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A B S T R A C T   

The newly discovered SARS-CoV-2 Omicron variant B.1.1.529 is a Variant of Concern (VOC) announced by the 
World Health Organization (WHO). It’s becoming increasingly difficult to keep these variants from spreading 
over the planet. The fifth wave has begun in several countries because of Omicron variant, and it is posing a 
threat to human civilization. As a result, we need effective vaccination that can tackle Omicron SARS-CoV-2 
variants that are bound to emerge. Therefore, the current study is an initiative to design a peptide-based 
chimeric vaccine that may potentially battle SARS-CoV-2 Omicron variant. As a result, the most relevant epi-
topes present in the mutagenic areas of Omicron spike protein were identified using a set of computational tools 
and immunoinformatic techniques to uncover common MHC-1, MHC-II, and B cell epitopes that may have the 
ability to influence the host immune mechanism. A final of three epitopes from CD8+ T-cell, CD4+ T-cell epi-
topes, and B-cell were shortlisted from spike protein, and that are highly antigenic, IFN-γ inducer, as well as 
overlapping for the construction of twelve vaccine models. As a result, the antigenic epitopes were coupled with 
a flexible and stable peptide linker, and the adjuvant was added at the N-terminal end to create a unique vaccine 
candidate. The structure of a 3D vaccine candidate was refined, and its quality was assessed by using web servers. 
However, the applied immunoinformatic study along with the molecular docking and simulation of 12 modeled 
vaccines constructs against six distinct HLAs, and TLRs (TLR2, and TLR4) complexes revealed that the V1 
construct was non-allergenic, non-toxic, highly immunogenic, antigenic, and most stable. The vaccine candi-
date’s stability was confirmed by molecular dynamics investigations. Finally, we studied the expression of the 
suggested vaccination using codon optimization and in-silico cloning. The current study proposed V1 Multi- 
Epitope Vaccine (MEV) as a significant vaccine candidate that may help the scientific community to treat 
SARS-CoV-2 infections.   

1. Introduction 

In December 2019, a novel Beta coronavirus SARS-CoV-2 was iden-
tified as the etiological agent of COVID-19, which has been affecting 
more than 0.318 billion global populations and resulted in 5.5 million 
fatalities (https://www.worldometers.info/coronavirus/) (Poon and 
Peiris, 2020). On the other hand, several variants (i.e. Alpha, Beta, 
Gamma, Delta, Kappa, and so on) have been evolved as a result of mu-
tations in the SARS-CoV-2 genome since the start of the COVID-19 
pandemic. These mutations have a higher impact on the pace of 

transmission and the immunological escape mechanism (Tao et al., 
2021; Thakur et al., 2021). The emergence of multiple variants leads to 
the emergence of several waves of devastating pandemics around the 
world (Kumar et al., 2021; Li et al., 2021). Recently, a novel mutant 
variant of SARS-CoV-2 was identified in Botswana, South Africa. The 
World Health Organization reported this on November 24, 2021. On 
November 26, 2021, WHO designated the novel variant Omicron as a 
Variant of Concern (VOC) (Poudel et al., 2022). 

The emergence of a highly mutated SARS-CoV-2 strain (B.1.1.529, 
Omicron) and its rapid spread across six continents within a week of its 
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first detection has raised worldwide public health concern (Nishiura 
et al., 2022). Omicron’s mutational profile is critical for understanding 
whether it shares or differs from other SARS-CoV-2 variants in terms of 
clinical manifestations. Various countries have taken strict actions to 
minimize the transmission of the Omicron variant of SARS-CoV-2 as a 
result of the heavily mutated variant emergence. That includes imple-
menting measures, such as restrictions on international flights, 
strengthened genomic surveillance, and strain sequencing (Petersen 
et al., 2022). 

SARS-CoV-2 pathogenesis is initiated by viral particles adhering to 
host cell cellular surface receptors, where the Spike glycoprotein (S) of 
the SARS-CoV-2 virus identifies and binds to Human Angiotensin Con-
verting Enzyme 2 (hACE2) present on the lungs cells (Harrison et al., 
2020). Previous studies reported that all the recognized variants showed 
most of the mutations in their Spike glycoprotein (Harvey et al., 2021). 
As a result, developing an antiviral drug targeting Spike protein is an 
appealing strategy for preventing the transmission of COVID variants. 

The conventional approach of vaccine development, which involves 
whole organisms or proteins, results in excessive antigenic load and an 
increased risk of allergic reactions. This issue can be overcome by 
developing a Multi-Epitope Vaccine (MEV), which comprises of a short 
immunogenic peptide, adequate linkers, and an adjuvant capable of 
eliciting robust and targeted immune responses while reducing allergic 
reactions. The MEVs are more efficient than single-epitope vaccines 
because of their specificity towards target, stability of complex, time- 
saving features, and cost-effectiveness (Bahrami et al., 2019). Further-
more, they are likely to elicit strong humoral and cellular immunological 
responses at the same time because of the incorporation of T-cell and 
B-cell epitopes. The MEVs with adjuvants are thought to stimulate 
long-term immune responses and increased immunogenicity as adju-
vants are crucial for reducing the amount of antigen used and the 
number of shots (Reed et al., 2013). In this continuing pandemic, in silico 
approaches are the scientifically reliable alternative options for specific 
vaccine development applicable to all SARS-CoV-2 Variant of Concern 
(VOC) and Variant of Interest (VOI). Thus, in this study, we hypothe-
sized MEVs against spike protein of Omicron variant using immu-
noinformatic approaches. In brief, the SARS-CoV-2 Omicron Spike 
protein was searched for antigenic determinants and then tested to 
forecast B-cell and T-cell epitopes with Class-I and II MHC (Major His-
tocompatibility Complex) alleles. Antigenicity, conservancy, and global 
coverage of anticipated epitopes were investigated. Multiple in silico 
approaches were also employed to validate the structural stability, 
physiochemical properties, immunogenicity, toxicity, and antigenicity 
of the constructed MEVs. The MEV’s binding affinity and stability with 
human pathogenic receptors were further investigated using molecular 
docking and MD simulations. Finally, the MEV codons were optimized 
for utilization in the E. coli system, and MEV expression profile was 
validated using in silico cloning. The findings provide the way for the 
construction of Omicron variant vaccines, however further experimental 
validation is needed to battle the pandemic. 

2. Material and methods 

2.1. Data retrieval 

The Omicron spike genomic sequence was obtained from the Global 
Initiative for Sharing All Influenza Data (GISAID) under the accession 
number EPI ISL 8616776, which was reported by the National Health 
Laboratory South Africa, and then translated into amino acids sequence 
using the BLASTX tool. 

2.2. Multiple Sequence Alignment 

The spike proteins of Omicron variant and Wuhan (wild type) were 
aligned to study the variation in these strains of SARS-CoV-2. For this 
purpose, ClustalO tool was used that work on progressive alignment 

techniques. 

2.3. Reverse Vaccinology 

The Vaccinomics, biochemistry, immunology, proteomics, molecular 
biology, and genomics have all recently evolved, and transformed 
traditional vaccinology into Reverse Vaccinology (RV). The RV is an 
innovative and developing computational method that has been widely 
utilized to improve vaccine target and model prediction especially for 
those pathogens that are difficult to cultivate in the lab (Moxon et al., 
2019). This methodology integrates immunogenomics, immunoge-
netics, and bioinformatics to scan the whole proteome of a pathogen to 
find a new vaccine candidate and analyze its ability to elicit a 
host-immune response. The complete applied reverse vaccinology 
methodology is highlighted in Fig. 1. 

2.4. Antigenicity identification 

Antigenicity refers to an antigen’s capacity of pathogen to be iden-
tified by the immune system and elicit an immunological response. The 
VaxiJen v 2.0 was used to assess the antigenicity of spike protein of 
Omicron with 0.4 as a threshold value (Doytchinova and Flower, 2007). 

2.5. Prediction of MHC-I T-cell epitopes 

The immunomodulatory effects of different types of epitopes were 
studied using the NetCTL service to detect T-cell epitopes from spike 
protein (Doytchinova et al., 2006; Jalal et al., 2021) using a combined 
score of anticipated characteristics and a 0.75 threshold (Hasan et al., 
2016). The T cell epitopes were also submitted to the Immune Epitope 
Database and Analysis Resource (IEDB AR) for MHC I binding predic-
tion, which demonstrated that T cells recognized MHC-I antigens (Kim 
et al., 2012). The IEDB server has lots of information on epitope 
immunogenicity for adaptive immunity. The default consensus settings 
of CombLib, ANN, NetMHCpan and SMM together with all HLA alleles 
and human MHC were used for epitope prediction in the current study 
(Kim et al., 2012). The HLA alleles analyzed in present study were 
HLA-A 0205, HLA_0201, HLA-A3, HLA-B 5401, HLA-A2, HLA-A 2.1, and 
HLA-B 5102 (Almofti et al., 2021). The threshold parameters on the 
basis of IC50 < 100μM and <0.2 of percentile rank were used as cut-off 
values for narrowing down of MHC class-I epitopes (Rahman et al., 
2020). 

2.6. MHC-I immunogenicity, antigenicity, toxicity and conservancy 
analysis 

The T-cell epitope must be immunogenic to trigger either CD4+ or 
CD8+ T cells. To determine their ability to elicit an immunological 
response, we employed the IEBD AR tool for MHC-I immunogenicity 
prediction. The default parameter settings were used for immunoge-
nicity prediction, and positive value epitopes were chosen for future 
study (Dhanda et al., 2019). 

The conservancy, toxicity, and antigenic attributes of promiscuous 
MHC-I immunogenic epitopes were explored further. The epitope 
sequence should be conserved across all detected variant sequences in 
order to construct broad-spectrum peptide-based vaccines (Esmailnia 
et al., 2020). The IEBD server was utilized to perform the conversancy 
analysis (Angelo et al., 2017). The antigenicity of conserved epitopes 
was also predicted using the VaxiJen server, which has a 70–80% ac-
curacy rate and a 0.5 probability threshold score (Doytchinova and 
Flower, 2007). The relative toxicity level of epitopes was determine 
through ToxinPred server with cut-off value set as 0.5 (Gupta et al., 
2013). 
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2.7. T-cell MHC-II prediction 

A consensus-based technique was applied for epitopes prediction 
with binding potency to MHC class-II through the IEBD-AR server 
(Hajialibeigi et al., 2021). In order to shortlist MHC-II epitopes, a cut-off 
value of 0.2 peptide rank and an IC50 of 100 nM for top binders were 
determined against the worldwide human population’s 95 percent HLA 
variability, i.e., DRB1*0401, DRB1*0701, DRB301:01, DRB1*1301, 
DRB1*0101, DRB1*0301, DRB1*0801, DRB1*1101, HLA-DRB401:01, 
DRB1*1501 (Solanki and Tiwari, 2018). Multiple epitopes with 9–14 
residues were chosen for downstream investigation. 

2.8. Identified MHC restricted alleles 

The identified MHCI – II epitopes were clustered to validate their 
respected MHC restricted alleles using the MHCcluster (Thomsen et al., 
2013). The clustering performed for these epitopes is resulted in the 

plotting of heat map for the expression relation epitopes with corre-
sponding alleles. It also generated phylogenetic tree that helped in the 
assessment of functional relation identification between HLAs and 
shortlisted epitopes (Ullah et al., 2020). 

2.9. B-cell epitope identification 

A perfect peptide vaccine may induce long-lasting humoral immu-
nity, identical to the natural immunological response produced by 
pathogenic infections. The B-cell epitopes stimulate humoral immunity, 
which can kill infection by creating antibodies against exposed antigens 
to the human body. The ABCPred (Saha and Raghava, 2006), BCPred 
(Bhattacharya et al., 2019), and FCPred (EL-Manzalawy et al., 2008) 
servers are using sequence-based technique and a cut-off score of >0.8 
was used for the identification of B-cell epitopes. Moreover, ElliPro 
server (Ponomarenko et al., 2008) was used for the assessment of hy-
drophobicity content of B-cell epitopes (EL-Manzalawy et al., 2008), 

Fig. 1. Workflow. The applied study workflow utilized for the construction of potential vaccine model against omicron variant spike protein through reverse 
vaccinology approach. 
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Chou and Fashman tool (Chou, 1978) for beta turn prediction, Kaprplus 
and Schulz for flexibility scale (Karplus and Schulz, 1985), and Parker 
hydrophilicity scale for the identification of hydrophobic content 
(Parker et al., 1986), respectively. 

2.10. Epitope mapping (B-cell and T-cell) 

The development of epitope-based vaccines requires an epitope that 
can trigger immune cells (B and T cells) to react (Khalid et al., 2022). 
Consequently, the epitopes having binding affinity and similarity with 
each other from shortlisted MHC-I/II and B-cell epitopes of Omicron 
spike protein were determined. Manual comparison was carried out, and 
overlapping epitopes are classified as plausible peptide sequence. These 
peptides were compiled and used as final anticipated epitopes for vac-
cine modeling. 

2.11. Vaccines construction and structure modeling 

The shortlisted epitopes were conjugated sequentially with suitable 
adjuvant, PADRE (Pan HLA-DR reactive epitope) sequence, and linkers 
to create various vaccine constructs. We employed a variety of epitope 
sequences with four different adjuvants such as L7/L12 ribosomal pro-
tein, beta-defensin, HBHA protein, and HBHA conserved sequence to 
construct a vaccine model with minimal toxicity, allergenicity, and 
immunogenicity (Y. Yang et al., 2015). The addition of linkers boosts 
immunogenicity, while the PADRE peptide assists in the production of 
CD4+ T-cells, improving the efficacy and potency of peptide vaccines 
(Ghaffari-Nazari et al., 2015). HEYGAEALERAG and GGGS linkers were 
employed to combine HTL, CTL, and B-cell epitopes, while EAAAK 
linkers were utilized to link adjuvant sequences at both the N- and 
C-terminus. The TLR connections that have a profound 
immuno-stimulatory effect on polarized CTL response were further 
investigated in the fused vaccine models (Araújo et al., 2019). 

2.12. Antigenicity, allergenicity, and solubility assessment for vaccines 
constructs 

The AlgPred server for allergenicity analysis with a cut-off of − 0.4 
and an accuracy of 85 percent was utilized to examine their allergenicity 
effects to overcome the allergic reaction characteristic of vaccine con-
structs. Scores less than a threshold are considered as non-allergenic 
vaccine (Yukeswaran et al., 2021). The antigenic potential of model 
vaccines was further predicted through VaxiJen and ANTIGENpro 
servers with the default threshold value of >0.5. Furthermore, using 
default settings of 74 percent accuracy and corresponding probability (i. 
e. 0.5), the SOLpro program was used to determine the solubility char-
acteristic of the vaccine model that will aid in the successful expression 
of vaccine construct in E. coli plasmid (Dhanda et al., 2019). 

2.13. Physiochemical analysis of constructed vaccines 

The Expasy ProtParam (Garg et al., 2016) program was used to 
perform physicochemical analysis and functional characterization of 
vaccines based on parameters such as pK values, molecular weight, 
estimated half-life, GRAVY values, aliphatic index, instability index, 
isoelectric pH and half-life of generated vaccine model (Wang et al., 
2020). Physiochemical properties must be assessed to determine the 
safety and effectiveness of vaccine candidates. 

2.14. Structure modeling and molecular dynamic simulation 

The interaction of the vaccine component with its receptors was 
studied to induce a consistent immune response in the vaccine model to 
target cells. The molecular docking method is a useful tool for estimating 
the binding energies and assessing interactions between epitopes and 
HLA molecules (Morris and Lim-Wilby, 2008). The final possible vaccine 

constructs that met all of the framework’s criteria were then docked into 
the binding cavities of six HLA alleles commonly found in the human 
population i.e. 1H15 (HLA-DR B5*01:01), 2FSE (HLA-DR B1*01:01), 
1A6A (HLA-DR B1*03:01), 3C5J (HLA-DR B3*02:02), 2Q6W (HLA-DR 
B3*01:01), and 2SEB(HLA-DRB1*04:01) retrieved from the protein 
database (Burley et al., 2021). The HLAs and vaccine interactions were 
estimated using the PatchDock server (Schneidman-Duhovny et al., 
2005). Furthermore, The GRAMMX tool was also employed to validate 
the vaccine and TLR4/MD complex docking. The TLR4 is involved in the 
recognition of viral proteins, which results in the release of inflamma-
tory cytokines. Hu et al. (2012) reported that TLR4 is required for an 
effective immune response against SARS-CoV-2 (Hu et al., 2012). 
Therefore, molecular docking of vaccine construct and TLR4 was per-
formed through GRAMMX (Tovchigrechko and Vakser, 2006) and the 
interactions such as hydrogen bonding were validated and visualized by 
PDBsum (Laskowski, 2001) and UCSF Chimera (Pettersen et al., 2004). 
The MD simulation studies were carried out to evaluate the structural 
stability of the designed vaccine using GROMACS v. 2020 (Van Der 
Spoel et al., 2005). The topological parameters for the vaccine were 
processed by using GROMOS96 54A7 force field (Lin and van Gunsteren, 
2013). The vaccine was put at 1.0 Å apart from the box edge in a cubic 
box that was constructed. Further, solvent molecules of SPC water model 
were added by using periodic boundary conditions. The addition of 
counter ions neutralized the solvated system. With a maximum force of 
<1000 kJ mol− 1 Å− 1, the neutralized system was minimized using the 
steepest descent technique. The system was gradually heated at constant 
temperature and pressure in NVT and NPT ensemble for 100 ps using 
thermostat and Berendsen barostat algorithms. For constraining the 
bond length and calculation of electrostatic long-range interactions, 
LINCS algorithm, and PME method was applied, respectively. Finally, a 
50 ns MD production was performed with coordinates and energies 
stored every 10 ps in the output trajectory file, according to established 
procedure (Jalal et al., 2021). Subsequently, the Root Mean Square 
Fluctuation (RMSF), Root Mean Square Deviation (RMSD), and Radius 
of gyration (Rg) were plotted to evaluate the stability of the system. 
Furthermore, molecular dynamic simulation of docked complex (vac-
cine with TLR4) was performed via iMODs server. The iMODs defines 
and estimates the flexibility of protein complex based on the direction 
and extent of the immanent motions of the complex in terms of 
deformability, covariance, B-factors, and eigenvalue. 

2.15. Immune simulation of final vaccine construct 

The immune response profile and vaccine immune simulation were 
anticipated using the C-ImmSim simulation server (Rahman et al., 
2020). Three injections of modeled prophylactic Omicron variant vac-
cine were administered at 1, 82, and 126 h time periods and 12345 
random seed for up to 4 weeks at three different intervals with default 
simulation parameters containing no LPS, volume, and simulation stages 
at 10, and 1000, respectively, with homozygous host haplotypes 
HLA-A*0101, HLA-A*0201, HLA-B*0702, HLA-DRB1*0101, and 
HLA-DRB1*0401 (Kaba et al., 2018). 

2.16. In-silico cloning and codon optimization of final vaccine construct 

The Java Codon Adaptation Tool (JCAT) was used to modify the 
vaccine’s codon within the E. coli host strain k-12 (Grote et al., 2005). 
The amino acid sequence of the vaccine was back translated to DNA and 
then modified for codon use in E. coli. The adaptation of vaccine model 
was expressed in terms of Codon Adaptation Index (CAI) value and GC 
content estimated through the JCAT algorithm. In addition, the Snap-
Gene tool (Hess et al., 1992) was used to clone the modified gene 
sequence of the final vaccine construct in E. coli pET28a vector to ensure 
vaccine construct expression. 

K. Khan et al.                                                                                                                                                                                                                                    



Virology 572 (2022) 28–43

32

3. Results 

3.1. Multiple Sequence Alignment 

The MSA analysis of Omicron spike proteins with Wuhan strain 
showed 97–100% through identity matrix. It showed that the Omicron 
spike protein has unique substitutions at 67, 94, 140, 207, 210, 341, 
368, 370, 372, 414, 437, 443, 474–475, 481, 490, 493, 495, 498, 502, 
544, 611, 652, 675, 760, 853, 951, 966, 978, deletion at position 
141–143 and insertion at positions 206–207. The complete visual rep-
resentation about the mutation detail is provided in Fig. 2 that showed 
the alignment of spike proteins, change in amino acids, and number of 
mutations. 

3.2. Antigenicity prediction for Omicron Spike protein 

The antigenicity of Omicron spike proteins analyzed through Vax-
iJen server was identified as 0.4125 with a cut-off value of 0.4. The 
analysis indicates the spike protein as antigenic that can stimulate host- 
immune response. 

3.3. Prediction of MHC Class-I T-cell epitopes 

The NetCTL server was used to forecast 1261 T-cell epitopes using a 
threshold value of 0.75 (Supplementary file 1), however, only 131 epi-
topes were found to exhibit optimum T-cell binding. The MHC-I binding 
on these 131 epitopes was evaluated using IEBD tool. It identified 
approximately 2657 MHC-I epitopes (Supplementary file 2). However, 
based on MHC-I and T-cell interaction, 163 epitopes were identified that 
evoked strong binding affinity using a cut-off criterion of IC50 < 100 and 
percentile rank ≤0.2. All the shortlisted epitopes were predicted to be 
efficient T-cell binders and were evaluated further. 

3.4. Immunogenicity antigenicity, conservancy and toxicity analysis for 
shortlisted epitopes 

The immunogenicity of epitopes determines their ability to induce T- 
cell responses. The immunogenicity prediction was performed for the 
shortlisted epitopes. The higher the immunogenicity score, the better 
epitopes will be at stimulating cellular immunity and T-cells. From the 
163 MHC-I shortlisted epitopes, 96 immunogenic epitopes with a posi-
tive score cut-off were identified as having significant immunogenic 
values using the IEBD service. These immunogenic selected epitopes 
were employed in the development of vaccines. 

The toxicity, antigenicity, and conservancy analyses were also per-
formed on the 96 immunogenic epitopes that were shortlisted. The re-
sults of the ToxinPred and IEBD conservation tools showed that all 96 
sequences were non-toxic and 100% conserved. However, antigenicity 
analysis using the VaxiJen server resulted in a total of 24 epitopes 
(Table 1) as antigenic (i.e., score between 0.5 and 1.0) and subjected to 
further evaluation whereas discarding the non-antigen one. 

3.5. MHC-II epitopes identification and conservancy analysis 

Furthermore, 916 MHC-II epitopes were identified employing the 
IEBD server in addition to MHC-I epitope prediction (Supplementary file 
3). We evaluated epitopes based on their percentile rank with <0.2 
values and a binding affinity with IC50 < 100 nM. A total of 15 MHC-II 
epitopes were predicted by the server following the applied threshold 
and 100 percent conserved predicted by the IEBD conservancy analysis 
for MHC-II epitope (Table 2). 

3.6. MHC restriction cluster analysis of shortlisted epitopes 

The MHCclusters tool was used to evaluate the identified MHC-I/II 
epitopes in relation to MHC restricted allele and their suitable peptide 

validated the epitopes found in T-cells. In terms of annotation, the 
interaction between MHC-I/II and HLAs is displayed as a heat map and 
phylogenetic dynamic tree with red color representing stronger inter-
action and yellow color representing weak interaction (Fig. 3). 

3.7. Prediction of B-cell epitope 

Ideally, both humoral and cellular immunity are required to suc-
cessfully eradicate the virus from the body. As a result, B-cell epitopes 
against Omicron spike protein were discovered using ABCPred, BCPred, 
and FBCPred. These methods identified 155, 22, and 42 B-cell epitopes 
using a threshold value of 0.51, and a specificity of 75 percent, (Sup-
plementary File 4-Table S1). Chou-Fasman beta-turn prediction, Kolas-
kar Tongaonkar antigenicity, BepiPred linear epitope prediction, Parker 
hydrophilicity prediction, Karplus-Schulz flexibility prediction, and 
Emini surface accessibility prediction were also used to further examine 
and select the resulting B-cell epitopes as highlighted in Fig. 4. 

3.8. Epitope mapping and prioritization 

The selected B-cell epitopes were used as a template and manually 
evaluated against MHC-I and MHC-II epitopes to screen out overlapping 
epitopes. The comparison analysis was resulted in the shortlisting of 
three epitopes that overlap MHC-I, MHC-II, and B-cell epitopes (Table 3) 
i.e., TESIVRFPNITNLCPFDEVFNATRFASVYAWNRKRISNCVADYSVLYN 
LAPFFTFKCYG, PQSAPHGVVFLHVTYVPAQEKNFTTAPAICHDGKAHF-
PREGVFVSNGTHWF, and TQQLIRAAEIRASANLAATKMSECVLGQSKRV 
DFCGKG, respectively. 

3.9. Vaccine construction, allergenicity, antigenicity solubility and 
physicochemical properties prediction 

Four adjuvants, PADRE sequences, GGGS, HEYGAEALERAG, and 
EAAAK linkers were used to insert these four epitopes in a sequential 
way. The PADRE sequence helped to overcome the universal poly-
morphism impact of HLA-DR molecules in varied cultures, whereas this 
combination of adjuvants and linkers leads to activating a large immune 
response in the body against viruses. The selected epitopes were con-
nected manually through bash shell script to each other using a 
specialized Glycine-Serine linker i.e., GGGS sequence, H-linker (HEY-
GAEALERAG) and PADRE Sequence (AKFVAAWTLKAAA). A four mo-
lecular adjuvant was added towards the N-terminal direction of the 
epitopes. These adjuvants were attached to the epitopes by one EAAAK 
stiff linker. Eventually, twelve vaccine models were constructed using 
three shortlisted epitopes. Table 4 showed the details of the vaccine 
constructs. 

The antigenicity, solubility, and allergenicity of the twelve vaccine 
models were evaluated further. Eight vaccine models (i.e., V2, V3, V4, 
V7, V8, V10, V11, and V12) were identified as highly allergic in nature 
using the AlgPred program with scores ranging from 0.2 to 0.3 and were 
eliminated. However, the antigenicity predicted by the ANTIGENpro 
server, and the solubility predicted through SOLpro tool of the 
remaining four vaccine constructs for their successful expression in 
E. coli vector. It resulted in the high antigenicity and solubility for 
remaining four vaccine constructs (V1, V5, V6, and V9) with scores 
ranging from 0.4 to 0.8 and were thus subjected to further investigation. 
The ProtParam was used to predict physicochemical features for four 
shortlisted vaccine designs. The estimated molecular weight of the 
vaccine’s models was ~41 KDa, with a pI score of ~5, an instability 
index score of 28–39, and a high aliphatic score of 83–86. On the other 
hand, the grand average of hydropathicity was estimated to be in the 
range of − 0.2. Nevertheless, among these four vaccines only V1 
construct was identified to be stable with adjuvant HBHA. Table 5 lists 
the allergenicity, solubility, and antigenicity of all twelve vaccines and 
physico-chemical properties of four vaccine models. 
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Fig. 2. Multiple Sequence Alignment. Sequence alignment of Omicron spike protein and Wuhan spike protein representing the mutations, insertion, deletion and 
SNP in Omicron protein. 
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3.10. Structure prediction and validation of vaccine constructs 

The 3D structure of V1 vaccine construct was modeled using the 
SWISSMODEL tool. The template for V1 was PDB ID: 6NB3, a Spike 
glycoprotein from MERS-CoV complex with human neutralizing LCA60 
antibody Fab fragment with 18% sequence identity, 0.25 GMQE score, 
and QMEANDisCo Global:0.42 ± 0.06 (Fig. 5). Furthermore, the ste-
reochemical properties of the final selected vaccine construct were 
identified as 90.0 percent residues are in favorable region, 8.9 percent 
residues are in additionally allowed region, and 0.5 percent residues are 
in disallowed region based on the 3D structure evaluation through 
PROCHECK (Supplementary File 4-Fig. S1a). The ProSA program pro-
jected a Z-score of − 2.52, indicating that the model is like structures 
determined from NMR/X-ray crystallography (Supplementary File 4- 
Fig. S1b). Furthermore, as shown in Supplementary File 4-Fig. S1c, the 
PSIPRED program was utilized to validate the 2D (secondary) structure 
which revealed similar number of alpha helices, beta sheets, and beta 
turns. 

3.11. Molecular docking of vaccine construct (V1) 

Adaptive immunity is initiated by T cells that bind to HLA molecules. 
The V1 vaccine was docked with the six distinct HLA alleles’ protein 
3C5J (HLA-DR B3*02:02), 1H15 (HLA-DR B5*01:01), 2FSE (HLA- 
DRB1*01:01), 2Q6W (HLA-DR B3*01:01), 2SEB (HLA-DRB1*04:01), 
and 1A6A (HLA-DR B1*03:01) and were then refined through FireDock 
tool. The docking of these HLAs and vaccine model resulted in the 
identification of global energies as 5.47, − 15.92, − 44.37, 1.21, − 3.16, 
and − 35.16 kcal/mol, respectively (Fig. 6a). Based on these global en-
ergies, HLA-DRB1*01:01, HLA-DR B1*03:01, and HLA-DR B5*01:01 
showed more potency toward V1 construct. From docking results, it can 
be observed that V1 may act as a potential inhibitor against Omicron 
variant because of high binding affinities towards HLAs. 

To evaluate the immunological response, the GRAMMX tool was 
employed to perform a docking analysis to predict the interactions be-
tween V1 and the TLR 2 (2Z7X) and TLR 4 complex (PDB 3FXI). The 
adjuvant HBHA protein, which serves as TLR2 and 4 agonist and pro-
duces a variety of immune responses was used to build the V1 construct. 
The PatchDock docking revealed binding energies of − 12.12 and − 1.29 
kcal/mol, showing that V1 and the TLR-2/4 complex have a significant 
interaction (Table 6). However, it can be clearly observed that V1 has 
showed more potency towards TLR2 complex. The Protein-Protein In-
teractions (PPIs) of the V1 model revealed that it mediates five hydrogen 
bonds with TLR2, mainly involve Glu177-Leu137, Tyr109-Thr149, 
Glu178-Arg150, Glu180-Arg150, and Leu57-Ser252 and three salt 
bridges between Lys208-Arg155, Glu180-Arg150, Glu178-Arg150. 
Whereas two hydrogen bonds with TLR4 were observed with Thr499- 
Pro254, Ser570-Tyr215 as shown in Fig. 6b. 

3.12. Molecular dynamics and immune response simulation study 

The MD simulation studies were conducted to determine the dy-
namics and structural stability of the designed vaccine in a time- 
dependent manner. The simulated trajectories were analyzed to ensure 
structural stability during the simulation by plotting the RMSD graph of 
the backbone carbon atom. As evident from Fig. 7a, during the initial 15 
ns of simulation, the system showed considerable fluctuations. However, 
after 15 ns the system gradually stabilized and remained stable till the 
end of the simulation with an average deviation of 1.23 Å that indicates 
the convergence of the simulated system. 

The predicted 3D structure of the vaccine is mostly consisted of helix 
and loop regions. The RMSF was plotted to further evaluate the intrinsic 
fluctuations of the amino acid residues. The plot showed variable fluc-
tuations during simulation as depicted by Fig. 7b. An average RMSF was 
found to be 0.56 Å for the simulated system. The RMSF plot showed a 
few highly fluctuated regions; Ile162-Glu188, Val226-Gly247, and 

Table 1 
Shortlisted MHC-I Epitopes along with their predicted Immunogenicity, Anti-
genicity, Toxicity, and Conserve Analysis.  

S. 
No. 

Epitopes Immunogenicity Antigenicity Toxicity Conserve 

1 YIKWPWYIW 0.42524 0.9673 Non- 
Toxin 

100% 

2 NLAPFFTFK 0.3269 1.3365 Non- 
Toxin 

100% 

3 TLADAGFIK 0.28158 0.5781 Non- 
Toxin 

100% 

4 YNLAPFFTF 0.25665 0.9319 Non- 
Toxin 

100% 

5 QYIKWPWYI 0.21624 1.4177 Non- 
Toxin 

100% 

6 IAIPTNFTI 0.18523 0.7052 Non- 
Toxin 

100% 

7 IPTNFTISV 0.17229 0.8820 Non- 
Toxin 

100% 

8 GVYFASIEK 0.16979 0.4008 Non- 
Toxin 

100% 

9 KEIDRLNEV 0.15852 0.5300 Non- 
Toxin 

100% 

10 WTAGAAAYY 0.15259 0.6306 Non- 
Toxin 

100% 

11 DIADTTDAV 0.15094 1.0904 Non- 
Toxin 

100% 

12 FNATRFASV 0.14872 0.5609 Non- 
Toxin 

100% 

13 YLQPRTFLL 0.1305 0.4532 Non- 
Toxin 

100% 

14 VVFLHVTYV 0.1278 1.5122 Non- 
Toxin 

100% 

15 LPFNDGVYF 0.11767 0.5593 Non- 
Toxin 

100% 

16 ASANLAATK 0.08792 0.7014 Non- 
Toxin 

100% 

17 STQDLFLPF 0.06828 0.6619 Non- 
Toxin 

100% 

18 YEQYIKWPW 0.06574 0.8690 Non- 
Toxin 

100% 

19 FTISVTTEI 0.04473 0.8535 Non- 
Toxin 

100% 

20 PYRVVVLSF 0.03138 1.0281 Non- 
Toxin 

100% 

21 VTYVPAQEK 0.02711 0.8132 Non- 
Toxin 

100% 

22 RLDKVEAEV 0.01617 0.0765 Non- 
Toxin 

100% 

23 RSYSFRPTY 0.00837 0.9553 Non- 
Toxin 

100% 

24 AEIRASANL 0.00689 0.7082 Non- 
Toxin 

100%  

Table 2 
Predicted antigenicity, toxicity, and conservancy analysis of shortlisted MHC-II 
epitopes.  

S. No. Epitopes Antigenicity Toxicity Conserve 

1 QSLLIVNNATNVVIK  Non-Toxin 100% 
2 SLLIVNNATNVVIKV  Non-Toxin 100% 
3 FDEVFNATRFASVYA  Non-Toxin 100% 
4 TQSLLIVNNATNVVI  Non-Toxin 100% 
5 DEVFNATRFASVYAW  Non-Toxin 100% 
6 LLIVNNATNVVIKVC  Non-Toxin 100% 
7 PFDEVFNATRFASVY  Non-Toxin 100% 
8 AQKFKGLTVLPPLLT  Non-Toxin 100% 
9 EVFNATRFASVYAWN  Non-Toxin 100% 
10 KTQSLLIVNNATNVV  Non-Toxin 100% 
11 NCTFEYVSQPFLMDL  Non-Toxin 100% 
12 CTFEYVSQPFLMDLE  Non-Toxin 100% 
13 QKFKGLTVLPPLLTD  Non-Toxin 100% 
14 QQLIRAAEIRASANL  Non-Toxin 100% 
15 REGVFVSNGTHWFVT  Non-Toxin 100%  
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Fig. 3. MHCs Restricted Allele analysis. (A) The MHC-I restricted Allele analysis against shortlisted epitopes, while (B) the MHC-II restricted Allele analysis against 
shortlisted epitopes. 

Fig. 4. B-cell epitopes Analysis. (A) Bepipred Linear Epitope, (B) Chou & Fasman Beta-Turn Prediction, (C) Emini Surface Accessibility Prediction, (D) Karplus& 
Schulz Flexibility Prediction, (E) Kolaskar & Tongaonkar Antigenicity, (F) ParkerHydrophilicity Prediction. 

Table 3 
Final Epitopes when compared to MHC-I, MHC-II and B-cell Epitopes.  

S. No. Positions B-cell Epitopes (Final Epitopes) MHC-I epitopes MHC-II Epitopes Score 

1 320–378 TESIVRFPNITNLCPFDEVFNATRFASVYAWNRKRISNCVADYSVLYNLAPFFTFKCYG FNATRFASV FDEVFNATRFASVYA 
DEVFNATRFASVYAW 
PFDEVFNATRFASVY 
EVFNATRFASVYAWN 

0.74 

2 1050–1101 PQSAPHGVVFLHVTYVPAQEKNFTTAPAICHDGKAHFPREGVFVSNGTHWF VVFLHVTYV 
VTYVPAQEK 

REGVFVSNGTHW 0.65 

3 1006–1043 TQQLIRAAEIRASANLAATKMSECVLGQSKRVDFCGKG ASANLAATK 
AEIRASANL 

QQLIRAAEIRASANL 0.66  
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Table 4 
Twelve shortlisted vaccine models against Omicron Variant of SARs-CoV-2.  

S. 
No. 

Position Vaccine Model 

1 Spike Protein, HBHA 
protein Adjuvant, and 
shortlisted Epitopes 
(320–378, 1050–1101, 
1006–1043) 

EAAAKMAENPNIDDLPAPLLAALGAADLALATVNDLIANLRERAEETRAETRTRVEERRA 
RLTKFQEDLPEQFIELRDKFTTEELRKAAEGYLEAAT 
NRYNELVERGEAALQRLRSQTAFEDASARAEGYVD 
QAVELTQEALGTVASQTRAVGERAAKLVGIELEAAAKAKFVAAWTLKAAAGGGSTESIVRFPNITNLCPFDEVFNATRFASVYAWN 
RKRISNCVADYSVLYNLAPFFTFKCYGGGGSPQSAP 
HGVVFLHVTYVPAQEKNFTTAPAICHDGKAHFPRE  

GVFVSNGTHWFHEYGAEALERAGTQQLIRAAEIRA 
SANLAATKMSECVLGQSKRVDFCGKGHEYGAEALERAGAKFVAAWTLKAAAGGGS 

2 Spike Protein, HBHA 
conserved protein 
Adjuvant, and shortlisted 
Epitopes (320–378, 
1050–1101, 1006–1043) 

EAAAKMAENSNIDDIKAPLLAALGAADLALATVNELIT 
NLRERAEETRRSRVEESRARLTKLQEDLPEQLTELR 
EKFTAEELRKAAEGYLEAATSELVERGEAALERLRS 
QQSFEEVSARAEGYVDQAVELTQEALGTVASQVEGRAAKLVGIELEAAAK 
AKFVAAWTLKAAA 
GGGSTESIVRFPNITNLCPFDEVFNATRFASVYAWN 
RKRISNCVADYSVLYNLAPFFTFKCYGGGGSPQSAP 
HGVVFLHVTYVPAQEKNFTTAPAICHDGKAHFPRE 
GVFVSNGTHWFHEYGAEALERAGTQQLIRAAEIRA 
SANLAATKMSECVLGQSKRVDFCGKGHEYGAEALERAGAKFVAAWTLKAAAGGGS 

3 Spike Protein, beta-defensin 
Adjuvant, and shortlisted 
Epitopes (320–378, 
1050–1101, 1006–1043) 

EAAAKGIINTLQKYYCRVRGGRCAVLSCLPKEEQIGK 
CSTRGRKCCRRKKEAAAKAKFVAAWTL 
KAAAGGGSTESIVRFPNITNLCPF 
DEVFNATRFASVYAWNRKRISNCVADYSVLYNLAPF 
FTFKCYGGGGSPQSAPHGVVFLHVTYVPAQEKNFT 
TAPAICHDGKAHFPREGVFVSNGTHWFHEYGAEAL 
ERAGTQQLIRAAEIRASANLAATKMSECVLGQSKRV 
DFCGKGHEYGAEALERAGAKFVAAWTLKAAAGGGS 

4 Spike Protein, Ribosomal 
Adjuvant, and shortlisted 
Epitopes (320–378, 
1050–1101, 1006–1043) 

EAAAKMAKLS 
TDELLDAFKEMTLLELSDFVKKFEETFEVTAAAPVA 
VAAAGAAPAGAAVEAAEEQSEFDVILEAAGDKKIGVI 
KVVREIVSGLGLKEAKDLVDGAPKPLLEKVAKEAADE 
AKAKLEAAGATVTVKEAAAKAKFVAAWTLKAAAGGGSTESIVRFPNITNLCPFDEVFNATRFASVYAWNRKRISNCVAD 
YSVLYNLAPFFTFKCYGGGGSPQSAPHGVVFLHVTY 
VPAQEKNFTTAPAICHDGKAHFPREGVFVSNGTHW 
FHEYGAEALERAGTQQLIRAAEIRASANLAATKMSE 
CVLGQSKRVDFCGKGHEYGAEALERAGAKFVAAWTLKAAAGGGS 

5 Spike Protein, HBHA 
protein Adjuvant, and 
shortlisted Epitopes 
(1006–1043, 1050–1101, 
320–378) 

EAAAKMAENPNIDDLPAPLLAALGAADLALATVNDLI 
ANLRERAEETRAETRTRVEERRARLTKFQEDLPEQ 
FIELRDKFTTEELRKAAEGYLEAATNRYNELVERGE 
AALQRLRSQTAFEDASARAEGYVDQAVELTQEALG 
TVASQTRAVGERAAKLVGIELEAAAK 
AKFVAAWTLKAAAGGGSTQQLIRAAEIRASANLAATKMSECVLGQSKRVDFCGKGGGG 
STQQLIRAAEIRASANLAATKMSECVLGQSKRVDFC 
GKGGGGSPQSAPHGVVFLHVTYVPAQEKNFTTAPA 
ICHDGKAHFPREGVFVSNGTHWFHEYGAEALERAG 
TESIVRFPNITNLCPFDEVFNATRFASVYAWNRKRISNCVADYSVLYNLAPFFTFKCYGHEYGAEALERAGAKFVAAWTLKAAAGGGS 

6 Spike Protein, HBHA 
conserved protein 
Adjuvant, and shortlisted 
Epitopes (1006–1043, 
1050–1101, 320–378) 

EAAAKMAENSNIDDIKAPLLAALGAADLALATVNELITNLRERAEETRRSRVEESRARLTKLQEDLPEQLTELR 
EKFTAEELRKAAEGYLEAATSELVERGEAALERLRS 
QQSFEEVSARAEGYVDQAVELTQEALGTVASQVEGRAAKLVGIELEAAAKAKFVAAWTLKAAA 
GGGSTQQLIRAAEIRASANLAATKMSECVLGQSKRVDFCGKGGGGSTQQLIRAAEIRASANLAATKMSECVL 
GQSKRVDFCGKGGGGSPQSAPHGVVFLHVTYVPAQEKNFTTAPAICHDGKAHFPREGVFVSNGTHWFHE 
YGAEALERAGTESIVRFPNITNLCPFDEVFNATRFASVYAWNRKRISNCVADYSVLYNLAPFFTFKCYGHEYGAEALERAGAKFVAAWTLKAAAGGGS 

7 Spike Protein, beta-defensin 
Adjuvant, and shortlisted 
Epitopes (1006–1043, 
1050–1101, 320–378) 

EAAAKGIINTLQKYYCRVRGGRCAVLSCLPKEEQIGKCSTRGRKCCRRKKEAAAKAKFVAAWTLKAAA 
GGGSTQQLIRAAEIRASANLAATKMSECVLGQSKRV 
DFCGKGGGGSTQQLIRAAEIRASANLAATKMSECVL 
GQSKRVDFCGKGGGGSPQSAPHGVVFLHVTYVPA 
QEKNFTTAPAICHDGKAHFPREGVFVSNGTHWFHE 
YGAEALERAGTESIVRFPNITNLCPFDEVFNATRFAS 
VYAWNRKRISNCVADYSVLYNLAPFFTFKCYGHEYG 
AEALERAGAKFVAAWTLKAAAGGGS 

8 Spike Protein, Ribosomal 
Adjuvant, and shortlisted 
Epitopes (1006–1043, 
1050–1101, 320–378) 

EAAAKMAKLS 
TDELLDAFKEMTLLELSDFVKKFEETFEVTAAAPVA 
VAAAGAAPAGAAVEAAEEQSEFDVILEAAGDKKIGVI 
KVVREIVSGLGLKEAKDLVDGAPKPLLEKVAKEAADE 
AKAKLEAAGATVTVKEAAAKAKFVAAWTLKAAAGGGSTQQLIR 
AAEIRASANLAATKMSECVLGQSKRVDFCGKGGGG 
STQQLIRAAEIRASANLAATKMSECVLGQSKRVDFC 
GKGGGGSPQSAPHGVVFLHVTYVPAQEKNFTTAPA 
ICHDGKAHFPREGVFVSNGTHWFHEYGAEALERAG 
TESIVRFPNITNLCPFDEVFNATRFASVYAWNRKRIS 
NCVADYSVLYNLAPFFTFKCYGHEYGAEALERAGAKFVAAWTLKAAAGGGS 

9 Spike Protein, HBHA 
protein Adjuvant, and 

EAAAKMAENPNIDDLPAPLLAALGAADLALATVNDLI 
ANLRERAEETRAETRTRVEERRARLTKFQEDLPEQ 

(continued on next page) 
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Val262-Gln315. All these regions were consisting of loops that are 
intrinsically flexible. Similarly, all the other amino acid residues of the 
simulated system showed significantly stable RMSF. 

Furthermore, the Radius of gyration was estimated to evaluate the 
compactness of the vaccine structure. As evident from Fig. 7c, during the 
initial 5 ns of simulation, the system showed high fluctuations. However, 
after 10 ns the system gradually compacts, contributing to the overall 
stability of the simulated vaccine construct. 

The deformability graph is the outcome of the Normal Mode Analysis 
(NMA) for the vaccine-TLRs complex’s stability and mobility, according 
to iMODs simulation analysis. The TLR2/TLR4 and vaccine combina-
tions were found to have eigenvalues of 1.948054e-05 and 7.526147e- 
06, respectively, highlighting the area of proteins with deformability 
depicted in terms of peaks. The variance association plot, as shown in 
Supplementary File 4-Fig. S2, illustrates the cumulative variance of the 
complex in green, while the individual variance in red and the B-factor 
graph resulted in a clear depiction of the docked complex. Similarly, 
simulation for vaccine candidate and HLAs also showed stability with an 
eigenvalue of 3C5J (HLA-DR B3*02:02), 1H15 (HLA-DR B5*01:01), 

2FSE (HLA-DRB1*01:01), 2Q6W (HLA-DR B3*01:01), 2SEB (HLA- 
DRB1*04:01), and 1A6A (HLA-DR B1*03:01) were predicted as 
3.54109e-05, 5.80790e-05, 4.1759e-06, 2.38221e-05, 7.07204e-06, and 
1.843970e-05 respectively. It was observed that all these HLAs and TLRs 
especially TLR2, HLA-DR B1*03:01, HLA-DR B3*01:01, have strong 
affinity toward vaccine model based on their values i.e., the lower the 
energy the best is to deform the structure (Supplementary file 4- 
Figs. S3a–f). 

In addition, the C-Immune tool was used to predict human immune 
system response after vaccine injection at various time intervals. It 
confirmed that the immune response was consistent with the real immune 
reactions, such as the identification of T-cytotoxic cells, T-helper cells, 
and B-cells, Natural killer cells production, interleukins/interferons pro-
duction, and antibody production (Fig. 7). Following the induction of 
vaccine injection, an increase in IgG1+IgG2, IgM, and IgG + IgM was 
seen, leading to a decrease in antigen concentration (Fig. 8a and 8b). 
Upon vaccine construct injections, there was an increase in the production 
of NK cells, Th (helper), and Tc (cytotoxic) (Fig. 8c, d, and 8e). In addi-
tion, IFN-g production was increased after vaccination (Fig. 8f). 

Table 5 
Allergenicity, Antigenicity, Solubility, and Physicochemical Properties Analysis of twelve model vaccines.  

S. No. Allergenicity Antigenicity Solubility Amino Acids GRAVY Stability 

V1 ¡0.404251 0.4621 0.843915 397 − 0.25 39.96 (Stable) 
V2 ¡0.355338 0.4562 0.858297 – – – 
V3 ¡0.111805 0.4521 0.782081 – – – 
V4 0.468878 0.4207 0.805054 – – – 
V5 ¡0.440064 0.4789 0.793252 421 − 0.25 42 (Unstable) 
V6 ¡0.411146 0.4739 0.84225 412 − 0.22 46.4 (Unstable) 
V7 ¡0.191014 0.4764 0.640034 – – – 
V8 0.391734 0.4431 0.76977 – – – 
V9 ¡0.404251 0.4482 0.832579 379 − 0.25 40 (Unstable) 
V10 ¡0.355338 0.4419 0.866211 – – – 
V11 ¡0.111805 0.4321 0.768935 – – – 
V12 0.468878 0.4056 0.794716 – – –  

Table 4 (continued ) 

S. 
No. 

Position Vaccine Model 

shortlisted Epitopes 
(1050–1101, 320–378, 
1006–1043) 

FIELRDKFTTEELRKAAEGYLEAATNRYNELVERGE 
AALQRLRSQTAFEDASARAEGYVDQAVELTQEALG 
TVASQTRAVGERAAKLVGIELEAAAK 
AKFVAAWTLKAAAGGGSPQSAPHGVVFLHVTYVPAQEKNFTTAPAICHDGKAHFPR 
EGVFVSNGTHWFGGGSTESIVRFPNITNLCPFDEVF 
NATRFASVYAWNRKRISNCVADYSVLYNLAPFFTFK 
CYGHEYGAEALERAGTQQLIRAAEIRASANLAATKM 
SECVLGQSKRVDFCGKGHEYGAEALERAGAKFVAAWTLKAAAGGGS 

10 Spike Protein, HBHA 
conserved protein 
Adjuvant, and shortlisted 
Epitopes (1050–1101, 
320–378, 1006–1043) 

EAAAKMAENSNIDDIKAPLLAALGAADLALATVNELIT 
NLRERAEETRRSRVEESRARLTKLQEDLPEQLTELR 
EKFTAEELRKAAEGYLEAATSELVERGEAALERLRS 
QQSFEEVSARAEGYVDQAVELTQEALGTVASQVEGRAAKLVGIELEAAAKAKFVAAWTLKAAAGGGSPQSAPHGVVFLHVTYVPAQEKNFTTAPAICH 
DGKAHFPREGVFVSNGTHWFGGGSTESIVRFPNIT 
NLCPFDEVFNATRFASVYAWNRKRISNCVADYSVLY 
NLAPFFTFKCYGHEYGAEALERAGTQQLIRAAEIRA 
SANLAATKMSECVLGQSKRVDFCGKGHEYGAEALERAGAKFVAAWTLKAAAGGGS 

11 Spike Protein, beta-defensin 
Adjuvant, and shortlisted 
Epitopes (1050–1101, 
320–378, 1006–1043) 

EAAAKGIINTLQKYYCRVRGGRCAVLSCLPKEEQIGK 
CSTRGRKCCRRKKEAAAKAKFVAAWTLKAAAGGGSPQSAP 
HGVVFLHVTYVPAQEKNFTTAPAICHDGKAHFPRE 
GVFVSNGTHWFGGGSTESIVRFPNITNLCPFDEVFN 
ATRFASVYAWNRKRISNCVADYSVLYNLAPFFTFKC 
YGHEYGAEALERAGTQQLIRAAEIRASANLAATKMS 
ECVLGQSKRVDFCGKGHEYGAEALERAGAKFVAAWTLKAAAGGGS 

12 Spike Protein, Ribosomal 
Adjuvant, and shortlisted 
Epitopes (1050–1101, 
320–378, 1006–1043) 

EAAAKMAKLSTDELLDAFKEMTLLELSDFVKKFEET 
FEVTAAAPVAVAAAGAAPAGAAVEAAEEQSEFDVI 
LEAAGDKKIGVIKVVREIVSGLGLKEAKDLVDGAPKPL 
LEKVAKEAADEAKAKLEAAGATVTVKEAAAKAKFVAAWTLKAAA 
GGGSPQSAPHGVVFLHVTYVPAQEKNFTTAPAICH 
DGKAHFPREGVFVSNGTHWFGGGSTESIVRFPNIT 
NLCPFDEVFNATRFASVYAWNRKRISNCVADYSVLYNLAPFFTFKCYGHEYGAEALERAGTQQLIRAAEIRA 
SANLAATKMSECVLGQSKRVDFCGKGHEYGAEALERAGAKFVAAWTLKAAAGGGS  

K. Khan et al.                                                                                                                                                                                                                                    



Virology 572 (2022) 28–43

38

3.13. V1 in silico cloning and codon optimization 

To optimize the codons and reverse translate the V1 for optimal 
production in E. coli (strain K12), the JCAT tool was employed. The 
average GC content and CAI value for V1 were estimated to be 41.9 
percent and 0.61, respectively, resulting in successful vaccine construct 
expression. Finally, the SnapGene program was used to insert the opti-
mized codon sequence (V1) into the pET30a (+) vector to create the 
recombinant plasmid (Fig. 9). 

4. Discussion 

The COVID-19 declared as pandemic and surged to cause increase in 

Fig. 6a. Docked vaccine construct with HLAs. (A) 1A6A (HLA-DR B1*03:01) (Purple) and V1 (Blue) (B) 1H15 (HLA-DR B5*01:01) (Sea Green) and V1 (Blue), (C), 
3C5J (HLA-DR B3*02:02) (Magenta) and V1 (Blue), (D) 2Q6W (HLA-DR B3*01:01) (Orange) and V1 (Blue), (E) 2FSE (HLA-DRB1*01:01) (tan) and V1 (Blue), and (F) 
2SEB (HLA-DRB1*04:01) (Brown) and V1 (Blue). 

Table 6 
Docked score of HLAs and vaccine model of omicron variant.  

Vaccine 
Construct 

HLA 
alleles 
(PDB: 
ID) 

SCORE AREA Hydrogen 
bond 
energy 

Global 
energy 

ACE 

V1 1A6A 17408 2658.50 − 1.93 − 35.16 − 1.83 
3C5J 17636 2627.70 0.00 5.47 − 0.73 
1H15 21712 3095.20 − 5.66 − 15.92 − 0.90 
2FSE 18760 2695.10 − 1.31 − 44.37 − 7.34 
2Q6W 18838 3802.70 − 1.12 1.21 2.17 
2SEB 19214 2821.30 − 1.08 − 3.16 1.78 
2Z7X 19346 2533.90 − 5.91 − 12.12 7.13 
3FXI 24008 3633.10 0.00 − 1.29 − 0.42  

Fig. 5. Vaccine structure modeling and 
Validation. (A) The 3D model of a multi- 
epitope vaccine was obtained by Swiss 
Model, (B) the vaccine sequence (Blue) su-
perimpose on template protein (Sea Green), 
and (C) V1 sequence, the 397 amino acid 
long vaccine sequence containing adjuvant 
at both N and C terminal (Black) was linked 
with the multi-epitope sequences TESIVR 
FPNITNLCPFDEVFNATRFASVYAWNRKRIS 
NCVADYSVLYNLAPFFTFKCYG (Blue), PQS 
APHGVVFLHVTYVPAQEKNFTTAPAICHD 
GKAHFPREGVFVSNGTHWF (Green), and 
TQQLIRAAEIRASANLAATKMSECVLGQSKR 
VDFCGKG (Orange), through an EAAAK 
linker (red), GGGS (purple) linkers, PADRE 
(tan), and H-linkers (Black).   

K. Khan et al.                                                                                                                                                                                                                                    



Virology 572 (2022) 28–43

39

cases and deaths due to various transmissible variants (e.g., UK (alpha/ 
B.1.1.7), Brazil (gamma/P.1), India (delta/B.1.1.7.2) South Africa 
(beta/B.1.351) and now Omicron variant (B.1.1.529)) (Organization, 
2021). Till the end of November 2021, the Omicron (B.1.1.529) (http 
s://www.who.int/en/activities/tracking-SARS-CoV-2-variants/) 
variant was first identified in Botswana (South Africa) along with the 
delta variant (B.1.1.7.2) in usually gathered genomic data that resulted 
in growth of case numbers and hospitalizations (Brown et al., 2021). 

This Variant of Concern (VOC) (https://www.cdc.gov/coro 
navirus/2019-ncov/variants/variant-info.html#Consequence) is 
changing the current pandemic trajectory by having distinct epidemio-
logical changes in transmission rate (dominating in America, U.K (Riley 
et al., 2021), Scotland (Angelo et al., 2017; Sheikh et al., 2021), Israel, 
Sydney, and South Asia) (https://www.bbc.com/news/world-asia 
-53420537). A successful vaccination campaign in the start of 2021 
has substantially increased immunity of population whereas the advent 

Fig. 6b. Docked vaccine construct with TLR2 and TLR4. (A) Docked complex of vaccine (Blue) and TLR2 (Pink), along with PPIs interactions (B) interaction occurs 
between the vaccine model (Blue) and TLR4 protein (Purple) along with interacting residues of vaccine represented in tables below respectively. 

Fig. 7. Molecular dynamics simulation of V1. (A) Root mean square deviation (RMSD) of vaccine backbone (B), RMSF, and (C) Radius of gyration for vaccine model 
(V1) during 50 ns of MD simulation. 
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Fig. 8. C-ImmSim presentation of an in silico immune simulation with the construct. (A) Immunoglobulin production in response to antigen injections (black vertical 
lines); specific subclasses are showed as colored peaks and the evolution of B-cell populations after the three injections. (B) Prediction of B cell population (C) T- 
helper cell populations per state after the injections. The resting state represents cells not presented with the antigen while the anergic state characterizes tolerance of 
the T-cells to the antigen due to repeated exposures, (D) Total production of T-cytotoxic cells (E) Natural Killer cells production levels, and (F) The main plot shows 
cytokine levels after the injections. The insert plot shows IL-2 level with the Simpson index; D shown by the dotted line. D is a measure of diversity. Increase in D over 
time indicates emergence of different epitope-specific dominant clones of T-cells. The smaller the D value, the lower the diversity. 

Fig. 9. Codon optimization and in-silico cloning of vaccine model. In silico restriction cloning of the multi-epitope vaccine sequence into the pET30a (+) expression 
vector using SnapGene software, the red part represents the vaccine’s gene coding, and the black circle represents the vector backbone. 
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of the B.1.617.2 lineage of SARS-CoV-2 has put the delaying dosing 
tactics of immunization to a new challenge (first dose of vaccine fol-
lowed by second dose given within 12 weeks) (W. Yang and Shaman, 
2021). Additionally, lack of data regarding the spread of Omicron along 
with delta variant is currently unknown providing a huge challenge to 
overcome this pandemic. Nevertheless, some studies also suggested the 
use of multiple (three) dose regimes of vaccine to minimize such variant 
of concern effects and induce immunity (https://edition.cnn.com/202 
1/07/08/health/us-coronavirus-thursday/index.html). Due to high 
transmission and immune evasion of ongoing Omicron-delta (Deltacron) 
variant, the development of new vaccine models is urgently needed to 
overcome the spread of fifth wave of pandemic. 

Traditional vaccine design methods use large proteins or whole or-
ganisms, which resulted in an excessive antigenic load and higher 
allergic responses (Chauhan et al., 2019; Sette and Fikes, 2003). 
Immunoinformatic techniques, on the other hand, are cost-effective and 
timesaving, and they may solve this problem by creating peptide-based 
vaccines that activate a powerful yet targeted immune response (He 
et al., 2018; Lu et al., 2017). As a result, the current study employed an in 
silico RV technique to create a multi-epitope vaccination against the 
Omicron spike protein (Fig. 1), which can activate immune cells 
(Abraham Peele et al., 2020). Multi-epitopes-based vaccine design is a 
new discipline that creates vaccine models that are not only protective in 
vivo but also effective (Cao et al., 2017; Guo et al., 2014; Zhou et al., 
2009) (Jiang et al., 2017; Lennerz et al., 2014; Slingluff et al., 2013; 
Toledo et al., 2001). 

The current work identified immunogenic MHC-I, MHC-II, and B-cell 
epitopes that may be used to build a multi-epitope vaccine utilizing 
various filters such as: (i) The epitopes must be non-toxic, antigenic, 
non-allergenic, and highly conserved (Tables 1 and 2), (ii) have ability 
to bind to MHC-I/II alleles, and should be overlapping to CTL, HTL, and 
B-cell epitopes (Table 3). Bazhan et al. applied the similar approach to 
design T-cell multi epitope vaccine model against Ebola virus that was 
significantly immunogenic in mice (Bazhan et al., 2019). The current 
work utilized four adjuvants, including beta-defensin, and L7/L12 ri-
bosomal protein, HBHA protein, HBHA conserved sequence, as well as 
GGGS, PADRE sequences, HEYGAEALERAG, and EAAAK linkers, to 
simulate twelve distinct vaccine constructs (Table 4). These twelve 
vaccination models, antigenicity, solubility, allergenicity and physi-
ochemical properties were studied to narrow down the most promis-
cuous vaccine construct against the Omicron variant. The V1 was 
identified as the most powerful vaccine construct against omicron 
variant as non-allergenic, most antigenic, most soluble over expressing 
in E. coli, and having suitable physicochemical features because of the 
filtering (Table 5). Similar in silico strategies were also applied by For-
outan et al. against Toxoplasma gondii to evaluate the allergenicity and 
physiochemical properties of their model vaccine and through labora-
tory validation. It was validated that this vaccine design approach was 
able to trigger immune response in mice (Foroutan et al., 2020). As a 
result, the shortlisted V1 vaccine was modeled using the SWISSMODEL 
program (Fig. 5), and the modeled structure was validated using PRO-
CHECK. The Ramachandran plot revealed that 90% of residues were 
classified in the desired area, indicating that the vaccine’s tertiary 
structure was verified. The protein’s Z-score of − 2.52 showed that it 
belongs to the experimentally validated structures of proteins solved by 
NMR and X-ray crystallographic methods, as assessed by the ProSA 
online site. 

The spike protein of the Omicron variant must interact with Toll-Like 
Receptor 4 (TLR4) produced in immune cells to elicit CTB (Boehme and 
Compton, 2004; Carty and Bowie, 2010; Xagorari and Chlichlia, 2008). 
It has been reported that the CTB lost ability to trigger inflammatory 
response in TLR4-deficient macrophages (Vaure and Liu, 2014). It was 
demonstrated through ELISA-based assays that the direct binding of CTB 
with TLR4 inflicts the activation of NF-κB (Phongsisay et al., 2015). 
Additionally, the molecular docking experiments were conducted to 
evaluate the interaction of the modeled vaccine design with Human 

Leukocyte Antigen (HLA) and TLR2 and 4. The TLR2-vaccine model 
mainly involves five hydrogen bonds and three salt bridges among 
Glu177-Leu137, Tyr109-Thr149, Glu178-Arg150, Glu180-Arg150, and 
Leu57-Ser252, Lys208-Arg155, Glu180-Arg150, Glu178-Arg150 resi-
dues. Whereas two hydrogen bonds with TLR4 were observed with 
Thr499-Pro254, Ser570-Tyr215 (Fig. 6). Several studies highlighted the 
importance of interaction of vaccines with TLR4 such as, Totura et al. 
demonstrated the susceptibility of mice to SARS-CoV infection is rela-
tively high in TLR4 deficient mice compared to wild type (Totura et al., 
2015). Similarly Hu et al. observed that upregulation in expression of 
TLR4 when exposed to SARS-CoV infection, suggesting the importance 
of TLR in immune response stimulation (Hu et al., 2012). 

Importantly, the vaccine model was seen to be stable at 15 ns after a 
50-ns molecular dynamics simulation (Fig. 7). The V1 model’s codon 
optimization was reverse translated to its cDNA to enable effective 
expression in the E. coli pET-28a(+) expression vector. The expected GC 
and CAI values of V1 were 41.9 and 0.61%, respectively, indicating 
vaccine expression success (Fig. 9). Comparably, Foroutan et al. per-
formed in silico codon optimization before expressing it in mice (For-
outan et al., 2020). Immune simulations of vaccine models revealed that 
the developed vaccine against the Omicron variant evoked a substantial 
immune response (Fig. 8). Correspondingly, the immune-simulation 
studies have been widely used for the construction of chimeric vaccine 
model against Klebsiella pneumoniae (Solanki et al., 2021), Mycobacte-
rium tuberculosis (Bibi et al., 2021), Acinetobacter baumannii (Solanki and 
Tiwari, 2018), Ebola virus (Ullah et al., 2020) as well as against 
cancerous antigens (Zhang, 2018). Finally, using a reverse vaccinology 
technique, one vaccine construct against the Omicron version of 
SARS-CoV-2 was found and selected. 

The proposed vaccine candidate met all of the required criteria 
including physiochemical characteristics, antigenicity, and non- 
allergenicity. As a result of this finding, we determined that our vac-
cine construct (V1) is safe and could be administered to humans 
following the completion of a successful pre-clinical and clinical trial. 
This V1 construct is capable of inducing an innate, cellular and humoral 
immune response and displayed c8onsiderable expression when back 
translated to cDNA in the E. coli vector pET30a(+) plasmid. Immu-
noinformatic has proven that the vaccine construct can stimulate a 
reasonable immune response. However, to ensure vaccine design effi-
cacy in animal models and human clinical trials, in vitro and in vivo 
evaluation of identified V1 model is crucial. This developed vaccine 
candidate has the potential to help manage the next COVID-19 wave and 
the global pandemic crisis. 
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