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ABSTRACT
Background Current pharmacotherapy is highly
effective in the clinical management of the majority of
patients with stable asthma, however severe asthma
remains inadequately treated. Prevention of airway
remodelling is a major unmet clinical need in the
management of patients with chronic severe asthma and
other inflammatory lung diseases. Accumulating
evidence convincingly demonstrates that activin A, a
member of the transforming growth factor (TGF)-β
superfamily, is a key driver of airway inflammation, but
its role in chronic asthmatic airway remodelling is ill-
defined. Follistatin, an endogenously produced protein,
binds activin A with high affinity and inhibits its
bioactivity. The aim of this study was to test the
potential of follistatin as a therapeutic agent to inhibit
airway remodelling in an experimental model of chronic
allergic airway inflammation.
Methods BALB/c mice were systemically sensitised with
ovalbumin (OVA), and challenged with OVA intranasally
three times a week for 10 weeks. Follistatin was instilled
intranasally during allergen challenge.
Results Chronic allergen challenge induced mucus
hypersecretion and subepithelial collagen deposition
which persisted after cessation of challenge. Intranasal
follistatin (0.05, 0.5, 5 mg) inhibited the airway
remodelling and dose-dependently decreased airway
activin A and TGF-β1, and allergen-specific T helper 2
cytokine production in the lung-draining lymph nodes.
Follistatin also impaired the loss of TGF-β1 and activin
RIB immunostaining in airway epithelium which occurred
following chronic allergen challenge.
Conclusions These data demonstrate that follistatin
attenuates asthmatic airway remodelling. Our findings
point to the potential of follistatin as a therapeutic for
prevention of airway remodelling in asthma and other
inflammatory lung diseases.

INTRODUCTION
Current pharmacotherapy is highly effective in the
clinical management of the majority of patients
with stable asthma, however severe asthma remains
inadequately treated. Prevention of airway remodel-
ling is a major unmet clinical need in the manage-
ment of patients with chronic severe asthma and
other inflammatory lung diseases.1 Increasing evi-
dence implicates activin A, a homodimer of activin
βA subunits and a member of the transforming
growth factor (TGF)-β superfamily, in this process.

Activin A can promote inflammation by stimulating
production of inflammatory mediators including
interleukin (IL)-1β, IL-6, tumour necrosis factor
and nitric oxide. However, other studies show that
activin A can inhibit inflammation.2 3 Clearly, regu-
lation of the immunoregulatory effect of activin A
is complex and dependent on the anatomical site,
cell type and phase of the immune response.
Importantly, activin A bioactivity is inhibited by the
endogenously produced high-affinity binding
protein follistatin.4

Accumulating data suggest that activin A regu-
lates inflammation and fibrosis in the lung.5–9 In
vitro, activin A stimulates proliferation of human
lung fibroblasts and smooth muscle cells.5 10 In
vivo, activin A is upregulated in bleomycin-induced
pulmonary fibrosis, and follistatin injection inhibits
this fibrosis.11 Furthermore, mice deficient in
Smad3, common to the TGF-β/activin A signalling
pathways, have decreased airway remodelling.12 In
contrast, overexpression of the TGF-β/activin sig-
nalling intermediate Smad2 in airway epithelium
induced activin A secretion and airway remodel-
ling.13 Remodelling was inhibited by injection of
activin A neutralising antibody prior to allergen
challenge, providing direct evidence of a role for

Key messages

What is the key question?
▸ To determine whether blocking activin A with

its naturally occurring antagonist follistatin
inhibits asthmatic airway remodelling.

What is the bottom line?
▸ Follistatin instillation during allergen challenge

inhibited secretion of activin A and
transforming growth factor β1 in the lung, and
significantly inhibited subepithelial collagen
deposition and airway epithelial mucus
production.

Why read on?
▸ Our findings provide insight into the

therapeutic potential of follistatin in the control
of fibrosis in lung inflammatory disease, and
highlight a role for activin A in the regulation
of inflammation.
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activin A in remodelling. However, detailed knowledge of the
effect of inhibiting activin A with follistatin in chronic asthma is
lacking. In the current study we investigated whether follistatin
treatment during allergen challenge inhibited development of
airway remodelling in a model of chronic allergic asthma. Our
data identify activin A as an important driver of asthmatic
airway pathology and highlight the therapeutic potential of fol-
listatin as an inhibitor of airway remodelling.

METHODS
Mice
Female BALB/c mice (7 weeks) were obtained from the Walter
and Eliza Hall Institute of Medical Research, Melbourne,
Victoria, Australia and housed in the Alfred Medical Research
and Education Precinct (AMREP) animal house. All experimen-
tal protocols were approved by the AMREP Animal Ethics
Committee.

Recombinant follistatin and follistatin luciferase bioassay
For follistatin production and assessment of bioactivity, see
online supplement.

Immunisations and tissue processing
Mice were sensitised with intraperitoneal ovalbumin (OVA;
A5503, Sigma-Aldrich, Saint Louis, Missouri, USA) in alum,6

and isofluorane-anaesthetised mice challenged intranasally
(50 μl) with OVA (5 μg, 25 μg or 100 μg) three times per
week.14–16 Groups were killed after 2, 5 or 10 weeks of allergen
challenge, and 2 weeks after the final challenge (12 weeks) (see

online supplementary figure S1A). For the follistatin instillation
experiments, OVA-sensitised mice were challenged intranasally
with OVA (25 μg) alone or mixed with follistatin (0.05, 0.5 or
5 μg), and analysis performed after 5 weeks of challenge (see
online supplementary figure S1B). Controls received saline
instead of OVA or follistatin. Bronchoalveolar lavage (BAL), dif-
ferentials and tissue sampling were as described17 (see online
supplement).

Cytokine ELISPOT, OVA-specific IgE, activin A, TGF-β1 and
IL-13 ELISA
IL-4, IL-5 and IL-13 enzyme-linked immunosorbent spot
(ELISPOT) on lung-draining lymph node (LN) cells were per-
formed as described.6 OVA-specific IgE was detected as
described.17 Activin A was measured by a specific ELISA as
described.6 18 TGF-β1 was detected using a TGF-β1 ELISA kit
(#DY1679, R&D Systems, Minneapolis, MN, USA) (see online
supplement). IL-13 was detected using the IL-13
Ready-SET-Go! kit (#88-7137-88; eBioscience, Inc., San Diego,
California, USA).

Follistatin radioimmunoassay
Follistatin concentrations were measured using a discontinuous
radioimmunoassay as described.18

Activin A, TGF-β, follistatin and activin receptor
immunohistochemistry
Immunohistochemistry was performed on 3 μm formalin-fixed
sections. .Activin A and follistatin immunohistochemistry were

Figure 1 Chronic allergen challenge causes resolution of allergic inflammation independent of allergen challenge dose. Mice were sensitised and
challenged with OVA as per online supplementary figure S1 A; controls received saline instead of OVA. (A–D) Counts of total bronchoalveolar lavage
(BAL) cells, BAL eosinophils, BAL lymphocytes, and draining LN cells, and (E, F) frequency of interleukin (IL)-4-producing cells in the lung-draining
LN, and levels of serum OVA-specific IgE were measured at the time points shown in (A). Mean ± SEM, n = 6–7 mice/group per time point. *p<0.05,
**p<0.01, ***p<0.001; the order of symbols from top to bottom is OVA 5, 25 and 100 mg (relative to saline).
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performed as described.6 For TGF-β and activin receptor immu-
nostaining antigen retrieval was performed and endogenous per-
oxidise blocked in H2O2. Sections were stained with antibodies
specific for TGF-β1 (sc-146; Santa Cruz Biotechnology, Inc.
Santa Cruz, California, USA), or ActRIB/ALK4, ActRIIA and
ActRIIB (N-20, sc-11984; N-17, sc-5667; and N-16, sc-5665,
respectively; Santa Cruz Biotechnology, Inc.) or appropriate
isotype controls. See online supplement.

Quantitative image analysis
The frequency of periodic acid Schiff (PAS), activin A, follistatin
or ActRIB positive airway epithelial cells per mm basement
membrane was calculated (http://fiji.sc). Alternatively, airway epi-
thelial TGF-β, activin A, ActRIIA and ActRIIB immunoreactivity
was expressed as integrated density (n=5–19 airways/mouse).
The percentage of subepithelial collagen in Masson’s
trichrome-stained sections was calculated to a depth of 20 μm
below the basement membrane.16 Smooth muscle thickness was
measured at right angles across the muscle bundle on
ActRIB-stained sections (n=2–7 airways/mouse). See online
supplement.

Statistics
Data were analysed for normality and log transformed as neces-
sary prior to analysis by analysis of variance and Tukey post
tests or t tests (GraphPad Prism V.5.03). Differences were con-
sidered significant at p<0.05. Group sizes are indicated in the
figure legends. All values in figures are mean±SEM.

RESULTS
Repeated allergen challenge induces acute resolving
pulmonary inflammation
We investigated the effect of chronic allergen challenge on the
kinetics of airway inflammation and remodelling to validate our
model. Mice were challenged with 5, 25 or 100 μg OVA to
investigate the effect of allergen dose (see online supplementary
figure S1A). Regardless of OVA challenge dose, BAL cell counts
were markedly increased compared with saline controls after
2 weeks of challenge, with eosinophils the major infiltrating cell
type (figure 1A,B). After 5–10 weeks of challenge total BAL and
eosinophil counts had decreased sharply but remained signifi-
cantly higher than saline controls, and returned to baseline after
challenges ceased. BAL lymphocytes followed a similar pattern
(figure 1C). Cell counts in the lung-draining LN were elevated
from 5 weeks and trended toward control values once allergen
challenges stopped (12 weeks) (figure 1D). The frequency of
IL-4-producing cells in the draining LN peaked after 2 weeks of
challenge, decreasing gradually thereafter, but remaining above
saline levels at 12 weeks (figure 1E). OVA-specific IgE levels
were significantly elevated after 2 weeks of challenge, dropping
sharply by 5 weeks and remaining stable thereafter (figure 1F).
Thus allergen challenge induced acute inflammation at 2 weeks,
similar to other acute asthma models, but this decreased sharply
upon continued OVA challenge, and decreased further once
allergen challenge ceased. Airway inflammation/eosinophilia was
dose dependent, with the 100 μg group showing the greatest
inflammation. The dose-dependent effect on serum
OVA-specific IgE was reversed, with the 5 μg OVA challenge
group having the highest level at all time points.

Allergen challenge increases BAL fluid levels of activin A,
follistatin and TGF-β1
Next we determined the effect of chronic allergen challenge on
concentrations of activin A, follistatin and TGF-β1 in the

airways. Activin A and TGF-β1 concentrations were significantly
elevated after 2 weeks of challenge, remaining high during aller-
gen challenge, and dropping sharply once allergen challenge
ceased (figure 2A,B). Follistatin concentrations showed a similar
pattern, approaching control values by the 10-week time point
(figure 2C). Thus, the elevated BAL fluid levels of activin A,
TGF-β1 and follistatin seen during acute challenge are depend-
ent on continued allergen challenge.

Chronic allergen challenge decreases airway epithelial cell
activin A and follistatin immunoreactivity, and induces
airway remodelling
Airway epithelium in the saline group showed strong and
uniform immunoreactivity for activin A and follistatin (figure
3A,C). In contrast, epithelial cell activin A and follistatin

Figure 2 Activin A, TGF-β1 and follistatin levels are increased in
bronchoalveolar lavage fluid during chronic allergen challenge. Mice
were sensitised and challenged as described in online supplementary
figure S1A, controls received saline instead of OVA. (A–C)
Concentrations of activin A, TGF-β1 (ELISA) and follistatin (RIA) were
measured at the time points shown in (A). Mean±SEM, n=6–7 mice/
group per time point. *p<0.05, **p<0.01, ***p<0.001; the order of
symbols from top to bottom is OVA 5, 25 and 100 mg (relative to
saline).
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immunoreactivity were dramatically decreased during chronic
allergen challenge, remaining low throughout the challenge
period, and sharply increasing once allergen challenge ceased
(figure 3B,D,E,F). After 5 weeks of challenge there was a signifi-
cant increase in subepithelial collagen, consistent with other
chronic challenge models,14–16 and this persisted at 10 weeks
and after cessation of allergen challenge (figure 4A,B,E). The
frequency of PAS-positive airway epithelial cells was significantly
increased after 2 weeks of allergen challenge, remaining high
throughout the challenge period, but declining sharply once
allergen challenge stopped (figure 4C,D,F). Therefore, the
increase in subepithelial collagen deposition persisted after ces-
sation of allergen challenge, whereas mucus hypersecretion was
dependent upon continued challenge. There was no consistent
effect of allergen dose on the kinetics of these parameters.

Follistatin administration during chronic allergen challenge
attenuates Th2 cytokine production
To investigate the role of activin A in the remodelling process we
instilled follistatin at the time of allergen challenge. We

previously showed that 0.5–1 μg FS288 instilled prior to allergen
challenge inhibits allergen-specific T helper 2 (Th2) cytokine and
airway epithelial mucus production in an acute asthma model.6

Since activin A acts in a concentration-dependent manner19 (our
own unpublished data), we tested the effect of 0.05, 0.5 and 5 μg
follistatin instilled during chronic allergen challenge (see online
supplementary figure S1B). Given that remodelling was inde-
pendent of the OVA challenge dose (figure 4), we used 25 μg
OVA per challenge for the remainder of our studies. Compared
with mice challenged with OVA alone, low-dose follistatin signifi-
cantly increased the number of BAL eosinophils (figure 5A) and
total BAL cells (not shown). Surprisingly, however, higher follis-
tatin doses had no effect on BAL eosinophils or total BAL cell
counts. Follistatin dose-dependently increased lung-draining LN
cell counts (figure 5B), but decreased the frequency of IL-4, IL-5
and IL-13 producing cells in the lung-draining LN (figure 5C–E).
Thus, overall there was a marginal decrease in numbers of Th2
cytokine-producing cells (see online supplementary figure S2). In
contrast, BAL fluid IL-13 concentrations were only significantly
decreased in mice treated with low-dose follistatin (see online

Figure 3 Activin A and follistatin expression by airway epithelium in the normal lung is lost during chronic allergen challenge. Mice were
sensitised and challenged as described in online supplementary figure S1A, controls received saline instead of OVA. Representative lung tissue
sections stained immunohistochemically for activin A (A, B) and follistatin (C, D) from saline control (A, C) and OVA sensitised and challenged mice
(B, D). (E, F) Frequency of activin A and follistatin immunoreactive cells per millimetre basement membrane (BM) as determined by quantitative
image analysis. (A–D) Original magnification ×400. (E, F) Mean±SEM, n=6–7 mice/group per time point. *p<0.05, **p<0.01, ***p<0.001,
respectively; order of symbols from top to bottom is OVA 5, 25 and 100 mg.
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supplementary figure S3). We questioned whether the decreased
frequency of Th2 cytokine-producing cells was mediated by regu-
latory T cells (Treg) or induction of a Th1-biased response. Lung
CD4+CD25+Foxp3+ Treg numbers and proportions were
increased by chronic allergen challenge, as expected,20 but were
not further increased by follistatin treatment (see online supple-
mentary figure S4). BAL fluid interferon γ levels were below the
limit of detection in all treatment groups (data not shown).
Follistatin instillation also dose-dependently decreased serum
OVA-specific IgE levels (figure 5F). Thus follistatin exerts distinct
dose-dependent effects in different pulmonary compartments,
with a trend towards decreased frequency of Th2 cytokine-
producing cells and serum OVA-specific IgE at the highest dose.

Follistatin during chronic allergen challenge inhibits BAL
fluid activin A and TGF-β1 concentrations, and airway
remodelling
Follistatin instillation during chronic allergen challenge dose-
dependently decreased BAL fluid activin A concentrations, with
the 5 μg follistatin group decreased to approximately saline

levels (figure 6A). Similarly, high-dose follistatin significantly
decreased BAL fluid TGF-β1 concentrations (figure 6B).
Notably, quantitative image analysis demonstrated that follistatin
at all three doses significantly decreased collagen deposition in
the subepithelial region (figure 6C). Furthermore, 5 μg follistatin
significantly decreased the frequency of airway epithelial
mucus-producing cells (figure 6D). Thus, follistatin inhibited
airway activin A and TGF-β1 levels, and mucus hypersecretion
and subepithelial collagen deposition.

Follistatin inhibits the loss of airway epithelial TGF-β and
ActRIB immunostaining during chronic allergen challenge
Immunohistochemistry showed strong TGF-β and ActRIB/ALK4
staining in normal (sal/sal) airway epithelium, which was signifi-
cantly decreased in chronically challenged mice, and this
decrease was significantly inhibited by follistatin (figures 7 and
8). There was strong immunostaining for ActRIB in the sube-
pithelial smooth muscle of large airways in all groups.
Subepithelial smooth muscle thickness was significantly
increased more than twofold in OVA/OVA mice, and there was a

Figure 4 Chronic allergen challenge induces subepithelial collagen deposition and mucus hypersecretion. Mice were sensitised and challenged as
described in online supplementary figure S1A, controls received saline instead of OVA. Representative lung tissue sections stained with Masson’s
Trichrome (A, B) or periodic acid Schiff (PAS) reagent (C, D) from saline control (A, C) and OVA sensitised and challenged mice (B, D). Collagen
deposition in the subepithelial region (E) and frequency of PAS-positive airway epithelial cells per millimetre basement membrane (BM) (F) as
determined by quantitative image analysis. (A–D) Original magnification ×400. (E, F) Mean±SEM, n=6–7 mice/group per time point. **p<0.01,
***p<0.001; order of symbols from top to bottom is OVA 5, 25 and 100 mg.
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strong trend for inhibition of this increase by 5 μg follistatin
(p=0.09) (figure 8A,C). The strong immunoreactivity for
activin A, ActRIIA and ActRIIB in normal airway epithelium
mice was significantly decreased in chronically challenged mice,
but this was not affected by follistatin treatment (see online sup-
plementary figures S5 and S6). Apart from occasional activin
A-positive macrophages in the lamina propria, there was weak
and/or diffuse activin A, TGF-β and activin receptor staining of
inflammatory cells in the OVA/OVA and OVA/5 FS+OVA
groups.

DISCUSSION
In most patients stable asthma is well controlled on current
medication but management of severe asthma remains inad-
equate. Despite the importance of inflammation in asthma
pathogenesis, drugs targeting key inflammatory cells and inflam-
matory mediators show limited clinical benefit.1 These disap-
pointing results suggested a reappraisal of asthma pathogenesis.1

Accumulating evidence indicates that activin A drives tissue
fibrosis in a variety of organs,21–24 and is implicated in airway
remodelling.12 13 In the current study we established a murine

Figure 5 High-dose follistatin instillation during chronic allergen challenge inhibits allergen-specific T helper 2 cytokine production in the lung
draining LN and serum allergen-specific IgE. Mice were sensitised as described in online supplementary figure S1B, and challenged with OVA, or
OVA and follistatin; controls received saline instead of OVA or follistatin. Number of bronchoalveolar lavage eosinophils (A) and lung-draining LN
cells (B). (C–E) Frequency of OVA-specific interleukin (IL)-4, IL-5 and IL-13 producing cells in the lung-draining LN. (F) Levels of serum OVA-specific
IgE. Mean±SEM, n=6–8 mice/group. *p<0.05, ***p<0.001. FS, follistatin; Sal, saline.
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model of chronic allergic asthma to investigate the ability of fol-
listatin to inhibit development of airway remodelling. Our
results show that high-dose follistatin decreased airway activin A
and TGF-β1 concentrations, and inhibited the decrease in
TGF-β and ActRIB/ALK4 immunostaining observed in the
airway epithelium of chronically challenged mice. Follistatin
further inhibited mucus hypersecretion, subepithelial collagen
deposition and thickening of the subepithelial smooth muscle,
indicating a potential therapeutic role for follistatin in the pre-
vention of airway remodelling.

Our data show that BAL fluid concentrations of activin A
are elevated after 2 weeks of challenge, the earliest time point
examined. Our previous studies show that increases in BAL
fluid activin A concentrations occur within 24 h after allergen
challenge,6 consistent with reports of increased activin A after
one to three allergen challenges.10 13 The increased BAL fluid
activin A and loss of activin A immunolocalisation in airway
epithelium were rapidly reversed upon cessation of allergen
challenge. These changes in airway and epithelial activin A
expression mirrored the pattern seen for TGF-β1, consistent
with other reports,14 25 suggesting release of activin A from
epithelium into the airspaces. Similar changes were observed
for follistatin, supporting the idea that follistatin is rapidly
released as an endogenous antagonist of activin A bioactiv-
ity.6 26 One factor driving altered activin A compartmentalisa-
tion is IL-13,9 a key instigator of airway remodelling.15 27 28

Our observation that BAL fluid concentrations of TGF-β1
showed almost identical kinetics to activin A is not surprising
since activin A and TGF-β1 stimulate secretion of one
another,5 29–31 and IL-13 stimulates production of activin A
and TGF-β1.9 27

Follistatin instillation during chronic allergen challenge
decreased BAL fluid activin A and TGF-β1 concentrations. Since
follistatin inhibited the loss of airway epithelial TGF-β during
chronic challenge, the decreased BAL fluid TGF-β could simply
reflect its decreased liberation from airway epithelium. The
decreased BAL fluid activin A levels are likely due to formation
of follistatin–activin A complexes. Subsequently, the decrease in
available activin A would lead to decreased BAL fluid
TGF-β1.5 29–31 Given the key role for TGF-β1 in airway remod-
elling,27 a simplistic interpretation would be that follistatin atte-
nuated airway remodelling via inhibition of TGF-β1. However,
follistatin binds to activin A with high affinity, but does not bind
TGF-β1 or TGF-β2.32 33 Furthermore, activin A has been impli-
cated in lung fibrosis via promotion of collagen and α-smooth
muscle actin synthesis, and proliferation of human airway fibro-
basts and smooth muscle,5 10 11 and follistatin decreases colla-
gen secretion by pancreatic and hepatic stellate cells, and renal
fibroblasts.29–31 Receptor-blocking experiments using dominant
negative activin A and TGF-β type II receptors suggested that
TGF-β action is partly mediated by secreted activin A.30

Together, these studies suggest that follistatin inhibits airway
remodelling by blocking activin A, thereby inhibiting TGF-β1
production, positioning activin A as a central regulator of
fibrosis.

We observed a general loss of activin receptor staining in
airway epithelium following chronic allergen challenge. The
thickened subepithelial smooth muscle showed strong ActRIB/
ALK4 immunostaining but weak immunostaining for ActRIIA
and ActRIIB. Subepithelial cells in the same location and with
similar morphology stain with α-smooth muscle actin,16 empha-
sising that the ActRIB/ALK4-stained cells are smooth muscle or

Figure 6 Follistatin instillation during
chronic allergen challenge inhibits
bronchoalveolar lavage (BAL) fluid
levels of activin A and TGF-β1,
subepithelial collagen deposition and
mucus hypersecretion. Mice were
sensitised as described in online
supplementary figure S1B, and
challenged with OVA, or OVA and
follistatin; controls received saline
instead of OVA or follistatin. BAL fluid
concentrations of activin A (A) and
TGF- β1 (B). (C) Collagen deposition in
the subepithelial region (D) and
frequency of periodic acid Schiff
(PAS)-positive airway epithelial cells
per millimetre basement membrane as
determined by quantitative image
analysis. Mean±SEM, n=6–8 mice/
group. *p<0.05, **p<0.01,
***p<0.001. FS, follistatin; Sal, saline.
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myofibroblasts. Similarly, decreased activin type I and II receptor
expression was observed in airway epithelium and/or subepithe-
lial cells in patients with asthma.7 In contrast, increased ALK4
and ActRIIA expression was found in airway epithelium of
OVA-sensitised mice following acute allergen challenge,34 and
increased ALK4 and ActRIIA expression was found in asthmatic
airway epithelium 24 h after allergen challenge.8 Conceivably,
differences in activin receptor expression between studies are
due to different kinetics, with increased activin receptor expres-
sion occurring early after allergen challenge, decreasing at later
times (ie, 5 weeks).

Chronic inflammation may be a driver of airway remodel-
ling.1 However, several studies report dissociation between
inflammation and airway remodelling. Neutralisation of TGF-β1
specifically, or all TGF-β isoforms, in OVA chronic allergen chal-
lenge models suppressed pulmonary fibrosis, without affecting
airway inflammation, eosinophilia, or IL-5 or IL-13 produc-
tion.25 35 Furthermore, overexpression of the activin/TGF-β1
signalling intermediate Smad2 in airway epithelium exacerbated
airway remodelling in a house dust mite allergen challenge
model.13 Intraperitoneal injection of activin A neutralising

antibody markedly inhibited airway remodelling, but had no
effect on lung inflammation, airway eosinophilia or Th2 cyto-
kine production. Our data demonstrate that while follistatin
dose-dependently modulated inflammation, the inhibition of
subepithelial fibrosis was dose independent. However, BAL fluid
activin A and TGF-β1 levels were only inhibited by high-dose
follistatin, suggesting that even subtle decreases in local tissue
concentrations of activin A and TGF-β1 can decrease fibrosis.
Thus, while ELISA for activin A and TGF-β1 in the BAL fluid
provides insight into lung levels of these mediators, it does not
exactly mirror changes in mediator concentrations in the local
tissue microenvironment.

Recently, antibody-mediated neutralisation of activin A during
allergen challenge was demonstrated to exacerbate acute allergic
airway inflammation.7 However, in our model of chronic aller-
gic inflammation, inhibiting activin A with intermediate or high-
dose intranasal follistatin suppressed OVA-specific IgE and
allergen-specific Th2 cytokine production, and had no effect on
airway eosinophilia. The attenuated Th2 cytokine production in
the draining LN was not due to follistatin-induced expansion of
CD4+CD25+Foxp3+ Treg in the lung, nor was it due to a

Figure 7 Follistatin treatment during chronic allergen challenge diminishes the loss of TGF-β immunoreactivity in airway epithelium. Mice were
sensitised as described in online supplementary figure S1B, and challenged with OVA, or OVA and follistatin; controls received saline instead of OVA
or follistatin. (A) Formalin-fixed lung sections were stained immunohistochemically with antibody to TGF-β1. Representative micrographs, original
magnification ×400. (B) Airway epithelial TGF-β staining intensity in small–medium airways. Mean±SEM, n=3 mice/group. *p<0.05, ***p<0.001.
FS, follistatin; Sal, saline.
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switch to a Th1-type immune response. Thus, follistatin must
exert this dampening effect via the induction of an alternative
suppressive mechanism, such as the selective deletion/apoptosis
of Th2 cells. These data suggest that the outcome of blocking
activin A depends on the method (antibody vs follistatin) and/or
the site (systemic vs local) of inhibition. Our finding that the
lowest follistatin dose (0.05 μg) enhanced airway eosinophilia
points to concentration-dependent effects of activin A on
immune function. Analogous concentration-dependent morpho-
gen effects of activin A occur during development.19

In summary, our study shows that follistatin inhibited activin A
and TGF-β1 secretion into the airway lumen during chronic aller-
gen challenge, and significantly decreased subepithelial fibrosis
and airway epithelial mucus production. Follistatin treatment
also caused a dose-dependent modulation of allergic airway
inflammation, suggesting ‘morphogen-like’ effects of activin A on
immune function. This is consistent with apparently contradict-
ory observations of pro-inflammatory versus anti-inflammatory
effects of activin A in other systems.2 Our study reinforces the

idea that activin A is a key driver of inflammation and fibrosis,
and indicates that follistatin represents an attractive potential
therapeutic for the prevention of fibrosis in asthma.

Acknowledgements The authors thank Professor Gary Anderson (University of
Melbourne) for advice on establishing the mouse chronic asthma model and Ms
Genevieve Tan (Department of Immunology, Monash University) for assistance with
image analysis. We are grateful to Professor Jennifer Wilkinson-Berka and Pam Tong
Zhu (Department of Immunology, Monash University) for advice with the TGF-β
immunohistochemistry, and Elizabeth Richards (Department of Biochemistry and
Molecular Biology, Monash University) for assistance with the activin A and activin
receptor immunohistochemistry.

Contributors CLH wrote the paper, designed, performed and analysed
experiments. HN designed, performed and analysed experiments, and produced
rhFS288. RM performed and analysed experiments. JY performed experiments. DO
analysed experiments. MP provided intellectual guidance. KL provided advice and
helped with techniques. CH helped produce rhFS288. JM wrote the paper and
provided intellectual guidance. ROH wrote the paper and provided intellectual
guidance.

Funding Supported by grants from the National Health and Medical Research
Council and the Co-operative Research Centre for Asthma and Airways, Australia.

Figure 8 Follistatin treatment during chronic allergen challenge diminishes the loss of ActRIB/ALK4 immunoreactivity in airway epithelium. Mice
were sensitised as described in online supplementary figure S1B, and challenged with OVA, or OVA and follistatin; controls received saline instead of
OVA or follistatin. (A) Formalin-fixed lung sections were stained immunohistochemically with antibody to ActRIB. Representative micrographs,
original magnification ×400. Frequency of ActRIB-positive airway epithelial cells in small–medium airways (B) and subepithelial muscle thickness in
large airways (C). Mean±SEM, n=3 mice/group. *p<0.05, ***p<0.001. FS, follistatin; Sal, saline.

Hardy CL, et al. Thorax 2013;68:9–18. doi:10.1136/thoraxjnl-2011-201128 17

Asthma

 on A
pril 9, 2024 by guest. P

rotected by copyright.
http://thorax.bm

j.com
/

T
horax: first published as 10.1136/thoraxjnl-2011-201128 on 10 O

ctober 2012. D
ow

nloaded from
 

http://thorax.bmj.com/


Competing interests None.

Ethics approval This study was conducted with the approval of the Alfred Medical
Research and Education Precinct Animal Ethics Committee.

Provenance and peer review Not commissioned; externally peer reviewed.

REFERENCES
1 Holgate ST. Asthma: a simple concept but in reality a complex disease. Eur J Clin

Invest 2011;41:1339–52.
2 Hedger MP, Winnall WR, Phillips DJ, et al. The regulation and functions of activin

and follistatin in inflammation and immunity. Vitam Horm 2011;85:255–97.
3 de Kretser DM, O’Hehir RE, Hardy CL, et al. The roles of activin A and its binding

protein, follistatin, in inflammation and tissue repair. Mol Cell Endocrinol
2012;359:101–6.

4 Phillips DJ. Regulation of activin’s access to the cell: why is mother nature such a
control freak? Bioessays 2000;22:689–96.

5 Karagiannidis C, Hense G, Martin C, et al. Activin A is an acute allergen-responsive
cytokine and provides a link to TGF-beta-mediated airway remodeling in asthma. J
Allergy Clin Immunol 2006;117:111–18.

6 Hardy CL, O’Connor AE, Yao J, et al. Follistatin is a candidate endogenous negative
regulator of activin A in experimental allergic asthma. Clin Exp Allergy
2006;36:941–50.

7 Semitekolou M, Alissafi T, Aggelakopoulou M, et al. Activin-A induces regulatory T
cells that suppress T helper cell immune responses and protect from allergic airway
disease. J Exp Med 2009;206:1769–85.

8 Kariyawasam HH, Pegorier S, Barkans J, et al. Activin and transforming growth
factor-beta signaling pathways are activated after allergen challenge in mild asthma.
J Allergy Clin Immunol 2009;124:454–62.

9 Hardy CL, Lemasurier JS, Olsson F, et al. Interleukin-13 regulates secretion of the
tumor growth factor-{beta} superfamily cytokine activin A in allergic airway
inflammation. Am J Respir Cell Mol Biol 2010;42:667–75.

10 Cho SH, Yao Z, Wang SW, et al. Regulation of activin A expression in mast cells
and asthma: its effect on the proliferation of human airway smooth muscle cells. J
Immunol 2003;170:4045–52.

11 Aoki F, Kurabayashi M, Hasegawa Y, et al. Attenuation of bleomycin-induced
pulmonary fibrosis by follistatin. Am J Respir Crit Care Med 2005;172:713–20.

12 Le AV, Cho JY, Miller M, et al. Inhibition of allergen-induced airway remodeling in
Smad 3-deficient mice. J Immunol 2007;178:7310–16.

13 Gregory LG, Mathie SA, Walker SA, et al. Overexpression of Smad2 drives house
dust mite-mediated airway remodeling and airway hyperresponsiveness via activin
and IL-25. Am J Respir Crit Care Med 2010;182:143–54.

14 McMillan SJ, Lloyd CM. Prolonged allergen challenge in mice leads to persistent
airway remodelling. Clin Exp Allergy 2004;34:497–507.

15 Kumar RK, Herbert C, Yang M, et al. Role of interleukin-13 in eosinophil
accumulation and airway remodelling in a mouse model of chronic asthma. Clin Exp
Allergy 2002;32:1104–11.

16 Leigh R, Ellis R, Wattie J, et al. Dysfunction and remodeling of the mouse airway
persist after resolution of acute allergen-induced airway inflammation. Am J Respir
Cell Mol Biol 2002;27:526–35.

17 Hardy CL, Kenins L, Drew AC, et al. Characterization of a mouse model of allergy to
a major occupational latex glove allergen Hev b 5. Am J Respir Crit Care Med
2003;167:1393–9.

18 O’Connor AE, McFarlane JR, Hayward S, et al. Serum activin A and follistatin
concentrations during human pregnancy: a cross-sectional and longitudinal study.
Hum Reprod 1999;14:827–32.

19 Gurdon JB, Dyson S, St Johnston D. Cells’ perception of position in a concentration
gradient. Cell 1998;95:159–62.

20 Strickland DH, Stumbles PA, Zosky GR, et al. Reversal of airway hyperresponsiveness
by induction of airway mucosal CD4+CD25+ regulatory T cells. J Exp Med
2006;203:2649–60.

21 Gaedeke J, Boehler T, Budde K, et al. Glomerular activin A overexpression is linked
to fibrosis in anti-Thy1 glomerulonephritis. Nephrol Dial Transplant
2005;20:319–28.

22 Patella S, Phillips DJ, Tchongue J, et al. Follistatin attenuates early liver fibrosis:
effects on hepatic stellate cell activation and hepatocyte apoptosis. Am J Physiol
Gastrointest Liver Physiol 2006;290:G137–44.

23 Yndestad A, Ueland T, Oie E, et al. Elevated levels of activin A in heart
failure: potential role in myocardial remodeling. Circulation 2004;109:
1379–85.

24 Munz B, Smola H, Engelhardt F, et al. Overexpression of activin A in the skin of
transgenic mice reveals new activities of activin in epidermal morphogenesis, dermal
fibrosis and wound repair. EMBO J 1999;18:5205–15.

25 Alcorn JF, Rinaldi LM, Jaffe EF, et al. Transforming growth factor-beta1 suppresses
airway hyperresponsiveness in allergic airway disease. Am J Respir Crit Care Med
2007;176:974–82.

26 Jones KL, De Kretser DM, Clarke IJ, et al. Characterisation of the rapid release of
activin A following acute lipopolysaccharide challenge in the ewe. J Endocrinol
2004;182:69–80.

27 Lee CG, Homer RJ, Zhu Z, et al. Interleukin-13 induces tissue fibrosis by selectively
stimulating and activating transforming growth factor beta(1). J Exp Med
2001;194:809–21.

28 Zhu Z, Homer RJ, Wang Z, et al. Pulmonary expression of interleukin-13 causes
inflammation, mucus hypersecretion, subepithelial fibrosis, physiologic abnormalities,
and eotaxin production. J Clin Invest 1999;103:779–88.

29 Ohnishi N, Miyata T, Ohnishi H, et al. Activin A is an autocrine activator of rat
pancreatic stellate cells: potential therapeutic role of follistatin for pancreatic
fibrosis. Gut 2003;52:1487–93.

30 Wada W, Kuwano H, Hasegawa Y, et al. The dependence of transforming growth
factor-beta-induced collagen production on autocrine factor activin A in hepatic
stellate cells. Endocrinology 2004;145:2753–9.

31 Yamashita S, Maeshima A, Kojima I, et al. Activin A is a potent activator of renal
interstitial fibroblasts. J Am Soc Nephrol 2004;15:91–101.

32 Iemura S, Yamamoto TS, Takagi C, et al. Direct binding of follistatin to a complex
of bone-morphogenetic protein and its receptor inhibits ventral and epidermal
cell fates in early Xenopus embryo. Proc Natl Acad Sci U S A 1998;95:
9337–42.

33 Harrington AE, Morris-Triggs SA, Ruotolo BT, et al. Structural basis for the inhibition
of activin signalling by follistatin. EMBO J 2006;25:1035–45.

34 Rosendahl A, Checchin D, Fehniger TE, et al. Activation of the TGF-beta/
activin-Smad2 pathway during allergic airway inflammation. Am J Respir Cell Mol
Biol 2001;25:60–8.

35 McMillan SJ, Xanthou G, Lloyd CM. Manipulation of allergen-induced airway
remodeling by treatment with anti-TGF-beta antibody: effect on the Smad signaling
pathway. J Immunol 2005;174:5774–80.

18 Hardy CL, et al. Thorax 2013;68:9–18. doi:10.1136/thoraxjnl-2011-201128

Asthma

 on A
pril 9, 2024 by guest. P

rotected by copyright.
http://thorax.bm

j.com
/

T
horax: first published as 10.1136/thoraxjnl-2011-201128 on 10 O

ctober 2012. D
ow

nloaded from
 

http://thorax.bmj.com/

