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Summary

Background In the healthy lung, airway epithelial cells (AEC) regulate fibroblast proliferation
through release of soluble factors, such as prostaglandins and proteins. Fibroproliferative
diseases and airway remodelling may result from an inadequate generation of suppressive
factors by AEC or the inability of fibroblasts to respond to them appropriately.
Objective The aim of this study was to study the effect of primary human AEC on the
proliferation of fibroblasts obtained from healthy and fibrotic lungs in an interactive cell
culture model.
Results Conditioned medium (CM) from 14 out of 16 AEC lines significantly inhibited
proliferation of normal human lung fibroblasts by 51.2� 6.0%. The proliferation of
fibroblasts derived from patients with lung fibrosis was equally inhibited by CM of AEC. The
inhibitory effect of AEC-CM was completely reversed when fibroblasts were pre-incubated
with 2.5 mM indomethacin. Furthermore, primary human AEC, but not fibroblasts, secrete
TGF-b, and the inhibitory effect of the AEC-CM was blocked by neutralizing anti-TGF-b
antibodies.
Conclusion These results demonstrate that AEC actively inhibit the proliferation of both
normal and fibrotic fibroblasts via TGF-b, which induces the prostaglandin E2 synthesis in
fibroblasts. The data indicate that proliferative lung diseases may be treated using the
epithelial cell as the target of medication.
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Introduction

Remodelling and fibrosis are hallmarks of pulmonary
disorders, including interstitial lung diseases or asthma.
Increased fibroblast proliferation and deposition of extra-
cellular matrix proteins cause a distortion of the lung
architecture or airway wall thickening [1, 2].

The airway epithelium is in a key position to regulate
the activity of the underlying cell layers and their
response to external stimuli, thus forming the epithelial–
mesenchymal trophic unit (EMTU) [2]. The importance of
epithelial–mesenchymal interaction is emphasized in the
current pathophysiological concepts of asthma [2, 3],
idiopathic pulmonary fibrosis [4], and other extra-pul-
monary diseases [5]. Idiopathic pulmonary fibrosis has

been suggested to be an ‘epithelial-fibroblastic disease’, in
which the disturbed epithelium–fibroblast cross-talk was
proposed to be the crucial event in the pathogenesis [6].

In the healthy lung, airway epithelial cells (AEC) are a
source of factors that suppress fibroblast proliferation,
and fibrosis may result from an inadequate generation of
such suppressive factors by AEC or from an inadequate
response of fibroblasts to these factors [7–10]. Prostaglan-
din E2 (PGE2) is a potent inhibitor of fibroblast prolifera-
tion [11] and collagen synthesis [12, 13], and it is
protective in bleomycin-induced pulmonary fibrosis [14].
Furthermore, fibroblasts cultured from patients with idio-
pathic pulmonary fibrosis as well as the respiratory
epithelium from patients with aspirin-sensitive asthma
have a diminished capacity to synthesize PGE2 [15, 16].
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In primary human lung fibroblasts, PGE2 synthesis is up-
regulated by TGF-b [17], a growth factor involved in the
regulation of pivotal cell functions, including proliferation,
differentiation, apoptosis, and migration [18]. TGF-b is
associated with tissue fibrosis and structural remodelling,
as has been demonstrated both in vitro and in vivo in
human and animal studies [19–24]. Conversely, TGF-b
inhibits the proliferation of many cell types [17, 18, 25,
26], emphasizing the complexity of this cytokine. Previous
studies suggested that PGE2 and/or the cyclin-dependent
kinase inhibitor p27kip1 are involved in the mediation of
TGF-b’s anti-proliferative effect [17, 27, 28]. In mammalian
cells, three isoforms of TGF-b (TGF-b1, TGF-b2, and TGF-
b3) are expressed, and importantly, AEC have been demon-
strated to secrete TGF-b spontaneously [29–31].

As interstitial fibrosis and airway remodelling are gen-
erally refractory to standard therapy with anti-inflamma-
tory agents, it is necessary to look for new
pathophysiological concepts and therapeutic approaches
[2, 6]. Here, we evaluated the role of the AEC as a regulator
of fibroblast proliferation using primary human cells of
healthy and fibrotic lung tissue.

Materials and methods

Cell culture, antibodies, and reagents

Material has been purchased from as follows: Invitrogen
(Heidelberg, Vic., Australia): Dulbecco’s modified Eagle’s
medium, penicillin, streptomycin, amphotericin B; JRH
(Melbourne, Vic., Australia): fetal bovine serum (FBS),
phosphate-buffered saline; Sigma-Aldrich (St Louis, MO,
USA): trypsin, indomethacin, anti-pan cytokeratin anti-
body; Affiland (Ans-Liege, Belgium): fibronectin; Cam-
brex (Clonetics, Walkersville, MD, USA): bronchial
epithelial growth medium (BEGM), BEGM-supplements;
R&D Systems (Minneapolis, MN, USA): pan-specific TGF-b
antibody; Santa Cruz Biotechnology (Santa Cruz, CA,
USA): primary antibodies p-p21waf1/cip1, p-p27kip1.

Primary cell culture

Normal and diseased lung tissue was obtained from
resected human lung (Human Ethics Committee, Sydney
University, South West Sydney Area Health Service;
Ethics Committee, Faculty of Medicine, University Hospi-
tal Basel). Cultures of normal primary human lung fibro-
blasts were established as reported previously [11], and
fibroblast cultures from diseased, fibrotic lungs were
established similarly from peripheral lung tissue. Fibro-
blasts stained negative for a muscle actin [32], and all
experiments were performed using fibroblasts at passages
3–6. Cultures of primary human AEC were set up from the
same lung specimens used for fibroblast cultures. Small
airways were dissected from surrounding tissue; the

epithelium was separated, cut into small pieces, and
placed in six-well plates that were pre-coated with bovine
fibronectin (1 mg/mL). Complete culture medium consisted
of BEGM supplemented with 4 mL/mL bovine pituitary
extract, 5 mg/mL insulin, 0.5 mg/mL hydrocortisone,
1 mL/mL gentamycin/amphotericin B, 0.1 mL/mL retinoic
acid, 10 mg/mL transferrin, 1 mL/mL triiodothyronine,
0.5 mg/mL epinephrine, and 0.5 mg/mL human epidermal
growth factor. Complete BEGM was replaced every fourth
day. Before cells reached confluence (80–90%), they were
detached by 0.25% trypsin in 1 mM Na2EDTA and pas-
saged. Epithelial cells stained positive for a pan-cytoker-
atin antibody, confirming the epithelial phenotype, and
were used for all experiments at passages 1–3.

To obtain conditioned medium (CM) from AEC (AEC-
CM), fresh BEGM was added to 90% confluent cell layers
and incubated for 24 h (37 1C, 5% CO2). The AEC-CM was
collected, centrifuged (2000 g, 5 min) to remove any cell
debris, split into aliquots, and stored at � 20 1C. CM
derived from the one AEC line was pooled.

[3H]-Thymidine incorporation into DNA

Cell proliferation assays were performed as described
previously [11]. Proliferation was measured by [3H]-thy-
midine incorporation. Fibroblasts were seeded into
96-well plates (104 cells/well), grown until 60–70% con-
fluence, and serum-deprived for 24 h. Fibroblasts were
incubated for 24 h with AEC-CM, or with complete BEGM
(control). Fibroblasts incubated with 10% FBS were used
as a control. Indomethacin (2.5 mM) was used to block
PGE2 synthesis and was added to fibroblast cultures
30 min before the addition of AEC-CM. AEC-CM was pre-
incubated with a pan-specific anti-TGF-b antibody (1 mg/
mL) for 30 min before its addition to the fibroblasts.

Prostaglandin E2 analysis

PGE2 levels were quantified in the AEC-CM using a
commercial ELISA kit as instructed (Cayman Chemical,
Ann Arbor, MI, USA).

Protein extractions and Western blot analysis

Total protein extracts were prepared from 80% confluent
fibroblast cultures [33, 34]. To determine phosphorylated
(p-) p21waf1/cip1 and p-p27kip1 expression, equal protein
amounts (5 mg) were size-fractionated in a 10% SDS-
polyacrylamide gel, transferred onto a PVDF membrane
(Bio-Rad Laboratories, Hercules, CA, USA) (25 mA/gel,
100 V, 120 min, 4 1C), and stained with Ponceau’s red.
Membranes were blocked for 1 h in 10 mM Tris, 150 mM

NaCl, 0.05% Tween 20, and 5% FBS, followed by in-
cubation with a primary antibody [rabbit-anti-human
(p-p27kip1) or goat-anti-human (p-p21waf1/cip1), 1 : 500 in
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blocking buffer (4 1C overnight)]. Membranes were
washed (3� 5 min) with blocking buffer and incubated
with a secondary horseradish peroxidase-conjugated
goat-anti-rabbit (DakoCytomation, Glostrup, Denmark)
or donkey-anti-goat antibody (1 : 3000, 1 h room tem-
perature). Protein detection was performed by chemilumi-
nescence (Pierce, Rockford, IL, USA).

Filter experiments

To determine the characteristics of the growth-inhibitory
activity, AEC-CM was size fractionated through centrifu-
gal filters with different pore sizes (100, 50, and 30 kDa)
(Millipore, Bedford, MA, USA) as recommended by the
manufacturer.

One-dimensional gel electrophoresis

Equal amounts (10 mL) of AEC-CM were size fractionated
on a 12% polyacrylamide gel. Protein bands were fixed,
stained, and destained using a commercially available
silver staining kit (Invitrogen).

Transforming growth factor-b analysis

Active TGF-b1 was measured in the AEC-CM using a
commercial ELISA kit (R&D Systems).

Statistical analysis

ANOVA was used for repeated measures, Student’s paired
t-test for paired data, or Pearson’s correlation test for correla-
tion calculations (StatView 5.0, SAS Institute, Cary, NY, USA).
A P-value 40.05 was considered to be significant. Data are
shown as mean� standard error of the mean.

Results

Fibroblast proliferation is inhibited by epithelium-derived
conditioned medium

Normal AEC-CM obtained from 16 different primary AEC
lines were tested for their effect on fibroblast proliferation
on 13 normal fibroblast cell lines. The anti-proliferative
effect of each AEC line was tested on at least three
different fibroblast cell lines. Compared with complete
BEGM (control), the overall inhibitory effect of AEC-CM
on fibroblast proliferation was 51.2� 6.0% (n = 16, Stu-
dent’s paired t-test, Po 0.0001; Fig. 1a). AEC-CM from 14
out of 16 AEC lines caused a significant inhibition of
fibroblast proliferation (n = 16, Student’s paired t-test,
P40.05; Fig. 1b). Despite a high fibroblast cell line-
specific variability in base line proliferation, the inhibi-
tory effect was reproducible in all 13 tested cell lines.
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Fig. 1. Conditioned medium (CM) derived from primary airway epithelial
cells (AEC) inhibits proliferation of primary human lung fibroblasts. (a)
Overall effect of AEC-CM (black bar) on fibroblast proliferation com-
pared with bronchial epithelial growth medium (BEGM) plus additives
(complete BEGM) (open bar). Normal primary human lung fibroblasts
obtained from 13 different subjects were stimulated with AEC-CM
derived from 16 different normal subjects. Values are presented as
mean� standard error of the mean (SEM) of independent experiments.
(b) Effect of AEC-CM derived from 16 different donors (black bars) on
fibroblast proliferation compared with complete BEGM (open bar).
Normal primary human lung fibroblasts were stimulated with AEC-CM
derived from 16 different normal subjects. Values are presented as
mean� SEM of independent experiments performed in at least three
different fibroblast cell lines. (c) Effect of AEC-CM (black bar) on
proliferation of fibroblasts derived from fibrotic lungs compared with
that of complete BEGM (open bar). Primary human lung fibroblasts
obtained from seven different subjects with fibroproliferative lung
disorders were incubated with AEC-CM. Values are presented as
mean� SEM of independent experiments performed in seven different
fibroblast cell lines.
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Next, we assessed whether the proliferation of fibro-
blasts derived from seven patients with fibroproliferative
lung disease was equally suppressed by AEC-CM. The
baseline proliferation rate of fibrotic fibroblasts in the
presence of normal growth medium did not differ sig-
nificantly from that of normal fibroblasts (data not
shown). As depicted in Fig. 1c, proliferation of fibroblasts
obtained from fibrotic lungs was significantly inhibited
by the AEC-CM (55.9� 9.0%, n = 7, Student’s paired
t-test, Po 0.0001), and thus the effect was not significantly
different from that of normal fibroblasts (ANOVA, P = 0.58).

The inhibitory effect of airway epithelial cell-conditioned
medium is mediated by fibroblast-derived prostaglandin E2

and correlates with the phosphorylation of p27kip1

Absolute PGE2 levels (pg/mL) of AEC-CM were plotted
against the inhibitory effect of AEC-CM, but no correla-
tion was found between the two variables (n = 19, Pear-
son’s correlation test, P = 0.6; Fig. 2a). This was in
accordance with our observation that inhibition of cy-
clooxygenases (COX) in AEC by 2.5 mM indomethacin did
not alter the anti-proliferative effect of AEC-CM (data not
shown).

Next, we assessed PGE2 levels in AEC-CM after a 24-h
incubation with fibroblasts and plotted the data against its
anti-proliferative capacity. Figure 2b shows a significant
correlation between the logarithm of the PGE2 levels in
fibroblast-exposed AEC-CM and proliferation rates
(n = 18, Pearson’s correlation test, R = 0.75, Po 0.001.
PGE2 data have been transformed into logarithm for
statistical calculations, but for visualization in Fig. 2b
absolute PGE2 values were chosen). Furthermore, pre-
treatment of fibroblasts with indomethacin (2.5 mM) com-
pletely reversed the inhibitory effect of AEC-CM (n = 3,
ANOVA, P = 0.001; Fig. 2c), confirming that PGE2 originated
from fibroblasts. Our data show that the PGE2 level in the
AEC-CM increased significantly during the 24-h incuba-
tion with fibroblasts (n = 3, ANOVA, P40.05; Fig. 2d), which
was prevented by 2.5 mM indomethacin (n = 3, ANOVA,
P40.05; Fig. 2d).

Because COX inhibits cell proliferation via a mechan-
ism that involves cyclin-dependent kinase inhibitors [35],
we assessed the effect of AEC-CM on the expression and
phosphorylation of p27kip1 and p21waf1/cip1, two cyclin-
dependent kinase inhibitors [36]. Resting, non-cycling
fibroblasts expressed a significant level of phosphorylated
(P) p27kip1 (Fig. 3, upper panel), and the addition of AEC-
CM up-regulated the phosphorylation of p27kip1, whereas
control medium diminished p27kip1 phosphorylation. In
contrast, p21waf1/cip1 was only weakly phosphorylated
in resting fibroblasts and was not affected by AEC-CM
(Fig. 3, lower panel). Together, these data suggest that the
anti-proliferative activity of AEC-CM on fibroblasts is
mediated by an epithelium-derived factor that induced

PGE2 synthesis in fibroblasts and the phosphorylation of
p27kip1.

Airway epithelial cell-derived factor(s) o 50 kDa mediate
the anti-proliferative effect

To further characterize AEC-derived soluble factor(s) that
induce PGE2 production by fibroblasts, AEC-CM was
subjected to size-exclusion filtration, and the filtrates
were used to determine their anti-proliferative capacity
on fibroblasts. As shown in Fig. 4a, filtrates containing
proteins 4 50 kDa had no significant effect on fibroblast
proliferation, whereas filtrates containing proteins
o 50 kDa exerted an anti-proliferative effect (n = 3, ANOVA,
Po 0.0001; Fig. 4a). Fractions of filtered complete BEGM
were used as negative controls and showed no anti-
proliferative activity (data not shown).

To further identify the AEC-derived anti-proliferative
factor(s), different filter fractions of AEC-CM were ana-
lysed by one-dimensional gel electrophoresis. We found
specific protein bands between 10 and 20 kDa (Fig. 4b,
lanes 4 and 5), which were not present in the filter fraction
with molecules 4 50 kDa (Fig. 4b, lane 3) and in the
negative control (Fig. 4b, lane 2).

The Inhibitory effect of airway epithelial cell-conditioned
medium is mediated by transforming growth factor-b

TGF-b is a factor produced by AEC and falls into the
molecular size of the inhibitory protein fraction described
above. Therefore, we determined levels of active TGF-b1 –
the most abundant isoform in the human lung [37] – in
AEC-CM. Significantly higher levels of active TGF-b1

(78.3� 15.3 pg/mL, n = 11; Fig. 5a) were detected in the
AEC-CM compared with control medium (2.2� 0.2 pg/
mL, Student’s paired t-test, Po 0.0001; Fig. 5a). The
TGF-b1 level of AEC-CM was significantly reduced after
24-h incubation with fibroblasts (n = 3, ANOVA, Po 0.0001;
Fig. 5b), indicating that fibroblasts did not secrete further
TGF-b1, but rather consume/bind/internalize it.

Finally, a pan-specific neutralizing anti-TGF-b anti-
body (1 mg/mL) significantly inhibited the anti-prolifera-
tive effect of the AEC-CM (n = 7, ANOVA, Po 0.05; Fig. 5c),
confirming that TGF-b is the anti-proliferative factor
released by AEC. Equivalent doses of an iso-antibody
showed no effect (data not shown).

Discussion

Interactions between epithelial and mesenchymal cells of
the EMTU have been assumed to play an important role in
the pathogenesis of disorders characterized by fibroproli-
feration and tissue remodelling [2, 6]. In this model with
primary human cells, we demonstrate the significance of
AEC in exerting an anti-proliferative effect on lung
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fibroblasts via the release of TGF-b, which stimulates
fibroblasts to produce PGE2. Until now, data on the
proliferative properties of fibroblasts obtained from pa-
tients with lung fibrosis were scant and contradictory [38,
39]. We demonstrate that fibroblast cultures derived from
normal and fibrotic lung tissue are equally sensitive to the
anti-proliferative effect of primary human AEC and that it
is the activity of the AEC that determines the fibroblasts’
proliferative capacity. Our novel data suggest a crucial
role of the airway epithelium in directing the pathogenesis
of fibroproliferative lung disorders in humans.

Fibrotic lung diseases are often associated with epithe-
lial injury, i.e. desquamation of the epithelium. Impor-
tantly, marked disruption in the integrity of the alveolar

epithelium and slow re-epithelialization of the denuded
area are distinct pathologies in idiopathic pulmonary
fibrosis and asthma [6, 40]. The observations that fibrotic
changes occur in the absence of inflammatory cells and
that epithelial cell damage and perturbation of epithe-
lium–fibroblast interaction are sufficient to promote the
development of a fibrotic process [41] further strengthen
the inhibitory role of the epithelium. The loss of epithelial
cells may not only affect the barrier function of the
epithelium but may also cause a deficit of anti-prolifera-
tive factors, in particular TGF-b, thereby allowing fibro-
blasts to proliferate less restricted. This may ultimately
lead to airway wall remodelling and/or interstitial fibrosis
of the lung.
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stimulated with AEC-CM, 1/� indomethacin. Values are presented as mean� standard error of the mean (SEM) of independent experiments performed
in three different fibroblast cell lines. (d) PGE2 levels in the AEC-CM of three different AEC lines before adding to the fibroblasts (striped bar) and after
24-h incubation with fibroblasts, with (grey bar) and without (black bar) 2.5 mM indomethacin. Values are presented as mean�SEM of independent
experiments performed in three different fibroblast cell lines.
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Epithelium-dependent inhibition of fibroblast prolif-
eration in co-culture models is commonly regarded to be
mediated by PGE2 [7, 9, 42]. PGE2 acts as a negative
regulator of fibroblast function, and its protective role
against fibroproliferation in the lung has been extensively
studied [4, 8–10, 13, 16, 26, 43–46]. Our present data
demonstrate that the inhibitory effect of AEC-CM on
fibroblast proliferation is mediated through epithelium-
derived TGF-b that stimulates fibroblasts to produce
PGE2.

In accordance with previous reports [30, 31, 47, 48], we
detected active TGF-b1 in AEC-CM obtained from primary
human AEC in culture. Furthermore, TGF-b1 levels were
significantly reduced after 24-h incubation of AEC-CM
with fibroblasts. This may indicate that fibroblasts do not
secrete significant amounts of TGF-b, but rather actively
consume, bind, or internalize TGF-b before synthesis of
PGE2.

The TGF-b specificity of the anti-proliferative response
to AEC-CM was demonstrated by a pan-specific anti-TGF-
b antibody. To our knowledge, this is the first report to
demonstrate in primary human cells the mechanism
underlying the EMTU hypothesis in which the injured
and repairing airway epithelium initiates the process of
remodelling [2]. Complementary to the current under-
standing of the EMTU, our data suggest that not only an

increased production of pro-proliferative but also a lack of
anti-proliferative growth factors, especially TGF-b, in-
duces fibroproliferative processes. Our model suggests
that epithelial TGF-b and fibroblast-derived PGE2 are
two key players in the maintenance of the normal lung
structure, emphasizing the relevance of the airway epithe-
lium as a protector of lung homeostasis. We acknowledge
that our model cannot rule out that in vivo fibroblast-
derived TGF-b contributes in an autocrine way to the
inhibitory effect. However, in vivo data demonstrate that
the epithelial cells and macrophages are the main source
of TGF-b in the lung, whereas fibroblasts produce only
low levels of TGF-b [47, 48]. Our interactive cell culture
model also does not allow direct cell–cell contact between
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AEC and fibroblast, but this may not be a major problem,
because direct AEC–fibroblast contacts are not frequently
observed in the normal adult lung [49].

It is reasonable to assume that latent TGF-b is present in
the AEC-CM and only after addition of the AEC-CM onto
fibroblasts TGF-b is activated. Because the integrin avb6
is expressed primarily in the epithelium and not in
fibroblasts [50, 51], alternative activation mechanisms
such as the interaction with thrombospondin 1 [52, 53]
or activation by matrix metalloproteinase 2 [54–56] have
to be considered in our model.

In conclusion, our data provide a new insight into how
AEC control the proliferation of fibroblasts in both normal
and fibrotic lung tissue. Our study demonstrates that TGF-b
derived from healthy primary AEC induces PGE2 synthesis
by fibroblasts, which in turn inhibits the proliferation of
these fibroblasts in an auto-regulatory feedback. This auto-
regulation of fibroblast proliferation might represent an
important control mechanism in the healthy lung, and its
disturbance may lead to enhanced fibroblast proliferation,
airway wall remodelling or/and fibrosis. In view of the
generally unsatisfactory response of interstitial fibrosis and
airway remodelling to current treatments, it might be of
great interest to choose the epithelial cell as the target for
new therapeutic strategies.
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