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ABSTRACT ARTICLE INFORMATION

Background: Staphylococcus aureus is a versatile Gram-positive pathogen responsible for Keywords:
a wide range of infections, from mild skin diseases to life-threatening conditions such as MRSA
pneumonia, sepsis, and endocarditis. Panton—Valentine leukocidin (PVL), particularly its
LukS-PV component, is a key virulence factor contributing to immune evasion and tissue Population Coverage
damage. As PVL genes occur in both methicillin-sensitive and methicillin-resistant S. au- Conservancy

reus (MSSA and MRSA), LukS-PV represents a conserved vaccine target. Objective: This LukS-PV

study aimed to design a conserved LukS-PV-based multi-epitope vaccine candidate against
PVL-positive S. aureus using an immunoinformatics approach. Methods: T-cell and B-cell
epitopes from LukS-PV were identified and screened based on antigenicity, conservancy,
allergenicity, toxicity, and physicochemical properties. Selected epitopes were evaluated for
MHC binding affinity and population coverage. A multi-epitope construct was designed us-
ing linkers and an adjuvant, followed by structural modeling, molecular docking with TLR2,
molecular dynamics simulation, immune simulation, and in silico cloning. Results: The Published 30 Jun 2026
core epitope ITYGRNMDV showed 100% conservancy, while FEITYGRNMDVTHAT

showed 95.83% conservancy and strong MHC-II binding with 73.44% population coverage.

The vaccine construct demonstrated an antigenicity score of 1.0244 and good solubility.

Docking with TLR2 revealed stable binding, supported by molecular dynamics simulation.

Immune simulation indicated potential activation of both humoral and cellular responses,

and in silico cloning suggested feasible expression in E. coli. Conclusion: The designed

vaccine construct shows strong in silico potential against PVL-positive S. aureus. However,

Multi-epitope-based vaccine
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experimental validation is required to confirm immunogenicity, safety, and efficacy.
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is a gold open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY 4.0) Inter-
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1. INTRODUCTION

Staphylococcus aureus is a Gram-positive, coagulase-
positive pathogen belonging to the Staphylococcaceae
family [1]. S. aureus is an opportunistic pathogen of sig-
nificant clinical concern due to its capacity to acquire
antimicrobial resistance and cause a wide range of in-
fections [2]-[4]. S. aureus is a commensal that is fre-
quently present asymptomatically on areas of the human
body such as skin, skin glands, and mucous membranes,
including the nose and intestines of healthy humans [1].
Studies have revealed that about 20% of individuals are
permanent nasal carriers of S. aureus, around 30% are
intermittent carriers, and approximately 50% are non-
carriers [5]. As a result, S. aureus is one of the leading
causes of the spread of hospital- and community-ac-
quired infections, which have catastrophic repercus-
sions and life-threatening diseases [6]. S. aureus causes
a wide range of infections, including skin and soft-tissue
infections (SSTIs), bone and joint infections, meningi-
tis, osteomyelitis, pneumonia, infective endocarditis,
bacteremia, abscesses, and septic shock syndrome [2,7].
High-risk groups for S. aureus infection include individ-
uals receiving immunosuppressive or anti-cancer ther-
apy, young children, and low-birth-weight neonates [8]

Resistance in S. aureus emerged rapidly within
two years of hospital use of penicillin [6]. MRSA, a ma-
jor threat to human health, is resistant to antibiotics such
as methicillin, penicillin, oxacillin, cloxacillin,
cefazolin, and cefoxitin [9]. This resistance is mediated
mainly by the acquisition of mecA and, in some strains,
mecC, which encode low-affinity penicillin-binding
proteins; these resistance determinants are usually car-
ried on the staphylococcal cassette chromosome mec
(SCCmec) [10]-[15].

Initially, MRSA was mainly associated with
healthcare settings. With time, however, community-as-
sociated MRSA (CA-MRSA) emerged and spread
among healthy individuals, while hospital-associated
MRSA (HA-MRSA) remained a major concern in clin-
ical environments [9]. In addition to antimicrobial re-
sistance, the pathogenic potential of S. aureus is
strongly influenced by virulence determinants such as
Panton—Valentine leukocidin (PVL). PVL is a bicompo-
nent pore-forming leukotoxin encoded by the lukS-PV
and lukF-PV genes, which are carried by staphylococcal
bacteriophages and can be detected in both methicillin-

resistant and methicillin-susceptible S. aureus lineages
[16,17].

Importantly, PVL is not universally present in all
S. aureus strains; therefore, PVL-positive S. aureus rep-
resents a clinically relevant subset rather than the entire
MRSA or MSSA population. PVL-positive S. aureus
has been associated with recurrent skin and soft-tissue
infections, tissue necrosis, leukocyte destruction, and
severe invasive diseases such as necrotizing pneumonia
[17,18]. This distinction is important for the present
study because a LukS-PV-targeted vaccine candidate
would be most appropriately interpreted as having the-
oretical relevance against PVL-positive MRSA and
MSSA strains, rather than universal coverage against all
S. aureus isolates. In 2017, the CDC reported that ap-
proximately 323,700 people were hospitalized due to
MRSA[19]..

In 2019, bacterial antimicrobial resistance was as-
sociated with an estimated 4.95 million deaths world-
wide, and methicillin-resistant S. aureus was the leading
pathogen—drug combination, causing more than
100,000 deaths attributable to antimicrobial resistance
[20]. In addition to MRSA, methicillin-sensitive S. au-
reus (MSSA) also contributes substantially to the over-
all burden of S. aureus infection [21]. Because PVL
genes are present in clinically significant MRSA and
MSSA lineages, this study targets conserved Panton-
Valentine leukocidin S component (LukS-PV) epitopes
to provide theoretical relevance against PVL-positive
strains of both types.

Because of antimicrobial resistance, virulence di-
versity, immune evasion, and the continuing burden of
S. aureus disease, preventive strategies beyond conven-
tional antibiotics are urgently needed [22]. Epitope-
based vaccines offer a promising strategy because they
focus on defined antigenic regions recognized by the
immune system, thereby enabling a more targeted im-
mune response [23]. Such vaccines can selectively di-
rect immunity against major virulence determinants and
may help neutralize bacterial pathogenic mechanisms
[24]-[26]. Among PVL-positive S. aureus strains, the
LukS-PV subunit is especially relevant because it par-
ticipates in host-cell receptor recognition and promotes
assembly of the LukS-PV/LukF-PV toxin complex, ul-
timately contributing to pore formation, leukocyte dam-
age, and immune evasion [27,28]. The association of
PVL-positive S. aureus with recurrent skin infections
and severe necrotizing pneumonia further supports
LukS-PV as a biologically relevant target for epitope-
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based vaccine design [29,30]. Despite decades of re-
search, no licensed vaccine against S. aureus is cur-
rently available [26], mainly due to its genetic variabil-
ity and complex virulence and immune-evasion mecha-
nisms [31].

The limited success of earlier vaccine strategies
highlights the need for conserved, immunogenic targets
capable of inducing broad immune responses [32]. An
epitope-based approach may also reduce exposure to the
full toxin structure by selecting immune-recognition re-
gions rather than the intact LukS-PV protein or com-
plete PVL pore-forming system. Immunoinformatics,
genomics, and proteomics now enable systematic pre-
diction of conserved B-cell and T-cell epitopes and the
rational design of multi-epitope vaccines [26,33]-[35].

In this study, we used a comprehensive im-
munoinformatics workflow to design a conserved
LukS-PV-derived multi-epitope vaccine candidate tar-
geting PVL-positive S. aureus. The workflow included
antigen selection, epitope prediction, antigenicity, aller-
genicity and toxicity screening, conservancy analysis,
population coverage estimation, vaccine construction,
structural modeling, molecular docking, immune simu-
lation, codon optimization, and in-silico cloning
[36,37]. This study aimed to identify a computationally
prioritized vaccine candidate with theoretical relevance
against PVL-positive S. aureus, including PVL-positive
MRSA and MSSA strains, for future validation using
clinical PVL-positive isolates.

2. MATERIALS AND METHODS

2.1. Vaccine candidate identification

Figure 1 illustrates the overall methodological work-
flow adopted in this study. At the outset, we performed
an extensive literature-based screening to select prom-
ising antigenic targets of S. aureus. This enabled the ra-
tional prioritization of virulence-associated proteins
with strong vaccine potential for downstream im-
munoinformatics analysis. After sorting the proteins,
their antigenicity and proper location inside the bacte-
rial cell were assessed. A number of proteins were iden-
tified for further analysis (Table 1).

2.2. Assessment of antigenicity and subcellu-
lar localization prediction

The National Center for Biotechnology Information
(NCBI) database (https://www.ncbi.nlm.nih.gov/) pro-
vided the corresponding sequences of the chosen 12

proteins of S. aureus [38]. Following that, each protein's
FASTA sequence was submitted to the VaxiJen version
2.0 server  (https://www.ddg-pharmfac.net/vaxi-
jen/VaxiJen/VaxiJen.html), which assessed each pro-

tein's antigenicity using the default parameters [39]. We
also validated the antigenicity of the proteins using the
Scratch  AntigenPro server (https://scratch.prote-
omics.igb.uci.edu/). LukS-PV was identified as the
most antigenic protein in S. aureus. Additionally,
pSORTD (https://www.psort.org/psortb/) predicted the
chosen protein's subcellular location [40].

2.3. Prediction of MHC class I and MHC
class I1 binding

We evaluated the projected affinity of peptides for MHC
class I and class 1II using the IEDB
(https://www.iedb.org/) v2.22 (2019-09-04) binding
prediction tool and the NetCTL server (https:/ser-
vices.healthtech.dtu.dk/services/NetCTL-1.2/)  [41]-
[43]. The stabilized matrix base method (SMM) was
used to calculate the half-maximal inhibitory concentra-
tion (IC50) values of the preselected 9.0-mer epitopes
in the setting of MHC class I binding [44].

Every HLA allele was picked for binding prediction,
and the length of each allele was set at 9.0 mer. Humans
were chosen as MHC donor species because they shared
similar alleles. Alleles with ICsy values <250 nM were
removed. The preselected 9-mer MHC class I epitopes
were considered core peptides and projected into 15-
mer epitopes, which were subsequently analyzed using
the NetMHClIpan 4.1 BA method for MHC class II
binding analysis. We also extracted MHC class II alleles
with ICsg values <250 nM from the IEDB server.

2.4. Population coverage prediction

To assess the efficacy of epitope-based vaccines, we
used the IEDB population coverage tools
(http://tools.iedb.org/population/) to estimate epitope
coverage across high prevalence areas. Given the MHC
molecule's vast variability, different races exhibit varia-

ble frequencies of HLA expression. This variety is a
hurdle since a T-cell epitope that works in one commu-
nity may not elicit the same response in another [45]. As
a result, we computed population coverage for all
epitopes using the IEDB population coverage tool and
including nation ethnicity as a query. The combined
score for MHC class I and II was used to estimate
worldwide population coverage, yielding a more nu-
anced understanding of theoretical vaccine efficacy
across diverse global populations.
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Figure 1. Flow diagram of the entire methodology.
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2.5. Conservancy analysis

Compared with conventional MRSA vaccines, the con-
served epitope-based vaccine, including Panton-Valen-
tine leukocidin, is projected to provide better protection
against PVL-positive MRSA and MSSA strains of S. au-
reus. We collected LukS-PV protein sequences from
824 S. aureus strains in FASTA format from the NCBI
database for a conservation study. Sequencing errors
were decreased, and incomplete sequences were de-
leted. The IEDB conservancy analysis application
(http://tools.iedb.org/conservancy/) was used to thor-
oughly investigate the conservancy of the projected
epitopes [46]. For 9-mer and 15-mer epitopes, the se-
quence identity threshold value was set at 100%. The
conservation level of each potential epitope was evalu-
ated by comparing the 24 LukS-PV protein sequences.

2.6.  Allergenicity and toxicity assessment

Investigating a peptide's allergic and toxic properties is
critical for preventing adverse effects that could com-
promise a prospective vaccine candidate. The AllerTOP
v2 server (https://www.ddg-pharmfac.net/AllerTOP/)
confirmed the allergenicity of the anticipated epitopes

by analyzing the data using the Support Vector Machine
(SVM) algorithm as well as the sequence composition
[47] and later the ToxinPred server was employed
(https://webs.iiitd.edu.in/raghava/toxinpred/multi_sub-
mit.php) to assess the toxicity using an SVM classifier
[48].

Table 1. S. aureus-associated proteins

2.7. Prediction of the transmembrane helix

TMHMM  version 2.0 server (https://ser-
vices.healthtech.dtu.dk/servicess TMHMM-2.0/ ) was
employed to define whether peptides were located in the
transmembrane helices of the protein or not [49]. The

protein portion falling within the transmembrane region
was excluded from the downstream epitope selection
criteria.

2.8.  Preparation of HLA allele proteins and
analysis of their molecular docking interactions

Furthermore, to support the binding prediction between
HLA molecules and the recommended epitopes, we ran
docking simulations with the best-fit epitope. The crys-
tal structure of the HLA-C*12:03 molecule was selected
as a prospective MHC class I candidate, whereas the
HLA-DRB1*01:01 molecule was identified as a poten-
tial MHC class II candidate. The RCSB protein database
(https://www.rcsb.org/) contained the PDB structures
9L.47 (Crystal structure of HLA-C*12:03-MY9) and
1T5X (Crystal structure of HLA-DRB1*01:01 in com-
plex with a synthetic peptide AAYSDQATPLLLSPR
and the superantigen SEC3-3B2) [50]. The MHC class
I and class II structures were improved by removing the
existing ligand from the crystal structure with the BIO-
VIA Discovery Studio Visualizer (https://dis-
cover.3ds.com/discovery-studio-visualizer). Addition-
ally, BIOVIA Discovery Studio Visualizer software was

utilized to analyze ligand interactions with receptor
amino acids [51].

Serial ~ Protein Accession Number Vaxijen Scratch ANTI-  Average An- PsortB

No: Name (No. of aa) score GENpro tigenicity (score)

1. LukS-PV BCD43604.1 (312 aa) 0.7087 0.951152 0.8299 Extracellular (9.98)
2. PBP2a ALJ10988.1 (668 aa) 0.6018 0.898597 0.7502 CytM (9.68)

3. HIgA AJE65798.1 (321 aa) 0.6432 0.880338 0.7618 Extracellular (9.98)
4. IsdB AFH69348.1 (642 aa) 0.7129 0.971910 0.8424 Cell Wall (10.00)

5. Mntc AALS50778.1 (312 aa) 0.6437 0.859761 0.7517 CytM (9.68)

6. Hla AMQ79365.1 (319 aa) 0.6139 0.946389 0.7801 Extracellular (10.00)
7 Seb AAL04126.1 (266 aa) 0.5655 0.854523 0.7100 Extracellular (10.00)
8. Protein A (SpA) BAH56724.1 (410 aa) 0.6193 0.882126 0.7507 Cellwall (9.98)

9. Staphylokinase EZY46508.1 (163 aa) 0.6388 0.731243 0.6850 Extracellular (10.00)
10. MR mecR1 protein  CAG9974579.1 (-) 0.5830 0.411167 0.4971 CytM(10.00)

11. Aureolysin APE89687.1 (509 aa) 0.6042 0.949943 0.7771 Extracellular (9.98)
12. LukS-PV BCD43603.1 (325aa) 0.5638 0.960115 0.7620 Extracellular (9.98)

Aa: Amino Acids; CytM: Cytoplasmic membrane; LukS-PV: Panton-Valentine leukocidin S component; MR: Methicillin resistance
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2.9. Prediction of B-cell epitope

Locating and identifying the most immunogenic
epitopes within a protein sequence could help reduce
the extensive testing required for a prospective vaccine
candidate. Presumably, B-cell epitope prediction algo-
rithms can foresee information based on a predicted
epitope's humoral immune response [52]. We originally
predicted probable B-cell epitopes using the ABCpred
server (https://webs.iiitd.edu.in/raghava/abcpred/in-
dex.html), which basically examines fixed-length
epitopes using an artificial neural network with a scor-
ing threshold of 0.51 [53]. Then we used another B-cell
epitope  prediction program, Bepipred server
(https://services.healthtech.dtu.dk/services/BepiPred-
2.0/) [54], successively to screen the best possible B-
cell epitopes. Liner epitopes were classified as 0 (0-
25%), 1 (26-50%), 2 (51-75%), and 3 (if more than 75%
of amino acids were detected) using the screening ap-
proach [55].

2.10. Designing a multi-epitope vaccine and
assessing its attributes

While designing this vaccine construct, a 50S ribosomal
protein L7/L12 adjuvant was placed at the N-terminus
to enhance immunogenicity, followed by an EAAAK
linker that provides structural rigidity and spatial sepa-
ration from subsequent domains [56]. Then the con-
struct had its unique 15-mer T-cell and some concen-
trated B-cell epitopes separated by GPGPG linkers [57],
and was finalized with a 6x His-tag for purification at
the C-terminal. The T-cell and B-cell epitopes elicit both
cellular and humoral immunity, and GPGPG flexible
linkers maintain epitope accessibility and reduce junc-
tional immunogenicity [58]. Antigenicity was again
screened using Vaxijen, and the AllerTop server was
then used to assess the allergenicity of the chimeric vac-
cine. The solubility of the vaccine for proper expression
analysis was assessed using 2 authentic solubility-meas-
uring tools. The first one is the Solpro-scratch tool
(https://scratch.proteomics.ics.uci.edu/explana-

tion.htmI#SOLpro) 59, and the other one is protein-sol
(https://protein-sol.manchester.ac.uk/) [59]. The 2D
structure of the vaccine was predicted using the PSI-

PRED Protein Structure Prediction Server (https://bio-
inf.cs.ucl.ac.uk/psipred/) [60]. 3D structure of the chi-
meric vaccine was constructed by trRosetta
(https://yanglab.qd.sdu.edu.cn/trRosetta/out-
put/TR141574/) [61]. PROCHECK finally assessed the
structure's reliability [62].

2.11. Molecular docking of MEV with toll-like
receptors

The vaccine must engage with the immune cell receptor
in order to initiate an appropriate immunological re-
sponse. To assess the interaction between the final
multi-epitope vaccine and TLR2, we performed dock-
ing analysis. The RCSB Protein Data Bank provided
the crystal structures of TLR2 (PDB ID 2Z7X). This
was performed by using the HDOCK SERVER
(http://hdock.phys.hust.edu.cn/) to dock the vaccine's
structure with the TLR2 [63]. Another tool, the PDB-
sum server (http://www.ebi.ac.uk/thornton-srv/data-
bases/pdbsum/Generate.html), was used to identify in-
teracting residues between the Toll-like receptors and
the vaccine.

2.12. Molecular Dynamics Simulation

Protein-protein docking was carried out in Schrodinger
Maestro (https://www.schrodinger.com/platform/prod-
ucts/maestro/) [64] version 2025.1 (Maestro version
14.3.129; MMshare Version 6.9.129) using the Protein-
Protein Docking workflow. In this setup, chain A was
treated as the peptide and chain B as the receptor pro-
tein. The docking was performed in Standard mode,
with 70,000 ligand rotations to probe, a maximum of 5
poses to return, output pose refinement enabled, and

preservation of the top 1000 unclustered poses. After
docking, the predicted complex was analyzed using the
interaction wizard to identify the residues involved at
the interface and the types of noncovalent contacts
formed between the two chains.

2.13. Immunogenicity evaluation of the vac-
cine construct

An in silico immune response simulation was conducted
using the C-ImmSim (https:/kraken.iac.rm.cnr.it/C-

IMMSIM/index.php) server to evaluate the immuno-
genicity of the designed multi-epitope vaccine (MEV)

[65]. This platform models the three principal compo-
nents of the mammalian immune system: bone marrow,
thymus, and lymph nodes [65]. The MEV's capacity to
elicit responses from various immune cell types—in-
cluding helper T lymphocytes (HTL), cytotoxic T lym-
phocytes (CTL), B cells, natural killer (NK) cells, and
dendritic cells—as well as the production of immuno-
globulins and cytokines, was assessed [66]. Clinically,
the minimum recommended interval between two doses
of vaccines is four weeks [67]-[70]. Consequently,
three injections (each injection contains a thousand
units of MEV) were administered using C-ImmSim im-
munostimulatory, with the recommended interval of
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four weeks (1, 84, and 168 time-steps parameters were
set as 1 time-step is equal to eight hours of real life) for
a total of 1000 steps of simulation. Other parameters
were kept at the default.

2.14. In silico cloning

Codon adaptation is a way of increasing the translation
efficacy of external genes in the host if the use of codons
in both species varies. After carefully evaluating MEV
properties and immune response, its codon optimization
was performed, followed by in silico cloning. The Java
Codon Adaptation Tool (JCAT) server
(https://www.jcat.de/) [71] was used for codon optimi-

zation of MEV to make it compatible with the widely
used prokaryotic expression system, E. coli K12
[72].The GC (guanine and cytosine) contents together
with codon adaptation index (CAI) [73] were evaluated.
Furthermore, to facilitate restriction and cloning,
Eco53KI and BstZ17I restriction enzymes were intro-
duced at the start/N-terminal and end/C-terminal of the
optimized MEV sequence, respectively. Finally, the
adapted MEV nucleotide sequence was cloned into the
E. coli pET28a(+) vector using the SnapGene 4.2 tool
(https://snapgene.com/) to ensure in vitro expression.

3. RESULTS

3.1.  LukS-PV protein of S. aureus

A total of 12 S. aureus proteins were initially identified
through comprehensive literature mining as potential
vaccine antigen candidates. The antigenic potential of
these proteins was evaluated using VaxiJen v2.0 and
ANTIGENpro from the SCRATCH protein prediction
suite, which are commonly used for computational pre-
diction of antigenicity and subunit vaccine suitability.
Among the screened proteins, LukS-PV ranked as the
second most promising antigenic candidate, with an av-
erage antigenicity score of 0.8299 (Table 1).

Although IsdB showed the highest antigenic score,
it was not selected for downstream analysis because the
previous IsdB-based V710 vaccine candidate was dis-
continued due to safety and efficacy concerns, despite
IsdB being a conserved, immunogenic, and virulence-
associated iron-regulated surface determinant [74,75].
Therefore, LukS-PV was prioritized for further vaccine
design. In addition, LukS-PV is a secreted extracellular
toxin component of Panton—Valentine Ileucocidin
[76,77]. PSORTD predicted LukS-PV as an extracellular
protein with a high localization score of 9.98, support-

ing its accessibility to the host immune system. The ex-
tracellular or secreted nature of LukS-PV strengthens its
relevance as a vaccine target, as such proteins are more
likely to interact directly with host immune cells and
elicit protective immune responses. Finally, through a
rigorous selection procedure, the LukS-PV protein se-
quence of S. aureus was extracted from the NCBI data-
base in FASTA format (Supplementary Table S1).

3.2. T-Cell epitopes prediction

Using the SMM algorithm, we were able to predict how
T-cell epitopes would interact with a variety of MHC
class I alleles. Later, the MHC class II interacting
epitopes were identified employing IEDB’s NetMHCII-
pan BA algorithm. The number of HLA-alleles that cor-
respond to each epitope is shown in Tables 2 and 3. The
9-mer epitope ITYGRNMDYV was identified as the
core binding region and was further extended into the
final 15-mer epitope, FEITYGRNMDVTHAT. This
extended peptide demonstrated predicted affinity for
approximately 206 human HLA alleles, suggesting
broad HLA coverage and supporting its selection as a
promising candidate for epitope-based vaccine con-
struction.

3.3. Population coverage analysis

The combined population coverage scores for MHC
class I and II were determined using IEDB tools to as-
sess their potential as vaccine candidates. The potential
epitope “FEITYGRNMDVTHAT” was shown to have
73.44% population coverage worldwide (Figure 2 and
Table 4). Furthermore, the population coverage data for
the epitope was reassessed across regions worldwide.
Admittedly, the maximum population coverage of the
epitope was observed in West Africa (86.73%), fol-
lowed by Central Africa (83.19%), North Africa
(78.08%), North America (77.88%), East Africa
(77.85%), Europe (76.93%), and South Asia (73.01%).

3.4. Prediction of transmembrane helix

The transmembrane helix in the LukS-PV protein se-
quence was analyzed by TMHMM services. The
TMHMM posterior probability plot for the given pro-
tein sequence indicated a single transmembrane region
located within the first ~30 amino acids, as shown by
the purple bars. From (Figure 3) we can see that, the
protein is predicted to be located outside the membrane
(extracellular) for the majority of its length, with high
posterior probability (>0.9, orange line). So, while de-
signing the epitopes, we excluded those that fell within
the transmembrane region.
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Table 2. CD¥ T-cell epitopes along with their interacting MHC class I alleles at affinities (ICsp) <250 nM.

Epitopes (9-mer)

Interacting MHC class-1I alleles (IC50) on the nM scale

No. of alleles

ITYGRNMDV HLA-C*15:02(25.31), HLA-C*12:03(64.8), HLA-C*16:01(131.9) 3
HATRRTTHY HLA-C*16:01(28.8), HLA-C*03:02(57.56), HLA-C*12:03(93.84) 3
HLA-B*58:01(6.25), HLA-A*30:02(9.85), HLA-A*29:02(11.92), HLA-C*16:01(12.45), HLA-
KAMRWPFQY A*32:01(16.08), HLA-B*57:01(19.98), HLA-B*15:25(21.54), HLA-C*03:02(22.47), HLA- 11
A*11:01(34.86), HLA-C*12:03(58.87), HLA-A*03:01(133.89)
LAATLSLGI HLA-C*12:03(133.16), HLA-C*16:01(142.31), HLA-C*15:02(146.07) 3
LSLGIITPI HLA-A*02:06(21.68), HLA-B*58:01(94.13), HLA-A*68:02(101.76), HLA-C*12:03(131.16) 4
MRWPFQYNI HLA-B*27:05(18.33), HLA-C*06:02(67.54), HLA-C*07:01(123.09), HLA-B*39:01(129.06) 4
RLLAATLSL HLA-A*32:01(10.04), HLA-A*02:01(11.55), HLA-B*15:25(18.2), HLA-A*02:06(24.82), HLA-

B*15:01(88.95), HLA-B*13:01(91.49)

Table 3. The potential CD4+ T-cell epitopes, along with their interacting MHC class II alleles, at affinities (ICso) <250 nM. Alleles
with IC50 values less than 50 are shown here, and the rest are shown in Supplementary Table S3.

15-mer Epitopes

Interacting MHC class-II alleles (IC50) on the nM scale

Total Alleles

HLA-DRB3*03:01(20.27), HLA-DRB1*13:31(21.81), HLA-DRB1*01:20(36.37), HLA-
DRB1*01:10(40.37), HLA-DRB1*15:49(45.72), HLA-DRB1*01:01(46.79), HLA-
DRB1*01:05(46.79), HLA-DRB1*01:07(46.79), HLA-DRB1*01:08(46.79), HLA-

*FEITYGRNMDVTHAT DRB1*01:12(46.79), HLA-DRB1*01:19(46.79), HLA-DRB1*01:22(46.79), HLA- 206
DRB1*01:25(46.79), HLA-DRB1*01:27(46.79), HLA-DRB1*01:28(46.79), HLA-
DRB1*01:30(46.79), HLA-DRB1*01:31(46.79), HLA-DRB1*01:32(46.79), HLA-
DRB1*01:18(46.84), HLA-DRB1*14:48(47.72).

#Core peptide in bold font

3.5.  Analysis of molecular docking

The predicted 9-mer epitope ITYGRNMDYV and
its 15-mer projection FEITYGRNMDVTHAT were
found to be properly attached to the HLA-C*12:03 and
HLA-DRB1*01:01 grooves independently. The Dis-
covery Studio system visualized the docking simulation
and detected and displayed interactions between the 9-
mer and 15-mer epitopes, as well as between the HLA-
C*12:03 and HLA-DRB1*01:01 amino acid molecules.
The CABS-Dock server generated multiple simulations
of the docked peptide, and the best was selected for
evaluation.

The CABS-dock analysis identified this MHC-I al-
lele-9-mer peptide cluster as the top-ranked representa-
tive docking model (Figure 4). This cluster exhibited a
high density of 84.7741 with 112 elements, indicating
strong convergence of peptide conformations toward a
similar binding mode. The low average RMSD value of
1.321 A further suggests that the predicted peptide-
binding poses were structurally consistent within the
cluster. Although the maximum RMSD was 5.199 A,
the low average RMSD indicates that most confor-
mations remained close to the medoid structure. How-
ever, CABS-dock clustering primarily reflects pose

convergence and docking stability rather than direct ex-
perimental binding affinity.

The docked complex demonstrated multiple stabi-
lizing hydrogen bonds and hydrophobic interactions in-
volving residues CYS164, LYS66, ASN6, and TYR3.
However, unfavorable electrostatic interactions be-
tween ASP114 and ASP8 suggest localized repulsion
within the binding interface. Docking interaction be-
tween (FEITYGRNMDVTHAT and HLA-
DRB1*01:01) has been shown in Figure 5, where in
both cases, A. depicted the cartoon view, and B. de-
picted the surface view. CABS-dock analysis of the 15-
mer epitope-MHC class II complex produced a highly
populated docking cluster containing 101 elements,
with a cluster density of 33.1699. The average RMSD
value of 3.04492 A indicated acceptable convergence of
the predicted binding poses around the representative
medoid model.

The relatively high maximum RMSD of 14.1682
A suggests that some conformations displayed greater
structural deviation, which may be attributed to the in-
trinsic flexibility of the extended 15-mer peptide. Since
MHC class II molecules accommodate longer peptides
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with flexible terminal regions, such variation is not un-
expected. Based on the cluster population, density, and
average RMSD, the medoid structure was considered
the most representative docking model for downstream
binding-interface analysis. Entire ligand interactions
with the receptor for both cases are shown using Dis-
covery Studio Visualizer in (Figure 6 and Figure 7).
Pairs of peptide/receptor residues closer than 4.5 A in
the selected complex (ITYGRNMDV and HLA-
C*12:03) are also shown in (Table 5), and the ones for
(FEITYGRNMDVTHAT and HLA-DRB1*01:01) are
displayed in (Table 6).

Table 4. Population coverage of the potential peptide in
different areas of the world.

Population/Area Coverage
Central Africa 83.19%
Central America 31.13%
East Africa 77.85%
East Asia 59.99%
Europe 76.93%
North Africa 78.08%
North America 77.88%
Northeast Asia 54.99%
Oceania 45.16%
South Africa 46.75%
South America 53.38%
South Asia 73.01%
Southeast Asia 43.63%
Southwest Asia 62.61%
West Africa 86.73%
West Indies 73.37%
World 73.44%

World — Class Combined Coverage
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Figure 2. Population coverage - Worldwide Combined Cov-
erage of FEITYGRNMDVTHAT.
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Figure 3. LukS-PV protein's Transmembrane existence eval-
uation.

Figure 4. Docking interaction of ITYGRNMDV and HLA-
C*12:03). Here, A: Cartoon view; B: Surface view. (The pep-
tide is shown in yellow in both of the view formats).

ARG69

FYRS59

PHE33

Figure 5. Entire Ligand interaction of ITYGRNMDV
(Shown in yellow) and HLA-C*12:03. Green dashes indicate
a hydrogen bond, Red dashes indicate an unfavorable inter-
action, and yellow dashes indicate a hydrophobic interaction.

The latter docked complex exhibited extensive in-
termolecular interactions involving hydrogen bonds,
hydrophobic contacts, and aromatic stabilization. Key
peptide residues including TYR2, GLNS, THR7, and
SER12 participated in stable receptor interactions with
SERS53, GLU28, ASN62, and ARG76. However, unfa-
vorable contacts involving ASP4 and TYR7S indicated
localized steric or electrostatic strain within the binding
interface.
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Table 5. Pairs of peptide/receptor residues closer than 4.5 A in the selected complex (ITYGRNMDV and HLA-C*12:03).

Receptor residue Peptide residue Receptor residue

Peptide residue Receptor residue Peptide residue

TYRA 159 TYRG 3 TRP A 147
GLUA 152 MET G 7 TRP A 133
THR A 143 VALG9 TYRA 123
TRP A 133 ASPG8 TYRA99
SER A 116 VALG9 TRP A 97
TRP A 97 ASPG 38 SER A 77
TRP A 97 TYRG3 ALAAT3
VALA 76 MET G 7 GLN A 70
GLN A 70 ARG G5 LYS A 66
TYR A 67 THR G2 GLU A 63
LYS A 66 GLY G4 VAL A 34
GLU A 63 ILEG1 TYRA7
PHE A 33 ILEG 1 TRP A 167
CYS A 164 TYRG3 TRP A 156

ASPG S8 THR A 143 ASPG 8
VALG9 ILEA 124 VAL GO
VALG9 ASPA 114 ASPG 8
TYRG3 TRP A 97 ARG G5
GLY G4 ASN A 80 MET G 7
MET G 7 ALAAT3 MET G 7
ASNG6 GLN A 70 GLY G4
THR G2 TYR A 67 ILEG 1
ARG G5 LYS A 66 THR G2
THR G2 TYRA59 ILEG 1
ILEG1 TYRA7 THR G2
ILEG1 GLU A 152 ASPG 38
ILEG 1 GLU A 152 ASNG6
TYRG 3

3.6. T-cell and B-cell epitope prediction

First, ABCpred was used to predict the 16-mer B-cell
epitope from the LukS-PV amino acid sequence. The
top 16-mer epitopes discovered during the analysis are
listed in Supplementary Table S2. The anticipated B-
cell epitopes were then validated by a variety of servers
(Supplementary Table S4). Using the IEDB conserv-
ancy analysis methods, we quantified the conservancy
of the top T-cell and B-cell epitopes.

Figure 6. Docking interaction of FEITYGRNMDVTHAT
and HLA-DRB1*01:01. Here, A: Cartoon view; B: Surface
view. (15-mer peptide is shown in Yellow in both view for-
mats).

Figure 7. Entire Ligand interaction of FEITYGRN-
MDVTHAT and HLA-DRB1*01:01. Green dashes indicate
hydrogen bonds, Red dashes indicate Unfavorable interac-
tions, Yellow dashes indicate Hydrophobic interactions,
Pink/Purple dashes indicate electrostatic interactions.

3.7. Multi-epitope vaccine construction and
its sequence analysis

We selected the best T-cell and B-cell epitopes and as-
sessed their conservancy, hydrophobicity, allergenicity,
and toxicity using various frequently used techniques
(Table 7). Some of them exhibited the highest levels of
conservation and hydrophilicity in nature. These are
also highly immunogenic, non-allergenic, and non-toxic
peptides that were selected and joined by the EAAAK-
GPGPG linker.
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Table 6. Pairs of peptide/receptor residues closer than 4.5 A in the selected complex (FEITYGRNMDVTHAT and HLA-
DRB1*01:01).

Receptor residue Peptide residue Receptor residue Peptide residue Receptor residue Peptide residue
TRP D 47 GLUF 2 LYS B 98 THRF 15 MET A 36 ILEF3
ASP B 152 VALF 11 TYRA 150 ASPF 10 ASPA35 ILEF3
LYS B 98 ALAF 14 THR A 135 ARGF7 GLU A 30 ARGF7
TYRA 150 ARGF 7 GLUA 134 ARGF 7 SER A 19 GLUF 2
THR A 135 TYRFS SER A 133 METF 9 GLN A 18 GLUF2
GLU A 134 TYRFS VAL A 132 ASNF 8 TRP D 47 THR F 4
SER A 133 ASNF 8 VAL A 104 ASPF 10 LYS D 46 GLUF 2
VALA 116 PHEF 1 PRO A 102 HISF 13 ASPB 152 METF 9
ASN A 103 THR F 12 GLU A 98 THRF 15 LYS B 98 HISF 13
GLUA 101 THRF 15 SER A 95 HISF 13 VAL A 136 TYRFS
PRO A 96 ALAF 14 LEU A 45 METF 9 GLUA 134 ASNF 8
ASN A 94 THR F 12 VAL A 42 TYRFS SER A 133 ASPF 10
SER A 133 ARGF7 SER A 133 ARGF7 HIS A 33 TYRFS
VAL A 104 THR F 12 VAL A 104 THR F 12 GLY A 20 ILEF3
PRO A 102 ALAF 14 PRO A 102 ALAF 14 GLNA 18 ILEF 3
GLUA 101 ALAF 14 GLUA 101 ALAF 14 ARG A 44 ARGF7
SER A 95 ALAF 14 SER A 95 ALAF 14 ALA A 37 ILEF3
GLU A 46 METF 9 GLU A 46 METF 9 ASPA35 THR F 4
ARG A 44 ARGF7 ALA A 37 ILEF3 ASP A 35 THR F 4

Table 7. Examination of the stability of the top epitopes that induce T-cells and B-cells. GRAVY was used to test the hydrophobicity
of these peptides. There is more exploration of these peptides' toxicity and allergenicity.

Transmembrane .
: - . . : Vaxijen Vaxijen
Epitopes Sequence Conservancy  Gravy Allergenicity  Toxicity region
R Antigenicity score
availability
FEITYGRN- 95.83% Non-
LukS-PV Tl -0.453  Non-All N Anti 1.4107
u MDVTHAT (790/824) O-ATCTESN  Toxin © nhgen
SGPSTGG- 83.33% Non-
LukS-PV B1 -1. -All . N Anti 1.42
ukS-PV NGSFNYSKT  (687/824) 075 Non-Allergen . in © ntigen 38
SKSVQW- 95.83% Non- .
LukS-PV B2 -0.1 -All A .694
ukS-PV GIKANSFITS (790/824) 0.138  Non-Allergen Toxin No ntigen 0.6949
SHEKGSGDTS  95.83% Non-
LukS-PV B -1.231 -All Anti 2.1
ukS-PV B3 EFEITY (790/824) 3 Non-Allergen Toxin No ntigen 377
EVERQNSKSV  95.83% Non- .
LukS-PV B4 QWGIKA (790/824) -1.125  Non-Allergen Toxin No Antigen 1.2942
NPSFIAT- 95.83% Non-
LukS-PV B5 -0.613  Non-All N Anti 1.3447
uksS VSHEKGSGD  (790/824) ON-ATEIES  Toxin © e
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Table 8.Vaccine construction using different linkers and evaluation of solubility.

. [
9 S
Vaccine Design Adjuvants = 2 S X % 4
~ <
MADLK-
ijiéigbgéz\;%XEELAQlLKDEYGIEPAAAA- MADLK. .
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MDVTHATGPGPGSGPSTGGNGSFNYSKTGPGPG VDGAP STLK% GVSKDEAEGL LEEA 35 % <
SKSVQWGIKANSFITSGPGPGSHEKGSGDTSE- GAEVELK KKA <

FEITYGPGPGEVERQNSKSVQWGIKAG-
PGPGNPSFIATVSHEKGSGDHHHHHH

Ag: Antigen; VA: Vaxigen antigenicity; VS: Vaxigen Score; SSP: Solpro-scratch (probability); PS: Protein-sol

An adjuvant named 50S ribosomal protein L7/L12

conducted with 2 tools: Protein-sol, where the value of

was added to the N-terminal of the multi-epitope vac-
cine, which can be used to enhance the immunogenicity
and finalized with a 6x His-tag in the later portion for
purification purposes (Figure 8). The resulting multi-
epitope vaccination was 257 amino acids long
(26.31kDa) with an isoelectric pH of 5.52. The solubil-
ity of the vaccine for proper expression analysis was

FAAAK
Linker

0.837 (greater than 0.5) signifies good solubility, and
the Solpro-scratch tool, in which a value of 0.988235
closer to 1 validates the proper solubility of the vaccine
(Table 8). The vaccine has a negative GRAVY value (-
0.467), indicating it is hydrophilic (Table 7).

g =

H

LukS-PV 1

LukS-PV 52

Adjuvant

LukS-PV 11

N

; 'GPGPG
Linker

LukS-PV B3

1

LukS-PV B4

— B

LuksS-PV 85

Figure 8. Schematic diagram of the final multi-epitope.

After analyzing the physical parameters, the sec-
ondary structure was predicted using PSIPRED (Fig.
9A), and the three-dimensional structure was con-
structed using trRosetta (Figure 9). The secondary
structure analysis was performed to determine the dis-
tribution of major structural elements within the protein

HHHHHH

sequence. The prediction indicated the presence of or-
dered secondary-structure regions alongside flexible
coil segments, suggesting that the construct possesses
both structured domains and accessible regions that may
contribute to epitope exposure. The predicted secondary
structural pattern was further used to support tertiary
structure modeling.
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The three-dimensional structure generated using
trRosetta showed a TM-score of 0.520, indicating an ac-
ceptable overall fold prediction with moderate struc-
tural reliability. Since TM-scores above 0.5 generally
suggest a meaningful global topology rather than a ran-
dom fold, the modeled structure was considered suitable
for downstream refinement, validation, and molecular

TMADLEKNFAEQLYNL TVKEVNELAQILKDEY GC!I EPAAAAVAVAGYAGGOAD -
O AATAEEXKTEFTVVLKSAGASKLAVVEKLYVKELTGOGLKEAKELVDGAPSTL
M KEGVSKDEAEGLKKALEEAGAEVELKEAAAKF EILTYGRNM oV
% GSGPSTGOGNGSFNYSKTGPGPGSKSVOWG! KANSFI TSGPGPGSHEKGS G 7
2 DTSEFEI TYGPOPGEVNERONSKSEVAOWS!I KAGPGPONREREI ATVENEKGS G 5

21 DHHHHNN

nnnnnnnnnn

docking analysis. The final 3D structure of MEV was
validated using Ramachandran plot analysis in
PROCHECK. The PROCHECK server indicates that
94.1% of residues in the predicted model are in the most
favored regions, 5.4% are in additional allowed regions,
and 0% are in disallowed regions in the Ramachandran
plot (Figure 9C).

PROCHECK

Ramachandran Plot

Psi (degrees)

Figure 9. A: The 2D structure generated by the PSI-PRED server; B: 3D model of the multi-epitope vaccine construct modeled by
trRosetta; C: Ramachandran plot analysis utilizing the PROCHECK server for the corresponding 3D model.

3.8.  Molecular docking of MEYV with toll-like
receptor

The resulting multi-epitope vaccination was docked
with a Toll-like receptor to determine its ability to elicit
an innate immune response. The docking analyses were
performed using the HDOCK online server, indicating
that naturally occurring interactions between our pro-
posed MEV and TLR2 may be energetically favorable.
(Figure 10A) depicts the docking relationship between
MEYV and TLR2.Consequently. PDBsum analysis of the
docked complex revealed a stable interaction interface
between Chain A and Chain B, involving 5 salt bridges,
11 hydrogen bonds, and 164 non-bonded contacts (Fig-
ure 10C and D).

The salt-bridge network was mainly formed by
Lys79(A)-Asp334(B), Glul22(A)-His78(B),
Glul17(A)-His116(B), Glul24(A)-Lys33(B), and
Lys126(A)-Asp30(B). In addition, hydrogen-bonding
interactions were observed between residues including
Lys79(A)-ASP354(B), Ala69(A)-Ser219(B), Ala69(A)-

His193(B),  Ser70(A)-Glu217(B),  Glul18(A)-
Lysl66(B),  Alal19(A)-Lysl66(B),  Glu88(A)-
Glu407(B),  Glu88(A)-GLU380(B),  Glul17(A)-

Tyr97(B), Glul24(A)-Lys33(B), and Glul24(A)-
Ser32(B). The presence of multiple electrostatic inter-
actions, hydrogen bonds, and extensive non-bonded
contacts suggests favorable interface stabilization be-
tween the interacting chains.

3.9. Molecular Dynamics Simulation

The predicted protein-protein docking complex be-
tween the vaccine construct and TLR2, generated using
the Protein-Protein Docking module of Schrodinger
Maestro, is shown in Figure 11. The docking produced
a single dominant binding pose in which chain A occu-
pied a surface region of chain B and formed contacts
mainly with residues B:ILE37, B:HIS38, B:VAL39,
B:PRO40, B:LYS41, and B:ASP42 on the receptor side,
and A:LYS79, A:GLUS80, A:LEU81, A:THRS82,
A:GLYS83, A:GLN84, A:GLYS85, A:LEU86, and
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A:LYS101 on the peptide side. The interaction profile
showed that the interface was primarily driven by close
van der Waals contacts; however, several of these inter-
actions were associated with steric clashes, particularly
around A:LYS79, A:THRS82, and A:LYS101, indicating
local steric strain within the docked conformation.

A total of two hydrogen bonds were identified: one
between B:ILE37 and A:LEUS1 (1.5 A), and another

~ < N
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Key:

Residue colours: Postue (1 X

Chain A ChainB
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bidges

between B:GLY35 and A:LYS101 (1.1 A), although the
latter was accompanied by a steric clash with
A:LYS101, suggesting unstable local geometry at that
region. In addition, a salt bridge was observed between
B:ARG31 and A:GLUS80 (1.0 A), indicating a potential
electrostatic contribution to interface stabilization. No
n-stacking or disulfide interactions were detected in the
docked complex (Table 9).
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Figure 10. Docking of MEV with the Toll-like receptors. A: Cartoon representation of the docked complex with TLR2; B: Surface
representation of the docked complex with TLR2; C: Protein-protein chain interface; D: Different interacting residues extracted by

the PDBsum server.

The surface complementarity and buried SASA
values confirm the formation of a defined protein-pro-
tein interface; however, the presence of multiple short-
distance clashes alongside limited stabilizing interac-
tions suggests that the predicted binding pose may rep-
resent a close-contact docking solution rather than a

fully relaxed and energetically stable complex. There-
fore, further structural refinement through energy mini-
mization and molecular dynamics simulations is re-
quired to assess the persistence and stability of the ob-
served hydrogen-bonding and salt-bridge interactions
under dynamic physiological conditions.
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Table 9. Inter-residue interaction profile of the peptide—peptide docked complex after molecular dynamics simulation.

. H- Salt . .
Setl Set2 zlz;e Specific Interactions H-Bond Bond  Salt Bridges lS);lck- iPnlgS:/aOCk-
Residues Residues &) % Bridges % ing Poses
Poses Poses

B:TYR 56 A:LYS 101 1.8A 1x clash to A:LYS 101 0 0 0 0 0 0
B:TYR 56 A:GLU 108 23 A 1x clash to A:GLU 108 0 0 0 0 0 0
B:ASP 42 A:LYS 79 1.2A 5x clash to A:LYS 79 0 0 0 0 0 0
B:HIS 38 A:THR 82 1.2A 3x clash to A:THR 82 0 0 0 0 0 0
B:HIS 38 A:GLY 83 1.3A 2x clash to A:GLY 83 0 0 0 0 0 0
B:ILE 37 A:LYS 101 0.8A 11x clash to A:LYS 101 0 0 0 0 0 0
B:ILE 37 A:LEU 81 1.5A Ix hb to A:LEU 81 1 1 0 0 0 0
B:ILE 37 A:THR 82 1.2A 1x clash to A:THR 82 0 0 0 0 0 0
B:LEU 36 A:LEU 81 0.7A 11x clash to A:LEU 81 0 0 0 0 0 0
B:GLY 35 A:LYS 101 1.1A Ix hb, Ix clash to A:LYS 101 1 1 0 0 0 0
B:ASN 34 A:LEU 81 0.9 A 4x clash to A:LEU 81 0 0 0 0 0 0
B:ARG 31 A:GLU 80 1.0A 1x salt bridge to A:GLU 80 0 0 1 100 0 0

3.10. Immunogenicity evaluation of the vac-
cine construct

The immune simulation of the MEV provides a compre-
hensive overview of both humoral and cellular immune
responses following antigen exposure. The simulation
results in (Figure 12), (i) demonstrate rapid antigen
clearance accompanied by a robust antibody response,
characterized by an early peak in IgM levels followed
by sustained IgG production. (ii) reveals dynamic
changes in B cell populations, with a significant in-
crease in memory B cells and a class switch from IgM
to IgG isotypes, indicative of the development of long-
lasting immunity. (iii-iv) illustrate the activation, prolif-
eration, and memory formation of helper T cells, while
(v) shows similar patterns in cytotoxic T cells, with both
cell types transitioning from active and proliferative
states to stable memory pools. (vi) highlights the tem-
poral regulation of cytokine secretion, with early peaks
of IFN-y and IL-2 driving the initial immune activation.
Finally, Panels (vii-viii) emphasize the critical roles of
natural killer (NK) cells and dendritic cells in the early
innate response and sustained adaptive immunity, re-
spectively. Collectively, these simulation results depict
a tightly coordinated interplay between innate and adap-
tive immune components, supporting effective patho-
gen clearance and the establishment of durable MEV-
induced immunological memory.

Figure 11. Predicted protein—protein docking complex be-
tween chain A (peptide, cyan) and chain B (protein, green)
generated using the Protein—Protein Docking module of
Schrédinger Maestro.

3.11. Insilico Cloning

In silico cloning was performed to ensure expression of
SARS-CoV-2-derived MEV in a commonly used E. coli
host. First, the codons of the MEV construct were
adapted as per the codon usage of the E. coli expression
system. The JCAT server was used to optimize the
MEV codons for E. coli (strain K12). The optimized
MEV construct contained 771 nucleotides, an ideal
range of GC content 50.45% (30-70%), and a CAI
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value of 0.925 (0.8—-1.0), and showed a high possibility
of positive protein expression and reliability. In the next
step, Eco53KI and BstZ171 restriction sites were added
to both ends of the MEV-optimized nucleotide sequence
to facilitate cloning. Finally, the refined MEV sequence
was cloned between Eco53KI and BstZ171 restriction
sites at the multiple cloning site of the pET28a (+) vec-
tor (Figure 13). The total length of the clone was 3.327
kbp.

4. DISCUSSION

As LukS-PV is a virulence-associated toxin com-
ponent rather than a methicillin-resistance determinant,
the proposed vaccine target should be interpreted in the
context of PVL-positive S. aureus. PVL genes can be
present in both MRSA and MSSA strains and are com-
monly associated with phage-mediated transfer across
diverse S. aureus lineages [78,79]. Therefore, the con-
served LukS-PV-derived epitopes identified in this
study may provide theoretical coverage against PVL-
positive MRSA and MSSA strains, rather than universal
protection against all MRSA and MSSA isolates. MRSA
pathogenesis begins with colonization of the skin or
mucous membranes, where bacterial adhesion is medi-
ated by surface proteins such as clumping factors and
fibronectin-binding proteins [80]. Tissue invasion may
then be promoted by enzymes such as lipases and hya-
luronidase, which degrade extracellular matrix compo-
nents [81].

In many severe community-associated S. aureus
infections, PVL acts as an important virulence factor. It
is a bicomponent pore-forming toxin composed of
LukS-PV and LukF-PV, which targets human leuko-
cytes and contributes to immune evasion and tissue in-
jury [27,82]. PVL-mediated cytotoxicity depends on re-
ceptor engagement, interaction between the S and F
components, oligomerization, and pore formation in
host immune-cell membranes [30,83].

This mechanism is important for the safety inter-
pretation of the present design because the proposed
construct contains selected epitopes rather than the in-
tact LukS-PV/LukF-PV toxin system. Therefore, it is
not expected to retain the complete structural machinery
required for PVL-like pore formation, although this re-
mains a computational inference requiring experimental
validation.

The complexity of S. aureus immunity and the re-
peated failure of previous vaccine candidates highlight

the need for more rational antigen-selection strategies
[84]. Immunoinformatics can support early vaccine de-
sign by enabling rapid screening of antigenicity, epitope
conservation, allergenicity, toxicity, HLA binding,
structural stability, and immune simulation before la-
boratory validation [85]. In the present study, candidate
antigenic proteins were selected through literature min-
ing and evaluated using VaxiJen, ANTIGENpro, and
PSORTb. Among the screened proteins, LukS-PV
emerged as a highly antigenic extracellular (secreted)
candidate (Table 1). Although IsdB showed the highest
predicted antigenicity score, it was excluded because of
the limitations discussed earlier. Thus, LukS-PV was
prioritized based on its predicted antigenicity, extracel-
lular/secreted localization, relevance to virulence, and
accessibility to the host immune system.

The LukS-PV protein sequence was retrieved from
NCBI using accession ID BCD43604.1 (Table S1). In-
itial T-cell epitope prediction identified
KAMRWPFQY, RLLAATLSL, MRWPFQYNI,
LSLGIITPI, ITYGRNMDV, LAATLSLGI, and
HATRRTTHY as peptides with strong predicted bind-
ing affinity for MHC class I alleles. Further analysis
identified ITYGRNMDYV as the core 9-mer epitope,
which was extended to the 15-mer peptide FEI-
TYGRNMDVTHAT for MHC class II prediction. Con-
servancy is critical for vaccine-candidate selection be-
cause conserved epitopes may support broader strain
coverage and reduce immune escape [86]. In the ana-
lyzed S. aureus sequences, ITYGRNMDYV and FEI-
TYGRNMDVTHAT showed high conservancy, with
100.00% and 95.83% conservation, respectively, sup-
porting their theoretical relevance for PVL-positive S.
aureus strains. The 15-mer peptide FEITYGRN-
MDVTHAT also showed an estimated global popula-
tion coverage of 73.44% (Table 4), indicating broad
predicted HLA coverage.

However, this value represents theoretical popula-
tion coverage and should not be interpreted as direct ev-
idence of protective efficacy. Peptide-based vaccines
offer advantages over full-protein vaccines, including
easier synthesis, improved chemical stability, reduced
unnecessary antigenic load, and focused immune target-
ing [87]. Surface accessibility is also important because
accessible antigenic regions are more likely to be rec-
ognized by antibodies or antigen-presenting cells. The
selected peptide was predicted to be located in an acces-
sible region of the modeled LukS-PV structure.
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Molecular docking of the 9-mer and 15-mer
epitopes with MHC class I and I molecules further sup-
ported plausible peptide-MHC interactions [88]. How-
ever, docking only indicates predicted binding orienta-
tion and structural compatibility; it does not experimen-
tally confirm antigen processing, HLA presentation, or
T-cell activation.

B-cell epitopes were predicted using ABCpred and
BepiPred and screened for antigenicity, allergenicity,
toxicity, hydrophilicity/surface accessibility, and con-
servancy (Table 8). The top five B-cell epitopes—
SGPSTGGNGSFNYSKT (LukS-PVBI1), SKSVQW-
GIKANSFITS (LukS-PVB2), SHEKGSGDTSEFEITY
(LukS-PVB3), EVERQNSKSVQWGIKA (LukS-
PVB4), and NPSFIATVSHEKGSGD (LukS-PVBS5)—
were selected based on their predicted antigenicity, non-
allergenic nature, non-toxic profile, and high conserva-
tion. These B-cell epitopes were included to support hu-
moral immune recognition, while the T-cell epitopes
were intended to promote cellular immune responses.

The final multi-epitope vaccine construct was de-
signed with a 50S ribosomal protein L7/L12 adjuvant at
the N-terminus to enhance immunogenicity, followed
by an EAAAK linker to provide structural rigidity and
spatial separation from the epitope region (Table 9)
[56]. The selected T-cell and B-cell epitopes were joined
using GPGPG linkers, which are commonly used to pre-
serve epitope independence and improve antigen pro-
cessing [57]. A 6xHis-tag was added at the C-terminus
to facilitate downstream purification. The construct was

subsequently evaluated through physicochemical anal-
ysis, codon optimization/expression-related prediction,
secondary-structure prediction, tertiary-structure mod-
eling, and structural validation. PROCHECK analysis
supported the stereochemical quality of the final mod-
eled structure (Figure 9).

HDOCK was used to evaluate the interaction be-
tween the multi-epitope vaccine construct and Toll-like
receptor 2 (TLR2). TLRs are pattern-recognition recep-
tors expressed by innate immune cells such as dendritic
cells and macrophages, and contribute to microbial
recognition during early immune responses [89]. TLR2
is particularly relevant in S. aureus immune recognition
because it senses several staphylococcal components,
especially lipoproteins and related pathogen-associated
molecular patterns [90]. Docking predicted a favorable
interaction between the chimeric vaccine construct and
TLR2 (Fig. 10), supporting its potential immune recep-
tor compatibility. Toll-like receptor 2 (TLR2) is a cru-
cial pattern-recognition receptor in the innate immune
system that enables early detection of Gram-positive
bacteria, including S. aureus. It identifies conserved mi-
crobial components, such as lipoproteins and cell wall-
derived molecules, and activates downstream MyD8&8-
dependent signaling, leading to activation of the NF-kB
and MAPK pathways. This signaling cascade drives the
production of key inflammatory cytokines, which are
essential for initiating effective immune responses. In
this study, the stable docking interaction observed be-
tween the designed LukS-PV multi-epitope vaccine
construct and TLR2 suggests strong immunological rel-
evance. Such binding indicates the potential of the con-
struct to effectively engage innate immune signaling
pathways, promote dendritic cell activation, and en-
hance downstream adaptive immune responses. Given
the established role of TLR2 in host defense against S.
aureus, this interaction further supports the potential im-
munogenic effectiveness of the proposed vaccine can-
didate [91,92].

Molecular dynamics simulation further supported
the docking result by allowing relaxation of the pep-
tide-receptor complex under dynamic conditions (Fig-
ure 11). The maintained interfacial contacts, especially
the hydrogen bonds and the salt bridge between arginine
at position 31 of chain B and glutamic acid at position
80 of chain A, indicate that the predicted binding inter-
face may remain stable after structural equilibration
(Table 9).
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Immune simulation showed a theoretical immune
response pattern following repeated antigen exposure,
including increased memory B-cell and T-cell popula-
tions, persistent B-cell memory, and helper T-cell stim-
ulation (Figure 12). These results suggest that the con-
struct may induce both humoral and cellular responses.
However, immune simulation remains only supportive
computational evidence. Experimental validation
through HLA-binding assays, PBMC stimulation, cyto-
kine profiling, antibody neutralization, leukocyte cyto-
toxicity assays, and animal-model studies is required to
confirm immunogenicity, safety, and protective effi-
cacy. Finally, in silico cloning was performed to assess
the theoretical expression feasibility of the designed
construct. The vaccine sequence was reverse-translated,
codon-optimized according to the selected bacterial
host, and virtually inserted into the expression vector
(Figure 13). This supports the theoretical feasibility of
recombinant expression and downstream purification,
although actual expression efficiency, solubility, and
yield must be confirmed experimentally.

Several previous studies have investigated PVL or
LukS-PV as a vaccine target. Brown et al. reported that
LukS-PV immunization protected mice against lung
and skin infections caused by S. aureus USA300 [93].
A later study identified LukS-PV T-cell-reactive peptide
regions, including 149-173, 169-193, and 289-312,
with the 169—193 region showing strong proliferative
activity [94]. Karauzum et al. developed attenuated
LukS-PV and LukF-PV subunit vaccines based on
structural modification of the toxin components [95],
while Adhikari et al. showed that antibodies against at-
tenuated LukS-PV could neutralize several bicompo-
nent leukotoxin pairs [96]. Recombinant LukS-PV has
also been evaluated in healthy adults, and PVL compo-
nents have been incorporated into multicomponent tox-
oid vaccine platforms such as IBT-V02 [97,98].

The present study differs from these previous ap-
proaches in both antigen design and the logic of epitope
selection. Earlier studies mainly used whole/recombi-
nant LukS-PV, attenuated LukS-PV/LukF-PV proteins,
or multicomponent toxoid formulations. In contrast, our
study used a conserved-region-guided nested T-cell
epitope design strategy. First, conserved 9-mer core
peptides were identified as predicted MHC class I bind-
ers capable of stimulating CD8+ cytotoxic T-cell re-
sponses. Each selected 9-mer core was then expanded
by six amino acids on both sides to create a 21-mer local
sequence context. From this enlarged 21-mer region, a
15-mer peptide was selected, retaining the original 9-

mer core in the final sequence. This design allows the
15-mer peptide to be evaluated as a predicted MHC
class II binder while preserving the embedded MHC-I-
binding 9-mer core. This nested 9-mer/15-mer strategy
is important because MHC class I molecules generally
present short peptides, often 8—10 amino acids, to CD8+
T cells, whereas MHC class Il molecules present longer
peptides to CD4+ helper T cells and commonly use a 9-
residue binding core within a longer peptide sequence
[42,45,99]-[101]. Therefore, a 15-mer peptide contain-
ing a conserved 9-mer MHC-I core may theoretically
support both cytotoxic and helper T-cell response poten-
tial from the same conserved LukS-PV region. To the
best of our knowledge, this conserved nested MHC-
I/MHC-II epitope design has not previously been re-
ported for LukS-PV-based vaccine development. This
represents the main methodological novelty of the pre-
sent study.

However, the proposed advantage remains compu-
tational and requires experimental confirmation. The
predicted dual T-cell activity should be validated
through HLA-binding assays, antigen-presentation
studies, CD8+ and CD4+ T-cell activation assays, cyto-
kine profiling, and in vivo immunogenicity studies.
Thus, the present construct should be considered an
early-stage immunoinformatics-derived vaccine candi-
date rather than definitive evidence of protection against
MRSA or MSSA infection.

5. LIMITATIONS OF THE STUDY

This study was conducted entirely using immunoinfor-
matics and other in silico approaches; therefore, the pre-
dicted antigenicity, epitope immunogenicity, receptor
binding, molecular dynamics stability, immune simula-
tion, and recombinant expression potential should be in-
terpreted as theoretical findings. Although the designed
LukS-PV-based multi-epitope vaccine construct
showed favorable computational profiles, these predic-
tions cannot fully capture the complexity of biological
systems, including antigen processing, HLA presenta-
tion, protein expression, folding, immune cell activa-
tion, cytokine responses, and protective efficacy. In ad-
dition, molecular docking and molecular dynamics sim-
ulation provide useful structural insights but do not re-
place experimental binding, stability, neutralization, or
cytotoxicity assays. Therefore, further laboratory and in
vivo validation is required before the proposed construct
can be considered a confirmed vaccine candidate.
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6. CONCLUSION

In conclusion, this study presents a comprehensive im-
munoinformatics-based framework for the design of a
conserved LukS-PV-derived multi-epitope vaccine can-
didate targeting PVL-positive S. aureus, with theoreti-
cal applicability to both MRSA and MSSA strains har-
boring PVL-associated virulence determinants. The se-
lected epitopes demonstrated strong predicted antigen-
icity, non-allergenicity, non-toxicity, high MHC-bind-
ing affinity, broad population coverage, and favorable
structural and physicochemical properties, supporting
their suitability for vaccine development. The final vac-
cine construct further exhibited stable immune-receptor
interactions, acceptable molecular dynamics behavior,
immune simulation profiles, and successful in silico
cloning efficiency, collectively indicating its potential
to elicit robust humoral and cellular immune responses.
Importantly, the construct excludes the intact PVL toxin
architecture and the complete LukS-PV/LukF-PV pore-
forming system, thereby minimizing any theoretical risk
of PVL-like cytolytic activity.

Overall, these findings provide a rational and
structurally guided computational strategy for targeting
conserved LukS-PV epitopes in PVL-positive S. aureus.
However, despite these promising in silico outcomes,
experimental validation-including recombinant expres-
sion, HLA binding assays, PBMC stimulation, cytokine
profiling, neutralization studies, cytotoxicity evalua-
tion, and in vivo immunization models-remains essen-
tial to confirm immunogenicity, safety, and protective
efficacy.
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