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Abstract
Community-acquired pneumonia is primarily caused by Streptococcus pneumoniae and Klebsiella pneumoniae, two patho-
gens that have high morbidity and mortality rates. This is largely due to bacterial resistance development against current 
antibiotics and the lack of effective vaccines. The objective of this work was to develop an immunogenic multi-epitope 
subunit vaccine capable of eliciting a robust immune response against S. pneumoniae and K. pneumoniae. The targeted 
proteins were the pneumococcal surface proteins (PspA and PspC) and choline-binding protein (CbpA) of S. pneumoniae 
and the outer membrane proteins (OmpA and OmpW) of K. pneumoniae. Different computational approaches and various 
immune filters were employed for designing a vaccine. The immunogenicity and safety of the vaccine were evaluated by 
utilizing many physicochemical and antigenic profiles. To improve structural stability, disulfide engineering was applied 
to a portion of the vaccine structure with high mobility. Molecular docking was performed to examine the binding affini-
ties and biological interactions at the atomic level between the vaccine and Toll-like receptors (TLR2 and 4). Further, the 
dynamic stabilities of the vaccine and TLRs complexes were investigated by molecular dynamics simulations. While the 
immune response induction capability of the vaccine was assessed by the immune simulation study. Vaccine translation and 
expression efficiency was determined through an in silico cloning experiment utilizing the pET28a(+) plasmid vector. The 
obtained results revealed that the designed vaccine is structurally stable and able to generate an effective immune response 
to combat pneumococcal infection.
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1 Introduction

Streptococcus pneumoniae and Klebsiella pneumoniae are 
responsible for numerous infections, including pneumonia, 
bacteremia, meningitis, otitis media, bronchitis, sinusitis, 
and endocarditis (Tumbarello et al. 2015). Children under 
2 years and adults over 65 years of age are the most likely 
population groups to become infected, and disease condi-
tions are commonly preceded by nasopharyngeal bacterial 
colonization (Von Mollendorf et al. 2017). Both bacteria 
have high morbidity and mortality rates and have devel-
oped resistance against current antibiotics, making them a 
significant public health concern. Targeting both bacteria 
in a single vaccine can provide broad-spectrum protection 
against pneumonia caused by these pathogens, potentially 
reducing the burden of disease and the need for multiple 
vaccines. Additionally, there may overlap in the antigenic 
epitopes targeted by the vaccine, allowing for more effi-
cient and effective immunization.

Currently, pneumococcal vaccines are divided into two 
categories: pneumococcal conjugate vaccine (PCV) and 
pneumococcal polysaccharide vaccine (PPV). However, 
these vaccines have several limitations, such as being 
specific to certain serotypes, manufacturing complexi-
ties, high production expenses, refrigeration necessities, 
and requiring multiple injections to generate an efficient 
immune response (Dorosti et al. 2019; Weinberger et al. 
2011). To overcome these problems, the development of 
a peptide-based vaccine that targets a diverse combination 
of virulence proteins having conserved conformation may 
represent an alternate solution.

A comprehensive understanding of bacterial coloniza-
tion and pathogenic mechanisms is crucial for the success-
ful design and development of a peptide-based vaccine. 
The group of virulence factors associated with S. pneu-
moniae comprises choline-binding proteins (CBPs), for 
example, pneumococcal surface proteins (PspA and PspC), 
pneumococcal histidine triad (Pht) proteins (PhtD and 
PhtE), pneumolysin (PLY) toxin, LPXTG motif-anchored 
surface proteins containing hyaluronidase (neuraminidase, 
and serine protease PrtA), and the lipoprotein components 
of iron uptake ATP-binding cassette transporters (ABC) 
transporters (PiuA, PiaA, and PsaA) (Berry and Paton 
2000; Khan and Pichichero 2012). These virulence fac-
tors might be directly involved in provoking diverse lev-
els of protection in animal models in response to immune 
challenges using S. pneumoniae serotypes (Paton 2004). 
The bacterial colonization and adherence to nasopharyn-
geal cells are mediated by an interaction between bacte-
rial CbpA and human polymeric immunoglobin receptor 
(hpIgR), which facilitates the bacterial invasion of epi-
thelial cells. PspA is located on the surface of bacterial 

cells and interacts with the host cell wall through the 
interface between lipoteichoic acid, C-terminal choline-
binding repeats (CBRs), and phosphorylcholine moieties 
(Brooks-Walter et al. 1999). Many reports have described 
that during S. pneumoniae infection, PspA upregulation 
can influence complement deposition through alternative 
pathways (Yuste et al. 2005). This antigen stimulated a 
defensive immune response in a mouse model challenged 
with S. pneumoniae. In a rat model, PspA elicited a pro-
tective response against otitis media, and immunization 
with the wild-type, full-length PspA eliminates nasal car-
rying of S. pneumonia (White et al. 1999). These findings 
indicate PspA as a potential vaccine candidate, although 
a high degree of variations were identified inside the pro-
tein family. One study described PspA as being highly 
immunogenic based on serum obtained from recovering 
patients since a majority of patients have acquired anti-
bodies against this protein. Pneumococcal surface protein 
C (PspC), the major adhesion factor for pneumococcus, 
is involved in pneumococcal colonization and adhesion 
to the nasopharynx through the binding of hpIgR (Kerr 
et al. 2006). PspC has been shown to protect an animal 
model against invasive pneumococcal disease by promot-
ing a protective immune response against a peptide epitope 
(Chen et al. 2015). The fusion between PspC peptides and 
L460D pneumolysin can induce specific protection against 
pneumococcal infection. CbpA is a well-characterized 
choline-binding protein expressed by S. pneumoniae that 
contributes to the pneumococcus complement attack, plays 
a significant role in various disease states, and has been 
demonstrated to elicit a protective effect against pneumo-
coccal infection in various animals models (Chen et al. 
2015).

The gram-negative bacterium K. pneumoniae belongs to 
the Enterobacteriaceae family and causes infections of the 
nosocomial respiratory tract and urinary tract (Huang et al. 
2015). Hypervirulent K. pneumoniae strains have been 
considered fundamental threats associated with increased 
mortality and morbidity. The enhanced virulence exhibited 
by these strains appears to be due to the overproduction 
of capsular polysaccharides (CPS) and anti-phagocytosis 
characteristics, leading to several infections, such as pneu-
monia and endophthalmitis (Huang et al. 2015). Several 
virulence factors have been associated with K. pneumoniae 
infections, including lipopolysaccharide (LPS), adhesins 
(OMPs, pilli, fimbriae), and exotoxins (Cryz et al. 1986; 
Yadav et al. 2005). The mechanism of host system infec-
tion is primarily governed by bacterial surface antigens, 
including LPS, CPS, and OMPS, which are commonly 
involved in developing immunity. A previous vaccine has 
been developed against K. pneumoniae based on LPS and 
CPS, but this vaccine only provides type-specific protec-
tion. A CPS-based vaccine has been developed that is 
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immunogenic and nontoxic and covers at least 77 cap-
sular antigen types (K-types) (Cryz et al. 1986). Outer 
membrane proteins (OMPs) are surface proteins acting 
as water-filled channels allowing hydrophilic molecules 
to cross the membrane. These proteins are required for 
proper cell function and growth, are associated with anti-
biotic resistance mechanisms, and serve as virulence fac-
tors during pathogenesis (Sun et al. 2014). Several studies 
have reported that the sequences of enterobacterial OMP 
family members are highly conserved (Lin et al. 2002). 
These represent convenient candidates for vaccine devel-
opment against K. pneumoniae, and OMPs are essential for 
inducing robust cellular and humoral immune responses 
(Kurupati et al. 2006). OmpA is the primary OMP found 
in gram-negative bacteria and has been shown to elicit 
anti-tumor cytotoxic and humoral responses when accom-
panied by tumor antigens, displaying adjuvant properties 
(Jeannin et al. 2002). OmpA also provokes the inflamma-
tory molecules to be expressed in a Toll-like receptor 2 
(TLR2)-dependent manner in numerous cell types (Jean-
nin et al. 2003, 2000). OmpA has been shown to activate 
host immune responses that result in the elimination of K. 
pneumonia (Jeannin et al. 2002).

The use of computational tools and strategies represents 
an effective and rational method for developing an accurate 
and stable peptide-based vaccine against virulent antigens 
(Khan et al. 2018). Currently, various immunological data-
sets, advanced software programs, and genomic informa-
tion are available for researchers to use in the prediction 
of potential pathogenic epitopes that could be utilized to 
construct effective subunit vaccines (Gupta et al. 2020). 
Subunit vaccines can trigger specific immunity against the 
target pathogen. Recently, immunoinformatics approaches 
have been applied to the design of vaccine candidates against 
multiple viruses and bacteria (Rafi et al. 2022a; Samad et al. 
2022a, b). This method reduces the number of necessary 
experiments in vitro, which at the same time can be cost-
efficient and time saving for successful vaccine development.

The objective of this study is to explore the proteomes 
of S. pneumonia and K. pneumoniae to identify potent anti-
genic proteins and screen potential cytotoxic T cell and 
helper T cell epitopes against major histocompatibility com-
plex (MHC) alleles. The study aims to analyze the immuno-
genic, allergenic, and antigenic properties of the identified 
epitopes and design a vaccine by adding appropriate linker 
sequences and adjuvants. The designed vaccine will be vali-
dated through in silico methods, including the analysis of 
antigenicity, toxicity, immunogenicity, and allergenicity. 
The study also aims to investigate the binding affinity and 
the stability of molecular interaction between the vaccine 
and human pathogenic receptors through docking study and 
molecular dynamic simulation analysis. Finally, the immune 
simulation will be performed, and codon adaptation will be 

assessed to understand the immune response and expression 
profiling.

2  Materials and methods

A visual representation of the study methodology is pro-
vided in Fig. 1, outlining the key steps and processes utilized 
in this research.

2.1  Sequence retrieval, antigenicity prediction, 
and structural analysis

Outer membrane proteins (OMPs) or surface proteins are 
typically suitable candidates for the design of peptide-based 
vaccines (Post et al. 2017). We selected PspA, PspC, and 
CbpA from S. pneumonia and OmpA and OmpW from K. 
pneumoniae as the basis for vaccine design. We adopted 
the National Center for Biotechnology Information (NCBI) 
(publicly available database) for retrieving the amino acid 
sequences of our target proteins in FASTA format. In the 
following step, the sequences were subjected to the VaxiJen 
v2.0 tool for identifying antigenicity relative to a threshold 
value (0.4) (Doytchinova and Flower 2007). To determine 
whether a targeted bacterial protein is suitable for use in the 
design of a peptide vaccine, several physicochemical and 
structural properties of the target protein should be evalu-
ated. The ExPASy ProtParam tool and the SOPMA server 
were used for these purposes (Gasteiger et al. 2005; Geour-
jon and Deleage 1995).

2.2  Prediction of T cell epitope

2.2.1  CTL epitopes

NetCTL.1.2 server (http:// www. cbs. dtu. dk/ servi ces/ 
NetCTL/) was hired to predict the 9-mer CTL epitopes, 
where the thresholds set at 0.05, 0.15, and 0.75 are for 
TAP transport efficiency, C-terminal cleavage, and epitope 
recognition, respectively (Larsen et al. 2005, 2007). The 
NetCTL 1.2 server uses an artificial neural network system 
that includes the TAP transport efficiency and proteasomal 
C-terminal cleavage for predicting MHC class I-binding 
peptides, in which the TAP score is estimated using a weight 
matrix. Epitope prediction was performed based on com-
monly occurring human leukocyte antigen (HLA) allele 12 
class I supertypes in the human population. The predicted 
epitopes were subjected to the Immune Epitope Database 
(IEDB) consensus method for assessing the binding affinity 
with the following MHC class I alleles: A-0101, A-0201, 
A-0301, A-2403, B-0702, B-3501, B-4403, B-5101, B-5401, 
and B-5801 (Kim et al. 2012). The MHC class I epitopes 
identified in this study are likely to cover over 90% of the 

http://www.cbs.dtu.dk/services/NetCTL/
http://www.cbs.dtu.dk/services/NetCTL/
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global community (Moise et al. 2009). Those epitopes con-
sensus scores less than 2 in the IEDB server were considered 
for additional analysis.

2.2.2  HTL epitopes

The 15-mer HTL was predicted via NetMHCIIpan 3.2 
server (http:// www. cbs. dtu. dk/ servi ces/ NetMH CIIpan- 3.2/) 
which identifies the major histocompatibility complex class 
II DRB1 alleles: 01:01, 03:01, 04:01, 07:01, 08:01, 08:03, 
10:01, 11:01, 12:01, 13:01 13:02, 14:01 and 15:01 (Jensen 
et al. 2018; Wang et al. 2010). The NetMHCIIpan 3.2 (arti-
ficial neural network based-server) predicts the human HLA-
DQ, HLA-DP, HLA-DR, and mouse MHC class II binding 
peptides, and each of the outputs was assigned a percentile 
rank by the server. Based on the assigned percentile rank, 
the epitope sequences were divided into strong binders 
(SBs), weak/intermediate binders (WBs), and non-binders 
(NBs), at threshold values of 2%, 10%, and greater than 10%, 

respectively. The MHC class II epitopes identified in our 
analysis are projected to be found in more than 95% of the 
global community (Moise et al. 2009).

2.3  Overlapping, promiscuous, and nontoxic T cell 
epitope prediction and assessment

Promiscuous epitopes have high binding affinities with 
multiple MHC alleles and can generate effective immune 
responses in the host. Therefore, T-cell epitopes with mul-
tiple HLA allele binding capacities were identified for fur-
ther analysis. These epitopes, which consist of both HLA 
class II and class I peptide sequences and are able to pro-
mote the activation of both helper T cells and cytotoxic T 
cells, are referred to as overlapping epitopes (Chauhan et al. 
2019). We used the IEDB server to identify the overlapping 
capacities of identified epitopes. Based on the promiscuity 
and overlapping nature, epitopes were nominated for vac-
cine construction. Nontoxic and nonallergenic epitopes are 

Fig. 1  Schematic illustration of the study. The overall method is 
displayed in several steps: the selection of protein sequences from 
Streptococcus pneumoniae and Klebsiella pneumoniae, including 
the prediction of helper T lymphocyte (HTL)-, cytotoxic T lympho-
cyte (CTL)- and interferon (IFN)-γ-inducing epitopes in the target 
proteins; the vaccine construction and feature assessment; molecular 

docking with Toll-like receptor (TLR)4 and TLR2 immune receptors; 
molecular dynamics (MD) simulations to evaluated the real dynamic 
stability of the vaccine and receptor complexes; and immune simula-
tion and codon optimization to understand the translation and immu-
nogenicity of the designed vaccine

http://www.cbs.dtu.dk/services/NetMHCIIpan-3.2/
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identified using the ToxinPred and AllerTOP v2.0 servers, 
respectively.

2.4  Prediction of IFN‑gamma‑inducing epitopes

Interferon-gamma, a cytokine that takes an important part in 
the activation of macrophages as well as natural killer cells, 
which exert immunity against bacterial and viral infection. 
The 15-mer IFN-γ-inducing epitopes in our target protein 
were predicted by submitting CD4+ epitope sequences to 
the IFNepitopes server (http:// crdd. osdd. net/ ragha va/ ifnep 
itope/) (Dhanda et al. 2013). This web server predicts and 
designs peptides that can provoke IFN-γ secretion from 
helper T cells based on the query sequences. The server was 
set up using a training dataset that includes 10,433 experi-
mentally validated MHC class II binding peptides capable 
of activating CD4+ T cells (Dhanda et al. 2013). This web 
tool screens overlapped INF-gamma sequences derived from 
the query proteins, which are assigned numerical values.

2.5  Population coverage, peptide conservation, 
and human homology prediction

IEDB conservancy analysis tool (http:// tools. iedb. org/ conse 
rvancy/) was used to analyze the degree of the conservancy 
of the epitopes (Bui et al. 2007). The IEDB population cov-
erage tool (http:// tools. iedb. org/ popul ation/) was employed 
to evaluate the coverage of the population for the selected 
epitopes (Bui et al. 2006). The coverage of each epitope 
was assessed against the MHC I and MHC II binding alleles 
using the combined dataset. The epitopes were evaluated for 
the BLASTP comparison against the human proteome to 
reduce the possibility of eliciting an autoimmune response, 
and those sequences that were highly similar to any human 
protein sequences were removed.

2.6  Docking analysis between epitopes and MHC 
alleles

The binding affinity of the selected T cell epitopes was eval-
uated, molecular docking was performed with HLA alleles. 
Initially, the epitope sequences were analyzed by the PEP-
FOLD v.3.5 server (Lamiable et al. 2016). The PEP-FOLD 
server was developed based on the taboo sampling back-
track algorithm, which generates a de novo protein struc-
ture based on sOPEP energy values using 200 simulations. 
The 3-dimensional (3D) crystal structures of HLA alleles, 
including HLA-A0201 (MHC class I) and HLA-DRB1-0101 
(MHC class II), were retrieved from the RCSB PDB data-
base using the PDB codes 1QEW and 2G9H, respectively. 
We considered to include the two HLA alleles in docking 
simulation, both considered as most common alleles and are 
deemed to be found in over 95% of the global community. 

Before the docking study, any ligands and water molecules 
from the PDB structure were eliminated. The epitopes were 
docked with each HLA allele using the ClusPro v.2.0 server 
(Comeau et al. 2004), where the epitope and the allele were 
considered to be the ligand and receptor, respectively. The 
ClusPro v.2.0 docking tool estimates the binding energy of 
the docked complex formed between the epitope and the 
allele, based on the desolvation contribution, shape comple-
mentarity, and decoys as reference states. The best-docked 
cluster was nominated on the basis of the lowest energy 
score and visualized by PyMOL.

2.7  Vaccine construction

Highly promiscuous, non-allergic, non-toxic, antigenic, and 
immunogenic epitopes were considered for designing the 
final vaccine sequence. The best CTL epitopes were com-
bined via AAY linkers, and GPGPG linkers were added to 
link HTL- and IFN-γ inducing epitopes together. To gener-
ate long-lasting immunity, an EAAAK linker was utilized to 
link the cholera toxin B (CTB) as an adjuvant to the N-ter-
minus of our vaccine structure.

2.8  Physicochemical evaluation of the vaccine

The antigenicity of the vaccine structure was estimated 
by the VaxiJen v2.0 web server at a threshold value of 0.4 
(Doytchinova and Flower 2007). Allergenicity was deter-
mined using the AllergenFP v1.0 server and AllerTOP v2.0 
(Dimitrov et al. 2013, 2014). To determine immunogenicity, 
we used the IEDB Class I immunogenicity prediction mod-
ule (Calis et al. 2013). The identification of physicochemi-
cal properties is essential for the synthesis of the designed 
vaccine. Therefore, these properties of the construct, such as 
the aliphatic index (AI), estimated half-life, grand average 
of hydropathicity (GRAVY), instability index (II), theoreti-
cal isoelectric point (PI), and molecular weight (MW) were 
assessed using the ExPASy tool (Gasteiger et al. 2005). 
Moreover, the TMHMM and SignalP 4.1 servers were uti-
lized to identify the existence of signal peptides and trans-
membrane helices, respectively, in the finalized vaccine 
structure (Krogh et al. 2001; Petersen et al. 2011).

2.9  Vaccine’s structural evaluation

The PSIPRED web server (http:// bioinf. cs. ucl. ac. uk/ psipr 
ed/) was adopted to examine the secondary structure of the 
linear vaccine (McGuffin et al. 2000). Whereas, the 3D struc-
ture of the final vaccine was predicted by the trRosetta server 
(https:// yangl ab. nankai. edu. cn/ trRos etta) (Yang et al. 2020). 
The best 3D structure for the vaccine was refined by using 
the GalaxyRefine web-based tool (http:// galaxy. seokl ab. org/) 
(Heo et al. 2013), which relaxes the structure through MD 

http://crdd.osdd.net/raghava/ifnepitope/
http://crdd.osdd.net/raghava/ifnepitope/
http://tools.iedb.org/conservancy/
http://tools.iedb.org/conservancy/
http://tools.iedb.org/population/
http://bioinf.cs.ucl.ac.uk/psipred/
http://bioinf.cs.ucl.ac.uk/psipred/
https://yanglab.nankai.edu.cn/trRosetta
http://galaxy.seoklab.org/
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simulations and uses CASP10 refinement techniques. The 
finalized model was validated by ProSA-web (Wiederstein 
and Sippl 2007). ProSA-web predicts the overall features of 
the model based on the Z-score and ERRAT values. Finally, 
the SWISS-MODEL workspace (https:// swiss model. expasy. 
org/ assess) was implemented to determine the overall struc-
ture quality by analyzing the Ramachandran plot (Arnold 
et al. 2006).

2.10  B cell epitopes prediction

B-cell epitopes in the validated 3D vaccine structure were 
determined by the ElliPro web tool (http:// tools. iedb. org/ 
ellip ro/), using the values set by default (maximum distance: 
6 Å and minimum score: 0.5) (Ponomarenko et al. 2008). 
The ElliPro tool runs three algorithms that estimate the pro-
tein as an ellipsoid, compute the protrusion index of resi-
dues, and cluster neighboring residues based on their protru-
sion index values. For each of the output B cell epitopes, the 
ElliPro score described the protrusion index. A protrusion 
index score of 0.9 means that 90% of the protein residues 
are involved in the ellipsoid, whereas 10% of the residues 
lie outside of the ellipsoid. The ElliPro web server provides 
the best performance and is considered to be the preeminent 
algorithm among those currently available (Ponomarenko 
et al. 2008).

2.11  Disulfide engineering for vaccine stability

Disulfide bonds are a type of covalent interaction that pro-
vides protein stability by maintaining a precise geometric 
conformation. In the protein structure, disulfide engineering 
represents a unique strategy for creating a disulfide bond. 
We followed disulfide engineering, where the final structure 
of the vaccine was subjected to the Disulfide by Design 2.0 
(DBD2) server (http:// cptweb. cpt. wayne. edu/ DbD2/ index. 
php) to create disulfide bonds (Craig and Dombkowski 
2013). Residue pairs were nominated based on energy 
(< 2.2) and χ3 values (between − 87 and + 97).

2.12  Molecular docking and refinement

The vaccine and immune cell receptor interaction are 
required for generating a stable immune response. To 
examine the interaction patterns, the structures of TLR2 
(PDB: 2Z7X) and TLR4 (PDB: 3FXI) were obtained from 
the RCSB PDB database. Blind docking of the vaccine 
with these receptors was accomplished separately uti-
lizing the PatchDock server (https:// bioin fo3d. cs. tau. ac. 
il/ Patch Dock/) (Schneidman-Duhovny et al. 2005). The 
server builds and predicts the possible complex that forms 

between the vaccine and the TLR using three algorithms, 
including surface patch matching; shape representations; 
and scoring and filtering. The PatchDock server estimates 
the surface fix coordinating scores and separating scores 
and further PatchDock server portrays the atomic shape for 
protein–protein interactions. While, the FireDock server 
(Andrusier et al. 2007), which predicted an optimal com-
plex using energy functions was utilized further to refine 
the structures of the best-docked complexes produced by 
the PatchDock server. The top-ranked complexes were 
nominated based on the lowest binding energy score. 
Finally, molecular interactions between the vaccine and 
receptors were visualized using the PDBsum server (http:// 
www. ebi. ac. uk/ thorn ton- srv/ datab ases/ pdbsum/ Gener ate. 
html) (Laskowski et al. 2018).

2.13  Molecular dynamics (MD) simulation

MD simulation of vaccine/receptor systems was imple-
mented using the GROMACS package (Van Der Spoel 
et al. 2005). The topologies of complexes were built based 
on the CHARMM27 force field. The TIP3 water molecules 
were added, followed by energy minimization (Rafi et al. 
2022c). For neutralizing the vaccine/receptor systems we 
added 0.15 M concentration of NaCl at a temperature of 
300 K (Krieger et al. 2006). We evaluated the long-range 
electrostatic interactions by implementing the particle-
mesh Ewald (PME) approach. A simulation box size was 
established at 20 Å. The MD simulation temperature was 
adjusted using a Berendsen thermostat, and energy mini-
mization was performed using the simulated annealing 
method. The normal simulation time step (1.25 fs) was 
maintained, and simulated trajectories were set at 100-ps 
intervals for analysis (Krieger and Vriend 2015). Finally, 
MD simulations of the vaccine/TLR4 and vaccine/TLR2 
complexes were run for 500 ns, and root-mean-square 
deviation (RMSD) and root-mean-square fluctuation 
(RMSF) were estimated to understand the conformational 
variations and stability of the complex (Rafi et al. 2022b). 
RMSD is calculated using the following formula:

where Ri represents the vector that links the positions of 
atom i (out of N atoms) in the reference snapshot to the cur-
rent snapshot after optimal superposition.

The RMSF of atom i with j running from 1 to 3 for the 
x, y, and z coordinate of the atom position vector P and k 
running over the set of N evaluated snapshots is given by 
the following formula:

RMSD =

�

∑n

i=1
Ri × Ri

n

https://swissmodel.expasy.org/assess
https://swissmodel.expasy.org/assess
http://tools.iedb.org/ellipro/
http://tools.iedb.org/ellipro/
http://cptweb.cpt.wayne.edu/DbD2/index.php
http://cptweb.cpt.wayne.edu/DbD2/index.php
https://bioinfo3d.cs.tau.ac.il/PatchDock/
https://bioinfo3d.cs.tau.ac.il/PatchDock/
http://www.ebi.ac.uk/thornton-srv/databases/pdbsum/Generate.html
http://www.ebi.ac.uk/thornton-srv/databases/pdbsum/Generate.html
http://www.ebi.ac.uk/thornton-srv/databases/pdbsum/Generate.html
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2.14  Immune simulation

For generating an in silico immune simulation profile for the 
designed vaccine, we hired the C-ImmSim server (https:// 
kraken. iac. rm. cnr. it/C- IMMSIM/) at default parameters 
(Rapin et al. 2011). This server uses two methods: machine 
learning and the position-specific scoring matrix which 
predicts the immune interactions and immune epitopes. It 
simulates three different mammalian anatomical regions 
simultaneously, the tertiary lymphatic organs, the thymus, 
and the bone marrow. To assess immune simulations, three 
injections containing 1000 vaccines were administrated, 
with time steps set at 1, 84, and 168 (each time step rep-
resents 8 h); the doses were administered 4 weeks apart. 
We also tested 12 injections 4 weeks apart to simulate the 
repeated detection of antigens in a common endemic zone. 
Simpson’s Diversity Index, D, a measurement of diversity, 
was determined from the plot.

2.15  Codon adaptation and in silico cloning

for codon optimization and the translation of the vaccine 
in a suitable expression vector, we employed the JCat tool 

RMSFi =

√

√

√

√

3
∑

j=1

(

1

N

N
∑

k=1

P2

ikj
− P

2

ij

) (http:// www. jcat. de/) (Grote et al. 2005). The tool optimizes 
the ribosomal binding site and avoids the termination of 
rho-independent transcription. The desirable vaccine was 
expressed in an E. coli host system, and generated cDNA 
sequences, using an optimized CG content percentage and 
CAI value. In the next step, the optimized sequence of the 
vaccine was incorporated into the pET28(+) vector through 
the insertion of XhoI and NdeI restriction sites at the N- and 
C-terminal ends, respectively, by utilizing the SnapGene tool 
(Ali et al. 2017).

3  Results

3.1  Antigenicity prediction

To construct an epitope-based vaccine candidate, the com-
plete sequences of the target proteins PspA, PspC, CbpA, 
OmpA, and OmpW were obtained from the NCBI database 
using accession numbers WP_061633550.1, SHD60938.1, 
ABI34558.1, AKN20218.1, and KXA22008.1, respectively. 
VaxiJen v2.0 server reported all of the retrieved sequences 
as being antigenic (Table 1). The physicochemical proper-
ties, such as the MW, theoretical PI, GRAVY, and index 
values, and the secondary structural characteristics of these 
sequences were analyzed (Table 1, Fig. S1). The MWs of the 
target proteins ranged from 24.3 to 83.4 kDa, and the insta-
bility index values were computed to be below 40, indicating 

Table 1  Antigenic and physicochemical evaluation of the target bacterial proteins

These parameters were analyzed by the VaxiJen v2.0 and Expasy Protparam tool

Protein Accession ID Antigenicity 
(Threshold, 
0.4)

Molecular 
Weight

Instability 
Index

Aliphatic 
Index

Theoreti-
cal pI

No. of 
Amino 
acids

Estinction 
Co-Effi-
cient

Gravy

Pneumococ-
cal surface 
protein A 
(PspA)

WP_061633550.1 0.665 84,081.78 40.10 65.06 4.89 755 166,160 − 0.946

Pneumococ-
cal surface 
protein C 
(PspC)

SHD60938.1 0.8993 44,713.28 36.94 64.29 9.50 401 7450 − 1.164

Choline-
binding 
protein 
A (CbpA)

ABI34558.1 0.755 71,113.50 37.21 62.02 8.57 630 147,710 − 0.995

Outer 
membrane 
protein A 
(OmpA)

AKN20218.1 0.6519 37,986.55 23.94 72.95 6.34 356 58,455 − 0.326

Outer 
membrane 
protein W 
(OmpW)

KXA22008.1 0.7708 24,336.48 19.09 79.73 5.29 224 43,430 − 0.058

https://kraken.iac.rm.cnr.it/C-IMMSIM/
https://kraken.iac.rm.cnr.it/C-IMMSIM/
http://www.jcat.de/
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that these sequences were stable. All of the targeted protein 
sequences returned negative GRAVY values, indicating their 
hydrophilic natures and the ability to engage in interactions 
in an aqueous environment. These data indicate that the tar-
get proteins represent suitable candidates for vaccine design 
to generate an appropriate immune response against S. pneu-
moniae and K. pneumoniae. 

3.2  Prediction of T cell epitopes and assessment

For the generation of long-lasting immunity, CTL epitopes 
prime cytotoxic T cells to eliminate circulating pathogens, 
and HTL epitopes prime helper T cells, which are responsi-
ble for both cellular and humoral immune responses. There-
fore, effective vaccine development should include both 
receptor-specific T-cell epitopes. In this study, 152 unique 
CTL (9-mer) epitopes and 66 unique HTL (15-mer) epitopes 

were predicted from the target protein by the NetCTL.1.2 
and NetMHCIIpan 3.2 servers, respectively (Tables S1, S2). 
While the binding affinities of the epitopes with multiple 
MHC alleles were assessed by The IEDB consensus method. 
The epitope sequences were then subjected to numerous 
immune filters to examine immunogenicity, antigenicity, 
nonallergenicity, and nontoxicity, and, finally, promiscuous 
CTL and HTL epitopes were selected (Tables 2 and 3).

3.3  Vaccine construction and structural evaluation

The benchmarks for the epitopes used to construct a lin-
ear vaccine were the following characteristics: (a) immu-
nogenic; (b) promiscuous; (c) coverage of a large propor-
tion of the human population; (d) nonallergenic, nontoxic, 
and antigenic; (e) composed of overlapping CTL and HTL 
epitope sequences; and (f) no overlap found with any human 

Table 2  Selected promiscuous CTL epitopes

The epitopes listed in the table are non-allergenic, non-toxic, and showed 100% conservancy among the related protein sequences (IDEB con-
servancy analysis)

Protein Epitope sequence (position) HLA Class I supertypes and alleles Antigenicity Immunogenicity

PspA KLQYEISTL (209) A1, A2, B8, B62, A0201 0.9412 0.06452
AVNTTVDGY (738) A1, A3, A26, B62, A0101 1.1479 0.15214

PspC YPTITYKTL (165) B7, B8, B39, B0702, B5101, B3501 0.6945 0.02152
NLALEIAGL (378) A2, A26, B8, B39, B69, A0201 0.9352 0.27714

CbpA YLYNLNVLK (100) A1, A3, A2, B27, A0301 0.9299 0.0375
RNYPTNTYK (323) A3, B27, A0301 0.631 0.04995

OmpA GSVDNGAFK (91) A3, A0301 1.0134 0.16274
APVVAPAPA (207) B7, B0702, B3501 0.763 0.10914
SVVDYLVAK (290) A26, A3, A0301 0.5618 0.07938

OmpW KLAAAALIL (15) A2, A3, B8, B58, B62, A0201, B5801 0.6404 0.1954
ATDNIGVEL (80) A1, A2, B39, B44, A0101 1.6805 0.25553

Table 3  Selected helper-T lymphocytes epitopes

The red-colored box illustrates the strong affinities, the blue-colored box illustrates the intermediate affinities, and the dark grey-colored box 
illustrates the non-binding affinities of epitopes towards HLA alleles. The listed epitope in the table revealed 100% conservancy (IDEB conserv-
ancy analysis)
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protein. Based on the aforementioned properties, the final 
vaccine sequence comprised 11 CTL-, 12 HTL-, and 5 IFN-
γ-inducing epitopes (Tables 2 and 3; Tables S3 and S4); for 
the prevention of junctional epitope formation, AAY and 
GPGPG linkers were included between epitopes. Further, 
EAAAK was the linker to attach the CTB adjuvant to the 
N-terminus of the vaccine sequence (Fig. 2). The vaccine 
contained 578 amino acid residues, with an MW of 59.8 kDa 
(Supplementary Materials SM1). The secondary structure 
evaluation showed that the vaccine was comprised of 15.57% 
alpha-helices, 20.76% beta-strands, and 63.66% coiled coils 
(Fig. 3). The 3D structure of the vaccine was predicted by the 
trRosetta online server, whereas the 3D model was refined 

via GalaxyRefine web tool. Among all refined vaccine struc-
tures, model 2 was selected for better quality (Fig. 4A). For 
structural validation, the finalized model was uploaded to 
ProSA-web, which returned a Z-score of − 7.17, which was 
within the score range of comparably sized wild-type pro-
teins (Fig. 4B). Analysis of the Ramachandran plot indicated 
that 93.58% of the residues were within a preferred region, 
1.39% within an outlier region, and 0.49% of the residues 
were rotamer outliers (Fig. 4C). The ERRAT value is for 
predicting the quality of protein structure (if the ERRAT 
score is more than 50, this indicates a good quality protein 
structure) (Messaoudi et al. 2013). The ERRAT value of the 
vaccine model was identified to be 54.74 (Fig. S2).

Fig. 2  Schematic arrangement of the finalized vaccine construct. The 
vaccine was 578 amino acids long, comprising helper T lymphocyte 
(HTL)-, cytotoxic T lymphocyte (CTL)-, and interferon (IFN)-γ-
inducing epitopes. EAAAK linker (black) at the end of the N-termi-

nus used to link an adjuvant (green). AAY linkers (green) were used 
to attach CTL epitopes. And GPGPG linkers (yellow) utilized to link 
HTL and IFN-γ epitopes

Fig. 3  Secondary structure features of the designed multi-epitope 
vaccine candidate. The alpha-helices, beta-strands, and coiled-coil 
residues are denoted in pink, yellow, and gray colors, respectively. 

The secondary structure evaluation revealed that the vaccine con-
struct constitutes 15.57% alpha-helices, 20.76% beta-strands, and 
63.66% coiled coils
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3.4  Physicochemical, immunogenic, and antigenic 
assessments of the vaccine

Immunogenicity refers to the capacity of inducing cellu-
lar and humoral immune responses, whereas the capacity 
to identify a particular antigen molecule is referred to as 
antigenicity (Ilinskaya and Dobrovolskaia 2016). Thus, a 
suitable vaccine candidate must be antigenic and also be 
immunogenic. To predict the immunogenicity of the vac-
cine construct, the IEDB Class I Immunogenicity Web 
Server was used, and a score of 5.40534 was predicted; 
a higher score denotes a better chance of stimulating an 
immune response. The antigenicity score of the vaccine 
was reported as 0.7919 (VaxiJen v2.0 > 0.4 threshold). 
To confirm the vaccine as non-allergenic when presented 
to the body, allergenicity was checked using the Aller-
genFP v1.0 and AllerTOP v2.0 servers, and the results 
of both analyses showed that the vaccine construct was 

nonallergenic. Several physical and chemical character-
istics must be analyzed for a vaccine construct, which 
were predicted using ExPASy (Supplementary Materials 
SM2). The AI and theoretical PI scores of the vaccine were 
reported as 77.32 and 9.51, respectively, which indicates 
a basic nature and high thermostability. The computed 
half-life was evaluated as 30 h in mammalian reticulo-
cytes, 10 h in E. coli, and. higher than 20 h in yeast. The 
GRAVY score was − 0.079, which indicates the vaccine 
candidate is hydrophilic and confirms its ability to interact 
with water. The instability index value of the vaccine was 
24.01, which classified the protein as stable. Generally, 
an instability index value less than 40 indicates stability. 
Vaccine structure was identified as signal peptide-free or 
transmembrane-able helix-free, indicating the absence of 
potential expression difficulties during production (Figs. 
S3 and S4).

Fig. 4  A 3D structure of the final vaccine. B Structure validation, with a Z-score of − 7.17, as predicted using ProSA-web. C Ramachandran plot 
analysis using the SWISS-MODEL workspace, showing 93.58%, 1.39%, and 0.49% in the favored, outlier, rotamer outlier regions, respectively
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3.5  Prediction of B cell epitopes

B lymphocytes are of paramount importance in the secre-
tion of antibodies, providing long-term immunity (Chan 
et al. 2014). ElliPro server was used with default parameters 
to evaluate the presence of B cell epitopes in the vaccine, 
which identified 15 continuous (linear) and 5 discontinuous 
(conformational) epitopes (Tables 4 and 5; Figs. S5 and S6).

3.6  Population coverage

Successful vaccine development should consider the global 
HLA allele distribution. The population coverage of the 
designed vaccine structure was assessed by the population 
coverage tool of IEDB. The population coverage analysis 
exhibited that the T-cell epitopes included in our study 
covered 77.1% of the global human population (Table 6). 
The epitopes were reported to be associated with 88.85%, 
64.07%, and 78.72% coverage in Europe, Southwest Asia, 
and North America, respectively (Table 6).

3.7  Disulfide engineering

Disulfide bonds (DB) are needed to provide conformational 
stability to folded proteins. For the stabilization of the vac-
cine structure, disulfide engineering was performed fol-
lowing vaccine construction using the DBD2 server. The 
server displayed 72 pairs of residues susceptible to disulfide 
engineering. Only four pairs of residues were selected 
according to energy and χ3 values. The energy values of the 

finalized residues were less than 2.2, and the χ3 scores ranged 
between − 87 and + 97 degrees. Thus, 8 mutations were gen-
erated at the residue pairs: Ala144–Pro195, Gly235–Lys252, 
Ala412–Arg434, and Val446–Ala469 (Fig. 5, Table S5).

3.8  Molecular docking analysis

To develop a stable immune response, a vaccine–recep-
tor interaction is necessary. TLRs can detect pathogens 
and play significant roles in innate immunity. The binding 
affinities between the vaccine and the TLR4 and TLR2 
immune receptors and the model of vaccine/TLR4 and 
TLR2 interactions were predicted by employing the 
protein–protein docking approach. The protein–protein 
docking approach was accomplished using the Patch-
Dock server, which produced the vaccine and the TLR 
complexes between the vaccine and the TLR based on 
electrostatic complementary and the protein surface 
geometry. The obtained results were forwarded to the 
FireDock server, which refined the best complexes and 
exhibited the top 10 docked clusters. Among the top 10 
generated complexes by the PatchDock server, solution 8 
was reported as the best model with the following values: 
global energy (− 46.30), attractive van der Waals (VdW) 
energy (− 38.51), repulsive VdW energy (9.73), hydrogen 
bond (HB) energy (− 4.89), and atomic contact energy 
(ACE, − 4.89; Fig. 6A, Table S6, Fig. S7). Similarly, in the 
docking study examining the interaction between TLR2 
and the vaccine, the global energy (− 12.89), attractive 
VdW energy (− 34.30), repulsive VdW energy (16.95), 

Table 4  Linear B cell epitopes in the vaccine construct

The epitopes were predicted by using the ElliPro server

No. Epitopes No. of residues Score

1 PTITYKTLAAYNLALEIAGLAAYYLYNLNVLKAAYRNYPTNTYKAAYGSVDNGAFKAAYAPV 62 0.778
2 RHKVGTGPGPGRKYDYATLKVALAKKGPGPGNGSWYYLNANGSMATGPGPGFIRAG TAT VRPT-

EGSGPGPG
GVEWAVTRDIATRLEGPGPGDNIGVELLAATPFRH

106 0.754

3 MTPQNITDLCAEYHNTQIHTLNDKIFS 27 0.736
4 TPHAIAAISMANEAAAKKLQYEI 23 0.706
5 FRHKVGPGPGVELL 14 0.693
6 AAYSVVDYLVAKAA 14 0.681
7 GPGPGGSW 8 0.66
8 GWLGPGPGAQS 11 0.659
9 RPTEGGP 7 0.634
10 ITFKNGATF 9 0.601
11 KVEKL 5 0.555
12 AVNTTV 6 0.533
13 PGPGS 5 0.524
14 PGIG 4 0.516
15 GPGP 4 0.501
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HB energy (1.49), and ACE (15.56) values for solution 9 
were better than those for the other complexes (Fig. 7A, 
Table S7, Fig. S8). Docking results revealed that the vac-
cine–TLR4 and vaccine–TLR2 interactions were strong. 
The application of the PDBsum server provided insight 
into the interface residues and the intermolecular binding 
forces involved in the vaccine–TLR4 and vaccine–TLR2 
interaction systems. Twelve amino acids in the vaccine 
interface interacted with 15 amino acids in TLR4 (Fig. 6B 
and C). Similarly, 24 interface residues in TLR2 interacted 
with 19 interface residues in the vaccine (Fig. 7B and C).

The vaccine established a total of 3 HBs with TLR2: 
249–522, 270–522, and 271–523. The interaction analy-
sis showed that Ala249 and Ser522 generated an HB 
at a distance of 2.39  Å. Similarly, Ala270–Ser522 and 
Asn271–Gln523 developed HBs at distances of 1.45 Å 
and 2.88 Å, respectively. TLR4 formed 2 HBs [Chain A 
(Vaccine)–B (TLR4): 380–130 and 394–603] with the 
designed vaccine, including HBs between Pro380–Lys130 
and Lys394–Glu603 at distances of 2.23 Å and 2.16 Å, 
respectively. The HBs in the vaccine–TLR4 and vac-
cine–TLR2 systems ranged from 2 to 3 Å, suggesting strong 
interactions. A strong interaction between our designed 

vaccine and TLR2 and TLR4 would indicate that the vac-
cine can induce immune pathway activation.

The selected T cell epitopes docked individually with 
commonly occurring human leukocyte antigen alleles: 
HLA-A0201 (MHC class I) and HLA-DRB1-0101 (MHC 
class II). Each epitope–allele cluster displayed a different 
energy score (Table S8). Molecular interaction patterns 
between each epitope and the MHC alleles were visual-
ized, as shown in Figs. S9 and S10. The binding affinities 
(weighted scores) of the CTL epitopes for HLA-A0201 
ranged from − 500 and − 749.1 kcal/mol, whereas the maxi-
mum and minimum binding affinities (weighted scores) of 
the HTL epitopes were − 1030.9 kcal/mol and − 621.2 kcal/
mol, respectively. Based on this analysis, the epitopes dis-
played suitable binding efficiency with HLA alleles for use 
in a vaccine construct.

3.9  Molecular dynamics (MD) simulation

MD simulation is an effective strategy for examining the 
dynamic stability of a protein. The MD simulation study 
of the vaccine coupled with either TLR4 or TLR2 revealed 
that both complexes initially experienced a sharp increase 

Table 5  Conformational B cell epitopes in the vaccine construct

The epitopes were predicted by using the ElliPro server

No. Epitopes No. of residues Score

1 A:G409, A:I410, A:P411, A:A412, A:G413, A:K414, A:R434, A:P435, A:T436, A:E437, A:G438, A:G439, 
A:P440, A:G441, A:P442, A:G443, A:I444, A:G445, A:R455, A:H456, A:K457, A:V458, A:G459, A:P460, 
A:G461, A:P462, A:G463, A:V464, A:E465, A:L466, A:L467, A:F472, A:H474, A:K475, A:V476, A:G477, 
A:T478, A:G479, A:P480, A:G481, A:P482, A:G483, A:R484, A:K485, A:Y486, A:D487, A:Y488, A:A489, 
A:T490, A:L491, A:K492, A:V493, A:A494, A:L495, A:A496, A:K497, A:K498, A:G499, A:P500, A:G501, 
A:P502, A:G503, A:N504, A:G505, A:S506, A:W507, A:Y509, A:L510, A:N511, A:A512, A:N513, A:G514, 
A:S515, A:M516, A:A517, A:T518, A:G519, A:P520, A:G521, A:P522, A:G523, A:F524, A:I525, A:R526, 
A:A527, A:G528, A:T529, A:A530, A:T531, A:V532, A:R533, A:P534, A:T535, A:E536, A:G537, A:S538, 
A:G539, A:P540, A:G541, A:P542, A:G543, A:G544, A:V545, A:E546, A:W547, A:A548, A:V549, A:T550, 
A:R551, A:D552, A:I553, A:A554, A:T555, A:R556, A:L557, A:E558, A:G559, A:P560, A:G561, A:P562, 
A:G563, A:D564, A:N565, A:I566, A:G567, A:V568, A:E569, A:L570, A:L571, A:A572, A:A573, A:T574, 
A:P575, A:F576, A:H578

135 0.722

2 A:M1, A:T2, A:P3, A:Q4, A:N5, A:I6, A:T7, A:D8, A:L9, A:C10, A:A11, A:E12, A:Y13, A:H14, A:N15, A:T16, 
A:Q17, A:I18, A:T20, A:L21, A:N22, A:D23, A:K24, A:I25, A:F26, A:S27, A:I40, A:I41, A:T42, A:F43, 
A:K44, A:N45, A:G46, A:A47, A:T48, A:F49, A:Q50, A:E52, A:I59, A:D60, A:S61, A:Q62, A:V83, A:E84, 
A:K85, A:C87, A:V88, A:W89, A:N91, A:T93, A:P94, A:H95, A:A96, A:I97, A:A98, A:A99, A:I100, A:S101, 
A:M102, A:A103, A:N104, A:E105, A:A106, A:A107, A:A108, A:K109, A:K110, A:L111, A:Q112, A:Y113, 
A:E114, A:I115, A:T117, A:P135, A:T136, A:I137, A:T138, A:Y139, A:K140, A:T141, A:L142, A:A143, 
A:A144, A:Y145, A:N146, A:L147, A:A148, A:L149, A:E150, A:I151, A:A152, A:G153, A:L154, A:A155, 
A:A156, A:Y157, A:L159, A:Y160, A:N161, A:L162, A:N163, A:V164, A:L165, A:K166, A:A167, A:A168, 
A:Y169, A:R170, A:N171, A:Y172, A:P173, A:T174, A:N175, A:T176, A:Y177, A:K178, A:A179, A:A180, 
A:Y181, A:G182, A:S183, A:V184, A:D185, A:N186, A:G187, A:A188, A:F189, A:K190, A:A191, A:A192, 
A:Y193, A:A194, A:P195, A:V196, A:V197

135 0.713

3 A:S356, A:G376, A:W377, A:L378, A:G379, A:P380, A:G381, A:P382, A:G383, A:A384, A:Q385, A:S386 12 0.642
4 A:Y121, A:A122, A:V123, A:N124, A:T125, A:T126, A:V127, A:A203, A:A204, A:Y205, A:S206, A:V207, 

A:V208, A:D209, A:Y210, A:L211, A:V212, A:A213, A:K214, A:A215, A:A216, A:L219
22 0.621

5 A:G239, A:P240, A:G241, A:P242, A:G243, A:G259, A:P260, A:G261, A:P262, A:G263, A:S264, A:W278, 
A:G279, A:P280, A:G281, A:P282, A:G283, A:G284, A:S285, A:W286, A:Y287, A:G298, A:G299, A:P300, 
A:G301, A:P302, A:G303, A:W304, A:G319, A:P320, A:G321, A:P322, A:G323

33 0.506
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in the RMSD values of backbone atoms within 30  ns 
(Fig. 8A). Thereafter, a sharp decrease was observed in the 
RMSD value of the TLR4/vaccine complex, which reached 
approximately 0.91 nm at 44 ns. The RMSD then increases 
again, dramatically, reaching 1.2 nm at 50 ns, followed by 
the stabilization of the RMSD profile. However, through-
out the entire simulation time (500 ns), the RMSD value of 
the TLR2–vaccine complex did not display an over RMSD 
peak, confirming the structural integrity of the complex. The 

complex formed between TLR4 and the vaccine had slightly 
lower RMSD values than the complex formed between the 
vaccine and TLR2, suggesting the relatively more stable 
nature of the TLR4-containing complex. However, overall, 
both systems fluctuated similarly after 52 ns.

RMSF can provide insights into the dynamic behaviors 
and flexibility of amino acid residues. For the vaccine–TLR2 
complex, Ser25 (beta-turn), Lys46 (beta-turn), Lys70 (beta-
turn), Thr113 (loop), Asn137 (helix strand), Glu414 (helix 
strand), Gln463 (helix strand), Asp489 (loop), Arg510 
(beta-turn), and Pro544 (helix strand) residues had more 
flexibility, revealing stronger RMSF profiles than the other 
residues in the complex (Fig.  8B). The residues Glu27 
(beta-turn), Leu52 (loop), Ser76 (beta-turn), Lys541 (helix 
strand), His566 (loop), Gln588 (helix strand), and Ile625 
(gamma turn) in the TLR4–vaccine complex showed less 
integrity and more mobility compared with other residues 
(Fig. 8C). The dynamic behavior of the vaccine was com-
pared when bound to TLR2 and TLR4. The regions Met1 to 
Met38, Ala39 to Val83, Cys87 to Ala132, Pro302 to Leu367, 
Val387 to Arg455, Glu536 to Gly544, and Asp552 to Ala572 
showed lower fluctuations when the vaccine was bound 
to TLR4 than when the vaccine was bound to TLR2. The 
RMSF values for most regions of the vaccine were lower 
when bound to TLR4, suggesting a more stable interaction 
(Fig. 8D).

3.10  Immune simulation

We calculated the immune simulation using the C-ImmSim 
server, which displays the immune response increased dur-
ing the initiation of a secondary response. The primary 
response suggested a high level of immunoglobulin M, 
whereas the tertiary and secondary responses exhibited 
noticeable increments in the levels of IgM, IgG + IgM, 
and IgG1 + IgG2 antibodies, and an increment was noticed 
in the B-cell population, with corresponding mitigation 
in antigen concentration (Fig. 9A and B; Fig. S11A and 

Table 6  Population coverage analysis of the selected cytotoxic 
T-lymphocytes, helper-T lymphocytes epitopes included in the vac-
cine construct (using IDEB population coverage tool)

a Coverage of population on projected
b Population recognized by HLA combinations/epitope hits on the 
average number
c 90% of the population recognized by HLA combinations/epitope hits 
on the minimum number

Population/area Class combined

Coveragea Average_hitb pc90c

World 77.1% 12.45 4.8
Central Africa 56.01% 7.92 2.5
East Africa 55.15% 7.74 2.45
North Africa 64.48% 9.62 3.1
West Africa 60.08% 8.72 2.76
South Africa 50.27% 6.68 2.21
Europe 88.85% 16.4 9.87
Oceania 35.6% 4.42 1.71
Southwest Asia 64.07% 9.47 3.06
Southeast Asia 41.26% 5.32 1.78
South Asia 53.38% 7.44 2.36
Northeast Asia 41.45% 5.39 1.88
East Asia 69.03% 10.42 3.55
West Indies 77.56% 13.02 4.9
South America 46.43% 6.1 2.05
North America 78.62% 13.05 5.15

Fig. 5  Disulfide engineering in 
the finalized vaccine structure, 
showing a total of 4 mutated 
residues pairs in magenta color
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B). Moreover, the cytotoxic and helper T-cell popula-
tions revealed a high response, which corresponded with 
memory cell development (Fig. 9C and D; Fig. S11C). 
This result specifies the improvement of immune memory, 
which subsequently increases antigen concentrations fol-
lowing consequent disclosures (Fig. 9D). A high level of 
interferon-gamma and interleukin-2 was produced later in 
the injection, and a low Simpson’s Diversity Index (D) 
revealed low diversity (Fig. 10). Enhanced macrophage 
activity, whereas a consistent dendritic cell activity was 
retained (Fig. S11G and I). This completes the evidence 
that the examined susceptibility peak is effectively due to 
α-relaxation, in the same sense as with any glass-forming 
liquid.

3.11  In silico cloning and codon adaptation

In silico cloning, experiment was accomplished to examine 
if the vaccine is capable of expressing into the E. coli host 
system. To enhance the protein expression of the vaccine, 
the codon has to be optimized. The JCat tool was applied to 
produce a cDNA sequence, resulting in a 1467-nucleotide 
sequence that could be used for vaccine expression (Supple-
mentary Material SM3). The codon adaptation index (CAI) 
score and the GC contents of the designed vaccine sequences 
were 0.9699 and 53.44%, respectively, which indicates a pro-
ficient and potentially stable expression capability in the E. 
coli K-12 strain (Fig. 11). When a GC content ranged from 
30 to 70% and a CAI value over 0.8 are indicating that vac-
cine is a good protein expression in a host. In addition, the 

Fig. 6  Interaction pattern of Vaccine/Toll-like receptor 4 (TLR4). 
A visualization of the interaction was performed using the PDBsum 
server. A Docked complex of designed vaccine (violet) and the TLR4 
immune receptor (hot red). The predicted global energy value of the 

docked complex by was − 46.30 kcal/mol. B All interacting residues 
of the designed vaccine (Chain A) and TLR4 (Chain B). C Diagram-
matic interaction of the vaccine/TLR4 complex
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SnapGene tool was used to insert the nucleotide sequences 
into the plasmid vector pET28(+) by recombination using 
an appropriate restriction site (Fig. 12).

4  Discussion

S. pneumoniae and K. pneumoniae are associated with vari-
ous infections, including meningitis, bacteremia, and pneu-
monia, which are common causes of infant mortality. Cur-
rently available vaccines are unable to generate appropriate 
immunity due to high bacterial serotype specificity (Tum-
barello et al. 2015; Von Mollendorf et al. 2017). A peptide-
based multi-epitope vaccine might represent a promising 
alternative approach to combat bacterial infections. Based 
on analyses of the S. pneumoniae genome, several epitopes 
were found to be probable vaccine candidates, a few have 

been examined in clinical trials (Darrieux et al. 2015). PspA 
is a common virulence factor found in almost all pneumo-
coccal strains. A capsular polysaccharide-protein conjugated 
to PspA and pneumococcal surface antigen A (PsaA) was 
able to induce efficient protection against the nasopharyn-
geal carriage of pneumococci (Meng et al. 2009). Wu et al. 
reported the protection of mice against systemic infection 
following intranasal immunization with PspA (Wu et al. 
1997). Verhoeven et al. explored a multivalent recombinant 
vaccine against CbpA, PLY, and PhtD, which displayed high 
efficiency in an infant mouse model (Verhoeven et al. 2014). 
Outer membrane proteins are highly conserved among all K. 
pneumoniae serotypes and have a robust immune response 
nature. Vaccination with OMPs can induce a potent Th17 
response against a broad spectrum of K. pneumoniae strains 
(Chen et al. 2011). According to Babu et al., targeting OMPs 
(OmpA and OmpK36) using antibodies acquired against 

Fig. 7  Interaction pattern of Vaccine/Toll-like receptor 2 (TLR2). 
A visualization of the interaction was generated using the PDBsum 
server. A Docked complex of designed vaccine (violet) and the TLR2 

immune receptor (hot red). B All interacting residues of the designed 
vaccine (Chain A) and TLR2 (Chain B). C Diagrammatic interaction 
between vaccine-TLR2
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these molecules could serve as a significant bactericidal 
defense mechanism against bacterial elimination from the 
system (Babu et al. 2017).

Modeling played a crucial role in the development of 
an immunogenic multi-epitope subunit vaccine against S. 
pneumoniae and K. pneumoniae in this study. Various com-
putational approaches and immune filters were employed 
to design the vaccine, and physicochemical and antigenic 
profiles were used to evaluate its immunogenicity and safety. 
As part of this work, we applied a cutting-edge immuno-
informatics approach, the sequences of the most recogniz-
able antigenic virulence factors in S. pneumoniae, includ-
ing pneumococcal surface proteins (PspA and PspC) and 
choline-binding protein A (CbpA), and K. pneumoniae, 
including OMPs (OmpA and OmpW), were targeted. The 
vaccine was designed using several computational tools 
to induce both cell-mediated and adaptive immunity. By 
using antigenic peptide fragments, an epitope-based vac-
cine candidate can generate a similar immune response to 
that against a whole genome or a large protein without pro-
moting allergenic reactions in the host (Jabbar et al. 2018; 
Sette and Fikes 2003). The selection of the proper antigenic 

epitope is very important for vaccine development (Yin 
et al. 2016). Potential epitopes (CTL-, HTL-, and IFN-γ-
inducing) in target proteins from S. pneumoniae and K. 
pneumoniae were identified using several immune filters to 
identify epitopes that are antigenic, immunogenic, able to 
interact with multiple HLA alleles (promiscuous), feature 
100% conservancy among related protein sequences, share 
no overlap with the human proteome to reduce autoimmun-
ity, and are incapable of inducing any allergic reactions. 
After various in silico analyses, a multi-epitope vaccine 
(CTL-, HTL-, IFN-γ-inducing) was constructed with an 
adjuvant (CTB; Fig. 2). The CTL epitopes were combined 
via AAY linkers, and GPGPG linkers were added to link 
HTL- and IFN-γ inducing epitopes together. The linker was 
developed based on specialized amino acid sequences which 
can improve vaccine construction. The AAY and GPGPG 
linker induces the binding immune response and immuno-
genicity of cytotoxic T lymphocytes and helper T lympho-
cytes epitopes, respectively, and also provide an impressive 
variety through simplified vaccine construction (Meza et al. 
2017; Nishita et al. 2017). The EAAAK linker improves the 
bioactivity of fused protein which is added between vaccine 

Fig. 8  MD simulation of the complexes formed between the vaccine 
and Toll-like receptors (TLRs) over 500 ns. A RMSD plot. B RMSF 
of TLR2 during the MD simulation when bound to the designed vac-

cine. C The RMSF of TLR4 during the MD simulation when bound 
to the designed vaccine. D The RMSF plot for the vaccine when 
bound to TLR2 and TLR4
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and adjuvant for proper separation (Arai et al. 2001). The 
multiple epitopes (cytotoxic T lymphocytes, helper T lym-
phocytes, and IFN-gamma) and adjuvant are synchronized in 
such a way have been displayed to antigen-specific immune 
response stimulation (Bazhan et al. 2019; Foroutan et al. 
2020), the adjuvant is attached in the N-terminal of the con-
struct because binding of it with TLR displays enhanced 
results in producing immune-response whereas TLRs associ-
ated to the activation of the humoral and cellular immunity 
(Mizel and Bates 2010). Chen et al. reported that multivalent 
pneumococcal protein vaccines containing PspA and CbpA 
epitopes stimulated strong and broad protection against sep-
sis, meningitis, and focal pneumonia in various animal mod-
els (Chen et al. 2015). The use of an adjuvant can promote 
the development of long-lasting immunity and increase the 
intrinsic immunogenicity of an antigen. CTB, a nontoxic 
subunit of cholera toxin, showed a particular affinity for 
the ganglioside GM1 receptor on gut epithelial cells and 
other corresponding cell types, including antigen-presenting 

cells, like macrophages, B cells, and dendritic cells (Strat-
mann 2015). Kuipers et al. reported that CTB reduces the 
pneumococcal load in the nasopharynx, dependent on the 
activation of the macrophages, mucosal T cells, and cas-
pase-1/11 inflammasome (Kuipers et al. 2016). In another 
study, Wiedinger et al. demonstrated that the immunization 
of CTB with PspA induced a cellular response that mediates 
significant defense against S. pneumoniae in mice (Wied-
inger et al. 2017). The AllerTOP v2.0 and AllergenFP v1.0 
servers were used to assess the allergenicity of the designed 
vaccine, which both indicated that the vaccine construct was 
nonallergenic. Various chemical and physical properties of 
the vaccine were assessed using the ExPASy ProtParam tool. 
The instability index value was 24.01, which was lower than 
40, indicating a stable protein. The theoretical PI value was 
9.51, indicating a basic nature, and the AI value was 77.32, 
indicating a thermostable product. The GRAVY value was 
calculated to be − 0.079, suggesting a hydrophilic product 
able to interact with an aqueous environment. Similarly, 

Fig. 9  Immune simulation profile of the vaccine peptide. A Immunoglobulins and antigen; B B cell population; C Cytotoxic T cell population 
per state; D Helper T cell population per state
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Foroutan et al. designed an epitope-based vaccine against 
Toxoplasma gondii, and the experimental validation of their 
candidate vaccine indicated that their vaccine could generate 
a strong immune response in mice (Foroutan et al. 2020). 
The physical and chemical parameters of our vaccine can-
didate indicate II and AI values that are more favorable than 
the candidate vaccine designed and tested by Foroutan et al. 

Dorosti et al. used PspA, CbpA, PiuA, and PhtD antigens 
as the basis for the development of a multi-epitope vaccine 
against S. pneumoniae, and they computationally evaluated 
the physicochemical and immunogenic characteristics of 
their vaccine candidate (Dorosti et al. 2019). The antigenic 
properties and various physicochemical values of our vac-
cine candidate are also more favorable than those reputed 
by the vaccine candidate developed by Dorosti et al. The 
analysis of the Ramachandran plot for our candidate vac-
cine structure demonstrated 93.58%, 1.39%, and 0.49% of 
amino acids in the favored, outlier, rotamer outlier regions, 
respectively. The Z-score of the vaccine model was − 7.17, 
signifying that the vaccine product is consistent with the 
range of Z-scores established for proteins with structures 
resolved using nuclear magnetic resonance and X-ray crys-
tallographic experiments (Wiederstein and Sippl 2007). 
The structural features of our vaccine are better than those 
described for previously designed multi-epitope vaccines 
against these two bacteria. In one study, Dar et al. con-
structed a vaccine against K. pneumoniae (Dar et al. 2019), 
and the Z-score of their vaccine model was more positive 
than the Z-score for our vaccine model.

According to the findings of the study, the implementa-
tion of the disulfide engineering approach proved to be a 
successful strategy in stabilizing the vaccine structure. The 
success of this technique emphasizes its potential to be used 
in other vaccine candidates for enhancing their structural 
stability. The study results underline the significance of con-
sidering conformational stability in the design of vaccines 

Fig. 10  Cytokine production and interleukin expression provoked by 
three vaccine doses administered at 4 weeks apart. The cytokine lev-
els after vaccination doses are shown in the main graph. The insert 
plot represents interleukin-2 levels. The Simpson’s Diversity Index, 
D, is denoted as the dotted line, which is a degree of diversity. A 
smaller D value designates lower diversity

Fig. 11  Codon optimization of 
the vaccine sequence. The GC 
content and CAI score of the 
optimized codon were 55.24% 
and 0.96, respectively, as shown 
in the graph
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to achieve efficacy against pneumococcal infections. By 
improving the structural stability of the vaccine using 
disulfide engineering, its immunogenicity can be enhanced, 
which may lead to its potential efficacy in fighting against 
pneumococcal infections.

TLRs were explored as a promising delivery platform 
for the vaccine. In several animal models, TLR binding 
with pneumococcal proteins showed protective efficiency 
and generated significant immune responses (Moffitt et al. 
2014). TLR-4 is expressed in granulocytes, monocytes, 
macrophages, immature dendritic immune cells, and chol-
era Toxin B induces the activation of NF-kB cells by direct 
binding to this receptor (Vaure and Liu 2014). Direct inter-
action between TLR4 and CTB activates TLR4 (Phongsisay 
et al. 2015). According to a report by Regueiro et al., TLR4 
and TLR2 expression are upregulated during K. pneumo-
niae infection in human airway epithelial cells (Regueiro 
et al. 2009). Molecular docking was performed to analyze 
molecular interactions and binding affinity patterns between 
our developed vaccine construct and TLR2 and TLR4. The 
total energies for the coupled complexes between the vaccine 
and TLR4 and TLR2 were − 46.30 kJ/mol and − 12.90 kJ/
mol, respectively, indicating a favorable binding affinity. The 
docking analysis between the designed vaccine and TLR4 
showed indicated the formation of 1 salt bridge, between 
Lys394 of the vaccine and Glu603 of TLR4, and 2 HBs, 
between Pro380 and Lys394 of the vaccine and Lys103 and 

Glu603 of TLR4, respectively. The molecular interaction 
pattern analysis for the docked vaccine–TLR2 complex 
showed the 3 HBs formed between Ala249 and Ala270 of 
the vaccine and Ser522 of TLR2 and between and Asn271 
of the vaccine and Gln523 of TLR2. The docking study 
exhibited a significant interaction between the engineered 
vaccine and the innate immune receptor, hence indicating 
the vaccine’s ability to trigger TLR activation and improved 
immune responses against pneumococcal infection. The 
MD study revealed the stable nature of the vaccine–recep-
tor complex. The RMSD values of TLR2 and TLR4 in the 
complex with the vaccine did not fluctuate and remained sta-
ble throughout the MD simulation. The beta-turn regions of 
both complexes were relatively flexible compared with other 
regions, but the degree of flexibility was lower than those 
of other regions. Based on all of the descriptors observed 
during the MD simulation, both complexes were relatively 
rigid. When designing a vaccine candidate, immune sim-
ulation is necessary to assess the immunogenic profile. 
The results of the immune simulation revealed steady and 
normal immune responses and the tertiary and secondary 
responses were considerably more immunogenic than the 
primary response. For expression in an E. coli host system, 
the vaccine sequence was reverse translated into cDNA 
using a codon optimization strategy. The CAI score and the 
GC content were recorded as 0.96 and 55.24%, respectively. 
Moreover, the cDNA sequence was successfully input into 

Fig. 12  In silico cloning of the 
vaccine into a plasmid vector. 
The red portion specifies the 
sequences of the designed 
vaccine, and the black portion 
represents the pET28a(+) plas-
mid vector backbone. SnapGene 
tool was utilized to visualize the 
in silico cloning
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the pET28a(+) expression vector, suggesting that our vac-
cine can express in the bacterial host system.

The study has several advantages over the previously pub-
lished paper. First, a wider range of protein sequences was 
utilized to identify antigenic epitopes, resulting in a more 
comprehensive and accurate representation of potential vac-
cine targets. Secondly, the use of computational techniques, 
such as molecular docking, MD simulations, and in silico 
immune simulations, enabled a more detailed analysis of the 
vaccine structure and its interactions with Toll-like recep-
tors. This information can provide insights into the poten-
tial efficacy and safety of the vaccine prior to experimental 
assays. Additionally, the application of disulfide engineering 
to stabilize the vaccine structure is a novel approach that 
has the potential to enhance the vaccine's immunogenicity 
and efficacy. Overall, these advancements demonstrate the 
superiority of the proposed method.

The limitations of this study include the fact that it is 
entirely based on computational and in silico approaches, 
and lacks experimental validation. While the results sug-
gest that the designed vaccine candidate is structurally stable 
and capable of inducing an immune response, these findings 
need to be verified through in vitro and in vivo experiments. 
Additionally, the study only focused on the two pathogens, 
S. pneumoniae and K. pneumoniae, and did not consider 
other possible pathogens causing community-acquired 
pneumonia. Therefore, the generalizability of the findings 
to other bacterial species or strains remains unclear. Finally, 
the study did not address the issue of potential side effects 
or adverse reactions of the vaccine candidate.

5  Conclusions

This study aimed to design a multi-epitope vaccine candi-
date against S. pneumoniae and K. pneumonia by utilizing an 
immunoinformatics approach. Total three categories of anti-
genic epitopes, including CTL-, HTL-, and IFN-γ-inducing 
epitopes, were identified from diverse protein sequences and 
utilized to build a vaccine structure. Several immunogenic, 
physicochemical, and antigenic profiles were computation-
ally assessed for the designed vaccine. The interaction pat-
terns of vaccine/TLR4 and vaccine/TLR2 complexes were 
analyzed using molecular docking and subsequently, these 
complexes were subjected to MD simulation, revealing the 
dynamical stable behaviors for under-studied complexes. 
Moreover, an in silico immune simulation study was used 
to investigate the ability of the vaccine to induce an immune 
response, and in silico cloning assures the vaccine’s ability 
to express in a bacterial host system. This study explains a 
novel approach for developing a vaccine candidate against 
community-acquired pneumonia, however, experimental 
assays exploring the effects of the vaccine could contribute 

to a better understanding of generating an immune response 
against pneumococcal disease. Taken together, these find-
ings support strong recommendations to execute in vitro 
and in vivo experiments. Additionally, we propose further 
synthesis and biological activity of the designed vaccine 
candidate.
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