Hindawi

Stem Cells International

Volume 2020, Article ID 6312053, 12 pages
https://doi.org/10.1155/2020/6312053

Research Article

Radiation Induces Pulmonary Fibrosis by Promoting the
Fibrogenic Differentiation of Alveolar Stem Cells

Lu-Kai Wang,1 Tsai-Jung Wu,’ Ji-Hong Hong,"”‘l’5 Fang-Hsin Chen,>** John Yu®,

1,3,4,5

and Chun-Chieh Wang

2

'Radiation Biology Core Laboratory, Institute for Radiological Research, Chang Gung University/Chang Gung Memorial Hospital,

Linkou, Taoyuan, Taiwan

*Institute of Stem Cell and Translational Cancer Research, Chang Gung Memorial Hospital, Linkou, Taoyuan, Taiwan
’Department of Radiation Oncology, Chang Gung Memorial Hospital, Linkou, Taoyuan, Taiwan

*Department of Medical Imaging and Radiological Sciences, Chang Gung University, Linkou, Taoyuan, Taiwan

®Radiation Biology Research Center, Institute for Radiological Research, Chang Gung University/Chang Gung Memorial Hospital,

Linkou, Taoyuan, Taiwan

Correspondence should be addressed to John Yu; johnyu@gate.sinica.edu.tw and Chun-Chieh Wang; jjwang@cgmbh.org.tw

Received 23 March 2020; Revised 11 August 2020; Accepted 25 August 2020; Published 29 September 2020

Academic Editor: Andrea Ballini

Copyright © 2020 Lu-Kai Wang et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The lung is a radiosensitive organ, which imposes limits on the therapeutic dose in thoracic radiotherapy. Irradiated alveolar
epithelial cells promote radiation-related pneumonitis and fibrosis. However, the role of lung stem cells (LSCs) in the
development of radiation-induced lung injury is still unclear. In this study, we found that both LSCs and LSC-derived type II
alveolar epithelial cells (AECII) can repair radiation-induced DNA double-strand breaks, but the irradiated LSCs underwent
growth arrest and cell differentiation faster than the irradiated AECII cells. Moreover, radiation drove LSCs to fibrosis as shown
with the elevated levels of markers for epithelial-mesenchymal transition and myofibroblast (a-smooth muscle actin (a-SMA))
differentiation in in vitro and ex vivo studies. Increased gene expressions of connective tissue growth factor and a-SMA were
found in both irradiated LSCs and alveolar cells, suggesting that radiation could induce the fibrogenic differentiation of LSCs.
Irradiated LSCs showed an increase in the expression of surfactant protein C (SP-C), the AECII cell marker, and a-SMA, and
irradiated AECII cells expressed SP-C and a-SMA. These results indicated that radiation induced LSCs to differentiate into
myofibroblasts and AECII cells; then, AECII cells differentiated further into either myofibroblasts or type I alveolar epithelial
cells (AECI). In conclusion, our results revealed that LSCs are sensitive to radiation-induced cell damage and may be involved in
radiation-induced lung fibrosis.

1. Introduction

Radiotherapy is a mainstay among treatments of thoracic
malignancies such as lung cancer and esophageal cancer.
However, pulmonary damages after high-dose radiation
result in radiation pneumonitis in the early stages and pul-
monary fibrosis later on [1]. Although numerous studies
have been performed and it is widely recognized that cell
death and inflammation play important roles in these pro-
cesses [2], the exact cellular and molecular mechanisms
underlying them are not fully elucidated. After irradiation,

the injured airway epithelial cells undergo apoptosis and
secrete cytokines and growth factors that recruit immune
cells and alter the microenvironment. These inflammatory
responses in the pneumonitis stage, which promote the mat-
uration of fibroblasts and excess deposition of extracellular
matrix, can subsequently develop into fibrosis [3, 4].

At the cellular and tissue levels, the alveolar epithelium is a
major part of lung tissue and is composed of two types of epi-
thelial cells: alveolar type I (AECI) cells and alveolar type II
(AECII) cells. AECI cells cover >90% of the alveolar surface
responsible for gas exchange, while AECII cells secrete surfac-
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tant for the maintenance of alveolar integrity and serve as pro-
genitor cells for producing AECI cells. Recent studies suggest
that terminally differentiated AECI cells undergo apoptosis for
several months in response to ionizing radiation, which induces
pulmonary pneumonitis [2, 5]. When AECI cells are destroyed,
AECII cells increase proliferation and differentiate into AECI
cells to reestablish the alveolar epithelium. On the other hand,
irradiated AECII cells may contribute to the development of
fibrosis [5-7]. Previous studies also indicated that rat AECII
cells undergo epithelial-to-mesenchymal transition (EMT)
through ERK/GSK3/snail signaling after radiation treatment
[7]. The process of EMT results in a loss of cell-cell junctions
and epithelial polarity, downregulation of epithelial marker
expression, such as E-cadherin, and upregulation of mesenchy-
mal markers such as a-smooth muscle actin (a-SMA),
fibroblast-specific protein-1 (FSP-1), and vimentin [5].

During normal tissue turnover or injury, stem cells are
essential for the maintenance of homeostasis and repair of adult
tissues. Lung tissue may be capable of self-renewal and differen-
tiation by resident stem/progenitor cells to form various cell
compartments following lung injury [8]. Many lung stem/pro-
genitor cells (LSCs) have been reported and are potentially use-
ful in regenerative therapy such as repair of damaged lung tissue
in patients [9-12]. Previous studies have demonstrated that the
Oct-4" LSCs residing in the terminal bronchiolar region of the
neonatal lungs are capable of being induced to differentiate into
AECII and AECI cells [13]. Using a glycoproteomic strategy, we
have identified surface markers for the prospective isolation of
the CD45 CD54"CD157" LSCs. These cells have the ability
not only for self-renewal and differentiation in vitro but also
for lung repair in vivo [14]. However, the effects of ionizing
radiation on these CD45 CD54*CD157" LSCs have not been
investigated. Here, we demonstrated that these LSCs are more
sensitive to radiation damage than their differentiated alveolar
cells. In addition, using the fibrosis PCR array and immuno-
staining analyses, we showed that these irradiated LSCs under-
went AECII and myofibroblast differentiation after irradiation
and were involved in the fibrogenic response. Nintedanib, a
tyrosine kinase inhibitor, is currently used to reduce the rate
of decline in lung function in patients with idiopathic pulmo-
nary fibrosis [15]. A single published study implied that ninte-
danib has antifibrotic activity after partial lung irradiation in
mouse models; however, this cannot be monitored by the com-
puted tomography imaging [16]. Tissue repair and airway
remodeling involving the differentiation of LSCs are critical to
the maintenance of lung homeostasis. The characterization of
the radiation response of LSCs and their differentiated alveolar
cells used in the present study is a critical approach to better
define and understand the pathophysiology of fibrosis. More-
over, using in vitro cultured stem cells and differentiated cells
of the lung may provide an easy-to-follow and less time-
consuming platform for drug screening and pave the way for
tissue engineering and stem cell therapy in the radiation
research.

2. Materials and Methods

2.1. Mice and Irradiation. CD-1 (ICR) mice were purchased
from BioLasco (Taiwan). Radiation was delivered using a 6
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MV X-ray linear accelerator in the Proton and Radiation
Therapy Center, Chang Gung Memorial Hospital, Linkou,
Taiwan. For in vitro experiments, cells (density: 2.5 x 10*
cells/cm®) were exposed to 2, 4, or 8 Gy. For ex vivo experi-
ments, neonatal CD-1 mice were treated with or without 8
or 15 Gy whole-body irradiation.

2.2. In Vitro Cell Culture. Primary lung stem cell (LSC) cul-
ture was performed as previously described [14]. LSCs were
isolated from neonatal CD-1 mice by FACS sorting using
phycoerythrin- (PE-) conjugated anti-CD157 (BioLegend,
CA, USA), fluorescein isothiocyanate- (FITC-) conjugated
anti-CD54 (BD Biosciences, CA, USA), and allophycocya-
nin- (APC-) conjugated anti-CD45 (eBioscience, CA, USA)
antibodies. Isolated CD45 CD54"CD157" cells or irradiated
cells were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% FBS, 1% insu-
lin—transferrin-selenium (ITS), and 1ng/ml epidermal
growth factors (EGF) (all obtained from Thermo Fisher Sci-
entific, CA, USA) through several passages in a collagen I-
coated plate. To conduct differentiation studies, the attached
LSCs were incubated in MCDB-201 medium (Sigma-
Aldrich, MO, USA) supplemented with 1% FBS, 1% ITS,
and 10 ng/ml EGF for 7 or 14 days to induce AECII or AECI
cells.

To determine the fibrogenic effect of transforming
growth factor beta (TGF-f) and connective tissue growth
factor (CTGF) (PeproTech, NJ, USA), LSCs (2.5x 10*
cells/cm?) in 12-well culture plates were treated with TGE-
B (5ng/ml) or CTGF (50 ng/ml) for 3 days.

2.3. Immunofluorescence Staining and Quantification.
Briefly, irradiated cells were washed, fixed in 4% paraformal-
dehyde/phosphate-buffered saline (PBS), and then blocked
with 3% bovine serum albumin (BSA) in PBS for 30 min.
Cells were incubated with primary antibodies at 4°C over-
night. The following antibodies were used: anti-CD157 (BD
Pharmingen, CA, USA); antiprosurfactant protein C (SP-C)
(Millipore, CA, USA); antipodoplanin, also known as T1
alpha (T1a) (Santa Cruz Biotechnology, CA, USA); anti-a-
smooth muscle actin (a-SMA) (DAKO, CA, USA); or
antifibroblast-specific protein-1 (FSP1) (Merck, MA, USA).
Cells were washed and incubated for 1 hour at room temper-
ature with Alexa Fluor 488 donkey anti-mouse IgG or Alexa
Fluor 594 donkey anti-rabbit IgG antibodies (Thermo Fisher
Scientific) and then counterstained with DAPI (Invitrogen,
CA, USA). Images were obtained using a Nikon Fluorescence
Microscope (Nikon Instruments, NY, USA). For DNA repair
assay, cells were fixed with methanol for 10 minutes followed
by immunofluorescent analysis. For overnight incubation,
the primary and secondary antibodies used were anti-
phospho-histone H2AX (y-H2AX) (Cell Signaling Technol-
ogy, MA, USA) and Alexa Fluor 488 goat anti-rabbit IgG
(Invitrogen), respectively. The cells were embedded with
the ProLong Gold Antifade Mountant with DAPI. All slides
were analyzed using a Nikon Fluorescence Microscope. The
number of nuclear foci per cell was counted in 75 AECI cells
and 150 LSCs or AECII cells using the FociCounter software
(http://focicounter.sourceforge.net/index.html).
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2.4. RNA Isolation and Quantitative Real-Time Reverse
Transcription PCR. To perform the Mouse Fibrosis PCR
Array analysis (Qiagen, CA, USA), total RNA was extracted
from LSCs with or without irradiation using a TRIzol solu-
tion (Invitrogen) according to the manufacturer’s instruc-
tions. The total RNA was then reverse-transcribed into
cDNA using the RT? first strand kit (Qiagen). Quantitative
real-time RT-PCR (Q-PCR) was performed in triplicate
using a reaction mixture containing RT> SYBR Green qPCR
Master Mix and 500ng RNA in a CFX connect real-time
PCR detection system (BIO-RAD, CA, USA). Alternatively,
the total RNA was reverse-transcribed to cDNA using Super-
Script III Reverse Transcriptase (Invitrogen). Q-PCR was
performed to examine the expression of fibrosis genes. A
mixture containing SYBR Green PCR Master Mix (Qiagen),
50 ng cDNA, and gene-specific forward and reverse primers
(Supplementary table 1) was reacted in a CFX connect real-
time PCR detection system. The relative expression levels of
the target cDNA were calculated after normalizing the
intensity of target cDNA to the intensity of S-actin in the
Mouse Fibrosis PCR Array analysis or GAPDH in the gene
expression examination.

2.5. Lung Differentiation Platform. A lung differentiation
platform was established based on the colony picking of LSCs
that induced differentiation with some modifications as
described previously [13]. LSCs were seeded on one well of
2-well culture insert (Ibidi, Germany) in collagen I-coated
p-Slide (Ibidi) at 1 x 10* cells per well. After the undifferenti-
ated LSCs form an optically confluent monolayer, the culture
insert was removed, and cells were maintained in DMEM
supplemented with 10% FBS. After 5 days of culture, the cells
at the edge region were migrated out and appeared as thinly
spread flattened cell clusters. These cells received 4 Gy irradi-
ation followed by treatment with or without nintedanib
(1 uM) (Boehringer Ingelheim, Germany), and the cell popu-
lation for differentiated LSCs was examined using immuno-
fluorescence staining at day 5.

3. Results

3.1. LSCs Are More Radiosensitive than Differentiated
Alveolar Cells. In the present study, we succeeded in using
the newly identified surface markers CD157, together with
CD45 and CD54 to prospectively isolate LSCs by FACS anal-
ysis [14]. When cultured in DMEM growth medium, these
isolated LSCs can proliferate and maintain the cobblestone
epithelial morphology (Figure 1(a)). In contrast, these iso-
lated LSCs grown in MCDB-201 differentiation medium
showed that the cell shape became flattened at day 7 and
expressed surfactant protein C (SP-C, AECII marker)
(Figure 1(a)). An extension of the incubation to 14 days led
to further flattening and thinly enlargement of the cells that
expressed podoplanin (Tla, AECI marker) (Figure 1(a)).
Therefore, these CD45"CD54"CD157" LSCs display the
capacity for self-renewal and differentiation into AECII cells
and AECI cells in a sequential manner following induction
signals in the culture medium [14]. To investigate the effect
of radiation exposure in normal lung tissue, we irradiated

the respective cells (LSCs, AECII, and AECI cells) with differ-
ent doses of X-rays (0, 2, 4, and 8 Gy) to probe their sensitiv-
ity to radiation. After irradiation, the culture media in each
cell type were replaced with DMEM growth medium imme-
diately. On day 3 postradiation of LSCs, the cell numbers
were assessed and found to decrease, in a dose-dependent
manner (Figure 1(b)). In contrast, exposure to radiation
had no apparent effect on the number of AECII and AECI
cells (Figure 1(b)). These results suggest that LSCs have more
capacity for active proliferation and are more radiosensitive
to radiation damage than their differentiated alveolar cells.

To evaluate DNA damage and repair capacity in the irra-
diated lung cells, the DNA double-strand breaks were
assessed by counting the number of phosphorylated histone
H2AX (y-H2AX) foci per cell by 8 Gy X-ray irradiation after
0.5, 1, 4, 8, 16, and 24 hours postradiation (Figures 1(c) and
1(d)). As shown, LSCs contained more y-H2AX foci in nuclei
as compared to AECII and AECI cells at 1-hour postradia-
tion. In addition, we observed that the number of y-H2AX
foci was increased more than 8-fold in LSCs and only 3-4-
fold in AECII and AECI cells relative to unirradiated control
(Figure 1(d)). Furthermore, the foci numbers of y-H2AX
were increased rapidly and significantly in each cell type fol-
lowing radiation (0.5 hour), but with time, the numbers
returned to baseline controls by 16 or 24 hours indicating
the repair of DNA damage (Figure 1(d)). It is noted that after
16 hours, the residual foci in LSCs and AECII cells had
returned to baseline (Figures 1(c) and 1(d)), but the y-
H2AX-positive foci in AECI cells were still detectable, sug-
gesting that the repair of DNA double-strand breaks was
delayed (Figures 1(c) and 1(d)). These results indicate that
the DNA repair ability in LSCs and AECII cells was more effi-
cient compared with that observed in AECI cells up to 16
hours postirradiation.

At 3-day postirradiation, the morphology of AECII and
AECI cells remained unchanged even after high-dose irradi-
ation up to 8 Gy, but the cell size of the LSCs was increased
with an average diameter of approximately 5-fold greater
than that of the original cells (Figure 1(e)). These cellular
changes in LSCs resembled the process of lung cell differenti-
ation. To identify the phenotypes of the cells after radiation
of LSCs, immunofluorescence analysis was performed using
markers for CD157 (LSC marker), SP-C (AECII marker),
and Tla (AECI marker). A decreased level of CD157 and
increased levels of SP-C and T1a were observed in LSC sam-
ples treated with 8 Gy irradiation (Figure 1(f)). These obser-
vations suggest that radiation exposure could influence the
proliferation capacity and differentiation of LSCs into alveo-
lar epithelial cells.

3.2. Radiation-Induced EMT and Myofibroblast Development
in LSCs. As the time after exposure may account for the dif-
ferences for radiation effects in lung tissue, such as pneumo-
nitis and fibrosis, the long-term effects of irradiated-LSCs
were explored by analyzing fibrogenic differentiation. Recent
studies have indicated that EMT may be involved in the pro-
cess of epithelial cells undergoing phenotypic changes and
contribute to the development of fibrosis. Therefore, the
mRNA and protein expression profiles of EMT- and



myofibroblast-associated genes in LSCs were examined at 7-
day postirradiation (Figures 2(a)-2(e)). Compared to control
LSCs (0Gy), the expressions of stem cell markers (Oct4,
Nanog, and SOX-2) in irradiated LSCs were decreased in a
dose-dependent manner on day 7 (Figure 2(a)). A decreased
expression in the epithelial marker E-cadherin was observed
in LSCs exposed to 8 Gy, while increased expression of mes-
enchymal marker N-cadherin was found in LSCs exposed to
2 or 8 Gy, indicative of EMT (Figure 2(b)). In addition, the
level of myofibroblast marker, a-SMA expression, was signif-
icantly increased in irradiated LSCs (Figure 2(b)). Next, we
determined whether the increase in a-SMA transcript corre-
lated with the increased expression of protein. After exposure
to serial doses of radiation at day 7, we found that the a-
SMA™ cells in the irradiated LSCs were more than that in
control LSCs (0 Gy) (Figure 2(c)). In addition, the morpho-
logical changes in LSCs and the increasing population of a-
SMA" cells can be induced by radiation exposure in the first
3 days and would last to the 7th day (Figure 2(d)). The
enlarged irradiated LSCs coexpressed a-SMA and the fibro-
blast marker FSP1 (Figure 2(e)). In contrast, the majority of
LSCs that differentiated into AECII cells, which were charac-
terized by SP-C immunostaining, did not express a-SMA
(Figure 2(f)). Specifically, a small population of a-SMA™
and SP-C" irradiated LSCs was found (Figure 2(f), arrow),
which implies that LSCs differentiating into AECII cells
undergo EMT and develop fibrosis after irradiation.

3.3. Isolation and Characterization of LSCs from Neonatal
Mice following Exposure to Radiation. To determine the
effects of radiation exposure on LSCs ex vivo, the
CD45 CD54"CD157" LSCs were immediately isolated from
the lungs of neonatal mice treated with 8 or 15Gy whole-
body irradiation (Figure 3(a)). Radiation exposure did not
influence the percentage of CD45CD54"CD157" cells
(approximately 1.8% to 2.2% of the total population of viable
cells) in the lung tissue of irradiated mice, as determined by
flow cytometric analysis. To determine the effects of radia-
tion exposure on these isolated LSCs, cell growth and mor-
phology were analyzed within 2-7 days after whole-body
exposure to X-rays. At day 2 after primary culture, the iso-
lated LSCs could attach to collagen I-coated plates and main-
tain colony morphology (Figure 3(b)). A decrease in cell
proliferation and morphological changes occurred in isolated
LSCs from 15 Gy irradiated mice (Figure 3(b)). After 14 days
in culture, the immunostaining analysis revealed that radia-
tion of mice increased a-SMA and SP-C expression in a
dose-dependent manner for the isolated cells (Figure 3(c)),
as compared to the nonirradiated mice. Therefore, these
results suggest that radiation treatment in lung tissue altered
the isolated LSCs in epithelial proliferative capacity and
fibrotic differentiation in a dose-dependent manner ex vivo.

3.4. Radiation Exposure Alters Expression of Several Fibrosis-
Associated Genes. Since the upregulation of a-SMA found in
isolated LSCs after whole-body X-ray exposure ex vivo was
similar to that observed in in vitro irradiation, a mouse fibro-
sis PCR array of total RNA samples from LSCs at day 7 post-
irradiation was performed to uncover the mechanism
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contributing to fibrosis development in LSCs. Compared to
nonirradiated controls, the expressions of TGF-f family
members (TGF-f1, TGF-2, and TGF-[33) were decreased,
but the expressions of CTGF and matrix metallopeptidases
(MMPs) were upregulated in irradiated LSCs (Figure 4(a)).
CTGF had been reported to modulate many signaling path-
ways responsible for tissue remodeling and fibrosis develop-
ment [17]. MMPs are a family of proteolytic enzymes
involved in the degradation and remodeling of extracellular
matrix proteins. Therefore, the expressions of CTGF, MMPs,
a-SMA, and collagen I (Col-a1) in irradiated LSCs and alve-
olar cells were examined by Q-PCR analysis (Figure 4(b)). As
shown, the mRNA expressions of CTGF, a-SMA, and MMP-
13 were upregulated in LSCs and AECII cells after 8 Gy irra-
diation. However, no significant change in the expression of
these genes was found in the irradiated AECI cells
(Figure 4(b)). There was no significant difference in the
mRNA expression for MMP-9 in each cell type. Overall, the
results supported the hypothesis that radiation exposure in
LSCs and AECII cells is responsible for the development of
fibrosis.

TGF-p and CTGF have been linked to trigger tissue
fibrosis and accumulate in the early phases of irradiated lung
tissue [18, 19]. The 2-fold increase in CTGF expression after
8 Gy irradiation may reflect changes in the content or activa-
tion of multiple cell types, including LSCs and AECII cells
(Figure 4(b)). Therefore, we evaluated the effect of CTGF
on the regulation of LSC differentiation. As shown in
Figure 4(c), after LSCs were exposed to CTGF and TGF-J5,
the protein expressions of a-SMA and SP-C were increased
within 3 days. These data indicate that radiation induced
these secretory regulators released, such as CTGF and TGF-
B, could contribute to LSC differentiation.

3.5. Developing an In Vitro Lung Model Platform for
Radiation Exposure. Based on the differentiation capacity of
LSCs as described previously [13, 14], these isolated LSCs
and their derived alveolar cells may be suitable to mimic lung
tissue in vivo. Therefore, the lung differentiation platform
was developed to study the effect of radiation exposure in
the lung in vitro. To construct the in vitro lung model plat-
form, LSCs were seeded on culture insert to form an optically
confluent monolayer (Supplementary Fig. 1A). A stem cell
niche or physiological microenvironment plays a crucial role
in the maintenance of stem cell properties. Upon growth fac-
tor withdrawal and removing the culture insert, these LSCs
were expanded and spontaneously differentiated into alveo-
lar cells (Supplementary Fig. 1). After 5 days of culture, the
undifferentiated LSCs located in the central region main-
tained their phenotypes, while the cells at the edge were
migrated out and appeared as thinly spread flattened cell
clusters (Supplementary Fig. 1A). Using immunofluorescent
analysis, the expressions of alveolar cell markers, SP-C, and
Tla were found in differentiated cells derived from LSCs
(Supplementary Fig. 1B). Therefore, this platform with the
LSCs, AECII, and AECI cells was used to examine cell-
based responses, pathologic changes, and drug responses in
a radiation exposition. After 4 Gy radiation exposure, the
undifferentiated LSCs located in the central region
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F1GURE 1: The lung cell differentiation and the effects of radiation exposure on LSCs and alveolar cells. (a) Workflow and time line of in vitro
lung cell differentiation experiments. LSCs were isolated from neonatal ICR mice and then sequentially differentiated into alveolar cells by
culture with MCDB-201 medium. LSCs, AECII, and AECI cells were examined through immunostaining with anti-CD157, anti-pro-SP-C,
and anti-Tle antibodies. Scale bars, 100 um. (b) Cell numbers of irradiated LSCs and alveolar cells were examined at day 3
postirradiation. The results are represented as mean + SD (n =3, *p < 0.05) relative to initial cell number. (c) Immunostaining of y-H2AX
expression (green, left panels) and nuclear morphology (blue, right panels) in LSCs and alveolar cells that received 8 Gy at 1h and 16 h.
(d) The lung cells repair radiation-induced DNA double-strand breaks as determined by nuclear foci formation of y-H2AX. The nuclear
y-H2AX foci per cell are means + SD from LSCs and AECII cells (n > 100) or AECI cells (1 > 75) relative to the initial sample. (e) The cell
morphology of irradiated lung cells at day 3 postirradiation. Scale bars, 100 um. (f) The cell differentiation of irradiated lung stem cells
was examined at day 3 postirradiation by immunostaining with specific protein markers CD157, SP-C, or T1a. Scale bars, 100 ym.

differentiated to become either SP-C or a-SMA expressing  ing differentiated cells (Figure 5(a) fourth panel, white
cells (Figure 5(a) first and second panels). However, the arrow). This result indicates that LSCs may differentiate into
expression of a-SMA was increased, and SP-C was reduced AECII cells and then undergo either alveolar cell or fibrotic
in the differentiated alveolar cells at the edge region  cell differentiation. Therefore, radiation exposure could
(Figure 5(a) fourth panel). In addition, the increased popula-  increase the population of cells that differentiate into
tions of SP-C"/a-SMA™ cells were observed in the surround-  myofibroblasts.



—_ —_
(=) v
! |

Relative expression of mRNA
e
w

*
*
3
sk
0 -

Oct-4 Nanog SOX-2

O 0Gy
o 2 Gy
m 8 Gy

Phase

a-SMA

Stem Cells International

Relative expression of mRNA
w

E-cad N-cad a-SMA
0 0Gy
o2 Gy
m 8 Gy

(b)

8 Gy/Day 1

8 Gy/Day 3 8 Gy/Day 7

Merge

F1GURE 2: Fibrotic response of LSCs after exposure to irradiation. Total RNA was extracted from irradiated LSCs exposed to 2 or 8 Gy of X-
rays followed by incubation under normal conditions for 7 days. The relative levels of the indicated mRNA for Oct-4, Nanog, and SOX-2 (a)
as well as E-cadherin, N-cadherin, and a-SMA (b) were measured by real-time PCR. (c, d) The represented a-SMA expression in irradiated
LSCs exposed to 2 or 8 Gy of X-ray followed by incubation under normal conditions for 1-7 days. Scale bars, 100 ym. (e) Irradiated LSCs
exposed to 8 Gy of X-ray followed by incubation under normal conditions for 7 days. Cells were double stained with a-SMA (green) and
FSP1 (red) antibodies and then stained with DAPI (blue). Scale bars, 100 um. (f) LSCs were double stained with pro-SP-C (red) and a-
SMA (green) antibodies and then stained with DAPI (blue). The white arrows indicate SP-C"/a-SMA™ cells. Scale bars, 100 ym.

3.6. Nintedanib Attenuates the Radiation-Induced Fibrogenic
Differentiation. Since the LSC, the differentiation platform
was capable of mimicking the progression of radiation-
induced lung injury, providing a new tool to test cellular
responses to drug candidates. Nintedanib, a tyrosine-kinase
inhibitor for the treatment of patients with idiopathic pulmo-

nary fibrosis, was used to probe the protective effects for the
irradiated LSCs and alveolar cells. The level of a-SMA but not
SP-C was significantly decreased in irradiated LSCs
(Figure 5(b) second panel) and alveolar cells (Figure 5(b)
fourth panel) treated with nintedanib for 3 days when com-
pared to the irradiated control cells. These results
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FiGure 3: The fibrogenic differentiation of LSCs from irradiated mice. (a) Workflow of ex vivo lung cell irradiation experiments. The cell
growth and differentiation of LSCs isolated from irradiated neonatal mice were analyzed following incubation for 14 days and compared
with those isolated from nontreated mice. Scale bars, 100 ym. (b) LSCs were isolated from control neonatal mice or mice exposed to the
indicated dosage of radiation. Cell morphology and density were examined after seeding 1 x 10° isolated LSCs within 5 days. Scale bars,
100 yum. (c) The populations of a-SMA™ (green) and SP-C* (red) cells were costained in isolated LSCs and were analyzed, followed by
incubation for 14 days. The nuclei of cells were stained blue with DAPI. Scale bars, 70 ym.

demonstrate a partial effect on the fibrogenic differentiation
of the irradiated LSCs and alveolar cells by nintedanib but
not on the formation of alveolar epithelial cells.

4. Discussion

Severe radiation-induced lung damage, including pneumoni-
tis and fibrosis, remains the major clinical complication of
radiotherapy in patients with thoracic malignancies such as
lung cancer and esophageal cancer. Advanced methods, such
as intensity-modulated radiotherapy and proton therapy,
reduce radiation doses to healthy tissues of patients with tho-
racic cancer [20]. Nevertheless, none of these techniques
completely protect lung tissues from radiation effects such
as DNA damage. Although all cell types within the same tis-
sue have DNA repair systems that form part of adaptive
responses, the relative differences in repair capacity may be
correlated with the cell types and developmental stages and
can change with time in response to stimuli [21]. LSCs have
been shown to induce cell proliferation during the loss of epi-
thelial cells in lung tissue [22], but their role in radiation-
induced lung injury is still unknown. Here, we examined
the cellular responses of LSCs and their progeny cells when

exposed to radiation using stem cell differentiation tech-
niques. Our results showed that radiation exposure was able
to promote LSC differentiation into alveolar cells and myofi-
broblasts. In addition, most of the LSC-derived AECII cells
could be further transformed into myofibroblasts following
exposure to radiation (Figure 6). Thus, we developed a reli-
able experimental LSC-based platform that includes alveolar
epithelial cells at different stages of differentiation for the
study of RILI progression. In addition, this platform may
provide a useful tool for radioprotective drug discovery.
Most previous studies were performed to determine the
radiation response using immortalized cell line models or
radiation-induced lung injury (RILI) animal models [4, 23,
24]. Radiation-induced alveolar epithelial injury followed
by abnormal epithelial repair appears to be a key pathological
pattern of lung fibrosis. Although the progression of AECII
cells and basal cells in lung tissue exposed to radiation has
been studied [25, 26], the role of LSCs in RILI is still unclear.
Based on their capacity for DNA repair, differentiation
potency, and cell proliferation, it is suggested that LSCs
may be more beneficial than AECII cells to replenish the
alveolar epithelial cells lost in the early stages when lung tis-
sue is exposed to radiation. In this study, we provide a
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possible role for LSCs in fibrotic development, indicating that
they may differentiate into SP-C*/a-SMA™ or a-SMA™ cells
when exposed to radiation. Therefore, LSCs may be a source
of the SP-C*/a-SMA™ cells that respond to radiation and
increase the risk of organizational defects after radiotherapy.
These results are consistent with previous analyses, which
showed that a-SMA™ myofibroblasts can arise from resident
epithelial cells that undergo EMT [5, 7, 27]. These SP-C*/a-
SMA™ epithelial cells in the lung were also found in patients
with chronic obstructive pulmonary disease or idiopathic
pulmonary fibrosis [28] and in animals with radiation-
induced pulmonary fibrosis [5, 29]. In addition to resident
LSCs, exogenous infused epithelial cell types or bone
marrow-derived mesenchymal stem cells (MSCs) may mod-
ulate tissue injury and repair in regenerative medicine [30].
MSCs are adult stem cells that have the potential to migrate
to lesion sites, differentiate into tissue-specific functional
cells, and modulate the immunological response, thus

enhancing the regeneration of injured tissue. MSCs have
been considered for the treatment of RILI, as they can differ-
entiate into lung epithelial and vascular endothelial cells,
secrete anti-inflammatory factors (e.g., prostaglandin E2,
IL-10, inducible nitric oxide, and indoleamine-2,3-dioxygen-
ase), and restrain the pulmonary epithelial cell EMT process.
Induced pluripotent stem cells (iPSCs) can be differentiated
into airway cells as a useful tool in the regeneration of whole
lung scaffolds after injury [31]. Recently, the treatment effi-
cacy of iPSC-derived conditioned medium in restoring lung
epithelial structural damage and suppressing neutrophil infil-
tration in acute lung injury has been demonstrated [32]. An
understanding of the regenerative mechanisms and media-
tors of MSC- and iPSC-dependent treatment may promote
their use in the irradiated lung to facilitate the circulation of
stem cells over the damaged tissue.

RILF is characterized by scar formation due to excess
wound healing, overproduction, and deposition of ECM
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proteins and impaired lung function. Tissue engineering
approaches using stem cells, growth factors, and biomaterial
scaffolds have been employed for regenerative medicine pur-
poses and clinical applications. Therefore, understanding the
interactions of stem cells and extracellular microenviron-
ment is required for the design of biomaterials to support
the attachment of engineered lung tissues. These above stud-
ies based on the cell culture procedure are far from mimick-
ing the in vivo lung microenvironment. Three-dimensional
scaffolds have been generated from natural and synthetic
polymers, including collagen [33, 34], synthetic Matrigel
[35], and gelatin [36], to deliver stem cell to the decellularized
trachea. Three-dimensional culture of LSCs technology has
been performed [37], and these 3D models could be a useful
tool to study the mechanism of LSC differentiation involving
in radiation-induced fibrosis closer to reality. The cell types
of stem cells, implanted materials, and additives introduced
above may affect the consequences of transplantation after
radiation injury. Therefore, numerous factors need to be
taken into consideration, such as the study of tooth restora-
tion, before conducting clinical trials [38].

Cellular processes involved in differentiation required a
complex network of several signal pathways activated by
multiple growth factors [39]. Besides the various types of
stem cells, culture condition may also affect the regenerative
and differentiation capacity of stem cells. Recent studies have
shown that MSCs can also be cultivated in medium with
human platelet lysate instead of FBS, without the loss of their
differentiation potential and immunomodulatory effects
[40]. Moreover, FBS was substituted with human platelet
lysate to generate MSC-derived extracellular vesicles for
treating refractory graft versus host disease [41]. Neverthe-
less, these biological potentials have not been examined in
the lung injury model. Even though platelet lysate is more
capable of keeping stem cells than FBS, whether platelet
lysate can reduce the conversion of LSC into myofibroblasts
remains to be further studied.

Stem cell-based platforms are widely used in translational
medicine. Human pluripotent stem cells can be used to
model disease progression [42], while embryonic cells or
adult progenitors with natural characteristics are capable of
tissue regeneration or cell lineage tracing in organs [43, 44].
Many lung alveoli model systems have been evolved using
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organoids grown from lung basal cells or AECII cells [45],
but these techniques have rarely been used in radiotherapy
research. In the present study, the isolated CD45 " CD54*
CD157" LSCs displayed sequential differentiation into alveo-
lar cells and revealed that radiation can trigger alveolar
epithelial cells to become alveolar cells and myofibroblasts.
In addition, reduced radiation-induced lung fibrosis but not
elevated tissue density was reported in the irradiated
C57BL6 mice treated with nintedanib [16]. Consistent with
these results, our finding using the LSC platform also showed
that the nintedanib treatment can attenuate the number of
irradiated LSCs and AECII cells undergoing myofibroblast
formation but does not affect their differentiation into the
alveolar epithelium. While the development of radiation-
induced lung injury in an animal model was observed for
4-6 months postradiation, this phenomenon can be detected
in the LSC platform within two weeks. In the future, the LSC
platform could be used to unravel the cell control mecha-
nisms or to develop radioprotective agents.

Glucocorticoid therapies are unlikely to improve the
health of patients with RILL These therapies include experi-
mental agents (nintedanib plus prednisone, pirfenidone,
etc.) and MSCs, which have been used in clinical trials as
therapeutics and are becoming increasingly important for
alleviating irradiated tissue damage. To date, no significant
improvement has been found in clinical trials of MSC-
based therapy with anti-inflammatory agents and antibiotics
for RILI [46]. Although nintedanib treatment attenuates tis-
sue fibrosis after RILI [16], our results show that nintedanib
used on irradiated alveolar epithelium was not beneficial for
the attenuation of regenerative lung cells. A combination of
stem cell therapy and prescription drugs to retain tissue
regeneration may be a potential treatment for RILL

5. Conclusions

Our study revealed that LSCs are sensitive to radiation-
induced cell damage and may be involved in radiation-
induced lung fibrosis. The LSC platform may contribute to
the in vitro investigation of lung injury pathogenesis and
can be applied to the development of future therapies.

Data Availability

All data used to support the findings of this study are
included within the article.

Ethical Approval

The experimental protocol was conducted in accordance
with the guidelines for the care of laboratory animals and
was approved by the Institutional Animal Care and Use
Committee (IACUC) of Chang Gung University (IACUC:
CGU-14-049).

Conflicts of Interest

The authors declare no conflict of interest.



Stem Cells International

Authors’ Contributions

CCW and JY conceived the project. LKW and TJW designed
and conducted the experiments. JHH and FHC contributed
to the data analysis and interpretation; LKW and TJW wrote
the manuscript; CCW and JY contributed to the writing and
editing of the manuscript. All authors read and approved the
final manuscript. Lu-Kai Wang and Tsai-Jung Wu contrib-
uted equally to this work.

Acknowledgments

We would like to thank Liu-Yi Chang for radiation technical
assistance. This study was supported by grants
CIRPG3D0171-3, CMRPG3G0191, CMRPG3H1021-2 and
CMRPG3H1361-2 from Chang Gung Memorial Hospital of
Taiwan and MOST 106-2314-B-182-020 from the Ministry
of Science and Technology Taiwan to C-C W. It was sup-
ported by grants MOST 109-2314-B-182-078-MY3 and
109-2628-B-182-008 from the Ministry of Science and Tech-
nology Taiwan to F-H C. It was also supported by grants
MOST 106-3114-B-182A-001 and 107-2321-B-182A-005
from the Ministry of Science and Technology of Taiwan and
OMRPG3C0041 to OMRPG3C0044 and CMRPG3H1341
from CGMH, Taiwan, to J. Y.

Supplementary Materials

Supplementary Figure 1: identification of cell differentiation
in lung differentiation platform. Supplementary Table 1:
primers used in quantitative real-time PCR analysis.
(Supplementary Materials)

References

[1] C. B. Simone 2nd, “Thoracic radiation normal tissue injury,”
Seminars in Radiation Oncology, vol. 27, no. 4, pp. 370-377,
2017.

[2] A. Lierova, M. Jelicova, M. Nemcova et al., “Cytokines and
radiation-induced pulmonary injuries,” Journal of Radiation
Research, vol. 59, no. 6, pp. 709-753, 2018.

[3] P. Ghafoori, L. B. Marks, Z. Vujaskovic, and C. R. Kelsey,
“Radiation-induced lung injury. Assessment, management,
and prevention,” Oncology, vol. 22, no. 1, pp. 37-47, 2008.

[4] Y. Huang, W. Zhang, F. Yu, and F. Gao, “The cellular and
molecular mechanism of radiation-induced lung injury,” Med-
ical Science Monitor, vol. 23, pp. 3446-3450, 2017.

[5] C. Almeida, D. Nagarajan, J. Tian et al., “The role of alveolar
epithelium in radiation-induced lung injury,” PLoS One,
vol. 8, no. 1, article e53628, 2013.

[6] D.E. Citrin, U. Shankavaram, J. A. Horton et al., “Role of type
II pneumocyte senescence in radiation-induced lung fibrosis,”
Journal of the National Cancer Institute, vol. 105, no. 19,
pp. 1474-1484, 2013.

[7] D. Nagarajan, T. Melo, Z. Deng, C. Almeida, and W. Zhao,
“ERK/GSK3p/Snail signaling mediates radiation-induced
alveolar epithelial-to-mesenchymal transition,” Free Radical
Biology and Medicine, vol. 52, no. 6, pp. 983-992, 2012.

[8] M. K. El-Badrawy, N. M. Shalabi, M. A. Mohamed, A. Ragab,
and H. W. Abdelwahab, “Stem cells and lung regeneration,”

11

International Journal of Stem Cells, vol. 9, no. 1, pp. 31-35,
2016.

[9] A. Giangreco, E. N. Arwert, I. R. Rosewell, J. Snyder, F. M.
Watt, and B. R. Stripp, “Stem cells are dispensable for lung
homeostasis but restore airways after injury,” Proceedings of
the National Academy of Sciences of the United States of Amer-
ica, vol. 106, no. 23, pp. 9286-9291, 2009.

[10] C.F.Bender Kim, E. L. Jackson, A. E. Woolfenden et al., “Iden-
tification of bronchioalveolar stem cells in normal lung and
lung cancer,” Cell, vol. 121, no. 6, pp. 823-835, 2005.

[11] F.Li,J. He,]. Wei, W. C. Cho, and X. Liu, “Diversity of epithe-
lial stem cell types in adult lung,” Stem Cells International,
vol. 2015, Article ID 728307, 11 pages, 2015.

[12] E. L. Rawlins, T. Okubo, Y. Xue et al., “The role of Scgblal+
Clara cells in the long-term maintenance and repair of lung
airway, but not alveolar, epithelium,” Cell Stem Cell, vol. 4,
no. 6, pp. 525-534, 2009.

[13] T.Y.Ling, M. D. Kuo, C. L. Li et al., “Identification of pulmo-
nary Oct-4+ stem/progenitor cells and demonstration of their
susceptibility to SARS coronavirus (SARS-CoV) infection
in vitro,” Proceedings of the National Academy of Sciences of
the United States of America, vol. 103, no. 25, pp. 9530-9535,
2006.

[14] T.-J. Wu, Y.-K. Tzeng, W.-W. Chang et al., “Tracking the
engraftment and regenerative capabilities of transplanted lung
stem cells using fluorescent nanodiamonds,” Nature Nano-
technology, vol. 8, no. 9, pp. 682-689, 2013.

[15] D.S. Glass, D. Grossfeld, H. A. Renna et al., “Idiopathic pul-
monary fibrosis: molecular mechanisms and potential treat-
ment approaches,” Respiratory Investigation, vol. 30, no. 20,
pp- 30062-30069, 2020.

[16] D. De Ruysscher, P. V. Granton, N. G. Lieuwes et al., “Ninte-
danib reduces radiation-induced microscopic lung fibrosis
but this cannot be monitored by CT imaging: a preclinical
study with a high precision image-guided irradiator,” Radio-
therapy and Oncology, vol. 124, no. 3, pp. 482-487, 2017.

[17] E. Gore-Hyer, D. Shegogue, M. Markiewicz et al., “TGF-beta
and CTGF have overlapping and distinct fibrogenic effects
on human renal cells,” American Journal of Physiology - Renal
Physiology, vol. 283, no. 4, pp. F707-F716, 2002.

[18] R. Rajan Radha and G. Chandrasekharan, “Pulmonary injury
associated with radiation therapy - assessment, complications
and therapeutic targets,” Biomedicine and Pharmacotherapy,
vol. 89, pp. 1092-1104, 2017.

[19] S. Bickelhaupt, C. Erbel, C. Timke et al., “Effects of CTGF
blockade on attenuation and reversal of radiation-induced pul-
monary fibrosis,” JNCI: Journal of the National Cancer Insti-
tute, vol. 109, no. 8, 2017.

[20] N. Yegya-Raman, W. Zou, K. Nie, J. Malhotra, and S. K. Jab-
bour, “Advanced radiation techniques for locally advanced
non-small cell lung cancer: intensity-modulated radiation
therapy and proton therapy,” Journal of Thoracic Disease,
vol. 10, no. 21, pp. S2474-S2491, 2018.

[21] M. Simonatto, L. Latella, and P. L. Puri, “DNA damage and
cellular differentiation: more questions than responses,” Jour-
nal of Cellular Physiology, vol. 213, no. 3, pp. 642-648, 2007.

[22] A. P. Wong and J. Rossant, “Generation of lung epithelium
from pluripotent stem cells,” Current Pathobiology Reports,
vol. 1, no. 2, pp. 137-145, 2013.

[23] T. A.Beach, A. M. Groves, J. P. Williams, and J. N. Finkelstein,
“Modeling radiation-induced lung injury: lessons learned from


http://downloads.hindawi.com/journals/sci/2020/6312053.f1.docx

12

[24]

(25]

[26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

whole thorax irradiation,” International Journal of Radiation
Biology, vol. 96, pp. 129-144, 2018.

J. W.Jung, S. Y. Hwang, J. S. Hwang, E. S. Oh, S. Park, and I. O.
Han, “Tonising radiation induces changes associated with
epithelial-mesenchymal transdifferentiation and increased cell
motility of A549 lung epithelial cells,” European Journal of
Cancer, vol. 43, no. 7, pp. 1214-1224, 2007.

C. E. Barkauskas, M. J. Cronce, C. R. Rackley et al., “Type 2
alveolar cells are stem cells in adult lung,” Journal of Clinical
Investigation, vol. 123, no. 7, pp. 3025-3036, 2013.

C. E. Weeden, Y. Chen, S. B. Ma et al., “Lung basal stem cells
rapidly repair DNA damage using the error-prone nonhomol-
ogous end-joining pathway,” PLoS Biology, vol. 15, no. 1, arti-
cle €2000731, 2017.

K. K. Kim, M. C. Kugler, P. J. Wolters et al., “Alveolar epithelial
cell mesenchymal transition develops in vivo during pulmo-
nary fibrosis and is regulated by the extracellular matrix,” Pro-
ceedings of the National Academy of Sciences, vol. 103, no. 35,
pp. 13180-13185, 2006.

C. Marmai, R. E. Sutherland, K. K. Kim et al., “Alveolar epithe-
lial cells express mesenchymal proteins in patients with idio-
pathic pulmonary fibrosis,” American Journal of Physiology-
Lung Cellular and Molecular Physiology, vol. 301, no. 1,
pp. L71-178, 2011,

H. Yue, K. Hu, W. Liu, J. Jiang, Y. Chen, and R. Wang, “Role of
matrix metalloproteinases in radiation-induced lung injury in
alveolar epithelial cells of Bama minipigs,” Experimental and
Therapeutic Medicine, vol. 10, no. 4, pp. 1437-1444, 2015.

A. Ballini, S. Cantore, S. Scacco, D. Coletti, and M. Tatullo,
“Mesenchymal stem cells as promoters, enhancers, and play-
makers of the translational regenerative medicine 2018,” Stem
Cells International, vol. 2018, Article ID 6927401, 2 pages,
2018.

D. N. Kotton and E. E. Morrisey, “Lung regeneration: mecha-
nisms, applications and emerging stem cell populations,”
Nature Medicine, vol. 20, no. 8, pp. 822-832, 2014.

K.Y. Yang, H. C. Shih, C. K. How et al., “IV delivery of induced
pluripotent stem cells attenuates endotoxin-induced acute
lung injury in mice,” Chest, vol. 140, no. 5, pp. 1243-1253,
2011.

S. Ishikawa, K. Ishimori, and S. Ito, “A 3D epithelial-
mesenchymal co-culture model of human bronchial tissue
recapitulates multiple features of airway tissue remodeling by
TGF-f1 treatment,” Respiratory Research, vol. 18, no. 1,
p. 195, 2017.

N.J. I. Hamilton, R. E. Hynds, K. H. C. Gowers et al., “Using a
three-dimensional collagen matrix to deliver respiratory pro-
genitor cells to decellularized trachea in vivo,” Tissue Engineer-
ing Part C: Methods, vol. 25, no. 2, pp. 93-102, 2019.

K. T. Leeman, P. Pessina, J. H. Lee, and C. F. Kim, “Mesenchy-
mal stem cells increase alveolar differentiation in lung progen-
itor organoid cultures,” Scientific Reports, vol. 9, no. 1, article
6479, 2019.

T.Y.Ling, Y. L. Liu, Y. K. Huang et al., “Differentiation of lung
stem/progenitor cells into alveolar pneumocytes and induction
of angiogenesis within a 3D gelatin — microbubble scaffold,”
Biomaterials, vol. 35, no. 22, pp. 5660-5669, 2014.

A. Rabata, A. Hampl, and Z. Koledova, “Lungosphere assay:

3D culture of lung epithelial stem/progenitor cells,” Methods
in Molecular Biology, vol. 1612, pp. 149-165, 2017.

(38]

(39]

[40]

[41]

(42]

(43]

(44]

(45]

[46]

Stem Cells International

M. Marrelli, C. Maletta, F. Inchingolo, M. Alfano, and
M. Tatullo, “Three-point bending tests of zirconia core/veneer
ceramics for dental restorations,” International Journal of
Dentistry, vol. 2013, Article ID 831976, 5 pages, 2013.

J. E. Nichols and J. Cortiella, “Engineering of a complex organ:
progress toward development of a tissue-engineered lung,”
Proceedings of the American Thoracic Society, vol. 5, no. 6,
pp. 723-730, 2008.

P. Marrazzo, F. Paduano, F. Palmieri, M. Marrelli, and
M. Tatullo, “Highly EfficientIn VitroReparative behaviour of
dental pulp stem cells cultured with standardised platelet
lysate supplementation,” Stem Cells International, vol. 2016,
Article ID 7230987, 16 pages, 2016.

L. Kordelas, V. Rebmann, A. K. Ludwig et al., “MSC-derived
exosomes: a novel tool to treat therapy-refractory graft-
versus-host disease,” Leukemia, vol. 28, no. 4, pp. 970-973,
2014.

K. G. Chen, B. S. Mallon, K. Park et al., “Pluripotent stem cell
platforms for drug discovery,” Trends in Molecular Medicine,
vol. 24, no. 9, pp. 805-820, 2018.

B. Lloyd-Lewis, F. M. Davis, O. B. Harris, J. R. Hitchcock, and
C. J. Watson, “Neutral lineage tracing of proliferative embry-
onic and adult mammary stem/progenitor cells,” Development,
vol. 145, no. 14, 2018.

R. S. Mahla, “Stem cells applications in regenerative medicine
and disease therapeutics,” International Journal of Cell Biology,
vol. 2016, Article ID 6940283, 24 pages, 2016.

C. E. Barkauskas, M. I. Chung, B. Fioret, X. Gao, H. Katsura,
and B. L. Hogan, “Lung organoids: current uses and future
promise,” Development, vol. 144, no. 6, pp. 986-997, 2017.

T. Xu, Y. Zhang, P. Chang, S. Gong, L. Shao, and L. Dong,
“Mesenchymal stem cell-based therapy for radiation-induced
lung injury,” Stem Cell Research and Therapy, vol. 9, no. 1,
p. 18, 2018.



	Radiation Induces Pulmonary Fibrosis by Promoting the Fibrogenic Differentiation of Alveolar Stem Cells
	1. Introduction
	2. Materials and Methods
	2.1. Mice and Irradiation
	2.2. In Vitro Cell Culture
	2.3. Immunofluorescence Staining and Quantification
	2.4. RNA Isolation and Quantitative Real-Time Reverse Transcription PCR
	2.5. Lung Differentiation Platform

	3. Results
	3.1. LSCs Are More Radiosensitive than Differentiated Alveolar Cells
	3.2. Radiation-Induced EMT and Myofibroblast Development in LSCs
	3.3. Isolation and Characterization of LSCs from Neonatal Mice following Exposure to Radiation
	3.4. Radiation Exposure Alters Expression of Several Fibrosis-Associated Genes
	3.5. Developing an In Vitro Lung Model Platform for Radiation Exposure
	3.6. Nintedanib Attenuates the Radiation-Induced Fibrogenic Differentiation

	4. Discussion
	5. Conclusions
	Data Availability
	Ethical Approval
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

