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Background: A prophylactic and immunotherapeutic vaccine for Mycobacterium tuberculosis (MTB) and SARS-CoV-2 coinfection 
needs to be developed for a proactive and effective therapeutic approach. Therefore, this study aims to use immunoinformatics to 
design a multi-epitope vaccine for protection against MTB and SARS-CoV-2 coinfection.
Methods: The bioinformatic techniques were used to screen and construct potential epitopes from outer membrane protein A Rv0899 
of MTB and spike glycoprotein of SARS-CoV-2 for B and T cells. The antigenicity, allergenicity, and several physiochemical 
properties of the developed multi-epitope vaccination were then evaluated. Additionally, molecular docking and normal mode analysis 
(NMA) were utilized in evaluating the vaccine’s immunogenicity and complex stability.
Results: Selected proteins and predicted epitopes suggest that the vaccine prediction can be helpful in the protection against both 
SARS-CoV-2 and MTB coinfection. Through docking molecular and NMA, the vaccine-TLR4 protein interaction was predicted to be 
efficient with a high level of IgG, T-helper cells, T-cytotoxic cells, andIFN-γ.
Conclusion: This epitope-based vaccine is a potentially attractive tool for SARS-CoV-2 and MTB coinfection vaccine development.
Keywords: SARS-CoV-2, Mycobacterium tuberculosis, multi-epitope vaccine, docking simulation

Introduction
The coronavirus disease 2019 (COVID-19) pandemic in numerous regions of the world, including Indonesia, provided a new 
challenge for global and national efforts in managing infectious diseases. This severe acute respiratory infection appeared in 
January/February 2020, but the first case was reported in 2019 in China.1,2 While COVID-19 is still very popular in both the 
scientific literature and the news, other infectious diseases, such as tuberculosis (TB), need to also be considered.3

In Brazil, concomitant infection with Mycobacterium tuberculosis (MTB) and SARS-CoV-2 has been recorded, posing 
a major health threat.4 Two incidences of coinfection were described in patients with human immunodeficiency virus (HIV). 
The first case was a 39-year-old patient who was admitted after experiencing fever, myalgia, headache, and cough for seven 
days. Meanwhile, the second was a 43-year-old male who had a 1-month cough with hemoptoic sputum namely coughing up 
blood or stained mucus from the bronchi, larynx, trachea, or lungs, that had progressed into mild respiratory distress over the 
prior seven days. Both individuals had been initially diagnosed with pulmonary TB and contracted SARS-CoV-2 during the 
2020 pandemic.4 Based on these findings, serious scientific evaluation of this topic is required.

To eliminate MTB from the human lungs, efficient host defense mechanisms are required, with the bacterial surface 
playing a crucial role. Membrane stability, molecular transport, and disease are dependent on outer membrane proteins5 such 
as OmpA, a member of the protein family, which reportedly mediates eukaryotic cell invasion, facilitates serum resistance, 
and protects against host lung defenses. It also mediates intracellular survival, evasion of host defenses, and stimulation of 
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cytokine production.5 Furthermore, OmpA plays significant pathogenic roles, including adhesion and invasion of bacteria.6 

Aside from preventing bacterial infection, inhibiting OmpA can aid in the discovery of novel antimicrobial targets.7

Over the last three years since the COVID-19 pandemic, scientists have investigated the SARS-CoV-2 proteins. The 
exterior is covered with spike proteins, which are essential for infecting and attacking humans8 by attaching to cells and 
driving the virus through the cell membrane, allowing cellular invasion.8 The proteolytic activation by the proteases of 
the host cell is also a crucial determinant.9 However, inducing B-cells and T-cells that can produce immunological 
responses against the SARS-CoV-2 spike protein offers great potential for combating COVID-19.10

Epitopes are critical for clinical and biological studies because they enable the development of vaccines against diverse 
and rapidly evolving diseases.11 With the advent of MTB and SARS-Cov-2 coinfections and the associated mortality, 
innovative and feasible vaccines for preventive protection must be developed continuously. Given that the innate immune 
system targets outer membrane protein, a reverse vaccinology approach entailing a thorough analysis of the pathogen’s 
essential characteristics was used to identify immunogenic epitopes against MTB OmpA and SARS-Cov-2 spike glyco-
protein which might aid in vaccine development.

Materials and Methods
Sequence Retrieval, Structural, and Physiochemical Analysis
The FASTA sequence of the 326-mer peptidoglycan binding protein OmpA Rv0899 MTB (ID: P9WIU5) and the 1273- 
mer spike glycoprotein of SARS-CoV-2 (ID: P0DTC2) were obtained from UniprotKB (https://www.uniprot.org/). These 
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proteins, which are abundantly expressed in MTB and SARS-CoV-2 as OmpA and spike glycoprotein respectively, were 
selected due to their essential role in immune activation and infection of the host.6,9 The GRAVY (Grand average of 
hydropathicity), half-life, molecular weight, instability index, aliphatic index, and amino acid atomic composition of the 
protein sequence were bio-computed using the online application Protparam (https://web.expasy.org/protparam/).12

Screening of Potential Epitopes
B Cell Epitopes
The immunogenic epitopes in B-cells were explored using an online server, Bepipred-2.0 (http://tools.iedb.org/bcell/) 
which uses a hidden Markov model and a propensity scale algorithm to forecast the location of linear B-cell epitopes. 
This methodology is considered superior to existing sequence-based prediction methods in terms of data collected from 
solved 3D structures and a massive collection of linear epitopes retrieved from the IEDB database. This server’s epitope 
threshold was set to 0.5.13

Cytotoxic T Lymphocytes (CTL) Epitopes
The detection of MHC-I antigenic peptides exposed on the target cell surface and recognized by cytotoxic CD8+ 
T lymphocytes (CTL) is vital for the adaptive immune response.14 The CTL epitopes were predicted with NetCTL.1.2 
server (https://services.healthtech.dtu.dk/service.php?NetCTL-1.2) which combines the prediction of peptide MHC class 
I binding, proteasomal C terminal cleavage, and TAP transport efficiency. Furthermore, the server enables the prediction 
of CTL epitopes restricted to 12 MHC class I supertypes and has been trained on a collection of 886 known MHC class 
I ligands, generating accurate prediction results.15 The 9mer-length CTL epitopes were predicted by commonly occurring 
HLA I alleles, which are estimated to account for >90% of the world’s population. The epitopes with a consensus score 
of < 2 were considered to be strong binders and were studied further.15

Helper T Lymphocyte (HTL) Epitopes
To identify the HTL epitopes, The Net MHC II pan 3.2 server (https://services.healthtech.dtu.dk/service.php? 
NetMHCIIpan-3.2) was used with a length of 15m. The server predicts the binding of peptides to MHC class II 
molecules, which can activate helper CD4+ T lymphocyte (HTL) cells, thereby coordinating and regulating effector 
cells.14 It also predicts the three human MHC class II isotypes HLA-DR, HLA-DP and HLA-DQ, as well as mouse 
molecules (H-2). Strong and weak binding peptides are determined based on the percentage Rank calculated by 
comparing the query peptide’s score to 200,000 random natural peptides of the same length, those with a threshold of 
2% were categorized as strong binders.16

Selection of the Epitope Segment
The outcomes of all predictions were compiled and analyzed, then the regions with the highest overlaps were identified. 
These immunodominant areas were used in subsequent analyses to determine the most suitable epitope domains for 
vaccine construction. BLASTp (https://blast.ncbi.nlm.nih.gov/Blast.cgi) was performed to ensure that the epitopes did 
not share homology with humans by identifying similar regions between two sequences.

Selection of Adjuvant and Protein Linker for Vaccine Construction
Adjuvants enhance the efficacy of vaccines by allowing tiny amounts of antigen to induce an effective first immune 
response and improve memory cell differentiation.17 A 50S ribosomal protein L7/L12 (locus RL7 MYCTU) was selected 
as an adjuvant (Accession no. P9WHE3) to improve the vaccine’s immunogenicity. The sequence was derived from the 
UniProt database (https://www.uniprot.org/).18 It was introduced at the vaccine’s N-terminus through an EAAAK linker, 
while AAY and GPGPG were used to connect the various epitopes. In epitope mapping for the design of multi-epitope 
vaccines, the AYY, GPGPG, and EAAAK are the most commonly used linkers. They are applied to minimize junctional 
immunogenicity and boost pathogen-specific immunity.19
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Antigenicity, Allergenicity, and Solubility Evaluation
The antigenicity of the vaccine was predicted using ANTIGENpro (http://scratch.proteomics.ics.uci.edu/) and VaxiJen 
v2.0 (http://www.ddgpharmfac.net/vaxijen/VaxiJen/VaxiJen.html). Antigenpro is a sequence-based, alignment-free, and 
pathogen-independent antigenicity predictor. It can be used effectively to identify likely protective antigens from an 
entire proteome.20 Meanwhile, Vaxijen is the first server for alignment-independent prediction of protective antigens 
based on the auto cross-covariance (ACC) translation of protein sequences into main amino acid vectors.21 The ExPASy 
Protparam tool (http://web.expasy.org/protparam) was used to evaluate the vaccine candidate’s physicochemical 
properties.

AllergenFP (http://ddg-pharmfac.net/AllergenFP/) and AllerTOP v.2.0 (http://ddg-pharmfac.net/AllerTOP) were uti-
lized in predicting the vaccine candidate’s non-allergic behavior.22 AllergenFP is a binary classification separating 
allergens from non-allergens,23 the dataset is characterized by five E-descriptors, and the strings are transformed into 
uniform vectors using the auto-cross covariance (ACC) transformation.23 Meanwhile, AllerTop is the first alignment-free 
server for in silico prediction of allergens based on the physicochemical characteristics of proteins.22 It also relies on 
ACC transformation and E-descriptors.22 The Proso II Protein-sol (http://mbiljj45.bio.med.uni-muenchen.de:8888/ 
prosoII/prosoII.seam) was used to determine the predicted vaccine’s solubility.24 The server is utilized by combining 
machine-learning-based models and the largest currently available experimental data set provide a substantial advance-
ment in protein solubility predictions.25

Toxicity and Physicochemical Properties Analysis
The toxicity of the constructed vaccine and each of its subunits was predicted with ToxinPred (http://crdd.osdd.net/ 
raghava/toxinpred/) which classifies toxicity and non-toxicity peptides based on an SVM model.26 In particular, the 
dataset used in this methodology contains 1805 hazardous peptides.26 The constructed vaccine’s physicochemical 
properties, as well as those of each subunit, were predicted using the ExPASy ProtParam server (https://web.expasy. 
org/protparam/) which computes various physical and chemical parameters for a given protein sequence, including 
hydropathicity, charge, half-life, instability index, theoretical isoelectric point value (pI), and molecule weight.27

Secondary Structure Prediction, 3D Homology Modeling, and Refinement of Protein
PSIPRED V3.3 (http://bioinf.cs.ucl.ac.uk/psipred) and RaptorX (http://raptorx.uchicago.edu/%20StructurePropertyPred/ 
predict/) were used to predict alpha-helices, beta-sheets, and coil structures.28,29 It combines multiple feed-forward neural 
networks that perform analysis on Position Specific Iterated-BLAST (PSI-BLAST) output and also has an average Q3 
score of 81.6%, providing a reliable prediction of secondary structure.28 Meanwhile, RaptorX uses a developing machine 
learning model called DeepCNF (Deep Convolutional Neural Fields) to simultaneously predict secondary structure (SS), 
solvent accessibility (ACC), and disorder regions (DISO).29

I-TASSER (https://zhanglab.ccmb.med.umich.edu/I-TASSER/) was used to model the three-dimensional structure of 
the protein target by comparing the similarity index with a template structure available through the protein data bank.30 

Refinement was utilized to improve the vaccine candidate’s accuracy using GalaxyRefine (http://galaxy.seoklab.org/cgi- 
bin/submit.cgi?type=REFINE).31 Subsequently, the refined structure was validated using RAMPAGE (http://mordred. 
bioc.cam.ac.uk/~rapper/rampage.php) and the quality of the protein model was determined by plotting the z-score via 
ProSA-Web (https://prosa.services.came.sbg.ac.at/prosa.php) followed by 3D validation using the PROCHECK server 
(https://servicesn.mbi.ucla.edu/PROCHECK/).32,33

Molecular Docking of the Vaccine with TLR4
Toll-like receptors (TLRs) are essential sensors of innate immunity that recognize pathogen-associated molecular patterns 
and initiate signaling for pro-inflammatory cytokine.34 During MTB and SARS-CoV-2 infections, the host’s resistance 
depends on TLR-4, which rises in human airway epithelial cells,34,35 therefore, understanding the interaction with 
vaccine candidates is important. The CASTp server (http://sts.bioe.uic.edu/castp/) was used to estimate the binding 
pockets or cavities in the TLR-4 receptor. It provides identification and measurements of surface-accessible binding 
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pockets as well as information on inner inaccessible cavities for protein molecules.36 Moreover, the multi-epitope 
vaccination peptide was docked with the TLR4 (PDB ID: 4G8A) receptor using HADDOCK 2.2 (http://haddock. 
science.uu.nl/services/HADDOCK2.2) to evaluate the ligand-receptor interaction. HADDOCK is a set of Python scripts 
that calculate structures using crystallography and NMR system.37 Discovery Studio Visualizer (D.S.V.) v16.1.0.153500 
was used to visualize the docked model.37–39

Normal Mode Analysis of the Vaccine-Receptor Complex
The simulation of a protein’s stability was carried out with the iMOD server (iMODS) (http://imods.chaconlab.org) using 
Normal Mode Analysis (NMA) to compute its internal coordinates (NMA). The stability of the protein was shown by the 
main-chain deformability plot, the B-factor values, the eigenvalue, the covariance matrix, and the elastic network model.40

In silico Cloning Optimization of Designed Vaccine Construct
Codon optimization is a critical aspect for successful protein expression, particularly when a heterologous expression 
method is applied.41 To express the vaccine candidate, the E. coli strain K12 was selected as the host organism. It is 
classified as nonpathogenic to humans due to the outer membrane’s dysfunctional LPS core, which prevents adhesion 
to gut mucosa, and its inability to express the capsular antigens required for colonization and virulence.42 Due to the 
difference in codon usage between humans and E. coli, the Java Codon Adaptation Tool (JCat) server (http://www. 
prodoric.de/JCat) was used to adapt the codons to the prokaryotic organism, thereby improving the expression rate.

Immune Simulation
In silico immunological simulations were performed using the C-ImmSim server (http://150.146.2.1/C-IMMSIM/index.php),43 

which is an innovative method for analyzing the immune systems of mammals. The program provides a mesoscopic scale 
immune system simulator with machine learning techniques for molecular-level predictions of major histocompatibility complex 
(MHC)–peptide-binding interactions, linear B-cell epitope finding, and protein–protein potential estimation.43 In this study, all 
simulation parameters were kept at their default parameters, and three dose injections of 1000 antigens were administered four 
weeks apart, then each response was examined.

Results
Epitope Prediction
B-Cell Epitope Prediction
B-cells play a primary role in humoral immunity, therefore, a specific epitope for their receptors is critical for vaccine 
production to generate antibodies The BepiPred 2.0 server was used to predict linear B-cell epitopes of varying lengths. It 
predicted 2 epitopes for OmpA Rv0899 MTB from 6 epitopes and 4 for SARS-CoV-2 spike glycoprotein from 8 
epitopes. A total of 6 B-cell epitopes were selected based on various criteria, such as antigenicity and similarity. The 
selected epitopes then finalized to be further screened for the vaccine candidate (Table 1).

Cytotoxic T Lymphocyte (CTL) Prediction
A total of 273 CTL ligands for OmpA of MTB were identified using the NetCTL 1.2 server. Out of 273, total of 5 CTL (9-mer) 
ligands were selected with the default epitope identification cutoff score for OmpA Rv0899 MTB set to 0. Additionally, 4 were 
selected for further screening among 37 predicted CTL ligands for the spike glycoprotein of SARS-CoV-2. Nine epitopes in 
total were selected due to their high ratings and were used to generate the vaccine candidate (Table 1).

Helper T Lymphocyte (HTL) Prediction
HTL epitopes were identified as highly binding MHC-II epitopes for the human alleles HLA-DR, HLA-DQ, and HLA- 
DP which were predicted using the NetMHCII 2.2 web server based on their IC50 values. Two epitopes (15-mer) were 
selected for OmpA Rv0899 MTB from 64 high-binding HTL, and four (15-mer) were used for SARS-CoV-2 spike 
glycoprotein from 53. Six HTL epitopes in total were used for the construction of the vaccine candidate (Table 1).
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Construction of a Multi-Epitope Vaccine
The vaccine candidate was designed using a total of six B-cell epitopes, nine CTL and six HTL, then AAY and GPGPG 
linkers were employed to join predicted peptide sequences comprising B- and T-cell epitopes. The 50S ribosomal L7/L12 
(Locus RL7 MYCTU) was selected as an adjuvant and linked to the amino terminus of the vaccine peptide through an 
EAAAK linker to enhance antigen-specific immune responses. Additionally, a C-terminal 6xHis tag was introduced to 
aid in protein purification and identification. The final vaccine contained 472 amino acid residues drawn from 21 peptide 
sequences that had been combined (Figure 1).

Prediction of the Antigenicity and Allergenicity of the Vaccine Construct
The VaxiJen 2.0 server projected the constructed vaccine’s antigenicity to be 0.8211 for bacteria and 0.5472 for viruses at 
a threshold of 0.5 and 0.9319 for ANTIGENpro. These results show that both of the produced sequences are naturally antigenic. 
Additionally, both the AllerTOP v.2 and AllergenFP servers demonstrated that the constructed vaccine is non-allergenic.

Physiochemical Properties and Solubility Prediction of the Vaccine Construct
The molecular weight of the constructed vaccine was predicted to be 47.75 kDA with a theoretical isoelectric point value 
(pI) of 4.97. Based on the pI value, it was expected that the protein will be acidic in nature. The half-life was 30 hours 
in vitro in human reticulocytes, > 20 hours in-vivo in yeast, and > 10 hours in-vivo in E. coli. Additionally, with 
a predicted solubility score of 0.62, the protein was expected to be soluble upon expression. The instability index (II) was 
21.87, which is considered stable, while the aliphatic index was 76.99. GRAVY predicted a score of −0.153, indicating 
that the molecule is hydrophilic.

Secondary Structure Prediction
The constructed vaccine was estimated to comprise 21% alpha-helix, 15% beta-strand, and 62% coil as shown in 
Figure 2. Additionally, 56% of amino acid residues were expected to be exposed to solvent, 22% to medium, and 21% 
hidden. The RaptorX Property server showed that 62 residues (13%) were placed in disordered domains.

Tertiary Structure Modelling
A 3D structure model of the vaccine was created using the I-TASSER server which predicted five tertiary models for the 
proposed protein using ten template sequences, including 2D4Y, 3VA7, 4UT1, 5M59, 5XBJ, 6UEB, 6W2J, 5D06, 6XJA, 
and 7CPX. According to their Z-score values, each was well aligned ranging from 1.18 to 5.46. C-score values for the 
five projected models ranged from 4.56 to 0.83. Typically, the C-score ranges between 5 and 2, with higher values 
suggesting greater confidence.30 The model with the highest value from the homology modeling was selected for further 
refinement (Figure 3A). The selected model was estimated to have a TM-score of 0.61±0.14 and a Root Mean Square 

Table 1 Predicted B-Cell and T-Cell Epitopes Selected to Design the Multi-Epitope Peptide-Based 
Vaccine. Serial Numbers Attached to Epitopes Show Their Order of Appearance in the Vaccine’s 
Design

Protein B-cell Epitope CTL Epitope HTL Epitope

P9WIU5 1.NAVTGGPIAFGNDGASLI 18. YTDNTGSEG 2.TLTPTSTRGASALSL

3.VNPIASNATPEGRAKN 17. TTDARRTQK 4.TGSEGINIPLSAQRA

P0DTC2 5.YNSASFSTFKCYGVSPTKLNDLCFT 16. ITDAVDCAL 6.VVFLHVTYVPAQEKN

7.GDEVRQIAPGQTGKIADYNYKLP 15. YQDVNCTEV 8.LGDISGINASVVNIQ

9.VNNSYECDIPI 14. LSETKCTLK 10.PHGVVFLHVTYVPAQ

11.YTMSLGAENSVAYSNN 13. YQDVNCTEV 12.LGDISGINASVVNIQ

Abbreviations: OmpA, outer membrane protein A; CTL, cytotoxic T lymphocytes; HTL, helper T lymphocytes.
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Deviation (RMSD) of 9.14.6. Meanwhile, the TM-score has been developed as a scale for comparing the similarity 
between two structures.44 It was designed to circumvent the RMSD’s sensitivity to local inaccuracy, a value greater than 
0.5 implies a model with correct topology, while values less than 0.17 indicate random similarity.45 These cut-off values 
are independent of the protein length.

Tertiary Structure Refinement
The final vaccination was refined on ModRefiner and then on the GalaxyRefine server, to yield five models. Model 2 was 
selected as the best based on a variety of metrics, including GDT-HA 0.9454, RMSD 0.432, and MolProbity 2.34. The 
clash score was 16.6, the poor rotamers rating was 1.2, and the Ramachandran plot score was 89.1%. Therefore, this 
model was selected as the vaccine candidate for analysis (Figure 3B).

Tertiary Structure Validation
The Ramachandran plot analysis of the modeled protein revealed that 94.47% of residues are in preferential regions, this 
is consistent with the 94.5% score predicted by the GalaxyRefine analysis. Additionally, 2.77% and 2.76% of the residues 
were in the allowed and disallowed regions respectively as shown in Figure 3C. ProSA-web was used to verify the 
quality and possibility for error in the crude 3D model. After refinement, the selected model had an overall Z-score of 
4.07 with ProSA-web for the input vaccine protein model (Figure 3D).

Molecular Docking of the Final Vaccine Construct with TLR4
The CASTp server was used to determine the protein binding and hydrophobic interaction sites on the surface. A binding 
pocket was identified based on a previous study with the same PDB ID46 which found that the TLR4 binding pocket between 
residues 1 and 298 might serve as a potential binding site. The pocket and mouth had a molecular surface area of 325.12 Å2 

Figure 1 Schematic presentation of the multi-epitope vaccine. The 472-amino acid long peptide sequence contains an adjuvant (green) at the amino-terminal end and is 
connected to the multi-epitope sequence via an EAAAK linker (cyan). B and HTL epitopes are linked using GPGPG linkers (yellow), whereas CTL epitopes (Orange) are 
linked using AAY linkers (purple). At the Carboxy terminus, a 6x-His tag is inserted for purification and identification purposes.
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Figure 2 A graphical representation of secondary structure features of the constructed vaccine sequence. The protein was predicted to comprise alpha-helices (21%), beta 
strands (15%), and coils (62%).
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Figure 3 Protein modeling, refinement, and validation for constructed vaccine. The final 3D model of the multi-epitope vaccine was obtained after homology modeling on 
I-TASSER (A). Superimposed of the refined 3D structure (colored) on the “crude model” (grey) by GalaxyRefine (B). Validation of the refined model with Ramachandran plot 
analysis showed 94.47%, 2.77%, and 2.76% of protein residues in favored, allowed, and disallowed (outlier) regions, respectively (C), and ProSA-web gave a Z-score of −4.07 (D).

Advances and Applications in Bioinformatics and Chemistry 2022:15                                                      https://doi.org/10.2147/AABC.S366431                                                                                                                                                                                                                       

DovePress                                                                                                                          
51

Dovepress                                                                                                                                                         Pitaloka et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


and 197.82 Å respectively with a molecular surface volume of 581.33 Å and the molecular circumference total was 80 Å.47 

Furthermore, the immune response of TLR-4 against multi-epitope vaccine was estimated by analyzing the overall 
conformational stability of the vaccine-TLR4 docked complex. The following active interface amino acid residues were 
found; P23, S25, T26, P28, V32, V33, I36, G39, M41, G42, L43, A44, P45, T46, L47, I48, A50, A51, P53, P54, S55, L57, 
A58, A60, P63, A67, H68, G70, S71, T72, S73, P75, S76, P78, G79, A87, T92, A95, G96, G99, S100, S102, S115, L119, 
G124, G523, H529, A544, G547, S569, S570, T626, and C627 from the B chain of TLR4 (Figure 4). The top-ranking pose 
for each docked complex with the lowest total intermolecular energies was 2128.649 Kcal/mol.

Normal Mode Analysis of the Vaccine-Receptor Complex
NMA were carried out by the iMOD server to determine the stability and physical mobility of the vaccine-TLR4 docked 
complex.48 The deformability of the main-chain is shown in Figure 5A, while hinged locations were visualized using the 
high strain. The B-factor values calculated using NMA were proportional to RMSD value (Figure 5B). Furthermore, the 
eigenvalues of the complex numbers in Figure 5C were 4.344 x 10−5, which was closely connected to the energy 
necessary to deform the structure. Correlations were also detected in the covariance matrix between pairs of residues 
(Figure 5D). The elastic network model assumed that there was a connection between the atom and the spring 
(Figure 5E). NMA confirmed the stability of the vaccine candidate model.

Figure 4 Docking of constructed vaccine with the immune receptor (TLR4). Docked for the final vaccine-TLR4 complex (A). Interaction of multi-epitope vaccine with 
B chain of TLR4 is highlighted in Orange (B). The interacting residues of the multi-epitope vaccine and B chain of TLR 4 (C and D). The docked model was visualized using 
Discovery Studio Visualizer (D.S.V.) v16.1.0.153500.
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Codon Optimization of the Final Vaccine Construct
The Java Codon Adaptation Tool (JCat) was used to optimize codon usage of the vaccine candidate in E. coli (strain 
K12) for maximal protein expression. The optimized codon sequence was 165 nucleotides in length, while the enhanced 
nucleotide has a Codon Adaptation Index (CAI) of 1.0 with an average GC content of 39.40%, indicating the possibility 
of the vaccine candidate expression in the E. coli host, because the ideal range of GC content is between 30% and 70%.

Immune Simulation
The immunological responses were simulated with C-ImmSim and the result showed that there was an increase in the 
IgM + IgG antibodies (Figure 6A). This pattern implies the establishment of immunological memory, and also greater 
antigen clearance following subsequent exposures. A similarly high response was observed in the TH (helper) and TC 

(cytotoxic) cell populations with corresponding memory development (Figure 6B and C). Repeated exposure with 12 
injections four-week apart demonstrated that the IFN-γ and TH cell population remained at high levels throughout the 
duration of exposure (Figure 6D).

Discussion
The advent of a new SARS-CoV-2 strain is a global threat that has claimed the lives of a large number of individuals 
worldwide, including healthcare workers. It is transferred from one person to another through airborne droplets.49 

Vaccination regimens against this virus have been created successfully, leading to an improvement in global human 
health statistics.50 However, co-infection with MTB is regarded as a key risk factor for the severity as well as mortality 
rates, and the scientific basis for this issue is unknown.51 Immunoinformatics methods have changed the scope of 
vaccines’ preparation and might provide a solution to prevent this problem.

Figure 5 Normal mode analysis (NMA) modeling of docked vaccine-TLR4 complexes. Modeling the deformability of the main chain, the hinge is an area with high 
deformability (A). B-factor values were calculated from NMA to quantify the uncertainty of each atom (B). Eigenvalues of adjacent complexes represent the energy required 
to deform the structure (C). Covariance matrix between pairs of residues (red: correlated, white: uncorrelated, blue: anti-correlated) (D). Elastic network model assuming 
bonding between atoms and springs; the darker the grey, the stiffer the spring (E).
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The vaccine candidate has a molecular weight of 47.75 kDa and a predicted soluble weight of 0.62 following 
overexpression. The solubility in the overexpressed state was satisfactory and is a necessary condition for various 
biochemical and functional studies.52 Furthermore, the protein is predicted to be acidic with a theoretical PI of 4.97 and 
stable with a score of 21.87 on the instability index. A protein with an instability index of less than 40 is stable, while 
those with more than 40 are almost certainly unstable.53 The vaccine design had a predicted aliphatic index of 76.99, 
which shows that the side chains were aliphatic, indicating a high potential for thermostability. The aliphatic index 
information is critical for proteins with a molecular weight of less than 100,000.54 The proposed vaccine is expected to 
be non-allergenic with an antigen prediction value greater than the threshold, also, it is classified as an antigen and might 
be subjected to additional examination.

The immunoinformatics approach was used to construct a multi-epitope vaccine that comprises B-cell, TH cell, and 
TC cell epitopes from spike glycoprotein of SARS-CoV-2 and OmpA of MTB. This method has several advantages over 
the whole protein-based vaccine, for example, it can stimulate immune system responses to protective epitopes without 
causing an autoimmune reaction.55 Also, given that the vaccine only has expected immunodominant epitopes, it is less 
likely to react with non-immunodominant or non-neutralizing types.56

Non-neutralizing epitopes potentially contribute to the antibody-dependent enhancement (ADE) observed during 
dengue virus infection.57 Adding a genetically fused protein with adjuvant activity such as The 50S ribosomal L7/L12 
will make the vaccine more effective and prolong the immune response.58 Given the benefits of vaccination based on 
several epitopes, this method was employed to produce M-001, a multi-epitope-based universal influenza vaccine. 
Clinical tests reported that it strongly boosts both cellular and humoral immune responses.59 Moreover, an in silico multi- 
epitope tetravalent dengue vaccine which has been shown to elicit significant levels of IFN- and neutralizing antibodies 
has also been developed.60

Figure 6 Result of immune response simulation revealed that the final vaccine has the potential to induce antibody-mediated humoral immunity (A), CD8+ T Cell immune 
response (B), CD4+ T cell immune response (C) and non-specific immune response mediated by cytokines production (D).
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Multi-epitope vaccines containing B-cell and T-cell epitopes can induce both humoral and cellular immunity, thereby 
preventing undesirable side effects associated with the additional epitope produced in response to intact protein antigens. This 
is important because undesired immune responses have the potential to induce an autoimmune response. Additionally, it has 
an effect on both specific and protective immune responses.61 The immune response simulation demonstrated that the 
developed vaccine was capable of inducing humoral, CD4+ T cell, and CD8+ T cell immunity.

Most preventative vaccines against infectious pathogens have focused on making neutralizing antibodies. However, 
a few studies showed that neutralizing antibodies alone are not enough to give long-lasting immunity and protection 
against certain pathogens, hence, T cell immunity is also needed.62 IFN production by CD8+ and CD4+ is essential for 
MTB control,63 while T cells also aid in viral infection control by releasing cytokines such as IFN- and TNF. A recent 
study demonstrated that the specific memory CD4+ and CD8+ T cell response to SARS-CoV-2 is relatively long-lasting 
compared to neutralizing antibodies.64 Also, it is more difficult for a virus to hide from memory T cell responses caused 
by the SARS-CoV-2 vaccine or by a natural infection.65

Limitation
This study did not provide the cross-protection results expected because the vaccine was engineered from each part of the 
respected pathogen, which has different abilities.

Conclusion
The in silico approach is the first step towards designing a vaccine for achieving control of SARS-CoV-2 and MTB 
coinfection. In this study, immunoinformatic tools were used to design a potential vaccine peptide coding in multiple 
B-cell and T-cell epitopes for these two pathogens. The spike protein of SARS-CoV-2 and outer membrane A of MTB 
were used due to their essential role in immune activation and infection of the host immune system. The results showed 
that the vaccine peptide designed can prevent SARS-CoV-2 and MTB coinfection, as well as help in boosting the host 
immune system. Further investigations are needed to determine the vaccine’s efficacy using laboratory and animal 
models.
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