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Asthma affects an estimated 300 million people worldwide and
accounts for 1 of 250 deaths and 15 million disability-adjusted life
years lost annually. Plastic-adherentbonemarrow–derived cell (BMC)
administration holds therapeutic promise in regenerative medicine.
However, given the low cell engraftment in target organs, including
the lung,cell replacement cannot solely account for the reported ther-
apeuticbenefits. This suggests thatBMCsmayactbysecretingsoluble
factors. BMCsalsopossess antiinflammatory and immunomodulatory
properties andmay therefore be beneficial for asthma. Our objective
wasto investigatethetherapeuticpotentialofBMC-secretedfactors in
murine asthma. In amodel of acute and chronic asthma, intranasal in-
stillationofBMCconditionedmedium(CdM)preventedairwayhyper-
responsiveness (AHR)and inflammation. In thechronicasthmamodel,
CdM prevented airway smooth muscle thickening and peribronchial
inflammationwhile restoringblunted salbutamol-inducedbronchodi-
lation.CdMreduced lung levels of theTH2 inflammatory cytokines IL-4
and IL-13 and increased levels of IL-10. CdM up-regulated an IL-10–
induced and IL-10–secreting subset of T regulatory lymphocytes and
promoted IL-10 expressionby lungmacrophages. Adiponectin (APN),
an antiinflammatory adipokine found in CdM, prevented AHR, airway
smooth muscle thickening, and peribronchial inflammation, whereas
theeffectofCdMinwhichAPNwasneutralizedorfromAPNknock-out
mice was attenuated compared with wild-type CdM. Our study pro-
vides evidence that BMC-derived soluble factors prevent murine
asthma and suggests APN as one of the protective factors. Further
identification of BMC-derived factors may hold promise for novel
approaches in the treatment of asthma.
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Allergic disorders, such as anaphylaxis, hay fever, eczema, and
asthma, afflict roughly 20 to 30% of people in the developed
world (1). Asthma is characterized by airway hyperresponsive-
ness (AHR), inflammation, and remodeling with thickening of
the airway smooth muscle (ASM) cell layer refractory to bron-
chodilator therapy (2, 3). Despite the progress achieved in the past
decades in the management of asthma, refractory asthma ac-
counts for more than 250,000 deaths worldwide every year (4).

Recent studies have explored the therapeutic potential of
stem cells for regenerative medicine in multiple clinical disorders,
including myocardial infarction, diabetes, sepsis, and hepatic and
acute renal failure (5). Bone marrow (BM)-derived cells
(BMCs) also prevent various experimental lung diseases, in-
cluding pulmonary fibrosis (6), acute LPS-induced lung injury
(7, 8), and chronic oxygen-induced neonatal lung disease (9, 10).
Over the past decade, numerous reviews have summarized the
increasing amount of evidence in support of the therapeutic
benefits exerted by BMCs (11–16). However, cell engraftment
is consistently disproportionately low for cell replacement to
account for the therapeutic benefit. An alternate hypothesis
proposed for mesenchymal stem cells (MSCs) is the release of
soluble factors with exertion of their therapeutic benefit
through a paracrine-mediated mechanism (5).

BMCs display immunosuppressive and antiinflammatory
properties (16–21), suggesting their potential benefit in allergic
and inflammatory disease such as asthma. Thus, we hypothe-
sized that airway delivery of plastic adherent BMC-conditioned
medium (CdM) prevents AHR, inflammation, and remodeling
in experimental murine asthma.

MATERIALS AND METHODS

Expanded methods are available in the online supplement.

Cell Culture and CdM Preparation

BMCs from adult male wild-type (WT) BALB/c (Charles River Labora-
tories, Wilmington, MA) and adiponectin (APN) knock-out (KO) mice
(Dr. Kenneth Walsh, Boston University) were isolated based on plastic
adherence and differentiated along mesenchymal lineages (Figure E1A–
EF) (10, 22). CD452 and CD451 BMCs were purified using streptavidin-
coated magnetic beads (Dynabeads, Invitrogen, Burlington, ON, Can-
ada) and biotinylated CD45 antibody (BD Biosciences, Missisauga,
ON, Canada). Fibroblasts were isolated from adult mouse lungs (23).
Approximately 80% confluent cells (passage 2) were serum deprived
for 24 hours; the supernatant was concentrated (253) using centrifugal
filters (Millipore, Billerica, MA). Individual experiments were run us-
ing different CdM batches, and similar results were observed with dif-
ferent batches.

Fluorescence-Activated Cell Sorting

BMCs were characterized (8, 22, 24) using Sca-1, CD11b, CD29, CD31,
CD34, CD44, CD45, CD73, and CD105 antibodies (Biolegend, San
Diego, CA) (see Figures E2 and E3 in the online supplement).

Lung lymphocytes were isolated by collagenase III digestion (Wor-
thington Biochemical Corp., Lakewood, NJ) (25) and stained using
IL-10 antibody and a commercially available kit (Mouse Treg Flow
Kit; Biolegend) or CD11b antibody (BD Biosciences) and analyzed
using BD FACScan or FACSCanto flow cytometers (BD Biosciences).

Bronchoalveolar Lavage Fluid Analysis

Lungs of nonventilated animals were instilled with five successive ali-
quots of 1 ml sterile, ice-cold PBS (recovery consistently . 80%). Cells
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were counted, cytospun (Thermo Shandon, Pittsburgh, PA) onto slides,
and differentially stained (Hema 3; Thermo Fisher Scientific, Nepean,
ON, Canada) (26).

Animal Model

Adult male BALB/c mice were housed in specific pathogen-free condi-
tions. All procedures were approved by the University of Alberta Animal
Policy and Welfare Committee.

In the acute asthma model (26), mice received two intraperitoneal
sensitizations and two intranasal ovalbumin (OVA) challenges. In the
chronic model (adapted from Reference 27), mice were sensitized four
times and challenged six times (Figure 1). Control animals received
saline. Concentrated, desalted CdM (25 ml) or recombinant APN
(rAPN) (5 mg/g body weight) (R&D Systems, Minneapolis, MN) was
administered intranasally after each OVA challenge.

Lung Function Testing

Lung function was assessed using a small animal ventilator (flexiVent;
Scireq, Montreal, PQ, Canada) (28). Saline (to establish baseline re-
sponses), methacholine (29) (2–32 mg/ml), and salbutamol (0.5 mg/ml)
solutions were aerosolized intratracheally, and functional parameters
were recorded for 3 minutes after each dose.

Cytokine Quantification

Cytokine concentrations in nonlavaged, nonventilated lungs and CdM
were determined using commercially available ELISA kits for detection
of IL-4, IL-10, IL-13 (eBioscience, SanDiego, CA), andAPN (Millipore).

Lung Histology

Nonlavaged lungs were fixed as previously described (10). Quantitative
assessments of ASM thickness and peribronchial inflammation were per-
formed on hematoxylin and eosin–stained lung sections using a computer-
controlled light microscope (Leica Microsystems Canada, Richmond
Hill, ON, Canada) and the Openlab imaging software (Improvision,
Coventry, UK) (30).

Statistics

Statistical analysis was performed using StatView 5.0 software (SAS In-
stitute, Cary, NC). Means were compared using one-way or repeated
measures (lung function testing) ANOVA followed by Fisher’s proba-
ble least significant difference post hoc test. All values are expressed as
mean (6 SEM). A value of P , 0.05 was considered significant.

RESULTS

BMC CdM Prevents Airway Inflammation in

Experimental Asthma

BMC CdM significantly reduced the total number of cells in the
brochoalveolar lavage fluid (BALF) in OVA-CdM animals com-
pared with untreated OVA mice in the acute (n ¼ 8; P ,
0.0001 [Figure 2A]) and the chronic (n ¼ 6; P ¼ 0.0001 [Figure
2B]) asthma models. Polymorphonuclear cells (PMNs), predom-
inantly eosinophils (z 50% of total BALF cells), were signifi-
cantly increased in the BALF of OVA mice compared with
control animals, whereas BMC CdM significantly attenuated
lung PMN influx (acute model: P , 0.0001 [Figure 2C]; chronic

model: P ¼ 0.0006 [Figure 2D]). BMC CdM had no effect on
control saline animals in the acute model (Figure 2A). Control
CdM from mouse lung fibroblasts (Fib CdM) had no effect
when compared with untreated OVA animals in the acute
model (Figure 2B). Fib CdM significantly lowered the total
number of cells and PMNs in the BALF in the chronic model
(Figure 2D), suggesting some antiinflammatory properties of
Fib CdM.

BMC CdM Prevents AHR in Experimental Asthma

In the acute model, the methacholine dose–dependent increases
in dynamic whole-lung resistance (Figure 3A) and elastance
(Figure 3B) were exacerbated in untreated OVA mice (n ¼
11) compared with the control saline-treated (n ¼ 9). BMC
CdM treatment attenuated the dose-dependent increase in both
parameters—dynamic whole-lung resistance (Figure 3A) and
elastance (Figure 3B)—by 50%. In the chronic model, there
were no differences between groups in the dynamic lung resis-
tance (Figure 3C). BMC CdM attenuated the increase in dy-
namic lung elastance in the chronic model by over 50% (Figure
3D). Conversely, control Fib CdM had no beneficial effect com-
pared with untreated OVA mice (Figures 3A–3D), suggesting
that the benefit was specific to the CdM of BMCs. BMC CdM
had no deleterious effect in the control saline-treated mice (Fig-
ures 3A–3D).

BMC CdM Improves Bronchial Responsiveness to Salbutamol

and Prevents Chronic ASM Thickening and

Peribronchial Inflammation

The bronchodilator response to salbutamol was significantly
blunted in the chronicOVAmodel as documented by a persistent
increase in dynamic lung resistance (Figure 4A) and elastance
(Figure 4B). The response to salbutamol remained blunted in
OVA-Fib CdM–treated animals as quantified by the persistent
increase in dynamic lung resistance (Figure 4A) and elastance
(Figure 4B). Conversely, BMC CdM restored the bronchodila-
tor response to salbutamol similar to the control groups (Figures
4A and 4B).

Medium-sized bronchi had a significant thickening of the
ASM layer and an increase in peribronchial inflammatory infil-
trate in OVA-sensitized animals compared with control mice as
quantified by ASM thickening (Figure 4C) and increased peri-
bronchial inflammatory infiltrate (Figure 4D) and shown in rep-
resentative H&E sections for each group (Figures 4E–4I).
Increased ASM thickening (Figure 4C) and peribronchial in-
flammatory infiltrate (Figure 4D) were significantly reduced
by 20 and 40%, respectively, in BMC CdM–treated OVA mice
compared with untreated OVA mice. Fib CdM had no beneficial
effect on these parameters.

BMC CdM Attenuates T helper-2 Lymphocytes

Cytokine Response

The T helper-2 (TH2) cytokines IL-4 and IL-13 were signifi-
cantly lower in the lungs of OVA-CdM mice compared with

Figure 1. Experimental protocols for the

acute (A) and chronic (B) ovalbumin

(OVA)-induced allergic asthma models.

i.p. ¼ intraperitioneal.
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untreated OVA mice and OVA-Fib CdM mice in the acute
(Table 1) and the chronic (Table 2) models. The levels of the

antiinflammatory cytokine IL-10 were significantly increased in

the lungs of OVA BMC CdM mice compared with untreated

OVA mice. IL-10 was present in BMC CdM (29.46 3.26 ng/ml)

but not detectable in Fib CdM by ELISA.

APN Mediates Protective Effects of BMC CdM on AHR

We also found APN, an antiinflammatory adipokine, to be
expressed in BMC CdM but not in Fib CdM (Figure 5A), sug-
gesting that some of the beneficial effects of BMC CdM could
be mediated by APN. APN was produced predominantly by
BM-MSCs (5-fold compared with CD451 BMCs) (Figure 5A).

Figure 2. Bronchoalveolar lavage
fluid (BALF) cell count. Bone
marrow cell (BMC) condi-

tioned medium (CdM) signif-

icantly decreased the total

cell number and lung poly-
morphonuclear cell influx (in

BALF). (A) Total cells in BALF

(acute). *P , 0.05, OVA–Fib

CdM versus OVA-CdM. ***P ,
0.001, OVA, OVA–mouse lung

fibroblast (Fib) CdM and OVA-

CdM versus saline and saline-

CdM, OVA versus OVA-CdM.
(B) Total cells in BALF (chronic).

*P, 0.05, OVA-CdM versus sa-

line. **P , 0.01, OVA versus
OVA–Fib CdM and OVA–Fib

CdM versus saline. ***P ,
0.001, OVA versus saline,

OVA-CdM. (C) Differential cell
counts in BALF (acute). *P ,
0.05, OVA–Fib CdM versus

OVA-CdM (eosinophils only).

**P , 0.01, OVA versus OVA-
CdM. ***P , 0.001, OVA,

OVA–Fib CdM and OVA-CdM

versus saline and saline-CdM.
(D) Differential cell counts in

BALF (chronic). *P , 0.05, OVA versus OVA–Fib CdM and OVA-CdM versus saline; ***P , 0.001, OVA–Fib CdM versus saline (eosinophils and

neutrophils). *P , 0.05, OVA–Fib CdM versus saline; **P , 0.01, OVA versus OVA–Fib CdM; ***P , 0.001, OVA versus OVA-CdM (monocytes/

macrophages). ***P , 0.001, OVA versus saline. The values are expressed as means 6 SEM. Data are representative of a series of five separate
experiments.

Figure 3. Invasive lung function testing. BMC CdM signifi-

cantly reduced the methacholine-induced increase in dynamic

lung resistance (acute) and elastance (acute and chronic mod-
els). (A) Dynamic lung resistance (acute). *P , 0.05, OVA

versus OVA-CdM, OVA-Fib versus saline and OVA-CdM.

**P , 0.01, OVA versus saline. (B) Dynamic lung elastance

(acute). *P , 0.05, OVA-Fib versus OVA-CdM. **P , 0.01,
OVA versus OVA-CdM, OVA-Fib versus saline and saline-

CdM. ***OVA versus saline and saline-CdM. Data for each

methacholine dose are expressed as means6 SEM of the peak
percent increase compared with baseline response to aerosol-

ized saline (n ¼ 4 separate experiments). “n” indicates the

number of animals in combined experiments. (C) Dynamic

lung resistance (chronic). (D) Dynamic lung elastance
(chronic). *P , 0.05, OVA and OVA–Fib CdM versus OVA-

CdM, saline-CdM; OVA–Fib CdM versus saline. **P , 0.01,

OVA versus saline. Data for each methacholine dose are

expressed as means6 SEM of the peak percent increase com-
pared with baseline response to aerosolized saline (n ¼ 5 sep-

arate experiments). “n” indicates the number of animals in

combined experiments.
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To test for the contribution of APN to the beneficial effects of
CdM, we tested the effects of APN absence in BMC CdM using
a neutralizing antibody and BMCs from APN KO mice. APN in-
hibition with a neutralizing antibody efficiently decreased APN in
BMCCdM (NeutCdM) (Figure 5A). APN inhibition significantly
attenuated the beneficial effect of BMC CdM on dynamic lung
elastance in the acute asthma model (Figure 5B).

Likewise, APN was undetectable in BMCs of APN KO mice
(Figure 5A). In addition, APN KO BMC CdM was unable to
prevent AHR (Figure 5C) and bronchodilator responsiveness

(Figure 5D). Conversely, rAPN treatment alone significantly
improved AHR (Figure 5C) and bronchodilator responsiveness
to salbutamol (Figure 5D).

APN Mediates Protective Effects of BMC CdM on

Airway Remodeling

Representative H&E-stained lung sections showed that, com-
pared with the control saline-treated mice (Figure 6A), the
chronic OVA model had significant airway remodeling (Figure

Figure 4. (A, B) Bronchodilator response to salbutamol. Bronchodilation in response to salbutamol was blunted in the chronic asthma model. BMC CdM

restored the bronchodilator response to salbutamol. (A) Dynamic lung resistance. *P , 0.05, OVA and OVA–Fib CdM versus saline and saline-CdM. (B)

Dynamic lung elastance. *P, 0.05, OVA versus saline, OVA–Fib CdM versus saline and saline-CdM. **P, 0.01, OVA and OVA–Fib CdM versus OVA-CdM.
The values are expressed as means 6 SEM (n ¼ 5 separate experiments). “n” indicates the number of animals in combined experiments. (C–I) Airway

remodeling in chronic asthma. Hematoxylin and eosin staining showing the characteristic features of airway remodeling of chronic asthma including

increased airway smooth muscle layer thickening and peribronchial inflammatory infiltrate in chronic OVA-exposed mice. BMC CdM significantly reduced

both. (C) Bronchial smooth muscle layer thickness. *P , 0.05, saline versus saline-CdM, OVA-CdM versus OVA–Fib CdM. **P , 0.01, OVA and OVA–Fib
CdM versus saline and saline-CdM, OVA-CdM versus OVA and saline-CdM. (D) Peribronchial inflammatory infiltrate area. **P , 0.01, OVA-CdM versus

saline, saline-CdM, OVA, OVA–Fib CdM. ***P , 0.001, OVA and OVA-Fib CdM versus saline, saline-CdM. Scale bar: 65 mm. Data are representative of

a series of five separate experiments. Data expressed as means 6 SEM. “n” indicates the number of airways analyzed in combined experiments.

TABLE 1. CYTOKINE PROFILE IN THE ACUTE ASTHMA MODEL

Group IL-4 (pg/mg protein) IL-13 (pg/mg protein) IL-10 (pg/mg protein)

Saline (n ¼ 11) 39.39 6 5.26* 152.37 6 8.48 652.75 6 88.64

Saline-CdM (n ¼ 9) 27.87 6 1.96 147.19 6 6.32 654.13 6 88.02

OVA (n ¼ 17) 66.37 6 4.81†,‡ 207.04 6 12.99x 753.63 6 55.65

OVA-CdM (n ¼ 18) 51.62 6 4.16‡ 126.44 6 5.08 1,156.50 6 95.78k

OVA-Fib CdM (n ¼ 7) 63.21 6 3.27‡ 190.44 6 18.18¶,x 992.91 6 60.40**

Definition of abbreviations: CdM ¼ conditioned medium; Fib ¼ mouse lung fibroblasts; OVA ¼ ovalbumin.

* Values are mean 6 SEM.
y P , 0.05 OVA versus OVA-CdM.
z P , 0.01 OVA and OVA-Fib CdM versus saline, saline-CdM; OVA-CdM versus saline-CdM.
x P , 0.01 OVA versus saline, saline-CdM, OVA-CdM; OVA-Fib CdM versus OVA-CdM.
k P , 0.01 OVA-CdM vs. saline, saline-CdM, OVA.
¶ P , 0.05 OVA-Fib CdM vs. saline, saline-CdM.

** P , 0.05 OVA-Fib CdM vs. saline, saline-CdM.
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6B). Airway remodeling was prevented in OVA-CdM (Figure
6C) but not by APN KO BMC CdM (Figure 6D). Treatment
with rAPN in turn prevented airway remodeling (Figure 6E).
These data were confirmed by quantitative airway morphometry
showing attenuated ASM thickness (Figure 6F) and peribronchial
inflammation (Figure 6G) in OVA-CdM and rAPN-treated
mice but not in APN KO BMC CdM–treated mice, further sug-
gesting that APN contributes to the beneficial effects of BMCs
CdM.

BMC CdM Induces Subsets of IL-10–Producing T Regulatory

Cells and Macrophages

FACS revealed a subpopulation of lung lymphocytes coexpress-
ing the surface markers CD25 (Figure 7A) and CD4 (Figure 7B)
and intracellular IL-10 but lacking expression of the transcrip-
tion factor Foxp3 (Figures 7C–7F). This population was signif-
icantly up-regulated in OVA-CdM mice compared with OVA
and control mice (Figure 7G). FACS also revealed a subpopu-
lation of IL-10–expressing CD11b1 macrophages (Figures 7H–7K).
This population was significantly up-regulated in BMC CdM–
and rAPN-treated mice (Figure 7L).

DISCUSSION

We show that airway delivery of CdM obtained from BMCs pre-
vents the development of AHR, airway inflammation, and airway
remodeling while restoring airway responsiveness to salbutamol
in a murine model of acute and chronic asthma. BMC CdM also
attenuated TH2-associated cytokine release, induced a subset of
antiinflammatory IL-10–secreting T regulatory (Treg) cells, and
promoted IL-10 production by macrophages. Our data support
the potential for APN as a target for asthma therapy by showing
that APN contributed significantly to prevent AHR, inflam-
mation, and the histological features of airway remodeling. We
propose APN as a candidate for asthma therapy. BMC-derived
soluble factors may be a viable alternative to whole-cell delivery
and could therefore serve as a novel approach for the treatment
of asthma.

Recent evidence suggests that stromal stem cells prevent or-
gan damage through a paracrine effect rather than cell replace-
ment (5). In addition, these cells display antiinflammatory and
immunomodulatory properties (17–21). These properties render
stromal stem cells particularly appealing and amenable to the
treatment of inflammatory diseases. In vitro, these cells have
been shown to inhibit the proliferation of immune effector cells

TABLE 2. CYTOKINE PROFILE IN THE CHRONIC ASTHMA MODEL

Group IL-4 (pg/mg protein) IL-13 (pg/mg protein) IL-10 (pg/mg protein)

Saline (n ¼ 5) 19.18 6 3.12* 99.42 6 4.90 662.09 6 22.87

OVA (n ¼ 7) 131.93 6 12.67† 165.60 6 11.39‡ 840.54 6 60.94

OVA-CdM (n ¼ 7) 87.78 6 9.71†,x 118.56 6 5.56‡ 1,365.95 6 100.24¶

OVA-Fib CdM (n ¼ 7) 121.57 6 10.97† 140.07 6 9.16‡,k 862.35 6 35.13

Definition of abbreviations: CdM ¼ conditioned medium; Fib ¼ mouse lung fibroblasts; OVA ¼ ovalbumin.

* Values are mean 6 SEM.
y P , 0.01 OVA, OVA-CdM, OVA-Fib CdM versus saline; OVA-CdM versus OVA.
z P , 0.01 OVA and OVA-Fib CdM versus saline; OVA-CdM versus OVA.
x P , 0.05 OVA-CdM versus OVA-Fib CdM.
k P , 0.01 OVA-Fib CdM versus OVA.
¶ P , 0.01 OVA-CdM vs. saline, OVA, OVA-Fib CdM.

Figure 5. (A) Adiponectin (APN) concentration in CdM

preparations. *P , 0.05, wild-type (WT) CdM versus

CD452 CdM; CD452 versus APN knock-out (KO) CdM,
CD451 CdM, Fib CdM, NeutCdM. ***P , 0.001, WT

CdM versus NeutCdM. ****P , 0.0001, WT CdM versus

APN KO CdM, CD452 CdM, Fib CdM. Results are from

two separate experiments. Data are expressed as
means 6 SEM. “n” indicates the number of independent

CdM batches. (B) Invasive lung function testing in the

acute asthma model. NeutCdM failed to prevent acute

OVA-induced AHR. *P , 0.05, OVA versus saline, OVA-
CdM. (C) Invasive lung function testing in the chronic

asthma model. BMC CdM and rAPN significantly reduced

the increase in dynamic lung elastance. **P , 0.01, OVA

versus OVA-CdM, saline. ***P , 0.001, OVA versus OVA-
rAPN. Data for each methacholine dose are expressed as

means 6 SEM of the peak percent increase compared with

baseline response to aerosolized saline (n ¼ 5 separate
experiments). “n” indicates the number of animals in com-

bined experiments. (D) Bronchodilator response to salbu-

tamol. Bronchodilation in response to salbutamol was

blunted in the chronic asthma model. BMC CdM and
recombinant APN (rAPN) restored the bronchodilator re-

sponse to salbutamol. *P , 0.05, OVA versus OVA-CdM,

OVA-rAPN, and saline. Values are expressed as means 6
SEM (n ¼ 5 separate experiments). “n” indicates the num-
ber of animals in combined experiments.
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such as B lymphocytes and T lymphocytes (20). In humans,
a phase II clinical trial suggested that stromal stem cells attenuate
steroid-resistant graft-versus-host disease after hemopoietic
stem cell transplantation (19). Inhaled and systemic steroids have
been successfully used in asthma since the recognition of the
contribution of airway inflammation to asthma pathogenesis,
but refractory asthma is still responsible for 250,000 deaths world-
wide every year (4). Refractory asthma is a pathological entity
characterized by reduced (or a lack of) responsiveness to conven-
tional bronchodilator therapy (2, 3). Here we show that BMC-
derived CdM exerts potent antiinflammatory effects in acute and
chronic murine asthma, preventing airway inflammation (Figure
2) and AHR in both models (Figure 3). In chronic asthma, BMC
CdM restored the response to salbutamol, a commonly pre-
scribed bronchodilator (Figures 4A and 4B), and prevented
ASM layer thickening and peribronchial inflammation (Figures
4C–4I). Meanwhile, Fib CdM failed to significantly affect AHR,
bronchodilator responsiveness, and airway remodeling. This sug-
gests that the benefits were specific to BMC CdM.

Asthma is an inflammatory disease caused by a complex set of
interactions between multiple effector cell types. The presence
of the antigen triggers TH2 lymphocyte activation, leading to
an acute cascade of events, which include recruitment of PMNs
to the lung parenchyma (typically eosinophils) (31) and secre-
tion of TH2 cytokines such as IL-4 and IL-13 (32–34). In our
study, PMN recruitment was inhibited by BMC CdM treatment,
as indicated by BALF analysis in acute and chronic asthma
models (Figure 2). Fib CdM also decreased total BALF cellu-
larity and PMN numbers. This effect was limited to the chronic
model and was reduced compared with BMC CdM. A similar
partial reduction in BALF cellularity and eosinophilia after skin
fibroblast administration has been reported (35). These obser-
vations highlight the importance of using appropriate cell con-
trols to further our understanding about the mechanism of
action of MSCs and CdM.

In humans, chronic airway remodeling is characterized by air-
way wall thickening, mainly due to smooth muscle hypertrophy
and hyperplasia, accompanied by the narrowing of the airway
lumen with goblet cell hyperplasia and peribronchial and peri-
vascular fibrosis (30). These structural changes in chronic asth-
matic airways may be a consequence of prolonged inflammation
(36). These changes may contribute to fatal asthma refractory to
bronchodilator therapy. We evaluated the impact of BMC CdM
administration on airway remodeling by quantifying the degree
of ASM layer thickening and peribronchial inflammation in the
chronic asthma model, where remodeling was expected to oc-
cur. Both parameters were reduced in OVA-CdM animals com-
pared with the OVA and OVA-Fib CdM groups (Figures 4C
and 4D), suggesting that BMC CdM prevents the development
of airway remodeling. This histological improvement was ac-
companied by restoration of the bronchial responsiveness to
salbutamol, a conventional bronchodilator (Figures 4A and
4B). Administration of a single dose of salbutamol on maxi-
mally constricted airways led to a significant decrease in dy-
namic resistance and elastance in the OVA-CdM similar to
controls, whereas this response was blunted in untreated
OVA mice and OVA-Fib CdM mice, a major feature in the
occurrence of refractory asthma.

We sought to determine the mechanisms through which CdM
prevents the development of asthma features. We found that the
levels of IL-4 and IL-13, two TH2 cytokines generally elevated
in asthma (34), were attenuated in the lungs of OVA-CdM ani-
mals compared with untreated OVA mice (Tables 1 and 2). Our
findings are consistent with recent reports showing that BMC
administration decreases lung inflammation and BALF levels of
TH2 cytokines in an acute, ragweed-induced model of allergic
asthma (35) and in OVA-induced mouse models of AHR (37–39).
Moreover, in our study the levels of the antiinflammatory IL-10
were significantly increased in the OVA-CdM lungs, suggesting
that BMC CdM attenuates allergic TH2 inflammation through

Figure 6. (A–E) Airway remodeling parameters in chronic asthma. Representative hematoxylin and eosin–stained lung sections showing the char-

acteristic feature of airway remodeling in the chronic asthma model, including increased airway smooth muscle layer thickening and peribronchial

inflammatory infiltrate in chronic OVA-exposed mice. BMC CdM and rAPN significantly reduced both. (F) Bronchial smooth muscle layer thickness.
*P , 0.05, OVA versus OVA-CdM, OVA-rAPN. **P , 0.01, OVA versus saline, OVA–KO CdM versus OVA-CdM, OVA-rAPN. ***P , 0.001, OVA–KO

CdM versus saline. (G) Peribronchial inflammatory infiltrate area. *P , 0.05, OVA and OVA–KO CdM versus OVA-CdM, OVA-CdM versus saline.

**P , 0.01, OVA and OVA–KO CdM versus OVA-rAPN. ****P , 0.0001, OVA and OVA–KO CdM versus saline. Scale bar: 65 mm. Data are

representative of a series of five separate experiments. The values are expressed as means 6 SEM. “n” indicates the number of airways analyzed
in combined experiments.
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an IL-10–dependent mechanism. IL-10 has been shown to con-
tribute to the reduction of airway inflammation (40). BMC CdM
itself acted as an exogenous source of IL-10; however, we did
not find a significant difference between the levels of IL-10 in
the lungs of BMC CdM–treated control animals and untreated
controls, suggesting that endogenous production of IL-10 in the
allergic inflammatory environment may be an important com-
ponent of elevated IL-10 levels found only in OVA-CdM lungs.
We therefore sought to identify cellular effectors that would
mediate the actions of BMC-secreted factors and also potential
local IL-10 sources. Treg cells have recently been shown to
diminish inflammation in asthma (41), and BMCs are able to
induce IL-10 secretion by Treg cells (42) and macrophages (43,
44). Naturally occurring Treg cells are most commonly defined
as cells that express the surface markers CD4 and CD25 and the
intracellular marker Foxp3 upon activation (45). We did not
find significant changes in the proportion of naturally occurring
CD41CD251Foxp31 regulatory Treg cells in the draining
lymph nodes or lung lymphocytes (Fig. E4), suggesting that
local BMC CdM administration does not act on a systemic cel-
lular immunity level in the acute model. This is consistent with
reports indicating that short-term exposure to ovalbumin may
lead to decreased lung CD41CD251Foxp31 cells (46) or spleen
CD41Foxp31 cells (47). A recent study suggests up-regulation

of CD41CD251Foxp31 in the lungs of BALB/c mice after al-
logeneic BMC treatment in an OVA-induced model of AHR
(38). However, in this report the allogeneic BMCs were also
administered at the time of sensitization to OVA, not only upon
antigen challenges. We did not attempt to prevent antigen sen-
sitization because we sought to mimic the clinical conditions in
which the patient would have already been hypersensitive to
specific triggers. Instead, we found that BMC CdM prevented
the OVA-induced down-regulation of Treg cells expressing
CD4, CD25, and IL-10 and lacking expression of Foxp3 (Fig-
ures 7A–7G), a subset of inducible Treg cells that have been
described to be IL-10–induced and IL-10–secreting Treg cells
(Tr1) (48–50). This finding correlates with our finding that IL-10
is present in BMC CdM and is consistent with other reports in-
dicating the presence of IL-10 in the human stromal stem cell
secretome (51). Simultaneously, using CD11b as a macrophage
marker, we found a significant up-regulation of CD11b1 coex-
pressing IL-10 in OVA-CdM lungs (Figure 7H–7L). It has been
proposed that BMCs may contribute to the reduction of allergic
airway inflammation by promoting a switch from TH2 to TH1
phenotype in an OVA-induced murine model of AHR (39).
Recently, a population of CD11b1Gr11F4/801 immunoregu-
latory myeloid-derived suppressor cells has been shown to con-
tribute to blunted TH2 responses after preallergen LPS

Figure 7. Fluorescence-activated cell sorting of lung lymphocytes. (A) Gating for activated CD41 lymphocytes (CD41CD251) followed by (B) gating

for Foxp32 within this cell population. (C–F) Representative scatterplots for CD41CD251Foxp32IL-101 cells from each experimental group. (G)

BMC CdM increased the proportion of lung CD41CD251Foxp32IL-10 cells. ***P , 0.001, saline and OVA-CdM versus OVA and OVA-rAPN. (H–K)
Representative scatterplots for CD11b1IL-101 cells from each experimental group. (L) BMC CdM increased the proportion of lung CD11b1IL-101

cells. *P , 0.05, OVA versus OVA-CdM and saline. ***P , 0.001, OVA-rAPN versus saline. ****P , 0.0001, OVA-CdM versus saline. Data are

representative of two experiments. The values are expressed as means 6 SEM.
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exposure in a house dust mite murine model of AHR. Myeloid-
derived suppressor cells were also able to prevent airway eosin-
ophilia and IL-13 production when transplanted in vivo after
OVA exposure. The hypothesis that IL-10 has a direct role in
reducing TH2 inflammation is supported by the finding that TH2
cytokine levels were restored with neutralization of IL-10 (52).

BMCs have also been shown to act via TGF-b production to
alleviate airway inflammation in a ragweed-induced model of
murine asthma (35).

In our quest to identify candidate factors mediating the ben-
eficial effects of BMCs, we found APN, an antiinflammatory adi-
pokine, to be present in BMC CdM. APN is a white adipose
tissue–derived antiinflammatory cytokine that is found in lower
levels in obese patients. Obesity is associated with increased
incidence and worse outcomes of asthma, suggesting that
APN levels may serve as a biomarker in asthma (53). It has
been shown that APN KO mice develop more severe features
of chronic allergic asthma, including airway inflammation and
remodeling, compared with WT animals (54). In addition,
rAPN decreased AHR and neutrophil and eosinophil counts
as well as BALF IL-13 and IL-5 levels in acute murine OVA-
induced asthma (55). Consistent with these observations, we
found that administration of CdM from WT BMCs in which
APN was neutralized (acute asthma model) or CdM from
BMCs of APN KO mice (chronic model) was less effective than
WT CdM in attenuating AHR (Figure 5) and remodeling (Fig-
ure 6) in chronic OVA-induced asthma. Conversely, adminis-
tration of rAPN alone restored airway responsiveness to normal
levels (Figures 5C and 5D) and prevented ASM thickening
(Figure 6F) and peribronchial inflammation (Figure 6G) in
the chronic model.

Given the relative scarcity of reports regarding the phenotype
of BMCs from the BALB/c mouse strain (22, 56) and the het-
erogeneity of the BMCs used in this study (Fig. E2), we sought
to determine the cellular source of APN. We separated the
BM-MSCs by negative CD45-based selection. BM-MSCs dis-
played a CD452Sca11CD291 phenotype, whereas the posi-
tively selected population (CD451 BMCs) displayed a CD451

Sca1loCD291 phenotype (Fig. E4). The BM-MSCs were found
to be the major contributor to APN production compared
with CD451 BMCs (Figure 5A).

To clarify the role of APN in our study, we tested whether
APN alone could contribute to the up-regulation of IL-10–
expressing cellular subtypes. rAPN administration did not affect
Tr1 levels when compared with untreated OVA animals (Fig-
ures 7A–7G). APN has been shown to induce IL-10 secretion by
macrophages (57, 58), another cellular source potentially re-
sponsible for the increased IL-10 found in the OVA-CdM lungs
compared with the untreated OVA animals. In the chronic
asthma model, rAPN induced the up-regulation of IL-10–
expressing macrophages (Figures 7H–7L), similar to BMC
CdM administration. It is therefore possible that administration
of BMC CdM would induce the Tr1 through IL-10 found in the
CdM with a similar, simultaneous up-regulation of IL-10 pro-
duction by lung macrophages through APN. This would lead to
a sustained production of endogenous IL-10 that may contrib-
ute to attenuation of inflammatory events (40).

We aimed to determine the effects of CdM alone to come as
close as possible to the clinical setting: a relatively quick delivery
of a cell-free preparation that can be administered via the air-
ways. The former paradigm for the benefit of BMC administra-
tion focused on cell replacement; however, this concept
encompassed the concerns related to cell tumorigenic potential
and allogeneic transplantation (59, 60). We believed that the
delivery of a cell-free preparation would alleviate concerns re-
lated to tumorigenesis. A recent report (61) has compared the

effects of BM-MSCs and BM-MSC CdM in endotoxin-induced
lung injury (an inflammatory model) and did not find significant
differences between the effects of the CdM and the administra-
tion of cells themselves.

In summary, this is the first study to investigate the therapeu-
tic potential of MSC CdM and to propose APN as a MSC-
derived protective factor in experimental asthma. Overall, our
data highlight the therapeutic benefit of BMCs in asthma and
suggest the use of BMC-derived soluble factors as a novel, prac-
tical, and clinically relevant approach for the treatment of
asthma and other inflammatory disorders, thereby alleviating
the potential risks of whole-cell therapy. Further identification
of BMC-derived factors may hold promise for novel approaches
in the treatment of asthma.
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25. Stämpfli MR, Wiley RE, Neigh GS, Gajewska BU, Lei XF, Snider DP,

Xing Z, Jordana M. GM-CSF transgene expression in the airway

allows aerosolized ovalbumin to induce allergic sensitization in mice.

J Clin Invest 1998;102:1704–1714.

26. Ebeling C, Forsythe P, Ng J, Gordon JR, Hollenberg M, Vliagoftis H.

Proteinase-activated receptor 2 activation in the airways enhances

antigen-mediated airway inflammation and airway hyperrespon-

siveness through different pathways. J Allergy Clin Immunol 2005;

115:623–630.

27. Vieira RP, Claudino RC, Duarte AC, Santos AB, Perini A, Faria Neto

HC, Mauad T, Martins MA, Dolhnikoff M, Carvalho CR. Aerobic

exercise decreases chronic allergic lung inflammation and airway

remodeling in mice. Am J Respir Crit Care Med 2007;176:871–877.

28. Vanoirbeek JAJ, Rinaldi M, De Vooght V, Haenen S, Bobic S, Gayan-

Ramirez G, Hoet PHM, Verbeken E, Decramer M, Nemery B, et al.

Noninvasive and invasive pulmonary function in mouse models of

obstructive and restrictive respiratory diseases. Am J Respir Cell Mol

Biol 2010;42:96–104.

29. Crapo RO, Casaburi R, Coates AL, Enright PL, Hankinson JL, Irvin

CG, MacIntyre NR, McKay RT, Wanger JS, Anderson SD, et al.

Guidelines for methacholine and exercise challenge testing-1999. Am

J Respir Crit Care Med 2000;161:309–329.

30. Hirota JA, Ellis R, Inman MD. Regional differences in the pattern of

airway remodeling following chronic allergen exposure in mice.

Respir Res 2006;7:120.

31. Hogan SP, Rosenberg HF, Moqbel R, Phipps S, Foster PS, Lacy P, Kay

AB, Rothenberg ME. Eosinophils: biological properties and role in

health and disease. Clin Exp Allergy 2008;38:709–750.

32. Grünig G, Warnock M, Wakil AE, Venkayya R, Brombacher F,

Rennick DM, Sheppard D, Mohrs M, Donaldson DD, Locksley RM,

et al. Requirement for IL-13 independently of IL-4 in experimental

asthma. Science 1998;282:2261–2263.

33. Mattes J, Yang M, Mahalingam S, Kuehr J, Webb DC, Simson L, Hogan

SP, Koskinen A, McKenzie ANJ, Dent LA, et al. Intrinsic defect

in T cell production of interleukin (IL)-13 in the absence of both

IL-5 and eotaxin precludes the development of eosinophilia and

airways hyperreactivity in experimental asthma. J Exp Med 2002;

195:1433–1444.

34. Wills-Karp M. Interleukin-13 in asthma pathogenesis. Immunol Rev

2004;202:175–190.

35. Nemeth K, Keane-Myers A, Brown JM, Metcalfe DD, Gorham JD,

Gorham JD, Bundoc VG, Bundoc VG, Hodges MG, Jelinek I, et al.

Bone marrow stromal cells use TGF-beta to suppress allergic re-

sponses in a mouse model of ragweed-induced asthma. Proc Natl

Acad Sci USA 2010;107:5652–5657.

36. Tagaya E, Tamaoki J. Mechanisms of airway remodeling in asthma.

Allergol Int 2007;56:331–340.

37. Bonfield TL, Koloze M, Lennon DP, Zuchowski B, Yang SE, Caplan AI.

Human mesenchymal stem cells suppress chronic airway inflamma-

tion in the murine ovalbumin asthma model. Am J Physiol Lung Cell

Mol Physiol 2010;299:L760–L770.

38. Kavanagh H, Mahon BP. Allogeneic mesenchymal stem cells prevent

allergic airway inflammation by inducing murine regulatory T cells.

Allergy 2011;66:523–531.

39. Goodwin M, Sueblinvong V, Eisenhauer P, Ziats NP, Leclair L, Poynter

ME, Steele C, Rincon M, Weiss DJ. Bone marrow derived mesen-

chymal stromal cells inhibit Th2-mediated allergic airways inflam-

mation in mice. Stem Cells 2011;29:1137–1148 10.1002/stem.656.

40. Ogawa Y, Duru EA, Ameredes BT. Role of IL-10 in the resolution of

airway inflammation. Curr Mol Med 2008;8:437–445.

41. Medoff BD, Thomas SY, Luster AD. T cell trafficking in allergic asthma:

the ins and outs. Annu Rev Immunol 2008;26:205–232.

42. Ghannam S, Pène J, Torcy-Moquet G, Jorgensen C, Yssel H. Mesen-

chymal stem cells inhibit human Th17 cell differentiation and function

and induce a T regulatory cell phenotype. J Immunol 2010;185:302–312.

43. Németh K, Leelahavanichkul A, Yuen PST, Mayer B, Parmelee A, Doi K,

Robey PG, Leelahavanichkul K, Koller BH, Brown JM, et al. Bone

marrow stromal cells attenuate sepsis via prostaglandin E(2)-dependent

reprogramming of host macrophages to increase their interleukin-10

production. Nat Med 2009;15:42–49.

44. Kim J, Hematti P. Mesenchymal stem cell-educated macrophages: a novel

type of alternatively activated macrophages. Exp Hematol 2009;37:

1445–1453.

45. McGee HS, Agrawal DK. TH2 cells in the pathogenesis of airway

remodeling: regulatory T cells a plausible panacea for asthma.

Immunol Res 2006;35:219–232.

46. Burchell JT, Wikstrom ME, Stumbles PA, Sly PD, Turner DJ. Attenu-

ation of allergen-induced airway hyperresponsiveness is mediated by

airway regulatory T cells. Am J Physiol Lung Cell Mol Physiol 2009;

296:L307–L319.

47. Wang Y, Bai C, Wang G, Wang D, Cheng X, Huang J, Jiang D, Qian G,

Wang X. Protection against the allergic airway inflammation depends

on the modulation of spleen dendritic cell function and induction of

regulatory T cells in mice. Genet Vaccines Ther 2010;8:2.

48. Vieira PL, Christensen JR, Minaee S, O’Neill EJ, Barrat FJ, Boonstra A,

Barthlott T, Stockinger B, Wraith DC, O’Garra A. IL-10-secreting

regulatory T cells do not express Foxp3 but have comparable regulatory

function to naturally occurring CD41CD251 regulatory T cells.

J Immunol 2004;172:5986–5993.

49. Hawrylowicz CM. Regulatory T cells and IL-10 in allergic inflammation.

J Exp Med 2005;202:1459–1463.

50. Hawrylowicz CM, O’Garra A. Potential role of interleukin-10-secreting reg-

ulatory T cells in allergy and asthma. Nat Rev Immunol 2005;5:271–283.

51. Wagner W, Roderburg C, Wein F, Diehlmann A, Frankhauser M,

Schubert R, Eckstein V, Ho AD. Molecular and secretory profiles of

human mesenchymal stromal cells and their abilities to maintain

primitive hematopoietic progenitors. Stem Cells 2007;25:2638–2647.

52. AroraM, Poe SL, Oriss TB, Krishnamoorthy N, YarlagaddaM,Wenzel SE,

Billiar TR, Ray A, Ray P. TLR4/MyD88-induced CD11b1Gr-1intF4/

801 non-migratory myeloid cells suppress Th2 effector function in the

lung. Mucosal Immunol 2010;3:578–593.

53. Shore SA, Fredberg JJ. Obesity, smooth muscle, and airway hyper-

responsiveness. J Allergy Clin Immunol 2005;115:925–927.

54. Medoff BD, Okamoto Y, Leyton P, Weng M, Sandall BP, Raher MJ,

Kihara S, Bloch KD, Libby P, Luster AD. Adiponectin deficiency

increases allergic airway inflammation and pulmonary vascular remod-

eling. Am J Respir Cell Mol Biol 2009;41:397–406.

55. Shore SA, Terry RD, Flynt L, Xu A, Hug C. Adiponectin attenuates

allergen-induced airway inflammation and hyperresponsiveness in

mice. J Allergy Clin Immunol 2006;118:389–395.

56. Chamberlain G, Fox J, Ashton B, Middleton J. Concise review: mes-

enchymal stem cells: their phenotype, differentiation capacity, im-

munological features, and potential for homing. Stem Cells 2007;25:

2739–2749.

57. Kumada M, Kihara S, Ouchi N, Kobayashi H, Okamoto Y, Ohashi K,

Maeda K, Nagaretani H, Kishida K, Maeda N, et al. Adiponectin

specifically increased tissue inhibitor of metalloproteinase-1 through

Ionescu, Alphonse, Arizmendi, et al.: Stem Cell Paracrine Activity and Asthma 215



interleukin-10 expression in human macrophages. Circulation 2004;

109:2046–2049.

58. Ohashi K, Parker JL, Ouchi N, Higuchi A, Vita JA, Gokce N, Pedersen

AA, Kalthoff C, Tullin S, Sams A, et al. Adiponectin promotes

macrophage polarization toward an anti-inflammatory phenotype. J

Biol Chem 2010;285:6153–6160.

59. Lepperdinger G, Brunauer R, Jamnig A, Laschober G, Kassem M.

Controversial issue: is it safe to employ mesenchymal stem cells

in cell-based therapies? Exp Gerontol 2008;43:1018–1023.

60. Amariglio N, Hirshberg A, Scheithauer BW, Cohen Y, Loewenthal R,

Trakhtenbrot L, Paz N, Koren-Michowitz M, Waldman D, Leider-

Trejo L, et al. Donor-derived brain tumor following neural stem cell

transplantation in an ataxia telangiectasia patient. PLoS Med 2009;6:

e1000029.

61. Lee JW, Fang X, Gupta N, Serikov V, Matthay MA. Allogeneic human

mesenchymal stem cells for treatment of E. coli endotoxin-induced

acute lung injury in the ex vivo perfused human lung. Proc Natl Acad

Sci USA 2009;106:16357–16362.

216 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 46 2012



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


	link2external
	link2external
	link2external

