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In silico analysis of epitope‑based 
vaccine candidate 
against tuberculosis using reverse 
vaccinology
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Wei‑Bao Kong1 & Shiquan Niu1*

Tuberculosis (TB) kills more individuals in the world than any other disease, and a threat made direr by 
the coverage of drug‑resistant strains of Mycobacterium tuberculosis (Mtb). Bacillus Calmette–Guérin 
(BCG) is the single TB vaccine licensed for use in human beings and effectively protects infants and 
children against severe military and meningeal TB. We applied advanced computational techniques 
to develop a universal TB vaccine. In the current study, we select the very conserved, experimentally 
confirmed Mtb antigens, including Rv2608, Rv2684, Rv3804c (Ag85A), and Rv0125 (Mtb32A) to design 
a novel multi‑epitope subunit vaccine. By using the Immune Epitopes Database (IEDB), we predicted 
different B‑cell and T‑cell epitopes. An adjuvant (Griselimycin) was also added to vaccine construct 
to improve its immunogenicity. Bioinformatics tools were used to predict, refined, and validate the 
3D structure and then docked with toll‑like‑receptor (TLR‑3) using different servers. The constructed 
vaccine was used for further processing based on allergenicity, antigenicity, solubility, different 
physiochemical properties, and molecular docking scores. The in silico immune simulation results 
showed significant response for immune cells. For successful expression of the vaccine in E. coli, 
in‑silico cloning and codon optimization were performed. This research also sets out a good signal for 
the design of a peptide‑based tuberculosis vaccine. In conclusion, our findings show that the known 
multi‑epitope vaccine may activate humoral and cellular immune responses and maybe a possible 
tuberculosis vaccine candidate. Therefore, more experimental validations should be exposed to it.

Mycobacterium tuberculosis is a global pathogen that infects about 1.5 billion individuals and kills 1.3 mil-
lion individuals per  year1. About 10.0 million people with tuberculosis (TB) su�ered in 2018, according to 
the World Health Organization (WHO) report. Besides, WHO survey data from around the world shows that 
0.6 million cases of multidrug-resistant tuberculosis (MDR-TB) were reported, of which about 0.24 million 
deaths  occurred2–4. �e growth of MDR-TB strains results in the insu�cient or irregular antibiotic intake and 
limited treatment of TB. Individuals with lower immunity are more resistant to infection and unable to respond 
e�ectively to the immune system. �erefore, more e�orts are required to advance the production of new TB 
 vaccines5,6. Most of the immune response to Mtb involves cell immunity,  (CD4+ and  CD8+ T cells)7,8. Both  CD4+ 
and  CD8+ T cells, once stimulated, secrete cytokines that cause an immune response. Cytotoxicity and lysis of 
infected cells are also mediated by the  CD8+ cells. For M. tuberculosis elimination, e�ective T cell responses are 
essential. Complex pathogenesis, slow growth of Mtb, and dormant ability are critical tasks in developing suc-
cessful therapies for  TB9.

Since 1923, the Bacillus Calmette–Guérin (BCG) vaccine, an attenuated form of Mycobacterium bovis, 
has become the only established TB vaccine providing prophylaxis to be used globally. BCG e�cacy ranges 
from 0 to 80% against adolescent pulmonary TB that protects against immunization for 10–20  years10,11. As a 
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live-attenuated vaccine, BCG has a low safety because of the risks related with its use in immunocompromised 
individuals and the chance of returning the pathogen to its virulent  state12. �ere are currently 16 TB vaccines 
in phase I, II, and III clinical trials, and some of them are a live attenuated form of  Mtb13. Viral vector-based 
vaccines such as MVA85A and Crucell-Ad35/AERAS-402 will reduce the vaccine’s e�cacy before exposure to 
the  vector14. Live prophylactic vaccines such as recombinant BCG VPM1002 and MTBVAC are also  produced7,8, 
and can return to a pathogenic type. Inoculating patients with vaccines dependent on subunits decreases the 
risk of virulence reversal. �e subunit vaccines (M72 and H4) consist of various Mtb antigens. However, lack of 
immunogenicity and are seldom capable of inducing immunity to long-term illness, requiring several vaccina-
tions with adjuvants’ addition.

M72/AS01 E that was primarily considered clinically safe in both healthy and TB-diagnosed adults. However, 
several volunteers encountered local reactions at injection spots during phase II, which prematurely terminated 
the  research15. Given the success of peptide vaccines such as H4/IC31, peptide vaccines are regarded as stable 
and potentially potent TB vaccines. H4/IC31 had clinically safe in phase I studies that induced a robust immune 
response in healthy adults, and BCG vaccinated  infants16. Peptide vaccines usually have higher safety pro�les 
due to epitopes without reactogenic  responses17 and low manufacturing  charges18.

Di�erent methods have been implemented to develop more e�ective novel TB vaccines, and among these 
methods, subunit vaccines have shown great  promise19 i.e., the variety of epitopes in the Mtb protein antigens 
constituting the subunit vaccine. Besides computational studies, some studies had endeavored to evaluate the 
human T cell immune responses to multiple Mtb subunit vaccines  empirically20,21 and using data from clinical 
trials,  respectively22–24. Rodo et al. recommended that the identi�cation of vaccines with distinctive immune 
response features may increase the probabilities of �nding a safe  vaccine21 and provided valuable information 
on the potential production of the Mtb vaccine.

�is study aimed to develop a TB epitope ensemble vaccine for new access in reverse vaccinology. �e 
method has recently started to be demonstrated by the discovery of the epitope ensemble vaccine against SARS-
CoV-225–27, Ebola  virus28,  malaria29 Acinetobacter baumannii30, and Staphylococcus aureus31. Similarly, various 
immuno-informatics methods were used to develop a probable vaccine coding in the Mtb H37Rv genome for 
multiple B and T cell epitopes. �ey could potentially activate both humoral and cellular  immunity32. Our �nd-
ing proposed that the selected epitopes from the four Mtb antigens [Rv2608, Rv2684, Rv3804c (Ag85A), and 
Rv0125 (Mtb32A)] could be used e�ectively as potential candidates for vaccines and will be applied for future 
experimental research to eradicate TB. We selected Mtb epitopes with demonstrated immunogenicity combined 
to form an e�ective, widely available epitope ensemble vaccine, establishing a universal vaccine.

Materials and methods
Selection of Mtb strain, antigens and retrieval of protein sequences. �ere are 7 phylogenetic 
branches of Mtb, with lineages 2, 3, and 4 being responsible for the majority of worldwide spread. Most pre-
clinical work has used lineage 4 derived vaccines due to the common lab strain H37Rv being of lineage 4. How-
ever, there was little direct evidence to support this  selection33. �e Immune Epitope Database and Analysis 
Resource (IEDB; http://www.iedb.org/) was used to collect M. tuberculosis-speci�c epitopes. We selected the 
antigens, based on their antigenicity, immunogenicity, conservancy, MHC binding a�nity and IFN-γ stimula-
tion. Antigens have chosen for this study included; Rv2608 (Accession No.: P9WHZ5), Rv2684 (Accession No.: 
P9WPD9), Rv3804c (Accession No.: P9WQP3) and Rv0125 (Accession No.: O07175). �e Mtb H37Rv protein 
amino acid sequences were obtained from the mycobrowser database (https ://mycob rowse r.ep�.ch/). For all 
species of Mycobacteria, Mycobrowser is the complete genomic and proteomic  database34 including M. tubercu-
losis, M. leprae, M. marinum, and M. smegmatis35. Further analysis was done with the assistance of these protein 
sequences.

Prediction of cytotoxic T lymphocytes epitope. For the production of the subunit vaccine, cytotoxic 
T lymphocyte (CTL) epitope prediction is very important. �e amino acid sequence was analyzed using NetCTL 
1.2 server (https ://www.cbs.dtu.dk/servi ces/NetCT L/) for the prediction of the CTL  epitopes36. Prediction of 
the epitopes depends on three main qualities �rstly of MHC-I binding a�nity, second, proteasomal C terminal 
cleavage performed using arti�cial neural networks (ANN), and third, TAP (Transporter Associated with Anti-
gen Processing) transport e�ciency which was predicted using weight matrix. For the prediction of the CTL 
epitopes the thresholds for di�erent parameters like TAP transport e�ciency, proteasomal C-terminal cleavage, 
and epitope identi�cation was set 0.05, 0.15 and 0.75, respectively. �e predicted epitopes were categorized 
according to the combined score. Although the server allows for CTL epitopes predictions limited to 12 MHC 
class I supertypes, only the A1 supertype was used for this  study37.

Prediction of Helper T lymphocytes epitope. �e IEDB MHC II server (http://tools .iedb.org/mhcii /) 
was used for the prediction of Helper T lymphocytes (HTL)  epitopes38. �e species/locus was chosen as Human/
HLA-DR, and a 7-allele human leukocyte antigen (HLA) reference set was selected for the HTL epitopes pre-
diction. Further, 15-mer length of the epitopes were retrieved and classi�ed according to the percentile value. 
�e percentile rank is given a�er comparing the peptides score with 5 million 15-mer from the SWISSPROT 
database, compounds with the least percentile rank show a high a�nity of MHC-II.

Prediction of interferon‑gamma inducing epitopes. �e chosen HTL epitopes were submitted to 
investigate whether they can induce interferon-gamma (IFN-γ) immune response by using the (15-mer) IFN-
gamma epitope server  (http://crdd.osdd.net/ragha va/ifnep itope /scan.php). �e server constructs overlapping 
sequences from which the IFN-γ epitopes are predicted, and prediction based on Support Vector Machine 
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(SVM) and model was predicted by selecting IFN-γ versus non-IFN-γ39. Finally, for the in silico vaccine con-
struction, the epitopes with positive results for the IFN-γ response were selected.

Prediction of linear B‑cell epitopes. B-cell epitopes are essential for stimulating a humoral immune 
response, which activates B lymphocytes for antibody production and plays a dynamic role in vaccine designing. 
�e antigens were exposed to linear B-cell epitope prediction using ABCpred servers (http://www.imtec h.res.in/
ragha va/abcpr ed/)40. For the identi�cation of the epitopes, the window length was chosen to be 16-mer, based 
on recurrent neural network with a 0.51 threshold value, keeping overlapping �lter on. Top predicted epitopes 
having score more than 0.9 was only chosen for the construction of the candidate vaccine.

Prediction of antigenicity of proteins sequences. It is a signi�cant feature of vaccine developing that 
designated vaccine candidates must have antigenic property. ANTIGENpro and VaxiJen v2.0 both were used 
to measure the antigenicity of the vaccine candidates. ANTIGENpro (http://scrat ch.Prote omics .ics.uci.edu/), 
which uses micro-array data to calculate protein antigenicity. �e server’s accuracy with the combined dataset 
was calculated to be 76% based on cross-validation  experiments41. While the antigenic evaluation of the selected 
genes was performed via a freely accessible online VaxiJen 2.0 server (http://www.ddg-pharm fac.net/Vaxij en/
VaxiJ en/VaxiJ en.html) with a threshold value of ≥ 0.442, only probable antigen epitopes were selected for the 
vaccine construction. VaxiJen 2.0 server is based on auto and cross-covariance (ACC) transformation of protein 
sequences into uniform vectors of major amino acid properties was used to evaluate the antigenicity of the vac-
cine. �e VaxiJen algorithm is mainly based on the method of sequence alignment and analyzes protein physi-
ochemical properties to identify them as  antigenic43.

Prediction of allergenicity and toxicity of proteins sequences. Allergen identi�cation is a vital fac-
tor in the development of the vaccine. AllerTOP v.2.0 and AllergenFP servers measured the allergenic prop-
erties of the proteins. AllerTOP v2.0 an online server (http://www.ddg-pharm fac.net/Aller TOP) develops the 
k nearest neighbors (kNN), auto- and cross-covariance (ACC) transformation, and amino acid E-descriptors 
machine learning techniques for the classi�cation of allergens by exploring the physiochemical properties of 
proteins. �e accuracy of this approach was stated as 85.3% at �vefold cross-validation44. On the other hand, 
AllergenFP (http://ddg-pharm fac.net/Aller genFP /) is an alignment-free, descriptor-based �ngerprint method 
for the detection of allergens and non-allergens. �is method is based on a four-step algorithm. Initially, the 
protein sequences are de�ned in terms of their properties, including size, hydrophobicity, relative abundance, 
α helix and β-strand forming propensities. �e generated strings that vary in length are transformed into vec-
tors of equal size by ACC. �e vectors were translated into binary �ngerprints and measured according to the 
Tanimoto coe�cient. �e method was applied to known non-allergens and allergens and correctly recognized 
88% of them with a Matthews correlation coe�cient of 0.75945. Moreover, it is also a comprehensive and accurate 
method for the allergen prediction and also used by the researchers to predict allergens in the process of vac-
cine  construction46. For further analysis, the protein sequences which are non-allergenic in the properties were 
selected.

And �nally, all the epitopes were checked for toxicity using the ToxinPred server (https ://webs.iiitd .edu.in/
ragha va/toxin pred/multi _submi t.php)47, and non-toxic epitopes were chosen. �e overall construct of the vac-
cine has also been veri�ed for these characteristics.

Construction of multi‑epitope vaccine candidate sequence. �e highly antigenic, immunogenic, 
non-toxic, and non-allergenic epitopes were selected for the �nal vaccine construct. Selected CTLs, HTLs 
epitopes, and B-cell epitopes predicted by using NetCTL 1.2, IEDB MHC II server and ABCpred server respec-
tively, were used to construct multi-epitope vaccine sequence. �e linear B-cell and HTL epitopes were linked 
with GPGPG linker and CTL epitopes by AAY linker. In addition, a griselimycin (APD ID: AP02688)48 was 
selected as an adjuvant to increase the immunogenicity of the vaccine, and linked via EAAAK linker. �e 
sequence of the griselimycin was retrieved from the Antimicrobial Peptide Database (http://aps.unmc.edu/AP/
main.php).

Physiochemical properties and solubility prediction. Expasy Protparam (https ://web.expas y.org/
protp aram/) was used to predict various physicochemical properties like theoretical isoelectric point (pI), amino 
acid composition, in vitro and in vivo half-life, instability and aliphatic index, molecular weight (MW), and 
grand average of hydropathicity (GRAVY) of the vaccine  constructs49. �e multi-epitope vaccine solubility was 
predicted using the Protein–Sol server (http://prote in-sol.manch ester .ac.uk). �e scaled solubility value (Que-
rySol) is the predicted solubility. �e population average for the experimental dataset (PopAvrSol) is 0.45, and 
thus any scaled solubility value greater than 0.45 is predicted to have a higher solubility than the average soluble 
E. coli protein from the experimental solubility  dataset50. �e protein with a lower scaled solubility value is pre-
dicted to be less soluble.

Secondary structure prediction. �e secondary structures of the vaccine constructs were generated 
using the online tool PSIPRED and RaptorX Property servers. PRISPRED (http://bioin f.cs.ucl.ac.uk/psipr ed/), 
is an online server secondary structure generating tool that also predicts the transmembrane topology, trans-
membrane helix, fold and domain recognition etc  e�ciently51. �e RaptorX Property (http://rapto rx.uchic ago.
edu/Struc tureP roper tyPre d/predi ct/) was additional used to calculate the secondary structure characteristics 
of the vaccine. �e server uses an evolving machine learning model called Deep Convolutional Neural Fields 
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(Deep CNF) to continuously calculate secondary structure (SS), disorder regions (DISO), and solvent accessibil-
ity (ACC)52.

Tertiary structure prediction. �e tertiary or three-dimensional (3D) model of the multi-epitope vaccine 
was prepared using the homology modeling tool I-TASSER (Iterative �reading ASSEmbly Re�nement) server 
(https ://zhang lab.ccmb.med.Umich .Edu/I-TASSE R/). �e I-TASSER server is an integrated platform for com-
puterized protein structure and function prediction based on the sequence-to-structure-to-function paradigm 
and identi�es similar structure patterns from the Protein Data Bank (PDB)53. I-TASSER initial produces 3D 
atomic models from several threading alignments and iterative structural assembly simulations starting from 
an amino acid sequence. A template modeling (TM)-value > 0.5 shows a model of accurate topology, and a TM-
value < 0.17 indicates a random similarity. �ese cuto� value does not depend on the length of the  protein54. In 
the previous �ve community wide CASP (Critical Assessment of techniques for Structure Prediction) experi-
ments, I-TASSER was ranked �nest server for protein 3D structure  prediction55.

Refinement of the tertiary structure. GalaxyRe�ne web server (http://galax y.seokl ab.org/cgi-bin/
submi t.cgi?type=REFIN E) has re�ned the 3D model obtained for the multi-epitope vaccine peptide. �e Gal-
axyRe�ne server is based on a re�nement approach that was e�ectively veri�ed in CASP10 based re�nement 
experiments. and achieves the repacking and molecular dynamics simulation to relax the structure. �is method 
can improve the quality of both global and local structures when used to improve the models produced by state 
of the art protein structure prediction  servers56.

Validation of tertiary structure. Tertiary structure validation is a severe stage of the model construc-
tion method because it identi�es possible mistakes in 3D models  predicted57. ProSA-web server (https ://prosa 
.servi ces.came.sbg.ac.at/prosa .php) was initially used for protein 3D structure validation, which estimates a total 
quality score exact input structure, which is shown in the form of Z score. If the Z scores are outside the range 
of the properties for native proteins, it speci�es that the structure likely contains  errors58. To investigate non-
bonded atom–atom interactions associated with the ERRAT web-server (http://servi ces.mbi.ucla.edu/ERRAT 
/) was also used to predict high-resolution crystallography structures. A Ramachandran plot was retrieved via 
RAMPAGE web-server (http://mordr ed.bioc.cam.ac.uk/~rappe r/rampa ge.php) and describe the quality of the 
modeled structure by displaying the percentage of residues in disallowed and allowed  regions59.

Prediction of discontinuous B‑cell epitopes. More than 90% of B cell epitopes were determined to be 
discontinuous. ElliPro, an online server (http://tools .iedb.org/ellip ro/), has been used to predict the validated 3D 
structure of discontinuous (conformational) B-cell epitopes. ElliPro implements three algorithms based on their 
protrusion index (PI) values to estimate the protein shape as an ellipsoid, measure the residue PI, and adjacent 
cluster residues. ElliPro o�ers a score for each output epitope termed as an average PI value over each epitope’s 
residue. �e ellipsoid with a PI value of 0.9 contains (90%) protein residues included while the (10%) residues 
are outside ellipsoids. �e PI value for each epitope residue was determined based on the center of residue mass 
residing outside the largest ellipsoid possible. Compared to other structure based approaches used to predict 
epitopes, ElliPro achieved the top and provided an AUC value of (0.732) as the best calculation for any protein.

Molecular docking of the final vaccine with immune receptor. It is based on the interface between 
an antigenic molecule and a particular immune receptor to produce an e�ective immune response. TLR3 (PDB 
ID: 1ZIW) was downloaded from Protein Databank (PDB) (https ://www.rcsb.org). Online servers ClusPro 
2.0 (https ://clusp ro.bu.edu/login .php), HADDOCK server (https ://haddo ck.scien ce.uu.nl/), PatchDock server 
(https ://bioin fo3d.cs.tau.ac.il/Patch Dock/php.php), and FireDock server (http://bioin fo3d.cs.tau.ac.il/FireD 
ock/php.php) were used for molecular docking and docking re�nement,  respectively60. Again, the docking was 
performed for the third time using the HawkDock server (http://cadd.zju.edu.cn/hawkd ock/), and subsequently, 
the Molecular Mechanics/Generalized Born Surface Area (MM-GBSA) score was also measured using the same 
server that predicts the result in the a�nity score and the lowest prediction score is considered the better  score61.

Molecular dynamics simulation. �e molecular dynamics simulation study was conducted for the vac-
cine construct that showed the best molecular docking study results. �e iMODS web-server (http://imods 
.Chaco nlab.org/) was used for the molecular dynamics simulation study, a fast, free-accessible and molecular 
dynamics simulation server for de�ning and calculating the protein  �exibility62.

Codon optimization and in silico cloning. A codon optimization approach was used to improve recom-
binant protein expression. Codon optimization is essential because the genetic code’s degeneracy permits most 
of the amino acids to be encoded by multiple codons. Java Codon Adaptation Tool (JCat) server (http://www.
prodo ric.de/JCat) was used in the codon system of E. coli (strain K12) to obtain the codon adaptation index 
(CAI) values and GC contents to determine the levels of protein expression. �e best CAI value is 1.0, while > 0.8 
is regard a good score, and the GC content range from 30 to 70%. �ere are unfavorable e�ects on transla-
tion and transcriptional e�ciencies beyond this  range63. �e multi-epitope vaccine’s optimized gene sequence 
was cloned in E. coli plasmid vector pET-30a (+), NdeI and HindIII restriction sites were added to the N and 
C-terminals of the sequence, respectively. Finally, the optimized sequence of the �nal vaccine construct (with 
restriction sites) was inserted into the plasmid vector pET-30a (+) using the SnapGene so�ware (https ://www.
snapg ene.com/free-trial /) to con�rm the expression of the vaccine.
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Immune simulation. In silico method C-ImmSim, online simulation server (http://150.146.2.1/C-IMMSI 
M/index .php) reported the vaccine constructs immune response pro�le. C-ImmSim de�nes a mammalian 
immune system’s both humoral and cellular response to the vaccine  construct64.�ree injections of the target 
product pro�le of the prophylactic tuberculosis vaccine were administered at di�erent intervals of 4 weeks. All 
simulation parameters were established at default with time periods set at 1, 84, and 168. �e volume of simula-
tion and the steps of the simulation were set at 50 and 1000, respectively. (random seed = 12345 with vaccine 
injection not containing LPS.

Results
Protein sequences and PDB structures. �e amino acid sequence of Mycobacterium tuberculosis 
H37Rv was saved from the mycobrowser database as a FASTA format. Hence, then the functional sequences 
for the four proteins were subjected to linear B-cell and T-cell epitope prediction and develop a novel subunit 
vaccine against tuberculosis.

Prediction of cytotoxic T lymphocytes epitope. For the four nominated proteins, 34 CTL (9-mer) 
epitopes were predicted using the NetCTL 1.2 web-server �xed at the threshold value for epitope documenta-
tion. Out of all these predicted CTL epitopes, only ten epitopes were chosen to construct the vaccine based on 
their high scores binding a�nity towards MHC-I, antigenicity, non-allergenicity, and non-toxicity, as illustrated 
in (Table 1).

Prediction of Helper T lymphocytes epitope. High-binding MHC-II epitopes for human alleles HLA-
DR, predicted with the IEDB MHC-II web server were de�ned as HTL epitopes. A total of four HTL epitopes 
were nominated for the �nal vaccine on the basis of binding a�nity, antigenicity, non-allergenicity, and non-tox-
icity, as illustrated in (Table 2). Human alleles and position of predicted epitopes are HLA-DRB3*01:01(45–59), 
HLA-DRB1*03:01(113–127), HLA-DRB3*02:02 (270–284) and HLA-DRB3*02:02 (406–420).

Prediction of interferon‑gamma inducing epitopes. �e IFN-gamma plays a signi�cant role in intra-
cellular pathogen evasion and majorly acts as cytokines for cytotoxic T lymphocytes and natural killer cells. 
�e IFN-γ inducing epitopes predicted by the IFN-γ epitope server, using the Support Vector Machine (SVM) 
method. Four HTL epitopes with IFN-γ positive scores were chosen for vaccine construction.

Table 1.  List of the selected CTL epitopes which have ful�lled all the criteria for antigenicity, non-
allergenicity, non-toxicity and could bind e�ciently to MHC-I A1-supertype alleles.

Serial. No.
Peptide 
sequence

MHC binding 
a�nity

Rescale binding 
a�nity

C-terminal 
cleavage a�nity

Transport 
e�ciency Prediction score Protein

1 TIATFEMRY 0.3660 1.5541 0.9655 3.2030 1.8591

Rv26082 SSPDVLTTY 0.3629 1.5410 0.9785 3.0500 1.8402

3 PTVDYAFQY 0.3519 1.4942 0.9752 2.4490 1.7629

4 STDTPWWAL 0.4481 1.9027 0.9738 0.6650 2.0820

Rv26845 VSIALAAIY 0.2959 1.2563 0.1246 3.2500 1.4375

6 SVEWDTLLF 0.2028 0.8610 0.8627 2.6360 1.1222

7 DSGTHSWEY 0.6403 2.7186 0.9393 2.3410 2.9766
Rv3804c

8 SSALTLAIY 0.4867 2.0664 0.8423 3.1890 2.3522

9 ATDINAFSV 0.3986 1.6923 0.9423 0.2310 1.8452
Rv0125

10 FADFPALPL 0.1357 0.5762 0.8727 0.8680 0.7505

Table 2.  List of the �nal selected HTL epitopes which ful�lled all the criteria for antigenicity, non-
allergenicity, non-toxicity and could also induce the IFN-γ immune response.

Serial no. protein Allele Start End Peptide sequence Percentile score Method Result IFN-γ score

1 Rv2608 HLA-DRB3*02:02 406 420 PQLGFTLSGAT-
PADA 1.5 SVM Positive 1

2 Rv2684 HLA-DRB3*01:01 45 59 IFYSHDTGID-
WDVIF 0.84 SVM Positive 1

3 Rv3804c HLA-DRB3*02:02 270 284 KFLEG-
FVRTSNIKFQ 2.6 SVM Positive 1

4 Rv0125 HLA-DRB1*03:01 113 127 TYGVDVVGY-
DRTQDV 3.4 SVM Positive 11

http://150.146.2.1/C-IMMSIM/index.php
http://150.146.2.1/C-IMMSIM/index.php
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Prediction of linear B‑cell epitopes. ABCpred server was used to predict the B cell epitopes. All pre-
dicted B-cell epitopes (16-mer) with a cut-o� binding score > 0.9, high antigenic, non-allergenic and non-toxic, 
a total of four B-cell epitopes �nally chosen for vaccine construction, are listed in Table 3.

Construction of multi‑epitope subunit vaccine. Four B cell epitopes, four HTL epitopes, and ten CTL 
epitopes were nominated to design a novel vaccine, ful�lling the criteria of binding a�nity, antigenicity, non-
toxicity, and non-allergenicity. In addition to these epitopes, to improve immunogenicity, an adjuvant grise-
limycin with APD ID: AP02688 also applied to both the N and C terminals of the vaccine. EAAAK linkers link 
adjuvant to the epitopes, GPGPG linkers were used to link B-cell and HTL epitopes and AAY linkers to link CTL 
epitopes. �e constructed vaccine sequence was again tested for antigenicity, non-allergenicity, non-toxicity, 
solubility and ful�lling all the criteria. �e schematic presentation of the �nal multi-epitope vaccine peptide of 
the current study is de�ned in Fig. 1.

Prediction of antigenicity and allergenicity of the antigens and vaccine candidate. �e four 
proteins were investigated for the antigenicity by ANTIGENpro and VaxiJen v2.0 web tool, and it was found that 
all the four chosen proteins could be good antigens. In the VaxiJen v2.0 tool, the default threshold of 0.4 was cho-
sen as the antigenicity criterion. �e antigen Rv2608, Rv2684, Rv3804c and Rv0125 showed an antigenicity score 
of 0.54, 0.46, 0.52 and 0.81 respectively. �e antigenicity of the vaccine was predicted by the VaxiJen 2.0 server 
to be 0.81 and 0.66 with ANTIGENpro. �e results specify that the constructed vaccine is highly antigenic. �e 
vaccine sequence on both the AllerTOP v.2 and AllergenFP servers is both estimated to be non-allergenic.

Prediction of physiochemical properties and solubility. �e �nal protein’s molecular weight was 
estimated to be 31.9 kDa with a theoretical isoelectric point (pI) score of 4.28. It was estimated that the half-life 
was 100 h in mammalian reticulocytes in vitro and more than 20 h in yeast and about 10 h in E. coli in vivo. �e 
instability index (II) value was 25.51, suggesting the protein is extremely stable. (II of > 40: instability). �e high 
aliphatic index score of 74.40 indicates thermos  ability65. �e Grand average of hydropathicity was found 0.116, 

Table 3.  Predicted linear B cell epitopes, a binding score greater than 0.9, are only selected for the �nal 
vaccine construct.

Serial no. Protein Peptide sequence Start position Predicted score

1 Rv2608 GITGNGQIGFGKPANP 241 0.95

2 Rv2684 SRAGLTFNDFMLHLTP 164 0.94

3 Rv3804c YSDWYQPACGKAGCQT 122 0.93

4 Rv0125 PALPLDPSAMVAQVGP 46 0.93

Figure 1.  Schematic presentation of the �nal multi-epitope vaccine peptide. �e 309-amino acid long peptide 
sequence containing adjuvant (blue) at both N and C terminal was linked with the multi-epitope sequence 
through an EAAAK linker (yellow). B cell epitopes and HTL epitopes are linked using GPGPG linkers (black) 
while the CTL epitopes are linked with AAY linkers (red).
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which shows a hydrophilic nature of the vaccine constructs. �e solubility score of protein was 0.557, which 
indicates the protein is highly soluble upon expression (Fig. 2A).

Prediction of secondary structure. �e overall vaccine sequence was estimated to have 20% α-helix, 
21% β-strand, and 58% coil (Fig. 2B). Furthermore, 38% of amino-acid residues were expected to be exposed, 
22% medium exposed, and 38% buried in support of solvent accessibility.

Tertiary structure modeling. Five tertiary 3D structures of the designed vaccine were predicted by the 
I-TASSER web-server based on ten threading templates, with Z score values (1.10–2.78) and con�dence score 
(C-score) values (− 3.96 to − 1.31). Usually, the C score series is from − 5 to 2, with high scores representing 
high sureness. �e best structure with the C value − 2.01 from the modelling chosen for additional analysis. 
(Fig. 3A). �is structure had a probable TM-score of 0.47 ± 0.15, with an expected root-mean-square deviation 
(RMSD) score of 11.2 ± 4.6 Å. �e TM-value has been recommended as a calculating scale for the structural 
resemblance among the structures. �e TM-value was suggested to address the issue of RMSD, that is delicate 
to native mistake.

Tertiary structure refinement. �e GalaxyRe�ne web-server was used to enhance the consistency of 
the modeled protein. �e loop re�nement and energy minimization were carried out to obtain the high quality 
of the predicted structure. �e re�nement of the initial “crude” vaccine model on the GalaxyRe�ne web-server 
produced �ve model structures. Based on structure quality for all developed structures, model 4 was the most 
signi�cant based on several factors, i.e., GDT-HA (0.9079), RMSD (0.518), and MolProbity (2.510). �e clash-
value was 22.4, the low rotamers-value was 0.4, and Rama favored value was 84.50. �is model was selected for 
additional study (Fig. 3B).

Tertiary structure validation. �e re�ned structure was exposed to the Ramachandran plot analysis 
using the RAMPAGE web-server. �e VADAR web tool plot exposed 85.9% of residues in favored regions, and 
8.9% is allowed regions 5.2% of residues in the outlier region (Fig. 3C). Both ProSA-web and ERRAT veri�ed 
the quality and potential errors in the crude 3D model. �e chosen model a�er re�nement had an overall quality 
factor of 87.9% with ERRAT. �e Z score for the input vaccine was estimated to be − 1.39 by the ProSA-web-

Figure 2.  Solubility analysis and secondary structure predictions of vaccine construct. (A). Solubility analysis 
of vaccine constructs using ProtSol with a score of 0.557 upon expression. (B). Secondary structure prediction 
of vaccine constructs using the PSIPRED server having (20.0%) alpha-helices, (21.0%) beta-strands, and (58.0%) 
coils.
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server (Fig. 3D). �e overall results from RAMPAGE, ERRAT, VADAR web tool, and ProSa-web have validated 
the 3D modeled protein’s outstanding quality.

Prediction of conformational B‑cell epitopes. One hundred ninety-two residues were estimated to be 
situated in four discontinuous B-cell epitopes, with values from 0.69 to 0.785. �e conformation epitopes ranged 
in size from 20 to 65 residues. For discontinuous peptides that predict using Ellipro, the score value of 0.69 or 
more was selected (Fig. 4A–D) and (Table 4). And various discontinuous epitope residues were predicted from 
vaccine sequence length 161–180 (20 epitope residues), between 33–45, 107–137, 140–141 and 144–149 (52 
epitope residues), between 59–64, 66–88, 183, 185–193, 196–211 (55 epitope residues), between 1–18, 277–278, 
280–281, 284–285, 287–293, 295, 304–319, 321–322, 325–326, 328–340 and 342 (65 epitope residues) were pre-
dicted. �e individual score of each of the discontinuous epitopes has been shown in (Fig. 5A).

Molecular docking. �e protein–protein docking of the vaccine was carried out by numerous online tools 
for improving the accurateness of the prediction: i.e., ClusPro 2.0, PatchDock and HawkDock server. �e docked 
complexes that were created by ClusPro 2.0 and PatchDock tools were further investigated by PRODIGY tool 
of HADDOCK web-server and FireDock server, respectively (Fig. 5B). �e PRODIGY tool estimated the bind-
ing a�nity score (kcal/mol) whereas FireDock predicted the global energy of the docked complexes. However, 
HawkDock produces ranking scores along with the binding free energy (kcal/mol). �e binding free energy 
was deliberate a�er the MM-GBSA score in the HawkDock web-server. �e vaccine in the docking experiment 
carried out by the ClusPro 2.0 and PRODIGY servers had the lowest binding a�nity when docked with TLR-3 
(− 32.82 kcal/mol). �e vaccine with TLR-3 complex has good global binding energy score (− 35.88 kcal/mol) 

Figure 3.  Protein 3D modeling, re�nement, and validation. (A) �e 3D model of a multi-epitope vaccine 
was obtained on the I-TASSER server following homology modeling. (B) Re�nement: superimposition 
by the GalaxyRe�ne server of a re�ned 3D structure (colored) on a ‘crude model’ (gray). (C) Validation: 
Ramachandran plot analysis showing 85.9% in favored, 8.9% in allowed, and 5.2% in disallowed regions of 
protein residues and (D) ProSA-web, with a Z score of − 1.39.
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acquired from PatchDock server. However, the vaccine also indicated the best presentations with the nominated 
TLR-3 by the HawkDock server and also when studied in the MM-GBSA study with a relative binding free 
energy − 42.82 (kcal/mol) (Fig. 5C).

Molecular dynamics simulation. �e results of molecular dynamics simulation and normal mode analy-
sis (NMA) of vaccine construct and TLR-3 docked complex is illustrated in (Fig. 6A). �e simulation study 
was conducted to determine the movements of molecules and atoms in the vaccine construct. �e deform-
ability graph of the complex illustrates the peaks in the graphs which represent the regions of the protein with 
deformability (Fig. 6B). �e eigenvalue of the complex is 1.726468e−09 as shown in (Fig. 6C). �e variance 
graph displays the cumulative variance by green colored and individual variance by red colored (Fig. 6D). �e 
B-factor graph gives a clear visualization of the relation of the docked complex between the NMA and the PDB 
sector (Fig. 6E). �e co-variance map of the complex where the correlated motion between a pair of residues is 

Figure 4.  �ree-dimensional representation of conformational or discontinuous B cell epitopes of the designed 
multi-epitope based vaccine. (A–D) A yellow surface represents the conformational or discontinuous B cell 
epitopes, and the bulk of the polyprotein is represented in grey sticks.

Table 4.  ElliPro predicted the conformational B cell epitopes residues of the designed multi-epitope based 
vaccine.

No. Residues Number of residues Score

1 A:I161, A:F162, A:Y163, A:S164, A:H165, A:D166, A:T167, A:G168, A:I169, A:D170, A:W171, A:D172, A:V173, A:I174, A:F175, A:G176, 
A:P177, A:G178, A:P179, A:G180 20 0.785

2

A:P33, A:G34, A:P35, A:G36, A:F37, A:A38, A:S39, A:V40, A:T41, A:T42, A:G43, A:L44, A:A45, A:S107, A:A108, A:M109, A:V110, A:A111, 
A:Q112, A:V113, A:G114, A:P115, A:G116, A:P117, A:G118, A:P119, A:G120, A:P121, A:Q122, A:L123, A:G124, A:F125, A:T126, A:L127, 
A:S128, A:G129, A:A130, A:T131, A:P132, A:A133, A:D134, A:A135, A:G136, A:P137, A:G140, A:T141, A:F144, A:L145, A:E146, A:T147, 
A:P148, A:S149

52 0.692

3

A:R59, A:A60, A:G61, A:L62, A:T63, A:F64, A:D66, A:F67, A:M68, A:L69, A:H70, A:L71, A:T72, A:P73, A:G74, A:P75, A:G76, A:P77, 
A:G78, A:R79, A:A80, A:L81, A:G82, A:A83, A:T84, A:P85, A:N86, A:T87, A:G88, A:L183, A:G185, A:F186, A:V187, A:R188, A:T189, 
A:S190, A:N191, A:I192, A:K193, A:G196, A:P197, A:G198, A:P199, A:G200, A:T201, A:Y202, A:G203, A:V204, A:D205, A:V206, A:V207, 
A:G208, A:Y209, A:D210, A:R211

55 0.692

4

A:V1, A:P2, A:S3, A:L4, A:P5, A:L6, A:V7, A:P8, A:L9, A:G10, A:E11, A:A12, A:A13, A:A14, A:K15, A:G16, A:I17, A:T18, A:A277, A:Y278, 
A:S280, A:I281, A:A284, A:A285, A:Y287, A:A288, A:A289, A:Y290, A:S291, A:V292, A:E293, A:D295, A:S304, A:G305, A:T306, A:H307, 
A:S308, A:W309, A:E310, A:Y311, A:A312, A:A313, A:Y314, A:S315, A:S316, A:L318, A:T319, A:A321, A:I322, A:A325, A:Y326, A:T328, 
A:D329, A:I330, A:N331, A:A332, A:F333, A:S334, A:V335, A:E336, A:A337, A:A338, A:A339, A:K340, A:P342

65 0.69
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Figure 5.  Discontinuous B cell epitopes and the interaction between the ligand protein, (multi-epitope subunit 
vaccine) and receptor protein, (TLR-3). (A)�e individual score of discontinuous B cell epitopes was predicted 
in the multi-epitope subunit vaccine. (B,C) �e ligand protein is indicated by green color and the receptor 
protein is indicated by blue color.

Figure 6.  �e results of molecular dynamics simulation of vaccine construct and TLR-3 docked complex. (A) 
NMA mobility, (B) deformability, (C) eigenvalues, (D) variance (red color indicates individual variances and 
green color indicates cumulative variances), (E) Bfactor, (F) co-variance map (correlated (red), uncorrelated 
(white) or anti-correlated (blue) motions) and (G) elastic network (darker gray regions indicate sti�er regions).
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indicated by red color, uncorrelated by white color and anti-correlated by blue color (Fig. 6F). �e complex ’s 
elastic map shows the relation between the atoms and darker gray regions, indicating sti�er regions (Fig. 6G).

Codon optimization and in‑silico cloning. For optimizing the vaccine construct’s codon usage, Java 
Codon Adaptation Tool (JCat) was used for maximal protein expression in E. coli (strain K12). �e optimized 
codon sequence had a length of 927 nucleotides. �e codon optimization index (CAI) value was predicted 1.0, 
and the average GC content of the adapted sequence was 59.2%, which indicates high expression in the E. coli 
host. Finally, the recombinant plasmid sequence was constructed by introducing the adapted codon sequences 
into the plasmid vector pET30a (+) using SnapGene so�ware (Fig. 7).

Immune simulation. C-ImmSim studies the successive and e�ective immune responses of the state of the 
cell and the memory of immune cells by a mechanism that increases their half-life. �e e�ect of the approach 
is that few cells substantially increase their half-life and live longer than other cells. ImmSim server immune 
simulation outcomes con�rmed consistency with real immune reactions. �e primary response was illus-
trated by high IgM levels. In addition, an increase in the B-cell population was characterized as an increase in 
immunoglobulin expression (IgG1+IgG2, IgM, and IgG+IgM), resulting in a decrease in antigen concentration 
(Fig. 8A,B). �ere is also a clear increase in the population of � (helper) and T C (cytotoxic) cells with memory 
growth (Fig. 9A,B). IFN-γ production was also identi�ed to have been stimulated a�er immunization (Fig. 9C). 
�e T cell population results were signi�cantly approachable as the memory developed, and all other immune 
cell populations were exposed to be consistent.

Discussion
Tuberculosis (TB) is a life threating disease and the TB vaccines used globally, the BCG vaccine, o�ers limited 
protection against TB for children, and adults, which accounts for most of the TB cases  worldwide66. �erefore, 
new candidate vaccine against TB are extremely needed and some of them are under evaluation in clinical tri-
als. Development in reverse vaccinology and the existence of genomics and proteomics information help in 
vaccine designing. Moreover, successful implementation of the bio-informatics tools is bene�cial compared to 
traditional vaccine  design67. Identi�cation of immunogenic antigens is an essential step in vaccine designing 
as it can be potentially used for in-silico epitope  prediction68. Immunogenic antigens have a unique attribute 
to attach and respond with immune cells and perform as immuno-dominant69. Using computational methods, 
we conducted an organized and complete valuation of the four Mtb antigens (Rv2608, Rv2684, Rv3804c, and 
Rv0125) constituting Mtb subunit vaccines undergoing clinical trials. We predicted linear B and T-cell epitopes 

Figure 7.  Expression vector pET30a (+). In silico restriction cloning of the multi-epitope vaccine sequence into 
the pET30a (+) expression vector using SnapGene so�ware free-trial (https ://www.snapg ene.com/free-trial /), 
the red part represents the vaccine’s gene coding, and the black circle represents the vector backbone.

https://www.snapgene.com/free-trial/
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using bioinformatics tools that could possibly stimulate both cellular and humoral  immunity32. �e prediction 
of linear B and T-cell epitopes from Mtb was selected to predict the vaccines as they play an important role 
in the cellular and biological developments. �ese epitopes of B-cells and T-cells may theoretically be used to 
produce vaccines targeting Mtb and may be reliable for stimulating both humoral and cell-mediated immunity. 
Prediction of B-cell epitopes is a signi�cant characteristic for the designing of  vaccines70, and to provide the site 
for the antigen–antibody  interactions71–73. In the present research, 16-mer B-cell epitopes were predicted via 
the ABCpred server.

T-cell epitopes are essential for adaptive immune stimulation and are su�cient to cooperate with MHC 
 molecules74. �erefore, the selection of epitopes �xes with MHC is an essential aspect in predicting potent 
T-cell  epitopes75. Also,  CD4+ and  CD8+ T-cells’ recognition is critical while developing multi-epitope-based 
 vaccines76,77. We predicted B and T-cell epitopes from the nominated antigens and joined them using AAY and 
GPGPG linkers in order to construct epitope-based  vaccine78. To generate sequences with reduced junctional 
immunogenicity, the previously described GPGPG and AAY  linkers57,63 were integrated between the selected 
epitopes, enabling the rational design of a multi-epitope  vaccine78. �e EAAAK  linker79 was also fused between 
the adjuvant and the epitopes sequences for a best expression and bioactivity improvement of vaccine. Immuno-
informatics evaluation of the constructed vaccine speci�ed many MHC Class I, MHC Class II, IFN-γ, and linear 
B-cell epitopes. However, previous studies recommends that IFN-γ also promotes general protection against 
TB in the mice  lungs80. �e lack of the protein vaccine’s allergenic function has nearer enhanced its e�cacy 
as a candidate vaccine. �e constructed multi-epitope vaccine showed higher scores of antigenicity both on 
ANTIGENpro and Vaxijen v2.0 server. Multi-epitopic vaccines have less immunogenicity and need  adjuvants78.

�e �nal protein’s molecular weight (MW) was predicted to be 31.9 kDa and has been estimated to be highly 
soluble upon expression, along with its virtual immunogenicity. �e solubility of recombinant protein overex-
pressed in the E. coli host is critical for numerous biochemical and functional  studies57. �e estimated theoretical 
pI is 4.28, suggesting that the constructed vaccine is acidic. �e predicted score of the instability index was 25.51, 
which suggests that the protein would be extremely stable upon expression, thus further �rming its probability. 
�e aliphatic index shows that there are aliphatic side chains in the protein, representing possible hydrophobicity. 
Knowledge about the target protein’s secondary and tertiary structures is vital in vaccine  development78. Analyses 
of the secondary structure showed that the protein contained mainly of 58% coils, with 13% of residues disor-
dered. Natively unfolded protein regions and α-helical coiled-coils peptides have been identi�ed as signi�cant 
“structural antigens” types. When examined in synthetic peptides, these two structural types can fold into their 
native structure and thus be recognized by antibodies naturally induced in response to  infection81. �e vaccine 
candidate’s 3D structure improved considerably a�er the re�nement and displayed appropriate characteristics 
based on the Ramachandran plot’s results. �e result of the Ramachandran plot indicates that 85.9% of the 
residues are initiate in the favored regions, and 8.9% are allowed regions with less (5.2%) residues in the outlier 
region; this suggests that the quality of the whole model is acceptable. One of the primary feature in validating 
a candidate vaccine is to screen for immunoreactivity over serological  study82.

Further, to examine the capability of the constructed vaccine to bind with TLR on immune cells, the TLR-3 
was docked with the vaccine. �e results revealed that the constructed vaccine had a high binding a�nity 
towards TLR-3. �is interface of vaccine with TLR-3 was signifying that vaccine have the probability to pro-
duce both innate and adaptive immune response. For exploring the stability and dynamics performance of the 
TLR-3-vaccine docked complex, MD simulation was implemented, and the RMSD plot representing the steady 
binding of the complex.

Immune simulation showed results consistent with typical immune responses. Following repeated exposure 
to the antigen, there was a general increase in the generated immune responses. �e development of memory 

Figure 8.  C-ImmSim presentation of an in silico immune simulation with the construct. (A) Immunoglobulin 
production in response to antigen injections (black vertical lines); speci�c subclasses are showed as colored 
peaks. (B) �e evolution of B-cell populations a�er the three injections.
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B-cells and T- cells was evident, with memory in B-cells lasting several months. Helper T cells were particularly 
stimulated. Another interesting observation was that levels of IFN-γ and IL-2 rose a�er the �rst injection and 
remained at peak levels following repeated exposures to the antigen. �is indicates high levels of T H cells and 
consequently e�cient Ig production, supporting a humoral response. �e Simpson index, D for investigation of 
clonal speci�city suggests a possible diverse immune response.

�is needs that recombinant protein be expressed in a suitable host. �e preferred alternative for the expres-
sion of recombinant proteins is the E. coli expression  systems83,84. Codon optimization was carried out to get 
high-level expression of the recombinant vaccine in E. coli system (K12 strain). For high-level protein expression 
in bacteria, both the GC content (59.2%) and the CAI score (1.0) were favorable. �e next step currently being 
planned is to express this peptide in a bacterial system and carry out the numerous immunological analyses 
required to con�rm the results achieved through immuno-informatics analysis.

Conclusion
Computational approaches presented in the present work may produce new knowledge about Mtb vaccine anti-
gens and new vaccine candidates that cannot simply be acquired from pre-clinical, in-vitro and animal studies. 
�is study used an immuno-informatics tool to de�ne tuberculosis novel multi-epitope subunit vaccine, which 
is highly immunogenic and has appropriate properties to be a carrier vaccine. Epitope-prediction tools were 
used to analyze multiple B-cell and T-cell epitopes, which were fused using suitable linkers and adjuvant to 
enhance the vaccine’s immunogenicity. Antigenicity, allergenicity, solubility, as well as physiochemical properties 
and tertiary structure analysis, of vaccine were found to be very satisfactory. Molecular docking and molecular 
dynamics simulation analysis of TLR-3 and vaccine were completed, allowing estimation of the binding a�nity 

Figure 9.  C-ImmSim presentation of an in silico immune simulation with the construct. (A) �e evolution 
of T-helper, and (B) T-cytotoxic cell populations per state a�er the injections. �e 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. (C) �e main plot shows cytokine levels a�er the injections. �e 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 di�erent epitope-speci�c dominant clones of T-cells. �e smaller the D value, the lower 
the diversity.
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and stability of the complex. �e in silico immune simulation con�rmed immune cell response against antigen 
clearance rate. �e codon optimization also provided an optimistic CAI value, which will help in-vivo expres-
sion studies soon. In this research, we made use of various immune-informatics tools for investigating di�erent 
properties of vaccine. Additionally, the predicted epitopes-based subunit vaccine’s assessment is hugely acceptable 
to prove them as an immunogenic and potential vaccine candidate against tuberculosis.
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