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Abstract

Bronchial epithelial cells (BECs) from healthy children inhibit
human lung fibroblast (HLF) expression of collagen and fibroblast-
to-myofibroblast transition (FMT), whereas asthmatic BECs do
so less effectively, suggesting that diminished epithelial-derived
regulatory factors contribute to airway remodeling. Preliminary data
demonstrated that secretionof the activinA inhibitor follistatin-like 3
(FSTL3) by healthy BECs was greater than that by asthmatic
BECs. We sought to determine the relative secretion of FSTL3 and
activin A by asthmatic and healthy BECs, and whether FSTL3
inhibits FMT. To quantify the abundance of the total proteome
FSTL3 and activin A in supernatants of differentiated BEC
cultures from healthy children and children with asthma, we
performed mass spectrometry and ELISA. HLFs were cocultured
with primary BECs and then HLF expression of collagen I and
a-smooth muscle actin (a-SMA) was quantified by qPCR, and
FMT was quantified by flow cytometry. Loss-of-function studies

were conducted using lentivirus-delivered shRNA. Using mass
spectrometry and ELISA results from larger cohorts, we found that
FSTL3 concentrations were greater in media conditioned by
healthy BECs compared with asthmatic BECs (4,012 vs. 2,553 pg/ml;
P = 0.002), and in media conditioned by asthmatic BECs from
children with normal lung function relative to those with airflow
obstruction (FEV1/FVC ratio, 0.8; n = 9; 3,026 vs. 1,922 pg/ml;
P = 0.04). shRNA depletion of FSTL3 in BECs (n = 8) increased HLF
collagen I expression by 92% (P = 0.001) and a-SMA expression
by 88% (P = 0.02), and increased FMT by flow cytometry in
cocultured HLFs, whereas shRNA depletion of activin A (n = 6)
resulted in decreased a-SMA (22%; P = 0.01) expression and
decreased FMT. Together, these results indicate that deficient FSTL3
expression by asthmatic BECs impairs epithelial regulation of
HLFs and FMT.
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Epidemiologic studies have revealed that
compared with children without asthma,
children with asthma have lower lung
function during childhood that persists
into adulthood (1–3). Bronchial biopsies
from children with asthma demonstrate
that features of airway remodeling,

including excessive subepithelial matrix
protein/proteoglycan deposition, are
already present in early childhood (4–7).
Together, these data suggest that early
structural changes in the asthmatic airway
contribute to lung function declines that
manifest early in the natural history of

asthma. Although inhaled corticosteroids
reduce morbidity, they do not alter the
natural history of asthma or prevent
declines in lung function (8–10). An
improved understanding of the
mechanisms that drive airway remodeling
is fundamental to the development of
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future clinical interventions to alter the
natural course of asthma and prevent lung
function decline.

Airway epithelial cells are the first point
of contact between the environment and
the lung. Evidence from in vivo animal
models (11–14), human bronchial biopsies
(14–18), and our previous studies of
differentiated bronchial epithelial cells
(BECs) from children with asthma (19)
demonstrate that the bronchial epithelium
secretes various factors, including
transforming growth factor b (TGF-b) and
activin A, that may regulate airway
inflammation and stromal cells, including
fibroblasts. In vivo and in vitro data suggest
that activin-A, a TGF-b superfamily
member, may play an important role in the
regulation of airway inflammation in
asthma (18, 20–22). However, there are
conflicting published data regarding
whether this cytokine has predominantly
pro- or antiinflammatory effects in asthma,
or whether its actions have different
directionality among different cell and
tissue types or milieus (23, 24). In animal
models of airway remodeling and pulmonary
fibrosis, TGF-b and activin A have been
shown to promote fibroblast proliferation
(25) and fibrosis (26–28), and drive
fibroblast-to-myofibroblast transition
(FMT) (29), thereby enhancing airway
extracellular matrix (ECM) deposition

(20, 30–33). Our group has observed that
in coculture, BECs from healthy children
markedly downregulate lung fibroblast
expression of ECM components, including
type I collagen, as well as a-smooth
muscle actin (a-SMA) indicative of a
myofibroblast phenotype (34), suggesting
that epithelial cells directly inhibit
fibroblasts, FMT, and ECM production. In
contrast, asthmatic BECs are significantly
less able to downregulate myofibroblasts
(34, 35). A potential mechanism that
might explain differential regulation of
fibroblasts by asthmatic BECs is a
deficiency in secreted proteins that inhibit
ECM production by fibroblasts and FMT.
However, to date, little is known about the
potential negative inhibition of lung
fibroblasts by airway epithelial cells. To
investigate this mechanism, we compared
proteins secreted by asthmatic BECs and
healthy BECs (36).

In the present study, we expand upon
observations from preliminary mass
spectrometry–based experiments to
characterize defects that we observed in the
secretion of an activin A inhibitor, follistatin-
like 3 (FSTL3), by asthmatic BECs relative
to healthy BECs. Subsequent to that work,
we hypothesized that BECs from children
with asthma secrete less FSTL3 and/or more
activin A than BECs from healthy children.
Furthermore, we hypothesized that a
deficiency of FSTL3 and/or increase in
activin A secretion in asthmatic BECs might
explain our previous observation that in
coculture, asthmatic BECs are less able to
downregulate human lung fibroblasts (HLFs)
and FMT than healthy BECs.

Methods

Subjects
We recruited and enrolled children with
atopic asthma and healthy, nonatopic
children between 6 and 18 years of age who
were scheduled for an elective surgery
that required endotracheal intubation. A
complete medical history was reviewed to
ensure that each subject met the study
inclusion and exclusion criteria. Children
with asthma had > 1 year history of
physician-diagnosed asthma, physician-
documented asthma symptoms in the year
before study enrollment, short-acting
b-agonist use > twice monthly or daily use
of an inhaled corticosteroid or leukotriene
receptor antagonist, and birth at > 36

weeks gestation. Healthy children were
born at full term; lacked a history of
reactive airway disease, asthma, chronic
daily cough, or physician-diagnosed
chronic lung disease; birth at > 36 weeks
gestation; and had no history of treatment
with oxygen, bronchodilators, or systemic
or inhaled corticosteroids. Subjects with
asthma had a history of at least one of
the following features of atopy: clinician-
diagnosed eczema, clinician-diagnosed
allergic rhinitis, history of confirmed
aeroallergen sensitivity by either skin-prick
test or radioallergosorbent testing (RAST),
or elevated serum IgE (.100 IU/ml).
Healthy children did not have a history
of any of the atopic features described
above.

Blood samples were drawn and RAST
allergen-specific IgE levels in response to cat
epithelium, timothy grass, Alternaria tenuis,
Aspergillus fumigatus, Dermatophagoides
farinae, and D. pteronyssinus, as well as
total serum IgE, were measured. Forced
vital capacity (FVC), forced expiratory
volume in 1 second (FEV1), and forced
expiratory flow, midexpiratory phase
(FEF25–75%) were measured with the
VMAX series 2130 spirometer (VIASYS
Healthcare, Hong Kong) and the fraction
of exhaled nitric oxide (FENO) was
measured with a NIOX MINO nitric oxide
analyzer (Aerocrine, Sweden) in accordance
with American Thoracic Society guidelines
(37). Spirometric measurements were
repeated in subjects with asthma 15
minutes after administration of albuterol
(two puffs).

The parents of the subjects provided
written consent and children over 7 years
of age provided assent. The study was
approved by the Seattle Children’s Hospital
Institutional Review Board.

Establishment of BEC Cultures and
BEC-Fibroblast Cocultures
The methods used for BEC/HLF cocultures
have been described previously (see data
supplement) (34, 35). Briefly, BECs were
obtained from donors after intubation
for elective surgery. Cells were expanded
in submerged culture and then passaged
into Transwells and differentiated at
the air–liquid interface (ALI) for 3
weeks. Cocultures were established using
commercially available pediatric HLFs
(Lonza) and were maintained for 96 hours,
at which point samples were isolated as
described.

Clinical Relevance

Using a human airway epithelial
cell/stromal cell ex vivo model system
including primary bronchial epithelial
cells from carefully characterized
children with and without asthma, this
study demonstrates a deficiency in
follistatin-like 3 (FSTL3) production
by asthmatic as compared with healthy
bronchial epithelial cells, especially by
epithelial cells from subjects with
asthma and airway obstruction. When
cocultured with epithelial cells
wherein FSTL3 is knocked down,
fibroblasts increase expression of
collagen I and a-smooth muscle actin,
suggesting deficient FSTL3 expression
by asthmatic epithelium as a
mechanism that may impair epithelial
regulation of fibroblasts and
fibroblast-to-myofibroblast transition,
leading to subepithelial fibrosis.
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Mass Spectrometry Analysis of the
BEC Secretome
Differentiated BEC cultures were switched
to PneumaCult ALI maintenance media
lacking growth factor supplementation.
After 72 hours of culture, the supernatants
were removed and denatured via the
addition of 2.5 M urea, and a mass
spectrometry approach was used to compare
the secretomes of asthmatic and healthy
BEC cultures (see data supplement for
detailed methods). To verify a subset of
these results, we used label-free mass
spectrometry to quantify FSTL3 in BEC
media (see data supplement).

RNA Extraction and Real-Time PCR
Total RNA was isolated from HLF cells
cocultured with BECs grown at the ALI as
previously described (34). RT-PCR was
performed using validated TaqMan probes
(Life Technologies) for collagen I (COL1A1),
a-smooth muscle actin (a-SMA), and
GAPDH using standard methodologies
(see data supplement).

Flow Cytometry
After coculture experiments, HLFs from
experimental groups were mechanically
detached from the culture wells and
suspended in PBS. Samples were snap-
frozen in liquid nitrogen so that samples
from each group were run in parallel. Flow
cytometry was used to quantify the
percentage of myofibroblasts among HLFs
as determined by cells staining positive for
cytoskeletal a-SMA, as we have previously
described (see data supplement) (35).

shRNA Knockdown of FSTL3 and
Activin A
To block BEC production of FSTL3 and
activin A, we selectively knocked down
activin A and FSTL3 in differentiated BECs
using shRNA with a doxycycline (Dox)-
inducible lentiviral shRNA expression
system (Tet-On 3G Inducible System,
Thermo Scientific) that also expresses a
red fluorescent protein reporter and the
puromycin resistance gene. BECs in
submerged culture conditions were
transduced with the lentivirus vector at a
multiplicity of infection of 1.0 when cells
were 40% confluent. Forty-eight hours after
transduction, puromycin was added to the
cultures (0.1 mg/ml) to kill nontransduced
cells. To initiate knockdown, we exposed
BEC cultures to Dox (0.5 mg/ml). In
preliminary experiments (data not shown),

three independent shRNAs were tested for
both FSTL3 and activin A knockdown in
BECs, and the shRNA with highest
efficiency in knocking down each gene was
used in BEC-HLF coculture experiments.
For BEC-HLF coculture experiments, 72
hours before initiation of cocultures, the
BEC cultures were exposed to Dox (0.5
mg/ml). Dox exposure was maintained
throughout the coculture experiments.

ELISA Analyses
Basolateral medium from each condition
was sampled from triplicate Transwells and
pooled. FSTL3 and activin A protein levels
in basolateral conditioned media were
measured using Duoset ELISA kits (R&D
Systems) according to the manufacturer’s
recommendations. Measurements were
completed in duplicate. When sample
concentrations were below the detection
level of the assay, they were assigned a value
of one-half the lower limit of detection for
analysis.

Statistical Analysis
Protein levels are presented as means 6
standard deviation (SD) when all groups
(e.g., healthy, asthmatic, and HLF alone)
were normally distributed, and as medians
with the interquartile range if one or more
groups were not normally distributed. To
determine whether the data were normally
distributed, the Kolmogorov-Smirnov test
was used. To compare the distributions of
protein levels in coculture media across the
three subject groups, one-way ANOVA or
the Kruskal-Wallis test was used if the data
were nonnormally distributed in one or
more groups. Post hoc comparisons between
pairs of subject groups (e.g., between
asthmatic and healthy cocultures) were
made using Dunn’s multiple-comparisons
test (significance level set at P , 0.05). For
age, sex, lung function parameters, FENO,
and IgE levels, a paired t test or the
Wilcoxon signed-rank test for nonnormally
distributed data was used for comparisons
between subjects with asthma and healthy
subjects. Prism 6.0 software (GraphPad
Software Inc.) was used to analyze clinical
data and protein levels in ALI cultures.
COL1A1 and a-SMA relative expression
was standardized using GAPDH as a
nonregulated housekeeping gene. GenEx
version 5.0.1 was used to analyze real-time
qPCR results (MultiD Analyses AB) based
on methods described by Pfaffl (38).
Statistical significance was set at P , 0.05.

Results

In a preliminary analysis of the secretomes
from asthmatic and healthy epithelium by
mass spectrometry, we observed that the
relative abundance of the activin A inhibitor
FSTL3 was smaller in media conditioned
by asthmatic as compared with healthy
BECs (data not shown). To verify these
results, we used a label-free targeted
proteomics method to quantify FSTL3.
Using this method, we found that FSTL3
peptides were more abundant (Figures 1A
and 1B) in healthy (n = 4) versus asthmatic
(n = 4) BECs.

Next, we conducted confirmatory
experiments in a larger sample of differentiated
BEC lines obtained from 21 healthy
subjects and 21 subjects with asthma. The
clinical characteristics of the subjects are
summarized in Table 1. Briefly, the healthy
subjects and subjects with asthma were of
similar age (healthy: 11.99 yr; asthmatic:
12.03 yr) and sex (healthy: 48% female;
asthmatic: 55% female; P = 0.8). The
majority of subjects with asthma were
using daily inhaled corticosteroids (60%)
at the time of enrollment. Eighty-five
percent of the subjects with asthma had
positive RAST responses to a specific
aeroallergen, and subjects with asthma had
significantly greater serum IgE levels than
healthy subjects (median 138.5 IU/ml in
subjects with asthma vs. 22 IU/ml in healthy
subjects; P = 0.003). Finally, the FEV1/FVC
ratio and FEF25–75% were significantly lower
in subjects with asthma than in healthy
subjects (FEV1/FVC 0.82 vs. 0.87, P = 0.02;
FEF25–75% 77.3% vs. 98.7%, P = 0.01), and
FENO levels were significantly higher in
subjects with asthma (24.7 ppb 6 5.3 vs.
10.7 ppb 6 0.9; P = 0.008).

We found that secreted FSTL3 protein
levels quantified by ELISA in BEC ALI
culture media were significantly greater
in BEC cultures from healthy subjects than
in those from subjects with asthma (4,012 vs.
2,553 pg/ml, P = 0.002; Figure 2B). When
the group with asthma was dichotomized
by the presence or absence of airway
obstruction, FSTL3 levels were higher in
BEC media from children with asthma and
normal lung function (n = 12) compared
with subjects with asthma and airflow
obstruction (FEV1/FVC ratio ,0.8; n = 9;
3,026 vs. 1922 pg/ml, P = 0.04; Figure 2B).
We observed no significant difference in
activin A concentration in BEC media from
healthy cell lines compared with asthmatic
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cell lines (323 vs. 549 pg/ml, P = 0.3;
Figure 2A). Together, these data suggest
that secretion of FSTL3, but not activin A,
is diminished in asthmatic BECs, and that
this effect is more pronounced in BECs
isolated from patients exhibiting evidence
of airway obstruction.

To determine whether there was a
relationship between BEC production of
FSTL3 or activin A and airway eosinophilic
inflammation among BEC donors, we
assessed associations between the concen-
trations of FSTL3 and activin A in
supernatant from differentiated BECs from
both donors with asthma and healthy
donors and donor FENO levels. We did not
observe a correlation between BEC-secreted
FSTL3 concentrations and donor FENO

levels among all subjects (r = 20.2, P = 0.2)
or among subjects with asthma (r = 20.06,
P = 0.8). Similarly, there was no correlation
between BEC activin A concentrations
and donor FENO levels among all subjects
(r = 20.1, P = 0.6) or among subjects
with asthma (r = 0.07, P = 0.8).

To artificially manipulate FSTL3 and
activin A secretion by BECs, we next
determined the knockdown efficiency using
shRNAs. We observed that Dox-induced
shRNA knockdown of activin A in BECs
(n = 11 asthmatic BEC lines, n = 5 healthy
BEC lines) reduced secreted activin A
protein concentrations in BEC culture
media by 61%, from a mean of 159.8 pg/ml
to 62.6 pg/ml (P , 0.0001; Figure 3A)
Similarly, we evaluated the shRNA

knockdown efficiency of FSTL3 in BECs
(n = 6 asthmatic BEC lines, n = 11 healthy
BEC lines) and found that secreted FSTL3
protein concentrations in BEC culture
media were reduced by 47%, from a mean
of 5,750 pg/ml to 3,048 pg/ml (P , 0.0001;
Figure 3B).

Next, we conducted experiments to
assess the effect of shRNA knockdown of
FSTL3 or activin A in differentiated BECs on
FMT and the expression of collagen I and
a-SMA by HLFs that were cocultured
with BECs. In baseline BEC-HLF cocultures
that were not transduced with lentivirus
carrying shRNA, collagen I expression was
fourfold greater by HLFs cocultured with
asthmatic as compared with healthy BECs
(P = 0.02; Figure 4), and a-SMA expression
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Figure 1. Quantification of follistatin-like 3 (FSTL3) via targeted proteomics in primary bronchial epithelial cells (BECs) derived from healthy donors and
donors with asthma. (A) The peptide primary sequence, locations and numbers of cleavage ions, and representative images showing histograms of the
indicated product ions quantified from two independent FSTL3 peptides in isolates from media samples obtained from healthy BECs compared with
asthmatic BECs. (B) FSTL3 abundance was assessed by summing the peak area quantification of the product ions from two technical replicates from two
independent experiments using healthy donors (n = 4) and donors with asthma (n = 4). FSTL3 abundance was decreased in media samples obtained from
asthmatic BECs compared with healthy BECs. Significance was assessed using an unpaired Student’s t test (*P , 0.05).
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was twofold greater by HLFs cocultured
with asthmatic as compared with healthy
BECs (P = 0.01). After knockdown of
FSTL3 in healthy BECs (n = 13), we found
that cocultured HLFs exhibited a 92%
increase in expression of collagen I
(P = 0.001; Figure 5A) and an 88% increase
in expression of a-SMA (P = 0.02)
compared with HLFs cocultured with
BECs transduced with shRNA against
FSTL3 that that were not activated with
Dox. Conversely, after knockdown of
activin A in asthmatic BECs (n = 12), we
found that cocultured HLFs exhibited a
nonsignificant 23% decrease in expression

of collagen I (P = 0.1; Figure 5B) and a 22%
decrease in expression of a-SMA (P = 0.02)
compared with HLFs cocultured with
shRNA-transduced BECs that were not
activated with Dox. To further assess the
effect of shRNA knockdown of FSTL3 or
activin A in differentiated BECs on FMT in
HLFs cocultured with BECs, we used flow
cytometry to quantify the percentage of
myofibroblasts among HLFs as determined
by cells staining positive for cytoskeletal
a-SMA. In healthy BEC-HLF cocultures
(n = 5), shRNA knockdown of FSTL3 in
BECs increased the percentage of HLFs
staining for cytoskeletal a-SMA by flow

cytometry as a myofibroblast marker from
5.7% (6 SD 4.6) to 14.7% (6 SD 9.1)
(P = 0.04; Figure 6A). In asthmatic BEC-HLF
cocultures (n = 6), shRNA knockdown of
activin A in BECs decreased the percentage
of HLFs that stained for cytoskeletal
a-SMA by flow cytometry from 15.9%
(6 SD 12) to 8.5% (6 SD 6.5) (P = 0.05).
Based on these combined results, we
conclude that alterations in the ratio of
secreted FSTL3 to secreted activin A can
enhance or inhibit HLF production of
ECM components and FMT.

Discussion

In this study, we first conducted an
exploratory secretome analysis using mass
spectrometry of proteins secreted by
differentiated BECs that were obtained
from carefully phenotyped healthy children
and children with asthma, and observed a
high abundance of FSTL3 with lower
concentrations in supernatant from subjects
with asthma as compared with healthy
subjects. We then confirmed this novel
observation using ELISA of supernatants
from BECs obtained from a larger cohort
of children with asthma and healthy
children. Furthermore, we observed lower
levels of FSTL3 secreted by BECs from
subjects with asthma and airway obstruction
as compared with BECs from subjects
with asthma and normal lung function.
Previously, we found that that in coculture,
BECs from healthy children downregulated
HLF expression of type I collagen, as well
as a-SMA indicative of a myofibroblast
phenotype (34). In contrast, we observed
significantly less downregulation when
HLFs were cocultured with asthmatic
BECs (34, 35). To determine whether a
deficiency in asthmatic BEC production
of FSTL3 might partially explain this
observation of aberrant regulation of HLFs
by asthmatic BECs, we conducted a
series of experiments wherein we used
shRNA to knock down expression of
FSTL3 or activin A in differentiated BECs
that were then cocultured with normal
HLFs. We were able to significantly reduce
the concentrations of secreted FSTL3 and
activin A in primary BECs from children
that were differentiated at an ALI using
a shRNA knockdown approach. Finally,
when BECs were cocultured with HLFs,
knockdown of FSTL3 in BECs from
healthy children led to a significant
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Figure 2. Secreted levels of activin A and FSTL3 in media obtained from primary BECs derived from
healthy donors and donors with asthma. (A) No significant difference was observed in activin A
secretion between the healthy (n = 21) and asthmatic (n = 21) BECs (323 vs. 549 pg/ml; P = 0.3). (B)
FSTL3 secretion from asthmatic BECs was significantly lower than that from healthy BECs (4,012 vs.
2,553 pg/ml; P = 0.002). When the asthmatic BECs were dichotomized into BECs from subjects with
normal airflow (NA, n = 12) and BECs from subjects with airflow obstruction (AO, n = 9), asthmatic
BECs from donors with AO (FEV1/FVC , 0.8) demonstrated significantly less secretion of FSTL3
compared with asthmatic BECs from donors with normal airflow (3,026 vs. 1,922 pg/ml; P = 0.04).

Table 1. Subject Characteristics

Healthy Control
Subjects
N = 21

Subjects with
Asthma
N = 21 P value

Age, yr (mean 6 SD) 11.99 (0.7) 12.03 (0.8) 1
Female sex (%) 10 (48%) 11 (55%) 0.8
Current use of inhaled steroids (yes; %) 12 (60%)
History of eczema (yes; %) 6 (30%)
History of allergic rhinitis (yes; %) 15 (75%)
Positive RAST (yes; %) 17 (85%)
IgE IU/ml (median 6 IQR) 22 (10 – 35) 138.5 (3–528) 0.003
FVC% predicted (mean 6 SD) 111.8 (15.2) 103.5 (17.7) 0.2
FEV1/FVC ratio (mean 6 SD) 0.87 (0.04) 0.82 (0.05) 0.02
FEV1% predicted (mean 6 SD) 104.7 (12.2) 100.4 (21.4) 0.5
FEF25–75% predicted (mean 6 SD) 98.7 (21.7) 77.3 (33.1) 0.01
FENO ppb (mean 6 SD) 10.7 (0.9) 24.7 (5.3) 0.008

Definition of abbreviations: FEF25–75% = forced expiratory flow, midexpiratory phase; FENO = fraction
of exhaled nitric oxide; FEV1 = forced expiratory volume in 1 second; FVC = forced vital capacity;
IQR = interquartile range; ppb = parts per billion; RAST = radioallergosorbent testing.
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increase in HLF expression of both
collagen I and a-SMA, as well as increased
FMT, as quantified by flow cytometry.
Knockdown of activin A in asthmatic

BECs led to a modest but significant
decrease in expression of a-SMA by
cocultured HLFs, as well as a decrease in
FMT as quantified by flow cytometry.

Together, these data suggest deficient
FSTL3 expression by asthmatic BECs as
a mechanism that may contribute to
impaired epithelial regulation of HLF
ECM production and FMT leading to
subepithelial fibrosis and ECM deposition.
Reduced production of FSTL3 removes an
inherent regulatory inhibition of activin
A activity, thereby allowing activin A
profibrotic effects to occur with less
opposition. Together, these data suggest
that in the healthy state, FSTL3 serves
a protective role and prevents airway
remodeling, whereas in some patients
with asthma, deficient epithelial FSTL3
production results in increased activin
A activity and therefore increased airway
fibroblast activation and FMT that may
contribute to airway remodeling.

The bioactivity of activin A is complex,
and conflicting regulatory effects on
inflammation have been observed depending
on the anatomic site studied (26, 39).
Activin A has been proposed to be a
regulator of inflammation in multiple cell
types and tissues, and diseases as varied
as skin and brain injuries, inflammatory
arthropathies, arteriosclerosis, and
inflammatory bowel disease (40, 41). In
murine in vivo asthma models, there
is conflicting evidence as to whether
activin A acts in a proinflammatory or
antiinflammatory fashion (23). In a house
dust mite (HDM) asthma model, inhibition
of TGF-b and activin A via antibody
blockade reduced activin A–dependent
T-helper cell type 9 (Th9) cell differentiation,
eosinophil and mast cell recruitment to the
lung, and IL-13 secretion by pulmonary
lymph node cells (21). Furthermore,
in a mouse model of allergic asthma
exacerbation, inhibition of activin A
signaling by administration of intranasal
follistatin (FST) before acute allergen
exposure reduced pulmonary mucus
secretion in the lung and production of
Th2 cytokines (20). Finally, clinical studies
have demonstrated higher serum levels of
activin A in subjects with severe asthma
as compared with healthy subjects or
subjects with mild asthma (18), as well as
greater expression by subjects with allergic
asthma of activin A, the activin receptor,
and CD41 T cells (22). In contrast,
other groups have reported experiments
wherein activin A blockade increased
Th2 cytokine secretion by pulmonary
lymph nodes and led to increased
concentrations of airway eosinophils.
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Figure 3. Knockdown studies using a red fluorescent protein (RFP)-tagged, doxycycline (Dox)-
inducible lentiviral shRNA targeted against activin A and FSTL3 in primary BECs. (A) Secretion of activin A
by primary BECs transduced with Dox-inducible shRNA targeting activin A and nontargeting (NT) control
shRNA (n = 10). Addition of Dox to the media led to a 68% reduction of activin A secretion (n = 11
asthmatic BEC lines, n = 5 healthy BEC lines; 62.6 pg/ml vs. 159.8 pg/ml; P , 0.0001). (B) Secretion
of FSTL3 by primary BECs transduced with Dox-inducible shRNA targeting FSTL3 and NT control
shRNA. Addition of Dox to the media led to a 46% reduction of FSTL3 secretion (n = 6 asthmatic BEC
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Taken together, the data in the literature
seem to support both proinflammatory and
immunosuppressive roles for activin A in
allergic asthma (24).

Evidence obtained in humans
consistently shows that activin A is
profibrotic across various tissues and
diseases, including in wound repair (23),
interstitial pulmonary fibrosis (42), and
kidney disease and liver cirrhosis (40).
Independently of TGF-b, activin A induces
lung fibroblast proliferation (18) and drives
the differentiation of pulmonary fibroblasts
into myofibroblasts (29), potent producers
of collagen I and III in fibrosis (43–45).
Consistent with these findings, murine
modeling also supports a proremodeling
role for activin A in asthma. For example,

enhanced activin A expression and airway
remodeling was observed after intranasal
HDM exposure in mice overexpressing
Smad2 in the airways, and this effect
was inhibited by prior injection of an
activin A–neutralizing antibody (33). In an
HDM murine asthma model, monoclonal
antibody blockade of activin A led to
decreased mucus secretion and
subepithelial collagen deposition (21).
Furthermore, in a murine ovalbumin
asthma model, treatment with FST (46)
inhibited activin A bioactivity and
reduced subepithelial collagen deposition
(20). Our observations in a human airway
epithelial cell/stromal cell ex vivo model
system are consistent with evidence from
murine models and suggest that the TGF-b

superfamily member activin A promotes
lung fibrosis (26–28).

FST is a protein whose primary
recognized function is the neutralization of
TGF-b superfamily members, including
activins (47). FST is a 31–39 kD single-
chain protein. FSTL3 is a more recently
identified distinct glycoprotein that has
homology with FST and also binds
and inhibits TGF-b ligands, including
activin A (46, 48). Activin A can stimulate
expression of FSTL3, resulting in an
inhibitory feedback loop to ameliorate
activin activity (46, 48). FSTL3 is similar
to FST in both structure and function;
however, unlike FST, which is expressed
at the cell surface and secreted, FSTL3 is
both actively secreted and nuclear (49).

0

2

4

6

R
el

at
iv

e 
ex

pr
es

si
on

(n
or

m
al

iz
ed

 to
 G

A
P

D
H

) p=0.0018

-SMA
shRNA
Dox (+)

FSTL3 shRNA Knockdown

-SMA
shRNA
Dox (–)

Collagen I
shRNA
Dox (–)

Collagen I
shRNA
Dox (+)

A

p=0.02

0

1

2

3

R
el

at
iv

e 
ex

pr
es

si
on

(n
or

m
al

iz
ed

 to
 G

A
P

D
H

)

p=0.1
4

-SMA
Dox (+)

activin A shRNA Knockdown

-SMA
Dox (–)

Collagen I
Dox (–)

Collagen I
Dox (+)

B

C D

p=0.02
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Furthermore, expression of FSTL3 is more
tissue specific than that of FST (50).
Although FSTL3 immunoreactivity was
first noted to be strong in lung epithelial
cells more than a decade ago (51), data
regarding the role of FSTL3 in the lung are
limited. Here, we show that FSTL3 is
strongly expressed by human airway
epithelial cells at both RNA and protein
levels. Further, our observations suggest
that an imbalance of activin A–FSTL3
signaling by asthmatic epithelial cells is
likely to contribute to subepithelial fibrosis
and ECM deposition.

In apparent contrast to our findings,
Samitas and colleagues found that compared
with healthy patients, patients with mild-to-
moderate and severe asthma had elevated
activin-A levels in BAL and serum, and
increased activin-A immunostaining in
airway epithelial cells from biopsies, whereas
bronchial mucosal immunostaining for
activin-A receptor proteins was reduced
in asthma (52). Samitas and colleagues also
observed a strong correlation between
angiogenesis in biopsies and activin-A
expression in epithelial and subepithelial
cells. However, using in vitro experiments
with human umbilical vein and pulmonary
microvascular endothelial cell lines, they
found that exogenous activin-A reduced
spontaneous as well as vascular endothelial
growth factor–enhanced endothelial
proliferation. There are several potential
explanations for these seemingly discordant
findings from human in vivo samples and
mechanistic in vitro experiments. First, it
is important to recognize the limitations
of using cell lines as opposed to primary
human cells when conducting mechanistic

experiments. Second, a cytokine such as
activin A may have different effects in
different cell types and tissues. Third,
activin A may have varying regulatory
and counterregulatory effects in vivo and
in vitro depending on whether studies are
conducted in a “baseline” state or in a
setting of allergen exposure or viral
infection. In contrast to the study by
Sumitas and colleagues, in our study we
included only BECs from pediatric subjects
with mild-to-moderate asthma, we assessed
the production of activin A and FSTL3
by primary airway epithelial cells two
passages removed from donors and
therefore isolated from the influence of
immune cell influences, and we studied the
effects of activin A and FSTL3 signaling on
fibroblasts as opposed to endothelial cells.
Finally, in our model system, we studied the
distinct activin A antagonist FSTL3,
whereas Sumitas and colleagues did not
investigate the role of FSTL3 or FST. A
limitation of our study is that we did not
study the effects of viral infection or
allergen exposure on airway epithelial
production of activin A or FSTL3, and
epithelial regulation of fibroblasts—areas
of future investigation by our group and
others.

Papaporfyriou and colleagues found
that activin A levels were higher in sputum
from subjects with asthma as compared with
healthy subjects, and that activin A levels
were associated with reticular basement
membrane thickness, suggestive of an
association with airway remodeling (53).
They also found no difference in FST levels
between sputum from patients with asthma
and healthy subjects. It is difficult to

compare the results from Papaporfyriou
and colleagues with our observations, for
several reasons. First, the sputum and BAL
activin A and FST levels measured in
their study reflect a different anatomic
compartment of the airways (apical/luminal
as opposed to basally secreted in our ex
vivo coculture model). Second, although
they are related, FST and FSTL3 are not
the same protein, and FSTL3 was not
measured by Papaporfyriou and colleagues.
Of note, although we observed significantly
lower secretion of FSTL3 by asthmatic
BECs, we did not observe differences in
FST in our secretome comparison of
supernatant between asthmatic and
healthy BECs (data not shown). Finally,
Papaporfyriou and colleagues studied
adults, whereas we conducted our study
using primary cells from children with
and without asthma.

There are several limitations inherent
to our research design. The children with
asthma in our study generally had only mild
obstruction of airflow by pulmonary
function testing, consistent with milder
asthma phenotypes independent of
treatment. An alternative explanation for
their mild airway obstruction may be that
a relatively high proportion of our subjects
with asthma reported use of inhaled
corticosteroids on a daily basis. However,
the children with asthma in our study did
in fact have lower lung function than
healthy children, as demonstrated by
lower FEV1/FVC ratios and FEF25–75%
values. Given that the primary BECs
used in our BEC-HLF model system were
multiple passages beyond the initial airway
brushings, it is unlikely that asthma
controller medications used by the subjects
at study enrollment would have affected
our results; however, we cannot completely
exclude this possibility. Another limitation
of this study is that the efficiency of
shRNA knockdown of FSTL3 in BECs, as
assessed by the effect on levels of secreted
FSTL3 in supernatant, was only z50%.
However, this would bias toward the null
hypothesis of finding no effect of BEC
FSTL3 knockdown on FMT by HLFs or
expression of collagen by HLFs cocultured
with BECs. Yet, despite the relatively
modest knockdown of FSTL3 in BECs
from healthy children, we observed a
significant increase in the expression of
collagen I and a-SMA by HLFs cocultured
with healthy BECs wherein FSTL3 was
knocked down.
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In summary, in an exploratory
secretome analysis of proteins secreted by
differentiated BECs obtained from children,
we observed an abundance of FSTL3 yet
significantly lower concentrations secreted
by BECs from subjects with asthma as
compared with healthy subjects. We
confirmed this observation in BEC
supernatants from a larger cohort of
children with asthma and healthy children,
including BECs from children with asthma
and airway obstruction. Subsequently,
using a human airway epithelial cell/stromal

cell ex vivo model system including
primary BECs from carefully characterized
children with and without asthma, we
demonstrated that when cocultured with
BECs wherein FSTL3 is knocked down,
fibroblasts increase expression of collagen I
and a-SMA, suggesting deficient FSTL3
expression by asthmatic epithelium as a
mechanism that may impair epithelial
regulation of fibroblasts and FMT leading
to subepithelial fibrosis. There is a paucity
of data in the literature regarding regulation
of FSTL3 expression, production, and

secretion by airway epithelial cells. Although
it was beyond the scope of this study, future
investigations should seek to further
elucidate epithelial regulation of FSTL3. A
better understanding of the role of activin
A–FSTL3 signaling in airway remodeling
and fibrosis may lead to novel approaches to
the treatment and prevention of airway
remodeling in asthma and other airway
diseases. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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