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ARTICLE INFO ABSTRACT
Keywords: Breast cancer emerges as one of the most prevalent malignancies in women, its incidence showing
Triple-negative breast cancer (TNBC) a concerning upward trend. Among the diverse array of breast cancer subtypes, triple-negative
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breast cancer (TNBC) assumes notable significance, due to lack of estrogen, progesterone, and
HER-2 receptors. More focus has to be placed on creating effective therapy due to the high
prevalence and rising incidence of TNBC. Currently, conventional passive treatments have several
drawbacks that have not yet been resolved. On the other hand, as innovative immunotherapy
approaches, cancer vaccines have offered promising prospects in combatting advanced stages of
TNBC. Therefore, the main objective of this study was to utilize WT1 and NY-ESO-1 antigenic
proteins in designing a multiepitope vaccine against TNBC. Initially, to generate robust immune
responses, we identified antigenic epitopes of both proteins and assessed their immunogenicity. In
order to reduce junctional immunogenicity, promiscuous epitopes were joined using the suitable
adjuvant (50S ribosomal L7/L12 protein) and incorporated appropriate linkers (GPGPG, AAY,
and EAAAK). The best predicted 3D model was refined and validated to achieve an excellent 3D
model. Molecular docking analysis and dynamic simulation were conducted to demonstrate the
structural stability and integrity of the vaccine/TLR-4 complex. Finally, the vaccine was cloned
into the vector pET28 (+). Thus, analysis of the constructed vaccine through immunoinformatics
indicates its capability to elicit robust humoral and cellular immune responses in the targeted
organism. As such, it holds promise as a therapeutic weapon against TNBC and may open doors
for further research in the field.

1. Introduction

TNBC, making up about 15 %-20 % of all breast cancer cases globally, is distinguished by the lack of progesterone receptor (PR),
estrogen receptor (ER), and human epidermal growth factor receptor 2 (HER2) [1,2]. Conventional procedures including chemo-
therapy, surgery, and radiation have been the only available treatment choices for triple negative breast cancer over the years.
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However, these approaches have drawbacks, including significant toxicity and limited effectiveness [3,4]. Because of genetic alter-
ations in metastatic tumor cells, individuals with TNBC typically become resistant to hormonal and targeted therapy [5]. The
development of immunotherapy in the realm of cancer has thus been prompted by this unmet therapeutic necessity.

Immunotherapy has become a prominent focus in cancer treatment, holding promise for extending patients’ overall survival and
enhancing their quality of life. Immune checkpoint inhibitors, adoptive T-cell therapy, and dendritic cell vaccine therapeutics have
risen as noteworthy alternatives in the treatment of TNBC among these therapies. Research suggests that TNBC shows increased
sensitivity to immunotherapy owing to its immunogenic tumor microenvironment (TME) [6]. Within cancer immunotherapy,
multi-epitope peptide cancer vaccines emerge as a sophisticated method targeting the immune system to combat tumor cells. These
vaccines accomplish this by enhancing the activity of CD4 + helper T lymphocytes (HTLs) and CD8 + cytotoxic T lymphocytes (CTLs),
or by counteracting inhibitors of the immune response, thus bolstering the body’s capacity to combat tumors. Therefore, it is
imperative to innovate in the development of therapeutic cancer vaccines that can augment both cellular and humoral immune re-
sponses [7].

Novel cancer vaccines typically incorporate T-cell and B-cell epitopes targets derived from either tumor-specific or tumor-
associated antigens [8]. The initial stage in developing a multi-epitope vaccine involves identifying appropriate antigens that are
highly expressed in breast cancer. After conducting an exhaustive examination of existing literature, two highly expressed antigens,
NY-ESO-1 and WT1, were chosen for vaccine formulation and design [9-12]. NY-ESO-1 (New York esophageal squamous cell carci-
noma 1) is specifically detected in TNBC, and its expression stands as an independent favorable prognostic factor within breast cancer
[10]. Additionally, Wilms’ tumor 1 (WT1), functioning as a transcription factor, is detected in elevated levels within TNBC, where it
exhibits overexpression associated with TNBC progression [11,13].

Although multi-epitope vaccines offer specific advantages, their limited ability to trigger immune responses poses a significant
challenge for clinical use. To address this challenge and boost protective immunity, additional components called adjuvants can be
incorporated to enhance both T-cell and B-cell responses [14]. Utilizing Toll-like receptor (TLR) agonists as adjuvants represents a
strategy to enhance immune responses. These agonists originate from various microbial sources. Research has demonstrated that the
TLR-4 agonist derived from Mycobacterium tuberculosis, among other recognized TLR agonists, exhibits potent adjuvant properties
when combined with multi-epitope cancer vaccines. The TLR-4 agonist demonstrates potent immunological impacts on tumors and
holds potential as an adjunct in cancer treatment [15]. This study introduces a multi-epitope vaccine targeting TNBC, devised using
immunoinformatic techniques. Our focus revolved around identifying immunogenic peptides from two key antigens, WT1 and
NY-ESO-1, and combining these peptides with the adjuvant TLR-4 agonist in a novel vaccine formulation to induce stronger immune
responses and prolonged T-cell memory. This is the first time these antigens have been combined for vaccine development. The
designed vaccine underwent analysis with multiple immunoinformatics tools to assess and confirm its effectiveness and suitability for
TNBC immunotherapy.

2. Materials and methods

The methodology used in this study is succinctly outlined through a visual representation in Fig. 1.

2.1. Protein sequence retrieval

NY-ESO-1 (Accession No. CAA05908) and WT1 (Accession No. AAH32861) protein’s amino acid sequences were downloaded in
FASTA format from the National Center for Biotechnology Information (NCBI) Protein Database (https://www.ncbi.nlm.nih.gov/
protein). These sequences were then subjected to a collection of computational tools to predict the most significant immunodo-
minant epitopes.

2.2. Prediction of immunogenic epitopes

The Immune Epitope Database (IEDB) server (http://tools.iedb.org/main/tcell/) was utilized to analyze epitopes for both antigenic
peptides. In order to stimulate protective cellular immunity, antigenic peptides must interact with MHC molecules. Therefore, the
ANN-based web server NetMHCpan 4.1 EL (recommended epitope predictor as of September 2023) (http://tools.iedb.org/main/tcell/
), was employed. NetMHCpan-4.1 covers more than 11 000 MHC molecules, spanning human (HLA-A, HLA-B, HLA-C, HLA-E, HLA-G),
mouse (H-2), cattle (BoLA), primates (Patr, Mamu, Gogo), swine (SLA), equine (EQCA) and dog (DLA) [16]. Simultaneously, B cell
epitopes that interact with antibodies were identified by the IEDB default recommended method Bepipred Linear Epitope Prediction
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Fig. 1. The methodology of the research.
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2.0 in order to promote humoral immunity. The outcomes of MHC class I and II epitope prediction for both NY-ESO-1 and WT1 proteins
were expressed in percentile rank units that compares the peptide’s ICsg score with a randomly selected peptide set (the reference set
provides a broad and unbiased baseline for comparison) from the NCBI database. The percentile rank of a peptide’s ICsg score is
calculated by comparing it to the ICsq scores of peptides in the reference set. Based on these percentile rank scores, we selected the top
peptides.

2.3. Assessment of immunogenic properties of the predicted epitopes

Potent immunogenic peptides were chosen based on criteria such as toxicity, solubility, allergenicity, and antigenicity. The
antigenic capability of the peptides was assessed using Vaxijen, a tool independent of alignment that identifies protective antigens with
85 % accuracy for tumor models, employing a threshold of 0.5 [17]. Similarly, the allergenicity, solubility, and toxicity of the
generated epitopes were evaluated using AllerTop v2.0, INNOVAGEN, and ToxinPred with default settings [18-20].

2.4. Construction of multi-epitope vaccine sequence

The vaccine design process involved utilizing immunoinformatic tools to predict epitopes, which were then combined with ad-
juvants and linkers to create a complete vaccine sequence. To create a whole vaccination design, adjuvants and linkers were combined
with the screened epitopes for helper T lymphocyte (HTL) epitopes, GPGPG linkers were employed, while AAY linkers were utilized for
cytotoxic T lymphocyte (CTL) epitopes. The chosen adjuvant for enhancing immunogenicity was the TLR-4 agonist 50S ribosomal
protein L7/L12 RplL (SA1) (Accession No. CCP43395), which was linked to both ends of the vaccine design using the EAAAK linker.
Additionally, a "Histidine Tag" was incorporated at the C-terminal of the construct, connected via the RVRR linker.

2.5. Epitope population coverage prediction

The frequency of different HLA genotypes varies across diverse populations globally. Using default parameters, a combined
population coverage analysis of HLA classes I and II in the worldwide populations was carried out with the Immune Epitope Database
(IEDB) (http://tools.iedb.org/population/) [21]. The frequencies for 115 countries, 21 ethnicities, and 16 geographical areas are
included in this dataset. This involved inputting T-cell epitopes and their associated HLA alleles into the program. The evaluation
provided diverse metrics, encompassing population coverage, epitope hits on average, and HLA combinations acknowledged by
populations. It also included the minimum number of epitope combinations essential to encompass 90 % of the population (PC90).

2.6. Prediction of the secondary and tertiary structure

The vaccine’s folding and three-dimensional form are influenced by the protein’s secondary structure. Utilizing PSI-blast-based
secondary structure prediction (PSIPRED), which employs two distinct feed-forward neural networks to analyze information
derived from PSI-BLAST (Position Specific Iterated BLAST) [22], enables the accurate prediction of secondary structural features such
as beta-sheets, alpha-helices, and turns within the amino acid sequences of the vaccine. The three-dimensional protein model of the
vaccine was constructed through computational algorithms based on its amino acid sequence. In particular, the 3Dpro tool of the
SCRATCH suite was utilized for this purpose [23]. This tool predicts the protein’s 3D structure using iterative fragment assembly
simulations and multi-threading alignments.

2.7. Refinement and validation of the tertiary structure

After the initial prediction of the vaccine model, refinement was performed using the GalaxyRefine webserver [24]. This webserver
(https://galaxy.seoklab.org/) fine-tunes side chains and utilizes molecular dynamics for structural rearrangement, followed by
comprehensive structural examination. GalaxyRefine stands out for its proficiency in enhancing local structural quality, as demon-
strated by its performance in the CASP refinement category [25]. The best predicted model underwent validation using the SAVES v6.0
server. This server makes use of several different tools, including Verify 3D, which assesses the compatibility of an atomic model in
three dimensions, ERRAT, which analyzes non-bonded atom-atom interactions, and PROCHECK, which visualizes the Ramachandran
plot [26-28].

2.8. Analysis of immunological and physicochemical properties of vaccine

It is crucial to understand the fundamental characteristics needed to elicit a protective immune response while designing vaccines
[29]. Therefore, the Vaxijen v2.0 (https://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html) (accessed on February 12, 2023),
ToxinPred (https://webs.iiitd.edu.in/raghava/toxinpred/protein.php) (accessed on February 12, 2023), and AllerTop v2.0 (https://
www.ddg-pharmfac.net/AllerTOP/) (accessed on February 12, 2023) servers were used to assess the immunological characteristics
of the vaccine, including antigenicity, toxicity, and allergenicity. The constructed multi-epitope vaccine underwent physicochemical
property analysis using the ProtParam web tool (https://web.expasy.org/protparam/) [30,31]. This tool computes a number of
properties, such as half-life, grand average of hydropathicity, aliphatic index, instability index, sequence length, and molecular weight.
Protein stability is evaluated using the instability index, where values less than 40 signify stability. The "N-end rule," which states that
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N-terminal amino acids control protein breakdown, is the foundation for half-life prediction. The volume filled by aliphatic side chains
like alanine, valine, leucine, and isoleucine is represented by the aliphatic index. Subsequently, the grand average of hydropathicity is
determined by dividing the sum of hydropathy values of all residues by the total number of residues in the protein. Lastly, the vaccine
was submitted to further prediction for toxicity using ToxinPred 2 (https://webs.iiitd.edu.in/raghava/toxinpred2/batch.html) [32].

2.9. Docking of a designed vaccine with immune receptor TLR-4

Docking emerges as a useful method in immunoinformatics to address the issue of immune system-related protein binding pre-
diction. The model structure was submitted to the ClusPro 2.0 server (https://cluspro.bu.edu/login.php) (accessed on February 12,
2023) to explore how the vaccine interacts with the TLR-4 (PDB ID: 4G8A). This server utilizes a process involving rigid body docking,
which is followed by the grouping of energetically favorable structures and structural optimization steps for the docking process.
Docked conformations exhibiting robust surface complementarity were selected, and their clustering characteristics were utilized for
ranking [33]. Subsequently, the docked complex was visualized using PyMOL software to analyze vaccine-TLR-4 interaction,
providing insights into their binding pattern. In order to investigate the binding residues between the vaccine construct and TLR-4, the
complex was uploaded to the PDBsum server.

2.10. Molecular dynamic simulation

To examine the structural dynamics of the vaccine complex, molecular dynamics (MD) studies were carried out using the iMODS
server (http://imods.chaconlab.org/) [34]. This tool was chosen for its rapid and efficient evaluation compared to other MD simu-
lation servers [35]. The elastic network, covariance map, variance, eigenvalues, B-factor (mobility profiles), and deformability data are
all provided by the iMODS server. Additionally, it utilizes the NAM (Nodal Analysis of Molecular dynamics) method to elucidate the
collective motion of proteins in internal coordinates, making it a simple and quick tool for measuring protein flexibility [34].

2.11. Codon optimization and in-silico cloning

Efficiently expressing the protein in the host organism signifies the final stage in vaccine creation. The objective of this in silico
cloning method was to anticipate the dynamics of protein expression. Escherichia coli K12 served as the host organism for synthesizing a
codon-optimized nucleic acid sequence derived from the vaccine’s amino acid sequence. This optimized sequence underwent further
analysis on the JCAT server (https://www.jcat.de/). Subsequently, the cDNA sequence was meticulously examined using SnapGene
software [36] to identify potential restriction enzyme cut sites, facilitating the digestion and cloning process of the vaccine model into
the pET-28a (+) vector.

3. Result
3.1. Retrieval of protein sequence

Two proteins, NY-ESO-1 and WT1 protein were selected for this study to develop multi-epitope vaccines targeting TNBC. For
analysis, we retrieved these proteins’ amino acid sequences in FASTA format from the NCBI Protein Database. In our study, we use full-
length proteins to ensure a comprehensive analysis and increase the likelihood of identifying all potential immunogenic peptides.

3.2. Prediction and screening of CTL, HTL and B-cell epitopes

Due to their major contributions to the development of long-term immunity, cytotoxic T lymphocytes (CTLs) and helper T lym-
phocytes (HTLs) serve as crucial elements of the adaptive immune system [37,38].The IEDB server [39] was utilized to predict T-cell
epitopes for the submitted amino acid sequences of target proteins. Initially, the analysis for NY-ESO1 revealed a total of 8344 MHC
Class I epitopes and 4483 MHC Class II epitopes. In the case of WT1, the total number of MHC Class I and MHC Class II epitopes were
14 014 and 7,399, respectively. The selection of the top peptides was based on strong binders, defined by percentile rank scores, with a
%rank of less than 1 for MHC Class I and less than 10 for MHC Class II. Following this, the epitopes were further narrowed down to the
top 3 epitopes in both NY-ESO1 and WT1, totaling 6 epitopes for MHC I (GARGPESRL, GPRGAGAARA, TPMEAELAR, FSRSDQLKR, RS

Table 1
Anticipated MHC I binding epitopes and their immunogenic properties.
S. No Peptides MHC I Alleles Vaxijen Score Percentile rank
1 GARGPESRL HLA- B*07:02 0.7131 0.47
2 GPRGAGAARA HLA-B*07:02 0.9028 0.21
3 TPMEAELAR HLA-A*33:01 0.6434 0.93
4 FSRSDQLKR HLA-A*31:01 1.4884 0.65
5 RSDQLKRHQR HLA-A*31:01 1.2627 0.24
6 VRSASETSEK HLA-A*11:01 1.5484 0.79
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DQLKRHQR and VRSASETSEK) and 6 epitopes for MHC II (TGGRGPRGAGAARAS, ASGPGGG APRGPHGG, SGPGGGAPRGPHGGA,
APTLVRSASETSEKR, PTLVRSASETSEKRP and RKFSRSDHLKTHTRT) were selected for further analysis, by assessing their antigenicity,
allergenicity (non-allergen), solubility (good), and toxicity (non-toxic) using AllerTop v2.0, Vaxijen 2.0, INNOVAGEN, and ToxinPred,
respectively [40]. The outcome of the MHC class I and II epitope prediction for both NY-ESO-1 and WT1 are displayed in Tables 1 and
2, respectively. The rationale behind selecting specific HLA subtypes (Class I HLA: HLA-A, HLA-B, HLA-C present antigens to CD8" T
cells; Class IT HLA: HLA-DP, HLA-DQ, HLA-DR present antigens to CD4" T cells) for epitope prediction was to identify epitopes that can
elicit robust immune reactions, strongly bind the epitopes and to ensure broad population coverage.

B-cell epitopes refer to regions on antigens where antibodies bind, eliciting an immune response. Consequently, the design of a
vaccination depends primarily on the identification of these epitopes in an antigen. The IEDB server identified four B-cell epitopes for
WT-1. Among them, only one epitope was antigenic, non-allergenic, and non-toxic. The epitope (SSSVKWTEGQSNH-
STESDNHTTPILCGAQYRMHTHGVFRGIQDVRRVPGV) with an antigenic score of 0.7600 was chosen for further analysis.

3.3. Assembling of multi-epitope vaccine construct

Using the proper linkers and adjuvants, the selected CTLs, HTLs, and linear B-cell epitopes were fused to generate a strong vaccine
construct. Six CTL epitopes, six HTL epitopes, and a B-cell epitope totaling 392 amino acids made up the final vaccine (Fig. 2A and B).
In recent decades, several TLR agonists have shown promise as vaccine adjuvants, undergoing ongoing clinical trials to assess their
potential in stimulating anti-cancer immune responses. In this study, the 50S ribosomal protein L7/L12 RplL (SA1), acting as a TLR-4
agonist was employed as an adjuvant molecule positioned at the N-terminal of the vaccine using the EAAAK linker. The EAAAK linker,
a rigid a-helix peptide linker, effectively separates functional domains in fusion proteins. Ala-Ala-Tyr (AAY) linkers were utilized to
connect the CTL epitopes, with serving as a restriction site for proteasomes in mammalian cells. Furthermore, the AAY linker enhances
the immunogenicity of the vaccine construct [41]. Consequently, GPGPG linkers, known to induce HTL responses crucial for synthetic
vaccines, were employed to combine CD4 ™ epitopes [42]. B-cell peptides were then incorporated [43]. Finally, the HisTag sequence
was connected in C-terminal of the vaccine construct using the RVRR linker.

3.4. Epitope population coverage prediction

MHC or HLA molecules exhibit polymorphism, with regional variations encoding peptide-binding pathways that result in varying
binding specificities. Furthermore, there are differences in the frequency of allele variations across various ethnicities. If distinct
epitopes were created to cover various locations or ethnic groups, it would make things complicated [44]. Given the complexity
involved, it is essential to carefully choose a potential epitope that offers extensive population coverage and strong binding capability
with HLA. To evaluate the collective population frequency of the twelve T cell epitopes investigated in this study, we utilized the
population coverage tool available on the IEDB interface. The selected epitopes encompass 96.66 % of the global population, as shown
in both Table 3 and Fig. 3. In summary, the high percentage of population coverage provided by our proposed vaccine construct
suggests its effectiveness for a vast majority of the world’s population.

3.5. Secondary and tertiary structure prediction and refined tertiary structure validation

Secondary structures play a crucial role in the folding and overall structure of proteins [45]. The protein’s predicted secondary
structure as determined by the PSIPRED server is displayed in Fig. 4. According to the prediction, the protein consists of 40.05 % alpha
helix (H), 7.4 % extended strand, and 42.86 % coil (C). This prediction output was subsequently employed to enhance the 3D model of
the vaccine construct.

The tertiary structure prediction of the vaccine was conducted using the 3Dpro server, followed by refinement using GalaxyRefine.
From GalaxyRefine, five refined structures were obtained (Table 4). Model 1 was chosen for further validation. Because, Model 1
demonstrates excellent overall structural similarity to the reference structure, evidenced by its high GDT-HA score of 0.9222, posi-
tioning it as one of the top-performing models among the five analyzed. Its low RMSD of 0.491 signifies minimal deviations from the
reference structure. With a competitive MolProbity score of 1.885, Model 1 exhibits high-quality geometry and stereochemistry.
Additionally, 95.9 % of its residues fall within the favored region of the Ramachandran plot, indicating superior stereochemical quality
and protein geometry. Model 1 was selected for its balanced high GDT-HA score, low RMSD, and strong MolProbity and Ramachandran
plot scores, making it the most reliable model among the five. The Ramachandran plot analysis of the vaccine subunit revealed that

Table 2
Anticipated MHC 1I binding epitopes and their immunogenic properties.
S. No Peptides MHC II Alleles Vaxijen Score Percentile rank
1 TGGRGPRGAGAARAS HLA-DQA1*05:01/DQB1*03:01 1.0671 0.26
2 ASGPGGGAPRGPHGG HLA-DQA1*05:01/DQB1*03:01 1.1562 2
3 SGPGGGAPRGPHGGA HLA-DQA1*05:01/DQB1*03:01 1.157 4.4
4 APTLVRSASETSEKR HLA-DRB1*04:01 1.0625 0.96
5 PTLVRSASETSEKRP HLA-DQA1*03:01/DQB1*03:02 1.0945 1.3
6 RKFSRSDHLKTHTRT HLA-DRB1*11:01 1.1262 9.7
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Fig. 2. (A) Schematic representation of the final multi-epitope vaccine construct. CTL—Cytotoxic T Lymphocytes; HTL—Helper T Lymphocytes;
BCL—Linear B cell (B) The sequence of final novel vaccine construct.

Table 3
Combined population coverage scores for world population.
Population/area Class combined
Coverage® average hit” pc90”
World 96.66 % 4.89 1.87
Average 96.66 % 4.89 1.87
Standard deviation 0.0 0.0 0.0

2 Projected population coverage.
b Average number of epitope hits/HLA combinations recognized by the population.
¢ Minimum number of epitope hits/HLA combinations recognized by 90 % of the population.
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Fig. 3. Population frequency coverage analysis report of our vaccine candidate.

93.1 % of amino acid residues were situated within the favored region, with 6.3 % in the additional allowed region and only 0.3 % in
the disallowed region shown in Fig. 5A, consistent with the prediction made by GalaxyRefine. This indicates the robustness and
reliability of Model 1 for subsequent steps. ERRAT yields an overall quality factor of >50 for high-quality models; the quality factor of
our model was 85.933 (Fig. 5B). Finally, the three-dimensional structure of the constructed vaccine was visualized using PyMOL
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Fig. 4. Secondary structure of our vaccine candidate predicted by PsiPred chart.

Table 4
Data summary of the five refined structures.
Model GDT-HA RMSD MolProbity Rama favored
Model 1 0.9222 0.491 1.885 95.9
Model 2 0.9203 0.504 1.896 95.9
Model 3 0.9247 0.480 1.869 96.2
Model 4 0.9330 0.458 1.868 95.9
Model 5 0.9075 0.520 1.888 95.6
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Fig. 5. Validation of the constructed vaccine model, including (A) a Ramachandran plot, residues in the most favored regions, indicated by [A, B, L],
are shown in red boxes, representing the most energetically favorable conformations. Additional allowed regions [a, b, 1, p] are highlighted in
medium yellow boxes, while generously allowed regions [~a, ~b, ~1, ~p] are marked with light brown boxes. Disallowed regions are shown in
white, indicating conformations rarely observed due to potential steric clashes or strain; (B) an ERRAT graph, indicating *—Error value; #—amino
acid residues of the protein model. The colored bars represent the error value for amino acid residues of the protein model where red bars indicate
high error values, suggesting significant inaccuracies, while yellow bars represent moderate error values, indicating potential areas of concern. (C)
the modeled 3D structure of the vaccine. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version
of this article.)
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(Fig. 5C).

3.6. Assessment of immunological and physicochemical properties of the construct

The newly developed vaccine underwent thorough assessment for allergenicity, toxicity, and antigenicity. An antigenicity score of
0.7200 was found, suggesting a considerable potential to initiating a potent immune response. Furthermore, the vaccine demonstrated
safety with no evidence of toxicity or allergenicity, affirming its suitability for use.

In addition, the Expasy Protparam web server was used to analyze additional physical and chemical characteristics of the vaccine
represented in Table 5. The synthesized vaccine consists of 392 amino acids and has a molecular weight of 40.23593 kDa. With an
instability index of 34.37, the vaccine exhibits notable stability. Additionally, it demonstrates a high aliphatic index of 59.95 and a
theoretical isoelectric point (pI) of 9.72, indicating considerable thermostability and basic nature. The vaccine design suggests a half-
life of approximately 30 h in mammalian reticulocytes (in vitro), over 20 h in yeast (in vivo), and more than 10 h in E. coli (in vivo). Its
hydrophilic protein nature, which allows it to interact with water molecules, is shown by its GRAVY (grand average of hydropathicity)
score of —0.589 [46]. Based on the results obtained from the ToxinPred2, it was determined that the vaccine as non-toxic.

3.7. Docking studies of vaccine with TLR-4

The docking outcomes revealed substantial binding of the vaccine construct to TLR-4 (with the lowest binding energy of —1291.8
kecal/mol), indicating its potential efficacy, and hence, the model was taken for further analysis. The docking complex was visualized
using PyMol software (Fig. 6), and interaction analysis was conducted through PDBsum. The examination focused on various binding
interactions such as hydrogen bonds, salt bridges, and nonbonding contacts within the docked complexes. This analysis provided
detailed insights into the amino acid residues contributing to the stability of TLR-vaccine complexes. The TLR-4-vaccine complex was
supported by 26 salt bridges, 88 hydrogen bonds, and 777 non-bonded interactions. Details regarding the interactions exhibited by the
TLR-4 molecule are listed in Table 6. The analysis revealed that nonbonded interactions predominantly contribute to the structural
stability of the complex, followed by hydrogen bond interactions. The substantial number of these interacting patterns suggests a
robust affinity and structural stability of the designed vaccine towards the TLR-4 receptor. The molecular interactions are shown in
Supplementary Figs. 1(A-H).

3.8. Molecular dynamic simulation of recombinant vaccine molecule

The study utilized normal mode analysis (NMA) to evaluate both stability and global mobility of the protein complex. Fig. 7A
illustrates the molecular dynamics (MD) simulation alongside the NMA of the docked complex. Deformability diagrams featured in
Fig. 7B indicate regions within the designed vaccine exhibiting deformability, with peaks indicating areas of particular interest. Peaks
in these diagrams represent areas with high deformability, which are flexible regions of the protein. Conversely, low peaks indicate
rigid areas. Understanding these regions is crucial because flexible regions might be essential for binding and function, while rigid
regions could contribute to structural stability. Furthermore, the B-factor diagram in Fig. 7C provided an average of RMS. The B-factor
diagram provides an average of RMS (root mean square) fluctuations, indicating the flexibility of residues. High B-factor values suggest
greater atomic displacement, signifying flexibility, while low B-factor values indicate rigidity. Dedicated values of the docked complex
are detailed in Fig. 7D. In addition, the eigenvalue of 3.475176e-07 indicates minimal deformability of the protein complex, suggesting
structural stability. In Fig. 7E presents the covariance matrix, indicating various types of motion correlations through color-coding,
showing correlated motions in red, uncorrelated motions in white, and anti-correlated motions in blue. In contrast, Fig. 7F depicts
the elastic network model, highlighting pairs of atoms connected by springs, with darker shades of gray indicating stiffer springs.

Table 5
Physicochemical properties of the developed vaccine.
S. No Parameters Findings Remark Accepted ranges
1 No. of amino acids 392 Suitable
2 Molecular weight 40235.93 kDa Suitable
3 Chemical formula C1730H2780N5490543S5 -
4 Theoretical pI 9.72 Base
5 Instability index 34.37 Stable <40
6 Aliphatic index (AI) 59.95 Thermostable Al < 70, Lower thermostability.

70 < Al < 85, Moderate thermostability
Al > 85, More thermostable.

7 GRAVY —0.589 Hydrophilic <0 [Hydrophilic]
8 Antigenicity 0.7200 Antigenic >0.5

9 Allergenicity No Non-allergen

10 Toxicity No Non-toxin

GRAVY—Grand average of hydropathicity index; Theoritical pl—Isoelectric point.
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Fig. 6. The docking complex of the vaccine (Ligand) in blue with TLR-4 (Receptor) in green color, visualized using PyMol software. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 6

Interaction between different chains of TLR-vaccine complexes.
Chains No. of salt bridges No. of disulphide bonds No. of hydrogen bonds No. of non-bonded contacts
A-B - - 2 20
A-C 5 - 19 168
B-D 6 - 25 168
A-D 2 - 5 64
B-C 2 - 6 66
A-E 3 - 5 64
B-E 7 - 20 166
D-E 1 - 6 61
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Fig. 7. A schematic displaying of the results of the MD simulation study on the TLR-4-vaccine docked complex. Subfigures- A through F display
including NMA mobility, deformability, B-factor, eigenvalues, covariance, and elastic network analysis respectively.
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3.9. Codon optimization and in-silico cloning analysis

In order to maximize the efficiency of translation and the production yield of the recombinant product (vaccine) within the host
organism (E. coli strain K12), the DNA sequence of the TNBC vaccine was subject to codon optimization through the CAI (Codon
Adaptation Index) calculator. The resulting CAI score of 0.962 indicated the presence of favorable codons that can be effectively
recognized by the cellular translation machinery of E. coli strain K12. A CAI score above 0.8 is generally deemed conductive. Addi-
tionally, for vaccine constructs, an optimal GC content typically falls within the range of 30-70 %. The GC content of the TNBC vaccine
was determined to be 55.87 %, confirming the suitability of the sequence. Subsequently, the codon-optimized DNA sequence of the
vaccine construct (Supplementary Fig. 2) was incorporated into the pET28a (+) vector, to clone it into SgrAl and Hpal restriction sites,
employing the SnapGene tool. This software was utilized to introduce restriction sites at both the N and C-terminal ends of the vaccine,
compensating for their absence in the original DNA sequence of the vaccine construct. The final vaccine clone, with an overall length of
1188 bp, is depicted in Fig. 8.

4. Discussion

With a high chance of spread and recurrence, TNBC is regarded as one of the most challenging forms of breast cancer to treat.
Compared to other forms of breast cancer, TNBC has a lower survival rate. It has a high degree of malignancy, a significant invasive
potential, and a short overall survival. Diagnosis often occurs at advanced stages, posing a considerable risk of visceral metastasis [47,
48]. Considering the distinctive characteristics of TNBC and the limited treatment options, immunotherapy emerges as a potential
strategy for both prevention and treatment. Malignant cells that exhibit tumor antigens through MHC complexes are identified by the
immune system, which is crucial in the therapy of cancer [49]. Multi-epitope vaccines aim to stimulate B and T lymphocytes to target
and eliminate cancer cells. Hence, selecting suitable antigens holds crucial significance in vaccine formulation.

Prior research and clinical trials have validated the safety and efficacy of tumor antigens, NY-ESO-1 and WT1 in eliciting immune
responses [50]. This study aiming to develop a novel vaccine against TNBC, we selected NY-ESO-1 and WT1 antigens. Utilizing
epitopes capable of activating both B-lymphocytes and cytotoxic T lymphocytes (CTLs), along with engaging MHC-I and MHC-II
molecules, is crucial in combating TNBC tumor cells. To identify the most immunogenic sequences from TNBC antigens associated
with tumor progression and metastasis, we employed in silico tools.

Besides the crucial role of antigen selection in cancer vaccine development, the choice of adjuvant also significantly influences
vaccine efficacy. Various studies have investigated different adjuvants, including aluminum salt, Montanide, and TLR agonists
[51-53]. In this study, we employed a TLR-4 agonist which is well-known for its strong stimulatory qualities to enhance the immu-
nogenicity of the newly developed construct and elicit a robust immune response. TLR-4 exhibits distinct characteristics compared to
other Toll-like receptors, as it can activate both the cellular and humoral arms of the immune system simultaneously [54].

Following the selection of antigens and adjuvants, the choice of appropriate linkers is crucial for generating a protein with optimal
functionality. Here, we made use of a few linkers, including AAY, GPGPG, and EAAAK. The EAAAK sequence served as a rigid linker to
regulate molecular distances and minimize interference between domains [55]. Furthermore, the AAY motif aids in binding to the TAP
transporter, which is essential for presenting epitopes to the immune system [56].

Several immunoinformatics servers were employed to assess the physicochemical, structural, and immunological characteristics of
the designed vaccine construct. These analyses revealed an instability index of 34.37, categorizing the protein as resistant. Immu-
nological evaluation indicated that the vaccine is non-allergenic. The performance and 3D model of the vaccine structure depend
heavily on the prediction of the secondary structure. In this study, the PSIPRED server was utilized for accurate analysis of the vac-
cine’s secondary structure displayed in Fig. 4. The biological function of the vaccine is greatly influenced by its three-dimensional
structure [57]. In this study, the three-dimensional structure was validated using the SAVES v6.0 server. PROCHECK aided in visu-
alizing the Ramachandran plot, while possible errors were found and the overall quality of the 3D model was improved using ERRAT
servers. Molecular docking, a foundational technique in drug design and bioinformatics, is utilized to predict interactions between
molecules like ligands and proteins, or protein-protein themselves [58]. The docking studies conducted with the ClusPro 2.0 server
involve the utilization of advanced algorithms and techniques to predict the binding modes and interactions between TLR-4 and the
vaccine design (Fig. 6). Furthermore, the MD simulation analyses provided substantial evidence of robust interactions between the
complex. The designed vaccine demonstrates promising characteristics for stability and functionality. The deformability analysis
indicates a balance between flexible regions, which are crucial for binding and function, and rigid regions, which contribute to
structural stability [59]. The B-factor diagram corroborates this, showing minimal atomic displacement overall, implying a generally
rigid structure [60]. The covariance matrix highlights correlated motions essential for functional conformational changes. The elastic
network model reveals strong interactions between atoms, further suggesting structural stability [61]. The minimal eigenvalue of
3.475176e-07 indicates that the vaccine complex is highly stable with low deformability [62], that indicates the suggested vaccine can
bind to immune receptors effectively and making it a strong candidate for effective vaccine development.

Codon optimization was conducted to enhance the expression levels of the novel vaccine in E. coli [63]. In maximizing translation
efficiency and production yield of the TNBC vaccine in E. coli strain K12, codon optimization via the CAI calculator was performed,
resulting in a favorable CAI score of 0.962. The sequence was found to be suitable following confirmation of the ideal GC content of
55.87 %. This suggests that there is a high probability of effectively overexpressing the multi-epitope vaccine in a soluble form when
expressed in E. coli. Afterwards, SnapGene was used to incorporate the codon-optimized DNA sequence into the pET28a (+) vector
(Fig. 8).

In summary, the goal of this study was to create a multi-epitope vaccine for cancer immunotherapy targeting TNBC. The vaccine
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Fig. 8. In silico cloning of vaccine construct into the pET28 (+) vector using SnapGene software, (Cloned pET28a (+) vector with our vaccine
construct in red). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

design incorporated B-cell and CTL epitopes, connected by appropriate linkers to elicit both humoral and cellular immune responses.
The current structure is promising due to its rational design, preliminary computational data, and target specificity. While experi-
mental validation is yet to be conducted, the planned steps for establishing the correlation between immunoinformatic predictions and
functional immunogenicity include rigorous in vitro and in vivo testing, correlation analysis, and iterative refinement. These future
efforts aim to confirm the vaccine candidate’s potential for effective TNBC immunotherapy.

5. Conclusion

In this study, various immunoinformatic techniques were employed sequentially to develop a chimeric subunit vaccine targeting
TNBC, which is associated with high mortality, recurrence, and limited treatment options. Firstly, antigenic, non-toxic, and non-
allergenic epitopes for both B- and T-cells were identified from NY-ESO-1 and WT1 proteins. An efficient epitope-based peptide
vaccine was produced by conjugating these epitopes with an adjuvant and linkers, which could induce both humoral and cell-mediated
immunity. The vaccine’s three-dimensional model demonstrated significant interaction with TLR-4, eliciting strong cellular responses.
Molecular dynamics simulations were used to further demonstrate the vaccine-TLR complex’s stability. Limitation of this study in-
cludes further validation of the proposed vaccine’s effectiveness through both in vitro and in vivo studies to confirm its immunogenic
potential. These findings collectively suggest that the developed vaccine candidate holds promise for inclusion in treatment protocols
for patients with TNBC, which will be an exciting avenue to take in future research.
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