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STING facilitates the development of radiation-induced lung injury
via regulating the PERK/elF2a pathway
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Background: Radiation-induced lung injury (RILI) is one of the serious adverse reactions of thoracic
radiotherapy, which largely limits the dose and therapeutic effect of radiotherapy. The underlying mechanism
has not been elucidated. RILI is characterized by an acute inflammatory response, and stimulator of
interferon genes (STING) has been reported to play an important role in regulating inflammation and innate
immune activation. However, its role in RLLI, remains unclear. Here, we reported the potential therapeutic
effect of STING inhibitor H-151 on RILIL

Methods: C57BL/6] mice were exposed to 20 Gy whole-thorax irradiation and H-151 was injected
intraperitoneally from the day of irradiation for 4 weeks. The degree of RILI was then assessed. To further
explore the mechanism of STING in RILI, the supernatant of irradiated lung epithelial cell MLE-12 was co-
cultured with embryonic fibroblast cell NTH/3T3.

Results: The cyclic guanosine monophosphate-adenosine monophosphate synthase (cGAS)-STING
pathway is abnormally activated in irradiated mouse lung tissues. The early application of STING inhibitor
significantly alleviated radiation-induced inflammatory cell infiltration and pro-inflammatory cytokine
release in lung tissue, as well as the degree of fibrosis in the late stage. The amount of double-stranded DNA
(dsDNA) in the supernatant of irradiated MLE-12 cells was abnormally increased, and the epithelial-derived
dsDNA could promote the transformation of fibroblasts into myofibroblasts. Mechanistically, STING
could mediate the activation of fibroblasts to myofibroblasts via the PKR-like endoplasmic reticulum kinase
(PERK)-eukaryotic initiation factor 2a (eIF2a) pathway.

Conclusions: Our study focused on the activation of cGAS-STING signaling pathway in RILI, and
inhibition of STING significantly ameliorated RILI in mice. STING mediated the effect of radiation-
induced dsDNA release to stimulate the activation of inflammatory response, and STING restriction
significantly delayed the fibrosis process through the PERK-elF2a pathway, suggesting that STING

intervention may pave a new avenue for the treatment of RILI.
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Introduction

The incidence of malignant tumors has been increasing in
recent years. As one of the main methods for the treatment
of lung cancer, esophageal cancer, breast cancer, and other
thoracic malignant tumors, radiotherapy plays an important
role in the comprehensive treatment of malignant tumors
(1-3). However, due to the inevitable damage to the
surrounding normal tissues and the relative sensitivity
of the lung to ionizing radiation, radiation-induced lung
injury (RILI) occurs frequently (4,5). As a common serious
complication of tumor radiotherapy, RILI mainly includes
two stages: radiation pneumonitis (RP) in the early stage;
and radiation-induced pulmonary fibrosis (RIPF) in the late
stage (6,7). The occurrence of RILI will greatly affect the
quality of life of patients, and also severely limit the dose
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* Stimulator of interferon genes (STING) mediates the effect
of radiation-induced double-stranded DNA (dsDNA) release
to stimulate the activation of the inflaimmatory response, and
STING restriction significantly delays the fibrosis process
through the PKR-like endoplasmic reticulum kinase (PERK)-
eukaryotic initiation factor 2a (eIF2a) pathway. Based on the above
mechanism, STING inhibitor H-151 could significantly alleviate
radiation-induced lung injury (RILI).

What is known and what is new?

® The mechanism of RILI is complex and there is no effective
treatment. RILI is characterized by inflammation in the early stage
and fibrosis in the late stage. STING, as a popular research target
in recent years, is known to play an important role in anti-infection
immunity and systemic inflammatory response.

® Our study innovatively focuses on the activation of cyclic
guanosine monophosphate-adenosine monophosphate synthase
(cGAS)-STING signaling pathway in RILI, and STING inhibition
significantly ameliorated RILI in mice. On the one hand, we
creatively found that STING mediates the effect of radiation-
induced dsDNA release to stimulate the activation of inflammatory
response. On the other hand, dsDNA released from irradiated lung
epithelial cells could activate the transformation of fibroblasts into
myofibroblasts, and STING restriction significantly delayed the
fibrosis process through PERK-elF2a pathway. As we know, this is
the first study of the STING-PERK-eIF2a pathway in RILI.

What is the implication, and what should change now?

* The study demonstrated the protective effect of STING inhibitor
on RILI. Our results provided new insights into the molecular
pathogenesis of radiation injury, and elucidating the PERK-eIF2a
pathway may be able to guide future pharmacological interventions.
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and efficacy of radiotherapy (8). Currently, RILI is typically
treated with high doses of corticosteroids to temporarily
relieve symptoms. However, these treatments come with
significant side effects, such as edema, sleep disturbances and
weight gain, which may make corticosteroids inappropriate
for the prevention of RILI or long-term use (4). Therefore,
it is urgent to further explore its mechanism, identify more
effective intervention targets, and develop new drugs to
prevent RILI.

The lung is constantly exposed to the external environment,
so it must have strong innate immunity to maintain host
homeostasis. The innate immune response recognizes the
pathogen-associated molecular pattern (PAMP) structure
in pathogenic organisms through pattern recognition
receptors, which in turn promotes the expression of type I
interferons (IFNs) and other cytokines (9). As an important
signaling pathway of innate immunity, the cyclic guanosine
monophosphate-adenosine monophosphate synthase
(cGAS)-stimulator of IFN genes (STING) pathway induces
the expression of inflammatory molecules, which plays an
important role in anti-infection immunity and systemic
inflammatory response (10,11). It has been shown that DNA
can also act as PAMPs in the case of damage (12). Cytosolic
free double-stranded DNA (dsDNA) can bind to ¢cGAS
and catalyse synthesis of cyclic guanosine monophosphate-
adenosine monophosphate (cGAMP) to activate STING
protein. Then, TANK-binding kinase 1 (TBK1) mediates
the nuclear translocation of IFN regulatory factor 3 (IRF3)
to induce type I IFNs expression, and nuclear factor kappa-B
(NF-«B) induces IFN-B, IL-6 and TNF-a expression
(9,13-15). Hu et al. found that STING inhibitor could
effectively improve myocardial inflammation (16), which
suggests that STING, as an important adaptor protein
regulating type I IFN gene expression, has potential value
in the treatment of inflammation. These studies provide a
theoretical basis for the application of STING inhibitors in
radiation pneumonia.

Tonizing radiation is capable of inducing cell death
and leads to the release of dsDNA into the cytoplasm or
extracellular. Du ez 4/. (17) found that dsDNA accumulates
in the interstitial space of liver tissue in large numbers after
radiotherapy, and dsDNA can further activate the cGAS-
STING-IFN signaling axis of immune cells to induce
hepatocyte necrosis, which is a key pathway of radiation-
induced liver injury. However, the role of STING in RILI,
especially in RIPE, has not been reported. Independent of
activation of the TBK1-IRF3 pathway, the non-canonical
pathway is primarily regulated by PKR-like endoplasmic
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reticulum kinase (PERK) and eukaryotic initiation factor 2a
(eIF2a) (18). Activated STING directly stimulates PERK to
phosphorylate eIF2a, which is physiologically essential for
cellular senescence and organ fibrosis (18). Intervention in
the non-canonical STING-PERK-elF20 pathway alleviates
lung and kidney fibrosis, which provides a new direction
for the treatment of RILI. Based on the above studies,
we hypothesized that lung epithelial cell damage after
radiotherapy generates a large amount of ectopic dsDNA,
which can activate the transformation of fibroblasts into
myofibroblasts by activating STING-PERK-elF2a pathway,
and STING restriction may effectively prevent this process.

To investigate this hypothesis, we designed a mouse
model of RILI in which mice received 20 Gy whole-
thorax irradiation (19). H-151, a potent and selective small
molecule antagonist of STING (20), was administered by
intraperitoneal injection at a dose of 10.5 mg/kg for 4 weeks
starting on the day of irradiation. Our findings suggested
that the cGAS-STING pathway was abnormally activated
in irradiated mouse lung tissues. H-151 significantly
reduced the release of proinflammatory cytokines and
inflammatory infiltration in the process of RP, as well
as collagen deposition in the process of RIPE, thereby
delaying the progression of RILI. By irradiating lung
epithelial cell line MLE-12, we found that irradiated
epithelial-derived dsDNA stimulated fibroblast-to-
myofibroblast transformation by activating the STING-
PERK-elF2a pathway, while knockdown of STING
significantly inhibited the fibroblast transformation process.
These results provided new insights into the molecular
pathogenesis of radiation injury and elucidated that the
STING-PERK-elF2a pathway may be able to guide future
pharmacological interventions. We present this article in
accordance with the ARRIVE reporting checklist (available
at https://tler.amegroups.com/article/view/10.21037/tlcr-
24-649/rc).

Methods
Reagents and antibodies

STING inhibitor H-151(Cat # HY-112693) and PERK
activator CCT020312 (Cat # HY-119240) were purchased
from MedChemExpress (Monmouth Junction, USA); Anti-
cGAS (Cat # 79978), anti-STING (Cat # 13647), anti-
TBKI1 (Cat # 38066), anti-p-TBK1 (Cat # 5483), anti-
PERK (Cat # 3192), anti-p-PERK (Cat # 3179), anti-
elF2a (Cat # 5324), anti-p-elF2a (Cat # 3398), anti-o-
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Tubulin (Cat # 3873), and anti-a-SMA (Cat # 19245) were
purchased from Cell Signaling Technology (Danvers, USA).
Anti-P16 (Cat # sc-1661) and anti-P21 (Cat # sc-6246)
were purchased from Santa Cruz Biotechnology (Texas,
USA). Masson Staining Kit (Cat # G1340) was purchased
from Solarbio (Beijing, China). Senescence B-galactosidase
staining kit (Cat # C0602) was purchased from Beyotime
(Shanghai, China). Enzyme-linked immunosorbent assay
(ELISA) kits for TNF-0, IL-1p, and TL.-6 (Cat # MTA0OB,
MLBO00C, M6000B) were purchased from R&D Systems
(Minneapolis, USA). Lipofectamine RNAIMAX (Cat #
13778030) was purchased from Thermo Fisher Scientific
(Waltham, USA). Poly(dA:dT) (Cat # tlrl-patc) was
purchased from InvivoGen (San Diego, CA, USA). Dnase
I (Cat # EN401) was purchased from Vazyme (Nanjing,
China).

In vivo experiment

Male C57BL/6] mice (6-8 weeks old, 19-21 g) were
purchased from SPF (Beijing) biotechnology. Mice were
kept under controlled conditions (40% to 70% relative
humidity, 24=2 °C, 12-hour light /12-hour dark cycle)
and given standard laboratory water and diet. The study
includes two parts of animal experiments. Mice in the first
stage were randomly divided into four groups: the control
group, 12 hours after irradiation, 24 hours after irradiation,
and 48 hours after irradiation (n=6 per group). In the
second part of animal experiments, mice were randomly
divided into three groups before irradiation, including the
control group, the irradiation group, and the irradiation
plus administration group (n=30 per group), and the time
points of sample collection were 1, 2, 4, 12 and 24 weeks,
respectively. For irradiation, the mice were anesthetized by
intraperitoneal injection of pentobarbital sodium (50 mg/kg)
and then placed in a special box that fully exposed their
chests and kept their chests at the same level. Thick
lead plates were carefully positioned to cover all areas of
the mouse except for the chest. A single dose of 20 Gy
whole-thorax X-ray radiation was performed on mice
with the RS2000 Biological Irradiator (irradiation dose:
1.325 Gy/min). For the drug administration, mice were
intraperitoneally injected with H-151 (10.5 mg/kg) once a
day for the 4 consecutive weeks from the day of irradiation.
The mice were euthanized at the corresponding time
points and the samples were collected. The experiments
were performed under a project license (No. IACUC-
DWZX-2022-864) approved by the Institutional Animal
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Care and Use Committee of the Beijing Institute of
Radiation Medicine, in compliance with the Chinese
national or institutional guidelines for the care and use of
animals. The protocol was prepared before the study but
not registered.

Sample collection

Mice were euthanized at corresponding time points after
irradiation, and subsequently blood was collected and
left at room temperature for 1 hour. After centrifugation
at 3,000 rpm for 15 min, serum from the upper layer of
the centrifuge tube was collected and stored at -80 °C.
Bronchoalveolar lavage fluid (BALF) was collected from
mice at time points 12, 24 and 48 hours after irradiation.
The trachea was exposed after mice were sacrificed, and
a puncture needle was inserted into the trachea. Then,
BALF was collected by lavage three times with 0.8 mL
phosphate-buffered saline (PBS), and the supernatant
was collected after centrifugation and stored at -80 °C.
Collected serum and BALF were used for ELISA and
determination of dsDNA content. The lung tissues were
separated into several parts. Some of them were stored at
-80 °C and then used for molecular experiments such as
western blot. Other tissues were temporarily preserved
in paraformaldehyde for subsequent histopathological
analysis.

ELISA analysis

TNF-a, IL-1pB, and IL-6 levels in serum were determined
by ELISA kits according to the manufacturer’s instructions
by R&D Systems (Minneapolis, USA). The optical density

values of each well at 450 nm were examined within 30 min.

Histological analysis

The lung tissue was fixed in 4% paraformaldehyde for
24 hours. The tissues were then dehydrated and embedded
with paraffin. Paraffin tissues were cut into sections with
a thickness of 4 pm and stored at room temperature for
subsequent experiments. For hematoxylin and eosin (H&E)
staining, the tissue sections were stained with hematoxylin
and eosin, and then were scored after staining. The scoring
system included the width of alveolar septum, the degree
of fibrosis exudation, and the degree of inflammatory cell
infiltration. Each item is composed of 0—4 points, and
the sum of the three items is the total score. For Masson
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staining, experiment was performed according to the
manufacturer’s instructions by Solarbio (Beijing, China).
Image] software was used to calculate the positive areas of
collagen.

Immunobistochemistry

After deparaffinized, the sections were taken for antigen
retrieve. Next, these sections were incubated in 3% H,0O,
for 15 min at room temperature to block endogenous
peroxidase, followed by blocking with goat serum at room
temperature for 30 min. The sections were incubated
with anti-a-SMA or anti-COL1A1 antibody overnight
at 4 °C and then incubated with the corresponding
secondary antibody working solution for 30 min at
room temperature. The slides were sealed after color
development using DAB kit.

Cell culture

Murine lung epithelial-12 (MLE-12) and mouse embryonic
fibroblast cells (NIH/3T3) were purchased from American
Type Culture Collection. NIH/3T3 was cultured in
Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, San
Diego, USA) supplemented with 10% newborn calf serum
(NCS) (Gibco). MLE-12 was cultured in DMEM/F12
supplemented with 2% fetal bovine serum (FBS) (Gibco).
The cells were cultured at 37 °C in an atmosphere with 5%
CO,. For irradiation, RS2000 biological irradiator was used
to irradiate cells with a single dose of 10 Gy (1.175 Gy/min).

Coculture of NIH/3T3 cells with MLE-12 cell supernatant

After continued culture for 48 hours after irradiation
of MLE-12 cells, the supernatant of MLE-12 cells was
collected by centrifugation. Then, the supernatant was co-
cultured with NIH/3T3 cells for 72 hours. Myofibroblast
markers were detected by western blot and quantitative
polymerase chain reaction (QPCR).

RNA interference

Lipofectamine RNAIMAX were applied to transfections
of small interfering RNA (siRNA) according to the
manufacturer’s protocol (Invitrogen, San Diego, USA).
The siRNA sequence for STING was synthesized by
GenePharma company (Shanghai, China). The siRNA
sequence used in this study is shown in Table S1.
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Western blot

The treated cells or tissues were lysed by RIPA solution,
separated by sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to
polyvinylidene fluoride (PVDF) membranes. Membranes
were blocked with 5% skim milk for 1 hour, antibodies
were incubated overnight at 4 °C and washed three times
with Tris-Buffered Saline with Tween-20 (TBST), followed
by secondary antibodies for 1 hour at room temperature.
a-tubulin was used as an internal reference. Then the
strips were visualized by chemiluminescence. Imaging was
performed using the Tanon imaging system.

Reverse transcription quantitative polymerase chain
reaction (RT-gPCR)

According to the manufacturer’s instruction, total RNA
was extracted from cells or tissues with TRIzol reagent
(Invitrogen). RNA was dissolved in 40 pL. RNase-free
ddH,0. Total RNA was quantified using Nanodrop
instrument (Thermo Fisher Scientific) and stored at -80 °C
for subsequent experiments. Then, complementary DNA
(cDNA) synthesis was performed by using the HiScript I11
gRT SuperMix for gPCR (Vazyme). qPCR was performed
using Taq Pro Universal SYBR qPCR Master Mix (Vazyme).
The qPCR reaction was conducted on the Applied
Biosystems 7500 Fast Real-Time PCR System (Thermo
Fisher Scientific) for 40 cycles, following the manufacturer’s
protocol. The relative expression of targeted mRNA is
calculated by 27*“ method. And B-actin is selected as
endogenous control. Relevant primer sequences are shown

in Table S2.

Measurement of dsDNA

dsDNA was measured in the BALF, serum and cell
supernatant using dsDNA HS Assay Kit (Invitrogen),
according to the manufacturer’s protocol. After incubation at
room temperature in the dark for 2 min, quantitative detection
of dsDNA was performed using the Qubit fluorometer.

Cellular senescence assay

B-galactosidase staining kit (Beyotime) was used to detect
cellular senescence according to the manufacturer’s protocol.
After the treated cells were fixed at room temperature for 15
min, the working solution was added and incubated at 37 °C

© AME Publishing Company.
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overnight. Images were then acquired through an inverted
microscope.

Statistical analysis

GraphPad Prism 8.0 and SPSS 25.0 were used for data
analysis. The data were independently repeated for three
times, and expressed as means = standard deviation (SD).
Analysis of variance (ANOVA) and Student’s 7-test were
used to assess the statistical significance of the data. P<0.05
was considered statistically significant.

Results

Irradiation could activate cGAS-STING pathway, and
early application of STING inbibitor H-151 protected
mice from lung injury caused by radiation exposure

The animal models were established by a single 20 Gy
whole-thorax irradiation of C57BL/6] mice. The dsDNA
concentration was detected in serum and BALF after
irradiation. We observed that dsSDNA concentration in
serum and BALF of mice after irradiation was significantly
increased compared with the control group, with the most
significant concentration at 12 hours (Figure 14,1B). Western
blot result showed that the expression levels of cGAS and
STING proteins of lung tissues were significantly increased
(Figure 1C). These results suggested that irradiation-induced
lung injury may be closely related to the cGAS-STING
pathway.

Subsequently, we established a mouse model of RILI
(Figure 1D). Mice were exposed to a single 20 Gy whole-
thorax irradiation. Beginning on the day of irradiation,
the treatment group was given the STING inhibitor
H-151 by intraperitoneal injection at a dose of 10.5 mg/kg
for 4 weeks. Lung tissues and serum were collected at 1,
2, 4, 12 and 24 weeks after irradiation. As shown in the
representative images of mice 12 weeks after irradiation
(Figure 1E), compared with the control group, the irradiated
group showed obvious hair loss and discoloration in the
exposed area of the chest, while the irradiated mice treated
with H-151 showed significant improvement in the chest
hair. In addition, we calculated the lung coefficient (lung
weight/body weight) of the mice, which served as an
indicator of the extent of pulmonary edema or fibrosis.
The lung coefficient of mice in the irradiation group was
significantly higher than that in the control group, while
the lung coefficient of mice in the early intervention group
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Figure 1 Early application of STING inhibitor H-151 protected mice from radiation-induced lung injury. The levels of dsDNA in serum (A)
and BALF (B) were detected. (C) The expression of ¢cGAS and STING protein was detected by western blot. (D) Schematic diagram of the

establishment of a mouse model of RILI. (E) Representative images of mice at 12 weeks after irradiation. (F) Changes in lung coefficients

after 20 Gy whole-thorax irradiation. (G) Western blot was used to detect the activation of cGAS-STING pathway in lung tissue. Data are
shown as mean = standard deviation of triplicate measurements; n=6. *, P<0.05; **, P<0.01; ***, P<0.001. dsDNA, double-stranded DNA;

BALF, bronchoalveolar lavage fluid; cGAS, cyclic guanosine monophosphate-adenosine monophosphate synthase; STING, stimulator of

interferon genes; NC, negative control; IR, irradiation; ns, not significant.

given STING inhibitor was significantly lower (Figure 1F).
Taking the lung tissue 4 weeks after irradiation as an
example, western blot results showed that the expression
levels of ¢cGAS, STING and p-TBKI1 proteins were
significantly increased after irradiation, while the expression
levels of the above proteins were significantly decreased in
the lung tissue of mice treated with H-151 (Figure 1G). In
summary, irradiation could cause abnormal activation of

c¢GAS-STING pathway, and early administration of STING

© AME Publishing Company.

inhibitor H-151 could effectively inhibit its activation.

H-151 alleviated the infiltration of lung inflammatory cells
and reduced the expression of pro-inflammatory cytokines

H&E staining was used to observe the pathological changes
of lung tissue. The results showed that the alveolar structure
of the normal group was complete, the alveolar wall was
thin and clearly visible, the capillaries were intact, and there
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Figure 2 Early application of STING inhibitor H-151 alleviated the radiation pneumonitis in mice. (A) Representative images of H&E
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was no obvious inflammatory cell seepage. The widening of
alveolar wall and destruction of alveolar space were observed
in the irradiation group, accompanied by thickening of lung
texture and a large number of inflammatory cell infiltration,
while the inflammatory cell infiltration was significantly
reduced in the treatment group (Figure 24,2B), suggesting
that H-151 could significantly alleviate the acute lung injury
caused by irradiation. Serum levels of representative pro-
inflammatory cytokines, including TNF-a, IL-1f and IL-6,
were measured by ELISA kits. These cytokines were

© AME Publishing Company.

significantly elevated under the influence of radiation, which
were effectively decreased after treatment (Figure 2C-2E).
Overall, early intervention with STING inhibitor H-151

significantly alleviated the severity of radiation pneumonia.

Early intervention of H-151 inbibited radiation-induced
chronic pulmonary fibrosis

Next, we explored whether early administration of STING
inhibitor H-151 could delay the progression of advanced
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chronic pulmonary fibrosis after radiation. Masson staining
showed that with the extension of time after irradiation,
the lung pathology of mice in the irradiation group showed
obvious collagen deposition, while the content of collagen
in the treatment group significantly decreased, especially
after 24 weeks (Figure 34,3B). Immunohistochemical
staining showed that the expression level of COL1AL1
protein in lung tissue of mice was significantly increased
after irradiation, while it was significantly decreased after
STING inhibitor treatment (Figure 3C,3D). As we know,
a-smooth muscle actin (a-SMA) is also a marker of fibrosis.
Immunohistochemical staining and western blot results
confirmed that 0-SMA expression in the treatment group
was significantly lower than that in the irradiation group at
the later stage. The mRINA expression of a-SMA (Acta2)
was consistent with the above results (Figure 3E-3H). These
results suggested that early intervention with STING
inhibitor could also significantly mitigate the progression of
chronic radiation pulmonary fibrosis.

dsDNA devived from pulmonary epithelial cells promoted
the transformation of fibroblasts into myofibroblasts

As we know, pulmonary epithelial cells are one of the main
cell types involved in RILI (21). Fibrosis is characterized
by the accumulation of myofibroblasts, which are mainly
converted from fibroblasts. Therefore, we aimed to
investigate whether irradiation would promote the
transformation of fibroblasts into myofibroblasts through
damaging pulmonary epithelial cells. Firstly, we irradiated
the mouse pulmonary epithelial cell line MLE-12 with a
dose of 10 Gy and measured the dsDNA content in the
cell supernatant. The results showed that the dsDNA
content in the supernatant of MLE-12 cell line significantly
increased after irradiation, and this trend became more
pronounced with prolonged time (Figure 44). Furthermore,
by comparing the difference in dsDNA content in the
supernatant between pulmonary epithelial cell line MLE-
12 and fibroblast cell line NIH/3T3 after 48 hours of
irradiation, the results showed a significant increase
in dsDNA released by MLE-12 cell line compared to
NIH/3T3 cell line (Figure 4B), suggesting that pulmonary
epithelial cells may be the primary target cells for radiation-
induced injury.

Next, we irradiated the MLE-12 cell line with a dose
of 10 Gy and collected the cell supernatant after 48-hour
cultivation. The collected supernatant was co-cultured

with NIH/3T3 cells for 72 hours. Western blot results
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showed the expression levels of a-SMA and Collagen 1
proteins in irradiated NIH/3'T3 cell line were significantly
increased. Regardless of whether NIH/3T3 cell line was
irradiated or not, co-culturing them with epithelial cell
supernatant significantly increase the expression level of
the above proteins (Figure 4C). The results prompted that
the supernatant of mouse pulmonary epithelial cells after
irradiation could stimulate fibroblast-to-myofibroblast
transformation. Furthermore, we speculated that dsDNA is
the main supernatant component which responsible for the
transformation.

Therefore, we added an artificial synthetic analogue
of dsDNA [poly(dA:dT) at a concentration of 4 pg/mL].
Western blot results showed that the addition of poly(dA:dT)
after irradiation significantly increased the expression
levels of 0-SMA and Collagen I protein in NIH/3T3 cell
line (Figure 4D). What’s more, we found that the mRNA
expression levels of a-SMA, Fibronectin-1 and ZEB1
in the co-cultured group were significantly increased
(P<0.05, Figure 4E-4G). Similarly, immunofluorescence
also confirmed the significant upregulation of a-SMA
expression after adding poly(dA:dT) (Figure 4H). These
results suggested that the irradiation induces fibroblast-
to-myofibroblast transformation, and exogenous dsDNA
stimulation further enhances the effect.

In order to further clarify the key role of dsDNA in the
supernatant, we added Dnase I (0.15 U/pL) for intervention.
We found that the expression levels of a-SMA and Collagen I
proteins were significantly decreased after Dnase I treatment
(Figure 5A), and the mRINA levels of fibrosis markers such
as a-SMA (Acta2), Fibronectin-1, ZEBI were significantly
down-regulated (Figure 5B-5D). Immunofluorescence
assay confirmed that the expression of a-SMA protein in
NIH/3T3 cells was significantly enhanced after the addition
of the supernatant of irradiated MLE-12 cells, and decreased
significantly after the addition of Dnase I (Figure SE). These
results suggested that the supernatant from irradiated mouse
pulmonary epithelial cells could stimulate fibroblast-to-
myofibroblast transformation, while the vital component in
the supernatant was dsDNA released by the epithelial cells.

STING mediated the activation of fibroblasts to
myofibroblasts via the PERK-elF2a pathway

A previous study (22) reported that inhibition of STING
could block pathological activation of cardiac fibroblasts.
Now that pulmonary epithelial cells-derived dsDNA can
stimulate fibroblast-to-myofibroblast transformation, we
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investigated whether STING mediates this regulatory
process. Western blot found that the expression of a-SMA
protein in NIH/3T3 cell was significantly up-regulated
after adding the supernatant of irradiated MLE-12 cell line.
However, knockdown of STING significantly reversed this
process (Figure 64). Similarly, the mRNA levels of fibrosis
markers such as a-SMA, Fibronectin-1, and ZEB1 were
no longer significantly increased in NIH/3T3 cells after
knockdown of STING followed by addition of irradiated
MLE-12 cell supernatant (Figure 6B-6D). Overall, STING

© AME Publishing Company.

could mediate the activation of epithelial-derived dsDNA
for fibroblast transformation.

A recent study demonstrated that the STING-PERK-
elF2a pathway plays a vital role in cellular senescence
and organ fibrosis (18). However, it is still unclear
whether the STING-PERK pathway regulates fibroblast
behavior during RILI. The results confirmed that the
phosphorylation levels of PERK and elF2a increased with
the addition of supernatant, while decreased significantly
after STING knockdown (Figure 6E), suggesting that
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STING could mediate the stimulation of the PERK-
elF2a pathway by supernatant. Meanwhile, we also verified
the effect of supernatant on fibroblast senescence. The
increased expression of P16 and P21 induced by supernatant
was significantly interfered with by STING knockdown
(Figure 6F). And the B-galactosidase staining also
confirmed the above conclusion (Figure 6G,6H). We then
further verified whether STING mediated myofibroblast
transformation through PERK-elF2a pathway. We found
that the PERK activator CCT020312 could activate the
PERK-elF2a pathway and then significantly increase
the protein levels of a-SMA and Collagen I (Figure 61).
Overall, these results suggested that STING could mediate
fibroblast-to-myofibroblast transformation through PERK-
elF2a pathway (Figure 7).

Discussion

RILI is one of the common radiotherapy-related
complications, mainly manifested as cough, shortness of
breath, chest pain and other symptoms (23). In a few hours
to a few days after lung irradiation, acute inflammation is
dominant, early radiation pneumonia can be controlled
by drugs (24). As a late complication, radiation-induced

© AME Publishing Company.

pulmonary fibrosis is often irreversible once it occurs,
with a high mortality rate due to the lack of effective drug
treatment (25). RILI is the main dose-limiting factor
affecting the effect of radiotherapy, which not only affects
the treatment and prognosis of patients, but also causes
respiratory failure and even death in severe cases (26).

The pathophysiological process of RILI includes early
inflammatory response and late fibrosis process (27). RILI
is a continuous progressive process observed from the
molecular level (28). Irradiation of lung tissue can cause
dsDNA cleavage of cells and produce a large amount
of reactive oxygen species, which can cause damage and
apoptosis of alveolar epithelial cells and vascular endothelial
cells (29,30). At the same time, it is accompanied by the
infiltration of inflammatory cells and the secretion of pro-
inflammatory factors (31). To explore the relationship
between dsDNA and lung inflammation, our study showed
that irradiation could cause an abnormal elevation of
dsDNA in serum and alveolar lavage fluid in mice. dsDNA
has been reported as an upstream stimulus of the cGAS-
STING pathway. Further, the expression levels of cGAS
and STING proteins in lung tissue were significantly
increased, which suggests that RILI may be closely related
to the cGAS-STING pathway. Early application of STING
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inhibitor H-151 could reduce the excessive production
of pro-inflammatory factors TNF-a, IL-6 and IL-1p in
the serum of mice induced by irradiation, and inhibit the
infiltration of inflammatory cells. Our study demonstrated
that STING was involved in the radiation-induced
inflammatory response of the lung.

The body’s inflammatory response is a double-edged
sword. The occurrence of early inflammatory response
is the necessary defense mechanism of the body, while
excessive inflammation will induce body damage and
pathological fibrosis (27). To further evaluate the protective
effect of H-151 on RIPF, our study examined collagen
deposition and a-SMA expression level in lung tissue by
Masson staining, immunohistochemical staining, RT-qPCR
and western blot. The results showed that early application
of H-151 significantly reduced irradiation-induced collagen
deposition and a-SMA expression level, suggesting that
STING restriction can reduce the severity of RIPF.
Besides regulating IRF3 signaling after phosphorylation
of TBKI1, cGAS-STING pathway also activates PERK/
elF20 pathway, which leads to senescence, fibrosis and
other cellular processes (32,33). However, it has not been
reported whether the cGAS-STING pathway regulates
fibroblast behavior during RIPF.

The transformation of fibroblasts into myofibroblasts is
the core link of RIPF (34). Myofibroblasts can produce a
large number of extracellular matrix (ECM) adhesive and
structural proteins, which are marked by the expression
of a-SMA (35). Previous studies have found that the
recruitment and transformation of fibroblasts is a complex
process, in which endothelial cells, macrophages and others
are involved in its regulation (36,37). In our study, we found
that irradiation of the lung epithelial cell line MLE-12 with
a dose of 10 Gy resulted in a significant increase of dsDNA
content in its cell supernatant. Meanwhile, dsDNA derived
from epithelial cells significantly increased the expression
level of a-SMA in NIH/37T3 cells. And the mRNA levels
of fibrosis-related factors a-SMA, ZEBI1 and Fibronectin-1
also significantly increased. The results were further
confirmed by using synthetic dsDNA [poly(dA:dT)] and
Dnase L. Finally, knockdown of STING reversed the degree
of myofibroblast transformation by inhibiting the PERK-
elF2a pathway, which suggests that STING plays a key role
in the regulation of RIPFE.

However, there are some limitations in this study. Firstly,
while our current results strongly support the therapeutic
promise of STING inhibition in RILI using mouse models
and cellular studies, we recognize the importance of
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translating these findings into clinical settings. Therefore,
it is highly necessary to conduct research with human cell
lines, especially human fibroblasts, to further enhance the
underlying mechanisms of STING inhibitors in RILI.
Secondly, activation of the cGAS-STING pathway is pivotal
in inducing an anti-tumor immune response. It is necessary
to ensure that STING inhibitors can effectively treat RILI
without interfering with the radiotherapy effect and the anti-
tumor immune response. Specifically, we have elaborated
on the potential clinical applications of STING inhibitors
in the context of RILI in lung cancer patients, highlighting
the need for rigorous preclinical and clinical investigations
to optimize their use and ensure their safety and efficacy.
Finally, traditional radiotherapy and modern radiotherapy
such as stereotactic body radiation therapy (SBRT) may have
different effects on normal cells due to different modes of
action. Therefore, it is worth further investigation whether
the STING inhibitor, as a potential therapeutic strategy for
RILI, should be adjusted or implemented more accurately
based on different radiotherapy modes.

Conclusions

Overall, our study focuses on the activation of ¢cGAS-
STING signaling pathway in RILI, and inhibition of
STING significantly ameliorated RILI in mice. On the
one hand, we found that STING mediated the effect of
radiation-induced dsDNA release to stimulate the activation
of inflammatory response. On the other hand, dsDNA
released from irradiated lung epithelial cells could activate
the transformation of fibroblasts into myofibroblasts, and
STING restriction significantly delayed the fibrosis process
through PERK-elF2a pathway. The study demonstrated the
protective effect of STING inhibitor on RILI and provided
new insights into the underlying molecular mechanism and
treatment of RILL
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