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ARTICLE INFO ABSTRACT

Keywords: As the number of infections and deaths caused by the recent COVID-19 pandemic is increasing dramatically day-
COVID-19 by-day, scientists are rushing towards developing possible countermeasures to fight the deadly virus, SARS-CoV-
SARS-CoV-2 2. Although many efforts have already been put forward for developing potential vaccines; however, most of
In silico . . . . . .

. . them are proved to possess negative consequences. Therefore, in this study, immunoinformatics methods were
Immunoinformatics

exploited to design a novel epitope-based subunit vaccine against the SARS-CoV-2, targeting four essential
proteins of the virus i.e., spike glycoprotein, nucleocapsid phosphoprotein, membrane glycoprotein, and enve-
lope protein. The highly antigenic, non-allergenic, non-toxic, non-human homolog, and 100% conserved (across
other isolates from different regions of the world) epitopes were used for constructing the vaccine. In total,
fourteen CTL epitopes and eighteen HTL epitopes were used to construct the vaccine. Thereafter, several in silico
validations i.e., the molecular docking, molecular dynamics simulation (including the RMSF and RMSD studies),
and immune simulation studies were also performed which predicted that the designed vaccine should be quite
safe, effective, and stable within the biological environment. Finally, in silico cloning and codon adaptation
studies were also conducted to design an effective mass production strategy of the vaccine. However, more in

Vaccine designing

vitro and in vivo studies are required on the predicted vaccine to finally validate its safety and efficacy.

1. Introduction

The Coronavirus Disease-2019 or COVID-19 is caused by a virus
known as the Severe Acute Respiratory Syndrome Coronavirus- 2 (SARS-
CoV-2). This disease was originated in Wuhan City of Hubei Province of
China in December 2019. But now its spread is abruptly accelerated on a
worldwide scale from its origin [1,2]. Coronaviruses (CoVs) are a group
of immensely diversified RNA viruses with some general features i.e.
enveloped and positive-sense viruses, containing ssRNA (single-stranded
RNA). They are responsible for several systemic manifestations of the
respiratory, hepatic, neurological as well as enteric systems. Actually,
the severity of their infection varies across species [3,4]. To date, seven
strains of Human Coronaviruses (HCoVs) i.e., HCoV-OC43,
HCoV-HKU1, HCoV-229E, HCoV-NL63, SARS-CoV, MERS-CoV, and
SARS-CoV-2 are discovered that can cause mild to severe respiratory
diseases in humans [5]. But most importantly, the SARS-CoV, MER-
S-CoV, and SARS-CoV-2, these three HCoVs have appeared during the
last two decades [6,7]. Although the SARS-CoV and MERS-CoV

epidemics didn’t have much impact worldwide; however, the recent
COVID-19 pandemic causing SARS-CoV-2 has already caused much
sufferings and claimed the lives of millions of people, let alone infecting
millions of people around the world. As of October 22, 2020, the
COVID-19 has disseminated in around 217 countries and territories all
over the world. Not only that, it has put an end to 1,137,804 lives with
almost 41 million infected cases [8].

Perhaps, the development and evaluation of specified drugs for the
treatment of COVID-19 disease are going to take a couple of years.
Regardless of this, repurposing a broad range of existing host-directed
therapies are in course of investigation at present [9]. The available
therapeutics are mainly used for the treatment of the symptomatic
conditions caused by SARS-CoV-2 infection. Currently, different types of
anti-viral agents i.e., remdesivir, lopinavir, ritonavir etc., antibiotics
(such as azithromycin), neuraminidase inhibitors, RNA synthesis in-
hibitors, and plasma therapy are being used for treatment 10,11. How-
ever, studies have reported that most of these therapeutics showed many
adverse effects on the health of the individuals on whom they were
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tested [11,12]. As the current therapies can only alleviate the symptoms
associated with the infection, to reduce the transmission or even to
eradicate this infectious virus, the development of an effective vacci-
nation strategy has become a must-do work [13]. Currently, at least 40
amongst the prestigious pharmaceutical and research institutions from
numerous countries have demonstrated their engagement in developing
COVID-19 vaccines passionately after the sequenced genome of the virus
has been unraveled and released officially on January 11, 2020 [14].
And some institutions have already started efficacy evaluation of their
potential candidates in animals as well as clinical trials 15,16. Again, the
Phase I clinical trial of the most current vector-based vaccine,
LV-SMENP DC engaging 100 patients was performed on March 24, 2020.
But the completion date of the study is estimated to be December 31,
2024 (NCT04276896) [17]. Furthermore, a conventional vaccination
strategy has also been displayed using whole inactivated or
live-attenuated virus vaccines. Researchers from the University of Hong
Kong have come up with a live influenza vaccine that expresses proteins
of SARS-CoV-2 [18,19]. Besides these, “Codon de-optimization” tech-
nology has been developed by Codagenix. Basically, this technology
attenuates viruses and the company is now probing for COVID-19
vaccination strategies [20]. Nonetheless, the main drawback of attenu-
ated vaccines is that secondary mutations can promote virulence during
reversion and can give rise to more serious conditions. In contrast with
such vaccines, the prime advantage of subunit vaccines is that they are
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safe to use because the constituents of such vaccines are only the re-
combinant proteins or synthetic peptides from any target infectious
pathogen. These vaccines do not include the whole infectious agent.
Therefore, when it comes to subunit vaccines, the probability of
inducing any adverse effect after administration is lesser [21]. Such type
of vaccines are more important to combat the highly infectious and
pathogenic viruses like the SARS-CoV-2. Currently, research is going on
to develop potential subunit vaccines against some other CoVs such as
SARS-CoV, MERS-CoV etc. If an attenuated or whole-inactivated type
vaccine has been developed against the SARS-CoV-2, then with its high
mutation rate and infectivity, there could a chance that the attenuated
virus might revert to its virulence form [22,23]. Therefore, with rela-
tively much less adverse effects on human health, scientists should give
more priority to develop subunit vaccines against the SARS-CoV-2.

In this study, an effective subunit vaccine was designed against
various isolates of SARS-CoV-2 from different countries around the
world, utilizing the immunoinformatics approach. In immu-
noinformatics, the novel antigens of a pathogen or virus are identified by
dissecting its genomic data and then different tools of in silico biology are
used for vaccine development by analyzing its genome [24-26]. In our
study, a blueprint of epitope-based vaccine was designed which might
produce substantial immune response towards SARS-CoV-2, isolated
from different countries around the world, targeting the spike glyco-
protein, nucleocapsid phosphoprotein, membrane glycoprotein, and
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Fig. 1. The step-by-step procedure adapted in the vaccine designing study.
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Fig. 2. Schematic representation of the possible vaccine construct with linkers (EAAAK, AAY, and GPGPG), PADRE sequence, adjuvant (human beta-defensin-3), and
epitopes (CTL-1, CTL-2, CTL-3, as well as HTL-1, HTL-2, HTL-3, and so on) in sequential and appropriate manner.

Fig. 3. The tertiary structure of the CV vaccine.

envelope protein of the virus. The protein sequences of SARS-CoV-2,
isolated from Bangladesh, was used as the model to construct the vac-
cine. Only those epitopes which were found to be 100% conserved in
some other selected countries were used for vaccine construction. As a
result, the designed vaccine is also expected to be effective in different
regions around the world.

The spike glycoproteins of SARS-CoV-2 promote and facilitate the

entry of the virus into the host cells and these proteins are the prime
target of antibodies. The nucleocapsid phosphoprotein is vital for
packaging the viral genome into a helical ribonucleocapsid (RNP) and it
plays an elementary role during viral self-assembly. Also, the membrane
and envelope proteins are important for viral entry, replication,
budding, and particle assembly within the host cells 12,27. Therefore,
these four proteins were used as potential targets in this study to design
the vaccine with the purpose of interfering the viral life cycle. Fig. 1
represents the step-by-step procedure used in this study to design the
vaccine.

2. Materials and methods
2.1. Strain identification and retrieval of the protein sequences

The SARS-CoV-2 virus isolated from Bangladesh was identified and
four target proteins of the virus i.e. spike glycoprotein, nucleocapsid
phosphoprotein, membrane glycoprotein, and envelope protein were
retrieved from the National Center for Biotechnology Information or
NCBI (https://www.ncbi.nlm.nih.gov/) database.

2.2. Antigenicity prediction and physicochemical property analysis of the
proteins

The antigenicity of the retrieved protein sequences of SARS-CoV-2
was predicted by the online tool, VaxiJen v2.0 (http://www.ddg-ph

Fig. 4. The interaction between TLR-8 (receptor
protein on left in variable color) and the CV vaccine
(ligand protein on right in yellow color). Here the
interacting amino acid pairs are: Leu 342 (receptor)-
Glu 340 (ligand), Ala 99 (receptor)- Glu 555 (ligand),
Ala 97 (receptor)- Ile 496 (ligand), Phe 486 (recep-
tor)- Leu 372 (ligand), Leu 342 (receptor)- Val 488
(ligand), Leu 535 (receptor)-Phe 526 (ligand), Tyr
563 (receptor)-Asp 543 (ligand), Lys 333 (receptor)-
Asp 543 (ligand), Ile 409 (receptor)- Leu 514 (ligand),
Lys 412 (receptor)- Leu 515 (ligand), Leu 433 (re-
ceptor)- Ile 496 (ligand). (For interpretation of the
references to color in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 5. The results of the MD simulation of the CV-TLR-8 complex and also the only crystal structure of the vaccine. Here, (a) RMSD plot of backbone of the complex
showing the complex structure had maintained a stable structure with minimum fluctuations. (b) RMS Fluctuations of all the atoms of the complex at their average
positions. The peaks and dips in the graph denote the flexibility of the corresponding region in the molecular structure. (¢) Radius of gyration of the protein complex.
(d) RMSD plot of backbone of the crystal structure showing the structure had maintained a stable structure with minimum fluctuations. (e¢) RMS Fluctuations of all
the atoms of the crystal structure at their average positions. (f) Radius of gyration of the crystalized vaccine structure.

armfac.net/vaxijen/VaxiJen/VaxiJen.html), using the prediction accu-
racy threshold of 0.4 because the 0.4 threshold has been proved to in-
crease the prediction accuracy [28]. The algorithm of this server uses an
alignment-free approach for determining the antigenicity of query
peptides or proteins, which is solely based on auto cross covariance
(ACC) transformation method. In this method, the general ACC calcu-
lations of the query peptides or proteins are made solely based on their
physicochemical properties [28-30]. Thereafter, various physicochem-
ical properties of the selected antigenic protein sequences were pre-
dicted by the ExPASy’s online tool ProtParam (https://web.expasy.
org/protparam/), where all the parameters were also kept at their
default values [31].

2.3. Prediction of T-cell epitopes

An effective multi-epitope subunit vaccine must comprise of cyto-
toxic T-lymphocytic (CTL) and helper T-lymphocytic (HTL) epitopes so
that after the administration, the vaccine would be able to stimulate the

immune cells and generate substantial immune responses [32,33]. The
MHC class-I or CTL epitopes of the selected protein sequences were
predicted using the online epitope prediction server, NetCTL 1.2
(http://www.cbs.dtu.dk/services/NetCTL/) [34]. This server uses the
NetCTL 1.2 statistical method for predicting the possible epitopes from a
given query protein sequence. This statistical method takes into account
the probability of proteasomal cleavage, TAP (transporter associated
with antigen processing) transport efficiency, and MHC class-I binding,
while providing quite specific and sensitive predictions. When analyzed
by the Receiver Operating Characteristic (ROC) method, this method
generated better results than EpiJen, WAPP, and many other epitope
prediction methods [34]. The MHC class-II epitopes were predicted
using another online epitope prediction server, Immune Epitope Data-
base or IEDB (https://www.iedb.org/). The IEDB server houses a huge
amount of data on antibody and T cell epitopes, experimented in
humans, non-human primates, and other animal species in terms of in-
fectious disease, allergy, auto-immunity and transplantation [35,36].
The MHC class-II restricted CD4" HTL epitopes were obtained for the
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Fig. 6. C-IMMSIMM representation of the immune simulation of the best predicted vaccine, CV. (a) The immunoglobulin and immunocomplex response to the CV
vaccine inoculations (lines colored in black) and specific subclasses are indicted by colored lines, (b) Rise in the B-cell population over the course of the three
injections, (c) Increment in the B-cell population per state over the course of vaccination, (d) Increase in the plasma B-cell population over the course of the in-
jections, (e) Enhancement of the helper T-cell population over the course of the three injections, (f) Increment in the helper T-cell population per state over the course
of the vaccination, (g) Elevation in the regulatory T lymphocyte over the course of the three injections, (h) Increment in the cytotoxic T lymphocyte population over
the course of the injections, (i) Increase in the active cytotoxic T lymphocyte population per state over the course of the three injections, (j) Rise in the active dendritic
cell population per state over the course of the three injections, (k) Increment in the macrophage population per state over the course of the injections, (1)
Augmentation in the concentrations of different types of cytokines over the course of the three injections.

full HLA set, using the IEDB recommended 2.22 prediction method [36,
37]. The top MHC class-I and MHC class-II epitopes which were found to
be common for all the selected reference HLA alleles were taken for
further analyses.

2.4. Antigenicity, allergenicity, toxicity, and transmembrane topology
determination

In the study, a few criteria were set to select the most promising
epitopes from all the epitopes predicted by the NetCTL 1.2 and IEDB
servers. Only those epitopes that were found to be highly antigenic, non-
allergenic, non-toxic, 100% conserved (among the selected sequences
from different countries around the world), and non-homolog to the
human proteome, were considered as the most promising or best-
selected epitopes and only these epitopes were used in the vaccine
construction process. The antigenicity of the selected epitopes was

determined using the VaxiJen v2.0 (http://www.ddg-pharmfac.net/vax
ijen/VaxiJen/VaxiJen.html) server again, keeping the prediction accu-
racy parameter threshold 0.4 to get better predictions. Thereafter, the
allergenicity of the selected epitopes was predicted using two different
online tools, AllerTOP v2.0 (https://www.ddg-pharmfac.net/AllerTOP/
) and AllergenFP v1.0 (http://ddg-pharmfac.net/AllergenFP/) to get
better prediction accuracy. However, the results generated by AllerTOP
v2.0 were given priority since the server has better prediction accuracy
of 88.7% than AllergenFP server (87.9%) [38,39]. Both these severs use
ACC transformation method to generate their predictions, however, the
AllerTop 2.0 server classifies the query proteins by k-nearest neighbor
algorithm (kNN, k = 1), on the other hand, the AllergenFP server uses
the Tanimoto coefficient to determine the allergenicity or
non-allergenicity of the query proteins. Both servers are developed by
machine learning method, based on a training set containing 2427
known allergens and 2427 known non-allergens from different species
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Fig. 6. (continued).

[38,39].

After that, the toxicity prediction of the epitopes was conducted
using the ToxinPred server (http://crdd.osdd.net/raghava/toxinpred/)
[40]. Like many online tools used in this study, this server gives pre-
dictions based on machine learning technique, developed by using a
positive training data set containing 1805 sequences and two negative
data sets: one set contains 3593 negative sequences from Swissprot and
the other one has 12,541 negative sequences from TrEMBLE. Some in-
dependent data sets are also frequently used by the server. During
toxicity prediction, the Support Vector Machine (SVM) method was used
and all the parameters were kept default. The SVM method showed
excellent performance in terms of accuracy when evaluated by the
Matthew’s correlation coefficient (MCC) [40]. And finally, the trans-
membrane topology of the selected epitopes was determined using the
transmembrane topology of protein helices determinant, TMHMM v2.0
server (http://www.cbs.dtu.dk/services/TMHMM/) [41].

2.5. Conservancy and human homology prediction of the epitopes

The conservancy analysis of the selected epitopes was performed
using the ‘epitope conservancy analysis’ module of the IEDB server (http
s://www.iedb.org/conservancy/) [42]. To further confirm the results
generated by the conservancy analysis of IEDB server, the multiple

sequence alignment (MSA) of the epitopes with the target proteins from
different countries, was carried out by the ClustalX 2.1 tool [43]. The
tool compiles different statistical methods within a single module which
can be used to generate the MSA profile of target peptides or proteins.
The epitopes, that were found to be 100% conserved among the selected
isolates of SARS-CoV-2 from different countries across the world, were
considered for vaccine construction (along with some mentioned
criteria) because this will ensure the efficacy of the designed vaccine
over the selected isolates. Thereafter, the homology of the epitopes to
the human proteome was determined to find out any epitope that had
homology with the human proteome. Only the non-homolog epitopes
were taken into consideration to prevent any type of autoimmune
response [44]; Adianingsih and Kharisma, 2019). The protein Basic
Local Alignment Search Tool (BLAST) module (blastP) of the BLAST
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) tool was used in the human
homology determination, where Homo sapiens (taxid: 9606) was used as
the comparing organism, keeping all other parameter default. An
e-value cut-off of 0.05 was set in the experiment and the epitopes that
had no hits below the e-value inclusion threshold were selected as
non-homologous peptides [45].
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2.6. Cytokine inducing ability prediction of the epitopes

The helper T-cells generate several types of cytokines including IFN-
gamma (interferon-gamma), IL-4 (interleukin-4), and IL-10 (interleukin-
10) to activate and stimulate different types of immune cells i.e. cyto-
toxic T-cells, macrophages, B-cells etc. [46]. So, prediction of the cyto-
kine inducing capability of the HTL or MHC class-II epitopes is an
important criterion for vaccine construction. The IFN-gamma inducing
capability of the predicted HTL epitopes was determined using IFNepi-
tope (http://crdd.osdd.net/raghava/ifnepitope/) server. The Hybrid
(Motif + SVM) prediction approach was used for determining the
IFN-gamma inducing ability which is one of the highly accurate ap-
proaches for the prediction of IFN-gamma inducing capability of the
epitopes. Furthermore, IL-4 and IL-10 inducing properties of the HTL
epitopes were determined using IL4pred (https://webs.iiitd.edu.in/
raghava/il4pred/index.php) and IL10pred (http://crdd.osdd.net/ragh
ava/IL-10pred/) servers, respectively 47-49. SVM method was used in
both IL4pred and IL10pred predictions, keeping the threshold at default
values.

2.7. Population coverage analysis
To design a multi-epitope vaccine, it is a crucial prerequisite to

consider the distribution of specific HLA alleles among different pop-
ulations and ethnicities around the world because the expression of

different HLA alleles may vary from one population to another. The
IEDB population coverage tool (http://tools.iedb.org/population/) was
used to determine the population coverage of the most promising epi-
topes across different HLA alleles in different regions around the world
[42].

2.8. Cluster analysis of the MHC alleles

Cluster analysis of the MHC alleles was carried out in order to
identify of the relationship of the MHC class-I and class-II alleles used in
the study. The cluster analysis of the MHC alleles was conducted using
the online tool MHCcluster 2.0 (http://www.cbs.dtu.dk/services/MH
Ccluster/) [50]. During the analysis, all the parameters of the server
were kept default and all the used HLA super-type representatives (MHC
class-I), and HLA-DR representatives (MHC class-II) were selected.

2.9. Vaccine construction

In this step, the most promising epitopes from 2.4 subsection were
conjugated with one another for constructing a possible vaccine. Human
beta-defensin-3, as an adjuvant sequence, was connected to the epitopes
by EAAAK linkers. Adjuvants are important to enhance the antigenicity
and immunogenicity of the constructed vaccines [51,52]. The pan
HLA-DR epitope (PADRE) sequence was also associated with the adju-
vant and epitopes. The PADRE sequence provokes the immune response
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The antigenicity and physicochemical property analyses of the selected viral proteins. AN; antigenicity, pI; isoelectric point, II; instability index, AL aliphatic index,

GRAVY; grand average of hydropathicity.

Name of the protein AN pl Total number of Total number of Ext. Half-life I Al GRAVY
negatively charged positively charged coefficient
residues residues
Spike glycoprotein Antigenic  6.32 109 103 148,960 30 h (mammalian Stable 84.67 —-0.077
reticulocytes, >20 h (yeast, (32.86)
>10 h (Escherichia coli
Nucleocapsid Antigenic 10.09 36 61 43,890 30 h (mammalian Unstable 52.53 —0.980
phosphoprotein reticulocytes, >20 h (yeast, (55.81)
>10 h (Escherichia coli
Membrane Antigenic 9.51 13 21 52,160 30 h (mammalian Stable 120.86 —0.446
Glycoprotein reticulocytes, >20 h (yeast, (39.14)
>10 h (Escherichia coli
Envelope Protein Antigenic  8.57 3 5 6085 30 h (mammalian Stable 144.00 —-0.827
reticulocytes, >20 h (yeast, (38.68)

>10 h (Escherichia coli

Table 2

List of the epitopes finally selected for vaccine construction (selection criteria: antigenicity, non-allergenicity, non-toxicity, 100% conservancy and non-homolog to the

human proteome).

Protein name

MHC class-I epitopes

MHC class-II epitopes

Spike Glycoprotein VLPFNDGVY QSLLIVNNATNVVIK
WTAGAAAYY VLSFELLHAPATVCG
GAAAYYVGY VVLSFELLHAPATVC
QLTPTWRVY -
STECSNLLL -
VLKGVKLHY -

Nucleocapsid phosphoprotein SSPDDQIGY TAQFAPSASAFFGMS
SPDDQIGYY GTRNPANNAAIVLQL
DLSPRWYFY -
LSPRWYFYY -

Membrane Glycoprotein LVGLMWLSY IKLIFLWLLWPVTLA
ATSRTLSYY VGLMWLSYFIASFRL
AGDSGFAAY KLIFLWLLWPVTLAC

Envelope Protein VSLVKPSFY LLFLAFVVFLLVTLA
- VLLFLAFVVFLLVTL
- LFLAFVVFLLVTLAI
- AFVVFLLVTLAILTA
- VNSVLLFLAFVVFLL
- NSVLLFLAFVVFLLV
- SVLLFLAFVVFLLVT
- FLLVTLAILTALRLC
- FLAFVVFLLVTLAIL
- LAFVVFLLVTLAILT

by improving the capacity of the CTL epitopes of the vaccines [53,54].
Thereafter, the AAY and GPGPG linkers were used to conjugate the CTL
and HTL epitopes. The EAAAK linkers are proved to provide a partition
of the domains of a bifunctional fusion protein [55], whereas the GPGPG
linkers are used to generate the junctional epitopes and also to enhance
the immune processing and presentation [56]. And the AAY linker is also
used widely in the in silico vaccine designing experiments because this
linker conjugates the epitopes effectively and efficiently . Fig. 2

Table 3

represents a graphical illustration of how the vaccine was designed in
this study.

2.10. Antigenicity, allergenicity, and physicochemical property analyses

The antigenicity of the constructed vaccine was predicted by the
online server VaxiJen v2.0 (http://www.ddg-pharmfac.net/vaxijen/Vax
iJen/VaxiJen.html), keeping the prediction threshold set at 0.4 [28].

Vaccine constructed against the SARS-CoV-2. The bolded letters represent the linker sequences.

Name of the vaccine

Vaccine Construct

“CV” vaccine

EAAAKGIINTLQKYYCRVRGGRCAVLSCLPKEEQIGK

CSTRGRKCCRRKKEAAAKAKFVAAWTLKAAAAAYV
LPFNDGVYAAYWTAGAAAYYAAYGAAAYYVGYAAY
QLTPTWRVYAAYSTECSNLLLAAYVLKGVKLHYAAYSSPDDQIGYAAYSPDD
QIGYYAAYDLSPRWYFYAAYLSPRWYFYYAAYLVGL

MWLSYAAYATSRTLSYYAAYAGDSGFAAYAAYVSL

VKPSFYGPGPGQSLLIVNNATNVVIKGPGPGVLSFEL

LHAPATVCGGPGPGVVLSFELLHAPATVCGPGPGIA

QFAPSASAFFGMSGPGPGGTRNPANNAAIVLQLGP
GPGIKLIFLWLLWPVTLAGPGPGVGLMWLSYFIASFRLGPGPGKLIFLWLLWPVTLACGPGPGLLFLAFVVFLL
VTLAGPGPGVLLFLAFVVFLLVTLGPGPGLFLAFVVF
LLVTLAIGPGPGAFVVFLLVTLAILTAGPGPGVNSVLLFLAFVVFLLGPGPGNSVLLFLAFVVFLLVGPGPGSVL
LFLAFVVFLLVTGPGPGFLLVTLAILTALRLCGPGPGFLAFVVFLLVTLAILGPGPGLAFVVFLLVTLAILTGPGPG
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Table 4
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Antigenicity, allergenicity and physicochemical property analysis of the vaccine construct. AN; antigenicity, AG; allergenicity, pl; isoelectric point, II; instability index,

AT aliphatic index, GRAVY; grand average of hydropathicity.

Name of AN AG pI Total number of ~ Total number Ext. Half-life I Al GRAVY  Solubility
the negatively of positively coefficient
protein charged charged
residues residues
cv Antigenic Non- 9.24 14 30 117,745 1 h (mammalian Stable 113.03 -0.843 Soluble
allergenic reticulocytes, 20 min (32.45) (SolPro:
(yeast, >10 h 0.760,
(Escherichia coli Protein-Sol:
0.668)
Table 5
Results of molecular docking study of the CV vaccine interacted with the TLR-8. MM-GBSA; Molecular Mechanics-Generalized Born Surface Area.
Target TLRs (with PDB  ClusPro energy score (the lowest energy in Global energy (PatchDock HawkDock score (the lowest MM-GBSA (binding free energy, in
IDs) keal mol ™) server) score) keal mol ™)
TLR-1 (6NIH) -1131.7 —8.30 —5701.54 —43.28
TLR-2 (3A7C) —1021.3 —24.33 —4102.30 —66.69
TLR-3 (2A0Z) -923.5 -11.73 —3708.21 —49.22
TLR-4 (4G8A) —955.1 —2.92 —5568.56 —65.08
TLR-8 (3W3M) —1261.2 —-32.29 —5819.85 —112.41
TLR-9 (4QDH) —1139.0 —6.02 —3988.37 —109.86

Thereafter, both AlgPred (http://crdd.osdd.net/raghava/algpred/) and
AllerTop v2.0 (https://www.ddg-pharmfac.net/AllerTOP/) servers
were used to determine the allergenicity of the vaccine construct 57.
Multiple Expression motifs for Motif Elicitation (MEME)/Motif Align-
ment & Search Tool (MAST) prediction approach was used in the
allergenicity prediction of the vaccine by the AlgPred server. This server
has also been developed based on machine learning technique using
protein data sets for training. The algorithm of the server has been
trained by clustering proteins into five different training sets and this
clustering is done on the basis of similarity matrix using BLAST [58].
After that, various physicochemical properties of the vaccine were
analyzed by the online server, ProtParam (https://web.expasy.org/p
rotparam/) [31]. Finally, the solubility of the vaccine construct was
determined by the SOLpro module of the SCRATCH protein predictor
(http://scratch.proteomics.ics.uci.edu/) and further clarified by the
Protein-sol server (https://protein-sol.manchester.ac.uk/). Both of these
servers use machine learning techniques to provide much reliable pre-
dictions. During prediction, all the parameters were kept at their default
values [59,60].

2.11. Secondary and tertiary structure prediction of the vaccine construct

After the physiochemical property analysis of the vaccine, it was
subjected to the secondary structure prediction. Several online tools i.e.,
PRISPRED (http://bioinf.cs.ucl.ac.uk/psipred/) (using PRISPRED 4.0
prediction method), GOR IV (https://npsa-prabi.ibep.fr/cgibin/npsa_
automat.pl?page=/NPSA/npsa_gor4.html), SOPMA (https://npsa-p
rabi.ibep.fr/cgibin/npsa_automat.pl?page=/NPSA/npsa_sopma.html),
and SIMPA96 (https://npsaprabi.ibep.fr/cgi-bin/npsa_automat.pl?page
=/NPSA/npsa_simpa96.html) were used to run the prediction keeping
all the parameters default [61,62]. After that, the tertiary or 3D structure
of the vaccine was predicted using RaptorX (http://raptorx.uchicago.
edu/) online server. The server predicts the tertiary or 3D structure of
a protein using an efficient template-based method [63].

2.12. 3D structure refinement and validation

The 3D structures generated by computational methods may not
provide the true or native structures of the proteins. Therefore, the 3D
structure refinement is performed to enhance the resolution of the
computationally predicted models so that they can closely resemble the
native protein structures. The generated 3D structure of the designed
vaccine was refined by the GalaxyRefine module of the GalaxyWEB

server (http://galaxy.seoklab.org/), which uses CASP10 tested refine-
ment method for protein structure refinement [64,65]. After refining the
structure, validation process of the vaccine construct was carried out by
analyzing the Ramachandran plot, generated by PROCHECK (https://
servicesn.mbi.ucla.edu/PROCHECK/) server [66,67] and z-score pro-
vided by another online tool, ProSA-web (https://prosa.services.came.
sbg.ac.at/prosa.php). A z-score within the range of the z-scores of all
the experimentally determined protein chains in the PDB database
corresponds to a higher quality of a query protein [68].

2.13. Vaccine protein disulfide engineering

The vaccine protein disulfide engineering was conducted by the
online tool, Disulfide by Design —2 v12.2 (http://cptweb.cpt.wayne.
edu/DbD2/) [69]. The server determines the possible sites within a
protein structure which have the greater possibility to form the disulfide
bonds. During the prediction, the intra-chain, inter-chain, and Cp for
glycine residue were selected. The y3 and Ca—Cp-Sy angles were kept at
—87° or +97°+ 5 and 114.6°+10, respectively and the amino acid pairs
with less than 2.2 kcal/mol bond energy were selected for mutation into
cysteine residues to form the disulfide bonds among themselves. The 2.2
kcal/mol was used as a threshold in this study because almost 90% of the
naturally formed disulfide bonds have energy value of less than 2.2
keal/mol [69,70].

2.14. Protein-protein docking

In protein-protein docking, the vaccine construct was docked against
multiple TLRs. It’s highly important for a vaccine to have a good binding
affinity with the TLRs because TLR proteins generate potential immune
responses after recognizing the vaccines which mimic the original viral
infections. Thus, they facilitate to produce a strong immunity towards a
particular virus or pathogen [71]. In this study, the vaccine construct
was docked with TLRsi.e. TLR-1 (PDB ID: 6NIH), TLR-2 (PDB ID: 3A7C),
TLR-3 (PDB ID: 2A0Z), TLR-4(PDB ID: 4G8A), TLR-8 (PDB ID: 3W3M),
and TLR9 (PDB ID: 4QDH). The protein-protein docking was conducted
using three different online tools to improve the prediction accuracy.
Initially, the ClusPro v2.0 (https://cluspro.bu.edu/login.php) was used
for docking where the lower energy score corresponds to the better
binding affinity [72-75]. The algorithm of the ClusPro v2.0 server cal-
culates the energy score based on the following equation:

E = 0.40Erep+(—0.40Eatt) + 600Eelec +1.00EDARS [72,73]
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Then the docking was again performed using PatchDock (https://bi
oinfo3d.cs.tau.ac.il/PatchDock/php.php) server and the results were
refined by FireDock server (http://bioinfo3d.cs.tau.ac.il/FireDock/php.
php). The algorithm of the PatchDock server is inspired by object
recognition and image segmentation techniques used in artificial intel-
ligence. When performing the docking analysis, the algorithm follows
three major stages: molecular shape representation, surface patch
matching, and filtering and scoring [76-78]. The FireDock server is
mainly used in eliminating the problems associated with protein-protein
docking solutions by flexible refinement. The server is based on fast
rigid-body docking algorithms that refine and score the docked solutions
according to an energy function in a very short amount of time (about
3.5 s per candidate solution). Thereafter, the final round of docking was
performed by the HawkDock server (http://cadd.zju.edu.cn/hawkdock/
) along with the Molecular Mechanics-Generalized Born Surface Area
(MM-GBSA) study [79]. The HawkDock server works on the rigid-body
docking protocol of the ATTRACT algorithm, which predicts different
binding poses of proteins residing in protein-protein interaction (PPI)
networks. Then the scoring function of the server recognizes the
near-native binding poses of the proteins with the help of the ATTRACT
score. Again, the MM-GBSA analysis of the server also allows the users to
analyze the key residues in the PPIs and re-rank the top docked models
for reliable prediction [79,80]. Then the vaccine docked with the TLR
(with the highest binding affinity) was visualized using Discovery Studio
Visualizer [81].

2.15. Conformational B-cell epitope prediction

The humoral immunity, along with the cell mediated immunity, is
very important to fight the pathogens inside the body. The humoral
immunity of the body depends on the B-cells that produce antibodies
when they encounter an antigen. Therefore, the constructed vaccine
should have effective conformational B-cell epitopes so that it can pro-
vide more potent immunity. The conformational B-cell epitopes of the
constructed vaccine protein were predicted by IEDB ElliPro tool
(http://tools.iedb.org/ellipro/), keeping all the parameters default [82].

2.16. Molecular dynamics (MD) simulation

For observing the state changes and effects of the environment on the
crystalized structure of the vaccine protein as well as protein-TLR
complex structure, MD simulation was carried out. The GROMACS
(GROningen MAchine for Chemical Simulations) a Linux based
command-line program had been used for this purpose. Two separate
simulations were run for crystalized and complex protein structures. For
conducting the two simulations, first the crystalized and complex pro-
tein ‘pdb’ files were cleaned to remove any environmental substrates
generated by the server. After that, the pdb2gmx was run using OPLS-AA
(Optimized Potential for Liquid Simulation-All Atom) force field to
generate the topology for both the structures. The structures were
positioned in the center of a 2 nm sized cube, being 1 nm from each edge
during their simulations. Solvation was performed by filling the box
with water molecules spatially placed with a force constant of 1000 kJ
mol~! nm~2. Then the energy minimization had been conducted to
stabilize the structures. From Supplementary Fig. S1, we can see that the
potential energy of the structure had quickly reduced below the order of
106 for the protein complex. From this, we inferred that the complex
system was stable enough to conduct further simulations. NVT (Number
Volume Temperature) equilibration had been performed for 100 ps to
stabilize the temperature. Afterwards, the NPT (Number Pressure
Temperature) equilibration was done for 100 ps and pressure as well as
density were calculated. The crystallized protein structure was also
prepared in the same way. Then the resulting stabilized structures had
been subjected to MD simulation of 20 ns The RMSD, RMSF of backbone
of the energy minimized structures was predicted and the radius of gy-
ration was also calculated for the two structures. All plots and simulation
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graphs had been analyzed using the Xmgrace and QtGrace tool. Finally,
the two simulations were compared with each other.

2.17. Immune simulation

The immune simulation study of the constructed vaccine was carried
out to predict its immunogenicity and immune response profile using the
C-ImmSim server (http://150.146.2.1/CIMMSIM/index.php). The
server predicts the real-life-like immune interactions by means of ma-
chine learning techniques and position-specific scoring matrix (PSSM)
[83]. All the parameters except the time steps were kept at their default
values during the experiment. However, the time steps were kept at 1,
84, and 170, and the number of simulation steps was set at 1050. So,
three injections would require four weeks apart because the recom-
mended interval between two doses of most of the commercial vaccines
is proved to be four weeks [84]. The Simpson’s Diversity index, D was
calculated from the figures.

2.18. Codon adaptation and in silico cloning

Codon adaptation and in silico cloning are two essential steps in
vaccine designing by immunoinformatics. An amino acid can be enco-
ded by more than one codon in different organisms because the cellular
machinery of an organism can be completely different from another
organism, this phenomenon is known as codon bias. Therefore, codon
adaptation is performed to predict the suitable codon that efficiently
encodes a specific amino acid in a particular organism. In the codon
adaptation study, the vaccine protein was reverse translated to the
possible DNA sequence which was expected to encode the amino acids of
the designed vaccine protein 84,85. The Java Codon Adaptation Tool or
JCat server (http://www.jcat.de/) was used for the codon adaptation
study of the constructed vaccine [86]. In the server, the prokaryotic
E. coli strain K12 was selected as the target organism and
rho-independent transcription terminators, prokaryotic ribosome bind-
ing sites, and Eael and Styl cleavage sites of restriction enzymes were
avoided at the server. Finally, the SnapGene restriction cloning software
was used for inserting the newly adapted DNA sequence between the
Eael (position: from 172nd to 177th base pair) and StyI (position: from
206th to 211th base pair) restriction sites of the pETite vector [87]. The
pETite vector plasmid contains ubiquitin-like modifier or SUMOtag and
6X-His tag which facilitates the solubilization and viable affinity puri-
fication of the recombinant protein [88].

2.19. Analysis of the vaccine mRNA

The mRNA secondary structure prediction was carried out using two
different online tools i.e., Mfold (http://unafold.rna.albany.edu/?
g=mfold) and RNAfold (http://rna.tbi.univie.ac.at/cgibin/RNAW
ebSuite/RNAfold.cgi). Both servers predict the mRNA secondary struc-
tures thermodynamically and generate minimal free energies for the
structures [89-92]. To analyze the mRNA folding and secondary struc-
ture of the vaccine, the optimized DNA sequence from the JCat server
was converted to the possible RNA sequence by the DNA<—>RNA- >
Protein tool (http://biomodel.uah.es/en/lab/cybertory/analysis/trans.
htm). Then the RNA sequence was pasted in the Mfold and RNAfold
servers for lower minimum free energy prediction using the default
parameters.

3. Results
3.1. Identification, selection, and retrieval of viral protein sequences

The four proteins i.e. spike glycoprotein (GenBank ID: QLF97699.1),
nucleocapsid phosphoprotein (GenBank ID: QLF97707.1), membrane

glycoprotein (GenBank ID: QLF97702.1), and envelope protein (Gen-
Bank ID: QLF97701.1) of the SARS-CoV-2 of Bangladeshi isolate were
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selected and then the protein sequences were retrieved from the NCBI
database.

3.2. Antigenicity prediction and physicochemical property analysis

All the query proteins were found to be antigenic in the physico-
chemical property analysis. Again, all of them had a similar half-life of
30 h in the mammalian cell culture system but only the nucleocapsid
phosphoprotein was predicted to be unstable, having instability index
over 40. All the proteins were also found to have quite high aliphatic
indexes. Furthermore, the spike glycoprotein had the lowest GRAVY
value of —0.077. The results of the physicochemical property analysis
are listed in Table 1.

3.3. Epitope prediction and filtering the most promising epitopes

The MHC class-I and class-II epitopes were predicted from the target
protein sequences for constructing the vaccine. The epitopes that were
found to follow all the previously mentioned criteria, were finally
selected for vaccine construction considering as the most promising
epitopes (Table 2). The 100% conservancy of the epitopes among the
selected isolates from different regions of the world ensured that this
possible vaccine should be effective in controlling the SARS-CoV-2 in-
fections in various regions around the world along with Bangladesh.
Supplementary Table S1 lists the potential epitopes of spike glycopro-
tein, Supplementary Table S2 lists the potential epitopes of nucleocapsid
phosphoprotein, and Supplementary Table S3 and Supplementary
Table S4 list the potential T-cell epitopes of membrane glycoprotein and
envelope protein, respectively. Furthermore, Supplementary Table S5
lists the proteins from different countries (with their GenBank IDs)
which were used in the conservancy analysis and Supplementary Fig. S2
represents the result of the MSA analysis of the most promising epitopes
with the selected protein sequences from different regions of the world.

3.4. Cytokine inducing ability prediction of the epitopes

IFN-gamma, IL-4, and IL-10 inducing capacity prediction of the HTL
epitopes showed that many of the selected HTL epitopes had the capa-
bility of inducing at least one of these cytokine. Moreover, all the most
promising epitopes were also found to have at least one cytokine pro-
duction capability (Supplementary Table S1, S2, S3, and S4).

3.5. Population coverage analysis

The population coverage analysis showed that the MHC class-I and
class-II epitopes covered 90.42% and 93.23%, respectively and the
combined MHC class-I and class-II covered 84.56% of the world popu-
lation. India was found to possess the highest percentage of population
coverage of both the MHC class-I epitopes (93.49%) and MHC class-II
epitopes (91.20%). And the highest percentage of population coverage
of the MHC class-I and class-II epitopes in combination was obtained by
China (85.67%) (Supplementary Fig. S3).

3.6. Cluster analysis of the MHC alleles

The cluster analysis of the possible MHC class-I and MHC class-II
alleles, that may interact with the predicted epitopes of the selected
proteins, was carried out using the online tool MHCcluster 2.0. The tool
demonstrates the relationship of the clusters of the alleles in a phylo-
genetic manner. Supplementary Figure S4 illustrates the result of the
experiment where the red zone indicates a strong interaction and the
yellow zone represents a weaker interaction.

3.7. Vaccine construction

The vaccine has been constructed using the most promising epitopes
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which could be used to fight against the selected viral isolates effec-
tively. EAAAK, AAY, and GPGPG linkers were used at their appropriate
positions during conjugating the epitopes. The newly constructed vac-
cine candidate were designated as: CV (Table 3).

3.8. Antigenicity, allergenicity, and physicochemical property analyses of
the vaccine Candidate

The CV candidate vaccine was predicted to be a potent antigen as
well as a non-allergen. In the physicochemical property analysis of the
vaccine, a high (basic) theoretical pI, half-life of 1 h in the mammalian
cells, and more than 10 h in the E. coli cell culture system were predicted.
Moreover, the vaccine construct was also found to be quite stable as well
as soluble upon overexpression in E. coli cell culture system. Further-
more, it had an aliphatic index of 113.03 and a quite low GRAVY value
of —0.843 (Table 4).

3.9. Secondary and tertiary structure prediction of the vaccine candidate

In the secondary structure analysis of the vaccine candidate, the
amino acid percentage of a-helix, p-strand, and coil structure of the
vaccine protein was predicted using four different online servers. The
vaccine had the highest percentage of the amino acids in the coil
structure, considering the results from all the servers. The amino acid
percentages of the vaccine are given with a tabular representation
(Supplementary Table S6 and Supplementary Fig. S5).

The 3D structure of the CV vaccine construct was predicted by the
online server RaptorX. The vaccine had 5 domains with quite low p-
value of 3.56e-08, which declared that the quality of the prediction 3D
structure was quite good because according to the documentation of the
RaptorX server, the smaller p-value represents the higher quality the
model 26,93. The homology modeling of the vaccine construct was
performed using 1KJ6A as template from the Protein Data Bank. The 3D
structure of CV is illustrated in Fig. 3.

3.10. Protein 3D structure refinement and validation of the vaccine
candidate

The protein structure generated by the RaptorX server was subjected
to the refinement process using the Galaxy-web server, which was then
analyzed by Ramachandran plot generated by the PROCHECK server
and the z-score predicted by the ProSA-web server. The Ramachandran
plot analysis depicted that CV vaccine had 86.2% of the amino acids in
the most favored region, 11.7% of the amino acids in the additional
allowed regions, 0.8% of the amino acids in the generously allowed
regions, and 1.3% of the amino acids in the disallowed regions. More-
over, CV had the z-score of —5.75 which lies within the range of
experimentally proven X-ray crystal structures of proteins from the
Protein Data Bank (PDB) (Supplementary Fig. S6).

3.11. Vaccine protein disulfide engineering

In protein disulfide engineering, only those amino acid pairs were
selected which had a bond energy value of less than 2.2 kcal/mol. The
CV generated four pairs of amino acids with bond energy less than 2.2
kcal/mol i.e. 93 Ala and 431 Phe, 369 Tyr and 396 Cys, 435 Thr and 528
Ala, 459 Gly and 468 Phe. The selected amino acid pairs formed the
mutant version (with disulfide bonds) of the original vaccine in the
DbD2 server (Supplementary Figure S7). Since CV was predicted to have
four possible pairs of amino acid residues with the capability to form
potential disulfide bonds, therefore, it can be considered as a quite stable
vaccine construct.

3.12. Protein-protein docking study

The protein-protein docking study was performed to analyze the
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ability of the designed vaccine to interact with different TLRs which
would occur during an actual immune response. CV vaccine showed a
very high binding affinity when docked by ClusPro 2.0. For better pre-
diction, it was further docked using two other servers i.e. PatchDock and
HawkDock servers, respectively. ClusPro 2.0 server showed the highest
binding affinity with TLR-8 (—1261.2 kcal/mol). Again, when analyzed
by PatchDock and FireDock server, CV vaccine again showed the best
global energy score with TLR-8 (—32.29 kcal/mol). Furthermore, the
docking and MM-GBSA analyses by HawkDock server also predicted the
highest binding affinity of the vaccine protein with TLR-8 (Table 5).
Since all of the servers predicted very good binding affinities of the CV
vaccine with the TLR-8, therefore, the visualization of the interaction
(Fig. 4) and molecular dynamics (MD) simulation was performed only
for the CV-TLR-8 docked complex.

3.13. Conformational B-cell epitope prediction

The conformational B-cell epitope prediction of the CV vaccine
candidate determined four potential regions of the vaccine with scores
ranging from 0.537 to 0.774 and covering total 329 amino acids (Sup-
plementary Table S7).

3.14. MD simulation of CV-TLR-8 docked complex

The CV-TLR-8 protein complex was selected for the MD simulation.
One chain had a mass of 85724.286 amu, charge —10.00 e, and 751
residues. The other chain had a mass of 62965.010 amu, charge 15.00 e,
and 601 residues. A total of 92,459 water molecules was added to the
system after solvation from which 5 were replaced by CL ions during
ionization to neutralize the system’s charge. Energy minimization had
been completed in 2383 steps when the steepest descent had converged
and the force had reached <1000 kJ/mol. The average potential energy
was calculated to be —5.2177795e+06 kJ/mol with a maximum force of
9.6646100e+02 on atom 8176. From the temperature equilibration plot
of Supplementary Fig. S8 (a), it is clear that the target minimization
value of 300 K remained stable over the remainder of the equilibration
and fluctuated by only +1.37 K. The pressure value was also predicted
which showed fluctuations around 0 bar with a range of +100 bar and
the average pressure had been found to be - 1.64581 bar. Similarly,
density had also been calculated over 100 ps and the average density
had been found as 1067.77 kgm® (Supplementary Fig. $8). The density
values are mostly stable over time, indicating that the system had been
well equilibrated.

Trajectory analysis was conducted and thereafter the RMSD, RMSF,
and the radius of gyration were also calculated after completion of the
20 ns simulation (Fig. 5). A plot of the RMSD backbone has been
depicted in Fig. 5a which revealed that RMSD levels had gone up to
~0.6 nm. The black line of the graph refers to the RMSD relative to the
structure present in the minimized, equilibrated system and the red line
is the RMSD relative to the crystal structure. Since both these plots are
almost highly correlated, so it can be declared that the structure
remained quite stable during the experiment. The RMSF and radius of
gyration graphs also point to the fact that the CV-TLR-8 complex was
quite stable during the experiment (Fig. 5b & c). Like the complex
structure, the single vaccine crystal structure also generated very good
results in the MD simulation. In the RMSD graph of Fig. 5d, it can be
noticed that the RMSD value of the crystal structure had gone up to
~0.8 nm, which is quite normal for such single crystallized structure.
Again, from the RMSF and radius of gyration graphs of the structure also
pointed towards the fact that the crystallized structure didn’t have any
significant region with the possibility to undergo deformation, so it can
be deduced that the crystalized vaccine CV might be quite stable in the
biological environment (Fig. 5e & f). So, overall, both structures (com-
plex and crystallized vaccine structure) showed quite acceptable and
sound performance in the MD simulation study.
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3.15. Immune simulation

The immune simulation of the CV vaccine candidate was analyzed by
the C-ImmSimm server which determines the stimulation of adaptive
immunity as well as the immune interactions of the epitopes with their
specific targets [46]. The immune simulation study expressed that, after
administrating the three doses of the vaccine, the primary immune
response against the vaccine was found to be stimulated significantly as
indicated by the gradual increase in the levels of different immuno-
globulins (Fig. 6a). Again, the successive augmentation in the concen-
trations of active B-cell (Fig. 6b and c), plasma B-cell (Fig. 6d), helper
T-cell (Fig. 6e and f), regulatory T-cell, and cytotoxic T-cell (Fig. 6g, h
and i) were also predicted, which represents the capability of the vaccine
to create a very potent secondary immune response. Furthermore, the
increase in the concentration of macrophages and dendritic cells indi-
cated a very potent presentation of antigen by these antigen-presenting
cells (APCs) (Fig. 6j and k). The CV vaccine was also predicted to pro-
duce different types of cytokines (Fig. 61). Henceforth, the overall im-
mune simulation study revealed that, the CV vaccine might be able to
stimulate strong immunogenic response after its administration.

3.16. Codon adaptation, in silico cloning, and analysis of the vaccine
mRNA structure

For in silico cloning and plasmid construction, at first the protein
sequence of the CV vaccine was adapted by the JCat server. The codon
adaptation index (CAI) value of CV was found to be 0.903 which indi-
cated that the DNA sequence contained a higher proportion of the co-
dons that are most likely to be used in the target organism E. coli strain
K12 (codon bias) for efficient production the CV vaccine (Supplemen-
tary Fig. S9) [90,92]. A good GC content of 56.79% was also recorded for
the adapted sequence. After codon adaptation, the predicted DNA
sequence of CV vaccine was inserted into the pETite vector plasmid. The
plasmid contains sequences of the SUMO tag and 6X His tag, for this
reason, these sequences are expected to facilitate the purification of the
CV vaccine during the downstream processing [94] (Fig. 7). Thereafter,
the secondary structure of the CV mRNA was predicted by Mfold and
RNAfold servers. The Mfold server generated a minimum free energy
score of —517.50 kcal/mol, which was in agreement with the prediction
of the RNAfold server (—531.10 kcal/mol). Supplementary Fig. S10
depicts the vaccine mRNA structure predicted by the RNAfold server.

4. Discussion

Vaccines are widely produced pharmaceutical products that are
currently being administered worldwide to combat various pathogenic
infections. Developing vaccines by conventional means is a time
consuming process which sometimes takes several years to achieve
desired results [95]. However, the finesse of modern technology and the
accessibility of the genomic data of about all the pathogens have saved
the time of vaccine development and made it possible to develop the
novel peptide-based “subunit vaccines”, which are comprised of only the
antigenic protein segments of the target pathogen and thus the toxic or
allergenic parts of an antigen can be eliminated during vaccine
designing and development [96]. Again, vaccine designing through
these computation-based methods also saves time and cost of designing
and developing processes to a greater extent [97,98]. In this study, the
methods of immunoinformatics were exploited to design an
epitope-based polyvalent vaccine against the SARS-CoV-2 virus, isolated
from Bangladesh, targeting the spike glycoprotein, nucleocapsid phos-
phoprotein, membrane glycoprotein, and envelope protein of the virus.

After identifying the target proteins, their antigenicity and physico-
chemical properties were analyzed. In the antigenicity test, all the
selected proteins were found to be antigenic which should aid in the
antigenic response of the vaccine. The theoretical pl refers to the pH at
which a protein contains no integrated charge. All the proteins except
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the spike glycoprotein were found to possess basic theoretical pI (pH
more than 7.0), which should be quite achievable. The aliphatic index of
a protein determines the relative volume of the amino acids in its side
chains occupied by the aliphatic amino acids i.e. valine, alanine, etc. and
higher aliphatic index of a protein represents its more thermostable state
57,99,100. All the proteins had quite high aliphatic indexes, so they
were considered to be quite thermostable. The GRAVY value determines
the hydrophilic and hydrophobic nature of a compound. The negative
GRAVY value represents the hydrophilic characteristics, whereas the
positive value indicates the hydrophobic characteristics of a compound
[101]. With the negative GRAVY value, all the proteins were found to be
hydrophilic in nature so they should be easily soluble in water. All the
proteins generated sound and satisfactory results in the physicochemical
property analysis.

After analyzing the physicochemical properties, the possible T-cell
epitopes were determined to construct the vaccine. The cytotoxic T-cells
recognize the antigens, whereas the helper T-cells are involved in acti-
vating the B-cell, macrophages, and even the cytotoxic T-cells [32,33,
102]. Furthermore, the cell mediated immune response also provides a
life-long immunity by secreting antiviral cytokines and by recognizing
and destroying the infected cells [100,103]. A set of filters were set to
select the most promising T-cell epitopes from all the epitopes predicted
by the servers. Only the highly antigenic (so that the epitopes would
generate sufficient immunogenic response), non-allergenic (so that the
epitopes won’t be able to cause any unwanted allergenic reaction),
non-toxic, 100% conserved, and non-homolog (to the human proteome
to prevent autoimmunity from setting in after the administration of the
designed vaccine) epitopes were considered for constructing the vac-
cine. Again, cytokines i.e. the IFN-gamma, IL-10, and IL-4 are very
important to establish a network among the cells of the immune system
during immunogenic responses as they activate and mediate the proper
functioning of the immune cells [46]. Therefore, the prediction of the
cytokine producing ability of the HTL epitopes is important before the
vaccine construction. Almost all the HTL epitopes as well as the all the
most promising epitopes were predicted to be the inducer of at least one
cytokine (among IFN-gamma, IL-10, and IL-4). This capability would
largely contribute to the immunogenic activities of the constructed
vaccine. Again, the population coverage analysis demonstrated that very
good portions of the world population, about 90.42% and 93.23%j;
respectively, as well as the population from different countries (with
India and China containing the highest percentage of population indi-
vidually), have occupied the selected MHC-I and MHC-II epitopes and
their alleles. With this excellent result, it can be deduced that our
designed vaccine should be effective on more than 90% people of the
world population in combating the SARS-CoV-2 infection. Again, in the
cluster analysis of the MHC-I alleles, quite good correlation between
HLA-A02:01, HLA-A02:06, HLA-A29:02, and HLA-A01:01 was
observed. On the other hand, the HLA-A11:01 and HLA-A03:01 showed
relatively less correlation with the other MHC-I alleles. However, a very
good correlation among all the selected MHC-II alleles i.e., DRB5:0101,
DRB1:1501, DRB1:0401, DRB3:0101, and DRB1:0301 was found.
Therefore, it can be concluded that in the cluster analysis, all the MHC
alleles showed sound and satisfactory performance.

The most promising epitopes obtained by filtering from the previous
step, were conjugated together using different linkers i.e., EAAAK, AAY,
and GPGPG at appropriate positions. During vaccine construction, the
EAAAK linker was added to the start or N-terminal region of the vaccine
to protect it from degradation [104]. The final vaccine candidate was
designated as “CV”. In the antigenicity and allergenicity analyses, the CV
vaccine was found to be antigenic as well as non-allergenic. Hence, the
vaccine might generate robust immune response as well as cause no
allergic reaction within the body. Moreover, in the physicochemical
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property analysis of the vaccine, it was found to be basic with a high
theoretical pl, which should be achievable. The aliphatic index refers to
the protein’s thermal stability and thus, the higher the aliphatic index of
a protein is, the more thermostable state it acquires [105]. Therefore,
the CV vaccine could be considered as a thermostable vaccine protein
due to having a high aliphatic index (114.48). Again, the vaccine
candidate was found to have negative GRAVY value which revealed that
it might be hydrophilic. And along with the hydrophilic nature of the
vaccine, it was also found to have a half-life of more than 10 h in E. coli,
for this reason, the mass production and purification of the vaccine in
the E. coli cell culture system should be much easier. Furthermore, the
vaccine protein was found to be soluble upon over-expression in E. coli
by both of the servers (SolPro and Protein-Sol). While using E. coli as a
host, solubility is an important factor to be considered during the pro-
duction of recombinant proteins. This is because if a recombinant pro-
tein is not soluble, then that protein may become non-functional due to
lack of proper folding or it may form insoluble inclusion bodies. And the
E. coli culture system is one of the most widely used and recommended
systems for mass production of recombinant proteins [106]. Therefore,
in this study, we have also recommended E. coli as the host for mass
production of our designed vaccine candidate. And the instability index
(31.49) of the vaccine protein dictated that it might be quite stable in the
biological environment because a compound with instability index less
than 40 is considered to be stable [100,107]. Considering all these as-
pects of the physicochemical property analysis, it can be considered that
the predicted vaccine might be quite effective and responsive as a po-
tential vaccine candidate.

After the physicochemical property analysis, the secondary and ter-
tiary structures of the CV vaccine were determined and thereafter, the
protein refinement and validation steps were also performed. The
refined vaccine protein was predicted to have very good amount of the
amino acids in the favored regions of the Ramachandran plot analysis
and the protein also had a remarkable z-score which pointed towards a
good quality structure of the protein. Thereafter, the disulfide engi-
neering of the vaccine was performed where four amino acid pairs with
less than 2.2 kcal/mol bond energy were selected for mutation into
cysteine residues to form the disulfide bonds among themselves.
Therefore, with these four pairs of amino acids capable of forming di-
sulfide bonds, CV can be considered as a stable vaccine candidate.

The protein-protein docking of the CV vaccine candidate with
different TLRs was performed using several online tools. The docking
step is one of the necessary steps in the vaccine designing experiment
because it determines the possible interaction of the constructed CV
vaccine with different TLRs, which might occur during immune
response. The docking experiment, performed by all the servers showed
that the CV vaccine had good capability to interact with all the selected
TLRs, with the highest score generated by TLR-8. Therefore, after the
docking study, the MD simulation study of the CV-TLR-8 was carried out
because CV vaccine generated the best docking results with the TLR-8.
MD simulation is performed to simulate a biological environment for
the vaccine and analyze the physical movements and interactions of the
atoms of a protein complex with environment molecules for a fixed
length of time, which provides a view of the dynamic evolution of the
system. The results of an MD simulation show how stable the vaccine
complex (in this case, CV-TLR-8) is in terms of changing pressure,
temperature, and motion. In our experiment, a low average potential
energy of —5.2177795e+06 kJ/mol, an average temperature fluctuation
of only +1.3 K, and also quite desired RMSD, RMSF as well as the radius
of gyration were obtained which pointed towards the fact that the en-
ergy minimized CV-TLR-8 structure might be quite stable in the bio-
logical environment. The MD simulation also predicted that the
crystalized vaccine CV structure should also be stable within the
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biological environment with quite acceptable values in the experiment.

Thereafter, the immune simulation study of the candidate vaccine
was performed which predicted that the vaccine might generate an
immune response which is consistent with the typical and natural im-
mune system. After the vaccine was administrated, the primary immune
response was found to be stimulated, which might stimulate the sec-
ondary immune response in later stages. The CV vaccine was found to
stimulate both humoral and cell-mediated mediated immune responses
as indicated by the increase in the levels of the cytotoxic T-cells, helper
T-cells, memory B-cells, plasma B-cells, and different antibodies [108,
17]. Again, the rise in the concentration of APCs like the macrophages
and dendritic cells also indicated a very good antigen presentation.
Moreover, the augmentation in the cytokine profile was also reported
which represents the possibility of the vaccine to produce effective im-
mune response against the viral invasion [109-111]. The negligible
Simpson index (D) predicted a diverse immune response of the vaccine
CV [83]. Overall, the CV vaccine was found to be effective and satis-
factory in the results of the immune simulation study.

Finally, the codon adaptation and in silico cloning were performed to
design a recombinant plasmid which might be used for the mass pro-
duction of the CV vaccine in the E. coli strain K12. In the codon adap-
tation study of the vaccine, the obtained results were found to be
satisfactory with the CAI value of 0.903 and the GC content of 56.79%,
because any CAI value over 0.80 and the GC content within 30%-70%
are considered to be good scores 85,111-113. Following that, the opti-
mized CV DNA sequence was inserted into the pETite plasmid. During
stability prediction of the vaccine mRNA secondary structure, both
Mfold and RNAfold servers generated negative and much lower minimal
free energies of —517.50 kcal/mol and —531.10 kcal/mol, respectively.
Therefore, with these lower minimal free energies, it can be declared
that the predicted CV vaccine might be quite stable upon transcription in
vivo [114].

The genome based technologies for developing subunit vaccines will
continue to dominate the field of immunology and vaccinology since it
allows the researchers to have an opportunity to develop vaccines by
optimizing their target antigens 115,116. The field of immu-
noinformatics is still an emerging field and it has a long way to go.
Research is going on to develop potential subunit vaccines against
almost all the infectious diseases and in many cases positive results are
observed with minimal harmful effects, which is why such subunit
vaccines are gaining more attention and acceptance among the common
population. The monovalent subunit vaccine, RTS,S/ASO1E (Mos-
quirix™) and the Hepatitis B surface antigen (HBsAg) have gained
market access and mass acceptance recently. Exploiting the immu-
noinformatics approach during development, these two vaccines are
used as preventative measures against malaria and Hepatitis B virus,
respectively. These two subunit vaccines have showed positive results in
many studies and therefore, such vaccines will certainly pave the way of
developing potential subunit vaccines to fight various infectious path-
ogens [117-120].

Overall, this study suggests the designed CV vaccine as a safe and
effective epitope based subunit vaccine to fight against the SARS-CoV-2
virus, based on the strategies employed in the study. However, results
obtained from such computational studies are regarded only as “pre-
dictions” and therefore, we can’t be 100% sure that these results will be
similar in the biological environment. Although the techniques and tools
of modern bioinformatics can provide predictions with very high accu-
racy, but still in vivo and in vitro studies are required to finally confirm
the outcomes of such in silico studies. Therefore, we suggest wet-lab
based studies to finally validate the safety and efficacy of our designed
vaccine. If positive findings are achieved in the wet-lab based studies,
then our experiment should definitely open new avenues to design a
subunit vaccine against the SARS-CoV-2 virus.
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5. Conclusion

The recent COVID-19 pandemic has caused the sufferings of millions
of people worldwide, while claiming the lives of hundreds of thousands
of people. Although researchers are rushing to develop potential
counter-measure to fight the virus, however, till now, all the efforts have
shown potential drawbacks. Different types of antiviral therapies are
also being tried all over the world, but their outcomes are also raising
serious questions about their usage. Moreover, the vaccines that are now
under development or various stages of trials, are inactivated or live-
attenuated vaccines, which can have serious consequences if any un-
wanted reversal back to the virulence form occurs. Therefore, in this
study, a blue-print of a potential vaccine against the SARS-CoV-2 has
been designed targeting four distinctive proteins i.e., spike glycoprotein,
nucleocapsid phosphoprotein, membrane glycoprotein, and envelope
protein. During the vaccine construction, only those epitopes which
were found to be highly antigenic (so that the vaccine would be able to
generate robust immune response), non-allergenic (so that the vaccine
won’t cause any harmful reaction within the body), non-toxic, non-
human homolog, and 100% conserved epitopes (so that vaccine would
be effective against different isolates around the world) were used.
Numerous in silico validations conducted in the study also indicated that,
the designed vaccine might be quite safe and effective as well as well
responsive to use. If satisfying results are achieved in the wet-lab based
studies, then this epitope-based vaccine candidate might provide a
relatively cheap and effective option to reach the entire world to combat
the COVID-19 pandemic.
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