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Intranasal administration ofmesenchymoangioblast-derived
mesenchymal stem cells abrogates airway fibrosis and
airway hyperresponsiveness associated with chronic
allergic airways disease
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ABSTRACT: Structural changes known as airway remodeling (AWR) characterize chronic/severe asthma and con-
tribute to lung dysfunction. Thus, we assessed the in vivo efficacy of induced pluripotent stem cell and
mesenchymoangioblast-derived mesenchymal stem cells (MCA-MSCs) on AWR in a murine model of chronic
allergic airways disease (AAD)/asthma. Female Balb/c mice were subjected to a 9-wk model of ovalbumin (Ova)-
induced chronic AAD and treated intravenously or intranasally with MCA-MSCs from weeks 9 to 11. Changes in
airway inflammation (AI), AWR, and airway hyperresponsiveness (AHR) were assessed. Ova-injured mice pre-
sented with AI, goblet cell metaplasia, epithelial thickening, increased airway TGF-b1 levels, subepithelial myo-
fibroblast andcollagenaccumulation, total lung collagen concentration, andAHR(allP< 0.001vs.uninjured control
group). Apart from epithelial thickness, all other parameters measured were significantly, although not totally,
decreasedby intravenousdelivery ofMCA-MSCs toOva-injuredmice. In comparison, intranasal deliveryofMCA-
MSCs to Ova-injured mice significantly decreased all parameters measured (all P < 0.05 vs.Ova group) and, most
notably, normalized aberrant airway TGF-b1 levels, airway/lung fibrosis, and AHR to values measured in un-
injured animals. MCA-MSCs also increased collagen-degrading gelatinase levels. Hence, direct delivery of MCA-
MSCs offers great therapeutic benefit for the AWRandAHR associatedwith chronic AAD.—Royce, S. G., Rele, S.,
Broughton, B. R. S., Kelly, K., Samuel, C. S. Intranasal administration of mesenchymoangioblast-derived mesen-
chymal stem cells abrogates airway fibrosis and airway hyperresponsiveness associated with chronic allergic air-
ways disease. FASEB J. 31, 4168–4178 (2017). www.fasebj.org
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Asthma is a chronic respiratory disease affecting ;300
million people worldwide and is attributed to 250,000
annual deaths (1). There are 3 main components to its
pathogenesis: airway inflammation (AI); airway remod-
eling (AWR), which represents structural changes in the
airways/lung that eventually lead to airway fibrosis and

obstruction; and airway hyperresponsiveness (AHR),
which is the clinical feature of asthma. AWR can result
from persistent or chronic AI but can also develop and
contribute to AHR independently of AI (2, 3).

Current asthma therapy, including corticosteroids and
b-agonists, is focused on symptom management rather
than disease regression and is therefore not fully effective
(4). Individuals treated with b-agonist–based therapies
have relief of their asthmasymptoms, but their underlying
AI persists. As such, individuals requiring chronic use of
b-agonists are at a greater risk of serious worsening of
asthma, leading to hospitalization and death (5, 6). The
gold-standard therapy of corticosteroids is also ineffective
in treating the severe and severe-refractory subpopula-
tions of patients with asthma. Patients with severe asthma
often need treatment with high doses of corticosteroids
that can be associatedwith systemic side effects (7) and do
not necessarily improve lung function or quality of life (8,
9).Additionally, the severe refractory subgroupofpatients
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with asthma shows fixed airway restriction (7), and
therefore this population displays the critical role of AWR
as part of their asthma symptoms, highlighting an urgent
need for treatment strategies that can target and reduce
AWR.

Mesenchymal stem cells (MSCs) are multipotent stro-
mal cells that have the capacity to divide into a number of
cell lineages. These cells express class I major histocom-
patibility complex but lack class II major histocompati-
bility complex and costimulatory molecules CD80, CD86,
and CD40 (10, 11) and hence are immunoprivileged. As
such, MSCs can be administered systemically via in-
travenous (IV) infusion, allowing for a broad distribution
(12). Upon administration, MSCs accumulate in the lung
(13). MSCs also home to the injured tissue through the
expression of the chemokine receptor type 4, and the
expression of this receptor is heightened in a proin-
flammatory environment such as in asthma, enhancing
their homing ability (14). MSCs can also be administered
directly into the lungs via intranasal (IN) instillation (15)
and via the intratracheal route (12, 16).

Murine models of allergic airways disease (AAD),
whichmimic several features of humanasthma,havebeen
used to show that MSCs exhibit immunomodulatory (17)
and anti-inflammatory (18) properties through both direct
cell-cell contact and the secretion of paracrine factors.
Administration of exogenous MSCs was shown to de-
crease Th2 proliferation and reduce Th2 bias, which con-
tributes to AAD (18, 19). Suppression of dendritic cell
activation, migration, and antigen presentation has been
observed (20), and a decrease in eosinophil-associated
proinflammatory cytokines was observed in bron-
choalveolar lavage fluid (18). Compared with cortico-
steroids, which suppress AI, MSCs have been shown in
thesemodels to actively reduce the presence and activity
of the cells responsible for inflammation.

Furthermore,MSC treatment has been shown to reduce
epithelial thickness, smooth muscle hyperplasia, and gob-
let cell metaplasia in the airways (21). MSCs modestly de-
crease subepithelial and total collagen deposition (fibrosis)
through their ability to promote collagen-degrading
gelatinase levels (15), suggesting that MSCs also have
antiremodeling actions. However, MSCs have not consis-
tently demonstrated the ability to relieve the adverse
symptomsassociatedwith chronicdisease settings, and the
outcomes of MSC treatment can vary depending on their
tissue origin/source, extent of culture expansion, donor-
dependent viability and efficacy, and the timing of their
administration (3, 22–24). This has likely contributed to the
slow progression toward the clinical utility of MSCs from
various sources for their therapeutic and tissue-reparative
functions (25).Additionally, becauseonly a relatively small
number ofMSCs can be isolated from each donor organ, a
continuous supply of donors would be needed to facilitate
sufficient numbers for experimental and commercial use.

To overcome these limitations, Cynata Therapeutics
have used Cymerus technology to differentiate human
induced pluripotent stem cells (iPSCs) into precursor cells
knownasmesenchymoangioblasts (MCAs; a class of early
clonalmesoendodermal precursor cells) and subsequently
into mesenchymal stem cells (MCA-MSCs) (26). Because

iPSCs can proliferate indefinitely and because MCAs can
expand into extremely large quantities of MSCs, sufficient
MCA-MSCs canbeacquired fromasinglemaster cell bank
of iPSCs derived from a single healthy blood donor (lim-
iting donor- and expansion-dependent variability and
contamination from nontarget cells) without the need for
excessive culture expansion onceMSCs are formed. In this
study, we investigated the therapeutic potential of these
MCA-MSCs when delivered to a well-established murine
model of chronic AAD, which presents with the 3 central
features of human asthma: AI, AWR, andAHR (15, 27). In
particular, we compared the antiremodeling effects of IV
vs. IN administration of MCA-MSCs in the model used.

MATERIALS AND METHODS

Animals

Female Balb/c mice (6–8 wk old) were obtained from Monash
Animal Services (Monash University, Clayton, VIC, Australia)
and housed under a controlled environment on a 12-h light/12-h
dark cycle with free access to water and lab chow (Barastock
Stockfeeds, Pakenham, VIC, Australia). All mice were provided
anacclimatizationperiodof4–5dbeforeexperimentation,andall
procedures performed were approved by a Monash University
Animal Ethics Committee (MARP/2016/078) and complied
with the Guidelines for the Care and Use of Laboratory Animals for
Scientific Purposes (National Health and Medical Research
Council, Canberra, ACT, Australia).

Induction of chronic AAD

To assess the effects of MSCs in chronic AAD, an ovalbumin
(Ova)-induced model of chronic AAD was established in mice
(n = 24). Mice were sensitized with 2 intraperitoneal injections of
10 mg grade V chicken egg Ova (Sigma-Aldrich, St. Louis, MO,
USA)and400mgofaluminumpotassiumsulfate adjuvant (alum;
Ajax Chemicals, Auburn, NSW, Australia) on d 0 and 14. They
were then challenged by whole-body inhalation exposure (neb-
ulization) to aerosolized Ova [2.5% w/v in 0.9% normal saline
(Sal)] for 30 min, 3 times a week, between d 21 and 63, using an
ultrasonic nebulizer (NE-U07; Omron, Kyoto, Japan). Control
mice (n = 24) were given intraperitoneal injections of 500ml 0.9%
Sal instead of Ova and nebulized with 0.9% Sal.

MCA-MSC treatment

Twenty-four hours after the establishment of chronic AAD
(on d 64), subgroups of Ova- or Sal-sensitized/challenged mice
(n = 8 mice/group) underwent IV or IN administration of MCA-
MSCs. In all cases, a 14-d treatment period (from d 64 to 77) was
chosen to replicate the time frameused to evaluate the intranasally
delivered effects of other stem cells, such as human bone
marrow–derived (stromal) MSCs (15, 28) and human amnion
epithelial cells (28), in the Ova-induced chronic model of AAD.

MCA-MSCs,whichwereproduced fromaclinical-grade iPSC
line in chemically defined and serum-free conditions, were pro-
vided by Cynata Therapeutics (Armadale, VIC, Australia). A
defining characteristic of MSCs is expression of CD73, -90, and
-105 (29). MCA-MSCs were .99% positive for all 3 of these
markers but were negative for CD43/45 and CD31, confirming
the absence of hematopoietic and endothelial lineage cells. All
treatments were administered once per week over the treatment
period (on d 64 and 71). On the morning of each scheduled
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treatment, frozenMCA-MSCswere thawed in a 37°Cwater bath
and then resuspended as follows. For IV administration of
MCA-MSCs, 1 3 107 cells were resuspended in 2 ml PBS. Mice
were restrained in a Perspex restrainer (Perspex Distribution,
Chelmsford,UnitedKingdom), and13106 cells/200ml PBSwere
injected into the tail vein of Sal- or Ova-sensitized/challenged
mice, which is a commonly used cell concentration delivered to
mice (13, 15, 20, 28). For INadministrationofMCA-MSCs, 13 107

cells were resuspended in 0.5 ml of PBS. Mice were lightly anes-
thetized with isoflurane (Baxter Health Care, Old Toongabbie,
NSW, Australia) and held in a semisupine position while IN in-
stillation took place. PBS (1 3 106 cells/50 ml) was then admin-
istered to themice (25ml per nare intranasally using an automatic
pipette).

Invasive plethysmography

On d 78 (7 d after the last treatment of MCA-MSCs), mice were
anesthetizedwithketamine (10mg/kgbodyweight) andxylazine
(2mg/kgbodyweight) in 0.9%Sal. Tracheostomywasperformed
on all mice with an 18-gauge tracheostomy tube. Mice were then
placed in the chamber of the FinePointe Plethysmograph (Buxco
Research Systems,Wilmington,NC,USA) andventilated.Airway
resistance of each mouse was measured in response to increasing
dosesofnebulizedmethacholine (Sigma-Aldrich)dissolved inPBS
and delivered intratracheally from 6.25 to 50 mg/ml over 4 doses
to elicit bronchoconstriction and evaluate AHR. The change in
airway resistance (the maximum airway resistance after each
dose minus the baseline resistance to PBS alone) was plotted
against the corresponding dose of methacholine.

Tissue collection

After invasive plethysmography, lung tissues from each animal
were isolated and rinsed in cold PBS before being divided into 4
separate lobes. The largest lobewas fixed in 10%neutral buffered
formaldehyde overnight and processed to be cut and embedded
in paraffin wax (for histologic and immunohistochemical anal-
ysis of various end-points). The remaining 3 lobes were snap-
frozen in liquid nitrogen for various other assays.

Lung histopathology

Once the largest lobe from each mouse was paraffin embedded,
each tissue block was serially sectioned (3 mm thickness) and
placed on charged Mikro Glass slides (Grale Scientific, Ring-
wood, VIC, Australia) and subjected to various histologic stains
or immunohistochemistry. For assessment of inflammation
score, epithelial thickness, and subepithelial extracellular matrix
(ECM) deposition, one section per slide from each mouse un-
derwent Masson’s trichrome staining. For assessment of goblet
cell metaplasia, a second set of slides underwent Alcian blue
periodic acid Schiff (ABPAS) staining. The Masson trichrome–
stained and ABPAS-stained sections were morphometrically
analyzed as detailed below.

Immunohistochemistry

Immunohistochemistry (IHC) was used to detect TGF-b1 (using
a polyclonal antibody, sc-146, 1:1000 dilution; Santa Cruz Bio-
technology, Santa Cruz, CA, USA) or a-smooth muscle actin
(a-SMA), which is a marker of myofibroblast differentiation,
using amAb (M0851, 1:200 dilution; Dako, Glostrup, Denmark).
Primaryantibodystainingwasdetectedusing theDakoEnVision
anti-rabbit or anti-mouse kits and 3,39-diaminobenzidine (DAB)

chromogen. Negative controls, which were exposed to the En-
Vision kits in the absence of any primary antibody, were also
included. All slides were then counterstained with hematoxylin
and scanned byMonashHistology Services using ScanScopeAT
Turbo (Aperio, Sausalito, CA, USA) for morphometric analysis.

Morphometric analysis

Slides stained with Masson’s trichrome, ABPAS, and IHC un-
derwent morphometric analysis as follows. Five airways (of
150–300mmindiameter)per sectionwere randomly selected and
analyzed using ImageScope software (Aperio). Masson’s
trichrome–stained slides underwent semiquantitative peri-
bronchiolar inflammation scoring, where the experimenter was
blinded and scored individual airways from 0 (no detectable
inflammation surrounding the airway) to 4 (widespread and
massive inflammatory cell aggregates, pooled size;0.6mm2), as
previously described (15). Masson’s trichrome–stained slides
alsounderwent analysis for epithelial thicknessand subepithelial
ECM deposition by measuring the thickness of the epithelium
and the subepithelial ECM layer (stained blue), which were
expressed as square micrometers per micrometer of basement
membrane (BM) length.

Slides stained with ABPAS and a-SMA were analyzed for
goblet cell metaplasia and subepithelial myofibroblast number,
respectively, by counting the number of positively stained goblet
cells or a-SMA–positive cells per 100 mm of BM length. TGF-
b1–stained slides were analyzed for TGF-b1 protein expression
by runninganalgorithm toassess strongpositively stainedpixels
within the airway. Results were expressed as the number of
strong positive pixels per total area (mm2) of airway and then
relative to that of the Sal-treated control group, which was
expressed as 1.

Hydroxyproline assay

The second largest lung lobe from each mouse was processed
as described before for the measurement of hydroxyproline
content (15, 27), whichwas determined from a standard curve
of purified trans-4-hydroxy-L-proline (Sigma-Aldrich). Hy-
droxyproline valuesweremultiplied by a factor of 6.94, based
on hydroxyproline representing ;14.4% of the amino acid
composition of collagen in most mammalian tissues (30), to
extrapolate total collagen content, which in turn was divided
by the dry weight of each corresponding tissue to yield per-
cent collagen concentration.

Gelatin zymography

The third largest lung lobe from each mouse was processed as
detailed previously for extraction of proteins containing matrix
metalloproteinases (MMPs) (31), and equal aliquots of total
protein (10 mg/sample) were assessed on 7.5% acrylamide gels
containing 1 mg/ml gelatin (15). Gelatinolytic activity was vi-
sualized as clear bands. Densitometry of MMP-9, which is the
predominant gelatinase in the lung of female Balb/c mice (15),
was performed using a GS710 Densitometer (Bio-Rad Labora-
tories, Gladesville, NSW, Australia) and Quantity-One software
(Bio-Rad). The relativemean6 SEMoptical density ofMMP-9was
then graphed.

Statistical analysis

All statistical analysis was performed using Prism v6.0 (Graph-
Pad Software, La Jolla, CA,USA) and expressed asmeans6 SEM.
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AHR results were analyzed by 2-way ANOVA with Bonferroni
post hoc test. The remaining data were analyzed by 1-way
ANOVA with Neuman-Keuls post hoc test for multiple compar-
isons between groups. In each case, data were considered sig-
nificant at P, 0.05.

RESULTS

Effects of MCA-MSCs on AI

AI was semiquantitated from hematoxylin and eosin–
stained lung sections using an inflammation scoring sys-
tem (from 0 to 4). The peribronchial inflammatory score of
Ova-injured mice (2.75 6 0.09) was significantly higher
than that scored for the Sal-sensitized/challenged control
mice (0.25 6 0.09; P , 0.001 vs. Sal group) (Fig. 1). The
elevated levelof inflammation in theOvagroupconfirmed
that these mice had been successfully sensitized and
challenged with Ova.

IV administration of MCA-MSCs significantly re-
duced the Ova-induced peribronchial inflammatory
cell infiltration (1.25 6 0.23; P , 0.001 vs. Ova group)
without affecting basal inflammation score when ad-
ministered to Sal-treated control mice (Fig. 1). In
comparison, IN administration of MCA-MSCs to Ova-
injured mice induced a trend toward further lowering
peribronchial inflammation (0.88 6 0.13; P, 0.001 vs.
Ova group) in the absence of any effects on in-
flammation in Sal-treated control mice (Fig. 1). How-
ever, neither treatment route of MCA-MSCs was able
to fully reduce AI back to that measured in Sal-treated
controlmice (P, 0.001 vs. Sal group for IV treatment of
MCA-MSCs to Ova-injured mice; P , 0.05 vs. Sal
group for IN treatment of MCA-MSCs to Ova-injured
mice).

Effects of MCA-MSCs on AWR

Goblet cell metaplasia

Goblet cell metaplasia was morphometrically assessed
from ABPAS-stained lung sections and expressed as
number of goblet cells per 100 mm of BM length (Fig. 2).
Ova-treated mice had significantly increased goblet cell
numbers (6.08 6 0.52) compared with their Sal-treated
control counterparts (0.0016 0.00;P, 0.001 vs. Sal group)
(Fig. 2). Both IV (3.976 0.64) and IN (2.896 0.48) routes of
administration of MCA-MSCs were able to significantly,
although not totally, reduce the Ova-induced promotion
of goblet cell numbers (both P, 0.01 vs.Ova group) (Fig.
2). Although neither route ofMCA-MSCdelivery restored
theOva-inducedgoblet cellmetaplasia to thatmeasured in
Sal-treated control mice (both P , 0.001 vs. Sal group),
MCA-MSCs did not affect goblet cell numbers in Sal-
treated mice.

Airway epithelial thickness

Airway epithelial thickness was morphometrically
assessed fromMasson’s trichrome–stained lung sections
and expressed as square micrometers per micrometer of
BM length (Fig. 3). The epithelial thickness of Ova-treated
mice(19.1660.63mm2/mm)was significantly higher than
that measured in Sal-treated control mice (14.28 6 0.45
mm2/mm;P, 0.001 vs.Sal group) (Fig. 3A,B).Whereas IV
administration of MCA-MSCs did not affect the
Ova-induced increase in epithelial thickness (18.59 6
0.77 mm2/mm), IN delivery of MCA-MSCs significantly,
although not totally, decreased the thickness of the epi-
thelium(16.6760.87mm2/mm)fromthatmeasured in the
Ovagroup (P, 0.05vs.Ovagroup;P, 0.05vs. Sal group)

Figure 1. Effects of MCA-MSCs on peribronchial inflammation score. A) Representative photomicrographs of hematoxylin
and eosin–stained lung sections from each of the groups studied show the extent of bronchial wall inflammatory cell
infiltration present within and around the airway epithelial layer. Scale bar, 50 mm. B) Mean 6 SEM inflammation score from
5 airways/mouse (n = 8 mice/group). Sections were scored for the number and distribution of inflammatory aggregates on
a scale of 0 (no apparent inflammation) to 4 (severe inflammation). *P , 0.05, ***P , 0.001 vs. Sal group; ###P , 0.001 vs.
Ova group.
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(Fig. 3A, B). The direct delivery of MCA-MSCs into the
lungs via the IN route was also seen to offer greater pro-
tection against the Ova-induced increase in epithelial
thickness compared with IV delivery of these cells [P ,
0.05 vs. Ova MCA-MSC IV group] (Fig. 3B). However,
neither route of MCA-MSC treatment affected basal epi-
thelial thickness in Sal-treated control mice.

Subepithelial collagen deposition

Subepithelial collagen deposition was assessed morpho-
metrically from Masson trichrome-stained lung sections
and expressed as square micrometers per micrometer of
BM length (Fig. 3). Subepithelial collagen deposition was
significantly elevated in the Ova-injured mice (27.63 6
0.66) compared with that in Sal-treated control mice
(14.31 6 1.87; P , 0.001 vs. Sal group) (Fig. 3A, C). De-
livery of MCA-MSCs through IV injection modestly but
significantly reduced the aberrant Ova-induced pro-
motion of subepithelial collagen deposition (22.396 1.78;
P,0.05vs.Ovagroup;P,0.01vs.Salgroup),whereas IN
delivery of MCA-MSCs normalized the Ova-induced in-
crease in subepithelial collagen deposition (16.98 6 0.98;
P , 0.001 vs. Ova group) back to that measured in Sal-
treated control mice (not different from the Sal group)
(Fig. 3A, C). As a result, the direct delivery of these MCA-
MSCs into the lung of Ova-injured mice induced greater
reversal of aberrant subepithelial collagen deposition
compared with IV injection of these cells to Ova-injured
mice (P , 0.05 vs. Ova MCA-MSC IV group) without
affecting basal subepithelial collagen deposition when
administered to Sal-treated control mice (Fig. 3C).

Total lung collagen concentration (fibrosis)

Total lung collagen concentration (% collagen
concentration/dry weight lung tissue) was extrapolated

from hydroxyproline levels present within the second
largest lung lobe of each mouse and used as a measure of
fibrosis (Fig. 4) and was significantly increased in Ova-
injuredmice (3.946 0.09%) comparedwith that measured
in Sal-treated control mice (2.896 0.18%; P, 0.001 vs. Sal
group). IV administration of MCA-MSCs to Ova-injured
mice modestly but significantly reduced fibrosis in the
lungs (3.6260.07%;P,0.05vs.Ovagroup;P,0.01vs.Sal
group), whereas IN delivery ofMCA-MSCs fully reversed
aberrant lung collagen concentration levels back to those
measured from Sal-treated mice (3.26 6 0.17%; P , 0.001
vs.Ova group; not different from the Sal group) (Fig. 4). As
observed with epithelial thickness (Fig. 3B) and sub-
epithelial collagen thickness (Fig. 3C), direct (i.e., IN) de-
livery of MCA-MSCs into the lung offered greater
protection against the Ova-induced increase in total lung
collagen concentration compared with the effects of IV
delivery of these cells (P , 0.01 vs. Ova MCA-MSC IV
group) without affecting basal collagen concentration lev-
els when administered to Sal-treated control mice (Fig. 4).

Airway TGF-b1 expression

To determine the mechanisms by whichMCA-MSCs were
able to fully reverse Ova-induced subepithelial and total
collagendeposition (fibrosis), the relative changes inairway
TGF-b1 (profibrotic cytokine) expression levels were mor-
phometrically assessed from IHC-stained lung sections and
expressed as percentage staining per airway analyzed (Fig.
5). Airway TGF-b1 expression was significantly increased
in Ova-injured mice (1.85 6 0.13) compared with that
measured in Sal-treated controlmice (1.006 0.08;P, 0.001
vs. Sal group) (Fig. 5). Both IV (1.066 0.05) and IN (1.226
0.05) delivery ofMCA-MSCs to Ova-injuredmice reversed
aberrant airway TGF-b1 expression levels back to that
measured in Sal-treated control mice (both P , 0.001 vs.
Ova group; not different from Sal group) without affecting

Figure 2. Effects of MCA-MSCs on goblet cell metaplasia. A) Representative photomicrographs of ABPAS-stained lung sections
from each of the groups studied show the extent of goblet cells (indicated by arrows in Ova-injured mice only) within the airway
epithelial layer. Scale bar, 25 mm. B) Goblet cell count from 5 airways/mouse (mean 6 SEM; n = 8 mice/group). ***P , 0.001 vs.
Sal group; ##P , 0.01, ###P , 0.001 vs. Ova group.
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basal airway TGF-b1 expression levels when administered
to Sal-treated control mice (Fig. 5).

Subepithelial myofibroblast density

Changes in a-SMA–stained subepithelial myofibroblast
density were also morphometrically assessed from IHC-
stained lung sections and expressed as the number of
myofibroblasts per 100 mm of BM length (Fig. 6). Trace
amounts of subepithelial a-SMA–positive myofibroblasts
were detected in Sal-treated control mice (0.14 6 0.05),
whereas Ova-injured mice had an ;30-fold increase in
myfibroblast density (4.376 0.37; P, 0.001 vs. Sal group)
(Fig. 6). IV administration of MCA-MSCs modestly but
significantly reduced the Ova-induced increase in sub-
epithelial myofibroblast density (3.426 0.09; P, 0.05 vs.
Ova group). In comparison, IN delivery of MCA-MSCs
further reduced the Ova-induced promotion of sub-
epithelialmyofibroblast density (2.866 0.27; P, 0.001 vs.
Ova group) to a greater extent than IV administration of
these cells (P, 0.05 vs.Ova MCA-MSC IV group) and in
the absence of any effects on basalmyofibroblast numbers
when administered to Sal-treated control mice (Fig. 6).
However, neither route ofMCA-MSCadministration fully

reversed the aberrant subepithelial myofibroblast
burden back to that measured in Sal-treated control
mice (both P , 0.001 vs. Sal group) (Fig. 6).

Lung gelatinase expression

We also determined if the MCA-MSC–mediated reversal
of Ova-induced airway/lung fibrosis was associatedwith
their ability to influence collagen-degrading MMP levels.
Gelatin zymography demonstrated that the lungs of fe-
male Balb/c mice predominantly expressed MMP-9
[gelatinase B; consistent with previous studies (15, 32)]
and to a lesser extent MMP-13 (collagenase-3) (Fig. 7).
Relative MMP-9 expression levels in Ova-injured mice
(1.626 0.22)were not significantly different from those
measured in Sal-treated control animals (1.006 0.09) (Fig.
7). In comparison, IVadministration (3.7760.18), and toa
greater extent IN administration (4.566 0.20; P, 0.05 vs.
OvaMCA-MSC IVgroup), ofMCA-MSCs toOva-injured
mice markedly increased MMP-9 levels by ;1.3 and
;1.8-fold over what was measured in Ova-treated mice
alone (both P , 0.001 vs. Ova group; P , 0.001 vs. Sal
group) (Fig. 7). Interestingly, IV (1.95 6 0.38) and IN
(2.65 6 0.30) delivery of MCA-MSCs to Sal-treated

Figure 3. Effects of MCA-MSCs
on airway epithelial thickness
and subepithelial collagen de-
position (fibrosis). A) Repre-
sentative photomicrographs
of Masson trichrome–stained
lung sections from each of the
groups studied show the extent
of airway epithelial thickness
and subepithelial collagen
thickness (blue staining). Scale
bar, 50 mm. Also shown is the
mean 6 SEM. B, C) Epithelial
thickness (mm2) (B) and sub-
epithelial collagen thickness
(mm) (C) relative to BM length
from 5 airways/mouse (n = 8
mice/group). *P, 0.05, **P ,
0.01, ***P , 0.001 vs. Sal
group; #P , 0.05, ###P , 0.001
vs. Ova group; {P , 0.05 vs.
Ova MCA-MSC IV group.
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mice also significantly increased MMP-9 levels (both
P , 0.05 vs. Sal group).

Effects of MCA-MSCs on AHR

AHR was assessed by invasive plethysmography in re-
sponse to increasing concentrations of nebulized meth-
acholine,which is abronchoconstrictor (Fig. 8). Expectedly,
Ova-treated mice had significantly elevated AHR com-
pared with that measured in Sal-treated control mice (P,

0.001 vs. Sal group) (Fig. 8). IV delivery of MCA-MSCs
partially (by ;50%) but significantly reversed the Ova-
induced increase inAHR(P,0.05vs.Ovagroup),whereas
IN administration of MCA-MSCs completely normalized
the Ova-induced promotion of AHR (P , 0.001 vs. Ova
group; P, 0.01 vs.OvaMCA-MSC IV group; not different
from the Sal group) (Fig. 8). As with most other end-
points measured, neither route of MCS-MSC delivery
affected basal AHR measurements when administered
to Sal-treated control mice (Fig. 8).

DISCUSSION

This study assessed the therapeutic potential of novel
iPSC-derived MCA-MSCs against the 3 central compo-
nents of chronic AAD/asthma pathogenesis (AI, AWR,
and AHR) when therapeutically administered intrave-
nously or intranasally to established disease pathology.
This represents the first study to assess such effects of
MCA-derived MSCs in this in vivo setting because pre-
vious studies had evaluated the in vivo therapeutic effects
of these cells inahindlimb ischemic injurymodel (33).Both
IVand INadministrationofMCA-MSCsprotectedagainst
the established AI, AWR (goblet cell metaplasia, aberrant
airway TGF-b1 levels, subepithelial myofibroblast and
collagen accumulation, total lung collagen concentration),
and AHR that was induced by repeated Ova sensitization
and challenge to mice (Table 1). However, the direct de-
livery of MCA-MSCs into the lungs of chronically allergic
mice via the IN route was seen to offer greater protection
against the Ova-induced increase in airway epithelial
thickness and TGF-b1 levels, subepithelial myofibroblast
and collagen accumulation, total lung collagen concen-
tration, andAHRcomparedwith IVdelivery of these cells.
This resulted in the complete reversal of aberrant airway

Figure 5. Effects of MCA-MSCs on airway TGF-b1 (profibrotic cytokine) expression. A) Representative photomicrographs of IHC-
stained lung sections from each group studied show the extent of TGF-b1 staining and expression within and around the airway
epithelial layer. Scale bar, 50 mm. B) Relative mean 6 SEM TGF-b1 staining (%/field) from 5 airways/mouse (n = 7–8 mice/
group). ***P , 0.001 vs. Sal group; ###P , 0.001 vs. Ova group.

Figure 4. Effects of MCA-MSCs on total lung collagen concen-
tration (another measure of fibrosis). Shown is the mean 6
SEM total lung collagen concentration (% lung colla-
gen content/dry weight tissue) from each of the groups
studied measured from the second largest lung lobe per mouse
(n = 8 mice/group). **P , 0.01, ***P , 0.001 vs. Sal group;
#P , 0.05, ###P , 0.001 vs. Ova group; {P , 0.05 vs. Ova MCA-
MSC IV group.
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TGF-b1 levels, airway/lung fibrosis, and AHR over a 2-
wk (once weekly) treatment period and a significant in-
crease collagen-degradingMMP-9 levels by INdelivery of
MCA-MSCs (Table 1). Just as importantly, neither route of
MCA-MSC administration was found to affect basal ex-
pression of the parameters measured, suggesting that IN
delivery ofMCA-MSC offers a safe and effectivemeans of
treating the central components of asthma.

The inflammatory component of asthma contributes to
airwayobstruction.TheTh2- skewed inflammation results
in the elevation of a particular subsets of cytokines, in-
cluding IL-13, and the induction of goblet cell metaplasia
(34). Consistent with our findings, previous studies have
shown that IV injection of iPSC-MSCs could partially de-
crease the airway inflammatory score in an acute Ova
model (35) by suppressing the levels of the Th2 cytokines,
IL-4, IL-5, and IL-13. The systemic effects of MCA-MSCs
may even be linked to their ability to activate regulatory
T cells through direct cell-cell contact (17). Our current
findings that MCA-MSCs, particularly when delivered
intranasally to the allergic airways/lungs of mice, could
markedly suppress AI (by ;75%) and goblet cell meta-
plasia (by ;50%) suggests that they mediate greater
immunomodulatory properties compared with MSCs de-
rived from the human bone marrow (15, 16) or adipose
tissue (36).Thedirect administrationofMCA-MSCs into the
airways/lung would allow the protective factors they se-
crete to remain in the pulmonary environment. Further-
more, direct administration of MCA-MSCs allows the cells
to remain in the inflamed lungs and hence have greater
protective effects against allergen exposure mediated
through the suppression of antigen-presenting cells, in-
cluding alveolar macrophages (37) and dendritic cells (20).

Along with goblet cell metaplasia, epithelial pro-
liferation is amajor contributor to epithelial remodeling in
asthma. Diminution in epithelial barrier function and
desquamation culminate as epithelial proliferation (38).

This proliferation is particularly extensive in severe
asthma, where expansion of the epithelium leads to air-
way obstruction (39). Given that this reprogramming oc-
curs early in the pathogenesis of asthma (40), asthma
therapy should target the epithelium.When administered
through IV injection, MCA-MSCs did not significantly
affect the Ova-induced epithelial thickness. However, IN
delivery of these cells resulted in a decreased epithelial
thickness, despite both routes of delivery offering similar
reductions in AI. This contrasts with previous findings
related to bone marrow–derived MSCs in which the IN
delivery of bone marrow MSCs alone had no effect on
epithelial thickness (15). In that study, epithelial thickness
was not affected by a decrease in AI. Hence, the difference
observed between MCA-MSCs and bone marrow MSCs
appears likely due to an active property of MCA-MSCs
rather than being a passive effect produced by their ability
to attenuate AI. Furthermore, in another study the ad-
ministration of an epithelial factor repair peptide (trefoil
factor-2) reduced epithelial thickness to the same extent as
combination treatment with an antifibrotic and a cortico-
steroid, despite a greater decrease in AI offered by the
combination treatment (41). As such, the reduction in ep-
ithelial proliferation was not mediated by a reduction in
inflammation. With this additional evidence, the findings
of our study may suggest either that the direct delivery of
MCA-MSCs into the lung allows sufficient accumulation
of paracrine factors that reduce epithelial thickness, or that
these cells to come into direct contact with the damaged
epithelium andmediate a reversal in its proliferation. This
decrease in the epithelial thickness (and goblet cell meta-
plasia) provides the first piece of evidence of the ability of
these MCA-derived MSCs to reverse AWR.

The culmination of a number of factors, including me-
chanical insults and allergens, can contribute to the
destruction of the pulmonary architecture and airway
function, leading toAWRinaddition toAI.Damagedue to

Figure 6. Effects of MCA-MSCs on subepithelial myofibroblast (key fibrosis-producing cell) density. A) Representative
photomicrographs of IHC-stained lung sections from each group studied show the extent of a-SMA–stained myofibroblast density
(as indicated by the arrows) within the airway subepithelial layer. Scale bar, 25 mm. B) Mean 6 SEM number of myofibroblasts per
100 mm BM length from 5 airways/mouse (n = 7–8 mice/group). ***P , 0.001 vs. Sal group; #P , 0.05, ###P , 0.001 vs. Ova
group; {P , 0.05 vs. Ova MCA-MSC IV group.
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allergens or from heritable susceptibility causes the lungs
to undergo endogenous processes of remodeling in an
effort to self-repair structure and function of the airways,
and these reparative processes result in aberrant wound
healing, eventually leading to fibrosis (42, 43). Fibrosiswas
evident in the Ova-sensitized airways, which showed an
elevation in aberrant subepithelial and total collagen lev-
els. Although IV delivery of MCA-MSCs significantly re-
duced both aberrant subepithelial and total collagen

deposition, IN delivery of these cells completely reversed
this aberrant collagen deposition back to the levels seen in
the uninjured saline-treated group. These results were
unexpected because previous studies from our laboratory
showed that the Ova-induced promotion of subepithelial
and total collagen deposition could only be fully reversed
when stem cell–based treatments were coadministered
with serelaxin, an antifibrotic, hormone-based drug (15,
28), which similarly completely prevented fibrosis pro-
gression in a porcine model of myocardial infarction–
induced heart failure (44) and in a murine model of
tubulointerstitial renal disease (45). In these combination
treatment studies (15, 44, 45), it was proposed that the
antifibrotic effects of serelaxin (46) would create a more
favorable environment inwhich stem cell–based therapies
could be introduced, hence aiding stem cell survival and
increasing their proliferative and migratory capacity to
induce protective and therapeutic effects. Hence, IN de-
livery of MCA-MSCs could have similar effects to ser-
elaxin or possess antifibrotic properties similar to fetal
fibroblasts, which can facilitate wound healing in the ab-
sence of fibrosis (47). Further work is required to validate
these hypotheses.

These results also correspond with the MCA-MSC–
induced reduction in epithelial thickness observed.
Fibrogenic growth factors are commonly released by ep-
ithelial cells in response to epithelial disturbances (48). In
asthma this response is enhanced (49), suggesting that
subepithelial fibrosis results from a conduit of signals
from a defective epithelium to the deeper airwaywall. As
such, MCA-MSCs could exert their antifibrotic effects via
immunomodulatory properties and possible secretion of
antifibroticmediators given the reduction in subepithelial
and total collagen when administered intravenously.
The further reduction seen when these cells were given
intranasally may be caused by their ability to reduce
epithelial thickness, which likely reduces epithelial dis-
turbances and production of fibrogenic growth factors.

The key finding of this study was that MCA-MSCs,
when given intranasally, reversed fibrosis and reverted
AHR to levelsmeasured in uninjuredmice. These findings
are consistent with previous studies that show that ther-
apies that were able to abrogate AWR, specifically aber-
rant airway collagen deposition and TGF-b1 levels, were
seen to reverse AHR (15, 28, 32, 41). AHR is driven by
airway obstruction, which can be caused by mucus

Figure 7. Effects of MCA-MSCs on MMP-9 (a collagen-degrading
enzyme) levels. A) Representative gelatin zymograph (inverted
image) showing the relative expression levels of lung MMP-9
(gelatinase B; 92 kDa) and MMP-13 (collagenase-3; ;55 kDa) in
the each of the groups studied. In each case, 10 mg of total protein
per sample were loaded onto zymographs for analysis, and
separate zymographs analyzing 5 or 6 additional samples per
group produced similar results. B) Relative mean 6 SEM optical
density MMP-9 (which is the most abundantly expressed gelatinase
in the lung of female Balb/c mice) (n = 7–8 mice/group). *P ,
0.05, **P , 0.01, ***P , 0.001 vs. Sal group; ###P, 0.001 vs. Ova
group; {P , 0.05 vs. Ova MCA-MSC IV group.

Figure 8. Effects of MCA-MSCs on AHR. Airway
resistance (reflecting changes in AHR) was
assessed via invasive plethysmography in re-
sponse to increasing doses of nebulized meth-
acholine (a bronchoconstrictor. Results are
expressed as resistance change from baseline.
Shown is the mean 6 SEM airway resistance to
each dose of methacholine tested (n = 7–8
mice/group). *P , 0.05, ***P , 0.001 vs. Sal
group; ##P, 0.01, ###P, 0.001 vs.Ova group; {{P,
0.01 vs. Ova MCA-MSC IV group.
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plugging fromgoblet cellmetaplasia (50) and by epithelial
thickening (38). In addition, the interaction between AI
and fibrosis of the airway wall leads to an environment
that elevates AHR.Not only does fibrosis decrease airway
compliance in patients with asthma (51), but this expan-
sion in ECM leads to the retention of soluble inflammatory
mediators and the chronic persistence of established AHR
(52). As such, AHR could be reverted to normal uninjured
levelsmainly by the reduction of subepithelial fibrosis and
attenuation of AI afforded by MCA-MSCs but could also
be causedbyadecrease in airwayobstructionmediatedby
the reduced counts of goblet cells and lower levels of epi-
thelial thickening. In our study, it is likely that theseMCA-
MSCs corrected AHR by targeting AWR at a number of
levels, in addition to their anti-inflammatory effects.

In summary, the present study, the first onMCA-MSCs
in chronic AAD, found that MCA-MSCs could effectively
reduce AI and reverse markers of AWR as well as AHR.
Therefore, MCA-MSCs may provide a novel stand-alone
therapy or an adjunct therapy for subpopulations of
asthma sufferers who do not respond to current (cortico-
steroid) therapy. Furthermore, IN delivery of these cells
was found to be more effective in eliciting therapeutic
benefits compared with IV delivery, with maximal bene-
fits demonstrated against airway fibrosis and AHR when
directly delivered to the allergic airways/lungs.A striking
finding that separates these MCA-MSCs from other stem
cells previously studied is that otherMSCs/stemcells only
produced similar effects to MCA-MSCs when applied in
combination with other therapies (15, 28). Future studies
comparing and combining the effects of theseMCA-MSCs
with current asthma medications and aimed at under-
standing their mode of actions are needed.
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