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Thioredoxin: a key factor in cold tumor
formation and a promising biomarker
forimmunotherapy resistance in NSCLC
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Abstract

Immune checkpoint blockade (ICB) therapy has shown promising clinical efficacy in cancer treatment, but only

a subset of patients experience significant therapeutic responses. Tumor cells respond to internal and external
stresses, such as hypoxia and nutrient deprivation, by activating the unfolded protein response (UPR) in the tumor
microenvironment. This response helps maintain homeostasis, promoting malignant progression, chemotherapy
resistance, and immune escape. In this study, single-cell RNA sequencing (scRNA-seq) data from non-small cell
lung cancer (NSCLC) patients treated with ICB revealed upregulation of thioredoxin (TXN) expression in the
epithelial tissues of LUAD (lung adenocarcinoma) and LUSC (lung squamous cell carcinoma) patients with minimal
pathological remission. High TXN expression was also associated with “cold tumors,” characterized by a lack of T
cells and low levels of chemokine receptors and immunomodulators. Experimental results showed that TXN was
highly expressed in NSCLC tissues, and its knockdown significantly inhibited the proliferation and migration of A549
and SK-MES-1 cells. Furthermore, TXN knockdown enhanced T-cell-mediated cytotoxicity against these tumor cells,
suggesting that TXN contributes to immune escape in NSCLC by promoting tumor cell proliferation and migration
while inhibiting immune killing. Notably, TXN knockdown also upregulated CD40 expression, indicating that TXN
may regulate immune escape in lung cancer through CD40 modulation.
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Introduction

Lung cancer, particularly non-small cell lung cancer
(NSCLCQ), is one of the deadliest malignancies world-
wide, accounting for approximately 85% of all cases [1].
Due to its frequent diagnosis at advanced stages and the
presence of metastases at diagnosis, treatment efficacy is
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PD-L1 inhibitors remains relatively low, at approximately
20-40%, with only around 50% response in patients
exhibiting high PD-L1 expression. Moreover, anti-PD-1
therapy benefits only a subset of patients, many of whom
develop resistance over time [5, 6].

Several strategies have been identified to potentially
enhance the therapeutic efficacy of immune checkpoint
inhibitors (ICIs) in cancer treatment. These include:
enhancing tumor cell immunogenicity [7]; targeting
oncogenes to inhibit tumor cell growth and reduce their
immune escape capabilities [8]; promoting T cell infiltra-
tion and activation within tumor tissues to enhance the
cytotoxic effects on tumor cells [9]; reshaping the immu-
nosuppressive tumor microenvironment by modulating
cytokines, chemokines, and other relevant molecules
[10]; targeting alternative immune checkpoints and
immune-stimulatory receptors; and combining immu-
notherapy with other therapeutic modalities, such as
surgery, radiotherapy, and chemotherapy, to maximize
therapeutic outcomes and improve patient survival rates.
Importantly, all these strategies face a critical challenge:
overcoming immune escape driven by the endogenous
factors of tumor cells. Therefore, understanding the
mechanisms by which tumor cells intrinsically inhibit ICI
efficacy is essential for improving therapeutic responses.

In tumor therapy, drug-induced cell death, abnor-
mal transcription, and metabolic changes significantly
increase the burden on protein synthesis within cells.
The endoplasmic reticulum (ER), as the primary site of
protein synthesis, folding, and processing, must adapt
to these changes to maintain cellular stability [11, 12].
However, as tumor cells proliferate and encounter stress,
misfolded proteins accumulate in the ER, triggering the
unfolded protein response (UPR) to restore homeostasis
[13]. Generally, UPR alleviates ER burden and damage,
restores protein synthesis, and maintains ER function.
However, prolonged or excessive UPR activation can
impair ER function, leading to a condition known as ER
stress, which may contribute to increased resistance to
treatment, particularly during immunotherapy and che-
motherapy [14, 15]. Recent studies have highlighted tar-
geting ER stress as a promising anti-tumor strategy with
broad therapeutic potential [15, 16].

In this study, we analyzed scRNA-seq data from
NSCLC patients treated with PD-1/PD-L1 antibodies and
found that Thioredoxin (TXN) was upregulated in lung
epithelial cells in both lung adenocarcinoma (LUAD) and
lung squamous cell carcinoma (LUSC) patients, with no
major pathological changes observed. The TXN system
plays a crucial role in the removal of reactive oxygen spe-
cies (ROS), and its inhibition leads to elevated ROS levels,
oxidative damage, and cell death. Some enzymes of the
TXN system exert anti-apoptotic effects through direct
interactions with key signaling proteins. For example,
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TXN1 interacts with apoptosis signal-regulating kinase
1 (ASK1) to prevent its pro-apoptotic signaling. PRDX
functions as a chaperone for several oncogenes and
tumor suppressors, such as mitogen-activated protein
kinases (MAPK) [17], c-MYC [18], and phosphatase and
tensin homolog (PTEN) [19]. Studies have shown that
in chronic lymphocytic leukemia cells, AUR kinase trig-
gers ER stress and induces apoptosis [20]. ER stress is
induced by the accumulation of misfolded or damaged
proteins, which activates the UPR pathway to allevi-
ate the stress; however, persistent, unresolved ER stress
ultimately leads to cell apoptosis. Inhibition of TXNRD1
disrupts disulfide bond folding in the ER, establishing a
direct link between cytoplasmic oxidative stress and ER
stress [21]. While the role of TXN in redox processes
has been extensively studied, its influence on the effec-
tiveness of immunotherapy remains underexplored. In
this study, we further investigated the expression and
immune-related effects of TXN in NSCLC and found
that high TXN expression was associated with the forma-
tion of “cold tumors,” characterized by T cell deficiency
and low expression of chemokine receptors and immune
modulatory molecules. Targeting TXN could potentially
enhance the effectiveness of ICB therapy in NSCLC.

Materials and methods

Analysis of NSCLC ICB therapy scRNA-Seq data

The NSCLC scRNA-Seq ICB therapy dataset was sourced
from GSE207422 in the GEO database [22]. This scRNA-
Seq dataset originates from the surgically resected tis-
sues of 12 patients with NSCLC after treatment. All these
patients were found to have no EGFR/ALK mutations.
These patients received neoadjuvant therapy, which
included 2 to 4 cycles (each cycle lasting 3 weeks) of PD-1
antibody combined with platinum-based chemotherapy.
After the treatment, the samples were classified into
two groups based on the pathological assessment: major
pathological response (MPR, # =4) and non-major patho-
logical response (NMPR, # =8).

Analysis was performed using the Seurat package in
R [23-25], generating a unique molecular identifier
(UMI) matrix for each sample. During quality control
(QQ), cells were excluded based on the following cri-
teria: fewer than 500 expressed genes, more than 20%
UMI from mitochondrial genes, more than 50% UMI
from ribosomal genes, or a housekeeping gene score <1
(ACTB, GAPDH, MALAT1). Doublets were detected
and removed using Scrublet (version 0.2.1) with an
expected doublet rate of 0.025 and a manually selected
threshold. The gene expression matrix was normalized
using the NormalizeData function, and cross-sample
variation was adjusted using Seurat’s anchor-based
integration workflow. The integrated data was used for
dimensionality reduction and clustering, visualized via
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PCA and UMAP. Cell clusters were assigned to specific
lineages based on marker gene abundance, with mark-
ers identified using the FindAllMarkers function. Epi-
thelial cells were extracted for downstream analysis.
Differential expression analysis was performed using
the FindAllMarkers function, comparing gene expres-
sion between groups. Pathway enrichment analysis
was conducted with the GSVA package (version 1.38.2)
based on scRNA-seq data [26].

Evaluation of immunological characteristics of the TME in
TCGA-LUAD and TCGA-LUSC

mRNA expression and TMB data for TCGA-LUAD and
TCGA-LUSC were retrieved from the UCSC Xena plat-
form (https://xena.ucsc.edu/). Differences in immune cell
infiltration were evaluated using single-sample gene set
enrichment analysis (ssGSEA) with the “GSVA” package.
he ESTIMATE algorithm was used to calculate stromal,
immune, and ESTIMATE scores for each sample based
on ssGSEA. Cancer-immunity cycle scores for TCGA-
LUAD and TCGA-LUSC were obtained from the TIP
database (http://biocc.hrbmu.edu.cn/TIP/). We collected
data from published articles on immunomodulators,
including damage-associated molecular patterns, MHC
molecules, receptors, chemokines, immunostimulants,
and inhibitory immune checkpoints with therapeutic
potential. To investigate the role of TXN in regulating
the immune characteristics of the tumor microenviron-
ment in TCGA-LUAD and TCGA-LUSC, we performed
Pearson correlation analysis to examine the correlation
between TXN expression and the immune-related gene
sets mentioned above.

Verification of the role of TXN at the single-cell level in
regulating the immune microenvironment of NSCLC

The dataset used to validate TXN expression and TME
immunological characteristics was derived from the
study by Philip et al. [27]. Data quality control was con-
ducted using the same methods and parameters as those
used for the previously mentioned scRNA-Seq ICI data-
set. The cutoff value for TXN expression was determined
based on the average expression level of TXN in each
tumor sample, with patients classified into high-expres-
sion and low-expression groups accordingly.

Cell-cell communication potential was assessed using
the CellChat R package (version 1.1.3) [28]. The normal-
ized expression matrix was imported to create a CellChat
object using CellChat functions. Preprocessing was per-
formed using the identify Over Expressed Genes, identify
Over Expressed Interaction, and Project Data functions
with default parameters. Potential ligand-receptor inter-
actions were identified through the compute Commun-
Prob, filter Communication, and compute Commun Prob
Pathway functions. Finally, the aggregate Net function
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was employed to aggregate the cell communication net-
work. Major signaling sources and targets were identi-
fied by evaluating the outgoing and incoming interaction
strengths as out-degree and in-degree centrality metrics
within the weighted cell communication network, with
edge weights determined by the communication prob-
abilities computed by CellChat.

Differentially expressed genes between clusters or
groups in the scRNA-seq data were explored using the
FindMarkers function. For scRNA-seq gene set analysis,
pre-ranked gene set enrichment analysis (GSEA) was
conducted using the ‘fgsea’ R package, or gene set varia-
tion analysis (GSVA) was performed using the ‘gsva’ R
package.

Cell lines and cultures

The human NSCLC cell lines A549 and SK-MES-1 were
purchased from the Cell Bank of the Chinese Academy
of Sciences (Shanghai, China). The cells were cultured
in high-glucose Dulbecco’s Modified Eagle’s Medium
(DMEM, Gibco), supplemented with GlutaMAX,
10% fetal bovine serum (FBS, Hyclone), and 100 U/
mL penicillin-streptomycin (Invitrogen). The interfer-
ing sequences of the human TXN gene were selected to
design shRNA fragments (5-AAAGGACGCUGCAGG
UGAUAAATTAGTGAGGAGGACGCUGCAGGUGA
UAAATTTTT-3'). The empty vector and shRNA were
transfected into A549 and SK-MES-1 cells using pLent-
U6-GFP-Puro as the vector, and then cultured with the
ADV-HR viral helper factor to observe the efficiency of
green fluorescence and verify the knockdown effect.
Stable transfected cell lines with knockdown of the
human TXN gene were constructed by screening with
puromycin.

T cell activation and expansion

Purified T cells should be activated at an optimal surface
density of 1x10° cells per cm?. Resuspend Purified T cells
in 990 uL supplemented Medium with 20 IU/mL Human
IL-2 or 155 U/mL Human IL-7 and 290 U/mL Human
IL-15 in a 48-well plate. Add 10 pL of the T Cell TransAct
(Miltenyi Biotec,130-128-758), then incubate at 37 °C,
5% CO, for up to 3 days. When working with higher cell
numbers, scale up all reagent volumes and total volumes
accordingly.

RNA extraction and real-time quantitative PCR analysis

Cells or tissues were lysed using TRIzol reagent (Invitro-
gen, USA) to extract total RNA. The RNA concentration
was measured using a NanoDrop 2000 spectrophotom-
eter (Thermo, USA) at 260 nm. RNA was reverse tran-
scribed into ¢cDNA using the PrimeScript RT reagent
(TaKaRa, Japan), according to the manufacturer’s instruc-
tions. The resulting cDNA was stored at -20 °C for further
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use. TXN mRNA expression was quantified using quanti-
tative real-time PCR (qRT-PCR) on an ABI 7500 system
(Thermo, USA). SYBR Premix (TaKaRa, Japan) was used
for qRT-PCR, following the manufacturer’s instructions.
Amplification and melting curves were analyzed to con-
firm the specificity of the amplification, and GAPDH and
B-actin were used as reference genes. The CT values of
the target gene were obtained, and relative gene expres-
sion in each experimental group was calculated using
the AACT method. TXN primers were synthesized by
Shanghai Sangon Biotech Co., Ltd. (China), with the for-
ward primer sequence being GTGAAGCAGATCGAGA
GCAAG and the reverse primer sequence being CGTGG
CTGAGAAGTCAACTACTA.

Western blot analysis of TXN expression

Western blot (WB) was used to detect the expression
of TXN in tissues or cells. To extract total protein, cells
were lysed in RIPA buffer containing protease inhibitors
(Beyotime, P1005, 1:100). The total protein samples were
loaded onto Bis-Tris SDS/PAGE gels and then transferred
to polyvinylidene fluoride (PVDF) membranes. The
membranes were blocked with 5% BSA for 1 h, followed
by incubation with anti-TXN antibody (Thioredoxin 1,
CSTC63C6, 1:1000) at 4 °C overnight. The membranes
were then incubated with the secondary antibody (Beyo-
time, P0208, 1:1000) for 1 h. Finally, bands were detected
using the DAB kit and analyzed with an imaging system.

CCK-8 assay and colony formation assay

The CCK-8 assay was performed according to the manu-
facturer’s instructions (Beyotime, C0038). Cell prolifera-
tion was quantified by measuring the optical density at
450 nm (OD450). For the colony formation assay, 1000
cells were seeded into each well of a six-well plate and
cultured in a 37 °C incubator with 5% CO,. After the
incubation period, the cells were washed with phosphate-
buffered saline (PBS), fixed with methanol, and stained
with crystal violet. The colonies were then visualized and
counted under an optical microscope.

Scratch assay for cell migration

A549 and SK-MES-1 cells were seeded into 6-well plates
at a density of 1x10°cells/ml in 2 mL of cell suspen-
sion. Each group was performed in triplicate. To create
the scratch, vertical lines were made on the cell mono-
layer using sterile pipette tips. After scratching, the cells
were washed twice with PBS to remove debris and incu-
bated in serum-free medium. Migration of cells into the
scratched area was observed at 0, 24, and 48 h using an
inverted microscope. The width of the wound was mea-
sured at five randomly selected fields (x100 magnifica-
tion) per group, and the percentage of wound closure was
calculated.
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Flow cytometry

A549 and SK-MES-1 cells were seeded at a density of
1% 10° cells per well in 60 mm culture plates and cultured
in RPMI-1640 medium supplemented with 10% fetal
bovine serum (FBS) at 37 °C in a humidified incubator
with 5% CO, for 24 h. After 24 h, cells were treated with 5
uM decitabine (HY-A0004, MedChemExpress, New Jer-
sey, USA) dissolved in DMSO for 24 h, with the control
group receiving an equal volume of DMSO. Cells were
harvested using 0.25% trypsin-EDTA (Gibco, Thermo
Fisher), incubated at 37 °C for 3-5 min, and then gently
detached. The reaction was stopped by adding complete
culture medium containing 10% FBS. Cells were col-
lected by centrifugation at 300 x g for 5 min and washed
twice with cold PBS. For immunostaining, cells were
blocked with 5% BSA in PBS for 30 min at 4 °C, followed
by incubation with FITC Mouse Anti-Human CD40 anti-
body (Cat. No. 556624, BD Biosciences) at a dilution of
1:100 for 30 min at 4 °C. Flow cytometry analysis was
performed using a Cytek Aurora flow cytometer (Cytek
Biosciences). FITC fluorescence was detected in the FL1
channel, and at least 10,000 events per sample were col-
lected. Data analysis was performed using FlowJo soft-
ware (FlowJo, LLC).

Quantification and statistical analysis

All statistical analyses described above were performed
either with R or with Prism 10 (GraphPad Software).
The following statistical significance levels were used:
*p<0.05, *p<0.01, **p <0.001, and ****p <0.0001.

Results

High TXN expression in epithelial cells correlates with PD-1
antibody resistance in NMPR NSCLC

This study focused on epithelial cell-driven PD-1 anti-
body resistance in combination with chemotherapy. We
analyzed published single-cell sequencing data from
12 surgically resected patients receiving PD-1 antibody
combined with chemotherapy, including 4 patients with
MPR and 8 patients with NMPR [22]. After quality assur-
ance and filtering of individual cells, a total of 74,091
high-quality cells were obtained from the GSE207422
dataset, including 23,171 cells from MPR patient tissue
and 55,171 cells from NMPR patient tissue. After remov-
ing unwanted cells, the data were combined. Based on
the expression of classical marker genes [29], we anno-
tated the cell clusters as different types of immune and
non-immune cells, including T cells, NK cells, B cells,
myeloid cells, neutrophils, plasma cells, plasmacytoid
dendritic cells (pDC), mast cells, stromal cells (fibro-
blasts/endothelial cells), and epithelial cells. Epithelial
cells were extracted, regrouped, and divided into nine
subpopulations (Fig. 1A).
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Fig. 1 High TXN Expression in Epithelial Cells Correlates with PD-1 Antibody Resistance in NMPR NSCLC. (A) UMAP visualization of epithelial cells from
MPR and NMPR patients based on scRNA-seq data from the GSE207422 dataset. (B) Volcano plot showing differentially expressed genes in epithelial cells
from MPR and NMPR patients. (C) GSVA of differentially expressed pathways in these epithelial cells. (D) Venn diagram illustrating the overlap of differen-
tially expressed UPR-related genes in MPR and NMPR patients. (E) TXN expression in epithelial cells from NSCLC, including LUAD and LUSC subtypes, in
MPR and NMPR patients. (F) UMAP visualization of TXN expression across various cell types from MPR and NMPR patients based on scRNA-seq data. (G)
Violin plot showing TXN expression in different cell types from MPR and NMPR NSCLC patients. (H) TXN expression in patients with non-response (NR)
and response (R) to ICB treatment (left), and the diagnostic ROC curve for predicting treatment response (right)

Differential gene expression and GSEA revealed that
major pathways up-regulated in NMPR included choles-
terol homeostasis, glycolysis, unfolded protein response,
reactive oxygen species pathway, adipogenesis, and oth-
ers (Fig. 1B-C). The UPR caught our attention. Both che-
motherapy and radiotherapy trigger mechanisms such as
DNA damage and oxidative stress, causing cancer cells
to react to stress, which leads to the accumulation of
large amounts of unfolded proteins. Endoplasmic reticu-
lum stress attempts to restore homeostasis by initiating
the UPR, pathways through which tumor cells regulate
not only protein folding and modification but also their
metabolic pathways and immune escape mechanisms,
thereby helping tumor cells survive and proliferate in an
adverse therapeutic environment.

Through the intersection analysis of differential genes
with published UPR-related gene sets, we identified nine
differentially expressed UPR genes in MPR and NMPR
groups (Fig. 1D and Table S1). Further analysis revealed
that these nine genes exhibited significant expression het-
erogeneity across different tissue types. In LUAD (n=6)
and LUSC (n=6), only the differential expression of TXN
and CD74 showed a consistent trend. TXN was upregu-
lated in both LUAD and LUSC (Fig. 1E and Supplemen-
tary Fig. 1A), while CD74 was downregulated in both
cancer types (Supplementary Fig. 1B). Further investiga-
tion showed that TXN was primarily highly expressed
in epithelial cells (Fig. 1F-G), whereas CD74 was pre-
dominantly expressed in B cells. Additionally, in the Bio-
marker Exploration of Solid Tumors (BEST) databasel®,
TXN expression was consistently higher in patients who
did not respond to ICB treatment in the GSE115821,
GSE126044, and GSE67501. This study focused on the
mechanism of PD-1 antibody resistance driven by epithe-
lial cells, particularly in combination with chemotherapy.
Therefore, TXN, which is predominantly expressed in
epithelial cells, was selected for further investigation.

TXN is associated with a non-inflammatory tumor immune
microenvironment in NSCLC

The infiltration of immune cells and their ability to rec-
ognize tumor-specific antigens are crucial indicators of
the efficacy of immune checkpoint inhibitors. To explore
the role of TXN in the tumor immune response, we
analyzed the correlation between TXN expression and
immune cell infiltration using the single-sample gene set
enrichment analysis (ssGSEA) algorithm, based on the

TCGA-LUAD and TCGA-LUSC datasets. The results
indicated that tumors with high TXN expression exhib-
ited significantly lower levels of CD8* T cells, NK cells,
Th1 cells, macrophages, and dendritic cells compared to
those with low TXN expression (Fig. 2A, Supplemen-
tary Fig. 2A-B, and Table S2). This suggests that high
TXN expression is associated with the formation of
“cold tumors,” characterized by a lack of T cell infiltra-
tion. Further analysis of the tumor microenvironment
(TME) showed that, in the high TXN expression group,
matrix, immune, and estimated scores were significantly
reduced (Fig. 2B and Table S3). To investigate the rela-
tionship between TXN and the immune response, we
used the Tumor Immunophenotype Tracking (TIP)
analysis platform [30] to examine TXN expression across
various stages of the cancer immune cycle. In both LUAD
and LUSC, high TXN expression was associated with
downregulated activity in key steps of the immune cycle,
including tumor antigen presentation (step 2), immune
cell activation (step 3), immune cell migration to the
tumor (step 4), immune cell invasion (step 5), T cell rec-
ognition of cancer cells (step 6), and cancer cell killing
(step 7) (Fig. 2C and Table S4).

While high TMB is often correlated with the expres-
sion of neoantigens that activate the immune response
[31], we observed a weak correlation between TMB and
TXN expression in high-TXN tumors in both LUAD and
LUSC (Fig. 2D and Table S5), suggesting that TXN may
not strongly induce neoantigen responses through muta-
tions. Immune checkpoint blockers rely on adaptive anti-
tumor immune responses activated by a combination of
tumor antigens and DAMPs molecules. Correlation anal-
ysis revealed that TXN expression was negatively corre-
lated with most DAMPs, including TLR2, TLR4, TLR7,
NLRP3, BCL2, IL33, CLEC7A, FPR1, FPR2, and AGER,
but positively correlated with HMGB1, PPIA, and HSP90
(Fig. 2E and Table S6). In both TCGA-LUAD and TCGA-
LUSC, there was significant heterogeneity in the correla-
tion between TXN and chemokines (Table S7). However,
chemokine receptors such as CCR1, CCR2, CCR4, CCRS5,
CCR7, CCRS8, CCRY, XCR1, CXCR2, CXCR4, CXCR5,
CXCR6, and IL2RA were generally negatively correlated
with TXN expression (Table S8). These receptors are
involved in the recruitment of CD8" T cells, Th17 cells,
and antigen-presenting cells, suggesting that TXN may
inhibit excessive immune cell recruitment and inflam-
matory responses via negative regulatory mechanisms.
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Fig. 2 TXNis associated with a non-inflammatory tumor immune microenvironment in NSCLC. (A) Correlation between TXN expression and immune cell
infiltration in TCGA-LUAD and TCGA-LUSC, assessed by ssGSEA. (B) Comparison of StromaScore, ImmuneScore, and ESTIMATE scores between TXN-High
and TXN-Low subgroups, showing lower scores in the TXN-High group. (C) Comparison of cancer immune cycle activity between TXN-High and TXN-Low
subgroups in TCGA-LUAD and TCGA-LUSC. (D) Correlation between TXN expression and tumor mutation burden (TMB) in TCGA-LUAD and TCGA-LUSC. (E)
Correlation between TXN expression and damage-associated molecular patterns (DAMPs) in TCGA-LUAD and TCGA-LUSC. (F) Correlation between TXN
expression and chemokines, receptors, and immunostimulatory molecules in TCGA-LUAD and TCGA-LUSC

Additionally, TXN was inversely associated with sev-
eral immunostimulatory molecules, including CD28,
CD40LG, ENTPD1, CD27, CD40, CD80, and TNFRSF
family members, which are crucial for T cell activa-
tion (Table S9). Notably, PDL1 (CD274) was positively
correlated with TXN expression in LUSC, while most
inhibitory immune checkpoints were significantly down-
regulated in high TXN expression tumors (Fig. 2F and
Table S10). In the GSE207422 scRNA-Seq dataset of ICB
patients, we observed that CD274 expression in epithelial
cells was significantly higher in MPR patients compared
to NMPR patients. However, no significant correlation
was found between TXN expression in epithelial cells
and CD274. Interestingly, increased TXN expression in
epithelial cells was associated with higher average expres-
sion levels of immune inhibitory receptors on T-cell sub-
sets, including TPDCD1, HAVCR2 (TIM3), CTLA4, and
LAG3 (Supplementary Fig. 3).These findings suggest that
high TXN expression in NSCLC may be associated with
impaired immune cell infiltration, suppressed immune
responses, and inhibition of T cell activation.

High TXN expression disrupts NSCLC immune surveillance
We further investigated the relationship between TXN
expression and the NSCLC tumor microenvironment at
the single-cell level using the other NSCLC dataset [27].
A subset analysis of 34,708 high-quality cells was per-
formed, with cell clusters categorized into immune and
non-immune cells based on classical marker gene expres-
sion (Fig. 3A). Samples with TXN levels greater than 1
were classified as the “TXN-high” group, while samples
with TXN levels less than 1 were classified as the “TXN-
low” group (Fig. 3B-C). Consistent with the TCGA
database, the proportion of T and NK cells in the “TXN-
high” group was significantly lower than in the “TXN-
low” group (Fig. 3D). Next, cell interactions between
the “TXN-high” and “TXN-low” groups were quantified
using CellChat, with interaction frequency indicated
by line thickness. The total number of interactions was
lower in the “TXN-high” group, although the interaction
intensity was higher compared to the “IT’XN-low” group
(Supplementary Fig. 4A-B).

In the “TXN-high” group, signaling pathway intensity
from tumor cells to myeloid cells, endothelial cells, and
fibroblasts was significantly higher than in the “TXN-
low” group (Fig. 3E). Network centrality analysis revealed
that myeloid cells were the primary contributors to cell

communication in the “TXN-high” group, whereas T
and NK cells dominated the “TXN-low” group (Fig. 3F).
Additionally, CADM, a marker associated with host
immune surveillance, and co-stimulatory receptor
CD226 signaling in tumor epithelial cells were elevated
in the “TXN-high” group compared to the “TXN-low”
group (Fig. 3G and Supplementary Fig. 4C-F). Differen-
tial expression analysis of the UPR pathways between the
“TXN-high” and “TXN-low” groups revealed that tumor
cells in the “TXN-high” group exhibited upregulated
pathways, similar to those in the NMPR group. These
pathways included UPR, ROS pathways, and DNA repair
mechanisms, as shown in Fig. 3H-L

TXN facilitates proliferation and migration while inhibiting
Immune-Mediated killing in NSCLC

To investigate the expression and functional role of
TXN in NSCLC, we first analyzed data from the TCGA
database. The results indicated that the mRNA level of
TXN was significantly higher in LUAD and LUSC tis-
sues compared to paired normal tissues (Fig. 4A). We
then confirmed this finding by qPCR analysis of TXN
mRNA expression in 20 LUAD and LUSC samples, which
showed significantly higher expression in both can-
cer types than in matched non-tumor tissues (Fig. 4B).
Western blotting further confirmed that TXN protein
expression was significantly elevated in LUAD and LUSC
cancerous tissues compared to matched non-tumor tis-
sues (Fig. 4C).

To explore the role of TXN in cell proliferation, TXN
expression was knocked down in A549 (lung adenocar-
cinoma) and SK-MES-1 (lung squamous cell carcinoma)
cells. Cell proliferation was then assessed using CCK-8
and colony formation assays. The results showed that
TXN knockdown significantly inhibited proliferation
and colony formation in both A549 and SK-MES-1 cells
(Fig. 4D, E). Migration assays revealed that TXN knock-
down also significantly reduced the migration ability
of both cell lines (Fig. 4F). Finally, we assessed the role
of TXN in immune escape by establishing a co-culture
model of Jurkat T cells with A549 or SK-MES-1 cells,
which were stimulated and activated with CD3/CD28 T
cell transAct. The results showed that TXN knockdown
significantly enhanced the immune killing effect of T cells
on both A549 and SK-MES-1 cells (Fig. 4G). These find-
ings suggest that TXN may play a critical role in tumor



Hu et al. Respiratory Research (2025) 26:179

Page 9 of 15

TXN low
Cluster TXN Low TXN High
. Tumor
[ R % i 2w
| B 5 Fa
I wyetoia 2
1
Myeloid_Proliferating 2
u @ TXN high
. Mast _— — — -
[ ciatea = A ak
0
e S & & & & ¢ & & :
| B & & ¢ SR R R
~of
D E
TXN Low TXN High
S k7]
1.00 1.00 g
=]
o
°
075 Cuser o
075 B o %
™
He o
050 080 = -
| ™
B cises
| oo
025 02s e 2
®
c
2
000] = o e B —_——— - N | TN 1z
pO30t pO33t pO32t pO27t pO34t pO18t POt pO31t pO24t pO23t XN Low TXN_Figh 3
Ratio Ratio §
]
(7]
F T a G Cell-Cell Contact Secreted Signaling
Myelox
= - Ow TXN_High TXN_Low Overall signaling patterns - TXN_High Overall signaling pattemns - TXN_Low
& 02 o0e 00t o
A . | I s, B ¢
i co C = = 8 i =
1
! 3 i s En = £
oo & ® = el = - e —
£ . PECAMT = - COMPLEMENT —
g [ ey - " om oy -
o & £ £ 2 £
0001 P Fieo "ﬁ H - = VZEY
0.00 o0 002 MPZ - - Y & PROS em
cois ommo = F Gas g
St £l = .i e =l 2 i
—— ) H -i= 2o NER -- &%
- CD34 o - UFR
oK Lreru - ; - =_ Hor
§ = | =
o . a g z
§ Iy - - £ s
: o o 8w | : H i
0005 Myelia @ sous ! I - PosE
E SEMAS 1 CALCR
£ BEIEI EE CC OBECiE Ex°
Fibro a2 $33354 & = E 2@
L 2 1 ' i
T 5 5 :
| TXN High VS TXN Low
4 I =
Acame
B o, g
i g
E thr_signi i
'§' o = Down_Highly -
» ©  Down_Lowly %
g
g * Up_Highly zergoouneoney u sz py 3y
: " tntow HIHHIHTIHITHIHBH
HHHINBHHIUHI
gdw"f‘ﬁ‘&- m'_a"‘yﬁgﬁlmlm‘g §§mm“,§
-2 AETRET AL g ELEg &153@25
g 5% 85 7 1 giifs §‘§ EA
z <3 3 7 g g % =" g
g gE 2 i 3 8 3% g
g 8 § 5 8¢ £
-4 * scomAr G2 Y £
3
al

Fig. 3 (See legend on next page.)
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Fig. 3 High TXN expression disrupts NSCLC immune surveillance. All data were based on scRNA-seq data from the study by Philip et al. [27]. (A) UMAP
visualization of the scRNA-seq data. (B) Classification of samples into“TXN-high”and “TXN-low"groups based on TXN expression levels. (C) UMAP visualiza-
tion of TXN expression in the “TXN-high”and “TXN-low” groups. (D) Relative proportion of immune cell subsets in the “TXN-high”and “TXN-low" groups.
(E) CellChat analysis of signaling pathway intensity between the “TXN-high"and “TXN-low" groups. (F) Network centrality analysis of cell communication
in the “TXN-high” and “TXN-low" groups. (G) Heatmap of overall cell-cell contact and secreted signaling communication intensity in the “TXN-high”and
“TXN-low" groups. (H) Volcano plot showing differentially expressed genes between the “TXN-high”and “TXN-low" groups across various cell subpopula-
tions. (I) GSVA analysis of differentially expressed pathways in the “TXN-high”and “TXN-low" groups

immune escape in NSCLC by promoting cell prolifera-
tion, migration, and inhibiting immune killing.

TXN down-regulates CD40 expression in NSCLC cells
To further investigate the potential mechanism of TXN
in cell proliferation and the formation of low immune
cell infiltration in NSCLC, we screened genes positively
correlated (Pearson >0.3) and negatively correlated (Pear-
son<0.3) with TXN expression from the TCGA-LUAD
and TCGA-LUSC databases, respectively (Fig. 5A Table
S11). In these two datasets, TXN expression was posi-
tively correlated with 469 genes and negatively correlated
with 140 genes. Gene Ontology (GO) analysis of these
differentially expressed genes revealed enrichment in
several biological processes (GO-BP), including protein
synthesis and folding (e.g., ribonucleoprotein complex
biosynthesis, protein folding, protein stability regulation),
energy metabolism (e.g., energy harvesting from oxida-
tion of organic compounds, ATP metabolic processes),
RNA processing and post-transcriptional regulation (e.g.,
mRNA processing, RNA splicing, RNA localization), and
nucleotide metabolism (e.g., nucleotide metabolic pro-
cesses, nucleotide biosynthesis) (Fig. 5B and Table 512).
To predict the interaction between TXN and related
genes, we used the GeneMANIA website (http://ge
nemania.org/), which identified a significant regula-
tory relationship between TXN and CD40 (Fig. 5C and
Table S13). To further explore this interaction, we uti-
lized AlphaFold3 to predict a hydrogen bond between
the 72nd Lysine (Lys72) of TXN and the 59th Cysteine
(Cys59) of CD40, suggesting a potential molecular inter-
action. CD40, a 48 kDa transmembrane glycoprotein in
the tumor necrosis factor receptor (TNFR) superfam-
ily, is expressed in various cell types, including antigen-
presenting cells (e.g., dendritic cells, macrophages, B
cells) and certain tumor cells [32, 33]. Importantly, CD40
is upregulated in cancer cells but not in normal cells,
where it plays a crucial role in promoting apoptosis and/
or necrosis signaling, contributing to tumor cell death.
CD40 expression in lung cancer is strongly associated
with immune escape and tumor progression [34]. We
observed a negative correlation between TXN expression
and CD40, as well as CD40L expression, in both TCGA-
LUAD and TCGA-LUSC datasets. To verify this, we
examined the effect of TXN knockdown on CD40 expres-
sion in A549 and SK-MES-1 cells using flow cytometry.
Given the low basal expression of CD40 in these NSCLC

cell lines, we treated cells with 5 uM decitabine to induce
CD40 expression [35]. The results demonstrated that
TXN knockdown significantly upregulated CD40 expres-
sion in both cell lines, indicating that TXN may contrib-
ute to immune escape in NSCLC by modulating CD40
expression.

Discussion

ICB therapy has shown promising clinical outcomes
in cancer treatment; however, only a subset of patients
exhibit significant responses to this approach. Tumor
cells respond to both internal and external stresses,
including hypoxia and nutrient deficiency, by activating
an UPR in the tumor microenvironment. This adaptive
mechanism enables cancer cells to maintain homeosta-
sis and promotes malignant progression, chemotherapy
resistance, and immune evasion [36, 37].

UPR plays a critical role in tumor cell survival under
adverse microenvironmental conditions by regulating
protein folding and repair processes, especially during
stress such as oxygen and nutrient deprivation. This acti-
vation of UPR enhances protein folding and alleviates
ER stress, which helps tumor cells adapt to harsh con-
ditions. Different branches of the UPR regulate tumor
cell growth, survival, and immune response, potentially
influencing the efficacy of ICB therapy by modulating
the tumor immune landscape [38]. Studies suggest that
tumor cells also activate the UPR to escape the effects of
immune checkpoint inhibitors through immune evasion
mechanisms [39, 40]. These findings highlight the poten-
tial of targeting the UPR signaling pathway to improve
clinical immunotherapy outcomes.

In this study, scRNA-seq data from NSCLC patients
treated with ICB showed that TXN expression was
upregulated in the epithelial tissues of LUAD and LUSC
patients with a non-major pathologic response. TXN,
which encodes the REDOX enzyme Trx1, plays a crucial
role in maintaining REDOX homeostasis, regulating free
radicals and reactive oxygen species to counteract oxida-
tive stress [41, 42]. TXN also contributes to cell prolifera-
tion, immune evasion, and inflammation. Its knockdown
inhibits tumor cell growth, suggesting its catalytic role
in these processes [43]. The TXN system, including key
enzymes like TXN, TXNRD, and PRDX, is essential for
protein folding and preventing misfolding in the ER [44].
Inhibition of this system disrupts disulfide bond forma-
tion, leading to unfolded protein accumulation, UPR
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Fig. 4 TXN Facilitates Proliferation and Migration while Inhibiting Immune-Mediated Killing in NSCLC. (A) TXN mRNA expression in TCGA-LUAD and
TCGA-LUSC tumor and matched non-tumor tissues. (B) RT-gPCR analysis of TXN mRNA expression in 20 LUAD and LUSC tumor and matched non-tumor
tissues. (C) Western blot analysis of TXN protein expression in LUAD and LUSC tumors and matched-non tissues. (D-E) Colony formation and CCK-8 assays
assessing the impact of stable TXN knockdown on A549 and SK-MES-1 cell survival and proliferation (n=3). (F) Cell migration assay showing the effect
of stable TXN knockdown on A549 and SK-MES-1 migration. (G) Survival of tumor cells co-cultured with activated Jurkat cells, assessed by crystal violet

staining

activation, and potential apoptosis if the stress is unre-
solved [21, 45].TXN and its encoded protein Trx1 have
shown potential diagnostic and therapeutic value in vari-
ous disease models. Elevated TXN expression has been
observed during asthma attacks, in sepsis patients, and
in patients with acute lung injury. Additionally, reduced
TXN levels are associated with the severity of coronary
artery disease [46]. Furthermore, inhibiting TXN may
offer a promising strategy for cancer therapy [47].

We found that NSCLC patients with high TXN expres-
sion were more likely to develop “cold tumors,” character-
ized by T cell deficiency and low expression of chemokine
receptors and immune modulators. The activity of the
cancer immune cycle reflects the complex immunomod-
ulatory interactions within the tumor microenviron-
ment. Notably, both LUAD and LUSC patients with high
TXN expression exhibited tumor antigen presentation,
immune cell activation and migration to the tumor,
and reduced T cell recognition and cancer cell killing.
Tumor-specific antigens (neoantigens) are key inducers
of T-cell-mediated immune responses, with their abun-
dance commonly referred to as TMB [48]. Despite the
negative correlation between high TXN expression and T
cell-mediated cancer cell killing, the relationship between
TMB and TXN expression was weak, suggesting that
TXN may not directly drive a strong neoantigen response
through mutations.

Chemokine receptors are crucial for leukocyte chemo-
taxis, immune cell recruitment, inflammatory response,
and tumor progression. In both TCGA-LUAD and
TCGA-LUSC datasets, we identified several chemokine
receptors (e.g., CCR2, CCR5, CXCR4, CXCR7) that were
negatively correlated with TXN expression. These recep-
tors, particularly the CCR2/CCL2 and CCL5/CCR5 axes,
drive lung cancer metastasis and poor prognosis [49].
Additionally, CXCR1 and CXCR2 are linked to drug
resistance, while CXCR7 promotes tumor migration and
metastasis in lung cancer [50-52]. These findings sug-
gest that TXN may inhibit immune response and T cell
activation in NSCLC by limiting immune cell infiltra-
tion. Interestingly, while PD-L1 (CD274) in LUSC was
positively correlated with TXN expression, most other
immune checkpoints were significantly downregulated in
high TXN expression groups, potentially due to preexist-
ing immune cell suppression in the tumor microenviron-
ment. This implies that NSCLC patients with high TXN
expression may have reduced sensitivity to ICBs.

Inadequate antigen presentation is a major mechanism
of immune escape in NSCLC, where tumor cells inhibit
immune recognition by impairing the ability of antigen-
presenting cells (APCs), such as dendritic cells (DCs), to
effectively capture, process, and display tumor antigens.
This results in an impaired immune response initiation
[53]. Furthermore, the lack of co-stimulatory molecules
in the tumor microenvironment exacerbates immune
evasion and accelerates tumor progression and metas-
tasis. Our study reveals that high TXN expression cor-
relates negatively with the expression of several DAMPs
and immunostimulatory factors, including CD28, CD40,
CD40LG, and CD80. CD28, a key co-stimulatory mol-
ecule, activates T cells by binding to CD80 or CD86
[54—-56]. CD40 and its ligand CD40L (CD154), primarily
expressed by activated T cells, play a critical role in anti-
gen cross-presentation to DCs and T cell activation [57,
58]. Recent studies have highlighted that CD40 is widely
expressed in various tumors, including lung cancer, and
its expression enhances tumor immune responses. Trans-
duction of DCs and tumor cells with the CD40L gene has
shown persistent immune responses in preclinical mod-
els [59]. Based on this, we hypothesize that TXN may
contribute to immune escape in NSCLC by downregulat-
ing CD40 expression, thereby inhibiting effective antigen
presentation and T cell activation.

Overall, our findings suggest that elevated TXN expres-
sion in NSCLC patients correlates with poor responses
to immunotherapy. Patients with high TXN levels are
more likely to exhibit “cold tumors,” potentially due to
TXN’s role in downregulating the co-stimulatory mol-
ecule CD40. These results indicate that TXN expression
levels could serve as a predictive biomarker for patient
response to ICB, aiding in the identification of individu-
als who may benefit from such treatments. Furthermore,
targeting TXN with inhibitors, particularly in combi-
nation with ICB, may offer a novel strategy to enhance
immune responses in “cold tumors” and improve the
overall efficacy of immunotherapy. This study has sev-
eral limitations. First, its reliance on a public database
and retrospective design limits its prognostic value.
Real-world data on NSCLC prognosis are needed to bet-
ter assess the significance of TXN in immunotherapy.
Second, there is a lack of prospective studies involving
NSCLC patients receiving immunotherapy. Third, the
optimal threshold for TXN expression remains undeter-
mined, with the median TXN mRNA expression used as
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Fig. 5 TXN down-regulates CD40 expression in NSCLC cells. (A) Venn diagram of genes positively and negatively correlated with TXN expression in
TCGA-LUAD and TCGA-LUSC datasets. (B) GO analysis of the intersection of positively and negatively correlated genes in TCGA-LUAD and TCGA-LUSC. (C)
GeneMANIA network of TXN and CD40 interaction. (D) AlphaFold3 predicted TXN and CD40 interaction. (E) Correlation between TXN and CD40/CD40L
expression in TCGA-LUAD and TCGA-LUSC datasets. (F) Flow cytometry analysis of CD40 expression in TXN-stably knocked down A549 and SK-MES-1 cells
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a critical value in this study. Finally, further experiments
are needed to explore how tumor cell TXN regulates
CD40 and suppresses immune responses.
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