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Abstract

Since 2019, the world was involved with SARS-CoV-2 and consequently, with the announcement by the World Health
Organization that COVID-19 was a pandemic, scientific were an effort to obtain the best approach to combat this global
dilemma. The best way to prevent the pandemic from spreading further is to use a vaccine against COVID-19. Here, we report
the design of a recombinant multi-epitope vaccine against the four proteins spike or crown (S), membrane (M), nucleocapsid
(N), and envelope (E) of SARS-CoV-2 using immunoinformatics tools. We evaluated the most antigenic epitopes that bind
to HLA class 1 subtypes, along with HLA class 2, as well as B cell epitopes. Beta-defensin 3 and PADRE sequence were
used as adjuvants in the structure of the vaccine. KK, GPGPG, and AAY linkers were used to fuse the selected epitopes.
The nucleotide sequence was cloned into pET26b(+) vector using restriction enzymes Xhol and Ndel, and HisTag sequence
was considered in the C-terminal of the construct. The results showed that the proposed candidate vaccine is a 70.87 kDa
protein with high antigenicity and immunogenicity as well as non-allergenic and non-toxic. A total of 95% of the selected
epitopes have conservancy with similar sequences. Molecular docking showed a strong binding between the vaccine struc-
ture and tool-like receptor (TLR) 7/8. The docking, molecular dynamics, and MM/PBSA analysis showed that the vaccine
established a stable interaction with both structures of TLR7 and TLR8. Simulation of immune stimulation by this vaccine
showed that it evokes immune responses related to humoral and cellular immunity.
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Introduction

For the first time, Wuhan, China, witnessed the outbreak of
febrile respiratory disease (it was caused by the Corona 2019
virus), which resulted in patients with acute respiratory dis-
tress syndrome (ARDS), accompanied by cough, fever, and
shortness of breath, being hospitalized. Besides, viral gene
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sequencing related to five pneumonia patients who were
hospitalized from December 18 to December 29, 2019, was
reported to have an unknown B-CoV strain in 5 hospitalized
patients (Choudhary et al. 2020; Hui et al. 2020). Sequenc-
ing revealed that there was high sequence similarity with the
two bat-coronaviruses and a MERS-CoV (Lu et al. 2020).
The virus was identified as SARS-CoV-2 that is caused by
COVID-19 disease (Perlman and Netland 2009). Over the
past two decades, coronaviruses have caused three epidem-
ics, including COVID-19 in 2019, Severe Acute Respiratory
Syndrome (SARS) in 2002, and Middle East Respiratory
Syndrome (MERS) in 2013. Four genera of the coronavi-
rus a, B, v, and 8 have been identified. The Human Corona
Virus (H-CoV), belong to the genera o and f, is a member
of the family Coronaviridae, A viral family with the largest
genomic RNA (26-32 kb), among viruses known to date
(Anand et al. 2003; Su et al. 2016; Ziebuhr 2005). (Perlman
and Netland 2009). Coronaviruses are more commonly asso-
ciated with respiratory illnesses and colds, but can also cause
infections of the central nervous system (CNS) (Bergmann
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et al. 2006; Nicholson et al. 1993). Coronavirus infection
in humans is primarily driven by the interaction between
the coronavirus’s coronary glycoprotein (S-protein) and the
host cell receptor-converting enzyme angiotensin-2 (ACE2),
which is mainly expressed in alveolar cells of type 2 in the
lungs (Hoffmann et al. 2020; Wong et al. 2004). Once the
virus enters the cell, the viral RNA genome is released into
the cytoplasm. At the same time, as it begins to replicate,
the viral genome translates into two forms of nonstructural
replication proteins, Replicase 1ab, and structural proteins,
spike or crown (S), envelope (E), membrane (M), and nucle-
ocapsid (N) (Bonavia et al. 2003; Malik et al. 2020). This
condition causes the coronary protein to bind to host cell
receptors, releasing the viral genome into the host cell, thus
facilitating virus replication (de Wit et al. 2016). Increased
binding affinity between ACE2 and SARS-CoV-2 recep-
tors has been associated with increased virus transmission
(Wong et al. 2004). The S protein consists of two subunits
of S1 and S2. S1 subunit is related to the receptor-binding
domain (RBD). Also, the S2 subunit is known as the main
factor for the fusion of the viral and host cell membrane
(Tseng et al. 2012). Therefore, glycoprotein S is the most
important antigenic candidate for the design of a vaccine
against the coronavirus. Antiviral drugs have been used as
treatment strategies to reduce the viral load or to prevent
the proliferation of SARS-CoV-2 (Richardson et al. 2020;
Sheahan et al. 2020; Wang et al. 2020). Besides, recently
plasma exchange using COVID-19 sera has shown promis-
ing results (Derebail and Falk 2020; Keith et al. 2020). Also,
the results of binding of monoclonal antibody (CR3022) to
the domain binding of SARS-CoV-2 S protein receptor have
shown the potential for its use as a therapeutic candidate for
COVID-19 (Tian et al. 2020). However, it is important to
develop an appropriate strategy to prevent further spread
of the SARS-CoV-2 epidemic, for example, the COVID-19
vaccine. There are several types of vaccine candidates for
protection against virulence, including complete attenuated
or inactivated live virus, DNA vaccines, mRNA vaccines,
and subunit vaccines, each with its own advantages and
disadvantages.

Several vaccines have been proposed to prevent COVID-
19 to date (Le Thanh et al. 2020). Side effects and biosafety
concerns related to inactivated CoV viruses lead to a use
limitation in them, despite their potential in neutralizing
antibodies producing and reach of immunity protection
(Tseng et al. 2012). Besides, DNA vaccines containing
plasmids expressing protein S (whole or specific regions of
their sequence) as well as their associated DNA primers are
effective against MERS-CoV infection (Muthumani et al.
2015; Wang et al. 2015). Simultaneously with the intracel-
lular expression of immunogenic antigens, vaccines contain-
ing plasmid DNA enable the activation of both cellular and
blood (humoral) immune responses. DNA vaccines have a
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proven history of immunogenicity, but plasmids are limited
to delivering one or a small number of CoV antigens to the
immune system (Enjuanes et al. 2016). Two studies have
shown that recombinant S protein—based subunit vaccines
have been very successful in immunizing against SARS
and MERS (Wang et al. 2012; Zhang et al. 2016). Although
DNA vaccines and mRNA vaccines can elicit a centralized
antibody response or act more flexibly and effectively to
manipulate antigens, their components may not be able to
fully demonstrate the full antigenic capacity of the virus. As
a result, they have a limited protective or immunopathologi-
cal effect due to unbalanced immune responses (Zhang et al.
2019). One promising option to address this is multi-unit
epitope vaccines, which contain a variety of antigenic ele-
ments and provide a wide range of virus antigens (Abdulla
et al. 2021; Gupta and Kumar 2020; Krishnan et al. 2021).
In addition, multi-epitope vaccines do not have problems
related to mRNA stability during translation and have design
potential for varied strains target (Skwarczynski and Toth
2016). The multi-epitope vaccines have high safety and cost-
effectiveness which contains both B cell and T cell immune
response. Because of this advantage, multi-epitope vac-
cines are capable of producing strong, long-lasting immu-
nity against the target pathogen (Skwarczynski and Toth
2016). Therefore, it is necessary to predict the interaction
of immunogenic epitopes with the major histocompatibility
complex (MHC). Here we utilized immunoinformatics and
computational tools for designing a multi-epitope vaccine
candidate against SARS-CoV-2 based on the bests antigenic
and immunogenic factors of S, N, M, and E proteins.

Materials and methods
Proteins sequence retrieval

The amino acid sequence of S, M, N, and E proteins were
retrieved from the Uniprot server with accession numbers
of PODTC2 (https://www.uniprot.org/uniprot/PODTC2),
P59595 (https://www.uniprot.org/uniprot/PODTCS),
PODTCO (https://www.uniprot.org/uniprot/PODTC9), and
PODTC4 (https://www.uniprot.org/uniprot/PODTC4),
respectively.

Prediction of linear and conformational B-cell
epitopes

IEDB server (http://tools.iedb.org/beell/) was utilized for
predicting liner B cell epitopes. This server utilizes a method
that considers general basis parameters such as hydrophilic-
ity, flexibility, accessibility, turns, exposed surface, polar-
ity, and the antigenic propensity of polypeptides chains to
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predict linear B cell epitopes based on sequence character-
istics of the antigen using amino acid scales and HMMs.
Also, discontinuous B cell epitopes were determined
using the ElliPro server in http://tools.iedb.org/ellipro/.
ElliPro predicts discontinuous epitopes based on a protein
antigen’s 3D structure and allocates a PI (Protrusion Index)
value averaged over epitope residues for each as a score.
Finally, it defines discontinuous B cell epitopes with PI
and it clusters them based on the distance R (in A between
residue’s centers of mass). We used 6VSB, 6 Y13, and 7K3G
PDB structures related to S, N, and E proteins. For M protein
PDB, we used RaptorX to model M protein 3D structure.

Cytotoxic T lymphocyte epitope prediction

NetMHC—4.0 service (https://services.healthtech.dtu.dk/
service.php?NetMHC-4.0), was used to identify the bind-
ing of peptides to MHC class I molecules. NetMHC—4.0
offers 81 different Human MHC alleles including HLA-A,
-B, -C, and -E based on trained ANNs. Here we utilized all
supertypes HLA with 12mers epitopes in length and consid-
ered the strongest epitope bindings.

Helper T lymphocyte epitope prediction

Helper T lymphocytes (HTL) were predicted by NetMH-
CII-2.3 (https://services.healthtech.dtu.dk/service.php?
NetMHCII-2.3). This server calculates the binding of pep-
tides to HLA-DR, HLA-DQ, and HLA-DP MHC class II
molecules through artificial neuron networks. We inves-
tigated all four S, M, N, and E proteins for 25 HLA-DR
alleles, 20 HLA-DQ, and 9 HLA-DP class II alleles. Finally,
we selected MHC class II epitopes (15mers) with strong
epitope bindings.

Determination of epitope conservancy

Epitope conservancy analysis (http://tools.iedb.org/
conservancy/) was used to computes the degree of the con-
servancy of selected epitopes within the given S, M, N, and
E protein sequence set at a given identity level. Epitope con-
servancy analysis tool defines conservancy as the fraction of
protein sequences that contain the epitope. Also, the Identity
of each selected epitope is considered as the degree of cor-
respondence or similarity between two sequences.

Population coverage

We used the population coverage tool at http://tools.iedb.
org/population/ to determine different epitope frequencies
in different ethnicities. Because MHC molecules have mul-
tiple polymorphisms, predicting the binding of an epitope

to multiple MHC molecules reduces the denominated MHC
restriction of T cell responses. The population coverage tool
utilizes an allele frequency database to calculated multiple
population coverages in both MHC I and MHC II molecules
for selected epitopes.

Prediction of antigenicity, allergenicity, toxicity,
and interferon-gamma inducer

T and B cell epitopes were evaluated in terms of antigenic-
ity, allergenicity, and toxicity by VaxiJen v2.0 (http://www.
ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html), ToxinPred
(http://crdd.osdd.net/raghava/toxinpred/), and AllerCatPro
(https://allercatpro.bii.a-star.edu.sg/) servers, respectively.
Here, we consider a threshold of 0.4 for antigenicity pre-
diction. ToxinPred and AllerCatPro v1.7 server’s proper-
ties were adjusted as default. Furthermore, HTL epitopes
were investigated for their potential in induce of interferon-
gamma (IFN-vy) at http://crdd.osdd.net/raghava/ifnepitope/
index.php server.

Construction, modeling, refinement, and validation
of vaccine structure

The highest immunogenic B cell, CLT, and HLT epitopes
were selected, and they fused by KK, GPGPG, and AAY
linkers. Then, I-TASSER online tool (https://zhanglab.dcmb.
med.umich.edu/I-TASSER/) was used to predict the 3D
structure of the vaccine. GalaxyRefine server (http://galaxy.
seoklab.org/cgi-bin/submit.cgi?type=REFINE) provides a
refined modeled 3D structure. Future validation of modeled
3D structure was evaluated by the ProSA-web server (https://
www.came.sbg.ac.at/prosa.php). Also, the Ramachandran
graph of the 3D structure was drawn by the MolProbity
server (http://molprobity.biochem.duke.edu/).

In silico cloning, codon optimization,
and physico-chemical properties of the vaccine

Nucleotide sequences of final construct optimized in the
Java Codon Adaptation Tool (JCat) (https://www.jcat.de/)
to reach maximum expression yield at E. coli K-12 strain.
Also, GC content and codon adaptation index (CAI) score
were obtained in http://genomes.urv.es/CAlcal/E-CAl/.
Xhol and Ndel restriction enzymes were considered in
N-terminal and C-terminal of construct, as well as, HisTag
put in C-terminal. Finally, in silico cloning of construct
was done by SnapGene tool in pET26b(+). Also, the Prot-
Param tool in the ExPASy server (https://web.expasy.org/
protparam/) was used to predict the Physico-chemical prop-
erties of the vaccine.
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Docking of CoVac19-TLR7 and CoVac19-TLR8

Vaccine modeled structure was minimized in terms of
energy by Minimize Structure tab in Chimera 1.13.1 V. Then
all water molecules were removed from the structure, and
add hydrogen molecule to structure. TLR7 and TLRS struc-
tures were retrieved from the RCSB database with 7CYN
and SWYX PDB numbers, respectively. HADDOCK server
(https://alcazar.science.uu.nl/servicess HADDOCK?2.2/) was
used to docking the CoVac19 structure with TRL7 and TLRS.
HADDOCK results were analyzed and selected the best
cluster complex with the lowest energy. Docking 2D results
were evaluated by LigPlot™.

MD simulation and MM/PBSA analysis

We utilized GROMACS (GROningen MAchine for Chemi-
cal Simulations) to performed molecular dynamics simula-
tion of docked complexes in Linux. Needed topology files
related to structure energy minimization and equilibration
were generated from OPLS-AA (Optimized Potential for
Liquid Simulation-All Atom) force field constraints. The
system was equilibrated with a water model, and a dodeca-
hedron box was used, with periodic boundary conditions.
The vaccine and TLRs structures were investigated in terms
of net charge, and the system was neutralized via charged
ion addition. The simulation run was performed for 40 ns,
and MD results were visualized via the Grace tool in Linux.

We calculated different contributions for the binding free
energy of complexes via the MM/PBSA approach.

on machine learning techniques. We assumed 4 weeks as the
minimum interval recommended for the first and the second
doses of injection. Time steps were assumed 1050 so that if
a time step will consider about 8 h. Every three injections
were given 4 weeks apart at time steps 1, 84, and 168.

Results
Protein sequence retrieval

All four S, M, N, and E proteins were retrieved from the
UniProt server and were evaluated in terms of their potential
to elicit B cell epitopes and T cell epitopes.

Prediction of linear and conformational B-cell
epitopes

Eight liner B cell epitopes were selected based on the high-
est immunogenicity to induce humoral immunity by the
vaccine. B cell epitopes were predicted by the IEDB server
and then were evaluated by the Vaxigen server in terms of
antigenicity (Table 1). Furthermore, conformational B cell
epitopes were investigated by the ElliPro server, where that
which conformational B cell epitopes overlapped with liner
B cell epitopes (Supplementary Table S1).

Cytotoxic T lymphocyte epitope prediction

Due to the importance of inducing cellular immunity, all

AGbind,solv = AGhind,vaccum + AGmlv,complex - (AGsolv,ligand + AGX()IV,C{)IT![)[EX) (1)

AGsolv = Gelecleroxlatice:SO - Gelectemxtatice:l + AGhydrophohic

@
—-T.AS

normalmodeanalysis (3)

AG, = AE

vacuum molecularmechanics

Here, we have the calculation of solvation free energies
using solving the linearized Poisson Boltzman equation for
giving the electrostatic contribution to the solvation free
energy. The average interaction energy between receptor
and ligand and taking the entropy change upon binding into
account was used to calculates AG

vacuum-*

Simulating immune responses

Profile of immune response and immunogenicity affected by
Cov vaccine were evaluated via C-IMMSIM server (https://
kraken.iac.rm.cnr.it/C-IMMSIM/), a well-known prediction
immune simulation. C-IMMSIM utilized position-specific
scoring matrices (PSSM) to predict immune response based
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four proteins S, N, M, and E were evaluated using a Net-
MHC I server. Fifteen CTL epitopes were used in the final
structure of the vaccine, based on their binding affinity
and antigenicity (Table 2). All identified CTL epitopes are
included in Supplementary Table S2.

Helper T lymphocyte epitope prediction

HTL epitopes were investigated throughout the NetMH-
CII server. Most string binding as well as a most antigenic
epitope for HLA-DR, HLA-DP, and HLA-DQ (Table 3).
Also, the potential of each selected HTL epitopes to induce
IFN-y was investigated and shown in Table 3. All identified
HTL epitopes are included in Supplementary Table S3.

Determination of epitope conservancy

Epitope conservancy for B cell, CTL, and HTL selected
epitopes were shown a high conservancy percentage for all
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Table 1 Predicted linear B

. No Start End Length Antigenicity Conservancy

cell epitopes of S, M, N, and E

proteins S
MDLEGKQGNFKNL 177 189 13 1.2592 100%
YNSASFSTFKCYGVSPTKLNDLCFT 369 393 25 1.4031 100%
GDEVRQIAPGQTGKIADYNYKLP 404 426 23 1.1017 100%
SNKKFLPF 555 562 8 1.3952 99%
GQSKRVDFC 1035 1043 9 1.7790 100%
M
PLLESE 132 137 6 0.8069 100%
N
DPNFKD 343 348 6 2.8780 100%

four S, M, N, and E proteins so that B-cell, CTL, and HTL
selected epitopes reached 99-100%, 85-100%, and 81-100%
epitope conservancy, respectively. All epitope conservancy
results are shown in Tables 1, 2, and 3. However, most
epitope conservancies were belonged to S, while E protein
has shown the lowest epitope conservancy. These results
showed selected epitopes have the potential to be considered
as conserved epitopes.

Population coverage
Population coverage was estimated for each selected epitope,

which assessments a different epitopes frequency in different
ethnicities. All three MHC I, MHC II, and combined MHC

I-MHC II class alleles were considered, and it was found
that, generally, combined class alleles showed the highest
population coverage for epitopes so that 94.58% (average)
of selected epitopes have appeared in 16 regions (Fig. 1;
Supplementary Table S4).

Construction, modeling, refinement, and validation
of vaccine structure

Seven B cell, 15 CTL, and 12 HTL epitopes were evalu-
ated and selected based on the highest antigenicity,
and then fused by KK, GPGPG, and AAY linkers. Two
well-known adjuvants so-called Human Beta-defensin 3
(HBD3) and PADRE were added to the N-terminal of the

Table 2 Predicted CTL epitopes related to S, N, M, and E by NetMHC I server

Epitope position HLA Peptide Affinity (nM) % Rank Antigenicity Allergenicity Conservancy
Spike glycoprotein

383 HLA-A0201 PTKLNDLCFTNV 134.69 1.30 2.1308 Non-allergen ~ 98%
897 HLA-B0801 FAMQMAYRFNGI 729.03 1.10 0.8395 Non-allergen 100%
1208 HLA-A2402  YIKWPWYIWLGF 42.03 0.08 1.4087 Non-allergen 100%
Membrane protein

48 HLA-A0201 IKLIFLWLLWPV 13.17 0.17 0.7178 Non-allergen ~ 94%
70 HLA-B3901 YRINWITGGIAI 3608.58 1.70 1.2741 Non-allergen ~ 90%
81 HLA-B5801 IAMACLVGLMWL 41.73 0.25 0.9300 Non-allergen  93%
Nucleoprotein

91 HLA-B2705 RRIRGGDGKMKD 428.31 1.30 0.7443 Non-allergen 100%
101 HLA-B0801 KDLSPRWYFYYL 290.23 0.60 1.0134 Non-allergen 100%
225 HLA-A0301 RLNQLESKMSGK 56.27 0.30 0.7580 Non-allergen ~ 98%
312 HLA-A0201 AFFGMSRIGMEV 520.61 3.00 0.8821 Non-allergen ~ 97%
319 HLA-B4001 IGMEVTPSGTWL 500.92 0.80 0.8546 Non-allergen ~ 98%
319 HLA-B5801 IGMEVTPSGTWL 373.42 0.80 0.8546 Non-allergen ~ 98%
Envelope

19 HLA-B3901 FLAFVVFLLVTL 21,440.88 12.00 0.7623 Non-allergen 86%
36 HLA-B2705 LRLCAYCCNIVN 3227.68 4.50 0.8619 Non-allergen ~ 94%
41 HLA-A0301 YCCNIVNVSLVK 1832.88 3.00 0.9775 Non-allergen 85%
52 HLA-B0702 KPSFYVYSRVKN 15,461.92 11.00 0.9436 Non-allergen 88%
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Table 3 Predicted HTL epitopes related to S, N, M, and E by NetMHCII server

Allele Position Peptide Affinity (nM) % Rank Antigenicity Conservancy IFNy CD8

Spike glycoprotein Default Random Forest based

DRB4_0101 894 LQIPFAMQMAY- 222 0.70  0.7205 100% Negative IL10 inducer

RENG

DPA10301- 508 YRVVVLSFELL- 11.3 0.12 0.7072 97% Positive  IL10 inducer
DPB10402 HAPA

DPA10103- 1207 EQYIKWPWYIWL-  19.8 0.60 1.0096 100% Positive  IL10 inducer
DPB10201 GFI

DQA10601- 628 QLTPTWRVYSTG- 24.7 0.07 0.9276 99% Negative IL10 non-inducer
DQB10402 SNV

Membrane protein

DRB3_0101 34 LLQFAYANRNR- 41.0 2.50  0.7387 93% Positive  IL10 non-inducer

FLYI

DPA10103— 98 ASFRLFARTRSM- 324 0.60 0.7304 97% Negative IL10 inducer
DPB10301 WSF

DQA10301- 74 NWITGGIAIAMA- 26.8 0.30  0.8998 92%S Negative IL10 non-inducer
DQB10301 CLV

Nucleoprotein

DPA10201- 386 QKKQQTVTLL- 183.2 7.00  0.7662 91% Positive  IL10 inducer
DPB10101 PAADL

DPA10103— 103 DLSPRWYFYYL- 50.3 3.00 1.5180 100% Positive  IL10 non-inducer
DPB10201 GTGP

Envelope

DQA10101- 37 LRLCAYCCNIVN- 7449 15.00 1.0896 87% Positive  IL10 inducer
DQB10501 VSL

DQA10301- 34 TALRLCAYCC- 446.1 15.00 0.8876 91% Positive  IL10 non-inducer
DQB10301 NIVNV

DQA10601- 51 LVKPSFYVYS- 86.3 0.70  0.7311 81% Positive IL10 inducer
DQB10402 RVKNL

construct (Fig. 2). Amino acid sequence was submitted to
the I-TASSER server for predicting the 3D structure of the

Fig. 1 Population Coverage of

selected epitopes

Coverage population

vaccine. GalaxyRefine server improved raw modeled 3D of
vaccine to a decreased RMSD structure in angstrom scale.
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Fig. 2 Graphical representation
of COVID-19 vaccine candidate
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Further validation parameters for the refined 3D structure
shown a Z-score equal to—2.56 (Fig. 3a and b). Plots of
residues scores related to local model quality by plotting
energies (before and after model refining) were compared in
supplementary Fig. S1. Furthermore, the residue energies of
the structure, related to before and after model refining, are
shown in supplementary Fig. S2. Also, the Ramachandran
graph showed 90% and 98.1% amino acids are in favored
and allowed regions (Fig. 3c and d). The refined modeled
COVID-19 structure is shown in Fig. 3e.

Codon optimization, in silico cloning,
and physico-chemical properties of the vaccine

Codon optimization was done for reaching maximum
expression in E. coli (strain K-12). We have assumed param-
eters for avoiding rho-independent transcription terminators
and avoiding prokaryotic ribosome binding sites. Further-
more, it avoided cleavage sites of Xhol and Ndel restriction
enzymes. Nucleotide sequence of vaccine with the length
of 1899 bp was submitted to Codon Adaptation Tool, and
results showed CAI-Value of 0.96 and GC-Content of 50.50,
after codon optimization.

The construct was posited in pET26b(+) to in silico clon-
ing by the SnapGene tool (Fig. 4). Xhol and Ndel restric-
tion enzymes were considered in the N-terminal and
C-terminal of the construct. Also, a HisTag sequence was
included in the C-terminal of the construct. Then, the final
nucleotide sequence was submitted to Expasy Translate
Toll and it found that the construct is in the frame.

ProtParam tool was used to calculate physico-chemical
properties of vaccine, and results showed COVID-19 vaccine
is consists of a protein with 633 amino acid sequence,
with a molecular weight of ~70 kDa. Theoretical pl was
equal to 9.99, and it probably has an estimated half-life of

30 h (mammalian reticulocytes, in vitro), > 20 h (yeast,
in vivo), and > 10 h (Escherichia coli, in vivo). The insta-
bility index and Aliphatic index were calculated at about
31.98 and 77.81, respectively. Also, this protein obtained
a Grand average of hydropathicity (GRAVY) of —0.141.
All calculated physico-chemical parameters of Cov protein
indicated an appropriate construct for expression.

Docking of CoVac19-TLR7 and CoVac19-TLR8

HADDOCK server was used to dock the CoVac19 struc-
ture with TLR7 and TLR8. Twelve clusters related to the
CoVacl9-TLR7 complex and 15 clusters related to the
CoVac19-TLR8 complex were obtained in each HADDOCK
run. Analysis results of docking showed both CoVac19-
TLR7 and CoVac19-TLR8 complexes could establish strong
interaction so that CoVac19-TLR7 reached a HADDOCK
score of —205.9, as well as CoVac19-TLR8 complex HAD-
DOCK score was —204.4. Further analysis indicates the
important role of Van der Waals and electrostatic energies
in both CoVacl9-TLR7 and CoVacl9-TLR8 complexes
(Tables 4 and 5) (Figs. 5a—c and 6a—c).

Table 4 HADDOCK results related to CoVac19-TLR7 complex

HADDOCK score -205.9+11.1
Cluster size 5

RMSD from the overall lowest-energy structure 1.9+23

Van der Waals energy —-51.1+7.8
Electrostatic energy —273.3+27.7
Desolvation energy —123.9+8.7
Restraints violation energy 237.3+15.65
Buried surface area 1998.1+164.1
Z-score -19
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«Fig.3 Modeling, refinement, and validation of COVID-19 vaccine 3D
structure. a and b Z-score of COVID-19 vaccine 3D structure, before
and after structure refinement. ¢ and d Ramachandran graph related
to COVID-19 vaccine 3D structure, before and after structure refine-
ment. e Refined of modeled COVID-19 vaccine 3D structure. KK,
GPGPG, and AAY linkers are shown in yellow, orange, and green
ribbons, respectively

As is shown in Fig. 5c, Alal6, Asn22, Thr23, Lys64, and
Thr67 amino acids from the COVID-19 vaccine structure have
formed hydrogen interactions with His86, Asp89, Pro120,
Argl21, and Glu170 amino acids in the CoVac19-TLR7 com-
plex. Also, a total of 14 hydrogen bonds including the inter-
action between Alal5, Lys18, Asn22, Ile21, GIn25, Arg32,
Lys64, Thr67, Lys68, Asp71, and Leul22 of COVID-19 vac-
cine structure amino acids and Glu59, Asp96, Lys103, GIn117,
Ile118, Pro119, Gly121, Glul24, and Glul71 TLRS struc-
ture amino acids are responsible for forming the complex of
CoVacl9-TLRS.

Formed hydrogen bonds in CoVac19-TLR7 complex (9
hydrogen bonds), as well as CoVac19-TLRS8 complex (14
hydrogen bonds), are shown as 2D presentation in Fig. 7a
and b, respectively.

MD simulation and MM/PBSA analysis

MD simulation of docking results showed stable interac-
tions between both CoVacl19-TLR7 and CoVacl19-TLR8

Fig.4 Insilico cloning of
COVID-19 vaccine nucleotide
sequence to pET26b(+) by
SnapGene

(6175) AsiSI - Pvul

(5866) BspDI - Clal
(5832) Nrul

(5521) Acul

(5389) AIwNI

(5146) BssSal —

(4973) Pcil

(4857) BspQI - Sapl
(4777) Tatl

(4744) BstZ171
(4743) Accl

(4718) PfIFI - Tth111I

(3979) PpuMI
(3954) FsplI - FspAI

(6876) DralIl

complexes. RMSD graph related to CoVac19-TLR7 is 0.8 nm
which confirms an appropriate constancy (Fig. 8a). Also, the
CoVacl9-TLR7 RMSF graph is reached amino acid stabil-
ity during MD simulation (Fig. 8b). The gyration radiation
graph had a high rate of about 2.1 nm but it decreased, grad-
ually, and showed an index of 1.9 nm for CoVac19-TLR7
(Fig. 8c). In addition, the H-bond graph indicates CoVac19-
TLR7 complex maintains its interactions all over MD simu-
lation because was not observed any decrease in this com-
plex (Fig. 8d).

The CoVacl19-TLR8 complex also showed an RMSD
equal to 0.9 nm, in agreement with complex stability in
MD (Fig. 9a). RMSF graph for CoVac19-TLR8 complex for
all amino acids has without fluctuation (Fig. 9b). A rate
of 0.8 nm for gyration radiation confirmed the stability
of the CoVacl9-TLR8 complex (Fig. 9c). However, maxi-
mum maintenance of interaction is shown in the H-bond
graph (Fig. 9d). Overall MD simulation results indicate
stable interaction in both CoVac19-TLR7 and CoVac19-
TLRS8 complexes.

Here, we did further analysis for MD simulation results
and the contribution of involved amino acids in complexes,
via MM/PBSA calculation. As shown in Table 6, binding
energy equal to— 1842 kJ/mol is obtained for CoVac19-
TLR7complex, as well as van der Waal energy and elec-
trostatic energy of —363.404 kJ/mol and —2198.164 kJ/
mol, respectively. We can see that binding energy is equal

(57) Sty XhoI (158)

pET-26b(+)/Covid-19 vaccine
7118 bp

NdeI (2046)
RBS

Xbal (2084)
T7 promoter

BclI* (2886)
NmeAIII (3078)

EcoRV (3322)

(3717) PshAI HincII - Hpal (3378)
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Table 5 HADDOCK results related to CoVac19-TLR8 complex

HADDOCK score —204.4+10.1
Cluster size 12

RMSD from the overall lowest-energy structure 1.7+1.5

Van der Waals energy —-68.8+10.3
Electrostatic energy —4389+73.2
Desolvation energy -93.7+6.0
Restraints violation energy 459.1+34.98
Buried surface area 2390.1+131.4
Z-score -1.8

to—3336.965 kJ/mol, in the CoVac19-TLR8 complex, com-
pared to CoVac19-TLR7 complex, which is referred to the
more hydrogen bonds in the CoVac19-TLR8 complex (Table 7).
Furthermore, Van der Waal energy and electrostatic energy
of —633.075 kJ/mol and — 4043.666 kJ/mol, respectively,
in CoVac19-TLRS8 complex; that is negative energy similar
to CoVacl19-TLR7complex. Overall MM/PBSA analysis
confirmed the stability of complexes.

Simulating immune responses

C-IMMSIM immune provided us an in silico perspective
from the generated immunogenic profile by the vaccine. Pri-
mary response originated from the immune stimulation was
observed in much lower levels compared to the secondary
and tertiary responses. We assumed 3 injections with 4-week

Alal6

Thr67

Fig.5 HADDOCK docking results of COVID-19 vaccine-TLR7 com-
plex. a CoVacl9-TLR7 complex is shown as ribbons. b CoVacl9-
TLR7 complex is shown as surface. ¢ CoVacl9-TLR7 complex is
shown as magnified sticks. CoVacl9 structure is blue, and TLR7
structure is orange

@ Springer

Fig.6 HADDOCK docking results of COVID-19 vaccine-TLR8 com-
plex. a CoVacl9-TLR8 complex is shown as ribbons. b CoVacl9-
TLR8 complex is shown as surface. ¢ CoVacl9-TLR8 complex is
shown as magnified sticks. CoVac19 structure is green, and the TLRS
structure is orange

intervals between each injection. Derived immune responses
showed IgM +1gG level (Fig. 10a). A memory cell develop-
ment is observed in tertiary response associated with robust
activation level of B cells such as B isotypes of IgM and IgG
(Fig. 10b and c). Active T cells in both the CD4 T-helper
lymphocyte and CD4 T-helper lymphocyte responses associ-
ated with secondary and tertiary reactions increase signifi-
cantly and subsequently decrease (Fig. 10d-f). The TC cell
population also shows a correlation with the pre-activation
of all of TCs (Fig. 10g). Because cellular immunity plays an
important role in combat to COVID-19 disease, it is observed
that natural killer cells and dendritic cells are consistent with
the rapid reproduction of macrophages (Fig. 10h—j). Finally,
high levels of generated cytokines such as IFN-y and IL-2
affected due to injections confirm acceptable stimulation of
the immune system by this vaccine (Fig. 10k).

Discussion

With the advent of SARS-CoV-2 and, consequently, with
the announcement by the World Health Organization that
COVID-19 was a pandemic, researchers began efforts to
obtain vaccines to prevent the disease (Cucinotta and Vanelli
2020; Sohrabi et al. 2020). Classic live or attenuated vac-
cines have a long history of success, but cause problems such
as autoimmune and allergic reactions. This has led to the use
of immunoinformatics methods to eliminate such biosafety
issues, along with taking advantage of time and cost savings.
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The multi-epitope vaccines are an effective and promising
option to overcome the limitations of classical vaccines. One
of the salient features of multi-epitope vaccines compared to
conventional vaccines is that due to viral genome screening,
stimulation of targeted immune responses occurs following
accurate identification of immunogenic epitopes. To date,
several vaccines against SARS-CoV-2 have been developed
and reported (Ahmad et al. 2020; Behmard et al. 2020; Kar
et al. 2020; Khairkhah et al. 2020; Mukherjee et al. 2020).
Due to the existence of sufficient information about the
genomics and proteomics of SARS-CoV-2, the most effec-
tive SARS-CoV-2 antigenic epitopes can be identified and
used to make the COVID-19 vaccine by relying on in silico
methods.

In our study, we used a variety of computational tools
alongside immunoinformatics methods to design a multi-
epitope vaccine capable of eliciting both humoral and

1120(A)

ﬁinm (ily:& %ﬁ:«m @

1e21(A) @
oy

CoVacl9 amino acids are shown as orange sticks, and TLR8 amino
acids are shown as pink sticks

cellular immune responses (De Groot et al. 2020). In addi-
tion, multi-epitope vaccines specifically have epitopes that
bind to CTL, HTL, and B cells, along with the use of protein
adjuvants in this type of vaccine (Sette and Fikes 2003).
Here, we used a multi-epitope vaccine against proteins S,
M, N, and E. As a modulating tropism, protein S is one of
the most important factors of viral entry into the host cell
(Ou et al. 2020). On the other hand, since SARS-CoV-2 is
an RNA virus, a mutation is expected. Most of these muta-
tions occur in surface proteins such as protein S, which
can mislead the immune system (Sanjuidn and Domingo-
Calap 2016). Therefore, we used protein S as the major and
most important component in this multi-epitope vaccine,
along with structural proteins M, N, and E, to maximize
the immune response against SARS-CoV-2. Structural pro-
teins have more protected regions because they are under
less structured evolution (Satarker and Nampoothiri 2020).
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Fig.8 MD simulation results of CoVac19-TLR7 complex. a RMSD, b RMSF, ¢ Rg, and d hydrogen bond graphs related to CoVac19-TLR7

complex

It is expected that epitopes extracted from these protected
areas will lead to increased diversity and immune response.
Studies has shown M glycoprotein, as most abundant struc-
tural protein of SARS-COV-2, leads to promoting membrane
fusion and viral infectivity via S protein binding and the
host surface receptor (Hu et al. 2003; Thomas 2020). Fur-
thermore, M could affect virus-induced immune responses
of the host throughout involving in regulation of replication
and packing the genomic RNA into viral particles (Zheng
et al. 2020). N protein of SARS-COV-2 is responsible for
the package the genomic viral genome into ribonucleopro-
tein complexes which are known as nucleocapsids (de Haan
and Rottier 2005). N proteins are included in three highly
conserved domains called N terminal domain 1, RNA-
binding domain 2, and C-terminal domain 3 (McBride et al.
2014). Genome replication and transmission are affected by

@ Springer

protection on the genome via N protein (de Haan and Rottier
2005). Also, N protein plays a key role in viral transcription,
translation and CoV virion via its interaction with gRNA
and sgRNA molecules (Cubuk et al. 2021; Narayanan et al.
2003).

In our study, we used the beta-defensin 3 sequences as
an adjuvant. Beta-defensin 3 has been shown to act as a
potential adjuvant in the N-terminal region of the protein.
Also, we included the PADRE sequence in the construct
that acts as a peptide with very high adjuvant properties.
The glycine-rich binder, such as GPGPG, was used to bind
selected epitopes. GPGPG makes adjacent domains avail-
able by increasing the solubility of the protein structure
and allows them to function more freely; also, it acts as the
immune-modulatory (Kavoosi et al. 2007). The KK linker
was also used to aid in antigen processing. Studies have
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Fig.9 MD simulation results of CoVac19-TLR8 complex. a RMSD, b RMSF, ¢ Rg, and d hydrogen bond graphs related to CoVac19-TLRS8

complex

shown that the KK linker targets the Cathepsin B sequence
as a lysosomal protease for antigen processing. During the
screening, the predicted CTL and HTL epitopes were exam-
ined from the total human HLA supertypes for the MHC
class I and MHC class II alleles, and the most antigenic
epitopes were selected.

Table 6 MM/PBSA analysis related to CoVac19-TLR7 complex

The obtained index of more than 95% of the population
coverage for CTL epitopes and helper T cells in 16 specific
geographical areas showed that selected epitopes among tar-
get populations commonly bind to HLA molecules. Linear B
cell epitopes were used in conjunction with conformational

Table 7 MM/PBSA analysis related to CoVac19-TLR8 complex

MM/PBSA-complexes CoVacl9-TLR7 complex MM/PBSA-complexes CoVac19-TLR8 complex
Van der Waal energy —363.404 +14.338 kJ/mol Van der Waal energy —633.075+52.833 kJ/mol
Electrostatic energy —2198.164 +78.604 kJ/mol Electrostatic energy —4043.666 +99.422 kJ/mol
Polar solvation energy 767.667 +154.711 kJ/mol Polar solvation energy 1418.238 +145.798 kJ/mol
SASA energy —48.291 +4.832 kJ/mol SASA energy —78.462 +6.429 kJ/mol
Binding energy —1842.191 +100.880 kJ/mol Binding energy —3336.965 +108.220 kJ/mol
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Fig. 10 Immune simulation after COVID-19 vaccine injection. a Anti-
gen and immunoglobulins, b B lymphocytes: total count, memory
cells, and sub-divided in isotypes IgM, 1gG1, and 1gG2; ¢ B lympho-
cyte population per entity-state (i.e., showing counts for active, pre-
senting on class-1I, internalized the Ag, duplicating and anergic; d
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counts: e CD4 T-helper lymphocyte count sub-divided per entity-
state (i.e., active, resting, anergic, and duplicating), f CD8 T-cytotoxic
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lymphocytes count. Total and memory shown: g CD8 T-cytotoxic
lymphocytes count per entity-state, h natural killer cells (total count);
i dendritic cells. DC can present antigenic peptides on both MHC
class-I and class-II molecules. The curves show the total number
broken down to active, resting, internalized, and presenting the ag: j
macrophages. total count, internalized, presenting on MHC class-II,
active and resting macrophages; k cytokines. The concentration of
cytokines and interleukins. D in the inset plot is danger signal
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B cell epitopes to maximize the humoral immune response
by the construct.

T cells recognize able to recognize a complex between
a specific MHC molecule (called HLA in humans) and a
unique epitope that was derived from a pathogen. As a result,
that unique epitope only evokes a response in individuals in
whom the expressed MHC in that person can bind to the
unique epitope. MHCs are classified into two classes, HLA
I and II; HLA I molecules are important for peptides that are
associated with cytotoxic T lymphocytes (CTL) responses,
and HLA II molecules are important for those peptides asso-
ciated with helper T lymphocyte (HTL) responses. There-
fore, each of the CLT epitopes and HTL epitopes can bind to
specific HLAs. On the other hand, MHSs have many poly-
morphisms that are different in each population. Depending
on the population coverage, each epitope can bind to a spe-
cific allele of HLAs, which is determined as the percentage
of the difference in population coverage for each epitope in
HLA class 1 and HLA class 2. If each epitope tends to bind
to more HLA molecules, it offers better population cover-
age in relatives. As can be seen in Fig. 1, the difference in
coverage percentage between HLA class 1 and HLA class 2
epitopes is reduced in the combined HLA class 1/2 because
each epitope was able to incidence the potential to bind to
more HLAs (Bui et al. 2006).

Here, we used the IEDB server to predict B cell epitopes.
The IEDB server estimated a total of 7 linear B cell epitopes
with the highest immunogenicity. Also, out of 48 CTL
epitopes, 16 epitopes, and out of 56 HTL epitopes, 12
epitopes were identified, indicating the ability of the con-
struct designed to induce a strong cellular immunity. Given
the importance of the non-allergenicity of our vaccine for the
immune system, which is generally one of the major limiting
factors to the vaccine designing process, we used the Aller-
CatPro server to predict potential allergenicity. The results
confirmed that all selected epitopes are non-allergenic for
the immune system. Besides, toxicity evaluation of selected
epitopes confirmed each epitope was predicted as non-toxic.

To achieve stable expression in the E. coli expression sys-
tem for in vitro, it is necessary to design an in silico cloning
in which the nucleotide sequence has factors such as (1) the
absence of non-specific restriction enzymes on the sequence,
(2) the percentage of suitable CAI-Value/GC-Content, (3)
placement of the nucleotide sequence in the Open Read-
ing Frame (ORF), and (4) optimization of the nucleotide
sequence is based on codon preference in E. coli. As shown
for in silico cloning, the CAI-Value percentages before and
after codon optimization were 0.59 and 0.96, respectively,
confirming that the CAI-Value index of the nucleotide
sequence had improved. Also, the GC-Content before and
after codon optimization were 55.39 and 50.50, respectively,
which is very close to the GC-Content index of 50.73 in E.

coli (strain K12). In addition, the placement of the amino
acid sequence after nucleotide translation in the ORF indi-
cates that the nucleotide sequences are in the appropriate
frame, and the design of in silico cloning is similar to in
vitro conditions that assume maximum protein expression.

The molecular weight of the construct was 70.87 kDa
(633 aa) for this multi-epitope vaccine. Both the epitopes
and the final structure were soluble and stable, indicating
that the designed construct had high solubility and stabil-
ity to initiate an immunogenic reaction. The I-TASSER
server was used to predict the structure of the third protein.
The modeled structure was refined using GalaxyRefine.
Comparison of Z-score before refining and after refining
shows that the structure improved after refining. Next, the
3D modeled construct was evaluated in terms of structural
energy content. It was identified that plot of residue scores
plotting energies as a function of amino acid sequence posi-
tion had multiplicity negative residual energies as well as
the low rate of residual positive values. This indicates that
positive values corresponding to problematic or erroneous
parts have a smaller share of structural energy in plotting
energies, so it can be concluded that the predominance of
negative energy leads to increased stability and structural
stability of the protein. In addition, the residue energy
of the three-dimensional structure was associated with
the predominantly blue color (regions referred to lowest
energy) and less red was observed in the structure (regions
referred to highest energy), which indicates low energy of
the structure and thus the stability of the 3D structure in
terms of energetic content. Stable structures increase the
ability of proteins to maintain their interactions with other
proteins/ligands (Chamani and Heshmati 2008; Mokaberi
et al. 2021). Also, the Ramachandran graph after refine-
ment showed that 98.1% of amino acids are in the allowed
region. This indicates that the final structure is of accept-
able quality.

Recognition of pathogen-associated molecular patterns
(PAMPs) by pattern recognition receptors (PRR) is resulted
in activation of response innate host antiviral immunity and
plays a role in the control of viral infection (Chow et al.
2018). Generally, viral RNAs are considered as the PAMPs
that are recognized by TLRs (Sallenave and Guillot 2020).
Previous studies have been shown the role of the TLR7
receptor in host defense against single-stranded RNA viruses
such as SARS-CoV-2 (ssRNA) (Fallerini and Daga 2021,
Salvi et al. 2021; Solanich et al. 2021). TLR7 and TLRS are
the endosomal TLRs that play essential and unnecessary
biological roles in host survival (Shen et al. 2010). Trig-
gering of specific innate immune receptors such as TLR7
and TLR 8 by their agonists can activate innate immune
cells which eventually leads to the production of I interferon
(Iwasaki and Medzhitov 2010).
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SARS-CoV-2 spike glycoprotein is identified as a struc-
tural component of the virus by TLR receptors expressed in
the plasma membrane of immune cells such as monocytes,
macrophages, and immature dendritic cells (Khanmohammadi
and Rezaei 2021; Poulas et al. 2020). The binding of COVID-
19 antigens to TLRs activates the NF-xB, protein kinase,
and finally the secretion of cytokines (Khanmohammadi and
Rezaei 2021).

Although COVID-19 disease is still a relatively new dis-
ease and requires more clinical findings, studies have shown
the importance of TLR7/8 stimulation in COVID-19 vac-
cines. In one study, Imidazoquinolines was used as an adju-
vant in a SARS-CoV-2 recombinant spike protein vaccine to
enhance TLR7/8 stimulation, and the results showed that the
vaccine led to product the robust IgG2a and IgG1 antibody
titers in a mouse model and neutralized viral infection in
both in vitro and in vivo (Jangra et al. 2021). Responses of
Th1 and CD8 + T cells have been shown also against HIV-1
Gag protein as RNA viral infection by TLR7/8 agonist
(Wille-Reece et al. 2005a, 2005b).

As Danesh et al. have explained, molecular modeling can
provide an insight to locate the exact binding site of the
drug/ligand or proteins to the proteins’ amino acids (Danesh
et al. 2018). Here we used protein—protein molecular dock-
ing to investigate the interaction of the vaccine structure
with TLR7 and TLRS. Interactions analysis of the vaccine
structure with TLR7 and TLR8 showed that 10 hydrogen
bonds in CoVac19-TLR7 complex and 14 hydrogen bonds
in CoVacl9-TLRS8 complex, along with electrostatic and
Van der Waals bonds, were responsible for the interac-
tions formed in both CoVac19-TLR7 and CoVac19-TLR8
complexes. Stimulation of TLR leads to a specific immune
response and activation of a cascade of immune factors.
Docking results showed that the interaction between vac-
cine amino acids and TLR amino acids created complexes
with very negative binding energy, indicating that the affin-
ity of the vaccine structure with high TLR structures is high.
In general, negative binding energies, Van der Waals, and
electrostatic in the formed complexes indicate a high affin-
ity for binding between protein—protein, ligand—protein, or
DNA-protein complexes (Dehghani Sani et al. 2018). Sev-
eral studies on ssRNAs such as SARS-CoV have shown the
importance of TLR7 and TLR8 for eliciting an effective
immune response (de Groot and Bontrop 2020; Poulas et al.
2020; Safaei and Karimi-Googheri 2020).

In this study, the docking of the vaccine model with the
TLR7 was evaluated and then simulated with MD and free
energy calculations. Studies have shown that trigger-
ing TLR7 is involved in inducing TLR signaling. Subse-
quently, it can also activate immune pathways involved
in pathogenesis and viral infection (Fallerini et al. 2021;
Khanmohammadi and Rezaei 2021; Poulas et al. 2020). Stud-
ies have shown that TLRS function is also affected by TLR7
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function, and in addition, sSRNAs can stimulate both TLR7
and TLRS. That is why we also docked the construct with
the TLR8, and the MD complex results in CoVac19-TLR8
showed an appropriate interaction between the TLR8 and
the CoVac19.

Molecular dynamic simulations of the complexes for
40 ns showed very slight oscillation and fluctuations in the
RMSD and RMSF diagrams, indicating the high stability
and flexibility of the vaccine structure. In addition, analyses
of the gyration radius of the amino acids involved in the
complexes indicated the stability of both CoVac19-TLR7
and CoVac19-TLR8 complexes during molecular dynam-
ics simulations. In agreement with the RMSD, RMSF, and
gyration radius diagrams, the amount of H-bond also indi-
cated that the number of hydrogen bonds involved in the
complexes was maintained. The results of MM/PBSA analy-
sis showed that the binding energy of the CoVac19-TLRS
complex was equal to —3336.965 +108.220 kJ/mol, which
was more negative compared to the binding energy of the
CoVacl19-TLR7 complex (— 1842.191 £+ 100.880 kJ/mol). In
this respect, the Van der Waals energy of both complexes
was approximately equal, while the electrostatic energy of
equal —4043.666 +99.422 kJ/mol in the CoVacl19-TLRS8
complex was also more negative than the electrostatic energy
of equal —2198.164 +78.604 kJ/mol in the CoVac19-TLR7
complex. These results were in agreement with Tables 4
and 5 for the docking analysis; furthermore, the simulation
results of the complexes by MD showed that over time, the
binding energy in both complexes became more negative,
thus indicating that the complexes were stable and retained
their strong interactions along the MD. In addition to bind-
ing energy, important constants such as Van der Waals and
electrostatic energies in the formation of complexes have
also been shown and confirmed in other studies (Danesh
et al. 2018; Dehghani Sani et al. 2018; Krishnan et al. 2021).
Output data from molecular dynamic simulations can be
used to evaluate vaccine stability by simulation in vivo,
wherein a study, the evaluation of TLR7/8 stimulation as
in vivo, showed that injection of recombinant spike protein
candidate vaccine in a mouse model induced the production
of IgG2a and IgG1. (Jangra et al. 2021).

Because TLR7/8 is stimulated by single-stranded RNAs,
so TLR7 acts as sensors that can play a role in the clear-
ance of SARS-CoV-2 (Onofrio et al. 2020). Stimulation of
TLR7/8 can be mediated by the Myeloid Differentiation
Primary Response Protein 88 (MyD88) signaling pathway
and messenger cascade is activated. The formation of the
messenger cascade eventually leads to the nuclear transfer of
transcription factors such as NF-kB and activation of MAPK
(mitogen-activated protein kinases). Activation of these
transcription factors increases the level of interferon I type
mRNA, activation of interferon regulatory factors including
IRF7 and IRF3, induction of expression of proinflammatory



Immunogenetics (2021) 73:459-477

475

cytokines and 1-IL genes, and transcription of interferon
type I (a and p) genes, resulting in immune responses and
anti-viral responses are induced (Kawasaki and Kawai 2014;
O'Neill et al. 2013; Sallenave and Guillot 2020). Successful
interaction of the vaccine structure with TLR7/8 structures
is likely to activate the messenger cascade and ultimately
elicit antiviral responses to prevent SARS-CoV-2 infection,
although final confirmation requires in vivo/in vitro experi-
ments and clinical trial phases.

Codon optimization of vaccine nucleotide sequence was
performed to ensure effective expression in the E. coli host,
and the improvement of its GC content was acceptable to the
extent of E. coli. Restriction enzymes were selected so that
the PelB sequence was removed from the vector to provide
conditions for intracellular expression during placement of
the vaccine in the pET26b(+) expression vector to simu-
late in silico. In addition, for proper purification, the HisTag
sequence was considered in the C-terminal of the vaccine to
purify the recombinant protein with the Ni Sepharose col-
umn. Immunization simulation studies confirmed that the
vaccine, after injection, was able to elicit specific immune
responses needed to combats the antigen. In this study, the
most antigenic epitopes binding to the MHC-I subtype class,
MHC-II, and linear/conformational of four known S, M, N,
and E proteins of SARS-CoV-2 were used to reach maxi-
mum immunogenicity. Although in silico studies of the vac-
cine require entry into the clinical phase for confirmation,
the predictions of immunoinformatics tools confirmed the
ability of the presented vaccine in this study to induce a
humoral and cellular immune response.

Conclusion

Combat to pandemic diseases such as SARS-CoV-2
required early preventative strategies. Although self-
quarantine methods and rapid COVID-19 diagnoses are
a priority, along with the search for therapeutic solutions,
the need for universal vaccination to break the pandemic
chain 19 is essential. Recombinant multi-epitope vac-
cines are an available and viable alternative to combat
the SARS-CoV-2 virus due to their presence of several
immunogenic factors against target antigens as well as the
simultaneous stimulation of humoral and cellular immune
responses. Immunoinformatics tools, due to their ease
of use and reliability, provide us with an accurate, cost-
effective, and fast prediction for designing the best vac-
cines, without any risk factor keep in touch (virus). In this
study, we presented a reverse vaccinology approach using
immunoinformatics tools to design an in silico vaccine.
Immunogenicity responses prediction results suggest that
this vaccine is a candidate for the SARS-CoV-2 vaccine.
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