. STEM CELLS
TR ANSLATIONAL MEDICINE

TISSUE ENGINEERING AND REGENERATIVE MEDICINE

Laboratory of Pulmonary
Investigation, PLaboratory of
Cellular and Molecular
Physiology, “Laboratory of
Inflammation, Carlos Chagas
Filho Institute of Biophysics;
‘Laboratory of Clinical
Bacteriology and
Immunology, School of
Pharmacy, Federal University,
Rio de Janeiro, Brazil;
®Department of Medicine,
University of Vermont,
College of Medicine,
Burlington, Vermont, USA

Correspondence: Patricia R. M.
Rocco, M.D., Ph.D., Laboratory
of Pulmonary Investigation,
Carlos Chagas Filho Biophysics
Institute, Centro de Ciencias da
Saude, Federal University,
Avenida Carlos Chagas Filho, s/
n, Bloco G-014, Ilha do Fundao
21941-902, Rio de Janeiro,
Brazil. Telephone: +55 21 3938
6530; Fax: +55 21 2280 8193;
e-mail: prmrocco@gmail.com

Received September 6, 2016;
accepted for publication February
20, 2017; published Online First
on April 20, 2017.

© AlphaMed Press
1066-5099/2017/$30.00/0

http://dx.doi.org/
10.1002/sctm.16-0398

This is an open access article
under the terms of the Creative
Commons Attribution-
NonCommercial-NoDerivs
License, which permits use and
distribution in any medium,
provided the original work is
properly cited, the use is non-
commercial and no modifications
or adaptations are made.

STEM CELLS TRANSLATIONAL MEDICINE 2017;6:1557-1567 www.StemCellsTM.com

JAN
&7

Bone Marrow, Adipose, and Lung Tissue-Derived
Murine Mesenchymal Stromal Cells Release Different
Mediators and Differentially Affect Airway and Lung
Parenchyma in Experimental Asthma
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ABSTRACT

Mesenchymal stromal cells (MSCs) from different sources have differential effects on lung injury.
To compare the effects of murine MSCs from bone marrow (BM), adipose tissue (AD), and lung tis-
sue (LUNG) on inflammatory and remodeling processes in experimental allergic asthma, female
C57BL/6 mice were sensitized and challenged with ovalbumin (OVA) or saline (C). Twenty-four
hours after the last challenge, mice received either saline (50 pl, SAL), BM-MSCs, AD-MSCs, or
LUNG-MSCs (10° cells per mouse in 50 pl total volume) intratracheally. At 1 week, BM-MSCs pro-
duced significantly greater reductions in resistive and viscoelastic pressures, bronchoconstriction
index, collagen fiber content in lung parenchyma (but not airways), eosinophil infiltration, and lev-
els of interleukin (IL)-4, IL-13, transforming growth factor (TGF)-p, and vascular endothelial growth
factor (VEGF) in lung homogenates compared to AD-MSCs and LUNG-MSCs. Only BM-MSCs
increased IL-10 and interferon (IFN)-y in lung tissue. In parallel in vitro experiments, BM-MSCs
increased M2 macrophage polarization, whereas AD-MSCs and LUNG-MSCs had higher baseline
levels of IL-4, insulin-like growth factor (IGF), and VEGF secretion. Exposure of MSCs to serum
specimens obtained from asthmatic mice promoted reductions in secretion of these mediators,
particularly in BM-MSCs. Intratracheally administered BM-MSCs, AD-MSCs, and LUNG-MSCs were
differentially effective at reducing airway inflammation and remodeling and improving lung func-
tion in the current model of allergic asthma. In conclusion, intratracheal administration of MSCs
from BM, AD, and LUNG were differentially effective at reducing airway inflammation and remod-
eling and improving lung function comparably reduced inflammation and fibrogenesis in this
asthma model. However, altered lung mechanics and lung remodeling responded better to BM-
MSCs than to AD-MSCs or LUNG-MSCs. Moreover, each type of MSC was differentially affected in a
surrogate in vitro model of the in vivo lung environment. STEM CELLS TRANSLATIONAL MEDICINE
2017;6:1557-1567

SIGNIFICANCE STATEMENT

This study has demonstrated that murine mesenchymal stromal cells from bone marrow as well
as adipose and lung tissues release different mediators, resulting in differential impact on pul-
monary inflammation, fibrosis, and lung function when administered for treatment of experi-
mental allergic asthma. This preclinical study aimed to collect data that could be used to
support future clinical trials in patients with asthma.

goblet cell and smooth muscle cell hyperplasia
and hypertrophy, and vascular proliferation/angio-
genesis [1]. Despite standard treatment with corti-
costeroids and long-acting 3-agonists, no therapy
can consistently reverse all these pathologic
aspects of asthma. Therefore, new therapeutic
options that attenuate remodeling and stimulate
the repair process are required.

INTRODUCTION

Asthma is a common, heterogeneous respiratory
disease driven by a T-helper (Th) 2 immune
response to inhaled aeroallergens and character-
ized by airway hyper-responsiveness (AHR) and
eosinophilia. Chronic asthma is further associated
with airway remodeling, including subepithelial
fibrosis, collagen and elastic fiber deposition,
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The reparative and immunoregulatory properties of mesen-
chymal stromal cells (MSCs) have made them attractive candi-
dates for the treatment of asthma. In recent years, several studies
have evaluated the effects of MSCs obtained from different sour-
ces, mainly bone marrow and adipose tissue, in several models of
allergic airway inflammation [2-9]. In each case, MSC administra-
tion ameliorated the different experimental inflammatory
markers. Several mechanisms for these MSC actions have been
proposed, but, overall, the effects of these cells need further eluci-
dation. Moreover, depending on their origin, MSCs may have dif-
ferences in  immunomodulatory, anti-inflammatory, and
regenerative activity, expansibility in culture, and specific pheno-
types [10, 11], which may lead to different effects. Comparative
studies of MSCs from different origins have been done in several
models of experimental lung injury. However, to date, no study
has compared the efficacy or potential mechanisms of action of
MSCs from different sources in experimental allergic asthma.

The present study aimed to compare the extent to which
MSCs from different sources (bone marrow, adipose tissue, or
lung tissue) are able to decrease inflammation and remodeling
and promote airway epithelial repair, leading to improvement in
lung function, in experimental allergic asthma; and to investigate
the possible mechanisms of action of MSCs from different sour-
ces. For this purpose, an in vivo study of MSC administration in a
mouse model of ovalbumin-stimulated allergic airway inflamma-
tion was paralleled by in vitro studies profiling release of cytokines
and growth factors as well as effects of MSC coculture on macro-
phage polarization. Further experiments assessed the effects of
exposing MSCs to the serum of asthmatic mice on cell behaviors
in vitro.

MATERIALS AND METHODS

This study was approved by the Ethics Committee of the Federal
University of Rio de Janeiro Health Sciences Center (CEUA-018/
14). All animals received humane care under trained veterinarians
and veterinary staff in compliance with the “Principles of Labora-
tory Animal Care” formulated by the National Society for Medical
Research and the Guide for the Care and Use of Laboratory Ani-
mals prepared by the U.S. National Academy of Sciences.

Animal Preparation and Experimental Allergic
Asthma Protocol

One hundred and fifty C57BL/6 mice (weight 20-25 g, age 2
months) were used. MSCs were extracted and characterized from
the same 22 male C57BL/6 animals. As bronchoalveolar lavage
may affect lung morphological analysis and compromise lung
function, 64 female C57BL/6 mice were used to evaluate lung
mechanics and histology as well as levels of cytokines and growth
factors in lung tissue (n =6 per group), and another 64 female
animals were used to analyze total and differential cell counts in
bronchoalveolar lavage fluid (BALF) (n = 6 per group).

All animals were randomly assigned to two groups. In the
OVA group, mice were immunized using an adjuvant-free protocol
by intraperitoneal injection of sterile ovalbumin (OVA, 10 pg of
OVA in 100 pl saline) on seven alternate days (Supporting Infor-
mation Fig. 1). Forty days after the start of sensitization, the ani-
mals were anesthetized with intravenous ketamine (25 mg/kg)
and xylazine (2 mg/kg). Then, antigen challenge was performed in
OVA mice by intratracheal administration of 20 pg of OVA in 20 pl
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saline. This procedure was performed three times with 3-day
intervals between applications [12]. In the control group (C), ster-
ile saline solution was administered using the same protocol. Both
groups were subsequently randomized into four subgroups to
receive sterile saline solution (0.9% NaCl, 50 pl, saline (SAL)) or
MSCs derived from bone marrow, adipose tissue, and lung tissue
(10° BM-MSCs, AD-MSCs, or LUNG-MSCs per mouse at the third
passage), intratracheally, 24 hours after the last challenge (Sup-
porting Information Fig. 1). One week after MSC administration,
all data were analyzed.

Extraction and Characterization of Mesenchymal
Stromal Cells

Twenty-two male C57BL/6 mice (weight 20-25 g, age 2 months)
were anesthetized with intravenous ketamine (25 mg/kg) and
xylazine (2 mg/kg) and used as donors. Bone marrow cells were
obtained from femurs and tibias. After isolation, bone marrow-
derived cells were cultured (37°C, 5% T25 culture flasks; TPP,
Schaffhausen, Switzerland, http://www.sigmaaldrich.com) with
Dulbecco’s Modified Eagle Medium (DMEM; Invitrogen, CA,
https://www.thermofisher.com) containing 15 mM HEPES (Sigma,
MO, http://www.sigmaaldrich.com), 15% inactivated fetal bovine
serum (FBS) (Invitrogen, CA, https://www.thermofisher.com), 100
units per ml penicillin, and 100 mg/ml streptomycin antibiotic
solution (Gibco, NM, https://www.thermofisher.com). MSCs from
lung and adipose tissue (epididymal fat pad) were obtained as
previously described [13]. Tissues were collected, rinsed in PBS,
transferred to a Petri dish, and cut into small pieces (approxi-
mately 0.2-0.8 cm?). The dissected pieces were washed with PBS,
cut into smaller fragments, and subsequently digested with type |
collagenase (1 mg/ml in DMEM/10 mM HEPES) for 30 minutes to
1 hour at 37°C. Whenever gross remnants persisted after collage-
nase digestion were allowed to settle for 1-3 minutes, and the
supernatant was transferred to a new tube containing fresh
medium and centrifuged at 400 g for 10 minutes at room temper-
ature (RT). The pellets were resuspended in 3.5 ml D-MEM con-
taining 1% antibiotic-antimycotic solution (Invitrogen, CA), seeded
in six-well dishes (3.5 ml per well), and incubated at 37°C in a
humidified atmosphere containing 5% CO. On day 3 of culture,
the medium was changed and nonadherent cells were removed.
Adherent cells exhibited similar proliferation rates and, upon
reaching 80% confluence, were passaged with 0.05% trypsin-EDTA
solution (Gibco, NM) and then maintained in DMEM with 10%
FBS (complete medium).

Approximately 1 X 10° cells were characterized as MSCs at
the third passage, according to the International Society of Cellu-
lar Therapy Consensus [14]. Flow cytometry was performed using
commercially available antibodies against CD45 (leukocytes), CD34
(hematopoietic precursors), CD29 and CD45 (nonhematopoietic
precursors), and Sca-1 (stem/progenitor cells) (BD Biosciences,
http://www.bdbiosciences.com). The absence of CD34 and CD45
and the presence of CD29 and Sca-1 were used to identify MSCs
[15]. The different MSCs populations were further characterized
by their capacity to differentiate into osteoblasts and chondro-
blasts. Osteogenic differentiation was induced by culturing MSCs
for up to 3 weeks in D-MEM 10% FBS and 15 mM HEPES (Sigma,
MO), supplemented with 10~ 8 M/I dexamethasone (Sigma, MO,
www.sigmaaldrich.com), 5 pg/ml ascorbic acid 2-phosphate
(Sigma, MO, www.sigmaaldrich.com), and 10 mM/I B-glycerol-
phosphate (Sigma MO, www.sigmaaldrich.com). To observe cal-
cium deposition, cultures were stained with Alizarin Red S
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Lung mechanics. Static lung elastance (Est, L) and resistive (AP1, gray bar), viscoelastic (AP2, white bar), and total pressures

(APtot = AP1 + AP2). C: mice sensitized and challenged with saline; OVA: mice sensitized and challenged with ovalbumin; SAL: mice sensi-
tized and challenged with ovalbumin and treated with saline; BM-, AD-, and LUNG-MSCs: mice treated with MSCs derived from bone marrow,
adipose, and lung tissues, respectively, 24 hours after the last challenge (10° cells per mice). *Significantly different from C-SAL (p < .05).
**Significantly different from OVA-SAL (p < .05). #Significantly different from OVA-BM-MSCs (p < .05). Abbreviations: AD, adipose tissue; BM,
bone marrow; LUNG, lung tissue; MSCs, mesenchymal stromal cells; OVA, ovalbumin; SAL, saline.

(Nuclear, SP, Brazil). To induce chondrogenic differentiation, MSCs
were cultured in DMEM supplemented with 10 ng/ml TGF-B1
(Sigma, MO, www.sigmaaldrich.com), 50 nM ascorbic acid 2-
phosphate (Sigma, MO), and 6.25 mg/ml insulin for 3 weeks. To
confirm differentiation, cells were fixed with 4% paraformalde-
hyde in PBS for 1 hour at RT and stained with Alcian Blue pH 2.5.

Mechanical Parameters

One week after MSC administration, the animals were sedated
(diazepam 1 mg/kg intraperitoneally), anesthetized (thiopental
sodium 20 mg/kg intraperitoneally), tracheotomized, paralyzed
(vecuronium bromide, 0.005 mg/kg intravenously), and ventilated
using a constant flow ventilator (Samay VR15; Universidad de la
Republica, Montevideo, Uruguay) with the following settings: fre-
quency 100 breaths per minute, tidal volume (Vy) 0.2 ml, and frac-
tion of inspired oxygen 0.21. The anterior chest wall was surgically
removed and a positive end-expiratory pressure (PEEP) of 2 cm
H,0 applied. Airflow and tracheal pressure (Ptr) were measured
[16]. Lung mechanics were analyzed by the end-inflation occlusion
method [17]. In an open chest preparation, Ptr reflects transpul-
monary pressure (P.). Briefly, after end-inspiratory occlusion,
there is an initial fast drop in P_ (AP1, L) from the preocclusion
value down to an inflection point (Pi), followed by a slow pressure
decay (AP2, L), until a plateau is reached. This plateau corresponds
to the elastic recoil pressure of the lung (Pel). AP1, L selectively
reflects the pressure used to overcome the airway resistance.
AP2, L reproduces the pressure spent by stress relaxation, or
viscoelastic properties of the lung, together with a small contribu-
tion of pendelluft. Static lung elastance (Est,L) was determined by
dividing Pel by V4 Lung mechanics measurements were per-
formed 10 times in each animal [16]. All data were analyzed using
ANADAT software (RHT-InfoData, Inc., Montreal, Quebec, Canada).

Lung Histology

Laparotomy was performed immediately after determination of
lung mechanics and heparin (1,000 IU) was injected into the vena
cava. The trachea was clamped at end-expiration (PEEP =2

www.StemCellsTM.com

cmH,0), and the mice euthanized by exsanguination following
transection of the abdominal aorta and vena cava. Lungs were
then removed and flash-frozen by immersion in liquid nitrogen.
The left lung was fixed with Carnoy’s solution and paraffin-
embedded [15]. Sections (4 um thick) were cut and stained with
hematoxylin-eosin (H&E).

Lung morphometry analysis was performed using an integrating
eyepiece with a coherent system consisting of a grid with 100 points
and 50 lines of known length coupled to a conventional light micro-
scope (Olympus BX51, Olympus Latin America-Inc., Brazil). The vol-
ume fraction of collapsed and normal pulmonary areas, magnitude
of bronchoconstriction, and number of mononuclear (MN) and
polymorphonuclear (PMN) cells in pulmonary tissue were deter-
mined by the point-counting technique [18, 19] across 10 random,
noncoincident microscopic fields per mouse [15, 20, 21].

Collagen fibers (Picrosirius-polarization method) were quanti-
fied in airways and alveolar septa using ImagePro Plus 6.0 soft-
ware [12, 22].

Enzyme-Linked Immunosorbent Assay

In the right lung, levels of interleukin (IL)-4, IL-13, interferon (IFN)-
v, vascular endothelial growth factor (VEGF) (PeproTech, Rocky
Hill, NJ, https://www.peprotech.com), transforming growth factor
(TGF)-B, and IL-10 (R&D, Minneapolis, MN, https://www.rndsys-
tems.com) were quantified by enzyme-linked immunosorbent
assay (ELISA) as per manufacturer instructions. Results are
expressed as pg/ml.

Bronchoalveolar Lavage Fluid

Additional female mice were used to analyze total and differential
cell counts in BALF (n = 6 per group). For this purpose, a polyeth-
ylene cannula was inserted into the trachea and a total volume of
1.0 ml of PBS containing 10 mM EDTA was instilled and aspirated
(only once). Samples were centrifuged at 300 g for 10 minutes.
The supernatant was removed and the pellet resuspended in
0.25 ml of PBS. Total leukocyte counts in BALF were quantitated in
Neubauer chambers under light microscopy after dilution of the

© 2017 The Authors STEM CELLS TRANSLATIONAL MEDICINE published by
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Figure 2.

OVA

Morphometric parameters. Lung morphometry: fractional area of normal (white bar) and collapsed alveoli (gray bar); Tissue cel-

lularity: fractional area of mononuclear (MN, white bar) and polymorphonuclear (PMN, gray bar) cells; and Bronchoconstriction index. Bars
are means + SD of six animals per group. C: mice sensitized and challenged with saline; OVA: mice sensitized and challenged with ovalbumin;
SAL: mice sensitized and challenged with ovalbumin and treated with saline; BM-, AD-, and LUNG-MSCs: mice treated with MSCs derived
from bone marrow, adipose, and lung tissues, respectively, 24 hours after the last challenge (10° cells per mice). *Significantly different from
C-SAL (p < .05). **Significantly different from OVA-SAL (p < .05). #Significantly different from OVA-BM-MSCs (p < .05). Abbreviations: AD, adi-
pose tissue; BM, bone marrow; LUNG, lung tissue; MSCs, mesenchymal stromal cells; OVA, ovalbumin; SAL, saline.

samples in Turk solution (2% acetic acid). To obtain the percentage
of each cell type in BALF, differential leukocyte counts were per-
formed by counting 100 cells in cytocentrifuged smears stained by
the May-Griinwald-Giemsa method [23].

In Vitro Analysis of Macrophage Phenotype

RAW 264.7 cells (a mouse peritoneal macrophage cell line)
obtained from American Type Culture Collection (Rockville, MD,
https://www.bioz.com) were maintained in coculture with the dif-
ferent MSCs (BM-MSCs, AD-MSCs, and LUNG-MSCs) using DMEM—
High Glucose, supplemented with 10% fetal bovine serum, 1,000
U/ml penicillin/streptomycin, and 2 mM L-glutamine (Invitrogen,
Life Technologies Grand Isle, NY, https://www.thermofisher.com).
Cells were plated in 12-well transwell plates [10°> X RAW 264.7
(lower) and 10° X BM-MSCs, AD-MSCs and LUNG-MSCs (upper)/
well] for 48 hours. The supernatant was then removed and cells
washed with 1 X PBS, harvested from the culture plates using
2.5% Trypsin/EDTA (Invitrogen Life Technologies Grand Isle, NY,
https://www.thermofisher.com), and pelleted by centrifugation
(600 X g for 5 minutes).

© 2017 The Authors STEM CELLS TRANSLATIONAL MEDICINE published by
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Quantitative real-time reverse transcription (RT) polymerase
chain reaction (PCR) was performed to measure mRNA expression
of inducible nitric oxide synthase (iNOS) (M1 marker) and arginase
(M2 marker). Cells were lysed for RNA extraction through the
RNeasy Plus Mini Kit (Qiagen, Valencia, CA, https://www.giagen.
com) as per manufacturer instructions. The total RNA concentra-
tion was measured by spectrophotometry in a Nanodrop ND-
1000 system. First-strand cDNA was synthesized from total RNA
using an M-MLV Reverse Transcriptase Kit (Invitrogen, https://
www.thermofisher.com). Relative mRNA levels were measured
with a SYBR Green detection system using ABI 7500 real-time PCR
(Applied Biosystems, Foster City, CA, https://www.thermofisher.
com). All samples were measured in triplicate. The relative level of
each gene was calculated as the ratio of the study gene to the
control gene (acidic ribosomal phosphoprotein PO, 36(34) and
given as the fold change relative to RAW cells incubated with regu-
lar medium. The following PCR primers were used: iNOS, forward
5CTTCAGGTATGCGGTATTGG-3, reverse 5 CATGGTGAACACGTTCTT
GG-5; arginase-1, forward 5 GCTCAGGTGAATCGG CCTTTT-3/,
reverse 5 TGGCTTGCGAGA CGTAGAC-3’; IL-10, forward 5 AT

STEm CELLS TRANSLATIONAL MEDICINE
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lenged with saline; OVA: mice sensitized and challenged with ovalbumin; SAL: mice sensitized and challenged with ovalbumin and treated
with saline; BM-, AD-, and LUNG-MSCs: mice treated with MSCs derived from bone marrow, adipose, and lung tissues, respectively, 24 hours
after the last challenge (10° cells per mice). *Significantly different from C-SAL (p < .05). **Significantly different from OVA-SAL (p < .05).
#Significantly different from OVA-BM-MSCs (p < .05). Abbreviations: AD, adipose tissue; BM, bone marrow; LUNG, lung tissue; MSCs, mesen-

chymal stromal cells; OVA, ovalbumin; SAL, saline.

CCAAGACAACACTACTATA-3/, reverse 5 TAAATATCCTCAAAG TT
CC-3; and TGF-B, forward 5" GGCTACCATGCCAACTTCT-3', reverse
5" TGTACAACCAGCATAAC CCGG-3'.

Analysis of Multiple Soluble Factors After In Vitro
Stimulation

To profile soluble mediators potentially released in vivo by the
MSCs obtained from the different sources, MSCs were cultured for
48 hours in 12-well tissue culture plates (Becton Dickinson, San
Jose, CA) (10° cells per well) using DMEM-High Glucose, supple-
mented with 10% fetal bovine serum, 1,000 U/ml penicillin/strep-
tomycin, 2 mM L-glutamine (Invitrogen, Life Technologies Grand
Isle, NY). On day 3, MSCs were exposed to 5% or 10% serum
obtained from mice sensitized and challenged with ovalbumin
(OVA-serum, pool of 10 mice) [24]. Twenty-four hours after adding
OVA-serum, the medium of each well was collected and the levels
of several cytokines, chemokines (IL-4, IL-13, and eotaxin) and
growth factors [insulin-like growth factor (IGF), VEGF, and platelet-
derived growth factor (PDGF)] were evaluated by ELISA as per man-
ufacturer instructions (PeproTech, Rocky Hill, NJ) [25] and compared
to levels produced by unexposed cells. Additionally, the levels of
these mediators were measured in the OVA-serum samples.

Statistical Analysis

Differences between groups were assessed using two-way ANOVA
followed by Tukey’s test. One-way ANOVA followed by Tukey’s test
was used to compare flow cytometry data. For nonparametric
results, the Kruskal-Wallis test followed by Dunn’s test was used.
Parametric data were expressed as mean = SD, while nonpara-
metric data were expressed as median (interquartile range). All
tests were performed using the Prism 5.0 software package
(GraphPad Software Inc., La Jolla, CA, http://www.graphpad.com),
and statistical significance was established at p < .05.

www.StemCellsTM.com

RESULTS

BM-MSCs Led to Greater Improvement in Lung
Mechanics Compared to AD-MSCs and LUNG-MSCs

OVA-SAL animals presented a higher static lung elastance (Est,L)
and resistive (AP1, L), and viscoelastic (AP2, L) pressures com-
pared to C-SAL (Fig. 1). Administration of each type of MSC was
effective at reducing these parameters; however, these decre-
ments were more pronounced after administration of BM-MSCs
than AD-MSCs or LUNG-MSCs. (Fig. 1).

BM-MSCs Were More Effective at Reducing
Morphological Changes and Remodeling Than AD-MSCs
and LUNG-MSCs

The fractional area of alveolar collapse, the number of total,
mononuclear, and polymorphonuclear cells, as well as broncho-
constriction index were higher in OVA-SAL compared to C-SAL
mice (Fig. 2). MSCs, regardless of source, similarly reduced the
inflammatory cell infiltration in lung tissue and bronchoconstric-
tion index, but BM-MSCs were more effective at reducing alveolar
collapse in lung parenchyma (Fig. 2, Supporting Information Fig.
2). Collagen fiber content in the airways and alveolar septa was
significantly increased in the OVA-SAL group as compared with C-
SAL (Fig. 3). Administration of MSCs, regardless of source, resulted
in a decrease in collagen fiber content in alveolar septa, with a
greater reduction observed with use of BM-MSCs. Collagen fiber
content in the airways was unaffected by MSC administration (Fig.
3, Supporting Information Fig. 2).

BM-MSCs Yielded Greater Reductions in Cytokine and
Growth Factor Levels Compared to AD-MSCs and
LUNG-MSCs

Levels of IL-4, IL-13, TGF-3, and VEGF in lung tissue homogenates
were greater in the OVA-SAL than in the C-SAL group. BM-MSCs

© 2017 The Authors STEM CELLS TRANSLATIONAL MEDICINE published by
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Figure 4. Levels of interleukin (IL)-4, IL-13, IL-10, interferon (IFN)-y, transforming growth factor (TGF)-B, and vascular endothelial growth
factor in lung tissue. Boxes show the interquartile (25%—-75%) range, whiskers encompass the range (minimum—maximum), and horizontal
lines represent the median in six animals per group. C: mice sensitized and challenged with saline; OVA: mice sensitized and challenged with
ovalbumin; SAL: mice sensitized and challenged with ovalbumin and treated with saline; BM, AD, and LUNG-MSCs: mice treated with MSCs
derived from bone marrow, adipose, and lung tissues, respectively, 24 hours after the last challenge (10° cells per mice). *Significantly differ-
ent from C-SAL (p < .05). **Significantly different from OVA-SAL (p < .05). #Significantly different from OVA-BM-MSCs (p < .05). Abbrevia-
tions: AD, adipose tissue; BM, bone marrow; IL, interleukin; iNOS, inducible nitric oxide synthase; LUNG, lung tissue; MSCs, mesenchymal
stromal cells; OVA, ovalbumin; SAL, saline; TGF, transforming growth factor.

and AD-MSCs were more effective at reducing IL-4 than LUNG-
MSCs. BM-MSCs were also associated with greater reductions in
IL-13 level and promoted more pronounced increases in IL-10
and IFN-y compared to LUNG-MSCs. MSC administration,
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independent of source, similarly reduced TGF-3 levels. Likewise,
all MSCs reduced VEGF levels, but this reduction was more pro-
nounced with BM-MSCs compared to AD-MSCs and LUNG-MSCs
(Fig. 4).
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BM-MSCs Yielded Greater Reductions in BALF
Cellularity Than AD-MSCs and LUNG-MSCs

The number of total cells, monocytes, neutrophils, and eosino-
phils in BALF was higher in the OVA-SAL group compared to C-
SAL (Fig. 5). Administration of each type of MSCs led to statisti-
cally significant reductions in total cells, eosinophils, and neu-
trophils. Notably, reductions in total cells and eosinophils were
statistically greater with BM-MSC administration. No significant
changes were observed in BALF monocyte counts regardless of
the MSC source.

BM-MSCs Alone Induced M2 Macrophage Polarization

iNOS mRNA expression was similarly reduced after coculture of
macrophages (RAW 264.7 cells) with MSCs obtained from BM,
AD, and LUNG. Only coculture with BM-MSCs was able to increase
arginase, IL-10, and TGF-B mRNA expressions, demonstrating M2
macrophage polarization (Fig. 6).

www.StemCellsTM.com

Effects of MSC Stimulation with Serum Obtained from
OVA Mice

Unstimulated AD-MSCs and LUNG-MSCs produced higher levels
of IL-4, and IGF compared to BM-MSCs. BM-MSCs, AD-MSCs, and
LUNG-MSCs stimulated with 5% and 10% of OVA-serum similarly
decreased IL-4. AD-MSCs stimulated with 5% OVA-serum and
LUNG-MSCs stimulated with 10% OVA-serum decreased IGF lev-
els. VEGF levels were increased with AD-MSCs before and after
OVA-serum stimulation. Eotaxin levels were not increased without
stimulation, but were augmented by OVA-serum stimulation,
regardless of MSC source (Fig. 7).

DiscussION

The main findings of the present study were that BM-MSCs, AD-
MSCs, and LUNG-MSCs reduced lung inflammation as well as lung
mechanics and histology. However, these effects were more
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Figure 6. In vitro assay. RAW 264.7, a macrophage cell line, was cocultured with different MSCs for 24 hours. Relative gene expression of

iNOS (A), arginase (B), IL-10 (C), and (D) TGF-$ was calculated as a ratio of the average gene expression levels compared with the reference
gene (36B4) and expressed as fold changes relative to C group (noncontacting cell cocultures, 10° RAW 264.7/well). Bars are means + SD of
five wells per condition. BM-, AD-, and LUNG-MSCs: macrophages were co-cultured in transwell plates with MSCs derived from bone marrow,
adipose, and lung tissues (10> MSCs per well). *Significantly different from C (p < .05). **Significantly different from BM-MSCs (p < .05).
Abbreviations: AD, adipose tissue; BM, bone marrow; IL, interleukin; iNOS, inducible nitric oxide synthase; LUNG, lung tissue; MSCs, mesen-
chymal stromal cells; OVA, ovalbumin; SAL, saline; TGF, transforming growth factor.

pronounced with BM-MSCs than with either AD-MSCs or LUNG-
MSCs. Even though administration of each type of MSC compara-
bly reduced collagen fiber content in alveolar septa, none were
unable to reduce the amount of collagen fibers in the airway; in
vitro analyses showed reductions in the M1 (inflammatory and
antimicrobial) macrophage phenotype (independent of MSC
source), while only BM-MSCs increased M2 polarization (wound
repair and inflammation resolution). BM-MSCs, AD-MSCs, and
LUNG-MSCs differentially released selected mediators and were
differentially affected by exposure to inflammatory serum.
Although all MSCs share similar general properties, cells from
different sources can exhibit significant differences in anti-
inflammatory or regenerative potency depending on the particu-
lar injury [26]. Furthermore, different MSCs may exhibit specific
phenotypic, gene expression, and immunomodulatory profiles,
and may thus present different anti-inflammatory or regenerative
effects [27], even when proliferation and differentiation capacities
are similar [28, 29]. BM-MSCs are well characterized and have
been used frequently in experimental asthma models [2-4, 30,
31], but the numbers obtained are limited [23]. Several alternative
MSCs sources from different tissues (spleen, amniotic fluid,
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umbilical cord, placenta, adipose, lung) [32] have been suggested.
AD-MSCs are abundant and may also be able to reduce inflamma-
tion in experimental allergic asthma [5, 6]. LUNG-MSCs, like all
MSCs, are immunoprivileged, do not express MHC I, and can
inhibit T cell-based allorecognition [8]. Furthermore, compared to
BM-MSCs, LUNG-MSCs have higher expression of several base-
ment membrane proteins and growth factors and have been
reported to have longer persistence in injured lung tissue follow-
ing systemic administration [33].

MSCs from different sources may reduce, direct or indirectly,
the number of immune cells in in vitro and in vivo experimental
models of asthma [2—4, 6, 9, 30, 34, 35]. However, no head-to-
head comparison of MSCs from different sources in the same
study has been conducted to date. We found that intratracheal
administration of MSCs obtained from each source following
sensitization and challenge were all effective at reducing the
inflammatory processes characteristic of allergic asthma, as dem-
onstrated by a decrease in IL-4 and IL-13 levels in lung tissue and
eosinophil infiltration in BALF. However, these reductions were
more pronounced with BM-MSCs compared to AD-MSCs and
LUNG-MSCs. In addition, anti-inflammatory mediators such as
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IFN-y and IL-10 were higher in BM-MSCs than AD-MSCs and
LUNG-MSCs. Furthermore, TGF-3 and VEGF levels were reduced
in lung tissue regardless of MSC source. These growth factors can
promote airway remodeling in asthma, and thus may be a mecha-
nism by which MSC administration reduces collagen fiber deposi-
tion in alveolar septa, with subsequent effects on lung mechanics.
MSCs did not decrease collagen fiber content in the airway, which
may be attributed to the fact that the type Il collagen fibers pres-
ent in alveolar septa are relatively easily to break as compared
with the type | collagen fibers of the airway.

In this study, MSCs were administered intratracheally, which
allows a reduction in the number of cells, delivers them to the
desired site without the need to traverse vessel walls, and mini-
mizes the risk of colonization of other organs [36]. Macrophages
can be activated by various extracellular signals to polarize toward
either the M1 or the M2 phenotype. The mechanisms of macro-
phage activation in the presence of allergic reaction are still not
completely understood [28]. Emerging data suggest that BM-MSCs
have the ability to modulate cells of the macrophage/monocyte/
dendritic cell lineage, including their differentiation, maturation,
and activation [37]. A recent study reported that BM-MSCs

www.StemCellsTM.com

attenuated lung inflammation through macrophage phagocytosis in
experimental asthma, with subsequent acquisition of a suppressive
M2 phenotype [27]. Our study showed that MSCs were able to
reduce a marker of the M1 phenotype (iNOS), while only BM-MSCs
promoted an increase in the M2 phenotype markers arginase, IL-
10, and TGF-[3. Further studies are required to evaluate whether dif-
ferent MSCs may phagocytose macrophages differentially.

The underlying mechanism of the attenuation in inflammation
and remodeling observed in this experimental model of allergic
asthma might be related to release of different soluble factors by
each MSC type. However, whether the inflammatory environment
in asthma might differentially affect release of soluble mediators
and other MSC actions is not well understood. Fohonjy et al. dem-
onstrated that chronic inflammatory processes, like those that
occur in asthma, affect lung-resident MSC differentiation. The
functional and differentiation programs of such cells are likely
altered by their transformation into myofibroblasts, which partici-
pate in remodeling rather than in repair through anti-
inflammatory actions [29]. In the present study, which sought to
mimic in vitro the in vivo inflammatory microenvironment of
asthma, MSCs from different sources were stimulated with 5% or

© 2017 The Authors STEM CELLS TRANSLATIONAL MEDICINE published by

Wiley Periodicals, Inc. on behalf of AlphaMed Press



A

1566

MSCs from Different Sources in Experimental Asthma

N

10% serum obtained from mice sensitized and challenge with
ovalbumin (OVA-serum). In baseline conditions, AD-MSCs exhib-
ited higher levels of eotaxin and VEGF, while both AD-MSCs and
LUNG-MSCs were associated with increased IL-4 and IGF levels
compared to BM-MSCs. Furthermore, after OVA-serum sensitiza-
tion, MSC stimulation led to similar reductions in IL-4 level in the
culture medium (CM). Conversely, BM-MSCs were associated with
higher levels of IGF, a relevant growth factor involved in epithelial
repair that is essential in the pathophysiology of asthma. Never-
theless, AD-MSCs and LUNG-MSCs were more responsive when
added to an asthmatic tissue microenvironment, presenting
higher levels of eotaxin (which plays an important role in the
recruitment of eosinophils to injured areas, thus contributing to
perpetuation and chronicity of the inflammatory process) and
VEGF, which is both indirectly (through TGF-f induction) and
directly related to fibrogenesis and angiogenesis in asthma. In this
context, our findings support the hypothesis that each type of
MSC can be differentially modified by the in vivo inflammatory
microenvironment [38]. In short, the behavior presented by BM-
MSCs, compared to AD-MSCs and LUNG-MSCs, after OVA-serum
stimulation may explain the differences in amelioration of airway
inflammation and remodeling in our experimental model of aller-
gic asthma. Interestingly, considering that in vitro studies are com-
monly used as a framework for in vivo studies where a much
more complicated microenvironment is present, not all data from
in vitro experiments correlated with in vivo data.

CONCLUSION

Intratracheally administered BM-MSCs, AD-MSCs, and LUNG-
MSCs were differentially effective at reducing airway inflamma-
tion and remodeling and improving lung function in the current
model of allergic asthma. Moreover, each type of MSC was differ-
entially affected in a surrogate in vitro model of the in vivo lung
environment. Further studies will help elucidate which of the

many anti-inflammatory actions of different MSC populations are
most relevant and which can be potentially altered so as to
increase MSC potency for potential use in clinical asthma.
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