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ABSTRACT

Streptococcus pneumoniae is a gram-positive bacterium responsible for various diseases like pneumonia, acute otitis media, sinus-
itis, meningitis and bacteraemia. These diseases cause a significant amount of morbidity and mortality. Although polysaccharide
vaccines are available, the protection provided by these vaccines is serotype-dependent and not enough in sensitive populations
like children and older people. Designing a subunit vaccine by using proteins that are responsible for the pathogenesis of diseases
can provide better protection against bacterial infections. In this study, we present the design of a novel multi-epitope vaccine
against Streptococcus pneumoniae using an immunoinformatic approach. More than 1170 epitopes were identified against B
cells, cytotoxic T lymphocytes and helper T lymphocytes from more than 60 pneumococcal proteins. Epitopes were further
screened, and potential epitopes were selected for vaccine development. Seven different vaccine combinations that harbour the
15 dominant B-cell, cytotoxic T cell and helper T cell epitopes were evaluated with linker and 3-defensin adjuvant to finalise
the best vaccine construct. Bioinformatics tools were used to analyse the construct's physicochemical properties, secondary and
tertiary structures, allergenicity, antigenicity and immunogenicity. Docking studies with the TLR-4 receptor and molecular dy-
namics simulations indicated strong binding affinity and stability. In silico immune response simulations predicted robust IgG
immune response generation and observed more than 200 000 IgG, +1gG, counts per mL. Similarly, cell-mediated immunity
was also enhanced by the designed vaccine construct. The construct was codon-optimised and cloned in silico for expression in
Escherichia coli. These findings suggest that the construct is a promising candidate for further experimental validation.

1 | Introduction worldwide, and S. prneumoniae stands to be the major cause of

pneumonia [2]. Mostly, this burden of pneumococcal diseases

Streptococcus pneumoniae causes a range of diseases, such as
otitis media, sinusitis and pneumonia, which are non-invasive
as well as invasive diseases such as bacteraemia and meningitis
[1]. As per the World Health Organization (WHO), pneumonia
is responsible for 14% of all deaths of children below 5years of
age. In 2019, almost 740180 children died due to pneumonia
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is higher in developing countries. Although the cases of pneu-
mococcal diseases have decreased substantially after the in-
corporation of different types of vaccines (as per CDC shown
in Figure 1) [3], because of antibiotic resistance and serotype
replacement, mortality and morbidity due to pneumococcal dis-
eases remain an issue that requires urgent attention [4].
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FIGURE 1 | Trend in invasive pneumococcal diseases in adults from 1997 to 2022 in the United States (https://www.cdc.gov/abcs/bact-facts/

data-dashboard.html).

Based on unique glycan components and linkages in the poly-
saccharide capsule of bacteria, almost 98 serotypes have been
identified [4]. Mainly, two different types of vaccines are being
used for S. pneumoniae: (i) pneumococcal polysaccharide vaccine
(PPV) and (ii) pneumococcal conjugated vaccine (PCV); both of
these vaccines utilise the capsular polysaccharide as an antigen
[5]. Although available polysaccharide vaccines have provided
protection against bacterial infection, a large number of serotype
availability limits the activity of the vaccines due to increasing
infections by non-vaccine serotypes, non-capsular serotypes and
limited immunogenicity in specific populations (children, old
aged, immunocompromised, etc.) [6]. PCVs contain a conjugated
protein with the polysaccharide antigen, which produces a bet-
ter immunogenic response than PPVs. However, manufacturing
such vaccines is difficult; serotype replacement is also an issue,
and they are costly [7]. Different PPVs and PCVs have different
serotype coverage, which has been given somewhere else [8-12].

Because of too many serotypes, classical methods of vaccine de-
velopment have failed to provide a potential vaccine. First, second
and third generations of vaccines, which have been used for a long
time, are not able to provide the desired protection [13, 14]. New-
generation subunit vaccines containing peptides or proteins as an-
tigens can be a promising strategy. This strategy is being tested for
many infectious diseases, as well as some chronic diseases like can-
cer and Alzheimer's. Although some vaccines have shown prom-
ising results, challenges remain [15]. One challenge in the case of
vaccines against infectious diseases is that peptides/proteins do not
produce enough immune response, and an additional adjuvant is
required to produce an optimum immune response [16].

In the era of bioinformatics and immunoinformatics, vaccine de-
velopment is taking a turn. These tools are used to design effec-
tive vaccines with better efficacy and improved immunogenicity
while proceeding with quick results [17, 18]. A concept given by
Rappuoli called ‘reverse vaccinology’ utilises the knowledge of
bioinformatics and immunoinformatics to design the vaccine by
analysing the genome sequence of the organism for the potential
vaccine targets [19]. The in silico approach has already been uti-
lised by different authors to develop effective vaccines [20-25].

One of the most recent works that adapted a similar strategy has
achieved promising results, showcasing the superiority of this
strategy by identifying a potential vaccine candidate against S.
pneumoniae [26)].

In the current attempt, an immunoinformatics approach has
been employed to design a new pneumococcal vaccine that
could be effective against diverse pneumococcal serotypes.
After a literature review, different antigenic proteins of S. pneu-
moniae were identified for this study and further processed to
construct the vaccine [27-32].

2 | Materials and Methods

2.1 | Retrieval of Amino Acid Sequence of Selected
Proteins and 3D Structure of Receptors

Primary amino acid sequences of proteins were retrieved from
NCBI and UniProt websites in FASTA format [33-35]. 3D struc-
tures of TLR-2 (2Z7X), TLR-4 (4G8A), MHC-1 (SWJIL) and MHC-2
(5JLZ) were obtained from the RCBS Protein Data Bank [36].

2.2 | Identification of B-Cell Epitopes

B cells recognise antigens by utilising the receptors on their sur-
face, and receptor-antigen interaction leads to the induction of
humoral immunity [37]; thus, the inclusion of B-cell epitopes in
the study becomes necessary. ABCpred server was employed
with a 0.51 threshold value to identify the continuous B-cell epi-
topes, which provide 16 amino acid long epitopes. This server
uses a recurrent neural network to identify the epitopes [38, 39].

2.3 | Identification of Helper T Lymphocyte (HTL)
Epitopes and Population Coverage

HTL plays a major role in both humoral and cellular immu-
nity by interacting with MHC-II receptors on APCs [40]; thus,
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the incorporation of HTL epitopes in the vaccine construct
can provide significant induction to an immune response.
MHC-II Binding Prediction server was used from the IEDB
website for HTL epitopes prediction. This server utilises the
NetMHCIIpan-4.1 prediction method, which utilises training
of a neural network based on the binding affinity of predicted
epitopes as well as mass spectrometry-eluted ligands [41],
where the prediction for human HTL epitopes was pursued
against seven alleles of the HLA-DRB isotype [42]. This server
compares the epitope score with 5 million peptides from the
SwissProt database, provides 15-mer epitopes, and gives a
percentile rank; the lower the percentile rank, the higher the
binding affinity towards the MHC-II receptor [43, 44]. Human
MHC (HLA) alleles are highly polymorphic in nature, and al-
most 1000 different alleles have been identified. Considering
this polymorphism in alleles, the complications increase
with different frequencies of expression among the different
ethnicities. This makes it important to include a population
coverage study of MHC epitopes. In this study, the population
coverage program of the IEDB website was utilised to predict
the population coverage provided by MHC-II epitopes incor-
porated into the vaccine construct. This web server allows for
the calculation of population coverage for different ethnicities
as well as for the whole world population. For the input in the
web server, selected MHC-II epitopes were provided with the
different HLA-DRB alleles, and the coverage was calculated
for the world's population [45].

2.4 | Identification of Cytotoxic T Lymphocyte
(CTL) Epitopes

CTL interacts with MHC-I receptor on APCs and based on this
MHC-I molecule interaction, CTLs kill the infected cells in an
antigen-specific manner [46]. Rationally, incorporating CTL
epitopes in vaccine design becomes essential. For the present
study, NetCTL-1.2 server was employed to identify the CTL epi-
topes; this server makes predictions by involving predictions of
‘proteasomal breakdown of peptide’, ‘TAP transport efficiency’
and ‘binding affinity with MHC Class I’ using artificial neural
networks trained to predict and calculate information regard-
ing epitope prediction [47-49]. Details of proteins and epitope
screening and selection schematic are given in Figure S1.

2.5 | Cluster Evaluation of MHC Epitopes

The MHC region on the genome in humans is too polymorphic
and contains thousands of alleles. Analysis of interactions be-
tween different alleles can provide information regarding the
epitope's interaction and production of a potential immune re-
sponse. For the cluster analysis of MHC epitopes, MHCcluster-2.0
web server was utilised. This web server uses NetMHCpan-2.8
and NetMHCIIpan-3.2 methods for the prediction of CTL and
HTL epitope binding, respectively. To make the prediction re-
garding MHC-I clustering, all the HLA allele representatives
were selected, and default parameters like total peptides to in-
clude and bootstrap calculation were kept at 50 000 and 100,
respectively. For the MHC-II cluster analysis, other parameters
were kept the same, but the selected allele representatives were
HLA-DR [50].

2.6 | Allergenicity and Antigenicity Prediction
of Epitopes

AllerTOP v2.0 server was employed to predict the allergenic-
ity of derived epitopes. This server uses an auto cross covari-
ance (ACC) based method that converts the protein sequence
into uniform length vectors. This vector is then analysed for
different properties of amino acids like hydrophobicity, mo-
lecular size, ability to form helix, capacity of amino acids to
form @-strand and relative abundance to predict the allerge-
nicity of the given polypeptide chain [51]. Only those epitopes
were considered for further study that were non-allergenic in
nature.

Vaxijen v2.0 was employed to predict the antigenicity of derived
peptides. The Vaxijen server provides options to select target or-
ganisms (such as viruses, bacteria, fungi, cancer and parasites);
in this case, ‘bacteria’ was selected, and a 0.4 threshold value
was kept. Vaxijen utilises an alignment-independent method for
the prediction of antigenicity [52]. Here, for the selection of the
best epitopes for the vaccine construct, only those epitopes were
selected that have at least a twofold higher antigenic score than
the threshold value.

2.7 | Multi-Epitope Vaccine Construction

After evaluation of epitopes for allergenicity and antigenicity,
epitopes that are the most safe and antigenic were selected
from different proteins to make a construct and to provide
broader serotype coverage. For the construction of the vac-
cine, epitopes were linked using linkers and an adjuvant was
incorporated. In the construct of the vaccine, ‘KK’ linkers
were utilised for CTL and BCL peptides, while for HTL pep-
tides ‘GGGS’ linkers were utilised. ‘EAAAK’ linker was added
between the adjuvant and the first epitope as well as at the end
of the construct [53].

2.8 | Physiochemical Properties, Allergenicity
and Antigenicity Derivation

Expasy's ProtParam server was employed to compute the phys-
iochemical parameters like molecular weight, atomic composi-
tion, estimated half-life, aliphatic index, theoretical pI, amino
acid composition, extinction coefficient and grand average of
hydropathicity (GRAVY) [54]. Aqueous solubility prediction
for the derived construct was done using the Protein-Sol server,
where, if the predicted solubility value was higher than the 0.45
threshold value, the protein construct was considered to have
higher solubility in comparison to average proteins from E. coli
[55]. For the prediction of allergenicity and antigenicity of the
vaccine construct, AllerTOP [51] and Vaxijen v2.0 [52] servers
were used respectively.

2.9 | Secondary Structure Prediction

The prediction of the secondary structure for linear construct was
made by the PSIPRED 4.0 server. A neural network is utilised by

182

Immunology, 2025

858017 SUOWWOD BAIEa.D 3(dedljdde ayy Aq peusenob ae sajolie VO ‘88N JO S9INJ 10j A%eiqiT8UlIUQ AB|IM UO (SUONIPUOD-PUR-SLUBIALIO" A3 1M ARIq 1 BUI|UO//STIY) SUORIPUOD Pue Swe 1 8y 88S *[9202/90/50] Uo ARidiTauliuo A(im ABojouyos L JO ainiisu| Ueipu| Ag 0Z6ET WWIITTTT OT/I0p/L0o" A3 (1M AeIq Ul |uo//Sdny WOy pepeolumod ‘Z ‘SZ0Z ‘L952S9ET



this server in two steps based on PSI-BLAST generated position-
specific scoring matrices to create the secondary structure of the
given amino acid sequence. It provides information about differ-
ent types of arrangement (such as strands, helix, coils and disor-
dered) of amino acids in the construct [56, 57].

2.10 | Tertiary Structure Prediction

I-TASSER is a widely used web server for the prediction of the
tertiary structure of an amino acid sequence. Initially, this server
finds templates from the protein data bank by utilising a multi-
ple threading approach to construct a full-length atomic model
using iterative template-based fragment assembly simulations,
and based on this template, the server constructs the tertiary struc-
ture. I-TASSER results provide the tertiary structure as well as the
root-mean-square deviation (RMSD) value, Confident-score (C-
score) and TM-score. C-score is correlated with both TM-score and
RMSD value, with correlation coefficients of 0.91 and 0.75, respec-
tively, for the first model out of the given main five models [58].

2.11 | Refinement and Validation of Tertiary
Structure

Refinement of the tertiary structure was done by the
GalaxyRefine web server. This web server starts refinement by
rebuilding side chains, which leads to repacking of sidechains
followed by overall relaxation of structure using molecular dy-
namics (MD) simulation [59, 60].

UCLA's SAVES v6.0 server in which two programs (i) ERRAT—
which provides an overall quality factor of structure— [61] and (ii)
PROCHECK—which provides a Ramachandran plot showing four
regions where amino acids of proteins reside—were employed to
validate the tertiary structure of the designed vaccine [62]. The re-
gions (most favoured region, additional allowed region, generously
allowed region and disallowed region) in Ramachandran plots give
an idea about the quality of the tertiary structure in discussion
[63]. Also, ProSA (Protein Structure Analysis)-web server provided
the z-score for the structures. The z-score gives an idea about over-
all model quality as it is a value obtained by comparing the given
structure to native structures of similar size [64, 65].

2.12 | Discontinuous B-Cell Peptides Prediction

Discontinuous peptides are non-linear and made up of multi-
ple different parts of the amino acid chain. Naturally, almost
90% of B-cell epitopes are in discontinuous form, which makes
it important to consider them during vaccine design [66, 67].
Prediction of discontinuous epitopes was done using the ElliPro
server from the IEDB website, which uses Thornton's method
to identify linear epitopes and a residue clustering algorithm by
keeping a 0.5 score as a threshold value [68].

2.13 | Protein-Protein Docking

The docking of the vaccine construct with different receptors
like TLR-2, TLR-4, MHC-1 and MHC-2 was done by the ClusPro

2.0 web server [69]. The docking is performed by this server in
three steps: the first is rigid body docking, the second step is
forming a cluster of 1000 structures having the lowest energy
based on RMSD and the third step removes steric clashes by mi-
nimising the energy [70-72].

For binding energy calculation of receptor-ligand complex, the
PRODIGY server was used, which provides the contact-based
binding affinity prediction as well as dissociation constant (K,)
[73, 74]. To visualise the interaction between amino acids of re-
ceptors and ligands (here constructed vaccine), the DIMPLOT
program of LigPlot* software was used, which provides better
insight into understanding the interactions of molecules during
docking [75].

2.14 | MD Simulation

During the interaction of ligand and receptor, different types
of conformations take place, which depend on the flexibility
of structures as well as the conformational transitions of the
interaction. Determining these properties can give useful in-
sights into the molecular interaction of ligands and receptors
[76]. In this study, to perform MD simulation, the basic mode
of the iMOD server was used. iMOD is an NMA (Normal Mode
Analysis) based method combined with Coarse-grained repre-
sentations, providing information such as deformability, flexi-
bility, stiffness, eigenvalue and covariance map [77-79]. MD
simulation was also performed using GROMACS software,
where gromacs-2024.2 version 2024.2 was used [80-86]. Input
files were generated using CHARMM-GUI web server's solution
builder program, where the system was built by providing the
vaccine-receptor complex in protein database (.pdb) format. A
rectangular box of water was generated using TIP3 model water,
and the system was neutralised using Nat and CI~ ions. The
ions were added at a concentration of 0.15M using the Monte
Carlo method of ion placing. Once the system was generated,
the temperature of 311.15K and pressure of 1bar were set, and
the system was equilibrated using the energy minimisation step.
After the minimum energy levels were obtained for the system,
NVT (constant number of particles, volume and temperature)
and NPT (constant number of particles, pressure and tempera-
ture) ensembles were performed following MD simulations for
100ns (5% 107 steps) [87-90].

2.15 | In Silico Immune Response

Estimating the immune response of any vaccine for the evalua-
tion of efficacy is one of the most important parts of the study.
Here, for simulating the immune response of the constructed
vaccine, the C-ImmSim server was utilised. The C-ImmSim
web server is a polyclonal agent-based model that simulates the
immune system of a mammal and gives information regarding
humoral and cellular responses [91-94].

2.16 | Codon Optimisation and In Silico Cloning

To convert the amino acid sequence of the vaccine construct
to the codon sequence, the EMBOSS Backtranseq server was
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TABLE1 | B-cell epitopes that were incorporated in vaccine construct were identified from selected proteins and sort listed based on allergenicity

and antigenicity analysis.

Proteins Epitope Start End Antigenicity Allergenicity
Pneumococcal histidine triad protein QPSPQSTPEPSPSLQP 368 383 1.1134 Probable non-allergen
A (PhtA)

Choline-binding protein A (CbpA) KKKAEDQKEEDRRNYP 152 167 1.6945 Probable non-allergen
Choline-binding protein F (CbpF) GSTWYYLNASNGDMKT 290 305 1.1101 Probable non-allergen
Choline-binding protein J (CbpJ) EKKAKDQKEEDRRNYP 311 326 1.7306 Probable non-allergen
Zinc metalloproteinase C (ZmpC) GVNADTSLDDLYLD 1620 1632 1.4054 Probable non-allergen

utilised. This server provides the option to choose from dif-
ferent organisms, where E. coli K-12 was selected because the
obtained codon sequence was supposed to be used for the ex-
pression of protein by E. coli as a host [95, 96]. The obtained
codon sequence was then optimised using the JCat web server,
which is a very fast and simple method because manually de-
fining highly expressed genes is not required; it also provides
data like %GC content and Codon Adaptation Index (CAI)
value [97, 98].

Cloning of a desired protein is a method of expressing it by in-
corporating the genome sequence of that protein in plasmid of a
host like E. coli. Cloning is used for the synthesis of many pro-
teins and therapeutic molecules [99]. To mimic the cloning of de-
signed vaccine construct SnapGene v7.0.2 software was utilised,
in which a function called ‘Restriction and insertion cloning’
provides the platform to perform in silico cloning. pET-28a(+)
plasmid was selected as a vector, and then the sequence of nu-
cleotides was incorporated into the vector by using restriction
enzyme sites (Xhol and Miul) [21].

2.17 | Open Reading Frame (ORF) of Nucleotide
Sequence

ORF is the sequence of DNA or RNA that can undergo the trans-
lation process and indicates the coding sequence for a protein
[100]. The OREF finder server from the NCBI website was em-
ployed to find the ORF in the codon sequence of the vaccine
construct [101].

3 | Results

3.1 | Retrieval of Amino Acid Sequence of Selected
Proteins and 3D Structure of Receptors

The study was initiated by retrieving the amino acid sequence
of 60 proteins that are essential for the pathogenesis of bac-
teria (S. pneumoniae). These proteins were then screened for
their homology with the mouse and human proteomes using
protein—protein BLAST and allergenicity using the AllerTOP
server, which led to the exclusion of 19 proteins from the
study. Epitopes were identified from 41 proteins, as shown in
Table S1. Based on the screening criteria, the selected domi-
nant epitopes, which were part of the final vaccine construct,

belong to the 14 proteins. Only non-allergen and non-
homologous (<30% similarity in BLAST analysis) proteins
were incorporated into the study. Table S2 contains a detailed
description of these 14 proteins.

3.2 | Identification of B-Cell Epitopes

After employing the ABCpred server with a 0.51 threshold
value, 16 mer epitopes were obtained for each protein, which
were analysed for their antigenicity and allergenicity. Based on
these results, epitopes that were non-allergenic and had an anti-
genicity score of more than 1 were identified and selected for the
construction of vaccine, which is given in Table 1.

3.3 | Identification of HTL Epitopes

Based on the NetMHCIIpan-4.1 method, the prediction of HTL
epitopes was performed by the MHC-II server on the IEDB
website, which provided 15 amino-acid-long epitopes. These
epitopes were then analysed for their allergenicity, antigenicity
and IFN-y induction capacity. Analysis results showed epitopes
having non-allergenicity, antigenicity more than 0.7 and positive
IFN-y induction (Table 2).

Population coverage prediction web server provided the results,
where given epitopes showed 85.76% cumulative population cov-
erage (Figure 2A) with an average hits per HLA combination of
6.07. Additionally, the minimal number of epitope hits per HLA
combination that 90% of the population could recognise was 3.51
(Figure 2B).

3.4 | Identification of CTL Epitopes

CTL epitopes derived from the NetCTL 1.2 server for se-
lected proteins by keeping a weightage of 0.15 for C-terminal
cleavage and 0.05 for TAP transport efficiency, while the
threshold was set at 0.75 for the identification of epitopes.
Determination of possible epitopes by this server was based
on a combined score of MHC-I affinity, TAP transport effi-
ciency and C-terminal cleavage score. Epitopes with non-
allergenicity and more than 1 antigenicity score were chosen
for the construction of a vaccine; those selected epitopes are
listed in Table 3.
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TABLE 2

and IFN-y induction capacity analysis.

| HTL epitopes used for vaccine construct were identified from selected proteins and sorted listed based on allergenicity, antigenicity

Proteins Epitope Start End Antigenicity IFN-yinduction Allergenicity
Autolysin A (LytA) EADYHWRKDPELGFF 38 52 0.7777 0.15599044 Probable non-allergen
Pneumococcal YELFKPEEGVAKKEG 574 588 0.8538 0.36836895 Probable non-allergen
histidine triad
protein E (PhtE)
Choline-binding KEFQNTASNELTTYD 164 178 0.8697 0.64277099 Probable non-allergen
protein G (CbpG)
Pneumococcal TTSQSLSQSKSLSVS 379 393 0.8549 0.14449709 Probable non-allergen
Serine-Rich Repeat
Protein (PsrP)
Iron uptake TAQILGLDVEKEQKE 211 225 0.9212 0.15027014 Probable non-allergen
transporter
permease protein C
(PiuC)
) World - Class Il Coverage ®)
Population/ Class i
Area
Coverage? average_hit? pco0°
World 85.76% 6.07 3.51
Average 85.76 6.07 3.51

Percent of individuals

o 1 2
Number of epitope hits/HLA combination recognized

FIGURE 2 |

3

4 5 6 7

8

9

10

a - projected population coverage

b - average number of epitope hits / HLA
combinations recognized by the population

¢ - minimum number of epitope hits / HLA
combinations recognized by 90% of the
population

Cumulative percent of population coverage

Population coverage prediction. (A) Chart showing cumulative population coverage gives idea about the population that expresses

the HLA alleles with which the HTL epitopes from vaccine construct can interact and (B) shows coverage, average hit, and pc90 for the selected al-
leles interacting with the HTL epitopes in construct.

TABLE 3 |

finally used for the construction of a vaccine along with HTL and BCL.

CTL epitopes identified from selected proteins and sorted listed based on allergenicity and antigenicity analysis. These epitopes were

Proteins Epitope Start End Antigenicity Allergenicity
Choline-binding protein G (CbpG) GTGATITGY 206 214 1.5918 Probable non-allergen
Pneumococcal choline-binding protein A (PcpA) TTSLNMLML 244 252 1.2886 Probable non-allergen
Pneumococcal lipoprotein (pneumococcal iron TSKDPRANY 226 234 1.4052 Probable non-allergen
acquisition, PiaA)

Pneumococcal serine-rich repeat protein (PsrP) RTDRIGINY 358 366 1.5121 Probable non-allergen
Iron uptake transporter permease protein B (PiuB) VTEVIAYRF 150 158 1.2189 Probable non-allergen

3.5 | Cluster Evaluation of MHC Epitopes

Cluster analysis of MHC alleles done by MHCcluster-2.0 web
server provided a heat map and allele interaction tree. In the
heat map of allelic interaction, the red part shows the stronger

interaction, while the yellow part indicates the weaker interac-
tion. The allelic interaction tree shows the possible interaction
of the epitopes and alleles, where the nearer the epitope to an
allele, the better the interaction. The output given by the web
server for the given peptides is shown in Figure 3.
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FIGURE 3 | MHC cluster evaluation, where (A) heat map of MHC-1 peptide interaction, (B) interaction tree of MHC-1 alleles, (C) heat map of
MHC-II peptide interaction and (D) interaction tree of MHC-II alleles with selected epitopes. In heat map, the red area shows stronger interaction,

while the white area shows weaker interaction. In case of allelic interaction tree, nearer the epitope to an allele, better the interaction.

3.6 | Multi-Epitope Vaccine Construction

After the evaluation of all the epitopes, a total of 15 epitopes (5 epi-
topes of each type) were chosen to make multi-epitope vaccine con-
structs. These chosen epitopes were linked together with linkers,
and an adjuvant was added to improve the immunogenicity. To link
the adjuvant, an EAAAK linker was used, which was also added at

the end of the construct to improve stability. A total of seven differ-
ent vaccine constructs were designed and evaluated using the same
set of epitopes and linkers, as well as the same adjuvant. Details of
the different constructs are given in Table S3. The best construct
out of seven was further studied. Figure 4B showcases the selected
vaccine construct, which has 291 amino acids, while Figure 4A in-
cludes the amino acid sequence of the construct.
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FIGURE 4 | Vaccine construct and its evaluation. (A) Amino acid sequence of vaccine construct. (B) Vaccine constructs showing adjuvant in
white box, CTL epitopes in blue box connected with ‘KK linker’, HTL epitopes in green box connected with “GGGS linker” and BCL epitopes in
yellow box connected with ‘KK linker’. (C) Secondary structure of vaccine where yellow box represents strands, pink represents helix and grey rep-

resents coil in structure. (D) Estimated physiochemical properties of construct.

3.7 | Physiochemical Properties, Allergenicity
and Antigenicity Derivation of Vaccine Construct

Constructed vaccine was analysed for its physicochemical prop-
erties like molecular weight (32 248.31g/mol), theoretical pI
(9.59), estimated half-life, aliphatic index [49], GRAVY (—1.168)
using Expasy's ProtParam server and solubility was estimated
using Protein-Sol server. Construct was also evaluated for its an-
tigenicity and allergenicity. Summary of all these parameters is
shown in Figure 4D.

3.8 | Secondary Structure Prediction

Secondary structure of construct was predicted using PSIPRED
4.0, which is shown in Figure 4C. For the given vaccine con-
struct, the percentage of strands, helix and coils predicted by the
server was 18.56%, 19.93% and 61.51%, respectively.

3.9 | Tertiary Structure Prediction

The tertiary structure of the constructed sequence was pre-
dicted by the I-TASSER web server, which provided five dif-
ferent tertiary models. The model with the highest C-score
was selected for further study. Also, the I'-TASSER web server

provided the TM-score for each model. For the representation
of the selected tertiary structure, its Ramachandran plot, C-
score, TM-score and values from the Ramachandran plot are
shown in Figure 5.

3.10 | Refinement and Validation of Tertiary
Structure

Using GalaxyRefine web server, the tertiary structure was refined.
This refinement of structure is required because, even after utili-
sation of the best tertiary structure building web server, due to the
novelty in construct, the lack of a template to build on poses some
difficulties, which may lead to an error in structure. RMSD value
is a measure of the difference between two structures, which was
also provided by the GalaxyRefine server.

Validation of refined structure was done by UCLA's SAVES v6.0
server, which provided data on the overall quality factor of the
structure as well as the Ramachandran plot. After the refine-
ment of the structure, residues in the most favoured region in-
creased to 97.2% from 87%. The z-score (—3.2) and its plot for the
given construct were obtained from the ProSA-web server. The
refined tertiary structure, Ramachandran plot, overall model
quality plot (z-plot) and local model quality plot for that struc-
ture are given in Figure 6.
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FIGURE 5 | Tertiary structure of vaccine construct (A) obtained from the I-TASSER web server, (B) its Ramachandran plot (C) showing the C-
score based on which best structure was selected from I-TASSER and parameters obtained from Ramachandran plot.

3.11 | Discontinuous B-Cell Epitopes Prediction

As the importance of discontinuous B-cell epitopes is higher
due to their versatility, their prediction in constructed structure
is important and that was done using the Ellipro server. This
server provided different B-cell discontinuous epitope sequences
as well as their locations in the 3D structure, where six different
discontinuous epitopes were predicted by the server from the
vaccine construct, which is shown in Figure 7.

3.12 | Protein-Protein Docking

As this construct is made up of different epitopes that have the
ability to bind to different receptors and exert the effect in terms
of immune stimulation against S. pneumoniae, the binding affin-
ity toward some important receptors like TLR-2, TLR-4, MHC-1
and MHC-2 was checked by using ClusPro 2.0 web server, which
provided the receptor-ligand complexes Figure 8A-D. These
complexes were utilised to calculate the binding energy and
dissociation constant using the PRODIGY web server, which is
given in Figure 8E. As TLR-4 is a pattern recognition receptor
(PRR) that is engaged by bacterial endotoxins for educating the
immune system, and as the current vaccine is a bacterial vaccine
where S. pneumoniae secretes LPS endotoxin, which is a TLR-4
ligand, we performed the docking and further evaluation by MD

simulation with the TLR-4 receptor. Upon analysing a complex
of TLR-4 and the vaccine construct for the interactions of amino
acids, it was observed that the interaction of the protein and li-
gand (Figure 9) includes almost 32 hydrogen bonds and 4 salt
bridges, details of which are given in Table 4.

3.13 | MD Simulation

MD simulation, which gives an idea about the structure's
flexibility and deformability, was performed using the iMOD
server's Basic program. The obtained results provided differ-
ent plots for different parameters as well as the eigenvalue
which is the indicator of energetic contribution for the motion
of a particular complex during simulation. The results of the
MD simulation performed for the complex of TLR-4 and the
vaccine construct show an eigenvalue of 6.917089 X 10~¢ and
other plots can be seen in Figure 10. The RMSD (root mean
square deviation) value for the complex was never higher than
4nm, which is an acceptable outcome considering the size
of the complex is very large. The RMSD of the protein was
within the range of 0.2-0.6 nm, which suggests the stability of
the protein was not disturbed by the interaction with the vac-
cine construct. The root mean square fluctuation (RMSF) of
different chains of the protein as well as the vaccine construct
chain was within the range of 1.5-3nm, which is parallel
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(B)

Sr.no Peptide sequence Number of Score
amino acid

1 A:GL, A2, A3, A:N4, A:T5, AiL6, A:Q7, A:K8, A:Y9, A:Y10, A:C11, 28 0.907
A:R12, A:V13, A:R14, A:G15, A:G16, A:R17, A:C18, A:A19, A:V20,
A:L21, A:S22, A:C23, A:L24, A:P25, A:K26, A:E27, A:E28

2 A:S238, A:T239, A:Y241, A:Y242, A:1243, A:N244, A:A245, A:S246, 40 0.76
A:N247, A:G248, A:D249, A:M250, A:K251, A:T252, A:K253, A:E255,
A:K257, A:A258, A:K259, A:D260, A:Q261, A:K262, A:E263, A:E264,
A:D265, A:R266, A:R267, AIN268, A:Y269, A:P270, AiK271, AiK272,
A:G273, A:V274, AIN275, A:D277, AT278, A:D281, A:D282, A:L285

3 A:G142, A:G144, AiS145, A:T146, A:T147, A:S148, A:Q149, A:S150, 38 0.708
A:L151, A:S152, A:Q153, A:S154, A:K155, A:S156, A:L157, A:S158,
A:V159, A:S160, A:F198, A:K200, A:Q201, A:P202, A:5203, A:P204,
A:Q205, A:S206, A:T207, A:P208, A:E209, A:P210, A:S211, A:P212,
A:S213, A:L214, A:Q215, A:P216, A:K217, A:K218

a4 A:Q29, A:130, A:G31, A:K32, A:C33, A:S34, A:T35, A:R36, A:G37, 14 0.684
A:R38, A:K39, A:C40, A:R42, A:R43

5 AA288, A:A289, A:A290, A:K291 4 0.601

6 A:K45, A:E46, A:A47, A:A49, A:KS0, A:G51, A:G53, A:A54, A:TSS, 13 0.57

A:l56, A:T57, A:G58, A:YS9

FIGURE7 | Discontinuous B-cell epitopes obtained from ElliPro web server. (A) 3D representation and (B) details of the location with number of residues.
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FIGURE 8 | Docking of V1 with different receptors where green are receptors and blue is V1 construct. (A) Docking complex with MHC-I recep-
tor, (B) docking complex with MHC-II receptor, (C) docking complex with TLR 2 receptor, (D) docking complex with TLR 4 receptor and (E) predicted
binding affinity and dissociation constant for different complexes obtained using PRODIGY web server.

to the results of the deformability plot in Figure 10C. More
results of MD simulation by GROMACS have been added to
Figure S2A-E.

3.14 | In Silico Immune Response

In silico immune response predicted by the C-ImmSim server
showed an increased IgM. Eventually, the IgM +1gG response
was further increased after the booster dose on the 18th day of
the first immunisation (Figure 11A). Similarly, cytokine secre-
tion such as IFN-y, TGF-@, IL-10 and IL-2 was also shown to
be increased with the first injection as well as the booster dose
(Figure 11B). Additionally, B cells and their isotypes, specifically
memory B cells, were shown to increase drastically after the
booster dose Figure 11C,D. The number of plasma B-cell isotypes
secreting IgG1 and IgM was also elevated (Figure 11E) after the
first and booster immunisations. The number of active T-helper
cells and Th-memory cells was also predicted to be significantly
higher, and Th1 cells were also increased in number in compari-
son to Th2 and Th17 Figure 11F-H. Role of macrophages (MAs)

and dendritic cells (DCs) is significant during the activation of
the immune system against bacterial infection. As shown in
Figure 111, after the first immunisation, the number of active
MAs increased dramatically and maintained its level for up to
50days, while in the case of DCs, the level was not that high,
but it was maintained throughout the simulation, which lasted
about 120days (Figure 11J).

3.15 | Codon Optimisation and In Silico Cloning

As the constructed sequence is a novel protein and for the syn-
thesis of this protein, it needs to be expressed in E. coli. For the
expression, the codon sequence needs to be inserted into the
plasmid of E. coli and for that, conversion of the amino acid
sequence to the codon sequence was needed, which was done
using the EMBOSS Backtranseq server. The codon sequence is
shown in Table 5 with its GC content and CAI value.

Optimisation of this codon sequence was done by Jcat web
server to improve the expression of protein from E. coli. After
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FIGURE 9 | Amino acid interactions in a complex of TLR-4 and V1 construct. Green bonds are hydrogen bonds, and red bonds are salt bridges.

Chain (A) is receptor (TLR-4) and Chain (B) is vaccine construct.

TABLE 4 | Listof hydrogen bonds and salt bridges present in amino acid interactions in a complex of TLR-4 and vaccine construct.

TLR-4 Vaccine construct TLR-4 Vaccine construct
Residue ) Residue )
(location) Residue (location) Bond length (A) (location) Residue (location) Bond length (A)
Hydrogen bonds

Glu (286) Thr (146) 2.91 Lys (230) Tyr (59) 2.66

Gln (547) Lys (119) 2.61 Asp (209) Tyr (59) 2.66

Gln (507) Gln (507) 2.81 His (179) Lys (61) 2.81

Asn (309) Gln (153) 3.18 Glu (178) Lys (61) 2.52

Arg (355) Glu (136) 2.87 Glu (31) Arg (38) 2.64

Arg (355) Thr (96) 2.70 Val (32) Arg (38) 2.68

Arg (355) Val (95) 2.70 Glu (27) Lys (26) 2.52

Glu (425) Asn (135) 2.85 Cys (29) Gln (29) 3.30

Gln (333) Tyr (140) 2.93 Pro (28) Arg (36) 2.87

Gln (333) Ser (145) 2.85 Glu (605) Arg (78) 2.76

His (256) Arg (102) 2.80 Glu (603) Arg (78) 2.73

Glu (287) Arg (102) 2.81 Ser (386) Ser (386) 2.74

Arg (257) Glu (97) 2.97 Thr (284) Lys (155) 2.70

Arg (289) Glu (97) 2.80 Asp (60) Arg (43) 2.68

Arg (289) Thr (55) 2.97 Gln (39) Arg (43) 3.18

Lys (354) Thr (139) 2.60 Lys (130) Thr (62) 2.67
Salt bridges

Arg (355) Glu (136) Glu (287) Arg (102)

Lys (477) Glu (121) Glu (254) Lys (155)
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FIGURE 10 | Results of MD simulation. (A) Residue index plot, (B) atom index plot, (C) deformability, (D) eigenvalue plot, (E) Bfactor plot and

(F) variance plot.

optimisation, the CAI value increased to 0.98 and %GC content
decreased to 47.19% (Table 6).

This optimised codon sequence was used for the in silico cloning
by SnapGene software, where Xhol (158) and Mlul (1035) restric-
tion enzyme sites were selected for the insertion of the codon
sequence into the pET-28a(+) plasmid (which is one of the most
commonly used vectors and has the size of 5265bp). As these
sites were not present in the nucleotide sequence of the con-
struct, at the start and end of the nucleotide sequence, restriction
sites were added for the insertion of the codon sequence into the
plasmid. The codon sequence inserted was about 879 bp to make
a recombinant plasmid (Figure 12).

3.16 | ORF of Nucleotide Sequence

ORF-finder from the NCBI website gave a total of 16 different
ORFs from the codon sequence of the constructed vaccine. The
first ORF was from the start to the end of the sequence, which
shows that the expression of the protein sequence from the

obtained codon sequence is possible when expressed. Figure 13
shows the ORFs from the codon sequence.

4 | Discussion

The immunoinformatics approach to designing novel vaccines
against S. pneumoniae has been utilised by many researchers
[17, 20-25]. Unlike available polysaccharide and conjugate vac-
cines, the development of a vaccine that can provide protection
against diverse serotypes could be an interesting and viable ap-
proach. Such approaches will not only help in cost reduction but
also in serotype-independent protection [7]. In this study, after
a literature review, 14 proteins (Table S2) were identified at the
surface of S. pneumoniae. All these proteins have <30% homol-
ogy with human and mouse proteins as per the BLAST analysis,
which means that these proteins are not similar to any human or
mouse proteins. This analysis is necessary as homologous pro-
teins used as vaccines can initiate an autoimmune response that
can result in any acute to severe adverse effects in a healthy body.
For the construction of a vaccine, the sequences of amino acids

192

Immunology, 2025

85U8017 SUOWILLIOD @A 111D 3|l dde au A peuenob ae sspiie YO ‘8sn o sajnJ o} A%eld178Ul|UO /8|1 UO (SUONIPUOD-PUB-SWLBIALI0D" A8 | ARe.q 1 |BuUO//SdNL) SUORIPUOD pue swie 1 ays 8es *[9202/90/50] Uo Arlqiauluo Ao|im ‘ABojouyos L JO ainiisu| eipul A 0Z6£T W/ TTTT OT/I0p/W00 A8 |Im Afe.d 1 jpuluo//:SAny Wouy papeojumoa ‘Z ‘G202 ‘L9G2S9ET



) ®) © B cell populati I 3
700000 . 120000 450000 - . cell population (cels per mrm)
g — IFN, 700 ; 500
IgM+1gG 400000 00000 D ' Total
600000 M —— | 500000 | 1L B not Mem - 450
1gG1+1gG2 00000 [ 600 - Q (y2) ——
1gG1 —— S 350000 400000 Bisotype Ig - 400
500000 19G2 —— 3 A 8 isotype IgG1 ——=
E 80000 2 300000 300000 | || 500 - = 350
o) -2 \
o o 200000 | 2
£ 400000 88 250000 f [\ 00 a0 3
3 g0 == £ 100000 | \| {50 7
£ 300000 23 £ 200000 ol 300 5
& ] 0 20 40 60 80 100 120 i
c 40000 £ 150000
© 200000 a 200 o] 150
< 100000 1100
100000 20000 100
50000 {50
0 —— o 0 0 0
0 20 40 60 8 100 120 50 20 100 120 20 40 60 80 100 120
days days days
(D) B cell population per state (cells per mm?) (E) PLB cell population (cells per mm®) (F) TH cell population (cells per mm?)
700 ; T T T T 350 100 T T T T 12000 T T T v 1400
ACTIVE —— Isotype Total
600 INTERNALIZED (y2) 200 90 IgM + “QG TH not Mem
PRESENTING-2 (y2) ——— - gM —— TH Mem (y2) - - 1200
DUPLICATING S 80f 1961 10000
I3 |
L s ANERGIC (y2) Los0 & 0l 9G2 - 1000
£ 5 8000
T < 60 2
< 400 1200 E {80 3
E 8 50 6000 g
g 300 1150 % 0 {600 §
g g E
< I 4000
200 4100 @ 30 - 400
15}
£ 20
100 1s0 = 2000 4 200
1
" 0
o LA\ ) . . . 0 o L L " . L T 0
0 20 40 60 80 100 120 40 60 80 100 120 0 20 40 60 80 100 120
days days days
(G) TH cell population per state (cells per mm?) (H) 120000 (I) MA population per state (cells per mm?)
8000 ; 250 - - : :
! ! ! ACTIVE —— 100000 INTERNALIZED
L DUPLICATING —— B 80000
7000 RESTING —— £
ANERGIC —— 5 60000
6000 |- H
8 40000
5000 - 20000
4000 |-
3000 |- days
1
2000 - _ Thov T
£ Thl e—
© Th2 m—
1000 g Th17 e
%0 20 m 60 80 100 120
40 60 80 100 120
days days days
(J) DC population per state (cells per mm?)
250 : - N .
INTERNALIZED
100
50
° .
0 20 40 60 80 100 120
days
FIGURE 11 | Immune simulation showcasing the stimulation of immune system after first immunisation on Day 0 and after booster dosing on

Day 18. (A) Amount of antibodies, (B) cytokines secretion, (C) B-cell population, (D) B-cell population per state, (E) plasma B-cell population, (F)
Th-cell population, (G) Th-cell population per state, (H) Th cell type, (I) macrophage population and (J) dendritic cell population.

for all non-homologous proteins were retrieved from the NCBI
and UniProt websites. Also, all these proteins are non-allergenic,
which was predicted by using the AllerTOP v2.0 web server.

The selected BCL and CTL epitopes have an antigenicity score of
more than 1 and are non-allergenic. For the HTL epitope selection,
the antigenicity score was kept at 0.7, and these were further evalu-
ated for the IFN-y inducing ability. Based on this analysis, a total of
15 epitopes were chosen to include in the vaccine construct, which
are enlisted in Tables 1-3. By incorporating these epitopes in the

construct, the probability of induction of immunity increases as
these epitopes were predicted to bind and activate the Band T cells
with a higher threshold. In addition, these epitopes were chosen
from the proteins that are expressed in diverse serotypes, and
many of them fall into the conserved category, which suggests that
the designed vaccine construct could be effective against diverse
pneumococcal strains. Further, population coverage prediction for
MHC-II epitopes showed 85.76% coverage (Figure 2), which indi-
cates that MHC-II peptides incorporated into the vaccine would be
able to interact with different types of HLA-DRB alleles expressed
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TABLE 5 | Codon sequence of vaccine obtained from the Backtranseq web server with its CAI value and %GC content.

Codon sequence CAlvalue

GC content

GGCATTATTAACACCCTGCAGAAATATTATTGCCGCGTGCGCGGCGGCCGCTGCGCG
GTGCTGAGCTGCCTGCCGAAAGAAGAACAGATTGGCAAATGCAGCACCCGCGGCCG
CAAATGCTGCCGCCGCAAAAAAGAAGCGGCGGCGAAAGGCACCGGCGCGACCATT
ACCGGCTATAAAAAAACCACCAGCCTGAACATGCTGATGCTGAAAAAAACCAGCA
AAGATCCGCGCGCGAACTATAAAAAACGCACCGATCGCATTGGCATTAACTATAAA
AAAGTGACCGAAGTGATTGCGTATCGCTTTGGCGGCGGCAGCTATGAACTGTTTAA
ACCGGAAGAAGGCGTGGCGAAAAAAGAAGGCGGCGGCGGCAGCAAAGAATTTCA
GAACACCGCGAGCAACGAACTGACCACCTATGATGGCGGCGGCAGCACCACCAGCC
AGAGCCTGAGCCAGAGCAAAAGCCTGAGCGTGAGCGGCGGCGGCAGCACCGCGCA
GATTCTGGGCCTGGATGTGGAAAAAGAACAGAAAGAAGGCGGCGGCAGCGAAGCG
GATTATCATTGGCGCAAAGATCCGGAACTGGGCTTTTTTAAAAAACAGCCGAGCCC
GCAGAGCACCCCGGAACCGAGCCCGAGCCTGCAGCCGAAAAAAAAAAAAAAAGC
GGAAGATCAGAAAGAAGAAGATCGCCGCAACTATCCGAAAAAAGGCAGCACCTGG
TATTATCTGAACGCGAGCAACGGCGATATGAAAACCAAAAAAGAAAAAAAAGCG
AAAGATCAGAAAGAAGAAGATCGCCGCAACTATCCGAAAAAAGGCGTGAACGCGG
ATACCAGCCTGGATGATCTGTATCTGGATGAAGCGGCGGCGAAA

0.6505

53.15

TABLE 6 | Optimised codon sequence with its improved CAI value and %GC content.

CAI

Codon sequence value

GC
content

GGCATTATTAACACCCTGCAGAAATATTATTGCCGCGTGCGCGGCGGCCGCTGCG 0.98
CGGTGCTGAGCTGCCTGCCGAAAGAAGAACAGATTGGCAAATGCAGCACCCGCG
GCCGCAAATGCTGCCGCCGCAAAAAAGAAGCGGCGGCGAAAGATGCGGATAGC
GAAGGCTGGAAATTTAAAAAAGTGAGCAGCATTGTGTTTACCCTGTTTAAAAAA
AGCAGCGAAGAACTGGCGGGCGGCTATAAAAAAGCGGTGAACACCAGCATTGAT
GGCTATAAAAAAACCGCGGCGGTGATTCTGGCGGCGTATGGCGGCGGCAGCATTA
GCAGCTATGGCAGCAACAACAGCAGCACCGTGGGCTGGAAAGGCGGCGGCAGCA
GCGCGACCGTGAACGTGTATGGCAACAAAGATGGCAAACCGGATGGGGGGGGCA
GCCGCTTCAAAATAAAAACCGATAACAAAGTGGGCATTGCGAAAGTGGGCGGCG
GCAGCCTGAAAGTGATTAGCGTGACCAGCGTGAACCCGGGCGAAGGCAAAGGCGG
CGGCAGCCCGAGCACCGTGGGCACCACCGAAGCGGCGAAACTGGGCATGGTGAAA
AAAACCGATCATCAGGATAGCGGCAACACCGAAGCGAAAGGCGCGGAAGCGAAAA
AAGGCCTGACCCCGCCGAGCACCGATCATCAGGATAGCGGCAACACCGAAAAAAA
AAACAGCACCAGCAACAGCACCCTGGAAGAAGTGCCGACCGTGGATCCGAAAAAAG
AAGGCAGCACCCAGGCGGCGACCAGCAGCAACATGGCGAAAACCGAAAAAAAAGA
TATGGATATTCAGCTGTATAACTATGAAAACGAAACCGATAGCAGCGAAGCGGCGGCGAAA

47.19%

by 85.76% of the world population. For the construction of the vac-
cine using different epitopes, CTL and BCL epitopes were linked
using ‘KK’ linkers, while for HTL epitopes, ‘GGGS’ linkers were
utilised, and 3-defensin (an adjuvant) was incorporated into the
vaccine to increase the immunogenicity. To link the adjuvant
with the first epitope and for better stability of the construct, the
‘EAAAK’ linker was added at the corresponding position of the
construct. The vaccine construct (Figure 4B) has 291 amino acids,
a stable structure, predicted solubility in water, a non-allergenic
nature and a 1.2 antigenicity score. All these physiochemical pa-
rameters were determined using Expasy's ProtParam, Protein-Sol,
AllerTOP and Vaxijen servers Figure 4D.

The predicted secondary structure of the construct includes
mainly three types of amino acid arrangement: strands (18.56%),
helix (19.93%) and coils (61.51%), where the number of coils in

the structure was highest. Additionally, the tertiary structure
was evaluated by Ramachandran plot; it presented 87% of amino
acids in the most favoured region, which was increased to 97.2%
after refinement of the structure. Also, the z-score for the re-
fined structure was —3.2, which suggests the good stability of
the structure (Figure 6C).

The presence of discontinuous B-cell peptides in the vaccine con-
struct suggests that the construct has the ability to engage the B
cells and thus can improve the overall immunogenicity. The actual
ability of a vaccine to stimulate the immune system can be mea-
sured by its affinity to bind with some important receptors like
TLR-2, TLR-4, MHC-1 and MHC-2. Docking studies with these re-
ceptors show the good binding affinity of the construct (Figure 8E)
as well as interactions of amino acids in complex with the TLR-4
receptor showing 32 hydrogen bonds and 4 salt bridges formation
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FIGURE 12 | Insilico cloning with pET-28a(+) vector. The red part is inserted vaccine sequence at the restriction sites Xhol and Mlul.
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FIGURE 13 | ORFs of codon sequence where given sequence of 879 nucleotides is acting as one ORF from start to end, which is highlighted with

blue colour.

(Table 4), which provides the idea about good interaction of the the flexibility of the complex, where the bigger the eigenvalue, the
receptor-ligand complex. Further analysis of this complex by MD larger the fluctuation amplitude [102]. Also, in the residue index
simulation revealed the eigenvalue of 6.91 x10~, which describes plot, which shows the contact of residues during simulation, the
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higher amount of red colour in Figure 10A suggests better residue
interaction. The atom index plot shows the connection of atoms
and springs, where an increase in darker areas suggests a higher
stiffness of the structure (Figure 10B).

The immune stimulation of the vaccine shows the induction of
humoral and cellular immunity. Increased amounts of antigen-
specific IgM, IgG and IgM +1gG levels after the first immuni-
sation as well as after the booster dose suggest the plasma and
memory B-cell generation. Further, a higher level of IgG1 is an
indication of Th2-driven immune responses; in addition, Th1-
type cells can also be observed in Figure 11H. Other types of
T-cell populations in the active state and the T-memory cells
increased and maintained the levels for almost up to 80days in
simulation, which indicates the ability of the vaccine construct
to create the memory as well as the cytotoxic response against
the antigen Figure 11F,G. Plasma B-cell secreting IgM and
IgG1 antibody-secreting cells can be observed in Figure 11E,
and other isotypes like memory cells were also seen to increase
(Figure 11C), which suggests the induction of a long-lasting
memory response by the vaccine construct. Cytokine secretion
and activation of DCs as well as MAs show the induction of
cellular immunity.

The optimisation of codon sequence for the production of vac-
cine construct using suitable vector (here E. coli) was performed.
In silico cloning using the restriction enzyme technique showed
that the vaccine construct can be converted and cloned by ex-
pressing in E. coli. For that, the cloned pET-28a (+) vector in
which the codon sequence of the vaccine was inserted is given
in Figure 12. Figure 13 represents the possible ORFs from the
codon sequence, and the ORF1 is for the whole length of the
sequence, which means the gene expression of this codon se-
quence is possible from start to end.

5 | Conclusion

The meticulous design and computational analysis of the vaccine
construct, incorporating 15 carefully selected non-allergic epitopes
from diverse serotypes, showcases a promising potential candi-
date vaccine which can be effective against diverse serotypes. The
structural refinement, molecular docking with TLR-4, and MD
simulation gave information regarding the construct's stability and
interaction dynamics. The results of in silico cloning with the pET-
28a (+) plasmid suggest a feasible production method through E.
coli expression. Furthermore, the immune simulation predicts the
induction of a robust immune response, encompassing humoral,
cellular and innate immunity. While these findings are encourag-
ing, rigorous experimental analysis is imperative to ascertain the
vaccine's efficacy and safety in real-world applications.
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