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Abstract

Background Transporter 2, ATP binding cassette (ABC) subfamily B member (TAP2), encodes a protein

within the ABC transporter superfamily. TAP2 plays a role in the progression of cancers, such as cervical, breast,
and lung cancers. However, the relationship between TAP2 and cancer prognosis, immune cell infiltration, tumor
microenvironment, and immunotherapy remains unexplored. Therefore, this study aims to investigate the effect
of TAP2 expression on its role in predicting tumor prognosis and immunotherapy efficacy.

Methods Bioinformatics analyses such as Gene Set Enrichment Analysis, single-cell, and Connectivity Map analyses were
used to comprehensively assess TAP2-related genomic alterations, prognostic value, enrichment pathways, single-cell
expression patterns, and potential targeting inhibitors. In addition, molecular docking techniques were used to simulate
drug binding to TAP2. WB and RT-gPCR were used to detect differences in TAP2 expression in glioma cell lines. The U25TMG
cellline was established with TAP2 overexpression. The effects of elevated TAP2 expression on GBM cell function was evalu-
ated using various assays, including the Transwell migration, scratch, and clonal formation assays.

Results TAP2 exhibited aberrantly expression in tumor tissues with genomic alterations. TAP2 significantly correlates
with poor prognosis across various cancers. It was also involved in immune-related pathways, immune infiltration,
and immune checkpoint regulation, thereby influencing the tumor microenvironment and immune response to can-
cer. TAP2 was identified as a potential predictor of immunotherapy response and screened for potential targeted
inhibitors for future therapeutic interventions.

Conclusions Our findings suggest that TAP2 may serve as a promising prognostic marker and immune target
in human cancers, warranting further investigation into its role in tumor immunity.
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Introduction

Cancer has emerged as a major social and public health
challenge of the twenty-first century, accounting for
approximately a quarter of deaths from noncommuni-
cable diseases [1]. As the global population continues to
grow and age, cancer rates rise significantly worldwide [2,
3]. Therefore, actively exploring novel methods and tar-
gets for cancer treatment is essential for improving pub-
lic health [4]. With advancements in cancer treatment,
immunotherapy has become a key approach for numer-
ous tumors [5, 6]. Extensive research on tumor resist-
ance and immune escape significantly contributes to the
advancement of cancer immunotherapy [7-9].

CD8+T cell-mediated cytotoxicity is a crucial pathway
in immune response. CD8+T cells are activated when
T cell receptors interact with peptide-major histocom-
patibility complex class I, leading to the release of cyto-
toxic molecules through the immune synaptic perforin
membrane, which mediates tumor cell death [10, 11].
Therefore, the expression level of MHC-I molecules with
tumor antigen peptides in tumor cells primarily deter-
mines the ability of cytotoxic T lymphocytes to eliminate
tumor cells.

Transporter 2, member B of the ATP-binding cassette
(ABC) subfamily (TAP2) (also known as APT2, PSF2,
or ABC18), is a protein encoded in the human genome
and belongs to the ABC transporter superfamily. TAP2
combines with transporter 1, ABC subfamily B member
(TAP1) protein, to form a functional heterodimer com-
plex known as the transporter associated with antigen
processing (TAP) protein on the endoplasmic reticulum
(ER). This complex is a crucial component of the pep-
tide-loading complex in the ER [12]. TAP is responsible
for loading high-affinity peptides onto MHC-I, which
are then transported to the cell surface for presentation
to CD8+T cells. Emerging evidence suggests that dys-
regulation of the TAP complex significantly affects the
immune response by facilitating atypical cross-presen-
tation and enhancing T cell activation. The blockade of
TAP activity disrupts the canonical MHC-I antigen pres-
entation pathway to CD8+ T cells, potentially impairing
the ability of the immune system to detect and elimi-
nate infected or transformed cells [13]. The expression
of TAP2 strongly correlates with survival rates in vari-
ous cancer types, such as cervical, breast, and lung can-
cer [14-17]. A study shows that mutated TAP2 affects
MHC-I function [18], while the overexpression of TAP2
enhances antitumor drug resistance of human cancer
cells [19]. These findings indicate the pivotal role of TAP2
in immune recognition and highlight its potential as a
prognostic biomarker and therapeutic target in oncology.
However, its effect on predicting tumor immune invasion
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and immunotherapy response remains unclear, and no
comprehensive pan-cancer studies on TAP2 exist to date.

TAP is not only associated with various types of can-
cer but also implicated in a spectrum of autoimmune
diseases [20-22]. Research has demonstrated that the
differential expression of TAP could significantly affect
the therapeutic outcomes of combined radiotherapy and
immunotherapy [23]. In our prior studies, we identified
TAP1, a component of the TAP heterodimer, as a robust
predictor of prognosis in cancer immunotherapy [24].
Concurrently, we also discerned the potential of TAP2 to
serve as both a therapeutic target and a prognostic indi-
cator in cancer immunotherapy. To elucidate this aspect,
our study aims to elucidate the influence of TAP2 expres-
sion on malignant behavior in a glioma cell line, while
analyzing its role in predicting tumor prognosis and
immunotherapy efficacy.

Methods
A comprehensive flowchart delineating the foundational
concepts of this study is presented in Fig. 1.

Gene and protein expression analysis

The TCGA Pan-Cancer Cohort and Genotype-Tissue
Expression (GTEx) dataset, which includes mRNA
expression level data from tissue samples along with
clinical information about the source patients, was down-
loaded from the UCSC Xena database (https://xenab
rowser.net/datapages/). Differential expression genes
(DEGs) in the TCGA database were identified based on
TAP2 expression levels using the “limma” package in R
software. The cBioPortal web tool (http://cbioportal.org)
was used to analyze the frequency of TAP2 genome alter-
nations across various tumors [25]. Transcriptome data
for 21 cancer cell lines was obtained from the Cancer Cell
Line Encyclopedia (CCLE: https://sites.broadinstitute.
org/ccle/) website is used to obtain [26]. The distribu-
tion of TAP2 Protein at the subcellular level was obtained
from the Human Protein Atlas (HPA: https://www.prote
inatlas.org/) database, while the protein interaction anal-
ysis results were sourced from the compartmentalized
Protein—Protein interaction database (ComPPI: http://
comppi.linkgroup.hu) [27].

Survival and prognosis analysis

Kaplan—-Meier (K-M) curve and Univariate Cox regres-
sion were used to analyze the correlation between patient
prognosis in multiple tumors and variations in TAP2
expression levels in tumor cells. The types of prognostic
data included disease-free interval (DFI), overall survival
(OS), progression-free interval (PFI), and disease-specific
survival (DSS). These data were obtained from the UCSC
Xena database (https://xenabrowser.net/datapages/).


https://xenabrowser.net/datapages/
https://xenabrowser.net/datapages/
http://cbioportal.org
https://sites.broadinstitute.org/ccle/
https://sites.broadinstitute.org/ccle/
https://www.proteinatlas.org/
https://www.proteinatlas.org/
http://comppi.linkgroup.hu
http://comppi.linkgroup.hu
https://xenabrowser.net/datapages/
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Fig. 1 The comprehensive process of the basic methods of this study

Subsequently, the R package “Survminer” in R software  method and univariate survival analysis, visualizing the
was used to calculate the log-rank P-value, 95% confi- results.
dence interval (CI), and hazard ratio (HR) from the K-M
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Single cell expression and gene set enrichment analysis
The Tumor Immune Single-cell Hub 2 (TISCH2) web
tool (http://tisch.comp-genomics.org/home/) was used
for single-cell expression analysis. The analysis parame-
ters include TAP2 (Gene), major lineage (Cell-type anno-
tation), and all cancers (Cancer type). The analysis results
were presented using heat maps, scatter plots, and violin
plots. Gene set enrichment analysis was performed using
datasets from the Molecular Signatures Database web-
site (MSigDB, https://www.gseamsigdb.org/gsea/index.
jsp), specifically the "GMT" file of the hallmark gene set
(h. all. V7.4. Symbols. GMT), which included 50 marker
genes. Based on these data, the normalized enrichment
score and false discovery rate of DEGs between tumor
groups with varying TAP2 expression across multiple
cancer types were calculated, while a GESA analysis was
performed using the R package “clusterProfiler” [28] in
the R software.

Immune infiltration and immunotherapy prediction
analysis

The public database Tumor Immune Estimation Resource
2.0 (TIMER?2 http://timer.cistrome.org/) was employed to
investigate the relationship between TAP2 and Immune
cell infiltration levels [29]. The analysis included 21 types
of immune cells: eosinophil, B cells, cancer-associated
fibroblasts, common lymphoid progenitors, myeloid
progenitors, granulocyte-monocyte progenitors, mye-
loid-derived suppressor cells, dendritic cells, endothelial
cells (Endo), hematopoietic stem cells (HSCs), CD4+T
cells, neutrophils, y/d T cells, Natural killer cells (NK),
Endo, HSCs, NK T cell, T cell follicular helper (Tfh),
macrophages, monocytes, CD8+T cells, mast cells, and
regulatory T cells. Spearman correlation analysis was
performed on some well-known immune-related fac-
tors and TAP2 expression using the downloaded data. In
addition, a statistical correlation was calculated between
TAP2 and immunomodulators across various tumor
types using Spearman correlation analysis. Tumor muta-
tion burden (TMB) and microsatellite instability (MSI)
scores were obtained from the TCGA. Visualization of
analytical data was performed using the R package “ggra-
dar” Additionally, prognostic data (including OS and
PES) were obtained from two immune checkpoint-block-
ing treatment cohorts to assess the potential of TAP2 to
predict the susceptibility of patients to immunotherapy.
Patients (n=288) with urological cancer were treated
with atezolizumab (anti-PDL1) in the IMvigor210 cohort,
while patients (n=>51) with melanoma were treated with
nivolumab (anti-PD1) in the GSE91061 cohort. Survival
analysis was performed and visualized using the R pack-
age “Survminer”

Page 4 of 19

Plasmid transfection and cell cultivation

SVG P12, SW1088, U251MG and T98G cell lines were
cultured for western blot and RT-qPCR assays. The
SW1088 cell lines were purchased from ATCC cell
bank, while the remaining cell lines were purchased
from Culture Collection of the Chinese Academy of Sci-
ences (Shanghai, China). The functional experiments
were conducted using the U25IMG cell line. All cell
lines—except for the SW1088 cell line, which was cul-
tured in L-15 complete culture medium—were cultured
in DMEM medium (Thermo Fisher, American) supple-
mented with 10% fetal bovine serum (Thermo Fisher,
American) and 1% streptomycin-penicillin solution
(Thermo Fisher, American) in a 37°C incubator with 5%
CO2 [30]. The TAP2 gene fragment was amplified from
the cDNA of the U251MG cell line via PCR and then
cloned into the p3xFLAG-CMV-7.1 vector using the
restriction enzymes EcoRI and Xbal. Primers are as fol-
lows: F, ATGCGGCTCCCTGACCTG; R, TCAGTCCAT
CAGCCGCTG [17]. The U251MG@ cell line was subjected
to plasmid transfection. Before plasmid transfection, all
cells were inoculated in 6 cm culture dishes and grown
to the logarithmic phase. The plasmid mixture was pre-
pared according to the plasmid requirement of 3 pg per
dish using Opti-MEM (Thermo Fisher, American), with
Lipo3000 and P3000 (Thermo Fisher, American) as trans-
fection reagents. The culture medium was replaced 6 h
after transfection.

Western blotting and RT-qPCR

Protein samples were extracted and homogenized with
lysis buffer (Solarbio, China). The mixture was then cen-
trifuged at 4°C for 10 min using a high-speed refriger-
ated centrifuge, and the supernatant was obtained from
the centrifuge tube. The extracted total protein samples
were mixed with a quarter volume of Sodium dodecyl
sulfate (SDS) loading buffer (Solarbio, China) and heated
at 100 C for 10 min. The heated protein samples were
then loaded onto an SDS-PAGE gel alongside a protein
marker (MSDS P6110 Triple Color Prestained Protein
Ladder, Uelandy, China). Subsequently, Polyvinylidene
fluoride (PVDF) membranes with a pore size of 0.22 um
were used to transfer the proteins. The transferred PVDF
membrane was sealed with 10% milk for 2 h and then
rinsed three times with TBST diluent. The bands were
incubated overnight at 4 C with anti-TAP2 (1:1000,
10161-1-AP, Proteintech, China), anti-Flag tag (1:20000,
20543-1-AP, Proteintech, China) and anti-GAPDH
(1:5000, 10494-1-AP, Proteintech, China), respectively.
After rinsing, the PVDF membrane was co-incubated
with the secondary antibody, followed by luminescence
imaging using the developer [31].


http://tisch.comp-genomics.org/home/
https://www.gseamsigdb.org/gsea/index.jsp
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A total RNA extraction kit (Bioflux) was used to extract
RNA. After calculating the concentration, 1 ug of the
extracted total RNA was reverse transcribed into the
c¢DNA of the corresponding sample using a reverse tran-
scription kit. After obtaining cDNA, a suitable system
was prepared using SYBR Green fluorescent quantitative
PCR enzyme (Yeasen, China), to which equal amounts of
c¢DNA diluent and TAP2 or GAPDH primers were added.
The experimental results are presented by histogram.
Primers used in this experiment are: TAP2-F, CCCTGG
CCGAGCGTA; TAP2-R, AAATCCCAGCAGCCCTCT
TAG; GAPDH-F TATGAGAGCTGGGGAATGGGA;
GAPDH-R, ATGGCATGGACTGTGGTCTG.

Wound healing and transwell migration assay

Five evenly spaced horizontal lines were drawn on the
back of the six-well plate using a ruler and marker.
U251MG cell lines treated as controls and U251MG cells
transfected with the TAP2 overexpression plasmid were
cultured to the logarithmic growth phase. The cells were
digested with trypsin, and a cell suspension of 4x 10*
cells/ml was prepared using a medium containing 10%
serum. The cell suspension was added to each well of the
six-well plate at a density of 1 x 10° cells per well, and then
the culture dish was gently shaken to ensure even cell
distribution. When the cell confluence reached approxi-
mately 70%, a vertical line was drawn across the bottom
of the culture dish using a 200 pL pipette tip. After draw-
ing the line, the medium was immediately replaced with
a 2% low-serum medium, and the scratch was recorded
as 0 h under the microscope. The photos were captured
again at 24 h and 48 h [32]. The control U251MG cells
and U251MG cells statically transfected with the TAP2
overexpression plasmid were cultured until they reached
the logarithmic growth phase. The cells were digested
with pancreatic enzyme, and digestion was terminated
using 10% serum medium to prepare a 4x 10* cells/ml
suspension. The Transwell chamber (Corning, Ameri-
can) was placed in a 24-well plate (Corning, American),
with 2 x 10* cells per well. A 2% low-serum medium was
added to the upper layer of the Transwell chamber, while
a 10% fetal bovine serum medium was added to the lower
layer, ensuring that the medium did not penetrate the
bottom membrane of the chamber. It was cultured for
3 days in a 37°C incubator with 5% CO,. After removing
the medium, the cells were fixed with 4% paraformalde-
hyde, while gentian violet dye was applied for staining.
After rinsing, the cells were photographed at 200 X mag-
nification to observe cell migration [33, 34].

EdU labeling to assess cell proliferation
The control U251IMG cells and U251MG cells statically
transfected with TAP2 overexpression plasmid were
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cultured to the logarithmic growth phase, digested with
trypsin, and the digestion was terminated with 10%
serum medium to prepare a 4x 10* cells/ml suspension.
The cells were inoculated in a 12-well plate at a density
of 1 x10° cells per well. After 24 h of attachment, an EdU
(5-ethynyl-2’-deoxyuridine) working solution (Beyotime,
China) was prepared according to the manufacturer’s
instructions, added to the medium, and incubated in the
dark for 2 h. The medium was then discarded, and the
cells were rinsed three times with a washing solution.
Hoechst dye (Beyotime, China) was added to each well
and incubated for 10 min in the dark, followed by three
rinses with washing solution. Fluorescently stained cells
were photographed under a fluorescence microscope
[34].

Clonal formation experiment

The negative control U251MG cells and U251MG cells
stably transfected with TAP2 overexpression plasmid
were cultured to the logarithmic growth phase. The cells
were then digested with trypsin, and the digestion was
terminated with a 10% serum medium. A 150 cells/ml
suspension was prepared. The cell suspension was added
to a six-well plate at a concentration of 300 cells per well,
and the cells were evenly distributed by gently shaking
the plate. The cells were cultured for 10 days at 37 C in
a 5% CO, incubator. The cells were fixed with 4% para-
formaldehyde after removing the medium, stained with
gentian violet dye, washed, and photographed to capture
monoclonal growth [17].

Screening of potential targeted small molecule inhibitors
To identify upregulated and downregulated genes, we
categorized DEGs between low and high TAP2 sub-
groups based on their log2-fold changes. Subsequently,
the Connectivity Map (CMap) database was employed
to identify small molecules with expression patterns that
were opposite to those of TAP2. Small molecule inhibi-
tors were selected based on a CMap score (score <— 50),
where a negative score indicates their potential to target
TAP2. Subsequently, AutoDock Vina 1.2.2 was employed
to assess the binding energy and interaction modes
between the identified small molecules and TAP2 [35].
The 3D structure of the TAP2 protein was retrieved from
the Protein Data Bank (PDB: 5U1D) and processed using
PyMOL2.5. The 3D structures of the small molecules
were sourced from the PubChem database (https://pubch
em.ncbi.nlm.nih.gov/). After the molecular docking pro-
cess was completed, the resulting 3D models were visual-
ized using PyMOL2.5.


https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
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Statistical analysis

The Wilcoxon rank sum test was used to analyze the sta-
tistical significance of the differences in TAP2 expres-
sion between normal and tumor tissues. TAP2-related
survival and prognosis were evaluated using univariate
Cox regression analysis, K-M method, and log-rank test.
Spearman’s correlation analysis was conducted to assess
the correlation between several other factors and TAP2.
In cancer subgroups with differential TAP2 expression,
we calculated the statistical significance of the propor-
tion of immune checkpoint inhibitor (ICI) responders
and nonresponders. Image processing was conducted
using Image] software. The results of the experiments
were statistically analyzed using GraphPad Prism 8.0.
The two groups were compared using an unpaired t-test.
A p-value of<0.05 indicated statistical significance, with
the * (p<0.05), * * (0.05<p<0.001), * * * (p<0.001). All
experiments were repeated three times.

Results

Differential expression analysis and alteration of TAP2
Firstly, TAP2 expression levels in various cancers and
normal tissues were analyzed and compared using data
from the TCGA and GTEx databases. Additionally, high
expression of TAP2 was observed in the following TCGA
cancers: BLCA, CESC, CHOL, COAD, ESCA, GBM,
HNSC, KIRC, KIRP, LAML, LGG, LIHC, PAAD, READ,
SKCM, STAD, and TGCT. However, low TAP2 expres-
sion was observed in some cancers, including ACC,
BRCA, KICH, LUAD, OV, PRAD, and THCA. In LUSC
and UCEC, normal tissues exhibited similar levels of
TAP2 expression (Fig. 2A). The comparison showed that
TAP2 mRNA expression in GBM was significantly higher
than in normal tissues (Fig. 2B).

To validate this conclusion, the protein expression
of TAP2 was assessed in astrocyte and glioma cell lines
using western blotting (Fig. 2C), and mRNA expres-
sion was measured in the same samples using RT-qPCR
(Fig. 2D). The results showed that TAP2 expression was
significantly increased in gliomas, consistent with previ-
ous analysis results, suggesting that TAP2 may influence
the malignancy of gliomas.

Subsequently, the database was used to investigate
TAP2 genomic alterations across pan-cancer. Although
the alteration rate of TAP2 was low in all tumors, dif-
fuse large B-cell lymphoma (DLBC) exhibited the high-
est frequency of alterations, with over 8% of patients with
DLBC showing TAP2 deep deletions, affecting approxi-
mately two-thirds of these cases (Fig. 2E). To investigate
the potential association between high TAP2 and its copy
number variations (CNV), a correlation analysis of TAP2
expression and alteration was conducted across 33 can-
cer types. The results showed that high TAP2 expression
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was associated with mutations in some tumors, with the
strongest correlation observed in KLHC (Fig. 2E). Fur-
thermore, regression analysis was performed on TAP2
expression levels and its CNV in KLHC, revealing a
positive correlation between the two (Fig. 2F, p=0.01).
Combined with the previous analysis results, the lower
expression of TAP2 in KIHC compared with normal tis-
sues may be attributed to the low alteration rate.

Immunofluorescence images showed that the TAP2
protein was predominantly localized in the nuclei and ER
of A-431 and U251MG tumor cells (Fig. 2G). Finally, to
construct the protein—protein interaction (PPI) network,
the comPPI interaction data was employed. The image
depicted the distribution of TAP2-related proteins pri-
marily in the cytosol, extracellular, membrane, mitochon-
drion, nucleus, and secretory pathway (Fig. 2H).

Prognostic role of TAP2 plays in pan-cancer

OS refers to the duration from treatment initiation to
death and serves as a key standard for survival analysis
in most cancers. However, it often contains the potential
for death from causes unrelated to tumors. To compre-
hensively evaluate the effect of TAP2 on the prognosis of
various tumors, the role of TAP2 was analyzed in pan-
cancer prognosis using OS, DSS, DF], and PFI and gen-
erated a heatmap (Fig. 3A). Results showed that TAP2
expression was associated with an increased risk in all
analyzed cancer types except for CHOL, ESCA, PCPG,
SARC, and UCS. In certain cancers, such as OV, TAP2
may act as a protective factor. The outcome of PAAD
suggests that TAP2 expression is associated with a poor
prognosis across all indicators.

The correlation between TAP2 expression and the
prognosis of 32 patients with TCGA was further ana-
lyzed using univariate Cox regression, with the results
illustrated in a forest plot. The forest plot indicates that
reduced OS time was significantly associated with high
TAP2 expression levels in LUAD (HR=1.268 [95% CI,
1.089-1.476], p=0.002), ACC (HR=1.470 [95% CI,
1.017-2.125], p=0.040), UVM (HR=1.513 [95% CI,
1.068-2.144], p=0.020), PAAD (HR=1.576 [95% CI,
1.223-2.030], p<0.001), and LGG (HR=1.790 [95% CI,
1.391-2.304], p<0.001). However, as illustrated in the
image, the OS time in READ was extended with upreg-
ulation of TAP2 (HR=0.519 [95% CI, 0.283-0.952],
p=0.034) (Fig. 3B). The four OS survival curves con-
firmed the results from the previous heat map. In the
BLCA and OV tumor cohorts, OS improved with higher
TAP2 expression, while the opposite trend was observed
in LGG and ACC (Fig. 3C-F).
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Fig. 2 The expression of TAP2 in human cancers. A Transcription expression level analysis of TAP2 between tumor and normal tissues by using
the data from TCGA and GTEx databases. B The expression level of TAP2 between GBM and normal brain tissues. C The expression of TAP2

in different cell lines was analyzed by Western blot assay. D The expression of TAP2 in different cell lines was analyzed by RT-qPCR assay. E TAP2
alteration frequency analysis in pan-cancer by using the data from cBioPortal database. F The copy number variation of TAP2 in pan-cancer. G
Immunofluorescence images and combination images of TAP2 protein, nucleus, microtubule, and endoplasmic reticulum (ER) in A-431 and U251
celllines. (H) TAP2 interacting proteins are represented using protein—protein interaction (PPI) networks (*p <0.05, **p <0.01, **p <0.001)
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Prognostic role of TAP2 in pan-cancer B Univariate Cox regression of TAP2 (OS)
: Type Cancer pvalue HR(95.L-95.H)
D os READ 0.034  0.519(0.283-0.952) .
| |pss KICH 0.314  0.576(0.197-1.687) .
. DFI THCA 0.417 0.744(0.364-1.520) []
D PFI MESO 0.065 0.755(0.560-1.018) -
STAD 0.102 0.867(0.731-1.029) -
Method KIRC 0.266 0.903(0.753-1.081) -
Cox BRCA 0.205 0.909(0.784-1.054) [ ]
| Logrank | SKCM 0643 0923(0657-1.296) .
. oV 0.143 0.926(0.834-1.027) o
Prognostic rolg  LCA 0.371  0.947(0.842-1.066) o
Risky SARC 0.726 0.959(0.758-1.213) L]
1 Protective| UCS 0.857  0.964(0.646-1.438) .
@ NA UCEC 0.882 0.978(0.729-1.313) [
| LIHC 0.824 0.979(0.816-1.175) [
[0]Nonsense] DLBC ~ 0965  0.982(0.432-2.230) .
COAD 0.945 1.008(0.799-1.272) [}
ESCA 0.680 1.064(0.793-1.426) []
HNSC 0.357 1.069(0.928-1.231) ]
CESC 0.512 1.077(0.863-1.342) -
LUSC 0.342 1.083(0.919-1.276) []
CHOL 0.769 1.123(0.517-2.437) -
0 GBM 0.110 1.179(0.963-1.442) =
0 LUAD 0.002 1.268(1.089-1.476) =
0 PCPG 0.558 1.281(0.559-2.932) L
0 PRAD 0.479 1.330(0.603-2.934) =
0 THYM 0.440 1.467(0.555-3.877) -
0 ACC 0.040 1.470(1.017-2.125) -
0 UVM 0.020 1.513(1.068-2.144) -
0 KIRP 0.062 1.538(0.979-2.416) =
0 PAAD <0.001 1.576(1.223-2.030) -
0 LGG <0.001 1.790(1.391-2.304) -
0 TGCT 0.096 4.318(0.771-24.191) []
T T T T T 1
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Fig. 3 Prognosis implication of TAP2 in human cancers. A Based on univariate Cox regression and Kaplan-Meier model, TAP2 expression
was associated with overall survival (OS), disease-specific survival (DSS), disease-free interval (DFI), and progression-free interval (PFl). Red indicates
that PDIA3 is a risk factor affecting the prognosis of cancer patients, while blue indicates a protective factor. Only results with P <0.05 are shown.

B Forest maps showing the prognostic effect of TAP2 in pan-cancer were

prepared using univariate Cox regression method. Red indicates TAP2

is a statistically significant risk factor for prognosis, and blue indicates TAP2 is a protective factor. C-F Kaplan—-Meier overall survival curves of TAP2

in BLCA (C), OV (D), LGG (E) and ACC (F)

Single cell expression of TAP2 in pan-cancer

The TISCH web tool was used to perform a single-cell
analysis of TAP2 expression to identify the primary cell
types expressing TAP2 in tumors, analyzing data from
79 single-cell cancer samples. According to the heatmap,
TAP2 was primarily expressed in Endo and immune cells,
particularly in monocytes/macrophages (Fig. 4A).

Gene set enrichment analysis of TAP2

To elucidate the hallmarks of TAP2-related tumors,
GSEA was employed to identify DEGs between low-
TAP2 and high-TAP2 subtypes across various tumors.
Figure 5 illustrates the conclusion, which states that,
in most tumors, multiple tumor-related and immune-
related pathways were significantly activated in the
TAP2 high-expression group. The pathways TNFA-
signaling via NFKB, IFN-y-response, IFN-a-response,
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Fig. 4 Exploration for the expression of TAP2 at single-cell level. ATAP2 expression of 31 cell types in 73 single cell datasets. B Scatter plots
showed the distribution of 7 cell types and the expression of TAP2 in different cell species in SARC_GSE119352 dataset. C Scatter plots showed
the distribution of 6 cell types and the expression of TAP2 in different cell species in CRC_GSE122969 dataset

IL2-STAT5-signaling, IL6-JAK-STAT3-signaling, inflam-
matory-response, complement, allograft-rejection, and
KRas signaling demonstrated a clear correlation with
TAP2 expression across all 33 analyzed cancers. Addi-
tionally, apoptosis showed a significant correlation with
TAP2 expression in CESC, GBM, KICH, LGG, OV,
PAAD, SARC, SARC, and UCS. The results showed that
TAP2 in the tumor microenvironment was associated
with immune activation across various tumors. Further-
more, TAP2 appeared to influence tumor occurrence and
progression through modulating immune pathways. The
specific relationship and mechanisms of action between
TAP2 and these pathways remain unclear; however, the

findings offer valuable insights and directions for future
research.

Immune cell infiltration analyses of TAP2

A positive correlation was observed between TAP2 and
the infiltration levels of Treg, Tth, Neutrophil, Mono-
cyte, Macrophage, Dendritic cell, NK cell, CD8+T
cells, and B cell in nearly all tumor types. In contrast,
TAP2 exhibited a negative correlation with the infiltra-
tion degree of HSC and MDSC (Fig. 6). Among these,
macrophages warrant special attention. Although the
infiltration of most cell types positively correlated
with TAP2 expression, the M2-tide of macrophages
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lators was analyzed. The results showed

In pan-cancer, the relationship between TAP2 and 47
that several immune regulators were positively cor-

related with TAP2 in most tumors, especially LAG3,
ICOS, IDO1, TIGIT, and CD274 exhibited strong posi-
tive correlations across nearly all cancers. A few immune

The predictive role of TAP2 in tumor immunotherapy

immune regu

’

ion.

igat

t

mves

hanism of the cancer. The specific role of
further

TAP2 in the immunomodulatory effects across pan-

Fig. 6 Correlation analysis between TAP2 expression and immune cell infiltration. Red indicates a positive correlation and blue indicates a negative
cancer requires

correlation

however, it may be related to the effect of TAP2 on the
immune mec

exhibited a negative correlation across all TCGA can-
cers. The cause of this abnormal result remains unclear
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regulators, such as VTCNI1 and BTNL2, showed no sig-
nificant association with TAP2 in most tumors (Fig. 7A).
Combining TMB with MIS and TAP2 expression levels,
multivariate Cox proportional hazards models were used
to assess the effect of TAP2 on the response of patients to
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ICIs. A positive correlation was observed between TMB
and UCS, BLCA, BRCA, CESC, COAD, LAML, LGG,
LIHC, LUAD, SARC, SARC SKCM, STAD, and THCA,
with no negative correlations identified between can-
cer types and TMB (Fig. 7B). BRCA, COAD, READ, and
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STAD exhibited positive correlations with MSI, while
DLBC, PRAD, and TGCT showed negative correlations
with MSI (Fig. 7C).

To further elucidate the predictive role of TAP2 in ICI
immunotherapy for cancer, a statistical analysis was con-
ducted to assess the relationship between TAP2 and ICI
therapy response among patients with cancer. Figure 7D
depicts that, among patients with urological tumors in
the IMvigor210 cohort treated with anti-Programmed
cell death 1 ligand 1(PDL1) therapy, those with high
TAP2 expression exhibited longer OS and higher CR/
PR response rate than those with low TAP2 expression.
Similar results were observed in the Gide2019 cohort for
melanoma, where patients with high TAP2 expression
who underwent anti-cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4) and PDL1 therapy experienced sig-
nificantly longer progression-free survival (PFS) than
those with low expression. This result was particularly
significant in response rates, as 100% of patients with
melanoma with high TAP2 expression achieved complete
or partial responses following anti-CTLA-4 and PDL1
treatment (Fig. 7E). These findings indicate that TAP2
plays a significant role in predicting the effectiveness of
immunotherapy in tumors, providing valuable insights
for the clinical treatment of patients with cancer.

High expression of TAP2 enhanced the migration

and proliferation of glioma cells

To further elucidate the effect of TAP2 overexpression
on the malignant biological behavior of glioma cells, a
TAP2-overexpressing U251MG cell line was generated.
Transwell, EAU labeling, wound healing, and clonal for-
mation assays were performed to clarify the mechanisms
through which TAP2 enhances the malignancy of glioma
from various perspectives.

The TAP2-overexpressed plasmid was initially con-
structed, packaged with lentivirus, and transfected into
U251MG cells. Western blotting was employed to detect
changes in intracellular protein levels. The migration
distance of cells overexpressing TAP2 was significantly
greater than that of the control group during the same
culture time after scribing (Fig. 8A and B). Similarly,
TAP2 also enhanced the proliferation of GBM cells. In
U251MG cells stained with EQU and Hoechst, the pro-
portion of cells in the proliferative stage was higher in
the experimental group than that in the control group
(Fig. 8C and D). The same result was observed in the
Transwell migration assay, where U251MG cells overex-
pressing TAP2 demonstrated a greater ability to traverse
the bottom membrane than the control group. This find-
ing further indicates that high expression of TAP2 may
enhance the migration ability of tumor cells (Fig. 8E). The
difference was statistically significant (Fig. 8F). However,
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although glioma cells with high TAP2 expression exhib-
ited enhanced migration and proliferation, no significant
difference was observed in clonogenesis ability between
these glioma cells with high TAP2 expression and non-
glioma cells (Fig. 8G and H). In conclusion, TAP2 overex-
pression enhances the migration and proliferation ability
of glioma cells, potentially explaining its increased levels
in high-grade gliomas.

TAP2 targeted small molecule drug screening in tumors
To investigate the potential of TAP2 as a target for tumor-
directed therapy, small molecule inhibitors capable of
targeting TAP2 across various tumors were screened.
Our analysis revealed several agents with the ability to
target pan-cancer. TG-101348 emerged as the most ver-
satile, demonstrating efficacy in over 15 tumor types.
Following closely were NU-7441, CAY-10618, ampicillin,
and zosuquidar, which exhibited efficacy in more than
10 cancer types (Fig. 9A). The primary mechanisms of
action of these drugs were further investigated. Figure 9B
illustrates that these drugs primarily function as adrener-
gic receptor antagonists and EGFR inhibitors.
Subsequently, molecular docking technology was
employed to conduct docking studies of several small
molecule inhibitors that exhibited low binding ener-
gies to TAP2. This approach enabled us to visualize the
detailed binding interactions between these small mol-
ecule inhibitors and TAP2. Significant findings include
ampicillin (— 6.5 kcal/mol), TG-101348 (— 6.88 kcal/
mol), and CAY-10618 (— 7.193 kcal/mol) (Fig. 9C-E).

Discussion
Studies show that tumor growth is closely linked to
immune suppression [36—38]. Tumor cells activate vari-
ous immune checkpoint pathways to promote immune
suppression [39, 40]. Advancements in immunotherapy
have led to significant breakthroughs in cancer treatment
[41-43]. Currently, some cancers can be treated with
precisely targeted therapies, such as those for EGFR-
mutated NSCLC, which demonstrate considerable effi-
cacy [44—46]. As a combination of immunotherapy and
targeted therapy, immune-targeted therapy offers hope
for long-term remission in patients with advanced can-
cers [47-49]. However, many tumors still lack effective
targeted immune therapy methods, and patients with
tumors exhibit varying responses to immunotherapy.
Accurate prediction of patient response to immunother-
apy is crucial for the clinical treatment of patients with
cancer.

The role of TAP2 in immune function was investigated,
and several cell function experiments were performed.
Our findings indicate that TAP2 serves as a biomarker
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Fig. 9 Prediction analysis of small molecule drugs targeting TAP2 in pan-cancer. A The heatmap illustrates potential specific drugs targeting TAP2
enriched in more than 8 types of tumors. B The scatter plot delineates the mechanisms of action of specific inhibitors. C, E Molecular docking

results of the TAP2 protein with 3 drugs
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that accurately predicts the response of patients to
immunotherapy, making it effective for assessing immu-
notherapy efficacy in patients with tumors. Moreover,
TAP2 shows potential for further exploration in tumor
immunity.

TAP2 expression levels were compared and analyzed
using data from the TCGA and GTEx databases across
various tumor cells and normal tissues. The results
showed that TAP2 expression levels were elevated in
more than half of TCGA tumors, especially in CHOL
and GBM, compared to those in normal tissues. TAP2,
as a component of TAP, presents high-affinity peptides
to MHC-], and its downregulation is associated with
tumor immune escape [50]. However, in our analysis,
we observed that TAP2 was highly expressed in most
tumors. In this regard, Andrea et al. report a similar
conclusion in their study on breast cancer [51]. We pro-
pose that this phenomenon results from a higher infiltra-
tion of immune cells in the tumor microenvironment of
high-grade tumors, which secrete immune factors and
enhance TAP2 expression.

The role of TAP2 in the prognosis of patients with can-
cer was evaluated. Our analysis revealed a high degree of
consistency across OS, DSS, DFI, and PFI levels—TAP2
expression correlates with the patient prognosis across
various cancers, and its high expression may indicate an
increased risk of tumor recurrence. K-M survival curves
for LGG and ACC also revealed a correlation between
elevated TAP2 expression and poor prognosis, while
patients with BLCA and OV showed the opposite trend.
Clinical studies show a significant association between
TAP2 expression levels and the clinicopathological grade
in patients with breast cancer [51]. In triple-negative
breast cancer, the downregulation of proteins in the
MHC-Class I antigen presentation pathway, including
TAP2, is associated with significantly reduced recur-
rence-free and overall survival periods in patients [52].
Similarly, in vitro experiments using tumor cell lines and
clinical samples demonstrate that gene polymorphism of
TAP2 is strongly associated with increased risk, grade,
and poor overall survival in cervical cancer [53]. Com-
bined with our previous analysis of TAP2 expression, this
finding suggests that TAP2 holds strong potential as a
prognostic marker for patients with cancer. TAP2 expres-
sion in tumor cells may serve as a prognostic tool for
some patients with cancer in the future.

TAP2 expression significantly correlates with the acti-
vation of multiple immune pathways in GSEA results,
especially the TNFA-via-NFKB, IL2-STAT5-signaling,
IFNa-response, IFNy -response, IL6-JAK-STAT3-sign-
aling, allograft-rejection. Ruth Heise et al. report that
interferon-a mediates TAP1 expression via the JAK-
STAT pathway in melanoma [54]. This finding suggests
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that interferon-a similarly enhances TAP2 expression
through the same pathway, a phenomenon likely com-
mon across pan-cancer. The results of our analysis
support this conjecture and reveal that in addition to
interferon-a, interferon-y likely plays a similar role. This
finding provides new insights for exploring the mecha-
nism of tumor development and treatment.

Further analysis of the correlation between TAP2 and
immune cell infiltration revealed a significant correlation
between TAP2 and the levels of various immune cells—
such as DC, CD8+T cells, macrophages, monocytes, and
NK cells. These findings suggest that TAP2 significantly
influences the composition of the tumor microenviron-
ment, serving as a crucial factor for assessing tumor pro-
gression and prognosis. Increasing immune suppressive
cells, such as M2 macrophages, is a primary mechanism
of tumor immune escape [55-57].

The previous analysis confirms the rationale for TAP2
as a prognostic marker for tumors. The relationship
between TAP2 and immune regulatory factors through
Spearman correlation was then analyzed. TAP2 showed
a positive correlation with various immune regula-
tors in most tumors—particularly LAG3, ICOS, IDOI,
TIGIT, and CD274. Therefore, high TAP2 expression
likely enhances the immune response in tumor cells,
or increased infiltration of immune cells in the high-
grade tumor cell microenvironment may promote TAP2
expression. The multivariate Cox proportional hazards
models of TMB and MSI with TAP2 also confirm this
inference. We observed that antigenicity increases with
high TAP2 expression in various tumor cells. Previous
similar analyses reveal that TAP2 may regulate immune
cell infiltration and the immune response in TME. Addi-
tionally, the glioma prognosis model established based on
eight genes, including TAP2, effectively stratifies patients
with glioma by grades, highlighting the potential of TAP2
in immunotherapy and clinical prognosis prediction
[58]. The specific mechanism by which TAP2 increases
immune cell infiltration represents a valuable research
direction that may provide insights into tumor immuno-
therapy and warrants future studies.

The following survival curve further demonstrates
the prognostic significance of TAP2 in ICI cancer. In
the IMvigor210 cohort of patients with urinary tumors
undergoing anti-PDL1 treatment, those with high TAP2
expression experience longer OS than those with low
TAP2 expression. Additionally, the CR/PR remission
rates were higher in patients with low TAP2 expression.
In the Melanoma cohort of Gide 2019, patients with high
TAP2 expression who underwent anti-CTLA-4 and PDL1
treatment have longer PFS than those with low expres-
sion. These findings indicate that TAP2 possesses strong
prognostic properties in cancers, accurately predicting



Yang et al. European Journal of Medical Research (2025) 30:163

responses to immune checkpoint blockade. Tumors with
high TAP2 expression demonstrate better efficacy using
immune therapy.

We conducted functional experiments to validate our
findings. We observed a significant increase in the migra-
tion and proliferation abilities of TAP2 overexpressed
GBM cells, though clonogenicity remains affected. These
findings strongly suggest that abnormal TAP2 expression
likely promotes the malignant behavior of GBM cells.
To clarify the therapeutic potential of TAP2 as a tumor
target, inhibitor drugs that can effectively target it were
screened. Our findings indicate the effectiveness of sev-
eral TAP2-targeting inhibitors in various tumor types.
Molecular docking techniques were then employed to
further identify the potential binding sites of these inhibi-
tors to TAP2.

Although this study shows the feasibility of TAP2 as a
prognostic marker for cancer from various perspectives,
some limitations exist. For example, sequencing data
was obtained from an open database, which introduced
systematic bias for analysis. Additionally, our functional
experiments and expression difference analyses were
only verified in glioma cell lines. Expanding the range
of tumor cell lines would strengthen the evidence for
our conclusions. We have not identified the specific rea-
sons why high TAP2 expression correlates with immune
channel activation, immune cell infiltration, and immune
regulatory factors, necessitating further experimental
exploration. New mechanisms likely underlying these
phenomena offer new insights for cancer immunotherapy
research. We propose that using TAP2 to predict cancer
prognosis is completely feasible and offers significant
clinical value.

Conclusions

In conclusion, this study, based on a comprehensive gen-
eralized cancer analysis, shows that TAP2 has the poten-
tial to serve as a potent prognostic marker and immune
target for human cancers. This potential is associated
with genomic changes, cancer prognosis, immune infil-
tration, and immunotherapy response.
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