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Abstract
Klebsiella pneumoniae and Mycobacterium tuberculosis coinfection is one of the most lethal combinations that has been 
becoming frequent yet, not diagnosed and reported properly. Due to the simultaneous occurrence of both infections, diag-
nosis is delayed leading to inadequate treatments and mortality. With the rise of MDR Klebsiella and Mycobacterium, a 
prophylactic and an immunotherapeutic vaccine has to be entailed for preemptive and adroit therapeutic approach. In this 
study, we aim to implement reverse vaccinology approach that encompasses a comprehensive evaluation of vital aspects 
of the pathogens to explore immunogenic epitopes against Omp A of Klebsiella and Rv1698, Rv1973 of Mtb that may 
help in vaccine development. The designed multi-epitopic vaccine was assessed for antigenicity, allergenicity and various 
physiochemical parameters. Molecular docking and simulations were executed to assess the immunogenicity and complex 
stability of the vaccine. The final multi-epitopic vaccine is validated to be highly immunogenic and can serve as a valuable 
proactive remedy for subject pathogens.
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Introduction

Coinfection is the concurrent infection of host caused by 
multiple pathogens. The coinfection of M. tuberculosis and 
K. pneumoniae has not been frequently accounted. The coin-
cidence of these two infections leads to delayed diagnosis 
and inadequate treatment causing morbidity and mortality.

Klebsiella pneumoniae is an encapsulated Gram negative 
organism, commensal to mucosal lining of mammals, human 
gastrointestinal tract causing nosocomial pneumonia, UTI’s, 
bloodstream infections and sepsis (Pichavant et al. 2018). 
Klebsiella species are ubiquitous opportunistic pathogens 

residing in soil and water, having the ability to colonize onto 
medical devices and in health care settings (Bengoechea and 
Pessoa 2018). The infections caused by K. pneumonia are 
common among pediatric wards, elderly and compromised 
individuals within the healthcare environment (Mcallister-
hollod et al. 2014).

Mycobacterium tuberculosis on the other hand is an acid-
fast bacillus responsible for tuberculosis (TB) which is the 
10th prominent reason of fatality in the world. In 2017, 10 
million new cases and 1.6 million deaths were reported due 
to TB (Vilchèze and Jacobs 2019). According to an estima-
tion by CDC, one fourth of the world’s population is infected 
with Mtb with children being at primary risk (https​://www.
cdc.gov/tb/stati​stics​/). TB until now was a curable disease, 
but with the emergence of multidrug resistant TB, the treat-
ment has become complex that has side effects and can be as 
long as 2 years (Törün et al. 2005). Unfortunately, Pakistan 
ranks 5th with highest TB burden and 4th with highest prev-
alence of MDR TB, amongst the world (Bakuła et al. 2019).

A study conducted in Japan in 2016, reported 128 cases 
of TB with coexistence of infectious agents. Amongst which 
the second highest coinfection was with K. pneumoniae that 
exhibited significant mortality rate than the others (Ishikawa 
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et al. 2019). Coexisting Klebsiella and Mycobacteria infec-
tions have been reported in India and worldwide as well 
(Arora et al. 2015; Attia et al. 2019; Ekwueme et al. 2016; 
Rafailidis et al. 2008). Coinfection of antibiotic resistant 
K. pneumoniae and M. tuberculosis is becoming a serious 
healthcare issue that requires immediate scientific considera-
tion (Arora et al. 2015).

For removal of Klebsiella from human lungs, effective 
host defense mechanisms are required where the surface of 
bacteria plays an important role. The three major compo-
nents of bacterial outer wall which are said to be triggering 
the immunity include LPS, outer membrane proteins and 
proteoglycans (Pichavant et al. 2018). Omps are involved in 
membrane stability, molecular transport and pathogenesis 
(Choi and Lee 2019; Sousa 2019). Outer membrane protein 
A (Omp A) which is the member of class of proteins is found 
to be highly conserved among Enterobacteriaceae (Llobet 
et al. 2009). Omp A, a well characterized outer membrane 
protein, has been shown to mediate invasion of eukaryotic 
cells, facilitate serum resistance and protection of bacteria 
against host lung defenses (Llobet et al. 2009). Omp A pro-
teins have significant pathogenic roles that include adhesion 
and invasion of bacteria, intracellular survival as well as eva-
sion of host defenses and stimulators of cytokine production 
(Confer and Ayalew 2013). The activation of airway epithe-
lial cells via acting on NF-κB, p38 and p44/42-dependent 
pathways is prevented via K. pneumoniae. Omp A, therefore 
causing the attenuation of the airway epithelial cell-mediated 
inflammatory response. Previous studies have shown that 
detection of K. pneumoniae Omp A by innate immune sys-
tem aids to clear the infection. Blocking Omp A could not 
only render bacterial infection but can also help to develop 
new targets for antimicrobials (Llobet et al. 2009).

Over the years, M. tuberculosis (Mtb) has evolved as 
fully capable of surviving inside the host cell by evading 
the immune responses. The cell envelope of Mycobacteria, 
being an essential virulence factor constitutes of mycolic 
acids, complex lipids and unique type VII secretion sys-
tem attributing to complexity of tuberculosis pathogenicity 
(Madacki et al. 2019; Siroy et al. 2008). The Gram-negative 
bacteria have various well studied outer membrane pro-
teins that functionalize the outer membrane however, only 
few outer membrane proteins of Mycobacterium have been 
reported so far. Rv1698 and Rv1973 were detected to be 
localized in outer membranes of Mycobacterium that are 
present in triple the number as compared to the other outer 
membrane proteins (Boot and Hesper Rego 2019; Song et al. 
2008).

The novel and successful bioinformatics approaches 
have provided us with enormous information on genes 
of various pathogenic species. With reverse vaccinol-
ogy approaches; we can use this information for antigen 
discovery and vaccine development (Del Tordello et al. 

2017). Epitopes are considered important to both clini-
cal and biomedical researchers because of their potential 
for vaccine design against variable and rapidly mutating 
pathogens (Soria-Guerra et al. 2015).

With the emergence of coinfection of MDR Klebsiella 
and Mtb and its ensuing mortality, novel and viable vac-
cine for preemptive protection must be sorted constantly. 
Since innate immune system targets Omps, we have imple-
mented reverse vaccinology approach that involves a thor-
ough analysis of important aspects of pathogen to explore 
immunogenic epitopes against Omp A of Klebsiella and 
RV1698, Rv1973 of Mtb that may help in vaccine develop-
ment (Boot and Hesper Rego 2019; Rashid et al. 2017).

Materials and Methods

Protein Selection and Sequence Retrieval 
for Epitope Prediction

Outer membrane proteins were selected for epitope pre-
diction because of their high expression in bacterial cell 
wall, conservation and active involvement in growth and 
virulence (Jeannin et al. 2002). Klebsiella pneumoniae is 
reported to escape the host immune mechanisms by avoid-
ing early detection by circumventing its way around TLRs 
signaling (Tomás et al. 2015) and subsequently escaping 
macrophage mediated phagocytosis (Cano et al. 2013). 
The epitope based vaccines are successfully being pursued 
by various research groups particularly for targeting con-
served epitopes in variable or rapidly mutating pathogens 
(Soria-Guerra et al. 2015). Omps are under evaluation as 
potential vaccine candidates (Confer and Ayalew 2013). 
The FASTA sequence of Omp A, Rv1698 and Rv1973 
were obtained from UniprotKB (https​://www.unipr​ot.org). 
Vaxign (Vaccine Design), a vaccine target prediction and 
analysis system that employs the principle of reverse vac-
cinology, was used to check adhesion probability and 
transmembrane helices of the finalized proteins (Xiang 
and He 2013).

Epitope Prediction

B Cell Epitope

B lymphocytes have surface receptors that detect B cell 
epitopes as antigenic elements and differentiate into memory 
cells and plasma cells. For prediction of B cell epitopes, an 
online server BCPRED 2.0 was used. Later on, the predicted 
B cell epitopes were evaluated for antigenicity, surface 

https://www.uniprot.org
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accessibility, flexibility, beta-turn prediction and hydrophi-
licity (Chauhan et al. 2019).

CTL Epitope

Using the NetCTL.1.2 server, 9mer length T cell epitopes 
were predicted, recognizable by commonly occurring HLA 
I alleles in human population that are likely to encom-
pass > 90% of overall population of the world. The epitopes 
having consensus score of ≤ 2 were contemplated as strong 
binders and were further analyzed (Moise et al. 2009).

HTL Epitope

Helper T lymphocyte (HTL) have crucial part in the initia-
tion of both cellular and humoral immune responses (Alex-
ander et al. 1998). Net MHC II pan 3.2 server was used to 
predict 15-mer length epitopes, identified by HLA II alleles 
that are likely to cover over 95% of the human population. 
Peptides with threshold of 2% were categorized as strong 
binders (Jensen et al. 2018).

Conservation of Selected Proteins and Epitopes

To check the conservation of chosen proteins and predicted 
epitopes for the vaccine design, a BLASTp analysis was car-
ried out. The analysis was performed to ensure that the cho-
sen proteins are highly conserved in the pathogenic strains 
only and their predicted epitopes do not share homology 
with the Homo sapiens.

Selection of Adjuvant and Protein Linker for Vaccine 
Construction

Adjuvants boost the efficacy of vaccines, enabling small 
doses of antigen eliciting an effective initial immune 
response as well as enhanced memory cell differentiation 
(Khurana et al. 2010). Cholera toxin subunit B (CTB) is 
considered as a powerful mucosal adjuvant that significantly 
enhances the immunogenicity of linked exogenous antigens 
(Klein et al. 2014). CTB is used as a powerful immune acti-
vator stimulating innate and acquired immune responses. For 
linking HTL and CTL epitopes, GPGPG and AAY linkers 
were respectively utilized (Chauhan et al. 2019). Structure 
for multi-epitope construct was generated using I-TASSER 
(Yang and Zhang 2015).

IFN‑γ Inducing Epitope Prediction

Interferon gamma (IFN-γ), plays a very important role in 
adaptive and innate immune responses by stimulation of 
macrophages and natural killer cells leading to amplified 
response to MHC antigens. IFN epitope server (http://crdd.

osdd.net/ragha​va/ifnep​itope​/scan.php) was used for pre-
diction of 15mer IFN-γ epitopes for the designed peptide. 
Separate epitope predictions were carried for the adjuvant 
and for the main vaccine peptide owing to the restrictions 
in number of residues that can be used by the server for pre-
diction. The IFN-γ epitopes are predicted using overlapped 
sequences assembled by the server using motif and support 
vector machine (SVM) hybrid approach. This server utilizes 
a dataset that constitutes of IFN-γ inducing and non-induc-
ing MHC class-II binder that have the ability to activate 
T-helper cells.

Prediction of Antigenicity and Physicochemical 
Properties of Vaccine Construct

For each target protein, antigenicity was evaluated by ANTI-
GENpro and VaxiJen 2.0 server using default parameters to 
screen probable non-antigenic sequences. On the basis of 
physicochemical properties, Vaxijen server performed align-
ment-independent prediction of protective antigens (Dar 
et al. 2016; Doytchinova and Flower 2008). The ExPASy 
Protparam tool was used to assess the physiochemical prop-
erties of vaccine construct (http://web.expas​y.org/protp​
aram). In order to predict the non-allergic behavior of the 
vaccine construct, AlgPred v.2.0 and AllerTOP v.2.0 serv-
ers were utilized (Dimitrov et al. 2014; Saha and Raghava 
2006). Proso II Protein-sol software was further used to ana-
lyze the solubility of the anticipated vaccine (Hebditch et al. 
2017; Smialowski et al. 2012).

Secondary Structure Prediction, 3D Homology 
Modelling and Refinement of Protein

For the prediction of alpha helices, beta-sheets and coil 
structure, PSIPRED v3.3 and Raptor X were used (Buchan 
and Jones 2019; Källberg et al. 2012). I-TASSER was used 
to model the 3D structure by comparing similarity index 
between target protein and available template structure pro-
vided via PDB (Yang and Zhang 2015). In order to enhance 
the accurateness of predicted vaccine candidate, refine-
ment was performed via GalaxyRefine (Heo et al. 2013). 
The refined structure was later on validated by generating 
Ramachandran plot assessment using RAMPAGE (Lovell 
et al. 2003) and the quality of the protein model was ana-
lyzed through the plotting of z-score via ProSA-Web fol-
lowed by its 3D validation by using the PROCHECK server 
(Furey et al. 2006).

Disulfide Engineering to Ensure Protein Stability

Disulfide bonds are the covalent interactions that stabilize 
tertiary structure of the protein. Disulfide engineering works 
by creating disulfide bonds into target proteins attributing 

http://crdd.osdd.net/raghava/ifnepitope/scan.php
http://crdd.osdd.net/raghava/ifnepitope/scan.php
http://web.expasy.org/protparam
http://web.expasy.org/protparam
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considerable stability of target protein. Disulfide by Design 
2.0 was used to accomplish disulfide engineering on the vac-
cine construct (Craig and Dombkowski 2013).

Molecular Docking of Vaccine with TLR2 and TLR4 
Receptors

TLRs (Toll Like Receptors) are family of transmembrane 
proteins which are imperative for identification of PAMP 
(Pathogen Associated Molecular Patterns) expressed by 
infectious organisms that results in the activation of immune 
response (Aderem and Ulevitch 2000). Host defense relies 
on TLR4 and TLR2 during K pneumoniae and M. tubercu-
losis infection that increases their levels in human airway 
epithelial cells (Faridgohar and Nikoueinejad 2017; Wie-
land et al. 2011). The structures for TLR 2 and TLR 4 were 
obtained from RSCB PDB.

Codon Optimization

For a successful protein expression, various factors are 
important amongst which codon optimization plays a vital 
role especially when a heterologous system is used for pro-
tein expression. For this purpose, E. coli strain K12 was 
chosen to host for cloning the vaccine construct. Due to 
dissimilarity of codon usage between humans and E.coli, a 
codon adaptation tool (JCAT) was utilized so that the codon 
usage can be adapted to prokaryotic organisms, thus accel-
erating the expression rate (Grote et al. 2005).

Molecular Simulation Based on Normal Mode 
Analysis

For predicting the flexibility of the designed vaccine model, 
molecular simulation based on the normal mode analysis 
was carried out which analyzed the protein docked with the 
TLR2 and TLR4 receptors on the basis of several parameters 
that included mobility, B-factor, eighen value, covariance 
and elasticity. The simulation was carried out by employing 
the iModS server (López-Blanco et al. 2014).

Results

Protein Selection & Sequence Retrieval for Epitope 
Prediction

Omps are exposed surface porin proteins that are present 
in high number in the outer membrane of Klebsiella and 
Mycobacteria (Confer and Ayalew 2013; Siroy et al. 2008). 
Bacterial outer membrane proteins are characteristically 
extremely stable and are composed of transmembrane 
antiparallel β-barrels. They have been shown to have major 

functional roles that not only include specific and non-spe-
cific porin proteins, enzymes, active transporters, structural 
proteins, but are also implicated in virulence and pathogen-
esis. Due to their structural simplicity and evident role in 
pathogenesis, we have investigated Omp A, Rv1698 and 
Rv1973 as potential multi-epitopic vaccine candidates (Boot 
and Hesper Rego 2019; Domene, Bond, and Sansom 2003).

Epitope Prediction

Epitope Prediction of B‑cell

B cells play primary role in humoral immunity, therefore, 
an epitope against B cell receptors plays vital role in vac-
cine production generating antibody production. BCPREDS 
server predicted 7, 2 and 1 epitopes for Omp A, Rv1698 
and Rv1973, respectively. Total 10 B cell epitopes of 20mer 
length were finalized to be further screened for the vaccine 
construct.

Epitope Prediction for Cytotoxic T‑lymphocytes (CTL)

B and T cells are the first components of immune sys-
tem to encounter and repel the infectious agent. CTL are 
CD48 + killer cells that function by killing host target cells 
with bacterial infection (Maglione and Chan 2009). Using 
NetCTL 1.2 server, a total of 336, 306 and 152 CTL specific 
9mer length epitopes were predicted for Omp A, Rv1698 
and Rv1973, respectively. As per standard of IEDB (Calis 
et al. 2013) the immunogenicity was determined by select-
ing epitopes with higher scores indicating greater chances 
to stimulate an immune response. Finally, a total of 10 CTL 
epitopes for Omp A and 6 each for Rv1698 and Rv1973 
respectively, with high immunogenicity scores were utilized 
for designing the vaccine construct.

Epitope Prediction for Helper T‑lymphocyte (HTL)

HTL, the key players of immune system, greatly contrib-
ute in orchestrating B cell responses and T cell activation 
(Maglione and Chan 2009). Thus, the three proteins were 
subjected to Net MHC II pan 3.2 server for the prediction of 
HTL receptor specific epitopes. The server predicted 330, 
300 and 146 epitopes of 15mer length for Omp A, Rv1698 
and Rv1973, respectively. The epitopes with lower percen-
tile valve and IC50 value are the most immunogenic (Ali 
et al. 2017) that lead to the selection of 7 epitopes for Omp 
A, 10 epitopes for RV1698 and 4 epitopes for RV1973 for 
the further screening of the vaccine.
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Analysis of the Conservation of Selected Proteins 
and Epitopes

The BLASTp analysis of the chosen proteins and predicted 
epitopes against the UNIPROT database indicated that these 
are highly conserved in the pathogenic strains and share no 
homology with Homo sapiens (Supplementary Tables 1–2). 
This is crucial for the safe design of the vaccine so that it can 
initiate an effective immune response in the human body.

Selection of Adjuvant and Protein Linker for Vaccine 
Construction

The final vaccine construct was of 350 amino acids that con-
sisted of 03 B cell epitopes, 06 CTL and 03 HTL epitopes 
with highest immunogenicity values. Each joint has suitable 
linkers as described previously (Chauhan et al. 2019). The 
CTB adjuvant was linked to the B-cell epitopes of the three 
proteins by an EAAAK linker. The intra-B cell epitopes and 
intra-HTL epitopes were linked via GPGPG linker while 
intra-CTL epitopes were linked by AAY linker ending with 
a 6 × His tag (Fig. 1). IFN-γ inducing epitope prediction.

Using the MERCI software, 143 putative IFN-γ inducing 
epitopes of 15-mer length were predicted for the designed 
vaccine construct by IFN epitope server. A total of 37 IFN-γ 
inducing epitopes having positive scores for the main vac-
cine sequence were predicted.

Prediction of Antigenicity and Physicochemical 
Properties of Vaccine Construct

The predicted probability of antigenicity by ANTIGENpro is 
0.874312 while VaxiJen showed it to be 0.6359 with a bacte-
rial model. The ExPASy Protparam tool analyzed the physi-
ochemical properties on the basis of seven parameters (Anon 

Table 1   Conservation of selected proteins in pathogenic strains and 
Homo sapiens 

Protein Percentage identity

Klebsiella pneu-
moniae

Mycobacterium 
tuberculosis

Homo sapiens

OmpA 100% Not found Not found
Rv1698 Not found 100% Not found
Rv1973 Not found 100% Not found

Table 2   Conservation of 
predicted epitopes in Homo 
sapiens 

Protein B-cell epitopes CTL epitopes HTL epitopes Percent-
age 
identity

OmpA QEDAAPVVAPAPAPAPEVAT YTDRIGSEA VVDYLVAKGIPAGKI 0
ITDDLDIYT 0

Rv1698 LSNADPAAPTVEQAQRDTVL STDAGNQGV VARFAAALAPRGSGT 0
FSDTLLSSL 0

Rv1973 VNQTITVGKDAPTTAASSVR LTGTFLDAY VIAYGLLPGLALALT 0
ATDGTTALL 0

Fig. 1   Schematic representation 
of the designed vaccine chimera
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n.d.). The molecular weight was evaluated to be 36 kDa, as 
reported previously, lower molecular weight will promote 
the vaccine antigenicity (Khatoon et al. 2017). The theoreti-
cal pI was calculated to be 5.78 that showed the slight acidic 
nature whilst the number of positive and negative charged 
residues was 24 and 31, respectively. The estimated half-life 
in mammalian reticulocytes was 30 h, in vitro; while > 20 
and > 10 h in yeast and E. coli, in vivo. The instability index 
was found to be 25.89 classifying the protein as stable. The 
designed vaccine construct had an aliphatic index of 84.11, 
the higher the aliphatic index, the higher is the thermosta-
bility. The Grand average of hydropathicity (GRAVY) was 
estimated to be -0.028 that shows that the vaccine construct 
is hydrophilic in nature (Anon n.d.). AlgPred v.2.0 and 
AllerTOP v.2.0 servers found that the vaccine is non-aller-
genic and safe for human use. Protein-sol software further 
analyzed the solubility to be 0.483 indicating it to be highly 
soluble in nature. This concludes that the designed vaccine 
construct is not only immunogenic but also hydrophilic and 
thermostable by nature.

Secondary Structure Prediction, 3D Homology 
Modelling and Refinement of Protein

RaptorX and PSIPRED predicted the secondary structures of 
the vaccine according to which it constituted of 31% alpha 
helix, 13% beta sheets and 55% random coil (Fig. 2). Gal-
axyRefine, the protein refinement tool was used to increase 
the number of residues in favored regions. The refinement 
(Fig.  3a) was later on validated by Ramachandran plot 
that presented 90.5% residues in favored region, 70.2% in 
allowed region and 2.3% in the outlier region (Fig. 3b). The 
z-score was found to be -2.59 representing good quality of 
vaccine (Fig. 3c). The 3D validation of the vaccine model 
was done by PROCHECK server that showed the quality to 
be 67%.

Disulfide Engineering to Ensure Protein Stability

For the stability of the vaccine, Disulfide by design v2.0 
showed 37 residues can be used for disulfide engineering. 
Only three were selected to mutate the vaccine construct 
because value of energy should be less than 2.2 and Chi3 
values should be between -87 and + 97 (47). Therefore, a 

Fig. 2   Secondary structure of 
the vaccine protein
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total of six mutations were created at the Leu174-Pro176 
and Thr183-Asn181 and at Ala321-His345 residue pairs as 
depicted in Fig. 4.

Molecular Docking of Vaccine with TLR2 and TLR4

TLR plays major role in onset of inflammation response 
by recognition of the pathogen. Host defense against K. 

Fig. 3   a Refined 3D vaccine protein model b Ramachandran analysis depicting the amino acid residues in favoured, allowed and outlier regions 
c Z score of the vaccine model predicted by ProSA-Web predicting a value of − 2.59

Fig. 4   Disulfide engineering of 
the vaccine construct
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pneumoniae and M. tuberculosis infection greatly relies 
on TLR2 and TLR4 (Regueiro et al. 2009; Faridgohar and 
Nikoueinejad 2017). HADDOCK 2.2 was used for analyz-
ing the favorable interactions between the two molecules. 
Based on the docking results, favorable interactions were 
observed between the designed vaccine with the TLR2 and 
TLR4 receptors. A total number of 14 hydrogen bonds were 
formed between the vaccine and TLR2 receptor whereas 6 
were found between the vaccine and TLR4 immune recep-
tor (Fig. 5).

Optimization of the Codon

Optimization of the codon is essential for expressing the 
vaccine in an appropriate host model. The designed vac-
cine sequence was optimized, and the resulting improved 
sequence was reported to have a GC content of 56% and 
the Codon Adaptation Index was calculated to be 0.9551. 
Normally, the GC content should be found between 30–70% 
whereas the CAI should be close to the ideal value of 1. The 
predicted values for the vaccine sequence are suitable as they 
lie within the ideal ranges (Fig. 6).

Fig. 5   Molecular docking of 
designed vaccine with a TLR2 
and b TLR4 receptors. c, d 
represent the cross-section of 
the favorable interaction
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Molecular Simulation Based on Normal Mode 
Analysis

For confirming the flexibility of the two complexes i-e. 
Vaccine docked with TLR2 and Vaccine docked with 
TLR4, normal mode analysis was carried out which evalu-
ated the subject complexes on the basis of the internal 
coordinates that depicted the mobility of these protein 
complexes. Based on the simulation results (Figs. 7, 8), the 
vaccine complexes were also found to be flexible as their 
B factor values, Eighen values, co-variances and elastic 
models showed good results.

Discussion

Tubercular and bacterial coinfection is common in immuno-
compromised patients with organisms involved in nosoco-
mial infections (Arora et al. 2015). The coexistent infections 
of Klebsiella and Mycobacteria have been diagnosed but 
not frequently reported (Feldman 2000). Limited published 

studies depict the problem of co-infection of tuberculosis 
with bacterial pneumoniae in regions where there is high 
prevalence of TB and the treatment is based on presumptive 
diagnosis (Arora et al. 2015; Feldman 2000; Iliyasu et al. 
2018). These infections are difficult to treat since most clini-
cal isolates show resistance to number of available antibi-
otics that lead to treatment failures and increased risk of 
systemic dissemination (Jeannin et al. 2002). With emer-
gence of multidrug resistant strains, the effective control 
of Klebsiella and Mycobacteria infections need immuno-
prophylaxis as well as immunotherapy.

Utilization of bioinformatics tools has steered the direc-
tion of vaccines towards the employment of isolated epitopes 
that are able to stimulate concentrated immune responses. 
Epitopes have been predicted and employed in innovative 
formulations of vaccine, therefore providing a better alter-
native to the whole pathogen vaccines (Soria-Guerra et al. 
2015). Based on the ability to effectively bind with the both 
MHCI and MHCII, peptide based vaccines are considered 
more effective in terms of the epitope predictions (Naz et al. 
2015).

Omps perform in various capacities that include main-
taining structure and stability of the membrane, signal 

Fig. 6   CAI graph of the optimized vaccine sequence
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transduction, soluble transport, catalysis and defense (Jean-
nin et al. 2002). The study conducted in Japan at the Kyushu 
University, was the first to integrate the proteins of the outer 
membrane in formulations of vaccines (Serushago et al. 
1989). Up till now, no such vaccine has been reported for 
coexistent Klebsiella pneumoniae and Mycobacterium tuber-
culosis. Therefore, keeping these points in consideration, the 
present study was aimed to design a multi-epitope vaccine 
for coinfection of Klebsiella and Mycobacteria by targeting 
the outer membrane proteins Omp A, Rv1698 and Rv1973, 
which facilitate the bacterial entry and pathogenesis in the 
host.

Using in silico biological tools, the most critical step is 
the selection of suitable antigenic epitopes for the target 
proteins to design a multi-epitope vaccine construct (Chau-
han et al. 2019). The selected epitopes (B cell, CTL and 
HTL) for the target protein in this study have passed sev-
eral immune filters that have been designed to screen the 
epitopes. These tests such as antigenicity check, BLASTp 
analysis, Transmembrane helices prediction and molecular 
weight prediction ensure that selected epitopes are immu-
nogenic, non-allergenic and promiscuous and they don’t 
overlap with human proteins. Furthermore, antigenicity and 
allergenicity of the final vaccine construct was also predicted 
to ensure its safety. The stability of the vaccine was ensured 
by Disulphide engineering. After cautious evaluation of 

energy and Chi3 values, three pairs of amino acid residues 
were selected for which six mutations were created.

Multi-epitope vaccines are different in concepts having 
properties as compared to conventional or single-epitope 
vaccines: they have multiple MHC-restricted epitopes 
which can be recognized by TLRs and the presence of T 
and B-cell epitopes can induce both humoral and cellular 
immune responses (Zhang 2018). TLR2 and TLR4 depend-
ent mediated signals play a critical role in host defense 
against Klebsiella and Mycobacteria (Faridgohar and 
Nikoueinejad 2017; Sánchez et al. 2010; Wieland et al. 
2011). TLR2 plays a significant role in immune modulation 
as it helps to locate pathogen associated molecular patterns 
derived from the microbial cells. Similarly, TLR4 is also 
involved in host microbial cell interactions in the immune 
system (Regueiro et al. 2009). Therefore, molecular docking 
analysis was performed for vaccine construct with TLR2 and 
TLR4 that analyzed good affinity and favorable interaction 
with the immune receptors. To evaluate the flexibility and 
interaction of the vaccine construct normal mode analysis 
was performed that showed the vaccine to be flexible enough 
to effortlessly interact with the host environment.

Fig. 7   Normal mode analysis of the vaccine complex (TLR2) which represents a deformability, b B-factor, c Eighen values, d co-variance and e 
elasticity of the complex
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Conclusion

The in-silico approach is the first step towards designing a 
vaccine for which effective selection of the target protein 
plays an integral role. In order to improve our knowledge 
regarding host-microbe interactions and gain vision of their 
mechanisms, in-silico analysis has enabled us to develop a 
potential new vaccine candidate. On the basis of these out-
comes, this multi-epitope vaccine design can confer protec-
tion against Klebsiella and Mycobacteria coinfection with 
greater specificity and safety.
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