International Journal of

Radiation Oncology
biology e physics

www.redjournal.org

Biology Contribution

Therapeutic Effects of Human Umbilical q
Cord—Derived Mesenchymal Stem Cells on Canine e
Radiation-Induced Lung Injury

Yuhui Hao, PhD,” Yonghong Ran, MS,* Binghui Lu, PhD,*

Jiayin Li, PhD,' J1ao]1ao Zhang, PhD Chunjing Feng, PhD,’
Jinhui Fang, PhD," Ruoyu Ma, PhD," Zhihui Qiao, MS, 8

Xiaotian Dai, MD," Wei Xiong, MD,’ Jing Liu, MS,* Qi Zhou, PhD,’
Jie Hao, PhD," Rong Li, PhD,* and Jianwu Dai, PhD*"'

*State Key Laboratory of Trauma, Burns and Combined Injury, Institute of Combined Injury,
Chonggqing Engineering Research Center for Nanomedicine, College of Preventive Medicine, Third
Military Medical University, Chonggqing, China; 'State Key Laboratory of Molecular Developmental
Biology, Institute of Genetics and Developmental Biology, Chinese Academy of Sciences, Beijing,
China; ‘Institute of Animals, Chinese Academy of Sciences, Beijing, China; and ‘Department of
Respiratory Diseases, Southwest Hospital, Third Military Medical University, Chongqing, China

Received Jan 21, 2018, and in revised form May 2, 2018. Accepted for publication May 25, 2018.

Summary Purpose: To investigate the effect of human umbilical cord—derived mesenchymal

stem cell (MSC) transplantation on canine radiation-induced lung injury.

Methods and Materials: Beagle dogs received localized 15-Gy x-ray radiation to the
right lower lung to establish the model of radiation-induced lung injury. After 180
days, dogs were divided into 2 groups (4 per group). The MSC group received intra-
tracheal MSC transplantation, and the saline group received the same volume of
normal saline by lavage. The effect of MSC transplantation on lung injury was then
evaluated 180 days after transplantation.

Results: At 180 days after 15-Gy radiation, canine arterial blood oxygen partial pres-
sure was significantly decreased, and the levels of hydroxyproline and transforming
growth factor (TGF)-f in peripheral blood were significantly increased, whereas that

Radiation-induced lung
injury is a common compli-
cation after radiation therapy
for thoracic tumors. Our
studies show that canine
radiation-induced lung injury
could be observed at 180
days after x-ray radiation at
15 Gy, and intratracheal
transplantation of mesen-

chymal stem cells can reduce
oxidative stress,

of TGF-o. was significantly decreased. Computed tomography evaluation revealed
visible honeycomb shadows in the right middle and lower pulmonary pleurae. Blood
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inflammatory reactions, and
transforming growth factor-f3
—Smad2/3 pathway activa-
tion, thereby reducing lung
injury. This finding provides
a basis for the application of
mesenchymal stem cells in
clinical transplantation ther-
apies for radiation-induced
lung injury.

oxygen partial pressure of the MSC group gradually increased over time, whereas the
levels of hydroxyproline and TGF-f in the peripheral blood showed a decreasing
trend; TGF-a levels gradually increased, which differed significantly from the results
observed in the saline group. In addition, computed tomography and pathologic exam-
ination showed that the degree of lung injury in the MSC group was milder. The MSC
group also showed significantly increased pulmonary superoxide dismutase levels and
significantly decreased tumor necrosis factor-o, Interleukein-1, and hyaluronic acid
levels. Further study confirmed that MSC transplantation inhibited the activation of
TGF-B—Smad2/3 in lung tissues, and in vitro experiments showed that medium condi-
tioned with MSCs effectively inhibited the increase in Smad2 and 3 levels induced by
TGF-f1.

Conclusion: Canine radiation-induced lung injury could be observed at 180 days
after radiation at 15 Gy. MSC transplantation can reduce oxidative stress, inflamma-
tory reactions, and TGF-B—Smad2/3 pathway activation, thereby reducing lung injury.

© 2018 Elsevier Inc. All rights reserved.

Introduction

Radiation-induced lung injury is a common complication
after total body radiation or radiation therapy for thoracic
tumors and includes radiation pneumonitis in the early
stage and radiation-induced pulmonary fibrosis (PF) in late
stages (1-3). Radiation pneumonitis usually occurs in the
first 6 to 12 weeks after thoracic radiation therapy, and PF
occurs approximately 6 to 24 months after radiation (4, 5).
Radiation-induced lung injury is a major obstacle affecting
the success rate of thoracic tumor radiation therapy. Active
exploration of treatment strategies to suppress lung injury is
imperative (6).

Despite a number of potential treatments, such as
methods targeting inflammatory cytokines, epithelial-
mesenchymal transformation, the transforming growth
factor-p (TGF-P) pathway, and senescent type Il pneumo-
cytes, PF still has a poor prognosis and a high mortality rate
(7-9). Mesenchymal stem cells (MSCs) have pluripotent
differentiation abilities, immunomodulatory functions, and
paracrine characteristics and have brought hope for the
treatment of radiation-induced PF (10). Many studies have
confirmed that MSCs can promote alveolar epithelial cell
repair and reduce inflammatory damage, fibroblast growth,
and lung collagen deposition (11-15). MSCs also have
significant immunosuppressive abilities and low immuno-
reactivity and therefore have advantageous safety features
in autograft or allograft disease treatment (16). MSC
transplantation inhibited radiation-induced lung injury in
mice and reduced the risk of lung metastasis (17).

However, only a limited number of clinical and pre-
clinical studies have been published on stem cell therapy
for radiation-induced lung injury, especially for radiation-
induced PF (18). In addition, only a small number of
ongoing clinical trials have investigated idiopathic PF (19).
The low engraftment rate and poor survival rate of MSC
would influence therapeutic benefit. Current studies mostly
use rats, mice, and other animal models, and few studies

have used large-animal models. To determine whether MSC
have a therapeutic effect on radiation-induced lung injury
in large animals, this study established a lung injury model
via local x-ray radiation of the right lower lung in dogs and
evaluated the effect of intratracheal MSC transplantation.
We also explored the potential protective mechanism of
MSCs.

Materials and Methods
Animals

Male beagle dogs were used, as described in Materials E1
(available at www.redjournal.org). The experiments were
approved by the Animal Ethics Committee of the Third
Military Medical University and the Institutional Review
Board.

Radiation

The 8 dogs were exposed to a single dose of 15 Gy radi-
ation of right lower lung (Fig. El and Materials El;
available online at www.redjournal.org). The 15-Gy radia-
tion dose was based on previous related experimental
studies (17, 20).

Isolation and culture of human umbilical cord MSCs

Isolation and culture of MSCs from human newborn um-
bilical cord tissues were conducted according to our pre-
liminary study (21, 22) (Materials El; available online at
www.redjournal.org). Consent to use the umbilical cords
was obtained from the parents and families of the new-
borns, and the study was approved by the Animal Ethics
Committee of the Third Military Medical University.
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Intratracheal transplantation of MSCs

At 180 days after radiation, 8 dogs were randomly divided
into 2 groups (4 per group): the saline group and the MSC
group. To avoid clumping, MSCs were harvested with
0.25% trypsin/l mM EDTA and washed with phosphate-
buffered saline. After anesthesia, MSC transplantation (1 x
10° cells/kg) or normal saline lavage was conducted via
bronchofiberscopy. The procedure was performed close to
the lower right lung in a volume of 20 mL. No mortality
was associated with the transplantation procedure. The
single dose of MSC was chosen on the basis of the mean
body mass and was equivalent to the effective dose used in
relevant studies (23). At 180 days after transplantation, the
dogs were sacrificed, and the lung tissues and serum sam-
ples were used for related examination.

Chest computed tomography examination

At 180 days after radiation, the dogs underwent computed
tomography of the chest under full anesthesia by using a
third-generation computed tomography (CT) scanner
(SOMATOM Definition, Siemens, Forchheim, Germany).
The CT scan was performed again at 3 days, 30 days, 90
days, and 180 days after the dogs received a single MSC
transplantation. Two specialists analyzed CT scanning
results, including lung shadows and honeycomb-like
shadows.

Blood routine examination and blood gas analysis

At different time points, the dogs were anaesthetized to
obtain femoral venous blood. White blood cell counts
(WBC) and lymphocyte percentages were measured with a
hemocytometer (Countess automated cell counter, Invi-
trogen, Paisley, UK). Femoral arterial blood was also taken.
For evaluation of pulmonary function, we used a blood gas
analyzer (i-STAT Corporation, Windsor, NJ) to measure the
blood oxygen partial pressure (PO,) the blood carbon di-
oxide partial pressure (PCO,), pH value, and bicarbonate
(HCO3) concentration.

Enzyme-linked immunosorbent assay

We used enzyme-linked immunosorbent assay kits (Sangon
Biotech, Shanghai, China), per manufacturer’s instructions,
to measure serum levels of TGF-a,, TGF-p, hydroxyproline,
and hyaluronic acid (HA) as well as the lung tissue levels of
HA, tumor necrosis factor-ot (TNF-a), interleukin 1 (IL-1),
superoxide dismutase (SOD) and malondialdehyde (MDA).
Samples from the injured sites of the right lower lobe were
homogenized in ice-cold phosphate-buffered saline. The
homogenates were centrifuged at 1000 g for 10 minutes at
4°C. The supernatants were stored at —80°C until analysis.
Protein concentration was determined using the BCA Pro-
tein Assay Kit (Beyotime, Haimen, Jiangsu, China).

Enzyme-linked immunosorbent assay kits were species-
specific. After the reaction was completed, the optical
density values were measured at 450 nm with a microplate
reader (Bio-rad 550, BioRad Laboratories). The experiment
was repeated twice. The interassay coefficient of variation
(%CV) of IL-1 was 7.0%, %CV of TNF-a. was 4.6%, %CV
of HA was 8.6%, %CV of TGF-0. was 6.5%, %CV of TGF-f3
was 8.5%, %CV of hydroxyproline was 7.4%, %CV of SOD
was 6.6%, and %CV of MDA was 9.5%.

Histological examination

Samples from the injured sites of the right lower lobe
were embedded in paraffin and sectioned at a thickness of 5
UM. Samples from the injured sites were selected based
on CT scanning results (Fig. El; available online at
www.redjournal.org). Hematoxylin and eosin staining and
Masson staining were conducted to assess lung pathology.
The images were collected with the Olympus BXS5
microscope (Olympus, Tokyo, Japan) by 2 professionals
who knew nothing about the study. In addition, the per-
centage of the area of positive collagen fibers (blue) to total
area of cells was analyzed with Image-Pro Plus 6.0 soft-
ware (Media Cybernetics, Bethesda, MD) on 5 randomly
selected 40 high-power fields under light microscope.

Immunofluorescence staining

Lung tissue sections were stained using TGF-f1 primary
antibody and Cy3-labelled secondary antibodies, as
described in Materials E1 (available online at www.
redjournal.org).

Alveolar epithelial cell II isolation and treatment

Primary alveolar epithelial cell II (AECII) isolation was
conducted as previously described (24), and the methods of
AECII isolation and collection of MSCs-conditioned
medium (MSCs-CM) are described in Materials El
(available online at www.redjournal.org). After 24 hours
of incubation, AECII were treated with the collected
MSCs-CM (100%) and/or TGF-B1 (5 ng/mL; Sigma,
St Louis, MO) for 48 hours, whereas the control cells were
released in the normal medium.

Western blot analysis

Protein samples were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis, and Western blots
were done as previously described (25). Briefly, the pro-
teins were separated and transferred to polyvinylidene
fluoride membranes. After blocking with 5% nonfat milk,
the membranes were incubated overnight at 4°C with
polyclonal antibodies. Over the next days, proteins were
visualized using the enhanced chemiluminescence
detection system (Millipore, Saint-Quentin-en-Yvelynes,
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France) after incubation with appropriate secondary anti-
body. The polyclonal antibodies against phospho-Smad2,
phospho-Smad3, Smad2, Smad3, and TGF-B1 were all
from Cell Signaling (Cell Signaling Technology, Beverly,
MA). The band intensity was quantified by the LAS3000
apparatus (Fujifilm, Raytest, Courbevoie, France). B-actin
was used as the internal control to verify equal protein
loading.

Statistical analysis

SPSS13.0 statistical software (SPSS Inc, Chicago, IL) was
used for statistical analysis, and the results were repre-
sented by mean =+ standard deviation. Normality was
evaluated by the Shapiro-Wilk test. The paired sample
Student ¢ test compared the differences between before and
after radiation. The independent samples ¢ test compared
the means between saline and MSC treatments. For com-
parisons among multiple groups, statistical analyses were
performed by 1-way analysis of variance and Tukey’s
honest significant difference test for multiple comparisons.
P < .05 indicated significant difference (2 sides).

Results

Establishment and evaluation of a canine model of
radiation-induced lung injury

Changes in WBC and lymphocyte percentages after
radiation
After the 8 dogs received right lower lung local radiation at
15 Gy, they did not show significant declines in appetite,
body weight increased steadily, body temperature was
maintained at 37°C to 38°C, and heart rate was 85 to 105
beats per minute. The dogs showed no obvious signs of
cough or hemoptysis. One of the dogs had a higher respi-
ratory rate 1 week after radiation, which was maintained at
approximately 32 beats per minute, and no other abnor-
malities were observed.

WBC fluctuated in the range of 6.6 to 10 x 10%/L within
0 to 180 days after radiation, which was in the normal range
of WBC for dogs. The proportions of lymphocytes before
and after radiation did not change significantly (Fig. E2;
available online at www.redjournal.org), which indicated
that 15-Gy local radiation may not affect the systemic he-
matopoietic function.

Arterial blood gas analysis after radiation

To observe changes in the lung function of dogs after
radiation, arterial blood gas analysis was performed at
different time points (Fig. E3; available online at
www.redjournal.org). The results showed that PO,
decreased gradually, by approximately 50% on the 180th
day. The changes in PCO,, HCOj3 concentration, and pH
were small, and the values remained stable before and
after radiation.

Changes in serum hydroxyproline and transforming
growth factors after radiation

The serum hydroxyproline content increased gradually
after radiation and reached approximately 30 ug/mL on the
180th day after radiation (Fig. 1A), which was significantly
higher than the value observed before radiation. Similarly,
the TGF-B level was also significantly increased on the
180th day after radiation, suggesting that the degree of
fibrosis became more severe (Fig. 1C). In contrast, the
TGF-o level showed a trend of decrease after radiation
(Fig. 1B).

Evaluation of the therapeutic effect of MSCs on
radiation-induced lung injury

Preparation and characterization of clinical-grade
human umbilical cord MSCs

The flowchart (Fig. 2A) demonstrates the bioprocess of
MSC preparation for clinical use, including cell isolation,
expansion, and characterization as well as safety assess-
ment before transplantation. Fibroblastic-shaped cells could
be observed under microscope during the process of cell
expansion (Fig. 2B). The human umbilical cord MSCs
(hUC-MSCs) had normal karyotypes without mutations
(Fig. 2C) and a high cell viability of 97%. Phenotypic
analysis and differentiation experiments were carried out
from passage (P) 3 to P10 (Figs. 2D and 2E). Flow
cytometry analysis showed that purity of hUC-MSCs was
over 99%, confirmed by high positive rates of CD105,
CD73, CD90, and CD29 and negative expression of HLA-
DR, CD34, CD45, CDl14, CD40, CD80 and CDS86
(Fig. 2D). Immunofluorescence staining results demon-
strated specific expression of FABP, osteocalcin, and
aggrecan (Fig. 2E), and MSCs show the capability of
differentiating into adipocytes, osteoblasts, and chon-
drocytes. P5 hUC-MSC products were transported to the
hospital for endotracheal administration. Safety assessment
were carried out before cells were transplanted, including
cell identification, fungal and bacterial test, mycoplasma
testing, virus testing, and endotoxin and BSA tests
(Table El; available online at www.redjournal.org), which
confirmed that MSCs were biologically safe.

Changes in lung imaging results after MSC
transplantation

At 180 days after 15-Gy radiation, the right lung CT results
revealed grid-like shadows, irregular thickening of the
interlobular septum, significant thickening of the lobular
small blood vessel wall, and honeycomb shadows in the
right middle and lower pulmonary pleurae (Fig. 3). After
treatment with MSCs, the results showed that the honey-
comb shadow gradually decreased over time, which sug-
gested that the degree of injury was gradually reduced.
After saline treatment, the honeycomb shadow was signif-
icantly enlarged on the 30th day, but the shadow area also
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Fig. 1. Effects of radiation on serum hydroxyproline and transforming growth factors of dogs at different time points. The
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Protective effects of mesenchymal stem cells (MSCs) on lung computed tomography images of dogs after radiation.

The experimental dogs received MSC transplantation or normal saline lavage and underwent chest computed tomography
under full anesthesia; we used a third generation computed tomography scanner at different time points.

gradually decreased over time, indicating that the degree of
injury was reduced but remained more severe than that
observed in the MSC group.

Changes in leukocyte and lymphocyte percentages after
MSC transplantation

Dogs, whether treated with MSC transplantation or saline,
showed no respiratory symptoms. WBC and lymphocyte
percentages were not significantly affected in the saline
treatment or the MSC groups. Within 180 days of

treatment, WBC and lymphocyte percentages all fluctuated
within normal ranges (Fig. E4; available online at
www.redjournal.org).

Analysis of arterial blood gas after MSC transplantation
To evaluate the effect of MSC transplantation on the lung
function of dogs after radiation, arterial blood gas analysis
was performed at different time points (Fig. E5; available
online at www.redjournal.org). The results showed that PO,
gradually increased with time after MSC transplantation,
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and the difference was significant compared with the saline
group. These results also indicated that MSC trans-
plantation could improve lung function. In contrast, the
changes in PCO,, HCO3 concentration, and pH value were
small, and there were no significant differences when
compared with the saline group.

Changes in lung pathology and fibrosis after MSC
transplantation

At 180 days after transplantation, the saline group pre-
sented inflammatory cell infiltration accompanied by
collagen formation, and the injury seemed more severe than
that observed in the MSC group (Fig. 4A). Masson staining
further revealed that the collagen level in the saline group
was higher than that in the MSC group (Figs. 4B and 4C).

Changes in oxidative stress, inflammatory factors, HA,
and serum TGF in lung tissue after MSC transplantation

Compared with the saline group, the SOD level was signif-
icantly higher, the MDA level lower, and the levels of TNF-a.

HE

Masson

Ratio of collagenous fiber
area to gross area
o
-
(¢,
*

0.00

Sah:ne MS'Cs

Fig. 4. Effects of mesenchymal stem cells (MSCs) on
lung histologic changes and collagen deposition in dogs
after radiation. (A) Hematoxylin and eosin staining of lung
tissues in saline and MSC groups at 180 days after saline or
MSC treatment. (B) Pulmonary tissue sections were sub-
jected to Masson’s staining for the visualization of collagen
deposition (blue). (C) Histopathology fibrosis score was
quantified with the proportion of collagen deposition (blue)
for each group. Data are expressed as mean &+ SD (n = 4)
and analyzed by independent samples ¢ test. *P < .05,
compared with saline group. (A color version of this figure
is available at www.redjournal.org.)

and IL-1 significantly lower in the injured lung tissue in the
MSC group at 180 days after transplantation (Figs. 5A-5D).
We also found that the levels of HA in serum and lung tissues
at 180 days after MSC transplantation were significantly
lower than those in the saline group (Figs. 5SE and 5F). Within
180 days after MSC transplantation, serum hydroxyproline
showed a downward trend (Fig. 5G) and differed significantly
from the trend observed in the saline group. Similarly, the
serum TGF-f was also significantly decreased after MSC
transplantation, which suggested aggravated degrees of
fibrosis (Fig. 5I). In contrast, serum TGF-o increased grad-
ually after MSC transplantation (Fig. 5H).

Effect of MSCs on the TGF-P and Smad 2 and 3 signaling
pathway

Compared with the saline group, TGF-B levels in the
injured lung tissue were significantly lower at 180 days
after transplantation, as revealed by Western blot, and the
corresponding phospho-Smad2 and phospho-Smad3 levels
were also decreased (Figs. 6A and [B). Immunofluores-
cence staining showed that the TGF-P level in lung tissues
after MSC transplantation was significantly lower than that
in the saline group (Fig. 6C). To understand the detailed
mechanism of MSC activity on the TGF-B—Smad2/3
signaling pathway, we isolated AECII, which is commonly
used as a model of PF in vitro. The results demonstrated
that MSCs-CM effectively inhibited the upregulation of
phospho-Smad2 and phospho-Smad3 expression in AECII
induced by TGF-p (Figs. 6D and 6E).

Discussion

An increasing number of studies has shown that MSCs can
differentiate into bronchial epithelial cells, alveolar
epithelial cells, and fibroblasts in the lungs and have pro-
tective effects on radiation-induced lung injury in rats or
mice (11, 26). However, small-animal models typically use
whole-body or whole-lung radiation, which may cause a
series of reactions involving multiple organs, making it
difficult to observe the dynamic changes in specific lung
tissue areas within the same animal. In this study, we used
dogs, which have a lung size close to that of humans, and
observed the process of radiation-induced lung injury and
the protective effects of MSCs after localized 15-Gy radi-
ation to the right lower lung. Similar studies have also
pointed out that dog models enable further exploration of
the nature of radiation-induced lung injury (20). Humans
and dogs have a portion of respiratory bronchiole between
the terminal bronchiole and alveoli, whereas rodents have
alveolar ducts interposed between the terminal bronchiole
and the alveoli (27); therefore, this study selected dog as an
animal model. Further study will focus on the dose effect
curve in the radiation-induced lung injury in this model and
the kinetics of the evolution of pulmonary injury.

The results of this study lay the foundation for the
clinical application of MSCs in the treatment of lung
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fibrosis after radiation. The superoxide dismutase (SOD) (A) and malondialdehyde (MDA) (B) contents in the lung tissue
were detected using the corresponding kits as described in the Materials and Methods section. At 180 days after MSC
transplantation, the serum levels of tumor necrosis factor-o. (TNF-a) (C), interleukin 1 (IL-1) (D), hyaluronic acid (HA) (E),
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radiation injury. hUC-MSCs, often discarded as medical
waste, are among the typical MSCs that offer the following
advantages: elimination of invasive and uncomfortable
extraction procedures; attractive immunologic properties
for allogeneic transplantations because of low immunoge-
nicity; ethical access compared with MSCs from other
sources; and a substantial number of cells in several pas-
sages without need for long-term culture and extensive
expansion ex vivo (28, 29). Therefore, the administration of
hUC-MSCs might be considered a potential strategy for
treatment of radiation-induced lung injury.

This study confirmed that MSC transplantation has a
protective effect against radiation-induced lung injury in
dogs. Kursova et al found that MSC transplantation reduced
mortality in a mouse model of radiation-induced lung

injury (30). In clinical applications, MSCs have been used
in the treatment of diseases such as pneumonia and lung
injury caused by sepsis and achieved satisfactory results
(31, 32). Bone marrow—derived MSC transplantation
delayed the lung injury deterioration process in 11 cases of
thoracic radiation therapy—caused radiation PF, and long-
term follow-up did not identify MSC-induced tumor
development. The cell dose of MSCs for the treatment of
chronic obstructive pulmonary disease is 100 x10° cells
per person (33), if the average body weight of patients is 80
kg and the dose is 1.25 x 10° MSC/kg. Similar studies
have shown that the efficacy of a single-dose MSC
lavage at 0.1 x 10%/g is equivalent to that of MSC treatment
at 1 x 105/kg (34). Tzouvelekis et al demonstrated that,
after intratracheal transplantation of MSCs in 14 patients



Volume 102 e Number 2 ¢ 2018 MSCs alleviate radiation-induced lung injury 415

A B
Saline MSCs L] [ESiline B WSG | Blank Saline MSCs
=
TGF-p1 - - % os TGF-B1 TGF-B1
P-Smad-2 ” - ;-'?0 .
Smad-2 N — £% .
. 23
P-Smad-3 - S E"éo'l’
= — (-3
Smad-3 — - £ 02
B-actin Pre—————1 € 00

m

[

T TeRp1 p-Smad2 p-Smad3 Hoechst
D [control | :
[ MSCs-CM
= TGF-B
Control  MSCs-CM  TGF-B  TGF-B+MSCs-CM GF eMSCs- CM
3.2 .
P-Smad-2 e s S — :
Smad-2 e — — 4 B — i
0.0 ‘

P-Smad-3 W — -

Smad-3 — - e e

B-actin e e N

p-Smad2 p-Smad3

Fig. 6. Effects of mesenchymal stem cells (MSCs) on transforming growth factor (TGF)-B1—Smad2/3 signaling pathway.
The protein expression levels of TGF-B1, Smad2/3, and phospho-Smad2/3 in lung tissues from the saline and MSC groups
were analyzed by Western blot. (A) The representative bands are shown. (B) The density values of blots were normalized to
the internal control B-actin. Data are expressed as mean =+ standard deviation (SD) (n = 4) and analyzed by independent
samples Student ¢ test. *P < .05, compared with saline group. (C) Immunofluorescence staining was performed to detect
TGF-1 protein expression (red) in lung tissue sections from each group, and there was no sodium-glucose linked transporter
primary antibody in the blank (negative control). Nuclei were visualized by staining with Hoechst. In addition, primary
alveolar epithelial cell II (AECII) isolation was conducted, and AECII were treated with MSCs-conditioned medium (CM)
and/or TGF-B1 (5ng/mL) for 48 hours. The control cells were cultured in the normal MSC medium. The protein expression
levels of Smad2/3 and phospho-Smad2/3 in in AECII from each group were analyzed by Western blot. (D) The representative
bands are shown. (E) The density values of blots were normalized to the internal control B-actin. Data are expressed as mean
(+ SD) (n = 3) and analyzed by 1-way analysis of variance. *P < .05, compared with control group; *P < .05, Tukey’s
honest significant difference test for multiple comparisons. (A color version of this figure is available at www.redjournal.org.)
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with different degrees of idiopathic PF, no clinically sig-
nificant adverse reactions occurred within 12 months (35).
In this study, MSCs (I x 10° cells/kg) were transplanted
via bronchofiberscopy to facilitate the local colonization of
stem cells. According to the literature (36), MSC charac-
terization should be better conducted at earlier generation;
thus, we chose P5-MSCs for the experiments.

MSC transplantation could increase the activity of SOD
in lung tissues and decrease MDA levels. Similar to our
results, other research has shown that MSCs can recover the
expression of SOD1 and thereby prevent radiation-induced
reduction of endothelial cells (17). MSCs with high
expression of SOD can reduce radiation-induced pulmo-
nary inflammatory responses and lung injury (37). Simi-
larly, this study found that MSC transplantation can reduce
TNF-a, IL-1, and HA levels in lung tissues. HA is asso-
ciated with the progression of pulmonary inflammation and
PF (38). Studies have shown that inhibition of HA is an
important antifibrosis mechanism of extracellular SOD
(39). HA plays an important role in the regulation of TGF-
B—induced fibrosis (40). TGF-B is a key player in the
initiation and progression of PF and is widely considered a
potential therapeutic target. In this study, we found that at
180 days after 15-Gy local radiation, the level of serum
TGF-B was significantly increased, whereas the TGF-3

level in the serum and tissue was decreased by MSC
transplantation, as was expression of phospho-Smad2 and
phospho-Smad3 in lung tissues. It has been shown that
TGF-f acts through the regulation of Smad-dependent
pathways to cause changes in target gene transcription
levels, thus leading to PF (41). In this study, we also found
that MSCs-CM significantly reduced TGF-B1-induced in-
creases in the levels of AECII phospho-Smad2 and
phospho-Smad3. Therefore, the mechanism by which
MSCs attenuated radiation-induced lung injury may be
inhibition of the activation of the TGF-B—Smad2/3
pathway. Similar studies have used AECII to test the
inhibitory effects of induced pluripotent stem cells on PF
by the TGF-B—Smad pathway (42).

Conclusions

Intratracheal MSC transplantation can reduce oxidative
stress, inflammatory reactions, HA level, and TGF-
B—Smad2/3 pathway activation, thereby reducing lung
injury. This study provides a new approach for guiding
MSC-mediated clinical treatment of complications such as
radiation-induced pneumonitis and PF caused by radiation
therapy treatment of thoracic tumors. It also provides a
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basis for the application of MSCs in clinical transplantation
therapies.
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