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Background: Epitope-based cancer vaccines require rigorous safety filtering and structural validation
:  to overcome translational limitations in heterogeneous malignancies, such as gastric cancer. This
Article info: ¢ study aimed to design and computationally validate a safety-oriented multi-epitope vaccine targeting

astric cancer—associated membrane proteins.
Received: 17 Jul 2026 & P

iood. i Materials and Methods: Extracellular domains of nine gastric cancer—associated membrane proteins
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- were screened to identify CTL (9-mer) and HTL (15-mer) epitopes. Peptides with exact sequence

Accepted: 20 Oct 2026 :  matches to the human reference proteome were excluded as a preliminary self-similarity filtering

step. Epitope prioritization was performed using NetMHCpan and NetMHClIpan based on binding
affinity and percentile rank. Selected candidates were evaluated for antigenicity, allergenicity, toxicity,
proteasomal cleavage, and TAP transport efficiency. High-ranking epitopes were assembled using
optimized linkers with an N-terminal B-defensin-3 adjuvant. Physicochemical properties, intrinsic
disorder, and secondary structure were analyzed. The tertiary structure was predicted, refined, and
validated using Ramachandran plot and TM-score metrics. Vaccine-HLA interactions were assessed
by molecular docking and molecular dynamics simulations. Immune responses were simulated in
silico, and codon optimization with in silico cloning was performed to evaluate expression feasibility.

Results: Screening of extracellular domains from nine gastric cancer—associated membrane proteins

generated 161-900 unique CTL and 109-894 unique HTL peptides per antigen. Six epitopes were

prioritized based on low percentile ranks (CTL <2; HTL <3.1) and favorable antigenicity (VaxiJen

0.51-0.99). The final 143-amino-acid construct had a molecular weight of 15.54 kDa, an instability

index of 27.02, and a GRAVY score of —0.435, indicating predicted stability and hydrophilicity.

Structural refinement yielded 97.2% of residues in favored or allowed Ramachandran regions,

! including 90.4% in the core region, with an RMSD of 0.48 A and a TM-score of 0.9886, confirming

Keywords: :  the preservation of the global topology. ClusPro docking identified the top-ranked clusters for both
¢ complexes, with weighted scores of —881.7 (HLA-A*02:01) and —878.3 (HLA-DR1). Molecular

Cal}cer vaceine :  dynamics simulations showed rapid equilibration (~10 ns), stable RMSD, consistent radius of
design, Gastric cancer, ¢ gyration, gradual SASA reduction, and persistent hydrogen bonds. Codon optimization achieved a
Immunoinformatics, ¢ CAlof 1.0 and a GC content of 50.82%, supporting expression feasibility.

Multi-epitope vaceine, ¢ Conclusion: This integrative strategy provides a computationally prioritized and structurally
Structural vaccinology, ¢ validated multi-epitope vaccine candidate. Nevertheless, the applied filtering strategy represents only
T-cell epitopes :  apreliminary risk-reduction approach, and all findings require experimental validation.
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Introduction

mmunoinformatics-based vaccine design has
increasingly been applied to both infectious
diseases and cancer due to its ability to com-
putationally predict antigenic determinants and
evaluate vaccine candidates prior to experimen-
tal validation [1]. One illustrative example is the in silico
design of a multiepitope vaccine against Helicobacter
pylori, in which helper T lymphocyte (HTL) and cyto-
toxic T lymphocyte (CTL) epitopes were selected based
on antigenicity, toxicity, and allergenicity, followed by
structural modeling, molecular docking, molecular dy-
namics simulations, and in silico cloning, with experi-
mental validation proposed as a necessary next step [2].

The induction of coordinated CD4" and CD8" T-cell
responses is critical for cancer immunotherapy. CD4* T-
cell epitope—based heterologous prime—boost strategies
enhance tumor-specific helper T cell responses, expand
and diversify CD8" T cells, and significantly inhibit tu-
mor growth in preclinical models [3]. These findings
highlight the relevance of multiepitope vaccine ap-
proaches capable of engaging both helper and cytotoxic
T-cell compartments.

Multiple studies have applied immunoinformatics pipe-
lines to design therapeutic multiepitope cancer vaccines.
Constructs targeting HPV16 and HPV18 E6/E7 onco-
proteins were predicted to be antigenic, immunogenic,
nonallergenic, and nontoxic, with favorable interactions
with innate immune receptors and simulated activation
of memory immune cells, although experimental valida-
tion remained necessary [4, 5]. Similarly, PD-L1-target-
ing multi-epitope vaccines incorporating CTL, HTL, and
B-cell epitopes demonstrated strong antigenicity, stable
interactions with TLR4, and the predicted activation of
cellular and humoral immunity [6], highlighting the ver-
satility of computational vaccine design across diverse
cancer targets.

Clinical evaluations of peptide-based vaccines in di-
gestive system cancers, including gastric, colorectal,
pancreatic, and liver cancers, have demonstrated fa-
vorable safety and stability; however, limited immune
potency and translational efficacy underscore the need
for improved vaccine design strategies [7]. Advances in
epitope prediction tools, such as NetMHCpan 4.1 and
NetMHClIpan 4.0, have improved MHC class I and II
epitope predictions accuracy across diverse HLA alleles
[8-12]; nevertheless, sequence-based predictions alone
remain insufficient. Structural modeling and molecular
dynamics analyses have emerged as essential approach-
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es for assessing dynamic stability and peptide-HLA in-
teractions, thereby further supporting immunogenicity
predictions [13, 14].

Despite these advances, in silico epitope-based vaccine
design remains limited by incomplete immune response
modeling, restricted structural prediction accuracy, and
reliance on experimental validation [1]. Membrane-as-
sociated proteins offer attractive immunological targets
due to surface accessibility and roles in tumor growth,
adhesion, and immune modulation; however, systematic
epitope mining across multiple gastric cancer—associated
membrane antigens, combined with rigorous safety fil-
tering, processing-aware epitope selection, and structural
validation, remains largely unexplored. Many prior stud-
ies also lack post-modeling refinement, stereochemical
assessment, and quantitative structural alignment, there-
by limiting confidence in the predicted vaccine confor-
mations.

This study addressed these limitations by implement-
ing an integrated immunoinformatics pipeline that com-
bines epitope prediction, antigen processing evaluation,
exclusion of self-reactive sequences, physicochemical
characterization, and structural validation to design a
translationally relevant multi-epitope vaccine target-
ing gastric cancer—associated membrane proteins. Col-
lectively, this framework integrates sequence-based,
structural, and immunological analyses, enhancing the
robustness and translational relevance of in silico cancer
vaccine design [1, 7].

Materials and Methods
Antigen selection and peptide generation

Nine gastric cancer—associated membrane proteins
(UniProt IDs: P04626, P00533, P08581, Q9Y5YO9,
P15941, QINZQ7, P16422, P21860, and P08069) were
selected as antigenic sources. Full-length sequences
along with annotated extracellular or topological do-
mains were retrieved in JSON format from UniProt.
Extracellular regions were extracted and concatenated to
serve as the input for peptide generation.

Using an automated R pipeline (R version 4.5.1) in-
corporating Biostrings (v2.78.0) [15], dplyr (v1.1.4)
[16], stringr (v1.6.0) [17], httr (v1.4.7) [18], and jsonlite
(v2.0.0) [19], CTL 9-mer and HTL 15-mer peptides were
generated. All candidate peptides were systematically
screened against the complete human reference pro-
teome (UP000005640) to exclude sequences identical to
any human proteins, reducing the likelihood of selecting
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highly conserved self-like peptides. The resulting unique
CTL and HTL peptide sets were exported in FASTA
format for downstream epitope prediction and immuno-
genicity assessment. Tumor-associated expression pat-
terns of the selected source proteins were evaluated by
comparing STAD tumor and normal tissue expression
profiles to assess tumor association rather than tumor
specificity. Differential expression (log2 fold change)
between STAD tumors and normal tissues was obtained
from the TCGA-STAD transcriptomic dataset.

Epitope prediction,
evaluation

processing, and safety

Peptides excluding human-identical sequences that
were generated in R were subsequently analyzed for
their MHC-binding potential. Class 1 epitope-HLA
binding affinities were predicted using NetMHCpan
via IEDB [20] to identify high-affinity 9-mer binders
for alleles including HLA-A*02:01, HLA-A*03:01,
HLA-A*24:02, HLA-A*26:01, and HLA-B51:01. For
class II epitopes, NetMHClIpan-based sliding-window
predictions were conducted for alleles, such as HLA-
DRBI1*01:01, HLA-DRB1*04:01, HLA-DRB1*08:01,
and HLA-DRB1*10:01, as well as selected DQ alleles.
Predictions were interpreted using percentile rank—nor-
malized binding scores from eluted ligand models, in
accordance with IEDB-recommended epitope prioritiza-
tion criteria [21]. Peptide antigenicity was assessed using
the VaxiJen v2.0 server with a default threshold of 0.5
[22]. Further evaluation included proteasomal cleavage
prediction using NetChop 3.0 [23], TAP transport effi-
ciency using TAPPred SVM [24], and immunogenicity
scoring. Peptides were screened for allergenicity using
AllerTOP v2.1 [25] and toxicity using ToxinPred [26],
according to the default, tool-intrinsic scoring criteria.
Additionally, C-ImmSim [27] outputs were integrated to
identify additional potential MHC class I and II binding
cores. Only peptides classified as antigenic, non-aller-
genic, non-toxic, and possessing favorable proteasomal
and TAP profiles were prioritized for inclusion in the
vaccine design.

Multi-epitope  vaccine  construction and
physicochemical characterization

A multi-epitope recombinant vaccine was assembled
by incorporating B-defensin-3 as an N-terminal adju-
vant, followed by three CTL epitopes and three HTL
epitopes. An EAAAK linker was used to separate the
adjuvant from CTL epitopes, AAY linkers were placed
between the CTL epitopes to enhance proteasomal pro-
cessing, and GPGPG linkers were inserted between the
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HTL epitopes to facilitate MHC class II presentation.
The final amino acid sequence (143 residues) was ana-
lyzed using ExPASy ProtParam [28] to determine its mo-
lecular weight, theoretical pl, amino acid composition,
instability index, aliphatic index, extinction coefficient,
and GRAVY, as defined by the tool-intrinsic calculation
models. PepCalc was used to determine the net charge at
physiological pH, predict solubility, and analyze peptide
composition. Secondary structure was predicted using
the GOR4 algorithm [29]. Intrinsic disorder propensity
was calculated using the long-disorder mode of IUPre-
d2A [30], and ANCHOR analysis was used to identify
potential binding-prone disordered segments.

Structural modeling, refinement, validation,

docking, and molecular dynamics

Tertiary-structure prediction of the complete vaccine
construct was conducted using the Robetta server (Ro-
seTTAFold) [31]. Five de novo models were generated,
and model selection was based on global confidence
scores and per-residue error estimates provided intrinsi-
cally by the server. All generated models were refined
using GalaxyRefine [32], and the best model was se-
lected based on the MolProbity score, clash score, root
mean square deviation (RMSD), GDT-HA, and the
percentage of residues in favored Ramachandran re-
gions, using the default, tool-defined quality metrics.
Secondary-structure alterations before and after re-
finement were evaluated using STRIDE [33], whereas
overall structural similarity and alignment between the
pre- and post-refinement models were assessed using
TM-align [34]. The refined full-length vaccine construct
was subjected to exploratory protein—protein docking
with HLA-A*02:01 (PDB ID: 111Y) and HLA-DR1
(PDB ID: 1DLH) using ClusPro, following receptor pre-
processing in ChimeraX 1.8 [35, 36]. This analysis was
performed only to explore structural interactions and in-
terface compatibility, rather than to model physiological
peptide presentation by HLA molecules. Visualization
was performed using PyMOL 3.1.1 [37]. Molecular dy-
namics (MD) simulations for both MHC—vaccine com-
plexes were performed using the WebGRO server [38].
The systems were simulated using the GROMOS96
43al force field and the SPC water model in a triclinic
simulation box, neutralized with 0.15 M NaCl, energy-
minimized using the steepest-descent algorithm for 5000
steps, equilibrated under NVT and NPT conditions at
300 K and 1 bar, and subjected to a 25 ns production run.
System stability was assessed using backbone RMSD,
RMSEF, Rg, SASA, and hydrogen-bond analyses.
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Immune simulation, codon optimization, and in
silico cloning

In silico immune simulations were performed using
C-ImmSim to assess potential immune responses [27].
Linear B-cell epitope propensity was evaluated based
on hydrophilicity profiling, and potential additional
MHC class I and II peptide cores were extracted from
the simulation outputs. The full-length vaccine sequence
was codon-optimized for Escherichia coli strain K-12
using JCat [39], followed by sequence refinement with
the CyberTory nucleic acid “Massager” tool. The op-
timized open reading frame (ORF) was then cloned in
silico into the pET-6xHis/TEV expression vector using
VectorBuilder, incorporating a T7 promoter, ribosome
binding site, His-tag, TEV cleavage site, and appropriate
terminators (Figure 1).

Results
Epitope mining and unique peptide generation

Comprehensive screening of the extracellular regions
of gastric cancer—associated membrane proteins yielded
a diverse repertoire of T-cell epitopes. Peptides with ex-
act matches to the human reference proteome were ex-
cluded before downstream analyses, and the remaining
unique CTL (9-mer) and HTL (15-mer) peptides were
retained. The number of unique CTL epitopes per protein
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ranged from 161 for SCN10A to 900 for MET, whereas
HTL epitopes ranged from 109 to 894 across the same
protein set. Members of the receptor tyrosine kinase
family, including MET, ERBB2, EGFR, and ERBB3,
contributed more than 65% of the identified CTL and
HTL peptides, likely reflecting their larger extracellular
domains and complex topologies, which tend to generate
dense, overlapping peptide libraries. Smaller or structur-
ally constrained membrane proteins contributed fewer
epitopes but provided unique sequences, highlighting
the complementary nature of the selected antigen panel
(Table 1).

Quantitative MHC-binding performance of se-
lected CTL and HTL epitopes

The reported percentile ranks follow established
IEDB benchmarks, where lower values indicate stron-
ger predicted MHC binding and a higher likelihood of
biologically relevant epitope presentation, as previ-
ously associated with effective antigen processing and
immunogenicity. From the extensive epitope pools,
six epitopes were prioritized based on low percentile
ranks, broad HLA coverage, and predicted antigenic-
ity. Among the CTL epitopes, KLFNVTSTL showed
the strongest predicted binding profile, achieving a best
percentile rank of 0.03 for HLA-A*02:01 and maintain-
ing a percentile rank of <1.7 across the evaluated alleles.
SLYNRGFSL demonstrated a minimum percentile rank

Figure 1. Schematic representation of the in silico multi-epitope vaccine design workflow from antigen selection to immune

simulation and in silico cloning

Res Mol Med, 2026; 14(4):175-190
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of 0.05 for HLA-A*02:01 and a percentile rank of <3.2
across five HLA class I alleles, suggesting moderately
consistent affinity. YYLDQKPTYV displayed its stron-
gest predicted binding to HLA-A*24:02, with a per-
centile rank of 0.07, and maintained a percentile rank
of <1.6 across the associated alleles. These percentile
values generally fall within the range associated with a
high probability of MHC class I presentation. Antigenic-
ity analysis indicated that KLFNVTSTL had the highest
VaxiJen score (0.99), followed by SLYNRGFSL (0.59)
and YYLDQKPTV (0.51).

HTL epitopes showed similarly favorable predicted
class II binding profiles. DVAYYFEKDVKGESL
achieved a minimum percentile rank of 0.02 for HLA-
DRB1*04:01 and a percentile rank of <3.1 across five
HLA-DR and HLA-DQ molecules. EVFNILQAAY-
VSKPG achieved a minimum percentile rank of 0.05
for HLA-DRB1*01:01 and a percentile rank of <2.6
across four alleles, and exhibited the highest antigenic-
ity among the HTL epitopes (0.84). TINWKKLFGTS-
GQKT showed its strongest predicted binding to HLA-
DRB1*01:01, with a percentile rank of 0.82, and retained
measurable predicted binding to HLA-DRB1*04:01.

Research in Molecular Medicine

Collectively, these results suggest that the selected HTL
epitopes may support CD4* T-cell activation across
multiple HLA backgrounds. All selected CTL and HTL
epitopes were predicted to be non-toxic by ToxinPred,
further supporting the safety profile of the prioritized
epitope set (Table 2).

Population coverage analysis further demonstrated
that the selected CTL and HTL epitopes provided
broader predicted MHC class I coverage than MHC
class II coverage across both global and Iranian popu-
lations. Worldwide, the estimated MHC class I popula-
tion coverage ranged from 4.54% to 95.55%, whereas
MHC class II coverage ranged from 0% to 56.84%.
For the Iranian population, the predicted coverage was
62.88% for MHC class I and 14.68% for MHC class II.
These findings suggest that, despite the limited num-
ber of selected epitopes, the vaccine candidate is pre-
dicted to achieve relatively broad MHC class I popula-
tion coverage while exhibiting more restricted MHC
class II coverage (Figure 2).

Figure 2. Population coverage analysis of the selected CTL and HTL epitopes

A) Worldwide population coverage maps for MHC class I and MHC class II epitopes, B) Predicted population coverage, aver-

age hit, and PC,; values for the Iranian population

Note: MHC class I epitopes exhibited substantially broader predicted population coverage than MHC class II epitopes.

Res Mol Med, 2026; 14(4):175-190
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Physicochemical properties and secondary-struc-
ture composition of the vaccine construct

The complete amino acid sequence of the designed
multi-epitope vaccine construct, consisting of 143 resi-
dues, is shown below:

GIINTLQKYYCRVRGGRCAVLSCLPKEEQI-
GKCSTRGRKCCRRKKEAAAKYYLDQKP-
TVAAYKLFNVTSTLAAYSLYNRGFSLGPGP-
GDVAYYFEKDVKGESLGPGPGEVFENILQA-
AYVSKPGGPGPGTINWKKLFGTSGQKT.
Within this sequence, residues approximately 23—64 cor-
respond to the B-defensin-3 adjuvant, which was flagged
by ToxinPred due to its cationic and antimicrobial na-
ture; however, B-defensin-3 is a well-characterized hu-
man-derived immunological adjuvant with established
safety profiles in vaccine design studies (Figure 3).

The final vaccine construct had a calculated molecular
weight of 15.54 kDa and a theoretical isoelectric point of
9.67, indicating a predominantly basic protein. The insta-
bility index was estimated at 27.02, suggesting structural
stability under physiological conditions. The GRAVY
score of —0.435 reflected an overall hydrophilic nature,
consistent with favorable solubility and comparable to
values reported for recombinant multi-epitope vaccine
constructs with efficient expression and antigen-pro-
cessing characteristics. Secondary-structure prediction
using STRIDE and GOR4 analyses revealed a predomi-
nance of random coil conformations (59.4%), followed

Research in Molecular Medicine

by a-helices (25.2%) and B-strands (15.4%), indicating a
mixed secondary-structure composition with a predomi-
nance of coil regions, which is commonly reported for
multi-epitope vaccine constructs and may facilitate epit-
ope accessibility. Consistent with these findings, [UPre-
d2A analysis indicated low predicted intrinsic disorder
outside the linker regions (Figure 4).

Robetta structure prediction, refinement, and
structural alignment validation

Tertiary-structure prediction using Robetta generated
five models (residues 1-143), with a moderate overall
confidence of 0.51 and per-residue uncertainty mainly
in loops and linkers. Refinement with GalaxyWEB pro-
duced five optimized models, of which Model 4 was se-
lected because of its superior local quality, as indicated
by a GDT-HA of 0.9913, an RMSD of 0.268 A, a Mol-
Probity score of 1.518, and a clash score of 6.6. Ram-
achandran analysis of the refined model showed that
97.2% of the residues were located in favored or allowed
regions (90.4% in the core, 7.0% in additionally allowed
regions, 1.8% in generously allowed regions, and 0.7%
in disallowed regions), surpassing the >85% threshold
for reliable models (Figures SA, 5B, and 5C).

Structural consistency between the pre-refined and
refined models was assessed using TM-align. Despite
moderate confidence in the initial model, the overall fold
was largely preserved, with complete alignment across
all 143 residues, an RMSD of 0.48 A, 100% sequence
identity, and a TM-score of 0.9886. These findings indi-

Figure 3. Schematic illustration of the designed multi-epitope vaccine construct showing the adjuvant, CTL and HTL epitopes,

linker arrangement, and the expected immune responses

Res Mol Med, 2026; 14(4):175-190



http://rmm.mazums.ac.ir/index.php?&slct_pg_id=10&sid=1&slc_lang=en

Immunoinformatics Gastric Vaccine

Research in Molecular Medicine

Figure 4. Structural and physicochemical analysis of the designed multi-epitope vaccine

A and B) Secondary-structure prediction of the vaccine construct using GOR4, C) Intrinsic disorder profile predicted by IU-
Pred2A, D) Summary of the predicted physicochemical characteristics of the vaccine construct

cate that refinement primarily improved the local stereo-
chemistry and loop/linker regions without altering the
global topology. Collectively, these results confirm the
robustness, structural stability, and reliability of the final
vaccine model for subsequent docking and molecular
dynamics analyses.

Docking energetics and molecular dynamics sta-
bility

Protein—protein docking using ClusPro identified Clus-
ter 0 as the most favorable binding mode for both MHC
classes. The reported weighted energy scores (—881.7
kcal/mol for the vaccine-HLA-A*02:01 complex with

Res Mol Med, 2026; 14(4):175-190

102 cluster members and —878.3 kcal/mol for the vac-
cine-HLA-DR1 complex with 85 members) represent
relative ClusPro scoring values rather than physical
binding free energies and were therefore interpreted
comparatively to rank docking poses (Figures 5D and
5E). Molecular dynamics simulations indicated that both
complexes reached approximate conformational equi-
librium within the first 10 ns of the 25 ns simulation.
Backbone RMSD values fluctuated around stable mean
levels, while RMSF analysis showed that flexibility was
primarily confined to the terminal and loop regions, with
comparatively lower fluctuations at the vaccine-MHC
interfaces. The radius of gyration values remained stable
throughout the simulations, and solvent-accessible sur-
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Figure 5. Structural modeling and exploratory docking analysis of the full-length multi-epitope vaccine construct

A) Refined three-dimensional structure, B and C) Ramachandran plots before and after refinement, D) Docking with HLA-
A*02:01, E) Docking with HLA-DR1, F) In silico cloning into the pET-6xHis/TEV vector

face area exhibited a gradual decrease, consistent with
the maintenance of overall structural compactness. Hy-
drogen-bond counts fluctuated around steady averages,
suggesting persistent intermolecular contacts over the
simulation period (Figure 6). Because the intact vaccine
construct, rather than processed peptide epitopes, was
analyzed, these findings indicate structural interactions
only and support the dynamic stability of the simulated
complexes. However, they should not be interpreted as
direct evidence of binding affinity, physiological HLA
antigen presentation, or immunogenicity.

Antigen processing, immune simulation, and ex-
pression feasibility

NetChop 3.0 predicted 50 proteasomal cleavage sites
across the 143—-amino-acid vaccine construct, indicat-
ing efficient processing potential. All CTL epitopes
were flanked by high-confidence terminal cleavage sites
(scores up to 0.98), supporting accurate generation of
MHC class [-presentable 9-mer peptides, aided by AAY
linkers. Cleavage patterns within HTL epitopes and the
B-defensin-3 adjuvant suggested effective epitope re-
lease, while MHC class II presentation is expected to oc-
cur mainly via endosomal pathways. TAP transport pre-

dictions identified several epitope-containing nonamer
peptides, with high affinity, with some scores exceeding
8.0. Immune simulation indicated four linear B-cell-ac-
cessible regions and multiple MHC class [I-binding
cores clustered centrally, suggesting the potential for
coordinated humoral and cellular immune responses
(Figure 7). Codon optimization for E. coli yielded a
codon adaptation index (CAI) of 1.0 and a GC content
of 50.82%, and the optimized open reading frame was
successfully inserted in silico into the pET-6xHis/TEV
expression vector, supporting the feasibility of recom-
binant expression (Figure SF). Collectively, these quan-
titative results indicate that the designed multi-epitope
vaccine construct may combine high epitope density,
favorable MHC binding, structural stability, and expres-
sion feasibility, although further experimental validation
is warranted.

Discussion

The present study proposes a rigorously filtered, struc-
turally validated multi-epitope vaccine candidate target-
ing gastric cancer—associated membrane proteins using
an integrated immunoinformatics framework. The most
salient outcome is the identification and prioritization of

Res Mol Med, 2026; 14(4):175-190
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Figure 6. Molecular dynamics analysis of vaccine-MHC complexes during a 25 ns simulation

Note: A-E): The vaccine-MHC class I complex reached rapid equilibration, as indicated by stable backbone RMSD, limited
RMSF, stable Rg, slightly decreased SASA, and persistent hydrogen bonds, indicating structural stability. F-J: The vaccine-
MHC class Il complex showed similar behavior, with stable backbone RMSD, moderate peripheral flexibility, stable Rg, gradu-
ally reduced SASA, and sustained hydrogen-bond interactions, supporting overall dynamic stability. These analyses evaluate
structural stability only and should not be interpreted as direct evidence of binding affinity, physiological HLA antigen pre-

sentation, or immunogenicity.

CTL and HTL epitopes derived exclusively from extra-
cellular regions of clinically relevant tumor-associated
antigens, followed by strict elimination of any peptide
with exact identity to the human reference proteome.
This strategy may reduce the selection of highly con-
served self-like sequences; however, exact sequence
filtering alone cannot exclude potential cross-reactivity
caused by partial similarity or structural mimicry. From
an immunoinformatics perspective, the selected epitopes
showed favorable predicted MHC class I and II bind-
ing profiles across multiple prevalent HLA alleles, as
supported by low percentile ranks and high antigenic-
ity scores. Population coverage analysis further indi-
cated that, despite the inclusion of only three CTL and
three HTL epitopes, the selected epitope set is predicted
to provide broad MHC class I coverage worldwide but
comparatively lower MHC class II coverage, with mod-
erate overall population coverage in the Iranian popu-
lation. These findings support its potential applicability
across diverse HLA backgrounds. Epitope selection was

Res Mol Med, 2026; 14(4):175-190

based on literature-supported percentile-rank and antige-
nicity thresholds rather than arbitrary cutoffs, which may
contribute to the overall reliability of the design.

Beyond sequence-level predictions, the constructed
vaccine exhibited physicochemical properties consistent
with stability, solubility, and feasibility for recombinant
expression. These properties were supported by its bal-
anced secondary-structure composition and low intrin-
sic disorder and were consistent with ranges commonly
reported in previous immunoinformatics-based cancer
vaccine studies. Structural modeling using Robetta, fol-
lowed by refinement and quantitative validation, yielded
a compact and stereochemically reliable conformation
with high Ramachandran favorability and near-complete
preservation of the global fold after refinement. Docking
and 25 ns molecular dynamics simulations supported the
structural stability of the full-length vaccine construct in
complex with HLA-A*02:01 and HLA-DR1, as indicat-
ed by stable backbone RMSD, limited interfacial flex-
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Table 1. Biological characteristics, tumor-associated expression, and epitope repertoire of the selected gastric cancer-associated

membrane antigens

Research in Molecular Medicine

Protein (Uni-

Inclusion Ratio-

TCGA-

Prot ID) Localization GC Evidence Clinical Relevance nale CTL HTL log2FC STAD
ERBB2 e Accessible sur-

(P04626) PM receptor Amplified in GC Trastuzumab target face antigen 622 616 0.69 ™
EGFR (P00533)  PM receptor P'°'“g‘::;g§ PO Therapeutictarget  Extracellular RTK 613 607 0.74 /r
MET (P08581) PM receptor Promotseizr?C fnva- Therapeutic target Extracellular RTK 900 894 2.13 ™

SCN10A . Emerging GC Exploratory bio- Membrane-asso-

(Q9Y5Y9) LIS E evidence marker ciated candidate 161 109 0.009 Low

MUC1 . Overexpressed Tumor-associated Accessible
(P15941) PM glycoprotein in GC antigen ectodomain 337 337 0.57 T
CD274 (PD-L1, . Immune evasion ; Immune check-
QONZQ7) PM checkpoint in GC ICl biomarker el e 212 206 0.72 ™
EPCAM . Overexpressed CSC/diagnostic Highly expressed

(P16422) PM adhesion in GC marker surface antigen 234 228 277 ™~
ERBB3 . A .

(P21860) PM receptor HER signaling in GC Therapeutic target Extracellular RTK 616 610 1.28 ™
IGF1R Growth signaling .

(POS069) PM receptor in GC Therapeutic target Extracellular RTK 187 181 0.46 ™

Abbreviations: PM: Plasma membrane; RTK: Receptor tyrosine kinase; CSC: Cancer stem cell; ICI: Immune checkpoint inhibitor.

Note: 1: Increased; 11: Strongly increased. Subcellular localization was obtained from UniProt, and tumor-versus-normal expres-
sion data were derived from TCGA-STAD. Gastric cancer evidence, clinical relevance, and inclusion rationale were summarized
based on the literature reviewed in this study.

Figure 7. In silico immune simulation of the designed multi-epitope vaccine (C-ImmSim)

A) B cells: Total, memory, and isotype-specific (IgM, IgG1, and IgG2) responses indicate predicted humoral activation, consis-
tent with the predicted linear B-cell epitopes; B) CD8* T cells: Total and memory counts show moderate cytotoxic activation,
reflecting the limited number of incorporated CTL epitopes; C) CD4" T cells: Total and memory counts exhibit stronger activa-
tion, supported by multiple predicted MHC class II epitopes; D) Cytokines: Concentrations and danger-signal profiles indicate
the initiation of immune signaling; E) Dendritic cells: Total, active, resting, internalized, and antigen-presenting populations
demonstrate effective antigen processing and presentation, collectively suggesting balanced humoral and cellular immunity

Res Mol Med, 2026; 14(4):175-190
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Table 2. Characteristics of the prioritized CTL and HTL epitopes selected for the construction of the recombinant multi-epitope

vaccine
. Source Length . Best Percen- Antigenicity
Epitope Type Protein (a2) Predicted HLA Allele(s) tile Rank (VaxiJen)
HLA-A*02:01, HLA-A*24:02, HLA-
<
YYLDQKPTV CTL SCN10A 9 A*03:01, HLA-B*51:01 <16 0.51
PD-L1 HLA-A*02:01, HLA-A*24:02, HLA-
, , <
KLENVTSTL cn (CD274) ° A*03:01, HLA-A*26:01 17 0.99
HLA-A*02:01, HLA-A*24:02,
SLYNRGFSL CTL ERBB3 9 HLA-A*03:01, HLA-B*51:01, HLA- <2.0 0.59
A*26:01
HLA-DRB1*01:01, HLA-DRB1*04:01,
DVAYYFEKDVKGESL HTL EpCAM 15 HLA-DRB1*08:01, HLA-DRB1*10:01, <3.1 0.54
HLA-DQA1*01:01/HLA-DQB1*05:01
HLA-DRB1*01:01, HLA-DRB1*04:01,
EVFNILQAAYVSKPG HTL MET 15 HLA-DRB1*10:01, HLA- <2.6 0.84
DQA1*01:01/HLA-DQB1*05:01
TINWKKLFGTSGQKT HTL EGFR 15 HLA-DRB1*01:01, HLA-DRB1*04:01 <0.82 0.66

ibility, sustained hydrogen bonding, and stable radius
of gyration profiles. However, these analyses evaluate
structural stability rather than binding affinity. Because
HLA molecules naturally present processed peptide epit-
opes rather than intact proteins, the docking and molecu-
lar dynamics results should therefore be regarded only as
exploratory structural evidence. Antigen presentation in
this study is primarily supported by epitope prediction,
HLA-binding, proteasomal cleavage, and TAP transport
analyses.

The general immunoinformatics strategy adopted in
this work aligns with a growing body of literature dem-
onstrating the utility of multi-epitope vaccine design for
cancer and infectious diseases. Ryan et al. employed a
similar computational pipeline to design a prophylactic—
therapeutic vaccine targeting HPV16/18 oncoproteins
and capsid proteins, reporting high antigenicity, favor-
able structural stability, and strong interactions with im-
mune receptors [40]. While both studies integrate CTL,
HTL, and B-cell epitopes, a key distinction lies in anti-
gen origin: Ryan et al. focused on viral antigens with no
human homologues, whereas the present study targeted
endogenous tumor-associated membrane proteins, ne-
cessitating substantially stricter safety filtering.

The importance of rational antigen selection empha-
sized by Buonaguro is directly reflected in our multi-
antigen approach [41]. That review highlighted how
antigen prevalence, functional relevance, and immune
visibility critically influence vaccine efficacy, while
also noting tumor heterogeneity and immune escape as
persistent challenges. By incorporating extracellular do-
mains from ten distinct gastric cancer—associated mem-

Res Mol Med, 2026; 14(4):175-190

brane proteins, our design sought to mitigate single-anti-
gen escape mechanisms, although it did not fully resolve
interpatient heterogeneity.

Several infectious disease vaccine studies—including
those targeting H. pylori [42], human coronaviruses [43],
NeoCoV [44], Influenza B virus [45], SARS-CoV-2
[46], and monkeypox virus [47]—teport comparable
outcomes in terms of antigenicity, docking stability, and
predicted immune responses. However, these studies
typically prioritize epitope-binding affinity and popu-
lation coverage, often with limited attention to antigen
processing constraints or self-homology exclusion. In
contrast, the present work integrated proteasomal cleav-
age and TAP transport predictions, consistent with the
foundational work of Larsen et al., who demonstrated
that incorporating antigen-processing parameters sub-
stantially improves the biological relevance of CTL epi-
tope prediction [48].

The emphasis on helper T-lymphocyte epitopes in this
study is particularly notable when considered alongside
the findings of Datta et al., who experimentally dem-
onstrated that MHC class II-promiscuous CD4" T-cell
epitopes enhance antitumor immunity and reduce HLA
restriction [49]. The comparatively stronger CD4* T-cell
activation predicted by immune simulations in our work
aligns with this concept and may be advantageous for
sustaining cytotoxic responses, supporting memory for-
mation, and shaping the tumor microenvironment.

Safety considerations further differentiate this study
from much of the existing literature. Zanoos et al.
showed that short peptide segments derived from con-
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served bacterial antigens can share identity with human
proteins and potentially trigger autoimmune responses
[50]. While their work focused on microbial antigens,
the implications are particularly relevant for cancer vac-
cines targeting self-derived proteins. By excluding all
peptides with exact matches in the human proteome prior
to epitope prediction, our study adopted a precautionary
design principle that goes beyond standard allergenicity
and toxicity screening.

From a structural perspective, our workflow is con-
sistent with advances in structural vaccinology and Al-
assisted modeling. Reviews by Lim et al. and Zhang
et al. emphasize that incorporating three-dimensional
structural information improves antigen stability, epitope
exposure, and manufacturability [51, 52]. Additionally,
the quantitative validation of fold preservation after re-
finement in our study parallels findings by Alshammari
et al., who demonstrated that refined in silico models can
retain high structural accuracy when properly validated
[53]. Unlike some recent studies that emphasize Toll-like
receptor docking and built-in adjuvant comparisons [54-
56], our work focused primarily on MHC engagement,
reflecting a deliberate prioritization of antigen-presenta-
tion fidelity over speculation regarding innate-receptor
interactions.

The novelty of this work lies in its multidimensional,
safety-oriented vaccine design strategy rather than in
any single methodological element. First, the complete
exclusion of human-identical peptides at the peptide-
generation stage provides a concrete and transparent ap-
proach to minimizing the risk of autoreactivity, which is
particularly relevant to cancer vaccines targeting self-an-
tigens. Second, the balanced inclusion of both CTL and
HTL epitopes, with a deliberate emphasis on MHC class
II promiscuity, aligns with emerging evidence highlight-
ing the central role of CD4* T cells in antitumor immu-
nity [49]. Third, processing-aware epitope prioritization,
incorporating proteasomal cleavage and TAP transport
predictions, was designed to improve the biological
plausibility of epitope selection beyond binding affin-
ity alone [48]. Finally, quantitative structural validation,
including TM-align—based fold-preservation analysis,
strengthens confidence in the predicted conformation
and distinguishes this study from many purely sequence-
driven designs.

Several limitations should be acknowledged. The im-
mune simulations and docking analyses remain com-
putational approximations and cannot fully capture tu-
mor-induced immunosuppression, antigen competition,
or dynamic HLA expression in patients. The relatively

Research in Molecular Medicine

small number of CTL epitopes included may limit cyto-
toxic breadth, which is reflected in moderate predicted
CD8* T-cell responses. Although exact matches to hu-
man sequences were excluded, partial homology and
conformational mimicry were not assessed exhaustively.
Moreover, innate immune receptor engagement was not
explored in depth, and all conclusions remain contingent
on experimental validation.

Conclusion

In summary, this study presents a carefully constrained
and structurally validated immunoinformatics frame-
work for designing a multi-epitope gastric cancer vac-
cine. When contextualized within existing computation-
al vaccine literature, the findings are largely concordant
with prior reports while addressing specific gaps related
to safety filtering, antigen processing, and structural
confidence. The results represent a mechanistically in-
formed hypothesis and should not be considered direct
evidence of vaccine efficacy or physiological HLA an-
tigen presentation. The presented computational frame-
work may serve as a rational and reproducible basis for
future in vitro and in vivo experimental evaluation.
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