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Engraftment of bone marrow stromal cells
in lipopolysaccharide-injured mouse lungs

WANG Wei, QIAN Li-Ling, LIU Hai-Pei, SUN Bo

Laboratory of Pediatric Respiratory and Critical Care Medicine, Children's Hospital and
the Institutes of Biomedical Sciences, Fudan University, Shanghai 201102, China

Abstract:  Objective To explore a feasibility of engraftment of systemically transplanted bone marrow stromal cells
(BMSCs) and differentiation into lung epithelial cells in lipopolysaccharides ( LPS) -injured lungs. Methods BMSCs were
isolated from bone marrow of transgenic green fluorescent protein (GFP) C57BL/6] mice and systemically administered to
bone marrow-suppressed wild-type C57BL/6] mice. A mouse model of lung injury was prepared by intratracheal instillation
of LPS. Recipients were assigned to four groups; intratracheal PBS + BMSCs transplantation (CM) , intratracheal LPS +
BMSCs transplantation (LM) , intratracheal PBS + irradiation + BMSCs transplantation (CIM) and intratracheal LPS +
irradiation + BMSCs transplantation (LIM). BMSCs engraftment in recipient lungs was determined by immunofluorescent
staining 14 days after BMSCs administration. Alveolar epithelial type II cells were isolated from recipient lungs and the rate
of GFP positive cells was measured by flow cytometry. Expression of surfactant protein (SP)-A, SP-C and aquaporin
(AQP)-5 mRNA in the lungs was evaluated by real-time PCR. Results GFP and cytokeratin positive cells were observed in
lung parenchyma of the CIM and the LIM groups, but not in the CM and the LM groups. The LIM group had more positive
cells than the CIM group. The rates of GFP positive cells were higher in the CIM (11.10 +3.19% ) and the LIM groups
(14.40 £2.40% ) than those in the CM and the LM groups (2.82 £1.03% and 3.81 £0.93% , respectively; P <0.05).
The LIM group had higher mRNA expression of SP-C than the CM group (2.09 +0. 18 vs 1.38 £0.30; P <0.05).
Conclusions  Donor derived BMSCs can engraft in LPS-injured lungs and differentiate into lung epithelial cells, suggesting
BMSCs transplantation might contribute to lung repair. [ Chin J Contemp Pediatr, 2009, 11 (5).321 -327]
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Acute lung injury ( ALl)/acute respiratory distress
syndrome (ARDS) , is a significant cause of morbidity

121 especially

and mortality in critically ill patients
when infection is the main etiology. Pneumonia and
sepsis are two leading causes of ALI/ARDS, and ALL/
ARDS is generally regarded as an inflammatory injury
of the lungs based on its pathological and physiological

changes'".

Inflammatory stimuli from microbial patho-
gens, such as endotoxin ( lipopolysaccharides, LPS) ,
are well recognized for their ability to induce systemic
and pulmonary inflammation. One of the histological
characteristics of ALL/ARDS is severe disruption of the
alveolar-capillary membrane barrier as a result of alve-
olar epithelial and endothelial lesions'''. Current strat-
egies of anti-inflammatory have not been successful in
preventing these lesions as either limited therapeutic
effects or specific therapy potential local or systematical

adverse effects®’. ARDS-associated mortality remains

as high as 30%-70%
[2,4]

in adult and pediatric pa-
tients "' . Looking for more effective therapy as com-
plementary to the standard care is of clinical value.
Experimental administration of LPS, either systemi-
cally or intratracheally, is commonly used to induce
pulmonary inflammation in animal models of ALI"®'.
As a most important target as well as promotor, alveolar
epithelial cells are engaged in reparation of injured
lung cells. Recent studies suggest that bone marrow
derived stem cells contribute to injured alveolar epithe-

lial and capillary endothelial repair'”’.

Bone marrow
stromal cells ( BMSCs) are a group of stem cells in
bone marrow that are distinct from hematopoietic stem
cells. BMSCs differentiate into osteoblasts, chondro-
blasts, adipocytes, and hematopoietic supporting stro-
ma **). Recent reports suggest that BMSCs may also
differentiate into nonstromal tissues, including lung ep-
ithelial cells''""’

le to explore the potential use of BMSCs for the treat-

. These data provide a strong rationa-

ment of intractable lung injury. Therefore, the aim of
this study was to explore a feasibility of engraftment of
systemically transplanted BMSCs in LPS-injured lungs
in vivo and identify its differentiation into lung epitheli-

al cells in a mouse model of ALI.

Methods

Animals

Transgenic green fluorescent protein (GFP) C57BL/
6J male mice (4-6 weeks) were obtained for donors
from the Cardiothoracic Surgery Laboratory, Changhai
Hospital of Second Military Medical University in
Shanghai. Wild-type C57BL/6] female mice ( 8-10

weeks) were obtained for recipients from the Experi-
mental Animal Center, Shanghai Institutes for Biologi-
cal Sciences, Chinese Academy of Science. Protocols
for the animal studies were approved by the Scientific
and Ethics Committees at Children’s Hospital of Fudan
University.
Induction of lung injury

Induction of lung injury was performed as previously
described'™

thetized by intraperitoneal injection of 4% chloral hy-

Briefly, the recipient mice were anes-

drate followed by an intratracheal instillation of LPS
(1 mg/kg in PBS) via a canula. The control mice re-
ceived only PBS following the same procedure. LPS
from Escherichia coli serotype 055 :B5 was provided by
Sigma-Aldrich (St. Louis, MO).
Isolation and culture of BMSCs

BMSCs were obtained from donor mice, and were
isolated, as previously described'"”’. Briefly, the bone
marrow was harvested from the tibias and femurs of
mice. Bone marrow was mechanically dissociated and
the cells were washed, suspended in DMEM/F12
(Gibco BRL, Grand Island, NY) with 15% fetal bo-
vine serum ( Hyclone, Logan, UT) containing penicil-
lin-streptomyecin in culture flasks. After 48 hours, non-
adherent cells were discarded, and the adherent frac-
tion of cells was grown in DMEM/F12 culture solution
changed every 48 hours thereafter. After 10-12 days,
the adherent cells were harvested with 0.25% trypsin
and 1 mM EDTA, and suspended in PBS at 2 x 10°
cells/0.2 mL. BMSCs were labeled with murine anti-
body of CD59, CD90. 1 ( Chemicon, Temecula, CA)
and CD34 (Biolegend, San Diego, CA) (all dilution
1:200) as primary antibodies, followed by rhodamine-
labeled goat anti-mouse IgG (1:50) (KPL, Kitchen-
er, Ontario, Canada) as a secondary antibody. Osteo-

[16] . [17-
and neurogenic

genic 81 differentiation assays of
BMSCs were performed as described.
Lethal irradiation and BMSCs transplantation

The recipient mice were assigned to four groups: in-
tratracheal PBS + BMSCs transplantation (CM) , intra-
tracheal LPS + BMSCs transplantation (LM) , intratra-
cheal PBS + irradiation + BMSCs transplantation
(CIM) and intratracheal LPS + irradiation + BMSCs
transplantation ( LIM). Three control groups included
as follows: intratracheal LPS + intravenous sterile sa-
line (L), intratracheal PBS + irradiation + intravenous
sterile saline (1), and LPS + irradiation + intravenous
sterile saline (LI). The irradiation was performed using
doses of 9 Gy Cs (0.83 Gy/min) 4 hours after intra-
tracheal instillation of LPS/PBS. Within 24 hours after

irradiation, BMSCs (2 x 10° cells/0.2 mL) were injec-
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ted intravenously through the tail vein. The mice were
then maintained under sterile conditions for 14 days.
Histopathology and immunofluorescence of the lungs

Lung tissue was perfused free of blood by saline per-
fusion via right ventricle to pulmonary artery. Thereaft-
er the trachea was ligated, and the lungs were fixed en
bloc in 4% paraformaldehyde for 12 hours. The fixed
lungs were embedded in paraffin and sectioned by
standard methods for staining with hematoxylin and eo-
sin. The parallel animals were sacrificed, and then the
left lung was excised for RNA extraction. The right
lung was fixed in 4% paraformaldehyde for 12 hours
followed by embedding in optimal tissue compound for
frozen tissue sectioning. Five-micrometer-thick frozen
sections were processed for dual-color immunofluores-
cent staining. Alveolar epithelial cells from donor
BMSCs were identified by incubating with murine anti-
cytokeratin 5&8 and rabbit anti-GFP antibodies ( both
dilution 1:200, Chemicon, Temecula, CA), followed
by secondary antibody, rhodamine-labeled goat anti-
mouse and FITC-labeled goat anti-rabbit IgG (both di-
lution 1:50). Nuclear was counterstained with 4", 6-di-
amidino-2-phenylindole dihydrochloride ( DAPI; Vector
Labs, Burlingame, CA). Immunostaining cells were
observed under Olympus BH2 fluorescent microscope
and imaged with LEICA software. The lung tissues of
GFP transgenic mice were used for positive control.
Flow cytometry analysis

Alveolar epithelial type II cells were isolated from
recipient mice (n =4 each group) by a modification of
the method of Richards et al "), Saline-perfused lung
samples free of blood were enzymatically digested for
30 min at 37°C by intratracheal infusion of 0. 08%
trypsin ( Gibco BRL, Grand Island, NY) and 1% col-
lagenase ( Sigma-Aldrich, St. Louis, MO) and sus-
pended in trypsin solution. Trachea and bronchi were
removed, lungs were transferred to containers contai-
ning calf serum with 0.01% DNAse I and minced fine-
ly. The cell suspension was then sequentially filtered
through nylon gauzes (150 and 75 pm). The cells
were collected by centrifugation at 300 g for 5 min
(4°C) and cultured in DMEM with 10% fetal bovine
serum. After 48 hours, cells were harvested with tryp-
sin/EDTA and resuspended in PBS at 1 x 10°
cells/mL. The isolated cells were then analyzed by flu-
orescence-activated cell sorter analysis gating on bright
ereen cells with a FACSCalibur flow cytometer ( BD Bi-
osciences, Mountain View, CA).
Quantitative real-time PCR

Total RNA was extracted from left lung tissue using

TRlzole reagent and 2 g total RNA was reversely tran-

scribed into ¢cDNA. The following primers for RT-PCR
were designed using Primer Express software ( ABI) ;
SP-A forward, TGGGAAATGGAATGATAAGG, and re-
verse, GTGGGAGATGGCGTAACTAA; SP-C forward,
GTCCTCGTTGTCGTGGTGAT, and reverse, AAGG-
TAGCGATGGTGTCTGC; AQPS forward, GGCCGTG-
GTGGTGGAGTTAA, and reverse, CCGACAAGCCAAT-
GGATAAGG; B-actin (internal control) forward, AAC-
CCTAAGGCCAACAGTGAAAAG; and reverse, TCAT-
GAGGTAGTCTGTGAGGT. Quantitative RT-PCR was
performed using the real-time PCR (RT-PCR) with the
SYBR Green reporter on an ABI PRISM 7 000 PCR in-
strument (PE Applied Biosystems, Tustin, CA). The
amplification was carried out in a 25 L reaction volume
containing 12.5 wL SYBR Green I mastermix (TOYO-
BO, Osaka, Japan). PCR conditions were: initial 20-
min denaturation at 95°C , followed by 40 cycles amplifi-
cation (SP-A:95°C x30 s, 55C x30 s, 72°C x30 s;
SP-C;95C x30 s, 58°C x30 s, 72°C x30 s; AQP5;
95°C x30 s, 60°C x 1 min; B-actin:95C x30 s, 58°C
x30 s, 72°C x30 s). Specificity of the produced am-
plification product was confirmed by examination of dis-
sociation reaction plots. Copy numbers of the gene in
samples were determined from the standard curve. RT-
PCR products were tun on 2% agarose gels to confirm
that correct molecular sizes were present. Eight samples
were attained from each group and each sample was test-
ed in duplicate with quantitative RT-PCR. The relative
quantities of mRNA were presented as common log-
arithm of the copy numbers of targeted gene/copy num-
bers of B-actin( x107).
Statistical analysis

All data are presented as mean + standard deviation
(x + s). Variables were subjected to ANOVA for

differences among all groups, followed by a post-hoc

+
Bonferroni test for difference comparisons between two
groups. A P value <0. 05 was regarded as statistically

significant.
Results

Characterization of BMSCs

BMSCs of primary culture ( Figure 1A) were uni-
formly positive for the stem cell surface marker of CD59
and CD 90. 1 by immunofluorescent stainings ( Figures
IB and 1C), and were negative for CD34 ( Figure
1D). Murine BMSCs were demonstrated to differentiate
into osteocytes ( Figure 1E) and neurons ( Figure 1F).
BMSCs engraftment and differentiation in injured
lungs

Alveolar epithelial cells from donor BMSCs were
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marked with dual immufluorescent staining of cytokera-
tin 5&8 and GFP. A few donor derived cells ( GFP*
cytokeratin * cells) were detected in the parenchyma of
irradiated and BMSCs transplanted recipient lungs ( the
CIM and the LIM groups), and were morphologically

consistent with alveolar epithelial cells, but not detec-
ted in lungs of the CM and the LM groups ( Figure 2).
Moreover, there were more positive cells in the lungs

from the LIM group than from the CIM group.

Figure 1 Characterization of BMSCs isolated from bone marrow of C57BL/6J mice.

A ; Undifferentitated BMSCs on

day 10 after primary culture ( x200) ; B: Immunostaining with murine CD59 immunofluorescent antibodies for surface marker expression on

cultured BMSCs, identified by red staining ( x400) ; C: Immunostaining with murine CD90. 1 immunofluorescent antibodies for surface mark-

er expression on cultured s, identified by red staining ( X ; D: Immunostaining with murine immunofluorescent antibodies for
p 1 1 BMSCs, identified by red I3 400); D I g with CD34 il bodies f

surface marker expression on cultured BMSCs, identified by negative staining ( x400) ; E; Staining with alizarin red showed that BMSCs were

differentiated into osteocytes ( x200) ; F: Immunostaining with rabbit MAP-2 immunofluorescent antibodies showed that BMSCs were differen-

tiated into neurons, identified by green staining ( x400).

Figure 2 BMSCs engraftment and differentiation in recipient lungs ( x 200)

positive control

negative control

Recipient murine lungs were immunos-

tained for cytokeratin 5&8 (red) and GFP (green). GFP ™ cytokeratin * cells were observed in the alveolar walls (light green, arrows) in the

CIM and the LIM groups.

Freshly isolated alveolar epithelial type II cells were
identified by lamellar bodies under an electromicro-
scope (Figure 3). GFP positive cells were detected in
preparations of type Il epithelial cells isolated from re-
cipient mice 14 days after BMSCs transplantation ( Fig-
ure 4). The rates of GFP positive cells were higher in

both the CIM and the LIM groups (11.10 +3.19%
and 14. 40 = 2. 40% respectively) than those in the
CM and the LM groups (2.82 +1.03% and 3. 81 +
0.93% respectively; P <0.05). These results con-
firmed that donor BMSCs could engraft and differentiate

in injured lungs of recipient mice.
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Effect of BMSCs transplantation on the repair of
LPS-injured lungs

The intratracheal exposure to LPS resulted in the de-
velopment of lung inflammation as evidenced by promi-
nent edema, infiltration of neutrophils, and even small
airway epithelial desquamation 24 hours after intratra-
cheal LPS (Figure 5SB). The mice in the L, the I and
the LI groups died before the experiment endpoint (14
days) or had obvious pathologic changes at 14 days
(Figure 5C), but no abnormalities were observed in
the lungs of the CM, the LM, the CIM and the LIM
groups at 14 days (Figure 5D).

Figure 3  Alveolar epithelial type II cells isolated from

the lungs of recipients A Alveolar type II cells on day 2 afier pri-
mary culture under an inverted microscope ( x200) ; B:The electron mi-
crograph showed the characteristic lamellar bodies of alveolar type II cells

(arrow) .
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Figure 4 Flow cytometry analysis of GFP positive cells

The rates of GFP positive cells in preparations of type II epithelial

cells isolated from recipient mice 14 days after BMSCs transplantation in both the CIM and the LIM groups were higher than those in the CM

and the LM groups.

Effect of BMSCs transplantation on the mRNA ex-
pression of SP-A, SP-C and AQPS in recipient lungs

The effect of BMSCs transplantation on the function
of alveolar epithelial cells of recipients was evaluated
by determining the mRNA expression of specific mark-
ers, SP-A and SP-C for type II cells and AQP5 for type
I cells. SP-C mRNA expression in the lungs in the LIM
eroup was higher than that in the CM group (P <

0.05), but no significant differences were found in

mRNA expression of SPA and AQP5 among all groups
(Table 1).

Table 1 mRNA expression of SP-A, SP-C and AQP5 of

recipient lungs (n=8, x=s)
Group SP-A SP-C AQP5
CM 2.24 +1.07 1.38 +0.30 1.07 £0.28
LM 2.24 +0.24 1.51 £0.54 0.93 £0.25
CIM 2.36 +0.28 1.83 +0.16 0.99 £0.21
LIM 2.37+£0.22 2.09 +0. 18 1.13£0.24

a:P <0.05, vs the CM group.

Figure 5 Lung histopathology by light microscopy ( hematoxylin and eosin staining, x 200)

A: Normal control;

B: Lung inflammation as evidenced by prominent edema, infiltration of neutrophils, and even small airway epithelial desquamation 24 hours af-

ter intratracheal LPS; C: Diffusive alveolar damage represented by alveolar bleeding, atelectasis, bronchiolar epithelial desquamation, and leu-

kocyte sequestration were observed in lungs of the L group at 14 days; D: No abnormalities were observed in lungs of the LM group at 14 days.
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disruption of tissue structure and emphysema-like

Discussion changes, and the administration of bone marrow-de-

This study examined whether transplanted BMSCs
can migrate into injuried lungs and differentiate into
alveolar epithelial cells, and repair injured alveolar ep-
ithelial cells. For this purpose, BMSCs were isolated
from the bone marrow of transgenic GFP C57BL/6]
male mice and systemically administered to wild-type
C57BL/6] female mice with bone marrow suppression
by lethal irradiation. The donor BMSCs engraftment
and differentiation were then determined in the LPS-in-
jured lungs of recipients 14 days after BMSCs trans-
plantation by immunofluorescent staining. This study
showed that GFP* and cytokeratin® cells were ob-
served in the alveolar walls in bone marrow suppressed
mice on day 14 after BMSCs transplantation. To further
quantify the levels of donor derived cells, alveolar epi-
thelial type II cells were isolated from the lungs of re-
cipients and the percentage of cells with positive GFP
were measured by flow cytometry analysis. The data
showed that GFP positive cells increased significantly
in preparations of type II epithelial cells isolated from
bone marrow-suppressed recipient mice. These results
strongly suggested that donor derived BMSCs can mi-
grate, engraft and differentiate into epithelial cells in
injured lungs of recipient mice. Such changes were not
found in lungs of mice without irradiation. This sug-
gests that systemically administered BMSCs might home
to bone marrow, then migrate to injured tissue, for
proliferation and differentiation.

This study further investigated the contribution of
BMSCs to damaged lung tissue. Although no differ-
ences were observed in lung pathologic changes 14
days after LPS administration among different treated
mice, the data did show that more donor derived cells
were detected in the irradiated and LPS-injured lungs
(the LIM group) than those in the CIM group. Moreo-
ver, the result of flow cytometry analysis also showed
an increased percentage of GFP-positive type II epithe-
lial cells in the LIM group (about 10% ) compared
with that in the CIM group. Previous studies reported a
percentage of less than 5% "**'). The study of Yamada
et al'"'’ showed that the suppression of bone marrow by

sublethal irradiation before intrapulmonary LPS led to

rived progenitor cells could accumulate within the dam-
aged lungs, differentiate into endothelial and epithelial
cells and thus prevent these pathogenic changes. Mei

12 reported the administration of bone marrow-de-

et a
rived mesenchymal stem cells significantly reduced
LPS-induced pulmonary inflammation, as reflected by
reductions in inflammatory cells and proinflammatory
cytokines. These data suggest that the bone marrow-de-
rived progenitor cells are important and required for
lung repair after LPS-induced lung injury.

There are controversial findings as to how long donor
bone marrow-derived cells may differentiate into alveo-

12.23.24] * Kotton et

lar epithelial cells in recipient lungs[
al'" reported that by intravenous delivering lacZ-la-
beled cells into wild-type recipient mice after bleomy-
cin-induced lung injury, marrow-derived cells engraf-
ted in injured recipient lung parenchyma as cells with
the morphological and molecular phenotype of type 1
pneumocytes of the alveolar epithelium 5 days after cell
transplantation. Rojas and colleagues' ! found that do-
nor bone marrow derived stem cells could home to the
injured lungs of bleomycin-administered mice and dif-
ferentiate into type I and type Il pneumocytes after 14
days. This study also found that donor derived alveolar
epithelial cells (GFP* cytokeratin* cells) were not ob-
served in recipient lungs 7 days after BMSCs transplan-
tation ( data not shown) , but were observed on day 14.

The findings of this study demonstrated the possibili-
ty of the engraftment of BMSCs in damaged lungs after
intravenous administration. But in this study, because
most mice without BMSCs administration died before
the experiment endpoint after lethal irradiation inclu-
ding the mice of the LI group, the lung pathologic
changes of these animals were not acquired on the end-
point as the control of the LIM group. Other indexes
reflecting injury and repair were not measured in this
study, for example the changes of collagen deposition,
proinflammatory and anti-inflammatory factors. There-
fore, this study has limitations as to whether donor de-
rived BMSCs can alleviate LPS-induced lung injury and
contribute to proper repair following lung injury. Fur-
thermore , this study did not investigate the functions of

type I pneumocytes derived from donor cells, for ex-
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ample, the involvement of phospholipids metabolism,

secretion of lamellar body, and differentiation into type

I pneumocytes as lung progenitor cells. Further studies

are needed to be performed in these fields so that the

roles of bone marrow derived cells in lung repair may

be revealed, which may enable explanation of mecha-

nism of BMSCs in future clinical application.
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