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Introduction: Targeting tumor microenvironment is beneficial and present an
ideal setting for the development of futuristic immunotherapy. Here, we make
use of Nuclear prelamin A recognition factor (NARF), a protein linked to the
coactivation of transcriptional regulators in human breast cancer stem cells (CSC)
in our investigation.

Methods: In this study, we initially computed the epitope regions possessing the
ability to stimulate both T and B cells within the NARF protein. These identified
epitope areas were fused with an adjuvant such as RpfB and RpfE as well as linkers
like AAY, GPGPG, KK, and EAAAK. The constructed vaccine was further
characterized by assessing its physicochemical properties and population
coverage. The potential interactions of the designed vaccine with different
toll-like receptors were examined by a sequence of computational studies. Of
note, docking study were employed to understand its mechanism of action.
Molecular dynamics and immune simulation studies were conducted to
comprehend more into their structural stability and immune responses. The
resultant vaccine was back-translated, codon-optimised and introduced into
pET-28 (+) vector.

Results and discussion:We hypothesize from the results that the designed NARF
protein-based vaccine in our analysis could effectively provoke the immune
responses in the target organism through TLR-7 binding and promotes MHC
class-II mediated antigen presentation. Indeed, comprehensive evaluations
conducted in both in vitro and in vivo settings are imperative to substantiate
the safety and efficacy of the developed vaccine.
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1 Introduction

Triple-negative breast cancer (TNBC) is a highly aggressive
subtype of breast cancer that progresses more quickly and has a
higher chance of metastasis and recurrence [1, 2]. The treatment
options are limited to chemotherapy because of the lack of
expression of standard molecular targets such as estrogen
receptor (ER), progesterone receptor (PR), and human epidermal
growth factor receptor 2 (HER2). Apparently, traditional
chemotherapeutic agents, such as anthracycline, paclitaxel and
alkylating agents, may trigger systemic toxicity and disruptive
effects [3]. The challenges related to the inherent heterogeneity
and aggressive nature of TNBC are further complicated by the
limited availability of prognostic biomarkers for treatment response
[4]. Immunotherapy has recently emerged as a game-changing
technique in the treatment of a wide range of tumors [5]. It
should be noted that the immunogenic landscape observed in
TNBC has been correlated with an exciting response to
immunotherapy. Clearly, the increased prevalence of tumor-
infiltrating lymphocytes (TILs), a substantial tumor mutational
load and survival correlations with the extent of T-cell and B-cell
infiltration rendered immunotherapy an appealing therapeutic
choice for TNBC [6, 7].

One of the most cutting-edge immunotherapeutic technique is
the use of cancer vaccines to provoke active immune responses in
the breast tumor environment. The key benefit of these subunit or
peptide vaccines are their low toxicity and targeted adaptive
immune response [8]. Interestingly, the ongoing clinical trials
exploring chimeric peptide-based vaccines for TNBC includes
MUC1 (NCT00986609), CDX-1401 (NCT02661100) PVX- 10
(NCT03362060), P10s-PADRE (NCT02938442) [9]. The
incorporation of novel overexpressed proteins into vaccine
design has revolutionized the scientific landscape, paving the
way for enhanced treatment strategies. The primary downside
of this multi-epitope vaccine is its exclusivity to personalized
treatment regimen. Certainly, peptide-based vaccines account
for 45.5% of clinical studies for breast cancer [10]. For instance,
Rajendran et al. developed a novel transcription factor based MZF-
1 and SOX9 vaccines for the management of metastatic TNBC [11,
12]. Tingting et al. developed an octamer-binding transcription
factor 4 (OCT4) based anti-cancer vaccine, and it’s in vivo
investigations have demonstrated significant tumor growth
suppression [13]. Recently, Mahdevar et al. utilized
immunoinformatics to identify B and T-cell-inducing epitopes
for BORIS cancer-testis antigen against breast cancer. Of note, the
developed vaccine considerably triggered immune responses both
in vitro and in vivo environment [14]. It is worth mentioning that
our team devised a successful multi-epitope vaccine targeting
Sema4A, a transmembrane protein that has been recognised as
a vital regulator of TNBC [15].

Despite the growing interest on immunotherapy, the prospective
use of CSC-associated antigens as vaccines are quite limited. Therefore,
in order to effectively battle cancer, it is imperative to identify and
eradicate CSC in addition to the elimination of tumor cells [16, 17].
NARF associated with hypoxia-inducible HIF-1 target gene, is currently
reported to be overexpressed in human breast cancer patients. It
recruits histone lysine demethylase 6A (KDM6A) to OCT4 binding
sites to activate the NANOG, SOX2, and KLF4 genes, which specify

breast CSC. Note that the HIF-1 pathway is highly activated in TNBC
relative to other isotypes and is therefore reported to be an excellent
candidate for cancer vaccine development [18, 19]. In light of these
references, the current study aimed to establish a subunit vaccine
combining immunoinformatics techniques and simulation analysis
focusing on NARF, a recently identified oncogenic promoter, to
overcome the burden associated with TNBC.

2 Materials and methods

2.1 Protein and adjuvants dataset retrieval

The target protein sequence, namely, NARF (Q9UHQ1),
adjuvants such as RpfB (P9WG29) and RpfE (O53177) were
retrieved in standard FASTA format from the UniProt database
[20]. The three-dimensional structure of immune receptors, namely,
TLR-2, TLR-4, TLR-7 and TLR-9 were obtained from the Protein
Data bank for our analysis [21].

2.2 Identification and screening of potential
immunodominant epitopes

The intricate binding of peptide-MHC molecules represents the
most selective phase in the process of antigen presentation. Thus, the
NetMHCpan 4.1 and NetMHCIIpan-4.0 tools were used
respectively to examine cytotoxic T-Lymphocyte (CTL) and
Helper T-Lymphocyte (HTL) epitope region [22]. The
identification of linear and discontinuous B-cell epitopes was
facilitated by ABCpred and ElliPro tools respectively [23, 24].
The algorithm gives a protrusion index (PI) score to each
predicted discontinuous B-cell epitope. Finally, the assessment of
antigenicity, allergenicity, immunogenicity, toxicity and interferon
inducing properties were predicted respectively using VaxiJen 2.0,
AllerTOP 2.0, IEDB and ToxinPred online tools [25–29].

2.3 Designing and assessing the
vaccine construct

The determined epitopes were paired with adjuvants and
linkers to generate a complete vaccine. The details of linkers for
HTL, CTL, B-cell epitopes together with the agonist linker were
retrieved from the scientific literature [30–33]. The final construct
is subjected to multi-tier analysis to examine the vaccine like
characteristics. For instance, The physicochemical properties,
including instability index, molecular weight, pI, half-life, and
secondary structure distribution, of the vaccine construct were
assessed using the Expasy Protparam and PSIPRED online tools
[34, 35]. In addition, the immunogenic and allergenic properties of
the vaccine construct were examined. Further, the Robetta server
was deployed to model the tertiary structure of the vaccine
construct [36]. The resultant model was refined by side chain
reconstruction and the overall structure was relaxed to enhance the
model’s fidelity. The model was then validated to detect any
potential errors in the anticipated structure with the aid of
overall quality and Z-score [37–41]. The optimised structure
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was then docked with TLR-2, TLR-4, TLR-7, and TLR-9 using
ClusPro 2.0 (PDB IDs: 3A7C, 4G8A, 7CYN, and 3WPF) in order to
assess the immunological response potential of the vaccine. The
complex that exhibited the lowest energy score and best binding
efficiency were selected to gain insights into their binding pattern
[42, 43]. The detailed description of the methods was mentioned in
our recent publication [15].

2.4 Molecular dynamic simulation

The regulation of key cellular functions is governed by
macromolecular complexes within living cells. The mechanism of
action of these complexes is dynamic and characterised by large,
collective conformational changes. Hence, there is a significant need
for tools that can efficiently model these motions in an easy and
rapid manner. Normal Mode Analysis (NMA) is a very useful
technique for determining the collective functional motions of
such macromolecules [44–46]. In particular, iMODS a publicly
accessible server facilitates the exploration of NMA in internal
(dihedral) coordinates. Thus, in the present study the target
proteins deformability, B-factor, eigen values, covariance map
and elastic network were assessed using the iMODS server [47].
The deformability plot reveals the flexibility of the protein, whereas
the B-factor illustrates the atomic distortion from its original
equilibrium structure. Similarly, the eigenvalue reflects the
molecular motion’s rigidity, which is pivotal in defining the
protein’s stability, and a higher score suggests a more substantial
resistance to distortion.

2.5 Population coverage, immune
simulation and in silico cloning

The Immune Epitope Database (IEDB) was employed to
perform a combined population coverage analysis of HLA classes
I and II in the global and Indian populations [48]. To simulate the
immune response of B and T lymphocytes induced by the prepared
vaccine construct, the online simulation server C-ImmSim was
utilized [49]. In the present study, the volume of the simulation
and the simulation steps were adjusted to 50 and 1,050, respectively.
It should be noted that one step of the simulation is equivalent to
8 hours (8 h) of real-time. Hence, 1,050 steps allows the immune
response modelling for about 350 days [i.e. (1050 × 8 h)/(24 h)] with
about 50 µL of simulation volume. Similarly, the recommended
minimum time between two vaccination doses is 4 weeks.
Therefore, steps 1, 84, and 168 are the computational approach
for administering the vaccine. Precisely, the concept of three doses is
to provide an additional strength to our immune system. Further to
envision the in silico cloning, the SnapGene software was utilized.
With the JCat, back-translation and optimisation were carried out to
guarantee the best possible expression of the peptide vaccine in the
K12 strain of E. coli. JCat estimates the translation efficiency and
calculates organism-specific parameters such as codon adaptation
index (CAI) and guanine/cytosine (GC) content. The codon-
optimised sequence was then cloned into the pET-28 (+) vector
with the aid of SnapGene package [50, 51].

3 Results

3.1 Immunogenic region identification and
characterization of the determined epitopes

The initial analysis identified 57 CTL, 101 HTL and 43 B-cell
epitope regions in the NARF protein. The epitopes that exhibited the
ability to bind to a minimum of two MHC class I and II supertypes
were scrutinized. Further data reduction was accomplished through
antigenic and toxic characteristics. This process yielded 3CTL, 3HTL
and 3 B-cell non-toxic, non-allergenic and antigenic epitopes. The
list is shown in Table 1. The resultant HTL, CTL, and B-cell epitopes
linked with the aid of GPGPG, AAY, and KK linkers respectively.
We have generated multiple vaccine constructs with various TLR-4
agonists as adjuvants to identify the most immunogenic
architecture. For instance, EAAAK was used to join the TLR-4
agonists with two ends of the vaccine. It is observed that the
construct containing RpfB (N-terminal) and RpfE (C-terminal)
adjuvants displayed the maximum immunogenicity of 7.92856,
which is considered for further exploration (Table 2). This
hierarchical construction process yields the final vaccine design,
which has an antigenicity score of 0.63. The designed vaccine is
illustrated in Figure 1. Of note, the vaccine construct is found to be
non-toxic, non-allergenic and exhibits excellent population
coverage. Precisely, the resultant T cell epitopes could cover
96.99% of the global population and 99.38% of the Indian
population (Supplementary Figure S1). The construct
encompassing RpfB and RpfE adjuvants exhibited substantial
physicochemical features such as low molecular weight
(71.89 kDa), stability (36.85), thermostability (81.02),
hydrophilicity (−0.228), solubility (0.885) and a longer half-life.
The computed theoretical isoelectric point (pI) of 5.15 indicated that
the designed vaccine was acidic in nature. Table 2 summarises the
physicochemical characteristics of vaccine constructs using diverse
adjuvants. Four conformational B-cell epitopes were also spotted
with scores ranging from 0.683 to 0.963 in the final design
(Supplementary Table S1).

3.2 Structural modelling and
population coverage

The literature evidence reveals that the α-helix and coiled
regions are significant “structural antigen” types that contribute
to antibody recognition and greater stability of the vaccine [17, 52].
In the present study, the PSIPRED analysis revealed that the
designed vaccine consists of 136 amino acids (19.76%) in α-helix,
398 amino acids (57.93%) in coiled region, and 153 amino acids
(22.27%) in β-strand (Supplementary Figure S2A). Based on the
findings, it can be concluded that a larger percentage of coiled
regions indicates a more stable vaccine construct. The Robetta server
was used to create the 3D model of the vaccine, and the model with
the highest ERRAT score of 93.83% was selected for examination.
Notably, refinement resulted in a significant improvement in
Ramachandran plot analysis ranging from 85.80% to 91.40%
(Supplementary Figure S2B) and the Z-score of the model was
predicted to be −9.88.
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3.3 Molecular docking and dynamics of the
vaccine construct with potential receptors

The docking results revealed that the designed vaccine binds to
the TLR-2 (−1277.5 kcal/mol), TLR-4 (−1120.1 kcal/mol), TLR-7
(−1808.6 kcal/mol), and TLR-9 (−1353.6 kcal/mol) receptors with
the lowest binding energy. The docked complexes were explored to
gain insight into the binding pattern (Supplementary Figure S3).
The number of intermolecular interactions displayed in the
complex structures are reported in Supplementary Table S2.
Despite the fewer intermolecular interactions in the TLR-7-
vaccine complex, the major contribution of the desolvation
energy plays a significant role in the successful binding of the
partner molecule. Furthermore, the normal mode analysis from
the iMODS server modifies the force field at different time intervals
and examines the overall stability of the vaccine-TLR complexes.
In comparison to the other complexes, the TLR-7 vaccine complex

exhibited superior dynamic characteristics such as fewer
deformability peaks, minimal atomic displacements, higher
eigenvalue (1.2328e−06), lower variance, correlated motions and
stiffer complex (Supplementary Figures S2, S3, Supplementary
Figures S4 and S5). It is worth mentioning that these results
correlate well with the docking studies.

3.4 In silico cloning and immune profile
characterization

The codon optimized vaccine sequence displayed an
exceptional CAI (0.988) and GC content (56.04%). The
sequence is further sandwiched between the pET28a (+)
vector’s XhoI and PpuMI restriction sites. The final vaccine
clone, with a length of 5,365 base pairs, is depicted in
Figure 2. Further, the system response to the designed vaccine

TABLE 1 HTL, CTL and B cell epitopes of NARF and its Immunogenic properties.

Epitopes HLA allele type Immunogenic properties

Antigenicity IFN-γ

HTL epitopes

SKKTKTDDQENVSAD HLA-DQA10201-DQB10201 1.0185 Inducer

HLA-DQA10201-DQB10202

YRALRNKDFQEVTLE HLA-DPA10103-DPB10402 0.7637 Inducer

HLA-DPA10103-DPB10401

HLA-DPA10103-DPB12301

HLA-DPA10103-DPB10201

FAAKFNLSVTDASRR HLA-DRB4*0101 0.5347 Inducer

HLA-DRB4*0103

HLA-DRB1*0403

HLA-DRB1*0408

HLA-DRB1*0401

CTL epitopes

SSAHVQELY HLA-A*01:01 0.6392 NA

HLA-B*58:01

HLA-A*26:01

SPEKIFHVI HLA-B*07:02 0.8085 NA

HLA-B*08:01

FPFHFVEVL HLA-B*07:02 0.9351 NA

HLA-B*39:01

Linear B cell epitope

IMEQGDLSVRDAAVDT NA 0.6656 NA

GDLKEDKVTRHDGASS NA 1.0857 NA

KKTKTDDQENVSADAP NA 0.9390 NA

HLA- human leukocyte antigen, *- indicates the HLA, typing and its corresponding location in chromosome, NA- not applicable.
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was examined by means of simulation study. It is evident from the
figure that there was a sharp increase in IgM and IgG antibody
levels, followed by a decrease in antigen levels (Figure 3A).
Adding together, the elevated levels of cytokines and
interleukins were accompanied by a simultaneous reduction in
antigen levels (Figure 3B). This trend hypothesizes that the
ability of the vaccine’s CTL and HTL epitopes to stimulate
immune cells. For instance, the levels of dendritic cells,
macrophages, natural killer and cytotoxic T cells generally
remained stable with dynamic changes (Figures 3C–F).
Collective results from our simulation studies hypothesize that
the secondary and tertiary responses were more effective than the
primary response.

4 Discussion

The development of a highly effective and therapeutic vaccine
targeting TNBC is indispensable due to the scarcity of viable treatment
alternatives. Thus, the present study employed a wide range of
immunoinformatic methods in a holistic manner to generate a
chimeric subunit vaccine against TNBC. Initially, the epitope
regions of NARF to stimulate CD4+ or CD8+ T-cell and B-cell
immune responses were retrieved [53, 54]. The extracted epitopes
were then evaluated for vaccine-like properties using a variety of
descriptors including toxicity and antigenicity. Peptide-based vaccines
often exhibit low immunogenicity even with appropriate T and B-cell
epitopes [55]. Thus, the selected epitopes were combined with

TABLE 2 Assessment of physicochemical properties of the vaccine constructs with diverse adjuvants.

Parameters BCSP31+
vaccine
construct

CobT +
vaccine
construct

DnaJ +
vaccine
construct

Lumazine
synthase +
vaccine
construct

RpfE +
vaccine
construct

RpfB +
vaccine
construct

RpfB and
RpfE +
vaccine
construct

Antigenicity 0.59 0.52 0.67 0.56 0.66 0.53 0.63

Immunogenicity 1.03 5.77 0.37 1.52 2.50 4.56 7.92

Molecular
weight (kDa)

50.75 52.79 56.98 33.83 33.93 54.45 71.89

NAA 482 514 531 311 325 515 687

Theoretical pI 6.49 5.33 6.56 6.43 4.99 5.61 5.15

Instability index 23.04 30.63 25.61 26.45 38.30 33.30 36.85

Aliphatic index 84.52 86.19 59.55 77.23 64.74 84.87 81.02

GRAVY −0.211 −0.063 −0.631 −0.302 −0.493 −0.215 −0.228

NAA- number of amino acids.

FIGURE 1
Schematic representation of the final vaccine construct.
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appropriate adjuvants and linkers to produce a robust vaccine
construct [56]. Note that the AAY linker boosts immunogenicity,
and the GPGPG universal spacer is essential for inducing HTL
responses. Additionally, B-cell epitopes were connected using KK
linkers to enhance the immunogenicity. While the EAAAK was used
to fuse the adjuvant for efficient separation of functional domains.

The vaccine design comprising of 687 amino acids possessed a
lower molecular weight of 71.89 kDa (<110 kDa) facilitating its
easier purification. The vaccine’s preference for acidic surroundings
and its suitability for the body’s polar environment are indicated by its
pI of 5.15 and GRAVY score of −0.228, respectively. In addition, the
instability index of 36.85 (<40) and aliphatic index of 81.02 implies
that the vaccine is a stable protein with high thermostability.
Furthermore, the higher solubility index of 0.885 suggests that the
vaccine is able to dissolve easily in water and other solvents. The
extended half-life of 30 h in mammalian reticulocytes (in vitro), >20 h
in yeast (in vivo), and >10 h in E. coli (in vivo) ensures prolonged
exposure of our vaccine to the immune system [57–59]. Also, the PI
score from ElliPro closely correlates with solvent accessibility and has

profound effects on the structure and functionality of biological
macromolecules [60]. The presence of alpha-helices and coils in
our vaccine construct is remarkable, as they are structural antigens
recognized by antibodies [61]. Further, the Z-score of −9.88 for the
modelled vaccine suggests that it is structurally analogous to
experimentally resolved models of similar sizes, validating its near-
native conformation. Importantly, the findings of the population
coverage suggest that the selected epitopes could be generalized to
the vast majority of the global population [62]. TLRs sense unique
host molecular patterns and exhibit a crucial role in innate immunity.
Notably, the research suggests that lowered expression of TLR-2, 4, 7,
and 9 could promote cancer growth and immune evasion in TNBC
[63–65]. It is worth noting that the designed vaccine exhibits greater
affinity for TLR-4 and TLR-7 than other targets considered in our
analysis. It is obvious from the results that the existence of high
number of non-bonded interactions together with hydrogen bonds
and salt-bridges facilitate the binding of vaccine with TLR protein.
This firm binding will promote MHC presentation, which in turn
activate subsequent T cell specific responses [66, 67].

FIGURE 2
Codon optimized vaccine sequence was cloned in silico into the pET28a (+) expression system.
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The iMODS findings implied that all the complexes, except
vaccine-TLR-2, were directed towards each other using affine-
model arrows indicating functional roles and strong binding
(Figures 4A, 5A, Supplementary Figure S3, Supplementary
Figures S4A and S5A). The deformability peaks in Figures 4B,
5B, Supplementary Figures S4B and S5B indicate the regions of
flexibility. Notably, a limited number of peaks in the TLR-4 and
TLR-7 complexes imply rigid regions of the residues in the
complex. The low B-factor values associated with the TLR-4
and TLR-7 complexes in Figures 4C, 5C, Supplementary Figures
S4C and S5C highlight the minimal atomic displacements that
contribute to the stability of these complexes. Figures 4D, 5D,
Supplementary Figures S4D and S5D shows higher eigenvalues of
1.0942e−06, 1.2328e−06 in TLR-4 and TLR-7 complexes, indicating

greater stability and antigen presentation. Subsequently, the mode-
specific variance, represented in Figures 4E, 5E, Supplementary
Figures S4E and S5E, implies their relative contribution to
equilibrium motions. It is important to note that the first six
normal modes accounted for almost 80% of the variance. Further,
the covariance map in Figures 4F, 5F, Supplementary Figures S4F
and S5F reveals the coupling between residue pairs in the complex,
implying that all complexes are correlated. In addition, Figures 4G,
5G, Supplementary Figures S4G and S5G shows the elastic network
analysis of the complexes, with darker grey dots indicating
stiffer complexes.

Taken together, TLR-4 and TLR-7 establish stable interactions
when compared to other complexes. Evidence from the literature
suggests that the firm association of the vaccine with these TLRs

FIGURE 3
Immune simulation profiles of the vaccine construct (A) Immunoglobulin expression profile (B) Cytokines and interleukin expression profiles (C)
Dendritic cells (D) Macrophage (E) NK cell and (F) cytotoxic T cell population expression profiles.
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signifies a robust immune response, thereby preventing cancer cell
evasion [68]. The results are also consistent with our earlier docking
analysis. Further, the codon optimized vaccine sequence in E. coli
yielded a favourable CAI and GC content values, indicating optimal
expression and greater translational efficiency of the engineered
vaccine [65, 69]. The overall magnitude of the immune response
increased with each booster dose, indicating the strong immune
response of our engineered vaccine.

It is worth noting that designing cancer vaccines involves high
costs and a time-consuming process. Nevertheless, the benefits of
computational (in silico) approaches have significantly reduced the
costs and time by using biological modelling techniques. Before
delving into laboratory-based experiments for cancer vaccine
development, the immunoinformatics approach provides crucial
insights into the interaction pattern between the immune system
and cancer cells at molecular and cellular levels [70]. For instance,

FIGURE 4
Normal mode analysis of docked complex. (A) NMA mobility of the vaccine-TLR-4 complex with affine-model arrows, (B) Deformability plot, (C)
B-factor plot, (D) Eigenvalue plot, (E) Normal mode variance plot, (F) Covariance map and (G) Elastic network.
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several studies have consistently reported the efficiency of in silico
designed vaccine candidates in experimental assessments [13, 17].

Based on evidence from the literature, we hypothesise that our
designed vaccine has better antigenic and immunogenic properties,
along with better binding affinity for toll like receptors. For instance,
the vaccine designed against SOX 9 transcription factor by
Rajendran et al. had an antigenicity score of 0.59 and an
instability index of 39.84, while our proposed vaccine exhibited
an antigenicity score of 0.63 and an instability index of 36.85,

demonstrating higher stability and immunogenic properties that
evoke the immune response. Similarly, an MZF-1-based vaccine
designed for TNBC by Rajendran et al. displayed a lowest
immunogenicity score (3.720) and binding affinity score against
TLR 2, 4, 7, and 9 (−929.5 kcal/mol, −1060.3 kcal/mol, −975.6 kcal/
mol, and −1091.9 kcal/mol), whereas our designed vaccine had an
immunogenicity score of 7.92 and binding scores of −1277.5 kcal/
mol, −1,120 kcal/mol, −1808 kcal/mol, and −1,353 kcal/mol against
TLR 2, 4, 7, and 9. These results imply that the developed vaccine

FIGURE 5
Normal mode analysis of docked complex. (A) NMA mobility of the vaccine-TLR-7 complex with affine-model arrows, (B) Deformability plot, (C)
B-factor plot, (D) Eigenvalue plot, (E) Normal mode variance plot, (F) Covariance map and (G) Elastic network.
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would be efficient in eliciting strong immune responses. Given these
considerations, our study on the NARF-based multi-epitope vaccine
laid the groundwork for the effective treatment and management of
triple-negative breast cancer. In future, the perspectives such as
immunosuppressive cell depletion and immunotherapy-based
combination therapies could be of important to improve the
vaccine’s anti-tumor efficacy [71]. Indeed, in vitro and in vivo
experimental validations are crucial to examine the safety and
efficacy of the developed vaccine.
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