for the construction of multi- 
epitope vaccines. The predicted multi-epitope vaccine is immunogenic 
and appears safe to use. The constructed multi-epitope vaccine is 
capable of eliciting both innate and adaptive immunity (humoral and 
cellular). However, in vitro and animal studies are warranted to 
demonstrate the efficacy of the designed multi-epitope vaccine for its 
possible utility as a potent preventive measure (Fig. 1). 
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