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PRDX2 induces tumor immune evasion 2
by modulating the HDAC3-Galectin-9 axis
in lung adenocarcinoma cells
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Abstract

Background PRDX2 is significantly expressed in various cancers and is associated with the proliferation of tumor
cells. Nonetheless, the precise mechanism of PRDX2 in tumor immunity remains incompletely understood. This study
aims to investigate the impact of PRDX2, which is highly expressed in lung adenocarcinoma, on T cells in the tumor
immune microenvironment, and its immune action target to promote the immune escape of lung cancer cells, to
provide a theoretical basis for lung adenocarcinoma treatment with PRDX2 as the target.

Methods Mouse animal models to verify the effect of Conoidin A treatment on tumor growth and T cell infiltration.
Flow cytometry and Western blot verified tumor cell apoptosis in the in vitro co-culture system as well as granzyme
B and perforin expression in T cells. RNA-Seq was used to obtain the downstream immune molecule. si-RNA
knockdown of Galectin-9 was co-cultured with T cells in vitro. Immunofluorescence and Western blot verified that
PRDX2 regulates Galectin-9 expression through HDAC3.

Results PRDX2 expression was negatively correlated with CD8* T cell expression in LUAD patients. Inhibition
of PRDX2 significantly enhanced T-cell killing of LUAD cells and reduced tumor load in both in vitro and in vivo
models. Mechanistically, Conoidin A or shRNA_PRDX2 decreased Galectin-9 expression by down-regulating the
phosphorylation of HDAC3, consequently enhancing the infiltration and function of CD8" T cells.

Conclusions This study reveals the role of the PRDX2/HDAC3/Galectin-9 axis in LUAD immune escape and indicates
Galectin-9 as a promising target for immunotherapy.

Keywords PRDX2, Lung adenocarcinoma, HDAC3, Galectin-9, Immune checkpoint

*Angi Cheng: Co-first author. 3Key Laboratory of Industrial Dust Deep Reduction and Occupational
Health and Safety of Anhui Higher Education Institutes, Huainan,

*Correspondence: Anhui 232000, China

Dong Hu “4Joint Research Center for Occupational Medicine and Health of IHM,

dhu@aust.edu.cn School of Medicine, Anhui University of Science and Technology,

JingWu Huainan, Anhui 232000, China

aust_jingwu@aust.edu.cn The First Affiliated Hospital of Anhui University of Science and

'School of Medicine, Anhui University of Science and Technology, Technology (Huainan First People’s Hospital, School of Medicine),

Huainan, Anhui 232000, China Huainan, Anhui 232000, China

?Anhui Occupational Health and Safety Engineering Laboratory, Huainan, ®Department of Laboratory Medicine, The First Affiliated Hospital of

Anhui 232000, China USTC, Division of Life Sciences and Medicine, University of Science and

Technology of China, Hefei, Anhui 232001, China

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati
vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12967-024-05888-z&domain=pdf&date_stamp=2025-1-16

Dong et al. Journal of Translational Medicine (2025) 23:81

Introduction

Lung cancer remains the most common malignancy and
the leading cause of cancer-related deaths worldwide [1].
Non-small cell lung cancer (NSCLC) includes adenocar-
cinoma and squamous cell carcinoma, of which the most
common histological subtype is lung adenocarcinoma
(LUAD) [2, 3]. LUAD progresses rapidly and is often
associated with distal metastases, leading to poor treat-
ment outcomes and low survival rates. In recent years,
immune checkpoint blockade therapy (ICB) has shown
significant benefits in the treatment of advanced NSCLC
[4], especially immune checkpoint inhibitors targeting
programmed cell death protein 1 (PD-1)/programmed
death receptor-1 (PD-L1) or cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4) are used for the treatment
of multiple tumor types [5, 6], but clinical data suggest
that the remission rate for patients treated with CTLA-4
blockers is approximately 15% [4, 7-9], and those tar-
geting PD-1/PD-L1 rarely exceed 40% with a positive
response [10]. immunotherapeutic targets to develop
the anti-tumor potential of T cells further to benefit
more patients. In this study, we sought to discover novel
immune checkpoint pathways and mechanisms that
could be used in cancer immunotherapy.

The peroxiredoxin (PRDX) family exhibits peroxidase
activity and is ubiquitously present in almost all organ-
isms [11]. PRDX can be categorized into three subfami-
lies (typical 2-Cys, atypical 2-Cys, and 1-Cys) based on
the number and location of reactive cysteine residues and
the type of disulfide bonds generated during the catalytic
process [12, 13]. PRDX2 acts as a typical 2-Cys antioxi-
dant enzyme, offering cellular protection from oxidative
stress by eliminating H,O, and regulating reactive oxygen
species (ROS) levels [14]. PRDX2 shows high expression
in various tumors, such as gastric cancer [15], colorec-
tal cancer [16], and lung cancer [17]. The heightened
expression of PRDX2 is also associated with the survival
and proliferation of cancer cells, and patients with high
PRDX2 expression tend to have a poorer prognosis than
those with low expression. However, the involvement of
PRDX2 in tumor immunity remains uncertain.

Galectin-9 belongs to the galactose family of animal
lectins and possesses a conserved carbohydrate recog-
nition domain (CRD) for B-galactosides. Structurally, it
consists of two CRDs linked by a specific sequence [18].
Galectin-9, originally identified as a ligand for TIM-3,
induces T cell death and its elevated expression has been
associated with depleted T cell terminal differentiation
subtypes [19, 20]. Galectin-9 promotes immunosup-
pression in the tumor microenvironment through inter-
action with cell surface receptors on immune cells. It is
expressed in antigen-presenting cells (APCs) and can be
induced by interferon (IFN) B and y in tumor cells [21].
High expression of Galectin-9 is associated with various
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cancers and low patient survival [22]. However, its role in
immunotherapy and its potential as a therapeutic target
requires further exploration.

This study found that PRDX2 is highly expressed in
LUAD and impairs anti-tumor immunity in LUAD.
Through in vivo animal studies, we found that inhibit-
ing the anti-tumor effects of PRDX2 relies on the intact
immune system. By conducting T cell-mediated tumor-
killing assays, we have identified that PRDX2 can elevate
Galectin-9 expression through HDAC3, thus inhibit-
ing the tumor-killing function of T cells and facilitating
immune evasion. Our findings shed light on the role of
PRDX2 in immune escape in LUAD, thereby offering a
potential approach for treating LUAD.

Materials and methods

Network databases

The TIMER database (https://cistrome.shinyapps.io/time
r/) was used to analyze the differences in PRDX2 expres-
sion and the correlation between PRDX2 expression
and the infiltration of six types of immune cells (B cells,
CD4" T cells, CD8" T cells, neutrophils, macrophages,
and dendritic cells) in pan-cancer. The TIMER2.0 data-
base (http://timer.cistrome.org) were used to analyze
the correlation between PRDX2 expression and CD8*
T cell infiltration in pan-cancer. The KM-Plotter data-
base (http://kmplot.com) was utilized to analyze PRDX2
expression levels in lung adenocarcinoma and lung squa-
mous carcinoma and the prognosis of patients. RNAseq
data of TCGA-LUAD were downloaded from the TCGA
database (https://portal.gdc.cancer.gov) and collated to
analyze PRDX2 expression disparities in LUAD paired
and unpaired samples. The HPA database (https://www.
Proteinatlas.org/) investigated PRDX2 protein expression
levels in lung adenocarcinoma and normal lung tissues.

Human tissue samples

Clinical lung adenocarcinoma samples were provided by
the Cancer Hospital affiliated with Anhui University of
Science and Technology, and all collected samples were
used for the study after the patients signed an informed
consent form. The study was approved by the Medical
Ethics Committee of Anhui University of Science and
Technology and was conducted following the principles
of the Declaration of Helsinki (NO. HX-002).

Cell culture

The human embryonic kidney cell line HEK293T, human
lung adenocarcinoma cell lines (A549, 95-D, H292,
and H1975), and the mouse Lewis lung cancer cell line
(LLC) were obtained from ATCC. A549, 95-D, H292,
and H1975 cells were cultured in RPMI-1640 medium
(Gibco) supplemented with 10% fetal bovine serum (FBS,
Lonsera) and 1% penicillin/streptomycin (Beyotime) in


https://cistrome.shinyapps.io/timer/
https://cistrome.shinyapps.io/timer/
http://timer.cistrome.org
http://kmplot.com
https://portal.gdc.cancer.gov
https://www.Proteinatlas.org/
https://www.Proteinatlas.org/

Dong et al. Journal of Translational Medicine (2025) 23:81

RPMI-1640 medium (Gibco). HEK293T cells and LLC
cells were cultured in DMEM medium (Gibco) supple-
mented with 10% fetal bovine serum (FBS, Gibco) and 1%
penicillin/streptomycin (Beyotime).

Plasmids and vectors

To generate stable transfected cell lines, short hairpin
RNAs (shRNAs) targeting PRDX2 were synthesized by
Sangon Biotech (Shanghai, China) and inserted into the
shRNA expression vector pLVX-shRNA (Sangon Biotech,
Shanghai, China). For transient transfection, siRNAs tar-
geting PRDX2 and LGALS9 were obtained from GenePh-
arma (Shanghai, China). The oligonucleotide sequences
used are shown in Supplementary Table 1.

Cell transfections
293T cells were transfected with Lipofectamine 2000
Reagent (Invitrogen), PsPax2 (Fenghui Biotechnology,
Hunan, China), PMD-2 g (Fenghui Biotechnology), and
shRNA-PRDX2 plasmids according to the manufacturer’s
instructions, and the viral fluids were collected after 48 h.

For transfection of lentivirus-based constructs, 80%
confluent H1975 and H292 cells were incubated for 24 h
in a medium containing a concentrated viral solution and
polyglutamine (Solarbio, H8761). Transfected cells were
allowed to grow for a further 2 days and then selected
with puromycin (1 pg/ml) (Sigma-Aldrich) for 1 week.
Transfection efficiency was assessed by RT-qPCR and
Western blot.

Cells with 60—80% confluence were transfected with
Lipofectamine 2000 and siRNAs. Cells were incubated
for 24—48 h and harvested for subsequent experiments.

RNA extraction and RT-qPCR

Total RNA was isolated using TRIzol (Invitrogen) and
reverse transcribed using RevertAid First Strand cDNA
Synthesis Kit (Thermo Scientific). The cDNAs were sub-
jected to RT-qPCR using the 2X Universal SYBR Green
Fast QPCR Mix System. Primers were designed and syn-
thesized in collaboration with Sangon Biotech (Shang-
hai). Relative mRNA expression was calculated using the
2724t method with GAPDH as a control. The sequences
of the primers used are listed in Supplementary Table 2.

Western blot analysis

Total proteins were extracted by adding RIPA lysate
(Beyotime, P0013C) containing protease inhibitors to the
cells, and protein concentrations were determined using
a BCA kit (Beyotime, P0012). Proteins were separated
using SDS-PAGE and transferred to a polyvinylidene
difluoride membrane (PVDEF, Millipore, ISEQ00010).
After transferring the membranes, they were blocked
with a blocking solution containing 5% skimmed milk
powder for 1 h at room temperature, incubated with
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primary antibodies at 4 °C overnight, and then incubated
with secondary antibodies conjugated with horseradish
peroxidase (HRP) for 1 h at room temperature. Mem-
branes were developed using an Amersham ImageQuant™
800 Imaging System (Cytiva) and ECL luminescent solu-
tion (Millipore, WBKLS100). The primary and secondary
antibodies used are listed in Supplementary Table 3.

Immunofluorescence and immunohistochemical

For multiplex immunofluorescence, paraffin sections
were deparaffinized to water and blocked with 3% BSA
after antigen repair in the EDTA antigen repair buffer (pH
8.0). The sections were then incubated overnight at 4 C
with the corresponding primary antibody in a humidified
chamber, followed by incubation with the corresponding
fluorescent secondary antibody for 1 h at room tempera-
ture. Each primary antibody was stained separately, and
between each staining, the tissue sections were heated in
a microwave oven in a repair cassette filled with EDTA
antigen repair buffer (pH 8.0) to repair the antigen again.
The nuclei were then restained by incubation with DAPI
solution for 10 min at room temperature, protected from
light, Finally, the sections were sealed with an anti-fluo-
rescence quenching mounting medium. The images were
detected and captured by inverted fluorescence micros-
copy (Leica 3000) and analyzed by Image J.

For immunohistochemistry, the paraffin sections were
deparaffinized to water, the antigen was repaired with
EDTA antigen repair solution, endogenous peroxidase
was blocked with 3% hydrogen peroxide, and washed
and blocked with 3% BSA. After adding the correspond-
ing primary antibody, they were incubated at 4 C over-
night, followed by adding the corresponding secondary
antibody (HRP labeled) and incubating at room temper-
ature for 1 h. Subsequently, DAB was added to develop
the color, hematoxylin re-staining of the nucleus was
performed, and finally, the sections were dehydrated
and sealed. The images were captured using an inverted
fluorescence microscope (Leica 3000) and analyzed using
ImageJ.

T cell-mediated tumor cell killing assay

To isolate PBMCs, 5 mL of venous blood was collected
from healthy volunteers. Human blood collection was
approved by the Medical Ethics Committee of Anhui Uni-
versity of Science and Technology, and written informed
consent was obtained from all volunteers. PBMCs were
obtained from peripheral blood using human peripheral
blood lymphocyte isolate (TBD, LTS1077). To obtain
activated T cells, PBMC were incubated in RPMI-1640
medium supplemented with 10% fetal bovine serum and
1% penicillin/streptomycin with ImmunoCult Human
CD3/CD28/CD2 T cell activator (STEMCELL Tech-
nologies, 10970) and recombinant human IL-2 (PPL,
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PKO0119) were cultured together and activated for one
week according to the manufacturer’s protocol. NSCLC
cells were inoculated into 6-well plates at the appropriate
concentration. After 24 h, activated PBMCs were co-cul-
tured with adherent NSCLC cells at a 3:1 ratio for 48 h.
After 48 h of incubation, cell debris was removed, and T
cells and NSCLC cells were collected separately for sub-
sequent experiments.

Flow cytometry

To detect apoptosis, NSCLC tumor cells obtained by
sorting with Dynabeads™ CD3 magnetic beads (Invitro-
gen, 1151D) after co-culture with T-cells, we utilized the
Annexin V-FITC/PI Apoptosis Detection Kit (keyGEN
BioTECH, KGA108) for double staining. Subsequently,
the stained cells were examined using the FACSCanto II
flow cytometer (BD, USA).

For the determination of Granzyme B expression in
T cells, CD3 and CDS8 antibodies were used to label cell
surface expression of CD3 and CDS8, and after fixation
and permeabilization by Intracellular Fixation & Permea-
bilization Buffer Set (eBioscience,88-8824-00), followed
by staining for intracellular Granzyme B using the GZMB
antibody. The stained cells were then analyzed by FACS-
Canto II flow cytometer, and the data were further ana-
lyzed using Flow Jo 10.0 software.

RNA sequencing

For Sh-PRDX2 H1975 lung adenocarcinoma cells and
control, total RNA was extracted using TRIzol reagent
(Invitrogen). After establishing sequencing libraries, we
performed the 2 x 150 bp paired-end sequencing (PE150)
on an Illumina Novaseq™ 6000 (LC-Bio Technology CO.,
Ltd., Hangzhou, China) following the vendor’s recom-
mended protocol.

In vivo study

All animals were housed in a 12-h light/12-h dark envi-
ronment with controlled temperature cycles (22+1 °C)
and humidity (40+5%). LLC cells were injected subcu-
taneously in BALB/c nude mice for the immunodeficient
mouse model and in C57BL/6 mice for the immune-com-
petent mouse model. When the tumor volume reached
100 mm?, saline-treated mice were used as the control
group, and the experimental group was treated with
Conoidin A (5 mg/kg or 10 mg/kg), once a day for 15 con-
secutive days. The tumor volume was measured with cal-
ipers every 3 days during the administration period and
was calculated as follows: length x width?x0.5. On the
next day of the last administration, the mice were arti-
ficially executed by cervical dislocation, and the tumors
were isolated and measured. All animal experiments
were performed strictly with the NIH Guide for the Care
and Use of Laboratory Animals, and the Medical Ethics
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Committee of Anhui University of Science and Technol-
ogy approved the animal experiments.

Statistical analysis

The data are presented as the mean+SD. Data analy-
sis was performed using GraphPad Prism 9. Unpaired
or paired two-tailed Student’s t-tests were conducted to
compare the two groups. All experiments were repeated
at least three times. Statistical significance was set at
P<0.05.

Results

PRDX2 is highly expressed in LUAD and inhibits CD8* T cell
infiltration in LUAD

To investigate the expression of PRDX2 in cancer, we
first utilized the TIMER database to analyze the expres-
sion of PRDX2 in pan-cancer. The results showed that
PRDX2 was differentially expressed in various cancers,
and the expression level of PRDX2 was higher in LUAD
and LUSC tissues than in normal tissues (Fig. 1A).
Kaplan-Meier survival analysis indicated that high
PRDX2 expression was associated with poorer progno-
sis in LUAD patients, while no significant difference was
observed in LUSC patients (Fig. 1B-C). These results
suggest that PRDX2 expression is closely related to the
prognosis of LUAD patients. Further analysis of TCGA
database data for LUAD paired and unpaired samples
demonstrated significantly elevated PRDX2 expres-
sion in tumor tissues compared to normal lung tissues
(Fig. 1D). We also observed notably higher expression
in tumor tissues by using the HPA database to examine
PRDX2 protein expression in LUAD and normal lung
tissues (Fig. 1E). To explore the association of PRDX2
with immune infiltration, we utilized the TIMER data-
base to assess the potential relationship between PRDX2
gene expression and immune cell infiltration in lung
adenocarcinoma. Our findings revealed a negative cor-
relation between PRDX2 expression and B cells, CD8"
T cells, CD4" T cells, macrophages, neutrophils, and
dendritic cells (Fig. 1F). Afterwards, the Timer2.0 data-
base was used to analyze the correlation between PRDX2
expression in pan-cancer and CD8" T-cell infiltration
using various immunological algorithm, and the results
showed that PRDX2 expression was negatively correlated
with CD8" T-cell infiltration in LUAD. (Supplementary
Fig. 1A). Subsequent validation with clinical samples
showed that PRDX2 was primarily localized in the cyto-
plasm, and its expression was inversely correlated with
CD8" T cell infiltration (Fig. 1G-H). Similarly, PRDX2
expression negatively correlated with CD3" T cell infiltra-
tion, while no significant correlation with macrophages
was observed (Supplementary Fig. 1B-E).
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Fig. 1 PRDX2 is highly expressed in LUAD and negatively correlates with CD8* T cell infiltration in LUAD patients. (A) PRDX2 expression in pan-cancer
tumor tissues and normal tissues based on the TIMER database. (B-C) The correlation analysis of PRDX2 in LUAD (B) and LUSC (C) total and stage | patients’
prognoses is based on the KM-Plotter database. (D) mRNA expression in LUAD and normal tissues based on the TCGA database. (E) HPA database analysis
of PRDX2 protein level expression in LUAD and normal tissues. (F) Correlation analysis of PRDX2 expression with immune infiltration in LUAD based on
the TIMER database. (G) Immunofluorescence staining of LUAD tissues for CD8* T cells (CD8aq, green), PRDX2 localization (PRDX2, red), and nuclear stain-
ing (DAPI, blue). Scale bar =20 pm. (H) Analysis of the correlation between PRDX2 and CD8 expression. ns, not significant; P>0.05, *P<0.05, **P<0.01,

***p<0.001

PRDX2 inhibitors reduce tumor load and enhance
intratumor T cell infiltration in immune-competent mice
To investigate the impact of PRDX2 on lung adenocar-
cinoma tumor immunity, we established a lung cancer
ectopic implantation model for in vivo studies in mice.

LLC cells were injected subcutaneously into immuno-
deficient mice (BALB/c nude mice) to form tumors,
which were then treated by gavage administration of the
PRDX2 inhibitor Conoidin A (5 mg/Kg or 10 mg/kg),
with saline treatment serving as a control group (Fig. 2A).
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ing of PRDX2 in tumor tissues of mice in Control and 10 mg/Kg Conoidin A treatment groups. Scale bar =50 um. ns, not significant; P>0.05, *P<0.05,
**P<0.01, **P<0.001

We observed no significant difference in tumor growth
between the 5 mg/kg and 10 mg/kg Conoidin A treat-
ment groups compared to the control group in BALB/c

nude mice (Fig. 2B-E). Additionally, to evaluate the
role of the intact immune system in inhibiting PRDX2-
mediated antitumor effects, we also injected LLC cells
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subcutaneously into immunocompetent C57BL/6 mice
(Fig. 2F). In C57BL/6 mice, no significant difference in
tumor growth was observed in the 5 mg/Kg Conoidin A
treatment group compared to the control group. In com-
parison, tumor growth was significantly inhibited in the
10 mg/Kg Conoidin A treatment group without any sig-
nificant toxic effects (Fig. 2G-J).

Furthermore, immunofluorescence staining revealed
a significant increase in CD3"*CD8" T-cell infiltration
in tissues after treatment with 10 mg/kg Conoidin A
(Fig. 2K). Similarly, immunohistochemical staining indi-
cated that 10 mg/Kg Conoidin A significantly inhibited
PRDX2 expression in immune-competent mice (Fig. 2L).
This study demonstrated that the inhibition of PRDX2
impeded tumor progression in C57BL/6 immune-com-
petent mice but did not slow tumor growth in BALB/c
nude mice. These findings suggest that reducing tumor
load induced by PRDX2 inhibition requires T lympho-
cyte engagement and that an immune system lacking
mature T lymphocytes impairs the anti-tumor efficacy of
PRDX2 deficiency.

Knockdown of PRDX2 sensitizes LUAD cells to T-cell-
mediated cell death

To confirm the role of PRDX2 in LUAD anti-tumor
immunity, we detected the expression level of PRDX2 in
four lung adenocarcinoma cell lines (A549, 95-D, H292,
H1975). The RT-qPCR results revealed significantly
higher levels of PRDX2 protein expression in 95-D, H292,
and H1975 cells (Fig. 3A). Similarly, Western blot results
demonstrated elevated PRDX2 protein expression lev-
els in H1975 cells, followed by H292 cells, with lower
expression observed in A549 and 95-D cells (Fig. 3B).
Subsequently, we constructed sh-RNA and si-RNA
sequences targeting PRDX2 to knock down its expres-
sion in the LUAD cell lines. Both RT-qPCR and West-
ern blot results confirmed that treatment with a plasmid
targeting PRDX2 (sh-PRDX2) significantly reduced the
expression level of PRDX2 in H1975 and H292 cells com-
pared to cells in the sh-NC group. Among the sh-PRDX2
sequences, sh-PRDX2#2 showed the most effective
knockdown of PRDX2 (Fig. 3C-D). Subsequently, among
the three designed si-PRDX2 sequences, si-PRDX2#3
showed the most efficient knockdown in H1975 cells,
whereas si-PRDX2#1 showed the most efficient knock-
down in H292 cells, and on balance, we selected si-
PRDX2#1, which had excellent knockdown efficiencies in
both cell lines, for the subsequent experiments (Supple-
mentary Fig. 2A-B). Consequently, we selected the best
knockdown sequence for further experiments. We uti-
lized MTS assays to assess the impact of PRDX2 knock-
down on the growth and proliferation of the LUAD cell
line. The results indicated that solely knocking down or
not knocking down PRDX2 had no significant effect on
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the proliferation of the LUAD cell line (Supplementary
Fig. 2C-D).

In the following step, we carried out T cell-mediated
tumor cell killing assays to illustrate the impact of PRDX2
knockdown on sensitizing LUAD cells to T cell-medi-
ated cytolysis. Crystal violet staining and cell counting
results indicated that the optimal ratio for the co-culture
system was LUAD cells: T cells=1:3 and the co-culture
duration was 48 h (Supplementary Fig. 2E-H). Subse-
quent cell assays involved co-culturing H1975 and H292
cells with T cells at a 1:3 ratio for 48 h. Flow cytometry
analysis for apoptosis detection revealed a significantly
higher rate of apoptosis in the PRDX2 knockdown group
than in the control group (Fig. 3E-F) Previous studies
have shown that PARP serves as a cleavage substrate of
caspase, a pivotal member of apoptosis, and represents
the primary target caspase-3 in vivo [23]. The cleavage
of PARP by caspase-3 deactivates PARP and suppresses
its DNA repair capability. Therefore, cleaved PARP can
be considered a marker of apoptosis [24]. Consequently,
Western Blot was utilized to detect the expression of
apoptosis-related proteins such as PARP, Cleaved-PARP,
and cleaved-Caspase3. The results showed that apoptosis
of LUAD cells with PRDX2 knockdown was not obvious.
However, after co-culture with T cells, the expression
of Cleaved-PARP and cleaved-Caspase3 proteins was
increased in the cells of the PRDX2 knockdown group
compared with the control group, and the expression
of PARP protein was basically unchanged. This suggests
that the increase in apoptosis in the PRDX2 knockdown
group was evident in the co-culture system with, but not
in the cell lines knocked down PRDX2 alone (Fig. 3G-
H). Similarly, crystal violet staining results indicated
that PRDX2 knockdown heightened the susceptibility
of tumor cells to T-cell killing (Fig. 31-J). These findings
affirm that PRDX2 knockdown augmented the sensitivity
of LUAD cells to T-cell killing.

Depletion of PRDX2 promotes CD8* CTL-mediated tumor
cell killing

We then investigated the effect of PRDX2 on the immu-
nosuppressive activity of tumor cells on CD8" T cells.
The effect was assessed by examination of granzyme B
(GZMB) levels and perforin expression in T cells. The
flow cytometry analysis revealed elevated GZMB expres-
sion in CD3*CD8"* T cells after co-culture with PRDX2
knockdown lung adenocarcinoma cells (Fig. 4A-D). Fur-
thermore, Western blot analysis was utilized to measure
the protein expression of GZMB and perforin in T cells
after in vitro co-culture. The results demonstrated a sig-
nificant upregulation of GZMB protein and perforin in
T cells co-cultured with the PRDX2 knockdown group
(Fig. 4E-H). Similarly, immunofluorescence results indi-
cated increased expression of GZMB and perforin in the
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Fig. 3 Downregulation of PRDX2 enhances the susceptibility of LUAD cells to T cell-mediated apoptosis. (A) RT-gPCR detection of mRNA expression
levels of PRDX2 in A549, 95-D, H292, and H1975 cell lines. (B) Protein expression levels of PRDX2 in A549, 95-D, H292, and H1975 cell lines (left) and their
statistical quantitative analysis (right). (C-D) Evaluation of PRDX2 expression in H1975 and H292 cell lines transfected with sh-NC plasmid or sh-PRDX2
plasmid. (C) RT-gPCR analysis of PRDX2 mRNA expression levels in stably transfected H1975 and H292 cell lines. (D) Western blot analysis of PRDX2 protein
levels in H1975 and H292 cell lines (left) and statistical analysis (right). (E-F) Representative images and statistical quantification of flow cytometry analysis
of T cell-mediated apoptosis in LUAD cells as determined by Annexin V-FITC and propidium iodide (Pl) double labeling. (E) Apoptosis visualization (left)
and corresponding statistical analyses for PRDX2 knockdown and no knockdown in the H1975 cell line. (F) Apoptosis visualization for PRDX2 knockdown
and no knockdown in the H292 cell line (left) and corresponding statistical analyses (right). (G-H) Detection of apoptotic protein expression in LUAD
cells co-cultured with activated T cells for 48 h using Western blot. (G) Protein expression levels of PRDX2, PARP, cleaved-PARP, and cleaved-caspase3
(left) and corresponding statistical analyses (right) in the H1975 cell line with or without PRDX2 knockdown. (H) Protein expression levels of PRDX2, PARP,
cleaved-PARP, and cleaved-caspase3 (left) and corresponding statistical analyses (right) in the H292 cell line with or without PRDX2 knockdown. (I-J) T
cell-mediated LUAD cell killing assay. LUAD cells were co-cultured with activated T cells for 48 h, followed by crystal violet staining, and bar graphs indicate
the normalized ratio of live cells per well. (I) Crystal violet staining showed the H1975 cell line co-cultured with T cells (left) and the corresponding normal-
ized proportion of living cells (right). (J) Crystal violet staining showed the H292 cell line co-cultured with T cells (left) and the corresponding normalized

proportion of living cells (right). ns, not significant; P> 0.05, *P<0.05, **P < 0.01, ***P<0.001

tumor tissues of mice treated with Conoidin A compared
to the control group (Fig. 41-J). These results suggest that
inhibiting PRDX2 expression diminishes tumor cell-
mediated immunosuppression.

PRDX2 promotes immune evasion by upregulating
Galectin-9 expression in immune-competent mice and
LUAD cells
To investigate the immunosuppression induced by
PRDX2 through downstream immune checkpoints, we
performed RNA sequencing analyses of the human lung
adenocarcinoma cell lines sh-PRDX2 H1975 and sh-NC
H1975. We focused on 50 genes encoding proteins act-
ing as immune checkpoints [25], chemokines, and che-
mokine receptors, including LGALS9, CD274, PVR, IL-6,
and others. Among these candidate immune molecules,
LGALS9 exhibited the highest relevance (Fig. 5A). This
finding was further confirmed through RT-qPCR and
Western blot. The results indicated a down-regulation of
Galectin-9 expression at mRNA and protein levels in the
sh-PRDX2 group compared to the sh-NC group (Fig. 5B-
D). Additionally, immunohistochemistry of tumor tissues
from C57BL/6 mice revealed a significant decrease in
Galectin-9 expression in the Conoidin A treatment group
compared to the control group (Supplementary Fig. 3A).
To further ascertain the impact of Galectin-9 on the
anti-tumor response of T cells, we generated three
si-RNAs targeting LGALS9 to suppress the expres-
sion of LGALS9 in LUAD cell lines. The knockdown of
si-LGALS9#3 proved the most effective, as confirmed
by RT-qPCR experiments in H1975 and H292 cell lines
(Supplementary Fig. 3B-C), and was chosen for subse-
quent experiments. Subsequently, we conducted in vitro
co-culture of the LUAD cell line with T cells. Flow cytom-
etry analysis indicated a significantly higher rate of tumor
cell apoptosis in the si-LGALS9 group compared to the
si-NC group (Fig. 5E-F). Similarly, Western blot analysis
revealed an increase in the expression of cleaved-PARP
and cleaved-Caspase3 proteins following the knockdown
of LGALS9 (Fig. 5G-H). Immunofluorescence results

demonstrated a decrease in Galectin-9 expression and an
increase in CD8" T cell infiltration in the tumor tissues
of mice post-treatment with Conoidin A. Furthermore,
a negative correlation was found between Galectin-9
expression and the infiltration of CD8* T cells (Fig. 51-]).
These findings indicate that Galectin-9 may act to inhibit
the anti-tumor immune response of T cells.

HDACS3 serves as a downstream effector of PRDX2 to
upregulate Galectin-9 expression

To demonstrate the regulatory role of PRDX2 in Galec-
tin-9 expression in LUAD cells, we searched the TRRUST
database for related transcription factors (TFs) and
reviewed previous studies. As a result, HDAC3 was
found to be the most promising candidate factor. To
confirm this, we determined the protein expression of
HDAC3 and phosphorylated HDAC3 in PRDX2 knock-
down LUAD cells by Western blotting and detected the
expression and localization of PRDX2, phosphorylated
HDACS3, and Galectin-9 by immunofluorescence. Our
findings, as depicted in Fig. 6A-D, revealed no significant
change in total HDAC3 protein levels in the cells after
PRDX2 knockdown, while the expression of phosphory-
lated HDAC3 protein was notably reduced. Immunofluo-
rescence results further indicated that tumor tissues of
mice in the saline-treated group exhibited high levels of
PRDX2 expression and elevated levels of p-HDAC3 and
Galectin-9 expression. In contrast, Conoidin A treat-
ment lowered PRDX2 expression levels and inhibited
the expression of p-HDAC3 and Galectin-9 (Fig. 6E-F).
In conclusion, PRDX2 influenced Galectin-9 expression
by regulating the phosphorylation of HDACS3, thereby
inhibiting the anti-tumor effects of T cells and leading to
tumor immune evasion. Conversely, inhibition of PRDX2
promoted the anti-tumor effects of T cells (Fig. 7).

Discussion

PRDX2 is an antioxidant enzyme in the peroxiredoxin
family, which is pivotal in regulating H,0, and ROS lev-
els to safeguard cells from oxidative stress [14]. Previous
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Fig.4 Depletion of PRDX2 promotes CD8*CTL-mediated tumor cell killing. (A-D) Representative graphs and statistical quantification of GZMB expression
inT cells after co-culture with LUAD with or without knockdown of PRDX2 detected by flow cytometry. (A) Representative images of GZMB after co-cul-
ture with H1975 cells. (B) Statistical quantitative analysis of the percentage of CD3*CD8* T cells after co-culture with H1975 cells (left) and the percentage
of GZMB*CD8* T cells (right). (C) Representative images of GZMB after co-culture with H292 cells. (D) Statistical quantitative analysis of the percentage of
CD3*CD8* T cells (left) and the percentage of GZMB*CD8™ T cells (right) after co-culture with H292 cells. (E-H) Western blot detection of protein expres-
sion of GZMB and Perforin in T cells after co-culture with LUAD, with or without knockdown of PRDX2, along with their statistical quantitative analysis. (E)
T cell GZMB and Perforin protein blots after co-culture with H1975 cells. (F) Protein grayscale quantification plots. (G) T cell GZMB and Perforin protein
blots after co-culture with H292 cells. (H) Protein grayscale quantification. (I-J) IHC staining of tumor tissues from mice in Control and 10 mg/Kg Conoidin
A treatment groups. (I) Graphical representation of IHC staining results of GZMB in tumor tissues. (J) Graphical representation of IHC staining results of
Perforin in tumor tissues. Scale bar =50 um. ns, not significant; P>0.05, *P < 0.05, **P < 0.01, **P<0.001
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Fig. 5 Knocking down PRDX2 enhances T-cell-mediated anti-tumor immune response by suppressing LGALS9 expression. (A) Heatmaps of immuno-
modulatory molecules were visualized after RNA-Seq analysis of the H1975 cell line with stable knockdown of PRDX2. (B) RT-gPCR analysis of LGALS9
gene mRNA expression after PRDX2 knockdown in the H1975 cell line. (C) RT-gPCR analysis of LGALS9 gene mRNA expression after PRDX2 knockdown
in the H292 cell line. (D) Western blot analysis of Galectin-9 protein expression after PRDX2 knockdown in H1975 and H292 cell lines. (E-F) Representative
images and statistical quantification of T cell-mediated apoptosis in LUAD cells by flow cytometry analysis of T cell-mediated apoptosis determined by
Annexin V-FITC and propidium iodide (PI) dual-labeling. (E) Apoptosis images of knockdown or non-knockdown LGALS9 H1975 cell lines (left) and their
statistical quantification plots (right). (F) Apoptosis images of knockdown or non-knockdown LGALS9 H292 cell lines (left) and their statistical quantifica-
tion plots (right). (G-H) Detection of apoptotic protein expression in LUAD cells co-cultured with activated T cells for 48 h by Western blot. (G) Protein blot
of PARP, cleaved-PARP, cleaved-caspase3 in H1975 cell line with or without LGALS9 knockdown (left) and its statistical quantification analysis (right). (H)
Protein blot of PARP, cleaved-PARP, cleaved-caspase3 in H292 cell line with or without LGALS9 knockdown (left) and its statistical quantification analysis
(right). (1) Immunofluorescence staining and quantification of relative expression of Galecti-9 protein and CD8" T cells in tumor tissues of mice in the
Control group and 10 mg/Kg Conoidin A treatment group. Galectin-9 protein (Galectin-9, red), CD8* T cells (CD8a, green), and nuclear staining (DAPI,
blue). Three mice per group were selected for IF staining and three fields of view per mouse were selected for analysis, with each dot representing one
field of view. Scale bar =20 um. (J) Analysis of the correlation between Galectin-9 and CD8 expression. ns, not significant; P> 0.05, *P<0.05, **P<0.01,

***P<0.001, ****P<0.0001

research has demonstrated that PRDX2, besides its anti-
oxidant capacity, is overexpressed in various cancers
and is involved in several processes of cancer progres-
sion [26], including regulating cell proliferation, apopto-
sis, drug resistance, and signaling [27-29]. Studies have
indicated that PRDX2 promotes the proliferation of
hepatocellular carcinoma cells by activating the Ras/Raf/
MEK/ERK/FoxM1/cyclin D1 cascade [30]. Additionally,
PRDX2 binds to RPL4, impedes RPL4-MDM2 binding,
and leads to the degradation of p53, ultimately promoting
the proliferation of colorectal cancer cells [29]. Moreover,
the overexpression of PRDX2 serves as a poor prognostic
marker for cisplatin-resistant gastric cancer [31]. Previ-
ous reports have also highlighted the association between
PRDX2 and immune infiltration of tumors, with PRDX2
consistently elevated in colon adenocarcinoma and nega-
tively correlated with immune infiltration in COAD [32].
Our research showed a significant increase in PRDX2
expression in LUAD. This upregulation of PRDX2 was
strongly linked to the prognosis of LUAD patients and
was associated with a decrease in CD8" T cell infiltra-
tion. Our in vivo studies in immunodeficient BALB/c
nude mice showed no significant difference in tumor
growth inhibition between control and Conoidin A treat-
ments. In contrast, in immune-competent C57BL/6 mice,
treatment with Conoidin A inhibited tumor growth
and enhanced the infiltration and killing function of
CD3*CD8" T cells. Furthermore, in vitro studies have
demonstrated that PRDX2 deficiency in tumor cells sig-
nificantly augments T cell-mediated cytotoxicity, sug-
gesting its critical role in immune evasion within LUAD
cells.

Inhibitors targeting the PD-1 and CTLA-4 immune
checkpoints have emerged as a potent strategy for
treating a wide range of cancers by enhancing the cyto-
toxic activity of host T cells by blocking inhibitory

signals from tumor cells. However, only a small number
of patients have shown a response [33]. Galectin-9 is
highly expressed in various human malignancies, includ-
ing pancreatic ductal adenocarcinoma [34], breast can-
cer [35], hepatocellular carcinoma [36], and colorectal
carcinoma [37]. Galectin-9 serves as a ligand for Tim-3,
and the Tim-3/Gal-9 pathway leads to cell death, partic-
ularly depletion of effector T cells or apoptosis, and the
subsequent establishment of immune tolerance [38, 39].
Galectin-9 can also impede innate immunity by down-
regulating the functions of natural killer cells (NK cells)
[40]. Not coincidentally, our study discovered that inhi-
bition of Galectin-9 expression in LUAD tumor cells
resulted in a significant increase in tumor cell apopto-
sis after co-culture with T cells in vitro. In vivo studies
revealed that Galectin-9 expression decreased in tumor
tissues after treatment with Conoidin A, and Galectin-9
expression was negatively correlated with CD8" T cells.
Therefore, our study reveals a novel immunosuppressive
role of PRDX2 in LUAD.

Histone deacetylase 3 (HDAC3) is a member of the
class I HDAC family with four splice variants, HD3aq,
-B, -y, and -& [41]. Previous research has indicated that
HDACS3 can regulate the expression of Galectin-9, and
inhibiting HDAC3 activity leads to reduced Galectin-9
expression [42]. Furthermore, phosphorylation at the
HDACS3 Ser 424 site is necessary for HDAC3 enzymatic
activity [43]. This study observed that blockade of PRDX2
on LUAD cells inhibited phosphorylated HDAC3, which
decreased Galectin-9 expression, ultimately reduced
tumor immune evasion, and promoted infiltration
and clearance of activated T cells. The discovery of the
PRDX2/HDAC3/Galectin-9 regulatory axis deepens our
understanding of the mechanism of immune evasion in
LUAD cells.
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Fig. 7 Model of PRDX2-mediated immunosuppressive effect in LUAD. PRDX2 is highly expressed in LUAD and upregulates Galectin-9 expression through
HDAC3. Galectin-9 binds to inhibitory receptors on the surface of T cells, thereby inhibiting T cell function and ultimately causing immune evasion

Conclusions

This study suggests that the PRDX2/HDAC3 axis ulti-
mately promotes immune evasion of LUAD cells by
increasing Galectin-9 expression. The finding that
inhibition of PRDX2 enhances CD8" T-cell infiltra-
tion and cytotoxicity expands our understanding of
the role of PRDX2 in LUAD antitumor immunity. It
provides a promising therapeutic approach for LUAD
immunotherapy.
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