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Abstract
Background aims. Pulmonary fibrosis induced by irradiation is a significant problem of radiotherapy in cancer patients. Ex-
tracellular superoxide dismutase (SOD3) is found to be predominantly and highly expressed in the extracellular matrix of
lung and plays a pivotal role against oxidative damage. Early administration of mesenchymal stromal cells (MSCs) has been
demonstrated to reduce fibrosis of damaged lung. However, injection of MSCs at a later stage would be involved in fibrosis
development.The present study aimed to determine whether injection of human umbilical cord–derived MSCs (UC-MSCs)
over-expressing SOD3 at the established fibrosis stage would have beneficial effects in a mice model of radiation pulmo-
nary fibrosis. Methods. Herein, pulmonary fibrosis in mice was induced using Cobalt-60 (60Co) irradiator with 20 Gy, followed
by intravenous injection of UC-MSCs, transduced or not to express SOD3 at 2 h (early delivery) and 60 day (late deliv-
ery) post-irradiation, respectively. Results. Our results demonstrated that the early administration of UC-MSCs could attenuate
the microscopic damage, reduce collagen deposition, inhibit (myo)fibroblast proliferation, reduce inflammatory cell infil-
tration, protect alveolar type II (AE2) cell injury, prevent oxidative stress and increase antioxidant status, and reduce pro-
fibrotic cytokine level in serum. Furthermore, the early treatment with SOD3-infected UC-MSCs resulted in better improvement.
However, we failed to observe the therapeutic effects of UC-MSCs, transduced to express SOD3, during established fibrosis.
Conclusion. Altogether, our results demonstrated that the early treatment with UC-MSCs alone significantly reduced ra-
diation pulmonary fibrosis in mice through paracrine effects, with further improvement by administration of SOD3-
infected UC-MSCs, suggesting that SOD3-infected UC-MSCs may be a potential cell-based gene therapy to treat clinical
radiation pulmonary fibrosis.

KeyWords: extracellular superoxide dismutase, human umbilical cord–derived mesenchymal stromal cells, oxidative damage, radiation
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Introduction

Alveolitis/pneumonitis, an acute phase of radiation-
induced lung disease, and its subsequent late/chronic
manifestation of radiation pulmonary fibrosis (RPF)
are common complications of radiotherapy of chest
wall or intrathoracic malignancies, radiotherapy prior
to bone marrow transplantation or peripheral blood
stem cell transplantation and occupational exposures
to high levels of radiation resulting from nuclear reactor
accidents [1]. Clinical studies showed that among the
patients with treatment of radiotherapy for cancers,
the incidence of symptomatic radiation-induced

pneumonitis ranges from 5% to 15% [2] and may be
as high as 43% [2,3].

RPF, which is characterized by inflammatory cell
infiltration, fibroblast proliferation and excessive de-
position of extracellular matrix (ECM) proteins in
lung parenchyma [4], is a chronic, progressive and
fatal interstitial pulmonary disease with a poor prog-
nosis, a high mortality rate and ineffective response
to available medical therapies [5]. Thus, many inno-
vative strategies for repair of injured lung have been
developed and tested in the past decades. Notably,
cell therapy has raised and gained special attention as
a new alternative to stimulate lung repair [6].
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Multipotent mesenchymal stromal cells (MSCs)
are primitive cells originating from the mesodermal
germ layer and are classically described to give rise
to connective tissues, skeletal muscle cells and cells
of the vascular system [7]. MSCs may exhibit immu-
nosuppressive properties and have been suggested
to be “immune-privileged,” and thus are protected
from rejection, potentially permitting their use in al-
lotransplantation. It seems certain that MSCs have the
capacity to localize to injured lung and differentiate
into specific cell types [8,9]. Some reports argue that
the therapeutic effects of MSCs in lung fibrosis are
mainly mediated by paracrine actions, including
stimulation of endogenous repair, angiogenesis and
arteriogenesis, attenuating remodeling and reducing
apoptosis [10]. Recent reports suggest that MSCs
may also promote lung repair through activation of
endogenous distal lung airway progenitor cell popu-
lations [11], and Cx43-dependent alveolar attachment
and mitochondrial transfer [12]. Of interest, injec-
tion of murine MSCs, but not human MSCs,
differentiated into osteosarcomas in the injured lung.
Therefore, human MSCs appear to be more feasible
and safer than murine MSCs in the treatment for
lung injury [13]. Human MSCs [14] and condi-
tioned medium from human MSCs [15] have been
demonstrated to reduce fibrosis in the bleomycin-
induced pulmonary fibrosis. However, injection of
MSCs at later stage after irradiation would be in-
volved in fibrosis development [5,16].

MSCs can be transduced through several trans-
fection or transduction approaches and are also
increasingly described as vehicles for delivery of ther-
apeutic genes and proteins [6]. It is well documented
that MSCs transfected with angiopoietin-1 resulted
in nearly complete reversal of lipopolysaccharides
(LPS)-induced increases in lung permeability [17], and
transfected with keratinocyte growth factor (KGF)
reduced the histological hallmarks of bleomycin-
induced fibrosis, induced proliferation of alveolar type
II cells and decreased collagen levels within the lungs
[18]. Extracellular superoxide dismutase (SOD3) is
a principal enzymatic scavenger of the superoxide
anion in extracellular spaces. SOD3 is expressed in
especially high levels in mammalian lungs where it is
bound to the extracellular matrix through a positively
charged heparin/matrix-binding domain [19]. Targeted
over-expression of human SOD3 in the lungs of mice
significantly protects these mice against bleomycin-
induced lung injury, whereas enhanced bleomycin-
induced pulmonary damage occurs in mice lacking
SOD3 [20–22]. It seems that loss of SOD3 may
enhance oxidative stress and injury in the bleomycin-
induced lung injury model.

In the present study, we hypothesized that the com-
bined delivery of human umbilical cord–derived

mesenchymal stromal cells (UC-MSCs) and SOD3
using gene transfer approach at the established fibro-
sis stage may show potential beneficial effects on RPF.
To our knowledge, this is the first study to assess and
highlight the combined cell and gene therapy for treat-
ment of RPF.

Methods

Animals

Eight-week-old female C57BL/6 mice were housed ac-
cording to the guidelines of the United States National
Institutes of Health (NIH) and the local committee
for the care and use of laboratory animals. The mice
were housed five mice per cage prior to irradiation
and one mouse per cage after irradiation. The mice
were maintained under standard environmental
conditions (temperature 22 ± 2°C, humidity 55 ± 5%
and 12-h light/12-h dark cycle), fed a normal pellet
diet and provided water ad libitum in the cages. All of
the experimental procedures involving animals and
their care were carried out in accordance with the
Guide for the Care and Use of Laboratory Animals
published by the NIH, and approved by the local
committee for animal use. Every effort was made to
minimize the number of animals used as well as their
suffering.

Isolation, characterization and differentiation
of UC-MSCs

UC-MSCs were collected from the human umbilical
cord with informed consent of the mother. The col-
lection was performed in accordance with the ethical
standards of the local ethics committee. UC-MSCs
were successfully isolated from theWharton’s jelly (WJ)
of umbilical cords according to described methods
in our previous report [23].Briefly, fresh umbilical cords
were collected after obtaining consent from the mothers.
The umbilical cords were rinsed in phosphate-
buffered saline (PBS) until the cord blood was cleared,
and the blood vessels were removed. The remaining
WJ tissue was cut into 1–2 mm3 pieces and placed in
six-well plates in the presence of 0.1% collagenase type
II (Sigma) in PBS at 37°C for 1 h. Ten percent fetal
bovine serum (FBS, Invitrogen) was then added to stop
the digestion.The dissociated mesenchymal cells were
dispersed in 10% FBS–Dulbecco’s Modified Eagle’s
Medium (DMEM) and further cultured until well-
developed colonies of the fibroblast-like cells reached
80% confluence.Then, the cultures were trypsinized
with 0.25% trypsin–ethylenediaminetetraacetic acid
(EDTA; Invitrogen) and passaged into new flasks
for further expansion. The multipotent differentia-
tion capacity of the UC-MSCs was confirmed by their
differentiation into adipocytes, chondroblasts and
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osteoblasts using oil red O staining (adipocytes), alcian
blue staining (chondroblasts) and alkaline phospha-
tase (osteoblasts), respectively. The surface markers
of the UC-MSCs were also examined using flow
cytometry.

Construction of the SOD3-enhanced green fluorescence
protein adenoviral expression vector

Ad-SOD3-EGFP, an adenoviral vector containing the
human SOD3 gene and a nuclear-targeted enhanced
green fluorescence protein (EGFP) gene under the
control of the cytomegalovirus (CMV) promoter, was
constructed in our laboratory. Briefly, the Homo sapiens
SOD3 gene was synthesized with insert sites (NotI and
HindIII) (Sangon) according to the coding sequence
in GenBank. Then, the restriction enzyme digestion
product of the T vector containing SOD3 and the ad-
enovirus shuttle vector pDC316-mCMV-EGFP was
ligated into pDC316-SOD3-EGFP byT4 DNA ligase
(TaKaRa). pDC316-SOD3-EGFP was linearized by
PmeI, transformed into competent DH-5α cells,
amplified, extracted and purified (TaKaRa). pDC316-
SOD3-EGFP and pBHGlox△E1, 3Cre were co-
transfected into HEK293 cells by Lipofectamine 2000
(Invitrogen) to obtain the adenoviral expression vector
Ad-SOD3-EGFP.The retrieved virus DNA was am-
plified using polymerase chain reaction (PCR), and,
after repeated infections, amplifications and purifica-
tions, the virus titer of adenovirus Ad-SOD3- EGFP
was determined as 1.6 × 1010 IU/mL by the TCID50
method.

Gene transfer into UC-MSCs

UC-MSCs were exposed to the adenoviral expres-
sion vector Ad-SOD3-EGFP at different multiplicities
of infection (MOIs): 0, 50, 100, 150, 200, 250 and
300.Two hours later, UC-MSCs were transferred to
complete culture medium and incubated for 48 h.The
SOD3 expression efficiency of infected cells was de-
tected using flow cytometry.The optimal MOI in the
following experiments was chosen for both the highest
EGFP expression and viability.

Western blot

Total protein was prepared from the optimal MOI
infected UC-MSCs in RIPA Lysis Buffer (Beyotime
Biotech). After maintaining the samples for 60 min
on ice, Pierce BCA protein assay kit (Thermo Fisher
Scientific) was used to determine the protein con-
centration. Equal amounts of proteins from UC-
MSCs of each sample were resolved by sodium
dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) on 10% polyacrylamide gels and then
electrotransfered to polyvinylidene fluoride (PVDF)

membranes (Millipore Corp). After blocking the mem-
branes in 5% non-fat dry milk in Tris-buffered saline
with 0.1% Tween 20 (TBST) for 1 h, the membranes
were incubated with anti-SOD3 antibody (1:1000 di-
lution, Sigma) at 4°C overnight.Then, the membranes
were washed with TBST three times and incubated
with a secondary antibody, which was conjugated to
horseradish peroxidase for 1 h at room temperature.
Protein bands were detected using an enhanced che-
miluminescence kit (Amersham Biosciences) and
imaged using a Molecular Imager ChemiDoc XRS
system (Bio-Rad). Signals were quantified using den-
sitometric analyses with Gel-Pro analyzer software, and
results are expressed as optical density arbitrary units.

Irradiation and UC-MSCs injection

A total of 240 mice were randomly divided into 6
groups (n = 40 each): normal control group (NC), un-
treated irradiation group (UI), adenoviral vector SOD3
infected UC-MSCs early treatment group (ES), UC-
MSCs early treatment group (EU), adenoviral vector
SOD3-infected UC-MSCs delayed treatment group
(DS) and UC-MSCs delayed treatment group (DU).
Each mouse was anesthetized with 3% sodium
pentobarbiturate (50 mg/kg) intraperitoneal (i.p.) in-
jection and subsequently irradiated using a Cobalt-
60 (60Co) source. A 60Co irradiator (Model GWXJ80,
NPIC) was used to conduct gamma ray irradiation,
and the mice were irradiated with 20 Gy at a dose rate
of approximately 150 cGy/min.The beam was strict-
ly restricted to the entire thorax. Mice in the ES and
EU groups were injected with adenoviral vector SOD3-
infected UC-MSCs (1 × 106 cells) and UC-MSCs
(1 × 106 cells) injections through the tail vein in a
200 µL volume at 2 h post-irradiation. Mice in the DS
and DU groups were injected with adenoviral vector
SOD3-infected UC-MSCs (1 × 106 cells) and UC-
MSCs (1 × 106 cells) injections through the tail vein
in a 200 µL volume at 60 days post-irradiation. Mice
in the UI group were not provided any treatment after
irradiation. Mice in the NC group were fed normal-
ly and not irradiated during the same period.The mice
were observed daily for up to 120 days post-irradiation.

Specimen processing and histology

Mice in the NC, UI, ES and EU groups were hu-
manely killed at 3, 7, 30, 60, 90 and 120 days after
experiment (n = 6 each time point). Mice in the DS
and DU groups were humanely killed at 63, 67, 90
and 120 days after experiment (n = 6 each time point).
Blood samples were collected from heart, and allowed
to clot for 1 h at room temperature. Serum were ob-
tained after centrifugation at 4000 rpm for 10 min
at 4°C, and stored at −80°C.The left lungs were fixed
with 4% paraformaldehyde for histological and
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immunohistochemical analysis. The right lungs were
snap frozen with dry ice powder and stored in liquid
nitrogen tank until use. The left lungs were then
dehydrated in ethanol and embedded in paraffin. Lung
sections (5-µm thickness) were deparaffinized, rehy-
drated and stained with hemotoxylin/eosin (H-E) and
Masson’s trichrome.

Immunohistochemical analysis

Immunohistochemistry was performed according
to a minor modification described in the methods in
our previous reports [23–25]. Lung sections (5-µm
thickness) were deparaffinized and rehydrated through
graded alcohol and following microwave antigen re-
trieval with citrate buffer (10 mmol/L sodium citrate,
pH 6 for 10 minutes). Endogenous peroxidase was
quenched using 3% H2O2 for 10 min. The sections
were incubated with surfactant protein-B (SPB) an-
tibody (1:1000, Millipore), Iba1 antibody (1:1000,
Wako), human nuclei antibody (MAB1281, 1:1000,
Millipore) or alpha smooth muscle actin (a-SMA) an-
tibody (1:1000, Millipore) at room temperature
overnight.The primary antibody was omitted for the
negative control. After washing with PBS, the sec-
tions were incubated with Polymer Helper for 30 min
at room temperature, and subsequently incubated with
polyperoxidase-anti- mouse/rabbit immunoglobulin
(Ig)G for 30 min at room temperature using the
Polink-2 Polymer-HRP Detection System (GBI Labs)
according to the manufacturer’s protocol. The slides
were developed with diaminobenzidine (DAB;
DakoCytomation), counterstained with Mayer’s he-
matoxylin, dehydrated with increasing concentrations
of alcohol, cleared in xylene and mounted in neutral
balsam (Sigma).

Measurement of collagen content in pulmonary

The collagen levels in lung were examined by
Hydroxyproline (Hyp) assay according to the manu-
facturer’s standard protocol (Nanjing Jiancheng
Bioengineering Institute). Some right lung tissue
samples were hydrolyzed in 1 mL lysis buffer solu-
tion at 100°C for 20 min. Absorbance of colored
products was measured at 550 nm.The Hyp content
was expressed as micrograms of Hyp per gram of wet
weight (mg/g).

Analysis of lipid peroxidation

Some frozen right lungs were rinsed, weighed and
then homogenized in ice-cold saline for 10 min.
Homogenates were collected after centrifugation at
4000 rpm for 10 min at 4°C, and supernates were
used for the measurement of the total protein,
malondialdehyde (MDA) content, total superoxide

dismutase (SOD) activity and catalase (CAT) activity
biomedical assay. Polyunsaturated lipids are suscep-
tible to an oxidative attack, typically by reactive oxygen
species, resulting in a chain reaction with the pro-
duction of end products such as MDA.We determined
lipid peroxidation by quantifying the amount of MDA
via the measurement of a red-complex produced during
the reaction of thiobarbituric acid (TBA) with MDA.
A microplate reader (UV-7504) was used to measure
the absorbance of cellular MDA at 532 nm, and the
MDA content was calculated according to the de-
tailed instructions of the MDA assay kit (Nanjing
Jiancheng Bioengineering Institute).

Enzyme activity assays

Lung samples were collected as described above. In
addition, total SOD activity in culture medium at 48 h
post-transfection using the optimal MOI was also mea-
sured.The activities of two enzymes, SOD and CAT,
were determined using commercial kits according to
the manufacturer’s protocols (Nanjing Jiancheng
Bioengineering Institute). Enzyme activity assays were
carried out using a UV-visible spectrophotometer
(UV-7504).

Cytokine expression in serum

The levels of transforming growth factor-β1
(TGF-β1) and interferon-γ (IFN-γ) in serum were
determined using commercially available enzyme-
linked immunosorbent assay (ELISA) kits according
to the manufacturer’s protocols (Boster Biological
Technology). The optical density (OD) value was
determined by an ELISA reader at a wavelength of
450 nm and calculated in the linear part of the curve.

Morphometric analysis

The semi-quantitative analysis of fibrosis was per-
formed by an independent pathologist, who was
blinded to the experimental conditions. Fibrosis score
was performed according to a minor modification of
the previously described method [15], taking into
account both the extent of tissue involvement and
the types and severity of changes within affected
areas. Fibrosis distribution, collagen deposition
(both on Masson’s trichrome–stained sections),
fibroblast proliferation and alveolar obliteration
(both on H-E–stained sections) were used to assess
fibrotic degree. Fibrosis distribution was scored as
1, 2, 3 or 4, representing 1%–25%, 26%–50%, 51%–
75% or 76%–100% of the area of the whole section
affected, respectively. Severity parameters (fibroblast
proliferation, collagen deposition and alveolar oblit-
eration) were scored as a value of 0, 1, 2 or 3 for absent,
mild, moderate or severe, respectively. Specifically,
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fibroblast proliferation evaluates the presence of
spindle cells, morphologically indicative of fibro-
blasts. Collagen deposition evaluates the presence of
blue-stained collagen areas, and alveolar obliteration
evaluates the amount of area characterized by the thick-
ening of inter-alveolar septa that reduces alveolar
spaces. For each animal, one H-E–stained section and
one Masson’s trichrome–stained section under
Olympus microscopy were carefully examined. The
fibrosis score for each animal was obtained by taking
the sum of the score of the fibrosis severity param-
eters and multiplying this result by the fibrosis
distribution score. For each group, six animals were
analyzed, and the mean score of each group was de-
termined as the total score of all sections divided by
six. For the immunohistochemical analyses of SPB,
α-SMA and Iba1, the number of positive cells was
counted in one representative field for each section
under 100 × magnification for a total of six fields per
group. The total number of positive cells was calcu-
lated per animal and the mean was calculated per
group. Large airways and lung vessels were excluded
for all analysis.

Statistics

All quantitative data are expressed as the mean
value ± standard deviation (SD) or standard error of
mean (SEM). All statistical analyses were performed
using SPSS statistics software. A value of P < 0.05
was considered to indicate a statistically significant
difference.

Results

SOD3 is highly expressed in infected UC-MSCs under
optimal conditions

Forty-eight hours after virus infection, flow cytometry
indicated that the efficiency of Ad-SOD3-EGFP in-
fection increased with increasing MOI. However, when
the MOI exceeded 200, the infection efficiency no
longer increased, and MOI values of 200 or more led
to negative effects on cell growth (Figure 1A).There-
fore, adenoviral infection was performed with the MOI
value of 200 as the optimal condition for infection,
green fluorescence was strongly expressed in in-
fected UC-MSCs under the fluorescence microscope
(Figure 1B and 1C), SOD3 expression was analyzed
using Western blot and total SOD activity in culture
medium was examined using a biochemical assay.

In Ad-SOD3-EGFP–infected UC-MSCs, SOD3
expression was 2.5-fold higher than that in uninfected
UC-MSCs, and 1.8-fold higher than that in Ad-
EGFP–infected UC-MSCs (Figure 1D).The activity
of SOD in Ad-SOD3-EGFP–infected UC-MSCs
[(21.36 ± 0.94) U/mL] was significantly higher

than those in the Ad-EGFP infected UC-MSCs
[(5.34 ± 0.90) U/mL] and uninfected UC-MSCs
[(4.92 ± 0.19) U/mL] (Figure 1E). These results
demonstrated that adenoviral expression vector,
Ad-SOD3-EGFP, could effectively infect UC-MSCs
and increase SOD3 expression and total SOD activity.
However, Ad-EGFP failed to show these effects. Hence,
we excluded Ad-EGFP for further experiment.

UC-MSCs survive and engraft in pulmonary

We stained the lung sections with a marker of human
nuclei, MAB1281, to identify surviving UC-MSCs.
Some UC-MSCs were found in lung sections of UC-
MSC–treated animals (Figure 2).

SOD3 further enhances UC-MSC–induced histological
improvement in pulmonary

Previous studies have demonstrated that early injec-
tion of MSCs may ameliorate the irradiation-induced
fibrotic effects, but late delivery of MSCs may con-
tribute to the irradiation-induced fibrotic lesions [5,16].
The aim of the current study was to analyze whether
injections of SOD3-infected UC-MSCs at a later stage
after irradiation could reduce the damaging effects of
irradiation and subsequent fibrosis.The Masson’s tri-
chrome staining of lung sections at different time points
post-irradiation revealed that collagen deposition was
seen from 60 days post-irradiation (Figure 3A). There-
fore, SOD3-infected UC-MSCs and UC-MSCs were
intravenously injected at 60 days post-irradiation as
the later stage according to our observation and pre-
vious reports [5,16].

Histological examination of lung sections using H-E
and Masson’s trichrome staining revealed the typical
lung fibrosis features of lung architecture and colla-
gen deposition at 120 days post-irradiation (Figure 3A).
Markedly thickened alveolar walls, collapsed alveoli,
foam-like cells in the alveolar space, increased exu-
dation, diffuse accumulation of inflammatory cells,
marked hyperplasia of parenchymal cells, extensive
deposition of collagen and regional fibrosis foci
were observed in H-E and Masson’s trichrome
staining of irradiated pulmonary sections at 120 days
post-irradiation. Notably, alveolar hemorrhage was
obvious and serious in the UI group and DS- and
DU-treated animals (Figure 3B). The pathological
alterations in DS- and DU-treated animals were
similar as in the irradiation-only animals (UI group)
as determined using H-E and Masson’s trichrome
staining of lung sections at 120 days post-radiation
(Figure 3). Of interest, evident fibrosis and alveolar
hemorrhage were not observed in ES- and EU-
treated animals as determined using Masson’s
trichrome staining and H-E staining of lung sec-
tions, respectively. Pathological observations of the lung
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MOI = 100 MOI = 150
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B

A

C

Figure 1. SOD3 was highly expressed in infected UC-MSCs under optimal conditions. (A) The infection efficiency of SOD3-infected UC-
MSCs was detected using flow cytometry. Flow cytometry results indicated that the efficiency of SOD3 infection increased with increasing
MOI. However, when the MOI exceeded 200, the infection efficiency no longer increased, and MOI values of 200 or more led to negative
effects on cell growth. Green fluorescence was strongly expressed in Ad-EGFP–infected UC-MSCs (B) and Ad-SOD3-EGFP–infected
UC-MSCs (C) under the fluorescence microscope (MOI = 200). (D) SOD3 expression was analyzed in uninfected control cells, Ad-
SOD3-EGFP–infected UC-MSCs and Ad-EGFP–infected UC-MSCs using Western blot. (E) Total SOD activity in culture medium was
examined from uninfected control cells, Ad-SOD3-EGFP–infected UC-MSCs and Ad-EGFP–infected UC-MSCs using a biochemical assay.
Error bars represent the SD. Double asterisk indicates P < 0.01. Abbreviation: n.s., not significant. Scale bar is 100 µm in B and C.
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tissues using H-E staining further revealed that lung
architecture was kept better in the ES-treated animals
compared with the EU-treated animals (Figure 3B).

The fibrosis scores in ES- and EU-treated animals
were significantly lower than those in DS- and DU-
treated animals at 120 days post-irradiation.The fibrosis
score in ES-treated animals was significantly lower than
that in EU-treated animals at 120 days post-irradiation.
However, there was no significant difference in the fi-
brosis scores among the three groups: UI, DS and DU
(Figure 3C).Taken together, these results revealed that
early treatment, but not late treatment, significantly
attenuated the irradiation-induced lung histological
damage in vivo. SOD3 further improved the histo-
logical damage in pulmonary tissue ameliorated by
US-MSCs.

SOD3 further inhibits (myo)fibroblast proliferation,
reduces inflammatory cell infiltration and protects
alveolar epithelial type II cell damage

The (myo)fibroblast activation and proliferation
have been recognized as important contributors to

pulmonary fibrosis. Macrophage infiltration has been
implicated in the irradiation-induced lung fibrotic
process. Alveolar epithelial type II (AE2) cell injury
has been considered as both a direct and indirect
consequence of irradiation pulmonary damage
effects. We subsequently investigated the effects of
the early and late delivery of UC-MSCs with or without
SOD3 on the (myo)fibroblast, macrophages and
AE2 cells, respectively. We used α-SMA antibody, a
(myo)fibroblast marker, Iba1 antibody, a mac-
rophages marker and SPB antibody, an AE2 cells
marker, to perform immunohistochemical analysis of
lung sections.

A very strong expression of α-SMA and Iba1 were
seen in the irradiated pulmonary tissue at 120 days
post-irradiation (UI group; Figure 4A and 4C). The
α-SMA and Iba1 expression in DS- and DU-treated
animals was similar to the radiation-only animals at
120 days post-radiation. The ES and EU treatment
significantly reduced the α-SMA and Iba1 expression
(Figure 4A and 4C).The ES treatment further reduced
the α-SMA and Iba1 expression compared with EU
treatment (Figure 4A and 4C). In contrast, a weak SPB

SOD3
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Fig. 1. Continued

A B

Figure 2. UC-MSCs survived and engrafted in pulmonary. Representative immunohistochemical staining micrographs of a marker of human
nuclei, MAB1281, in lung sections from ES treated-animals at 120 days post-irradiation. B is magnified image of boxed area in A. Arrows
indicate UC-MSCs. Scale bar is 500 µm in A and 50 µm in B.
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expression was seen in the irradiated pulmonary tissue
at 120 days post-irradiation (UI group; Figure 4B).
The SPB expression in DS- and DU-treatment animals
was similar to the radiation-only animals at 120 days

post-radiation.The ES and EU treatment significantly
enhanced the SPB expression (Figure 4B).The ES treat-
ment further enhanced the SPB expression compared
with EU treatment (Figure 4B).

ES Group

EU Group

A

1-month
post-
radiation

2-month
post-
radiation

4-month
post-
radiation
(UI Group)

Masson's trichrome staining 

Figure 3. SOD3 further enhanced UC-MSCs and induced histological improvement in pulmonary. (A) Representative micrographs of
Masson’s trichrome–stained lung sections from 30, 60 and 120 days post-irradiation with a single dose of 20 Gy, ES- and EU treated-
animals at 120 days post-irradiation. (B) Representative micrographs of H-E–stained lung sections from normal control, untreated irradiation,
early injection of SOD3-infected UC-MSCs and early injection of UC-MSCs. Bars: 500 µm in the left column, 100 µm in the middle
column and 50 µm in the right column of A and B. Arrows indicate collagen deposition and increased mucus secretion, hollow circles
indicate markedly thickened alveolar walls, five-pointed stars indicate alveolar space and arrowheads indicate alveolar hemorrhage. (C) The
semi-quantitative analysis of fibrosis was performed and fibrosis score was obtained taking into account both the extent of tissue involvement
and the types and severity of changes within affected areas. Error bars represent the SEM. Single asterisk represents P < 0.05 and triple
indicates P < 0.001. Abbreviations: DS, delayed injection of SOD3 infected UC-MSCs; DU, delayed injection of UC-MSCs; ES, early
injection of SOD3 infected UC-MSCs; EU, early injection of UC-MSCs; NC, normal control; n.s., not significant; UI, untreated irradiation.
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The numbers of α-SMA and Iba1
immunohistochemical-positive cells in ES- and
EU-treated animals were significantly lower than
those in DS- and DU-treated animals at 120 days

post-irradiation (Figure 4C).The number of α-SMA
and Iba1 immunohistochemical-positive cells in
ES-treated animals was significantly lower than that
in EU-treated animals at 120 days post-irradiation
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Fig. 3. Continued
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Figure 4. SOD3 further inhibited (myo)fibroblast proliferation, reduced inflammatory cell infiltration and protected AE2 cells damage.
Representative micrographs of α-SMA (A), SPB (B) and Iba1 (C) in lung tissues from NC, UI, ES and EU. Bars: 100 µm. (D) The number
of α-SMA, SP-B and Iba1 immunohistochemical-positive cells were counted and quantified. Error bars represent the SEM. Single aster-
isk represents P < 0.05, double asterisk indicates P < 0.01 and triple indicates P < 0.001. Abbreviations: DS, delayed injection of SOD3
infected UC-MSCs; DU, delayed injection of UC-MSCs; ES, early injection of SOD3 infected UC-MSCs; EU, early injection of UC-
MSCs; NC, normal control; n.s., not significant; UI, untreated irradiation.
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(Figure 4C). Conversely, the numbers of SPB
immunohistochemical-positive cells in ES- and
EU-treated animals were significantly higher than
those in DS- and DU-treated animals at 120 days
post-irradiation (Figure 4C). The number of SPB
immunohistochemical-positive cells in ES-treated
animals was significantly higher than that in
EU-treated animals at 120 days post-irradiation
(Figure 4C). However, there was no significant
difference in the number of α-SMA, Iba1 and SPB
immunohistochemical-positive cells among the
following three groups: UI, DS and DU (Figure 3C).

These results confirmed that the early delivery
of UC-MSCs, but not the late delivery, inhibited
(myo)fibroblast proliferation, reduced inflammatory
cell infiltration and protected AE2 cell damage post-
irradiation.The early delivery of UC-MSCs with SOD3
infection demonstrated better outcomes than UC-
MSC treatment alone.

SOD3 reduces collagen levels ameliorated by US-MSCs
in pulmonary

To determine if the combined cell and gene therapy
of SOD3-infected UC-MSCs was able to reduce the
characteristic collagen deposition in the lungs after

irradiation, we performed a biochemical assay to test
lung hydroxyproline (Hyp) content as a reliable marker
of tissue collagen protein level. Consistent with the
pathological results of Masson’s trichrome staining,
we found that the Hyp content in DS- and DU-treated
animals was similar to the radiation-only animals
(UI group) at 120 days post-radiation. In contrast, the
Hyp content in ES- and EU-treated animals was
significantly lower than that in radiation-only animals
(UI group) at 120 days post-radiation.The Hyp content
in ES-treated animals was significantly lower than that
in EU-treated animals at 120 days post-irradiation
(Figure 5A).These data manifested that the early de-
livery of UC-MSCs, but not the late delivery, reduced
the accumulation of lung collagen protein. Further-
more, the early delivery of UC-MSCs with SOD3
infection achieved better results than UC-MSC treat-
ment alone.

SOD3 restores redox state homeostasis ameliorated by
US-MSCs in pulmonary

Because oxidative stress has been considered to trigger
and sustain the pathogenesis of irradiation pulmo-
nary fibrosis, we examined whether SOD3-infected
UC-MSC treatment reduced oxidant stress as
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Figure 5. SOD3 reduced collagen levels and restored redox state homeostasis ameliorated by US-MSCs in pulmonary. (A)The Hyp content,
as a reliable marker of lung tissue collagen protein level, was measured using a biochemical assay, and presented as micrograms of Hyp
per gram of wet weight (mg/g) (n = 6). The total SOD activity (B), CAT activity (C) and MDA content (D) in lung tissues were deter-
mined at 120 days post-irradiation (n = 6). Error bars represent SEM. Single asterisk represents P < 0.05 and double asterisk indicates
P < 0.01. Abbreviations: DS, delayed injection of SOD3 infected UC-MSCs; DU, delayed injection of UC-MSCs; ES, early injection of
SOD3 infected UCMSCs; EU, early injection of UC-MSCs; NC, normal control; n.s., not significant; UI, untreated irradiation.
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determined by MDA content, and restored the anti-
oxidant status in vivo as determined by enzymatic
activities of total SOD and CAT.

The activities of total SOD and CAT in ES-
treated animals were significantly higher than those
in EU-treated animals at 120 days post-irradiation.
The activities of total SOD and CAT in ES- and EU-
treated animals were significantly higher than those
in radiation-only animals at 120 days post-irradiation
(Figure 5B and 5C).The activities of total SOD and
CAT in DS- and DU-treated animals were similar
as in radiation-only animals (UI group) at 120 days
post-radiation (Figure 5B and 5C).The MDA content
in DS- and DU-treated animals was similar as in
radiation-only animals at 120 days post-irradiation.The
MDA content in ES- and EU-treated animals was
significantly lower than that in radiation-only animals
(UI group) at 120 days post-irradiation. The MDA
content in the ES-treated animals was significantly
lower than that in EU-treated animals at 120 days post-
irradiation (Figure 5D).These data indicated that the
early delivery of UC-MSCs, but not the late delivery,
prevented oxidative stress and increased antioxidant
status in pulmonary. In addition, the early delivery of
SOD3-infected UC-MSCs showed better results than
UC-MSC treatment alone.

SOD3 improves the inflammation status ameliorated by
US-MSCs in serum

As one of the key pro-fibrotic cytokines involved in
the pathogenesis of pulmonary fibrosis, TGF-β1 is
crucial in promoting proliferation of fibroblasts,
driving differentiation of fibroblasts to myofibroblasts,

increasing synthesis of extracellular matrix and stimu-
lating protease inhibitor expression. IFN-γ, an anti-
fibrotic cytokine, plays pivotal roles in modulating
immune responses, inhibiting fibroblast proliferation
and reducing extracellular matrix deposition [26].We
measured the levels of TGF-β1 and IFN-γ in serum
using ELISA kits. Consistent with the previous reports,
we found that the TGF-β1 levels in serum signifi-
cantly increased at 120 days post-irradiation compared
with normal control animals. The TGF-β1 levels in
DS- and DU-treated animals were similar to the
radiation-only animals (UI group) at 120 days post-
radiation.The TGF-β1 levels in ES- and EU-treated
animals were significantly lower than that in radiation-
only animals (UI group) at 120 days post-radiation.
The TGF-β1 level in the ES-treated animals was
lower than that in the EU-treated animals at 120 days
post-irradiation (Figure 6A).

However, there was no significant difference in
the IFN-γ level among the six groups: NC, UI, DS,
DU, ES and EU (Figure 6B). These data indicated
the early delivery of UC-MSCs, but not the late de-
livery, reversed the imbalance of cytokine expression
in serum. The early delivery of SOD3-infected
UC-MSCs showed better results than UC-MSC
treatment alone.

Discussion

In the present study, we demonstrated that in a mouse
model of RPF that the early administration of UC-
MSCs improved the lung histological damage, reduced
collagen deposition, inhibited (myo)fibroblast prolif-
eration, reduced inflammatory cell infiltration, protected
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AE2 cells injury, prevented oxidative stress and in-
creased antioxidant status and reduced pro-fibrotic
TGF-β1 level in serum. Furthermore, the early
treatment with SOD3-infected UC-MSCs resulted in
further improvement. Our data reinforces the previ-
ous observation that the early delivery of MSCs,
transduced or not to express protective mediators
such as SOD3, lessened the occurrence of subsequent
fibrosis development in a mice model of RPF. However,
we failed to confirm our hypothesis that the thera-
peutic effects of UC-MSCs transduced to express
SOD3 during established fibrosis.

Accumulated evidence supported that oxidative
damage induced by irradiation dramatically contrib-
uted to the formation of RPF [2]. Hence, manipulation
of own natural enzyme defense system against oxi-
dative damage has been proposed and tested in recent
years. Of this class of endogenous enzyme defense
systems, SOD, the only enzymatic system decompos-
ing superoxide radicals to H2O2, has received special
attention for treating oxidative stress–related dis-
eases, especially in the lung [27].SOD-related treatment
has shown to attenuate lung damage and improve
survival in mice [26,28–33]. SOD3 is the only anti-
oxidant enzyme in the ECM and extracellular space
that is known to enzymatically scavenge superoxide
radicals and thereby prevent the formation of many
other reactive oxygen metabolites [21]. In the lung in-
terstitium, SOD3 has been shown to be highly localized
in areas containing high amounts of type I collagen
fibers [19–22,27]. Low/absent SOD3 in fibrotic areas
of human lungs with usual interstitial pneumonia (UIP)
suggests that these regions may be susceptible to in-
creased oxidant-mediated injury during disease
progression. The re-expression of SOD3 in regener-
ative alveolar areas may represent an attempt to
compensate for increased oxidant stress [34]. The
distribution characteristic of SOD3 in the interstitial
space suggests to us that SOD3 may demonstrate
unique properties defended against oxidative damage
induced-collagen deposition and final fibrosis.
Therefore, exogenous SOD3 administration seems
prospective for treatment of lung fibrosis.

Since administration of MSCs protective and re-
storable effects of damaged lung induced by bleomycin
[9], irradiation [16] and LPS [17] have been shown.
In addition, MSCs themselves have exerted anti-
oxidative properties [35]. Human MSCs appears to
be more feasible and safer than murine MSCs in the
treatment for lung injury [13]. Based on these obser-
vations from previous reports, UC-MSCs were used
to deliver SOD3 using an adenoviral gene transfer ap-
proach for overcoming short half-life of SODs and
achieving selective and durable SOD3 release in the
lung. Indeed, we found that RPF was greater miti-
gated with the early delivery of SOD3-infected

UC-MSC treatment than UC-MSC treatment alone.
We further examined whether the efficiency of SOD3
at later stage after irradiation (60 days post-irradiation)
could modulate the microenvironment and finally at-
tenuate fibrosis. Unfortunately, we did not observe any
beneficial potential for irradiation-induced lung fi-
brosis by the late injection of UC-MSCs with or
without SOD3 infection.This finding was consistent
with the previous reports [5,16] that injection of MSCs
at a later stage after irradiation would be involved in
fibrosis development.

Notably, some UC-MSCs were detected in lung
sections from UC-MSC–treated animals using im-
munohistochemical staining of a human nuclei marker,
MAB1281. Reports [8,9,36] from the early period of
MSC-based cell therapy for lung fibrosis demon-
strated that injected MSCs could survive, engraft, even
differentiate into typical AE2 cell phenotype and repair
injured lung tissues. However, subsequently studies dis-
closed and supported that the level of engraftment of
transplanted MSCs in host lungs of recipient animals
was rare and very low [14,15,17,18,37–39].The exact
mechanisms of MSC actions in lung repair are poorly
understood [10], but paracrine actions of MSCs have
been highlighted that MSCs produce bioactive mol-
ecules and exert anti-scarring, anti-inflammatory and
anti-apoptotic effects on target cells and surround-
ing inflammatory cells.The direct evidence of paracrine
actions has been obtained and confirmed from lung
[15], heart [40] and liver [41] injury animal models
that conditioned medium (CM) generated from
MSCs significantly reduced damage and stimulated
regeneration in vivo. Down-regulation of pro-fibrotic
cytokines and up-regulation of anti-fibrotic cytokines
have been proposed as one of the paracrine actions
of MSCs. TGF-β1 has long been considered as a
typical pro-fibrotic cytokine in the pathogenesis of pul-
monary fibrosis [42]. Up-regulation of the plasma levels
of TGF-β1 in patients with idiopathic pulmonary fi-
brosis has been reported previously [43,44]. Most
studies found that TGF-β1 levels in serum were in-
creased in animal model of fibrosis [42]. Treatment
of TGF-β1 antibodies significantly attenuated
bleomycin-induced pulmonary fibrosis [45]. Our results
demonstrated that the early delivery of UC-MSCs
significantly reduced the level of TGF-β1 in serum.
The additional effects of SOD3 on pro-fibrotic cytokine
TGF-β1 may be derived from its own function of
anti-oxidative damage.

IFN-γ, as a classical anti-fibrotic cytokine, can
inhibitTGF-β1 expression, fibroblast proliferation, dif-
ferentiation of fibroblasts to myofibroblasts (epithelial-
mesenchymal transition, EMT) and collagen synthesis
[46,47]. However, we did not detect any difference
in the IFN-γ level among the six groups. The IFN-γ
level in serum may compromise in the time course of
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irradiation and return to the normal level. Further study
is needed to determine the time course of IFN-γ level
in serum using ELISA and other more precise
methods, and to examine more types of cytokines and
bioactive factors on systemic (serum) and local (lung
tissue and bronchoalveolar lavage fluid) levels in vivo.

Stimulation of endogenous regeneration mecha-
nisms have been suggested as one of the paracrine
actions of MSCs, and was verified in animal models
of lung fibrosis [15], liver injury [41], acute kidney
failure [48] and stroke [49]. Our immunohistochemi-
cal results supported that the early administration of
MSCs would significantly increase an AE2 cell marker
SPB expression in lung sections. Furthermore, the early
administration of MSCs demonstrated a more nor-
malized distribution and abundance of AE2 cells in
the alveolar walls in the parenchyma. This observa-
tion suggested that the early administration of MSCs
stimulated AE2 cell regeneration and protected AE2
cells from free radical damage.This finding was con-
sistent with the significant reductions ofTGF-β1 levels
in serum following the early administration of MSCs.
The reductions of TGF-β1 levels in serum may ex-
tenuate the proliferation of fibroblast and EMT in the
lung. We performed (myo)fibroblast marker α-SMA
staining in lung sections and found that myofibroblast
proliferation in the early delivery of UC-MSC–treated
animals was significantly reduced, indicating the early
UC-MSC treatment inhibited pulmonary fibrosis in
part by inhibiting myofibroblast transformation and
EMT. Exosomes derived from UC-MSCs could ame-
liorate carbon tetrachloride (CCl4)-induced liver fibrosis
by inhibiting EMT and protecting hepatocytes [50].

Over-expression of SOD3 in mice ameliorated acute
radiation–induced injury through attenuation of the
macrophage response and decreased TGF-β1 activa-
tion with a subsequent down-regulation of the
profibrotic TGF-β pathway [51]. Consistent with this
report, our data demonstrated that the macrophage
infiltration in lung (as evidenced by Iba1 staining) was
significantly reduced in the early administration of
SOD3-infected UC-MSCs compared with UC-MSC
treatment alone. In addition, SOD3 can also stabilize
the ECM components by preventing reactive oxygen
species (ROS)-induced degradation and further prevent
TGF-β activation through ECM-stimulated mecha-
nisms.Thus, modulation ofTGF-β activity may be yet
another mechanism in which SOD3 protects against
pulmonary fibrosis [21].

Conclusions

In conclusion, we have shown that exogenous
UC-MSC administration to RPF at the early stage
significantly attenuated fibrosis through paracrine
therapeutic effects of UC-MSCs. Furthermore, the

therapeutic effects of UC-MSCs were largely strength-
ened by SOD3.

To our knowledge, this is the first study to deter-
mine the combined therapeutic effects of cell and
gene therapy for RPF, and may provide pre-clinical
data for treatment of RPF using human MSCs and
SOD3.
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