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This study determined if the anti-fibrotic drug, serelaxin (RLN), could augment human bone marrow-derived
mesenchymal stem cell (MSC)-mediated reversal of airway remodeling and airway hyperresponsiveness
(AHR) associated with chronic allergic airways disease (AAD/asthma). Female Balb/c mice subjected to the 9-
week model of ovalbumin (OVA)-induced chronic AAD were either untreated or treated with MSCs alone, RLN
alone or both combined from weeks 9–11. Changes in airway inflammation (AI), epithelial thickness, goblet
cell metaplasia, transforming growth factor (TGF)-β1 expression, myofibroblast differentiation, subepithelial
and total lung collagen deposition, matrix metalloproteinase (MMP) expression, and AHR were then assessed.
MSCs alone modestly reversed OVA-induced subepithelial and total collagen deposition, and increased MMP-9
levels above that induced by OVA alone (all p b 0.05 vs OVA group). RLN alone more broadly reversed OVA-
induced epithelial thickening, TGF-β1 expression, myofibroblast differentiation, airway fibrosis and AHR (all
p b 0.05 vs OVA group). Combination treatment further reversed OVA-induced AI and airway/lung fibrosis com-
pared to either treatment alone (all p b 0.05 vs either treatment alone), and further increasedMMP-9 levels. RLN
appeared to enhance the therapeutic effects ofMSCs in a chronic disease setting;most likely a consequence of the
ability of RLN to limit TGF-β1-induced matrix synthesis complemented by the MMP-promoting effects of MSCs.

© 2015 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Approximately 300 million people worldwide suffer from asthma,
leading to one in every 250 deaths each year (Bousquet et al., 2010). Asth-
ma has threemain components to its pathogenesis: airway inflammation
(AI); airway remodeling (AWR), structural changes in the lung leading to
fibrosis and airway obstruction; and lastly, airway hyperresponsiveness
(AHR), the major clinical endpoint seen in asthma (Holgate, 2008). Th2
cell infiltration and IgE-mediated responses in AI can lead to lung injury
resulting inAWR(Holgate, 2012). However, AWRcan also occur indepen-
dently of AI. AWR often results in epithelial damage, goblet cell metapla-
sia, fibrosis, smooth muscle hypertrophy and angiogenesis around the
airways (Royce, Cheng, Samuel, and Tang, 2012).
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The two major therapies in the treatment of asthma include cortico-
steroids (that primarily target AI) and β2-adrenoreceptor agonists (that
suppress episodes of AHR) (Jadad et al., 2000);which can be used in con-
junction depending on the severity of asthma (Crompton, 2006). Howev-
er, as these therapies do not effectively treat AWR and approximately 5–
10% of asthmatics are resistant to corticosteroid therapy (Durham,
Adcock, and Tliba, 2011), alternative treatments that can suppress AWR
and the resulting AWR-associated AHR are urgently required.

The use of human (Bonfield et al., 2010;Weiss et al., 2006) ormouse
(Ge et al., 2013; Srour and Thebaud, 2014) stem cells (such as mesen-
chymal, induced pluripotent and embryonic stem cells) in acute to
moderate lung disease settings has been shown to provide effective re-
parative functions. While exogenous stem cells can also mediate some
repair following severe/chronic AAD associatedwith their clonal expan-
sion, ultimately their proliferative, reparative and differentiation capac-
ity is not maintained (Dolgachev, Ullenbruch, Lukacs, and Phan, 2009;
Giangreco et al., 2009). It has been postulated that the fibrosis which re-
sults from injury-induced aberrant healing and subsequent AWR results
from increased extracellular matrix ECM and in particular, collagen de-
position, which hinders stem cell survival as well as their homing to
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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damaged tissue, proliferation and integration with resident tissue cells
(Knight, Rossi, andHackett, 2010). In this regard, it would appear logical
that combining stem cells with an anti-fibrotic agent may aid their via-
bility and reparative capacity.

In pathological settings, humanbonemarrow-derivedmesenchymal
stem cells (MSCs) injected intravenously (i.v) home to the site of injury
through facilitated processes from chemokine receptors present in the
blood stream (Ponte et al., 2007). During their migration and engraft-
ment, MSCs are able to evade recognition from T-and NK- cells, and
thereby can inhibit proliferation of immune cells and recruitment of in-
flammatory cells (Jiang et al., 2005; Krampera et al., 2003). Human
MSCs are therefore immunoprivileged (suitable for allogeneic applica-
tions), a property beneficial for cell-based therapy as it allows for
human MSCs to be transplanted into animal models without eliciting
strong immune responses and rejection. Although the exact mecha-
nisms of tissue repair are unknown, studies in acute models of asthma
have shown early transplantation of MSCs inhibited the development
of AI. These studies suggested that MSCs can modulate cytokines to-
wards an altered Th1–Th2 profile and up-regulate T-regulatory cells
(Aggarwal and Pittenger, 2005). Studies have also shown that exoge-
nous introduction of MSCs are capable of decreasing the expression of
transforming growth factor (TGF)-β1 thereby preventingmyofibroblast
differentiation in acute models of lung disease. However, this effect was
significantly diminished in chronic lung injury models (Wang et al.,
2011; Weiss et al., 2006), suggesting that the presence of an anti-
fibrotic agent may be required to improve the viability and facilitate
MSC-induced tissue repair in chronic disease settings.

Serelaxin (RLN; a recombinantly-produced peptide based on the
human gene-2 (H2) relaxin sequence; which represents the major
stored and circulating form of human relaxin) exerts potent anti-
fibrotic actions in the airways/lung (Bennett, 2009; Huang et al., 2011;
Kenyon, Ward, and Last, 2003; Royce et al., 2014; Royce et al., 2009;
Unemori et al., 1996). These actions are mediated through its cognate
G protein-coupled receptor, Relaxin Family Peptide Receptor 1
(RXFP1), which has been identified in several tissues (Bathgate, Ivell,
Sanborn, Sherwood, and Summers, 2006; Hsu et al., 2002) including
the lung (Royce, Sedjahtera, Samuel, and Tang, 2013). Serelaxin can in-
hibit TGF-β1-mediated collagen deposition (Unemori et al., 1996) by
disrupting the phosphorylation of Smad2 (pSmad2), an intracellular
protein that promotes TGF-β1 signal transduction (Royce et al., 2014).
Additionally, serelaxin mediates its anti-fibrotic actions by promoting
various matrix metalloproteinases (MMPs) that play a role in collagen
degradation (Royce et al., 2012; Royce et al., 2009; Unemori et al., 1996).

We recently used human MSCs in combination with serelaxin in a
unilateral ureteric obstruction-induced model of chronic kidney dis-
ease, and demonstrated that this combination therapy significantly
prevented renal fibrosis to a greater extent than either therapy alone,
while augmenting MSC viability and tissue repair. This was primarily
achieved through a serelaxin-induced promotion of MSC proliferation
and migration and up-regulation of MMP-2 activity in combination
therapy-treated mice (Huuskes et al., 2015). However, the functional
relevance of those findings could not be measured in the experimental
model studied. Furthermore, as it remains unknown if this combination
therapy can be applied to other disease models characterized by fibro-
sis, this study aimed to evaluate the therapeutic (structural and func-
tional) potential of this combination therapy in an experimental
model of chronic AAD, which presents with AI, AWR and AHR.

2. Materials and methods

2.1. Animals

Six-to-eight week-old female BALB/c mice were obtained from
Monash Animal Services (Clayton, Victoria, Australia) and housed
under a controlled environment: on a 12-h light/12-h dark lighting
schedule and free access to water and lab chow (Barastock Stockfeeds,
Pakenham, Victoria, Australia). All mice were provided an acclimatiza-
tion period of 4–5 days before any experimentation and all procedures
outlinedwere approved by aMonash University Animal Ethics Commit-
tee (Ethics number: MARP/2012/085), which adheres to the Australian
Guidelines for the Care and Use of Laboratory Animal for Scientific
Purposes.

2.2. Induction of chronic allergic airways disease (AAD)

To assess the individual vs combined effects ofMSCs and serelaxin in
chronic AAD, a chronic model of ovalbumin (OVA)-induced AAD was
established in mice (n = 24), as described before (Royce et al., 2014;
Royce et al., 2009; Royce et al., 2013). Micewere sensitizedwith two in-
traperitoneal (i.p) injections of 10 μg of Grade V chicken egg OVA
(Sigma-Aldrich, MO, USA) and 400 μg of aluminum potassium sulfate
adjuvant (alum; AJAX Chemicals, NSW, Australia) in 500 μl of 0.9% nor-
mal saline solution (Baxter Health Care, NSW, Australia) on days 0 and
14. They were then challenged by whole body inhalation exposure
(nebulization) to aerosolized OVA (2.5% w/v in 0.9% normal saline) for
thirtyminutes, three times aweek, between days 21 and 63, using anul-
trasonic nebulizer (Omron NE-U07; Omron, Kyoto, Japan). Control mice
(n = 6) were given i.p injections of 500 μl 0.9% saline and nebulized
with 0.9% saline instead of OVA.

2.3. Intranasal delivery of MSCs and/or serelaxin

Twenty-four hours after the establishment of chronic AAD (on day
64), sub-groups of mice were lightly anesthetized with isoflurane inha-
lation (Baxter Health Care, NSW, Australisa), held in a supine position
and intranasally (i.n)-administered with the treatments described
below. In all cases, a fourteen day treatment period (from days 64–77)
was chosen to replicate the time-frame used to evaluate the effects of
systemic (Royce et al., 2009) and intranasal (Royce et al., 2014)
serelaxin administration in the OVA-induced chronicmodel of AAD; be-
fore all animals were killed on day 78.

MSCs alone: Human MSCs, purchased from the Tulane Centre for
Stem Cell Research and Regenerative Medicine (Tulane University,
New Orleans, LA, USA) and transduced to express enhanced green fluo-
rescent protein (eGFP) and firefly luciferase (fluc) (Payne et al., 2013),
were characterized and cultured as previously described (Wise et al.,
2014). Prior to administration, 1 × 106 MSCs (per mouse) were resus-
pended in 50 μl of phosphate buffered saline (PBS) and i.n- adminis-
tered into mice. Sub-groups of mice received either 50 μl of MSCs in
PBS (n = 6) or 50 μl of PBS alone (vehicle; n = 6) into both nostrils
(25 μl per nostril) using an automatic pipette, on days 64 and 71.

Serelaxin alone: A separate sub-group of mice (n = 6) i.n. received
50 μl (25 μl per nostril) of 0.8 mg/ml (equivalent to 0.5 mg/kg/day)
serelaxin (kindly provided by Corthera Inc., San Carlos, CA, USA; a sub-
sidiary of Novartis Pharma AG, Basel, Switzerland) daily, over the
2 week treatment period (from days 64–77). This dose of i.n-adminis-
tered serelaxin had previously been shown to successfully reverse fea-
tures of AWR, airway fibrosis and AHR in the OVA-induced chronic
AAD model over this treatment period (Royce et al., 2014).

MSCs and serelaxin: A separate sub-group of mice (n = 6) were
treated with MSCs and serelaxin, as described above over the 2-week
treatment period. On days 64 and 71, serelaxin was first administered
to anesthetized mice before they were allowed to recover for thirty mi-
nutes, then briefly anesthetized again for MSC administration.

Saline: Saline sensitized and challenged control mice i.n-received
50 μl (25 μl per nostril) of PBS daily over the 2 week treatment period.

2.4. Bioluminescence imaging of MSCs

To confirm that i.n-administered MSCs homed to the inflamed lung,
a separate sub-group of mice were subjected to an acute model of oval-
bumin (OVA)-induced AAD (n= 3), as described before (Locke, Royce,
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Wainewright, Samuel, and Tang, 2007). These mice were sensitized
with an i.p injection of OVA on day 0, then nebulized with OVA (2.5%
w/v in 0.9% normal saline) for 30 min per day from days 14–17. As per
the chronic AADmodel, control mice (n= 3) received a saline injection
andwere nebulizedwith 0.9% saline instead of OVA.Onday18, OVA and
saline-treated mice were i.n-administered with 1 × 106 MSCs express-
ing eGFP and fluc. To image these cells in vivo, anesthetized animals
were i.p-injected with 200 μl of D-luciferin (15 mg/ml in PBS; VivoGlo
Luciferin; Promega, San Luis Obispo, CA, USA) at 24 and 48 h post-cell
injection. Mice and isolated lung tissue were imaged with the IVIS 200
System (Xenogen, Alameda, CA, USA), as described previously
(Huuskes et al., 2015).

2.5. Invasive plethysmography (chronic AAD)

On day 78 (24 h after the final i.n-administration of PBS or serelaxin
treatment), mice were anesthetized with an i.p injection of ketamine
(10mg/kg bodyweight) and xylazine (2mg/kg bodyweight) in 0.9% sa-
line. Tracheostomy was then performed and anesthetized mice were
then positioned in the chamber of the Buxco Fine Pointe plethysmo-
graph (Buxco, Research Systems, Wilmington, NC, USA). The airway re-
sistance of each mouse was then measured (reflecting changes in AHR)
in response to increasing doses of nebulized acetyl-β-methylcholine
chloride (methacholine; Sigma Aldrich, MO, USA), delivered
intratracheally, from 3.125-50 mg/ml over 5 doses, to elicit
bronchoconstriction. The change in airway resistance calculated by the
maximal resistance after each dose minus baseline resistance (PBS
alone) was plotted against each dose of methacholine evaluated.

2.6. Tissue collection

Following invasive plethysmography, bloodwas collected from each
mouse for serum isolation and storage at −80 °C. Lung tissues were
then isolated and rinsed in cold PBS before divided into four separate
lobes. The largest lobe was fixed in 10% neutral buffered formaldehyde
overnight and processed to be cut and embedded in paraffin wax. The
remaining three lobes were snap-frozen in liquid nitrogen for hydroxy-
proline assay, and extraction of proteins and MMPs.

2.7. Lung histopathology

Once the largest lobe from each mouse had been processed and
paraffin-embedded, each tissue block was serially sectioned (3 μm
thickness) and placed on charged Mikro Glass slides (Grale Scientific,
Ringwood, Victoria, Australia) and subjected to various histological
stains or immunohistochemistry. To assess inflammation score, one
slide from each mouse (n = 30 in total) was sent to Monash Histology
Services and underwent Mayer's hematoxylin and eosin (H&E)
(Amber Scientific, Midvale, WA) staining. Similarly, to assess epithelial
thickness and sub-epithelial collagen deposition, another set of slides
underwent Masson's trichrome staining. To assess goblet cell metapla-
sia, a third set of slides underwent Alcian blue periodic acid Schiff
(ABPAS) staining. The H&E, Masson's trichrome and ABPAS-stained sec-
tions were morphometrically analyzed as detailed below.

2.8. Immunohistochemistry (IHC)

Immunohistochemistrywasused to detectmarkers of fibrosis, inclu-
sive of TGF-β1 and α-smooth muscle actin (α-SMA; a marker of
myofibroblast differentiation). In each case, representative slides from
each mouse were subjected to either a polyclonal anti-TGF-β1 (1:1000
dilution; Santa Cruz Biotechnology; Santa Cruz, CA, USA) or biotinylated
monoclonal anti-human SMA (1:200 dilution; DAKO Corp., Carpinteria,
CA, USA) primary antibody overnight. For negative controls, primary
antibody was omitted. Detection of antibody staining was completed
with the DAKO envision anti-rabbit (for TGF-β1) or anti-mouse (for
α-SMA) kit and 3,3′-diaminobenzidine (DAKO Corp.); where sections
were counterstained with hematoxylin.
2.9. Morphometric analysis

H&E-, Masson's trichrome-, ABPAS- and IHC-stained slides were
scanned with ScanScope AT Turbo (Aperio, CA, USA) for morphometric
analysis. Five stained airways per animal (of ~150–350 μm in diameter)
were randomly selected and analyzed using Aperio ImageScope soft-
ware (Aperio, CA, USA). H&E-stained slides were semi-quantitated
with a peri-bronchial inflammation score as described previously
(Royce et al., 2014), where the experimenterwas blinded and scored in-
dividual airways from 0 to 4 for inflammation severity; where 0 = no
detectable inflammation; 1 = occasional inflammatory cell aggregates,
pooled size b0.1 mm2; 2 = some inflammatory cell aggregates, pooled
size ~0.2 mm2; 3 = widespread inflammatory cell aggregates, pooled
size ~0.3 mm2; and 4=widespread and massive inflammatory cell ag-
gregates, pooled size ~0.6 mm2). Masson's trichrome- stained slides
were analyzed by measuring the thickness of the epithelial and sub-
epithelial layers and expressing the values as μm2/μm basement mem-
brane (BM) length; where BM length was traced (and expressed in
μm) in calibrated scanned images using the drawing tool provided in
Imagescope Aperio. ABPAS-stained slides were analyzed by counting
the number of stained goblet cells expressed as the number of goblet
cells/100 μm BM length relative to saline controls.
2.10. Hydroxyproline assay

The second largest lung lobe from each mouse was processed as de-
scribed before (Royce et al., 2014; Royce et al., 2009; Royce et al., 2013)
for themeasurement of hydroxyproline content, whichwas determined
from a standard curve of purified trans-4-hydroxy-L-proline (Sigma-Al-
drich). Hydroxyproline valuesweremultiplied by a factor of 6.94 (based
on hydroxyproline representing ~14.4% of the amino acid composition
of collagen in most mammalian tissues (Gallop and Paz, 1975); to ex-
trapolate total collagen content), which in turn was divided by the dry
weight of each corresponding tissue to yield collagen concentration
(expressed as a percentage).
2.11. Gelatin zymography

To determine if the treatment-induced effects on subepithelial colla-
gen were mediated via the regulation of gelatinases, gelatin
zymography of lung tissue protein extracts, which were isolated using
the method of Woessner (Woessner, 1995); was performed to assess
changes in MMP-2 (gelatinase-A) and MMP-9 (gelatinase-B). Equal ali-
quots of the protein extracts (2 μg) were analyzed on zymogram gels
consisting of 7.5% acrylamide and 1 mg/ml gelatin, and the gels were
subsequently treated as previously detailed.(Woessner, 1995)
Gelatinolytic activity was identified by clear bands at the appropriate
molecular weight, quantitated by densitometry and the relative optical
density (OD) of MMP-9 in each group expressed as the respective ratio
of that in the saline-treated mouse group, which was expressed as 1.
2.12. Statistical analysis

All statistical analysis was performed using GraphPad Prism v6.0
(GraphPad Software Inc., CA, USA) and expressed as the mean ± SEM.
AHR results were analyzed by a two-way ANOVA with Bonferroni
post-hoc test. The remaining data was analyzed via one-way ANOVA
with Neuman-Keuls post-hoc test for multiple comparisons between
groups. In each case, data was considered significant with a p-value
less than 0.05.
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3. Results

3.1. MSCs home to the AAD-inflamed lung

Whole body bioluminescence imaging was used to confirm that i.n-
administeredMSCs homed to both the normal and inflamed lung follow-
ing AAD (Fig. 1), but were retained in higher numbers in the inflamed
lung 24 and 48 h post-administration (as the bioluminescence intensity
observed is directly proportional to the number of labeled MSCs present
(Togel, Yang, Zhang, Hu, and Westenfelder, 2008)). MSCs were clearly
detected on the ventral surface of mice over the area of the lungs, at 24
and 48 h post-administration; and specifically in lung tissues isolated
from OVA-inflamed mice 48 h post-administration (insert; Fig. 1).

3.2. Effects of MSCs, serelaxin and combination treatment on airway
inflammation

Airway inflammation was semi-quantitated from H&E-stained lung
sections, using an inflammation scoring system as described (Fig. 2).
The peri-bronchial inflammation score of OVA-treated mice (1.35 ±
0.11) were significantly increased compared to that measured in
saline-treated controls (0.03 ± 0.02; p b 0.001 vs saline group),
confirming that these mice had been successfully sensitized and chal-
lenged with OVA. While the administration of MSCs (1.07 ± 0.11) or
RLN (1.17 ± 0.10) alone only induced a trends towards reduced OVA-
induced inflammation score, when added in combination, these treat-
ments significantly lowered inflammation score (0.85 ± 0.05; p b 0.01
vs OVA alone group; p b 0.05 vs OVA + RLN group), although not fully
back to that measured in saline-treated mice (p b 0.01 vs saline
group) (Fig. 2A, . B).

3.3. Effects of MSCs, serelaxin and combination treatment on airway
remodeling

3.3.1. Goblet cell metaplasia
Goblet cell metaplasia was morphometrically assessed from ABPAS-

stained lung sections and expressed as the number of goblet cells/
100 μm basement membrane length) (Fig. 2C, D). OVA-treated mice
had significantly increased goblet cell numbers (7.79± 1.02) compared
to their saline-treated counterparts (1.00 ± 0.12; p b 0.001 vs saline
group). Neither the administration of MSCs alone (6.56 ± 1.33),
serelaxin alone (6.22 ± 0.88) or the combined effects of both
Fig. 1.Representative bioluminescence visualization ofMSCs in saline-treated (normal) andOV
saline (n= 3) or OVA-treated (n= 3)mice and clearly detected on the ventral surface of mice
numbers in OVA-treated mice. MSCs were also specifically detected in lung tissues isolated fro
treatments (5.95 ± 1.01) significantly affected the OVA-induced in-
crease in goblet cell metaplasia (all p b 0.01 vs saline group) (Fig. 2C, D).

3.3.2. Epithelial thickness
Epithelial thickness was morphometrically assessed from Masson's

trichrome-stained lung sections and expressed as μm2/μm basement
membrane length (Fig. 3A, B). The epithelial thickness of OVA-treated
mice (21.60± 0.31) was significantly increased compared to that mea-
sured in saline-treated controls (16.82 ± 0.27; p b 0.001 vs saline
group).While the administration of MSCs alone (20.11± 0.40) only in-
duced a trend towards reduced OVA-mediated epithelial thickness,
serelaxin alone (17.65±1.11) significantly reduced epithelial thickness
when compared with measurements obtained from OVA alone and
OVA + MSC treated mice (p b 0.01 vs OVA alone group; p b 0.05 vs
OVA + MSC group), which was not significantly different to that mea-
sured in saline-treated controls (Fig. 3A, B). Similarly, combination-
treated mice had significantly reduced OVA-mediated epithelial thick-
ness (18.69± 0.57; p b 0.05 vs OVA alone group), whichwas not signif-
icantly different to thatmeasured in saline-treated controlmice (Fig. 3A,
B).

3.3.3. Subepithelial collagen deposition (fibrosis)
Changes in airway fibrosis were evaluated by two methods:

i) morphometric analysis of sub-epithelial collagen deposition from
Masson's trichrome-stained lung sections (Fig. 3A, C) and ii) hydroxy-
proline analysis of total lung collagen concentration (Fig. 3D). Sub-
epithelial collagen staining relative to BM length, was significantly in-
creased inOVA-treatedmice (32.03±1.87) compared to thatmeasured
in saline-treated controls (17.70 ± 0.67; p b 0.001 vs saline group;
Fig. 3C). MSCs alone (27.19 ± 1.04) modestly but significantly reduced
the OVA-mediated sub-epithelial collagen deposition (p b 0.01 vs OVA
alone group), while serelaxin alone (22.79 ± 0.52) further reversed
the OVA-induced build-up of sub-epithelial collagen deposition
(p b 0.001 vs OVA alone group; p b 0.01 vs OVA + MSC group;
Fig. 3C). In combination-treatedmice, sub-epithelial collagen deposition
(19.74 ± 0.65) was significantly reversed to a greater extent compared
to either treatment alone (p b 0.001 vs OVA alone and OVA + MSC
groups; p b 0.05 vs OVA + RLN group), and was no longer different to
that measured in saline-treated control mice (Fig. 3C).

3.3.4. Total lung collagen concentration (fibrosis)
Total lung collagen concentration (% collagen content/dry weight

lung tissue) was also used to measure airway fibrosis (Fig. 3D), and
A-treated (AAD/inflamed)mice.MSCs expressing eGFP andflucwere i.n-administered into
over the area of the lungs, at 24 and 48 h post-administration; but were retained in higher
m OVA-inflamed mice 48 h after they were i.n-delivered to these animals (insert).



Fig. 2. Effects of MSCs, serelaxin and combination treatment on peri-bronchial inflammation and goblet cell metaplasia. Representative photomicrographs of (A) H&E- and (C) ABPAS-
stained lung sections from each of the groups studied, showing the extent of (A) bronchial wall inflammatory cell infiltration and (C) goblet cells (indicated by arrows) present within
the epithelial layer. Magnified inserts (of the boxed areas shown in the lower-powered images) of inflammatory cell infiltration (A) are also included. Scale bar = 100 μm. Also shown
is the mean ± SEM (B) inflammation score and (D) goblet cell count (number of goblet cells/100 μm BM length, relative to saline goblet cell count) from 5 airways/mouse, n = 6
mice/group; where (B) sections were scored for the number and distribution of inflammatory aggregates on a scale of 0 (no apparent inflammation) to 4 (severe inflammation).
**p b 0.01, ***p b 0.001 vs saline group; ##p b 0.01 vs OVA alone group; §p b 0.05 vs. OVA + serelaxin group.
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extrapolated from the quantity of hydroxyproline present within the
second largest lung lobe of each mouse analyzed. Total lung collagen
concentration was significantly increased in OVA-treated mice
(4.58 ± 0.29%) compared to that in saline-treated controls (2.85 ±
0.21%, p b 0.001 vs saline group). MSCs (3.37 ± 0.23%) and serelaxin
(3.25 ± 0.22%) alone significantly reversed the OVA-induced increase
in total lung collagen deposition by ~70% and ~77%, respectively (both
p b 0.01 vs OVA alone group; Fig. 3D). Similarly to what occurred with



Fig. 3. Effects of MSCs, serelaxin and combination treatment on epithelial thickness and airway/lung collagen deposition (fibrosis). (A) Representative photomicrographs of Masson
trichrome-stained lung sections from each groups studied, showing the extent of epithelial thickness. Magnified inserts (of the boxed areas shown in the lower-powered images) of ex-
tracellular matrix/collagen deposition (A) are also included. Scale bar = 100 μm. Also shown is the mean ± SEM (B) epithelial thickness (μm2) and (C) subepithelial collagen thickness
(μm) (relative to BM length) from 5 airways/mouse, n = 6 mice/group; and (D) mean ± SEM total lung collagen concentration (% collagen content/dry weight tissue) from n = 6
mice/group. **p b 0.01, ***p b 0.001 vs saline group; #p b 0.05, ##p b 0.01, ###p b 0.001 vs OVA alone group; ¶p b 0.05, ¶¶p b 0.01, ¶¶¶p b 0.001 vs OVA + MSCs group; §p b 0.05 vs.
OVA + serelaxin group.
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sub-epithelial collagen deposition (Fig. 3C), the combined effects of
both treatments significantly reversed total lung collagen concentration
to a greater extent than either treatment alone, and back to baseline
measurements in saline -treated control mice (Fig. 3D).

3.3.5. TGF-β1 expression
To determine the mechanisms by which the combined effects of

MSCs and RLN were able to fully reverse OVA-induced sub-epithelial
(Fig. 3C) and total lung collagen (Fig. 3D) deposition, changes in TGF-
β1 expression (Fig. 4A, B),α-SMA expression (Fig. 4C, D) and gelatinase
levels (Fig. 5) were then measured in each of the experimental groups.
TGF-β1 expression was morphometrically assessed from IHC-
stained lung sections (Fig. 4A) and expressed as % staining per airway
analyzed (which was averaged from 5 airways per mouse; Fig. 4B).
TGF-β1 was evident in saline controls (6.30 ± 0.77%) and was signifi-
cantly increased in OVA-treatedmice (12.88±0.45%, p b 0.001 vs saline
group; Fig. 4B). MSCs alone induced a trend towards reduced OVA-
mediated TGF-β1 staining (10.69 ± 1.47%), while both serelaxin alone
(8.28±1.17%) and the combination therapy (9.04±0.72%) significant-
ly reduced TGF-β1 expression (both p b 0.05 vs OVA alone group) to
levels that were not significantly different to that measured in saline-
treated controls (Fig. 4B).



Fig. 4. Effects of MSCs, serelaxin and combination treatment on TGF-β1 expression andα-SMA-stained myofibroblast density. Representative photomicrographs of IHC-stained lung sec-
tions from each group studied, showing the amount of (A) TGF-β1expression within the airway epithelial layer and (B) α-SMA expression (representative of myofibroblast density; as
indicated by the arrows). Magnified inserts (of the boxed areas shown in the lower-powered images) of TGF-β1 staining (A) are also included. Scale bar = 100 μm. Also shown is
mean ± SEM (C) TGF-β1 staining (expressed as %/field) and (D) number of myofibroblasts (per 100 μm BM length) from 5 airways/mouse, n = 6 mice/group. *p b 0.05, ***p b 0.001
vs saline group; #p b 0.05, ##p b 0.01 vs OVA alone group.
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3.3.6. Myofibroblast differentiation
Changes in alpha-smooth muscle actin (α-SMA; a marker of

myofibroblast differentiation) were also morphometrically assessed
from IHC-stained lung sections (Fig. 4C) and expressed as the number
of myofibroblasts per 100 μm BM length (which was averaged from 5
airways per mouse; Fig. 4D). Trace numbers of α-SMA-positive
myofibroblasts were detected in the airways of saline control mice
(0.4 ± 0.2), while OVA-treated mice had significantly increased
myofibroblast numbers (2.9 ± 0.5) in comparison (p b 0.001 vs saline
group; Fig. 4D). MSCs alone (2.2 ± 0.2) induced a trend towards



Fig. 5. Effects of MSCs, serelaxin and combination treatment on gelatinase expression.
(A) A representative gelatin zymograph showing MMP-9 (gelatinase B; 92 kDa) and
MMP-2 (gelatinase A; 72 kDA) expression in the each of the groups studied. A separate
zymograph analyzing three additional samples per group produced similar results.
(B) Also shown is relative mean ± SEM optical density (OD) MMP-9 (which was most
abundantly expressed in the lung of female Balb/c mice) from n = 6 mice/group.
**p b 0.01, ***p b 0.001 vs saline group; #p b 0.05, ##p b 0.01 vs OVA alone group;
¶p b 0.05 vs OVA + MSCs group; §§p b 0.01 vs OVA + serelaxin group.

Fig. 6. Effects of MSCs, serelaxin and combination treatment on airway resistance (AHR).
Airway resistance (reflecting changes inAHR)was assessed via invasive plethysmography
in response to increasing doses of nebulized methacholine (and expressed as resistance
change from baseline). Shown is the mean ± upper SEM (for improved clarity of the
data presented) airway resistance to each dose of methacholine tested. **p b 0.01,
***p b 0.001 vs saline group; ##p b 0.01 vs OVA alone group..
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reduced OVA-mediated myofibroblast numbers, however serelaxin
alone (1.5 ± 0.2) and the combination treatment (1.4 ± 0.1) signifi-
cantly reduced α-SMA protein expression localized around the airways
compared to that measured in OVA-treated mice (both p b 0.01 vs OVA
alone group; Fig. 4D), but not completely back to corresponding mea-
surements in saline-treated mice (both p b 0.05 vs saline group).
These results suggested that the greater ability of the combination ther-
apy to reverse airway fibrosis compared to either treatment alone was
not explained by the changes in TGF-β1 expression and myofibroblast
density measured (which both contribute to matrix synthesis).

3.3.7. Gelatinase expression
Based on the findings obtained above, changes in gelatinase A

(MMP-2) and gelatinase B (MMP-9) levels, which can both degrade
basement membrane collagen IV and collagenase-digested interstitial
collagen fragments into gelatin were measured (Fig. 5). Interestingly,
high expression of MMP-9 was observed in the lungs of female Balb/c
mice, while comparatively lower levels of MMP-2 were detectable
(Fig. 5A); and hence, changes in the optical density (OD) of MMP-9
were semi-quantitated by densitometry between the groups studied
(Fig. 5B). OVA-treated mice (relative OD: 1.38 ± 0.09) had a modest
but significant increase in lungMMP-9 expression compared to relative
levels measured from their saline-treated counterparts (p b 0.01 vs sa-
line group; Fig. 5B). MSCs alone (relative OD: 1.67 ± 0.05), but not
serelaxin alone (relative OD: 1.41 ± 0.11) further increased lung
MMP-9 expression beyond that measured in OVA-treated mice
(p b 0.001 vs saline group; p b 0.05 vs OVA alone group). In comparison,
combination- treated mice (relative OD: 1.79 ± 0.07) had the highest
lung MMP-9 levels compared to that measured in the other OVA-
treated groups (p b 0.01 vs OVA alone group, p b 0.01 vs OVA +
serelaxin group, p = 0.08 vs OVA + MSC group; Fig. 5B). A similar
trend was also observed for MMP-2 expression between the various
groups studied. These results suggested that the greater ability of the
combination therapy to reverse airway fibrosis compared to either
treatment alone, was most likely explained by the enhanced MMP-
promoting effects of MSCs (which would likely result in MSC-induced
collagen degradation), complemented by the ability of serelaxin to
block aberrant matrix synthesis from occurring.

3.4. Effects of MSCs, serelaxin and combination treatment on AHR

Airway reactivity (reflecting changes in AHR) was assessed via inva-
sive plethysmography in response to increasing doses of nebulized
methacholine, a bronchoconstrictor. As expected, OVA-treated mice
had significantly increased airway reactivity, particularly in response
to the three highest doses of methacholine tested (12.5–50 mg/ml),
compared to that measured in saline-treated control mice (Fig. 6).
OVA + serelaxin-treated mice but not OVA + MSC-treated mice dem-
onstrated significantly reduced AHR compared to their OVA alone-
treated counterparts, particularly at the two highest doses of
methacholine tested (25-50 mg/ml) (p b 0.01 vs OVA group; Fig. 6).
Likewise, OVA + MSC + serelaxin-treated mice demonstrated signifi-
cantly reduced AHR compared to their OVA alone-treated counterparts,
particularly at the three highest doses of methacholine tested (12.5–50
mg/ml) (pb 0.01 vsOVA group),whichwas not significantly different to
AHR measurements obtained from OVA + serelaxin-treated mice at
each of the methacholine doses tested. Importantly, AHR in OVA +
serelaxin andOVA+MSC+ serelaxin-treatedmicewas not significant-
ly different to that measured in saline-treated controls (Fig. 6).

4. Discussion

This study aimed to determine if the presence of an anti-fibrotic
(serelaxin) would create a more favorable environment and/or aid
human bone marrow-derived MSCs in being able to reverse the patho-
logical features of AWR and related AHR associated with chronic AAD –
and a summary of the main findings of the study is provided in Table 1.
As such, it provided the first report establishing an effective outcome of
the combined effects of MSCs and RLN in reversing the development of
fibrosis associatedwith AWR, and to a lesser extent AI, in an experimen-
tal murine model of chronic AAD, which mimics several features of
human asthma. As indicated by the morphometric analysis of sub-
epithelial collagen and hydroxyproline analysis of total lung collagen
concentration, the OVA-induced aberrant accumulation of collagen (fi-
brosis) was totally ablated in combined-treated mice when compared
with untreated OVA-injured mice and those receiving either therapy
alone. The striking anti-fibrotic effects of the combined treatment may
be explained by the greater ability of RLN to limit TGF-β1 and
myofibroblast differentiation-induced matrix synthesis, whereas MSCs
appeared to play more of a role in stimulating MMP-9 levels, which
can degrade collagen in the lung (Curley et al., 2003; Zhu et al., 2001).
Additionally, the combined anti-fibrotic and anti-inflammatory effects
of both therapies contributed to their ability of effectively reversing
AHR by ~50–60%, in line with previous findings demonstrating that
mouse skeletal myoblasts engineered to over-express serelaxin



Table 1
Summary of the effects of MSCs, serelaxin and combination treatment in reversing the pa-
thologies of chronic AAD.

OVA OVA
+ MSCs

OVA
+ serelaxin

OVA + MSCs
+ serelaxin

AI Inflammation score ↑↑↑ – – ↓⁎

AWR Epithelial thickness ↑↑↑ – ↓↓ ↓↓
Goblet cell metaplasia ↑↑↑ – – –
Subepithelial collagen ↑↑↑ ↓ ↓↓ ↓↓↓⁎

Fibrosis Total lung collagen ↑↑↑ ↓↓ ↓↓ ↓↓↓⁎

TGF-β1 expression ↑↑↑ – ↓ ↓
α-SMA expression ↑↑↑ – ↓↓ ↓↓
MMP-9 levels ↑↑ ↑ – ↑↑

AHR Airway reactivity ↑↑↑ – ↓↓ ↓↓

A summary of the effects of MSCs, serelaxin and combination treatment on chronic AAD-
induced AI, AWR, fibrosis and AHR. The arrows in the OVA column are reflective of chang-
es to that measured in saline-treated control mice, while the arrows in the treatment
groups are reflective of changes to that in the OVA alone group. (–) implies no change
compared to OVA alone.
⁎ Denotes p b 0.05 vs either treatment alone.
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improved various measures of cardiac function when administered to
the infarcted/ischemic pig (Formigli et al., 2007) and rat (Bonacchi
et al., 2009) heart. Taken together, not only did the reported findings
demonstrate the feasibility and viability of combining MSCs and
serelaxin in chronic AAD, they demonstrated that this combination
therapy had some synergistic effects in reducing airway fibrosis associ-
ated with AWR, AI and AHR in a model of chronic AAD.

While i.n-administered MSCs were clearly detected in the lungs of
normal mice, and to a greater extent, the inflamed lungs of mice with
chronic AAD 48 h later, previous studies inmurinemodels of kidney dis-
ease (Huuskes et al., 2015; Togel et al., 2008) had shown that these cells
could not be detected by bioluminescence imaging 7 days after admin-
istration. These studies suggested that most of the exogenously admin-
istered MSCs had vanished after a week, regardless of the route of
administration applied; but that these cells were able to induce
longer-term paracrine effects that persisted long after they had been
cleared. Consistent with the latter, and previous studies showing that
repeated (once weekly) administration of MSCs markedly improved
their protective effects against kidney injury and related fibrosis (Lee
et al., 2010), our findings demonstrated that once weekly administra-
tion of humanMSCswere able to ameliorate the airway/lungfibrosis as-
sociated with chronic AAD by increasing collagen-degrading MMP-9
levels in the murine model studied; confirming that they were still ca-
pable of protecting the allergic lung from adverse AWR despite progres-
sively diminishing in numbers post-administration.

Airway inflammation occurs in response to respiratory damage, as
the lung attempts to eliminate the original insult by recruiting inflamma-
tory cells to remove cellular debris to restore lost tissue and function
(Holgate, 2008). In this study, AI was morphometrically assessed by
peri-bronchial inflammation score and was significantly up-regulated
in response toOVA-mediated chronic AAD inmice, as reported previous-
ly (Royce et al., 2014; Royce et al., 2009). Although both intranasal ad-
ministration of MSCs alone, which homed to and were retained in the
inflamed lung (for at least 48 h), or serelaxin alone induced a trend to-
wards reduced inflammation score, the combination of the two treat-
ments was able to significantly reduce AI, however, not fully back to
levels measured in saline-treated controls. A possible explanation for
these findingsmay be that either treatment alone only affected the infil-
tration of a sub-set of OVA-induced inflammatory cells into the lung,
whereas the combined effects of both treatments were able to target a
broader subset of inflammatory cells. For example, studies performed
with intravenous (i.v) tail vein injection or intratracheal administration
of bone marrow-derived MSCs in OVA-treated mice with chronic AAD
demonstrated through BAL extraction and inflammatory cell counts,
that MSCs were able to significantly reduce eosinophil and lymphocytes
counts (Bonfield et al., 2010). On the other hand, studies have shown
that RLN primarily targets neutrophil (Masini et al., 2004), mast cell
and leukocyte infiltration (Bani, Ballati, Masini, Bigazzi, and Sacchi,
1997), but not eosinophil (Royce et al., 2014; Royce et al., 2009) or mac-
rophage (Samuel et al., 2011) infiltration. However, it appeared that the
combination treatment was not able to fully reverse OVA-induced AI,
perhaps due to the fact that both treatments were not able to prevent
the infiltration of all inflammatory cells includingmonocytes, which rep-
resented a large proportion of the inflammatory cells identified in the
lungs of OVA-injured mice (Royce et al., 2014; Royce et al., 2009); al-
though RLN has been found to prevent monocyte-endothelium contact
(Brecht, Bartsch, Baumann, Stangl, and Dschietzig, 2011).

Along with AI, AWR can occur as injury to the lungs is the culmina-
tion of a number of factors, including allergens or mechanical insult and
possible genetic disorders destroying the architecture and function of
the airways. In normal lungs, lung tissue turnover and airway
restructuring is a homeostatic process which may aid in preserving op-
timal functions of the airway (Laurent, 1986). In asthma however, the
lungs have the capacity to undergo endogenous remodeling of the air-
ways in attempt to self-repair respiratory structure and function dam-
aged by allergens or genetic causes; with aberrant healing leading to
the progressive deposition of collagen, that eventually leads to airway
fibrosis, airway obstruction and a positive feedback loop resulting in
AHR (Cohn, Elias, and Chupp, 2004; Holgate, 2008). In this study, AWR
was assessed via epithelial thickness and goblet cell metaplasia (mea-
sures of airway epithelial damage) and airway fibrosis. As observed,
MSCs alone did not affect epithelial thickness, goblet cell metaplasia
and had only modest effects in reducing aberrant sub-epithelial and
total collagen deposition. This is somewhat consistent with the modest
effects of adipose tissue-derived MSCs in suppressing the airway con-
tractile tissue mass that was up-regulated in a house dust mite-
induced model of AAD (Marinas-Pardo et al., 2014), where the effects
of those cells were found to decline under sustained allergen challenge.
Conversely, RLN alone had broader anti-remodeling effects and was
able to significantly reduce epithelial thickness and aberrant sub-
epithelial/total collagen deposition (Table 1). The combined effects of
both treatments did not further reverse epithelial thickness (compared
to the effects of serelaxin alone), but fully reversed the OVA-induced in-
crease in sub-epithelial and total collagen deposition, to a greater extent
than either therapy alone.

The occurrence of airway epithelial thickening in asthma leads to a
decrease in airway lumen size, consequently resulting in increased air-
way resistance corresponding to AHR (Elias, Zhu, Chupp, and Homer,
1999). Data from pediatric and non-fatal asthma studies have shown
epithelial thickness of the airways can increase 2-fold (James,
Maxwell, Pearce-Pinto, Elliot, and Carroll, 2002; Kim et al., 2007),
which is consistent with current findings in the study that demonstrat-
ed OVA-challenged mice had a clear significant increase in epithelial
thickness as compared to saline-treated controls. The finding that
MSCs were unable to reduce epithelial thickness is consistent with
past studies using i.v tail vein injections of MSCs in OVA-injured mice
with chronic AAD (Bonfield et al., 2010), whereas the ability of RLN to
reverse epithelial thickness is consistentwith its previously reported ef-
fects in the AAD model (Royce et al., 2014; Royce et al., 2009). These
findings may explain 1) why RLN, but not MSCs, was able to reduce
AHR (as only RLN decreased both epithelial thickness and airway/lung
fibrosis, which both contribute to AHR); and 2) perhaps why the com-
bined effects of MSCs and RLN did not further reduce AHR beyond that
reversed by RLNalone (as the combination treatmentwasnot able to re-
verse epithelial thickness beyond that induced by RLN alone). This
would suggest that reducing both the originating epithelial damage, ac-
tivation and thickening on top of the subsequent airway/lung fibrosis
may better protect from AAD-induced AWR and the contributions of.

4.1. AWR to AHR

The keyfindingof this studywas that the combination treatment not
only successfully reduced aberrant sub-epithelial and total collagen
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levels comparable to uninjured saline-treated mice, but also reversed
airway fibrosis more effectively than either therapy alone. These results
coincide with our recent study using a similar combination therapy in
treating renal fibrosis induced by obstructive nephropathy (Huuskes
et al., 2015). To identify the possible mechanisms involved with the re-
versal of aberrant collagen levels found in the lungs of combination-
treated mice, expression of markers of collagen synthesis: TGF-β1,
myofibroblast differentiation, and collagen degradation: MMP-2 and
MMP-9 were assessed. Morphometric analysis of IHC-stained sections
revealed that MSCs did not significantly affect these markers of matrix
synthesis in the chronic AAD model studied. This is somewhat consis-
tent with previous studies which demonstrated that while exogenous
administration of MSCs were capable of decreasing markers of fibrosis,
their effects were significantly diminished in experimental models of
chronic lung damage (Wang et al., 2011; Weiss et al., 2006). On the
other hand, RLN, a well-established anti-fibrotic was able to reduce
TGF-β1 and α-SMA expression in the lung, consistent with its ability
to reduce these markers when applied to other models of heart
(Samuel et al., 2011), lung (Unemori et al., 1996) and kidney
(Hewitson, Ho, and Samuel, 2010) disease. As the combined effects of
both treatments were not able to reverse matrix synthesis to a greater
extent that RLN alone, these findings suggested that the greater ability
of the combination treatment to reverse airway fibrosis in the chronic
AAD model studied, was not fully explained by the changes in matrix
synthesis markers measured.

Gelatin zymography was then used to assess MMP-2 and MMP-9
levels, to determinewhether the greater ability of the combination ther-
apy to reverse airway fibrosis (over either treatment alone) was attrib-
uted to both treatments being able to increase expression of MMPs that
play roles in collagen degradation. Following lung injury, MMPs appear
to be increased regardless of whether the injurywas induced by OVA or
bleomycin treatment (Locke et al., 2007; Moodley et al., 2010), thus
explaining the up-regulation of MMP-9 expression observed in OVA-
injured mice. The higher expression of MMP-9 (compared to MMP-2)
present within the lungs of female Balb/c mice was similar to previous
findings from the chronic AAD model (Locke et al., 2007). Consistent
with previous findings of other stem cells being able to promote
MMP-9 expression and activity when administered to mouse models
of lung injury (Moodley et al., 2009; Moodley et al., 2010), MSCs were
able to significantly promoteMMP-9 expression over and above that in-
duced by OVA alone. On the other hand, RLN alone could not further
promote MMP-9 levels beyond that induced by OVA, as demonstrated
previously (Royce et al., 2009); as was the case in the setting of obstruc-
tive nephropathy-induced renal injury (Hewitson et al., 2010). In line
with recent findings demonstrating that the combined effects of MSCs
and RLN increasedMMP-2 levels over and above that induced by either
treatment alone post-obstructive nephropathy (Huuskes et al., 2015),
the combined effects of both treatments significantly increased MMP-
9 levels over and above that induced byOVA andOVA+ serelaxin treat-
ment, which trended to be higher than that induced by MSC treatment
alone; andmost likely explains why the combined effects of both treat-
ments could effectively reverse airway fibrosis in the chronic AAD
model studied.

Functional analysis of airway resistance was measured by invasive
plethysmography. OVA-challenged mice demonstrated significantly in-
creased AHR,whichwas unaffected byMSC treatment. This is consistent
with the modest anti-remodeling effects of these cells (Table 1). How-
ever, AHR was significantly abrogated by RLN and the combination
treatment (consistent with the broader therapeutic effects of these
treatments, as demonstrated in this and previous studies (Kenyon
et al., 2003; Royce et al., 2014; Royce et al., 2009; Royce et al., 2013);
confirming that both AI and AWR contribute to AHR and treatment
strategies that target AI and AWR can more effectively reduce the func-
tional impact of AHR.

In conclusion, the current study combined two therapies in treating
AAD, more specifically AWR, which may provide a possible clinical
option for patients that may not respond to existing therapeutic treat-
ments for asthma. As seen in the current study, the combination treat-
ment effectively reduced AI and AWR via the synergistic effects of RLN
in inhibiting matrix synthesis and MSCs in possibly promoting MMP-
mediated collagen degradation, thereby reducing AWR and subse-
quently AHR. Thus, the results from this study demonstrate that MSC
therapy combined with an agent that has anti-fibrotic properties may
provide future therapeutic options for patients with chronic asthma,
particularly those that are resistant to corticosteroid therapy.
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