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Abstract
Objective  Dysregulated autophagy plays a critical role in the pathogenesis of pulmonary fibrosis. The stress protein 
TRIB3 has been correlated with abnormal autophagy, but its specific contribution to radiation-induced pulmonary 
fibrosis (RIPF) remains unclear. This study aimed to elucidate the role of TRIB3 in RIPF progression.

Methods  We conducted RNA-sequencing of rat RIPF lung tissue to analyze the transcriptomic profile and determine 
gene expression changes in murine with RIPF. We established mouse models with alveolar epithelial type II cells (AEC 
II)-specific knockdown or overexpression of TRIB3 to elucidate its role in RIPF progression. We utilized mRFP-GFP-LC3 
fluorescent reporter cells, nanoparticle tracking analysis, immunofluorescence and immunoprecipitation assays to 
uncover the underlying mechanisms.

Results  TRIB3 expression was elevated in irradiated AEC II. Silencing TRIB3 in AEC II mitigated RIPF in mice, whereas 
its overexpression exacerbated the condition. Mechanistically, TRIB3 interacted with the LC3-interacting region (LIR) 
motif and ubiquitin-associated (UBA) domain of sequestosome 1 (SQSTM1), an autophagic receptor protein, thereby 
inhibiting autophagic flux in AEC II cell line MLE12. This inhibition increased exosome secretion and facilitated 
crosstalk between MLE12 cells and fibroblasts, ultimately enhancing the proliferation and extracellular matrix 
production of lung fibroblasts.

Conclusion  TRIB3 in AEC II inhibits autophagic flux by interacting with SQSTM1, thereby increasing exosome 
secretion, which promotes fibroblast proliferation and extracellular matrix production, contributing to RIPF 
progression.
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Introduction
Radiation-induced pulmonary fibrosis (RIPF), occur-
ring in 16–28% of thoracic radiotherapy cases [1], is a 
late complication characterized by fibroblast activation, 
excessive ECM deposition, and progressive lung dysfunc-
tion [2]. As current therapeutic interventions demon-
strate limited efficacy in managing RIPF, emphasizing the 
need to further understand its pathogenesis and develop 
new therapeutic strategies.

Autophagy, an evolutionarily conserved intracellular 
degradation pathway, is essential for maintaining intra-
cellular homeostasis [3] and critically regulates pul-
monary fibrosis progression. In idiopathic pulmonary 
fibrosis (IPF), it modulates fibroblast apoptosis and epi-
thelial senescence [4], while CFTR dysfunction in CF 
impairs epithelial autophagy [5]. Silica-induced fibrosis 
is attenuated through autophagy-mediated reduction 
of epithelial apoptosis [6]. yet excessive macrophage 
autophagy may worsen silicosis by activating fibroblasts 
[7]. These dual roles highlight autophagy’s therapeutic 
potential for fibrotic lung diseases [8].

Although RIPF shares similar pathological charac-
teristics with other pulmonary fibrotic conditions, its 
pathogenesis is distinct [9]. Radiation disrupts autopha-
gic machinery [10, 11], yet the precise role of autophagy 
in cellular responses to radiation remains unclear and 
potentially context-dependent. Evidence suggests that 
the type, extent, and timing of stress are important deter-
minants of cell fate following autophagy induction [12]. 
Thus, the role of autophagy in the RIPF is still unclear.

Recent studies have identified tribbles homolog 3 
(TRIB3) as a stress-responsive pseudokinase that is 
upregulated in various human diseases and plays com-
plex, cell-type-specific roles in autophagy regulation and 
pulmonary fibrosis pathogenesis [13–16]. In hepatocytes, 
TRIB3 inhibits autophagic flux by disrupting SQSTM1/
p62-LC3 interaction [17], while in neurons it promotes 
autophagosome formation through ULK1 activation 
via mTOR inhibition [18]. In the context of IPF, TRIB3 
exhibits differential effects across cell types: it impairs 
alveolar epithelial cell regeneration [19], promotes pro-
fibrotic macrophage activation [20], yet paradoxically 
suppresses fibroblast activation [21]. A recent study has 
reported that both TRIB3 and p62 are upregulated in 
activated fibroblasts and lung tissue of IPF mice [22]. 
These findings point to TRIB3 as a promising target for 
IPF. Nevertheless, there are currently no studies report-
ing on TRIB3 in the context of RIPF.

In this study, we examined TRIB3 expression in fibrotic 
lung tissue from murine models of RIPF and found that 
TRIB3 inhibited autophagic flux in AEC II and enhances 
exosome secretion, thereby facilitating RIPF progression. 
Our findings elucidate the role of TRIB3 in the patho-
genesis of RIPF and will provide a reference for future 

research into preventive and therapeutic strategies for 
RIPF.

Materials and methods
Antibodies
All primary antibodies used for immunoblotting, immu-
noprecipitation and immunostaining analysis in the 
present study are listed as follows: Anti-TRIB3 (B-2) 
(sc-390242), anti-SQSTM1 (D-3) (sc-28359) and anti-
HA tag (F-7) (sc-7392) from Santa Cruz Biotechnol-
ogy (Texas, USA); anti-fibronectin antibody (ab45688), 
and anti-MMP2 antibody (ab37150); α-smooth muscle 
antibody (A5228) and monoclonal anti-FLAG (F-1804) 
from Sigma (New Jersey, USA); Anti-prosurfactant pro-
tein C (SPC) (3432601) from Millipore (California, USA); 
SQSTM1 polyclonal antibody (18420-1-AP), HA poly-
clonal antibody (51064-2-AP), mouse IgG (B900620), 
rabbit IgG (B900610) and GAPDH monoclonal antibody 
(60004-1-Ig) from Proteintech (Wuhan, China).

Reagents
Pierce™ IP Lysis Buffer (87787), Pierce™ Protein A/G 
Magnetic Beads (88803) and SuperSignal™ West Pico 
PLUS Chemiluminescent Substance (34577) were pur-
chased from ThermoFisher Scientific (Massachusetts, 
USA). Hydroxychloroquine (HY-W031727) was pur-
chased from MCE (New Jersey, USA). RIPA Lysis Buf-
fer (R0020), Hydroxyproline (HYP) Content Assay Kit 
(BC0225) and Masson’s Trichrome Stain Kit (G1340) 
were purchased from Solarbio (Beijing, China). Lipo-
fectamine® RNAiMAX Reagent (13788-150) and Lipo-
fectamine™ 3000 Reagent (L3000015) were purchased 
from Invitrogen (California, USA). BCA quantitative kit 
(P0010) was purchased from Beyotime Biotechnology 
(Shanghai, China). EdU cell proliferation assay (C10310-
1) was purchased from Ribobio (Guangzhou, China).

Establishment of murine RIPF model
All animal experiments were approved by the Animal 
Ethical and Welfare Committee of the Institute of Radia-
tion Medicine of Peking Union Medical College (IRM-
DWLL-2021132). Animals were housed at the Institute 
of Radiation Medicine, Chinese Academy of Medical Sci-
ence and Peking Union Medical College, Tianjin, China. 
All animals were procured from Beijing Huafukang Bio-
technology Incorporated Company [SCXK (Beijing) 
2019-0008], and were maintained in a specific pathogen-
free environment.

The male rats, aged 4–6 weeks and weighing 180–
200  g, were anaesthetized with tribromoethanol. As 
previously published in our study, unilateral right lung 
irradiation was delivered using a RS-2000 X-ray irradia-
tor (RAD SOURCE Technologies, USA) at a dose rate 
of 1.522  Gy/min for a cumulative dose of 17  Gy, RIPF 
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developed 4 months after irradiation [23]. The rats were 
euthanized by intraperitoneal injection of an overdose of 
pentobarbital (150 mg/kg).

The RIPF mouse model was established following opti-
mized parameters derived from prior studies conducted 
by our institutional collaborators [24]. Specifically, the 
male mice, aged 4–6 weeks and weighing 21–23 g, were 
anaesthetized with tribromoethanol and irradiated with 
17 Gy of X-rays to the unilateral right lung at a dose rate 
of 2.7  Gy/min, RIPF developed 6 months after irradia-
tion. The mice were euthanized through decapitation.

All animals were closely monitored for changes in res-
piration and body weight after irradiation. Pulmonary 
fibrosis was confirmed by haematoxylin and eosin (H&E) 
staining and Masson’s trichrome staining.

RNA extraction and bioinformatic analysis
Total RNA was extracted from lung tissues of rats using 
Trizol reagent (Invitrogen, California, USA) accord-
ing to the manufacturer’s protocol. RNA sequencing 
was performed by Gene Denovo Biotechnology Co., Ltd 
(Guangzhou, China), and the data have been deposited 
at the NCBI SRA database with the accession number 
PRJNA1196531. RNAs differential expression analysis 
(DEGs) was performed by DESeq2 [25] software between 
normal and RIPF groups. The transcripts with the param-
eter of false discovery rate (FDR) below 0.05 and absolute 
fold change ≥ 2 were considered differentially expressed 
transcripts. Then the DEGs in all or each profile were 
subjected to Gene Ontology (GO) [26], Kyoto Encyclope-
dia of Genes and Genomes (KEGG) pathway enrichment 
analysis [27] and Gene set enrichment analysis [28].

Cell culture
The MLE12 (ATCC® CRL-2110™) cell line, derived from 
murine lung epithelial type II cells, was procured from 
the American Type Culture Collection (ATCC, Virginia, 
USA). The cells were cultured in Ham’s F12 medium 
(HyClone, Utah, USA) supplemented with 2% fetal 
bovine serum (FBS) (Gibco, New Zealand), 0.005 mg/mL 
insulin (M&C Gene, Beijing, China), 0.01 mg/mL trans-
ferrin (M&C Gene, Beijing, China), 10 nM β-estradiol 
(M&C Gene, Beijing, China), and 10 nM hydrocortisone 
(M&C Gene, Beijing, China). NIH/3T3 cells were pur-
chased from ATCC and cultured in DMEM (HyClone, 
Utah, USA) supplemented with 10% FBS.

Intratracheal administration
After anesthesia with tribromoethanol, the mouse was 
fixed on the operating board and the glottis was exposed 
with curved forceps. A 20G trocar was inserted along the 
glottis, and the core was pulled out after it was in place. 
After verifying the catheter’s placement, 40 to 80 µL of 
adeno-associated virus was injected using a nebulizing 

syringe. Following the injection, the syringe was with-
drawn, and the operating board was erected for 5 min to 
allow the drug to infiltrate into the lower lung by grav-
ity, and finally the cannula was withdrawn. The mice were 
then placed in bedding and warmed with a lamp to moni-
tor their vital signs, including respiration and heartbeat.

Knockdown or overexpression of TRIB3 in mice
Adeno-associated virus 6 (AAV6) was used to carry 
mice TRIB3 mRNA or short hairpin RNA (shRNA) 
against mice TRIB3 mRNA, both under the control of 
the core promoter of SPC (pulmonary surfactant-associ-
ated protein C). These AAV6 viruses were produced by 
Genechem Biosciences Inc (Shanghai, China). Adult male 
C57BL/6J mice were intratracheally injected with the 
AAV6 viruses (1 × 1011 viral particles per mouse). Three 
weeks later, lung tissues were dissected and isolated to 
verify the knockdown or overexpression of TRIB3 in 
AEC II using flow cytometry.

Hydroxyproline content assay
Approximately 0.2 g of lung tissue was weighed, minced 
and 2 mL of extract was added. After digestion by boil-
ing for 2 ~ 6 h, the mixture was centrifuged at 20,000 g for 
20 min and the pH was adjusted to 6 ~ 8 with 10 mol/L 
NaOH. The volume of distilled water was fixed at 4 mL, 
and the supernatant was taken to detect the absorbance 
value at 560  nm according to the determination opera-
tion table, and the hydroxyproline content of the tissue 
was calculated.

Masson’s trichrome staining
The right lung lobe samples were fixed in 4% formal-
dehyde solution, embedded in paraffin and sectioned 
at 5  mm. Lung sections were dried and fixed at 60  °C, 
dewaxed and hydrated, stained with lapis lazuli blue, hae-
matoxylin, fuchsin and aniline blue staining solution, and 
finally dehydrated and sealed. Ten random and non-over-
lapping lung parenchyma visual fields (10x, 20x magnifi-
cation) were selected to observe and record the changes 
in collagen fibers in the lung tissue after irradiation.

EdU proliferation assay
NIH/3T3 cells in logarithmic growth phase were taken, 
and 50,000 cell per well were seeded into the cell slides of 
12-well plates. The next day, they were treated with dif-
ferent conditions, and three days later, according to the 
EdU cell proliferation assay instructions, EdU labelling, 
cell fixation and Apollo staining were performed, and 
finally the number of EdU-positive cells was measured 
and counted under a microscope.
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Transwell migration assay
NIH/3T3 cells were seeded into the upper chamber of a 
24-well transwell plate, and DMEM medium with 10% 
FBS was added to the lower chamber and incubated at 
37  °C for 12  h. Non-migrated are wiped off with a cot-
ton swab, and then the cells under the filter are fixed 
and stained with 0.25% crystal violet. Five random areas 
are selected and counted to measure the cell migration 
ability.

Extraction and quantification of exosomes
After MLE12 cells were fused to 40–50%, they were 
washed with PBS and exosome free serum complete 
medium was added. After 72 h of cell culture, the culture 
supernatant was collected and the exosome precipitate 
was obtained by differential centrifugation. 10 µL of exo-
some suspension was taken out and added to RIPA lysis 
buffer, the temperature was set at 4℃ and the lysis time 
was set at 30 min. After lysis, the protein content in the 
exosomes was quantified using the BCA quantitative kit, 
and then the exosomes were calculated from the protein 
standard curve. Nanoparticle tracking analysis (NTA) is 
the other method used to measure nanoparticle number 
concentrations in this experiment. Nanoparticles in the 
isolated exosome suspensions were analyzed using the 
ZetaView® instrument (Particle Metrix, Meerbusch, Ger-
many). Analysis settings were optimized and kept con-
stant between samples, all experiments were performed 
at 1:1000 dilution, particle concentrations in the range of 
1 × 108/ml particles according to the manufacturer’s rec-
ommendations. All samples were analyzed in triplicate.

SiRNA knockdown
The siRNAs were synthesized by GenePharma Co., Ltd 
(Shanghai, China). The nonsense siRNA control and 
siRNA against TRIB3 (sense 5′- ​G​U​C​G​C​U​U​U​G​U​C​U​U​
C​A​G​C​A​A​T​T-3′; antisense 5′- ​U​U​G​C​U​G​A​A​G​A​C​A​A​A​
G​C​G​A​C​T​T-3′) were transfected into MLE12 cell with 
Lipofectamine RNAiMAX (13778075, ThermoFisher Sci-
entific, Massachusetts, USA). Cells were collected at dif-
ferent times for analysis.

Western blot
Cell extracts were lysed with RIPA lysis buffer (150 
mmol/L NaCl, 50 mmol/L Tris, pH = 8.0, 1% Triton 
X-100, 0.5% sodium deoxycholate, 0.1% SDS, plus pro-
tease and phosphatase inhibitors). After the lysis is 
complete, the protein concentration was quantified 
with the BCA quantitative kit. Protein was separated in 
bromophenol blue using sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis, transferred to the poly-
vinylidene fluoride membrane, blocked with 1% bovine 
serum albumin, then incubated with diluted primary 
antibodies and secondary antibodies, and finally the 

protein signal was detected in the gel imager using ECL 
chemiluminescence detection kit.

Measurement of autophagic flux
Autophagic flux was traced with expression of mRFP-
GFP-LC3 fusion protein in MLE12 cells. Briefly, we 
generated a MLE12 cell line that stably expresses mRFP-
GFP-LC3 fusion protein by lentiviral transduction. The 
cells were then transfected with TRIB3 siRNA or TRIB3 
overexpression plasmid. Subsequently, the cells were 
exposed to an 8 Gy dose of irradiation 24 h post-trans-
fection. Autophagic flux was analyzed by fluorescence 
microscopy monitoring the distribution and alteration of 
mRFP-GFP-LC3B fluorescent signals at 48 h post-irradi-
ation. The ratio of green to red fluorescence was quan-
tified by high content cell imaging (Molecular Devices, 
Shanghai, China).

Co-Immunoprecipitation
Protein A/G magnetic beads were washed three times 
with the appropriate amount of lysis buffer, and 2 µg of 
the corresponding antibody was added and incubated 
slowly for 2 h at room temperature to couple the antibody 
with protein A/G magnetic beads. Cells were collected 
48 h after transfection, 1 mL of cell lysis buffer (contain-
ing protease inhibitor) was added and the cells were lysed 
on ice for 30 min, and the cell lysate was centrifuged at 
4  °C for 15 min at 12,000 rpm and the supernatant was 
collected. 60 µL of lysates was added to 4×SDS loading 
buffer, boiled for 10 min at 100 °C for Western blot analy-
sis, and the remaining lysates was added to the pretreated 
antibody-magnetic bead mixture and incubated slowly 
overnight at 4  °C with. After the immunoprecipitation 
reaction, the magnetic beads were adsorbed to the side 
of the tube by the magnetic holder. The supernatant was 
carefully aspirated, and the magnetic beads were washed 
three times with 1 ml washing buffer. Finally, 100 µL of 
2×SDS loading buffer was added, boiled for 10  min at 
100  °C, and the interacting proteins were detected by 
Western blotting.

Statistical analysis
Statistical analysis between groups was performed by 
SPSS 15.0 software. Enumeration data were analyzed 
by unpaired t-test. Measurement data were analyzed 
either by Student’s t-test or one-way analysis of variance 
(ANOVA). p < 0.05 was considered statistically signifi-
cant (*P < 0.05, **P < 0.01, ***P < 0.001, ns: no significance). 
Each experiment was replicated at least three times. The 
results of the control group and each experimental group 
were taken as the mean of three different experimental 
samples and expressed as the mean ± S.E.M.
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Results
Changes in the transcriptional profiles of RIPF rats
To investigate the gene expression changes associated 
with RIPF in murine, we conducted RNA sequencing and 
transcriptomic analysis on lung tissues from RIPF and 
normal rats. The resultant RNA-sequencing data have 
been archived in the NCBI Sequence Read Archive (SRA) 
database under the accession number PRJNA1196531 
[29].

Differentially expressed genes (DEGs) were identified 
based on the threshold of adjusted P < 0.001 and fold 
change (FC) > 2 or < 0.5, yielding 610 DEGs: 374 genes 
upregulated and 236 genes downregulated in the RIPF 
group compared to the normal group (Fig. 1A). The clus-
ter heatmap displayed all DEGs between the two groups 
(Fig. 1B).

Gene Ontology (GO) enrichment analysis indicated 
that DEGs were predominantly associated with cell 
surface, membrane part, extracellular region part, and 
membrane biological processes (Fig.  1C), suggesting 
disruptions in intercellular signaling and membrane 
structures, such as vesicles, in the RIPF group. Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway 
analysis further highlighted phagosome as the most sig-
nificantly enriched pathway (Fig.  1D). Gene set enrich-
ment analysis (GSEA) confirmed the enrichment of both 
phagosome and lysosome pathways in RIPF tissues com-
pared to controls (Fig. 1E, F), implicating altered expres-
sion of genes regulating phagocytosis in the lung tissue of 
RIPF rat.

Elevated TRIB3 expression in murine models of RIPF
Given the growing body of evidence for the role of 
TRIB3 in IPF and its association with phagosome/ lyso-
some function [30, 31], we utilized our RNA-sequenc-
ing data to explore the correlation between TRIB3 and 
genes implicated in fibrosis. Our analysis revealed a 
strong positive correlation between TRIB3 and fibrosis-
related genes, including vimentin, TIMP2, MMP12, and 
FN1 (Figure S1). While initial transcriptomic data sug-
gested a trend towards elevated TRIB3 expression, this 
did not reach statistical significance (Fig. 2A). However, 
further analysis using RT-PCR on lung tissue samples 
from RIPF rats demonstrated a significant upregula-
tion of TRIB3 mRNA (Fig. 2B), a finding corroborated in 
RIPF mice (Fig.  2C). To substantiate these findings, we 
assessed TRIB3 protein expression in murine models of 
RIPF using Western blotting. The results indicated a sub-
stantial increase in TRIB3 protein levels in both RIPF 
rats (Fig.  2D) and mice (Fig.  2E) compared to control 
groups. However, mouse RIPF lung tissue showed more 
individual variability. Immunohistochemical staining 
of lung sections from rats and mice further confirmed 
these results, showing a pronounced increase in TRIB3 

expression in radiation-injured tissues of RIPF models 
relative to controls (Fig. 2F, G), underscoring the poten-
tial role of TRIB3 in the pathogenesis of RIPF.

To investigate the cellular localization of TRIB3 in 
lung tissue, we analyzed the public single-cell RNA-
sequencing dataset GSE211713, which comprises 20 
mouse lung samples collected 1 to 5 months after radia-
tion injury. Our single-cell analysis revealed that TRIB3 
was predominantly enriched in pulmonary AEC II clus-
ters (Fig. 2H). Given the critical role of AEC II in pulmo-
nary fibrosis [9], we used surfactant protein C (SPC), a 
hydrophobic protein specific to AEC II, as a marker. 
Co-staining of mouse lung sections for TRIB3 and SPC 
confirmed elevated TRIB3 expression specifically within 
AEC II in RIPF regions (Fig. 2I). Consistently, immuno-
fluorescence staining of rat tissue sections also showed 
increased TRIB3 protein expression in AEC II after IR 
injury (Figure S2). Furthermore, flow cytometric analysis 
of enzymatically digested lung tissue provided additional 
evidence for the increased co-expression of TRIB3 and 
SPC in RIPF (Fig.  2J). In vitro, MLE12 cells (a murine 
AEC II cell line) exposed to a single 8 Gy dose of X-ray 
irradiation exhibited increased TRIB3 protein levels 
(Fig.  2K). Collectively, these results indicate that TRIB3 
expression is upregulated in IR-injured AEC II in RIPF 
models.

Silencing TRIB3 in AEC II alleviates RIPF in mice
To investigate the role of TRIB3 in RIPF, we tested three 
TRIB3-specific short hairpin RNAs (shRNAs) deliv-
ered by lentivirus in MLE12 cells, and the TRIB3 deple-
tion level was confirmed by western blotting (Figure S3). 
Given TRIB3 mainly enriched in AEC II, to further exam-
ine TRIB3’s role in RIPF, we generated AEC II-specific 
TRIB3 knockdown mice using an AAV6-SPC-shTRIB3 
vector delivered via intratracheal (IT) injection (Fig. 3A). 
IT delivery of AAV6 vector has been shown to mediate 
efficient transduction of epithelial cells in mouse lungs 
[32, 33], also as evidenced by immunofluorescent staining 
of lung sections (Figure S4). This vector delivers TRIB3 
shRNA under the control of the alveolar-specific SPC 
promoter, specifically knocking down TRIB3 in mouse 
AEC II. Three weeks after infection, flow cytometry con-
firmed reduced TRIB3 expression in AEC II of AAV6-
SPC-shTRIB3 mice (Fig. 3B). Then, the right lungs of mice 
were exposed to a single dose of 17 Gy X-ray irradiation. 
Six months after irradiation, the mice were euthanized 
and lung tissues were collected. Western blotting showed 
the TRIB3 protein levels increased markedly after IR, and 
AAV6-SPC-shTRIB3 mice exhibited significantly lower 
TRIB3 protein levels compared to AAV6-SPC-shNC 
mice (Fig.  3C). The differences between AAV6-SPC-
shNC and AAV6-SPC-shTRIB3 groups without IR are 
marginal, which may be due to the low expression level 
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Fig. 1  Transcriptome analysis of RIPF rat lungs. (A) Volcano plot of DEGs between groups in transcriptome. (B) Heatmap of DEG clustering. (C) GO en-
richment analysis for cellular components. (D) KEGG pathway enrichment analysis. (E, F) GSEA for phagosome pathway (E) and lysosome pathway (F)
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Fig. 2  Increased TRIB3 expression in AEC II of RIPF models. (A) TRIB3 mRNA expression in the lung transcriptome of RIPF rats. (B) RT-PCR analysis of TRIB3 
mRNA in the lung of RIPF rats. (C) RT-PCR analysis of TRIB3 mRNA in the lung of RIPF mice. (D) Western blot and quantitative analysis of TRIB3 protein in 
rat lung tissues. (n = 5). (E) Western blot and quantitative analysis of TRIB3 protein in mouse lung tissues. (n = 5). (F) Representative images of H&E and 
Masson staining of rat lung tissue 4 months after irradiation, along with immunohistochemical staining images for TRIB3 and quantitative analysis. The 
black boxes indicate areas shown at 40× magnification in each micrograph. (Bar = 500 μm; n = 5). (G) Representative images of H&E and Masson staining 
of mouse lung tissue 6 months after irradiation, along with immunohistochemical staining images for TRIB3 and quantitative analysis. The black boxes 
indicate areas shown at 40× magnification in each micrograph. (Bar = 500 μm; n = 5). (H) Single-cell RNA sequencing heatmap of TRIB3 expression in 
RIPF mouse lung. (I) Representative immunofluorescence images of lung sections from normal and RIPF mice stained with anti-TRIB3 (red), anti-SPC 
(green), and DAPI (blue). (n = 5). Bar = 200 μm. The white boxes in the upper right indicate areas shown at 40× magnification. (J) Flow cytometric analysis 
of co-staining for TRIB3 and SPC in enzymatically digested mouse lung samples and quantitative analysis indicates the percentage of cells co-expressing 
TRIB3 and SPC. (K) Western blot and quantitative analysis of TRIB3 expression in MLE12 cells. (Blank: MLE12 cell without IR). All data are presented as 
mean ± S.E.M, ***P < 0.001, **P < 0.01, *P < 0.05
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of TRIB3 in normal mice. The AAV6-SPC-shTRIB3 mice 
also exhibited reduced right lung weight-to-body weight 
ratios (Fig.  3D), lower hydroxyproline content (Fig.  3E), 
and decreased collagen deposition as indicated by 

Masson staining (Fig.  3F). Histological analysis showed 
that TRIB3 silencing significantly alleviated extracellular 
matrix hyperplasia and architectural disruption in RIPF 
lungs (Fig. 3G). Additionally, TRIB3 knockdown reduced 

Fig. 3  Silencing TRIB3 in AEC II alleviates RIPF in mice. (A) Schematic illustration of experimental design. (B) Flow cytometry image and quantitative analy-
sis of TRIB3 + SPC + AEC II isolated from lung samples of mice three weeks after IT administration with AAV6-SPC-shNC or AAV6-SPC-shTRIB3. (C) Western 
blot and quantitative analysis of TRIB3, FN1, MMP2, and α-SMA protein expression in the lungs of indicated mice. GAPDH was used as a loading control. 
(D) Quantitative analysis of the ratio of right lung weight to body weight. (E) Hydroxyproline contents in lung tissues. (F) Representative Masson staining 
image of the lung tissues. (Bar = 500 μm). (G) Representative H&E staining image of the lung tissues. (Bar = 500 μm). All data are presented as mean ± S.E.M, 
***P < 0.001, **P < 0.01, *P < 0.05, ns: no significance
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extracellular matrix protein levels (FN1, MMP2, and 
α-SMA) (Fig.  3C). These findings suggest that AEC II-
specific TRIB3 silencing mitigates RIPF in mice.

Overexpression of TRIB3 in AEC II exacerbates RIPF in mice
To evaluate TRIB3 overexpression’s effect on RIPF, AEC 
II-specific TRIB3 overexpression was achieved using 
an AAV6 serotype vector expressing TRIB3 delivered 
via IT injection (AAV6-SPC-TRIB3 mice) (Fig.  4A). Six 
months post- irradiation, AAV6-SPC-TRIB3 mice exhib-
ited increased hydroxyproline content in lung tissues 
(Fig. 4B), greater collagen deposition (Fig. 4C), and more 
severe architectural damage as observed by H&E staining 

(Fig. 4D), along with increased extracellular matrix pro-
tein levels (FN1, MMP2) (Fig. 4E). These results indicate 
that TRIB3 overexpression in AEC II exacerbates RIPF in 
mice.

TRIB3 promotes crosstalk between MLE12 and fibroblasts via 
increased exosome secretion
Activated fibroblasts exhibit an enhanced ability to pro-
liferate and synthesize ECM, contributing significantly 
to the deformation of lung tissue and the development of 
fibrosis [34]. Notably, the fibronectin 1 (FN1) in the ECM 
is preferentially expressed and plays a crucial role in the 
activation of myofibroblasts [35]. To examine whether 

Fig. 4  TRIB3 overexpression in AEC II aggravates RIPF in mice. (A) Schematic illustration of experimental design. (B) Hydroxyproline contents in the lungs. 
(C) Representative Masson staining image of the lung tissues. (Bar = 500 μm). (D) Representative H&E staining image of the lung tissues. (Bar = 500 μm). 
(E) Western blot and quantitative analysis of TRIB3, FN1, MMP2, and α-SMA protein levels in the lungs of mice. Data represent three of five results. All data 
are presented as mean ± S.E.M, ***P < 0.001, **P < 0.01, *P < 0.05, ns: no significance
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AEC II with elevated TRIB3 expression affect fibro-
blasts, we used a lentiviral vector to overexpress TRIB3 
in MLE12 cells (LV-TRIB3 MLE12), whose conditioned 
media (CM) led to increased FN1 expression (Fig.  5B), 
proliferation (Fig.  5C, E) and migration (Fig.  5D, F) of 
murine fibroblasts (NIH/3T3). Given the role of hypoxia-
induced exosomes from alveolar epithelial cells in 
fibroblast activation [36], we speculated that TRIB3 over-
expression in MLE12 cells might affect lung fibroblasts 
via exosomes. To address it, we first performed transcrip-
tomic correlation analysis of TRIB3 and exosome-related 
genes in RIPF and normal rat lungs. As shown in Fig. 5G, 
the exosome-related genes TSG101, CD9, CD63 showed 
a significant positive correlation with TRIB3 expression. 
We then depleted exosomes from LV-TRIB3 MLE12 CM 
and found that the effect of CM on FN1 expression in 
fibroblasts disappeared (Fig.  5H), implying the critical 
role of exosomes in CM. Subsequently, we isolated exo-
somes from LV-NC and LV-TRIB3 MLE12 CM by differ-
ential centrifugation. Interestingly, when fibroblasts were 
incubated with a controlled amount (40 µg) of exosomes 
from LV-NC or LV-TRIB3 MLE12 cells, FN1 expression 
remained unchanged (Fig. 5I), suggesting that TRIB3 may 
promote exosome secretion from MLE12 cells. Nanopar-
ticle tracking analysis and immunofluorescence staining 
for the exosome marker CD81 confirmed increased exo-
some secretion from LV-TRIB3 MLE12 cells compared 
to LV-NC MLE12 cells (Fig.  5J, K). Furthermore, exo-
somes promoted NIH/3T3 fibroblast proliferation and 
FN1 expression in an exosome concentration-dependent 
manner (Fig.  5L, M). These results suggest that TRIB3 
may argument exosome secretion of MLE12 cell, thereby 
promoting MLE12-NIH/3T3 crosstalk.

TRIB3 inhibits autophagic flux to augment exosome secretion 
from AEC II
Inhibition of autophagic flux is a known factor influenc-
ing exosome secretion [37]. Gene set variation analy-
sis (GSVA) of the RIPF rat lung transcriptome revealed 
enrichment of several genes associated with autophagy 
(Fig. 6A). Notably, TRIB3 exhibited a significant correla-
tion with autophagy-associated genes such as LAMP1, 
LAMP2, and SQSTM1 (Fig. 6B). Emerging evidence sug-
gests that autophagic flux is inhibited in the lung tissues 
of IPF, as manifested by a decline in autophagosomes, 
impaired fusion with lysosomes, and elevated levels of 
intracellular SQSTM1, particularly insoluble SQSTM1 
protein [38–40]. Compared to normal lung tissues, 
the aggregation of insoluble SQSTM1 was increased 
in fibrotic lung tissues (Fig.  6C), suggesting impaired 
autophagic flux in RIPF. Elevated SQSTM1 levels in 
fibrotic lung tissues were confirmed by immunohisto-
chemical staining (Fig. 6D, E) and co-staining with SPC 
in AEC II (Fig.  6F). Similar findings were observed in 

the lungs of RIPF rats (Figure S5). To further investigate 
the impact of TRIB3 on autophagic activity in RIPF, we 
examined AAV6-SPC-TRIB3 and AAV6-SPC-shTRIB3 
mice. TRIB3 overexpression led to increased aggrega-
tion of SQSTM1 in RIPF lung tissue (Fig.  6G, I), while 
TRIB3 silencing reduced SQSTM1 aggregation (Fig. 6H, 
J). These results indicate an inverse correlation between 
TRIB3 expression and autophagic flux in RIPF.

Following exposure to different doses of irradiation, 
the expression of SQSTM1 and insoluble SQSTM1 were 
found to be upregulated in MLE12 cells (Fig.  7A). In 
irradiated MLE12 cells, TRIB3 knockdown decreased 
insoluble SQSTM1 accumulation, whereas TRIB3 over-
expression led to increased accumulation of insoluble 
SQSTM1 (Fig.  7B, C). The fusion of autophagosome 
with lysosomes is a crucial step in autophagic flux [41]. 
To assess whether TRIB3 inhibits this fusion process, 
we expressed tandem fluorescent-tagged LC3 (mRFP-
GFP-LC3) in MLE12 cells to trace the formation and 
degradation of autophagosomes and autolysosomes [42]. 
GFP fluorescence is quenched in the acidic environment 
of lysosomes, while mRFP fluorescence, being less pH-
sensitive, remains within the acidic lysosome. A higher 
GFP/mRFP signal ratio indicates more autophagosomes 
(green) before fusion with lysosomes, suggesting a block-
age of autophagic flux. In contrast, a lower GFP/mRFP 
signal ratio indicates more mRFP-GFP-LC3 localized to 
autolysosomes (red), suggesting autophagic flux is occur-
ring. Autophagic flux analysis using mRFP-GFP-LC3 
revealed that TRIB3 silencing decreased the GFP/mRFP 
fluorescence ratio, indicating more autolysosome forma-
tion (Fig. 7D). Conversely, TRIB3 overexpression had the 
opposite effect, suggesting blockage of autophagic flux 
(Fig. 7E). The lysosomal marker LAMP2 was reduced in 
TRIB3-overexpressing MLE12 cells (Fig.  7F), implying 
less autolysosome formation. Together, these findings 
confirm that TRIB3 inhibits autophagic flux in irradiated 
MLE12 cells.

To examine whether TRIB3-induced exosome secre-
tion results from autophagic flux inhibition, we treated 
LV-shTRIB3 MLE12 cells with hydroxychloroquine 
(HCQ) to block autophagosome-lysosome fusion. HCQ 
treatment increased exosome secretion in LV-shTRIB3 
MLE12 cells post-irradiation (Fig.  7G), suggesting 
that TRIB3 augments exosome secretion by inhibiting 
autophagic flux.

TRIB3 interacts with autophagic receptor protein SQSTM1
TRIB3 interacts with SQSTM1 to inhibit autophagic flux 
in hepatocytes [17]. To determine if this interaction also 
occurs in RIPF mice, we co-stained TRIB3 and SQSTM1 
in lung tissues of AAV6-SPC-NC and AAV6-SPC-TRIB3 
RIPF mice. We observed TRIB3 and SQSTM1 co-local-
ization in murine lung tissue (Fig.  8A). Furthermore, 
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Fig. 5  TRIB3 promotes crosstalk between MLE12 Cells and fibroblasts by increasing exosome secretion. (A) NIH/3T3 fibroblasts were incubated in con-
ditioned media (CM) from MLE12 cells. (B) Western blot and quantitative analysis of FN1 expression in NIH/3T3 cells incubated with CM from LV-NC or 
LV-TRIB3 MLE12 cells. Representative EdU assay image (C) and quantitative analysis (E) of fibroblast proliferation after incubation with indicated CM for 
72 h. (Bar = 100 μm). Representative transwell assay image (D) and quantitative analysis (F) of fibroblast migration after incubation with indicated CM. 
(Bar = 500 μm). (G) Heatmap of the transcriptomic correlation analysis of TRIB3 and exosome-related genes in RIPF and normal rat lung. (H, I) Western 
blot and quantitative analysis of FN1 expression in NIH/3T3 cells after incubation with CM for 72 h. (Blank: DMEM medium with 10% FBS; LV-TRIB3-CM 
exo-free: CM from LV-TRIB3 MLE12 cells without exosomes; LV-TRIB3 CM: CM from LV-TRIB3 MLE12 cells with exosomes; LV-NC exo: 40 µg exosomes from 
CM of LV-NC MLE12 cells; LV-TRIB3 exo: 40 µg exosomes from LV-TRIB3 MLE12 cells). (J) Exosome quantities from LV-NC and LV-TRIB3 MLE12 cells detected 
by Nanoparticle Tracking Analysis (NTA). (K) Immunofluorescent staining of CD81 (exosome marker) in LV-NC and LV-TRIB3 MLE12 cells. (Bar = 25 μm). (L) 
Quantitative analysis of EdU assays showing the proliferation of NIH/3T3 cells after exposure to indicated amounts of exosomes from MLE12 cells for 72 h. 
(M) Western blot and quantitative analysis of FN1 expression in NIH/3T3 cells after exposure to different concentrations of exosomes from MLE12 cells for 
72 h. All data are presented as mean ± S.E.M, ***P < 0.001, **P < 0.01, *P < 0.05
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Fig. 6  TRIB3 inhibits autophagic flux in RIPF mice. (A) Gene set variation analysis (GSVA) of RIPF rat lung transcriptome. (B) Transcriptomic correlation 
analysis of TRIB3 and autophagy-related genes in RIPF and normal mice. (C) Western blot and quantitative analysis of SQSTM1 and insoluble SQSTM1 pro-
tein in lung tissues of mice. Data represent results from five animals per group. (D, E) Immunohistochemical staining and quantitative analysis of SQSTM1 
in mouse lung tissue. Black boxes indicate areas shown at 40× magnification. (Bar = 500 μm; n = 5). (F) Immunofluorescent staining and quantitative 
analysis of SQSTM1 (red) in AEC II (SPC, green; DAPI, blue) in lung tissues of mice. White boxes indicate areas shown at 40× magnification. (Bar = 200 μm). 
(G, H) Western blot and quantitative analysis of TRIB3, SQSTM1, and insoluble SQSTM1 in lung tissues of AAV6-SPC-NC or AAV6-SPC-TRIB3 mice (G) and 
AAV6-SPC-shNC or AAV6-SPC-shTRIB3 mice (H). Data represent results from five mice per group. (I, J) Immunohistochemical staining and quantitative 
analysis of SQSTM1 in lung tissues of TRIB3 overexpression RIPF mice (I) and TRIB3 knockdown RIPF mice (J). Black boxes indicate areas shown at 40× 
magnification. (Bar = 500 μm; n = 5). All data are presented as mean ± S.E.M, ***P < 0.001, **P < 0.01, *P < 0.05
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Fig. 7  TRIB3 inhibits autophagic flux to increase exosome secretion in MLE12. (A) Western blot and quantitative analysis of SQSTM1 and insoluble 
SQSTM1 protein in MLE12 cells. (B) Western blot and quantitative analysis of insoluble SQSTM1 protein after exposure of LV-TRIB3 MLE12 cells to 8 Gy 
irradiation for the indicated time. (C) Western blot and quantitative analysis of insoluble SQSTM1 protein after exposure of LV-shTRIB3 MLE12 cells to 8 Gy 
irradiation for the indicated time. (D, E) Representative fluorescent image and quantitative analysis of GFP/mRFP signal ratio to assess autophagic flux in 
MLE12 cells expressing mRFP-GFP-LC3 following TRIB3 silencing (D) or TRIB3 overexpression (E). (F) Representative immunofluorescence images of LV-NC 
and LV-TRIB3 MLE12 cells after exposure to 8 Gy irradiation, stained with LAMP2 (red) and DAPI (blue). (Bar = 25 μm). (G) Exosomes were isolated from 
the medium of irradiated LV-shTRIB3 MLE12 cells treated with hydroxychloroquine (HCQ) or not and quantified by BCA assays. Data represent exosome 
protein concentration distributions from three assays. All data are presented as mean ± S.E.M, ***P < 0.001, **P < 0.01, *P < 0.05
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Fig. 8  TRIB3 interacts with SQSTM1. (A) Co-localization of TRIB3 (green) with SQSTM1 (red) in lung tissues of RIPF mice. (Bar = 200 μm). (B) Lung tissue 
extracts from RIPF mice were immunoprecipitated with anti-TRIB3 antibody and blotted with anti-SQSTM1 antibody. (C) Immunofluorescent staining 
showing the co-localization of TRIB3 (red) and SQSTM1 (green) in MLE12 cells transfected with TRIB3 plasmid. (Bar = 25 μm). (D) MLE12 cells were trans-
fected with TRIB3-FLAG. Then, cell extracts were immunoprecipitated with anti-FLAG antibody. (E) A schematic representation of truncated mutations 
of SQSTM1. (F) MLE12 cells were co-transfected with indicated constructs of TRIB3-FLAG and SQSTM1-HA. Cell extracts were immunoprecipitated with 
anti-FLAG antibody and blotted with anti-HA antibody. (G) Quantitative analysis of GFP/mRFP signal ratio to assess autophagic flux in MLE12 cells ex-
pressing mRFP-GFP-LC3 following TRIB3 and SQSTM1co-overexpression. (H) Exosomes were isolated from the medium of irradiated LV-TRIB3 MLE12 cells 
following SQSTM1 overexpression and quantified by BCA assays. Data represent exosome protein concentration distributions from three assays. All data 
are presented as mean ± S.E.M, ***P < 0.001, **P < 0.01, *P < 0.05, ns: no significance
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immunoprecipitation of TRIB3 from lung tissue extracts 
of RIPF mice demonstrated robust SQSTM1 co-precip-
itation (Fig.  8B). This interaction was also confirmed in 
MLE12 cells (Fig.  8C, D). Further analysis using several 
deletion mutants of HA-tagged SQSTM1 revealed that 
TRIB3 binds to the LIR and UBA domains of SQSTM1 
(Fig.  8E, F), which are essential for LC3 and ubiquiti-
nated protein binding [43]. Then We further investigated 
whether the interaction between TRIB3 and SQSTM1 
influences autophagy flux and exosome secretion. Using 
MLE12 cells expressing the mRFP-GFP-LC3 reporter 
system, we demonstrated that co-overexpression of 
TRIB3 with either wild-type SQSTM1(SQSTM1-FL) or 
the KIR-truncated mutant (SQSTM1-M3) significantly 
rescued the impaired autophagy flux (as evidenced by 
reduced GFP/mRFP fluorescence ratio 48  h after 8  Gy 
irradiation) compared to TRIB3 overexpression alone, 
while the KIR + LIR + UBA-truncated mutant (SQSTM1-
M1) showed no such restorative effect (Fig. 8G). The par-
allel experiments in LV-TRIB3 MLE12 cells revealed that 
overexpression of SQSTM1-FL or SQSTM1-M3 (but not 
SQSTM1-M1) similarly attenuated the radiation-induced 
exosome hypersecretion of TRIB3-overexpressing cells 
(Fig.  8H). These suggest that the LIR + UBA domains of 
SQSTM1 are necessary for both the autophagy blockade 
and exosome hypersecretion induced by TRIB3.

Thus, TRIB3 binds to SQSTM1, possibly disrupting its 
interaction with LC3 and ubiquitinated proteins in AEC 
II cell line MLE12, leading to SQSTM1 accumulation, 
autophagic dysfunction, and enhanced exosome secre-
tion. Excessive exosome secretion promotes fibroblast 
proliferation and ECM production, accelerating RIPF 
progression.

Discussion
TRIB3 expression is upregulated under various stress 
conditions, including endoplasmic reticulum stress, star-
vation, oxidative stress, and hypoxia [13, 44]. Our study 
confirms that TRIB3 is also elevated in the lung tissues 
of RIPF mouse models. TRIB3 in AEC II cell line MLE12 
inhibits autophagic flux by interacting with SQSTM1, 
enhances exosome secretion, and thus stimulates ECM 
production in fibroblasts. Knocking down TRIB3 in AEC 
II mitigates pathological changes associated with RIPF, 
whereas TRIB3 overexpression exacerbates these effects.

Autophagy is an evolutionarily conserved process 
critical for maintaining cellular homeostasis through 
the degradation of misfolded proteins and dysfunctional 
organelles, including peroxisomes and mitochondria 
[45]. Our findings demonstrated an accumulation of 
insoluble SQSTM1 in the RIPF mouse model, consistent 
with reduced autophagy observed in lung biopsies from 
patients with IPF [46, 47]. In irradiated MLE12 cells, we 
observed a blockage of autophagic flux, evidenced by 

the accumulation of insoluble SQSTM1 and confirmed 
through an mRFP-GFP-LC3 dual fluorescence assay, 
which indicated inhibited autophagic degradation.

The effects of irradiation on autophagy, however, 
remain controversial. For instance, studies by Madhuri 
et al. indicated that irradiation stimulates autophagy 
in macrophages, facilitating the clearance of misfolded 
proteins and damaged organelles and ultimately enhanc-
ing cell survival [10, 48]. Our study, by contrast, demon-
strated that exposure of MLE12 cells to 8 Gy irradiation 
resulted in autophagic flux inhibition. Differences in 
cell types and radiation doses may account for these 
discrepancies.

TRIB3 has previously been shown to influence patho-
logical processes by inhibiting autophagy, such as pro-
moting glioblastoma proliferation [49], activating hepatic 
fibroblasts [50], and contributing to diabetes [51]. Our 
investigation extends these findings, demonstrating that 
TRIB3 impairs autophagy in AEC II during RIPF. Over-
expression of TRIB3 in irradiated MLE12 cells led to 
SQSTM1 accumulation and a reduction in autophagic 
lysosomes, while TRIB3 knockdown restored autopha-
gic flux. These in vitro findings were confirmed in animal 
models.

The mechanism by which TRIB3 inhibits autophagic 
flux in AEC II involves its interaction with SQSTM1. 
SQSTM1 is a receptor for ubiquitinated proteins destined 
for lysosomal degradation [52]. It binds to ubiquitinated 
proteins and LC3, incorporating them into autophago-
somes for eventual lysosomal fusion and degradation. 
Our research shows that TRIB3 interacts with the LIR 
and UBA domains of SQSTM1, which are responsible for 
binding LC3 and ubiquitinated substrates, respectively, 
leading to SQSTM1 aggregation and impaired autopha-
gic flux.

In other conditions, such as diabetes and liver fibrosis, 
TRIB3 similarly inhibits autophagic flux through inter-
action with SQSTM1, particularly via its UBA domain 
[17, 51]. In neurons, TRIB3 indirectly stimulates ULK1 
by inhibiting its phosphorylation, promoting autopha-
gosome formation while reducing autophagic flux [53]). 
In A549 and MiaPaCa-2 cells, TRIB3 interacts with 
Akt, reducing phosphorylation of Akt and its substrate 
PRAS40, thereby impairing autophagic flux through the 
Akt/mTORC1 pathway [54]. These findings highlight that 
TRIB3 modulates autophagy through different binding 
domains and pathways depending on cell type and tissue 
context.

Several studies have shown that autophagy regulation 
affects exosome biogenesis and release. For instance, 
autophagy induction in K562 cells through starvation 
or rapamycin treatment reduces exosome release by 
promoting fusion of autophagosomes with multivesicu-
lar bodies (MVBs) [55]. STX17, a protein involved in 
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autophagosome-lysosome fusion, also influences exo-
some production; its depletion increases exosome release 
in A549 cells [56]. Additionally, PIKfyve inhibition, which 
disrupts lysosome turnover, enhances exosome release 
and triggers secretory autophagy in PC-3 cells [57]. Our 
study supports these findings, showing that radiation-
induced TRIB3 upregulation blocks autophagic flux, con-
sequently increasing exosome release.

In healthy cells, most MVBs fuse with lysosomes, 
resulting in the degradation of their contents. Exosome 
secretion is restored when fusion of MVBs with lyso-
somes or autophagosomes is inhibited, indicating that 
lysosomal degradation primarily regulates exosome 
inhibition [58]. Furthermore, the ubiquitination status 
of MVB cargo proteins can influence MVB fate. While 
MVBs containing ubiquitinated MHC-II undergo lyso-
somal degradation in immature dendritic cells, non-ubiq-
uitinated MHC-II is directed to the plasma membrane for 
secretion in activated dendritic cells [59]. Our findings 
suggest that TRIB3’s interaction with the UBA domain 
of SQSTM1 may interfere with SQSTM1’s role in trans-
porting ubiquitinated proteins to MVBs, possibly leading 
to increased fusion of MVBs with the plasma membrane 
and heightened exosome release.

In the context of idiopathic pulmonary fibrosis (IPF), 
the disruption of the interaction between TRIB3 and 
GSK-3β has been shown to significantly mitigate pulmo-
nary fibrosis [20]. Furthermore, TRIB3 is implicated in 
various oncological processes, notably in tumor immu-
nity, stemness, drug resistance, and metabolic pathways. 
Peptide-based therapeutics targeting TRIB3 have dem-
onstrated high specificity and considerable therapeutic 
potential in preclinical investigations [60]. These findings 
suggest that TRIB3 may serve as a promising therapeu-
tic target. In the present study, we utilized a preventive 
intervention model to elucidate that TRIB3 influences 
the progression of RIPF through pre-radiation overex-
pression or knockdown in AEC II. Although our research 
has confirmed the pathogenic role of TRIB3 in RIPF 
development, future research using therapeutic inter-
vention models where TRIB3 modulation is applied after 
radiation-induced lung injury will be essential to assess 
its viability as a druggable target for established RIPF.

While our study offers insights into the role of TRIB3 
in the progression of RIPF, several limitations must be 
acknowledged. Although we demonstrated that exo-
somes derived from MLE12 cells influence extracellular 
matrix (ECM) production and the proliferation of lung 
fibroblasts, the specific exosomal cargoes contributing to 
RIPF progression remain unidentified. Comprehensive 
profiling of exosomal contents, such as RNA and pro-
teins, will be a critical focus of our future investigations to 
elucidate these mechanisms. Furthermore, although the 
present study specifically examined the impact of TRIB3 

on fibroblasts, it is essential to recognize that other key 
cellular components within the RIPF microenvironment, 
particularly immune cells like macrophages and T cells, 
play a crucial role in the pathogenesis and progression 
of RIPF [24, 61, 62]. Although MLE12 cells with features 
similar to AEC II, but are clearly very different from pri-
mary AEC II. To increase the robustness of our findings, 
future research should integrate a wider range of AEC II 
models, including both alternative immortalised cell lines 
such as RLE-6TN and primary AEC II cultures, to con-
firm the results presented in our manuscript.
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