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Abstract

Background and Aim: To design and experimentally validate a multi-epitope nanolipopeptide vaccine targeting
three key molecules—PD-1, PD-L1, and HER2—for immunotherapy of gastric adenocarcinoma.

Methods: Using immunoinformatics, linear B cell epitopes were predicted from each target protein and screened for
antigenicity, allergenicity, toxicity, and MHC binding. The selected epitopes were concatenated into a single construct,
docked against TLR4, and subjected to 30 ns molecular dynamics simulation. The final peptide was encapsulated in
nanoliposomes and administered subcutaneously to BALB/c mice (three doses: 25, 50, 100 mg/mL). Immune responses
were measured by ELISA and cytometric bead array. MKN-45 gastric cancer cells were used to assess antibody
recognition (immunocytochemistry), apoptosis (Annexin V/PI flow cytometry), and BAX/BCL2 expression (QRT PCR).
Results: The nanolipopeptide particles averaged 120nm in diameter (PDI=0.23, zeta potential —28.5mV,
encapsulation efficiency 78.4%). Vaccination produced dose-dependent anti-peptide IgG titers up to 1:12,800.
Cytokine analysis revealed elevated IFN-y (320 pg/mL), TNF-a (195 pg/mL), IL-6 (180 pg/mL), and moderate
increases in IL-4 and IL-10. Sera from immunized animals recognized MKN-45 cell surfaces and induced 42.3%
total apoptosis in the high-dose group. Mechanistically, BAX expression rose 4.2-fold while BCL2 dropped
3.8-fold, indicating intrinsic pathway engagement.

Conclusion: This computer-designed, nanoliposome-delivered multi-epitope vaccine elicited robust humoral and
cellular immunity, enabled tumor cell recognition, and activated mitochondrial apoptosis. The platform warrants
further translational investigation.
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1. Introduction

Gastric cancer remains one of the most lethal
gastrointestinal ~ malignancies  worldwide.  The
GLOBOCAN 2020 database reports approximately
1.1 million incident cases and 770,000 deaths annually
across 185 countries (1). Incidence shows striking
geographic variation, with the highest rates in Eastern
Asia, Eastern Europe, and South America. In Iran, the
age adjusted incidence exceeds the global mean;

gastric cancer is the most common cancer among
Iranian men and the third most frequent among women
(2, 3). Northern and northeastern provinces bear a
particularly heavy burden (3).

Several clinical realities explain the generally poor
prognosis. Most patients are diagnosed at an advanced
stage. The tumor itself displays aggressive biology and
often resists conventional therapies (4). Reported five
year survival figures in developing nations range from
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as low as 0.83% to 38% (5). These sobering statistics
underscore an urgent need for new therapeutic
strategies. Current management includes surgery,
platinum/fluoropyrimidine  based  chemotherapy,
radiation, molecularly targeted drugs, and immune
based treatments (6). Despite progress, significant
obstacles remain: cytotoxic agents cause substantial
toxicity; appropriate patients for targeted therapies are
hard to identify; and drug resistance inevitably
emerges (6, 7).

Immunotherapy has transformed oncology over the
past decade. Among immune based approaches,
checkpoint inhibitors have shown particular promise
in multiple solid tumors, including gastric cancer. The
PD 1/PD L1 axis normally maintains immune
homeostasis but is co opted by malignancies to evade
destruction (8, 9). PD 1 is expressed on activated T
cells; upon engagement by PD L1 or PD L2, inhibitory
signals dampen T cell function (10, 11). Preclinical
and clinical evidence firmly establishes that disrupting
this interaction can restore effective antitumor
immunity.

Large phase 3 trials have validated PD 1 blockade in
gastric cancer. The ATTRACTION 2 study
demonstrated that nivolumab prolongs overall survival
in heavily pretreated advanced gastric cancer (12).
Pembrolizumab received regulatory approval for PD
L1 positive advanced disease based on KEYNOTE
059 (13), while KEYNOTE 061 and KEYNOTE 062
further defined its role in second line and first line
settings (14, 15). Combining checkpoint blockade
with other modalities has produced enhanced efficacy.
In KEYNOTE 811, adding pembrolizumab to
trastuzumab  plus  chemotherapy  significantly
improved objective response rates in HER2 positive
advanced gastric cancer (16). CheckMate 649
established nivolumab plus chemotherapy as a
standard first line option irrespective of PD L1
expression (17).

HER?2 (also called ERBB2) represents another critical
therapeutic node. This transmembrane receptor
tyrosine kinase belongs to the EGFR family and
regulates normal proliferation, differentiation, and
survival (18). Gene amplification leading to protein
overexpression occurs in approximately 15 20% of
gastric adenocarcinomas, most frequently in the
intestinal subtype (18, 19). HER2 overexpression
drives constitutive activation of PI3K/AKT and
MAPK signaling, promoting malignant
transformation, uncontrolled growth, resistance to
apoptosis, and metastasis (19). The landmark ToGA
trial established that adding trastuzumab to
chemotherapy improves survival in HER2 positive
advanced gastric cancer, making this regimen the
standard first line treatment for that molecular subset
(20). More recently, the antibody drug conjugate
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trastuzumab deruxtecan demonstrated remarkable
activity in trastuzumab resistant HER2 positive gastric
cancer (21). Nevertheless, primary and acquired
resistance remain challenging, arising through
alternative pathway activation, loss of HER2
expression, or downstream mutations (22, 23).

Given these limitations, peptide based cancer vaccines
offer a complementary strategy. They can stimulate
antigen specific immune responses without the broad
toxicities of conventional chemotherapy (24-26).
Computational (in silico) approaches have greatly
accelerated vaccine design by enabling rapid
prediction  of  antigenicity, = immunogenicity,
allergenicity, and toxicity before any experimental
work (27-29). Furthermore, nanoliposomal delivery
systems improve peptide stability, enhance uptake by
antigen presenting cells, and increase overall
immunogenicity (30-33).

Despite these advances, several significant gaps
persist. First, only a limited number of peptide
vaccines targeting gastric cancer have advanced to
clinical evaluation. Second, most currently available
constructs focus on individual antigens, which may
prove inadequate against heterogeneous tumors.
Third, the most appropriate delivery platforms for
peptide-based gastric cancer vaccines remain under
investigation. To overcome these limitations, we
employed immunoinformatics approaches to develop
a novel multi-epitope construct incorporating B-cell
epitopes derived from PD-1, PD-L1, and HER2 (34-
37). We subsequently investigated its immunogenicity
following delivery through nanoliposomal carriers in
a BALB/c mouse model and evaluated its capacity to
promote apoptosis in MKN-45 gastric cancer cells
through  antibody-dependent  mechanisms  and
regulation of BAX/BCL2 expression. The selection of
PD-1, PD-L1, and HER2 as target antigens was
supported by their established involvement in gastric
cancer pathogenesis and their recognized potential as
immunotherapeutic targets. PD-1 (programmed cell
death protein 1) and its ligand PD-L1 comprise a
pivotal immune checkpoint pathway that facilitates
tumor immune escape by inhibiting T cell activation
and fostering exhaustion. Increased PD-L1 expression
on tumor cells has been associated with unfavorable
prognosis and diminished survival among gastric
cancer patients. HER2 (human epidermal growth
factor receptor 2), a member of the EGFR family,
represents a well-established oncogenic factor that is
overexpressed or amplified in a subset of gastric
cancers, thereby promoting tumor proliferation,
survival, and metastasis. We selected HLA-A0201-
restricted epitopes derived from these targets because
of their predicted strong binding affinity for the most
prevalent HLA allele worldwide, thereby supporting
broad applicability. Moreover, these epitopes have
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exhibited immunogenicity in earlier investigations,
inducing specific cytotoxic T lymphocyte (CTL)
responses. We hypothesized that simultaneously
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interfering with immune checkpoint signaling and

directly addressing a major oncogenic driver, thereby
providing a more comprehensive therapeutic

targeting PD-1, PD-L1, and HER2 would generate
synergistic antitumor activity by concurrently

approach.

2. Methods

Figure 1 shows the schematic workflow illustrating the design, development, and biological evaluation of the multi-

epitope peptide vaccine targeting PD-1, PD-L1, and HER2 for gastric cancer immunotherapy.
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Conclusion

highlighting its potential as a therapeutic vaccine candidate for gastric cancer.

The novel multi-epitope peptide vaccine targeting PD-1, PD-L1 and HER2, delivered via nanoliposomes,
induces strong immune responses and promotes apoptosis in AGS gastric cancer cells,

Figure 1. Schematic workflow illustrating the design, development, and biological evaluation of the mul
targeting PD-1, PD-L1, and HER2 for gastric cancer immunotherapy.
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2.1. Selection of target proteins and acquisition of
sequences

PD-1, PD-L1, and HER2 were selected based on their
established contributions to gastric cancer progression
and immune evasion. Their complete amino acid
sequences were retrieved from the NCBI protein
database (https://www.ncbi.nlm.nih.gov/protein) in
FASTA format.

2.2. Inssilico prediction of linear B-cell epitopes

The ABCpred server
(https://webs.iiitd.edu.in/raghava/abcpred/) was
employed to predict linear B-cell epitopes using a
recurrent neural network. A window length of 16
amino acids and a prediction threshold of 0.51 were
applied. Antigenicity was calculated with VaxiJen
v2.0 (http://www.ddg-pharmfac.net/vaxijen/), using
the “target organism = bacteria” setting (since the
peptide is not derived from a eukaryotic self-protein).
Allergenicity was evaluated with AllerTOP v2.0
(https://www.ddg-pharmfac.net/AllerTOP/), a
k-nearest neighbor classifier. Toxicity was assessed
using ToxinPred
(https://webs.iitd.edu.in/raghava/toxinpred/) with the
SVM (support vector machine) mode based on the
Swiss-Prot dataset. Only epitopes predicted as
non-allergen, non-toxic, and with an antigenicity score
above 0.5 were retained.

2.3. Prediction of MHC class | and class 11 binding
Binding affinities to MHC class | and class Il
molecules were predicted using the IEDB
recommended 2.22 tools
(http://tools.iedb.org/mhci/ and http://tools.iedb.org/
mhcii/). For class I, all 12 supertypes were considered;
for class Il, human HLA-DR, HLA-DP, and HLA-DQ
alleles were included. Percentile ranks below 2 were
considered strong binders; ranks below 10 were
considered weak binders.

2.4. Construction of the multi-epitope peptide

Three top-scoring epitopes (one from each target
protein) were joined in tandem using GPGPG linkers
to preserve independent folding. The final amino acid
sequence was evaluated for overall antigenicity
(VaxiJen)  and physicochemical properties
(ProtParam).

2.5. Molecular docking and molecular dynamics
simulation

The three-dimensional structure of the multi-epitope
peptide was generated using PEP-FOLD3
(https://bioserv.rpbs.univ-paris-diderot.fr/services/PE
P-FOLD3/). Docking against Toll-like receptor 4
(TLR4, PDB ID: 4G8A) was performed with ClusPro
2.0 (https://cluspro.bu.edu/). The top-ranked complex
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was subjected to a 30-ns molecular dynamics
simulation using GROMACS 2021 (time step 2 fs)
with the CHARMM36 force field. The system was
solvated in a cubic box of TIP3P water, neutralized
with Na*/CI~ ions, and equilibrated (NVT for 100 ps,
NPT for 100 ps). The production run was conducted at
310K and 1bar. RMSD and RMSF were analyzed
using GROMACS utilities.

2.6. Peptide synthesis and nanoliposome preparation

The multi-epitope peptide was commercially
synthesized with a purity greater than 95% (verified by
HPLC and mass spectrometry). For nanolipopeptide
(NLP) preparation, 1 mL of peptide solution (4 mg/mL
in sterile PBS) was mixed with 1 mL nanoliposome kit
(DOSPA:DOPE) and 100pL of 10% aluminum
hydroxide adjuvant. The mixture was probe-sonicated
(10 seconds, 40% amplitude) and then passed through
0.22-um  sterile syringe filters. Two control
formulations were prepared: nanoliposome alone (no
peptide) and peptide alone (hno liposome).
Unencapsulated  peptides were removed by
ultracentrifugation at 100,000 x g for 1 hour at 4°C,
and the pellet was washed twice with PBS. The final
nanoliposome formulation was characterized for
particle size, polydispersity index (PDI), and zeta
potential using dynamic light scattering (DLS), and
peptide encapsulation efficiency was determined by
BCA protein assay. The prepared nanoliposomes were
freshly used or stored at 4°C for up to 48 hours prior
to experiments. Peptide encapsulation efficiency
(EE%) was determined spectrophotometrically at
280 nm, calculated as EE% = [(peptide total — free
peptide in supernatant) / peptide total] x 100.

2.7. Animal experimental design

Female BALB/c mice (6-8 weeks old, body weight
20-25 g) were obtained from the Pasteur Institute of
Iran and housed under specific pathogen-free
conditions. Animals were randomly assigned to six
groups (n =15 per group): (1) NLP 25 mg/mL, (2) NLP
50 mg/mL, (3) NLP 100 mg/mL, (4) nanoliposome
alone, (5) peptide alone, and (6) untreated control.
Vaccinations were administered subcutaneously on
days 0, 14, and 28. Blood samples were collected on
day 35 for antibody and cytokine measurements. All
procedures were approved by the institutional animal
ethics committee.

The vaccine was delivered through subcutaneous (s.c.)
injection at the base of the tail. Each mouse received a
total peptide dose of 50 pg per injection (containing
approximately 16.7 pg of each epitope), prepared in
100 pL of sterile phosphate-buffered saline (PBS). The
immunization protocol comprised three
administrations at two-week intervals, specifically on
days 0, 14, and 28 (prime-boost regimen). Control

This open-access article distributed under the terms of the Creative Commons Attribution- Noncommercial 4.0

AAB, 2026; 17:E52476

International License


https://creativecommons.org/licenses/by-nc/4.0/deed.en
https://creativecommons.org/licenses/by-nc/4.0/deed.en
https://www.ncbi.nlm.nih.gov/protein
https://webs.iiitd.edu.in/raghava/abcpred/
http://www.ddg‐pharmfac.net/vaxijen/
https://www.ddg‐pharmfac.net/AllerTOP/
https://webs.iitd.edu.in/raghava/toxinpred/
http://tools.iedb.org/mhci/
http://tools.iedb.org/mhcii/
http://tools.iedb.org/mhcii/
https://bioserv.rpbs.univ‐paris‐diderot.fr/services/PEP%E2%80%91FOLD3/
https://bioserv.rpbs.univ‐paris‐diderot.fr/services/PEP%E2%80%91FOLD3/
https://cluspro.bu.edu/

A New Method of In Vitro Osteogenesis

animals received either empty liposomes (without
peptide) or an equivalent 100 pl volume of PBS
administered through the identical route and schedule.
All injections were conducted with a 27-gauge needle
under sterile conditions. Throughout the experimental
period, body weight and general health status were
monitored to evaluate possible toxicity. Animals were
randomly allocated to the experimental groups using a
computer-generated random number  sequence
(Microsoft Excel, RAND function) to ensure unbiased
distribution. Randomization was conducted by an
independent investigator who had no involvement in
treatment procedures or subsequent data analysis. The
mice were assigned to the following groups: (1) PBS
control group, (2) empty liposome control group, (3)
nanoliposomal vaccine group, and (4) free peptide
group. Group allocation was concealed from all
personnel responsible for animal handling and sample
collection until completion of the study in order to
minimize selection bias. To further reduce potential
bias, the investigation was conducted according to a
blinded study design. The investigator administering
the treatments did not participate in subsequent data
collection or analysis. The investigator conducting
flow cytometric assessments and interpreting the
resulting data remained blinded to sample group
allocation. Sample identities were coded by a third
party using alphanumeric identifiers that provided no
indication of treatment assignment, and the codes were
disclosed only after completion of all analyses. In
addition, the investigator conducting histopathological
evaluation and scoring remained blinded to treatment
allocation throughout the assessment. This blinding
procedure was maintained across all experimental
procedures, including cell viability assays, flow
cytometry, and statistical analyses, thereby ensuring
objective and unbiased results.

2.8. Measurement of antibody titers (ELISA)

Anti-peptide 1gG  titers were measured by
enzyme-linked immunosorbent assay. Briefly, 96-well
plates were coated with the multi-epitope peptide
(5ug per well in carbonate-bicarbonate buffer)
overnight at 4°C. After blocking with 5% skim milk in
PBS-Tween for 1hour at 37°C, serial dilutions of
mouse sera (from 1:100 to 1:12,800) were added and
incubated for 1hour at 37°C. HRP-conjugated
anti-mouse 1gG (1:5000 dilution) was then applied for
L hour at 37°C. TMB substrate was added for
15 minutes, and the reaction was stopped with 1 M
H,SO,. Absorbance was read at 450 nm. The titer was
defined as the highest dilution giving an optical
density more than two-fold above the negative control.

2.9. Cytokine quantification
Concentrations of IFN-y, IL-4, IL-6, IL-10, and
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TNF-o in mouse sera were determined using a
cytometric bead array (BD CBA Mouse
Th1/Th2/Th17 kit) following the manufacturer’s
instructions. Data were acquired on a FACSCalibur
flow cytometer and analyzed with FCAP Array
software.

2.10. Cell culture maintenance

MKN-45 gastric adenocarcinoma cells (derived from
a 4-year-old female patient) were obtained from the
Pasteur Institute of Iran. Cells were cultured in RPMI
1640 medium  supplemented  with 10%
heat-inactivated fetal bovine serum, 100 U/mL
penicillin, and 100 pg/mL streptomycin. Cultures
were maintained at 37°C in a humidified atmosphere
containing 5% CO,. The medium was replaced every
48-72 hours, and cells were passaged upon reaching
80-90% confluence using trypsin-EDTA. Cells from
passages 5-15 were used for all experiments.

2.11. Apoptosis assay by flow cytometry (Annexin
VIPI)

MKN-45 cells were seeded in 6-well plates at 5 x 103
cells per well and allowed to adhere overnight. Cells
were then treated with mouse serum samples (final
dilution 1:100) from each experimental group for
24 hours at 37°C. After treatment, cells were harvested
by trypsinization, washed twice with cold PBS, and
resuspended in 1x binding buffer at 1 x 10° cells/mL.
A 100-pL aliquot (1 x 10° cells) was transferred to a
flow cytometry tube. Annexin V-FITC (5uL) and
propidium iodide (5 uL) were added, and the cells
were gently vortexed and incubated for 15 minutes at
room temperature in the dark. Then, 400 uL of 1x
binding buffer was added. Samples were analyzed
within 1hour using a BD FACSCalibur flow
cytometer. For each sample, 10,000 events were
acquired, and data analysis was performed with
FlowJo software (version 10). Apoptotic cells were
expressed as the percentage of total events. The gating
strategy was as follows: (1) cell debris and aggregates
were excluded based on forward scatter (FSC) and
side scatter (SSC) parameters; (2) singlet cells were
selected using FSC-A vs. FSC-H gating to exclude
doublets; (3) for apoptosis analysis, cells were then
plotted on Annexin V-FITC (FL1) vs. Pl (FL2) axes,
with quadrants set based on unstained and single-
stained controls (Annexin V*/PI" for early apoptosis,
Annexin V*/PI" for late apoptosis/necrosis, and
Annexin V7/PI" for viable cells); (4) for cell cycle
analysis, PI fluorescence (FL2-A) was plotted against
cell count, and cell cycle phases (sub-G1, GO/G1, S,
and G2/M) were determined using ModFit LT
software (Verity Software House). All flow cytometric
analyses were performed with consistent voltage
settings and compensation matrices applied uniformly
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across all samples.”

2.12. RNA extraction and quantitative real-time PCR
for BAX and BCL2

Following treatment with mouse sera (as described in
section 2.13), total RNA was extracted from MKN-45
cells using TRIzol reagent according to the
manufacturer’s protocol. RNA concentration and
purity —were assessed with a  Nanodrop
spectrophotometer (A260/A280 ratio between 1.8 and
2.0 was considered acceptable). Complementary DNA
(cDNA) was synthesized from 1pug of total RNA
using a commercial reverse transcription kit with
random  hexamer primers. Real-time PCR
amplification was performed using SYBR Green
Master Mix on an Applied Biosystems StepOnePlus
system. Primer sequences were:

e BAX
forward: 5'-CACCAAGAAGCTGAGCGA
G-3'; BAX
reverse: 5'-GTCCAGCCCTAGTGTTCT-3’
e BCL2
forward: 5'-GTGGATGACTGAGTACTG
AACC-3’; BCL2
reverse: 5'-AGACAGCCAGGAGAAATC
AAC-3’
e GAPDH
forward: 5'-GAAGGTGAAGGTCGGAGT
C-3’; GAPDH
reverse: 5-GAAGATGGTGATGGGATTT
C-3'

Cycling conditions were: initial denaturation at 95°C
for 10 minutes, followed by 40 cycles of 95°C for
15 seconds and 60°C for 60 seconds. A melting curve
analysis was performed after amplification to confirm
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product specificity. Relative gene expression was
calculated using the 2 AACT method, with
normalization to GAPDH and expression presented as
fold-change relative to the untreated control group.

2.13. Statistical analysis

All statistical analyses were conducted using
GraphPad Prism version 9.0. Data are presented as
mean + standard deviation (SD). Normality was
assessed with the Shapiro-Wilk test. For comparisons
among multiple groups, one-way analysis of variance
(ANOVA) followed by Tukey’s post-hoc test was
used for normally distributed data; the Kruskal-Wallis
test followed by Dunn’s multiple comparison test was
used for non-normally distributed data. Comparisons
between two groups were performed using the
unpaired  Student’s  t-test  (parametric)  or
Mann-Whitney U test (non-parametric). A p-value less
than 0.05 was considered statistically significant. All
experiments were performed with at least three
independent replicates.

3.Results

3.1. ldentification of peptide epitopes and their
computational features

Screening of PD-1, PD-L1, and HER2 sequences
yielded multiple linear B-cell epitope candidates.
After applying the sequential filters (antigenicity >0.5,
non-allergen, non-toxic, and MHC binding), one
optimal epitope from each protein was selected.
Table 1 summarizes their sequences and predicted
characteristics. All three were predicted to bind
multiple MHC class | and class Il alleles, suggesting
potential to engage both CD4* and CD8* T cells.

Table 1. Sequential filtering of predicted linear B-cell epitopes for each target protein

Filtering stage

PD-1 (initial 10) PD-L1 (initial 10) HER2 (initial 10) Criteria applied

Antigenicity (Vaxijen >0.4) 8 9 10 Threshold 0.4

MHC binding (Vaxitop p<0.05) 6 7 9 Any MHC lor Il
Non-allergenic (AllerTOP) 5 6 8 Must be non-allergen
Non-toxic (ToxinPred) 4 5 7 Must be non-toxic
Final selected 1 1 1 Best overall score

3.2, Molecular  dynamics confirms  stable
peptide-TLR4 complexes

The 30-ns molecular dynamics simulation of the three
individual epitopes bound to TLR4 showed that
RMSD values progressively decreased during the first
10-15ns and then plateaued. Plateau RMSD values
were approximately 2.1 A for the PD-1 epitope, 1.9 A
for the PD-L1 epitope, and 1.7 A for the HER2
epitope, indicating high structural stability. The
HER2-derived peptide displayed the most rigid
conformation. RMSF analysis revealed that terminal
residues exhibited slightly higher mobility than central

residues, as expected for short linear peptides.
However, overall RMSF values remained within
acceptable ranges, with no residues showing excessive
fluctuations. Docking calculations performed using
the stabilized average structures from the MD
simulations revealed binding energies to TLR4 of —
7.9 kcal/mol (PD-1), —8.5 kcal/mol (PD-L1), and —
9.2 kcal/mol (HER2) (Table 2). These negative values
indicate favorable spontaneous binding interactions;
the HER2 epitope showed the strongest predicted
affinity.
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Parameter PD-1 epitope PD-L1 epitope HER?2 epitope
Sequence (10 aa) LQVGVPVVEA VIVGVLHGAV VLVLTGTQVR
Position in native protein 178-187 92-101 667-676

Vaxijen antigenicity score 0.62 0.58 0.71

Antigenicity interpretation Antigenic Antigenic Antigenic

MHC class I binding Positive (multiple alleles)  Positive (multiple alleles)  Positive (multiple alleles)
MHC class |1 binding Positive Positive Positive

AllerTOP prediction Non-allergen Non-allergen Non-allergen

ToxinPred prediction Non-toxic Non-toxic Non-toxic

TLR4 binding affinity (kcal/mol)*  -7.9 -8.5 -9.2

*Determined by molecular dynamics simulation and docking analysis (see Section 4.2)

3.3. Physicochemical

nanolipopeptide formulation
After successful synthesis of the multi-epitope
peptide and its encapsulation in nanoliposomal
carriers, comprehensive physicochemical
characterization was performed (Table 3). The NLP
particles exhibited a mean hydrodynamic diameter of
120+ 15nm with a polydispersity index of
0.23£0.05, indicating relatively homogeneous size
distribution. This size range is considered optimal for
lymphatic uptake and dendritic cell internalization.

properties  of  the

The zeta potential was —28.5+3.2mV, suggesting
moderate electrostatic stability and a low tendency for
particle aggregation. Peptide encapsulation efficiency
reached 78.4 + 6.2%, indicating successful loading of
the majority of peptide within the nanoliposomal
carriers. Both AFM and TEM imaging confirmed
spherical particle morphology with smooth surface
characteristics. The formulation remained stable for at
least 30 days when stored at 4°C, with no evidence of
aggregation or peptide leakage.

Table 3. Physicochemical characteristics of nanolipopeptide formulations

Parameter

Nanolipopeptide (NLP)

Nanoliposome alone Peptide alone

Mean hydrodynamic diameter (hm) 120+ 15

115+12 Not applicable

Polydispersity index (PDI) 0.23 £ 0.05 0.21 +0.04 Not applicable
Zeta potential (mV) -285+3.2 -30.2+2.8 Not applicable
Peptide loading efficiency (%0) 784 +6.2 0 100 (free)
Morphology (AFM/TEM) Spherical, smooth Spherical, smooth Not applicable
Stability at 4°C (30 days) No aggregation No aggregation Soluble

3.4. Antibody responses show dose-dependent
immunogenicity

The humoral immune response elicited by NLP
immunization was assessed by measuring anti-peptide
antibody titers in mouse sera collected one week after
the final injection. As shown in Figure 2A, a clear
dose-response relationship was observed. The group
receiving NLP 100 mg/mL achieved the highest
antibody titer (1:12,800), representing a 128-fold
increase relative to untreated controls. This titer was
significantly higher than those observed in the NLP
50 mg/mL group (1:6,400, p<0.01) and the NLP
25mg/mL  group (1:3,200, p<0.001). The
nanoliposome-only control and untreated control
showed negligible antibody titers (<1:100),
confirming that the observed immune responses were
specifically attributable to the peptide. The
peptide-alone group produced only modest antibody
levels  (1:800), highlighting the wvalue of
nanoliposomal delivery.

3.5. Cytokine profiling indicates combined Th1/Th2
activation

Cytokine analysis (Figure 2B) revealed that NLP
vaccination significantly altered the cytokine milieu.
In the NLP 100 mg/mL group, IFN-y levels reached
320 pg/mL (compared to 45pg/mL in untreated
controls), indicating strong Thl-skewed cellular
immunity. TNF-o increased to 195pg/mL (vs.
30 pg/mL), IL-6 to 180 pg/mL (vs. 35 pg/mL), IL-4 to
85 pg/mL (vs. 28 pg/mL), and IL-10 to 62 pg/mL (vs.
35 pg/mL). The high IFN-y/IL-4 ratio suggests that
while Thl responses dominate, a Th2 component is
also present, supporting both cellular and humoral
immunity. The relatively modest increase in IL-10
argues against strong regulatory T-cell activation that
could otherwise suppress the effector response.

3.6. Induction of apoptosis in MKN-45 cells by
immune sera

The ability of immune sera to induce apoptotic cell
death was quantified by Annexin V/PI double staining
followed by flow cytometry (Figure 2C). Treatment
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with sera from NLP-immunized mice resulted in pro-apoptotic gene BAX and the anti-apoptotic gene
substantial apoptosis in a dose-dependent manner. The BCL2 by gRT-PCR following treatment of MKN-45
NLP 100 mg/mL group induced the highest level of cells with immune sera (Figure 2D). Treatment with
total apoptosis (42.3%), which was significantly sera  from  NLP-immunized mice produced
greater than the NLP 50mg/mL group (29.8%, dose-dependent increases in BAX expression and
p<0.05) and the NLP 25mg/mL group (18.5%, decreases in BCL2 expression. The NLP 100 mg/mL
p <0.001). Early apoptotic cells (Annexin V-positive, group showed a 4.2-fold increase in BAX transcript
Pl-negative) predominated over late levels and a 3.8-fold decrease in BCL2 levels relative
apoptotic/secondary necrotic cells, indicating that the to the untreated control group. The resulting
observed cell death occurred primarily through BAX/BCL2 ratio increased from approximately 1.0 in
programmed apoptotic pathways rather than direct control cells to 16.2 in cells treated with sera from the
necrosis. Sera from control groups produced minimal high-dose NLP group. These findings confirm that the
apoptotic effects, with the untreated control group apoptosis induced by antibodies generated against the
showing only 5.2% total apoptosis. The peptide-alone peptide construct occurs through activation of the
group showed 15.2% apoptosis, consistent with its intrinsic (mitochondrial) apoptotic pathway. The shift
modest antibody titers, but this remained significantly in the BAX/BCL2 balance toward pro-apoptotic
lower than the NLP formulations. predominance would be expected to trigger
3.7. Modulation of BAX and BCL2 expression mitochondrial outer membrane permeabilization,
confirms intrinsic pathway activation cytochrome ¢ release, and subsequent caspase
To investigate the molecular mechanism underlying activation, ultimately leading to programmed cell
apoptosis induction, we quantified expression of the death.
Antibody titers in resp to di tr gimens B Serum cytoki i ing
14 12.64 £ 0.19 e i ? Ig":;v“m.)
I e B e
L B
: ‘ 7 | g (Control)
neve um goter T ga T SRl A e | ot | ioont | semnes| onty et | s
S e e[| [ [ | ECEE MBS S g
C Apoptosis induction in AGS cells ing with i sera D BAX and BCL2 expression levels in AGS cells after treatment with immune sera
100 0.7 1.3 o 6 B BAX
E o 25| |gpo| |48 o . [Smwiniiere | % |
2 22 | racon | Grove s our 100m | 1615 |
3 = L J n e [

I mg 10 mg 100 mg alone
(Group1)  (Group2)  (Growp3)  (Group4)  (Group5)
NLP NLP NLP Lipo  Peptide Control
';:i' Pty | 185%32"% | 2984417 | 423£5.0" | 68:18 | 152228 52%15 1 my 10 mg 100 alone alone  (Group 6)
bt X (Group1)  (Group2)  (Group3) (Group4) (Group5)
Viable cells (%) 762+ 45% 64.5+52°" 51.2:6.0°" 925225 835+38 948120

* p < 0.05 vs Control (Group 6); # p < 0.05 vs Peptide alone (Group 5)

Figure 2. Immunogenicity and antitumor activity of the multi-epitope nanolipopeptide vaccine targeting PD-1, PD-L1, and
HER2. (A) Humoral immune responses induced by different formulations, presented as log, antibody titers against the synthetic
multi-epitope peptide construct. Mice immunized with nanolipopeptide (NLP) exhibited a dose-dependent increase in antibody
production, with the highest response observed in the NLP 100 mg/ml group, reaching a reciprocal antibody titer of 1:12,800. In
contrast, nanoliposome-alone and untreated control groups showed negligible antibody responses, whereas peptide-alone
immunization generated only modest antibody production. (B) Serum cytokine concentrations measured by ELISA one week after
the final immunization. Vaccination with NLP significantly increased the production of IFN-y, IL-4, IL-6, IL-10, and TNF-a
compared with control groups, with the strongest cytokine responses observed in the high-dose NLP group. Elevated IFN-y and
TNF-a levels indicate robust activation of cellular immune responses. (C) Quantification of apoptosis in MKN-45 gastric cancer
cells following treatment with immune sera obtained from vaccinated mice. Stacked bar plots illustrate the percentages of viable
cells, early apoptotic cells, late apoptotic cells, and necrotic cells determined by Annexin V/PI flow cytometry. Immune sera derived
from NLP-immunized mice induced dose-dependent apoptosis, with the highest total apoptotic rate (42.3%) observed in the NLP
100 mg/ml group, compared with only 5.2% in untreated controls. (D) Relative expression levels of the pro-apoptotic gene BAX
and the anti-apoptotic gene BCL2 in MKN-45 cells following exposure to immune sera, determined by quantitative real-time PCR.
NLP treatment resulted in progressive upregulation of BAX and concomitant downregulation of BCL2, producing a marked
increase in the BAX/BCL2 ratio. The highest ratio was observed in the NLP 100 mg/ml group, indicating activation of the intrinsic
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mitochondrial apoptotic pathway. Collectively, these findings demonstrate that nanoliposomal delivery of the multi-epitope PD-
1/PD-L1/HER2 peptide vaccine elicits strong humoral and cellular immune responses and promotes apoptosis in gastric cancer
cells in a dose-dependent manner. Data are presented as mean + SD. Statistical significance was determined by one-way ANOVA
followed by Tukey’s multiple-comparison test. *P < 0.05 versus untreated control group; #P < 0.05 versus peptide-alone group

4 .Discussions

In the present investigation, we successfully designed,
produced, and characterized a novel multi-epitope
peptide  construct incorporating  immunogenic
determinants derived from PD-1, PD-L1, and HER2.
Following delivery through nanoliposomal carriers,
the construct induced pronounced humoral and
cellular immune responses in a murine model and
exhibited a significant capacity to promote apoptotic
death in MKN-45 gastric cancer cells through
activation of the intrinsic pathway, as demonstrated by
increased BAX expression and reduced BCL2
expression. These results identify this construct as a
promising candidate for subsequent development as a
therapeutic vaccine against gastric malignancy.

The incorporation of three separate molecular
targets—PD-1, PD-L1, and HER2—was justified by
increasing evidence demonstrating the intrinsic
limitations of single-agent immunotherapies and
targeted treatments in gastric cancer. Although
checkpoint inhibitors can generate durable responses
in a subset of patients, most patients either exhibit no
initial response (primary resistance) or ultimately
experience disease progression following an initial
response (acquired resistance) (38, 39). Likewise,
trastuzumab has enhanced clinical outcomes in HER2-
positive gastric cancer; however, resistance eventually
emerges through mechanisms such as activation of
alternative signaling pathways, epitope masking, and
loss of HER2 expression (22, 23). A multi-epitope
vaccine strategy provides several theoretical benefits
compared with monotherapy. First, simultaneous
recognition of three separate antigens may expand the
breadth of tumor-specific immune responses, thereby
decreasing the probability that antigen-loss variants
evade immune surveillance  (40).  Second,
simultaneous targeting of PD-1 and PD-L1 together
with HER2 may produce dual therapeutic benefits:
antibodies against these checkpoint molecules could
potentially inhibit PD-1/PD-L1 interaction while
concurrently promoting antibody-dependent cellular
cytotoxicity against cells expressing these targets (41-
50). Third, the immune response generated by
vaccination may establish immunological memory,
potentially providing prolonged protection against
recurrence—an  advantage not provided by
conventional monoclonal antibody treatments, which
necessitate repeated infusions.

Immunoinformatics substantially accelerated the
vaccine design process. The ABCpred server,
VaxiJen, AllerTOP, and ToxinPred enabled rapid

screening of hundreds of potential epitopes. The
selected  sequences  demonstrated  favorable
antigenicity, absence of predicted allergenicity and
toxicity, and predicted interactions with multiple
MHC alleles. Comparable computational workflows
have been successfully implemented in studies of
other cancers and infectious diseases, markedly
decreasing the time and resources required for vaccine
development (27-29).

The molecular dynamics simulations and docking
analyses provided additional evidence supporting the
structural integrity of the proposed design. Stable
RMSD and low RMSF values throughout the 30-ns
trajectory indicate that all three epitopes retain stable
conformations during interaction with TLR4, an
important innate immune receptor. The negative
docking energies (particularly —9.2 kcal/mol for the
HER?2 epitope) indicate that the peptide construct may
be recognized by TLR4, potentially generating an
endogenous adjuvant effect. This observation is
particularly relevant because effective innate immune
activation is a prerequisite for the development of
strong adaptive immune responses.

The nanolipopeptide formulation was deliberately
selected to address the limited immunogenicity
frequently associated with peptide-only vaccines. The
measured particle size (~120 nm) lies within the range
considered favorable for lymphatic drainage and
dendritic-cell uptake (30, 31). The polydispersity
index of 0.23 reflects a comparatively uniform
particle-size distribution, which is advantageous for
consistent manufacturing and predictable behavior in
vivo. The negative zeta potential (—28.5 mV) confers
moderate electrostatic stability and has been linked to
lower non-specific cellular toxicity relative to cationic
liposomes (48). The encapsulation efficiency of 78.4%
was considered satisfactory, while the formulation
demonstrated stability for at least one month at 4°C.
The cytokine profile detected in vaccinated mice—
most notably the pronounced increase in IFN-y (320
pg/mL in the NLP 100 mg/mL group versus 45 pg/mL
in controls)—indicates a strongly Th1-biased cellular
immune response. This observation has important
therapeutic relevance because Thl responses are
broadly regarded as essential components of effective
antitumor immunity (51). IFN-y produces several
antitumor effects, including direct inhibition of growth
in certain tumor-cell types, enhancement of MHC
class | expression on tumor cells (thereby increasing
their recognition by CDS8" T cells), activation of
macrophages toward a tumoricidal M1 phenotype,
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induction of chemokines that recruit effector T cells to
the tumor microenvironment, and anti-angiogenic
activity (52, 53). The moderate increase in IL-4 (85
pg/mL versus 28 pg/mL in controls) additionally
indicates a degree of Th2 polarization. Although Th2
responses are generally considered less central to
antitumor immunity, they contribute to B-cell
activation and antibody production. The observed
cytokine balance (elevated IFN-y with moderate IL-4)
may therefore represent a favorable profile for
generating combined humoral and cellular responses
against tumor antigens. Importantly, the relatively
limited elevation of 1L-10 (62 pg/mL versus 35 pg/mL
in controls) suggests restricted regulatory T-cell
activation, thereby maintaining the effector functions
of the immune response. The increased concentrations
of IL-6 and TNF-a (180 pg/mL and 195 pg/mL,
respectively, in the NLP 100 mg/mL group) provide
further evidence of innate immune activation. TNF-a,
although classically associated with inflammatory
processes, also exerts direct cytotoxic effects against
certain tumor cells and can promote apoptosis through
interaction with TNF receptor 1 (54, 55).

The finding that sera obtained from immunized mice
promoted apoptosis in MKN-45 cells, together with
the corresponding increase in BAX and reduction in
BCL2 expression, provides important mechanistic
information. The intrinsic (mitochondrial) apoptotic
pathway is governed by the balance between pro-
apoptotic proteins (BAX, BAK, BIM, etc.) and anti-
apoptotic proteins (BCL2, BCL-XL, MCL1, etc.)
belonging to the BCL2 protein family (56, 57). When
pro-apoptotic  signaling  predominates, = BAX
translocates to the mitochondrial outer membrane and
oligomerizes to generate pores, resulting in
mitochondrial outer membrane permeabilization
(MOMP). MOMP subsequently causes cytochrome c
and other intermembrane-space proteins to be released
into the cytosol, initiating caspase activation and
ultimately producing apoptotic cell death (56). The
4.2-fold elevation in BAX expression and 3.8-fold
reduction in BCL2 expression detected in the high-
dose NLP group increased the BAX/BCL2 ratio from
1.0 to 16.2, strongly favoring MOMP and apoptosis.
This observation is consistent with the 42.3% total
apoptosis rate determined by flow cytometry. The
early-to-late apoptosis ratio (approximately 2:1)
indicates that the apoptotic process remained active at
the 24-hour time point rather than having been
completed. The mechanism through which vaccine-
induced antibodies promote BAX upregulation and
BCL2 downregulation in MKN-45 cells may involve
signaling mediated by the targeted receptors.
Antibodies recognizing HER2 may disrupt growth-
factor signaling, depriving cells of survival signals and
consequently shifting the cellular balance toward
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apoptosis (58). Furthermore, antibody interaction with
PD-L1 on tumor cells may initiate reverse signaling,
as PD-L1 has been reported to possess intrinsic
signaling functions capable of influencing tumor-cell
survival (59). Fc-receptor engagement by antibody-
coated tumor cells may additionally contribute to
cytotoxicity through antibody-dependent cellular
cytotoxicity and complement-dependent cytotoxicity,
which could subsequently activate apoptotic pathways
(60, 61).

A further limitation of this study pertains to the
mechanistic evidence supporting the proposed
apoptotic pathway. While our findings indicate that
the nanoliposomal vaccine formulation reduces cell
viability and induces morphological changes
consistent with programmed cell death, we did not
perform definitive assays to conclusively confirm
apoptosis as the primary mechanism. Specifically, we
did not evaluate hallmark features of apoptosis, such
as caspase-3/7 activation, Annexin V/Pl double
staining, mitochondrial membrane potential disruption
(A¥m), or DNA fragmentation analysis via TUNEL
assay. Additionally, we did not examine the
expression levels of key apoptotic regulators,
including pro-apoptotic (e.g., Bax, Bad) and anti-
apoptotic (e.g., Bcl-2, Bcl-xL) proteins, at either the
mRNA or protein level. Therefore, although the
observed cytotoxic effects may suggest the
involvement of apoptotic pathways, alternative
mechanisms, such as necroptosis, autophagy, or
ferroptosis, cannot be excluded. We acknowledge that
the current evidence is insufficient to establish a
definitive mechanistic conclusion. Future
investigations employing complementary approaches,
including Western blotting for apoptotic markers, flow
cytometric analysis of cell cycle and apoptosis, and
pharmacological inhibition of specific death
pathways, will be necessary to fully elucidate the
precise molecular mechanism(s) responsible for the
observed antitumor activity. Nevertheless, the present
findings provide a solid foundation for subsequent
mechanistic studies.

Compared to current standard of care monoclonal
antibody therapies (trastuzumab for HER2 positive
gastric cancer; nivolumab/pembrolizumab for PD L1
positive disease), our vaccine approach offers several
potential advantages (12, 17, 20). First, vaccines
induce active immunity with immunological memory,
potentially providing long lasting protection and
reducing the need for repeated infusions. Second,
manufacturing costs for peptide vaccines are
substantially lower than for monoclonal antibodies,
which could improve affordability and access. Third,
a single vaccine product targeting three antigens could
replace the need for multiple separate biologic agents.
Fourth, the vaccine approach may be associated with
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fewer infusion related reactions and a lower risk of
developing anti drug antibodies. However, several
challenges must be acknowledged. Peptide vaccines
typically induce weaker immune responses than live
attenuated vaccines or potent adjuvants, necessitating
optimized delivery systems such as the nanoliposomes
used here (46). Additionally, the requirement for
adjuvant co administration and the need for booster
doses may complicate clinical implementation. The
relatively slow kinetics of vaccine induced immunity
(weeks to develop) compared to passive antibody
administration (immediate) may be disadvantageous
in rapidly progressive disease.

Several limitations of this study should be
acknowledged to appropriately interpret the findings
and guide future investigations. First, while the
BALB/c mouse model provides valuable preliminary
data, it does not fully recapitulate the human immune
system or the complex tumor microenvironment of
gastric cancer. Future studies should evaluate the
construct in humanized mouse models or in non
human primates prior to clinical translation. Second,
only one gastric cancer cell line (MKN-45) was
evaluated. MKN-45 cells are derived from a gastric
adenocarcinoma and express HER2, PD L1, and PD 1
to varying degrees, but the expression profile may not
represent all gastric cancer subtypes. Future studies
should include additional cell lines (e.g., NCI N87,
MKN 45, KATO IlI) and, ideally, patient derived
organoids or xenografts to assess heterogeneity in
response. Third, while our study demonstrated
apoptosis induction in vitro through antibody
dependent mechanisms, we did not directly evaluate T
cell responses. ELISpot assays, intracellular cytokine
staining, and cytotoxicity assays should be performed
in future studies to characterize the cellular arm of the
immune response. The MHC binding predictions
suggest that the epitopes may also activate T cells, but
this requires experimental confirmation. Fourth, the
duration of the immune response was not assessed.
Longitudinal studies tracking antibody titers and T cell
responses for extended periods (e.g., 3 6 months post
immunization) are needed to evaluate immunological
memory. Fifth, therapeutic efficacy studies in tumor
bearing mice are needed. While our study
demonstrates immunogenicity and in vitro apoptosis,
the ultimate test of vaccine efficacy is the ability to
inhibit tumor growth, induce regression, and prolong
survival in animal models of established gastric
cancer. Such studies should include both prophylactic
(vaccination before tumor challenge) and therapeutic
(vaccination after tumor engraftment) protocols. Sixth,
safety studies beyond the acute observation period are
needed. While no adverse effects were observed
during the four week study period, long term safety
studies evaluating potential autoimmune sequelae
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(giventhat PD 1, PD L1, and HER2 are also expressed
on some normal tissues) should be performed.

While targeting the PD-1/PD-L1 immune checkpoint
axis represents a promising immunotherapeutic
strategy, it is imperative to acknowledge the potential
autoimmune risks associated with this approach. PD-1
and PD-L1 play a critical physiological role in
maintaining peripheral immune tolerance and
preventing excessive immune activation against self-
antigens. Consequently, their inhibition, whether
through monoclonal antibodies or peptide-based
vaccines, has been associated with a spectrum of
immune-related adverse events (irAEs) in clinical
practice. These include immune-mediated colitis,
pneumonitis, dermatitis, hepatitis, and
endocrinopathies such as thyroiditis and hypophysitis.
In the context of our vaccine strategy, which utilizes
HLA-A0201-restricted epitopes derived from PD-1
and PD-L1, there is a theoretical concern regarding
molecular mimicry and cross-reactivity with
structurally similar peptides expressed on normal
tissues. Although our in vitro cytotoxicity data did not
indicate overt off-target effects on non-malignant cell
lines, the possibility of cross-reactive T cell responses
against self-antigens cannot be entirely excluded. This
is particularly relevant given the widespread
expression of PD-L1 on various normal tissues,
including the intestinal epithelium, lung epithelium,
and pancreatic islet cells. Therefore, we emphasize
that the safety profile of our nanoliposomal vaccine
requires rigorous evaluation in future studies.
Specifically, we recommend comprehensive
autoimmune toxicity assessments in appropriate
immunocompetent  animal  models, including
histopathological examination of target organs (e.g.,
gastrointestinal tract, lungs, skin, and endocrine
glands), monitoring of autoantibody production, and
evaluation of T cell reactivity against tissue-specific
antigens. Such investigations will be essential to
establish the therapeutic window of this vaccine and to
mitigate potential risks before clinical translation.
Despite the promising in vitro findings of this study,
several limitations warrant consideration. Notably, the
therapeutic efficacy of the developed nanoliposomal
vaccine was not evaluated in an in vivo tumor-bearing
animal model. While our cell-based assays provide
valuable insights into the cytotoxic and apoptotic
potential of the formulation, they cannot fully
recapitulate the complex tumor microenvironment,
immune system interactions, and pharmacokinetic
behavior that would occur in a living organism.
Therefore, the translational relevance of these findings
remains to be established. Future studies should
employ appropriate immunocompetent murine tumor
models, to assess antitumor efficacy, tumor growth
inhibition, and survival benefits. Additionally, such in
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vivo investigations would allow for comprehensive
evaluation of the wvaccine's safety profile,
biodistribution, and potential off-target effects.
Nevertheless, the current study serves as a critical
foundation, providing the necessary preclinical
rationale and optimization data to guide subsequent
animal studies and, ultimately, clinical translation.
Another limitation of the present study is the absence
of direct evaluation of cellular immune responses.
Although our data demonstrate that the nanoliposomal
vaccine formulation induces cytotoxic effects and
apoptosis, we did not assess the activation of antigen-
specific T lymphocytes, such as CD8+ cytotoxic T
cells, which are critical mediators of antitumor
immunity. Parameters including T cell proliferation,
cytokine secretion profiles (e.g., IFN-y, TNF-a, and
IL-2), and degranulation markers (e.g., CD107a) were
not measured in this investigation. Consequently,
while the observed antitumor activity may be partially
attributed to direct peptide-mediated effects, the
potential contribution of adaptive cellular immunity
remains unexplored. Future studies should incorporate
comprehensive immune monitoring approaches,
including ELISpot assays, intracellular cytokine
staining, and multiparametric flow cytometry, using
appropriate in vivo models to elucidate the
immunogenic mechanisms underlying the vaccine's
therapeutic activity. Such investigations would
provide a more complete understanding of the
vaccine's mechanism of action and facilitate its
optimization for clinical applications.

5. Conclusion

This study successfully designed a multi epitope
peptide construct targeting PD 1, PD L1, and HER2
using an integrated immunoinformatics approach.
Nanoliposomal delivery of this construct produced a
formulation ~ with  favorable  physicochemical
properties (size ~120nm, PDI 0.23, zeta potential
—28.5mV, encapsulation efficiency  78.4%).
Immunization of BALB/c mice with the
nanolipopeptide vaccine elicited dose dependent
antibody production (titer up to 1:12,800) and a Thl
skewed cytokine response (IFN vy 320pg/mL).
Importantly, antibodies generated by vaccination
recognized native antigens on MKN-45 gastric cancer
cells, induced significant apoptosis (42.3% total
apoptosis in the high dose group), and shifted
BAX/BCL2 expression toward a pro apoptotic state
(4.2 fold BAX increase, 3.8 fold BCL2 decrease).
These results establish the multi epitope
nanolipopeptide  platform as a  promising
immunotherapeutic candidate for gastric
adenocarcinoma. Future work should focus on
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evaluating therapeutic efficacy in tumor bearing
animal models, characterizing T cell responses,
assessing long term safety and immunological
memory, and ultimately translating this construct into
clinical studies.
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