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Background. Tcell exhaustion (TEX) is a state of Tcells that is characterized by poor function of efectors and increased expression
of inhibitory signals. However, the heterogeneity and prognostic values of TEX in lung adenocarcinoma (LUAD) remain not fully
understood.Methods. Based on the Cancer Genome Atlas (TCGA) and Gene Expression Omnibus (GEO) transcriptomic profles,
we screened diferentially expressed lncRNAs, miRNAs, and mRNAs and identifed diferentially expressed TEXs. Univariate cox
and LASSO regression analyses were performed to construct TEX-related prognostic signature and risk score and validated their
expression using real-time PCR assay. We then investigated the potential mechanism, immune landscape, and antitumor therapy
response in LUAD. Results. A total of 315 DE-lncRNAs, 161 DE-miRNAs, and 2589 DEGs were screened, and then 80 DE-TEXGs
were identifed in LUAD. Based on univariate cox and LASSO regression analyses, CCNA2 and SLC2A1 were identifed as TEX-
related prognostic signatures, and the risk score subsequently was calculated. LUAD patients were divided into high- and low-risk
groups, and high-risk groups were involved in poor survival status, immunosuppression, and more sensitive to anti-CTLA4
therapy. Finally, a TEX-related ceRNA network was constructed and validated based on DE-lncRNAs, DE-miRNAs, and TEX-
related prognostic signatures. Conclusion. We constructed the TEX-related prognostic signature and its relevant ceRNA network
and discovered the molecular mechanism and prognostic values of TEX in LUAD.

1. Introduction

Lung cancer is the second most commonly diagnosed cancer
and the leading cause of cancer-related death in the world,
with 2.2 million new cases and 1.8 million deaths in 2020 [1].
Lung cancer remains the most common leading cause of
cancer-related morbidity and mortality in China and has
been increasing over the past decades [2, 3]. More than 80%
of lung cancers are diagnosed as non-small lung cancers
(NSCLCs) which mainly are consisted of lung adenocarci-
noma (LUAD) and lung squamous cell carcinoma (LSCC)
[4]. Despite the rapid development of medical technology,
the incidence of lung cancer and the associated death rates
have not decreased over time. About 70% of patients are
diagnosed with lung cancer in its advanced stages, and
approximately 70% to 90% of these patients have a poor fve-

year survival rate in China [5–8]. Terefore, early detection
and treatment are essential to reduce the death rate and
improving the overall survival rate of patients with lung
cancer.

During acute infections or vaccinations, naive T cells
were activated and diferentiate into efector T cells. Fol-
lowing the peak of efector expansion, the resolution of
infammation, and antigen clearance, these efector T cells
subsequently diferentiate into memory T cells [9, 10].
However, during persistent exposure to infammation in
chronic infections and cancer, the diferentiation of memory
Tcells is altered, leading to a state known as Tcell exhaustion
(TEX). Te immune function of exhausted T cells can be
reinvigorated [11]. TEX has been defned by poor efector
function, sustained expression of multiple inhibitory re-
ceptors, and altered transcriptional states that are distinct
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from the functional efector or memory T cells [12]. TEX is
associated with out-of-optimal control of the tumors and
inefcient response to immune checkpoint blockade (ICB)
therapy [13]. A study indicates that 14 treatment-naı̈ve
NSCLC patients with states preceding exhaustion, pre-
exhaustion, and exhaustion T cells are associated with
a better prognosis [14]. Terefore, understanding the TEX
heterogeneity in LAUD is crucial to improve the clinical
outcome of treatment.

Increasing evidence indicates that noncoding RNAs,
such as circular RNAs (circRNAs), PIWI-interacting RNAs
(piRNAs), long noncoding RNAs (lncRNAs), and micro-
RNAs (miRNAs), play vital roles in regulating tumorigenesis
and progression of tumors [15, 16]. Commonly, lncRNAs act
as decoys for miRNAs that share common miRNA response
elements (MREs) to regulate the target gene expression,
known as the competing endogenous RNA (ceRNA) net-
works [17]. ceRNAs involve in several biologic processes and
contribute to carcinogenesis [18]. Long noncoding RNA
LINC01287 functions as an oncogene by promoting pro-
liferation and inhibiting apoptosis in LUAD cells through
the miR-3529-5p/RNASEH2A axis under the ceNRA pat-
tern [19]. SNHG6 also acts as ceRNA sponges miR-26a-5p
regulates E2F7 expression to promote aggressive LUAD cells
[20]. Additionally, the lncRNA HOXA11-AS is involved in
cisplatin resistance in LUAD cells via modulating miR-454-
3p/Stat3 under the ceRNA pattern [21]. However, there are
still many unknowns regarding the molecular functions and
regulatory mechanisms of ceRNA in LUAD.

In this study, we screened the diferentially expressed
transcripts, identifed the TEX-related features, and con-
strued the TEX-related prognostic signature in LUAD based
on bioinformatics technologies.

2. Methods

2.1. Data Source and Processing. Te transcriptome RNA
sequencing (RNA-seq) data and corresponding clinical in-
formation of 507 LUAD patients and 59 normal controls, as
well as microRNA sequencing (miRNA-seq) data and rel-
evant clinical characteristics of 519 LUAD patients and 46
normal controls, were downloaded from Te Cancer Ge-
nome Atlas (TCGA, https://portal.gdc.cancer.gov/). Besides,
two external cohorts, GSE30219 and GSE31210 datasets,
were obtained from the Gene Expression Omnibus (GEO,
https://www.ncbi.nlm.nih.gov/geo/). Te GSE30219 dataset
includes mRNA expression profles and relevant clinical
characteristics of 293 lung cancer patients, while the
GSE31210 dataset comprises mRNA expression profles and
clinical characteristics of 226 LUAD patients, both generated
using the GPL570 platform. Furthermore, we retrieved the
T-cell exhaustion gene (TEXG) sets from GeneCards
(https://www.genecards.org/) by searching keywords “T-cell
exhaustion.” Ultimately, 374 TEXGs were selected based on
the threshold of relevance score >3 (Table S1).

2.2. Screening of Diferentially Expressed lncRNAs, miRNAs,
and mRNAs. Te Limma package in R was used to identify
the diferentially expressed lncRNAs (DE-lnRNAs), difer-
entially expressed miRNAs (DE-miRNAs), and mRNAs
(DEGs) between LUAD patients and normal controls, using
the cutof criteria of |log 2(fold change, FC)|> 1 and false
discovery rate (FDR) <0.05, respectively. Subsequently, the
top 50 DE-lnRNAs, top 50 DE-miRNAs, and top 50 DEGs
were visualized using the pheatmap R package. Diferentially
expressed TEXGs in LUAD were obtained by intersecting
DEGs with a set of 374 TEXGs.

2.3. Construction of a T-Cell Exhaustion (TEX)-Related
Prognostic Signature. Te Cox proportional hazards re-
gression model (Cox model), proposed by British statistician
D.R. Cox in 1972, is a semiparametric regressionmodel.Tis
model uses survival outcomes and survival time as de-
pendent variables, allowing simultaneous analysis of mul-
tiple factors afecting survival duration. It can analyze data
with truncated survival times and does not require speci-
fcation of the survival distribution of the data. Te Cox
model is an important model in survival analysis [22].
Additionally, LASSO regression, also known as least abso-
lute shrinkage and selection operator regression, is a variable
selection method proposed by Robert Tibshirani in 1996. It
employs penalty constraints to shrink coefcients in the
fttedmodel. LASSO is a shrinkage estimationmethod where
the basic idea is to minimize the sum of squared residuals
under the constraint that the sum of the absolute values of
the regression coefcients is less than a constant. Tis ap-
proach can force some regression coefcients to be exactly
zero, thereby producing a parsimonious and interpretable
model [23]. We constructed a TEX-related prognostic sig-
nature using the TCGA-LUAD cohort. Firstly, a univariate
Cox proportional hazards regression model was performed
to identify TEXGs associated with overall survival (OS),
using the survival and survminer packages in R with a sig-
nifcance threshold of <0.05. Subsequently, the OS-related
TEXGs were incorporated into the least absolute shrinkage
and selection operator (LASSO) model to select the optimal
TEXGs associated with LUAD prognosis, using the glmnet
package in R. Finally, a TEX-related prognostic risk sig-
nature was constructed based on the weighted expression
level and coefcient (coef) obtained from LASSO regression
analysis. Te risk score was calculated using the following
formula, Risk score � 􏽐n

i�1coef (genei)∗ expr(genei), where
coef represents the regression coefcient and expr represents
the expression levels of each gene derived from the LASSO
regression analysis.

2.4. Evaluation of the Prognostic Values of the TEX-Related
Signature. To validate the accuracy and sensitivity of the risk
model, the LUAD patients in the TCGA cohort and two
external cohorts (GSE30219 and GSE31210 datasets) were
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stratifed into high- and low-TEX-related risk groups based
on the median value of risk score, determined as the optimal
cutof. Te Kaplan–Meier method and log-rank test,
implemented using the survival R package, were used to
generate OS curves. Additionally, time-dependent receiver
operating characteristic (ROC) curves for 1 year, 2 years, and
3 years were constructed using the survivalROC package in
R to assess the predictive performance of the prognostic
model. Te area under the ROC curve (AUC) was calculated
to evaluate the accuracy of the prognostic model.

2.5. Gene Set Enrichment Analysis. Te KEGG pathway gene
set (c2.cp.kegg.v7.4.symbols.gmt) and 50 human hallmark
gene sets (h.all.v7.4.symbols.gmt) were downloaded from
the Molecular Signatures Database (MSigDB, https://www.
gsea-msigdb.org/gsea/msigdb/index.jsp). Gene set enrich-
ment analysis (GSEA, https://www.broadinstitute.org/gesa/
index.jsp) was then conducted to investigate the relevant
biological functions between the high- and low-TEX-related
risk groups. Signifcant pathways were identifed according
to the parameters of P value <0.05.

2.6. Characterization of Tumor Immune Microenvironment
in LUAD between the High- and Low-Risk Groups Related to
TEX. ESTIMATE package in R was conducted to calculate
the stromal score, immune score, and ESTIMATE score of
the tumor microenvironment (TME) between the high-
and low-TEX-related risk group. Te Estimating Relative
Subsets of RNA Transcript (CIBERSORT) algorithm is
a deconvolution algorithm based on an LM22 matrix fle
consisting of 547 genes and is used to estimate 22 immune
cell types in a mixed-cell population using the gene ex-
pression fles [24]. Here, we estimated the proportion of 22
immune cell types and compared their fraction between the
high- and low-TEX-related risk groups using the Wilcox
test. Pearson correlation analysis was conducted to assess
the correlations between prognostic TEXGs and these 22
immune cell types.

2.7. Tumor Immune Dysfunction and Exclusion (TIDE) Score,
Immunephenoscore (IPS) Score, and Terapy Responses.
Te Tumor Immune Dysfunction and Exclusion (TIDE)
dysfunction score predicts the response to immune
checkpoint blockade (ICB) based on two primary mecha-
nisms of tumor immune evasion [25]. Te immunephe-
noscore (IPS) provides a comprehensive assessment of
immunogenicity [26].

Predictions of potential response to immunotherapy
were also made using the Submap method available on
GenePattern (https://cloud.genepattern.org/gp/pages/index.
jsf ). Moreover, we predicted response to drug therapy on the
half-maximal inhibitory concentration (IC50) using the
Genomics of Drug Sensitivity in Cancer (GDSC) database,
implemented through the pRRophetic package in
R. Signifcant diferences between the high- and low-TEX-
related risk groups were evaluated using the Wilcoxon test
with a signifcance threshold of P value <0.05.

2.8. Construction of a TEX-Related ceRNA Network. For
constructing the TEX-related ceRNA network, miRNA-
lncRNA pairs were predicted using Starbase version 3.0
(https://starbase.sysu.edu.cn/). Additionally, the miRNA-
mRNA pairs were predicted using Starbase version 3.0
(https://starbase.sysu.edu.cn/), miRcode (https://mircode.
org/), miRDB (https://mirdb.org/), miRTarBase (https://
mirtarbase.mbc.nctu.edu.tw/index.html), and TargetScan
(https://www.targetscan.org/vert_72/). Te TEX-related
ceRNA network was construed based on the shared miR-
NAs, targets of shared miRNA, and miRNA-mRNA pairs.
Finally, the ggalluvial package in R was performed to vi-
sualize the ceRNA network. OS curves were generated using
the survival R package based on the optimal cutof values of
miRNA and mRNA expression from the ceRNA network to
assess their prognostic signifcance.

2.9. Clinical Specimen. Fresh tumor tissues and adjacent
nontumor tissue samples were collected from six patients
at Yueqing People’s Hospital Afliated to Wenzhou
Medical University between December 2023 and February
2024. All studies involving human samples were approved
by the Yueqing People’s Hospital Afliated to Wenzhou
Medical University ethics committee (approval number:
YQYY202300216). All patients were diagnosed with
LUAD and had not received any preoperative treatment.
Written informed content was obtained from all partic-
ipants prior to study. Te tissue specimens were imme-
diately frozen in liquid nitrogen after collection and
stored at −80°C for further RNA extraction.

2.10. RNA Extraction and Real-Time PCR Assay. Total RNA
was extracted with TRIzol reagent (TaKaRa, China), fol-
lowed by reverse transcription was performed with
PrimeScript™ RT Master Mix (TaKaRa, China) according to
the manufacturer’s instructions. For real-time PCR analysis,
the resulting cDNA products were amplifed in triplicate
using TB Green® Premix Ex Taq™ (TaKaRa, China) in
triplicates. U6 was employed as the internal control for
normalizing miRNA expression levels, while GAPDH served
as the internal control for normalizing lncRNA and gene
expression levels. Relative expression was quantifed by the
2−ΔΔCt method. Te primer sequences of the genes analyzed
were list as follows:

GAPDH: 5′–TGTTCGTCATGGGTGTGAAC–3′ and
5′–ATGGCATGGACTGTGGTCAT–3′. U6: 5′–GCTTC
GGCAGCACATATACTAAAAT–3′ and 5′–CGCTTCACG
AATTTGCGTGTCAT–3′. AC012236.1: 5′–TTTGGGTTT
TGGGAGCCCTT–3′ and 5′–GGGTCCTGTGCGACT
GTAAA–3′. AC026401.3: 5′–CAGCGCCTTTTGCTTGTT
CT–3′ and 5′–GGGCCAGATCCAAATCACCA–3′. AF1
31215.6: 5′–TGTTTCTGCCTCTTCACAGCA–3′ and 5′–
GATATGTGGGCCGTTGTCAC-3′. AL357093.2: 5′–CCC
TCTGAACCATCCCAACC-3′ and 5′–ATTTGTGCTGCT
GGCATGTG–3′ LINC00261: 5′–AGGATTCTGCATGTG
GGTGG–3′ and 5′–GGTGAGCCCCAGCCTTATTT–3′. LI
NC00665: 5′–AGAAAACACAGCAAGCCCCT–3′ and
5′–AGACTCAGGCTGATGGGGTA–3′. LINC01963: 5′–
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CTTTCCAACTCCCTGGGTCC–3′ and 5′–GCCTTACC
ACCCCTTGTACC–3′. LUCAT1: 5′-CTTGGCACCAGAG
ACCACAA–3′ and 5′–AGCCCATGGTAGATGCTGAA
C–3′. MAGI2-AS3: 5′–TGGCCATAACCAGCAGAGTG–
3′ and 5′–CAGCCCTGGTGTTTTCATGC–3′. SNHG1:
5′–ACAGCAGTTGAGGGTTTGCT–3′ and 5′–GGCTCA
TGACGGGAACAGAA–3′. hsa-miR–129–5p: 5′–GGCTTT
TTGCGGTCTGG–3′ and 5′–CAGTGCGTGTCGTGGAG
T–3′. hsa-miR-199b–5p: 5′–GCGAGCACAGAAATTAA
TACGAC–3′ and 5′–GTGCAGGGTCCGAGGT–3′. hsa-
miR-218-5p: 5′–GTGCAGGGTCCGAGGT–3′ and 5′–GC
GAGCACAGAATTAATACGAC–3′. CCNA2: 5′–TGAG
CATGTCACCGTTCCTC–3’ and 5′–TCAGCTGGCTTC
TTCTGAGC–3′. SLC2A1: 5′–GGAGCAGGTTACTACA
GGGC–3′ and 5′–ATGGCTCCACCAGGGAAATG–3′.

2.11. Statistical Analysis. All statistical analyses were per-
formed using Graphpad Prism 8.0. Data were derived from
three independent experiments and are expressed as the
mean± SD (standard deviation). Student’s t-test was
employed for qRT-PCR data analysis. A signifcance
threshold of P< 0.05 was used to determine statistical
signifcance.

3. Results

3.1. Identifcation of theDE-lncRNAs,DE-miRNAs, andDEGs
in LUAD Patients. Te workfow of this study is illustrated
in Figure 1. Transcriptome data of LUAD obtained from
TCGA included 59 normal samples and 507 LUAD tumor
samples. As shown in Figures 2(a), 2(b), and 2(c), a total of
315 DE-lncRNAs (113 upregulated and 202 downregulated,
Table S2), 161 DE-miRNAs (124 upregulated and 37
downregulated, Table S3), and 2,589 DEGs (920 upregulated
and 1,669 downregulated, Table S4) were identifed between
LUAD tumor and normal samples using the cutof values of
|log 2 FC|> 1 and FDR< 0.05. Te top 50 DE-lncRNAs,
top 50 DE-miRNAs, and top 50 DEGs are shown in
Figures 2(d), 2(e), and 2(f).

3.2. Constructed aNovel TEX-Related Prognostic Signature for
LUAD Patients. A total of 80 DE-TEXGs were identifed by
intersecting 2,589 DEGs and 374 TEXGs (Figure 3(a),
Table S5). Furthermore, we conducted univariate Cox re-
gression analysis to determine prognostic TEXGs, revealing
that 23 TEXGs signifcantly associated with OS with a P

value <0.05 Figure 3(b). Subsequently, two TEX-associated
genes, CCNA2 and SLC2A1, were identifed as the prog-
nostic signature for LUAD patients with the lambda. min
0.068. Figures 3(c) and 3(d), Table S6.

3.3. Validation of the TEX-Related Prognostic Signature.
We further validated the prognostic value of the TEX-related
signature using the TCGA cohort and two external vali-
dation cohorts. As shown in Table S7, the risk score for each
patient in the TCGA cohort was calculated and 507 LUAD
patients were stratifed into high- (n� 164) and low-TEX-

related risk (n� 343) subgroups based on the median TEX-
related risk score (Figure 4(a)). Similarly, patients in the
external cohorts, including GSE30219 and GSE31210 co-
horts, were divided into high- and low-TEX-related risk
subgroups based on the median risk score Figures 4(b) and
4(c). Kaplan–Meier survival curve analysis indicated that
LUAD patients in the high-TEX-related risk group had
shorter overall survival times compared to those in the low-
TEX-related risk group in both the training and validation
cohorts Figures 4(d), 4(e), and 4(f). Additionally, time-
dependent ROC curves for risk score in the TCGA cohort
validated the robustness and accuracy of the prognostic risk
signature, with AUC values of 0.628, 0.656, and 0.662 at 1, 2,
3 years, respectively, Figure 4(g). In the GSE30219 cohort,
the AUC value for the risk score at 1, 2, 3 years were 0.621,
0.610, and 0.630, respectively, Figure 4(h). For the GSE31210
cohort, the AUC values at 1, 2, and 3 years were 0.724, 0.739,
and 0.628, respectively, Figure 4(i). Tese fndings suggest
that the TEX-prognostic risk signature efectively predicts
overall survival in LUAD patients.

3.4. Exploration of Biological Functions between TEX-Related
RiskGroupsBased onGSEA. GSEA was employed to explore
the underlying diferences in biological functions between
high- and low-TEX-related risk groups. Te results revealed
enrichment of several pathways in the high- TEX-related
risk group, including the cell cycle, DNA replication, nu-
cleotide excision repair, p53 signaling, and small-cell lung
cancer pathways Figure 5(a). Tese pathways are crucial for
cellular survival, proliferation, and response to external
damage. Teir aberrant activity or dysregulation is closely
associated with the initiation and progression of tumors.
Additionally, tumor-relevant pathways such as DNA repair,
E2F targets, G2M checkpoint, glycolysis, and hypoxia
pathways were also enriched in the high-TEX-related risk
group Figure 5(b). Tese pathways play crucial roles in
cellular metabolism, survival, and stress response. Teir
abnormal activity or dysregulation is closely associated with
cancer.

3.5. Characterization of Tumor ImmuneMicroenvironment in
TEX-Related Risk Groups. We also explored the immune
characteristics between high- and low-TEX-related risk
groups. Te ESTIMATE algorithm was conducted to eval-
uate the stromal score, immune score, and ESTIMATE score
of LUAD patients, revealing higher Immune score and
ESTIMATE score in the low-TEX-related risk group com-
pared to the high-TEX-related risk group (Figure 6(a),
Table S8).

Subsequently, the CIBERSORT algorithm was per-
formed to analyze the diferences in immune cell types
between the high-risk and low-risk groups. As shown in
Figures 6(b) and 6(c) and Table S9, the relative proportions
of resting memory CD4 T cells, resting mast cells, resting
dendritic cells (DCs), T-cell regulatory (Tregs), monocyte,
and memory B cell were signifcantly lower in high-risk
than low-risk groups. Conversely, the proportions of
macrophages M0, macrophages M1, activated memory
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Figure 2: Identifcation of the DE-lncRNAs, DE-miRNAs, and DEGs in LUAD patients. (a) Volcano plot indicated the signifcantly
diferentially expressed lncRNAs (DE-lncRNAs) between LUAD tumor and normal samples. (b) Volcano plot indicated the signifcantly
diferentially expressed miRNAs (DE-miRNAs) between LUAD tumor and normal samples. (c) Volcano plot indicated the signifcantly
diferentially expressed mRNAs (DEGs) between LUAD tumor and normal samples. (d) Heatmap illustrated the top 50 DE-lncRNAs
between LUAD tumor and normal samples. (e) Heatmap illustrated the top 50 DE-miRNAs between LUAD tumor and normal samples.
(f ) Heatmap illustrated the top 50 DEGs between LUAD tumor and normal samples.
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CD4T cells, neutrophils, resting NK cells, activated mast
cells, and eosinophils were higher in the high-TEX-related
risk group.

Furthermore, we explored the correlation between the
prognostic signature and 22 types of immune cells, fnding
that SLC2A1 expression was positively associated with eo-
sinophils, macrophage M0, macrophage M1, activated mast
cell, neutrophils, resting NK cell, and activatedmemory CD4

T cells but negatively associated with memory B cell, naı̈ve
B cell, activated NK cell, and resting memory CD4 T cells
(Figure 6(d), Table S10). Similarly, the expression of CCNA2
was positively associated with eosinophils, macrophage M0,
macrophage M1, activated mast cell, resting NK cell, acti-
vated memory CD4 T cells, follicular delta T cells, and
gamma delta T cells but negatively associated with memory
B cell, activated DCs, resting DCs, resting mast cells,
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Figure 3: Constructed a novel TEX-related prognostic signature for LUAD patients. (a) Venn plot showed the diferentially expressed
TEXGs between LUAD tumor and normal samples. (b) Forest plot showed the OS-related TEXGs based on univariate Cox regression
analysis. (c) Distribution plot of partial likelihood deviation based on LASSO regression analysis. (d) Distribution plot of the LASSO
coefcient of 23 OS-related TEXGs in LUAD.
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monocytes, resting memory CD4 T cells, and Tregs
(Figure 6(d), Table S10). Tese fndings indicate signifcant
immune diferences between the high-risk and low-TEX-
related risk groups.

3.6.Relationship betweenTEX-RelatedRisk ScoreandTerapy
Response in LUAD Patients. High TIDE score and low IPS
score indicate the less sensitive to immunotherapy [27]. In
the present study, we found a higher TIDE score in the high-
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Figure 4: Validation of the TEX-related prognostic signature (a–c). Survival status distribution, risk score distribution, and the heatmap of
prognostic TEXGs in TCGA-LUAD, GSE30219, and GSE31210 cohorts. (d–f). Kaplan–Meier survival curves of LUAD patients in the high-
and low-TEX-related risk groups in TCGA-LUAD, GSE30219, and GSE31210 cohorts. (g–i). ROC curves for 1-, 2-, and 3-year survival of
LUAD patients in TCGA-LUAD, GSE30219, and GSE31210 cohorts.
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Figure 6: Continued.
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TEX-related risk group Figure 7(a), which was positively
associated with the TEX-related risk score Figure 7(b). We
also found low IPS score in the high-TEX-related risk group
than the low-TEX-related risk group Figure 7(c). Te
therapeutic response by checkpoint inhibitor blocking was
then predicted based on the Submap module, resulting that
the patients in the high-TEX-related risk group being more
sensitive to CTLA4 inhibitors than those in the low-TEX-
related risk group Figure 7(d). Additionally, sensitivity
analysis of chemotherapeutics indicated higher IC50 values
for PD-0332991, CCT007093, metformin, OSI-906, GW-
441756, nutlin-3a, ABT-888, BIRB-0796, methotrexate,
GDC0941, EHT-1864, lenalidomide, ATRA, MK-2206, and
axitinib in the high-TEX-related risk group compared to the
low-TEX-related risk group Figure 7(e). Tese fndings
suggest that the patients in a high-TEX-related risk group
may exhibit increased sensitivity to anti-CTLA4 therapy but
decreased sensitivity to chemotherapy compared to those in
the low-TEX-related risk group.

3.7. Construction and Validation of a Novel TEX-Related
ceRNA Network in LUAD. Finally, we constructed the
ceRNA network to understand the regulatory mechanism of
lncRNAs in LUAD. A network of TEX was constructed based
on the TEX-related prognostic signature Figure 8(a), which
included ten lncRNAs (AC012236.1, AC026401.3,
AF131215.6, AL357093.2, LINC00261, LINC00665,
LINC01963, LUCAT1, MAGI2-AS3, and SNHG1), three
miRNAs (hsa-miR-129-5p, hsa-miR-199b-5p, and hsa-miR-
218-5p), and two TEXGs (CCNA2 and SLC2A1). Finally, we
plotted the OS curves based on the expression of three
miRNAs and two TEXGs from the TEX-related ceRNA
network, resulting that the LUAD patients with high levels of
hsa-miR-129-5p, hsa-miR-199b-5p, and hsa-miR-218-5p
showed higher overall survival time than those in low levels of
hsa-miR-129-5p, hsa-miR-199b-5p, and hsa-miR-218-5p
Figures 8(b), 8(c), and 8(d). Te high expression of CCNA2
and SLC2A1 indicated a poorer survival time than those with
low expression of CCNA2 and SLC2A1 Figures 8(e) and 8(f).
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Figure 6: Characterization of the tumor immune microenvironment in TEX-related risk groups. (a) Violin plot indicated the stromal score,
immune score, and ESTIMATE score between the high- and low-TEX-related risk groups. (b) Boxplots indicated diferentially aggregated
cells between high- and low-TEX-related risk groups. (c) Heatmap showed the distribution of 22 types of immune cells between high- and
low-TEX-related risk groups. (d) Heatmap indicated the correlation between immune cells and prognostic TEXGs in LUAD.
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Furthermore, we collected the clinical specimens to validate
the expression of the TEX-related ceRNA network in LUAD.
As shown in Figures 9(a), 9(b), 9(c), 9(d), 9(e), 9(f), 9(g), 9(h),
9(i), and 9(j), we found the upregulated expression of
AC012236.1, AC026401.3, LINC00665, LUCAT1, MAGI2-
AS3, and SNHG1, while downregulated expression of

AF131215.6, AL357093.2, LINC00261, and LINC01963 in
LUAD tumor samples compared with adjacent normal
samples. We also found the increased expression of hsa-miR-
129-5p, hsa-miR-199b-5p, hsa-miR-218-5p, CCNA2, and
SLC2A1 in LUAD tumor samples compared with adjacent
normal samples Figures 9(k), 9(l), 9(m), 9(n), and 9(o).
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Figure 7: Relationship between TEXrisk score and therapy response in LUAD patients. (a) Violin plot indicated the TIDE prediction score
in high- and low-TEX-related risk groups. (b) Correlation between TIDE prediction score and TEX-related risk score. (c) Violin plot
indicated the IPS in high- and low-TEX-related risk groups. (d) Submap module indicated the immunotherapy response predicated for
high- and low-TEX-related risk LUAD patients. (e) Violin plot indicated the chemotherapy response predicated for high- and low-TEX-
related risk LUAD patients.
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4. Discussion

Cancer immune evasion poses a signifcant challenge in the
development of efective anticancer therapies [28]. In-
creasing evidence suggests that TEX are associated coim-
munosuppressive signals, also known as immune
checkpoints, which waken Tcell functions and play a crucial
role in tumor immune evasion [29, 30]. Terefore, in-
vestigating TEX-related molecular characteristics in LUAD
is essential to overcoming TEX and enhancing the clinical
outcome of immune checkpoint blockade (ICB) therapies.

A study has identifed a set of TEX risk genes using
Weighted Gene Coexpression Network Analysis (WGCNA),
survival random forest analysis, and LASSO regression
analysis [31]. Diferent from this, in the present study, we
identifed the diferentially expressed TEXGs and con-
structed a TEX-related prognostic signature (CCNA2 and
SLC2A1) for LUAD patients using univariate and LASSO
analyses. Additionally, we constructed their related ceRNA
network. A TEX-related risk score was calculated, and pa-
tients were subsequently divided into high-and low-TEX-

related risk groups. We found a high TEX-related risk as-
sociated with a poorer survival rate than low TEX-related
risk in LUAD patients. Furthermore, several signaling
pathways were enriched in the high TEX-related risk group,
including cell cycle-related pathways, DNA replication and
repair, nucleotide excision repair pathway, glycolysis, hyp-
oxia pathways, and p53 signaling pathways.

CCNA2 belongs to the cell cyclin family and commonly
binds to CDK2 to form a proteasome complex, thereby
regulating the cell cycle [32]. CCNA2 functions as an on-
cogene in multiple solid tumors, and its high expression is
associated with the tumor occurrence [33]. Recent research
studies indicate that CCNA2 contributes to epithelial to
mesenchymal transition (EMT) and is associated with
metastasis in NSCLC [34, 35]. Moreover, CCNA2 is sig-
nifcantly correlated with poor prognosis and serves as
a potential therapeutic target for LUAD [36, 37]. Our results
supported the previous view that is CCNA2 acts as an
oncogene and is associated with poor survival of patients in
LUAD. Additionally, we highlighted the role of CCNA2
in TEX.
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Figure 8: Construction of a novel TEX-related ceRNA network in LUAD. (a) Te Sankey diagram showed the connections between ten
lncRNAs (AC012236.1, AC026401.3, AF131215.6, AL357093.2, LINC00261, LINC00665, LINC01963, LUCAT1, MAGI2-AS3, and SNHG1),
three miRNAs (hsa-miR-129-5p, hsa-miR-199b-5p, and hsa-miR-218-5p), and two prognostic TEXGs (CCNA2 and SLC2A1). (b–f)
Kaplan–Meier survival curves of LUAD patients in the high- and low-TEX-related risk groups based on the optimal cutof values of gene
expression (hsa-miR-129-5p, hsa-miR-199b-5p, hsa-miR-218-5p, CCNA2, and SLC2A1.
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Another TEX-related risk gene is SLC2A1, which en-
codes the glucose transporter GLUT1, playing a key role in
glucose metabolism [38, 39]. Increasing studies have
revealed that high expression of SLC2A1 is involved in
decreased CD8 T cells and B cells in gastric cancer [40]. An
in vitro experiment indicates that abnormal expression of
GLUT1 occurs in dysfunctional memory T cells in pleural
efusions secondary to lung cancer [41]. Our fnding also
confrmed that SLC2A1 expression is associated with TEX.

Next, we explored the immune characteristics of the
tumor immune microenvironment (TIM) in LUAD. We
found that high TEX-related risk was associated with low
immune and ESTIMATE scores and positively correlated
with inhibition of CD4 memory resting T cells, resting Mast
cells, resting DCs, Tregs, monocyte, and memory B cell.
Conversely, it was negatively associated with macrophages
M0, macrophages M1, activated CD4 memory T cells,
neutrophils, resting NK cells, activated mast cells, and eo-
sinophils. Tese fndings suggest that the high TEX-related
risk group exhibits immune suppression, while the low TEX-
related risk group shows immune activation, consistent with

previous studies [42]. We investigated the correlation be-
tween TEX-related risk and immunotherapy response.
Consistent with these results, we found the distinct TIDE
score, IPS score, and response of anti-CTLA4 immuno-
therapy for LUAD. Previous studies have highlighted the
crucial role of TEX in lung cancer. In the treatment of
NSCLC, TEX typically exhibit high expression of inhibitory
receptors such as PD-1, which limits their antitumor activity
and allows tumor cells to evade immune surveillance [43].
Te use of immune checkpoint inhibitors, such as anti-PD-1
and anti-PD-L1 antibodies, can partially restore the function
of TEX, thereby enhancing the immune response and im-
proving treatment outcomes for patients [44, 45]. Fur-
thermore, the characteristics and functional states of
exhausted T cells are diverse, including stem-like exhausted
Tcells and terminally exhausted Tcells.Te former possesses
some proliferative capacity and self-renewal ability, while
the latter exhibits higher cytotoxicity but limited pro-
liferative capacity. Tese diferent behaviors in the tumor
immune microenvironment further infuence the efec-
tiveness of immunotherapy [44, 46, 47].
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Figure 9: Real-time PCR was performed to detect the expression of TEX-related ceRNA network in LUAD. (a–o) Histograms of the relative
expression of ten lncRNAs (AC012236.1, AC026401.3, AF131215.6, AL357093.2, LINC00261, LINC00665, LINC01963, LUCAT1, MAGI2-
AS3, and SNHG1), three miRNAs (hsa-miR-129-5p, hsa-miR-199b-5p, and hsa-miR-218-5p), and two prognostic TEXGs (CCNA2 and
SLC2A1).
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Finally, we explored the regulatory mechanism of TEX-
related prognostic signature (CCNA2 and SLC2A1). We
identifed ten lncRNAs (AC012236.1, AC026401.3,
AF131215.6, AL357093.2, LINC00261, LINC00665,
LINC01963, LUCAT1, MAGI2-AS3, and SNHG1) that
interacted with three miRNAs (hsa-miR-129-5p, hsa-miR-
199b-5p, and hsa-miR-218-5p) to regulate CCNA2 and
SLC2A1 expression. Tis study comprehensively revealed
the novel TEX-related ceRNA network for LUAD.

Although this study is the frst to discover TEX-related
molecular characteristics and prognostic values in LUAD
and constructed the novel TEX-related ceRNA network,
several limitations exist. Firstly, the functional role of the
TEX-related prognostic signature should be verifed using
molecular experiments. Secondly, considering the com-
plexity of multiple malignancies, the classifcation of TEX
should be further tested and validated in other solid tumors.
In the future research, we will use cell lines and animal
models to explore the regulatory mechanisms of the novel
TEX-related ceRNA network in LUAD.

5. Conclusion

In conclusion, we identifed the diferentially expressed
TEXGs and then constructed the TEX-related prognostic
signature to predict the prognosis of patients in LUAD. Te
patients were divided into two distinct TEX-related risk
groups, which showed diferences in survival status, immune
characteristics, and response to antitumor therapy. Fur-
thermore, we developed a novel TEX-related ceRNA net-
work that elucidated the molecular regulatory mechanism of
TEXs in LUAD.
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