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Introduction
The emergence of the virus that causes novel pneumonia, 
SARS-CoV-2 in Wuhan, China at the end of 2019 
has had major impacts on the health and economic 
sectors worldwide.1,2 Since its emergence, the virus has 
spread rapidly and to date has infected over 190 million 
people and caused over 4.02 million deaths worldwide.3 
Currently, the drugs used in the treatment of this disease 
are in accordance with the World Health Organization 

(WHO) recommendations including lopinavir/ritonavir, 
remdesivir, hydroxychloroquine and chloroquine as well 
as other additional drugs such as ribavirin, oseltamivir, 
favipiravir, broad spectrum antibiotics, anti-inflammatory 
steroids and monoclonal antibodies. Several therapies are 
often used with complementary medicine approaches 
such as traditional Chinese medicine, which in fact are not 
proven effective to reduce the patient mortality rate. For 
example, the effectiveness of plasma convalescent therapy 
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Abstract
Introduction: The current incidence of the novel 
coronavirus disease has shown only small reductions 
of cases and has become a major public health 
challenge. Development of effective vaccines against 
the virus is still being encouraged such as multi-
epitope vaccines designed from the components of 
SARS-CoV-2 including its spike, nucleocapsid and 
ORF1a proteins. Since the addition of adjuvants 
including HABA protein and L7/L12 ribosomal are 
considered helpful to increase the effectiveness of the 
designed vaccine, we proposed to design multiepitope 
vaccines by two different adjuvants.
Methods: We used the IEDB server to predict BCL and TCL epitopes that were characterized using 
online tools including VaxiJen, AllPred and IL-10 Prediction. The selected epitopes were  further 
constructed into multiepitope vaccines. We also added two different adjuvants to the vaccine 
components in order to increase the effectiveness of the vaccines. The 3D-structured vaccines were 
built using trRosetta. They were further docked with different Toll-like-receptors (TLR 3, 4 and 8) 
and the entry receptor of SARS-CoV-2, ACE2 using ClusPro, PatchDock and refined by FireDock. All 
structures were visualized by USCF Chimera and PyMOL.
Results: In this study, we succeeded in designing two different candidate vaccines by the addition 
of HABA protein and L7/L12 ribosomal as adjuvants. The two vaccines were almost equally good 
in terms of their physicochemical properties and characteristics. Likewise, their strong interactions 
with TLR3 4, 8 and ACE2 show the lowest energy level of both was estimated at more than -1,000. 
Interactions of vaccines with ACE2 and TLRs are essential for activation of immune responses and 
production of antibodies.
Conclusion: The two designed and constructed multiepitope vaccine have good characteristics and 
may have the potential to activate humoral and cellular immune responses against SARS-CoV-2. 
Further research is worth considering to confirm the findings of this study.  
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to bind genetic material of the virus and viral replication. 
In addition, the non-structural protein (NSP) encoded 
in ORF1a is another part that plays an important role 
in the life cycle and viral replication machinery of this 
virus. Although this gene encodes NSPs, ORF1a remains 
one of the important SARS-CoV-2 vaccine target 
proteins that serve as vaccine precursors.12 Qamar et al 
demonstrated that designing multiantigen and epitope 
vaccines using ORF1a and other components could result 
in good candidate vaccines.13 These spike, nucleocapsid 
and ORF1a proteins are the main existing components 
of SARS-CoV-2 involved in the priming, entering and 
infectivity of the virus.9,14 In this study, we aimed to design 
multiepitope vaccines against SARS-CoV-2 from the 
three peptides described above using computer-based 
immunoinformatics analysis.

Materials and Methods 
Protein retrieval
Protein selection is the first step in vaccine design using 
the immunoinformatics approach (Fig. 1). We retrieved 
the proteins from the National Central Biotechnology 
Information (NCBI) (http://www.ncbi.nlm.nih.gov/
protein/) database in December 2020 with the codes: 
Spike protein (Accession no: QHR63260.2), Nucleocapsid 
protein (Accession no: QHO60601.1) and Open reading 
frame 1a (ORF1a) (Accession no: QLI51900.1). All 
sequences of the proteins were developed in the FASTA 
format. Three protein selections were further determined 
for their antigenicity and physicochemical characteristics.

Evaluation of antigenicity and physicochemical characteristics 
of protein selection
Determination of antigenicity of the selected proteins was 
performed using VaxiJen v2.0 with threshold value 0.40 
and tumor models.15 The immunogenic proteins (had 

in curing patients, which initially had promising results, is 
now being questioned.4,5

Various attempts have been made to break the chain 
of the rapid spreading of this virus. Social distancing, 
quarantine, and self-isolation appear to only effectively 
prevent the transmission in the short term. Therefore, the 
development of an effective therapy for the eradication of 
this virus is needed. In addition, an increase in immunity 
in the population through vaccine development may 
help combat the SARS-CoV-2 infection and halt the 
transmission.5, 6 The use of vaccines is predicted to involve 
the priming of SARS-CoV-2 for the body to produce long-
term immunity such as the production of neutralizing 
antibodies and memory B and T cells, which are expected 
to neutralize and block the fusion and entry of the 
virus.6, 7 However, until now, there is no vaccine that can 
effectively eradicate this virus. Along with technological 
developments, methods in vaccine design and 
development are becoming more advanced. For example, 
the use of virus-like particles in human papilloma virus 
(HPV) vaccines have currently been established, and also 
the multi-epitope-based vaccine peptide design using the 
immunoinformatics approach.8 

SARS-CoV-2 is a non-segmented and positive sense 
RNA virus which is 29.9 kb in length and built by four 
main structural proteins, namely the spike glycoprotein 
(S), small envelope protein (E), membrane glycoprotein 
(M), and nucleocapsid protein (N).9 These four proteins 
play crucial roles in the effectiveness of this virus. The 
S protein of SAS-CoV-2 is responsible for CoV entering 
into the host cells by binding to its receptor, angiotensin 
converting enzyme 2 (ACE2), which is on the surface 
of host cells. This S protein is the main immunogenic 
component of the virus so it is often used in vaccine 
development.2,10,11 Another important and immunogenic 
protein is N which is a structural protein that functions 

Fig. 1. Schematic of immunoinformatics multi-epitope vaccine SARS-CoV-2 design.

http://www.ncbi.nlm.nih.gov/protein/
http://www.ncbi.nlm.nih.gov/protein/
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antigenic score more than 0.40) were further processed 
to obtain small peptides that fit with epitope T and B 
cells. Meanwhile, for the physicochemical properties 
characterization of the three selected proteins, we used 
the online characterization tool, ProtParam16 as described 
previously by Ullah, Sarkar and Islam.7 

T and B cell epitope prediction
Prediction of T and B cell epitopes was conducted by 
using the Immune Epitopes Database (IEDB)17 based on 
the immunoinformatics guide previously published by 
Ullah et al.7,18 Whole protein S, N and/or ORF1a protein 
were dropped in the server to obtain small peptides that 
fit with epitope T and B cells. Antigenic peptides for T 
cell activation are generally administered via MHC-I 
and MHC-II, so prediction of T cell epitopes is typically 
conducted by prediction of MHC epitopes. MHC-
Class I was presented as CD8+ cytotoxic T cell (CTL) 
epitope which was predicted by NetMHCpan EL 4.0 
prediction method and using HLA-A*11−01 allele with 
9 amino acids in length. Meanwhile, the MHC-Class II 
(Helper T-cell) was developed by IEDB recommendation 
methods for MHC-II prediction epitope using the HLA 
DRB1*04−01 allele. The three epitope results were 
selected based on their percentile scores, antigenicity 
scores, non-allergenicity, and non-toxicity. B-cell epitopes 
were predicted by Bepipred Linear Epitope Prediction 
2.0. Five of them were selected based on their longer than 
10 AA length, antigenicity scores, non-allergenicity, and 
non-toxicity.19

Allergenicity, antigenicity and toxicity prediction of 
epitopes
All epitope predictions were tested for their allergenicity, 
antigenicity and toxicity prediction. The allergenicity 
predictions were measured by an online tool named 
AllergenFP, for an allergenicity prediction by descriptor 
fingerprints, which have 87.9% accuracy of prediction.20 
Antigenicity predictions of all epitopes were done by 
VaxiJen v2.015 as the most reliable server for prediction of 
antigenic properties.21 The measuring of antigenicity of 
epitopes was done on the tumor model, which is known 
to generate excellent results using a model with threshold 
0.40.7 Meanwhile, the toxicity of all epitopes was analyzed 
by the ToxinPred server with the default setting of support-
vector machine (SVM) (Swiss-Prot).22

Prediction of IL-10 specific epitope response
The selected MHC-II epitopes (the three epitopes that had 
good percentile scores, antigenic, nonallergenic, and non-
toxic) were tested for their ability to induce interleukin-10 
(IL-10) responses. The IL-10 prediction server was 
employed to determine the ability of all predicted MHC-II 
epitopes to induce IL-10 releasing.23 We conducted these 
tests with the prediction tool following the previously 
published study by Khairkhah et al24 that made the 

predictions based on the SVM-based model with default 
value setting at SVM threshold left.

Building the 3D structure and molecular docking of 
selected epitopes
All selected MHC-I and II epitopes (had the best 
properties including good antigenic score, being non-
allergenic, non-toxic and had the best percentile score) 
were developed into their 3D structures using the online 
3D structure generating server, PEP-FOLD3.25 The best 
models were retrieved and further docked with their 
representative alleles including HLA-A*11-01 allele (PDB 
ID: 5WJL) for the MHC-I epitope and HLA DRB1*04-01 
(PDB ID: 5JLZ) for all MHC-II epitopes.26

The online server, PatchDock was used for molecular 
docking.27 The results of epitopes/MCH allele docking 
were refined and rescored by the FireDock server.28 All 
epitopes/MCH allele docking results were visualized by 
UCSF Chimera.29

Vaccine construction
All best CTL, HTL and BCL epitopes from three different 
proteins: spike, nucleocapsid and ORF1a were constructed 
to become multiepitope vaccines.7,30 The epitopes were 
built with the following sequences: adjuvant, PADRE (Pan 
HLA-DR reactive epitope) sequence, CTL epitopes, HTL 
epitopes and BCL epitopes and vaccines built according 
to these templates are presented in Fig. 2. Two different 
adjuvants including L7/L12 ribosomal protein and HABA 
protein were used in the vaccine construction. The 
PADRE is a vaccine component that can induce CTL in 
the vaccine. Besides adjuvants and PADRE, some linkers 
were employed to link vaccine components including: 
EAAAK to link the adjuvant and PADRE, GGGS linkers 
for CTL epitopes, GPGPG linkers for HTL epitopes, and 
KK linkers for BCL epitopes. 

Evaluation of allergenicity, antigenicity and physicochemical 
characteristics of vaccine
Determination of allergenicity of the constructed vaccine 
was performed using VaxiJen v2.0 with threshold value 

Fig. 2. Schematic template of multi-epitope vaccine constructs with linkers, 
PADRE and adjuvants.
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0.40 and tumor models.15 Meanwhile, to determine 
vaccine allergenicity, we used the online allergenicity 
prediction tools, AllerTop v2.031 and AllergenFP servers.20 
Physicochemical properties are important to know, so an 
online server with characterization tools, ProtParam was 
used to determine the physicochemical properties of the 
constructed vaccines.16

Building of tertiary structure and validation of vaccine 
constructs
Vaccine constructs were further developed in 3D 
structures using the trRosetta server,32 known for fast and 
accurate protein structure prediction. Tertiary structures 
of the vaccines were further validated by ERRAT33 and 
Ramachandran plots34 using the online validation tools, 
PROCHECK.35 All tertiary vaccine constructs were 
visualized by PyMOL and USCF Chimera. 

Docking vaccine constructs with toll-like receptors (TLRs) 
The two different constructed vaccines were docked 
with TLRs as the sensor pattern of viruses including 
coronavirus to initiate immune responses. The TLR PDB 
files including TLR3 (PDB ID:1ziw), TLR4 (4g8a) TLR8 
(PDB ID:3w3g) and ACE2 (1r42) were obtained from 
the data bank, RCSB PDB (https://www.rcsb.org). The 
proteins were further docked by two online docking tools, 
including PatchDock27 and ClusPro server.36 The results of 
the vaccine/TLR docking were refined and rescored by the 
FireDock server.28 All vaccine/TLR docking results were 
visualized by UCSF Chimera and PyMOL.

Results
Protein sequence retrieval, antigenic evaluation and 
determination of their characteristics
The proteins for precursors of the designed vaccines 
were retrieved from NCBI including Spike (S) protein 
(Accession code QHR63260.2), Nucleocapsid (N) protein 
(Accession code QHO60601.1) and Open reading frame 
1a (ORF1a) (Accession code QLI51900.1). All of them 
were downloaded in amino acid FASTA form for further 
analysis. The results of the analysis of the antigenic 
potential using VaxiJen 2.0 on the sequence of peptides 
included (S, N and ORF1a) in this study shown in Table 
1 indicate that all peptides have antigenic potential as 
indicated in their scores which passed the threshold 
(>0.40). Meanwhile, the initial characterization results 
showed that ORF1a protein had the highest molecular 
weight with 489988, and nucleocapsid had the smallest 

with 45625. This is because ORF1a has a higher number 
of amino acids (4405 AA) than the other two proteins 
included in this study (Spike 1273 AA and Nucleocapsid 
419 AA).7

T and B cell epitope prediction and their characteristics
T cell epitope prediction is done to assess the ability of 
the spike protein to induce CD8+ cytotoxic T lymphocyte 
(CTL) and helper T lymphocyte cell (HTL) responses. 
CTL epitopes were predicted by screening the epitopes 
which can bind to MHC class I, which is a macromolecule 
that has the function of presenting foreign antigens to 
CTL. Meanwhile, the HTL epitopes were predicted by the 
ability of foreign antigens to bind with MHC-II. Three of 
the twenty best epitope results were selected based on the 
percentile score and further tested for their antigenicity, 
immunogenicity, non-toxicity and non-allergenicity 
(Table 2). On protein spikes, those selected in the epitope 
CTL were S142-150(GVYYHKNNK), S550-558 (GVLTESNKK), 
S529-537(KSTNLVKNK). In Nucleocapsid and ORF1a, 
the selected epitopes were N240-248 (QQQGQTVTK), 
N53-61(FTALTQHGK), N291-299(LIRQGTDYK), and 
ORF1a2192-2200 (ASMPTTIAK), ORF1a282-290(KTIQPRVEK), 
and ORF1a3260-3268(AVLQSGFRK), respectively (Table 2). 
Additionally, for HTL, there were: S53-64DLFLPFFSNVTW, 
S115-126QSLLIVNNATNV, S52-63QDLFLPFFSNVT, N344-

355PNFKDQVILLNK, N305-316AQFAPSA SAFFG, N304-

315IAQFAPSASAFF ORF1a2519-2530SHFVNLDNLRAN, 
ORF1a1188-1199SSFLEMK SEKQV, and ORF1a2520-

2531HFVNLDNLRANN. The selected HTL epitopes were 
further tested for their ability to induce the cytokine IL-
10. The prediction results showed that most of the selected 
epitopes could induce IL-10 (Table 3). 

Meanwhile, B-cell epitopes were predicted to recognize 
and present small peptides that fit with B cell epitopes, 
which are some of the antigen presenting cells that could 
recognize and present peptide antigens to stimulate 
immune responses. The five best epitopes were then 
selected to be included in the constructed vaccines based 
on their longer than 10 AA length, antigenicity scores, 
non-allergenicity, and non-toxicity (Table 4).

Development 3D structures and molecular docking of 
selected epitopes 
Activation of T cells can occur if the antigen is successfully 
presented by MHC-I and Class II to T cells. To achieve 
this goal, the presented peptides must of course fit with 
the MHC epitopes. To find this out, we used docking of 

Table 1. Retrieval proteins for design multi-epitope vaccine candidate and their antigenicity prediction

Protein ID Number Length Molecular Weight Antigenic Score Antigenicity

Spike Protein QHR63260.2 1273 141178 0.5346 Antigenic

Nucleocapsid QHO60601.1 419 45625 0.7094 Antigenic

ORF1a QLI51900.1 4405 489988 0.4955 Antigenic

https://www.rcsb.org
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the selected small peptides with MHC. Selected epitopes 
of MHC-I and II were developed to build their tertiary 
structures and docked with their representative MHC 
allele. As shown in Table S1, Supplementary file 1, MHC-I 
or CTL epitopes were docked with HLA-A*11-01 allele, 
while HTL epitopes were docked with HLA DRB1*04-01 

allele (shown in Table S1, Supplementary file 1). In CTL 
epitopes, S142-150(GVYYHKNNK) was the best epitope of 
the S protein and had the lowest global energy -50.28 Kcal/
mol. Meanwhile, the best docked epitopes of nucleocapsid 
and ORF1a were N53-61(FTALTQHGK) ORF1a3260-

3268(AVLQSGFRK) with lowest global energy -39.02 Kcal/

Table 2. Selected MHC Class I (CTL) Epitopes of spike protein, nucleocapsids and ORF1a based on their antigenicity, non-allergenicity, non-toxicity and 
percentile score

Protein Epitope Position Antigenicity score Antigenicity Allergenicity Toxicity Percentile 

Spike

GVYYHKNNK 142-150 0.4563 Antigenic Nonallergen Nontoxic 0.13
GVLTESNKK 550-558  1.2654 Antigenic Nonallergen Nontoxic 0.14

KSTNLVKNK 529-537 0.709 Antigenic Nonallergen Nontoxic 0.21

Nucleocapsid

QQQGQTVTK 240-248  1.2568 Antigenic Nonallergen Nontoxic 0.19

FTALTQHGK 53-61 1.0498 Antigenic Nonallergen Nontoxic 0.22

LIRQGTDYK 291-299 1.1264 Antigenic Nonallergen Nontoxic 0.76

ORF1a
ASMPTTIAK 2192-2200  0.5358 Antigenic Nonallergen Nontoxic 0.01

KTIQPRVEK 282-290 1.0814 Antigenic Nonallergen Nontoxic 0.01
AVLQSGFRK 3260-3268 0.666 Antigenic Nonallergen Nontoxic 0.01

Table 3. Selected MHC Class II (HTL) Epitopes of spike protein, nucleocapsids and ORF1a base on their antigenicity, non-allergenicity, non-toxicity, percentile 
score and cytokine IL-10 prediction

Protein Epitope Position Antigenicity score Antigenicity Allergenicity Toxicity Percentile IL-10 prediction

Spike

DLFLPFFSNVTW 53-64 0.8885 Antigenic Nonallergen Nontoxic 0.62 Inducer
QSLLIVNNATNV 115-126 0.6194 Antigenic Nonallergen Nontoxic 0.75 Non Inducer

QDLFLPFFSNVT 52-63  0.9430 Antigenic Nonallergen Nontoxic 0.95 Inducer

Nucleocapsid

PNFKDQVILLNK 344-355 0.4967 Antigenic Nonallergen Nontoxic 1.80 Inducer

AQFAPSASAFFG 305-316 0.1321 nonantigenic Nonallergen Nontoxic 3.20 Inducer

IAQFAPSASAFF 304-315  0.4432 Antigenic Nonallergen Nontoxic 5.10 Non Inducer

ORF1a
SHFVNLDNLRAN 2519-2530 0.6316 Antigenic Nonallergen Nontoxic 0.16 Non Inducer

SSFLEMKSEKQV 1188-1199 0.6326 Antigenic Nonallergen Nontoxic 0.20 Inducer
HFVNLDNLRANN 2520-2531 0.5754 Antigenic Nonallergen Nontoxic 0.23 Non Inducer

Table 4. Selected B-Cell (LBL) epitopes of spike protein, nucleocapsids and ORF1a base on their antigenicity, non-allergenicity, non-toxicity, percentile score 
and cytokine IL-10 prediction

Protein Epitope Position Antigenicity 
score

Antigenic 
prediction Allergenicity Toxicity

Spike

SQCVNLTTRTQLPPAYTNSFTRGVY 13-37 0.51 Antigenic Nonallergen Nontoxic
MDLEGKQGNFKNL 177-189 1.4189 Antigenic Nonallergen Nontoxic

KHTPINLVRDLPQGFS 206-221 0.9646 Antigenic Nonallergen Nontoxic

KSFTVEKGIYQTSNFRVQP 304-322 0.5392 Antigenic Nonallergen Nontoxic

FPNITNLCPFGEVFNATRFASVYAWNRKRISNCVA 329-363 0.7126 Antigenic Nonallergen Nontoxic

Nucleocapsid

NGPQNQRNAPRI 4-15 0.4945 Antigenic Nonallergen Nontoxic

FGGPSDSTGSNQNGERSGARSKQRRPQGLPNN 17-48 1.1986 Antigenic Nonallergen Nontoxic

HGKEDLKFPRGQGVPINTNSSPDDQIGYYRRATRRIRGGDGKMKDLS 59-105 0.6915 Antigenic Nonallergen Nontoxic

GALNTPKDHIGTRNPANNAAIVLQLPQ 137-163 0.4605 Antigenic Nonallergen Nontoxic

RLNQLESKMSGKGQQQQGQTVTKKSAAEASKKPRQKRTATKA 226-267 1.2401 Antigenic Nonallergen Nontoxic

ORF1a

HNESGLKTILRKGGR 388-402 1.1024 Antigenic Nonallergen Nontoxic

CGETSWQTGDFVKAT 326-340 0.6505 Antigenic Nonallergen Nontoxic

KKFDTFNGECPNFVFPLNSIIKTIQPRVEKKKLDGFMG 261-298 0.8059 Antigenic Nonallergen Nontoxic

PLECIKDLLARAGKASCTLS 197-216 1.0063 Antigenic Nonallergen Nontoxic
KNGNKGAGGHSYGADLKSFDLGDELGTDPYEDFQENWNTKHSSGV 125-169 0.5987 Antigenic Nonallergen Nontoxic
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mol and -58.65 Kcal/mol, respectively (Fig. 3A).
Meanwhile, docking between the selected MHC-II or 

HTL epitopes also generated good interaction of both 
epitopes and HLA DRB1* 04-01 allele. The best docking 
of these were namely, S115-126QS LLIVNNATNV, N305-

316AQFAPSASAFFG, and ORF1a1188-1199SSFLEMKSEKQV 
which had global energy -10.79 Kcal/mol, -19.47 Kcal/
mol and -1.80 Kcal/mol, respectively (Fig. 3B). The results 
indicated that the selected epitopes had strong interactions 
with both MHC alleles.

Constructed vaccines 
All selected peptide epitopes including CLT, HTL and BCL 
were constructed to become multiepitope vaccines using 
some additional components including adjuvants, PADRE 
and linkers to link one epitope with another epitope. 
PADRE is a vaccine component that could increase CTL 
response. Meanwhile, adjuvants were used to enhance the 
response of the vaccines, antibody production, and reduce 

the quantity of antigen input of the constructed vaccines. 
In this study, we used two different adjuvants which were 
L7/L12 ribosomal protein and HABA protein.37 The 
two constructed vaccines were named CVCoV1 for the 
multiepitope vaccine with HABA adjuvant and CVCoV2 
as the vaccine using the L7/L12 ribosomal protein as 
adjuvant (Table S3, Supplementary file 1).

The constructed vaccines were further characterized for 
their physicochemical properties, allergenicity, and the 
antigenicity which are shown in Table S4, Supplementary 
file 1. CVCoV1 was the longer and wider constructed 
vaccine, and the characterization results showed that 
both of the vaccines were antigenic, non-allergenic and 
stable. The tertiary structures of the vaccines were built 
by trRosetta which provides fast and accurate protein 
structure prediction. The 3D structures of both vaccines 
are shown in Figs. 4A (CVCoV1) and 5A (CVCoV2). The 
built structures were further refined and validated using 
ERRAT and Ramachandran plots. Both of the constructed 

Fig. 3. Representative figures of docking of MHC-I epitope (cyan) with HLA-A*11-01 (red) (A), and MHC-II Epitope (magenta) with HLA DRB1*04-01 (green) 
(B).

Fig.  4. Tertiary structure of the constructed vaccine with HABA adjuvant (A), validation and refinement by Ramachandran plot of 3D structure vaccines (B), 
and ERRAT (C).
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vaccines showed almost the same validation results. 
Results showed that the vaccines were closely similar in 
the Ramachandran plot results of both vaccines and but 
CVCoV1 had a higher quality factor value than CVCoV2 
(Table S5, Supplementary file 1) (Figs. 4B, 4C, 5B and 5C).

Molecular docking of vaccine constructs with TLRs
The constructed vaccines must provide good interaction 
with body components to stimulate immune system 
activation. Therefore, the 3D constructed vaccines were 
further docked with TLR 3 and 8 proteins using ClusPro, 
PatchDock and further refined by the FireDock server. 
Docking results of vaccines with TLR 3 and 8 were 

visualized and are shown in Figs. 6 and 7. Docking results 
show that both of the constructed vaccines generated 
strong interactions with both TLR 3 and TLR 8. The 
vaccine/protein interaction showed the lowest energy 
level at -1324.9 and -1431.5, for both CVCoV1-TLR3 
and TLR8 complex, respectively (shown in Figs. 6A and 
6B). Meanwhile, the CVCoV2-TLR3 and TLR8 complex 
profile had the lowest energy levels at -1206.2 and -1256.3, 
respectively (shown in Figs. 7A and 7B). The results of 
docking using the PatchDock and FireDock servers are 
presented in Table S6, Supplementary Data. 

Molecular docking was also performed to assess the 
interaction between the constructed vaccines with TLR4 

Fig. 5. Tertiary structure of the constructed vaccine with L7/L12 ribosomal adjuvant (A), validation and refinement by Ramachandran plot of 3D structure 
vaccines (B), and ERRAT (C).

Fig. 6. Molecular docking of CVCoV1 with Toll Like Receptor 3 and 8. Vaccine docked complex of CVCoV1/TLR3 (A) and CVCoV1/TLR8 (B).
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and the host cell receptors of SARS-CoV-2 entry, namely 
ACE2. The results show strong interactions between the 
vaccines with TLR4 and ACE2 (Table S6). Docking of 
CVCoV1-TLR4 and ACE2 complex generated the same 
results with docking of TLR3 and 8 that had the lowest 
energy levels, lower than -1000 for both TLR4 (show 
in Fig. 8A) and ACE2 (shown in Fig. 8B), respectively. 
Meanwhile, the other docked results in Fig. 6 also 
generated the expected lowest energy levels in both of the 
CVCoV2-TLR4 (Fig. 9A) and CVCoV2-ACE2 (Fig. 9B) 
complexes at -1346.0 and -1296.8, respectively.

Discussion
Advances in technology and computerization in the 
discovery of drugs that effectively treat certain diseases 
have brought major impact on the development of novel 
therapies. This also has positively impacted the design and 
development of vaccines that are effective against SARS-

CoV-2, which are currently needed to stop the global spread 
of the highly infectious disease. The development of the 
science and method of bioinformatics has had significant 
impact in the design of an effective vaccine. The approach 
is used by immunologists in designing vaccines against 
many viruses and bacteria that cause deadly diseases, 
including Ebola virus,7 human immunodeficiency virus 
(HIV),38 infectious bronchitis virus (IBV),39 HPV,40 
SARS-CoV,41 Streptococcus pneumoniae,42 and the newly 
developed Echinococcus granulosus vaccine that was 
proven effective in vitro and in vivo.43

The development of vaccines using the bioinformatic 
method approach or known as immunoinformatics is 
done by identifying immunodominant T- and B-cell 
epitopes from several proteins that are considered to play 
key roles in the primary infection of a virus. They are 
further constructed into multi-epitope vaccines. In several 
recently conducted studies, additional sequences of viral 

(A)

Fig. 7. Molecular docking of CVCoV2 with Toll-like receptor 3 and 8. Vaccine docked complex of CVCoV2/TLR3 (A) and CVCoV2/TLR8 (C). 

Fig. 8. Molecular docking of CVCoV1 with Toll-like receptor 4 and angiotensin converting enzyme 2. Vaccine docked complex of CVCoV1/TLR4 (A) and 
CVCoV1/ACE2 (B).
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epitopes such as adjuvants and PADRE were considered 
effective to create successful vaccines.7,30,44,45 In the present 
study, we designed multi-epitope vaccines against SARS-
CoV-2 that were constructed from selected CTL, HTL 
and B-cell epitopes which were extracted from spike, 
nucleocapsid, and ORF1a peptide proteins of SARS-
CoV-2. 

These three proteins are the most important components 
in viral entry, infectivity and viral replication. Spike 
protein is a key protein for SARS-CoV-2 entry in human 
cells by binding to its receptor, ACE2 on the surface of 
the host cells. Currently, many therapeutic developments 
have made this protein as the main target of vaccines and 
drug development. In addition, nucleocapsid and ORF1a 
are also two other important components of this novel 
coronavirus. Nucleocapsid or N proteins play a key role in 
binding and protecting the viral genome.

Vaccination is expected to activate B cells and T cells 
which are very important components in the body's 
immunity against SARS-CoV-2 infection. Vaccines 
containing viral antigens are expected to be recognized 
by antigenic presenting cells, namely dendritic cells, 
macrophages and B cells which further present antigens 
to MHC class I and II.44,46 Presentation of the antigens 
to MHC class I will further induce activation of CD8+ T 
cells, as effector cells that can directly eradicate virus or 
virus-related infected cells. Meanwhile, presentation of 
viral peptides by MHC class II will trigger the activation of 
T helper cells, CD4+ T cells that further trigger activation 
of B cells. The activated B cells will then be triggered to 
produce antibodies and memory B cells that will protect 
the patient in the long-term when a real infection 
occurs.7,44,46 The humoral response from memory B-cells 
can easily overcome the emergence of SARS-CoV-2. One 

previously conducted in silico study by Khairkhah et al 
demonstrated that designing vaccines from multi-epitopes 
based on the S, N and M proteins of SARS CoV-2 could 
generate promising results. They predicted some epitopes 
with good characteristics including non-allergenic, high 
quality proteasomal cleavage could induce IL-10, IFN, 
IgG and IgA responses. Furthermore, their constructed 
vaccine showed strong interactions with TLRs 2, 3 and 
4.24 The similar study conducted by Rahman et al showed 
that their vaccine constructed from multi-epitopes against 
SARS-CoV-2 had strong interactions with TLR4, TLR7, 
and TLR8.30

All selected epitopes of MHC-I, MHC-II alleles, and 
B-cell that were extracted from spike, nucleocapsid, and 
ORF1a proteins showed good immunogenic properties 
and were predicted not to cause allergenic and toxic 
reactions in host cells. These are important profile 
characteristics of the effectivity of vaccines to stimulate 
immune response for further production of neutralizing 
antibodies, memory B and T cells and their safety.

The immunogenic and nonallergenic MHC class II 
epitopes were further tested for their ability to induce 
IL-10. Most of MHC class II epitopes were predicted 
to induce IL-10 including S53-64DLFLPFFSNVTW, S52-

63QDLFLPFFSNVT, N344-355PNFKDQVILLNK N305-

316AQFAPSASAFFG, ORF1a1188-1199SSFLEMKSEKQV, 
since they are expected to induce T helper cell response 
that subsequently activates B-cells, macrophage and 
cytotoxic T-cells.24 Selected epitopes of MHC-I and MHC-
II also showed good docking results with representative 
MHC alleles (HLA-A*11−01 and HLA DRB1*04−01 
allele), which indicate that they could react well with 
their target MHC to induce an immune response.14 
HLA‐A*11:01 is a predominant MHC-I allele in Asia 

Fig. 9. Molecular docking of CVCoV2 with Toll-like receptor 4 and angiotensin converting enzyme 2. Vaccine docked complex of CVCoV2/TLR4 (A), and 
CVCoV2/ACE2 (B).
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and found in East and Southeast Asia which is associated 
with SARS-CoV-2 infection. These alleles have been 
linked to immune responses in upper respiratory tract 
infections, the influenza vaccination process and the 
novel coronavirus infection.47,48 Likewise, the HLA DRB1 
*04−01 allele which is found in many Caucasians and 
Saudi Arabians is also associated with immune responses 
to COVID-19.49,50 Both of these alleles have been widely 
used and are most commonly used as representatives 
of the MHC-I and MHC-II alleles to assess the possible 
interaction of COVID-19 vaccine design and vaccine 
design for other viruses.7,14,30,44

In activation of the immune response, MHC-II or 
helper T cell epitopes could also overlap and activate B 
cells. Apart from overlapping helper T cells, B cells can 
also act as antigen presenting cells, that could recognize, 
process and present peptide antigens to effector immune 
cells. Therefore, the prediction of B cell epitopes is also 
absolutely necessary.46 In this study, we found that the 
small peptides produced in prediction B cell epitopes are 
antigenic, non-allergenic and non-toxic. This situation 
allows for the activation of immune cells, and ultimately 
the B cells themselves. This finding suggested activation 
of immune system cells could produce the formation of 
antibodies, memory B cells and memory T cells.41,44,46,51-53

Constructions of selected epitopes to become vaccines 
were linked by some linkers such as GPGPG. It is 
glycine rich linker which is often used to link epitopes 
in vaccine construction since it could increase binding 
and enable accessibility of the adjoining domain.7,14,30,51 
The constructed vaccines produced in this study had 
good characteristics. They had molecular weight 96 631 
and 92 443 kDa and instability index were more than 
31 which is classified as stable vaccines. Additionally, 
they showed good immunogenic properties and were 
nonallergenic so that the vaccines were predicted to 
not cause an allergic reaction in patients. Both of the 
vaccines are also predicted to have extinction coefficient 
of 54 235 and 49, 765 M−1cm−1, while the aliphatic index 
and theoretical pI are almost the same, namely 61.20 vs 
62.10 and 10.09 vs 10.04, respectively for both CVCoV-1 
and 2. This aliphatic index corresponds to relative volume 
occupied by aliphatic amino acids in the side chains of 
the vaccines and also indicates the thermostability of 
the vaccine constructs.14,51,54 Meanwhile, the constructed 
vaccines show that they have hydrophilic properties and 
high solubility in water. It is indicated by the negativity 
of GRAVY value, namely -0.732 and -0.639 of both 
vaccines.55 The validation of 3D structures of constructed 
vaccines by ERRAT and Ramachandran plot analysis 
generated a good quality factor of 90.75 vs 71.43 and high 
percentage of favored region with 79% vs 83.2%, both for 
vaccine CVCoV1 and 2, respectively.

The vaccines that are produced should be able to 
recognize and interact with the receptors in the host 
cells, for further activation immune responses. To assess 

it, the constructed vaccines were docked with three 
important and different TLRs, namely TLR3, TLR4 and 
TLR8 and ACE2, which are the entry receptors of SARS-
CoV-2. TLR3 are endosomal receptors that can recognize 
presence of RNA or dsRNA genome of coronavirus which 
further induces immune responses.9 Meanwhile, TLR8 
are receptors that can induce dendritic cell activation and 
subsequently initiate T helper cell 1 (Th1 cell) and CD8 + T 
cell responses. TLR8 activation can also induce interferons 
to stop viral pathogenesis.10,30 The present study showed 
strong interactions in both of the constructed vaccines 
with TLR3 and 8 (Figs. 6 and 7) that generate the lowest 
energy level (LEL). The LEL of both docked constructed 
vaccines were estimated to be more than -1000. These 
results indicate that the vaccine produced is predicted to 
activate TLR3 and 8 to induce both humoral and cellular 
immune responses. 

Meanwhile, the docking results with TLR4 also showed 
strong interactions between the vaccines and the receptors 
as shown in Fig. 8, as well as with the viral entry receptor, 
namely ACE2 as shown in Fig. 9. These two proteins, TLR4 
and ACE2 play an important role in the introduction of 
viral antigens to trigger the host's immune response. 
TLR4 are prototypical pattern recognition receptors that 
have the ability to recognize structural and non-structural 
components of the virus to stimulate production of 
inflammatory cytokines.56 Whereas, ACE2 are cellular 
receptors of humans which are responsible for SARS-
CoV-2 entry into the host cell. The SARS-CoV-2 spike can 
bind to ACE2 and mediate viral entry into host cells.57,58

Conclusion
In summary, we concluded spike, nucleocapsid and 
ORF1a proteins could be used as precursors for 
designing multiantigen and multi-epitope vaccines using 
the immunoinformatics approach. Furthermore, the 
constructed vaccines provide good characteristics. The 
vaccines were predicted to generate strong interactions 
with several receptors including TLR3, 4, 8 and ACE2 
and further suggested to stimulate production of immune 
defenses including antibodies, memory T and B cells as 
the aim of vaccination. However, these results cannot be 
immediately generalized to indicate that they (both of 
the constructed vaccines, CVCoV1 and CVCoV2) can 
induce real immune responses in infected human hosts, 
so further research is needed to confirm the findings in 
this study.
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