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SARS-CoV-2 causes a severe respiratory disease called COVID-19. Currently, global health is facing its
devastating outbreak. However, there is no vaccine available against this virus up to now. In this study,
a novel multi-epitope vaccine against SARS-CoV-2 was designed to provoke both innate and adaptive
immune responses. The immunodominant regions of six non-structural proteins (nsp7, nsp8, nsp9,
nsp10, nsp12 and nsp14) of SARS-CoV-2 were selected by multiple immunoinformatic tools to provoke
T cell immune response. Also, immunodominant fragment of the functional region of SARS-CoV-2 spike
(400–510 residues) protein was selected for inducing neutralizing antibodies production. The selected
regions’ sequences were connected to each other by furin-sensitive linker (RVRR). Moreover, the func-
tional region of b-defensin as a well-known agonist for the TLR-4/MD complex was added at the N-
terminus of the vaccine using (EAAAK)3 linker. Also, a CD4 + T-helper epitope, PADRE, was used at the
C-terminal of the vaccine by GPGPG and A(EAAAK)2A linkers to form the final vaccine construct. The
physicochemical properties, allergenicity, antigenicity, functionality and population coverage of the final
vaccine construct were analyzed. The final vaccine construct was an immunogenic, non-allergen and
unfunctional protein which contained multiple CD8 + and CD4 + overlapping epitopes, IFN-c inducing
epitopes, linear and conformational B cell epitopes. It could form stable and significant interactions with
TLR-4/MD according to molecular docking and dynamics simulations. Global population coverage of the
vaccine for HLA-I and II were estimated 96.2% and 97.1%, respectively. At last, the final vaccine construct
was reverse translated to design the DNA vaccine. Although the designed vaccine exhibited high efficacy
in silico, further experimental validation is necessary.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

SARS-CoV-2 is a newly identified member of the coronavirus
family. It causes a severe respiratory disease called COVID-19
and global health currently is facing its devastating outbreak [1].
SARS-CoV-2 is an enveloped positive-strand RNA virus. Its genome
encodes 28 proteins which are divided into three categories includ-
ing non-structural (nsp), structural, and accessory proteins. The
non-structural proteins (nsp1-nsp16) are only produced during
the virus RNA translation at the infected host cells. The envelop
(E), membrane (M), nucleoprotein (N) and spike (S) are the struc-
tural proteins which assemble the virus particle. Also, the acces-
sory proteins (n = 8) play key roles in the virus assembly,
virulence and pathogenesis [2]. No specific treatment is approved
for COVID-19, until now. Vaccines are one of the most effective
tools to control infectious diseases. Recently, immunoinformatics
approaches have gained lots of attention for designing vaccines.
In the past, vaccine development was completely dependent to
immunological experiments which are relatively expensive and
time-consuming. However, recent advances in the field of
immunological bioinformatics have provided feasible tools which
can significantly decrease the time and cost required for vaccine
development [3,4].

Adaptive immune response consists of cellular and humoral
arms. It has determinative role against viral infections. CD8 + T
cells account for about 80% of total infiltrative inflammatory cells
in the lungs interstitium of the COVID-19 patients. These cytotoxic
cells attack the virus-infected cells. On the other hand, humoral
immune produces neutralizing antibodies which play a protective
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role by limiting infection. Most of the immune responses in the
coronavirus infected patients were found to be against the struc-
tural proteins, particularly S glycoprotein [5]. The S glycoproteins
protrude from the SARS-CoV-2 envelope and play a determinative
role in the virus binding and invasion to the target cells through
angiotensin-converting enzyme 2 receptor (ACE2) [6]. Many stud-
ies have used this glycoprotein to develop COVID-19 vaccine due to
its pivotal role and high exposure on the virus surface [7–10].
However, immunogenic parts of these surface antigens are
occluded with a dense coat of host-derived glycans. In addition,
the surface proteins’ glycosylation sites are highly variable during
the virus evolution. Taking together, this glycan shield and its
potential diversity of modification can lead to immune evasion
[11]. To conquer this challenge, we selected the interacting region
of the S protein with ACE2 for incorporation to the designed vac-
cine structure. This region has a high-specific and conserved glyco-
sylation pattern which is suitable as an antibody target. Attaching
of neutralizing antibodies to this site of S protein blocks virus bind-
ing and entrance to the host cells [12].

On the other hand, T cells’ role in the immune response for con-
trolling coronaviruses infections is significantly more vital than B
cells. More than 70% of the T cell immune response targets the
structural proteins of coronaviruses [5]. Naive T cells are stimu-
lated by antigen-presenting cells (APC). As APCs phagocyte the
virus, only the structural proteins of the coronavirus enter the
major histocompatibility complex (MHC) processing due to lack
of nsps at virus particles. However, two third of the coronavirus
genomes encodes nsps and they are highly expressed at the
infected cells. The nsps are presented by the infected cells’ MHC-
I from the first day of infection [13]. Therefore, we incorporated
the immunodominant regions of nsps in the designed vaccine to
activate the immune system against these antigens which may
stay out of the immune system sight.

In this study, we tried to designed a multi-epitope vaccine with
high efficacy to boost both T and B cells immune responses against
SARS-CoV-2. According to the best of our knowledge, this is the
first time to select nsps for designing vaccine against SARS-CoV-
2. Also, an immunogenic region of the S protein interacting domain
with ACE2 receptor was incorporated into the vaccine construct to
cause production of neutralizing antibodies with ability to block
virus binding and invasion to the host cells.
2. Methods and materials

2.1. Study design

The present study has eight main steps: (1) Antigen screening;
(2) Selection of the immunodominant regions of the selected anti-
gens; (3) Designing the final vaccine construct; (4) Tertiary struc-
ture prediction and validation; (5) Molecular docking with TLR-4/
MD; (6) Designing the DNA vaccine; (7) Data validation; and (8)
Immune response simulation. The workflow of this study is shown
as Fig. 1.
2.2. Collection of proteins

The sequences of the structural and non-structural proteins of
SARS-CoV-2 were obtained from NCBI database (https://www.
ncbi.nlm.nih.gov/protein/). Two SARS-CoV-2 proteins including S
glycoprotein and Orf1ab polyprotein (Orf1ab polyprotein is
cleaved into nsp1-nsp16 [14]) were selected for designing the can-
didate vaccine. Orf1ab had significantly higher number of high-
binding affinity (<500 nM) MHC-I epitopes (across 9-mer peptides)
in comparison with all of the structural proteins of SARS-CoV-2
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according to predictions of the consensus method of the TepiTool

server (http://tools.iedb.org/tepitool/.) [15].

2.3. MHC-I binding epitopes prediction

MHC-I binding epitopes were predicted for the nsp7, nsp8,
nsp9, nsp10, nsp12, and nsp14 proteins. Three servers including
NetMHCpan 4.0 (http://www.cbs.dtu.dk/services/NetMHCpan/)
[16], Artificial neural network (ANN) and Stabilized matrix method
(SMM) of the ‘‘IEDB” server (http://tools.immuneepitope.org/ana-
lyze/html/mhc_binding.html) [17], and the MHCpred server
(http://www.ddg-pharmfac.net/mhcpred/MHCPred/) [18] were
used for this purpose.

2.4. MHC-II binding epitopes prediction

MHC-II binding epitopes of the mentioned proteins were pre-
dicted by NetMHCIIpan 3.2 (http://www.cbs.dtu.dk/services/
NetMHCIIpan/) [19], NN-align and SMM-align methods in ‘‘IEDB”
server (http://tools.iedb.org/mhcii/) [20,21], and the MHCpred
(http://www.ddg-pharmfac.net/mhcpred/MHCPred/) [22].

2.5. CTL epitopes prediction

The CTL epitopes were predicted by NetCTLpan 1.1 (http://
www.cbs.dtu.dk/services/NetCTLpan/) [23,24], NetCTL 1.2 (http://
www.cbs.dtu.dk/services/NetCTL/) [25,26] using all the server-
provided HLA supertypes (threshold for epitope identification
>0.75). Also, the PAComplex (http://pacomplex.l ife.nctu.edu.tw./)
[27] was used for evaluation of both peptide/MHC and peptide/T-
cell receptors (TCR) interfaces. Epitopes with Joint Z-value >3 were
selected in this server.

2.6. Predicting HLA CD4 + immunogenicity

CD4 immunogenicity of the selected proteins were predicted by
IEDB Analysis Resource (http://tools.iedb.org/CD4episcore/). The
CD4episcore predicts the immunogenicity of antigens for the
CD4 + T cell at the population level without need of HLA typing.
Its efficacy in different context including disparate techniques for
epitope identification, different antigen sources and ethnicities
has been validated [28].

2.7. Identification of linear B-cell epitopes of the S protein

The immunodominant linear B cell epitopes of the interacting
region of S protein with ACE2 (350–570 residues of S protein), were
predicted by several methods and servers including ABCpred Pre-
diction Server (https://webs.iiitd.edu.in/raghava/abcpred/) [29],
Bcepred Prediction Server (https://webs.iiitd.edu.in/raghava/
bcepred/) [30], ElliPro (http://tools.iedb.org/ellipro/) [31], Antibody
Epitope Prediction in IEDB Analysis Resource (http://tools.iedb.org/
bcell/) by different methods including Bepipred Linear Epitope Pre-
diction 2.0, Chou & Fasman Beta-Turn Prediction, Emini Surface
Accessibility Prediction, Karplus & Schulz Flexibility Prediction,
Kolaskar & Tongaonkar Antigenicity, and Parker Hydrophilicity
Prediction.

2.8. Identification of the overlapping T cell epitopes

The epitopes with high affinity for multiple alleles of both HLA-I
and HLA-II are called overlapping epitopes which are important for
designing vaccines. These epitopes have the ability to activate both
cytotoxic T cells and helper T cells. Therefore, the consensus
method of the TepiTool (http://tools.iedb.org/tepitool/.) server
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Fig. 1. The flow chart of this study. Designing this vaccine is consisted of six main steps including (1) Antigen screening; (2) Selection of the immunodominant regions of the
selected antigens; (3) Designing the final vaccine construct; (4) Tertiary structure prediction and validation; (5) Molecular docking with TLR-4/MD; (6) Designing the DNA
vaccine.
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was employed for this purpose. In case of consensus prediction, the
peptides which were predicted as epitope by all methods (ANN,
SMM, NetMHCpan, CombLib for MHC-I and NetMHCIIpan, NN_a-
lign, SMM_align, Sturniolo and Combinatorial library for MHC-II)
were considered as epitope to enhance the prediction specificity
[15].

2.9. Prediction of IFN-c inducing epitopes

IFN-c has a pivotal role in both innate and adaptive immune
responses against viral pathogens and predicting the epitopes with
the capacity to induce IFN-c is very important for designing vac-
cine. Therefore, the IFN-c inducing epitopes of the selected pro-
teins were predicted by the IFNepitope (http://crdd.osdd.net/
raghava/ifnepitope/) server [32].

2.10. Assemblage of the multi-epitope vaccine candidate sequence

The candidate region of each protein which contained the
immunodominant epitopes were selected to form the multi-
epitope vaccine. The selected regions’ sequences were connected
to each other by furin-sensitive linker (RVRR). Human b-defensin
was added at the N-terminus of the vaccine using (EAAAK)3 linker
as an internal adjuvant to enhance immunogenicity. Also,
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CD4 + T-helper epitope, PADRE (Pan human leukocyte antigen-
DR reactive epitope), was used at the C-terminal of the vaccine
by GPGPG and A(EAAAK)2A linkers. Finally, a methionine was
added to the N-terminal and His-tag (six histamines) was added
to the C-terminal to form the final vaccine construct.

2.11. Vaccine features

2.11.1. Prediction of physicochemical parameters
The ProtParam online server (http://web.expasy.org/prot-

param/) was employed to investigate the physicochemical param-
eters of the vaccine including amino acid composition, grand
average of hydropathicity (GRAVY), instability index, theoretical
pI (isoelectric point), molecular weight, in vitro and in vivo half-
life, and aliphatic index [33,34]. Also, the self-assembling protein
nanoparticles (SAPN) from Plasmodium falciparum FMP014 (C1)
[35], Staphylococcus aureus fusion protein (C2) [36], and a multiepi-
tope vaccine consisted of immunodominant epitopes of SYCP1 and
ACRBP antigens (C3) [37] were selected as positive controls for
comparative evaluation of the candidate vaccine’s properties.

2.11.2. Proteasomal cleavage and TAP-binding peptide prediction
The MAPPP (http://www.mpiib-berlin.mpg.de/MAPPP/cleavage.

html) [38] and NetChop (http://tools.iedb.org/netchop/) were used
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for predicting the proteasomal processing [39]. In addition, the
binding affinity of the multi-epitope vaccine with the TAP (trans-
porter associated with antigen processing) was investigated by
the TAPPred (http://crdd.osdd.net/raghava/tappred/index.html)
server [40].

2.11.3. Prediction of antigenicity, allergenicity, cell localization and
protein function

The VaxiJen v2.0 (http://www.ddg-pharmfac.net/vaxijen/Vaxi-
Jen/VaxiJen.html) [41], Secret-AAR (http://microbiomics.ibt.unam.
mx/tools/aar/) [42], and ANTIGENPro (http://scratch.proteomics.
ics.uci.edu/) [43,44] servers were employed to predict the anti-
genicity of the candidate vaccine, C1, C2, and C3. The AllerCatPro
(https://allercatpro.bii.a-star.edu.sg/) [45], AllergenFP v.1.0
(http://ddg-pharmfac.net/AllergenFP/) [46], and all the six
approaches of the AlgPred (http://www. imtech.res.in/raghava/al
gpred/) [47] server were used to predict allergenicity of the candi-
date vaccine. Subcellular localization of the vaccine was assigned
by employing the BaCelLo (http://gpcr.biocomp.unibo.it/bacello/)
[48] and SherLoc2 (https://abi-services.informatik.uni-tuebingen.
de/sherloc2/webloc.cgi) servers [49]. Presence of the PEST motifs
at the vaccine construct was evaluated by the epestfind server
(https://emboss.bioinformatics.nl/cgi-bin/emboss/epestfind) [50].
Functional class of the vaccine was predicted by the SVMProt ser-
ver (http://jing.cz3.nus.edu.sg/cgi-bin/svmprot.cgi) based on Sup-
port Vector Machine classification. This server uses the primary
sequence of a protein for predicting its functional family classifica-
tion [51].

2.11.4. Homology modeling
The homology modeling of the vaccine construct was done by

employing four different servers including Robetta (http://ro-
betta.bakerlab.org/) [52], I-Tasser (https://zhanglab.ccmb.med.
umich.edu/I-TASSER/) [53], RaptorX (http://raptorx.uchicago.edu/
) [54], Phyre2 (http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.
cgi?id = index) [55]. Subsequently, the quality of the obtained
homology models were assessed by MolProbity (http://molpro-
bity.biochem.duke.edu/) [56] and SAVES 5 servers (https://ser-
vicesn.mbi.ucla.edu/SAVES/). The most efficient structure which
was obtained by the Robetta server, was used as the template for
further optimization and predicting the refined 3D structure.
Robetta is a product of Rosetta Commons, which can use both com-
parative protein modeling or de novo structure prediction and even
a combination of both to construct the full structure [57].

2.11.5. Molecular dynamics
To have a valid and stable structure, the preliminary structure

(Robetta structure) was subjected to a molecular dynamics’ simu-
lation using GROMACS 2018.3 version. Two 20 ns simulation were
applied on the primary structure and the final structural frame of
the first simulation was placed as the input of the second simula-
tion. The Chemistry at Harvard Macromolecular Mechanics
(CHARMM) force-field and simple water charge (SPC) water model,
were used for the simulation of the protein in a periodic boundary
condition (PBC). The first energy minimization was performed
using a maximum number of 5000 nanosteps steepest descent
minimization to yield a maximum force of below 1000 Kj/mol/
nm. In the next step, NVT ensemble equilibrium was set, using a
50,000 nanosteps leap-frog integrator, which is equivalent to a
100 ps simulation, at 300 K temperature. Then, an NPT ensemble
equilibrium was achieved by virtue of a similar integrator and
the same nanosteps as in the NVT ensemble. The pressure for the
NPT ensemble was 1.0 bar, using the Parrinello-Rahman pressure
coupling method, and isotropic coupling style. The final molecular
dynamics (MD) simulation was carried out with again leap-frog
integrator, 10,000,000 steps (20 ns), and a Verlet cutoff-scheme.
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Particle Mesh Ewald method was utilized for generation of long-
range electrostatics forces. The Fourier spacing grid was 0.16 for
FFT (Fast-Fourier Transform). Isothermal compressibility of water
was set at 4.5e-5 bar�1. To constraint the geometry of all-bonds
(even heavy atom-H bonds), the LINear Constraint Solver (LINCS)
algorithm was employed. The backbone values were exploited for
calculation of root-mean square deviation (RMSD), root-mean
square fluctuation (RMSF), and radius of gyration.

2.11.6. Obtaining the final structure of the vaccine
The best structure of last MD optimization was chosen based on

the sampling method each 5 ns and assessing their quality via the
MolProbity and SAVES 5 severs. The best structure of the last pro-
cedure was selected and was subjected to further optimization. To
reach a more accurate tertiary structure and optimizing the 3D
structure of the vaccine protein, several softwares and servers
were used. The swiss-pdb viewer (SPDBV) software [58,59] gener-
ated the best results among our tested ones according to the
MolProbity and SAVES 5 servers. The optimization of the structure
using SPDBV was accomplished in the user-friendly environment
of the software, by GROMOS96 43B1 set of parameters, without a
reaction field, in vacuo.

2.12. Prediction of linear and conformational B cell epitopes of the final
vaccine construct

The mentioned serves at 2.7. section was utilized for linear B
cell epitopes prediction of the final vaccine construct. In addition,
conformational discontinuous B cell epitopes were predicted by
the ElliPro (http://tools.iedb.org/ellipro/) [60] and DiscoTope
(http://www.cbs.dtu.dk/services/DiscoTope/) [61] servers. The
sensitivity and specificity of the DiscoTope serve at threshold
�3.7 (default) were 0.47 and 0.75, respectively.

2.13. Post-translational modifications

The post-translational modifications (PTMs) of DNA vaccine
product including N-glycosylation (http://www.cbs.dtu.dk/ser-
vices/NetNGlyc/) [62], O-glycosylation (http://www.cbs.dtu.dk/
services/NetOGlyc/) [63], ubiquitination (http:// www.ubpred.
org/) [64], and phosphorylation (http://www.cbs.dtu.dk/services/
NetPhos/) [65] were predicted.

2.14. Molecular docking

The ClusPro is a web server which is extensively utilized for
evaluation of the protein–protein binding interactions [66–68].
This server assesses 70,000 rotational gyrations for the ligand
structure (the vaccine) and the ligand is revolved along the �, y,
and z axes of cartesian coordinates, with respect to the receptor
(TLR-4 structure) on a grid. Top favorable rotations with best
scores (the first 1,000), were assigned for a greedy clustering with
a 9 Å Ca radius and then, unfavorable energies were calculated
(based on steric clashes) and unresolved structures were ruled
out. The best docked structures were compared with previous
studies to choose the most reliable model. The interaction energies
between these two proteins in the ClusPro are computed using the
summation of electrostatic, repulsive, attractive, hydrophobic, and
also the pairwise-structure based potential which is established by
the Decoys As The Reference State (DARS) method [69]. The vac-
cine interaction with TLR4 were analyzed and visualized in the
Maestro v11.4 environment (by the means of protein interaction
analysis module). Also, carbohydrate recognition and neck
domains of surfactant protein A (PDB ID: 1R13) was used as control
(C4) for docking with TLR-4 receptor [34,70].
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Table 1
Comparison of the SARS-CoV-2 proteins according to number of HLA-I high-binding-
affinity epitopes (across 9-mer peptides) with representative alleles from different
HLA supertypes based on the TepiTool server predictions.

SARS-CoV-2
proteins

Reference
sequences

Number of 9-mer
overlapping
peptides

Number of HLA-I
binding epitopes

Orf1ab polyprotein YP_009724389.1 6280 1303
Spike glycoprotein YP_009724390.1 1221 208
Membrane

glycoprotein
YP_009724393.1 190 72

Envelope protein YP_009724392.1 62 23
Nucleocapsid

phosphoprotein
YP_009724397.2 371 35

The used HLA-I alleles: A*01:01, A*02:01, A*03:01, A*24:02, A*26:01, B*07:02,
B*08:01, B*27:05, B*39:01, B*40:0, B*58:01, B*15:01.

A. Safavi, A. Kefayat, E. Mahdevar et al. Vaccine 38 (2020) 7612–7628
According to immunoinformatic analyzes of the final vaccine
construct, one of the most immunodominant overlapping epitope
‘‘IPLMYKGLPWNVVRI” was recognized which could bind to multi-
ple alleles of HLA-I and II. Then, the epitope-HLA complex forma-
tion was validated by the molecular docking. The sequences of
‘‘LMYKGLPWNV” and ‘‘IPLMYKGLPWNVVRI” were generated by
the peptide builder of the Maestro environment for the docking
process with HLA class I and II, respectively. The structure of HLA
class I and II were retrieved from the PDB (https://www.rcsb.org/
) IDs 2GIT and 6ATF. The epitopes structures were then prepared
and minimized afterwards using protein preparation tool. The pep-
tide docking module of the Biologics suit of Schrodinger suite was
used for the peptide docking process. The two alpha-helical bun-
dles in each structure were defined as center of the grid generation.
The grid size was adjusted according to the size of each epitope.
Glide score was utilized for the prediction of the correct binding
orientation and free energies [71–73]. For each independent run-
ning procedure, ten poses were returned for final assessment.
The other details of the docking procedure are the same as Pour-
shojaei et al. study [74].

2.15. Population coverage

As COVID-19 pandemic is a global crisis, the population cover-
age of the designed vaccine was evaluated by Population Coverage
Calculation tool of IEDB (http://tools.immuneepitope.org /tools/
population/iedb_input) [23]. Calculations were set to be performed
for HLA-I and HLA-II epitopes, separately.

2.16. Data validation

The immunodominant regions of the selected antigens were
identified based on predictability of specific in silico tools. So, the
experimentally validated epitopes of SARS-CoV-2 were used as
control to compare our predictions’ results with previous experi-
mental studies. For this purpose, the IEDB resource which contains
an extensive collection of experimentally identified immune epi-
topes was employed. This resource contains more than 260,000
epitopes and over one million T cell, B cell, MHC binding, and
MHC ligand elution assays [75]. In addition, the final vaccine con-

struct was evaluated by the SYFPEITHI server (http://www.syfpei-

thi.de/) which contains more than 7000 peptide sequences of
human and other organisms, such as chicken, mouse and apes,
which are known to bind MHC-I and MHC-II molecules. The final
vaccine construct was reinvestigated by the same servers for data
validation. Several MHCs, CTL and CD4 + T-helper epitopes were
predicted within the final vaccine construct (data not shown).

2.17. The DNA vaccine construct

The peptide vaccine sequence was reverse translate to the tem-
plate DNA sequence. This DNA sequence was codon optimized by
using the JCat (http://www.jcat.de/) [76] server. Also, GC content
and codon frequency distribution (CFD) were evaluated by
employing GenScript (https://www.genscript.com/tools/rare-
codon-analysis). The CFD can affect expression efficiency. To
enhance expression, a Kozak sequence was added to the 5´ of
nucleotide sequence. At last, the DNA construct with suitable
restriction enzyme sites (Nhe1, Nco1, and Xho1) at the 5΄ and 3΄
ends was designed.

2.18. Immune simulation

To simulate the immune system response against the final
vaccine construct, the C-ImmSim (http://150.146.2.1/C-IMMSIM/
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index.php) [77] server was used. This server employs a position
specific scoring matrix (PSSM) to estimate effects of an antigen
on the immune system. This server can define responses of both
humoral and cellular arms of the mammalians’ immune system
against a specific antigen. According to previous studies, the injec-
tion profile of prophylactic vaccines which means three sequential
injections with 4-week intervals was set [78,79]. 4-week period is
the minimum suggested time between immunization times for
most of the currently in use vaccines [80]. All the default simula-
tion parameters were used. The time steps of injection were spec-
ified at 1, 84 and 168. The simulation volume of vaccine
(containing no LPS) injection was set at 1000. Also, for comparative
assessment of the final vaccine construct, a SAPN made of two
covalently linked coiled-coil domains which was designed to incor-
porate the membrane proximal external region (SAPN-MPER) of
HIV-1 gp41 (C5) was selected as positive control [81,82].
3. Results

3.1. Antigen screening and selection of their most immunodominant
regions

Cellular immunity plays a determinative role against viral infec-
tions and vaccines against these pathogens should activate CD8 + T
cells [83]. HLA-I binding is a critical step for the process of antigen
presentation to CD8 + T cells and activation of these cells [84,85].
According to the TepiTool server predictions, the Orf1ab exhibited
considerably higher number of high-binding affinity MHC-I epi-
topes in comparison with all of the SARS-CoV-2 structural proteins
(Spike glycoprotein, Envelope, Membrane glycoprotein, and Nucle-
ocapsid) (Table 1). Therefore, the immunodominant regions of
Orf1ab polyprotein were used to design the candidate vaccine.
The 3888–3917, 4018–4045, 4222–4252, 4322–4373, 4939–4986,
and 6074–6150 residues of Orf1ab polyprotein were selected as
the most immunodominant regions according to immunoinfor-
matics analyzes. Orf1ab polyprotein is cleaved into a definite num-
ber of non-structural proteins as its subunits (nsp1-nsp16) [14].
These above-mentioned regions of Orf1ab were located at 28–58
residue of nsp7, 76–103 residue of nsp8, 82–113 residue of nsp9,
69–120 residue of nsp10, 547–593 residue of nsp12, and 146–
180 residue of nsp14, respectively. Also, an immunogenic region
of S protein from its interacting domain with ACE2 receptor (the
400–510 residue of S protein) was selected to be incorporated in
the candidate vaccine construct. These regions were not homolo-
gous to any human protein. They contained multiple epitopes with
high affinity for binding to several alleles of both HLA-I and HLA-II
(Tables S1-S4 and Tables S5-S8 for HLA-I and HLA-II, respectively).
Also, these regions contained multiple CTL and CD4 + epitopes
which are listed in Tables S9-S11 and Table S12, respectively.

https://www.rcsb.org/
http://tools.immuneepitope.org
http://www.syfpeithi.de/
http://www.syfpeithi.de/
http://www.jcat.de/
https://www.genscript.com/tools/rare-codon-analysis
https://www.genscript.com/tools/rare-codon-analysis
http://150.146.2.1/C-IMMSIM/index.php
http://150.146.2.1/C-IMMSIM/index.php
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The overlapping epitopes have the capacity to activate both CTL
and helper T cells. These epitopes were obtained from results of
the TepiTool server (Table S13 and S14) to enhance the prediction
specificity [15]. The overlapping epitopes of the selected regions
were briefly illustrated in Table 2. In addition, the selected regions
exhibited 96.2% and 97.1%, world population coverage for HLA-I
and HLA-II, respectively (Table 3). Moreover, multiple IFN-c induc-
ing epitopes were identified at the selected regions (Table S15).

3.2. Final construct of the multi-epitope vaccine

Schematic diagram of the final vaccine construct with 462
amino acids, is illustrated in Fig. 2A. The final construct is consisted
of three main domains including b-defensin (TLR-4 agonist), the B
cell response inducing domain, and the T cell response inducing
domain. In addition, a methionine was added at the N-terminal
to form the AUG start code and histidine tag was added to the C-
terminal.

3.3. The multi-epitope vaccine features

3.3.1. Proteolysis and TAP transport
The number of possible cleavage sites were about 140 according

to the NetChop and MAPPP servers’ predictions (Figure S1). Also,
the TAPPred server was employed for prediction of the TAP binding
affinity of the multi-epitope vaccine and more than 230 segments
with >3 binding affinity to the TAP protein were identified.

3.3.2. Physicochemical properties of the final vaccine construct
The ProtParam server was used to calculate physicochemical

properties of the final vaccine construct. Its molecular weight
was calculated 51643.19 g/mol and the pI was 10. Stability is crit-
ical to the overall success of vaccine [86]. The instability index pro-
vides an estimate of a protein stability in a test tube. The proteins
with instability index below 40 are stable. The candidate vaccine
was a stable protein complex according to its instability index
(II) 27.09. A significant number of individuals dies due to
vaccine-preventable diseases each year. A significant portion of
this problem results from the thermal instability of many of the
currently used vaccines. Therefore, thermal stability is very impor-
tant to be estimated for the designed vaccine [87]. The final vaccine
construct was a thermostable protein based on its aliphatic index
79. The estimated half-life of the final construct which shows the
time taken by the protein to reach half of its concentration after
its synthesis, was determined to be 30 h, >20 h and >10 h in mam-
malian reticulocytes (in vitro), yeast (in vivo) and Escherichia coli
(in vivo), respectively. The GRAVY score was � 0.354, which shows
that the protein is hydrophilic in nature and can appropriately
interact with its surrounding water molecules. Solubility is a very
important physiochemical property for expression and subse-
quently, manufacturability of a protein. Appropriate hydrophilicity
of proteins can significantly decrease their expression efficacy and
manufacturability [88,89]. The final vaccine construct was com-
pared with the positive controls regarding physicochemical prop-
erties (Table 4). It exhibited approximately similar properties in
comparison with positive controls. The final vaccine construct
exhibited appropriate physicochemical properties like high solu-
bility and stability which can increase bioavailability, immuno-
genicity and decrease the probable side effects [90,91].

3.3.3. Antigenicity, allergenicity, cell localization and protein function
properties

The antigenicity scores of the candidate vaccine was predicted
0.5936, 0.7425, and 39.8 by the Vaxijen 2.0, ANTIGENpro, and
Secret-AAR servers, respectively (Table 4). Comparative investiga-
tion of the antigenicity scores of the candidate vaccine and positive
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controls (C1, C2, C3) is illustrated in Table 4. The final construct
was nonallergen based on the predictions of the AllerCatPro, Aller-
genFP v.1.0, and all approaches of the AlgPred server. Also, subcel-
lular localization of the DNA vaccine product was predicted to be
cytoplasm. There was no significant PEST site within the vaccine
sequence. Also, the SMVPRot server predicted no functionality for
the final vaccine construct.

3.3.4. The 3D structure refinement and validation
The 3D structure is necessary for determining the conforma-

tional B cell epitopes and molecular docking. Therefore, refined
3D structure of the final vaccine construct was obtained after mul-
tiple steps (Fig. 2B). Molecular dynamics root-mean-square devia-
tion (RMSD) and root-mean-square fluctuation (RMSF) plots are
helpful in terms of the relative stability of the protein with regard
to its prior state in a series of simulation, and their values highly
depend on the amino acid composition of the protein structure
and can be quite unique in a certain protein structure. As Fig. 3
illustrates, RMSD (Fig. 3A) and RMSF (Fig. 3B) qualities were con-
siderably satisfactory in terms of low alteration of protein residues
over the time of simulation. The highest instability of the structure
was observed in the end part of the protein structure (as RMSF plot
reveals) which isn’t a concern. In general, the RMSD total variation
is less than 3 Å, signifying a stable protein construct over the time
of simulation. In addition, the Ramachandran plot was performed
for the refined 3D structure by the PROCHECK server and 94.4%
of the residues were in the favorite regions (Fig. 4A). All related
data of the refined model is presented in Table S16. The refined
3D structure was evaluated by ProSA-web and ERRAT to clarify
the quality and potential errors. Its Z-score was – 6.57 (Fig. 4B).
Also, overall quality factor for the refined 3D structure was
90.37% (Fig. 4C). Its Verify 3D score was 84.20% which was con-
firmed by 3D-1D value (Fig. 4D).

3.4. Determining the B cell epitopes

The linear B cell epitopes of the S protein’s interacting region
with ACE2 receptor are listed in Tables S17-S19. Also, the linear
and conformation B cell epitopes of the final vaccine construct
are listed at Tables S20-S23 and Tables S24-S25, respectively. The
final vaccine construct contained several conformational and linear
B cell epitopes (Fig. 5A-F). Although presence of multiple linear and
conformation B cell epitopes enhances the uptake and presentation
of the peptide vaccine by B cells, the most important B cell epitopes
for producing neutralizing antibodies are the common ones
between the final vaccine construct and the interacting region of
S protein (Table 5 and Fig. 5F-H). Neutralizing antibodies not only
bind to a virus, but also bind in a manner that might block its inter-
actions with the target receptor [92]. It should be mention some of
these common linear B cell epitopes were located at the surficial
regions of the final vaccine construct and S protein interacting
region which increase their accessibility for the immune response
[93]. The neutralizing antibodies are necessary for protection
against viral infections. However, it usually takes a long period of
time for the immune system to produce highly effective neutraliz-
ing antibodies [94]. The designed multi-epitope vaccine can facili-
tate this process by presenting appropriate B epitopes to the host
immune system.

3.5. Protein-protein docking

Molecular docking and dynamics simulations showed forma-
tion of stable and significant interactions between the vaccine with
the monomer (Fig. 6A) and heterodimer TLR-4/MD (Fig. 6B). Sev-
eral key residues throughout the entire structure of the final vac-
cine construct participated in the stability of the TLR-4/MD-



Table 2
The obtained overlapping epitopes from the TepiTool server results.

# Peptide IC50 Alleles

1 AMQTMLFTM 44.80 A0201, A0206, B1525, A0301, A1101, A3101, A6801, A0203, A3202

AMQTMLFTMLRKLDN 24.04 DRB11101, DPA10201DPB10501, DPA10201DPB14001, DRB10701, DRB10801, DPA10301/DPB10402,

2 VLGSLAATV 50.70 A0201, A0202, A0206, A0203, A0301, A1101, A0204, A0207, A6802, B5701

RGMVLGSLAATVRLQ 14.88 DQA10501/DQB10301, DRB10101, DRB10701, DQA10102DQB10602, DQA10103DQB10302,
DQA10106DQB10301, DRB10901, DRB11302, DRB50101

3 MLSDTLKNL 54.10 A0201, A0202, A0203, A0204, A0205, A0206, A0207, A1101

RIKIVQMLSDTLKNL 16.38 DRB10101, DRB10401, DRB10404, DRB40101, DRB40103, DRB40104, DRB40106, DRB40107

4 MLFTMLRKL 69.50 A0201, A0202, A0203, A0206, , A0301, A1101, A6801

QTMLFTMLRKLDNDA 18.73 DRB11101, DRB10801, DPA10201DPB10501

5 LMYKGLPWNV 7.20 A0201, A0203, A0204, A0206

IPLMYKGLPWNVVRI 13.42 DRB10101, DRB10901, DRB10103, DRB10109, DRB10110, DRB10114, DRB10115, DRB50101

6 MVLGSLAATV 8.30 A0201, A0206, A6802

RGMVLGSLAATVRLQ 14.88 DRB10101, DRB10701, DRB10901, DRB11302, DRB50101, DQA10102/DQB10602, DQA10103/DQB10302,
DQA10106/DQB10301, DQA10501/DQB10301

7 AMQTMLFTML 78.80 A0201

AMQTMLFTMLRKLDN 24.04 DRB11101, DRB10701, DRB10801, DRB50101, DPA10301/DPB10402, DPA10201/DPB10501, DPA10201/DPB14001

8 HLIPLMYKGL 85.20 A0201

HLIPLMYKGLPWNVV 25.95 DRB10101, DRB10901, DRB11501

9 YLYFIKGLNNL 63.50 A0201, A0202, A0203

YLYFIKGLNNLNRGM 9.69 DRB10101, DRB10401, DRB50101, DRB10104, DRB10105, DRB10107, DRB10108, DRB10109, DRB10110,
DRB10111, DRB10112, DRB10113, DRB10114, DRB10115, DRB30201, DRB30204, DRB30202, DRB50101,
DRB10405DRB11101, DRB11501,

10 LMYKGLPWNVV 83.90 A0201

IPLMYKGLPWNVVRI 13.42 DRB10101, DRB10901, DRB10103, DRB10110, DRB10114, DRB10115, DRB50101, DRB11501, DRB10901

11 HLIPLMYKGLPWNV 59.20 A0201

HLIPLMYKGLPWNVV 25.95 DRB10101, DRB10901

12 MQTMLFTML 29.90 A0206, B3901, A0203, A1101

MQTMLFTMLRKLDND 21.82 DRB11101, DPA10201DPB10501, DPA10201DPB14001, DRB10801, DRB50101, DPA10301/DPB10402

13 MVLGSLAAT 37.70 A0206, A1101, A6802

RGMVLGSLAATVRLQ 14.88 DRB10101, DRB10901, DRB11302, DRB50101, DQA10501/DQB10301, DRB10701, DQA10102/DQB10602,
DQA10103/DQB10302, DQA10106/DQB10301

14 TMLFTMLRK 9.50 A0203, A0301, A1101

QTMLFTMLRKLDNDA 18.73 DRB11101, DRB10801, DPA10201/DPB10501

15 RQFHQKLLK 17.00 A0301, A0302, A0304, A0305, A0306, A0307, A1101, A1102, A1103, A1104, A1105, A1106, A1107, A3008,
A3102, A3103, A3104, A3105, A3106, , A3001, A3101, A6801,

RQFHQKLLKSIAATR 16.68 DRB10101, DRB11101, DRB10102, DRB50104, DRB50101

KVKYLYFIK 7.30 A0206, A0301, A1101, A1104, A3001, A3008, A3101

16 PKVKYLYFIKGLNNL 16.00 DRB10101, DRB11101, DRB11501, DRB40101, DPA10103/DPB10201, DPA10201/DPB10501, DPA10201/DPB14001

17 MLFTMLRK 64.00 A0301

QTMLFTMLRKLDNDA 18.73 DRB11101, DRB10801, DPA10201/DPB10501

18 HLIPLMYK 94.20 A0301, A0302, A0304, A0305, A0306, A0307, A1103, A1104

HLIPLMYKGLPWNVV 25.95 DRB10101

19 QTMLFTMLR 3.30 A0302, A0307, A1101, A1102, A1103, A1104, A1105, A1106, A1107, A3101, , A3102, A3103, A3104, A3105,
A3301, A3303, A3106, A6801

QTMLFTMLRKLDNDA 18.73 DRB11101, DPA10201DPB10501

20 ATVVIGTSK 26.60 A0301, A0302, A0304, A0305, A0306, A0307, A1101, A1102, A1103, A1104, A1105, A1106, A1107, A3001, A3008,

IAATRGATVVIGTSK 38.37 DQA10501/DQB10301, DQA10102/DQB10602, DQA10106DQB10301
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Table 2 (continued)

# Peptide IC50 Alleles

21 MQTMLFTMLR 3.80 A0301, A1101, A3301, A3303, A6801, A3101

MQTMLFTMLRKLDND 21.82 DRB11101, DPA10201DPB10501, DPA10201DPB14001, DRB50101, DPA10301/DPB10402, DRB10801

22 AMQTMLFTMLR 39.60 A1101, A3101, A6801

AMQTMLFTMLRKLDN 24.04 DRB10701, DRB10801, DRB11101, DRB50101, DPA10201/DPB10501, DPA10201/DPB14001, DPA10301/DPB10402

23 IVQMLSDTLK 45.70 A1101, A6801

RIKIVQMLSDTLKNL 16.38 DRB10101, DRB40101, DRB40103, DRB40104, DRB40106, DRB40107

24 ATRGATVVI 22.10 A0203, A1101, A6802, A3001, A3008, A3201, A3202, A3206, B0704, B1504

LLKSIAATRGATVVI 10.97 DRB10101, DQA10501/DQB10301, DRB10701, DRB10901, DRB11302, DRB50101, DRB10103, DRB10104,
DRB10105, DRB10107, DRB10108, DRB10110, DRB10111, DRB10112, DRB10113, DRB10115, DRB50104, DRB10901

25 RIKIVQMLS 22.50 A0206, A0301, A1101, A3001, A3008

RIKIVQMLSDTLKNL 16.38 DRB10101, DRB40101, DRB40104, DRB40106, DRB40107, DRB40101

26 KSIAATRGA 24.60 A3001, A1101, A3008

QKLLKSIAATRGATV 9.09 DRB10102, DRB10103, DRB10104, DRB10105, DRB10106, DRB10107, DRB10108, DRB10109, DRB10110,
DRB10112, DRB10404, DRB10901, DRB11101, DRB11302, DRB30201, DRB30204, DRB50101, DRB50102,
DRB50103, DRB50104, DRB50105, DRB11501, DRB50101, DQA10501/DQB10301

27 MYKGLPWNVVR 37.50 A3301, A3101

IPLMYKGLPWNVVRI 13.42 DRB10101, DRB10103, DRB10109, DRB10110, DRB10114, DRB10115, DRB10901, DRB11501, DRB50101

28 LLKSIAATR 46.90 A3101, A6801, A0203, A0206, A3102, A3103, A3104, A3105, A3106

QKLLKSIAATRGATV 9.09 DRB10101, DRB10102, DRB10103, DRB10104, DRB10105, DRB10106, DRB10107, DRB10108, DRB10109,
DRB10110, DRB10111, DRB10112, DRB10113, DRB11101, DRB11302, DRB11501, DRB30201, DRB30204DRB50101,
DRB50102, DRB50103, DRB50104, DRB50105, DQA10501/DQB10301

29 EAFEKMVSL 33.50 A0202, A0203, A1101, A2501, A2502, A2503, A2504, A2505, A2506, A2507, A2601, A2602, A2603, A2604, A2605,
A2606, A2608, A2609, A6801, A6802, B0710, B0801, B0802, B0803, B0804, B0805, B0807, B1401, B1402, B1403,
B1404, B1405, B1406, B3501, B3502, B3503, B3504, B3505, B3506, B3507, B3509, B3903, B3904, B3909, B3910,
B4007, B4008, B4201, B4202, B4204, B4205, C0102, C0103, C0303, C0304, C1203

DTTEAFEKMVSLLSV 19.68 DRB10101, DRB10401, DRB10405, DRB11101

30 FEKMVSLLSV 36.00 B4002

DTTEAFEKMVSLLSV 19.68 DRB10101, DRB10401, DRB10405, DRB11101

31 TEAFEKMVSL 57.60 B0804, B1802, B1803, B3701, B3704, B3705, B3706, B3803, B3902, B3908, B4001, B4002, B4003, B4004,
B4005, B4006, B4007, B4008, B4009, B4010, B4101, B4102, B4103, B4104

DTTEAFEKMVSLLSV 19.68 DRB10101, DRB10401, DRB10405, DRB11101

32 IPLMYKGLPW 35.00 B0702, B5301

IPLMYKGLPWNVVRI 13.42 DRB10101, DRB10103, DRB10109, DRB10110, DRB10114, DRB10115, DRB11501, DRB50101

33 IAATRGATV 18.80 A0203, A0301, A6801, B0801, B0802, B0803, B0805, B0807, B4202, C0102, C0103, C0303, C0304, C1601, C1203

QKLLKSIAATRGATV 9.09 DRB10102, DRB10103, DRB10104, DRB10105, DRB10106, DRB10107, DRB10108, DRB10109, DRB10110, DRB10111,
DRB10112, DRB10113, DRB11101, DRB11302, DRB11501, DRB30201, DRB30204, DRB50101, DRB50102, DRB50103,
DRB50104, DRB50105, DQA10501/DQB10301, DRB10101, DRB10701, DRB10901
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vaccine interactions (Fig. 6C). Among them, Lys5, Lys14, Arg18,
Arg20, Lys110, Asp190, Glu202, Arg214, and Arg235 contributed
the most part of these interactions, each creating at least two
hydrogen bonds with the TLR-4 residues. The positive nature of
the vaccine protein and its remarkable interactions with TLR-4
exhibit that the TLR-4 needs a relatively structure with high nega-
tive charge for its proper binding. Among the most important resi-
dues of the first 60 residues (the b-defensin domain), Lys14 created
hydrogen bonds with Asp500 and Asn524, displaying a SASA of
97.5%, being one of the most crucial amino acids in the interactions
with TLR-4. Arg18 formed two hydrogen bonds with His424 and
Asp426, with an additional salt bridge with Asp426. Arg20, another
critical residue, provided two hydrogen bonds with Glu423. All the
interactions between the resides of the docked vaccine and TLR-4/
MD complex are listed in Table S26. Also, the C4 against TLR-4/MD
docking studies were done as positive control (Fig. 6D). The main
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interacting residues of TLR4/MD in both TLR4/MD-C4 and TLR-4/
MD-candidate vaccine complexes were A:151:Lys, A:32:Pro,
A:227:His, A:228:Lys, A:254:His, A:255:Arg, A:284:Glu, A:285:
Glu, A:287:Arg, A:332:His, A:334:Glu, A:353:Arg, A:374:Glu,
A:375:Phe, A:400:Lys, A:401:Tyr, A:423:Glu, A:424:His, A:449:
Tyr, A:472:Glu, A:473:Val, A:475:Lys, A:497:Thr, A:498:Phe,
A:521:Gln, A:522:Val, A:545:Gln, A:546:Val, A:570:Ala, A:571:
Phe, A:597:Gln, A:598:Leu, C:57:Gln, C:59:Tyr, C:75:Lys, C:82:Ser,
C:127:Glu. The docking energy of TLR4/MD-C4 complex (�727.7
Kcal/mol) was higher than the TLR-4/MD-candidate vaccine com-
plex (-1315.6 Kcal/mol) which indicates forming stronger
immunological complexes by the candidate vaccine in comparison
with the control.

The dockings result of one of the most immunodominant over-
lapping epitopes of the vaccine ‘‘LMYKGLPWNV” (digested by the
proteasomal complex) with MHC-I revealed considerable binding



Table 3
Percentage of population coverage.

Area HLA-I coverage (%) HLA-II coverage (%)

East Asia 96.5 96.4
Europe 97.1 97.9
North Africa 91.8 91.8
North America 97.4 98.1
World 96.2 97.1
Average 95.8 96.26
Standard deviation 2.28582589 2.583215051
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energies between the peptide and the HLA-I (Fig. 7A) and HLA-II
(Fig. 7B). The docking glide gscore was �8.135 for 2GIT, and
�8.894 for 6ATF structure. This amount of low negative values vin-
dicates the potential ability of these digested fragments to main-
tain at the surface of the MHC molecules and act as
immunogens. As Fig. 7 illustrates, each HLA protein molecule con-
tain two binding sites for holding antigenic peptides and one of
them is filled with the fragments. The successful maintenance of
the fragments between the two a-helices indicate that these pep-
tides are capable of inducing remarkable immune response.

Asn9 and Val10 each displayed two hydrogen bonds and were
among the most important residues in the MHC-I docking interac-
tions. Asn9 of the digested fragment created these bonds with
Thr73 and Trp147. In addition, Val10 of the peptide created these
interactions with Asp77 and Lys146. By having a buried SASA
(solvent-accessible surface area, an indicator of good fitness of a
ligand and receptor in a water-soaked environment) ratio of
92.6% for Val10 and 84.3% for Asn9, these interactions seemed sig-
Fig. 2. (A) Schematic diagram of the final vaccine construct. (B) 3D mo
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nificantly critical for the antigen presentation by the MHC-I. Lys4
and Met2 also represented hydrogen bonds with Arg65 and
Gln155. For MHC-II structure, Arg14 contributed the most in the
stability of the peptide-MHC complex. With a buried SASA of
96.7% and three hydrogen bonds with Glu11, Glu28, and Arg71 this
residue appeared the most crucial in staying put in the MHC bind-
ing pocket. Lys6 created two hydrogen bonds with Tyr60. This
lysine residue of the peptide also contributed a hydrogen bond
and a salt bridge with Asp66.

3.6. Post translation modifications

PTMs can significantly affect the DNA vaccine product stability
and MHC processing [95]. All the predicted ubiquitination, glycosy-
lation, and phosphorylation sites of the vaccine sequence are listed
in Table S27.

3.7. Data validation

According to IEBD database, each of the selected immunodom-
inant regions contained multiple experimentally validated
SARS-CoV-2 epitopes (Table 6). These experimentally validated
epitopes which are present at the final vaccine construct are listed
at Table 6. Therefore, the results of previous experimental studies
can support our predictions. Also, the SYFPEITHI server predicted
several epitopes for HLA-I and HLA-II at the final vaccine construct
(Table S28). Merging of the selected immunodominant regions and
other modifications didn’t interrupt epitope mapping and anti-
genicity of the final vaccine construct according to reassessments
by the same servers (data not shown).
del of the final vaccine construct and its main consisting domains.



Table 4
Comparative investigation of the physicochemical and antigenicity properties of the positive vaccine controls (C1, C2, C3) and SARS-CoV-2 candidate vaccine.

Properties Parameters/Tools Value/Score/Probability
C1 C2 C3 Candidate vaccine

Physicochemical Molecular weight 2.44 kDa 5.05 kDa 6.38 kDa 51.64 kDa
Isoelectric point (pI) 6.24 8.67 9.61 10
Instability index (II) 28 22.78 33.38 27.09
GRAVY �0.88 �0.32 �1.127 �0.354
Aliphatic index 65.94 – 53.53 79

Antigenicity ANTIGENpro 0.67 0.94 0.62 0.74
Secret-AAR 42.6 27.59 35.4 39.8
VaxiJen 0.65 0.67 0.61 0.59

Fig. 3. (A) The root-mean-square deviation (RMSD) and (B) root-mean-square fluctuation (RMSF) of atomic positions in the ‘‘last” molecular dynamics simulation of the
vaccine construct, depicting stable conformations during the simulation.
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3.8. Designing the multi-epitope DNA vaccine

Codon adaptation is necessary to optimize the foreign genes’
expression in a special host [96]. Therefore, the final vaccine con-
struct was reverse translated and codon optimized for human host.
The optimized codon adaptation index (CAI) for mammalian and
overall GC content were 0.99 and 67.90%, respectively (Fig. 8A
and B). In addition, suitable restriction enzymes sites and the
Kozak sequence was incorporated in the final DNA construct
(Fig. 8C). These restriction sites ease the cloning into pcDNA3.1
to form a multi-epitope DNA vaccine or pET-28a for expression
in a prokaryote host. In our previous experimental studies, we used
the same motifs (Kozak sequence, start codon, stop codon, and the
same restriction enzyme sites) in the designed final DNA construct.
It was successfully cloned into the pcDNA3.1 and pET-28a. Also,
high expression of the recombinant protein was detected in the
both transfected prokaryotic and eukaryotic hosts [37,97]. In this
study, the designed vaccine construct is about 51 kDa. The
pcDNA3.1 has been exhibited high efficacy for in vivo expression
of different recombinant proteins with different sizes from 14 to
73 kDa [98–100]. Also, high expression of recombinant proteins
with sizes ranged from 14 to 51 kDa have been reported for pET-
28a vector [101,102]. Therefore, these vectors are appropriate for
expression of the final vaccine construct.

3.9. Immune simulation

Most of the currently licensed vaccines against human infec-
tious diseases have been developed for generating neutralizing
antibodies [81,103]. But antibodies are insufficient for fighting
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intracellular infections like SARS-CoV-2. Therefore, both humoral
and cellular immunity responses plus activating the innate immu-
nity are necessary for an effective immune response against this
virus [104]. Therefore, the immune response for the final vaccine
construct was simulated by the C-ImmSim server (Fig. 9A). Fur-
thermore, the C5 was used as the positive control for comparative
evaluation of the candidate vaccine’s immune simulation (Fig. 9B).
High similarity was observed between the simulation results of the
candidate vaccine and C5. Significant decrease in antigen count
during time was observed for both the candidate vaccine and con-
trol. The antibodies titers were considerably raised after second
and third dose of injection for the candidate vaccine (Fig. 9Ai)
and control (Fig. 9Bi). At the primary response, a rise in IgM anti-
body (Fig. 9Ai) and the B cell isotype IgM population (Fig. 9Aii)
was observed after the candidate vaccine injection. Also, a signifi-
cant increase in the B cell isotype IgG1 and IgG2 populations with
superiority of IgG1 isotype (Fig. 9Aii) was observed after the sec-
ond time of candidate vaccine injection (Fig. 9Aii). At the tertiary
response, IgG1 + IgG2 antibodies titer was higher than IgM
(Fig. 9Ai). This exhibits Ig heavy chain class switching which is nec-
essary for an effective vaccination [105]. The total B cell population
increased after each injection which was characterized by increase
of immunoglobulins’ concentration including IgG + IgM,
IgG1 + IgG2, IgG1 and IgM antibodies. This increase in the antibod-
ies titer resulted in a decrease in the the antigen concentration
(Fig. 9Ai). Total B cell population was found approximately the
same for the candidate (Fig. 9 Aii) and control vaccines
(Fig. 9Bii). According to the cytokines’ simulation plot, high levels
of IFN-c and IL-2 were observed which can exhibit the candidate
vaccine (Fig. 9Aiii) ability to generate an appropriate immune



Fig. 4. (A) Ramachandran plot of the refined 3D structure. The Ramachandran plot revealed that 94.4%, 5.6%, and 0% and 0% of the refined model residues are located in the
most-favored (red), favored (yellow), generously allowed (pale yellow), and disallowed regions (white), respectively. The vaccine residues are shown as black squares. (B)
ProSA-web server analysis of the refined model. The Z-score of the refined models was � 6.57. The plot contains Z-scores of all protein chains in the protein data bank (PDB)
determined by X-ray crystallography (light blue) and NMR spectroscopy (dark blue). The Z-score of the refined model is denoted by a large black dot. (C) The ERRAT plot of the
refined model. The regions of the refined model that could be rejected at the levels of 95% and 99% are indicated in gray and black lines, respectively. In general, an
appropriate high-resolution structure produces a value of � 95%. (D) Verify 3D analyses plot. 84.20% of the residues of the refined model have average 3D-1D score � 0.2
which is pass. At least 80% of the amino acids should score � 0.2 in the 3D-1D profile to get passed. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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response [106]. Also, the observed IL-2 concentration level for the
candidate vaccine was found remarkably higher than control vac-
cine. However, the concentration level of IFN-c was slightly lower
for the candidate vaccine (Fig. 9Aiii) in comparison with the con-
trol (Fig. 9Biii). A steady increase in the Th (helper) cell population
along with developing memory cells was indicated for both candi-
date vaccine (Fig. 9Aiv) and control (Fig. 9Biv). In addition, devel-
oping memory cell at the Tc (cytotoxic) cell population describes
that the Tc cell population was highly responsive for both candi-
date (Fig. 9Av) and C5 (Fig. 9Bv). However, the active Tc cell popu-
lation per state (cells per mm3) was considerably higher for the
candidate vaccine (Fig. 9Avi) in comparison with the control
(Fig. 9Bvi). Overall, these simulations exhibit that the designed
final vaccine construct can activate the the immune response to
provoke an appropriate anti-SARS-CoV-2 immunity.
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4. Discussion

Vaccines are the most effective and least expensive way to
prevent and control devastating viral outbreaks. An effective vac-
cine should induce potent humoral and cellular immune
responses against the target virus and infected cells. The vaccine
efficacy deeply depends on the antigens selection [107]. Most of
the previously published in silico studies used the S protein of
SARS-CoV-2 virus to design their candidate vaccines [108,109].
This glycoprotein rapidly became the main target of vaccine
design. Several companies and research institutes have started
developing different platforms like recombinant protein vaccine,
DNA vaccine and RNA vaccines for SARS-CoV-2 a vaccine that
has the receptor binding domain of SARS-CoV-2 protein S as its
target.



Fig. 5. The predicted linear and conformational B cell epitopes of the final vaccine construct and functional region of S protein by the ElliPro server in the ball and stick model.
Yellow balls represent the predicted epitopes’ residues. Non-epitope and core residues are shown in white sticks. Also, ribbon representation of the epitopes’ residues was
separately displayed. (A-E) The conformational B cell epitope of the vaccine construct. (F) The linear B cell epitope of the vaccine construct. (G-H) The linear epitopes of the
functional region of S protein. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 5
The common linear B cell epitopes between the final vaccine construct and the S
protein of SARS-CoV-2.

Peptide Start position Score

YQAGSTPCNGVE 473 0.72
PFERDISTEIYQ 463 0.61
GKIADYNYKLPDDF 416 0.90
QAGSTPCNGVEGFN 474 0.87
YRLFRKSNLKPFER 453 0.77
GSTPCNGVEGFNCYFP 476 0.91
TEIYQAGSTPCNGVEG 470 0.89
FERDISTEIYQAGSTP 464 0.86
TGKIADYNYKLPDDFT 415 0.84
EGFNCYFPLQSYGFQP 484 0.73
TGCVIAWNSNNLDSKV 430 0.71
YKLPDDFTGCVIAWNS 423 0.71
GCVIAWNSNNLDSKVGGNYN 431 0.81
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In this study, the most immunogenic regions of the Orf1ab
polyprotein were incorporated into the vaccine construct for T cell
response. On the other hand, the most immunodominant fragment
of the S protein functional region (400–510 residues) was incorpo-
rated in the vaccine construct for inducing neutralizing antibodies
production by B cells. The nsps are obtained from cleavage of
Orf1ab. The nsps and particularly the replication-transcription
complexes (RTCs) related nsps are more conserved in comparison
with S and other structural proteins among SARS-CoVs. [110].
Fig. 6. Molecular docking of the subunit vaccine with TLR-4. (A) Interaction of the subu
surface representation). (B) Ribbon representation of the interaction pattern of the subun
the interacting residues between docked vaccine (black) and TLR-4 (colored) complex. (D
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Besides, more than 60% of the coronavirus genomes belongs to
the nsps. They are highly expressed at the infected cells and pre-
sented by their MHC-I from the first days of infection [13]. The
nsps have significantly lower glycosylation density in comparison
with the structural proteins. Therefore, they may be better choices
for designing the vaccine as many studies have reported the nega-
tive effects of dense glycosylation of epitopes for their recognition
by T cells [110–112]. The selected immunodominant regions of
Orf1ab were located at the nsp7, nsp8, nsp9, nsp10, nsp12, and
nsp14 which all are RTCs-related nsps [113,114]. According to
our in silico predictions, Orf1ab polyprotein has the highest num-
ber of HLA-I binding epitopes in comparison with all of the struc-
tural proteins of SARS-CoV-2 (Table 1). These predictions were
consistent with previous bioinformatic studies which reported that
Orf1ab contains the highest number of epitopes for binding to dif-
ferent alleles of HLA-I [115]. Besides, Gangaev et al. [116] observed
remarkable CD8 + T cell responses towards the SARS-CoV-2 Orf1ab
in COVID-19 patients.

Most of the prophylactic vaccines against viral diseases activate
the B cell immune response for producing neutralizing antibodies.
On the other side, the therapeutic vaccines are designed to gener-
ate cell-mediated immunity [117]. In this study, the designed vac-
cine was predicted to have high ability to induce neutralizing
antibodies production against binding domain of the SARS-CoV-2
S protein which makes the vaccine appropriate to be used as a pro-
phylactic vaccine. In addition, containing multiple T cells’ epitopes
nit vaccine (ribbon representation) with TLR-4/MD monomeric complex (molecular
it vaccine (black) with heterodimer TLR-4/MD complex (colored). (C) Illustration of
) Interaction pattern of the C4 with heterodimer TLR-4/MD (ribbon representation).



Fig. 7. The docked structures of one of the most immunodominant overlapping epitopes of the vaccine in the binding cleft of (A) MHC class I and (B) MHC class II.

Table 6
Comparative evaluation of the candidate vaccine’s sequence with the experimentally validated epitopes of SARS-CoV-2 (nsp7, nsp8, nsp9, nsp10, nsp 12, and nsp14 are subunits
of Orf1ab polyprotein).

# SARS-CoV-2 proteins Experimentally validated epitopes Location in
Orf1ab (residue)

Location in the
vaccine (residue)

IEDB
epitope ID

1 S glycoprotein
YP_009724390.1

RQIAPGQTGKIADYNYKL 408–425 74–91 1,075,039
2 YNYKLPDDFTGCVIA 421–435 87–101 1,074,214
3 KLPDDFTGCV 424–435 90–100 1,074,952
4 LPDDFTGCVIAWNSNNLDSKVGGNYNYLYRLFRKSNLKPFERD 425–467 91–133 1,074,979
5 KLPDDFTGCV 424–433 90–99 1,074,952
6 DDFTGCVIAWNSNNL 427–441 94–107 1,069,293
7 NLDSKVGGNY 440–449 106–115 1,075,002
8 VGGNYNYLYRLFRKS 445–459 111–125 1,073,698
9 NYNYLYRLFRK 448–458 114–124 1,075,012
10 RLFRKSNLK 454–462 120–128 1,075,031
11 YLYRLFRKSNLKPFE 451–465 117–131 1,074,201
12 RKSNLKPFERDISTE 457–471 123–137 1,072,366
13 KPFERDISTEIY 462–473 128–139 1,074,954
14 AGSTPCNGVEGFNCY 475–486 141–155 1,069,064
15 NGVEGFNCY 481–489 147–155 1,075,001
16 NGVEGFNCYFPLQSY 481–498 147–161 1,071,575
17 YFPLQSYGF 489–497 155–163 1,075,121
18 NCYFPLQSYGFQPTN 487–501 153–167 1,071,518
19 Non-structural protein 7

YP_009725303.1
FEKMVSLLSV 3908–3918 201–210 15,578

20 Non-structural protein 8
YP_009725304.1

AMQTMLFTM 4028–4036 225–233 3179
21 MQTMLFTMLR 4029–4038 226–234 42,417
22 QTMLFTMLR 4030–4038 227–234 52,573
23 TMLFTMLRK 4031–4039 228–236 65,222
24 Non-structural protein 9

YP_009725305.1
KVKYLYFIK 4224–4232 250–258 34,083

25 LYFIKGLNNL 4228–4237 254–263 40,753
26 LNNLNRGMVLGSLAA 4234–4248 260–274 38,283
27 NRGMVLGSLAATVRL 4238–4252 264–278 45,682
28 RGMVLGSLAATVRLQ 4239–4253 265–279 53,926
29 Non-structural protein 10

YP_009725305.1
SFGGASCCLY 4320–4327 282–291 57,776

30 TVCTVCGMWK 4368–4377 330–339 66,958
31 RNA-dependent RNA polymerase (Non-

structural protein 12)
YP_009725307.1

SICSTMTNR 4953–4961 254–362 58,467
32 MTNRQFHQK 4958–4966 359–367 42,843
33 RQFHQKLLK 4961–4969 362–370 55,413
34 NRQFHQKLLKSIAAT 4960–4973 361–375 45,723
35 QKLLKSIAATRGATV 4965–4979 366–380 51,217
36 ATVVIGTSK 4973–4981 378–386 5209
37 30-to-50 exonuclease

(Non-structural protein 14)
YP_009725309.1

IPLMYKGLPWNVVRI 6075–6089 396–400 27,933
38 LMYKGLPWNV 6077–6086 398–407 38,165
39 IVQMLSDTLK 6091–6100 412–421 70,610
40 VQMLSDTLK 6092–6100 413–421 29,419
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of non-structural proteins in the vaccine construct can cause cell-
medicated immunity response against infected cells which makes
this vaccine suitable for therapeutic purposes. Therefore, the can-
didate vaccine can be used for both prophylactic and therapeutic
purposes.

Many scientists and even the ordinary people believe vaccine
would be the key to solve the COVID-19 pandemic problem. How-
ever, developing an effective vaccine through conventional meth-
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ods is time and cost consuming [118]. Therefore, many studies
have focused on using immunoinformatics approaches for design-
ing novel candidate vaccines against SARS-CoV-2 [3,106,119–122].
These in silico studies have focused on the structural proteins, but
many recent experimental studies have emphasized on the poten-
tial of non-structural proteins for SARS-CoV-2 vaccine design. Gan-
gaev et al. [116] observed that a substantial fraction of the
observed CD8 + T cell responses in COVID-19 patients were direc-



Fig. 8. (A) The codon adaptation index (CAI) and (B) codon frequency distribution of the DNA vaccine sequence. The CAI value is 0.99 for the mammalian host. Also,
percentage of codon having a frequency distribution of 91–100 in mammalian host gene is 100%. (C) The schematic diagram of the DNA vaccine sequence. It contains NheI and
NcoI restriction enzymes sequences at 5́ end and an XhoI sequence at the 3́ end. Also, it contains Kozak sequence at its 5́ end.

Fig. 9. Simulated immune responses against (A) the final vaccine construct and (B) the C5 positive control (SAPN-MPER of HIV-1 gp41) by the C-ImmSim server. (i) Antigen
(Ag) count along with antibody titers with specific subclasses, (ii) B cells population, (iii) Cytokines responses, (iv) Th (helper) cells population, (v) Tc (cytotoxic) cells
population, (vi) Tc cells population per state.
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ted towards the Orf1ab polyprotein. Also, they mentioned ‘‘The
fact that a major part of the SARS-CoV-2 specific CD8 T cell
response is directed against a part of the viral genome that is
not included in the majority of vaccine candidates currently in
development may potentially influence their clinical activity
and toxicity”. According to best of our knowledge this is the first
study to design a multiepitope candidate vaccine by using the
immunodominant regions of both non-structural and structural
proteins of SARS-CoV-2 which makes this vaccine unique. In addi-
tion, the final vaccine construct was validated by comparing its
epitopes with experimentally identified epitopes of SARS-CoV-2.
Zhang et al. [123] mapped the immunodominant sites of S protein
using sera samples collected from COVID-19 patients. They identi-
fied nine linear B cell epitopes at the S protein according to epitope
mapping which four of them including 330–349, 375–394, 450–
469, and 480–499 residues were located in the receptor-binding
domain of S protein. Our final vaccine construct contains two of
these residues including 450–469 and 480–499 residues. Also, they
selected the 370–395 and 435–479 residues for mice immuniza-
tion and found out that generation of high levels of specific neu-
tralizing antibodies against SARS-CoV-2. On the other hand,
strong T cells response against 480–499 residue was observed in
the immunized mice and human sera. Therefore, 435–479 residue
of S protein is an epitope for both T cells and B cells responses.
This residue is located in our final vaccine construct. In addition,
Berry et al. [124] nominated 460–492 reside of S protein as
‘‘Achilles heel” of SARS-CoV-2 as this residue is exposed regardless
of the glycosylation condition and has a critical role in the virus
attachment to the host ACE2 receptor. They observed significant
production of high efficacy neutralizing antibodies against this
region in their experiments. Therefore, multiple epitopes which
were identified at experimental studies for humoral and cellular
responses against SARS-CoV-2 were present at our designed candi-
date vaccine. Taking together, this vaccine can be an appropriate
platform for further experiments by vaccinologist.

5. Conclusion

Currently, world is facing COVID-19 pandemic and a global
competition is ongoing to discover the vaccine. This study presents
in silico designing of a candidate multi-epitope vaccine to provoke
both innate and adaptive immunity against SARS-CoV-2 according
immunoinformatic approaches. Different domains were located in
the final vaccine construct to enhance its efficacy. In spite of high
efficacy of the designed candidate vaccine according to in silico
analyses, further experimental studies are necessary for the valida-
tion of the designed vaccine in different aspects.
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