
Introduction
The emergence of the COVID-19, which started in Wuhan, 
China at the end of 2019 has become a widespread global 
health emergency. The pandemic disease is caused by the 
SARS-CoV-2.1,2 As of October 13, 2023, there have been 
about 700 million people diagnosed with the disease and 
nearly 7 million deaths worldwide.3 The infected patients 

generally present with symptoms including a cold, cough, 
fever, shortness of breath, and loss of function of smell. In 
some patients who are treated intensively in the hospital, 
generally they also exhibit other comorbid conditions such 
as respiratory, cardiovascular, endocrine, anorexia, and 
gastrointestinal diseases.4-6 Several strategies have been 
applied to treat and break the chain of transmission of 
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Abstract
Introduction: Presently, the development of effective 
vaccines against SARS-CoV-2 is absolutely necessary, 
especially regarding the emergence of new variants 
that cause increasing morbidity and fatalities.
Methods: In the present study we designed a mosaic 
vaccine targeting the mutational spike protein of 
COVID-19 using a bioinformatics approach. Various 
immunoinformatics tools were utilized to provide 
the highest potential for a mosaic vaccine that could 
activate immune responses against COVID-19. 
Results: The evaluation of the constructed vaccine 
revealed that it is antigenic and immunogenic as well as nonallergenic. The physicochemical properties 
also show promising characteristics, including being highly stable and hydrophilic. As expected, the 
vaccine shows strong interactions with several important receptors including angiotensin-converting 
enzyme 2 (ACE2), Toll-like receptor 3 (TLR3) and TLR8 by the lowest energy level, docking score 
and binding free energy. The vaccine binds to receptors via certain amino acids using various types 
of binding including salt bridges, hydrogen bonds, and other means. As shown in computationally 
derived models, the interactions promote activation of the immune response by eliciting the release 
of various cytokines, antibodies, memory B and T cells, as well as increasing of natural killer cell and 
dendrite cell counts. 
Conclusion: Therefore, the novel designed mosaic vaccine could be considered as a potential vaccine 
candidate for immediate production to stem the continuing and tragic effects of the COVID-19 
pandemic. However, several advanced experimental studies should be conducted to ensure and 
verify the effectivity and safety against SARS-CoV-2 in vivo.
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the novel Coronavirus. Development of effective vaccines 
using the important viral peptides that aim to induce 
immunological memory and production of neutralizing 
antibodies has become the highlighted and highly hoped 
for preventive measure.7 

Phenotypically, SARS-CoV-2 is a positive sense RNA 
virus (non-segmented virus) that contains spike proteins 
which form homotrimers in its surface.2,8 This protein 
has 1,273 amino acids and specific receptor binding 
domains (RBD), that are the main means for viral entry 
into human cells with angiotensin-converting enzyme 2 
(ACE2), making it the most targeted protein in vaccine 
development.9 The emerging of several recent variants 
of the spike protein in SARS-CoV-2 has raised the latest 
concerns for the development of more effective vaccines. 
Importantly, these current variants of concern include the 
alpha, beta, delta, and later omicron variants which were 
reported around the world. The mutations are located 
at specific regions of the spike protein including RBD, 
furin, and other cleavage sites that can affect sensitization 
of antibodies against the new variant.10,11 Some studies 
demonstrated that the emerging of spike mutations 
reduced the sensitivity of neutralizing antibodies against 
the full set of spike mutations.13,14 In this context, the 
development of an effective vaccine against these variants 
is direly needed.15 

Advancements in bioinformatics have provided 
various facilities in the development of effective vaccines 
using computerized simulations. The approach known 
as immunoinformatics allows researchers to design a 
mosaic vaccine by combining multiple epitope-rich viral 
protein fragments of a virus using bioinformatics tools. 
The epitopes selected for construction are those that have 
good antigenicity, and could mediate cellular and humoral 
immune responses (both B-cell and T-cell epitopes), as 
well as lacking any side effects (non-allergenic and non-
toxic).16-21

A vaccination with both B-cell and T-cell epitopes 
can effectively mediate humoral and cellular immune 
responses against a particular pathogen. The antigen will 
be presented by the major histocompatibility complex 
(MHC) class I and II of the antigen-presenting cells 
(APCs) to the B-cell and T-cell receptors. Accordingly, 
it is also essential to understand how epitopes interact 
with the MHC.18,22 Moreover, a vaccine's affinity for 
immunological receptors (TLR3 and 8) is required for 
successful vaccination protein transport into the APCs. 
TLR3 has been shown to induce a robust type I interferon-
gamma (IFN-γ) dependent antiviral response in mice 
infected with the Coronavirus, while TLR8 exhibits 
antiviral inhibitory functions.23 Accordingly, in this study, 
we designed vaccines from mutational spike protein of 
SARS-CoV-2 using the immunoinformatics approach. 
The vaccines were further able to bind to ACE2, TLR 3 and 
8 of host cells as they function in entering pathways used 

by the pathogen to induce the immunologic responses.

Methods
Retrieval of spike protein, antigenicity assessment and 
physicochemical characterization of protein selection 
Spike proteins were retrieved from the National Center 
for Biotechnology Information (NCBI) in FASTA format. 
The spikes contain the current spreading mutations 
(variants of concern) including T19R, L18F, T20N, P26S, 
D138Y, G142D, 156del, 157del, R158G, R190S, K417N/T, 
L452R, T478K, E484K, N501Y, D614G, H655Y, P681R, 
D950N, T1027I, and V1176F. In the initial assessment, 
each mutational spike protein was evaluated for its 
antigenicity using VaxiJen v2.0 web server with a 
threshold value of 0.40. 

Cytotoxic T lymphocytes epitopes prediction
Prediction of cytotoxic T lymphocytes (CTL) epitopes 
was conducted by using the Immune Epitopes Database 
(IEDB).20 The prediction method was modified from the 
previously published immunoinformatics guide by Ullah 
et al.17 CTL epitopes were predicted by the NetMHCpan 
EL 4.0 prediction method and set-up with 9 amino acids 
in length. The human leukocyte antigen (HLA) references 
were set in 14 library alleles including: 
HLA-A*02:01, HLA-A*02:06, HLA-A*03:01, 
HLA-A*11:01, HLA-A*23:01, HLA-A*24:02, 
HLA-A*26:01, HLA-A*30:01, HLA-A*30:02, 
HLA-A*31:01, HLA-A*32:01, HLA-A*33:03, 
HLA-A*68:01, and HLA-A*68:02.17,24 

Selected epitopes were continued for immunogenicity 
testing using the IEDB online analysis resource: http://
tools.iedb.org/immunogenicity/. Epitopes showing positive 
score are considered to be immunogenic.

Helper T lymphocytes (HTL) epitopes prediction
Helper T lymphocyte (HTL) epitopes were predicted 
with the IEDB methods for prediction of HTL epitopes 
using the recommended 5 alleles including: HLA-
DRB1*01:01, HLA-DRB1*03:01, HLA-DRB1*04:01, 
HLA-DRB1*11:01 and HLA-DRB1*15:01 alleles with 
15-mer in length. The epitopes for further analysis were 
selected based on a percentile rank that was lower than 2. 

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 online allergenicity 
prediction tools, AllergenFP v.1.0 and AllerTOP v.2.0 
which are two predictors of allergenicity with good 
accuracy.25 Antigenicity predictions of all epitopes were 
done by VaxiJen v2.0 as the most reliable online predictor 
of antigenic tests.26 The measuring of antigenicity of 
epitopes was done on the tumor model with threshold 

http://tools.iedb.org/immunogenicity/
http://tools.iedb.org/immunogenicity/
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0.40.27 Meanwhile, the toxicity of all epitopes were 
analyzed by the ToxinPred (http://crdd.osdd.net/raghava/
toxinpred/), with the default setting of the support-vector 
machine (SVM) (Swiss-Prot).28

Cytokine IFN-γ, IL-4 and IL-10 epitopes prediction
All predicted MHC-II epitopes were assessed for their 
possibility to induce IFN-γ, IL-4, and IL-10 releasing. To 
conduct the assessment, we used online IFN-γ, IL-4 and 
IL-10 prediction tools that were operated based on the 
SVM-based model with default value setting at the SVM 
threshold.17,18,29,30 

Population coverage analysis of T-cell epitopes
Population coverage was used to measure the percentage 
of how, for a particular individual in a geographical 
area, the selected epitopes would stimulate the immune 
response, thereby indicating they are suitable for the 
multiple HLAs used in the prediction of the T-cell 
epitopes. The percentage of coverage in each country will 
certainly be different, because of the MHC polymorphism 
in each ethnicity and certain regions. This will also be an 
illustration of the response of the designed vaccine when 
used in the assessed areas. To assess this coverage, we used 
the online population coverage analysis tools from the 
IEDB (http://tools.iedb.org/population/).31

Vaccine construct
Constructions of vaccines from all selected best CTL, HTL, 
and B-cell lymphocyte (BCL) epitopes from mutation spike 
proteins were performed using modifications of previous 
immunoinformatics studies in vaccine design (template 
of construction is illustrated in Fig. 1).32 The epitopes were 
built with the following sequences: adjuvant (β-defensin), 
Pan HLA-DR reactive epitope (PADRE) sequence, CTL 
and HTL epitopes and some linkers including EAAAK 
to link the adjuvant and PADRE, AAY linkers for CTL 
epitopes, GPGPG linkers for HTL epitopes, and 6xHis-tag 
were added at the C terminal end of the vaccine construct.

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 
0.4 and tumor models. Meanwhile, to determine vaccine 
allergenicity and physicochemical properties of vaccines 
constructed using AllerTop v2.0, AllergenFP and 
ProtParam were selected, respectively.33 Furthermore, 
the solubility of the final construct was evaluated by 
the SOLpro server.34 Moreover, secondary structural 
predictions for the final vaccine protein sequences were 
conducted using the PSIPRED35 and SOPMA servers.36

Building of tertiary structure and refinement of vaccine 
construct
Vaccine constructs were further developed into their 
tertiary structures using an online 3D builder, trRosetta 
(https://yanglab.nankai.edu.cn/trRosetta/) that is known 
for fast and accurate protein structure prediction.37 
Tertiary structures of the vaccines were then refined 
using the online refinement tools (e.g., GalaxyRefine).38 
Furthermore, all tertiary vaccine constructs were 
visualized by PyMOL and USCF Chimera. 

Validation of vaccine construct
Final refined tertiary models of the vaccines were further 
verified by ERRAT, followed by structural validation 
by ProSA, and PROCHECK.39 The Ramachandran plot 
should result in over 90% residues in the most favored 
region to define it as a good quality model. Additionally, 
we also evaluated the structural flexibility of each vaccine 
using the CABS-Flex 2.0 server.40

Docking vaccine construct with Toll-like receptors 
(TLRs) 
The constructed vaccines were docked with ACE2 (as the 
viral entry receptor) and TLRs that indicate the sensor 
pattern of viruses including Coronavirus to initiate 
immune responses. The PDB files of the protein included 
ACE2 (PDB ID: 1r42), TLR3 (PDB ID:1ziw), and TLR8 
(PDB ID:3w3g) and were retrieved from the protein data 
bank, RCSB PDB. The molecular interaction predictions 
of the vaccine with the proteins were assessed by several 
online docking tools including ClusPro server, HDOCK, 
and HawkDock. All vaccine/TLR docking results were 
visualized by UCSF Chimera and PyMOL.41-43

Fig. 1. Schematic diagram of construction of mosaic vaccines.

http://crdd.osdd.net/raghava/toxinpred/
http://crdd.osdd.net/raghava/toxinpred/
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Molecular dynamic and estimation of MM/GB-PBSA 
binding energy 
The molecular docking results of the constructed vaccines 
were further analyzed for molecular dynamics and 
estimation of MM/GB-PBSA binding energy. The iMOD 
server (iMODS) (http://imods.chaconlab.org) was used 
for molecular dynamic analysis, while estimation of MM/
GB-PBSA binding energy was performed by HawkDock 
(http://cadd.zju.edu.cn/hawkdock/).42, 44, 45

Codon optimization and in silico cloning
Codon optimization was conducted by Java Codon 
Adaptation Tool (JCat) for maximum expression of the 
vaccine. In this study we used the prokaryotic expression 
system Escherichia coli K-12 strain with selected time rho-
independent transcription terminators, and prokaryotic 
ribosome binding sites. EcoRI and BamHI cleavage sites of 
restriction enzymes were avoided. The vaccine sequence 
was constructed in reverse to the DNA sequence. EcoRI 
and BamHI enzymes were selected for the N-terminal and 
C-terminal sites, respectively. Finally, the DNA sequences 
of the mosaic vaccine results were inserted into the pET-
28a( + ) vector and further cloned by SnapGene tool.

Post translational modification (PTM) analysis
The post translational modifications (PTM) of the vaccine 
constructs were analyzed using MusiteDeep (https://
www.musite.net/) as a deep-learning framework for 
protein post-translational modification site prediction. 
We used all of the prediction models in the tools to 
predict the possibility of PTM that could occur in the 
vaccine contructs.46

Immune simulation
Immune response simulations were conducted by 
C-IMMSIM server (https://kraken.iac.rm.cnr.it/C-
IMMSIM/). In these simulations, we administrated three 
injections containing the constructed vaccine at 4-week 
intervals at 0, 28, and 56 days.

Results
Retrieval of spike protein 
In the present study we designed vaccines from mutational 
spike proteins of SARS-CoV-2 which are included in the 
variants of concern that have recently emerged worldwide. 
This study was conducted in response to the imminent 
concerns over the impact of mutations in spike proteins. 
These mutations have caused increased transmissibility 
and antigenicity of the virus as well as contributing to the 
immune escape and evasion of the virus from antibodies 
formed against it.13,47 The spike proteins were retrieved 
from the NCBI database and followed antigenic evaluation 
to the selected spike by the VaxiJen server by following a 
procedure that was demonstrated in the literature.19 The 
results found that the protein is highly antigenic with the 

antigenic value > 0.4. 

Cytotoxic T lymphocytes (CTL) epitopes prediction
CD8 + cytotoxic T lymphocyte (CTL) epitopes were 
predicted by screening the epitope which can bind to 
the major histocompatibility complex class I (MHC-I), 
which is a macromolecule that has the function of 
presenting foreign antigens to the CTL.48 The epitopes 
were tested with the 14 most common HLA Class I alleles 
including HLA-A*02:01, HLA-A*02:06, HLA-A*03:01, 
HLA-A*11:01, HLA-A*23:01, HLA-A*24:02, 
HLA-A*26:01, HLA-A*30:01, HLA-A*30:02, 
HLA-A*31:01, HLA-A*32:01, HLA-A*33:03, 
HLA-A*68:01, and HLA-A*68:02, which were used to 
generate potential epitopes with good binding affinities 
and characteristics.24 The obtained epitopes were further 
assessed for their antigenicity, immunogenicity, non-
toxicity and non-allergenicity to generate the best 
epitopes that will be used in the construction of mosaic 
vaccines.19,32,49 

From the 10 best epitopes identified, Table S1 shows 
one of the epitopes is located in RBD and specifically 
in RBM, namely 448NYNYLYRLF456, and another is in 
the furin protein namely 777NTQEVFAQV785. All of 
epitopes are putatively restricted to different HLA alleles. 
1206QYIKWPWYI1214 attaches to 3 alleles: HLA-A*24:02, 
HLA-A*23:01, HLA-A*32:01, 775NTQEVFAQV783 can bind 
with 4 alleles: HLA-A*68:02, HLA-A*02:06, HLA-A*02:01, 
HLA-A*26:01, Meanwhile, 975SVLNDILSR983 attaches to 
7 alleles: HLA-A*11:01, HLA-A*68:01, HLA-A*31:01, 
HLA-A*33:03, HLA-A*03:01, HLA-A*30:01, and 
HLA-A*26:01. The ability of the epitope to bind to several 
different HLA alleles will affect the higher population 
coverage of the epitope and vaccine.32

Helper T lymphocytes (HTL) epitopes prediction
The Helper T Lymphocytes (HTL) epitopes with 15-
mer in length were predicted from the ability of foreign 
antigens to bind with MHC-II molecules that were tested 
with 5 different HLA Class II alleles including HLA-
DRB1*01:01, HLA-DRB1*03:01, HLA-DRB1*04:01, 
HLA-DRB1*11:01 and HLA-DRB1*15:01.24,50 Table S2 
shows that the ten selected epitopes have good antigenicity, 
immunogenicity, non-toxicity and allergenicity profiles. 
These HTL are generally recognized to be present in HTL 
epitopes in buds of MHC-II that are embedded on the 
surface of antigen-presenting cells (APC).18,51,52 Selected 
HTL epitopes were also tested for their ability to induce 
IFN-γ, IL-4, and IL-10 responses. As show in Table S2, 
most of HTL epitopes could induce the three cytokines 
tested. Induction of cytokines IFN-γ, IL-4 and IL-10 is 
important in the cascade of immune activation, such as 
the activation of CTL and other immune components in 
the body.53

Of the ten epitopes, three epitopes could 

http://imods.chaconlab.org
http://cadd.zju.edu.cn/hawkdock/
https://www.musite.net/
https://www.musite.net/
https://kraken.iac.rm.cnr.it/C-IMMSIM/
https://kraken.iac.rm.cnr.it/C-IMMSIM/
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induce all of the three cytokine responses, namely 
NLLLQYGSFCTQLNR, NTLVKQLSSNFGAIS, and 
LLLQYGSFCTQLNRA. The other epitopes could induce 
two of the cytokines, e.g., GNYNYLYRLFRKSNL (IFN-γ 
and IL-4), LQYGSFCTQLNRALT (IFN-γ and IL-10), 
and NTLVKQLSSNFGAIS (IL-4 and IL-10), as well as 
one type of cytokine, e.g. SFELLHAPATVCGPK (IL-4). 
This cytokine-inducing ability is important in the cellular 
and humoral immune system activation cascades. Several 
studies have claimed that IL-4 is involved in enhancing 
the immune response by inducing the development of 
naive CD + T cells to Th2.51,53 Meanwhile, IFN-γ has 
been reported to drive differentiation of CD + T cells to 
Th1 and Th2. IFN-γ is a type II IFN secreted by Natural 
Killer cells and T lymphocytes that play a role in the host 
defense mechanism against viruses through the activation 
of cellular and humoral immunity cells. In addition, the 
cytokines can also mediate CTL activity to increase virus 
killing activity.53,54 

Population coverage of T-cell epitopes
Differences in the HLA alleles which are distributed 
in different ethnicities and regions affect the variety 
of vaccine effectiveness in different regions of the 
world. Therefore, the development of vaccines with 
broad-spectrum immunophenotypes or predictions of 
population coverage of constructed vaccines should be 
conducted to ensure suitable populations for coverage of 
certain vaccines.24,52,55 In the present study, we simulated 
the population coverage of our selected epitopes in several 
different geographical areas worldwide to show sufficient 
population that coverage of the selected epitopes. As 
shown in Fig. S1, the world average coverage of whole 
epitopes was 96.74%. Meanwhile, it appears that various 
ethnicities and regions in the world show different coverage 
percentages with North America (98.41%) becoming the 
highest coverage, followed by East Asia (98.07%), Europe 
(97.67%), South Asia (95.02%), West Indies (94.99%), and 
Southeast Asia (93.11%), that indicate the good qualities 
of the selected epitopes. 

Lower population coverage occurs in Central Africa 
with only 15.11% coverage. This can be associated with 
the low level of this type of data analysis in that area which 
may affect the population coverage results. The difference 
in coverage of epitopes in various regions and ethnicities 
is similar to previous finding demonstrated by Kar et al 
in 2020,52 Qamar et al in 202056 and Chukwudozie et al 
in 2021.49

 
Construction of vaccine from selected epitopes 
All selected peptides including CTL and HTL were 
further constructed to become mosaic vaccines. In the 
construction, we used several additional ingredients such 
as adjuvant and the pan and HLA-DR epitope peptide 
(PADRE sequence). These components are devoted 

to enhancing the response of the vaccines, antibody 
production, and to reduce the quantity of antigen input 
of the constructed vaccines while minimizing vaccine 
toxicity.57 We utilized β-defensin adjuvant as the most 
utilized in vaccine construction,48,56 that subsequently 
linked with PADRE and N-terminal of the mosaics; each 
of which is linked by EAAAK.58 In addition, several other 
linkers were used to link one epitope with another epitope 
including AAY and GPGPG for CTL and HTL linkers, 
respectively.58 The ends of the mosaic vaccine were tagged 
with 6 histidine (6xHis-tag) following the previously 
described procedure conducted by Yang et al in 2021,32 
Bhattacharya et al. in 202,50 and Chukwudozie et al in 
2021.49 The results of vaccine construction are listed in 
Table S3.

Evaluation of allergenicity, antigenicity and physicochemical 
characteristic of vaccine
The final constructed vaccines were checked for 
antigenicity by the Vaxijen 2.0 server59 that provided 
the score of 0.5396. With a threshold of 0.4, the 
score is higher and suggests that the vaccine has high 
antigenicity. The allergenicity profile was assessed using 
the AllergenFP 1.0 server and AllerTOP 2.0 webserver 
and showed that the vaccine is non-allergenic in nature. 
Furthermore, the physicochemical characteristics were 
evaluated by ExPASy ProtParam tools60 that provide 
information about molecular weight, isoelectrical point 
(pI), extension coefficient, thermostability (aliphatic 
index), instability index, and hydrophobicity value 
(GRAVY) of the constructed vaccine. The solubility of the 
constructed vaccine was also assessed using Solpro. This 
characterization is important in assessing the quality of 
the vaccine obtained. 

As shown in the Protparam tool, the vaccine consists 
of 391 amino acids, molecular weight about 42.237 kDa 
and theoretical pI 9.54. The theoretical pI is the point at 
which the total liquid charge of an amino acid or protein 
molecule becomes zero based on a certain equilibrium 
point. Therefore, a value of 9.54 indicates that the protein 
is stable at pH 9.54. 

The total negative (Asp + Glu) and positive (Arg + Lys) 
charges of the residue amino acids were 14 and 35, 
respectively. The total number of atoms was computed 
at 5,925 with chemical formula C1914H2939N531O529S12. 
Additional measuring at 280 nm obtained the extinction-
coefficient of the vaccine of 66,990 M−1cm−1 assuming all 
Cys residues were reduced. The half-life of the vaccine 
was estimated at 30 hours (in mammalian reticulocytes, in 
vitro), > 20 hours (in yeast, in vivo), and > 10 hours (in E. 
coli, in vivo). The stability index of protein indicated that 
the vaccine was stable with a score of 23.27. Meanwhile, 
two other calculated parameters were the aliphatic index 
and GRAVY, which were computed to be 85.19 and 
-0.131, respectively. The higher aliphatic index reflects 
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the relative volume occupied by aliphatic amino acids 
in protein side chains, for example: alanine, valine, etc. 
This value also indicates that the vaccine protein is highly 
thermostable.61,62 Moreover, the GRAVY profiles depict 
that our vaccine is hydrophilic.17,61 The solubility result 
by SOLpro also indicates that the constructed vaccine has 
high solubility with score of 0.50. 

Analysis of secondary structure of vaccine
α-Helices are the most abundant rod-like structure 
in proteins and are formed through the utilization of 
hydrogen bonds between the CO and NH groups of the 
main chain present in vaccine proteins. They play an 
important role in determining the overall structure and 
function of the proteins.63 Moreover, β-strands are part 
of the β-sheet of the protein. The β-sheets are formed 
by hydrogen bonds between the linear regions of the 
polypeptide molecular chain.64

In this study, secondary structures of the vaccine were 
elaborated by PSIPRED and SOPMA servers as shown in 
Figs. S2 and S3. In the PSIPRED results, of the 391 amino 
acids, 185 of them (47.1%) form alpha helixes, 31 (7.93%) 
amino acids were beta strands, 175 (44.76%) amino 
acids were coils. Meanwhile, as shown in the results, the 
SOPMA server results were 35.81% for alpha helixes, 
with extended stands 21.23%, β-turns 6.08%, and random 
coils 36.57%. These results indicate the good secondary 
structures of the vaccine.50 Another highlighted structure 
in this result is the β-turn, which is a structure formed 
by self-folding of two regions connected by hydrogen 
bonds.64

Three-dimensional structure building, refinement and 
validation 
The tertiary structures of the three constructed vaccines 
were conducted by trRosetta which provides fast and 
accurate protein structure prediction. The 3D vaccine 
structures were further refined using the Galaxy refine 
server (Table S4). Of 5 refined structures, the fourth 
model was identified to have good quality characteristics 
and selected for further analysis (Fig. S4). According to 
the analysis, the Global Distance Test—High Accuracy 
(GDT-HA) score was computed higher at 0.9853 and 
indicated as the highest similarity. The root mean square 
deviation (RMSD) depicted the distance between atoms in 
the structure was 0.295 that confirms the selected model 
had a better stability. MolProbity of our chosen model 
was 1.664 which was lower than other models. These 
parameters depict crystallographic resolution of models 
that had lower critical errors.32 The Clash score and Poor 
rotamers showed results of 13.9 and 0.7. Furthermore, 
Rama favored regions were increased after refinement 
from the initial models from 96.9 to 97.9 and had an 
acceptable percentage of protein of 85%.

Another analysis to assess flexibility of vaccine was 

conducted by CABS-flex 2.0 server with 50 cycles and 
temperature range of 1.4˚C. The results shown in Fig. 
S5 depict the region near the C and N-terminals which 
are almost the same. The resultant contact-map reflects 
the less clear pattern of interactions between residues.56 
Meanwhile, the Root Mean Square Fluctuation (RMSF) 
plot provides a fluctuation pattern of amino acids in the 
vaccine ranging 0.0 Å to 5 Å.

These results were also supported by validation using 
ERRAT and Ramachandran servers. As shown in Fig. 2, 
the refined model provides the high-quality factor of 97.6 
as analyzed by the ERRAT server. The Ramachandran 
plot analysis reflected 94.3% of residues located in favored 
regions, 5.4% in allowed regions and 0.3 % in outer 
region. These results indicate the refined model has good 
quality.61

Additionally, we also conducted validation to confirm 
the overall quality of the selected models using the ProSA-
web server. As show in Fig. 3, the vaccine reached Z-score 
of -6.33 that is located in the range close to native proteins 
with the comparable size and indicates the overall good 
quality model.32,61 A negative score indicates it is a good 
3D protein model. We generated another local quality 
model using ProSA. This is represented by a significant 
plot, which indicated that the overall quality of the model 
was good. The results are closely similar with a previous 
study conducted by Yang et al in 2021.

Docking of vaccine construct with ACE2 and TLRs
Exploring the interaction of the vaccine with ACE2
The 3D structures of the vaccine were exported in PDB 
format and further docked to certain important proteins 
related to the vaccine. ACE2 is identified as an important 
protein in SARS-CoV-2 infection and is an important 
target for vaccine development. We tried to assess 
the interaction and binding of the vaccine with ACE2 
using several online docking tools including ClusPro, 
PatchDock, HDock and HawkDock. Overall, the results 
observed that the constructed vaccine can interact well 
with ACE2. This interaction reached Center and Lowest 
Energy of -1231.9 and -1231.9 in the ClusPro analysis 
(show in Table 1). Meanwhile, PatchDock analysis results 
for Global Energy, Attractive VdW, and Repulsive VdW 
were -39.19, -28.38, and 6.87, respectively, with the HDock 
results score and Ligand RMSD of -320.72 and 140.88 
(Table 1), as well as the HawkDock results at -6096.45 in 
docking score (Table 2).

We further verified the possible amino acids responsible 
for the vaccine-receptor interactions and the type of 
binding that occurs using PDBsum. The results of this 
analysis are summarized in Fig. 4, and reveal that many 
of the amino acids of the two proteins involved in this 
interaction are using various types of bonds including: 
salt bridges, hydrogen bonds, as well as several other 
amino acids detected to non-bounded contacts.
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Fig. 2. Results of vaccine validation. (A) Ramachandran plot of the vaccine (B) 3D structure of refined vaccine, and (C) Validation of the vaccine structure 
by ERRAT.

Fig. 3. Validation of vaccine using ProSA.
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Exploring the interaction of the vaccine with TLRs
In the present study, we also analyzed the possibility for 
interaction of the vaccine with TLRs especially TLR-3 
and TLR-8 as important pattern recognition receptors in 
immune activation. The interactions were computed by 
similar tools as the vaccine-ACE2 interaction analysis. We 
observed that the vaccine interacted well with both TLR-3 
and TLR-8. The best-docked results for the two protein 
receptors showed the lowest energy scores of -1,069.6 and 
-1,205.6, respectively. The docked results used coefficient 
wattage (E = 0.40Erep + -0.40Eatt + 600Eelec + 1.00EDARS) 
to calculate the binding energy of the interactions.41 
Meanwhile, the docking results using PatchDock and 
HDock are shown in Table 1. Molecular docking using 
HawkDock generated the docking scores of -5607.81 and 
-5031.26 for TLR-3 and TLR-8, respectively (Table 2).

For further analysis of detailed interactions of amino 
acids in Vaccine-TLRs, we found that the interactions 
of the vaccine with two receptors occur at several amino 
acids with different types of bonds. In the vaccine-TLR3 
complex, this interaction involves several amino acids, 
such as Arg265-Asp489 (salt bridges), gly222-arg 438 
(hydrogen bonds), Thr130-Asn338 (by non-bound 
interaction) and others (Fig. 5). Additionally, the vaccine-
TLR8 interactions were in Arg14-Gly505 and Arg38-
Ala504 (hydrogen bond), Lys45-Asp478 (salt bridges), as 
well as by non-bound interactions such as Cys33-Gly505, 
Arg38-Thr507 and Lys45-Val453 (Fig. 6). The width of 
the striped line in non-bound interactions is proportional 
to the number of atomic contacts.

Molecular dynamic simulation and MM/GBSA binding 
free energy calculations of the complex receptor-vaccine
The rigidity of vaccine and receptor interaction was 

evaluated by the value of the radius of gyration (Rg). As 
follows in results (Figs. S6A, S7A and S8A), Rg value are 
37.9325 Å, 43.3996 Å and 41.5319 Å for interaction vaccine 
with ACE2, TLR3 and TLR8, respectively throughout the 
20 ps time span. We also analyzed the micro-interactions 
in terms of the physical movements of atoms and 
molecules of receptor-vaccine complex. The molecular 
dynamics were conducted using the iMods webserver 
as an online, fast and accurate tool for determining and 
measuring the protein flexibility.17,19 It utilizes normal 
mode analysis (NMA) to calculate internal coordinates by 
computing collective functional motions and generating 
a feasible transition path between two homologous 
structures on a biological macromolecule. The iMODS 
server is widely used to assess the interactivity of vaccines 
with receptors because it has the advantages of high speed 
and efficacy as well as other molecular dynamics tools 
such as GROMACS and NAMD.44,45,65

The results of molecular interactions of the vaccine 
with the TLR3 and TLR8 complex show almost the same 
deformability pattern, while ACE2 shows a different 
peak from the complex vaccine/TLRs.17 The locations 
with hinges in the deformability graph reflect higher 
deformability regions in the protein complex.17,32 β-factor 
graphs of the complex are shown in Fig. S6D, and 
Supplementals 7D and 8D. The parameters were calculated 
by comparison of normal mode analysis to root mean 
square, which reflects the calculated uncertainty of each 
atom. The eigenvalue showed remarkably good values of 
1.183 x 10-6, 1.553 x 10-6, and 8.744 x 10-7 for the vaccine 
complex with ACE2, TLR3, and TLR8, respectively. Lower 
eigenvalues indicate easier deformation of the complex. 
Figs. S6D, S7D, and S8D depict covariant matrices of 
pair residues in the complex that reflect their correlation 

Table 1. Results of molecular docking of vaccine with some receptors of ACE2, TLR3, and TLR8

Protein
ClusPro PatchDock HDock

Center Lowest Energy Global Energy Attractive VdW Repulsive VdW ACE HB Docking Score Ligand RMSD (Å)

ACE2 -1231.9 -1231.9 -39.19 -28.38 6.87  1.64 -3.6 -320.72 140.88

TLR3 -1069.6 -1069.6 -21.61 -24.70 10.10 10.69 -1.13 -365.43 101.02

TLR8 -1205.6 -1411 -21.57 -40.83 49.07 -7.96 -0.97 -379.6 120.69

Note: ACE, angiotensin-converting enzyme; HB, hydrogen bond; RMSD, root mean square deviation; TLR, Toll-like receptor.

Table 2. Molecular docking of vaccine with some protein and MM/GBSA binding free energy of complex Receptor-Vaccine

 ACE2 TLR3 TLR8

Docking Score -6096.45 -5607.81 -5031.26

GBSA Score -91.25 kcal/mol -38.38 kcal/mol -62.91 kcal/mol

Interaction
Rec Lig Rec Lig Rec Lig

Residue Score Residue Score Residue Score Residue Score Residue Score Residue Score

Asp-277 -8.01 Arg-14 13.03 Asp-488 3.31 Arg-265 8.73 Asp-478 7.4 Arg-42 -6.97

Ser-262 -6.17 Arg-38 -3.9 Asp-489 -2.77 Asn-304 -4.43 Pro-431 -4.84 Lys-45 -5

Asp-350 -4.76 Ile-30 -5.51 Phe-314 -2.75 Leu-119 -4.34 Thr-507 -3.81 Lys-39 -3.39

Asp-274 -4.01 Arg-42 -3 Pro-464 -2.14 Leu-123 -4.22 Asp-476 -3.07 Arg-38 -3.8

 Gly-268 -3.71 Arg-36 -1.64 Phe-285 -2.08 Ile-122 -4.01 Asp-534 -2.51 Trp-57 -3.54
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pattern. Red matrices indicated a correlated pair while 
white and blue are marked as uncorrelated and anti-
correlated, respectively. Furthermore, the elastic network 
(Figs. S6F, S7F, and S8F) suggest connections between 
atoms and springs or stiffer regions in the complex.19,32

In the present study, we further analyzed the data 
regarding binding affinity of the complex by molecular 

mechanics/generalized born surface area (MM-
GBSA) calculations. From the results generated by the 
HawkDock server (Table 2), total binding free energy 
of complex of ACE2, TLR3 and TLR8 were -91.25 kcal/
mol, -38.38 kcal/mol, and -62.91 kcal/mol, respectively. 
Of these interactions, we obtained five residues with the 
best binding free energy scores both in the receptors and 

Fig. 4. The docked complexes between vaccine with ACE2. (A) Animated representative of complex vaccine (orange) and ACE2 (blue), (B) Interacting 
residues of vaccine and ACE2, Residues in cyan color are vaccine residues and the red are ACE2’s, and (C) All interacting residues of vaccine-ACE2

Fig. 5. The docked complexes between vaccine with TLR3. (A) Animated representative of complex vaccine (orange) and TLR3 (magenta). (B) Interacting 
residues of vaccine (blue) and TLR3 (green), and (C) All interacting residues of vaccine-TLR3.
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vaccine that are responsible in these interactions (Table 2)

Codon adaptation and in silico cloning of the vaccine
Codon adaptations were conducted to reverse the vaccine 
sequence into nucleotide sequences and performed using 
the JCat server.27 The codon sequences (cDNA) contain 
1,173 nucleotides with GC content computed 55.92 that 
is considered a good sequence (40-60 in range). These 
reverse sequences generate the codon adaptation index 
(CAI) value of 0.898 (within the range 0.8–1.0).52,56 The 
value reflects that the DNA contains a high proportion 

of codons and is effectively expressed in the machinery 
organisms, E. coli strain K12.19 

After the adaptation, the sequences were inserted into 
a selected vector for further cloning using the SnapGene 
tool. In the present study, we utilized the pET28a( + ) 
vector to insert cDNA of the constructed vaccine for 
further expression in the E. coli host. We also used buffer 
compatible restriction enzymes, with EcoRI in the start 
and BamHI in the end to cut the vector.32,66 As shown in 
Fig. 7, constructed vaccines were successfully expressed 
in the E. coli strain using the pET-28a vector. The codon 

Fig. 6. The docked complexes between vaccine with TLR8. (A) Animated representative of complex vaccine (orange) and TLR8 (purple), (B) Interacting 
residues of vaccine (blue) and TLR3 (red), and (C) all interacting residues of vaccine-TLR8.

Fig. 7. In silico cloning vaccine using pET28a( + ) expression vector. The red line is the inserted vaccine.
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sequences are red and the vector is seen in black with the 
total final length of the clone of 6542 bp.

The results are in accordance with a previous study 
conducted by Safavi et al in 2019 that reported in order 
to optimize the codon using pET-28a expression vector, 
it is necessary to transfect the vaccine into E. coli before 
it can be produced and purified in the laboratory. In their 
published paper, they explained that the procedure could 
generate a good candidate vaccine that is effective in 
inducing immune responses in vitro and in vivo.67 

Post-translational modification analysis
The PTM were analyze to assess possibility modification 
in vaccine construct in post translation phase. In this 
study, we found that there are some modifications at 
vaccine construct as follow at Fig. S9. Methylation (me) 
become most frequently namely 3 times each at amino 
acids R14, R265, and R345. Followed by acetylation (ac) 
twice in K8 and K52; glycosylation (gl) in N98 and S285; 
palmytoilation (pa) in C 40 and C41; ubiquitylation 
(ub) in K52 and K60 and several other PTMs in several 
amino acids such as pyrrolidone carboxylic acid (pc), 
phosphorylation (p) and hydroxylation (Hy). 

Immune simulation of vaccine in human body 
administration
Immune simulation was conducted by the C-ImmSim 
server to compute the possible immune responses to 

the constructed vaccine after administration. As show 
in Figs. 8A and 8B, Natural Killer and dendrite cells 
acting as the first barrier in immune response were 
significantly increased after the vaccine administration. 
The proliferation was also identified in all of the antibody 
types, including IgM + IgG, IgG1 + IgG2, IgG1, IgG2 and 
IgM after the secondary and tertiary injections. Overall, 
secreted antibody peaks were higher at booster than main 
dose (Fig. 8C). IgM + IgG became the highest identified 
antibody, followed by IgG1 + IgG2. Meanwhile, the IgM 
appeared still higher than the IgG response. In a similar 
pattern response, the increase in IFN occurred in the first, 
second and third doses (Fig. 8D). However, the highest 
level of IFN occurred after the first dose administration 
and began to decrease around the 75th day. Several 
other cytokines such as IL-10, TNF-β, and IL-12 also 
appeared to increase after the first, second and third dose 
administration (Fig. 8D). A similar finding demonstrated 
by previous research indicated that various antibodies 
and cytokines such as IFN, TNF-β and IL-10 were 
increased after in silico injection of mosaic vaccines.49,56 
The results were also consistent with the findings in the 
study conducted by Safavi et al. in 2019, which found 
an increase in antibodies (e.g. IgG1, IgG2a, IgG2a) and 
cytokines (e.g. IFN-γ) in the murine melanoma model 
after administration of mosaic vaccines.67

Concerning the T regulatory (Treg) related cytokines, 
the expressions of IL-10 and TNF-β were less dominant 

Fig. 8. Immune simulation after three dose injections of vaccine at 0, 28 and 56 days. (A) Fluctuatitivity of total NK cell after injection of antigen vaccine (B) 
Show number of Dendritic cell population per state. DC cells are APCs that function to recognize and process antigens. (C) Antigen concentration and relative 
antibody responses. The injection of vaccine could induce increasing protective IgGs and IgM (D) Show the rise of releasing cytokine and interleukins count 
with Simpson index (E-F) Cytotoxic T-cell population counts and activation states (G-H) Helper T-cell population counts and activation states (I-J) B-cell 
population counts and activation states (K) T-Regulatory cell population per state (L) PLB cell population counts.



Ysrafil et al

BioImpacts. 2025;15:2644312

compared to IFN. CD4-T helper and CD8 T-cytotoxic 
lymphocytes (CTL) counts were also increased with 
injection of the vaccine (Fig. 8E-H). Contrary to the 
CD4-T helper (HTL) which increased to its peak and then 
decreased after the first and second doses, the active CTL 
count was consistently increasing and started to decrease 
on day 100. The increase in CTL and HTL counts can be 
attributed to an increase in the number of IFN cytokines 
as determinants of their activation. These results are 
in line with previous in vivo studies that revealed the 
administration of multi-epitope vaccines into the BALB/c 
mice model could generate improvement in immune and 
adaptive responses including functional antibodies and 
CD8 + and CD4 + T cell responses.68,69

Furthermore, the B-cell lymphocytes (BCLs) counts 
were increased since the initial dose administration of 
the vaccine. The increase occurred in almost all types 
including BCL memory, BCL isotype IgM, IgG1 and IgG2 
(Fig. 8I-J). In this simulation, we also noted that Treg 
cell counts were immediately increased after the initial 
dose, and gradually decreased both before and after the 
second and third doses (Fig. 8K). Increased proliferation 
of B-cells, BCL memory, and BCL isotypes is important 
in generating long-term immunity of the immunized 
individuals and the general population.51,70 

Discussion
The emerging variants of SARS-CoV-2 have raised 
new concerns about the virus that has caused almost 7 
million deaths worldwide. Several recent reports have 
advocated that the mutations can lead to a reduction of 
the ability of neutralizing antibodies in post-vaccination 
serum.47 In this context, the development and updating of 
vaccine sequences to overcome the variants are earnestly 
continued by researchers and vaccine manufacturers. 
Moreover, several vaccine research teams in various 
countries are working to design and formulate more 
effective vaccines to stem this pandemic. Currently, 
growing evidence in the advancements of bioinformatics 
have prompted new methods in vaccine development. 
The immunoinformatics approach which provides a 
promising tool for designing and exploring potential 
vaccines has been adopted to construct vaccines from 
multiple epitope-rich SARS-CoV-2 protein fragments.71 
The approach enables accurate prediction models to 
determine immunodominant epitopes and provides 
designed vaccines with promising characteristics. 
Additionally, the immunoinformatics approach can 
reduce excessive trial and error in the use of experimental 
animals, while providing a simple working approach.61,72 
This approach can also be used to develop vaccines based 
on mutations in the immune-related genes, as well as 
linking single nucleotide polymorphisms of the HLA 
class I and II loci typing to vaccine coverage and person-
specific resistance/susceptibility to diseases. The ultimate 

goal is to obtain more effective vaccines to create good 
immunity for patients against an infection-related disease 
including SARS-CoV-2.15

In the present study, we designed several vaccines 
using the mutational spike protein of SARS-CoV-2 as an 
important protein in the viral entry to host cells. Several 
computational tools in immunoinformatics were used to 
select immunodominant epitopes and further construct 
multi-epitope vaccines which have the ability to trigger 
activation of cellular and humoral immunity and prevent 
the excess antigenic load as well as allergenic reaction in 
the host.52,73 In this construction, we eventually resulted 
in a vaccine with 391 amino acid in length, that contain 
MHC class I epitopes and class II (as HTL epitopes), 
β-defensin (as adjuvant), PADRE sequence, linker, and 
6xHis-tag.

The selection of MHC class I epitope prediction is 
due to their ability to elicit the immune response of 
CD8 + T-cytotoxic lymphocytes. Meanwhile, MHC class 
II epitopes were essential due to their role in mediating the 
immune response by TCD4 + lymphocytes activation and 
to further generate activation of T and B lymphocytes.61 
Furthermore, we utilized β-defensin as an adjuvant due to 
its potential to activate primary innate immune responses 
and mediate other immunomodulatory activity against a 
number of viruses, including the Coronavirus.48 Recent 
evidence had demonstrated that adjuvants could lead 
to a longer lasting immune response and enhance the 
immunogenicity of the constructed vaccine. Moreover, 
linkers are added to maintain the function of each 
epitope and allow them to function independently, well 
and optimally in the human body.52,74,75 Addition of 
6xHis-tag at the C-terminal of the vaccine is intended 
for purification and to identify the protein vaccine.32 The 
evaluations of multi-epitope vaccine show expected results 
that the vaccine is a potent and nonallergenic antigen. We 
also assessed that the vaccine was highly thermostable, 
and the hydrophobicity value (GRAVY) reflects that it 
is hydrophilic. A lower GRAVY score indicates better 
solubility of the protein. The protein vaccine was stable in 
pH 9.54 as its theoretical pI was calculated to be 9.54.17,19 

The vaccines were docked with some important 
proteins both in the process of virus entry (i.e., ACE2) 
and in their recognition by the immune response namely 
TLRs. In the Vaccine/ACE2 docking, our results (Tables 
S1 and 2; Fig. 4) support our hypothesis that the vaccine 
or coronavirus antigen peptide can interact with ACE2.71 
Several researchers have claimed that ACE2 is the most 
important protein in SARS-CoV-2 entry to the human 
cells.76 Furthermore, we also assessed that vaccine strongly 
interact with both of TLR3 and TLR8 (Tables 1 and 2; 
Figs. 5 and 6). TLRs are pattern recognition receptors that 
are widely reported to occupy the surface or endogenous 
regions of APCs. These interactions of the vaccine and 
TLRs will trigger activation of immune responses in both 
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of innate and adaptive immune systems.61 Furthermore, 
some researchers have claimed that TLR3 is involved in 
the control of innate immunity during lung SARS-CoV-2 
infection.77 Meanwhile, TLR8 is an endosomal TLR that 
plays a role in the recognition of antigens in the cytoplasm 
of APC. The recognition of antigens by these TLRs can 
trigger innate immune activation to release IFN type I 
which eventually leads to Th1 and Th2 responses.78 

Expression of multi-epitope vaccine in E. coli provided 
the GC content 55.92 that indicated it was efficiently 
expressed. The cDNAs were further inserted via a vector 
expression of pET-28a. This array was used in accordance 
with a previous study conducted by Safavi et al in 2019 that 
reported in order to optimize the codon using pET-28a 
vector expression, it is necessary to transfect the vaccine 
into E. coli before it can be recombinated and purified in 
the laboratory. In their published paper, they explained 
that the procedure could generate a good candidate 
vaccine that is effective in inducing immune responses in 
vitro and in vivo.67 

In this study, we also considered various post-
translational modifications during their expression 
process. We obtained several PTMs in our vaccine protein 
synthesis process, including methylation, acetylation, 
glycosylation, palmytoilation, pyrrolidone carboxylic 
acid, phosphorylation and hydroxylation. Methylation 
or addition of methyl groups in protein synthesis will 
generally increase immunostimulatory activity and 
thus increase the potency of the vaccine constructed in 
this study. Furthermore, methylation generally occurs 
in palindromic CpG sequences in both bacterial and 
plasmid DNA.79,80 Additionally, acetylation usually occurs 
at the N-terminus, leading to cyclization of the epitope, 
ultimately leading to an increase in immunogenicity of 
the peptide vaccine,81 as well as several other NCDs that 
will play a role in the immune response generated by the 
vaccine peptide.80

This study’s immune simulation revealed that the 
mosaic vaccine could trigger an innate, cellular and 
humoral immune response at the time of the first, second, 
or third injection, which occurred in various ways (Fig. 8). 
We also noted the increasing of proliferation of B-cells, 
BCL memory, and BCL isotypes that are considered 
important in generating long-term immunity of the 
immunized individuals and the general population against 
the continued presence of the mutated SARS-CoV-2.51,70

Conclusion
In summary, we concluded that the construction of 
vaccines from mutational spike proteins using the 
immunoinformatics approach provides novel promising 
vaccine candidates. The physicochemical characteristics 
show parameters that are in accordance with the literature 
concerning the characteristics of a good vaccine. The 
vaccine was verified to effectively bind with receptors 

including ACE2, TLR3, and TLR8 with strong interactions 
for further activation of immune responses. As expected 
from the antigenicity and immunogenicity profiles, the 
administration could elicit strong immune responses by 
activation of innate immune responses such as Natural 
Killer and dendrite cells. As shown in the computational 
simulations, the vaccine could also mediate adaptive 
immune responses in both cellular and humoral immune 
systems, including the production of memory cells and 
isotyping B cells for long-term protection. These results 
suggest that the vaccine can effectively induce an immune 
response in humans. Nonetheless, this study is still limited 
to computerized analyses using the immunoinformatics 
approach, and it is necessary for advanced experimental 
research in the laboratory to further study the 
recombinants and prove the vaccine’s efficacy through in 
vitro, veterinary, and human studies.
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What is the current knowledge?
√ The SARS-CoV-2 has infected almost 700 million people 
and is responsible for nearly 7 million deaths worldwide. 
√ Emerging mutations of SARS-CoV-2 especially in spike 
protein have led to the development of more effective 
vaccines to break the chain of transmission in the pandemic.
√ Development of vaccines can be done by immunoinformatics 
from an original spike protein.  

What is new here? 
√ Designing new vaccines can adopt the immunoinformatics 
approach using the mutational spike protein of SARS-CoV-2.
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