
Abstract. – OBJECTIVE: Bone marrow-de-
rived mesenchymal stem cells (MSCs) can
serve as a vehicle for gene therapy. FGF2 (ba-
sic fibroblast growth factor) is a multifunctional
growth factor and exhibits diverse function in
different cell types, it also has pleiotropic ef-
fects in different tissues and organs, including
potent angiogenic effects and an important role
in the differentiation and function of the central
nervous system. We hypothesized that MSC-
based FGF2 gene therapy might be a potential
therapeutic approach for lipopolysaccharide
(LPS)-induced lung injury.

MATERIALS AND METHODS: MSCs were
isolated from 6 week-old inbred male mice and
transduced with the FGF2 gene, using a
lentivirus vector.

RESULTS: In the in vivo mouse model, the
LPS-induced lung injury was markedly alleviat-
ed in the group treated with MSCs carrying
FGF2 (MSCs-FGF2), compared with groups
treated with MSCs alone. The histopathological
index of LPS-induced lung injury was improved
after MSCs-based FGF2 gene treatment. The
MSCs-FGF2 administration also reduced the
level of inflammatory cytokines.

CONCLUSIONS: These results suggest that
MSCs and FGF2 have a synergistic role in the
treatment of LPS-induced lung injury.

Key Words:
Bone marrow-derived mesenchymal stem cells, Fi-

broblast growth factor, LPS-induced lung injury, Gene
therapy.

Abbreviations

ALI: Acute Lung Injury; ARDS: Acute respiratory
syndrome; MSCs: Mesenchymal stem cells; FGF2: Fi-
broblast growth factor 2; LPS: Lipopolysaccharide; HE:

European Review for Medical and Pharmacological Sciences

Mesenchymal stem cell-based FGF2 gene therapy
for acute lung injury induced by
lipopolysaccharide in mice

Y.-F. ZHAO1, Y.-M. LUO2, W. XIONG1, W. DING1, Y.-R. LI1, W. ZHAO1,
H.-Z. ZENG1, H.-C. GAO1, X.-L. WU3

1Department of Respiratory Medicine, Pudong New Area, Gongli Hospital, Shanghai, P.R. China
2Diagnostics teaching and research section, Southeast University Medical College, Nanjing, P.R. China
3Institute of Respiratory Medicine, Xinqiao Hospital, Third Military Medical University, Chongqing, P.R.
China

Yi-Min Luo and Yun-Feng Zhao contributed equally to this work

Corresponding Author: Xue-Ling Wu, MD; e-mail: wuxueling_2014@126.com 857

Hematoxylin-eosin; BALF: Bronchoalveolar lavage flu-
id; MPO: Myeloperoxidase; PBS: Phosphate-buffered
saline.

Introduction

Acute lung injury (ALI) and its more severe
form, the acute respiratory distress syndrome
(ARDS) are syndromes of acute respiratory fail-
ure, which was defined by radiological (bilateral
lung field infiltrates) and physiological criteria in
which widespread damage to cells and structures
of the alveolar capillary membrane occurs within
hours to days1. The ALI/ARDS may occur as a
consequence of critical illness of diverse etiolo-
gies, including direct injury to lung, such as
pneumonia, aspiration, toxic inhalation, near-
drowning, or lung contusion; as well as indirect
mechanisms, such as sepsis, burn, pancreatitis,
gynecological insults (abruption of placenta, am-
niotic embolism, eclampsia), or massive blood
transfusion2. The mortality rate associated with
ARDS has declined from 90% about twenty
years ago to 30%-40% at present3. However, it is
still one of the major causes of pulmonary and
nonpulmonary morbidity in patients after dis-
charge4.
Recently, transplantation of various stem or

progenitor cells such as bone marrow-derived
mesenchymal stem cells (MSCs) or endothelial
progenitor cells was reported to reduce mortality
and attenuate ALI induced by endotoxins or sep-
sis in a rodent model5-7. This attenuation was as-
sociated with moderation of the inflammatory re-
action that accompany ALI, with variable anti-
bacterial effects8,9. These studies indicate that
MSCs treatment could be a new therapeutic
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Establishment of the Acute Lung
Injury Model of Mice
Eight-to-ten-week-old female C57/B6 mice were

treated with either 20 mg/kg lipopolysacharide
(LPS, Sigma-Aldrich, St. Louis, MO, USA) from
Escherichia coli (serotype 0111:B4) in 100 ul PBS
or an equal volume of PBS, as vehicle control, by
intraperitoneal injection.

MSC Isolation and Culture
MSC culture was obtained from C57/B6 mice.

Bone marrow was obtained by flushing the tibias
and femurs using DMEM medium with 25 mM
HEPES and 10% fetal bovine serum (FBS, Invit-
rogen Life Technologies, Carlsbad, CA, USA).
The bone marrow mononuclear cells were isolat-
ed by density gradient centrifugation (Ficoll-
Paque PLUS, Pharmacia, Walkersville, MD,
USA). The cells were washed and resuspended in
low-glucose DMEM containing 15% FBS and
1% penicillin/streptomycin (Solarbio, Beijing,
China) to a density 5×106/ml. The resuspended
cells were cultured immediately at a density of
2×106/ml in a 5% CO2 incubator at 37°C. The
non-adherent cells were removed by medium
changes. The cells were passaged every 3-4 days
by trypsinization, and the 4th passage cells were
used for in vivo experiments.

Lentivirus Preparation and Infection
Vectors for lentivirus packaging including

pMDL, pRev pVSVG and lentivirus transfer vec-
tor were purchased from Clontech (TaKaRa, Ky-
oto, Japan). Lentiviral vector were transfected in-
to 293T cells using CaPO4 precipitation. After
24h, the medium was changed to DMEM con-
taining 15% FBS. Forty-eight hours post tranfec-
tion, the lentiviral supernatants were harvested,
supplemented with 6 ug/ml polybrene, and used
to infect MSCs cells.

MSC Administration
One hour after LPS injection, the mice were

given either 5×106 MSCs in 100 µL phosphate
buffered saline (PBS) (in MSCs-treated ALI
group) or 100 µL PBS (in PBS-treated ALI group
and control group) via tail vein injection. At 24h
after the injection, samples were collected from
each mouse for assessment of lung injury.

Histopathologic Analysis and Lung
Injury Scores
Following sacrifice at each time point, the

whole left lower lobe of the lung was fixed in a

modality for the treatment of ALI. Mesenchymal
stem cells or marrow stromal cells are being
studied with increasing intensity as their poten-
tial grows for use as a therapeutic tool10. These
cells, commonly referred to as adult mesencyhy-
mal stem cells (MSCs) or progenitor cells, have
been collected from the bone marrow of several
species and from human umbilical cord blood10.
An attractive feature of these cells is their capaci-
ty to differentiate into a number of mature cell
types, including fibroblasts, myofibroblasts, os-
teoblasts, chondroblasts, adipocytes, myoblasts,
and epithelial cells11,12.
FGF2, also known as basic fibroblast growth

factor, is a member of the fibroblast growth fac-
tor family13. FGF2 is the prototype member of a
large family of structurally related, heparin bind-
ing, polypeptide growth factors and it found in
virtually all tissues studied, both normal and ma-
lignant. Classically it is known as an angiogenic
factor, stimulating the proliferation and invasion
of the endothelial cells required for capillary for-
mation as well as being a potent mitogen for fi-
broblast cells14. However, FGF2 is now known to
be pleiotropic, having a variety of functions de-
pending on its location.
In this study, we hypothesize that the FGF2

gene contained MSCs have a potential therapeu-
tic effect on LPS-induced lung injury. We con-
struct a lentivirus vector containing FGF2 gene,
and then transduce the MSCs which isolated
from the bone marrow of C57/B6 mice by
lentivirus infection. Our data suggested that the
treatment of FGF2 gene contained MSCs have a
benefical effect on LPS-induced lung injury com-
pared with the control group mice which treated
with MSCs alone, such as low lung injury scores,
proinflammatory cytokines secretion and neu-
trophils infiltration. In summary, our data demon-
strate a potential new approach to the therapy of
the acute lung injury.

Materials and Methods

Mice
Thirty-six C57/B6 mice were purchased from

the SLRC Laboratory (Shanghai, China). The
mice were randomized into control group (n=10,
PBS treated), ALI group (n=10, LPS treated on-
ly), MSCs control group (n=10, LPS+MSCs-
GFP treated) and MSCs-FGF-2 treated group
(n=10). Mice were sacrificed at 24 hours after
LPS and MSCs administration.
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4% formaldehyde neutral buffer solution for 24
hours, dehydrated in a graded ethanol series, em-
bedded in paraffin, and sliced at 5 µm. Paraffin
sections were stained with hematoxylin-eosin
(HE) for histopathological analysis.
In order to assess the severity of the lung in-

jury, we used a semi-quantitative histological in-
dex of quantitative assessment (IQA) of lung in-
jury. Eight sections were randomly selected from
each group of rats, and 10 fields from each sec-
tion were examined by microscopy (40×). A
pathologist who was blinded to this study evalu-
ated all of the sections. The average values of the
lung injury obtained were considered a semi-
quantitative histological IQA of lung injury.

qRT-PCR Analysis
Total RNA was extracted from pulmonary tis-

sues using Trizol reagent (Invitrogen; Carlsbad,
CA, USA) according to the manufacturer’s proto-
col. RT-PCR kits (TaKaRa, Kyoto, Japan) were
used for RT-PCR experiment. Four micrograms
of total RNA template were used to make cDNA
by using AMV reverse transcriptase and random
9 mers as the first-strand primer. Synthesized cD-
NA was used in qPCR experiments. Quantitative
real-time PCR (qRT-PCR) was performed using a
40-cycle two-step PCR with sepuence-specific
primer pairs using the ABI7900 fast real-time de-
tection (ABI, Life Technology, Carlsbad, CA,
USA). Primers were designed using the Primer
Express 3.0 software. The level of the mRNA ex-
pression were evaluated as a ratio based on qRT-
PCR results for lung tissue GAPDH mRNA.

Elisa
Detection of TNF-α and IL-6 amount with

ELISA according to the manufacturer’s protocol
(R&D Systems Inc., Minneapolis, MN, USA).
The experiment was repeated three times and re-
sults were shown with the mean value.

Lung Wet/dry Weight Ratio
The superior lobe of the right lung was

cleansed and weighed to obtain the wet weight,
and was then placed in an oven at 80 Gray for
48h for measurement of the dry weight. The ratio
of the wet weight to dry weight was calculated to
assess the tissue edema.

Btonchoalveolar Lanage (BAL)
Examination
The trachea was exposed and cannulated with

a catheter. The left lung was lavaged for 3 times

with sterile PBS in a volume of 0.5 ml/wash. The
fluid recovered after lavage was greater than 90%
on average. The BAL fluid (BALF) was cen-
trifuged at 2000 rpm for 10 min at 4°C, and the
supernatant was stored at –80°C for cytokine and
protein analysis, while the cell pellet was resus-
pended in PBS for counting the neutrophils.

Myeloperoxidase (MPO) Activity Assay
MPO activity in the homogenized lung tissue

was measured as described by Gray et al. The
MPO concentration was detected using a MPO
ELISA kit (Bluegene, Shanghai, China). Briefly,
the lung tissue was homogenized and centrifuged
at 15000 rpm for 20 min at 4°C. The super-
natants and standard sample were added into a
microtiter plate (100 µL/well) precoated with a
murine anti-MPO mAb. After incubation for 1h
at 37°C, the plate was washed for 6 times fol-
lowed by addition of the substrate and stop solu-
tion, and the optical density (OD) at 450 nm was
measured using a microplate reader. All the sam-
ples were assayed in triplicate.

The Measure of Protein Concentration
in Lung BALF
The concentration of protein in the BALF was

measured using Bradford reagent (Bio-Rad Pro-
tein Assay kit, Hercules, CA, USA). Briefly, 160
ul of each standard and sample solution was
pipetted into separate microtiter plate wells, and
40 ul of the dye reagent was added to each well
and mixed thoroughly. The mixture was incubat-
ed at room temperature for at least 5 min before
measurement of the OD at 595 nm. Comparison
to a standard curve provided a relative measure-
ment of the protein concentration.

Cell Culture and Treatments
Calu-3 human airway epithelial cells and hu-

man pulmonary epithelial cells were cultured as
described previously15. Lentivirus containing
mouse basic fibroblast growth factor (FGF-2)
gene (LeFGF-2) and control GFP (LeGFP) were
constructed above. Cells were cultured for 24
hours to reach 70% confluence and transduced
with LeFGF-2 or LeGFP respectively. And then
the transfected cells were collected at indicated
time point for the MTT assay.

Cell Proliferation Analysis
The cell proliferation of LeFGF-2-transfected

and LeGFP-transfected cells was evaluated by
MTT analysis at indicated time points (n=3 for
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Figure 1. The induction of ALI in mice and ex-
pression of FGF-2 in different ALI mice lung tis-
sues. The H&E-stained lung sections following
24h of induction of ALI in the (A) PBS control
mice and (B) LPS-induced ALI mice. (C) Level of
FGF-2 mRNA in different ALI mice groups (*p <
0.05, compared with PBS control). (D) Level of
FGF-2 protein in different ALI mice groups. Data
are expressed as mean ± SD (error bars). ALI,
acute lung injury; FGF-2, basic fibroblast growth
factor 2; PBS, phosphate-buffered saline; LPS,
lipopolysaccharide; H&E, hematoxylin and eosin.
(A-B 100 ×).
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jection, and then the lung tissue of ALI group
mice and control mice were taken for paraffin
section. Representative histologic sections from
lungs of mice from each experimental group are
presented in Figure 1A. Lungs from mice receiv-
ing PBS but no LPS appeared histologically nor-
mal. Compared with the control group, the lung
from mice receiving LPS induction appeared
markedly alteration in lung architecture, with in-
creased cellularity and fibrosis. To further assess
the level of FGF2 in the injured lung tissue, we
detected the expression of FGF2 in different
mice lung tissue by real-time PCR and Western
blot. Our results showed that the level of FGF2
mRNA and protein was decreased compared with
the control group mice (Figure 1B).

MSC Characterization and Retrovirals
Induced FGF-2 Overexpression in MSCs
Previous studies have demonstrated that the

MSCs has the therapeutic effect on mice LPS-in-
duced ALI, in addition, the FGF2 have the func-
tion of promoting the proliferation of fibroblast
cells. So we hypothesis that whether the FGF2
overexpressed MSCs have an optimal effect on
ALI. As we know, MSCs have many markers16-18.
To characterize the phenotype of the MSCs that
we isolated, we detected the typical mesenchymal
stem cell surface markers such as CD105, CD90,
CD73, and CD106, in the addition, we also de-
tected the hematopoietic lineage markers CD45,

each group). Briefly, MTT (Amresco, Solon, OH,
USA) solution was added and then incubated for
4h. Finally, the medium was replaced with di-
methyl sulfoxide (DMSO) and the absorbance was
measured at 490 nm by ELX Ultra Microplate
Reader (Bio-Tek, Winooski, VT, USA). All experi-
ments were performed in triplicate.

Statistical Analysis
All the data were analyzed using SPSS13.0

software (SPSS Inc., Chicago, IL, USA) and ex-
pressed as Means±SD. Significant differences
were assessed by one-way analysis of variance
(ANOVA) followed by Fisher protected least sig-
nificant difference test. A probability value of
less than 0.05 was considered to indicate a statis-
tical significance.

Results

Decreased Expression of FGF-2 in
LPS-induced Acute Lung Injury
Previous studies have demonstrated that, as a

member of the fibroblast growth factor family,
FGF2 could stimulate the proliferation and inva-
sion of the endothelial cells required for capillary
formation as well as being a potent mitogen for
fibroblast cells. In order to study the function of
FGF2 in the acute lung injury, we induced acute
lung injury in mice by intravenous endotoxin in-
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Figure 2. Flow cytometric immunopheno-
type analysis of the mesenchymal stem cells
(MSCs) and the expression of FGF-2 in trans-
ducted MSCs using lentivirus vector. (A) The
adherent MSCs expressed CD90, CD105,
CD73, and CD106, but not CD45, CD34,
CD14, and CD11b; (B) The level of FGF-2
mRNA and protein in lentivirus infected
MSCs. (C) The transduction of FGF-2 into
MSCs using lentivirus vector. MSCs, mesen-
cyhmal stem cells; FGF-2, basic fibroblast
growth factor 2.
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the transplantation of a FGF2-MSCs had a dis-
tinct therapeutic effect on LPS-induced ALI com-
pared with the MSCs treated group (Figure 3D).
To further assess the degree of pulmonary in-

jury, the lung injury was scored according to the
degree of alveolar congestion, hemorrhage, neu-
trophil infiltration, and wall thickening (Figure
3E). As shown in Figure 3E, the administration of
MSCs decreased the lung injury index compared
with the PBS treated ALI mice. In addition, the
index of the FGF2-MSCs treated group was sig-
nificantly lower than those of the PBS-treated (p
< 0.001) and MSCs treated group (p < 0.05).
In ALI mice, the LPS induction dramatically

increase the neutrophil counts and the lung
wet/dry ratio (Figure 3F and H). However, as
shown in Figure 3F and 3H, these increases were
markedly reduced by treatment of MSCs and
FGF-2-MSCs compared with those PBS treated
group mice. In addition, the administration of the
FGF-2-expressed MSCs also reduced the neu-
trophil counts in BALF and the lung wet/dry ra-
tio, and the difference in cell count and wet/dry
ratio between MSCs treated group and FGF-2
treated group was significant.
Additionaly, the mRNA level of FGF-2 in the

lung tissue of different MSCs treated group mice
was detected by Real-Time PCR, we found the

CD34, CD14, and CD11b. We found that the
MSCs expressed the typical MSC surface marker
CD105, CD90, CD73, and CD106, meanwhile
the flow cytometry analysis demonstrated that the
cells did not express the cell surface markers
CD45, CD34, CD14, and CD11b (Figure 2A).
To investigate the therapeutic effect of FGF2

and MSCs on LPS-induced ALI, we generated a
FGF2 carried MSCs using a lentivirus vector
which containing FGF2 gene. Then we detected
the expression of FGF2 in the lentivirus infected
MSCs by Real-Time PCR (Figure 2B) and con-
firmed the over-expression of FGF2 mediated by
lentivirus transduction by FACS sorting (Figure
2C). Collectively, these results indicate that the
FGF2 expressing lentivirus vector increased the
expressing level of FGF2 in bone marrow derived
MSCs.

Effect of Different Treated MSC
Transplantation on the Lung
Histopathology and Lung Injury Scores
As shown in Figure 3, the administration of

MSCs after LPS induction reduced the extent of
inflammation within the lung as evidenced by
large areas of undamaged tissue with normal
alveolar architecture compared with the PBS
treated ALI group (Figure 3A and C). Moreover,



Figure 3. Histopathological index of injured
mice lung. The H&E-stained lung sections fol-
lowing the different treatments in (A) healthy
controls; (B) PBS treated group; (C) MSCs-
treated only group and (D) FGF-2-MSCs treat-
ed group. (E) The lung injury index of the dif-
ferent treated mice. (F) The neutrophil count
in the BALF of different treated mice. (G) The
level of FGF-2 mRNA in different treated
mice. (H) The wet/dry ratio of different groups
of mice. *p < 0.05 compared with the Ctr
group mice; **p < 0.05 compared with LPS
group mice; ***p < 0.05 compared with the Ctr
group mice; #p < 0.05 compared with the LPS
group mice; ##p < 0.05 compared with the
MSCs group mice. ALI, acute lung injury;
FGF-2, basic fibroblast growth factor 2; PBS,
phosphate-buffered saline; LPS, lipopolysac-
charide; H&E, hematoxylin and eosin; BALF,
bronchoalveolar lavage fluid; MSCs, mesen-
cyhmal stem cells; Ctr, control. (A-D 100 ×).

Figure 4. Proinflammatory cytokines, pro-
tein and MPO concentration in BALF of ALI
mice lung homogenates. (A) TNF-α; (B) IL-
6; (C) protein and (D)MPO concentration in
BALF of ALI mice following the different
types of treatment. *p < 0.05 compared with
the Ctr group mice; **p < 0.05 compared
with LPS group mice; ***p < 0.05 compared
with the Ctr group mice; #p < 0.05 compared
with the LPS group mice; ##p < 0.05 com-
pared with the MSCs group mice. ALI, acute
lung injury; FGF-2, basic fibroblast growth
factor 2; PBS, phosphate-buffered saline;
LPS, lipopolysaccharide; H&E, hematoxylin
and eosin; BALF, bronchoalveolar lavage
fluid; MSCs, mesencyhmal stem cells; MPO,
myeloperoxidase; Ctr, control.
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and 4B, the level of TNF-α and IL-6 in BALF
were significantly increased in PBS-treated ALI
group mice compared with those in the health
control group. Moreover, the administration of
MSCs and FGF-2-MSCs significantly reduced
the elevated TNF-α and IL-6 concentration. In
addition, the level of TNF-α in BALF was
markedly decreased in FGF-2 expressed MSCs
treated group compared with those in the MSCs
alone treated group. But the secretion of IL-6
was no change between MSCs-treated group and

expression of FGF-2 was increased in the FGF2-
expressed MSCs treated mice, this result was
consistent with the data of the therapeutic effect.

IL-6, TNF-α and protein concentration in
BALF and MPO in lung homogenates
To determine effects of MSCs and FGF-2-

MSCs transfer on the local inflammatory milieu
in the lung, we detected the concentration of pro-
inflammatory cytokines in BALF by ELISA,
such as TNF-α and IL-6. As shown in Figure 4A
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Figure 5. Gene transfection confirmation and cell proliferation. (A) The expression of FGF-2 mRNA in different transfected
or un transfected Calu-3 human airway epithelial cells; (B) The level of protein of FGF-2 in different transfected or untrans-
fected Calu-3 human airway epithelial cells; (C) the expression of FGF-2 mRNA in different transfected or untransfected
human pulmonary epithelial cells; (D) the level of protein of FGF-2 in different transfected or untransfected human pulmonary
epithelial cells; (E) MTT assay of untransfected, GFP transfected (LeGFP) and FGF-2 transfected (LeFGF-2) Calu-3 human
airway epithelial cells at indicated time points; (F) MTT assay of untransfected, GFP transfected (LeGFP) and FGF-2 trans-
fected (LeFGF-2) human pulmonary epithelial cells at indicated time points. *p < 0.05 compared with untransfected or GFP
transfected control group.
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eration with the MTT assay. We found that the
transfection of FGF-2 enhanced the expression of
FGF-2 in the mRNA and protein levels, whether
in lung airway epithelial cells or lung epithelial
cells (Figure 5A-5D). Meanwhile, the MTT as-
say results revealed that, compared with the un-
transfected or GFP transfected control group, the
FGF-2 transfection could remarkably promote
the proliferation of lung epithelial cell (Figure
5F), but the effect of FGF-2 on the lung airway
epithelial cells was not significant (Figure 5E).
These data suggested that FGF-2 might enhance
the proliferation of lung tissue epithelial cells to
repair the damaged lung tissue.

Discussion

Previous acute lung injury animal model stud-
ies demonstrated that, bone marrow derived MSC
have an markedly therapeutic effect on LPS-in-

FGF2 expressed MSCs treated group. Mean-
while, we detected the protein concentration in
BALF and the level of MPO in the lung ho-
mogenates, the data was consistent with the re-
sults of the cytokine level in BALF and the lung
injury index (Figure 4C and D).

FGF-2 Promote the Proliferation of Lung
Epithelial Cell in vitro
The above data showed that the treatment of

FGF-2-MSCs could protect mice from LPS-in-
duced lung injury. Previous studies demonstrated
that, as a fibroblast growth factor, FGF-2 could
stimulate the proliferation and invasion of the en-
dothelial cells. So we hypothesized that whether
FGF-2 promote the lung epithelial cells prolifera-
tion and subsequent lung tissues repair. To fur-
ther investigate the mechanism of FGF-2 on the
lung injury, we transfected the FGF-2 contained
lentivirus into lung airway epithelial cells and
lung epithelial cell, and then measured the prolif-
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duced acute lung injury, such as restoring lung
function, repairing damaged lung tissue and in-
creasing survival rate via its anti-inflammation,
anti-apoptosis, and immune regulation proper-
ties. This may serve as a potential therapy for
ALI induced by endotoxins or sepsis in a rodent
model. As we know, fibroblast growth factors
(FGFs) are signaling proteins of 150-300 amino
acids with diverse functions, mainly in develop-
ment and metabolism. Recently, it was demon-
strated that FGF-2 function as an angiogenic fac-
tor19, neurogenesis and neurodegeneration20, bone
homeostasis and fracture repair21, heart develop-
ment22 and the self-renewal of embryonic fibrob-
lasts23.
In this report, we demonstrate that FGF-2 gene

carried MSCs exerted a beneficial therapeutic ef-
fect on the LPS-induced lung injury. But the
treatment of MSCs only had limited effect.
Moreover, our in vivo data suggested that the
transplantation of FGF-2 gene modified MSCs
could markedly improve the histopathology and
decrease the lung injury index of lung injury in-
duced by LPS.
As showed in previous studies over the last

few years on the MSCs24-27 or FGF228-30, we gen-
erated a FGF2 gene carried MSCs with a FGF2
gene contained lentivirus vector. We found that
MSCs and FGF2 gene have a beneficial synergis-
tic effect on the therapy of LPS-induced acute
lung injury. Our data suggested that the MSCs
have not only been used as therapeutic cells, but
also developed as vehicles for gene delivery.
In our experiments, the MSCs was isolated

from the bone marrow of C57BL/6 mice, and
then we chose several typical cell surface mark-
ers for bone marrow, such as CD45, CD34,
CD14 and CD11b, and for MSCs, such as CD73,
CD90, CD105 and CD106. We characterized the
differentiation of MSCs from bone marrow by
Flow cytometric immunophenotype, as shown in
Figure 2, almost all these cells expressed the
MSCs specific surface marker CD105, CD90,
CD73 and CD106, but not the hematopoietic lin-
eage typical markers, such as CD45, CD34,
CD14 and CD11b (Figure 2).
To further investigate the therapeutic function

of MSCs on LPS-induced ALI, we chose
lentivirus vectors to modify MSCs with FGF2
gene because of the high efficiency of gene de-
livery and the integration of the gene into divid-
ing MSCs. In our experiment, we achieved a high
gene transduction efficiency at day 5 after expo-
sure to lentivirus vectors (Figure 2).

Previous studies revealed that FGF2 have a
function of promoting the self-renew of embry-
onic fibroblastes31. In this study, we found that
the inflammatory response and vascular leakage
in the lung after LPS induction were attenuated
with the administration of the FGF2 modified
MSCs. In addition, treatment of FGF2 gene mod-
ified MSCs suppressed the expression of pro-in-
flammatory cytokine gene, such as TNF-a and
IL-6 (Figure 4). Meanwhile, the MTT assay sug-
gested that the FGF-2 might enhance the prolifer-
ation of lung tissue epithelial cell and promote
the reparation of damaged lung tissue (Figure 5).

Conclusions

Our findings demonstrated that the FGF2 gene
modified MSCs has a perfectly therapeutic effect
on LPS-induced acute lung injury. As a highly ef-
ficient gene vehicle for the therapy of lung in-
jury, MSCs and the modification of FGF2 may
provide a platform for designing novel therapeu-
tic approaches to attenuate the tissue injury in
lung injury disease.

––––––––––––––––––––
Acknowledgements
The authors thank all subjects enrolled in this study. The
present study was supported by the Pudong New Area
Health Bureau Foundation of Shanghai (Grant no. PWRd
2012-07 to Yun-feng Zhao) and Key Specialty Construction
Project of Pudong Health and Family Planning Commission
of Shanghai(Grant no. PWZz 2013-07 to Yun-feng
Zhao),and the National Natural Science Foundation of Chi-
na (Grant no. 81070056 and 81270130 to Xue-ling Wu).

–––––––––––––––––-––––
Conflict of Interest
The Authors declare that they have no conflict of interests.

Reference

1) MATTHAY MA, ZEMANS RL. The acute respiratory dis-
tress syndrome: pathogenesis and treatment. An-
nu Rev Pathol 2011; 6: 147-163.

2) WARE LB, MATTHAY MA. The acute respiratory distress
syndrome.N Engl J Med 2000; 342: 1334-1349.

3) ZAMBON M, VINCENT JL. Mortality rates for patients
with acute lung injury/ARDS have decreased over
time. Chest 2008; 133: 1120-1127.

4) WILCOX ME, HERRIDGE MS. Long-term outcomes in
patients surviving acute respiratory distress syn-
drome. Semin Respir Crit Care Med 2010; 31: 55-
65.

Y.-F. Zhao, Y.-M. Luo, W. Xiong, W. Ding, Y.-R. Li, W. Zhao, H.-Z. Zeng, H.-C. Gao, X.-L. Wu



Mesenchymal stem cell-based FGF2 gene therapy for acute lung injury induced by LPS in mice

865

19) TANGHETTI E, RIA R, DELL'ERA P, URBINATI C, RUSNATI M,
ENNAS MG, PRESTA M. Biological activity of sub-
strate-bound basic fibroblast growth factor
(FGF2): recruitment of FGF receptor-1 in endothe-
lial cell adhesion contacts. Oncogene 2002; 21:
3889-3897.

20) FEI Y, GRONOWICZ G, HURLEY MM. Fibroblast growth
factor-2, bone homeostasis and fracture repair.
Curr Pharm Des 2013; 19: 3354-3363.

21) WOODBURY ME, IKEZU T. Fibroblast growth factor-2
signaling in neurogenesis and neurodegenera-
tion. J Neuroimmune Pharmacol 2014; 9: 92-101.

22) ITOH N, OHTA H. Pathophysiological roles of FGF
signaling in the heart. Front Physiol 2013;4:247.

23) DIECKE S, QUIROGA-NEGREIRA A, REDMER T, BESSER D.
FGF2 signaling in mouse embryonic fibroblasts is
crucial for self-renewal of embryonic stem cells.
Cells Tissues Organs 2008; 188: 52-61.

24) VAN HAAFTEN T, BYRNE R, BONNET S, ROCHEFORT GY,
AKABUTU J, BOUCHENTOUF M, REY-PARRA GJ, GALIPEAU

J, HAROMY A, EATON F, CHEN M, HASHIMOTO K, ABLEY

D, KORBUTT G, ARCHER SL, THEBAUD B. Airway deliv-
ery of mesenchymal stem cells prevents arrested
alveolar growth in neonatal lung injury in rats. Am
J Respir Crit Care Med 2009; 180: 1131-1142.

25) ASLAM M, BAVEJA R, LIANG OD, FERNANDEZ-GONZALEZ

A, LEE C, MITSIALIS SA, KOUREMBANAS S. Bone marrow
stromal cells attenuate lung injury in a murine
model of neonatal chronic lung disease. Am J
Respir Crit Care Med 2009; 180: 1122-1130.

26) ORTIZ LA, GAMBELLI F, MCBRIDE C, GAUPP D, BADDOO

M, KAMINSKI N, PHINNEY DG. Mesenchymal stem
cell engraftment in lung is enhanced in response
to bleomycin exposure and ameliorates its fibrotic
effects. Proc Natl Acad Sci 2003; 100: 8407-8411.

27) ROJAS M, XU J, WOODS CR, MORA AL, SPEARS W, RO-
MAN J, BRIGHAM KL. Bone marrow-derived mes-
enchymal stem cells in repair of the injured lung.
Am J Respir Cell Mol Biol 2005; 33: 145-152.

28) MAILLOUX AW, ZHANG L, MOSCINSKI L, BENNETT JM,
YANG L, YODER SJ, BLOOM G, WEI C, WEI S, SOKOL

L, LOUGHRAN TP, JR., EPLING-BURNETTE PK. Fibrosis
and subsequent cytopenias are associated with
basic fibroblast growth factor-deficient pluripo-
tent mesenchymal stromal cells in large granular
lymphocyte leukemia. J Immunol 2013; 191:
3578-3593.

29) ISRASENA N, HU M, FU W, KAN L, KESSLER JA. The
presence of FGF2 signaling determines whether
beta-catenin exerts effects on proliferation or neu-
ronal differentiation of neural stem cells. Dev Biol
2004; 268: 220-231.

30) KNELSON EH, GAVIGLIO AL, TEWARI AK, ARMSTRONG

MB, MYTHREYE K, BLOBE GC. Type III TGF-beta re-
ceptor promotes FGF2-mediated neuronal differ-
entiation in neuroblastoma. J Clin Invest 2013;
123: 4786-4798.

31) DIGHE PA, VISWANATHAN P, MRUTHUNJAYA AK,
SEETHARAM RN. Effect of bFGF on HLA-DR expres-
sion of human bone marrow-derived mesenchy-
mal stem cells. J Stem Cells 2013; 8: 43-57.

5) MATTHAY MA, GOOLAERTS A, HOWARD JP, LEE JW.
Mesenchymal stem cells for acute lung injury:
preclinical evidence. Crit Care Med 2010; 38:
S569-573.

6) CRIBBS SK, MATTHAY MA, MARTIN GS. Stem cells in
sepsis and acute lung injury. Crit Care Med 2010;
38: 2379-2385.

7) LEE JW, GUPTA N, SERIKOV V, MATTHAY MA. Potential
application of mesenchymal stem cells in acute
lung injury. Expert Opin Biol Ther 2009; 9: 1259-
1270.

8) KRASNODEMBSKAYA A, SONG Y, FANG X, GUPTA N,
SERIKOV V, LEE JW, MATTHAY MA. Antibacterial effect
of human mesenchymal stem cells is mediated in
part from secretion of the antimicrobial peptide
LL-37. Stem Cells 2010; 28: 2229-2938.

9) MEI SH, HAITSMA JJ, DOS SANTOS CC, DENG Y, LAI PF,
SLUTSKY AS, LILES WC, STEWART DJ. Mesenchymal stem
cells reduce inflammation while enhancing bacterial
clearance and improving survival in sepsis. Am J
Respir Crit Care Med 2010; 182: 1047-1057.

10) PROCKOP DJ. Marrow stromal cells as stem cells for
nonhematopoietic tissues. Science 1997; 276: 71-
74.

11) PITTENGER MF, MACKAY AM, BECK SC, JAISWAL RK,
DOUGLAS R, MOSCA JD, MOORMAN MA, SIMONETTI

DW, CRAIG S, MARSHAK DR. Multilineage potential of
adult human mesenchymal stem cells. Science
1999; 284: 143-147.

12) PROCKOP DJ, GREGORY CA, SPEES JL. One strategy for
cell and gene therapy: harnessing the power of
adult stem cells to repair tissues. Proc Natl Acad
Sci 2003; 100: 11917-11923.

13) KIM HS. Assignment1 of the human basic fibrob-
last growth factor gene FGF2 to chromosome 4
band q26 by radiation hybrid mapping. Cytogenet
Cell Genet 1998; 83: 73.

14) BASILICO C, MOSCATELLI D. The FGF family of growth
factors and oncogenes. Adv Cancer Res 1992;
59: 115-165.

15) ECKLE T, FULLBIER L, WEHRMANN M, KHOURY J, MITTEL-
BRONN M, IBLA J, ROSENBERGER P, ELTZSCHIG HK. Iden-
tification of ectonucleotidases CD39 and CD73 in
innate protection during acute lung injury. J Im-
munol 2007; 178: 8127-8137.

16) DOMINICI M, LE BLANC K, MUELLER I, SLAPER-CORTEN-
BACH I, MARINI F, KRAUSE D, DEANS R, KEATING A,
PROCKOP D, HORWITZ E. Minimal criteria for defining
multipotent mesenchymal stromal cells. The Inter-
national Society for Cellular Therapy position
statement. Cytotherapy 2006; 8: 315-317.

17) ANJOS-AFONSO F, SIAPATI EK, BONNET D. In vivo con-
tribution of murine mesenchymal stem cells into
multiple cell-types under minimal damage condi-
tions. J Cell Sci 2004; 117: 5655-5664.

18) PEISTER A, MELLAD JA, LARSON BL, HALL BM, GIBSON

LF, PROCKOP DJ. Adult stem cells from bone mar-
row (MSCs) isolated from different strains of in-
bred mice vary in surface epitopes, rates of prolif-
eration, and differentiation potential. Blood 2004;
103: 1662-1668.


