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Mesenchymal Stem Cells Protect Cigarette
Smoke-Damaged Lung and Pulmonary Function
Partly via VEGF-VEGF Receptors
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ABSTRACT

Progressive pulmonary inflammation and emphysema have been implicated in the progression of chronic obstructive pulmonary disease
(COPD), while current pharmacological treatments are not effective. Transplantation of bone marrow mesenchymal stem cells (MSCs) has been
identified as one such possible strategy for treatment of lung diseases including acute lung injury (ALI) and pulmonary fibrosis. However, their
role in COPD still requires further investigation. The aim of this study is to test the effect of administration of rat MSCs (rMSCs) on emphysema
and pulmonary function. To accomplish this study, the rats were exposed to cigarette smoke (CS) for 11 weeks, followed by administration of
rMSCs into the lungs. Here we show that rMSCs infusion mediates a down-regulation of pro-inflammatory mediators (TNF-c, IL-18, MCP-1,
and IL-6) and proteases (MMP9 and MMP12) in lung, an up-regulation of vascular endothelial growth factor (VEGF), VEGF receptor 2, and
transforming growth factor (TGFB-1), while reducing pulmonary cell apoptosis. More importantly, rMSCs administration improves
emphysema and destructive pulmonary function induced by CS exposure. In vitro co-culture system study of human umbilical endothelial
vein cells (EA.hy926) and human MSCs (hMSCs) provides the evidence that hMSCs mediates an anti-apoptosis effect, which partly depends on
an up-regulation of VEGF. These findings suggest that MSCs have a therapeutic potential in emphysematous rats by suppressing the
inflammatory response, excessive protease expression, and cell apoptosis, as well as up-regulating VEGF, VEGF receptor 2, and TGFB-1.
J. Cell. Biochem. 114: 323-335, 2013. © 2012 Wiley Periodicals, Inc.
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C hronic obstructive pulmonary disease (COPD) is a leading
cause of morbidity and mortality worldwide. It is character-
ized by a progressive, poorly reversible loss of lung function, and
abnormal inflammatory response of the lung to noxious gases and
particles [Buist et al., 2007; Yao et al., 2008; Stockley et al., 2009].
Tobacco smoke has been considered as a major etiologic factor
of COPD. Various mechanisms including chronic inflammation;
protease/antiprotease imbalance, involving destruction of the
extracellular matrix; and cell apoptosis, affecting epithelial and/
or endothelial cells, contribute to alveolar destruction, and
destructive pulmonary function in COPD [Sethi and Rochester,
2000; Barnes et al., 2003; Tuder et al., 2003; Tuder et al., 2006].
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Current therapies for COPD, primarily based on anti-inflammatory
drugs, including corticosteroids, or theophylline with or without
bronchodilators, have improved disease management, but there
are no therapies that can prevent disease progression or reduce
mortality. Therefore, there is a pressing need for the development of
new therapies [de Boer et al., 2007; Barnes, 2008; Liu et al., 2011].

Mesenchymal stem cells (MSCs) have an immune modulatory
function. They can modulate the activity of both innate and adaptive
immune cells such as dendritic cells, T cells, and B cells [Aggarwal
and Pittenger, 2005; Corcione et al., 2006; Krampera et al., 2006;
Uccelli et al., 2006]. MSCs have also demonstrated suppression of
inflammation in murine models of acute lung injury (ALI) [Gupta
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et al., 2007; Xu et al.,, 2007; Song et al., 2012]. Furthermore, a
modulation of inflammatory response has been the basis for clinical
trials of allogeneic human MSCs (hMSCs) administration to patients
with several inflammatory and immune-mediated diseases includ-
ing Crohn’s and graft versus host disease [Kermani et al., 2008; Le
Blanc et al., 2008]. These findings present an exciting therapeutic
potential for MSCs treatment in COPD. “A phase II, multicenter,
randomized, double-blind, placebo controlled study using alloge-
neic hMSCs in patients with moderate-severe COPD” was recently
initiated [Iyer et al., 2009]. The medium-term evaluation demon-
strated safety of hMSCs and that hMSCs infusion significantly
decreased C reactive protein in COPD patients. However, the
potential for MSCs improving pathological changes in COPD and the
underlying mechanisms are not included in this study.

Here we evaluated whether the administration of rat MSCs
(rMSCs) ameliorated emphysema and destructive pulmonary
function induced by chronic cigarette smoke (CS) exposure,
further studied the effects of rMSCs on chronic inflammation,
protease expression, and lung cell apoptosis. We also explored
whether the effects are mediated through paracrine mechanisms by
up-regulating protective growth factors such as vascular endothelial
growth factor (VEGF) and transforming growth factor-p1 (TGEB-1).

MSCs CULTURE AND CHARACTERIZATION

Rat MSCs were isolated from tibias and femurs of 6 weeks old male
Sprague-Dawlay (SD) rats weighing 150-180¢g (n=4; Chinese
Academy of Science, Shanghai, China), and incubated in DMEM/F12
containing 10% FBS as previously reported [Gupta et al., 2007; Xu
et al., 2007; Song et al., 2012]. The passage 2 rMSCs were stained
with antibodies against CD11b/c (Invitrogen, Carlsbad, CA), CD45
(Invitrogen), CD29 (eBioscience, San Diego, CA), and CD90
(Biolegend, San Diego, CA) for flow cytometry, and also subject
to osteogenic, adipogenic, and chondrogenic differentiation assays.
hMSCs were isolated from bone marrow aspirates taken from the
iliac crest of a 40 years old male healthy volunteer with informed
consent, and cultured in DMEM/F12 containing 20% FBS as
previously described [Le Blanc et al., 2008]. The passage 2 hMSCs
were stained with antibodies (Becton, Dickinson, Franklin, NJ)
CD11b/c, CD19, CD29, CD34, CD44, CD45, CD90, and CD105 for
flow cytometry. The used MSCs in vivo and in vitro experiments
were the cultured passage 2 rMSCs and hMSCs, respectively. All
studies were subject to the Institutional Animal Care and Use
Committee Review and Research Ethics Committee at the Shanghai
Jiaotong University.

RAT EMPHYSEMA INDUCTION AND TREATMENT PROTOCOLS

Emphysema in rats was induced by chronic CS exposure. The
8 weeks old male SD rats weighing 224.2 + 10.8 g were divided into
three groups (n = 12 per group): sham exposed, smoke exposed with
PBS treatment, and smoke exposed with rMSCs treatment. Six rats in
a 6-L smoking chamber were exposed to CS generated by burning
three commercial cigarettes (“Da Qianmen,” 1.25mg nicotine,
12 mg tar oil, and 14 mg carbon monoxide per cigarette, Shanghai,

China) at one time with fresh air being pumped, 6 times per day (2h
smoke exposure) divided into two 1h round with a 5h smoke-free
interval without evidence of toxicity (blood carboxyhemoglobin
levels <8%), 5 days a week for 11 weeks. Sham exposed rats were
exposed to air. On the first day of smoke week 7, CS-exposed rats
were anesthetized with pentobarbital (50 mg/kg) and infused with
6 x 10° rMSCs suspended in 0.15ml PBS via the trachea in rMSCs
treatment group, while the rats in other two groups were treated
with 0.15ml PBS. On the first day of week 12, the CS exposure for
11 weeks was ceased. On the first day of week 16, 4 weeks after the
last CS exposure, the rats were anesthetized for the evaluation of
pulmonary function (n=5 per group) or sacrificed for sample
collection (n =7 per group). The inferior lobe of the right lung was
prepared for histological and morphological analysis. After their
areas of bronchial airways were removed, the left lungs were stored
at —80°C for future molecular biological research.

MORPHOLOGICAL ASSESSMENT

The paraffin sections were stained with hematoxylin and eosin (HE)
for pulmonary inflammation and emphysema assessment. Emphy-
sematous change was quantified by measurement of the mean linear
intercept (MLI) previously described [Robbesom et al., 2003; Chen
et al., 2009]. The MLI represents the average size of alveoli and was
measured in Adobe Photoshop software by dividing the total length
of a line drawn across the lung section by a total number of
intercepts encountered in 24 lines per microscopic field at original
maghnification 100x. Images with large bronchi or showing
compression of alveolar space were excluded from the measure-
ment. A minimum of three microscope fields per specimen was
analyzed.

The pulmonary function was evaluated using an invasive pulmo-
nary function devices that is based on similar lung functional
variables routinely used in humans (Buxco Research Systems,
Wilmington, NC) as described previously with slight modification
[Vanoirbeek et al.,, 2009]. Briefly, the rats were anesthetized,
trachea-intubated, and placed in whole body in the system. An
average breathing frequency of 50 breaths/min was imposed on the
anesthetized rats. The following parameters were recorded by the
software: functional residual capacity (FRC), total lung capacity
(TLC), vital capacity (VC), inspiratory capacity (IC), forced VC (FVC),
forced expiratory flows (FEVs), such as FEV in 100 ms (FEV40) and
200 ms (FEV,q0), maximal expiratory flow at 25% of vital capacity
(FEF,s), FEF5q, and FEF;s.

MEASUREMENT OF mRNA EXPRESSION BY REAL-TIME
QUANTITATIVE PCR

Total RNA was extracted from lung tissues using trizol-chloroform-
isopropanol extraction method. mRNA levels of TNF-a, IL-1, MCP-
1, IL-6, VEGF 4, TGFB-1, matrix metalloproteinase-9 (MMP9), and
MMP12 in lung of experiment rats were measured by Real-time
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Quantitative PCR using SYBR Green PCR Mix (Takara, Dalian,
China). The primers were as follows: TNF-a, 5'-ATACACTGGCCC-
GAGGCAAC-3’ (Forward), 5-CCACATCTCGGATCATGCTTTC-3'
(Reverse); IL-1B, 5-GCTGTGGCAGCTACCTATGTCTTG-3" (For-
ward), 5'-AGGTCGTCATCATCCCACGAG-3' (Reverse); MCP-1, 5'-
CTATGCAGGTCTCTGTCACGCTTC-3’ (Forward), 5-CAGCCGACT-
CATTGGGATCA-3' (Reverse); IL-6, 5'-CCACTTCACAAGTCGGA-
GGCTTA-3' (Forward), 5'-GTGCATCATCGCTGTTCATACAATC-3'
(Reverse); VEGF ¢4, 5'-GTCCTCACTTGGATCCCGACA-3’ (Forward),
5'-CCTGGCAGGCAAACAGACTTC-3’ (Reverse); TGFB-1, 5'-TG-
CGCCTGCAGAGATTCAAG-3' (Forward), 5'-AGGTAACGCCAGG-
AATTGTTGCTA-3' (Reverse); MMP9, 5-ATGCGCTGGGCTTAGAT-
CATTC-3' (Forward), 5-GAGCTGTCGGCTGTGGTTCA-3’ (Reverse);
MMP12, 5-CTCGATGTGGAGTGCCTGATGTA-3’ (Forward), 5'-
ATCCGCACGCTTCATGTCTG-3’ (Reverse); GAPDH, 5-GGCACAGT-
CAAGGCTGAGAATG-3' (Forward), 5-ATGGTGGTGAAGACGC-
CAGTA-3' (Reverse). PCR was performed in the following
conditions: 30s incubation at 95°C, followed by 40 cycles of
95°C for 5s and 64°C for 34s. Gene expression was normalized to
GAPDH and measured by 2724,

EVALUATION OF PRO-INFLAMMATORY CYTOKINES AND GROWTH
FACTORS IN LUNG HOMOGENATE

The left lung tissues were homogenized in RIPA (Beyotime,
Shanghai, China). The protein levels (pg/mg protein) of TNF-q,
IL-1B, MCP-1, IL-6, VEGF,g4, and TGFB-1 in lung homogenates
were analyzed with ELISA kits (eBioscience or Genetimes Inc.
Shanghai, China) according to the manufacturer’s protocols,
subsequently normalized to total protein content of lung homoge-
nate measured by bicinchoninic acid protein assay kit.

WESTERN BLOT ANALYSIS

Protein in lung homogenate was separated using SDS-PAGE
and transferred to polyvinylidene difluoride membranes. The
membranes were exposed to antibodies for MMP9, cleaved-
caspase3, poly ADP-ribose polymerase (PARP), B-actin (Cell
Signaling Technology, Boston, MA), MMP12, and VEGF receptors
2 (Abcom, London, UK) at 4°C overnight, then incubated with HRP-
labeled antibodies. The protein bands were subsequently visualized
with enhanced chemiluminescence reagents (Pierce Distribution
Services Company, Rockford, IL).

ZYMOGRAPHY

MMP9 and MMP-12 enzymatic activity were determined by
gelatin zymography according to the manufacturer’s instruction
(Invitrogen). Briefly, 40 ug total protein in lung homogenates
was electrophoresed by SDS-PAGE gels containing 2 mg/ml and
0.5mg/ml gelatin for MMP9 and MMP12, respectively. After
electrophoresis, the separated proteins were renatured in Renaturing
Buffer and then incubated in Developing Buffer at 37°C for 48 h.
Subsequently, gels were stained in 0.1% Coomassie Brilliant Blue
R-250. Gelatin-degrading enzymatic activity was indicated by the
appearance of clear bands against a blue background and quantified
by relevant intensity and the bands area.

IMMUMOHISTOCHEMISTRY

To evaluate the apoptosis of endothelial cells in lungs, sections
were processed for immunohistochemistry staining with the anti-
cleaved-caspase3 monoclonal antibody (Cell Signaling Technology)
according to standard protocol. Apoptotic endothelial cells were
evaluated by the number of anti-cleaved-caspase3 positive cells per
500 counted endothelial cells.

CO-CULTURE OF CIGARETTE SMOKE EXTRACT (CSE)-STIMULATED
EA.HY926 WITH hMSCs

In order to confirm whether MSCs can regulate apoptosis of vascular
endothelial cells by paracrine mechanism, Transwell chambers
(Costar, Corning, NY) were used where vascular endothelial cells
and MSCs were co-cultured in the lower and upper chambers,
respectively. Since rat pulmonary vascular endothelial cells are
difficult to primary culture, in the present study, the human cell lines
of human umbilical vein endothelial cells (called EA.hy926,
provided by the Chinese Academy of Science, Shanghai, China)
were used to co-culture with hMSCs. Firstly, CSE solution was
prepared by drawing 200 ml CS into 20 ml serum-free DMEM/F12
with vigorous shaking to obtain 100% CSE. The cells were starved
with DMEM/F12 containing 0.5% FBS for 36h, then subject to
the following conditions: cultured EA.hy926 alone without or
with 10% CSE, EA.hy926 co-cultured with hMSCs exposed to 10%
CSE, cultured hMSCs alone without or with 10% CSE. After
24h incubation, VEGF;s5 mRNA levels in EA.hy926 and
hMSCs were detected by Real-time PCR as previously described
and the primers (Invitrogen) were as follows:VEGF g5, 5'-
GAGCCTTGCCTTGCTGCTCTAC-3’ (Forward), 5'-CACCAGGGTCTC-
GATTGGATG-3’ (Reverse); GAPDH, 5-GCACCGTCAAGGCTGA-
GAAC-3’ (Forward), 5-TGGTGAAGACGCCAGTGGA-3' (Reverse).
In addition, VEGF 5 protein levels (pg/ml) in culture superna-
tant were assessed by ELISA as previously described without
normalization.

In order to evaluate whether hMSCs could inhibit the apoptosis of
EA.hy926 via VEGF 45, another in vitro experiment was designed
(similar to above, cells were starved for 36 h in advance): cultured
EA.hy926 alone without or with 10% CSE, 5 or 25ng/ml re-
combinant VEGF 45 (Peprotech, Rocky Point, NJ) were added into
cultured EA.hy926 alone with 10% CSE, EA.hy926 co-cultured with
hMSCs exposed to 10% CSE, anti-VEGF 65 neutralizing antibody
(2 pg/ml) were added to co-cultured EA.hy926 with hMSCs exposed
to 10% CSE. After the 24 h incubation, the cells were collected for
apoptosis detection by FITC-annexinV-PI (BD) and cleaved-
caspase3 and PRAP levels detection in EA.hy926 by Western
Blot. The number of the used EA.hy926 and hMSCs in vitro study
were 1 x 10%/well and 2 x 10°/well, respectively.

STATISTICAL ANALYSIS

The data was analyzed using SPSS11.5 software and shown as
mean + SD. The analysis between the different groups was
performed using a one-way analysis of variance followed by LSD
test with equal variances and Dunnet’s T3 test with unequal
variances. A value of P<0.05 was considered as statistically
significance.
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rMSCs AND hMSCs CHARACTERIZATION

Morphologically, the primary rMSCs (Fig. 1Aa) and passage 1
hMSCs (Fig. 1C left) had a spindled-fibroblast appearance in their
culture. Differentiation assays demonstrated that rMSCs retained
their ability to differentiate into osteoblasts, adipocytes, and
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chondrocytes (Fig. 1Ab-d). The flow cytometry analysis demon-
strated that rMSCs did not express the cell surface markers CD11b/c
and CD45, but expressed CD29 and CD90 (Fig. 1B). hMSCs did not
express the cell surface markers CD11b/c, CD19, CD34, and CD45,
but expressed CD29, CD44, CD90, and CD105 (Fig. 1D). All
characterizations are consistent with international standards of
MSCs [Horwitz et al., 2005].
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Fig. 1. The characterization of MSCs. A: A colony-forming unit of cultured primary fibroblast-like rMSCs (40x) was observed (a). The multi-potential differentiation of
rMSCs was verified by oil red stain (200 x) for adipocytes (b), alizarin S stain (100x) for osteoblasts (c), and toluidine blue stain (100x) for chondrocytes (d). B: The rMSCs did
not express CD11b/c and CD45, but expressed CD29 and CD90 by flow cytometry. C: The fibroblast-like hMSCs (left) and paving stone-like growth of EA.hy926 (right) were
observed. D: The hMSCs did not express CD11b/c, CD19, CD34, and CD45, but expressed CD29, CD44, CD90, and CD105.

3 2 6 rMSCs PROTECT CIGARETTE SMOKE-DAMAGED LUNG

JOURNAL OF CELLULAR BIOCHEMISTRY



Smoke-exposed

=1)
g

Y
=]
=

Reletive mRNA levels{control

o8B 888

B Sham-exposed

Cytokines levels (pg/mg protein) n
>
=]

MCP- THF-a IL-1f L&

Fig. 2.

W Smoke-exposed
CIrMSCs-treatment|
D
E
T M
*-* g t.#-
g 12
# i 10 il
[ k& =
o # o 8
1 [
g 6 '
§ 4
2 2
IL-18 IL-6 MCP-1 THF-a

rMSCs improved the emphysema and lung inflammation. A: Lung histopathology changes were observed by hematoxylin—eosin stain (100x). The representative

images showed the significant emphysema and inflammatory cells of peribronchial and alveolar structures, while rMSCs administration improved emphysema and lung
inflammation. B: The mRNA (by Real-time PCR) and protein (by ELISA) levels of proinflammatory factors in lung tissue. Data are expressed as mean = SD. **P < 0.01 versus sham

exposed rats, #P < 0.05 versus CS-exposed rats.

ADMINISTRATION OF rMSCs AMELIORATED SMOKE-INDUCED
EMPHYSEMA AND PULMONARY INFLAMMATION

Emphysema is a structural disorder characterized by destruction
of the alveolar walls and enlargement of the alveolar spaces. For
histological evaluation, rats in different groups were weighed and
sacrificed at the designated endpoint. We firstly found that CS-
exposed rats significantly lost their body weights compared with
sham exposed rats (respectively 306.9 +£22.1 and 415.8 £22.4¢,
P <0.0001), while rMSCs infusion significantly rescued the body
weight loss (353.3 £ 16.4 g, P < 0.0001). A microscopic analysis of
lung tissue sections revealed significant emphysematous change
and pulmonary inflammation with inflammatory cells of peribron-
chial and alveolar structures after 11 weeks of CS exposure, while
rMSCs administration improved the alveolar structure destruction
and pulmonary inflammation (Fig. 2A). Furthermore, MLI which is a
measurement of inter-alveolar wall distance widely used to examine
air space enlargement was measured to evaluate emphysema
severity (n=7). The MLI were increased in the CS exposed group
(51.7 £ 4.1 vs. 90.7 £ 8.2 pm, P < 0.05), while rMSCs transplanta-
tion attenuated the increase (71.8 & 5.1 pm, P < 0.05). These results
suggest that rMSCs are able to ameliorate CS-induced emphysema
and pulmonary inflammation.

INFUSED rMSCs IMPROVED SMOKE-INDUCED DESTRUCTIVE
PULMONARY FUNCTION

Table I showed the pulmonary function results (n = 5). A statistically
significant decline in IC, VC, FVC, and TLC was found in CS-exposed
rats when compared with sham-exposed rats, while a statistically
significant increase in FRC was observed. In addition, the markers

for airflow obstruction during expiration (FEV o9, FEV,00, FEV 00/
FVC, FEV,00/FVC, FEF,;, FEFs, and FEF;;) were statistically
significant reduction in CS-exposed rats. Interestingly, rMSCs
administration significantly improved the airflow obstruction
supported by statistically higher FEV,qo, FEV,q9, FEVi00/FVC,
FEV,00/FVC, FEF,s, FEFs,, and FEF;; with a non-statistically
significant reduction in FRC compared with CS-exposed rats.

TABLE 1. rMSCs Administration Improved Destructive Pulmonary
Function of Smoke-Induced Rats

Sham- Smoke- Smoke
Parameters exposed exposed exposed+rMSCs
IC (ml) 18.8+£0.6 143+0.3" 15.6£0.2°*
VC (ml) 207+ 1.3 15.7+£0.9" 18.6£0.1%"
FVC (ml) 18.4+ 1.5 143+0.9" 16.6£0.2"
FRC (ml) 43409 6.9+ 1.5" 5.6+0.5
TLC (ml) 22.6+0.9 19.4+1.3" 222+ 1.7
FEV 00 (ml) 8.4+3.3 4.0+0.4" 6.2+0.1""
FEV,q0 (ml) 153 £ 1.1 7.9+05" 12.7 £0.1°
FEV,40/FVC (%) 446413 28.3 £3.8" 37.6 1.0
FEV 500/FVC (%) 83.7+ 1.2 55.8 4+ 7.3 76.3 £ 1.7°
FEF,5 (ml/sec) 62.8+13.7 36.9+1.1° 62.24 1.9
FEF5, (ml/sec) 86.9 + 4.4 40.4+2.8" 65.7 + 1.7°"
FEF;5 (ml/sec) 91.5+4.1 42.0+3.6" 67.9 £ 1.8

The pulmonary function of rats was evaluated by Buxco system, the following
parameters were reccorded: inspiratory capacity (IC), vital capacity (VC), forced
VC (FVCQ), functional residual capacity (FRC), total lung capacity (TLC), forced
expiratory flow (FEV) at 100 ms (FEV40) and 200 ms (FEV,q0), maximal expira-
tory flow at 25% of vital capacity (FEF,s), FEFs, and FEF;s.

Data are expressed as mean + SD (n=>5).

“P<0.01 versus sham exposed rats.

**P<0.05, "™*P<0.01 versus smoke exposed rats treated by PBS.
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rMSCs ADMINISTRATION DECREASED THE LEVELS OF
PRO-INFLAMMATORY MEDIATORS IN LUNG

In order to evaluate the anti-inflammatory action of rMSCs, pro-
inflammatory mediators were measured in lung homogenates
(n=7). The chronic CS exposure mediated a significant mRNA up-
regulation of IL-1p, MCP-1, IL-6, and TNF-a in the lungs.
Meanwhile CS-exposed rats treated with rMSCs had significantly
lower mRNA levels of IL- 13, MCP-1, and IL-6, except that the TNF-«
mRNA showed a trend toward reduction without statistically
significance (Fig. 2B). Similarly, protein levels of IL-1B and IL-6
in lung homogenate were consistent with their mRNA level
changes (Fig. 2C). MCP-1 and TNF-a levels were lower in the
rMSCs-treated rats, but the differences were not statistically
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significant (Fig. 2D). The results showed that rMSCs transplantation
reduced the pro-inflammatory cytokines in lungs of CS-exposed
rats.

rMSCs ADMINISTRATION DECREASED LEVELS OF PROTEASES

IN LUNG

Matrix metalloproteinases (MMPs) which regulates extra-cellular
matrix homeostasis have been implicated in CS-induced emphyse-
ma. MMP9 and MMP12 levels in the lungs were tested in current
study. Real-time PCR (n=7) and Western Blot analysis (n=>5)
demonstrated that the mRNA (Fig. 3A) and protein (Fig. 3B) levels of
MMP9 and MMP12 were significantly higher in CS-exposed rats
compared with sham exposed rats, while they were significantly
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rMSCs down-regulated the levels of MMP9 and MMP12 in lung tissue. The mRNA (A) and protein (B) levels of MMP9 and MMP12 were analyzed by Real-time PCR and

Western Blot, respectively. C: Enzymatic activity of MMP9 and MMP12 was measured by gelatin zymograph. Data are expressed as mean =+ SD. *P < 0.05, “*P < 0.01 versus sham

exposed rats, #P < 0.05 versus CS-exposed rats.
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lower after rMSCs infusion. Furthermore, we also found that the
results of MMP9 and MMP12 enzymatic activity determined by
gelatin zymography (n=>5) were consistent with that of protein
levels (Fig. 3Q).

rMSCs INFUSION UP-REGULATED VEGF;g, AND TGFf3-1 LEVELS
To investigate VEGF ¢4 and TGFB-1 levels in lungs, Real-time PCR
(n=7) for VEGF ¢, and TGFB-1 mRNA levels and ELISA for protein
levels (n=7) were performed. The mRNA and protein levels of
VEGF ¢, in lungs were significantly lower in CS-exposed rats
compared with sham exposed rats, while they were significantly
higher in rMSCs-treated rats (Fig. 4A-B). TGFB-1 mRNA level was
higher in CS-exposed rats and further higher in rMSCs-treated rats,
however, the difference was not statistically significant (Fig. 4A). Of
note, TGFB-1 protein level was significantly lower after CS
exposure, while it was significantly higher after rMSCs administra-
tion (Fig. 4C).

EFFECT OF rMSCs INFUSION ON APOPTOSIS OF LUNG CELLS

Apoptosis-related proteins (cleaved-caspase3 and PARP) in lungs
were assessed by Western Blot (n=5). The results showed that
cleaved-caspase3 were significantly higher in CS-exposed rats. The
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CS-induced effect was significantly inhibited by rMSCs. Subse-
quently, full-length PARP in the downstream substrate of cleaved-
caspase3 in CS-exposed rats was significantly reduced, while it was
higher in rMSCs-treated rats (Fig. 4D). In addition, CS exposure
induced the reduction in VEGF receptor 2 level, and rMSCs
significantly up-regulated VEGF-receptor 2 level (Fig. 4D). Further-
more, a significant increase in the number of cleaved-caspase3
positive pulmonary vascular endothelial cells was detected in CS
exposed rats with respect to control rats (11.3 +3.0 vs. 82.3 + 13.8,
n=>5, P<0.0001), while rMSCs infusion significantly reduced the
number of apoptotic cells (27.7 + 5.0, P < 0.0001; Fig. 5).

VEGF;c5 PRODUCED BY hMSCs

All data of in vitro study were from four independent experiments
(n=4). Firstly, we confirmed that 10% CSE did not affect the
viability of hMSCs and EA.hy926. Then, a significantly increased
VEGF ;s mRNA level in EA.hy926 exposed to 10% CSE was
observed compared with EA.hy926 without CSE and a further
increased expression in EA.hy926 co-cultured with hMSCs (Fig. 6A).
Although VEGF g5 protein levels in culture supernatant were
consistent with mRNA results, however, we observed that cultured
EA.hy926 alone with or without CSE produced a very small amount
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Fig. 4.

rMSCs up-regulated the levels of VEGF164, VEGF receptor 2, and TGFB-1 in lung tissue, while reduced lung cells apoptosis. A: The mRNA levels of VEGF164 and TGF(3-

1 were evaluated by Real-time PCR. B and C: The protein levels of VEGF164 and TGF3-1 were analyzed by ELISA. D: The levels of apoptosis-related proteins and VEGF receptor 2
were evaluated by Western Blot. Data are expressed as mean + SD. “P< 0.05, “*P< 0.01 versus sham exposed rats, #P < 0.05 versus CS-exposed rats.
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Fig. 5. rMSCs reduced the apoptosis of pulmonary vascular endothelial cells. The apoptotic endothelial cells were identified by cleaved-caspase3 immunohistochemistry assay.
CS exposure induced the endothelial cells apoptosis (arrow), which were reduced after rMSCs infusion.
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of VEGF 5 (5.5+0.6 and 10.3 £ 0.9 pg/ml, respectively). Interest-
ingly, VEGF g5 in cell suspension of CSE-stimulated EA.hy926 co-
cultured with hMSCs significantly increased to 288.7 4 25.7 pg/ml,
which suggested VEGFs5 in co-culture medium was mainly
secreted by hMSCs (Fig. 6B).

To further identify the VEGFq5 source, VEGF;¢s mRNA, and
protein levels of the cultured hMSCs alone were also evaluated. The
results demonstrated that VEGF ;g5 mRNA in hMSCs exposed to 10%
CSE were increased compared with hMSCs without CSE (Fig. 6C),
and the level (ACt=4.80+0.36) was significantly higher in
abundance compared with that in EA.hy926 exposed to 10% CSE
(ACt=9.61+0.41; about 28-fold). In addition, compared with the
negligible amount of VEGF g5 released from EA.hy926, we also
found hMSCs cultured alone without or with 10% CSE released large
amounts of VEGF g5 (226.2 4 25.6 and 144.1 4 28.3 pg/ml, respec-
tively; Fig. 6D). These results further indicated that VEGF g5 in the
co-culture system was released mainly from hMSCs.

VEGF,65s SECRETED BY hMSCs PARTLY INHIBITED THE APOPTOSIS
OF EA.HY926

In order to test whether hMSCs can inhibit EA.hy926 apoptosis by
secreting VEGF 45, we also used recombinant human VEGF 45 and
anti-VEGF 45 antibody. EA.hy926 apoptosis was examined by flow
cytometry and Western Blot for cleaved-caspase3 and PARP. We
found that the number of apoptotic cells in cultured EA.hy926 with
10% CSE (16.9 +£0.6%) was significantly greater than that of
apoptotic cells in EA.hy926 without CSE (13.0+ 1.8%). When
different concentrations of VEGF g5 (5 and 25 ng/ml) were added to
the medium of EA.hy926 with 10% CSE, the percentage of apoptotic
cells significantly reduced in a concentration-dependent manner
(9.9 £ 0.4% and 4.3 + 0.6%, respectively). The number of apoptotic

control |-
hy926) |~

]

cells in EA.hy926 exposed to 10% CSE co-cultured with hMSCs was
significantly lower (1.7 & 0.4%). In addition, cell starvation and CSE
stimulation did not induce co-cultured hMSCs apoptosis, which was
supported by low apoptosis index (3.46 4 0.58%). Importantly, the
inhibition of apoptosis in co-cultured EA.hy926 was partly blocked
by added anti-VEGF 45 neutralizing antibody (4.0 + 0.7%; Fig. 7).

Consequently, we measured cleaved-caspase3 and full-length
PARP levels in EA.hy926. Higher cleaved-caspase3 and lower full-
length PARP after CSE stimulation were found. Recombinant
VEGF 65 and co-cultured hMSCs significantly reduced cleaved-
caspase3 level and increased full-length PARP level in EA.hy926. In
particular, the cleaved-caspase3 in EA.hy926 co-cultured with
hMSCs was too low to be detectable. The changes of cleaved-
caspase3 and full-length PARP in EA.hy926 co-cultured with
hMSCs were partly blocked by an addition of anti-VEGF
neutralizing antibody (Fig. 8). Our findings suggested that
VEGF¢5 secreted by hMSCs was crucial for the inhibition of
EA.hy926 apoptosis induced by cell starvation and CSE stimulation.

There are three major findings in this study: (1) the intrapulmonary
administration of rMSCs ameliorated the severity of emphysema and
destructive pulmonary function induced by CS; (2) the beneficial
effects were primarily exerted by reducing the levels of pro-
inflammatory mediators (TNF-«, IL-1@, MCP-1, and IL-6), MMP9
and MMP12, whereas up-regulating VEGF ¢4, VEGF receptors, and
TGFB-1, subsequently reducing lung cells apoptosis; (3) the in vitro
study demonstrated that anti-apoptosis effect of hMSCs on
endothelial cells was mediated partly by paracrine VEGF 5.
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VEGF165 partly inhibited EA.hy926 apoptosis induced by cell starvation and CSE stimulation. The EA.hy926 were cultured alone without CSE (called group "—") and

exposed to CSE without (“+") or with 5 ng/ml (“V1") and 25 ng/ml (“V2") recombinant VEGF group. The EA.hy926 were co-cultured with hMSCs without (“M") or with 2 p.g/ml
anti-VEGF neutralizing antibody ("MV") was added into the co-culture system. After the two kinds of cells were cultured for 24 h with cell starvation for 36 h in advance, the
cells were harvested to evaluate cell apoptosis index using flow cytometry. Data are expressed as mean & SD. **P< 0.01 versus without CSE, ##P < 0.01 versus with CSE,

++P<0.01 versus co-cultured EA.hy926 with hMSCs.
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hMSCs.

The current evidence supporting the application of MSCs as a
potential biologic therapy for a variety of diseases includes: ease of
accessibility for isolation, enormous expansion potential in culture,
multi-differentiation capacity, immunosuppressive properties,
paracrine-mediated effects, homing, and migratory behavior to
sites of tissue injury as well as host compatibility [Salem and
Thiemermann, 2003]. Recent studies have demonstrated that the use
of MSCs has been attempted in the treatment of lung diseases
including ALI, lung fibrosis, and COPD on the basis of their
capacity to modulate local inflammation and immune responses
[Sueblinvong and Weiss, 2009].

Alveolar destruction (emphysema) with no apparent fibrosis is
one of major pathological presentations of COPD [Yao et al., 2008].
Therefore, our primary endpoint was the effect of rMSCs on
emphysema. The results showed that rMSCs significantly protected
against emphysema induced by chronic CS exposure, which is
consistent with previous report that rMSCs attenuated lung
emphysema caused by papain or elastase [D’Agostino et al.,
2010; Zhen et al., 2010; Katsha et al., 2011].

On the other hand, COPD is characterized by slowly progressive
and poorly reversible airflow limitation and pulmonary function
measure is indispensable in COPD diagnosis. Therefore, we also
evaluated the effect of rMSCs on the pulmonary function. The
decline of FEV g9, FEV 00, FEV0o/FVC, FEV,00/FVC, FEF,s5, FEFs,
and FEF;; and increase of FRC in CS-exposed rats are in agreement
with diagnosis of human COPD. In addition, the lower IC, VC, FVC,
and TLC, together with about 50% decline of FEV,q,/FVC were
consistent with the changes in severe COPD patients. It is important
to point out that the administration of rMSCs significantly improved
the airflow obstruction induced by CS exposure and improvement in

pulmonary function will significantly improve the lift quality of
COPD patients.

We then explored the possible underlying mechanisms of rMSCs
improving the destructive pulmonary function and emphysema. To
date, it is considered that COPD is associated with chronic
inflammation of airway and lung parenchyma, characterized
by increased numbers of neutrophils, activated macrophages, and
T-lymphocytes. Many pro-inflammatory mediators including
TNF-a, IL-1B, MCP-1, IL-6, MIP-1«, and MIP-1B are involved in
pathogenesis of COPD. Furthermore, the activated macrophages and
neutrophils release elastolytic enzymes, particularly neutrophil
elastase, MMP-9, and MMP12 that in turn result in enhanced
inflammatory cell recruitment [Sethi and Rochester, 2000; Barnes
et al., 2003; Yoshida and Tuder, 2007; Yao et al., 2008]. Therefore,
these changes in the experimental rats were observed. We found that
rMSCs have the capacity to suppress TNF-a, IL-18, MCP-1, and IL-6
expression in the lungs of CS-exposed rats, which had a beneficial
effect on chronic lung inflammation. Gupta et al. [2007] reported
that intrapulmonary administration of MSCs reduced TNF-a and
MIP-2 levels in the bronchoalveolar lavage fluid and the severity of
endotoxin-induced ALI. A similar study showed that systemic
administration of MSCs reduced the systemic inflammatory
responses (lower IL-1B, IL-6, MIP-1«, and IL-8 levels in serum)
of endotoxin-induced ALI [Xu et al., 2007].

It has been demonstrated that MSCs can release several types of
growth factors to protect injured tissues [Chen et al., 2008;
Crisostomo et al., 2008]. A recent study indicated that MSCs
improved elastase-induced emphysema in mice by increasing
hepatocyte growth factor and epidermal growth factor [Katsha et al.,
2011]. On the other hand, Zandvoort et al. [2006] reported that
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TGFB-1 and TGFB-1 receptor type I in lung tissue were significantly
lower in stage II COPD patients than controls. Here we observed that
chronic CS reduced TGFB-1 protein level and rMSCs significantly
up-regulated the level. In addition, we also observed rMSCs infusion
reduced MMP12 and MMP9 expression in lungs of CS-exposed rats.
Notably, it is demonstrated that TGFB-1 can inhibit MMP9
and MMP12 expression in alveolar macrophage and monocyte,
meanwhile the inhibition of TGFB-1 signal leads to increased
MMP12 expression and subsequent extra-cellular matrix degrada-
tion contributing to the development of emphysema [Morris et al.,
2003; Roberts, 2003; Morty et al., 2009]. The anti-inflammatory
capacity of TGFB-1 has been suggested by the report that TGFB-1
null mice died of excessive inflammation within 1 month after birth
[Shapiro, 2007]. Therefore, our results suggest that decreased MMP9,
MMP12, and pro-inflammatory mediators by rMSCs transplantation
are perhaps partly due to increased TGF3-1 production.

Apoptosis of epithelial and endothelial cells is increasingly
recognized as an important contributor to alveolar destruction in
COPD [Plataki et al., 2006; Park et al., 2007; Yoshida and Tuder,
2007]. Activation of caspase-3 requires proteolytic processing of its
inactive zymogen into activated fragments (cleaved-caspase3).
Cleaved-caspase3 is primarily responsible for the cleavage of full-
length PARP, which plays a central role in the execution of the
apoptotic program. Therefore, activation of caspase-3 suggests cells
apoptosis. Our results showed that rMSCs administration inhibited
lung cells apoptosis supported by reduced cleaved-caspase3 and
increased full-length PARP levels. In addition, VEGF is a pluripotent
growth factor that is critical for endothelial cell proliferation, lung
development, and several lung disorders including COPD, lung
cancer, and ALI [Voelkel et al., 2006], and the most studied molecule
of the VEGF family is VEGF-A (VEGF g5 in human and VEGF ¢4 in
rats). Moreover, a previous report showed that VEGF and VEGF
receptor 2 were decreased in lungs of COPD patients, and inhibition
of VEGF receptors induced alveolar endothelial cells apoptosis and
subsequent emphysema [Kasahara et al., 2000, 2001]. In the current
study, CS reduced the expression of VEGF and its receptor 2, while
rMSCs significantly up-regulated their levels.

VEGF-dependent homeostasis of alveolar walls has been
considered as a potential mechanism in the pathogenesis of
COPD: reduced VEGF might result in pulmonary endothelial cell
death and subsequently impair normal microcirculation and
epithelial cell repair [Kanazawa, 2007]. In the present study, we
also observed that CS induced the apoptosis of vascular endothelial
cells, tMSCs inhibited their apoptosis. To identify whether MSCs
have the capacity to inhibit endothelial cell apoptosis by paracrine
VEGF, we used a Tran-swell system to physically separate EA.hy926
and hMSCs. Firstly, co-cultured hMSCs protected against cell
apoptosis in EA.hy926 induced by cell starvation and CSE
stimulation. Furthermore, to confirm the anti-apoptosis role of
hMSCs was related to their ability to secrete VEGF g5, the addition
of recombinant VEGF g5 to the medium of cultured EA.hy926
alone and anti-VEGF g5 antibody to the co-culture system were
performed. The recombinant VEGF,¢5 exerted the anti-apoptosis
effect in a concentration-dependent manner, and the reduced
apoptosis index of EA.hy926 by co-cultured hMSCs increased again
after adding the anti-VEGF 45 neutralizing antibody. These findings

indicated that paracrine VEGF,g5 by hMSCs was crucial for the
inhibition of cell apoptosis in EA.hy926. It is necessary to point out
that the concentration of VEGF 45 (pg/ml) released by hMSCs was
significantly lower than that of added recombinant VEGF 45 (ng/
ml), while co-cultured hMSCs more strongly inhibited cell apoptosis.
These findings suggested that other protective cytokines were
involved in MSCs-mediated anti-apoptosis effect.

Furthermore, it has been reported that lung presents the highest
level of VEGF among normal tissues and alveolar epithelial cells are
the main sites of VEGF production. The altered function of epithelial
cells by chronic smoke exposure leads to the decline of VEGF
production[Kanazawa, 2007], subsequently the down-regulated
VEGF/VEGF receptors signaling may result in emphysema due to
pulmonary endothelial apoptosis. Since co-cultured hMSCs can
promote VEGF release from endothelial cells, we presume that
rMSCs in vivo experiment can promote VEGF release from
alveolar epithelial cells by regulating lung local microenviron-
ment, together with VEGF release from rMSCs, which may account
for the elevated VEGF in lungs. VEGF receptor 2 is almost
exclusively expressed on endothelial cells, therefore, the enhanced
VEGF and its receptor 2 improved excessive cell apoptosis of lung
cells including vascular endothelial cells in CS-exposed rats, which
contributed to improvement of emphysema. A similar study from
Zhen et al. [2010] reported that the protective effect of rMSCs on
papain-induced emphysema was partly mediated by up-regulating
VEGF ¢, and inhibiting the apoptosis of lung cells. The difference
from the current study was that they detected the apoptosis of the
cultured lung cells isolated from papain-induced emphysematous
lungs.

MSCs in the lung can engraft as type I and II epithelial cells and
endothelial cells [Ortiz et al., 2003; Rojas et al., 2005], however, the
engraftment is rare and of unclear physiologic and therapeutic
significance, so structural repair or replacement of injured lung
epithelial cells by exogenous stem cells is now felt to be less likely
[Sueblinvong and Weiss, 2009]. The present authors investigated
rMSCs infusion reduced the expression of pro-inflammatory
mediators and pulmonary inflammation, increased protective
growth factors (VEGF and TGFB-1) and VEGF receptor 2 levels,
subsequently reduced MMP9, MMP12 levels, and lung -cells
apoptosis. In vitro results showed that hMSCs can inhibit
EA.hy926 apoptosis in a contact-independent manner partly by
secreting VEGF. All these findings suggest that the administration of
MSCs does attenuate lung injury and promote functional recovery
on basis of their capacity to modulate local microenvironment
[Uccelli et al., 2007; Sueblinvong and Weiss, 2009].

However, we also found that MSCs could not completely reverse
smoke-induced emphysema and is not omnipotent in disease
treatment. It is also important to recognize certain limitations of the
present research. Firstly, the CS-induced rat model cannot fully
reproduce the complexity of COPD patients and there remains a long
way to go for a full understanding of the MSCs role in COPD before
clinical use. Furthermore, rMSCs were infused only once during CS
exposure, therefore, it will be crucial to define a therapeutic window
of intervention and a long-term effect of repeatedly infused rMSCs
at second or three time point. Moreover, alveolar epithelial cells and
macrophages are the main cells involved in the pathogenesis of
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COPD and there is a need to further study the effects of co-cultured
MSCs on the function of these cells in the future.

Intrapulmonary rMSCs can sense the local microenvironment and
regulate the production of pro-inflammatory mediators and growth
factors such as VEGF and TGFRB-1, then mediate the anti-
inflammatory, anti-protease, and anti-apoptosis effects. They
contribute to an attenuation of emphysema and destructive
pulmonary function in COPD. Therefore, MSCs-based cell therapy
will shed light on the prevention and treatment of COPD currently
lacking efficient intervention.

ACKNOWLEDGMENTS

All authors thank all members of their laboratory for helpful
discussion.

REFERENCES

Aggarwal S, Pittenger MF. 2005. Human mesenchymal stem cells modulate
allogeneic immune cell responses. Blood 105:1815-1822.

Barnes PJ. 2008. Emerging pharmacotherapies for COPD. Chest 134:1278-
1286.

Barnes PJ, Shapiro SD, Pauwels RA. 2003. Chronic obstructive pulmonary
disease: Molecular and cellular mechanisms. Eur Respir J 22:672-688.

Buist AS, McBurnie MA, Vollmer WM, Gillespie S, Burney P, Mannino DM,
Menezes AM, Sullivan SD, Lee TA, Weiss KB, Jensen RL, Marks GB, Gulsvik
A, Nizankowska-Mogilnicka E. 2007. International variation in the preva-
lence of COPD (the BOLD Study): A population-based prevalence study.
Lancet 370:741-750.

Chen L, Tredget EE, Wu PY, Wu Y. 2008. Paracrine factors of mesenchymal
stem cells recruit macrophages and endothelial lineage cells and enhance
wound healing. PLoS ONE 3:e1886.

Chen Y, Hanaoka M, Chen P, Droma Y, Voelkel NF, Kubo K. 2009. Protective
effect of beraprost sodium, a stable prostacyclin analog, in the development
of cigarette smoke extract-induced emphysema. Am J Physiol Lung Cell Mol
Physiol 296:L648-1L656.

Corcione A, Benvenuto F, Ferretti E, Giunti D, Cappiello V, Cazzanti F, Risso
M, Gualandi F, Mancardi GL, Pistoia V, Uccelli A. 2006. Human mesenchymal
stem cells modulate B-cell functions. Blood 107:367-372.

Crisostomo PR, Wang Y, Markel TA, Wang M, Lahm T, Meldrum DR. 2008.
Human mesenchymal stem cells stimulated by TNF-alpha, LPS, or hypoxia
produce growth factors by an NF kappa B- but not JNK-dependent mecha-
nism. Am J Physiol Cell Physiol 294:C675-C682.

D’Agostino B, Sullo N, Siniscalco D, De Angelis A, Rossi F. 2010. Mesen-
chymal stem cell therapy for the treatment of chronic obstructive pulmonary
disease. Expert Opin Biol Ther 10:681-687.

de Boer WI, Yao H, Rahman I. 2007. Future therapeutic treatment of COPD:
Struggle between oxidants and cytokines. Int J Chron Obstruct Pulmon Dis
2:205-228.

Gupta N, Su X, Popov B, Lee JW, Serikov V, Matthay MA. 2007. Intrapul-
monary delivery of bone marrow-derived mesenchymal stem cells improves
survival and attenuates endotoxin-induced acute lung injury in mice.
J Immunol 179:1855-1863.

Horwitz EM, Le Blanc K, Dominici M, Mueller I, Slaper-Cortenbach I, Marini
FC, Deans RJ, Krause DS, Keating A. 2005. Clarification of the nomenclature

for MSC: The International Society for Cellular Therapy position statement.
Cytotherapy 7:393-395.

Iyer SS, Co C, Rojas M. 2009. Mesenchymal stem cells and inflammatory lung
diseases. Panminerva Med 51:5-16.

Kanazawa H. 2007. Role of vascular endothelial growth factor in the
pathogenesis of chronic obstructive pulmonary disease. Med Sci Monit
13:RA189-RA195.

Kasahara Y, Tuder RM, Taraseviciene-Stewart L, Le Cras TD, Abman S, Hirth
PK, Waltenberger J, Voelkel NF. 2000. Inhibition of VEGF receptors causes
lung cell apoptosis and emphysema. J Clin Invest 106:1311-1319.

Kasahara Y, Tuder RM, Cool CD, Lynch DA, Flores SC, Voelkel NF. 2001.
Endothelial cell death and decreased expression of vascular endothelial
growth factor and vascular endothelial growth factor receptor 2 in emphy-
sema. Am J Respir Crit Care Med 163:737-744.

Katsha AM, Ohkouchi S, Xin H, Kanehira M, Sun R, Nukiwa T, Saijo Y. 2011.
Paracrine factors of multipotent stromal cells ameliorate lung injury in an
elastase-induced emphysema model. Mol Ther 19:196-203.

Kermani AJ, Fathi F, Mowla SJ. 2008. Characterization and genetic manip-
ulation of human umbilical cord vein mesenchymal stem cells: Potential
application in cell-based gene therapy. Rejuvenation Res 11:379-386.

Krampera M, Pasini A, Pizzolo G, Cosmi L, Romagnani S, Annunziato F.
2006. Regenerative and immunomodulatory potential of mesenchymal stem
cells. Curr Opin Pharmacol 6:435-441.

Le Blanc K, Frassoni F, Ball L, Locatelli F, Roelofs H, Lewis I, Lanino E,
Sundberg B, Bernardo ME, Remberger M, Dini G, Egeler RM, Bacigalupo A,
Fibbe W, Ringden 0. 2008. Mesenchymal stem cells for treatment of steroid-
resistant, severe, acute graft-versus-host disease: A phase II study. Lancet
371:1579-1586.

Liu Q, Xu WG, Luo Y, Han FF, Yao XH, Yang TY, Zhang Y, Pi WF, Guo XJ.
2011. Cigarette smoke-induced skeletal muscle atrophy is associated with
up-regulation of USP-19 via p38 and ERK MAPKs. J Cell Biochem 112:2307-
2316.

Morris DG, Huang X, Kaminski N, Wang Y, Shapiro SD, Dolganov G, Glick A,
Sheppard D. 2003. Loss of integrin alpha(v)beta6-mediated TGF-beta acti-
vation causes Mmp12-dependent emphysema. Nature 422:169-173.

Morty RE, Konigshoff M, Eickelberg 0. 2009. Transforming growth factor-
beta signaling across ages: From distorted lung development to chronic
obstructive pulmonary disease. Proc Am Thorac Soc 6:607-613.

Ortiz LA, Gambelli F, McBride C, Gaupp D, Baddoo M, Kaminski N, Phinney
DG. 2003. Mesenchymal stem cell engraftment in lung is enhanced in
response to bleomycin exposure and ameliorates its fibrotic effects. Proc
Natl Acad Sci U S A 100:8407-8411.

Park JW, Ryter SW, Choi AM. 2007. Functional significance of apoptosis in
chronic obstructive pulmonary disease. COPD 4:347-353.

Plataki M, Tzortzaki E, Rytila P, Demosthenes M, Koutsopoulos A, Siafakas
NM. 2006. Apoptotic mechanisms in the pathogenesis of COPD. Int J Chron
Obstruct Pulmon Dis 1:161-171.

Robbesom AA, Versteeg EM, Veerkamp JH, van Krieken JH, Bulten HJ, Smits
HT, Willems LN, van Herwaarden CL, Dekhuijzen PN, van Kuppevelt TH.
2003. Morphological quantification of emphysema in small human lung
specimens: Comparison of methods and relation with clinical data. Mod
Pathol 16:1-7.

Roberts AB. 2003. Medicine: Smoke signals for lung disease. Nature 422:
130-131.

Rojas M, Xu J, Woods CR, Mora AL, Spears W, Roman J, Brigham KL. 2005.
Bone marrow-derived mesenchymal stem cells in repair of the injured lung.
Am J Respir Cell Mol Biol 33:145-152.

Salem HK, Thiemermann C. 2003. Mesenchymal stromal cells: Current
understanding and clinical status. Stem Cells 28:585-596.

Sethi JM, Rochester CL. 2000. Smoking and chronic obstructive pulmonary
disease. Clin Chest Med 21:67-86; viii.

334

rMSCs PROTECT CIGARETTE SMOKE-DAMAGED LUNG

JOURNAL OF CELLULAR BIOCHEMISTRY



Shapiro SD. 2007. Transgenic and gene-targeted mice as models for chronic
obstructive pulmonary disease. Eur Respir J 29:375-378.

Song L, Xu JF, Qu JM, Sai Y, Chen CM, Yu L, Li DC, Guo XJ. 2012. A
therapeutic role for mesenchymal stem cells in acute lung injury independent
of hypoxia-induced mitogenic factor. J Cell Mol Med 16:376-385.
Stockley RA, Mannino D, Barnes PJ. 2009. Burden and pathogenesis of
chronic obstructive pulmonary disease. Proc Am Thorac Soc 6:524-526.
Sueblinvong V, Weiss DJ. 2009. Cell therapy approaches for lung diseases:
Current status. Curr Opin Pharmacol 9:268-273.

Tuder RM, Petrache I, Elias JA, Voelkel NF, Henson PM. 2003. Apoptosis and
emphysema: The missing link. Am J Respir Cell Mol Biol 28:551-554.
Tuder RM, Yoshida T, Arap W, Pasqualini R, Petrache I. 2006. State of the art.
Cellular and molecular mechanisms of alveolar destruction in emphysema:
An evolutionary perspective. Proc Am Thorac Soc 3:503-510.

Uccelli A, Moretta L, Pistoia V. 2006. Immunoregulatory function of mesen-
chymal stem cells. Eur J Immunol 36:2566-2573.

Uccelli A, Pistoia V, Moretta L. 2007. Mesenchymal stem cells: A new strategy
for immunosuppression? Trends Immunol 28:219-226.

Vanoirbeek JA, Rinaldi M, De Vooght V, Haenen S, Bobic S, Gayan-Ramirez
G, Hoet PH, Verbeken E, Decramer M, Nemery B, Janssens W. 2009.

Noninvasive and invasive pulmonary function in mouse models of obstruc-
tive and restrictive respiratory diseases. Am J Respir Cell Mol Biol 42:96-104.

Voelkel NF, Vandivier RW, Tuder RM. 2006. Vascular endothelial
growth factor in the lung. Am J Physiol Lung Cell Mol Physiol 290:L209-
L221.

Xu J, Woods CR, Mora AL, Joodi R, Brigham KL, Iyer S, Rojas M. 2007.
Prevention of endotoxin-induced systemic response by bone marrow-de-
rived mesenchymal stem cells in mice. Am J Physiol Lung Cell Mol Physiol
293:L131-L141.

Yao H, de Boer WI, Rahman I. 2008. Targeting lung inflammation: Novel
therapies for the treatment of COPD. Curr Respir Med Rev 4:57-68.
Yoshida T, Tuder RM. 2007. Pathobiology of cigarette smoke-induced
chronic obstructive pulmonary disease. Physiol Rev 87:1047-1082.
Zandvoort A, Postma DS, Jonker MR, Noordhoek JA, Vos JT, van der Geld
YM, Timens W. 2006. Altered expression of the Smad signalling pathway:
Implications for COPD pathogenesis. Eur Respir J 28:533-541.

Zhen G, Xue Z, Zhao J, Gu N, Tang Z, Xu Y, Zhang Z. 2010. Mesenchymal
stem cell transplantation increases expression of vascular endothelial growth

factor in papain-induced emphysematous lungs and inhibits apoptosis of
lung cells. Cytotherapy 12:605-614.

JOURNAL OF CELLULAR BIOCHEMISTRY

335

rMSCs PROTECT CIGARETTE SMOKE-DAMAGED LUNG



