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and Mrutyunjay Suara,d

aSchool of Biotechnology, Kalinga Institute of Industrial Technology (KIIT), Deemed to Be University, Bhubaneswar, India; bKalinga Institute of 
Dental Sciences, KIIT Deemed to Be University, Bhubaneswar, India; cKalinga Institute of Medical Sciences, KIIT Deemed to Be University, 
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ABSTRACT
Background: Klebsiella pneumoniae is an emerging human pathogen causing neonatal lung disease, 
catheter-associated infections, and nosocomial outbreaks with high fatality rates. Capsular polysacchar
ide (CPS) protein plays a major determinant in virulence and is considered as a promising target for 
vaccine development.
Research Design and Methods: In this study, we used immunoinformatic approaches to design a 
multi-peptide vaccine against K. pneumonia. The epitopes were selected through several immune 
filters, such as antigenicity, conservancy, nontoxicity, non-allergenicity, binding affinity to HLA alleles, 
overlapping epitopes, and peptides having common epitopes.
Results: Finally, a construct comprising 2 B-Cell, 8 CTL, 2 HTL epitopes, along with adjuvant, linkers was 
designed. Peptide-HLA interaction analysis showed strong binding of these epitopes with several 
common HLA molecules. The in silico immune simulation and population coverage analysis of the 
vaccine showed its potential to evoke strong immune responses.. Further, the interaction between 
vaccine and immune was evaluated by docking and simulation, revealing high affinity and complex 
stability. Codon adaptation and in silico cloning revealed higher expression of vaccine in E. coli K12 
expression system.
Conclusions: Conclusively, the findings of the present study suggest that the designed novel multi- 
epitopic vaccine holds potential for further experimental validation against the pathogen.
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1. Introduction

Klebsiella pneumoniae has been recognized as a causative 
agent to account for 2 to 5% of community-acquired pneu
monia and is the most common cause of lung infections in 
healthy people [1]. With an estimated 21.7 million pneumonia 
cases, annually and an even higher number of death cases, the 
health burden caused by Klebsiella is huge [2]. This ubiquitous 
pathogen still remains an epidemic threat to global public 
health [3]. K. pneumonia is an encapsulated Gram-negative 
organism, commensal to the mucosal lining of mammals, 
human gastrointestinal tract causing nosocomial pneumonia, 
UTIs, bloodstream infections, pyogenic liver abscess, and 
metastatic complications [4]. Gastrointestinal symptoms are 
becoming more widely known among patients, with fever, 
cough, and shortness of breath are the other common pre
senting symptoms.

Being a hospital-associated pathogen, Klebsiella is continu
ously exposed to multiple antibiotics resulting in constant 
selective pressure, which in turn leads to additional mutations 
that are positively selected. K. pneumoniae belongs to the 

ESKAPE priority group defined by The World Health 
Organization (WHO), which also includes Enterococcus faecium, 
Staphylococcus aureus, Acinetobacter baumannii, Pseudomonas 
aeruginosa, and Enterobacter spp [5,6]. The worldwide increase 
in the occurrence of multi-drug resistant (MDR) K. pneumoniae 
reflects multifactorial dissemination processes that include- 
spread of high-risk global multi-resistant genetic lineages, 
acquisition of successful multi resistant plasmids; and acquisi
tion of resistance genes located on successful transpo
sons [7,8].

For the removal of Klebsiella from human lungs, effective 
host defense mechanisms are required where the surface of 
bacteria plays an important role. The three major components 
of the bacterial outer wall that are said to be triggering the 
immunity include lipopolysaccharide proteins, outer mem
brane proteins, and proteoglycans [4,9]. Particularly, acidic 
Capsular Polysaccharide (CPS), historically known as 
K-antigen, produced by the bacterium, is the major determi
nant of virulence, survival, pathogenesis, and antibiotic resis
tance in K. pneumoniae. The polysaccharide capsule is the 
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outermost layer of the cell and protects the bacterium from 
desiccation, phage, protist predation and can block the pha
gocytosis [10,11]. Therefore, CPS is considered as a potential 
target for therapeutic intervention against klebsiella. Reports 
suggest that biosynthesis of CPS or K-antigen occurring via the 
Wzx/Wzy-dependent pathway that facilitates the surface 
expression of CPS can also be a good vaccine/drug target 
[12,13]. As in this study, the two genes play a vital role in 
the Wzx/Wzy-dependent pathway hence is highly antigenic 
for inclusion in vaccine construct. However, till date, no 
study has been reported to identify potential epitopes from 
CPS protein as vaccine candidates.

Over the last few decades, various approaches have been 
tested to combat the pathogenic bacteria and virus through 
the recent progress in bioinformatics, which has provided 
novel tools to identify potential drug targets [14,15]. 
Therefore, this study harnessed the immunoinformatics 
approach to identify antigenic T-cell (CD8+ & CD4+) and 
B-cell epitopes on the conserved domains of the CPS protein 
of K. pneumonia. The top 17 best epitopes of HTL, CTL (CD8+ 

cytotoxic T lymphocyte), and B-cell from the CPS proteins, 
which showed higher immunity, non-allergenicity, nontoxicity, 
and exhibited higher immunogenicity scores and population 
coverage were selected for the development of vaccine con
struct. The epitopes were further linked together using specific 
linkers. An adjuvant (Cholera Toxin Subunit B) was also added 
at the N-terminal of the vaccine construct to improve its 
immunogenicity. Subsequently, the modeled vaccine was sub
jected to molecular dynamics simulation to confirm the stabi
lity of the strong bonding interactions with Toll-like receptor 2. 
In silico cloning was performed to observe the expression of 
the vaccine. The computer-aided analyses conducted in this 

study suggest that the designed multi-epitope vaccine will 
elicit strong immune responses against K. pneumoniae. 
However, experimental validation is needed to confirm the 
efficacy of this proposed vaccine candidate.

2. Methods and materials

The overall workflow employed for vaccine design is pre
sented in Figure 1.

2.1. Vaccine protein prioritization

The sequences of CPS protein (Accession Id: H2CZH6, B5XT46) 
of the K. pneumoniae were collected from UniProt (https:// 
uniprot.org) database and its fasta sequences were down
loaded to carry out further analysis. Sequence similarity search 
of the CPS protein was performed to avoid the cross-reactivity 
and generation of autoimmune disorder against the human 
proteome by using NCBI-Protein-Protein Blast (https://blast. 
ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&PAGE_TYPE= 
BlastSearch&LINK_LOC=blasthome). Figure 2 illustrates the 
schematic representation of the immunoinformatic tools 
used for epitope-based vaccine target identification and 
design of a promiscuous vaccine construct against 
K. pneumoniae.

2.2. Prediction of T-cell

The T-cell epitopes are typically peptide fragments (containing 
12 to 20 amino acids) that are immunodominant and can elicit 
specific immune responses, and therefore important for epi
tope-based peptide vaccine design. Effective immune response 
depends on the specificity and diversity of the antigen-binding 

Figure 1. Workflow employed for the vaccine design.
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to the human leukocyte antigen (HLA) [16] class I (recognizes 
CD8+ T cells), and class II (recognizes CD4 + T-cells) alleles [17]. 
Unlike protein or glycoprotein antigens, which elicit T-cell 
dependent antibody responses, polysaccharide antigens induce 
T-cell independent antibody responses [18].

2.2.1. CTL epitopes mapping
Identification of cytotoxic T lymphocyte (CTL) epitopes is 
a crucial step in epitope-driven vaccine design as MHC class 
I restricted CTL plays a critical role in controlling bacterial 
infections. The HLA class I molecules typically bind peptides 
8–12 amino acids (mainly 9 amino acids) in length [19]. Due to 
the importance of T-cell epitopes, the Artificial Neural 
Networks NetMHC pan 4.1 server was used for the prediction 
of cytotoxic T-lymphocyte (CTL) epitopes derived from the 
protein sequence. The NetMHCpan4.1 (http://www.cbs.dtu. 
dk/services/NetMHCpan/), NetCTL 1.2 (http://www.cbs.dtu.dk/ 
services/NetCTL/), and IEDB MHC class I processing predictions 
(http://tools.iedb.org/processing/) can predict human CTL epi
topes in any given protein. The NetMHCpan4.1 server (http:// 
www.cbs.dtu.dk/services/NetMHCpan/) can predict human 
CTL epitopes in any given protein. The NetMHCpan4.1 server 
can predict CD8+ T-cell epitopes for 12 supertypes such as A1, 
A2, A3, A24, A26, B7, B8, B27, B39, B44, B58, and B62. We 
identified epitopes showing binding affinity for all the 12 
supertypes. In this study, the threshold value for strong binder 
was 0.5%; while for weak binder was 2%, respectively. Sort by 
prediction score was selected for analysis. NetCTL1.2 server’s 
predictions were based on peptide binding to MHC-I, protea
somal C-terminus cleavage score, and transport efficiency of 
Transporter Associated with Antigen Processing (TAP). Weight 
matrix was used to calculate the efficacy of the TAP transpor
ter. The threshold set for the prediction of CTL epitopes was 

0.75. The best candidates were further evaluated in IDEB MHC- 
I binding prediction tool.

2.2.2. HTL epitopes mapping
The selected protein was submitted to IEDB MHC-II binding 
tool (http://tools.iedb.org/mhcii/) for 15-mer Helper 
T lymphocyte (HTL) epitope prediction [20] and their respec
tive-binding alleles using the CONSENSUS method [21] con
sidering human HLAs as a reference set by default. Twenty- 
seven human leukocyte antigens (HLA) were evaluated. The 
percentile rank threshold of ≤2 was used here to ensure 
accuracy. The server assigns IC50 values to the predicted 
epitopes, which are inversely related to the binding affinity 
toward the MHC-II. IC50 scores of <50 represent a high bind
ing affinity. The IC50 value <500 nM corresponds to intermedi
ate binding affinity; however, <5000 nM is related to the low 
binding affinity of epitopes toward MHC-II. The binding affinity 
of predicted epitopes toward the MHC-II is inversely related to 
the percentile rank. The lowest consensus scores of the pep
tides were chosen to be the best binders as according to the 
IEDB server, a lower percentile rank indicates higher affinity. 
The best candidates were further evaluated on 
N e t M H C I I p a n 4 . 0  ( h t t p : / / w w w . c b s . d t u . d k / s e r v i c e s /  
NetMHCIIpan/) server. NetMHCIIpan 4.0 server is a state-of- 
the-art method for the quantitative prediction of peptide 
binding to MHC class II molecule of known sequence. The 
parameters were set at default.

2.3. Prediction of linear B-cell epitopes

Receptors present in the B-lymphocytes surface recognize and 
bind B cell epitopes. B-cell epitopes are essential in adaptive 
immunity and thus may be a key component in vaccine 

Figure 2. Schematic representation of the methodology for the development of multi-epitope vaccine against pneumonia fever.

EXPERT REVIEW OF VACCINES 3

http://www.cbs.dtu.dk/services/NetMHCpan/
http://www.cbs.dtu.dk/services/NetMHCpan/
http://www.cbs.dtu.dk/services/NetCTL/
http://www.cbs.dtu.dk/services/NetCTL/
http://tools.iedb.org/processing/
http://www.cbs.dtu.dk/services/NetMHCpan/
http://www.cbs.dtu.dk/services/NetMHCpan/
http://tools.iedb.org/mhcii/
http://www.cbs.dtu.dk/services/NetMHCIIpan/
http://www.cbs.dtu.dk/services/NetMHCIIpan/


development. There are two types of B-cell epitopes, namely, 
linear, and conformational epitopes [22]. ABCpred (http:// 
www.imtech.res.in/raghava/abcpred/) and BCPREDS (http:// 
ailab-projects1.ist.psu.edu:8080/bcpred/predict.html) servers 
were employed for Linear B Lymphocytes prediction. 
ABCpred server (http://www.imtech.res.in/raghava/abcpred/) 
was employed for linear B Lymphocytes prediction. ABCPred 
is a consistent algorithm-based webserver specifically used for 
the appropriate prediction of linear B-cell epitopes. As the 
B-cell epitope is present on the cell surface, exomembrane 
topology is considered as one of the essential parameters. The 
server specificity is 0.75, whereas the threshold of 0.51 (default 
threshold) and window length of 10 were set. BCPREDS uses 
a technique that employs the kernel method for the predic
tion of linear B cell epitopes. Kernel methods consist of differ
ent algorithms used for pattern analysis, a well-known 
member of this group is SVM (support vector machine). The 
prediction and output performance of BCPred (AUC = 0.758) is 
based on the SVM along with the employment of AAP (Amino 
acid pair antigenicity) (AUC = 0.7) [23]. The AAP is used for the 
prediction of linear B cell epitopes. Also, the B-cell epitopes 
were aligned with their whole-protein structure using PyMOL 
visualization tool.

2.4. Characterization of screened epitopes

To validate and facilitate further refinement of predicted epi
topes (B cell and T cell), vaccine protein prediction tool 
‘VaxiJen’v2.0 (http://www.ddg-pharmfac.net/vaxijen/VaxiJen/ 
VaxiJen.html) was used at 0.4 thresholds for ensuring vaccine 
properties of target epitopes. The prediction of potential aller
genicity is an important step in safety assessment as proteins 
and polypeptides have significant roles in inducing allergenic 
reactions. The allergenicity of the selected epitopes was calcu
lated by AllerTOP v2.0 (https://www.ddg-pharmfac.net/ 
AllerTOP/). The amino acid sequences of CPS proteins were 
entered into the program separately and other parameters 
remained as defaults. AllerTOP uses the “k Nearest Neighbors 
(kNN)” method that distinguishes between allergenic and non- 
allergenic proteins through the route of exposure based on 
three nearest neighbors of known allergens with the highest 
accuracy (88.7%) as compared to several servers for allergen 
prediction. The ToxinPred tool was used to verify the linear 
peptides’ toxicity as well as their other properties i.e. net 
molecular weight, SVM score, charge, hydrophilicity, and 
hydrophobicity [24]. And for the immunogenicity score, IEDB 
class I immunogenicity tool (http://tools.iedb.org/immunogeni 
city/) was utilized. It predicts the immunogenicity of an 
Epitope-MHC complex by analyzing the location and proper
ties of amino acids.

2.5. HLA peptide Docking

To quantify HLA-peptide binding efficiency as a part of the 
vaccine design, the epitopes were docked into their respective 
human leukocyte antigen (HLA) binding alleles. The basis of 
selection of the HLAs concerning the HLA-peptide docking 
was based on the strong binding affinity of the final selected 
CTL and HTL epitopes. PEP-FOLD v3.0 server, available at 

https://bioserv.rpbs.univ-paris-diderot.fr/services/PEP-FOLD3/, 
was used to model the chosen CTL and HTL epitopes using 
the sOPEP sorting scheme with 200 simulations. This site uses 
the Forward Backtrack/Taboo sampling technique to predict 
the conformations of short peptides (5–50 amino acids) [25]. 
HLA-A*01:01, HLA-A*03:01, HLA-B*07:02, HLA-B*27:05, HLA- 
A*24:02, HLA-B*08:01, and HLA-B*39:01 were chosen for CTL 
epitopes, while HLA-DRB1*15:01, and HLA-DPB1*04:02 were 
chosen for HTL epitopes. The RCSB Protein Data Bank 
(https://www.rcsb.org/) was used to get the structures of 
HLA alleles with co-crystallized ligands and then prepare the 
structures for docking by removing any ligands linked to 
them. AutoDock Vina was used to convert the PDB format of 
protein and ligand to PDBQT for molecular docking. Docking 
with AutoDock vina involves various steps such as molecule 
preparation and grid optimization that are carried out with the 
help of AutoDock Tools (ADT), a graphical user interface (GUI) 
employed by AutoDock [26]. Finally, using the AutoDock Vina 
software, a docking simulation was performed, and the find
ings were utilized as a benchmark for comparing the docking 
results of projected epitopes with similar parameters. The 
docked complex was visualized using the PyMOL Molecular 
Graphics System v2.2.3.

2.6. Vaccine development

In the process of epitope selection, only peptides that were 
conserved across B and T cells, and that exhibited high anti
genicity score, non-allergenic, nontoxicity, binding to the max
imum number of HLA alleles were selected for further analysis. 
To construct the vaccine, antigenic epitopes were fused with 
the help of specific peptide linkers. In the next step, adjuvant 
was selected based on a literature study to develop the effec
tiveness of the vaccine. While choosing an adjuvant, charac
teristics such as hydrophilicity, hydrophobicity, hydropathicity, 
isoelectric point (pI), and salvation were considered. One of 
the key issues with the design of peptide vaccine is its weak 
immunogenicity that can be resolved by designing a multi- 
epitope vaccine with appropriate adjuvant [27]. Additionally, 
the selected CTL, HTL, and B-cell epitopes were added to form 
a fusion peptide using KK, GPGPG, and AAY peptide linkers at 
specific positions. Adjuvant was attached to the linear B-cell 
epitopes with the help of the EAAAK linker. The linkers have 
a dual function, for the separation of epitopes to avoid neo- 
epitopes (junctional epitopes) formation and enhance the 
presentation of epitopes. Thus, linkers are helpful for differen
tiation and improvement of epitope presentation [28,29].

2.7. Prediction of population coverage

MHC polymorphisms significantly vary at different frequencies 
in various ethnicities. The distribution and expression of HLA 
alleles vary by ethnicity and region around the world, influen
cing the development of an epitope-based vaccine for broad 
coverage [30]. We used the IEDB population coverage tool 
(http://tools.iedb.org/population/) for the analysis of the 
population coverage of the predicted epitopes and their 
respective HLA-binding alleles. By keeping the default para
meters, 16 geographical areas such as East Asia, Northeast 

4 J. DEY ET AL.

http://www.imtech.res.in/raghava/abcpred/
http://www.imtech.res.in/raghava/abcpred/
http://ailab-projects1.ist.psu.edu:8080/bcpred/predict.html
http://ailab-projects1.ist.psu.edu:8080/bcpred/predict.html
http://www.imtech.res.in/raghava/abcpred/
http://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html
http://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html
https://www.ddg-pharmfac.net/AllerTOP/
https://www.ddg-pharmfac.net/AllerTOP/
http://tools.iedb.org/immunogenicity/
http://tools.iedb.org/immunogenicity/
https://bioserv.rpbs.univ-paris-diderot.fr/services/PEP-FOLD3/
https://www.rcsb.org/
http://tools.iedb.org/population/


Asia, South Asia, Southeast Asia, Southwest Asia, Europe, East 
Africa, West Africa, Central Africa, North Africa, South Africa, 
West Indies, North America, Central America, South America, 
and Oceania were selected for population coverage. 
Population coverage analysis was carried for combined HLA 
class I and class II.

2.8. Physicochemical features and secondary structural 
analysis

The physicochemical properties of the vaccine construct, 
including molecular weight (MW), theoretical isoelectric point 
(theoretical PI), instability index (II), aliphatic index (AI), and 
grand average of hydropathicity (GRAVY), in vitro and in vivo 
half-life were assessed using ProtParam server to assist experi
mental studies (https://web.expasy.org/protparam/).The 
instability index is one of the key parameters that are signifi
cantly considered as it helps in discarding the unstable protein 
candidates. Protein instability index greater than 40 is noted 
as unstable protein whereas a value less than 40 is considered 
as stable. The prediction of secondary structure was per
formed utilizing an online server PSIPRED available at http:// 
bioinf.cs.ucl.ac.uk/psipred/. For the input, the primary amino 
acid sequences were entered. Position-specific iterated BLAST 
(Psi-Blast) was done to identify the related sequences and 
homology to the vaccine peptides [31]. This server uses 
a stringent cross-validation method which, for evaluating the 
performance of this method, PSIPRED 3.2 gives an average Q3 
score of 81.6%, which is evaluated in CASP4. The processing of 
a position-specific scoring matrix was executed with the help 
of two feed-forward neural network which was attained from 
selected sequences. Finally, as an output, the secondary struc
ture was calculated. Also, the prediction of the solubility of the 
designed vaccine was done with the SOLpro server (http:// 
scratch.proteomics.ics.uci.edu/) [32], that predict using a two- 
stage SVM architecture and Protein-Sol server (https://protein- 
sol.manchester.ac.uk/) [33] with a 74% accuracy. SOLpro server 
is based on a suite of theoretical calculations and predictive 
algorithms for understanding protein solubility and stability.

2.9. Vaccine construct’s antigenicity and allergenicity 
profiling

The antigenicity and allergenicity profiles of the vaccine con
struct were also determined. The VaxiJen server [34] was 
employed to assess the antigenicity of the vaccine construct, 
and the AllerTop server [35] was used to evaluate the non- 
allergenic nature of the vaccine construct.

2.10. Prediction of cytokine inducing epitopes

The development of different types of cytokines i.e. inter
feron-gamma (IFN-γ), and interleukin-10 (IL-10), and inter
leukin-17 (IL-17) l by MHC class II activated CD4 + T helper 
cells contribute significantly to infection control. Thus, the 
vaccine construct was also scanned for IFN- γ inducing 
epitopes to analyze whether it can induce the IFN- γ cells 
activation or not using IFN epitope server at (http://crdd. 
osdd.net/raghava/ifnepitope/) [36]. This software is based 

on a dataset comprising of IFN-gamma inducing and non- 
inducing MHC class II binders through various approaches 
that have the maximum accuracy of 81.39% [36]. Our 
sequences were analyzed by motif and SVM hybrid and 
IFN-gamma versus non IFN-gamma. On the other hand, IL- 
10 and IL-17 inducing properties were predicted using 
IL10pred (https://webs.iiitd.edu.in/raghava/il10pred/algo. 
php) and IL17eScan (http://metagenomics.iiserb.ac.in/ 
IL17eScan/) web servers, respectively. The IL10pred and 
IL17eScan operations were carried out based on the SVM 
method and hybrid method, where the default threshold 
values were set at 0.2 and −0.3, respectively. All other 
parameters were kept as default.

2.11. Epitope conservancy analysis

In an epitope-based vaccine design, the use of conserved 
epitopes would likely provide wider protection across mul
tiple strains, or even species, as compared to epitopes 
obtained from extremely variable genome regions. The 
epitope conservancy tool was designed to analyze the 
variability or conservation of epitopes. Epitope 
Conservancy Analysis of IEDB Analysis Resource (http:// 
tools.iedb.org/conservancy/) computes the degree of the 
conservancy of an epitope within a given protein sequence 
set at a given identity level. 54 selected epitopes of the 
CPS protein across 20 K. pneumoniae strains showing high 
coverage from the population coverage analysis tool are 
selected and are given as plain text as input. Along with 
that protein sequence in FASTA format is also given by 
keeping other parameters as default. Further, the conser
vancy of the epitopic peptide region was also confirmed 
using the multiple expectation maximization for motif eli
citation (MEME) utility (http://meme.nbcr.net/meme3/ 
meme.html) program. The analysis was performed by keep
ing the number of repetitions: any; the maximum number 
of motifs: 10; maximum and minimum width: 20 and 6, 
respectively.

2.12. Determination and Validation of 
three-dimensional structure

The three-dimensional (3D) structure of the final multi- 
epitopic vaccine construct was constructed by using the 
ROBETTA server(https://robetta.bakerlab.org/). The mod
eled structure was then visualized using the Pymol soft
ware. The modeled protein structure was validated using 
various web servers like PROCHECK (https://servicesn.mbi. 
ucla.edu/PROCHECK/) to find out the relative proportion of 
amino acids, which fall in the favored region of 
Ramachandran plot and are stereochemical accurate; 
VERIFY3D(https://servicesn.mbi.ucla.edu/Verify3D/) to 
determine the compatibility of an atomic model (3D) with 
its amino acid sequence; ERRAT (https:// servicesn.mbi.ucla. 
edu/ERRAT/) to analyze the statistics of non-bonded inter
actions between different atom types and Verify 3D 
(https://saves.mbi.ucla.edu/) to find major geometrical 
aspects of protein structures.
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2.13. Prediction of Discontinuous B- cell epitopes

To identify discontinuous B-cell epitopes in the modeled 
vaccine structure, we used the Ellipro tool (http://tools. 
iedb.org/ellipro/).ElliPro is a web-based tool on Thornton’s 
method, the Jmol viewer and Modeler program, or a BLAST 
search of the Protein Data Bank. According to three algo
rithms, including PI value (Protrusion Index) that is an 
average value on epitopes’ residues with higher solubility 
for higher PI, approximation of protein shape, and sur
rounding residues clustering based on the R group (in Å 
between two residues mass center), that determined larger 
epitopes with the larger R group. The default setting for 
the tool was i.e. 0.5 minimum score and 6 Å maximum 
distance. It predicts epitopes through an approximation of 
protein shape, residual protrusion index (PI), and neighbor 
residue clustering [37].

2.14. Disulfide engineering

Disulfide engineering is a novel approach for creating disulfide 
bonds into the target protein structure. Disulfide bonds are 
covalent interactions that help in increasing the protein stabi
lity along with the examination of protein interactions and 
dynamics [38,39]. Therefore, the selected refined vaccine 
model was subjected to the Disulfide by Design 2.12 [40] 
web platform to perform disulfide engineering. Initially, the 
refined protein model was uploaded and run for the residue 
pair search that can be used for the disulfide engineering 
purpose. Potential residue pairs were selected for mutations 
with cysteine residue using the ‘create mutate function’ of the 
Disulfide by Design 2.12 server (http://cptweb.cpt.wayne.edu/ 
DbD2/index.php).

2.15. Docking between vaccine constructs and toll-like 
receptors

Toll-like receptors (TLR) are sensors recognizing molecular 
patterns of pathogens to initiate an innate immune sys
tem. It was demonstrated that TLR 2 is more susceptible to 
the Klebsiella family. Thus, the PDB file of TLR2(PDB id: 
3A7C) was obtained from Protein Data Bank (http://www. 
rcsb.org/), and then docking between the vaccine con
struct with TLR 2 was performed using the ClusPro server 
(https://cluspro.bu.edu/). ClusPro is based on PIPER, a Fast 
Fourier Transform (FFT) correlation approach for protein 
docking with pairwise interaction potential and uses three- 
step algorithms including 1) Rigid-body docking, 2) Cluster 
retained conformations, and 3) Refine by CHARMM mini
mization [41]. Each docking output had 30 models. Final 
analysis of the interactions between vaccine and TLR-2 was 
done using the Pymol software (http://www.pymol.org).

2.16. Molecular dynamics simulation

Molecular dynamics analysis is pivotal to demonstrate the 
stability of the modeled biomolecular structure. The stabi
lity of the complex (TLR-2 and Vaccine construct) was 
studied by Molecular dynamics simulations using 

Gromacs2019 [42] using Charmm36-mar2019 force field 
for the protein parameters [43]. The complex was solvated 
explicitly using the TIP3P water model inside the cubic 
box, and its size extends 0.1 nm away from the protein 
on the edges of the box in each direction. The system’s 
overall charge was neutralized by adding a 0.1 M salt 
concentration (Na+Cl−). All the simulations were carried 
out in the GPU enabled Linux clusters. The entire system 
was minimized till the maximum force was less than 10 kj/ 
mol with the maximum steps of 50,000. The system was 
then equilibrated for 5ns under NVT conditions with tem
perature coupling for two separate groups and water-ions, 
at 300 K. Lincs algorithm is used to constrain the bonds of 
the hydrogen atoms [44]. Berendsen thermostat and 
V-rescale were used to keep the temperature and pressure 
constant, respectively. The cutoff distances for Coulomb 
and van der Waals interactions were set as 1.2 nm. 
Particle mesh Ewald method (PME) was used to calculate 
the long-range electrostatic interactions. The final produc
tion run was carried out for 100ns at a temperature of 
300 K and a pressure of 1 bar. The results were analyzed 
using the gromacs modules and VMD [45], the graphs were 
generated using xmgrace.

2.17. Immune simulation for vaccine efficacy

To evaluate the immunogenic features of a multiepitope 
vaccination in real-life conditions, in silico immune simula
tions were performed using the C-ImmSim server (http:// 
150.146.2.1/CIMMSIM/index.php).C-ImmSim is an agent- 
based dynamics simulator for immune reactions that uses 
the PSS matrix and machine learning approaches to pre
dict the peptides and immunological interactions. The 
duration between doses 1 and 2 for vaccination should 
be at least 4 weeks. As a result, three injections containing 
one thousand vaccine proteins were administered 4 weeks 
apart at 1, 84, and 168 time-steps (each time-step equals 
8 hours in real life, and time-step 1 is injection at time = 0), 
for a total of 1050 simulation steps (parameters were set in 
the C-ImmSim immune simulator). All of the remaining 
simulation settings were left at their default values. In 
addition, 3 injections of the chosen peptide were given 
four weeks apart to replicate recurring antigen exposure 
and investigate clonal selection in a typical endemic 
region. The Simpson index(D) is a measure of diversity 
that was calculated using the graph.

2.18. In silico cloning and codon optimization

To express the final multi-epitope vaccine in an appropri
ate expression vector that existed in the E. coli host, the 
reverse translation was carried out by Java Codon 
Adaptation Tool (JCat) (http://www.jcat.de/) and cDNA 
sequence was provided. The tool was used for performing 
the reverse transcription of the vaccine sequence, its 
codon optimization, and expression in the E. coli expres
sion vector. The ideal value of the codon adaptation index 
(CAI) was found to be1.0, calculated by the JCat tool. It 
also measures the vaccine insert’s GC content, which 
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should range ideally between 30% and 70% to enhance 
the efficiency of transcription and translation. Also, using 
restriction enzymes, including, BamHI and EcoRI, cloning of 
the selected gene sequence from the final vaccine was 
performed. The optimized sequence of the multi-peptide 
vaccine was finally inserted into the expression vector pET- 
28a (+) utilizing the SnapGene tool (https://www.snapgene. 
com/).

3. Result

3.1. Criteria for selection of final multi-epitope for 
vaccine construction

The vaccine needs to be antigenic, non-allergic in nature, 
and must induce humoral as well as cell-mediated immune 
responses against the targeted pathogen. Therefore, for 
the construction of an effective vaccine, the best epitopes 
were screened based on the criteria that they must be 
highly antigenic, non-allergenic, nontoxic, and must pos
sess a good immunogenic score to evoke a strong immune 
reaction. Also, most importantly for a wider immunogenic 
response, only the common overlapping and conserved 
epitopes of the B-cell and T-cell that showed binding to 
the maximum number of HLA alleles were selected for the 
vaccine design.

Against this backdrop, antigenic probability was pre
dicted by VaxiJen at http://www.darrenflower.info/Vaxi-Jen 
/, the first server for alignment-independent prediction of 
protective antigens. It was developed to allow antigen clas
sification solely based on the physicochemical properties of 
proteins without recourse to sequence alignment [34]. The 
antigenicity of the epitopes was predicted at a 0.4% thresh
old for the bacterial model. Based on the prediction of the 
AllerTOP server, only non-allergen epitopes were selected 
for the vaccine construction. The toxicity, human similarity, 
and experimental records investigations were performed for 

the selected linear epitopes. All peptides were predicted to 
be nontoxic by the Toxin pred tool. Hydrophobicity, hydro
philicity, and SVM score were also analyzed from the tool. 
IEDB immunogenicity server predicted the immunogenicity 
scores of all the epitopes. Epitopes having positive immu
nogenicity scores were considered for vaccine construction.

3.2. Prediction of T-cell

3.2.1. CTL epitopes mapping
The immune system is made up of a variety of cells and 
molecules that work together to remove foreign particles 
while maintaining cellular integrity. CTLs are CD8 + T cells 
that function in the recognition of foreign antigen fragments 
on MHC-I molecules and destroy target cells and thus protect 
both intracellular and extracellular infectious agents. CTL epi
topes from the CPS protein were identified using the 
NetMHCpan 4.1, NetCTL 1.2, and IEDB MHC I server. Finally, 
based on the screening criteria, viz., highest antigenicity score, 
nontoxicity, and non-allergenicity, eight epitopes with respect 
to major HLA alleles (HLA-A*01:01, HLA-A*03:01, HLA-A*24:02, 
HLA-B*07:02, HLA-B*27:05, HLA-B*40:01, HLA-B*58:01, HLA- 
B*15:01, HLA-A*01:01, HLA-A*24:02, HLA-B*07:02, HLA-B*08 
:01, HLA-B*39:01) were selected from both the proteins 
(Supplementary Table 1). Table 1 represents the selected 
MHC-I epitopes with respective MHC alleles, conservancy pre
diction, and average rank scores.

3.2.2. HTL epitopes mapping
The Helper T-lymphocytes (HTLs) play a key role in adap
tive immunity. They activate the B-cell, macrophages, and 
even the cytotoxic T-cells for the production of antibodies 
and eventually killing infected/damaged cells. The HTL 
epitopes were predicted using the IEDB MHCII server. The 
cutoff criterion was set to IC50 values < 50 nM and the 
percentile rank was ≤1. The best epitope candidates were 
again evaluated on the NetMHCIIpan4.0 server. Out of 

Table 1. Predicted CTL epitopes from Klebsiella pneumoniae CPS proteins to design multi-epitope vaccine construct with their corresponding MHC Class I alleles and 
their immunogenic properties. Further details of the physicochemical parameters like hydrophobicity, hydropathicity, hydrophilicity, charge and molecular weight of 
each epitope can be found in Supplementary Table 1. Please note that all the epitopes were found to be nontoxic and 100% conservancy as predicted by ToxinPred 
and IEDB Epitope Conservancy tool, respectively.

Uniprot_ID CTL Epitope Number of HLA binding alleles* Position Score Conserved Across Antigencity Score

B5XT46 WLDLKIIFL 12 445 1.795 B-Cell, HTL 1.4777
TKNDVRVTK 12 344 3.185 HTL 1.7101
IPDVFTFNI 12 238 1.416 B-Cell 1.8699
CRLSIRIIL 12 126 0.299 HTL 1.7456

H2CZH6 QLQPYDIVY 12 333 0.375 HTL 1.0316
RFSALALAI 12 7 1.251 HTL 0.8190
IFYPYIGKV 12 126 4.228 B-Cell, HTL 0.6265
YRIGVGDVL 12 85 0.014 B-Cell, HTL 0.9444

*Please refer to Supplementary Table 1 for specific names of the HLA alleles. 

Table 2. Predicted HTL epitopes from Klebsiella pneumoniae CPS protein to design multi-epitope vaccine construct with their corresponding MHC class II alleles and 
their immunogenic properties. Further details of the physicochemical parameters like hydrophobicity, hydropathicity, hydrophilicity, charge, and molecular weight of 
each epitope can be found in Supplementary Table 2. Please note that all the epitopes were found to be nontoxic and 100% conservancy as predicted by toxinpred 
and IEDB epitope conservancy tool, respectively.

Uniprot_ID MHC II Epitope Number of HLA binding alleles* Pos IC50 value Percentile_Rank Conserved Across Antigencity Score

B5XT46 RIEDVVVSSIILLLI 39 276–290 21 0.29 B-Cell, CTL 1.1092
H2CZH6 PQVDVSIAAFRSQKA 37 159–173 67 1.2 CTL 0.7756

*Please refer to Supplementary Table 1 for specific names of the HLA alleles. 
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twenty-seven epitopes identified (Supplementary Table 2), 
based on antigenicity score, allergenicity, and binding affi
nity to the maximum number of HLA alleles as predicted 
by the IEDB MHCII tool, finally, two HTL epitopes of 15mer 
in length (RIEDVVVSSIILLLI and PQVDVSIAAFRSQKA) were 
selected from both the capsular proteins as shown in 
Table 2.

3.3. Prediction of linear B-cell epitopes

Antigenic determinants recognized by B-cells are impor
tant because they can induce the immune system of an 
organism by producing antibodies. Continuous B-cell epi
topes were predicted by the ABCpred server using 
a threshold of 0.51% and BCPREDS with a threshold of 
75% as shown in the supplementary Table 3. Out of 
many B cell epitopes identified using the server, many of 
them were found to be toxic or allergenic, hence were not 
considered for further analysis. Further, few epitopes 
showed conservancy with the already selected T cell epi
topes, hence were not selected to remove redundancy. Out 
of the twenty-five predicted epitopes, two unique linear 
epitopes (YIIFLQWFFI, GQYRSASDTG) were predicted from 
both the capsular polysaccharide-proteins based on the 
above-mentioned criteria as listed in Table 3. We have 
also aligned the B cell epitopes with the whole protein 
structures to ensure epitope recognition. Additionally, the 
B-cell epitopes are highlighted in yellow in Supplementary 
Figure 1. The root-mean-square deviation (RMSD) between 
the main chain atoms of the superimposed structure was 
observed to be 2.805Angstrom, which depicts stability of 
the structure.

3.4. HLA peptide docking

AutoDock Vina predicted the peptide–allele interaction affi
nities. The binding affinity of the CTL epitopes and their 
associated alleles was ranged between −6.0 and −8.5, as 
shown in Table 4. The binding affinity of HTL epitopes was 
determined to be between −6.0 and −6.5. (Table 4). In addi
tion, the amino acid residues involved in hydrogen bond 
interactions were examined and are included in Table 4. 
Based on the docking score, Figure 3 depicts the CTL 
(WLDLKIIFL, TKNDVRVTK, IPDVFTFNI, CRLSIRIIL, QLQPYDIVY, 
RFSALALAI, IFYPYIGKV, and YRIGVGDVL) and HTL 
(RIEDVVVSSIILLLI, and PQVDVSIAAFRSQKA) epitopes.

3.5. Vaccine development

To reduce the length of the vaccine construct, only overlap
ping epitopes having common B cell and CTL and HTL epi
topes were taken into account. The vaccine construct was 
designed by combining the final selected two B-cell epitopes, 
13 CTL epitopes, and two HTL epitopes using the linkers. 
Additionally, to improve the immunogenicity of the multi- 
epitope vaccine, the construct was tagged in silico with an 
adjuvant, cholera toxin B (CTB) (UniProt id: P01556) of amino 

acid length 124 at the N-terminal region, which enhances the 
natural immune response [46]. The lack of toxicity combined 
with the stability and relative ease to express CTB either by its 
own or fused to peptides or proteins has made CTB an adju
vant easy to handle [47]. Therefore, the adjuvant was linked to 
the B cell with the EAAAK linker, whereas the B-cells are 
connected to each other with the help of the KK linker. 
Further, CTL and HTL epitopes are fused by AAY and GPGPG 
linkers, respectively. The schematic diagram of the vaccine 
construct is shown in Figure 4.

3.6. Prediction of population coverage of the vaccine 
construct

As different MHC-I and MHC-II HLA alleles are exposed at 
different frequencies (population/individual) in different ethni
cities around the world, a frequency distribution analysis, or an 
analysis of how many individuals will be covered by the 
respective HLA alleles of the predicted epitopes, is an impor
tant part of developing an effective vaccine. The population 
coverage of the selected T cell epitopes was analyzed using 
the IEDB population coverage analysis tool. The results indi
cated that the vaccine is potential to elicit an immune 
response in 99.11% percentage of the world population, par
ticularly highest in West Africa (99.92%), East Africa (99.68%), 
Europe (99.59%), Central Africa, and North America (99.57%) 
(Supplementary Table 4). It was noted that the population 
coverage rate exceeded 90% in almost all countries 
worldwide.

3.7. Physicochemical features and secondary structural 
analysis

According to the Expasy ProtParam server results, the final 
multi-epitope vaccine with 287 amino acids was found to 
possess 31.25 kDa molecular weight (MW), and theoretical 
Isoelectric point (PI) were calculated as 9.26. The total number 
of atoms was 4560 with an atomic composition, including 
Carbon (1482), Hydrogen (2300), Nitrogen (370), Oxygen 
(399), and Sulfur (7). Also, the total number of negatively 
charged residues (Aspartic acid + Glutamic acid) and positively 
charged residues (Arginine + Lysine) were calculated as 21 and 
30, respectively. The estimated half-life was 30 hours in mam
malian reticulocytes in vitro, more than 20 hours in yeast, and 
more than 10 hours in the E. Coli in vivo, respectively. Other 
properties such as instability index, aliphatic index, and grand 

Table 3. Final selected B-cell epitopes from Klebsiella pneumoniae CPS protein 
and their corresponding immunogenic properties. Further details of the physi
cochemical parameters like hydrophobicity, hydropathicity, hydrophilicity, 
charge, and molecular weight of each epitope can be found in Supplementary 
Table 3. Please note that all the epitopes were found to be nontoxic and 100% 
conservancy as predicted by toxinpred and iedb epitope conservancy tool, 
respectively.

Uniprot_ID
B-Cell 

Epitope Position Score
Conserved 

Across
Antigencity 

Score

B5XT46 YIIFLQWFFI 109 0.77 CTL, HTL 3.8246
H2CZH6 GQYRSASDTG 108 0.77 CTL, HTL 1.0836
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average of hydropathicity (GRAVY) were computed 30.19, 
105.16, and 0.265. Therefore, it was determined that the vac
cine is thermostable, soluble, and hydrophobic, naturally. 
Moreover, the solubility of the multi-epitope vaccine was cal
culated at 0.62by the Solpro server of the Scratch protein 
predictor tool. Higher solubility of a protein stands for better 
purification during downstream processing; hence solubility is 
a major factor in post-production vaccine studies. The second
ary structure of the protein results indicated 347 amino acid 
long construct involving 24.73% strands,46.34% helices, and 
28.91%random coils as represented in Figure 5. Higher pro
portions of alpha-helices would help in the maintenance of 
the stability of the vaccine protein’s structure. The existence of 
random coils and strands in protein secondary structure cor
responded with the potential of protein in the formation of 
antigenic epitopes (Supplementary Table 5). The overlapping 
epitopes are mostly located in random coil regions. It is 
reported that these regions are mainly located on the surface 
and could be formed as epitopes [48].

3.8. Vaccine’s antigenicity and allergenicity profiling

In addition to assessing the antigenicity and allergenicity of 
individual epitopes, the final designed vaccine construct 
should be highly antigenic to stimulate a better immune 
response. Henceforth, the antigenicity of the whole vaccine 
construct was observed to be high with a score of 0.9422 as 
predicted by VaxigenV2.0, suggesting that the vaccine is 
immunogenic and can trigger a strong immune response. 
AllerTOPV2.0 tool also classified the construct to be non- 
allergen against humans.

3.9. Epitope conservancy analysis

Genomes of 20 K. pneumonia strains were mined to retrieve 
corresponding amino acid sequences of the CPS protein 
(Supplementary Table 6). Consequently, each of the shortlisted 
CTL, HTL, and B-cell epitopes were analyzed to study the 
conservancy across all strains using the Conservancy Analysis 
tool of IEDB (Supplementary Table 6). All selected epitopes 
demonstrated perfect 100% conservation (Tables 1–3). The 
results of the MEME tool corroborate the high conservancy 
of the epitopes as depicted by the sequence logo. The sche
matic representation of the conserved sequence logos is illu
strated in Supplementary Figure 2.

3.10. Determination and Validation of 
three-dimensional structure

The three-dimensional structure of the final multi-epitope vac
cine was modeled by using the Robetta server. Figure 6 depicts 
the developed final structure as visualized by the Pymol soft
ware. The quality of the predicted 3D model was assessed using 
various structure validation tools. The calculated Ramachandran 
plot using PROCHECK revealed that maximum residues fall in 
allowed regions, 92.2% in the most favored region,7.4% addi
tional allowed region, and 0.4% in the disallowed region, respec
tively. Further high scoring values in other structure validation 
tools, such as 85.37% in VERIFY3D and 99.27% in ERRAT, Ta
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conclusively demonstrated the accuracy and reliability of the 
three-dimensional structure of the multi epitopic vaccine con
struct for further studies (Figure 7).

3.11. Prediction of discontinuous B-cell epitopes

Linear antibody epitopes could be predicted through 
sequence-based algorithms. In contrast, the prediction of dis
continuous epitopes needs 3D structural information of the 
protein or polypeptide. Thus, the selected 3-D model was 
analyzed by the Ellipro server to predict potential discontin
uous B-cell epitopes (Figure 8). Ellipro server identified four 
discontinuous B-cell epitopes. Supplementary Table 7 indi
cates residues, number of residues, and score of the B-cell 
epitopes in the designed construct.

3.12. Identification of cytokine inducing epitopes

The production of IFN-γ contributes to the clearance of 
K. pneumoniae infections, especially for hypervirulent strains 
[49–51]. Therefore, the vaccine construct was also scanned for 
IFN-γ epitopes. A total number of 55 positive IFN-γ inducing 
epitopes with a score of greater than or equal to one were 
predicted from the vaccine sequence. The amino acid residues 
of the vaccine, which are located in the 124–139 region 
showed the highest score (Supplementary Table 8). It is 
reported in several studies that Interleukin-10 and 
Interleukin-17 play vital roles in host protection in the host 
defense against K. pneumoniae infections and in the septic 
response [52,53]. Therefore, the IL-10 and IL-17 inducing abil
ities of the HTL epitopes were evaluated. We found that two 
selected HTL epitopes were able to induce IL-10; whereas two 

Figure 3. Molecular interaction between the predicted T-cell epitopes and their respective HLA binding alleles.
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selected HTL epitopes were able to induce IL-17. Thus, the 
prioritized epitopes have the potential to produce more spe
cific, efficient, safe, and robust immune responses as well as 
avoid all the undesired effects.

3.13. Disulfide bridging for vaccine protein stability

Disulfide by Design 2 server was used for disulfide engineering 
to increase the stability of the vaccine construct. A total of 55 
pairs of residues were found that could be used for disulfide 
engineering, which is given in Supplementary Table 9. 
However, after evaluating other parameters such as energy 
and χ3, only a pair of residuals was finalized because their 
value falls below the allowable range, i.e., the value of energy 
should be less than 2.2 kcal/mol and χ3 angle should be in 
between −87 and +97 degree [40]. Therefore, a total of three 
mutations were generated on the residue pairs, PHE9-ARG88, 
CYS30-CYS107, ALA260-SER280 for which the χ3 angle and the 
energy were −86.78 degree and 1.91 kcal/mol, respectively, as 
mentioned in Figure 9.

3.14. Docking between vaccine constructs and toll-like 
receptor-2

Toll-like receptors serve a vital role in the initiation of the 
inflammatory response by recognizing the pathogen. TLR2 
contributes to the recognition of Klebsiella through interac
tion with bacterial lipoproteins, prevents detrimental over
whelming inflammation in the early stage of the infection, 
and also helps in antibacterial host defense at a late stage of 
the infection and/or upon exposure of the host to high bac
terial numbers [54,55]. Many scientists have taken advantage 
of microbial-derived molecules to stimulate cells via TLR2, to 
exploit this ability in the development of vaccine adjuvants 
[56–58]. Hence, TLR 2 was chosen as the immune receptor and 

obtained from the RCSB PDB database (PDB ID: 5YJB) while 
the vaccine model was used as a ligand. The protein–protein 
docking between the modeled vaccine construct and TLR-2 
receptor was performed by the ClusPro server. The lowest 
energy level was estimated for the docked vaccine-TLR 2 
complex is – 1244.1 and center energy between the ligand 
and receptor was noted as −1138.2. The hydrogen binding 
interacting residues in the vaccine-TLR2 docked complex were 
TYR159-ASP470, TYR159-ASN468, TYR159-ARG449, TYR163- 
ARG449, ASP276-ARG422, ASP276-GLN396, VAL278-GLN396, 
ARG263-GLU369, ARG263-GLU344, ARG263-ASN345, ALA261- 
LYS347, SER258-LYS347, ALA170-ARG400, PHE233-ARG400, 
ARG240-HIS398, ARG240-GLU374, ARG240-GLU375, TYR181- 
GLU374, ARG244-GLU375, ARG244-TYR376with the distance 
of2.1 Å, 2.1 Å,2.4 Å, 2.0 Å, 2.1 Å,1.9 Å, 1.9 Å, 1.9 Å, 1.9 Å, 
1.9 Å, 1.7 Å, 1.8 Å, 1.9 Å, 1.7 Å, 2.1 Å, 1.8 Å, 1.9 Å, 2.0 Å, 1.8 Å, 
and 2.1 Å, respectively (Figure 10). Strong interactions 
between the designed construct and TLR 2supports the 
hypothesis of K. pneumoniae susceptibility to TLR-2 like other 
Klebsiella families [59].

3.15. Molecular dynamics simulation

In order to gain insights into the dynamics of the vaccine 
construct with the receptors, molecular dynamics (MD) simu
lations were carried out. The simulation analysis was also 
important to validate the exposure of epitopes toward the 
host structure for the identification and handling of 
a substantial outcome. To accurately assess the stability and 
binding state of the ligand-receptor complexes, MD simulation 
was carried out on Gromacs 2019 for a total duration of 100 
ns. The MD simulations took place in three different phases: 
system preparation, pre-processing, and production [60] with 
an assistant model building with Energy Refinement. The 

Figure 4. The structural arrangement of B and T-cell epitopes along with linkers and adjuvant for the final multi-epitope vaccine construct.
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RMSDs and RMSFs were used to evaluate the most flexible 
parts of the target vaccine protein. The RMSD plot (Figure 11) 
reported that the system is at equilibrium and was fairly stable 
throughout the 100 ns simulation and seemed converging at 
the end, after 50 ns. The RMSD plot fluctuations were low thus 
indicating stable interaction between ligand (Vaccine model) 
and receptor (TLR 2). The most flexible regions of the vaccine 
molecule were also determined by analysis of MD simulation 
results. In this regard, the root-mean-square fluctuations 
(RMSF) of all residues of the vaccine-TLR2 complex were eval
uated. The RMSF plot (Figure 11) showed maximum fluctua
tion in the range of residues between 290 and 330 which is 
the interacting loop of the protein with the ligand. The radius 
of gyration also assured the degree of compactness of the 
ligand-bound docked complex. It can be seen in Figure 11C 
that there was a lot of fluctuation during the initial portion of 
the simulation, but then it became stable, indicating that the 

docked complex formed a more rigid conformation and there
fore assured stability [61,62]. However, after 50 ns, the gyra
tion in the structure began to stabilize at a value of around 
3.3 nm throughout the remaining simulation time 
(Figure 11C). The stability of the interface in the TLR2- 
vaccine complex is defined by the calculation of hydrogen 
bonds between the TLR2 and vaccine in the complex during 
simulation. The study revealed that up to 60 ns, an average of 
5 hydrogen bonds were maintained at the interface, increas
ing to 8 once the complex was stabilized (Figure 11D). The 
increase in hydrogen bonds indicates that the interface 
between TLR2 and the vaccine in the complex is becoming 
more stable. Analyzing the interface residues shows that sev
eral residues, particularly in the region between 300 and 450, 
in specific receptor residues R316, H318, Q321, F322, L324, 
N345, K347, F349, L371, Q396, H398, R400, T424, S445, R449 
are well conserved in the interface before and after simulation. 

Figure 5. Secondary structure prediction of the final multi-epitope vaccine construct by using PSIPRED tool.
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Similarly, in the case of vaccine construct, the residues that 
were conserved in the interface with the receptor are Y163M 
T232, A236, C239, R240, I243, I246, L247, P251, P253, V255, 
V257, S258, I259, R263, and 278. As in the receptor case, the 
above residues of the vaccines are well conserved before and 
after the simulation. This analysis further illustrates the stabi
lity of the vaccine interaction with the receptor.

3.16. Immune simulation

C-ImmSim server was used to mimic the actual immune 
responses in the body upon exposure to the designed vaccine 

construct. Usually, the primary immune response arises as 
a result of the first contact with an antigen and the first anti
body produced is mainly IgM, although a small amount of IgG 
is also produced. As shown in Figure 12 the amount of the IgM 
significantly increased during the first injection of the vaccine 
construct (antigen) as a primary immune response. Secondary 
immune response occurs as a result of the second and sub
sequent exposure to the same antigen and is characterized by 
an increased level of IgM and IgG. Further, there was 
a noticeable increase in the level of IgM + IgG and decreased 
level of the antigen. Moreover, there was a striking increase in 
the level of IgM, IgG1 + IgG2, and IgG1 (Figure 12). These 
findings confirmed that the antibodies had a greater affinity 
to the vaccine construct (antigen) and would develop strong 
immune memory. Consequently, this resulted in increased 
clearance of the antigen upon subsequent exposures. 
Regarding the cytotoxic and helper T lymphocytes, high 
response in the cells populations with corresponding memory 
development was witnessed. Most importantly, the population 
of the Helper T lymphocytes remained higher during all expo
sure time. In the IFN- γ-induced epitopes prediction, the 
results showed a high IFN-γ concentration score compared 
to the other cytokines. The Simpson index D demonstrated 
the level of danger when the cytokines level increased which 
may result in complications during the immune response [63].

3.17. In silico cloning and codon optimization

The feasibility of cloning and expression of novel multi- 
epitope subunit vaccines in an appropriate expression vec
tor is important. Thus, in order to analyze the cloning and 
expression efficiency of the developed vaccine construct in 
an expression vector, in-silico cloning was also carried out 

Figure 6. Homology modeling of the three-dimensional structure of the final 
multi-epitope vaccine construct.

Figure 7. Developed multi-epitope vaccine structure validation results confirmed the model to be reliable and accurate.
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Figure 8. Developed multi-epitope vaccine structure validation results confirmed the model to be reliable and accurate. The conformational B-lymphocyte epitopes 
present in the vaccine. The yellow spheres showing epitopes containing (a) 56 residues (AA 182, AA 185–197, AA 242–281, and AA 284–285) with 0.784; (b) 10 
residues (AA 124–133) with 0.777; (c) 72 residues (AA 16–25, AA 27–28, AA 30–40, AA 42–44, AA 46–47, AA 49–58, AA 60, AA 62–68, AA 70, AA 72–80, AA 82–83, 
AA 102, AA 109–115, and AA 155–160) with 0.691; (d) 8 residues (AA 215, AA 217 and AA 220–225) with 0.523.

Figure 9. Disulfide engineering of the vaccine protein. Residue pairs showed in purple (PHE9, CYS30, ALA260) and olive green (ARG88, CYS107, SER280) spheres 
were mutated to cysteine residues to form disulfide bridge between them.
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using E. coli as a multi-epitope vaccine expression system. 
The optimization of the codon sequence was performed 
using Java Codon Adaptation Tool (JCat). Prokaryotic 
E. coli strain K12 was selected as the target organism and 
rho-independent transcription terminators, prokaryotic ribo
some-binding sites and EaeI and StyI cleavage sites of 
restriction enzymes were avoided at the server. The codon 
adaptation index (CAI) and GC content revealed for the 
improved sequence are highly satisfactory with values of 
0.97 and 49.59, respectively. The results suggest that the 
proposed vaccine construct possesses an efficient expres
sion capability in the E. coli (host) expression vector. Also, 6x 
histidine was tagged to facilitate purification and solubiliza
tion of the vaccine protein after expression. Further, the 

adapted codon sequence of the multi-epitope vaccine was 
inserted into the pET28a (+) vector using the SnapGene 
tool, for restriction cloning [64]. Finally, a plasmid map 
was generated with a sequence length of 6230 base pairs 
as shown in Figure 13.

4. Discussion

Klebsiella pneumoniae has emerged as an urgent public health 
threat in many industrialized countries worldwide. Infections 
caused by K. pneumoniae are difficult to treat because these 
organisms are typically resistant to multiple drugs, and the 
patients have significant co-morbidities. Given the dearth of 
new antibiotics and the recent incidence of multidrug- 

Figure 10. Molecular interaction of multi-epitope vaccine construct docked with TLR2.

Figure 11. Root mean square deviation (RMSD) and root-mean-square fluctuation (RMSF) analysis of protein backbone and side chain residues of MD simulated 
vaccine construct.
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resistant strains, there is a critical need for the development of 
a vaccine against K. pneumoniae infections [20]. The capsule 
polysaccharide (CPS) of K. pneumoniae has long been viewed 
as an important virulence factor that promotes resistance to 
phagocytosis and serum bactericidal activity. Experimental 
studies have demonstrated that anti-CPS IgG isolated from 
human volunteers protects mice against K. pneumoniae sepsis 
[65]. In present times, the multi-epitope subunit vaccine is 
preferable than the traditional vaccine for several advantages 
including safety, higher stability, less allergic, autoimmune 
responses, and a more convenient production process. High 
throughput next-generation sequencing and advanced geno
mics and proteomics technologies have brought about 
a significant change in the computational immunology 
approach. With the abundance of genomic data and 
a plethora of immunoinformatics tools available, a better 
understanding of the immune response of the human body 
against a multitude of infectious pathogens can be deci
phered [66].

In this study, novel T-cell (CTL and HTL) and B-cell epi
topes from the antigenic CPS protein of K. pneumoniae were 
predicted as potential vaccine candidates. Utilizing different 
immunoinformatic tools, the screened epitopes were pre
dicted to pose all desirable criteria for vaccine designing 

including high immunogenicity, non-allergenicity, nontoxi
city, stability, and conservancy. Docking analysis on these 
epitopes and their corresponding HLA alleles indicated that 
HLA-peptide interactions are energetically favorable. For the 
vaccine design, the LBL, CTL, and HTL epitopes were linked 
together with the help of KK, AAY, and GPGPG linkers, 
respectively. The CTB’s amino acid sequence was also 
added as an adjuvant which was linked at the N-terminal 
of the construct with the help of the EAAAK linker [67]. 
Physio-chemical properties were also determined for the 
vaccine using the ProtParam tool. The molecular weight of 
the vaccine was calculated to be 31.25 KDa that falls within 
the ideal range for a vaccine protein that is between 30 and 
60 KDa; the theoretical PI of 9.26 indicates the basic nature 
of the vaccine, while an instability index score (30.19) indi
cated that the vaccine is stable [68]. The total numbers of 
negatively and positively charged residues were 21 and 30, 
respectively. Also, the multi-epitope vaccine provided solu
bility indexes greater than the average probabilities of the 
SOLpro server indicating the solubility of the vaccine con
struct. Interferon-γ epitopes were even identified in the 
vaccine which confirmed the potential of vaccine to initiate 
Interferon-γ exhibiting both immunomodulatory and immu
nostimulatory actions.

Figure 12. Immune response triggered by the designed vaccine. The graph shows (A) primary, secondary and tertiary immune responses, (B) B-cell population, (C) 
cytotoxic T-cell population, (D) helper T-cell population, (E) induction of cytokines and interleukins, (F) th1 mediated immune response, (G) macrophage population 
per state, and (H) dendritic cell population per state, and (I) production of cytokine and interleukins with simpson index (D) of immune response.
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Additionally, selected epitopes were observed to promiscu
ously bind with high affinity to the maximum number of HLA 
alleles thereby indicating that the vaccine construct elicits an 
immune response in approximately 99.11% of the world popu
lation coverage. As shown in Figure 5, the multi-epitope vac
cine protein contains 46.34% (alpha helix), 24.73% (extended 
strand), and 28.91% (random coil). The secondary structure 
analysis revealed that a greater number of the alpha helices 
are present followed by the random coils and extended 
strands. The higher proportion of alpha-helices indicates the 
structural stability of the vaccine. Further, the presence of α- 
helical coiled-coils peptides has been identified as significant 
‘structural antigens’ types. When examined in synthetic pep
tides, these two structural types can fold into their native 
structure and therefore are recognized by antibodies naturally 
induced in response to infection [69].

In addition, the vaccine construct was found to express 
a high level of IFN-γ epitopes indicating that the vaccine will 
promote antibacterial immunity, macrophage activation, and 
will enhance the antigen presentation [70]. Discontinuous 
B-cell epitopes prediction reported the presence of seven 
conformational epitopes that are specific for B-cell and can 
potentially elicit a humoral response [71]. Disulfide engineer
ing is important for protein folding and stability. Also, struc
tural disulfide engineering decreases the possible number of 
conformations for a given protein, resulting in decreased 
entropy and increased thermostability. In the developed vac
cine construct, a total of three mutations were generated for 
which the χ3 angle and the energy were −86.78 degrees and 
1.91 kcal/mol, respectively. Three-dimensional model of the 

vaccine was constructed, and molecular dynamics simulation 
for 100 ns revealed a strong and stable binding affinity 
between the docked vaccine and toll-like receptor 2 (TLR2) 
molecule. It is reported that K. pneumoniae upregulates the 
expression of the TLR-2 [72]. Furthermore, immune simulation 
using the C-ImmSim server was performed to simulate the 
typical immune responses. Largely, there was a marked 
increase in the immunoglobulins coincided with the frequent 
injection of the vaccine construct. This result indicated the 
development of memory B cells. Additionally, the level of the 
active T cytotoxic and T helper lymphocytes was observed to 
escalate significantly supporting the enhancement of humoral 
and adaptive immune responses. The level of the IFN-γ was 
also witnessed to remain high at peak level during the injec
tion times. Finally, in silico cloning and codon optimization 
corroborated the feasibility of cloning and expression of the 
designed multi-epitope subunit vaccine construct.

5. Conclusion

The advancement of immuno-informatics tools in the post- 
genomic era enables us to facilitate the development of multi- 
epitope-based vaccines with higher accuracy and in a cost- 
effective manner. In this study, several immuno-informatics 
tools have been sequentially employed to find a novel multi- 
peptide vaccine candidate against K. pneumonia infection. The 
highly antigenic, non-allergenic, and nontoxic as well as 100% 
conserved T-cell and B-cell epitopes were considered for final 
vaccine construction which would generate a high immuno
genic response and at the same time does not cause any 

Figure 13. Restriction cloning of final multi-epitope vaccine by using the pET28a (+) expression vector in the in silico space. Black circle indicates the vector, and the 
purple part is the place where the vaccine is inserted.
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harmful reaction within the body. Population coverage analy
sis showed that all potential T cell and B cell epitopes possess 
high population coverage percentages and could provide 
wider immune protection for worldwide regions. With high- 
cost requirements and multiple limitations for developing the 
live, attenuated, or inactivated vaccine preparation, these pep
tide-based vaccine candidates can be valuable candidates for 
diagnostic as well as for therapeutic and preventive vaccines 
and are useful for further experimental validation to prevent 
pneumonia disease.
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