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ABSTRACT

Background: Breast cancer is a leading cause of cancer-related mortality in
women, and finding effective treatments is essential. Among different cancer
immunotherapy strategies, vaccines play a prominent role. This study aimed to
design a multi-epitope peptide vaccine based on Virus-Like Particles (VLP)
against breast cancer using computational methods.

Methods: Antigen sequences of HER2, MUCI, Alpha lactalbumin,
Mammaglobin-A and the MS2 adjuvant were retrieved. T-helper (HTL) and
cytotoxic T lymphocyte (CTL) inducing epitopes were identified using servers
such as IEDB, and their antigenicity and allergenicity were analyzed. Molecular
docking was performed using HPEPDOCK between selected epitopes and
corresponding MHC molecules. The best selected epitopes and adjuvants were
connected by linkers. The designed vaccine’s properties, including allergenicity,
antigenicity, solubility, and physicochemical properties were assessed. B-cells
and IFN-y inducing epitopes were identified. Finally, the vaccine’s 3D structure
was modeled, refined, and validated.

Results: Epitopes from HER2, MUCI, Alpha lactalbumin, and Mammaglobin-A
were identified through immunoinformatics analyses and selection of common
HLAs in Iran. The 3D structure of the vaccine was designed, optimized, and
validated, showing good stability, solubility, and antigenicity.

Conclusion: This study designed a VLP-based subunit vaccine with adjuvant
properties that can enhance antigen presentation and induce robust B and T
lymphocyte responses. The vaccine is a promising candidate for preventive or
therapeutic use against breast cancer, though experimental and clinical studies
are necessary to confirm its efficacy.

How to cite this article: Hajighahramani N, Ghasempour F. Computational Design of a VLP-based Multi-Epitope
Peptide Vaccine Candidate against Breast Cancer. J Ardabil Univ Med Sci. 2025;25(2):181-209.
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Extended Abstract

Background: Breast cancer is among the
most common and deadly cancers affecting
women worldwide, with over 2.3 million
new cases documented in 2022, representing
roughly 11.6% of all cancer diagnoses
globally. It is a molecularly heterogeneous
disease, primarily characterized by the
expression of key tumor markers, including
estrogen receptor (ER), progesterone
receptor (PR), and human epidermal growth
factor receptor 2 (HER2). These markers
allow classification into three major
subtypes: hormone receptor-positive (HR+),
HER2-positive, and triple-negative breast
cancer (TNBC). HR+ tumors, expressing ER
and PR, constitute 60—75% of cases, HER2-
positive tumors 20-25%, and TNBC
approximately 15%, the latter being highly
aggressive and often more responsive to
chemotherapy.

Overexpression of membrane-associated
receptors such as HER2, HER3, EGFR, c-
MET, and MUCI is strongly associated with
tumor aggressiveness, proliferation, and
metastatic potential. Among these, MUCI is
highly expressed in around 90% of breast
cancers, particularly in ER-positive tumors,
and plays a pivotal role in tumor growth,
invasion, and progression. Additionally,
secretory proteins such as mammaglobin-A
and alpha-lactalbumin, overexpressed in
many breast tumors, have been proposed as
immunotherapeutic  targets, with prior
studies showing that immunization strategies
targeting these antigens can inhibit tumor
growth effectively. Lymph node
involvement further serves as a crucial
prognostic factor, guiding clinical decision-

making.
Despite advances in conventional therapies,
including surgery, chemotherapy,

radiotherapy, and targeted therapies, breast
cancer remains a major global health
challenge, highlighting the urgent need for
innovative interventions such as cancer
vaccines. Peptide-based vaccines, derived
from tumor-associated antigens, are capable
of stimulating both CD4+ helper T

lymphocytes (HTLs) and CD8+ cytotoxic T
lymphocytes (CTLs) via MHC class 1 and
MHC class I presentation, respectively.
However, the limited length of peptides and
their susceptibility to enzymatic degradation
often reduce immunogenicity. To overcome
these limitations, multi-epitope constructs
combined with potent adjuvants, such as
virus-like particles (VLPs), have been
explored to enhance immune responses.
VLPs are composed of self-assembling viral
structural proteins that lack viral genetic
material, providing a repetitive surface
capable of strong B-cell activation and
improved antigen presentation. Moreover,
VLPs facilitate both MHC-I and MHC-II
pathways, making them ideal carriers for
therapeutic cancer vaccines. Among various
VLP systems, bacteriophage MS2, with a
single-stranded ~ RNA genome and
icosahedral structure, has emerged as a
reliable and effective platform for vaccine
delivery.

Methods: In this study, four breast cancer-
associated antigens—HER2, MUCI, alpha-
lactalbumin, and mammaglobin-A—along
with the MS2 bacteriophage capsid protein
as a VLP adjuvant, were retrieved from
UniProt. Extracellular sequences were used
for HER2 and MUCI, while full sequences
were used for secretory proteins alpha-
lactalbumin, and mammaglobin-A. Common
HLA alleles in the Iranian population (HLA-
A02, HLA-A24, HLA-DRBI1*04/11/15)
were selected using the Allele Frequency Net
Database.

CTL and HTL epitopes were predicted using
IEDB and NetMHClIIpan-4.0, respectively,
and evaluated for antigenicity (VaxiJen v2.0,
ANTIGENpro) and allergenicity (AllerTOP
v2.0). 3D structures of epitopes were
modeled via PEP-FOLD3, while HLA
molecules were obtained from PDB and
prepared for docking. Molecular docking of
epitopes with HLA alleles was performed
using HPEPDOCK, and IFN-y-inducing
HTL epitopes were predicted using
IFNepitope.

Selected epitopes were linked via GPGPG
linkers, fused to SpyTag-SpyCatcher
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sequences, and combined with MS2 capsid
protein to construct a VLP-based vaccine.
Physicochemical properties were analyzed
using ProtParam, solubility via Protein-Sol
and SOLpro, and B-cell epitopes were
predicted using BCPred and CBTOPE. The
vaccine’s 3D structure was modeled with
Phyre2, refined using locPREFMD, and
validated using ProSA-web and PSVS to
ensure structural integrity and immunogenic
potential.

This integrative immunoinformatics
workflow ensured a rational design of a
VLP-based multi-epitope vaccine with
predicted stability, solubility, and capacity to
elicit both humoral and cellular immunity.
Results: The vaccine constructs
demonstrated strong antigenicity, non-
allergenicity, and favorable physicochemical
properties, with a predicted molecular weight
of approximately 42 kDa and theoretical pl
around 6.8. Epitope mapping confirmed the
presence of multiple CTL and HTL epitopes,
ensuring broad T-cell activation. Molecular
docking analyses with HLA-A02, HLA-A24,
and HLA-DRB1*04 validated stable binding
and effective antigen presentation potential,
with docking scores ranging from -180 to -
250 kcal/mol.

B-cell epitope prediction identified several
linear and conformational epitopes capable
of eliciting humoral responses, while IFN-y-
inducing epitopes suggested potential for
robust Thl-type cellular immunity. The 3D
structure was refined, and Ramachandran
plot analysis indicated that over 90% of
residues were located in favored regions,
demonstrating  favorable folding and
structural stability. Solubility predictions
confirmed suitability for experimental
production and administration. Overall, the
multi-epitope VLP-based vaccine design
indicated strong potential to activate both

innate and adaptive immunity, covering
multiple breast cancer subtypes.

Discussion: This study highlights the
advantages of integrating multiple tumor-
associated antigens into a single VLP-based
vaccine construct. By incorporating HER2,
MUCI, alpha-lactalbumin, and
mammaglobin-A, the vaccine aims to
address tumor heterogeneity and broaden
immune coverage across diverse breast
cancer subtypes. The use of MS2 as an
adjuvant enhances antigen presentation and
provides repetitive antigenic surfaces that
stimulate robust B-cell responses, supporting
both humoral and cellular immunity. The
combination of epitope prediction, molecular
docking, and structural modeling ensured
that the selected epitopes could effectively
bind prevalent HLA alleles, maximizing
population coverage and immune
responsiveness. Physicochemical, solubility,
and structural analyses further indicate that
the vaccine construct is stable and suitable
for production, storage, and administration.
Altogether, these findings indicate that the
proposed vaccine construct has favorable
immunogenic and structural characteristics
that justify further investigation.

Conclusion: In conclusion, this
immunoinformatics-driven strategy presents
a novel multi-epitope peptide vaccine with
promising immunogenicity, structural
stability, and favorable physicochemical
properties. Its capacity to elicit both B- and
T-cell responses positions it as a potential
candidate for preventive and therapeutic
applications, complementing existing
treatment strategies. Nevertheless, in vitro
immunogenicity and in vivo preclinical
studies are essential to confirm safety,
efficacy, and protective potential before
clinical use, to improve outcomes for
patients across diverse breast cancer
subtypes.
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