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Rationale: Neonatal chronic lung disease, known as bronchopulmo-
nary dysplasia (BPD), remains a serious complication of prematurity
despite advances in the treatment of extremely low birth weight
infants.

Objectives: Given the reported protective actions of bone marrow
stromal cells (BMSCs; mesenchymal stem cells) in models of lung and
cardiovascular injury, we tested their therapeutic potential in a mu-
rine model of BPD.

Methods: Neonatal mice exposed to hyperoxia (75% O;) were
injected intravenously on Day 4 with either BMSCs or BMSC-
conditioned media (CM) and assessed on Day 14 for lung morphom-
etry, vascular changes associated with pulmonary hypertension,
and lung cytokine profile.

Measurements and Main Results: Injection of BMSCs but not pul-
monary artery smooth muscle cells (PASMCs) reduced alveolar loss
and lung inflammation, and prevented pulmonary hypertension.
Although more donor BMSCs engrafted in hyperoxic lungs com-
pared with normoxic controls, the overall low numbers suggest
protective mechanisms other than direct tissue repair. Injection of
BMSC-CM had a more pronounced effect than BMSCs, preventing
both vessel remodeling and alveolar injury. Treated animals had
normal alveolar numbers at Day 14 of hyperoxia and a drastically
reduced lung neutrophil and macrophage accumulation compared
with PASMC-CM-treated controls. Macrophage stimulating factor 1
and osteopontin, both present at high levels in BMSC-CM, may be
involved in this immunomodulation.

Conclusions: BMSCs act in a paracrine manner via the release of
immunomodulatory factors to ameliorate the parenchymal and
vascular injury of BPD in vivo. Our study suggests that BMSCs and
factor(s) they secrete offer new therapeutic approaches for lung
diseases currently lacking effective treatment.
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Bronchopulmonary dysplasia (BPD) is a serious and common
complication of prematurity (1, 2). The degree of initial re-
spiratory distress, need for mechanical ventilation, and associ-
ated infections are some of the factors that have been linked
with BPD, as well as a prominent inflammatory response that
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Bone marrow stromal cells (BMSCs) have cytoprotective
effects in adult animal models of lung injury through
poorly-defined mechanisms, which may include modulation
of lung inflammation. Whether BMSC therapy can atten-
uate lung injury in a neonatal mouse model of broncho-
pulmonary dysplasia and the potential mechanisms of
action are unknown.

What This Study Adds to the Field

Systemic delivery of BMSC-conditioned media inhibits
lung inflammation and prevents neonatal lung injury due
to hyperoxia, suggesting that these effects are mediated
through paracrine mechanisms.

produces lung injury often complicated by pulmonary hyper-
tension (3). Pathological mechanisms include fibrosis, apoptosis,
and abnormal cellular proliferation that can impair normal
repair processes, leading to arrested alveolar development and
associated abnormal vascular growth. Preventive approaches,
including alternative ventilator strategies and use of antiinflam-
matory medications such as corticosteroids, have limited success
and unacceptable side effects (4).

Recent advances in stem cell research hold promise for the
prevention and treatment of chronic debilitating diseases. Bone
marrow stromal cells (BMSCs, also known as mesenchymal
stem cells, MSCs) have been shown to differentiate into a variety
of tissue cell types (5-10). A number of studies in pulmonary
medicine have demonstrated that BMSC treatment can ame-
liorate bleomycin, monocrotaline, endotoxin, or lipopolysac-
charide (LPS)-induced lung injury (9, 11-15). Mechanisms for
this protection are not limited to tissue repair, such as engraft-
ment and differentiation of BMSCs into specific lung cell types,
but also include immunomodulation, the latter being associated
with an increase in circulating levels of specific growth factors or
lower levels of inflammatory cytokines (9, 11, 13-15). Collec-
tively, these studies demonstrate inherent qualities of stem cells,
such as the capacity to respond, migrate, and repair damaged
tissue and to deliver protection by secretion of specific growth
and immunoprotective factors. These properties make BMSC
treatment a promising approach for protection from and repair
of neonatal lung injury.

In the present study, we hypothesized that BMSCs could
confer protection in a neonatal mouse model of BPD. The
saccular and alveolar stages of lung development in the mouse
occur around the time of birth with alveolarization starting on
Postnatal Day 5 and continuing up to 3 to 4 weeks of age. The
developmental stage of the mouse lung at birth overlaps with
that in the human preterm neonate between 24 and 28 weeks’
gestation, making the newborn mouse a good model to study
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human developmental lung injury. Indeed, hyperoxia-induced
lung injury in neonatal mice is similar to BPD with rarification
and simplification of alveoli, thickened alveolar septa, and right
ventricular hypertrophy. We report here that intravenous de-
livery of BMSCs in newborn mice conferred significant vascular
and immunological protection from hyperoxia-induced injury
but had minimal effect in preserving alveolar architecture. In-
terestingly, concentrated BMSC-conditioned media (BMSC-CM)
completely prevented both vascular and alveolar injury result-
ing in normal alveolar number and thin septa, comparable to
normoxic controls. Our findings suggest that BMSCs have im-
portant cytoprotective effects in this mouse model of develop-
mental lung injury mimicking BPD, via paracrine mechanisms
involving the release of immunomodulatory and vasoprotective
mediators.

METHODS

Cell Isolation, Culture, and Differentiation

BMSCs were isolated from femurs and tibiae of 5- to 7-week-old FVB
mice as described (16-18). Plastic adherent cells were grown in tissue
culture, and at passage two to three immunodepletion was performed
as per published protocols and the International Society for Cellular
Therapy guidelines (19-21), as detailed in the online supplement. Cells
were used for injection or for derivation of conditioned media between
passages 7 through 10. The differentiation potential of BMSC cultures
was assessed following published protocols (17, 18).

Animals and Hyperoxia Exposure

Timed pregnant FVB mice were either obtained from Charles River
Laboratories (Wilmington, MA) or were raised in the Animal Facility
at Children’s Hospital Boston. Newborn pups from four different litters
were subdivided into two groups and exposed to 75% O, in a Plexiglas
chamber (OxyCycler; BioSpherix, Redfield, NY) or 21% O, within
24 hours of birth. Ventilation was adjusted to remove CO; so that it
did not exceed 5,000 ppm (0.5%) (average range 1,000-3,000 ppm).
Ammonia was removed by ventilation and activated charcoal filtration
through an air purifier. Dams were rotated from hyperoxia to room air
every 24 to 48 hours to prevent excessive oxygen toxicity to the adult
animals. Each litter consisted of fewer than 12 pups to control for the
effect of litter size on nutrition and growth.

BMSC Transplantation

A suspension of 5 X 10* BMSCs in 50 wL phosphate-buffered saline
(PBS) was injected via the superficial temporal vein on Postnatal Day
4. Processing of lungs for bronchoalveolar lavage fluid (BALF) re-
trieval, lung fixation, and assessment of hearts for Fulton’s Index is
described in the online supplement.

Assessment of BMSC Engraftment

The number of male donor BMSCs retained in female recipient lungs
was determined as detailed in the online supplement.

BMSC-conditioned Media Treatment

BMSC and pulmonary artery smooth muscle cell (PASMC) confluent
cultures were incubated in serum-free a-MEM media for 24 hours and
conditioned media representing equal number of cells were concen-
trated 10-fold using Amicon Ultra Centrifugal Filter Device (Millipore
Corporation, Billerica, MA) with a molecular weight cutoff of 10 kD.
A volume of 50 pL concentrated BMSC-CM was injected via the
superficial temporal vein on Postnatal Day 4. PASMC-CM in the same
concentration and volume served as control. After an additional 10
days in hyperoxia, animals were killed, lungs perfused and embedded
for histopathology, and hearts weighed for assessment of Fulton’s
Index, as detailed in the online supplement.

Tissue and Vessel Morphometry

Vessel morphometry and assessment of volume density of alveolar wall
tissue (VD,y,) are described in the online supplement.
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Cytokine Levels in BALF

Cytokine profiling in BALF using the Luminex 200 System (Luminex
Corp., Austin, TX) is described in the online supplement.

Statistical Analysis

All values were expressed as mean * SEM. Comparison of results
between different groups was performed by one-way analysis of var-
iance or Mann Whitney U test, as appropriate, using GraphPad InStat
(GraphPad Software, San Diego, CA). P value less than 0.05 was con-
sidered significant.

RESULTS

Assessment of BMSC Engraftment in Neonatal Mouse Lungs

BMSC cultures were prepared from bone marrow of 5- to
7-week-old male mice (Figure 1A) and cells were assessed for
differentiation potential into adipocytes and osteocytes (Figure
1B) before transplantation, as described. For the hyperoxia
treatment group, newborn pups were placed in 75% O, on
Postnatal Day 1. BMSCs from male donors were injected
intravenously into female hyperoxic or normoxic pups on
Postnatal Day 4 and animals were continued in hyperoxia for
an additional 10 days or maintained under normoxic conditions
(Figure 1C). In certain experiments, lungs were harvested on
Postnatal Day 5 or Postnatal Day 14 (1 or 10 d post injection,
respectively) for assessment of donor cell engraftment. Quan-
titative polymerase chain reaction assays on DNA from lungs
collected on Postnatal Day 5 showed similar levels of Y
chromosome in normoxia and hyperoxia groups, and these
overall levels decreased significantly over time. However, on
Postnatal Day 14, donor BMSCs represented 0.025% of total
lung cells in the hyperoxic group and 0.006% in the normoxic
group (P < 0.05), indicating a higher retention of transplanted
BMSCs in the injured lung (see Figure E1A in the online
supplement). To further confirm our findings we visualized the
male donor cells in the female recipient mice using fluorescence
in situ hybridization for the Y chromosome. Figure E1B, in the
online supplement, shows fluorescein isothiocyanate—labeled
Y chromosome signal colocalized with the 4',6-diamidino-2-
phenylindole staining of the nucleus in control sections from
male mouse lung (upper panels) and hyperoxia-exposed female
recipient lung (lower panels). These events were rare in the
female recipient animals and paralleled the results of the quan-
titative assessment of engraftment using real-time polymerase
chain reaction for Y chromosome sequences.

Effect of BMSC Treatment on Hyperoxia-induced
Alveolar Injury

Representative histology images of lungs from treated animals
are shown in Figure 2A. Lungs from animals in the normoxia
group who had received PBS or BMSCs appeared normal with
numerous small alveoli and thin alveolar septa (upper panels).
Compared with lungs from normoxic animals, lungs from
hyperoxia-exposed animals demonstrated enlarged simplified
alveoli and thicker septa (Figure 2A, lower panels). Morpho-
metric analysis (Figure 2B) revealed a significant decrease in
the VD, as assessed by number of tissue intercepts in lungs
from the hyperoxia group compared with normoxia (0.77 = 0.01
vs. 0.53 = 0.01, P < 0.001, normoxia vs. hyperoxia). BMSC
treatment resulted in a significant but modest increase in VD,
in the hyperoxia group compared with the respective PBS
controls (0.53 = 0.01 vs. 0.62 * 0.01, P < 0.05, PBS vs. BMSC
treatment). In addition, the mean alveolar septal thickness
significantly increased in lungs of animals exposed to 75% O,
compared with normoxia (2.83 = 0.1 vs. 2.3 = 0.5, P < 0.001,
respectively) and was almost completely reversed by BMSC
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Figure 1. Isolation and differ-
entiation of bone marrow stro-
mal cell (BMSC) cultures and
experimental design for in vivo
study. (A) Cells were isolated
from bone marrow and sub-
jected to negative and positive
selection using the indicated
cell surface markers. (B) BMSCs
were grown in the presence of
adipogenic or osteogenic me-
dia, as described in MATERIALS
AND MEeTHoDs. After 3 weeks
of adipogenic induction, lipid
droplets could be observed
within the cells (upper left
panel), which were then
stained using Oil Red O, as
" indicated by arrowheads (up-

Sacrifice
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P14 per right panel). After 3 weeks
of osteogenic induction (lower
left panel), calcium deposition
was visualized using Alizarin

Red S staining, as indicated by arrows (lower right panel). (C) Neonatal mouse pups were exposed to hyperoxia on Postnatal Day 1, injected

with cells or conditioned media on Postnatal Day 4, and killed on Day 14.

transplantation but not by PBS (2.4 = 0.08 vs. 2.83 = 0.1, P <
0.05, BMSCs vs. PBS treatment). Thus, BMSC treatment had
a more pronounced effect on inhibiting hyperoxia-induced
septal thickness, a consequence of inflammation and fibrosis,
than in preserving alveolar number.

BMSC Treatment Ameliorates Vascular Changes Associated
with Hyperoxia-induced Lung Injury

To determine whether exogenous BMSCs protect against the
development of pulmonary hypertension in oxygen-induced lung
injury, Fulton’s index (right ventricle/[left ventricle + septum]),
an indicator of right ventricular (RV) hypertrophy, was mea-
sured in hearts from both control and hyperoxia-exposed
animals (Figure 3A). Under normoxia, there was no difference
in Fulton’s index between the PBS-injected controls and BMSC-
recipient mice. Hyperoxia-exposed animals showed higher Ful-
ton’s index compared with the normoxia group indicative of
chronically elevated pulmonary artery pressures (0.21 * 0.01 vs.
035 = 0.04, P < 0.001, normoxia vs. hyperoxia). BMSC
recipient mice in the hyperoxia group demonstrated a signifi-
cantly lower Fulton’s index with values comparable to normoxic
levels suggesting amelioration of RV hypertrophy in these
animals (0.35 = 0.04 vs. 0.21 = 0.01, P < 0.001, PBS vs. MSC
treatment). In parallel sets of experiments, injection of mouse
lung fibroblasts (MLFs) or PASMCs had no protective effect on
the degree of RV hypertrophy, similar to PBS treatment (results
not shown). We further assessed muscularization by immuno-
staining for a-smooth muscle actin in the medial vessel wall to
test whether chronic changes in the pulmonary hemodynamics
were accompanied by alterations in the remodeling of small
pulmonary arterioles. Hyperoxia-exposed animals presented
a significant increase in the muscularization of intrapulmonary
arterioles compared with normoxic animals as assessed by
measuring the medial thickness index of a-smooth muscle actin
immunostained vessels (33 = 1.7% vs. 44 = 1.1%, P < 0.001,
normoxia vs. hyperoxia). The degree of muscularization was
unaffected by BMSC treatment in the normoxia group (results
not shown); however, the hyperoxia-induced muscularization
decreased significantly by BMSC treatment compared with the
respective PBS-injected controls (44 *+ 1.1% vs. 35 = 1.2%, P <

0.001, PBS vs. BMSC treatment), returning to the levels found in
normoxic animals (Figures 3B and 3C).

Effect of BMSC-conditioned Media on Hyperoxia-induced
Alveolar and Vascular Injury

The above findings indicate that BMSC transplantation confers
significant protection against hyperoxia-induced pulmonary
vascular remodeling in the developing lung but provides modest
preservation of lung architecture. Importantly, these effects are
observed in the context of very low BMSC engraftment within
the lung epithelium and no BMSC engraftment detected in the
wall of the lung vessels where the cytoprotective effect was
more pronounced. This suggests mechanisms of BMSC action
other than direct tissue repair. To explore potential paracrine
action of the BMSCs in this model, we treated 4-day-old mice
with BMSC-conditioned media and assessed RV hypertrophy,
vascular remodeling, and VD, Results are shown in Figures
3D-3F. Recapitulating the results obtained with BMSC trans-
plantation, treatment with BMSC-CM significantly lowered
Fulton’s index to normoxic levels (Figure 3D) and significantly
decreased hyperoxia-induced muscularization of intrapulmo-
nary arterioles (Figures 3E and 3F), whereas PASMC-CM
failed to either prevent RV hypertrophy or reduce vascular
remodeling. Interestingly, although stem cell injections had
minimal protective effect on the lung parenchyma as demon-
strated above (Figure 2) treatment with BMSC-CM completely
prevented hyperoxic lung injury, resulting in almost normal
lung alveolar architecture (Figure 4A). Morphometric analysis
revealed a significant increase in VD, in the hyperoxia group
treated with BMSC-CM compared with the hyperoxia group
treated with PASMC-CM (Figure 4B), and, in parallel to the
observations with BMSC injection, the alveolar septal thickness
in the hyperoxia group that received BMSC-CM was signifi-
cantly less compared with the corresponding PASMC-CM group
and similar to normoxic animal values (results not shown).

BMSCs and BMSC-CM Suppress Lung Inflammation in
Hyperoxia-induced Lung Injury

Several reports in the recent years suggest that BMSCs are
potent modulators of immune responses resulting in a decrease
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Figure 2. Effect of bone marrow stromal cell (BMSC) treatment on
hyperoxic alveolar injury. (A) Representative hematoxylin and eosin—
stained lung sections from normoxic, phosphate-buffered saline (PBS)-
or BMSC-treated animals (upper panels) and from animals exposed to
hyperoxia for 14 days and treated with PBS or BMSCs, as indicated on
lower panels (original magnification X100). Solid bar scale represents
400 pm and all the panels are under the same magpnification. (B)
Hyperoxia reduced the volume density of alveolar wall tissue (VDawt)
compared with the normoxic group, indicative of lower alveolar count,
which was modestly improved with BMSC treatment. Data are
expressed as mean * SEM (n = 10-12 animals per group). *P <
0.001 versus 21% O, groups; #P < 0.01 versus PBS-treated hyperoxic

group.

of proinflammatory cytokines from bleomycin, endotoxin, or
LPS-induced injury (9, 11, 13-15). To investigate whether
BMSC:s or factors secreted in their conditioned media modulate
the inflammatory response to hyperoxia in the developing
neonatal lung, we quantified macrophage and neutrophil num-
bers in the BALF of mice in response to BMSC and BMSC-CM
treatment. The number of polymorphonuclear cells and macro-
phages in BALF was significantly higher after 14 days of
hyperoxia exposure in control PBS-, MLF-, or PASMC-treated
animals (Figure 5 and data not shown). Significantly, hyperoxic
animals treated with either BMSC or BMSC-CM demonstrated
a dramatic suppression of lung inflammation compared with
animals treated with PASMC or PASMC-CM. This was evi-
denced by a dramatically decreased number of both polymor-
phonuclear cells and macrophages in BALF that was equal to
levels observed in uninjured, normoxic animals (Figures SA-
5D). This reduction in inflammatory cell infiltrate was also
observed in lung sections shown by immunohistochemical
analysis for resident macrophages stained with Mac-3 (Figure
6A). Hyperoxia-exposed but BMSC-treated animals presented
a lower number of lung macrophages per high power field (hpf)
compared with the corresponding PBS control group (10.7 =
0.7/hpf vs. 8.6 = 0.48/hpf, P < 0.01, PBS vs. BMSC treatment),
suggesting a suppressive effect of BMSCs on the recipient
animal’s immunological response (Figure 6B).
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Figure 3. Either bone marrow stromal cell (BMSC) or BMSC-condi-
tioned media (CM) treatment prevents vascular changes associated
with pulmonary hypertension in hyperoxia-induced lung injury. (A)
Hyperoxia-exposed, phosphate-buffered saline (PBS)-treated newborn
mice develop significant right ventricular hypertrophy that is signifi-
cantly reduced by BMSC treatment. Data are expressed as mean *
SEM (n = 10-12 animals per group). *P < 0.001, compared with the
two normoxia groups and the hyperoxia group that received BMSC. (B)
BMSC treatment significantly reduced the medial wall thickness as
compared with the hyperoxia group that received PBS treatment. Data
are expressed as mean = SEM. *P < 0.001, compared with normoxia
and the hyperoxia group that received BMSC. (C) Representative
pulmonary arterioles immunostained for a-smooth muscle actin,
displaying a thickened smooth muscle layer in hyperoxia-exposed
mouse lungs as compared with normoxic controls, and absence of
muscularization on BMSC treatment. (D) Similar to BMSC treatment,
BMSC-CM treatment significantly reduced right ventricular hypertro-
phy in hyperoxia-exposed animals, and (E) significantly reduced medial
wall thickness as compared with the hyperoxia group that received
pulmonary artery smooth muscle cell-CM. Data are expressed as mean *+
SEM (n = 16-18 animals per group). *P < 0.0001 versus normoxic
groups or BMSC-CM treated groups. (F) Representative small pulmonary
arterioles, as in (C). Solid bar scale represents 100 um and all the panels
are under the same magnification.
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Figure 4. Effect of bone marrow stromal cell-conditioned
media (BMSC-CM) on hyperoxic alveolar injury. (A) Rep-
resentative hematoxylin and eosin-stained lung sections
from normoxic animals compared with hyperoxic animals
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The levels of proinflammatory and antiinflammatory activi-
ties in the BALF of BMSC-CM-treated and -untreated animals
were measured using a Luminex panel of 21 relevant molecules,
as detailed in the online supplement. The entire panel results
are presented in Figure E2, with the exception of the results for
INFy, which was below the level of detection in all samples
analyzed. Although suggestive trends were detected in a number
of molecules, for example IL-1a, IL-1rn (IL-1ra), IL-12, CCL2
(MCP-1), and CXCL9 (MIG), only the levels of tumor necrosis
factor (TNF)-a, IL-5, and IL-17, were different between the
BMSC-CM-treated and the PASMC-CM-treated hyperoxic
groups at a statistically significant level (P < 0.05). A statisti-
cally significant but probably physiologically insignificant dif-
ference was also observed in the levels of CXCL10 (IP-10)
between the two aforementioned groups. These results suggest
that one of the effects of BMSC-CM treatment is the suppres-
sion of the hyperoxia-induced increases in BALF levels of TNF-a

treated with either pulmonary artery smooth muscle cell
(PASMC)-CM or BMSC-CM, as indicated. Quantitation of
volume density of alveolar wall tissue (VD,wy) is shown in
(B). Treatment with BMSC-CM but not PASMC-CM pre-
vented alveolar loss. Data are expressed as mean * SEM
(n 16-18 animals per group). *P < 0.0001 versus
normoxic controls and BMSC-CM group. Solid bar scale
represents 400 um and all the panels are under the same
magnification.

and IL-17, and the down-regulation of the steady-state levels of
IL-5, but more robust studies are required to dissect the exact
mechanism of BMSC-CM antiinflammatory action.

Major Functional Classes Represented in the
BMSC Secretome

The cytoprotective effect of BMSC-CM on both inflammation
and lung injury was abrogated with heat treatment, pointing to
a heat-labile protein as the active component. To pursue the
identification and characterization of the critical mediators
secreted by BMSCs that have a physiological effect in the
neonatal lung in vivo, we performed a preliminary proteomic
analysis of conditioned media active fractions. Mass spectro-
scopic analysis identified a high abundance of extracellular
space proteins, including matrix components, with fibronectin
(Fnl), heparan sulfate proteoglycan (Hspg2; perlecan), and
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Figure 6. Effect of bone marrow stromal cell (BMSC) transplantation
on lung inflammation. (A) Immunostaining with anti-Mac-3 antibody
for macrophages (brown staining) in representative paraffin-embedded
lung sections from BMSC recipient or phosphate-buffered saline (PBS)
control mice under normoxic conditions (upper panels) or after 14 days
of exposure to hyperoxia (lower panels). Original magnification: X200.
(B) Quantitation of Mac-3—positive cells. Hyperoxia-exposed lungs
demonstrated a higher macrophage count compared with normoxia
that was significantly reduced in the BMSC-treated hyperoxic group
compared with the respective PBS control. Data are expressed as mean =
SEM (n = 6-8 animals per group) *P < 0.01, **P < 0.001 compared
with normoxia groups; #P < 0.01, compared with the control hyper-
oxia group that received PBS. Solid bar scale represents 200 um and all
the panels are under the same magnification.

collagen (Col6a3) accounting for more than 20% of the peptides
detected. The rest of the conditioned media proteome is
complex, and a functional categorization of the species re-
producibly detected in independent mass spectroscopic analyses
was generated through the use of Ingenuity Pathways Analysis
(22). Using the standard classification of the Ingenuity System,
the majority of the protein species could be classified into four
overlapping functional groups, namely molecules associated
with (7) proliferation and apoptosis, (2) cell-cell interactions
and cell motility, (3) immune responses and inflammation, and
(4) respiratory disease (Figure E3A). Among the relatively
abundant proteins identified in the BMSC-CM (represented by
more than 15 peptides in independent mass spectroscopic
analyses), two were of particular interest given their docu-
mented role in immune modulation: osteopontin (Sppl; Opn)
and macrophage colony stimulating factor 1 (M-csf; Csfl). To
verify the reproducibility of these results, we performed West-
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ern blot analyses on the conditioned media produced by three
independently isolated BMSC cultures. Both Sppl and Csfl
were detected in similar abundance in all three samples ana-
lyzed (Figure E3B). Given their reproducible presence and
relative abundance in BMSC-CM, both of these molecules must
be included among the candidates for more detailed functional
studies to determine if, in isolation or in combination with other
secreted proteins, they are responsible for the observed efficacy
of BMSC-CM in modulating lung inflammation and neonatal
lung injury in the mouse model of BPD.

DISCUSSION

BPD is a multifactorial disease of premature infants resulting
from mechanical injury, oxygen toxicity, and infection, sub-
sequently leading to pulmonary inflammation and damage. The
disease mainly affects preterm infants as their lungs are more
vulnerable to injury due to poorly developed airway supporting
structures, surfactant deficiency, decreased compliance, and
underdeveloped antioxidant mechanisms. In the current era,
with the increased survival of extremely low gestational age
infants and the advent of surfactant treatment and gentler
modes of ventilation, the pathology of BPD has evolved into
a new pattern of injury characterized by impaired alveolariza-
tion and dysmorphic vasculogenesis. The prominent pathologic
findings include disruption of lung development with decreased
septation and alveolar hypoplasia leading to fewer and larger
alveoli, thickened alveolar septa, inflammation, bronchial
smooth muscle hypertrophy, and interstitial edema (23). Vas-
cular changes characteristic of pulmonary hypertension may
also be evident with pulmonary arteriolar muscularization and
right ventricular hypertrophy (24). Data are lacking on the
exact timing and relative roles of vasculogenesis, angiogenesis,
and remodeling during lung development. Interplay between
diverse signaling pathways, including transcription factors,
growth factors, extracellular matrix, and mechanical forces
leading to the precise development of the lung and its circula-
tion is largely unknown. In recent years, a vascular hypothesis
for the pathogenesis of BPD has been proposed with accumu-
lating data to suggest that early disruption of vascular growth
from endothelial damage leads to impaired growth of the distal
airspaces, resulting in reduced alveolarization (25). Disruption
of lung vascular growth also sets the stage for late pulmonary
hypertension. Lung injury results in increased elastic tissue
formation and thickening of the interstitium, which in turn
compromises septation and capillary development. At present,
all the available interventions for the prevention and/or treat-
ment of BPD lack efficacy and have undesirable side effects.
Therefore, the search for an effective preventive and/or treat-
ment modality is of paramount importance.

Research on stem cell and progenitor cell-based therapies
on animal models of disease has produced promising results
on the ability of BMSCs to repair tissue injury (7-9, 11-13).
BMSCs belong to the select group of adult stem cells that have
traditionally shown differentiation potential toward mesenchy-
mal tissues such as bone (5), cartilage (26), and fat cells (27), but
recent work has demonstrated a greater plasticity beyond mes-
enchymal cell fate and includes the differentiation into endo-
thelial and neuronal lineages (28-30). In addition to their
multilineage differentiating capability, BMSCs produce immu-
nosuppressive cytokines and growth factors that may help in
the reparative process (31). The potent immunomodulatory and
antiinflammatory properties of BMSCs in a clinical study in-
volved treatment of graft-versus-host disease (32) and cell-
based treatments are currently the focus of intensive studies in
graft enhancement, tissue protection, and regenerative medicine.
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We hypothesized that exogenous administration of BMSCs may
protect the lung architecture in a neonatal mouse model of
bronchopulmonary dysplasia. The saccular and alveolar stages
of lung development in the mouse occur after birth, making it
a suitable model to study lung injury at similar stages of lung
development to those observed in the human preterm neonate
between 24 and 28 weeks’ gestation, a period most vulnerable to
BPD from ventilator- and oxygen-induced injury. Pulmonary
hypertension contributes significantly to the morbidity and
mortality of patients with BPD (3, 33). Changes such as vascular
remodeling and right ventricular hypertrophy due to chronically
elevated pulmonary artery pressures have been successfully
reproduced in rodent models of the pathology.

In our studies, neonatal mice exposed to 75% O, showed the
histological findings of BPD, including simplification of alveoli,
thickened alveolar septa, inflammatory cell infiltration, and
higher Fulton’s index (right ventricular hypertrophy) and vascu-
lar remodeling. Using this well-characterized mouse model of
BPD, we demonstrated that systemically administered BMSCs
partially protect the lung architecture against hyperoxia-induced
injury, whereas a single bolus injection of BMSC-CM is able to
confer full protection, preventing alveolar simplification, pre-
serving normal alveolar number, and ameliorating the lung vas-
cular remodeling associated with the disease.

One of the limitations of using BMSCs is the lack of unique
cell surface markers to isolate and characterize them with
several early studies reporting significant variability in isolation
and culture methods. The BMSC isolation and characterization
used in this study included both positive and negative selection
methods using specific cell surface markers according to and
exceeding the criteria set forth by the International Society for
Cellular Therapy (21) to achieve a homogeneous cell popula-
tion. In addition, differentiation assays confirmed that these
cells have the ability to differentiate into osteoblasts and adi-
pocytes in vitro. Sex-mismatch experiments with donor male
cells and female recipient neonatal mice allowed us to quantify
transplanted cells and show persistence of a small number of
donor cells 2 weeks after injection. We were unable to further
characterize whether the donor cells differentiated into lung cell
types or to address cell fusion possibilities. We did observe that
a higher number of donor BMSCs can be detected in the injured
lung compared with the normal lung at 10 days post injection.
Nevertheless, the overall donor cell retention is minimal, in
the order of one BMSC per 10,000 lung cells, and we cannot
formally exclude the possibility that the observed donor cells
represent rare, nonmesenchymal contaminants in our cultures,
despite the strict selection regimen we used. Based on these
data, we cannot propose that donor BMSCs extensively replace
injured lung cells to effectively improve lung architecture. The
minimal BMSC engraftment after transplantation combined with
the therapeutic efficacy of cell-free conditioned media point to
paracrine effects of BMSC action rather than direct tissue repair.

Similar results of low engraftment, associated with a signifi-
cant beneficial response, have been reported in other studies.
Togel and colleagues observed a rapid clearance of BMSCs
within 24 hours of intravenous delivery but demonstrated
significant protection from ischemic acute renal failure in a rat
model of disease (34). A similar “early benefit” effect was
observed in a cardiac injury model within 72 hours of BMSC
injection that was attributed to the paracrine effects of growth
factors released by the transplanted cells (35). However, none
of these studies tested the potential in vivo cytoprotective
actions of secreted factors derived from cultured BMSCs. More
recently it has become apparent that many (but not all) of the
beneficial effects of stem and progenitor cells in animal disease
models are the result of immunomodulatory and trophic
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support properties delivered by the transplanted cells acting in
a paracrine manner. Using a bleomycin-induced lung inflam-
mation and fibrosis model, Ortiz and colleagues (36) suggested
that BMSC-secreted interleukin 1 receptor antagonist (IL1ra)
represents a key candidate for the observed beneficial effects of
BMSC treatment, and the antiapoptotic effect of BMSCs on
neutrophils was shown to depend on IL-6 secretion but not on
cell-to-cell contact (37). Chen and colleagues have demon-
strated a beneficial effect of BMSC-CM on wound healing
compared with fibroblast conditioned media (38). Parekkadan
and colleagues have demonstrated a significant survival benefit
in rats with fulminant hepatic failure via intravenous adminis-
tration of sonicated BMSCs (39). Similar paracrine effects of
stem or progenitor cells have been observed in other studies
(40-42), and the assertion has been advanced that, in certain
systems, it may not be just a singular factor but rather a specific
milieu of secreted factors that confer the reparative and trophic
action of stem or progenitor cells (43). Although paracrine
effects may explain certain of the observed cytoprotective prop-
erties of BMSCs, cell-to-cell interactions, resulting in reprog-
ramming of immune cells by BMSCs, have been shown to be
paramount for protection in an animal model of sepsis (44).
None of the above studies identified the factor(s) responsible
for BMSC-CM efficacy in vivo. In our system, the beneficial
response appears to be stem cell-specific, because we did not
detect any effect with mouse lung fibroblast or PASMC in-
jection. BMSCs were administered after the animals had been
already exposed to high oxygen for 3 days and the observed
protective effect suggests that BMSCs, or the milieu of proteins
they secrete, could be used clinically as a prophylaxis tool
to prevent further injury. BMSC-mediated release of growth
factors and potential immunosuppressive effects may explain
some of the observed physiological benefits. Our mass spectro-
scopic analysis on BMSC-CM identified protein classes associ-
ated with cell proliferation and apoptosis, cell-cell interactions
and cell motility, immune modulation, and respiratory disease.
A previous gene expression profiling study by Ohnishi and
colleagues (45) identified similar classes of molecules expressed
in high abundance (> 100-fold) specifically by BMSCs com-
pared with bone marrow—derived mononuclear cells. In our
analysis, out of several proteins identified in BMSC-CM, two
were of particular interest: Sppl and Csfl. Sppl, also known as
osteopontin (Opn), has been identified as a protein with
a pivotal role in immune and vascular models of injury. Opn
regulates cytokine production by macrophages, inhibits mac-
rophage accumulation in vascular systems, mediates cell adhe-
sion and migration, and can act as a survival factor (46, 47).
Osteopontin can have an antiinflammatory or proinflammatory
effect depending on the injury model and stage of injury. Opn is
important for Thl-mediated immune and autoimmune disease
modulation. Xanthou and colleagues have demonstrated effects
of Opn on Th2-mediated allergic disease, observing a proin-
flammatory effect of Opn on primary systemic sensitization and
an antiinflammatory effect during secondary pulmonary anti-
genic challenge (48). Csfl is a key differentiation, growth, and
survival factor for monocytes/macrophages and its action on
these cells results in enhanced cytotoxicity, superoxide pro-
duction, phagocytosis, chemotaxis, and secondary cytokine pro-
duction (49). Exogenous administration of recombinant Csf1
was shown to have protective effects in human fungal infections
(50). The role of both Sppl and Csfl in this neonatal mouse
model of disease is unknown and these molecules represent
attractive candidates for further functional studies to determine
whether in isolation, or in combination with other secreted
proteins, they are responsible for the observed BMSC-CM
efficacy. It is likely that a combination of these proteins rather



Aslam, Baveja, Liang, et al.: Paracrine Effects of BMSCs in Murine BPD

than one single factor confers cytoprotective epithelial, vascu-
lar, and antiinflammatory effects on the developing neonatal
lung.

Our studies indicate that mechanisms of immunological pro-
tection may be the major effectors of BMSC treatment. In
agreement, several reports have demonstrated immunological
protection with BMSC administration, including down-regulation
of T cell proliferation and dendritic cell maturation (51-53), and
antiproliferative effects on B lymphocytes (54) and natural
killer cells (55). We speculate that the low retention of BMSCs
into the lung may limit their ability to secrete factor(s) in suf-
ficient amounts to achieve complete tissue recovery in response
to hyperoxic or potentially other lung injury. The concentrated
administration of active immunomodulators produced by BMSCs
in culture may achieve significant in vivo levels to trigger
signaling pathways of repair and immunological protection that
can have long-lasting effects. Inflammation is considered the
key mediator of alveolar and vascular injury in BPD. It likely
results from an imbalance between pro- and antiinflammatory
mediators within the lung. In their review of BPD, Thompson
and colleagues have found higher levels of proinflammatory
cytokines (IL1B, IL-6, and IL-16) and lower levels of antiin-
flammatory cytokines (IL-10 and IL-13) in premature infants
with BPD (56). In a multicenter study of extremely low birth
weight infants with BPD, Ambalavanan and colleagues dem-
onstrated a correlation of higher IL1B and lower IL-17 serum
concentrations with BPD (57). In our study, hyperoxia exposure
resulted in significant inflammation within the lungs of animals
treated with MLFs or PASMCs, as shown by significant
neutrophil and macrophage levels in the BALF. Treatment of
hyperoxic animals with BMSCs or BMSC-CM prevented the
development of inflammation resulting in a significantly re-
duced number of neutrophils and macrophages within the
BALF. To characterize the inflammation further we measured
the cytokine and chemokine profile within the BALF via the
Luminex 200 system. Our analysis identified higher levels of
proinflammatory cytokines in the BALF of hyperoxic animals
treated with PASMC-CM (IL-17, IL-5, and TNF-o) compared
with the BMSC-CM. The rest of the proinflammatory cytokine
levels, although higher in the hyperoxic animals treated with
PASMC-CM compared with BMSC-CM, did not reach statisti-
cal significance. One likely explanation is the presence of low
cytokine levels in the BALF compared with the levels in serum
or whole lung. Also the peak timing of cytokine elevation is
unknown and it is possible that some of these cytokines are
secreted in higher amounts in the early or late phase of in-
flammation. We have measured these cytokine levels at 14 days
post hyperoxia. Further studies using early and late time frames,
as well as measurement of cytokine profile within the lungs
in addition to BALF, will determine the exact cytokine and
chemokine alterations in BPD.

In conclusion, this report demonstrates a potential beneficial
effect of BMSC treatment on the pathophysiology of oxygen-
induced lung injury. Further in vivo and in vitro studies are
required to optimize dose, timing, and duration of both stem
cell and cell-free media treatment and to delineate the mech-
anisms underlying BMSC protection in our model of BPD. The
findings of this study point to the beneficial use of stem cells
and/or a pool of factors they secrete in culture as a therapeutic
approach to protect the newborn injured lung.
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