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ABSTRACT

Objectives: Current tuberculosis (TB) control strategies face limitations, such as low antibiotic 
treatment compliance and a rise in multidrug resistance. Furthermore, the lack of a safe 
and effective vaccine compounds these challenges. The limited efficacy of existing vaccines 
against TB underscores the urgency for innovative strategies, such as immunoinformatics. 
Consequently, this study aimed to design a targeted multi-epitope vaccine against TB infection 
utilizing an immunoinformatics approach. 
Methods: The multi-epitope vaccine targeted Ag85A, Ag85B, ESAT-6, and CFP-10 proteins. The 
design adopted various immunoinformatics tools for cytotoxic T lymphocyte (CTL), helper T 
lymphocyte (HTL), and linear B lymphocyte (LBL) epitope prediction, the assessment of vaccine 
characteristics, structure modeling, population coverage analysis, disulfide engineering, 
solubility prediction, molecular docking/dynamics with toll-like receptors (TLRs), codon 
optimization/cloning, and immune simulation. 
Results: The multi-epitope vaccine, which was assembled using 12 CTL, 25 HTL, and 21 LBL epitopes 
associated with CpG adjuvants, showed promising characteristics. The immunoinformatics 
analysis confirmed the antigenicity, immunogenicity, and lack of allergenicity. Physicochemical 
evaluations indicated that the proteins were stable, thermostable, hydrophilic, and highly 
soluble. Docking simulations suggested high-affinity binding to TLRs, including TLR2, TLR4, 
and TLR9. In silico immune simulation predicted strong T cell (cytokine release) and B cell 
(immunoglobulin release) responses. 
Conclusion: This immunoinformatics-designed multi-epitope vaccine targeting Ag85A, 
Ag85B, ESAT-6, and CFP-10 proteins showed promising characteristics in terms of stability, 
immunogenicity, antigenicity, solubility, and predicted induction of humoral and adaptive 
immune responses. This suggests its potential as a prophylactic and therapeutic vaccine 
against TB.  
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Introduction 

Tuberculosis (TB) affects 10.6 million people and results in 
1.3 million deaths worldwide. Indonesia has the second-
highest number of TB cases globally, with an estimated 
809,000 patients [1]. The lengthy treatment duration and 
drug side effects often deter patient adherence [2]. The 
emergence of multidrug-resistant TB and extensively drug-
resistant TB further complicates treatment, necessitating 
increased funding [3]. These challenges significantly hinder 
the achievement of the goal of eliminating TB cases by 
2030, as outlined in Sustainable Development Goal 3 [4,5]. 

Preventive and curative efforts are paramount in addressing 
the rising number of TB cases and deaths. However, the 
Bacillus Calmette-Guérin vaccine for children is solely 
preventive and demonstrates limited effectiveness in adults 
and those already infected [3]. Several new vaccines, such as 
MTBVAC, GamTBvac, and M72/AS01E—which combines the 
M72 protein fusion with the AS01E adjuvant—are currently 
undergoing clinical trials. However, these vaccines’ ability 
to induce and activate CD4+ T lymphocytes, CD8+ T 
lymphocytes, and B lymphocytes remains to be confirmed. 
Consequently, there is an urgent need for vaccines that 
can effectively stimulate these immune cells, potentially 
through innovative approaches like immunoinformatics [6]. 

Developing prophylactic and therapeutic vaccines using 
immunoinformatics represents a novel strategy. The 
identification of immunogenic T cell and B cell peptides/
epitopes from Mycobacterium tuberculosis proteins can 
accelerate the discovery of multi-epitope vaccine candidates 
[7,8]. Several M. tuberculosis proteins, including Ag85, ESAT-
6, and CFP-10, are potential vaccine candidates. The Ag85 
protein, consisting of Ag85A, B, and C, plays a significant 
role in bacterial defense against the immune system by 
forming tubercles [9]. Meanwhile, the ESAT-6 protein 
inhibits autophagy and induces macrophage apoptosis 
by activating caspase expression and lysing phagosomal 
membranes. Damage to ESAT-6 is linked with the repair 
of auto-phagolysosomal fusion in DCs in response to M. 
tuberculosis. Similarly, the CFP-10 protein reduces the 
production of nitric oxide and reactive oxygen species and 
inhibits macrophages’ ability to kill [10]. 

Recent studies on protein-based vaccines have shown 
promising results, particularly with Ag85B and ESAT-6. 
Vaccines targeting these proteins have successfully completed 
phase I trials, demonstrating both immunogenic and 
therapeutic efficacy in adults who are sensitive or resistant to 
multiple antibiotics [11]. Additionally, a vaccine that combines 
Ag85A, ESAT-6, and CFP-10 has been shown to improve both 
humoral and cellular immune responses. This vaccine has 

progressed to phase II trials and is scheduled for phase III 
trials [12]. 

This study aimed to develop a multi-epitope vaccine 
targeting M. tuberculosis proteins Ag85A, Ag85B, ESAT-6, and 
CFP-10 through immunoinformatics analysis. The vaccine 
candidate was designed to meet established standards, being 
antigenic, immunogenic, non-allergenic, non-toxic, and 
having favorable physicochemical properties. Additionally, it 
is expected to stimulate the production of immunoglobulin, 
IFN-γ, IL-4, and IL-10, offering both prophylactic and 
therapeutic benefits against TB. 

Materials and Methods 

Selection of Protein Antigens and Sequence Retrieval 
Based on prior studies, Ag85A (P9WQP3.1), Ag85B (A5U3Q3.1), 
ESAT-6 (AHN50413.1), and CFP-10 (P9WNK5.1) were identified 
as promising candidates for a multi-epitope vaccine against 
M. tuberculosis [7]. The sequences were retrieved from the 
National Center for Biotechnology Information (NCBI) database 
(https://www.ncbi.nlm.nih.gov/). To assess the potential 
antigenicity of the proteins, the sequences were analyzed using 
Vaxijen 2.0 web tools (http://www.ddg-pharmfac.net/vaxijen/
VaxiJen/VaxiJen.html), adopting a bacterial antigenicity 
threshold of 0.5. Subsequently, the physicochemical properties 
of the proteins were evaluated using ProtParam web tools 

HIGHLIGHTSHIGHLIGHTS

•  Addressing the tuberculosis (TB) burden: This study 
focuses on the significant TB burden in Indonesia, which 
is the second-largest contributor to TB-related deaths 
worldwide. Given the limited efficacy of the current 
Bacillus Calmette-Guérin vaccine, we investigated a 
novel multi-epitope vaccine that utilizes promising 
protein antigens from Mycobacterium tuberculosis.

•  Novelty of the vaccine: The novel vaccine combines 
epitopes from Ag85A, Ag85B, ESAT-6, and CFP-10, 
potentially triggering potent humoral and cellular 
immune responses.

•  Potential results: The vaccine exhibits desirable 
properties including immunogenicity, non-allergenicity, 
antigenicity, and robust interaction with key immune 
receptors (toll-like receptor [TLR] 2, TLR4, TLR9). The 
multi-epitope strategy aids in both the prevention of TB 
infections (prophylactic) and the treatment of existing 
cases (therapeutic).
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(https://web.expasy.org/ protparam/). 

T Lymphocyte Epitope Prediction 
T-cell epitope prediction, which includes both cytotoxic 
and helper T cells, plays a crucial role in vaccine design by 
facilitating the activation of adaptive immune system cells. 
This process involves the presentation of antigenic peptides 
to T cell receptors via major histocompatibility complex 
(MHC) molecules [13]. This prediction focused on cytotoxic T 
lymphocytes (CTLs) (http://tools.iedb.org/mhci/) and helper T 
lymphocytes (HTLs) (http://tools.iedb.org/mhcii/). CTL epitopes, 
identified using IEDB NetMHCpan 4.0 with percentiles 
lower than 2 and 9-mer length constraints, were further 
evaluated for immunogenicity, antigenicity, allergenicity, 
and toxicity through dedicated web tools (IEDB Class I 
Immunogenicity [http://tools.iedb.org/immunogenicity/], 
VaxiJen 2.0, AllergenFP 1.0 [https://www.ddg-pharmfac.
net/AllergenFP/], AllerTOP 2.0 [https://ddg-pharmfac.net/
AllerTOP/], and Toxinpred [https://webs.iiitd.edu.in/raghava/
toxinpred/design.php]). HTL epitopes were predicted by IEDB 
NetMHCIIpan 4.1 with percentiles lower than 2 and 15-mer 
length, followed by similar assessments for antigenicity, 
allergenicity, and toxicity (VaxiJen 2.0, AllergenFP 1.0, 
AllerTOP 2.0, Toxinpred). Additionally, specific cytokine 
secretion potential (IFN-γ, IL-4, IL-10) was predicted for HTL 
epitopes using the IFNepitop, IL4pred, and IL10pred web 
tools. 

Linear B Cell Epitope Prediction 
In the immune system, certain antigen fragments known as 
B cell epitopes act as receptors that identify infected cells and 
initiate various immune responses, including the activation 
of humoral immunity through the production of specific 
antibodies [14]. Linear B lymphocyte (LBL) epitopes were 
predicted using ABCpred web tools. The epitopes underwent 
antigenicity, allergenicity, toxicity, and immunoglobulin 
analysis using VaxiJen v.2.0, AllergenFP v.1.0, AllerTOP v.2.0, 
Toxinpred, and Igpred web tools, respectively. 

Population Coverage Analysis of T-Cell Epitopes 
Population coverage analysis is crucial in the design and 
development of epitope-based vaccines due to the significant 
polymorphism of HLA molecules in the peptide-binding 
region [13]. The population coverage of T-cell epitopes was 
predicted using the IEDB population coverage (http://tools.
iedb.org/population/). This analysis involved specifying the 
number of epitopes, enabling the calculation option for both 
MHC class I and II combinations, and selecting the specific 
area or population for which T-cell epitope coverage was 
predicted. 

Multi-Epitope Vaccine Construction and Evaluation 
Multi-epitope vaccine constructs were assembled by linking 
CTL, HTL, and LBL epitopes using linkers EAAAK (Glu-Ala-
Ala-Ala-Lys), GPGPG (Gly-Pro-Gly-Pro-Gly), AAY (Ala-Ala-
Tyr), and KK (Lys-Lys). His-tags (HHHHHH) were added at 
the C-terminal of the protein. Additionally, the CpG ODN 
protein was incorporated as an adjuvant to enhance immune 
activation, connected via the EAAAK linker at the beginning 
of the construct. The vaccine constructs were evaluated for 
antigenicity, allergenicity, and physicochemical properties 
using the Vaxijen 2.0, AllergenFP v.1.0, AllerTOP v.2.0, and 
Protparam web tools.  

Prediction of the Secondary and Tertiary Structure 
of the Multi-Epitope Vaccine 
The secondary or 2-dimensional (2D) structure of the 
vaccine was predicted using PSIPRED web tools (http://
bioinf.cs.ucl.ac.uk/psipred/). Furthermore, the tertiary or 
3-dimensional (3D) structure was predicted through the 
I-TASSER server (https://zhanggroup.org/I-TASSER/about.
html) and visualized utilizing PyMOL (http://www.pymol.
org/pymol). 

Multi-Epitope Vaccine 3D Structure Refinement and 
Validation 
The selected 3D structures obtained from the I-TASSER 
server were refined using the GalaxyRefine server (http:// 
galaxy.seoklab.org/cgi-bin/submit.cgi?type = REFINE). 
Furthermore, Z-score evaluation was conducted using the 
ProSA server (https://prosa.services.came.sbg.ac.at/prosa.
php). Structural analysis validation and verification (SAVE) 
(https://saves.mbi.ucla.edu/) was performed for ERRAT value 
analysis and Ramachandran plots (saves.mbi.ucla.edu). 

Prediction of Vaccine Solubility 
The vaccine’s solubility was determined using online web 
tools, including a Protein-sol server (https://protein-sol.
manchester.ac.uk/). It was further compared with Escherichia 
coli proteins, which have an estimated solubility of 0.45. A 
score exceeding 0.45 indicated protein solubility. Solubility 
confirmation was conducted using SOLpro (http:// scratch.
proteomics.ics.uci.edu/) with a cut-off score ≥ 0.5. 

Disulfide Characterization of the Vaccine Construct 
To improve the stability of the protein structure, we analyzed 
disulfide bridge formation to increase the free energy of the 
denatured state while reducing conformational entropy. 
We utilized the online tool Disulfide by Design 2.0 (DbD2) 
(http://cptweb.cpt.wayne.edu/DbD2/) to facilitate the design 
of disulfide bonds in the vaccine construct by substituting 
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particular amino acids with cysteine in high-mobility and 
unstable regions of proteins. Default settings were applied, 
including intra-chain, inter-chain bonding, and building Cβ 
for Gly. Additionally, chi3 values were set within the range 
of −87° to +97° (set 30), while Cα–Cβ–Sγ angles (114.6°) were 
fixed at 10 to ensure accurate bond prediction. The energy 
value obtained was ensured to be < 2.2 for optimal stability 
[13,15]. 

Analysis of Discontinuous B Cell Epitopes 
Discontinuous B cell epitopes were identified using ElliPro 
in IEDB (http://tools.iedb.org/ellipro/) based on the 3D 
protein structure. Default settings, including a minimum 
score of 0.5 and a maximum distance of 6 Å were used [15]. 

Analysis of Active Sites in the Vaccine Construct 
Active sites in the vaccine structure were analyzed before 
molecular docking. Initially, polar hydrogens were added 
to the refined vaccine using Biovia Discovery Studio. 
Subsequently, the ligand-binding region of the vaccine was 
analyzed using the Computed Atlas of Surface Topography 
of Proteins (CASTp 3.0) webserver (http://sts.bioe.uic.edu/
castp/index.html? 3igg) with default settings [15]. 

Molecular Docking of the Multi-Epitope Vaccine 
Molecular docking analysis is crucial for assessing the 
interactions between a vaccine construct and a target 
protein. In this study, we focused on 3 key proteins in the 
immune response to M. tuberculosis: toll-like receptor (TLR) 
2 (2Z7X), TLR4 (4G8A), and TLR9 (5ZLN). The PDB files (https://
www.rcsb.org) for these proteins were retrieved from the 
Protein Data Bank (PDB). Before docking, the vaccine and 
TLRs were prepared by removing all non-protein molecules, 
such as water and ligands. Additionally, one chain from each 
protein was selected for docking with the vaccine: chain A 
for TLR2 and TLR4, and chain B for TLR9, identified as the 
optimal attachment sites for the ligand. This preparation 
also included the addition of polar hydrogens. Docking of 
the TLRs with the vaccine was performed using several web-
based tools, including ClusPro 2.0 (https://cluspro.bu.edu/), 
which ranks protein complex clusters based on the lowest 
energy level scores. The best complex models were further 
refined using HADDOCK 2.4 (https://wenmr.science.uu.nl/
haddock2.4/). Finally, the docked protein was assessed for 
binding free energy (ΔG) using PRODIGY (https://wenmr.
science.uu.nl/prodigy/). The docking results were further 
visualized by the PDBsum server (https://www.ebi.ac.uk/
thornton-srv/databases/pdbsum/) and PyMOL. Protein 
interactions were also analyzed using HDock (http://hdock.
phys.hust.edu.cn/) as a semi-flexible approach to predict 

the binding mode and affinity [16–20]. 

Molecular Dynamics and MM-GBSA Calculation 
The best molecular docking models of TLR with the vaccine 
construct were further analyzed for molecular dynamics 
using the iMODs web server (https://imods.iqf.csic.es/). 
This tool uses normal modes analysis (NMA) in internal 
coordinates to determine the stability of interaction. 
Meanwhile, the binding free energy of TLR with the vaccine 
was estimated using the MM-GBSA approach in HawkDock 
(http://cadd.zju.edu.cn/hawkdock/). The analysis also 
adopted the best docking models, and the tools were set to 
default parameters. The flexibility of protein complexes was 
analyzed using CABS-flex (https://biocomp.chem.uw.edu.pl/
CABSflex2/) [19–22]. 

Codon Optimization and In Silico Cloning of the 
Multi-Epitope Vaccine 
Codon optimization, which involved analyzing the codon 
adaptation index (CAI) and GC value of the improved 
sequences, was performed using JCat (https://www.jcat.
de/) or IDT (Integrated DNA Technologies) server (https://
sg.idtdna.com/pages/tools/codon-optimization-tool). 
Subsequently, in silico cloning was performed on Pet28(A) 
vectors using Snapgene v4.2 (https://www.snapgene.com/). 

Immune Simulation 
Immune simulation after multi-epitope vaccine injections 
was conducted using the C-IMMSIM server (https://kraken.
iac.rm.cnr.it/C-IMMSIM/). Three vaccine injections were 
simulated at 4-week intervals (1, 28, and 56 days). 

Results 

Retrieval of Mycobacterium tuberculosis Protein 
Sequences 
CTL epitope prediction was conducted using the IEDB 
NetMHCpan EL 4.1 server, setting the percentile thresholds 
at ≤ 2 and the epitope length at 9 sequences. Nine widely 
distributed HLA alleles were selected, including A*0101, 
A*0201, A*0206, A*0301, A*1101, A*2402, A*2601, A*3101, 
and A*3303 [23]. Additionally, the epitope prediction 
included several other alleles deemed significant for TB 
vaccine development, such as HLA-A*01:01, HLA-A*24:02, 
HLA-A*26:01, HLA-A*31:01, HLA-A*68:02, HLA-B*07:02, 
HLA-B*14:02, HLA-B*18:01, HLA-B*27:02, HLA-B*27:05, 
HLA-A*29:02, HLA-B*49:01, HLA-C*04:01, and HLA-C*07:02 
[24]. Furthermore, CTL epitopes with a percentile of ≤ 2 
were further evaluated for immunogenicity, antigenicity, 
allergenicity, and toxicity. Vaccine candidates were 
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identified based on their immunogenicity, an antigenicity 
threshold of ≥ 0.5, absence of allergenicity as determined 
by both AllergenFP and AllerTOP 2.0 platforms, and non-
toxicity. Detailed results of the CTL epitope prediction 
analysis are provided in Table S1 as supporting information. 
In total, 12 epitopes from 4 proteins were found suitable for 
multi-epitope vaccine construction.  

Helper T-Cell Epitope Prediction  
HTL epitopes from the M. tuberculosis proteins Ag85A, 
Ag85B, ESAT-6, and CFP-10 were selected using the IEDB 
MHC-II platform. The criteria set included a percentile of 
≤ 2, an epitope length of 15 sequences, and 27 HLA MHC 
class II alleles [23,25,26]. Furthermore, HTL epitopes 
meeting the ≤ 2 percentile criterion were evaluated for 
antigenicity, allergenicity, toxicity, and their ability to induce 
IL-4, IL-10, and IFN-γ. Vaccine candidates were chosen 
based on several factors: an antigenicity threshold of ≥ 0.5, 
no allergenicity as determined by both the AllergenFP and 
AllerTOP 2.0 platforms, non-toxicity, and the capability 
to induce IL-4, IL-10, and IFN-γ. In total, 25 HTL epitopes 
from the proteins Ag85A, Ag85B, ESAT-6, and CFP-10 were 
identified. The breakdown of selected HTL epitopes includes 
14 for Ag85A, 7 for Ag85B, and 4 for CFP-10 (Table S2). 

Linear B Cell Epitope Prediction 
LBL epitopes for the M. tuberculosis proteins Ag85A, Ag85B, 
ESAT-6, and CFP-10 were predicted using the ABCpred 
server, with a threshold value set at ≥ 0.5 and epitope lengths 
of 16 amino acid sequences. Furthermore, the selected 
LBL epitopes were identified for antigenicity, allergenicity, 
toxicity, and immunoglobulin values. Vaccine candidates 
were selected based on antigenicity ( ≥ 0.5 threshold), absence 
of allergenicity on both AllergenFP and AllerTOP 2.0 platforms, 
non-toxicity, and the ability to induce immunoglobulins (IgG, 
IgA, IgE) [27]. The identified LBL epitopes comprised 7 from 
Ag85A, 9 from Ag85B, an epitope for ESAT-6, and 4 from 

CFP-10 (Table S3). 

Multi-Epitope Vaccine Construction from the Selected 
Epitopes 
Multi-epitope vaccine constructs were developed using 
selected CTL, HTL, and LBL epitopes, incorporating adjuvants, 
linkers, and his-tags. The adjuvant, CpG protein ODN, was 
attached to the N-terminal of the vaccine construct via an 
EAAAK linker. Additionally, various linkers such as GPGPG 
for the HTL epitope, KK for the LBL epitope, and AAY for the 
CTL epitope were integrated into the construct for the proper 
presentation and separation of epitopes (Figure 1). 

Evaluation of the Vaccine’s Allergenicity, Antigenicity, 
and Physicochemical Characteristics 
Using the ProtParam website, the multi-epitope vaccine 
construct, along with the adjuvant, consisted of 1049 
amino acids that were antigenic at a score of 1.0642 and 
non-allergenic. This suggested minimal potential for 
allergic reactions upon administration [28]. The construct's 
molecular weight was 102,385 Da, which facilitates an easier 
purification process, as it falls within the optimal range of 40 
to 110 kDa for vaccine development. It exhibited a theoretical 
isoelectric point (pI) of 9.57, indicating the basic nature of 
the construct, and had extinction coefficients of 124.930 
and 124.680. The estimated half-life of the construct was 30 
hours in mammals in vitro, over 20 hours in yeast in vivo, 
and over 10 hours in E. coli in vivo. This suggests that the 
vaccine will be stable in vivo, allowing prolonged exposure 
to the immune system and potentially enhancing immune 
responses [29]. Furthermore, the instability index was 
calculated as 31.66, implying post-expression stability of 
the vaccine construct and favorable immunogenicity and 
immune polarization [30]. It possessed an aliphatic index 
of 63.66, signifying thermostability, and a grand average 
of hydropathicity (GRAVY) score of –0.145, indicative of the 
vaccine’s hydrophilic nature (Table 1). 

AAY linkers

EAAAK linkers

KK linkersGPGPG linkers

Figure 1. Multi-epitope vaccine construct design template. 
EAAAK, Glu-Ala-Ala-Ala-Lys; GPGPG, Gly-Pro-Gly-Pro-Gly; AAY, Ala-Ala-Tyr; KK, Lys-Lys.
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Population Coverage Analysis of the Multi-Epitope 
Vaccine 
The population coverage of T-cell epitopes was estimated 
using the IEDB population coverage website. This prediction 
is crucial, as the success of vaccine development hinges on 
understanding the distribution of HLA alleles globally [31]. 
The analysis included 37 epitopes, with 12 designated for 
CTL and 25 for HTL. According to the results, 92.67% of the 
global population is covered by these 37 T-cell epitopes. 

The highest coverage was observed in West Africa at 
96.97%, while the lowest was in South Africa at 64.71%. 
Coverage rates in Southeast Asia and Indonesia were 
89.69% and 81.12%, respectively. Other regions showed 
the following coverage percentages: East Asia (91.35%), 
South Asia (86.02%), Southwest Asia (87.58%), Europe 
(94.02%), East Africa (94.16%), Central Africa (91.71%), North 
Africa (90.24%), the West Indies (95.83%), Central America 
(73.25%), North America (96.05%), South America (86.23%), 
and Oceania (89.79%), as detailed in Figure S1. 

Prediction of the Multi-Epitope Vaccine’s Secondary 
Structure 
The construction results of the multi-epitope vaccine 
candidate were uploaded to the PSIPRED server to obtain 
the 2D structure and to I-TASSER for the 3D structure 
analysis. The 2D structure of the vaccine predominantly 
consists of a random coil comprising 490 amino acids 
(45.97%), an alpha helix with 397 amino acids (37.24%), and 
an extended strand of 179 amino acids (16.79%) (Figure 2). 

Tertiary Structure Modeling, Refinement, and 
Validation of Vaccine Construction 
The 3D structural models of multi-epitope vaccine candidate 
constructs were predicted using the I-TASSER web tools 
[32,33]. We obtained 5 structural models with C-scores 
ranging from –5 to –0.96 (Table S4). Among these, model 1 
exhibited the highest structural quality, as indicated by its 
superior C-score. 

The 3D structural models of multi-epitope vaccine 

constructs, selected from the I-TASSER prediction results, 
were further refined using the GalaxyRefine web tools. The 
evaluation was based on RMSD and GDT-HA values [34], 
with higher values indicating superior quality [35]. Model 1 
was selected based on the criteria. Significantly, the refined 
structure showed enhancements compared to the previous 
refinement, as presented in Figure S2. The improvement 
results were validated using ProSA Web and SAVEs, with 
assessment including ERRAT score and Ramachandran 
plot analysis, as shown in Figure 2 and Table 2 [36,37]. The 
ProSA analysis of model 1 indicated an improved Z-score, 
moving from 0.38 to –2.27 (Figure S2). Furthermore, analysis 
via a Ramachandran plot revealed that 76.5% of amino acid 
residues in model 1 were located in the most favored region. 
An ERRAT score exceeding 50 indicates superior model 
quality; for this vaccine construction, the score was 74.344, 
denoting convincing quality [36]. Ramachandran plot 
analysis of the model showed a score of 76.5% (Figure 3). 

Prediction of Vaccine Solubility 
The vaccine constructs were predicted to be soluble. As 
shown in Figure S3, the Protein-sol server generated a score 
> 0.45 for a vaccine, compared to 0.45 for E. coli solubility. This 
result was further supported by predictions from the SOLpro 
webserver, which indicated solubility upon overexpression 
with a probability of 0. 988486 ( > 0.5). 

Disulfide Characterization of the Vaccine 
Engineering and analysis of disulfide bonds have been 
incorporated into vaccine structures to improve its stability 
by substituting highly potential residues with cysteine 
residues [15,17]. According to the results, 102 pairs of amino 
acids could potentially form disulfide bonds (Table S5). These 
pairs were further screened based on the chi3 value (ranging 
from −87° to +97°) with a tolerance of 30 and a maximum 
Cα–Cβ–Sγ angle of 114.6°, as well as an energy value of less 
than 2.2. This screening process identified 6 pairs that were 
suitable for potential substitution with cysteine-cysteine 
residues. As shown in Figure 4, the pairs included Val29–

Table 1. Antigenicity, allergenicity, and physicochemical characteristic of the vaccine construct

Construction Antigenicity Allergenicity Molecular 
weight

Theoretical  
pI

Ext.  
coefficient Est. half life Instability 

index Aliphatic index GRAVY

Adjuvant 
(1049 AA)

1.0642 Probable  
non-allergen

102.385 Da 9.57 (basic) 124.930, 
124.680

Mammals, in 
vitro: 3 h; 
yeast, in vivo: 
> 20 h; E. coli, 
in vivo: > 10 h

31.66 (stable) 63.66 
(thermostable)

–0.145

pI, isoelectric point; GRAVY, grand average of hydropathicity; AA, amino acid; E. coli, Escherichia coli.
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Figure 2. (A, B) Analysis of the secondary structure of Mycobacterium tuberculosis vaccine construct using PSIPRED webserver. (A) 
Sequence plot, (B) PSIPRED cartoon.
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Table 2. Refinement and validation scores of the vaccine construct

Model RMSD GDT-HA Z-score ERRAT score Ramachandran plot (%)

Model 1 0.504 0.9203 –2.27 74.344 76.5
Model 2 0.496 0.9219 –2.28 68.535 76.4
Model 3 0.490 0.9219 –2.29 73.216 76.7
Model 4 0.492 0.9235 –2.2 69.735 76.3
Model 5 0.503 0.9212 –2.11 67.169 77.3

RMSD, root-mean-square deviation; GDT-HA, global distance test high accuracy.

Figure 3. Refined 3-dimensional vaccine construction (A), Z-score (B), ERRAT values (C) and Ramachandran plots (D).
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Gly65, Gly162–Gly293, Ala239–Gly245, Gln659–Gly745, 
Lys697–Gly711, Gly752–Trp852, Asp763–Lys815, and Gly766–
Ala844.  

Analysis of Discontinuous B Cell Epitopes 
Analysis of discontinuous B cell epitopes in the protein’s 
3D structure was crucial for understanding the interaction 
between the vaccine antigen and antibodies in organisms. 
These epitopes were also identified as antigenic sequences 
that could directly interact with receptors, thereby activating 
the immune system [13]. The analysis revealed 7 discontinuous 
B cell epitopes within the vaccine structure (Figure 5; Table 
3). The scores of these epitopes ranged from 0.537 to 0.988, 
with each epitope consisting of between 3 and 388 residues.  

Analysis of Active Sites in the Vaccine Construct 
Identifying the active site of a protein is a crucial step before 
molecular docking because it helps predict the binding 
pocket of the ligand and protein [38]. Using the online tool 
CASTp, several potential pockets were identified in the 
vaccine construct. The most significant active site of the 
vaccine is shown in Figure 6, which has a pocket surface 

area of 7819.505 Å2 and a volume of 15305.179 Å3. These 
dimensions indicate its suitability for binding with TLR 
during molecular docking. 

TLR and Multi-Epitope Tuberculosis Vaccine 
Construct Docking Studies 
Analyzing the interactions between the vaccine construct 
and TLR is crucial for understanding how the vaccine 
interacts with endogenous immune receptors and for 
predicting its efficacy within the body [39]. Molecular 
docking was employed to analyze the interaction between 2 
molecules and to identify the optimal orientation of a ligand 
within a complex [40]. In this study, molecular docking was 
used to evaluate how vaccine constructs interact with TLR2, 
TLR4, and TLR9. The 3D structures of TLR2 (2Z7X) [17], TLR4 
(4G8A) [41], and TLR9 (5ZLN) [42] were obtained from the 
Protein Data Bank. 

HADDOCK successfully generated 30 candidate models 
for each protein docking, including the TLR2 vaccine, TLR4 
vaccine complex, and TLR9 vaccine complex, each with 
different binding energies. Among these models, the top-
ranked complex for each protein exhibited the lowest 

Figure 4. Disulfide engineering of the vaccine construct. Six pairs of potential residue that were mutated to cysteine residues to 
form disulfide bridges. Sequence of vaccine and annotation panels for predicting disulfide bonds.
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Figure 5. (A–G) The 3-dimensiional visualization of discontinuous B-cell epitopes. The yellow colour indicates the distribution of 
discontinuous B-cell epitopes in all sequences of the vaccine construct.

energies: –1,128.3 for TLR2, –1,332.5 for TLR4, and –1,352.0 
for TLR9. These were further refined using HADDOCK 
2.4, resulting in 100 water-refined versions. The docking 
demonstrated strong binding between TLR and the vaccine, 
with scores of –272.3 ± 1.0 for TLR2, –315.6 ± 8.7 for TLR4, 
and –360.4 ± 6.0 for TLR9 (Table 4). Advanced analysis using 
the PRODIGY web server to assess Gibbs energy (ΔG) and 
dissociation constant between the docked proteins revealed 
that the TLR9 vaccine complex was energetically the most 
favorable, featuring lower ΔG values of –25.2 kcal/mol and 
a dissociation constant of 3.6e–19. The interaction between 
TLR and the vaccine involved hydrogen bonds, salt bridges, 
and non-bonded contacts (Figure 7). Additionally, docking 
of TLR with the vaccine using HDock generated multiple 
models. Consistent with previous findings, docked TLR9 
exhibited the lowest energy scores, as presented in Table 4 
[43,44]. 

Dynamic Molecular of Multi-Epitope Vaccine and 
MM-GBSA Calculation 
Molecular dynamics of vaccine constructs are analyzed 
using NMA, which calculates internal coordinates by 
assessing collective functional motions and generating 
feasible transitions between 2 homologous structures on 
biological macromolecules. The results of the molecular 
dynamics for the TLR vaccine complex are detailed in Figure 

8A–C. All 3 protein complexes exhibited multiple regions of 
high flexibility, as indicated by the peaks in the root mean 
square fluctuation, suggesting good flexibility. Meanwhile, 
other parameters, such as deformability, displayed varying 
patterns. In the variance plot, purple and green represent 
individual and cumulative variances, respectively. In the 
covariance matrix, the colors red, white, and blue denote 
correlated, uncorrelated, and anticorrelated movements, 
respectively. In the elastic network, darker gray areas 
indicate stiffer regions. Additionally, the eigenvalue of the 
vaccine construct varied, with the TLR2 vaccine complex 
showing lower values [45].  

The complex was analyzed for binding free energy (ΔGbind) 
to evaluate the favorability and affinity of protein-protein 
interactions in precise biological system modeling [13]. 
The TLR4 vaccine complex exhibited a lower binding free 
energy of – 159.52 kcal/mol. The corresponding residues for 
the ligand and receptors were PHE573 (–5.26 kcal/mol) and 
ARG105 (–9.77 kcal/mol), respectively (Table 5).  

Codon Optimization and In Silico Cloning of the 
Vaccine 
Codon optimization of the multi-epitope vaccine was 
performed using the Java Codon Adaptation Tool (JCat) 
server to maximize vaccine expression. In this study, an 
E. coli K-12 prokaryotic expression system with a time-
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Table 3. The number of discontinuous B cell epitopes predicted, with the number of the residues and the scores in the 
constructed vaccine

No. Residues No. of residues Score
1 A:H1064, A:H1065, A:H1066 3 0.988
2 A:R999, A:G1000, A:A1001, A:G1003, A:T1004, A:A1005, A:A1006, A:K1007, A:K1008, A:V1009, A:R1010, 

A:F1011, A:Q1012, A:E1013, A:A1014, A:A1015, A:N1016, A:K1017, A:Q1018, A:K1019, A:Q1020, A:K1021, 
A:L1022, A:D1023, A:E1024, A:K1025, A:K1026, A:E1027, A:M1028, A:K1029, A:T1030, A:D1031, A:A1032, 
A:A1033, A:T1034, A:L1035, A:A1036, A:Q1037, A:E1038, A:A1039, A:G1040, A:N1041, A:F1042, A:K1043, 
A:K1044, A:Y1045, A:R1047, A:A1048, A:D1049, A:E1050, A:E1051, A:Q1052, A:Q1053, A:Q1054, A:A1055, 
A:L1056, A:S1057, A:S1058, A:Q1059, A:M1060, A:H1061, A:H1062, A:H1063

63 0.87

3 A:N886, A:G887, A:T888, A:P889, A:N890, A:E891, A:L892, A:G893, A:G894, A:A895, A:N896, A:I897, A:P898, 
A:K899, A:K900, A:G901, A:D903, A:I904, A:Y913, A:Q914, A:S915, A:G916, A:K917, A:K918, A:P919, A:A920, 
A:F921, A:E922, A:W923, A:Y924, A:Y925, A:Q926, A:S927, A:G928, A:L929, A:S930, A:I931, A:V932, A:M933, 
A:P934, A:K935, A:K936, A:P937, A:T938, A:G939, A:S940, A:A941, A:A942, A:I943, A:G944, A:L945, A:S946, 
A:M947, A:A948, A:G949, A:S950, A:S951, A:A952, A:K953, A:K954, A:A955, A:N956, A:R957, A:A958, A:V959, 
A:K960, A:P961, A:T962, A:G963, A:S964, A:A965, A:A966, A:I967, A:G968, A:L969, A:S970, A:K971, A:K972, 
A:K973, A:W974, A:D975, A:A976, A:T977, A:A978, A:T979, A:E980

86 0.787

4 A:T13, A:C14, A:G15, A:G16, A:G17, A:G18, A:G19, A:G20, A:E21, A:A23, A:A24, A:G26, A:L27, A:P28, A:V29, 
A:E30, A:A35, A:A36, A:Y37, A:G38, A:P39, A:S40, A:L41, A:I42, A:G43, A:L44, A:A45, A:M46, A:A47, A:A48, 
A:Y49, A:R50, A:P51, A:G52, A:L53, A:P54, A:V55, A:E56, A:Y57, A:L58, A:A59, A:A60, A:Y61, A:N62, A:A63, 
A:A64, A:G65, A:G66, A:H67, A:N68, A:Y73, A:A74, A:A75, A:G76, A:G77, A:H78, A:N79, A:A80, A:V81, A:F82, 
A:A83, A:A84, A:Y85, A:G86, A:S87, A:A88, A:A89, A:I90, A:G91, A:L92, A:S93, A:M94, A:A95, A:A96, A:Y97, 
A:A107, A:A108, A:Y109, A:K112, A:T113, A:D114, A:A115, A:A116, A:T117, A:L118, A:A119, A:A120, A:Y121, 
A:T122, A:A123, A:A124, A:Q125, A:A126, A:A127, A:V128, A:V129, A:R130, A:A131, A:A132, A:Y133, A:G134, 
A:L135, A:P136, A:V137, A:E138, A:Y139, A:L140, A:Q141, A:V142, A:A143, A:A144, A:Y145, A:G146, A:L147, 
A:A148, A:G149, A:G150, A:A151, A:A152, A:T153, A:A154, A:A155, A:A156, A:Y157, A:A158, A:A159, A:T160, 
A:A161, A:G162, A:A163, A:F164, A:S165, A:R166, A:A167, A:A168, A:Y169, A:A170, A:M171, A:A172, A:S173, 
A:T174, A:E175, A:G176, A:N177, A:V178, A:A179, A:A180, A:Y181, A:T182, A:A183, A:A184, A:Q185, A:A186, 
A:A187, A:V188, A:V189, A:R190, A:A191, A:A192, A:Y193, A:E194, A:M195, A:K196, A:T197, A:D198, A:A199, 
A:A200, A:T201, A:L202, A:G203, A:P204, A:G205, A:P206, A:V211, A:G212, A:A213, A:V214, A:G215, A:G216, 
A:T217, A:A218, A:T219, A:A220, A:G221, A:A222, A:G223, A:P224, A:G225, A:P226, A:G227, A:A228, A:V229, 
A:V230, A:G231, A:L232, A:S233, A:M234, A:A235, A:A236, A:S237, A:S238, A:A239, A:L240, A:T241, A:L242, 
A:G243, A:P244, A:G245, A:P246, A:G247, A:G248, A:L249, A:V250, A:G251, A:A252, A:V253, A:G254, A:G255, 
A:T256, A:A257, A:T258, A:A259, A:G260, A:A261, A:F262, A:G263, A:P264, A:G265, A:P266, A:G267, A:L268, 
A:V269, A:G270, A:A271, A:V272, A:G273, A:G274, A:T275, A:A280, A:F281, A:S282, A:G283, A:P284, A:G285, 
A:P286, A:G287, A:G288, A:S289, A:A290, A:V291, A:V292, A:G293, A:L294, A:S295, A:M296, A:A297, A:A298, 
A:P304, A:G307, A:S308, A:A309, A:V310, A:V311, A:G312, A:L313, A:S314, A:M315, A:A316, A:A317, A:S318, 
A:S319, A:L321, A:T322, A:G323, A:P324, A:G325, A:P326, A:G327, A:L328, A:P329, A:V330, A:E331, A:Y332, 
A:L333, A:Q334, A:V335, A:P336, A:S337, A:S339, A:M340, A:G341, A:P344, A:G345, A:G347, A:V348, A:G349, 
A:A350, A:V351, A:G352, A:G353, A:T354, A:A355, A:T356, A:A357, A:G358, A:A359, A:F360, A:S361, A:R362, 
A:G363, A:P364, A:G365, A:P366, A:G367, A:V368, A:M378, A:G379, A:R380, A:D381, A:I382, A:G383, A:P384, 
A:G385, A:P386, A:G387, A:G388, A:L389, A:P390, A:V391, A:E392, A:Y393, A:L394, A:Q395, A:V396, A:P397, 
A:S398, A:P399, A:A416, A:G417, A:A418, A:F419, A:S420, A:R421, A:P422, A:G423, A:P424, A:G425, A:P426, 
A:G427, A:T428, A:G429, A:S430, A:A431, A:V432, A:V433, A:G434, A:L435, A:S436, A:M437, A:A438, A:A439, 
A:S440, A:S441, A:A442, A:G443, A:P444, A:G445, A:P446, A:G447, A:P448, A:T449, A:G450, A:S451, A:A452, 
A:V453, A:V454, A:L456, A:M458, A:A459, A:A460, A:S461, A:S462, A:G463, A:P464, A:I469, A:G470, A:T471, 
A:A473

388 0.681

5 A:L661, A:D662, A:G663, A:P664, A:G665, A:P666, A:G667, A:L668, A:G670, A:Q671, A:W672, A:G674, A:A675, 
A:A676, A:G677, A:T678, A:A679, A:A680, A:Q681, A:A682, A:K683, A:K684, A:A685, A:G686, A:G687, A:Y688, 
A:K689, A:G727, A:G728, A:G729, A:H730

31 0.568

6 A:R493, A:Q500, A:D501 3 0.566
7 A:R512, A:S513, A:S514, A:N515, A:L516, A:K517, A:Q519, A:A521, A:Y522, A:G523, A:P524, A:G525, A:L536, 

A:P537, A:G538, A:L539, A:V540, A:G541, A:L542, A:A591, A:I592, A:G593, A:L594, A:S595, A:F622, A:G623
26 0.537

dependent rho transcription terminator and prokaryotic 
ribosome binding sites was adopted for analysis. The CAI 
and GC values of the optimized nucleotide sequence in the 
multi-epitope vaccine with adjuvant were 99.63% and 55.95%, 
respectively. To validate the vaccine, a codon-optimized 
DNA sequence was inserted into the pET-28a(+) vector and 

cloned using the SnapGene application, with EcoRI and 
BamHI enzymes selected for the N- and C-terminal sites, 
respectively (Figure 9) [46]. 
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Figure 6. Active site prediction of the vaccine. (A) Best binding pocket/site (red colour sphere) of vaccine. (B) Sequence of vaccine 
and annotation panels in the vaccine construct.

AA BB

Table 4. Result of docking of the vaccine with TLR2, TLR4, and TLR9
TLR2 vaccine complex TLR4 vaccine complex TLR9 vaccine complex

Cluspro 2.0 webserver
 Center weighted score –1,059.0 –1,181.6 –1,272.4
 Lowest energy weighted score –1,128.3 –1,332.5 –1,352.0
HADDOCK 2.4 webserver
 HADDOCK score –272.3± 1.0 –315.6± 8.7 –360.4± 6.0
 RMSD from the overall lowest-energy structure 0.7 ± 0.4 0.7 ± 0.4 0.7 ± 0.4
 Van der Waals energy –148.1± 4.9 –165.2± 4.7 –199.6± 2.9
 Electrostatic energy –375.9± 7.0 –537.9± 50.8 –600.8± 11.7
 Desolvation energy –49.0 ± 5.1 –42.8 ± 3.0 –40.7 ± 3.9
 Restraints violation energy 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.1
 Buried surface area 4,385.9± 41.8 5,597.0± 51.4 5,804.3± 64.5
 ΔG (kcal/mol) –16.5 –20.1 –25.2
 Kd (M) at 25 °C 7.9e–13 –18e–15 3.6e–19

HDock
 Docking score –310.63 –332.58 –353.95
 Confidence score 0.9613 0.9747 0.9834
 Ligand RMSD (Å) 178.51 274.2 221.15

Values are presented as mean± standard deviation unless otherwise stated.
TLR, toll-like receptor; RMSD, root-mean-square deviation.

Immune Simulation of the Vaccine in Human Body 
Administration 
Immune simulation analysis was conducted through the 
administration of 3 vaccine doses. These injections were 
administered on days 1, 28, and 56, maintaining a 4-week 
interval between each dose. Additionally, the vaccine was 
shown to be safe and to elicit immune responses involving 
B cells, T cells, and memory cells. Simulation of vaccine 
injection in humans showed an increase in the number of 
macrophages, B cells, and DCs (Figure 10). These cells play 
a crucial role in presenting antigens to T cells. The number 
of cytotoxic T cells and T helper cells also increased after 3 
injections. Furthermore, there was a significant increase in 

the number of antibody-secreting plasma B cells following 
the third injection. This accounts for the elevated levels 
of serum IgM and IgG. Additionally, the injected vaccine 
construct influenced the proliferation of NK cells, which are 
part of the innate immune system and play a vital role in the 
elimination of intracellular pathogens [47]. 

Discussion 

The emergence of antibiotic resistance in M. tuberculosis 
presents a significant threat to public health. Efforts to 
address this issue have included the development of new 
antibiotics or antimicrobials, but regulatory challenges and 
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the high costs associated with drug development have cast 
doubt on their potential effectiveness. Vaccine development 
is a promising alternative. Although not all vaccines have 
proven effective against this issue, recent advancements, 
particularly in the use of multi-epitope-based vaccines and 
immunoinformatics approaches, have shown promising 
results [48–53]. 

Multi-epitope vaccines represent a novel strategy for 
addressing diseases caused by pathogens that rapidly 
develop resistance to current treatments. This type of vaccine 
employs a dual approach by incorporating elements that 
activate CTL, HTL, and LBL, thus simultaneously inducing 

robust humoral and cellular immune responses [22,54,55]. 
Enhancing vaccine constructs with suitable adjuvants 
boosts the immune response and extends the duration of 
protection [56]. In this context, a multi-epitope vaccine 
incorporating Ag85A, Ag85B, ESAT-6, and CFP-10 proteins 
was developed using an immunoinformatics approach. 
This vaccine construct offers multiple advantages over 
traditional vaccines. It includes a variety of MHC epitopes—
specifically CTL, HTL, and LBL epitopes—that provide both 
therapeutic and prophylactic benefits. Furthermore, the 
addition of immunostimulants (adjuvants) significantly 
improves the vaccine’s capacity to confer long-lasting 
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Figure 7. Molecular docking visualization results of toll-like receptor 
(TLR) with the vaccine, the interacting residue, and statistics for 
the interface interaction. (A) TLR2-vaccine, (B) TLR4-vaciine, and (C) 
TLR9-vaccine.
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Figure 8. (Continued on next page.)
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Figure 8. Molecular dynamic of toll-like receptro (TLR) with vaccine, including TLR2-vaccine, TLR4-vaccine, and TLR9-vaccine 
respectively (left to right). The direction of the motion (A), root mean square fluctuation (RMSF) (B), deformability (C), B(beta)-
factor/ mobility (D), covariance map (E), eigen-value indicating the protein’s normal mode and the stiffness of the motion (F), the 
normal mode variance (G), and elastic network (H).
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immunity [57]. 
Previous studies have demonstrated that chimeric protein 

vaccines containing Ag85A, CFP-10, and ESAT-6 strengthen 
Th1 cytokine-expressing CD4+ responses. Additionally, other 
findings indicate that the CFP-10 protein is recognized by 
CD8+ cells with cytolytic activity in vivo against cells infected 
with M. tuberculosis [58]. The vaccine design developed in 
this study incorporates CTL, HTL, and LBL epitopes from 
Ag85A, Ag85B, ESAT-6, and CFP-10 proteins, with the goal of 
activating both adaptive and innate immune responses. The 
use of GPGPG (glycine-rich), KK, and AAY linkers is crucial 
for separating inter-epitopes. Glycine-rich linkers (GPGPG) 
enhance solubility, prevent the formation of junctional 
epitopes, and facilitate the immune processing of antigens 
[35]. AAY and GPGPG linkers also prevent cross-linking, 
which improves immunogenicity and epitope presentation. 
Additionally, KK linkers maintain the immunogenic 
activity of the epitope. Meanwhile, EAAAK linkers promote 
sustained immune responses [50,59]. Early in the vaccine 
construction, CpG adjuvants were added to stimulate 
adjuvant and innate immunity by activating B cells and DCs, 
thereby stimulating an effective immune response [60,61]. 

Epitopes selected for vaccine construction should exhibit 
immunodominant features, including immunogenicity 
and antigenicity, while minimizing allergenicity upon 
injection into the body [26,57]. These selected epitopes 

were then incorporated into the vaccine construct, which 
underwent further analysis for immunogenicity, allergenicity, 
antigenicity, and physicochemical properties. The 2D 
structure, characterized by a random coil and an α-helix, 
typifies an antigenic structural form. Modifications to the 
α-helix can enhance the immune system's binding to the 
protein [62]. The 3D structure of the vaccine construct was 
predicted using the I-TASSER web tools and refined with the 
GalaxyRefine web tools. GDT-HA and root-mean-square 
deviation (RMSD) serve as quality indicators following 
refinement. The refinement process involved adjusting 
and repositioning the side chains of the construct [63]. 
The Z-score from GalaxyRefine indicates the similarity of 
the vaccine construct’s protein to experimental protein 
structures. A value within the typical range suggests the 
reliability of the vaccine construct’s actual structure [64]. 
Additionally, the Ramachandran plot is used to verify 
quality post-refinement. Over 90% of the proteins were in 
the most favored and allowed regions, indicating the high 
quality of the designed vaccine construct [65,66]. This study 
identified 6 unstable regions in the structure of the vaccine 
construct, which were stabilized by forming disulfide bonds 
[15]. Observations indicated that the designed vaccine was 
thermostable, highly soluble, antigenic, and non-allergenic. 
These findings align with those of a previous study conducted 
by Abdulabbas et al. [67]. 
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Table 5. MM/GBSA of results of protein-protein interaction with the top 10 lowest residues corresponding to binding and 
free energy binding

Protein VDW ELE GB SA BFE total 
(kcal/mol)

Residue  
ligand

BFE  
(kcal/mol)

Residue/
receptor

BFE  
(kcal/mol)

TLR2 Vac –216.86 111.44 3.63, –27.37 –129.16 ARG-337 –8.26 TYR-97 –6.91
TYR-56 –8.24 TYR-85 –6.47
PHE-123 –4.57 GLU-331 –4.37
GLN-306 –3.67 LEU-389 –4.33
MET-381 –3.5 ARG-380 –3.9
LEU-28 –3.41 PHE-82 –3.86
ASP-42 –3.08 VAL-373 –3.00
HIE-78 –2.87 ASN-62 –2.98
ASN-357 –2.6 HIE-67 –2.91
GLN-383 –2.35 GLN-334 –2.81

TLR4 Vac –284.51 –3,368.52 3529.14 –35.63 –159.52 PHE-573 –5.26 ARG-105 –9.77
ASP-95 –4.91 ARG-130 –7.82
GLN-599 –4.48 ARG-342 –6.69
PHE-63 –3.66 ILE-100 –6.00
GLU-42 –3.49 ARG-166 –4.84
VAL-30 –3.23 THR-13 –4.57
GLU-608 –2.85 PRO-204 –4.42
PRO-28 –2.74 THR-160 –3.85
LEU-119 –2.74 PHE-164 –3.69
PRO-34 –2.65 ALA-180 –3.48

TLR9 Vac –309.81 2,582.22 –2,350.07 –37.16 –114.83 PRO-105 –6.13 LEU-389 –6.88
PHE-402 –5.79 LEU-480 –6.54
ARG-759 –5.03 PRO-366 –5.23
ASP-424 –4.96 GLU-369 –4.78
B-PHE-49 –4.83 GLU-508 –4.76
B-ARG-74 –4.4 PRO-426 –4.54
B-TRP-47 –4.03 SER-361 –4.43
B-ASP-259 –3.99 ARG-362 –4.39
B-SER-760 –3.94 VAL-475 –4.31
B-ASP-806 –3.39 PRO-390 –3.91

VDW, van der Waals; GB, generalized Born; SA, surface area; BFE, binding free energy; TLR, toll-like receptor.

Figure 9. In silico cloning of the Mycobacterium 
tuberculosis candidate vaccine in a pET28a(+) 
vector. The red line indicate the inserted optimized 
DNA vaccine.
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Figure 10. Immune simulation results 
of the vaccine construct: antigen and 
antibody (A), B lymphocyte (B, C), plasma B 
lymphocyte (D), T helper total (E), T helper 
population (F), T regulator cell population 
(G), CD8 total (H), CD8 population (I), 
natural killer total (J), dendritic cell total (K), 
macrophage total (L), epithelial cells (M), 
and cytokines (N).
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The injected vaccine constructs should be capable of 
binding to receptors in the body. Therefore, molecular 
docking is necessary to ensure effective binding to target 
receptors, including TLR2, TLR4, and TLR9. TLR2 and TLR4 
are surface receptors that are sensitive to recognizing 
circulating M. tuberculosis antigens. TLR2 plays a crucial 
role in inducing pathogen killing through macrophage 
activation [68]. Meanwhile, TLR4 facilitates the activation 
of Th1 cells via the activation of antigen-presenting cells 
(APCs) and DCs, leading to increased MHC-II expression and 
the induction of IL-12 and tumor necrosis factor (TNF)-α 
[69]. TLR9 contributes to the eradication of M. tuberculosis 
through a cross-presentation mechanism activated by CpG 
adjuvant, resulting in the production of IFN-α/β [69,70]. 
This mechanism is a vital component in the development 
of both therapeutic and prophylactic vaccines. A vaccine 
construct will have a therapeutic effect on an individual 
when it can: (1) enhance antigen uptake by APCs, (2) improve 
antigen processing and presentation by APCs, (3) enhance 
interaction between APCs and T cells, and (4) generate 
effective cytotoxic T cells and antibodies [71]. In this study, 
the vaccine construct was observed to bind intensely to 3 
receptors: TLR2, TLR4, and TLR9 [6,48,49,67]. 

The immune simulation conducted in this study 
demonstrated an increase in the number of DCs and 
macrophages, which are crucial for the innate immune 
response involved in phagocytosing bacteria. Additionally, 
there was a significant increase in cytotoxic T cells, which are 
key effector cells against M. tuberculosis [58]. This suggests 
that the vaccine construct meets the necessary therapeutic 
criteria. The prophylactic efficacy was achieved by targeting 
humoral immunity, with B lymphocytes playing a pivotal 
role in generating this effect. Immune simulation analysis 
revealed an increase in the number of B lymphocytes that 
release IgM and IgG. This increase is closely linked to the 
activation of Th2 cells by APC cells, which are essential 
for the activation of B lymphocytes [71]. Furthermore, the 
T helper cell population increased during the immune 
simulation.  

The results offer new hope for eradicating TB. The vaccine 
offers significant advantages over traditional options, such 
as lower cost and faster production, increased immunity 
potential and safety, reduced non-specific reactions or 
cross- reactivity, and easier manipulation [72]. Additionally, 
it is smaller and can trigger stronger immune responses 
due to a more potent immunogenic domain [73].  

The designed vaccine warrants further validation through 
both in vitro and in vivo laboratory experiments. Jiang et al. [6] 
conducted recombination in the laboratory for the TB vaccine 
[74–76]. Additionally, various packaging approaches in the 

delivery system could be explored, including nanoparticle-
based systems, which are known for their efficacy in delivering 
diverse genetic and protein materials [77–79]. An increasing 
body of evidence suggests that vaccine development adopting 
this approach has been widely successful both in vitro and 
in vivo, eliciting advanced immune responses and offering 
protection against some diseases. Jiang et al. [6] demonstrated 
that the design and recombination of a multi-epitope vaccine, 
named PP13138R, could increase the number of IFN-γ+ T cells 
and enhance cytokine production of TNF-α, IL-6, and IL-10 in 
vitro among isolated latent TB infection, active TB, and healthy 
controls. According to Kaushik et al. [76], the administration 
of multi-epitope vaccines in rabbits successfully induced 
antibody secretion against the dengue virus. 

The results presented do not conclusively demonstrate 
the effectiveness of the vaccine in question. Proper antigen 
processing is essential for epitope immunogenicity, 
necessitating a comprehensive evaluation within the 
context of epitope delivery, typically via genetic constructs. 
This study provides sequences and spacing for CD8+ T cell 
and B cell epitopes; however, additional research is required 
to identify the optimal sequence and spacing for maximum 
immunogenicity. Most prediction tools fail to account for 
the precise location of antigen processing, which affects the 
prediction and presentation of epitopes. Furthermore, since 
the composition of antigen processing mechanisms can 
vary with proinflammatory signals and may differ across 
various cell types, current prediction algorithms might not 
be suitable for assessing the effectiveness of viral antigen 
processing in infected target cells. 

Conclusion 

In conclusion, a multi-epitope vaccine based on the Ag85A, 
Ag85B, ESAT-6, and CFP-10 proteins of M. tuberculosis, 
developed through an immunoinformatics approach, 
showed potential as both a prophylactic and therapeutic 
measure against TB. Global population coverage was 
estimated at 92.67%, with a coverage of 81.12% in Indonesia. 
The analysis indicated that the multi-epitope vaccine was 
immunogenic, antigenic, non-allergenic, and non-toxic. 
Additionally, it exhibited physicochemical characteristics 
that align with the parameters for potential vaccine 
manufacturing. The vaccine demonstrated a binding 
capability to TLR2, TLR4, and TLR9, which induced NK activity, 
activated macrophages, and DCs as APCs. It also stimulated 
T cells, B cells, and memory cells, and induced an increase 
in IgM and IgG antibodies following the administration of 
3 doses. These attributes underscore the vaccine’s ability 
to induce both innate and adaptive immune responses, 
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including the generation of memory cells for long-term 
protection. 
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