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Abstract

Ancylostoma duodenale, a parasitic nematode worm, is found to be involved in various infections, including
intestinal blood loss, protein malnutrition, and anemia. Antimicrobial resistance to the available therapeutics has
prompted the search for new drug and vaccine targets against A. duodenale. Despite significant advances in
vaccine development against A. duodenale, no commercial and FDA-approved vaccine exists to safeguard humans
from infections caused by this pathogen. In this investigation, a stringent bioinformatics analysis identified 36
unique essential and host-interacting proteins. Based on their subcellular localization, 6 proteins located in the
extracellular space and outer membrane were categorized as vaccine targets, while the remaining proteins were
predicted to act as potential drug candidates. These vaccine candidates were further assessed for antigenicity,
allergenicity, and physicochemical analysis to determine their suitability for the designing of a multi-epitope
vaccine. Two candidate proteins were chosen as optimal targets in the development of vaccine design. The
identified T- and B-cell epitopes from these proteins were then combined with appropriate linkers and adjuvants
to design chimeric vaccine constructs aimed at inducing both cellular and humoral immune responses. Molecular
docking, molecular dynamic simulations, PCA analysis, DCCM analysis, and binding free energy calculations proved
stable interactions of the designed vaccine with human immune cell receptors. Within a bacterial cloning system,
the vaccine constructs demonstrated the ability to be cloned and expressed. The immunological stimulation
elicited significant immunological responses to the proposed vaccine. Our investigation identified new therapeutic
targets and developed a peptide-based multi-epitope vaccine against A. duodenale infection. Additional
experimental verification will open up new therapeutic alternatives for this emerging resistant pathogen.
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Introduction

Ancylostoma duodenale, commonly known as the Old
World hookworm, is a parasitic nematode (roundworm)
belonging to the family Ancylostomatidae. It was discov-
ered in 1838 by James Paget, who identified hookworms
in the intestines of a deceased individual during a post-
mortem examination [1]. It is a parasitic, blood-feeding
nematode that primarily inhabits the small intestine of
its host, typically birds or mammals [2]. Hookworms are
transmitted when eggs excreted in human feces mature
in suitable soil conditions, hatching into infective larvae
that penetrate the host’s skin, typically through minor
abrasions. A. duodenale can infect human hosts through
both oral ingestion and percutaneous penetration. Dur-
ing its larval stage, the parasite may undergo arrested
development within host tissues [3].

Hookworm infections, including those caused by A.
duodenale remain a major public health concern. In
2015, hookworm infections accounted for approximately
1.8 million disability-adjusted life years (DALYs), under-
scoring their substantial global disease burden [1]. In
2016, A. duodenale accounted for a substantial propor-
tion of global hookworm infections, affecting approxi-
mately 450.68 million people worldwide - a notable
decrease from 1.297 billion cases reported in 1994.
Approximately 1.5 billion people worldwide are at risk
of Ancylostoma and other soil-transmitted helminth
infections. The highest prevalence occurs in Asia and the
Pacific region, where tropical climates, overcrowding,
and poor sanitation conditions facilitate transmission [4].
Preschool and school-aged children, along with travelers
returning from endemic regions, represent the highest-
risk populations for Ancylostoma infection. In China and
other A. duodenale-endemic areas, maternal hookworm
infection may lead to vertical transmission to neonates
through ingestion of third-stage larvae (L3) present in
breast milk and colostrum [5]. A. duodenale caused sig-
nificant outbreaks among workers during the construc-
tion of the St. Gotthard Tunnel in the 19th century. The
parasite is clinically associated with iron-deficiency ane-
mia, historically referred to as ‘Egyptian chlorosis’ in
endemic regions [6].

A. duodenale causes ancylostomiasis [4], which primar-
ily results in iron-deficiency anaemia [7], protein malnu-
trition, impaired cognitive development, stunted growth,
and low physical fitness, especially in children [8].
Although blood loss through gastrointestinal bleeding is
rare, approximately 0.05 to 0.3 ml blood is lost in adults,
leading to varying degrees of anemia (mild, moderate, or
severe) depending upon the parasitic load, i.e., the num-
ber of eggs eliminated per gram of feces [9]. These find-
ings indicate that the disease burden is particularly high,
especially among children and the populations residing
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in tropical and subtropical regions, highlighting a need
for an effective strategy to combat the infection.

Standard treatment for A. duodenale infection involves
antihelminthic drugs including albendazole, pyrantel
pamoate, ivermectin, and mebendazole. These medica-
tions effectively eliminate adult intestinal worms [10].
Albendazole exerts its anthelmintic effect by irrevers-
ibly inhibiting glucose uptake in parasites, resulting in
energy depletion and subsequent death [11]. Clinical
studies report mild, transient adverse effects including
nausea, vomiting, abdominal pain, diarrhea, headache,
and occasional hepatic transaminase elevation follow-
ing albendazole administration [12]. Pyrantel pamoate
acts as a depolarizing neuromuscular blocking agent,
causing spastic paralysis in helminths. Its adverse effect
profile may include gastrointestinal disturbances, neu-
rological symptoms, and hepatotoxicity [13]. While
these drugs demonstrate high efficacy against A. duode-
nale infections, their clinical application requires careful
risk-benefit analysis due to: (1) the potential for adverse
effects and (2) emerging drug resistance patterns. Nota-
bly, increasing albendazole resistance among intestinal
helminths - particularly evident in pediatric populations -
poses significant challenges for mass drug administration
programs, as documented in Peru’s national deworming
initiative [14].

Despite the global impact of A. duodenale, no com-
mercially licensed vaccine exists currently to prevent
the infection. However, research is underway to produce
vaccines that can prevent hookworm infections. Vac-
cines for Ancylostoma duodenale, including Na-APR-1
and Na-GST-1, target hookworm proteins but struggle
with low production yields, adjuvant requirements, and
multiple injections [15, 16]. Promising peptide candi-
dates like A291Y-GCN4 and p3-P25 face challenges with
immunogenicity and validation in challenge models. Pre-
vious studies on A. duodenale have investigated multiple
aspects of its biology and epidemiology, including: life
cycle characteristics, transmission dynamics, therapeu-
tic efficacy of anthelmintic drugs, host-parasite immune
interactions, and disease control strategies. Additionally,
molecular epidemiological studies have examined genetic
diversity patterns across geographically distinct A. duo-
denale populations [17]. Notably, no published stud-
ies have focused on developing a prophylactic vaccine
against A. duodenale that could simultaneously address
both the pathogen’s clinical burden and the limitations
of current anthelmintic therapies. To bridge this criti-
cal gap, our study aims to design a novel multi-epitope
vaccine candidate using advanced immunoinformatics
approaches, incorporating carefully selected antigenic
peptides from key parasite proteins.
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Materials and methods
This research employs a comprehensive framework that
utilizes cutting-edge computational tools and techniques
(Fig. 1) to aid vaccine designing against A. duodenale.
Among the various tools employed, NCBI, BLASTp,
HPPPI, and DEG were essential for identifying non-
redundant, pathogen-specific, and essential proteins.
KEGG pathways analysis prioritized proteins involved in
pathogen unique metabolic pathways. For epitope pre-
diction and filtering, IEDB tools were significant in B-cell
and T-cell epitope prediction, while AllerTOP, VaxiJen,
and ToxinPred guided the final selection based on aller-
genicity, antigenicity, and toxicity. The vaccine structure
was modeled and refined by using trRosetta and Galaxy-
Refine Server. The ClusPro server performed molecu-
lar docking, and Desmond (Schrodinger) was used for
molecular dynamics simulations, while C-ImmSim was
used to assess immune response potential.

Retrieval of data and identification of essential proteins

The Ancylostoma duodenale reference genome (Gen-
Bank: GCA_000816745.1) was downloaded from the
National Center for Biotechnology Information (NCBI).
BLASTp searches were performed against the DEG [18]
and HPPPI [19] databases to determine essential and
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host-pathogen interacting proteins, with cutoff values of
bitscore>100, query coverage >35, E-value<1le-20, and
percentage identity >35. These parameters were selected
to ensure that only high-confidence matches with sig-
nificant biological relevance and alignment quality are
retrieved. Conversely, proteins that did not meet these
criteria were considered non-homologous and removed
from further analysis. This stringent criteria reduced the
inclusion of non-specific or weak matches and are consis-
tent with thresholds commonly reported in recent litera-
ture [20].

Identification of host non-homologous proteins

To minimize potential adverse effects and ensure thera-
peutic safety in the host, drug and vaccine targets should
be distinct from human proteins. Therefore, the essential
and host-interacting proteins were filtered against the
human genome by standalone BLASTp to identify the
human non-homologous proteins. Additional scanning of
A. duodenale proteins was performed against the human
gut flora. The human gut microbiome, containing 75,176
proteins, was obtained from the NCBI database. BLASTp
was run using standard values such bitscore <100, qcovs
and pident <35, and E-value > 1e-20 [21-23].
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Fig. 1 Schematic illustration of approaches used to develop potential vaccines against A. duodenale infection



Shah et al. BMC Genomics (2025) 26:468

Metabolic pathways analysis

The Kyoto Encyclopedia of Genes and Genomes (KEGG)
database provides access to the metabolic pathways of
living organisms [24]. It was used to analyze the short-
listed proteins to determine their associated metabolic
pathways. The metabolic pathways of both humans and
the pathogen were carefully analyzed to identify path-
ways unique to the pathogen. KEGG automatic anno-
tation server (KAAS) [25] assigned KEEG Orthology
(KO) identifiers to the proteins categorizing the KEGG
independent and dependent proteins [24]. The proteins
engaged in the pathogen-particular pathways were iden-
tified and subjected to further analysis.

Subcellular localization of proteins

All proteins require a specific localization to function
optimally [26]. To comprehend the protein functions
in the cells, it is essential to understand their subcel-
lular locations. Subcellular localization of both KEGG-
independent and dependent proteins was assessed by
employing tools such as DeepLoc [27], BUSCA [28], and
CELLO [29]. Identifying subcellular localization is cru-
cial for identifying possible vaccine and drug targets.

Selection of vaccine candidates

The shortlisted vaccine targets were assessed for their
potential as vaccine candidates using a variety of crite-
ria. VaxiJen 2.0 [30] was utilized to analyze antigenicity,
and the allergenic profile was assessed using the Aller-
top server [31]. Different servers such as ProtparamEx-
pasy, TMHMM [32], and SolPro [33] servers were used
to evaluate the physicochemical characteristics, topology,
and water solubility of the vaccine targets, respectively.
Vaccine targets were chosen for their high antigenicity
and non-allergenic properties.

T-cell-binding epitope prediction

The regions of antigens that immune cells recognize are
referred to as epitopes. T lymphocytes recognize MHC
molecules displayed by antigen-presenting cells (APCs)
as epitope peptides [34]. Hence, T-cell epitope prediction
is a critical step in vaccine design, owing to their central
role in coordinating the adaptive immune response. The
MHC class I molecules generally present the antigenic
peptides to cytotoxic T lymphocytes (CTLs) with the
help of CD8 receptors, while the MHC class II molecules
via the CD4 receptors interact with helper T lympho-
cytes (HTLs) [35]. For the identification of MHC binding
epitopes, the Immune Epitope Database (IEDB) tool was
accessed, followed by ranking the epitopes based on their
percentile scores. The lowest ranked 10 epitopes were
selected and evaluated for their antigenicity and toxicity
using the VaxiJen v2.0 server [30] and ToxinPred server
[36], respectively. The IEDB immunogenicity tool was
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accessed to specifically predict the immunogenic poten-
tial of the MHC class I molecules. The MHC class II epi-
topes were examined for additional cytokine-inducing
properties, including interleukin-4 (IL-4), interleukin-10
(IL-10), and interferon-gamma (IFN-y) as they are essen-
tial for modulating the immune responses and triggering
B-cell activation. Based on the comprehensive evaluation
of all of these parameters, the resulting epitopes were
classified as potent and versatile T-cell epitopes.

Antigenic B-cell epitope prediction

B lymphocytes play a crucial role in the immune sys-
tem by secreting antibodies that contribute to long-
term immunity. They recognize B-cell epitopes, which
are essential for antibody-mediated immune responses.
Linear B-cell epitope prediction was performed using
the ABCpred server [37]. Predicted epitopes were then
assessed through Allertop 2.0, VaxiJen, and Toxinpred
servers to determine their allergenicity, antigenicity, and
toxicity with a preferred length of 10 to 40 mer.

Chimeric vaccine construct

The lead CTL, HTL, and B-cell-binding epitopes were
used for developing a multi-epitope vaccine construct
and combined to form a fusion peptide using linkers.
AAY linkers were used for CTL epitopes facilitating pro-
teasomal cleavage and TAP binding to support efficient
presentation of MHC-I. GPGPG linkers were utilized for
linking the HTL epitopes together due to their role in the
reduction of junctional immunogenicity and enhanced
stimulation of Ty cells [38, 39]. Moreover, KK linkers
were employed for joining the B-cell epitopes together.
These KK linkers are known as cleavage sites for cathep-
sin B, which is a lysosomal protease involved in MHC-II
antigen processing. This cleavage enhances the individ-
ual B-cell epitopes’ accessibility to B-cell receptors and
improves their presentation to T} cells, helping in effec-
tive generation of antibodies [40].

The final vaccine formulation process involved the
addition of six various adjuvants, i.e., beta-defensin-3
(Uniprot ID: Q5U7J2), L7/L12 ribosomal protein (Uni-
prot ID: A0A246AKK?7), flagellin (Uniprot ID: P06179),
HBHA (NCBI ID: A1KFU9), HBHA-conserved, and
granulocyte macrophage colony (Uniprot ID: P04141),
followed by T-cell and B-cell epitopes joined via differ-
ent linkers to design six distinct vaccine constructs. The
HBHA and HBHA conserved adjuvants differ in length,
the full-length HBHA protein and a shortened version
containing the conserved immunostimulatory domain
only. The conserved version is less variable and more
broadly immunogenic, making it a potential candidate
for vaccine targeting [41, 42]. Another EAAAK linker
was incorporated into the C-terminal of the vaccine and
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at the N-terminal to attach the adjuvant to the construct
[43].

Structural evaluation of vaccine construct

The Protparam server was utilized to assess the physico-
chemical characteristics of the vaccine construct, which
included the molecular weight (MW), Grand Average of
Hydropathicity (GRAVY), alphabetic index (AI), theoret-
ical isoelectric point (theoretical PI), instability index (II)
[44]. Furthermore, the antigenicity and the allergenicity
were predicted by employing the VaxiJen v2.0 [30], Anti-
genPro, and the AllerTop server. The SOLpro was used
for predicting solubility of the vaccine upon expression in
E. coli [33].

Determination of post-translational modifications
Post-translational modifications (PTMs) significantly
enhance proteome diversity and play crucial roles in pro-
tein stability and function [45]. The vaccine constructs
were acetylated and phosphorylated using NetAct 1.0
and NetPhos 3.0 servers [46].

Structure prediction

Prediction of secondary structure (random coiling, alpha
helix, and beta-sheet) of vaccine constructs was done
using SOPMA server, which is an accurate technique for
2D structures, using two feed-forward neural networks
to assess PSI-BLAST results [47]. The GlobPlot 2.3 server
was used to identify globular and disordered regions. The
trRosetta server with residual deep neural networks was
utilized to model the 3D structures of the vaccine con-
structs [48].

Refinement and validation of the tertiary structure
Tertiary structures predicted by trRosetta server were
improved in quality by refinement. GalaxyRefine server
refines protein models and improves local structure
quality with a probability of over 50% [49]. The refined
tertiary structure of the construct was validated using
the ERRAT score, which verifies protein structures by
representing non-bonded interactions. This evaluation
is important for tracking the structural refinement and
accuracy of crystallographic models. The optimal ERRAT
quality factor value is >0.5%, with higher scores indicat-
ing better protein quality. Further quality validation of
the vaccine construct was evaluated by the Ramachan-
dran plot using PROCHECK [50]. The Ramachandran
plot validates protein structural models, whether gener-
ated computationally or experimentally. The number of
residues in the favored regions should be more than 90%
for optimal protein structure [21].
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Molecular Docking of chimeric vaccine with Toll-like
receptors

An effective immune response relies on the interac-
tion between an antigen and a specific immune recep-
tor. Molecular docking is a technique used to predict the
binding affinity between a ligand and its receptor. The
ClusPro 2.0 server was used to perform docking studies
to confirm the interaction of vaccines with the human
immune receptors TLR4 (PDB ID: 48GA) and TLR5
(PDB ID: 3J0A). The structures were uploaded in PDB
format to the ClusPro 2.0 server, a protein-protein dock-
ing tool that uses the Fourier correlation algorithm to
clarify models using electrostatic and desolvation ener-
gies [51]. Docked complexes were identified based on
their binding capacity, and their interactions were inves-
tigated using the PyMOL program. The complexes with
the highest binding affinity and several interactions were
subjected to normal mode analysis (NMA) and molecu-
lar dynamic simulations to check their stability [52].

Measurement of bond distances

PyMOL visualizes and measures the angles, lengths, and
dihedrals between atoms, residues, or molecular struc-
tures. PYMOL was used to assess the bond distances
between the receptor and vaccine. The determination of
bond lengths between receptors and vaccines is crucial
for understanding interactions.

NMA evaluation of the vaccine-receptor complex

The top interaction complex, identified based on its
significant docking score, was further analyzed using
dynamic modeling approaches that simulate molecular
behavior in a natural environment. The iMODs server
was used to assess the prioritized vaccine designs and
their interactions with TLR4 and TLR5. This tool pre-
dicts the range and orientation of protein-protein com-
plex basic movements based on variance, elastic network
model, B-factor, covariance, eigenvalues, and deform-
ability. The server was utilized for normal mode analysis
(NMA) in nucleic acid structures and structural dynam-
ics of proteins [53].

Conformational B-cell epitopes

The folding of protein can produce conformational B-cell
epitopes by arranging residues in close contact. Over
90% of B-cell epitopes are considered to be conforma-
tional [54]. The vaccines prioritized in the docking step
were assessed for the presence of these epitopes using the
ElliPro server. This server uses Thornton’s technique and
clustering algorithms to compute the 3D structure and
the protrusion index (PI) value of each predicted epitope
[54].
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MD simulations of vaccine-receptor complexes

MD simulations were performed for vaccine-receptor
complexes to analyze their dynamic behavior under
near-physiological conditions. The simulations were con-
ducted using Desmond (Schrodinger Suite 2023-4) on a
Linux workstation equipped with an NVIDIA RTX 4090
GPU (128 multiprocessors, 24 GB RAM). Each simula-
tion spanned 200 nanoseconds with a time step of 2 fem-
toseconds [55]. Before starting the MD simulations, the
vaccine was subjected to docking with the receptors, pro-
viding an initial static prediction of binding orientations.
The docking analysis was critical for putting the vaccine
molecules in the receptor’s active regions, which provided
a foundation for dynamic simulation. During the molecu-
lar dynamics simulations, Newton’s classical equations of
motion [56] were integrated to represent an individual
atom’s movements throughout time. The system setup
and minimization were performed using Schrdodinger’s
Maestro [57], including force-field-based optimization
(OPLS5). The complexes were solvated in an orthorhom-
bic box using the TIP3P (transferable intermolecular
potential with 3 points) water model, and physiological
conditions were simulated by adding counter ions (Na*
and CI") at a concentration of 0.15 M to neutralize the
system [58]. The simulation utilized the NPT ensemble
with 1 atm pressure (MTK barostat, T=2.0 ps) and 300 K
temperature (Nosé-Hoover thermostat, T=1.0 ps). Elec-
trostatics were handled using the u-series method with a
9 A cutoff. An eight-stage relaxation protocol was imple-
mented via the Multisim module. Stage 1 involved system
recognition and validation, followed by Stages 2—6 com-
prising Brownian dynamics, NVT, and NPT simulations
at 10 K with positional restraints to gradually equilibrate
the system. The production run (Stage 7) was conducted
under an NPT ensemble at 300 K for 200 nanoseconds
(100,000 steps) with a 2-femtosecond time step. Stage
8 focused on post-simulation analysis using Maestro’s
Simulation Interaction Diagram module. Trajectory data
were recorded every 200 ps, and snapshots were gener-
ated every 120 ps for detailed analysis. The initial 12 ps
were considered equilibration, after which the vaccine-
receptor complexes’ stability and flexibility were evalu-
ated using the root-mean-square deviation (RMSD) and
root-mean-square fluctuation (RMSF) evaluations, which
provided detailed insights into their structural dynamics
throughout simulations.

PCA analysis

Principal Component Analysis (PCA) was conducted
to analyze MD trajectories of each vaccine-receptor
complex using the bio3d R package [59]. This statistical
method uses the covariance matrix of alpha-carbon (Ca)
atoms to detect large protein conformational changes.
The primary components, which indicate the system’s
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dominant modes of motion, were chosen from the eigen-
vectors with the biggest eigenvalues. By focusing on these
principal components, the audit offered useful informa-
tion about the dynamic behavior of the protein com-
plexes during the simulations.

DCCM analysis

Dynamic cross-correlated matrix (DCCM) analysis
was carried out on 100 ns MD simulation trajectories
to check the correlated movements into the V1-TLR4
and V2-TLR5 docked complexes. Simulation data was
used to determine the cross-correlation coefficients
between the fluctuations of each residue pair. The gen-
erated dynamic cross-correlated was as a heatmap, with
values that range from —1.0 (anti-correlated motion) to
1.0 (positively correlated motion). This audit enabled the
recognition of regions within the complexes that demon-
strated significant anti-correlated or correlated motions,
providing intuition into the potential functional link-
ages and dynamic linkage between the vaccine-receptor
complexes.

Analysis of population coverage

T-cell epitopes and their associated alleles were exam-
ined using the Population Coverage tool from the IEDB
database, ensuring that the selected epitopes provide
coverage for the majority of the world’s population. This
server calculates the average coverage of epitopes across
populations using the distribution of MHC-binding
alleles. Epitopes were analyzed globally due to the world-
wide impact of A. duodenale.

Codon optimization and in-silico expression

The vaccine’s codon usage was modified employing the
JCAT (Java Codon Adaptation Tool) based on the host
strain E. coli K12 [60]. The amino acid sequence of vac-
cine was back-translated into DNA and then altered for
codon usage in E. coli. The modification was based on
Codon Adaptation Index (CAI) values calculated using
an algorithm. Codon optimization maximizes efficiency
and yields while sustaining the correct sequence of amino
acids for vaccine protein production in the host organ-
ism. The optimized codon sequence was then cloned
with the SnapGene program [61]. The designed vaccine
gene was inserted into a pET-28a (+) plasmid vector for
host expression due to its broad use in expression studies
[62].

Immune simulations

To examine the immune reaction of our best-docked
vaccine-receptor complex, C-ImmSim server was uti-
lized [63]. Three injections were injected at intervals of
1, 84, and 168 h, with parameters kept default. This tool
evaluates the levels of helper T-cells (T};;& Tyy,), as well
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as the induction of cytokines, antibodies, and interferons
against the constructed vaccine. The immune response
following vaccine administration was also predicted.

Results

Essential and host-interacting proteins

The Zhejiang strain of Ancylostoma duodenale contain-
ing 27,484 proteins was selected for in this study due to
its genetic stability and importance in drug resistance and
vaccine development studies. Pathogen survival is depen-
dent on essential genes that are involved in structural
organization, nutrition uptake, and pathogenicity. These
genes allow for adaptability, resource acquisition, and
infection establishment in host settings [64]. The results
of the DEG blast result identified 524 essential proteins
in A. duodenale. Infectious illnesses are facilitated by HP-
PPI (host-pathogen protein-protein interactions), which
occur through molecular cross-talk between pathogens
and hosts. A total of 1392 host-pathogen-interacting pro-
teins were predicted in Ancylostoma duodenale. Thus,
1761 DEG and HPPI combined proteins were filtered for
the next analysis.

Identification of non-homologous protein

Filtered proteins were analyzed using standalone
BLASTp against the human proteome to eliminate those
identical to host proteins, thereby reducing the risk of
potential deleterious effects. A total of 108 non-homol-
ogous pathogen proteins were retrieved. Microbes in the
human body play important roles in metabolic processes.
The 108 proteins were subjected to screening against
human gut microbiota, resulting in 36 non-homologous
proteins.

Metabolic pathway prediction

Metabolic pathways for A. duodenale (138 pathways) and
the human host (356 pathways) were reterived from the
KEGG server and compared for common and unique
pathways. The comparison found 136 pathways common
to humans and A. duodenale, with two pathways unique
to the parasite. The KAAS server (KO assignment) was
used to perform functional annotation on 36 important
pathogen proteins identified using comparative subtrac-
tive genomics for metabolic pathway enrichment. Ten

Table 1 Subcellular localization of proteins predicted as vaccine
candidates

Sr. No. Accession numbers Localization

1 KIH49483.1 Extracellular, Plassna membrane
2 KIH57671.1 Extracellular, Plasma membrane
3 KIH58423.1 Extracellular

4 KIH59417.1 Extracellular, Mitochondrion

5 KIH68051.1 Extracellular

6 KIH68881.1 Plasma Membrane
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of these proteins were KEGG-independent, while the
remaining 26 were engaged in the unique pathways of
pathogen.

Subcellular localization of proteins

Subcellular localization is a key factor in determining the
biological functions of many proteins. The accessibility
of these proteins to therapeutics largely depends on their
subcellular location. The subcellular localization data
indicated that 28 KEGG-dependent and 8 KEGG-inde-
pendent were either cytoplasmic, extracellular, nuclear,
membrane, or mitochondrial proteins. Six membrane
proteins were predicted as vaccine proteins (Table 1).
The extracellular and membrane proteins were selected
as potential vaccine candidates for chimera vaccine con-
struction because surface-secreted and secreted exposed
proteins are thought to be effective vaccine candidates
since immune cells may quickly recognize them.

Vaccine target screening

The six membrane proteins were evaluated for the
parameters including the GRAVY value, instability index,
aliphatic index, topology, antigenicity, allergenicity, water
solubility, number of amino acids, molecular weight,
theoretical Pi, virulence, and half-life. Topology values
of 0 or 1 were favored, with the GRAVY value negative.
The vaccine target should also be stable. Among the six
proteins, two (KIH49483.1 & KIH58423.1) indicated the
potential for vaccine construction (Table 2).

T-cell epitopes prediction

T-cell-binding epitopes were determined by using the
IEDB database. The top 10 non-overlapping MHC-I and
MHC-II binding epitopes, each with the lowest ranks
from both proteins, were selected. Even though the antic-
ipated T-cell epitopes had a high capacity for MHC-I and
MHC-II molecules, this does not necessarily suggest that
the epitopes may elicit an immunological response; thus,
several characteristics were utilized to investigate the
predicted epitopes. The toxicity (as determined by Tox-
inpred) and antigenicity (assessed by VaxiJen 2.0) were
also estimated, with non-toxic features for Toxinpred and
a threshold of > 0.4 for VaxiJen. The investigation utilized
both the IEDB epitope immunogenicity tool for MHC-I
and other cytokine induction techniques for MHC-II
epitopes [65]. As a result, one MHC-1 and four MHC-II
binding epitopes were selected from KIH49483.1 (Table
S1 & S2), while two MHC-I and three MHC-II binding
epitopes were finalized from the KIH58423.1 protein
(Table S3 & S4).

Prioritization of B-cell epitopes for chimeric vaccine
Linear B-cell epitopes were predicted using two vac-
cine target proteins. ABCpred server determined a total
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Table 2 Physicochemical characteristics of potential vaccine targets
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Parameters KIH49483.1 KIH57671.1 KIH58423.1 KIH59417.1 KIH68051.1 KIH68881.1
No. of AA 220 840 272 209 162 1110
Topology Value 0 0498-517i 0 0 0 0
Molecular Weight (Da) 24125.65 94484.84 29827.58 23891.56 1772497 123053.36
Theoretical Pi 893 7.1 5.04 59 4.6 9.27
Aliphatic Index 86 79.94 76.1 81.15 5593 94.43
Gravy -0.056 -0.306 -0.232 -0.524 -0.386 -0.177
Antigenicity Antigen Antigen Antigen Non-Antigen Antigen Non-Antigen
Allergenicity Non-Allergen Non-Allergen Non-Allergen Non-Allergen Allergen Non-Allergen
Instability Index Stable Unstable Stable Stable Stable Unstable
Water Solubility Poor Good Good Poor Good Good
Half Life 30h 55h 30h 44h 30h 30h
AAY Linker GPGPG Linker KK Linker
EAAAK EAAAK
a2 =
=) = =] & 9 [ a 2 g g a 2 & 2 = ) o & O
O B Y
“HBH R0 0:020:0:0:0:=0:0:20:0:00:0¢%
S A ER A A B R

MHC-I epitopes MHC-II Epitopes

B-cell epitopes

Fig. 2 Vaccine design built with LBL, CTL, and HTL epitopes and adjuvants coupled via different linkers

of 3 epitopes for KIH49483.1 and 5 B-cell epitopes for
KIH58423.1. Of these, Vaxijen predicted 6 epitopes of
KIH49483.1 and 9 of KIH58423.1 as antigenic peptides
(Table S5). Linear epitopes were determined by combin-
ing biological factors such as surface accessibility, hydro-
philicity, hydrophobicity, and amino acid composition
using the IEDB server.

Multi-epitope vaccine designing

Six vaccine constructs were created by combining
selected epitopes. The vaccine constructs were named
V1 to V6 after being connected with different adjuvant
sequences: beta-defensin, L7/L12 ribosomal protein, fla-
gellin, HBHA, HBHA conserved, and granulocyte mac-
rophage colony, respectively. Linkers are often employed
to enhance antigen presentation activity in multi-epitope

vaccines. All six vaccine constructs were connected using
AAY, EAAAK, GPGPG, and KK linkers (Fig. 2).

Chimeric vaccine construct analysis

Designed vaccine constructs (V1-V6) were evalu-
ated for chemical and physical properties. The aliphatic
index indicates the amount of space occupied by ali-
phatic chains, whereas the instability index (stability
score<40.0) evaluates the stability of the vaccine struc-
ture. GRAVY is a important element that is suitable with
just negative ratings. Its calculation involves determin-
ing the hydropathicity of amino acids using the mean
formula. To facilitate in vitro vaccine development,
final vaccine constructs must have a molecular weight
of 41-59 kDa and amino acid content of 300—800 resi-
dues. ANTIGENpro (scoring>0.90) and Vaxijen v2.0
(score>0.75) evaluated vaccine constructs antigenicity.
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Allergenicity was assessed employing the AllergenFP
server, which identifies possibilly allergenic zones in vac-
cines. The SOLpro server with a threshold of >0.5 was
used to determine vaccine construct solubility, which is
crucial for vaccine manufacturing (Table 3).

Prediction of post-translational modifications

The vaccine construct was evaluated for two types of
post-translational modifications. Phosphorylation modi-
fication by the NetPhos-3.0 server predicted 43 (Threo-
nine: 14, Serine: 23, Tyrosine: 6) and 58 phosphorylation
sites (Threonine: 19, Serine: 33, Tyrosine: 6) within the
constructs V2 and V3, respectively (Figure S1). Phos-
phorylated epitopes have a high affinity for cytotoxic T
lymphocytes and serves an essential role in promoting
particular and strong immune responses. Acetylation
is a change that can dynamically alter the function of a
protein by changing its characteristics, including hydro-
phobicity, surface properties, and solubility which all
may impact protein conformation and interactions with
substrates, cofactors, and other macromolecules [66].
NetAcet-1.0 server predicted a 0.514 acetylation score for
construct V2 and a 0.453 acetylation score for construct
V3.

2D structure prediction

The SOPMA server was utilized to predict the 2D struc-
tures of the vaccine constructs (V1 to V6). The results
showed that the V1 vaccine construct contained 16.35%
alpha-helices, 6.97% beta-strands, 23.06% extended
strands, and 53.62% random coils. V2 construct con-
tained 30.29% alpha-helix, 7.57% beta-strands, 18.26%
extended strands, and 43.88% random coils. V3 construct
contains 38.49% alpha-helix, 6.12% beta-strands, 16.19%
extended strands, and 39.21% random coils. V4 construct
contains 39.84% alpha-helix, 4.52% beta strands, 14.78%
extended strands, and 40.86% random coils. V5 construct
contains 40.59% alpha helix, 4.60% beta strands, 15.06%
extended strands, and 39.75% random coils. V6 construct
contains 29.72% alpha helix, 5.10% beta strands, 16.99%
extended strands, and 48.20% random coils.
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Globular and disordered region prediction

The GlobPlot2 server predicted two globular regions in
the V2 vaccine construct: 3-155 and 290-371, and eight
(8) disordered regions: 1-5, 156—190, 194—230, 235-289,
302-309, 326-336, 372-389, and 422-428 residues.
The first globular region spans the adjuvant region and
is located at start of the MHC II binding region, while
the second globular region lies into the B-cell epitopes.
The predicted disordered region starts at the end of the
MHC-I epitope and ends within the B-cell epitopes.
Moreover, three globular regions were identified in the
V3 vaccine construct: 1-175, 310-391, and 410-556,
and eight (8) discarded regions were identified: 176-210,
214-250, 255-309, 322-329, 346—356, 392-409, 442-
448, and 547-552. The first globular region spans the
whole adjuvant and covers almost all epitopes of MHC-
I. Meanwhile, the second globular region starts from the
last epitope of MHC-II and extends to the final EAAAK
linkers, also covering the B-cell epitopes.

3D prediction, refinement, and validation

The 3D structures of the vaccine constructs were gener-
ated using the trRosetta webserver (Fig. 3). GalaxyRefine
server improved and refined the functionality of vaccine
3D models. All models were inspected and validated for
quality using ERRAT values and Ramachandran plots in
the SAVES server v6.0. The ERRAT scores of 87.83, 96.15,
95.87, 91.18, 85, and 93.80 for V1, V2, V3, V4, V5, and
V6, respectively, reflect minimal errors in protein folding
and structure, indicating high-quality vaccine models.
Higher ERRAT scores correspond to improved structural
reliability in vaccine design. Ramachandran plot results
showed 93.3%, 95.1%, 95.2%, 91.7%, 91.8%, and 94.8%
residues in the favored region of the vaccines (Fig. 4). A
standard model is characterized by having>90% of resi-
dues in favored regions, indicating that all vaccine mod-
els are suitable for docking and molecular dynamics
simulation studies.

Molecular Docking of the designed vaccine with Toll-Like
receptors

Using the ClusPro 2.0 webserver, the interactions among
the vaccines’ 3D models and immune receptors were

Table 3 Summary of the physicochemical characteristics of vaccine constructs

Vaccine Solpro Antigenpro Vaxijen 2.0 Allergenicity = Molecular Theo- Gravy Ali- Insta- Amino  To-
construct weight ratical value phatic  bility  Acids pol-
design Pl index  index ogy
V1 0.75 0.92 Antigen Non-Antigen 39829.82 9.26 -0.705 54.75 Stable 373 0
V2 0.78 0.94 Antigen Non-Antigen 4716099  6.63 -0.51 67.48 Stable 449 0
V3 0.72 0.95 Antigen Non-Antigen 59087.6 8.68 -0.575 7117 Stable 556 0
V4 0.90 0.93 Antigen Non-Antigen 5229727 6.9 -0.637 6546 Stable 487 0
V5 0.93 0.938 Antigen Non-Antigen 5117905  5.89 -0619  67.28 Stable 478 0
V6 0.69 092 Antigen Non-Antigen 50850.23 7.85 -0.565 6242 Stable 471 0
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Fig. 4 Ramachandran plot of vaccines formed by the SAVES server (A) V1 (B) V2 (C) V3, (D) V4 (E) V5, and (F) V6

predicted. The vaccines were docked to human immune
receptors, specifically TLR-4 (PDB ID: 48GA) and TLR5
(PDB ID: 3J0A). The top 10 complexes were produced
by the server for every vaccine, along with their bind-
ing energies. One model was chosen for each vaccine

based on the lowest binding energy, as lower binding
energy scores reflect a vaccine’s stronger binding affin-
ity to immune receptors. The docking scores of the V1,
V2, V4, V5, and V6 were predicted to be -1362.3, -1315.2,
-1338.3, -1090.1, and -1330.5 respectively, with the
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receptor TLR4, while with TLR5, the docking score of
V3 was found to be 1789.4, respectively. The analysis of
interactions between vaccine constructs (V1-6) and TLR
4 & 5 provided critical insights into immune response
regulation and implications for vaccine design. Strong
interactions were identified between vaccine models and
TLR4 and TLR5 receptors. The interactions of V1, V2,
V3, V4, V5, and V6 were determined to be 19, 35, 39, 20,
13, and 19 respectively. The docking scores and interac-
tions of the vaccine construct in complex with TLR-4 and
TLR-5 revealed that constructs V2 and V3 with the low-
est binding energy and highest levels of receptor inter-
actions. Therefore, the V2-TLR4 (Fig. 5) and V3-TLR5
(Fig. 6) docked complexes were further carried out to
molecular dynamics (MD) simulation analysis to assess
their stability and binding affinity.

Measurement of bond distances
Bond distance values in A between vaccines (V2 and V3)
and receptors (TLR4 and TLR5) were measured using
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PyMOL. All the bond distances of interacting residues
were less than 3.4 indicating stronger bonds among them.
The interacting residues of the final L7/L12 ribosomal
protein adjuvant vaccine with receptor TLR4 showed
the interacting residues LYS-136 & THR-499, LYS-136
& GLU-474, THR-134 & GLN-547, THR-134 & GLN-
547, ASN-114 & GLN-240, SER-237 & ASN-49, ASN-49
& ASN-237, ASN-49 & ASN-233, ARG-68 & TYR-167,
ASN-212 & SER-27, ASN-26 & ASN-212, ARG-226 &
GLU-53, ARG-226 & GLU-53, ARG-226 & GLU-53,
ARG-226 & SER-28, GLY-263 & ASP-50, GLY-265 &
ASP-50, LYS-47 & GLY-266, LYS-47 & GLY-266, LYS-47
& THR-257, LYS-47 & THR-257, GLN-91 & SER-248,
GLN-91 & ASP-247, ARG-67 & GLN-253, ARG-67 &
HIS-250, TYR-251 & THR-92, THR-92 & TYR-251, LYS-
39 & THR-156, LYS-39 & ASP-157, TYR-42 & ARG-160,
ARG-160 & GLU-144, ARG-160 & MET-147, TYR-151 &
GLU-144, GLN-152 & GLU-136 had distance value 2.7,
2.0,1.8,2.0,2.2,1.8,2.6,23, 18,20, 2.0,2.0, 19,22, 25,
2.1,25,1.6,35,1.6,1.7,2.0,2.7,20, 1.8, 1.8,2.6,2.2, 1.8,

LYs-321 : "
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TRP-837 %
\ GLN-2 LEU-42
.

Fig.5 A cartoon illustration of the docked complex V1-TLR4 between the designed vaccine construct V2 (grey) and TLR-4 (blue), including their interact-

ing residues of TLR4 (orange) and vaccine residues (cyan)
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Fig. 6 A cartoon illustration of the docked complex V2-TLR5 between the designed vaccine construct V3 (orange) and TLR-5 (pink), including their inter-

acting residues (lavender)

2.4, 2.3, 1.7, 2.0, 2.2 while flagellin adjuvant vaccine with
receptor TLR5 showed the interacting residues ASP-
7721 & ASN-389, HIS-292 & TYP-609, ASP-821 & ASP-
824, LYS-398 & HIS-830, SER-402 & TRP-827, SER-402
& LYS-831, LYS-411 & ASP-545, VAL-567 & LYS-411,
ASP-566 & LYS-411, LYS-411 & ASP-345, GLN-273 &
ALA-602, SER-625 & VAL-422, SER-588 & 422, LYS-231
& GLU-584, LYS- 231 & GLU-584, TYR-425 & CYS-585,
ALA-425 & GLU-586, ASN-592 & SER- 257, SER- 258 &
HIS-596, and ALA-419 & ASN-595 had distance value
1.9,25,1.8,2.0,22,1.7,1.7,1.7, 2.8, 2.0, 25, 1.8, 2.6, 1.8,
24,21,1.9,34,20,and 1.9.

Conformational B-cell epitopes

The conformational B-cell epitopes are surface-exposed
and easily exposed to the solvent. These epitopes are typ-
ically produced through protein folding and are readily
available to antibodies and B-cells, helping to stimulate a
robust immune response. Using the ElliPro server with a
score greater than 0.7, a total of 13, 26, 46, 12, 30, and 5

residues were predicted within the conformational B-cell
epitopes of V2, while 5, 6, 7, 84, 76, and 66 residues were
identified within the conformational B-cell epitopes of
V3 respectively (Figure S2 and S3) (Tables 4 and 5). It is
important to note that the 3D structures of the designed
vaccines are different from the native proteins (KIH49483
and KIH58423). The goal of predicting conformational
B-cell epitopes was to ensure that the designed multi-epi-
tope constructs could form immunogenic and surface-
accessible regions capable of being recognized by B-cell
receptors. Therefore, the conformational B-cell epitopes
identified in this study represent novel surface-accessible
regions on the vaccine constructs rather than mimicking
those of the native proteins. This strategy ensures that the
engineered construct might be capable of simulating a
robust humoral immune response.

NMA evaluation
The binding affinities of the top-docked V2 and V3 com-
plexes with the immune receptors TLR4 and TLR5 were



Shah et al. BMC Genomics (2025) 26:468

Table 4 Conformational B-cell epitopes analysis of V2
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No. Residues No. of Score
residues
1 A:H437, A: F438, A: E439, A: C440, A: G441, A: G442, A: T443, A: E444, A: E445, A: Ad446, A: A447, A: A448, A: K449 13 0.984
2 A:RATT, A: 412, A: Y413, A 1414, A: C415, A: D416, A: G417, A: V418, A: S419, A: H420, A: C421, A: S422, A: N423, A: Q424, A: 26 09
A425, A: D426, A: K427, A: K428, A: C429, A:T430, A: S431, A: N432, A: C433, A: D434, A: L435, A: K436
3 A: M1, A:S2, A: D3, A L4, A: K5, A:N6, A: L7, A: A8, A:E9, A:T10, A: L1171, A: V12, A:N13, A: L14, A:T15, A: V16, A: K17, A: D18, A: 46 0.84
V19, A: N20, A: E21, A: L22, A: A23, A: A24, A: 125, A: L26, A: K27, A: D28, A: E29, A: Y30, A: G31, A: 132, A: E33, A: P34, A: A35, A:
A36, A: A37, A: A38, A: V39, A: V40, A: M41, A: A42, A: G43, A: P44, A: G45, A: A46
4 A: V394, A:T395, A: W396, A: P397, A: N398, A: A399, A: L400, A: A401, A: V402, A: D403, A: 1404, A: Y405 12 0.758
5 A: K211, A:N212, A: D213, A: P214, A:T215, A: D216, A: G217, A: 1218, A: L219, A: G220, A: G221, A: P222, A: G223, A: P224, 30 0.716
A: G225, A:R226, A: N227, A: A228, A: 1229, A: R230, A: A231, A: 5232, A: N233, A: L234, A: A235, A: T236, A: S237, A: S238, A:
Q239, A: Q240
6 A: 5406, A: D407, A: K408, A: K409, A: K410 5 0.707
Table 5 Conformational B-cell epitopes analysis of V3
No. Residues No. of Score
residues
1 A: C400, A: P401, A: S402, A: G403, A: F404 5 0.922
2 A: K394, A: S395, A: D396, A: E397, A: K398, A: F399 6 0.844
3 A: R405, A: S406, A: N407, A: A408, A: S409, A: S410, A: K411 7 0.827
4 A: M1, A: A2, A: Q3, A: V4, A: 15, A:N6, A: T7, A: N8, A: SO, A: L10, A: ST1, A L12, A L13, A:T14, A: Q15, A:N16, A:N17, A: L18, A: 84 0.748
N19, A: K20, A: S21, A: Q22, A: S23, A: A24, A: 125, A: G26, A: T27, A: A28, A: 129, A: E30, A: R31, A: L32, A: S33, A: S34, A: G35, A:
36, A: R37, A: 138, A: N39, A: S40, A: A41, A: K42, A: D43, A: D44, A: D517, A: S518, A: D519, A: Y520, A: A521, A: T522, A: E523,
A:V524, A: S525, A: N526, A: M527, A: S528, A: R529, A: A530, A: Q531, A: 1532, A: 533, A: Q534, A: Q535, A: A536, A: G537, A:
T538, A: 5539, A: V540, A: L541, A: A542, A: Q543, A: A544, A: N545, A: Q546, A: V547, A: P548, A: Q549, A: N550, A: V551, A:
552, A: S553, A: 554, A: 555, A: R556
5 A: G80, A: A81, A: N83, A: E84, A: 185, A: N86, A: N87, A: N88, A: .89, A: Q90, A: R91, A: V92, A: R93, A: E94, A: L95, A: A96, A: V97, 76 0.625
A:Q98, A: S99, A: A100, A:N10T, A: S102, A: T103, A: N104, A: S105, A: Q106, A: S107, A: D108, A: L109, A: D110, A: S111, A:
1112, A:Q113, A: A114, A:E115, A: 1116, A: Q117, A: Q118, A:R119, A: L120, A: N121, A: E122, A: 1123, A: D124, A: R125, A: V126,
A:S127,A: G128, A:Q129, A: T130, A: K136, A: L138, A: C453, A: D454, A: L455, A: K456, A: H457, A: F458, A: E459, A: C460,
A: G461, A: G462, A:T463, A: E464, A: E465, A: A466, A: A467, A: A468, A: K469, A: L470, A: Q471, A: K472, A: 1473, A: D474, A
A476, A: L477
6 A:N232, A: D233, A: P234, A:T235, A: D236, A: G237, A: 1238, A: L.239, A: G240, A: G241, A: P242, A: G243, A: P244, A: G245, 66 0.623

A:R246, A: N247, A: A248, A: 1249, A: A251, A: 5252, A:N253, A: L254, A: A255, A: T256, A: 5257, A: S258, A: Q259, A: Q260,
A: G261, A: P262, A: G263, A: P264, A: G265, A: N266, A: D267, A: S268, A: V269, A: H270, A: Y271, A: G272, A: Q273, A: T274,
A: G380, A: F381, A: E382, A: L383, A: H384, A: E385, A: N386, A: A387, A: K388, A: N389, A: C390, A: T391, A: 5392, A: K393, A:
K412, A:RA13, A:VA14, A T415, A: DA23, A: 5426, A: D427, A: K428, A: K429, A: K430

verified using MD evaluation via the iMODs server,
which performed Normal Mode Analysis for complex
variance, B-factor, deformability, covariance, eigen-
value, and elastic network model evaluation of com-
plexes (Figs. 7 and 8). The deformability of a complex is
its capacity to change shape at its residues. The deform-
ability of a complex refers to its ability to change shape
at its residues. The graph’s hinges indicate areas of strong
deformability. The eigenvalue indicates the complex’s
motion stiffness. A lower eigenvalue correlates directly
with the energy required for deformation, making it eas-
ier to distort the structure. The eigenvalues of V2 and V3
with TLR4 and TLR5 are 2.278430e-08 and 6.723409%e-
07, respectively. Normal mode variances and eigenvalue
were shown to be inversely associated. The covariance
matrix shows whether pairs of two residue have uncorre-
lated (white), correlated (red), or anti-correlated motions.
The elastic network notion refers to pairs of atoms
interconnected by springs. A single spring was used to

symbolize each couple of atoms in the graph. The color of
the dots reflected the stiffness of the spring, with darker
grays denoting stiffer springs and vice versa.

Molecular dynamic simulation
MD simulations were performed using Schrodinger
LLC’s Desmond program, with simulation times of 200
ns for the vaccine-TLR4 and vaccine-TLR complexes.
The root-mean-square deviation (RMSD) was estimated
to evaluate the vaccine-receptor complexes’ conforma-
tional stability and dynamic behavior throughout the
simulation period. Protein Ca atoms were analyzed
using RMSD histograms to determine deviations from
their starting configuration to the end state. Minor fluc-
tuations in the RMSD curves suggested that the docked
complexes are stable.

In this case the vaccine-TLR4 complex, the RMSD
value stabilized following initial fluctuations, which were
primarily observed in the early phase of the simulation
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(0-25 ns), with no significant variations thereafter. The
average calculated RMSD for this complex was 20A + 2
A (Fig. 9A). For the vaccine TLR5 complex, minor devia-
tions were seen during the initial period (0-30 ns), fol-
lowed by a stable trajectory for the rest of the simulation.

The RMSD for this complex was calculated as 12 A + 1
A (Fig. 9B). These fluctuation trends demonstrate the
structural stability of both vaccine-receptor com-
plexes. Observed fluctuations can be attributed to flex-
ible regions in the vaccine, such as loop regions, linker
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Fig. 9 RMSD and RMSF plots of protein-ligand complexes. (A) The RMSD plot of V1-TLR4 and (B) the RMSD plot of V2-TLR5 highlight the structural stabil-
ity of both complexes during molecular dynamics simulations. (C) RMSF plot of V1-TLR4 (D) The RMSF plot of V2-TLR-5 demonstrates the residue-specific

flexibility of each complex during molecular dynamics simulations

sequences, epitope insertions, the tPA signal peptide, and
adjuvants [67]. These findings are consistent with previ-
ously reported findings [68, 69], indicating the dynamic
behavior of the vaccine-receptor systems.

Root-mean-square fluctuation (RMSF) analysis was
also conducted to predict local changes in protein chains.
Peaks in the RMSD plots matched regions with greater
movement, including flexibility within specific protein
segments, confirming the stability of the vaccine-recep-
tor interaction. The observed RMSF patterns are consis-
tent with those reported in similar studies, reinforcing
the stability and reliability of the docked complexes
(Fig. 9C & D).

PCA analysis

PCA analysis of the molecular dynamics simulation
data provides valuable insights into the structural and
dynamic properties of the V1-TLR4 complex. The find-
ings suggest that the complex has several stable confor-
mations, as shown by the distinct clusters in the PCA
plot. The first principal component (PC1) explains the

most substantial variation, implying that strong confor-
mational modifications or dominating interactions gen-
erate key structural differences. The first three principal
components account for approximately 92.9% of the total
variation (Fig. 10), suggesting their significance in cap-
turing the key aspects of the first component, indicating
that PC1 explains most of the dataset’s variability. These
findings indicate that the V1-TLR4 complex is physically
stable and has conformational flexibility, which could be
significant for its biological functions. The PCA analysis
of the molecular dynamics simulation indicates crucial
structural dynamics for the V2-TLR5 complex. The first
principal component, PC1, PC2, and PC3, accounts for
approximately 93% of the overall variation (Fig. 11), indi-
cating that substantial conformational shifts or dominat-
ing interactions are responsible for structural diversity in
the V2-TLR5 complex. PCA plot clusters demonstrate
that the V2-TLR5 complex also adopts several stable con-
formations during the simulations. The isolation along
the PC1 axis indicates distinct primary conformational
states, with variations along PC2 and PC3 providing



Shah et al. BMC Genomics (2025) 26:468

1 I I I I I
-200 0 200 400 600 800

PC1 (65.66%)

S .
(3 7 0'3\.“ F
PR Y. 38
o °o . oo’
S - R A SRS T
N W . ...\.o
e 9 . ‘.s
? o Y ..
S =7 ’ -
W, @ o:‘
o 4s .
- O = 1 ‘.“k‘f a '., o
O 8 ‘ ‘s e®
a = b4 o ® ';
1
= *i .«
N il S
o .“ s - o
g - 1Y ‘0$‘. :I
f .
I 1 1 I 1 I
-200 0 200 400 600 800
PC1 (65.66%)
L
8_ LR
A Seiis
= %3
()] .
3 2 ya
& - o ey
= ' L 24
? O = ;’?’. A R X
-~ ’\'::.’ (0 ‘: *e® e .
—_ PP PV * ':”." P
O 8 -+ At 7
- a5 e
& = > o L
S ’ o!
=t .
§ “
= ‘
R

Page 16 of 25

S
S = 9% o,
A LN
. Cogp * .
- »* 8, oo,
< ‘s o ’.‘00
N *3e0 s
< P a1 e*® B4
e_o o 9 o,
°\ 8_ o ® "..:‘00
p y—t ., b o o -
. .
. o .
: s I e'f o * .’o
o . A Wl L) .
& ; "
£gd - LA
== . ° .
' o ® :i'.. . o
8 . L4 %
- . -
Q (24 "&.o R
LR
8_ c :A"’
("l'] e

I 1 I I 1 I
-300 -200 -100 0 100 200 300
PC1 (5.81%)

65.7

Proportion of Variance (%)
12.7
]

0.0

TTTTTTTI T
1 3 5 7 20
Eigenvalue Rank

Fig. 10 Principal component analysis (PC1, PC2, and PC3) of the V1-TLR4 complex, reveals that substantial conformational shifts are responsible for

structural diversity in the V1-TLR4 complex

information about small structural changes within these
states. This analysis indicates that the V2-TLR5 complex
maintains structural integrity and conformational flex-
ibility, which is crucial for its potential biological activity.

DCCM analysis

The DCCM analysis of the V1-TLR4 and V2-TLR5 com-
plexes over a 200 ns molecular dynamic simulation pro-
vides considerable insights into residue interaction and
structural dynamics. The DCCM shows different patterns
of positive and negative correlations on a color scale that
ranges from —1.0 (green/yellow) to 1.0. The large blue
blocks along the diagonal and off-diagonal regions depict
areas where certain domains of the complex and off-diag-
onal regions represent areas where specific domains or
proportions of the complex move in highly coordinated
ways for both complexes (Fig. 12). Specifically, regions
surrounding residues 400 to 600 and 1000 to 1300 for the
V1-TLR4 complex (Fig. 12A) and residues 100 to 400 and
600 to 800 in the V2-TLR5 complex (Fig. 12B) have sub-
stantial positive correlations, respectively, implying that

these regions travel together during the simulation. This
may indicate functionally or structurally linked domains.
Small green and yellow patches, on the other hand,
emphasize anti-correlated motions in both complexes,
which occur when residues move in opposite directions
and may identify possible areas of functional antago-
nism. Although less common, anti-correlated motions
are important for understanding the functional interplay
and the complex’s dynamic. Overall, the DCCM analysis
sheds light on the dynamic behavior and residue inter-
actions of the V1-TLR4 and V2-TLR5 complexes, offer-
ing guidance for further functional studies. Moreover, as
the V1-TLR4 complex has more correlated movement as
compared to V2-TLR5, the binding free energy analysis
of V1-TLR4 was conducted, which predicted that the
frames show significant fluctuations but remain consis-
tently negative. The observed range of binding energies
is approximately —59 to -111 kcal/mol, indicating strong
binding affinity between the ligand and receptor (Fig. 13).
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structural diversity in the V2-TLR5 complex
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Population coverage analysis

HLA alleles vary among members of a group based on
their distribution. Assessing the HLA compatibility of the
population with the intended vaccine epitope is crucial
for evaluating vaccination efficacy in infectious popula-
tions. The IEDB population coverage tool predicts that
these epitopes are estimated to encompass 99.74% of the
worldwide population (Fig. 14).
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In Silico cloning and optimization of codon

Codon optimization is a technique that optimizes codons
for bacterial genomes and results in higher expression
rates. This method was utilized to increase the speed
of manufacturing of vaccines in K12 strain of E. coli, as
humans and the intended host use various codons. To
maximize protein expression, the JCat tool was utilized
to determine the best GC and CAI content. In this inves-
tigation, after sequence optimization, the CAI values
were 0.72 and 0.75, and the GC content percentages
were 5.26% and 51.16% for V2 and V3. The absolute GC
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content ranges from 30 to 70%, and a CAI value of 0.8
is considered high. The findings align with the previous
study indicating a similar range of data required for long-
lasting vaccine expression. They also support the greater
expression levels for the preferred vaccine. The Snap-
Gene tool was utilized to create in silico clones of opti-
mized V2 and V3 sequences. Sequences were inserted
into the pET28a (+) vector at the PshAl restriction site,
yielding genomes of sizes 6716 and 7037 bps (Figure S4).

Immune response analysis

Immune simulation represents a critical phase in modern
vaccine design, enabling the prediction of host immune
responses prior to clinical testing. An effective vac-
cine should elicit a robust, pathogen-specific immune
response while maintaining an optimal safety profile. The
efficacy of a vaccine and its immunological responses are
evaluated using the measurement of indicators such as
antibodies, B cells, cytokines, NK cells, and T cells. To
assess immunological responses elicited by V2 and V3,
we conducted immune simulations. Each booster dose
increased immune responses. Additionally, each dose
resulted in a considerable increase in cytokine levels,
which were equivalent across doses. The vaccine notably
elicited cytokines production such as TGE- f, IL-8, IL-2,
IFN-y, and IL-10. V2 and V3 induced the generation of a
range of targeted antibodies, including IgG, 1gG1, IgG2,
and IgM. Each administered dose resulted in a sub-
stantial reduction in antigen levels and a concomitant
increase in antibody frequency. Following vaccination, a
significant number of B cells were simulated, resulting in
the formation of plasma cells, which are crucial for pro-
ducing specific antibodies. After immunization, a marked
increase in B-cell proliferation was observed.In addition,
the T-cell count rose following vaccine administration,
with a significant increase in activated T-cells and a cor-
responding decrease in inactive cells, indicating effective
cellular activation post-vaccination. After immunization,
B-cell proliferation was increased significantly. Moreover,
the T-cell count rose following vaccine administration,
with a significant increase in activated T-cells and a cor-
responding decrease in inactive cells, indicating effective
cellular activation post-vaccination (Figure S5 and S6).
The designed vaccines are expected to activate and inter-
act with TLR-4 and TLR-5 expressed on B-cells, dendritic
cells, macrophages, and monocytes. Through complex
signaling pathways, this interaction will upregulate the
expression of IL-6, IL-12, IL-8, IP-10, CD88, CD-80,
MCP-1, and IFN genes. Additionally, this will indirectly
activate other immune cells such as NK cells, mono-
cytes, and T cells. Moreover, the HTL and CTL epitopes
will bind with HLA Class I and HLA Class II molecules,
producing epitope-HLA complexes that subsequently
engage with CTLs and HTLs, leading to their activation
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and proliferation. The IFN-y epitopes will further stimu-
late IFN gene expression. Thus, the suggested vaccine
has the potential to activate both the innate and adaptive
immune systems (Fig. 15).

Discussion

Preventing multidrug-resistant A. duodenale infections
presents a substantial public health challenge due to
three key clinical consequences: (1) hookworm-asso-
ciated maternal morbidity during pregnancy [70], (2)
chronic intestinal helminthiasis with associated mucosal
damage, and (3) iron-deficiency anemia resulting from
blood loss. A. duodenale, due to its widespread distribu-
tion, significant global health impact, the emergence of
drug resistance, economic burden, vaccine development
potential, and the one health perspective, has drawn the
attention of researchers to target this parasite. Despite
noted disparities in antibiotic rates, resistance contin-
ues to increase, prompting researchers to seek alternate
therapies. Research on hookworm vaccines, including
Ancylostoma duodenale infection, indicates that live
attenuated larvae offer better protection than dead larvae
[71, 72]. However, they face issues like impracticality for
widespread use, limited shelf life, and high production
costs. Most recent studies focus on protein subunit vac-
cines, particularly aspartic protease-1 (Na-APR-1) and
glutathione-S-transferase-1 (Na-GST-1), currently in
progress for treating A. duodenale infection. Challenges
with these vaccines include the need for adjuvants, mul-
tiple injections, and low production yield [15, 16]. More-
over, peptide candidates derived from Na-APR-1, such as
A291Y-GCN4 and p3-P25, show potential but lack suffi-
cient immunogenicity and validation in challenge mod-
els. Our study aims to tackle these issues using an in silico
multi-epitope vaccine design approach. Bioinformatics is
being used to design unique vaccines and drug targets
against differente parasites using in silico approaches [73,
74]. To locate an alternative therapeutic target, subtrac-
tive proteomics was paired with reverse vaccinology to
uncover possible vaccine targets.

In this study, a reference genome of A. duodenale was
used to extract the proteins of the parasite. Previous
studies on combating A. duodenale infections involved
surveys and experimental methods, but no methodolo-
gies were used for the formulation of an effective treat-
ment against this pathogen. In silico analysis identified
36 essential proteins, human non-homologous, and host-
interacting potentially serving as novel drug or vaccine
candidates. During screening, host homologous proteins
with significant pident such as KIH65223.1 (with a %
identity of 100%) and KIH44842.1 (with a % identity of
98.6%) were identified. Such proteins were carefully con-
sidered and excluded from our vaccine design pipeline to
minimize the risk of off-target effects and avoid the risk
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Fig. 15 The proposed vaccine mechanism might have the potential to stimul

of cross-reactivity. This approach is in line with recent
studies in rational vaccine design, which emphasize the
importance of identifying and excluding host-homol-
ogous proteins to ensure target specificity and reduce
the risk of autoimmune responses, as demonstrated in
nematode parasite vaccine development [75]. The reverse
vaccinology approach prioritizes membrane proteins
included in host-pathogen interaction as potential vac-
cine targets [76]. Six vaccine candidates were chosen for
chimeric vaccine development following the analysis of
various factors.

Eukaryotic aspartyl proteases (KIH49483.1) are
enzymes found in all eukaryotes carrying out a range of
functions, including protein maturation, signal trans-
duction, and secretion of virulence factors [77]. Recep-
tor L domain protein (KIH57671.1) is a transmembrane
protein. The extracellular domain of a receptor protein
is responsible for ligand binding. In contrast, the cyto-
plasmic domain of a receptor may have several roles.
One of these roles may be to interact with the proteins
responsible for the formation of the clathrin-coated pit
[78]. Low-density lipoprotein receptor domain class A
(KIH58423.1) plays an essential role in the transport of
approximately 70% of LDL from plasma to liver and 75%
of cholesterol and, hence, plays a vital role in lipopro-
tein metabolism [79]. N-acetylmuramoyl-L-alanine ami-
dases (KIH59417.1) are cell wall-modifying enzymes that
break the amide linkage between stem peptides and sugar

ate both the adaptive and innate immune systems

residues in peptidoglycan. Amidases play an important
role in septal cell wall cleavage and assist separate daugh-
ter cells during cell division [80]. Calcium-binding EGF
domain proteins (KIH68051.1) are found in a wide range
of extracellular proteins with various functions, including
cell adhesion, blood coagulation, connective tissue archi-
tecture, and determination of cell fate [81]. Beta-ketoacyl
synthase protein (KIH68881.1) is also known as beta-
ketoacyl-ACP synthase. The three types of beta-ketoacyl
synthases in type II FAS are FabB, FabF, and FabH syn-
thases. FabH catalyzes the classic ketoacyl synthase reac-
tion involving malonyl ACP and acetyl CoA. FabB and
FabF accelerate further related processes [82]. The sur-
vival and virulence of the parasite rely on proteins that
differ from host proteins. Inhibiting these proteins may
enhance the host’s ability to develop an efficient immu-
nological response, resulting in improved infection
management.

Two proteins (KIH49483.1 and KIH58423.1), selected
based on specific criteria, were identified as potential
vaccine targets for epitope determination. The minimal
immunogenic peptides within these proteins, known as
epitopes, can activate either cytotoxic T-cells (CTLs) or
helper T-cells (HTLs) [18]. T-cell interacting epitopes
play a crucial role in aiding HTLs and CTLs to produce
specific immunoglobulins and eliminate pathogens,
thereby enhancing the efficacy of multi-epitope vaccines.
To facilitate the development of an effective vaccine,
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T- and B-cell epitopes were predicted from these protein
targets and subsequently combined with adjuvants and
linkers for the formulation of the chimeric vaccine con-
structs. MHC-I, MHC-I], and B-cell epitopes were joined
using the Gly-Pro-Gly-Pro-Gly (GPGPG), bi-lysine
(KK), and Ala-Ala-Tyr (AAY) linkers. Immunogenic
linkers enhance the immunogenicity of the proposed
vaccines. In addition, linkers help keep epitopes apart
and prevent folding [83, 84]. The linker AAY connects
two protein domains. This linker increase the immuno-
logical response to vaccine antigen by allowing immune
cells more access to antigenic sites while maintain-
ing the structural stability of vaccine antigens [85]. The
GPGPG linker is a flexible component in vaccine design
that allows for easy folding of the vaccine’s antigens. It
reduces antigen aggregation and can affect the immuno-
genicity and stability of the antigen [86]. The KK linker is
commonly utilized to link carrier protein to protein anti-
gens, such as a bacterial toxin. The positive charge of the
linker helps maintain the connection among the antigen
and carrier protein, leading to a greater immunological
response [87]. Using an empirical-helical linker, EAAAK,
enhanced the bi-functional catalytic activity, fusion pro-
tein’s stability, and stiffness [85].

Six adjuvants, specifically beta-defensin, L7/L12 ribo-
somal protein, flagellin, HBHA, HBHA conserved, and
granulocyte-macrophage colony, were employed in this
analysis to design six vaccine constructs with different
immunological profiles. The L7/L12 ribosomal protein
is an adjuvant applied in vaccines that enhances immune
responses by promoting dendritic cell (DC) maturation
and T-cell activation [88]. Beta-defensins are naturally
occurring antimicrobial peptides also employed as vac-
cine adjuvants, improving both cellular and humoral
immune responses through innate immunity activation,
via cytokine release [89]. Moreover, HBHA and its con-
served form are powerful immunological adjuvants with
the ability to induce an intense T}y, cell immune response.
Another adjuvant called Flagellin is a potent immune
activator that stimulates diverse biological effects and
mediates both innate inflammatory responses and the
development of adaptive immunity [90]. The granulo-
cyte-macrophage colony as an adjuvant encourages the
development and maturation of dendritic cells, stimu-
lates the expression of molecules like major histocompat-
ibility complex class II, and stimulates the proliferation
and differentiation of B and T lymphocytes, which play
an essential role in activating immune responses [91-93].

The vaccine candidates demonstrated optimal physi-
cochemical characteristics and contained sufficient anti-
genic determinants to elicit a robust immune response.
The evaluation results from multiple servers indicated
that vaccine constructs were non-allergenic and soluble.
The vaccine’s structure analysis revealed no deformability
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in its secondary structures. TrRosetta server created the
3D structures of the vaccine, which were subsequently
refined by using the Galaxy web server. Protein-protein
docking studies using immune receptors TLR-4 and
TLR-5 were conducted to investigate the function of
vaccine targets in inducing an innate immune response.
Toll-like receptors are found on multiple immune cells,
including macrophages, cancer cells NK cells. They dis-
criminate between damage-associated patterns (DAMPs)
and pathogen-associated patterns (PAMPs), activating
the immune system. TLR-4 exhibits superior tumor anti-
gen detection and can provoke both adaptive and innate
immune reactions among the 10 classes of TLRs [94]. The
extensive expression of TLR5 across multiple immune
cell types contributes to flagellin’s adjuvant properties.
Flagellin can activate TLR, which is shown on the surface
of immune cells [95, 96].

The ClusPro 2.0 results showed that V2 and V3 have
a strong affinity for immunological receptors. Normal
mode analysis and MD simulation were used to evalu-
ate the binding affinity of the vaccine constructs with
immune cell receptors and illustrate the improved sta-
bility of the V2-TLR4 and V3-TLR5 complexes. A dis-
continuous or conformational epitope is a cluster of
antigenic residues that are isolated in the main sequence
but come together spatially due to polypeptide folding.
Conformational epitopes account for approximately 90%
of all B-cell epitopes [97]. Therefore, the residues respon-
sible for forming the conformational B-cell epitopes of
the vaccines were also determined. V2 and V3 docked
complexes are stable because of the low energy required
for distortion, as seen by the lower eigenvalues in the
NMA study. The analysis of B-factor, eigenvalue, deform-
ability, covariance, the elastic network model, and vari-
ance revealed a significant relationship between vaccine
models and immunological receptors (TLR4 and TLR5),
indicating that vaccines may trigger an innate immune
response [98, 99].

HLA allele distribution exhibits ethnic variation and
significantly affects T-cell epitope recognition. To maxi-
mize population coverage, selected epitopes must bind
multiple HLA alleles. We therefore prioritized MHC-I
and MHC-II epitopes based on their corresponding HLA
allele frequencies worldwide. Computational analysis
demonstrated that the selected epitopes provide 99.77%
global population coverage across diverse geographic
regions. Moreover, to enhace codon usage by the host
organism, both vaccines were codon-adapted and cloned
into the pET28-a (+) vector. Immune simulations were
performed using C-ImmSim, an online tool, to better
understand the functions of vaccines in inducing the
passine immue response. Server findings indicate that
the vaccine can boost the host’s immunoglobulin lev-
els and maintain memory B cells effectively after three
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doses. Additionally, the presence of IFN-gamma veri-
fies our anticipation that vaccines can trigger an innate
immune response. Bioinformatics techniques confirmed
that the developed multi-epitope vaccines effectively
elicit both acquired and innate immune responses, hence
successfully eliminating the A. duodenale. The vaccine
recommended by immunoinformatics is believed to be
immunogenic, but its effectiveness against A. duode-
nale infections remains unknown. Immunoinformatics
approaches enable direct lab investigations and in-silico
research, saving expenses and time. The next step is to
carry out in-vitro immunological testing to confirm the
immunogenicity of vaccines and construct preclinical
challenge-protection studies to verify the methodology.
Previously, vaccines targeting various pathogens, includ-
ing Ebola virus, Marburg virus, Trypanosoma vivax, and
Acinetobacter baumannii, were designed using computa-
tional methods and suitably proven experimentally [100—
102]. Therefore, the final vaccine constructs, V2 and V3,
can be subjected to the wet lab for in vivo and in vitro
investigation, potentially offering a treatment against A.
duodenale.

Despite the promising outcomes of this in silico
approach, several limitations should be acknowledged.
Epitope prediction techniques are based on machine
learning algorithms and existing datasets that may intro-
duce biases and lead to false positives or negatives due to
the antigenic regions’ variability across different patho-
gens and populations [103]. Similarly, docking studies
rely on simplified scoring functions and static 3D struc-
tures that may not accurately reflect the complex and
dynamic nature of molecular interactions under physi-
ological conditions [104]. MD simulations operate within
theoretical force fields and constrained time scales and
thus may not fully capture the intricate biological envi-
ronment [105]. Additionally, computational predictions
for allergenicity, antigenicity, and toxicity require experi-
mental validation, as they cannot fully substitute for in
vivo and in vitro validation. Therefore, while the compu-
tational pipeline offers a strong foundation for the design
of a vaccine, experimental studies are indispensable for
validating the immunogenicity, safety, and efficacy of the
proposed vaccine candidates.

Conclusion

Ancylostoma duodenale presents a significant global pub-
lic health challenge, prompting the development of an
improved vaccine strategy. This analysis identifies poten-
tial broad-spectrum epitope candidates for constructing
vaccines that might protect against infections caused by
A. duodenale. Our research suggests that the proposed
vaccine constructs might effectively induce immune
responses. However, experimental validation of the final
vaccine constructs is essential to assess their potential
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for immunological reinforcement and therapeutic appli-
cations. The current research provides a foundation for
developing epitope-based vaccines against A. duodenale
through experimental approaches.
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