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Background: Radiation-induced lung injury (RILI) is a common complication of thoracic cancer radiation
therapy. Currently, there is no effective treatment for RILI. RILI is associated with chronic inflammation,
this injury is perpetuated by the stimulation of chemokines and proinflammatory cytokines. Recent studies
have demonstrated that granulocyte-macrophage colony-stimulating factor (GM-CSF) plays a pivotal role
in inflammation and fibrosis. This study aimed to investigate the protective effect of GM-CSF against the
development of RILI in lung tissue.

Method: First, a single fraction of radiation at a dose of 16 Gy was targeted at the entire thorax of wild-type
(WT) C57BL/6 mice and GM-CSF”" mice to induce RILIL Second, we detected the radioprotective effects
of GM-CSF by measuring the inflammatory biomarkers and fibrosis alteration on radiated lung tissues.
Furthermore, we investigated the potential mechanism of GM-CSF protective effects in RILI.

Results: The GM-CSF”" mice sustained more severe RILI than the WT mice. RILI was significantly
alleviated by GM-CSF treatment. Intraperitoneally administered GM-CSF significantly inhibited
inflammatory cytokine production and decreased epithelial-mesenchymal transition (EMT) in the RILI
mouse model.

Conclusions: GM-CSF was shown to be an important modulator of RILI through regulating

inflammatory cytokines, which provides a new strategy for the prevention and treatment of RILL
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Introduction

Radiation therapy is an established modality for the treatment
of various malignancies (1,2). Radiation-induced lung injury
(RILI) is one of the most typical side effects experienced
by patients with thoracic or breast cancer who undergo

therapeutic radiation (3,4). As many as 15% of these patients
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suffer from pneumonitis and subsequently pulmonary
fibrosis (5,6). The progression of RILI and radiation-
induced lung fibrosis (RILF) involves a multi-factorial
process characterized by persistent lung inflammation and
extracellular matrix (ECM) production. RILI starts with
an obvious acute inflammatory reaction which occurs 6-12

weeks after radiation (7).
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Pulmonary fibrosis is a late-onset adverse event that
manifests as alveolar edema, stromal fibroblast activation,
proinflammatory and profibrotic cytokine release,
destruction of the vasculature and lung parenchyma, and
disordered progressive deposition of the ECM. Deposition
of ECM in the distal vacuum can lead to respiratory failure
(3,8). RILI is associated with chronic inflammation, this
injury is perpetuated by the stimulation of chemokines
and proinflammatory cytokines. The production of these
cytokines and chemokines by inflammatory cells initiates the
irreversible progression of fibrosis. This response can induce
repetitive alveolar epithelial cell injury, fibroblast hyperplasia,
and extreme accumulation of ECM, finally resulting in lung
structure distortion and respiratory failure (9). RILF may
occur several weeks, or even years, after the completion of
radiotherapy (10). Immunosuppressive cytokines and other
anti-inflammatory methods have been used to control acute
lung inflammation and delay the progression of RILF (11).
However, no effective strategy is currently available for the
prevention or treatment of RILIL

Granulocyte-macrophage colony-stimulating factor (GM-
CSF) belongs to the hematopoietic cytokine family (12),
has been used clinically as a strategy for granulocytopenia
after myelotoxic radiotherapy or chemotherapy in cancer
patients. GM-CSF has previously been shown to induce
the differentiation and proliferation of distinct subsets
of granulocytes and macrophages from bone marrow
progenitor cells (13,14). Recent research suggests that GM-
CSF plays pivotal roles in the progression of autoimmune
and inflammatory diseases (15). GM-CSF is essential for
multiple fundamental biological immunity processes, and it
has been demonstrated to be necessary for the maintenance
of normal pulmonic homeostasis (16,17). Accumulating
evidences show that GM-CSF has a crucial part in the
process of lung injury due to hyperoxic stress and it is also
play a role in the wound repair (18-21). Furthermore, GM-
CSF has been reported to have remarkable protective effects
in bleomycin-induced pulmonary fibrosis (22). However, the
role of GM-CSF in RILI is not well understood.

Interestingly, the application of GM-CSF in patients
with granulocytopenia has been shown to also alleviate
RILI. An analysis of the clinicopathological characteristics
of 41 patients demonstrated that RILI remission was
significantly correlated with GM-CSF treatment (P=0.011,
Table 1). Therefore, we hypothesized that GM-CSF may
act as a potential protective agent against RILI. In the
present study, we aimed to explore the effect of GM-CSF
in a mouse model of RILI and investigate the potential
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mechanism. Our study revealed that GM-CSF” mice
were susceptible to RILI and that GM-CSF alleviated
RILI through regulating inflammatory cytokines, such
as interleukin (IL)-6, IL-1B, and tumor necrosis factor
(TNF)-a, as well as epithelial-mesenchymal transition
(EMT), thus providing a feasible strategy for the prevention
and treatment of RILI.

We present the following article in accordance with the
ARRIVE reporting checklist (available at http://dx.doi.
org/10.21037/tler-20-1272).

Methods
Animals

As described in a previous study (23), 8-week-old male
C57BL/6 mice [wild-type (WT) mice, Vitalriver Company,
Beijing, China] and GM-CSF”" mice (Jackson Laboratory,
Bar Harbor, ME, USA), weighing approximately 16-20 g,
were used to establish a mouse model of RILI. The mice
were bred in The First Affiliated Hospital of Shandong First
Medical University & Shandong Provincial Qianfoshan
Hospital Laboratory Animal Medicine facilities under
specific-pathogen-free conditions. All animal protocols were
approved by The First Affiliated Hospital of Shandong First
Medical University & Shandong Provincial Qianfoshan
Hospital Animal Ethics Committee in accordance with the
Guide for Care and Use of Laboratory Animals published
by the US National Institute of Health (publication
No. 96-01). Both 90 WT and 90 GM-CSF” mice were
randomly divided into non-radiated control, radiation +
saline, and radiation + GM-CSF groups [n=30 per group,
10 pg/kg/twice weekly (24)]. The mice were observed
daily and weighed weekly to ensure that the interventions
were well tolerated. At 1, 3, 6, 10, and 20 weeks after
radiation, the mice were killed by isoflurane in halation and
decapitation. The lung tissues of the mice were collected
for further analysis.

Radiation

The mice were anesthetized with an intraperitoneal
injection of 10% chloral hydrate (400 mg/kg; Yongda
Chemical Reagent Co. Ltd., Tianjin, China) 5 minutes
before radiation. The mice were radiated at a dose rate of
400 cGy/min with a single fraction of 16 Gy photons (6 MV
linac, Siemens, Munich, Germany) targeted at the entire
thorax (25). During the radiation procedure, the brain,
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Table 1 Patient characteristics

Hu et al. GM-CSF alleviates radiation-induced lung Injury

Features No. of patients (%) Remission No remission P value

Overall 41 17 24

Sex 0.524
Female 13 5 8
Male 28 12 16

Age (years) 0.538
<65.5 22 9 13
>65.5 19 8 11

Smoking history 0.515
Yes 23 14 9
No 18 10 8

Alcohol drinking 0.522
Yes 23 14 9
No 16 6 10

Tumor node metastasis (TNM) stage 0.355
1] 23 7 16
v 18 10 8

Drug 0.011
GM-CSF 15 9 6
G-CSF 26 8 18

neck, and body of the mice were protected with customized Histology

lead shielding. Radiation was performed at a source-to-skin
distance (SSD) of 100 cm. At 1, 3, 6, 10, and 20 weeks after
radiation, six mice from each group were chosen randomly
to undergo examination.

Hydroxyproline (Hyp) assay

Hyp content in lung tissues from the mice was determined
by colorimetric assay. At 3, 6, 10, and 20 weeks, the lung
tissues (n=6 mice per group) were weighed, mechanically
homogenized, and snap-frozen. Hydrolysate was analyzed
with a Hyp assay kit (Jiancheng, China) in accordance
with the manufacturer’s instructions. The Hyp content
was calculated according to the total lung weight and was
expressed as micrograms.
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At 3, 6, 10, and 20 weeks after radiation, mice selected
from the groups were sacrificed and their lung tissues were
harvested for histological examination. The lung samples
were fixed in 4% paraformaldehyde and embedded in
paraffin. The samples were sectioned for staining with
hematoxylin and eosin (H&E) or Masson’s trichrome stain
to assess the fibrosis score according to standard protocols.
The histopathological evaluation of pulmonary fibrosis
was scored according to the density of Masson’s staining
(Jiancheng, China) using an image ] analysis program. Ten
microscopic fields were randomly selected for analysis.
Assessment was performed in a double-blind fashion.
All images were acquired using an Olympus LCX100
Imaging System and analyzed using Imagepro plus software
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Table 2 Primers used for amplification of quantitative real-time polymerase chain reaction (QRT-PCR)

Gene names Primer names Primer sequences
GAPDH Forward 5'-GGTGCCTGTCGTTGTGTTC-3'
Reverse 5'-GCTCCTTCTGGTGCTGTTG-3'
TNF-a Forward 5'-CATGCGTCCAGCTGACTAAA-3'
Reverse 5'-TCCCCTTCATCTTCCTCCTT-3'
IL-6 Forward 5'-CCACTTCACAAGTCGGAGGCTTA-3'
Reverse 5'-TGCAAGTGCATCATCGTTGTTC-3'
IL-1p Forward 5'-TTTAGCATGCCTGCCCTGAA-3'
Reverse 5'-AGCCCTCCATTCCTGAAAGC-3'
Snail Forward 5'-ATGGAGTGCCTTTGTACCCG-3'
Reverse 5'-TGAGGGAGGTAGGGAAGTGG-3'
Vimentin Forward 5'-AGAGAGGAAGCCGAAAGCAC-3'
Reverse 5'-TGGATCTCTTCATCGTGCAGT-3'
Mmp-9 Forward 5'-CCATGCACTGGGCTTAGATCA-3'
Reverse 5'-GGCCTTGGGTCAGGCTTAGA-3'
TGF-p1 Forward 5'-TACGGCAGTGGCTGAACCAA-3!'
Reverse 5'-CGGTTCATGTCATGGATGGTG-3'
E-cadherin Forward 5'-CAGATGATGATACCCGGGACAA-3'
Reverse 5'-TGCAGCTGGCTCAAATCAAAG-3'
Collagen-1 Forward 5'-GACATGTTCAGCTTTGTGGACCTC-3'
Reverse 5'-GGGACCCTTAGGCCATTGTGTA-3'
Fibronection-1 Forward 5'-ATCATAGTGGAGGCACTGCAGAA-3'
Reverse 5'-GGTCAAAGCATGAGTCATCTGTAGG-3'
Occludin Forward 5'-AAGTGAATGGCAAGCGATCATA-3'
Reverse 5'-CTGTACCGAGGCTGCCTGAA-3!'
Sftpc Forward 5'-GCTACATCATGAAGATGGCTCCAG-3'
Reverse 5'-ACACAGGGTGCTCACAGCAAG-3'

(Olympus Corporation, Tokyo, Japan).

RNA isolation and quantitative real-time polymerase
chain reaction (qRT-PCR)

Total RNA was extracted from lung tissues cleared
of blood using TRIzol reagent (Invitrogen). The
concentration and purity of the RNA was determined with
a spectrophotometer. Total RNA was reversed transcribed
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to cDNA using PrimeScript RT kit (Takara) in line with the
manufacturer’s instructions. QRT-PCR was performed using
SYBR Green Master Mix Kit (Takara) on the ABI ViiA 7
Real-Time PCR system (Applied Biosystems, Foster City,
CA, USA). The sequences of specific primer pairs are listed
in Table 2. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as the internal control for determining
ACT values (26). The 2**“" method was used to normalize

fold increases in expression to the saline control group.
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Western blot

Proteins were extracted from mouse lung tissues as
previously described. RIPA buffer (Beyotime) containing
protease inhibitors (Beyotime) and phosphatase inhibitors
(Roche, Basel, Switzerland) was used for cell lysis. All of
the lung tissues used in this analysis were cleared of blood.
Total protein was estimated using a bicinchoninic acid
protein assay kit (Pierce; Thermo Fisher Scientific, Inc.).
The primary antibodies used included Collagen-I (cat. no.
NBP2-29651; 1:500; Novus); E-cadherin (cat. no. 3195S;
1:1,000; CST), vimentin (cat. no. 5741S; 1:1,000, CST),
Snail (cat. no. ab180714; 1:1,000; Abcam), and GAPDH (cat.
no. ab8245; 1:3,000; Abcam). Enhanced chemiluminescence
images were captured with the FluorChem E instrument
(Cell Biosciences, Inc., Santa Clara, CA, USA).
Quantification of the band intensity relative to GADPH was
performed using Image J software (version 1.62; National
Institutes of Health, Bethesda, MD, USA).

Immunobhistochemistry (IHC)

Immunohistochemical characterization of the tissue was
performed on 4-pm thick sections of formalin-fixed,
paraffin-embedded lung tissue. The sections were blocked
with goat serum and incubated with primary antibody
solutions including E-cadherin (1:200), vimentin (1:200),
and TGF-B1 (1:150) overnight at 4 °C. Following that, the
sections were incubated with goat anti-rabbit biotinylated
secondary antibody (SP-9001; Zhongshan Biotechnology,
Beijing, China). Immunoactivity was detected with
3,3'-diaminobenzidine (DAB). Finally, the sections were
dehydrated with ethanol gradient and mounted with
rhamsan gum. Five equal-sized fields were randomly
chosen. The results of IHC were analyzed blindly by two
independent pathologists.

Enzyme-linked iimmmunosorbent assay (ELISA)

After the body weight of the mice had been measured, 1 mL
blood was obtained via cardiac puncture. The serum was
collected and stored at =80 °C for later analysis by ELISA.
Serum levels of 11.-6, I1.-1B, and TNF-a were determined
using a double-antibody sandwich ELISA kit (DG
Biotechnology, Wuhan, China). All of the procedures were
performed following the manufacturer’s instructions. The
sensitivity of this assay is 1 pg/mL. OD values were read
at a wavelength of 450 nm by using a microplate ELISA
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reader. Each treatment was performed three times. The
mean values of IL-6, IL-1B, and TNF-a in the different
groups were compared statistically.

Patients

A total of 41 patients (28 males and 13 females) with lung
or esophageal primary malignant tumors who received
definitive thoracic radiation therapy between May 2015
and January 2018 were enrolled. The patients were divided
into the lung cancer (LC) group (21 patients, 51.22%)
and the esophageal cancer (EC) group (20 patients,
48.78%). The median age was 64 (range, 50-88) years
in the LC group, and 67 (range, 48-82) years in the EC
group. The median age for the entire study population was
65.5 (range, 48-88) years. This study was performed in
compliance with the Declaration of Helsinki (as revised
in 2013) and was approved by the Ethics Committee of
The First Affiliated Hospital of Shandong First Medical
University & Shandong Provincial Qianfoshan Hospital.
Written informed consent was obtained from all study
participants. Clinical information retrieved from the
patients’ medical records included current smoking status
and smoking history, alcohol consumption, and pathologic
tumor node metastasis (p TINM) stage. Patients were also
dichotomized according to GM-CSF or granulocyte
colony-stimulating factor (G-CSF) treatment.

Statistical analysis

All quantitative experiments were performed at least three
times with consistent results. All data were analyzed using
SPSS software (version 22.0; SPSS, Inc., Chicago, IL, USA).
All data were expressed as the mean = standard deviation.
Unpaired Student’s 7-tests and one-way ANOVA were
performed for comparisons between groups. P<0.05 was
considered to indicate a statistically significant difference.

Results
GM-CSF alleviated RILI

To determine the side effects of radiation and the
biological outcomes of GM-CSF on RILI, we established
an experimental thoracic radiation mouse model (27,28).
Phosphate-buffered saline or 10 pg/kg GM-CSF was
administered to the mice twice weekly after thoracic
radiation (Figure 1A4). Between 8 and 9 weeks after
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Figure 1 Establishment of a thoracic radiation mouse model. (A) Intervention with GM-CSF in the experimental mouse model of whole

thorax radiation. C57BL/6 WT mice were intraperitoneally injected with GM-CSF or vehicle (n=6 per group) treatment twice weekly after

radiation. Lung tissues were harvested at the indicated time points for the following analysis. (B) Pattern of color change in the hair of the

radiated thoracic region at 20 weeks after radiation. (C) The lung phenotype among the control, vehicle, and GM-CSF intervention groups

at 20 weeks post radiation. Scale bar represents 300 mm. GM-CSF, granulocyte-macrophage colony-stimulating factor; W'T, wild-type; RT,

radiation.

radiation, the hair in the exposed area turned gray. In the
radiation + saline group, this gray band was extremely
distinct compared to that of the radiation + GM-CSF
group. The radiation + GM-CSF mice exhibited a similar
hair color to the non-radiated control mice (Figure 1B). At
20 weeks, lung bleeding sites in the GM-CSF-treated mice
were attenuated compared to those in the vehicle-treated
animals (Figure 1C).

Next, we examined whether GM-CSF treatment could
exhibit anti-fibrotic effect in RILI in mice after radiation.
Pulmonary structure damage and disordered collagen
deposition were found in the radiated mice. After radiation,
GM-CSF treatment group displayed less alveolitis and
fibrosis than the vehicle-treated mice (Figure 2A4). In
the GM-CSF-treated group, radiated animals showed
significantly less alveolar septa damage and collagen
deposition, especially at 20 weeks after radiation (Figure 2B).
We also examined the content of Hyp, which is the major
constituent of collagen. The Hyp content was significantly
increased in saline-treated mice at 10 and 20 weeks after
radiation. It was significantly decreased in GM-CSF-
treated animals compared to the control mice (Figure 2C).
Therefore, we demonstrated that GM-CSF treatment
had a significant inhibitory effect on the occurrence both
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pneumonia and pulmonary fibrosis.

GM-CSF reduced inflammatory cytokine production in the
RILI mouse model

Next, we investigated whether GM-CSF could exert an
anti-inflammatory effect against RILI. We found that
radiation significantly impaired the production of key
proinflammatory cytokines, such as IL-6 and TNF-a.
Profibrotic cytokines in serum such as IL-1B closely
correlated with the occurrence of lung fibrosis. GM-CSF
treatment significantly decreased proinflammatory and
profibrotic levels in the serum of radiated C57BL/6 mice
compared with those in the vehicle group (Figure 34). GM-
CSF treatment also remarkably reduced the expression
of TNF-a, IL-1B, and IL-6 from 3 weeks after radiation
(Figure 3B).

GM-CSF decreased EMT in the radiated mouse model

The messenger RNA (mRNA) levels of interstitial
markers (Vimentin, Snail) and fibrosis markers (collagen-1
and fibronectin-1) were increased in the radiated
mouse model. The epithelial marker (E-cadherin),
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Figure 2 Pulmonary fibrosis caused by radiation was attenuated by intraperitoneal administration of GM-CSE. (A) Lung sections of WT
mice from different groups were subjected to H&E staining at 3, 6, 10, and 20 weeks after radiation. Lung bleeding sites and alveolitis were
showed with arrows. Representative images are shown (n=6 per group). Scale bar represents 300 pm. (B) Masson trichrome staining of collagen
in lung sections from WT mice in the normal non-radiated, radiation only, and GM-CSF treatment groups at 3, 6, 10, and 20 weeks after
radiation. Abnormal collagen deposition were showed with arrows. Representative images are shown (n=6 per group). Bar represents
300 um. The down panel is quantification of Masson’s trichrome staining for collagen in lung sections from different groups. The fibrotic
area is presented as percentage numbers. (C) Hyp content was measured between different groups. Error bar indicates mean + standard
deviation (n=6; *, P<0.05; **, P<0.01; ***, P<0.001, WT + radiation vs. WT + radiation + GM-CSF). GM-CSE, granulocyte-macrophage
colony-stimulating factor; W, wild-type; H&E, hematoxylin and eosin; Hyp, hydroxyproline; RT, radiation.

surfactant protein C (Sftpc) and a tight junction marker downregulation of epithelial markers were significantly
(Occludin) were progressively down-regulated at 6, 10, inhibited (Figure 3C). To further verify whether GM-CSF
and 20 weeks after radiation. In the GM-CSF treatment treatment affects the EMT pathway, the expression of key
group, the upregulation of mesenchymal markers and molecules in the EMT pathway was detected in mouse
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Figure 3 Effect of GM-CSF on inflammatory cytokines in the radiation mouse model. (A) ELISA analysis of the serum levels of IL-6,
TNF-a, and IL-1p in mice from different groups in the radiation-induced injury mouse model at 1, 3, 6, 10, and 20 weeks post radiation. (B)
qRT-PCR analysis of IL-6, TNF-a, and IL-1p mRNA levels in the lung tissues of mice from different groups at different time points (n=6
per group). (C) qRT-PCR analysis of EMT-related markers. The target gene mRNA levels were normalized to GAPDH (n=6 per group).
*, P<0.05; **, P<0.01; ***, P<0.001. GM-CSE, granulocyte-macrophage colony-stimulating factor; ELISA, enzyme-linked immunosorbent
assay; QRT-PCR, quantitative real-time polymerase chain reaction; EMT, epithelial-mesenchymal transition; GAPDH, glyceraldehyde

3-phosphate dehydrogenase; W'T, wild-type.
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lung tissues. The results showed that compared with the
control group, radiation significantly upregulated the
expression of collagen-1 as well as that of vimentin and
Snail, but downregulated the expression of E-cadherin.
In contrast, GM-CSF treatment decreased the expression
of collagen-1 as well as that of vimentin and Snail, but
increased E-cadherin expression. We confirmed that GM-
CSF inhibited the EMT process at the protein level at
20 weeks after radiation (Figure 4A). In this study, TGF-p1
mRNA expression was found in the lungs of mice by
qRT-PCR (Figure 3C) and was further confirmed by IHC
staining. The protein levels of TGF-B and the interstitial
marker Vimentin were up-regulated after 20 weeks after
radiation but were significantly inhibited by GM-CSF
treatment. However, E-cadherin expression showed
contrary tendency (Figure 4B). These results indicated that
GM-CSF treatment significantly reduced the expression
levels of markers related to EMT and fibrosis.

GM-CSF"" mice bad higher susceptibility to RILI than
WT mice

In order to further examine the role of GM-CSF in
RILI, we subjected GM-CSF knockout mice to radiation
(Figure 5A). At 10 weeks after radiation, the radiated
lungs of GM-CSF” mice with vehicle treatment exhibited
severe pulmonary congestion compared with those of mice
in other groups (Figure 5B). Damage to the pulmonary
alveolar architecture and abnormal collagen deposition were
observed in the radiated GM-CSF”~ mice. The GM-CSF”~
mice in the vehicle treatment groups had a more severe
phenotype, whereas the RILI was significantly relieved in
the GM-CSF treatment groups (Figure 5C). The results
of Masson staining suggested that GM-CSF” mice not
treated with GM-CSF were more susceptible to radiation-
induced lung fibrosis (Figure 5D). In accordance with these
observations, the Hyp content in the vehicle group was
also remarkably increased at 10 weeks, whereas GM-CSF
treatment significantly reduced the Hyp levels in the lungs
of radiated GM-CSF ™" mice (Figure SE).

Radiation considerably increased the serum levels of
TNF-o and IL-6 in GM-CSF” mice as compared to the
controls. The level of IL-6 was elevated at 1, 3 weeks but
was decreased at 6 weeks after radiation in the GM-CSF”
mice. GM-CSF treatment significantly reduced the levels
of these inflammatory cytokines in the GM-CSF " mice. At
10 weeks, the level of IL-1p in the serum of radiated mice
without GM-CSF treatment was consistently higher than
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that in other groups. GM-CSF treatment also significantly
decreased profibrotic cytokine production in the GM-
CSF”" mice (Figure 64). Furthermore, GM-CSF treatment
reduced the expression of cytokine-related genes, which
is consistent with our previous finding and is shown in
Figure 6B.

To evaluate whether EMT could also be a potential
mechanism in the attenuation of RILI through GM-CSF
treatment we detected the expression of epithelial and
mesenchymal markers in GM-CSF”™ mice at 10 weeks
after radiation. As shown in Figure 6C, the radiation +
saline groups showed significantly enhanced expression of
the mesenchymal markers (vimentin and Snail), and the
fibrosis markers (collagen-1 and fibronectin-1). However,
the mRNA expression of those markers was remarkably
reduced in the GM-CSF treatment group. At the same
time, E-cadherin was significantly repressed in the vehicle
group after radiation. Matrix metallopeptidase-9 (MMP-9)
has been identified as a hallmark of EMT and fibrosis (29).
Our data showed that the mice that received radiation with
vehicle treatment showed a similar significant increase in
MMP-9 mRNA expression, while treatment with GM-CSF
inhibited the expression of MMP-9 in GM-CSF " mice.

Furthermore, radiation significantly up-regulated
the protein levels of vimentin, while markedly down-
regulating E-cadherin expression in GM-CSF”" mice.
Snail has also been reported to suppress E-cadherin
expression and drive EMT (30). Radiation significantly
increased the expression of Snail in the groups without
GM-CSF treatment. We also found that the fibrosis
marker collagen-1 was significantly over-expressed in the
lungs of the vehicle treatment groups after radiation. In
contrast, a low expression of collagen-1 was observed in
WT mice in the GM-CSF treatment groups. Interestingly,
its expression was hardly detected in the radiated GM-
CSF” mice treated with GM-CSF (Figure 74).

At 10 weeks post radiation, the level of E-cadherin
was found to be reduced in the radiation + saline group
compared to the radiation + GM-CSF groups in GM-
CSF” mice. In contrast, the radiation-induced increase in
vimentin expression was further augmented in the vehicle
group compared to in the GM-CSF groups. IHC revealed
that TGF-B expression was stronger in the lungs of the
radiated group with vehicle treatment than in the lungs of
the controls. GM-CSF treatment significantly decreased
the expression of TGF-p in 16 Gy-radiated lung tissues
(Figure 7B). These results revealed that GM-CSF treatment
after radiation administration could dramatically mitigate
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© Translational Lung Cancer Research. All rights reserved.

Transl Lung Cancer Res 2020;9(6):2440-2459 | http://dx.doi.org/10.21037/tler-20-1272



2452 Hu et al. GM-CSF alleviates radiation-induced lung Injury

Collagen-1

1 1.094 0.417 2.96 2.959 6.052

f-S =y ammm I GM-CSF + Radiation + GM-CSF
E-cadherin (ECA) - .. -
g 101 [l GM-CsF”
1 1.07 1.51 0.935 1.42 1.395 '% o —] -
§ = GM-CSF™ + Radiation
Vimentin (VIM) o -
c B WT + Radiaion + GM-CSF
1 1.06 1.512 1.986 1.212 1.238 % B WT + Radiaion
_ o8
[}
i}
1 1225 4983 7.71 0.546 4.56 & 9
> & & >
3 & N g
NG N Q )
GAPDH atnapan am— — — — — C)o\ Q/,o”b 4\&
1 0.99 0.96 0.955 0.968 0.964
B RT
Con(GM-CSF ™) GM-CSF™”~ GM-CSF”"+GM-CSF WT WT+GM-CSF
AR o = Tongl : ; e 2,

gy <y
sl

ECA

VIM ¢

{ U0 Yl

iy

b, S T S

A:. Y

TGF-p WL
2

B pop 4N

W R

200 pm G 200 pm *

el IS T B FENedR L e WA IR RS A e BTN A AL

Figure 7 Effect of GM-CSF on EMT in radiated pulmonary fibrosis. (A) Western blot analysis of EMT markers in radiated lung tissues
with/without GM-CSF treatment at 10 weeks. Quantification analysis of raw density of Western blot figures are measured in different
groups. (B) GM-CSF reduced the expression levels of ECA, VIM and T'GF-B1. Representative images of IHC staining of ECA, VIM, and
TGF-B1 are assessed in lung tissues from different groups at 10 weeks. Error bar indicates mean + standard deviation (n=6; **, P<0.01). GM-
CSE, granulocyte-macrophage colony-stimulating factor; EMT, epithelial-mesenchymal transition; ECA, E-cadherin; VIM, vimentin; ITHC,

immunohistochemistry.

© Translational Lung Cancer Research. All rights reserved. Transl Lung Cancer Res 2020;9(6):2440-2459 | http://dx.doi.org/10.21037/tler-20-1272



Translational Lung Cancer Research, Vol 9, No 6 December 2020

radiation-induced lung fibrosis via inhibition of EMT.

GM-CSF administration alleviated RILI in several
patients

In the LC group, the number of patients with squamous
cell carcinoma, adenocarcinoma, and small cell LC was
8, 3, and 9, respectively. Almost all of the EC patients
were the squamous cell carcinoma histologic type. Eleven
patients in the LC group and 11 patients in the EC group
had stage III cancer, and 10 LC patients and 9 EC patients
had stage IV cancer. In the LC group, 14 patients accepted
concurrent chemoradiotherapy and 7 patients accepted
radiotherapy only; in the EC group, these numbers were
13 and 7, respectively. Overall, 38 patients suffered from
cough, fever, tachycardia, cyanosis, and exercise intolerance
during the 5 months of follow-up after radiotherapy. In
terms of severe adverse effects, three patients developed
multiple bacterial infections and received antibiotic therapy.
Computed tomographic images showed regions of high-
density consolidation that expanded gradually during post-
intensity modulated radiation therapy (IMRT) follow-
up. The morbidity of RILI was graded according to
the National Cancer Institute’s Common Terminology
Criteria for Adverse Events version 4 (CTCAE v4) for
pneumonitis. In RILI patients, remission means that the
patients developed clinical radiation pneumonitis of Grade
>2 gradually decline until Grades 0-1. Further analysis of
the clinicopathological characteristics of the 41 patients
showed that RILI remission was significantly correlated
with GM-CSF treatment (P=0.011, Table I).

Discussion

RILI is a common and serious complication of
radiotherapy for chest tumors (31). Approximately
13-37% of LC patients who receive radiation therapy
are likely to develop RILI, and some patients develop
late-phase fibrosis (32). Currently, there is no effective
treatment for RILI. In the present study, we performed a
detailed analysis of the pathological phenotype underlying
RILI by establishing a mouse model of thoracic radiation,
to mimic human chronic pneumonitis after radiation
therapy. Radiation-induced pneumonitis and fibrosis have
been repeatedly documented in humans and experimental
animals (3,33,34). Zhou et 4l. (35) evaluated mice 24 weeks
after they were administered single-dose or fractionated
thoracic radiation by quantitatively assessing lung
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variations using computed tomography. They found that
14.55+0.34 Gy induced lung fibrosis in 50% of the mice
(ED50). C57BL/6 mice were chosen for the model due to
their proneness to fibrosis compared with other strains,
such as BALB/c mice, which express various cytokines or
proteases/anti-proteases and are considered to be fibrosis
resistant (36,37). Therefore, we used 16 Gy-radiated
C57BL/6 mice for our fibrosis model.

A number of therapeutic strategies that effectively reduce
inflammatory damage and suppress the fibrotic process
have been explored in previous studies. Jiang er al. (38)
reported that adipose-derived mesenchymal stromal cells
had a therapeutic benefit for acute RILI and mediated anti-
inflammatory and anti-fibrotic effects. The TGF-B receptor
I inhibitor LY2109761 was shown to suppress radiation-
induced inflammation and achieved its anti-fibrotic effect
by suppressing radiation-induced proinflammatory,
proangiogenic, and profibrotic signals (39). However, no
effective method exists for the clinical treatment of RILI.
In the present research, our data provide compelling
evidence to support the application of GM-CSF as a
therapeutic strategy for RILI patients by revealing several
novel findings. First, RILI was alleviated in several patients
following treatment with GM-CSF. Secondly, thoracic
radiation triggered the upregulation of inflammatory
cytokine expression in pulmonary tissue and progressive
accumulation of inflammatory cytokines in the serum.
Radiation led to lung fibrosis in the mouse model, which
was accompanied by an increased expression of profibrotic
factors such as TGF-B and mesenchymal markers such
as vimentin. Thirdly, GM-CSF” mice were sensitive to
lung injury; compared to WT mice, the GM-CSF”" mice
exhibited more aggravated lung fibrosis after exposure to
radiation. The knockout mice showed progressive increases
in the levels of inflammatory cytokines, as well as the
accumulation of TGF-p1 and vimentin. Fourthly, and most
importantly, all GM-CSF-treated groups demonstrated
benefits, with RILI attenuated or prevented (as assessed
by histology). However, prospective, controlled, large-
sample size clinical trials are needed to further confirm our
findings. Furthermore, in clinical practice, radiotherapy
is not used to radiate both lungs simultaneously. It should
also be pointed out that the difference in radiation volume
between the thoracic radiation mouse model and clinical
patients in this study was a limitation. Herein, we provide
results that further illustrate the effect of GM-CSF in
fibrogenesis. We indicated that the anti-fibrotic role of
GM-CSF treatment may be a result of anti-inflammatory

Transl Lung Cancer Res 2020;9(6):2440-2459 | http://dx.doi.org/10.21037/tler-20-1272



2454

responses and the dysregulation of EMT.

GM-CSF, which is a recombinant growth factor, has
recently been approved by the U.S. Food and Drug
Administration as a therapy for granulocytopenia after
radiation- or chemotherapy-induced myelosuppression (40).
Previous studies indicated that GM-CSF could be
abundantly secreted by alveolar epithelial cells, interstitial
cells, and macrophages after inflammatory stimulation (41).
GM-CSF is very importment for the maturation of alveolar
macrophage and mononuclear phagocytes (42,43). Many
studies have shown that alveolar macrophages are essential
for initial defense against pathogens and the surfactant
homeostasis in lungs (17,44). GM-CSF was found to be
over-expressed in radiated lungs and reduced pulmonary
injury by stimulating the protective granulocytes and
monocytes in situ, which might be sites of the widespread
infection (45). GM-CSF is also related to a rare lung
pathology characteristic of pulmonary alveolar proteinosis
(46,47), which is a characteristic of extensive pulmonary
fibrosis (48,49). Recent studies using GM-CSF-deficient
mice have clearly demonstrated that GM-CSF enhances
the pulmonary host defense and is critically involved in the
maintenance of normal macrophage function (50). Moore
et al. (22) reported that GM-CSF-deficient mice showed
genetically caused fibrogenesis in bleomycin-related lung
fibrosis. Another study revealed that alveolar GM-CSF
acts as a local mediator of macrophage maturation (50).
However, exogenous expression of GM-CSF in rats via
adenovirus-mediated gene transfection was found to result
in pulmonary fibrosis (51). Recent reports have described
that GM-CSF " mice exhibit enhanced susceptibility
to pneumonia from two specific pathogenic agents,
Pneumocystis carinii (52) and group B streptococcus (53).
However, in a randomized phase II trial, GM-CSF did not
lower the rate of ventilator usage among patients with acute
pulmonary injury/acute respiratory distress syndrome (54).
These inconsistent outcomes could be explained by
the different sample sizes, drug doses, methods of drug
administration. In particular, the observation window
for treatment in the phase II trial emphasizes the first
7 days after the onset of acute lung injury/acute respiratory
distress syndrome, while our research emphasizes the role
of GM-CSF in RILI after 7 days. Further research in the
inflammatory or fibrotic activities of lung macrophages
is necessary to better evaluate if there are other unusual
factors in GM-CSF-deficient mice conduce to the severity
of RILL

It is now clear that innate and acquired immune responses
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are integral parts of the differentiation and activation of
fibroblasts, which can lead to a local environment enriched
in chemokines as well as proinflammatory cytokines,
fibrogenic cytokines, and growth factors (55). Radiation
of the lungs can induce the accumulation of innate
inflammatory cells, including macrophages, neutrophils,
mast cells, and eosinophils, and elevate the secretion of
cytokines including TNF-o, IL-1B, IL-6, and TGF-B,
during the innate immune stage (9,56). Previous studies
have revealed that overexpression of TNF-a or IL-1f in
the lungs results in procedural lung fibrosis (57,58). Similar
to TNF-a, IL-1pB also has several biological functions
that might facilitate fibrosis. IL-1p and TNF-a can also
increase the expression of IL-6, which has critical activity in
fibroblasts (59-61). These functions may include leukocyte
infiltration, the expression of proinflammatory regulators
that exacerbate parenchymal cell injury, and the production
of the key profibrotic growth factor TGF-B. Wang et 4/. (62)
showed that combination of mean lung dose (MLD), IL-8
level before radiation, and the ratio of TGF-B1 level two
weeks vs before radiation provided a more accurate model
to be correlated with an increased risk of RILI2 (Grade
>2 RILI) compared with MLD alone. In our research, we
choosed those representative and classical cytokines to prove
that GM-CSF alleviated RILI and inflammation in both
WT and GM-CSF” mice. So far, our existing data did not
show that our cytokine profiling could predict symptomatic
radiation lung injury as predict markers. Furthermore,
recent studies have proposed that EMT might play a key
role in lung fibrosis (63,64), possibly through a TGF-p-
mediated mechanism (65-67). During lung fibrosis, up to
20% cells underwent EMT in the mouse model or human
samples (68,69). TGF-B is a multifunctional regulator
of cell growth, EMT, and differentiation in response
to injuries (70). The expression of TGF-B induced by
radiation has been reported as part of RILI (71-73). EMT is
characterized by a reduction in E-cadherin expression and
an increase in vimentin expression. Snail, another critical
factor involved in EMT, has also been discovered to repress
the transcription of the CDH1 gene (encoding E-cadherin)
(74,75). Choi er al. showed that transcription factor
Hypoxia-inducible factor-la (HIF-10) could influence
TGF-p-R1/Smad3 signaling pathway altering EMT (76).
Si-HIF-1a could inhibit radiation-induced EMT through
downregulating TGF-B-R1/Smad3 signaling (77,78).
Moreover, transcription factors eg. Snail and Twist
are considered as pivotal regulators of EMT, which
repressing E-cadherin and increasing the mesenchymal
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transcriptomes (79). We discovered that radiated mice
treated with GM-CSF had decreased lung inflammation
and reduced mRNA levels of TGF-f, TNF-a, IL-1p,
and IL-6. This study is the first to confirm that GM-CSF
participates in TGF-B-induced EMT during radiation-
induced pulmonary fibrosis. In this study, treatment with
GM-CSF dramatically elevated the expression of epithelial
markers while reducing that of interstitial markers in
GM-CSF-deficient mice compared to WT mice. We also
found that the expression of Snail was much higher in
the GM-CSF”" mice than in the WT mice after exposure
to radiation, which shows that GM-CSF can affect the
expression of Snail at the transcriptional and translational
levels. These findings demonstrate that GM-CSF exerts a
protective effect against pulmonary fibrosis by decreasing
the incidence of EMT. Recently, it has been discovered
that fibroblasts may derive from multiple formats, such as
resident mesenchymal cells, bone marrow stem cells and
epithelial cells (80). After exposure to fibrosis-inducing
doses of radiation, a time- and dose-dependent senescence
and pneumocyte depletion of airway epithelial cell II
(AEC II) cells has frequently been observed (81). AEC II
senescence is hypothesized to be a major contributor to
less or ineffective ventilation, leading to fibroproliferation
and epithelial stress. Myofibroblasts are likely originated
from bone marrow (BM)—those fibroblast progenitor cells
that are crucial in the fibrogenesis (82). Ligand stromal
cell-derived factor 1 (SDF-1/CXCL12) could active the
chemokine receptor CXCR4, which is expressed by the
BM- originated fibrocytes. The activation of CXCR4 may
be important in the development of RILE. Therefore, the
CXCR4/CXCL12 axis play a critical role in recruiting BM-
derived precursors that differentiate into the fibroblasts that
cause RILF. Furthermore, thorax radiation not only affects
the function of macrophages in the lung tissue but also leads
to various immune cells recruitment, including basophils,
lymphocytes, monocytic cells and neutrophils (83).
The recruitment of immune cells is related to characteristic
changes in local and systemic cytokine and chemokine
expression. In the future, additional studies are necessary
to define how the various immune cells interact and
coordinate in multiple formats to reduce the side effects of
LC radiotherapy.

In conclusion, our study provides evidence that GM-
CSF protects against the development of RILI. Thus, GM-
CSF may be a potential therapeutic reagent for preventing
and treating RILI.
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