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ABSTRACT
Background and aims Although increasing evidence
suggests involvement of the distal airway in all stages of
asthma, it is not known whether structural changes
(defined as airway remodelling) occur in the distal
airways of subjects with mild asthma and those with
atopy. The aim of this study was to compare control
subjects and those with mild asthma in relation to
fibroblast phenotypes and remodelling in central and
distal airways.
Methods Distal and central fibroblasts from controls
(n¼12) and patients with mild asthma (n¼11) were
cultured and incubated for 24 h with 0.4% serum, or
stimulated with transforming growth factor b1 (TGFb1).
[35S]Sulfate-labelled proteoglycans in culture medium
were analysed by ion exchange chromatography and
sodium dodecyl sulfateepolyacrylamide gel
electrophoresis. Proliferation was measured with crystal
violet, and exhaled nitric oxide was measured by the
fractional nitric oxide technique.
Results Vesican production from distal fibroblasts was
significantly elevated in patients with asthma compared
with controls (p<0.001), and the percentage collagen-
positive area in distal asthma tissue was also enhanced
compared with controls (p<0.01). In addition, distal
asthma fibroblasts had reduced proliferation capacity
compared with those of controls (by 24%; p<0.01).
Furthermore, the alveolar nitric oxide concentration was
correlated to distal biglycan and perlecan production of
subjects with asthma (r¼�0.857, p<0.05 and
r¼�0.750, p<0.05 respectively)
Conclusion It is shown that centrally and distally
derived fibroblasts differ in their proteoglycan production
and proliferation between central and distal tissue, and in
those with asthma compared with controls. It is also
demonstrated that remodelling is present in distal lung of
subjects with mild asthma. This may be of importance in
airway remodelling and asthma progression.

INTRODUCTION
In the pathogenesis of asthma, the alterations in
the central airways are well characterised and
involve inflammatory and connective tissue
changes with proposed implications for decline in
lung function and increased bronchial hyper-
responsiveness. However, there are some recently
published data to suggest that the distal airways
(ie, <2 mm conducting airways and lung paren-
chyma) may play a role in the pathophysiology of
asthma.1e3 Structural pathological changes are
collectively called remodelling. In asthma, typical
features include thickening of the reticular epithe-

lial basement membrane, subepithelial fibrosis,
epithelial shedding and smooth muscle hyper-
trophy/hyperplasia.4 In this process, the extracel-
lular matrix-producing fibroblastemyofibroblast
phenotypes deposit molecules such as collagen and
proteoglycans.5e7 Proteoglycans are a family of
sulfated molecules consisting of a core protein that
is associated with one or several glycosaminoglycan
chains. The matrix-associated proteoglycans are
mainly the connective tissue-associated versican,
the large basement membrane proteoglycan
perlecan and the small proteoglycans biglycan and
decorin.8 These groups of molecules are of major
importance in tissue elasticity and directly affect
fluid balance and collagen assembly, and also the
activities and storage of cytokines and growth
factors such as transforming growth factor b1
(TGFb1).9 10 Activation of fibroblasts leads to
a shift in fibroblast phenotype. This has been
studied in other fibrotic disorders such as kidney
fibrosis, systemic sclerosis and idiopathic pulmo-
nary fibrosis.11 12 Interestingly, fibroblasts from
different airway levels seem to differ in their
phenotype. This was shown, for example, in
a study in which cultured nasal and bronchial
fibroblasts responded differently to TGFb1, and
their matrix production was compared.13 In addi-
tion to changes in matrix turnover, upregulation of
exhaled nitric oxide (NO) is also increased in
asthma, systemic sclerosis and allergic alveolitis,
and this parameter is suggested to be a reflection of
the increased inflammation.14 Consequently, frac-
tional exhaled nitric oxide (FeNO) is frequently
used in the clinic and is believed to be associated
with eosinophilic inflammation in the central
airways.15 16 The airway epithelium and leucocytes
such as macrophages are sources of exhaled NO,
but it is likely that other cells such as fibroblasts
may also be of importance in increased NO
production.
To explore whether fibroblasts from different

airway levels in the human lung have adopted
distinct disease-related and location-dependent
phenotypes, we cultured primary central and distal
fibroblasts from subjects with mild asthma and
controls without asthma. The control subjects
were divided further into two groups based on
whether or not they were atopic. Atopic features
may precede the onset of asthma, and this is
therefore a patient group of interest. In addition,
treatment of allergic rhinitis in subjects with
asthma may improve co-existing asthma.17

We hypothesised that distal lung fibroblasts are
different from centrally derived fibroblasts
regarding proteoglycan production, proliferation
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and morphology. We also wanted to investigate whether
differences in fibroblast phenotypes could be observed between
those without asthma and those with mild asthma, and
whether they could be correlated to inflammatory parameters
such as NO.

MATERIALS AND METHODS
Subjects and sampling of tissue
Twenty-nine individuals were enrolled in the study (13 patients
with asthma and 16 controls). In six individuals, fibroblast
culture was not established and they were therefore excluded
from further analysis. Eleven fibroblast cultures were established
from patients with asthma with definitive bronchial hyper-
responsiveness, defined as PD20 (provocative dose causing a 20%
fall in forced expiratory volume in 1 s (FEV1)) <2000 mg meth-
acholine, and they all had mild asthma according to Global
Initiative for Asthma (GINA) guidelines.18 All individuals were
free from infections and had not used any corticosteroid treat-
ment from 3 months prior to the start of the study. Healthy age-
matched non-smoking subjects were used as controls. They all
denied having respiratory symptoms, and were all methacholine
challenge test negative. Seven of the controls were non-atopic
and five were atopic, as defined by confirmed sensitisation by
skin prick test to one or more allergens (birch, timothy, mug
wort, cat, dog, and/or house dust mite).19 The atopic subjects
also had rhinitis. Central bronchoscopy was performed with
a flexible bronchoscope (Olympus IT60, Tokyo, Japan) followed
by a transbronchial biopsy specimen taken with biopsy forceps
(Olympus FB211D) guided by a fluoroscope. As local anaes-
thesia, lidocaine spray was given through a spray catheter. All
subjects gave written informed consent and the study was
approved by the ethics committee of Lund University (LU412-
03). For more information see the supplementary data online.

Cell cultures and morphological characterisation
For morphological characterisation, crystal violet staining was
used as previously described.10 For further characterisation of
fibroblasts, cells were labelled with antibodies to vimentin,
prolyl-4-hydroxylase or SM22, and incubated with appropriate
fluorescent-labelled secondary antibodies. For counting of
cellular extensions, 250 cells/subject were randomly counted. For
more information see the supplementary data online.

Trichrome staining
Sections of periodateeparaformaldehydeelysine (PLP)-fixed
transbronchial biopsies were stained with Masson�s trichrome
stain for measurement of collagen content in the alveolar
parenchyma. Blue collagen staining was analysed by compu-
terised image analysis (ImageJ, version 1.41, NIH). For a detailed
description, see the supplementary data online.

Proliferation assay
Cells were seeded in 96-well plates. Non-adherent cells were
washed out after 6 h of incubation and fresh medium was added
for the remaining 24 h. Cells were fixed, and stained with crystal
violet. For more information see the supplementary data online.

Proteoglycan analysis
Cells were grown in 35S-supplemented medium, and diethyl-
aminoethyl (DEAE)-52 cellulose anion exchange resin columns
were used to extract the proteoglycans. The individual proteo-
glycans were separated further on a sodium dodecyl sulfate
(SDS)epolyacrylamide gel and quantification of the amount of

proteoglycan was done using a scintillation counter as previ-
ously described; see the supplementary data online.

NO measurement
Measurements were performed as previously described.18 Briefly,
FeNO measurements were done prior to bronchial challenge
testing at a flow rate of 50, 100, 200 and 400 ml/s using a NIOX
nitric oxide analyser (Aerocrine AB, Stockholm, Sweden), and
the results were expressed as parts per billion (ppb). Alveolar NO
concentration and bronchial flux of NO were calculated with
a two-compartment linear model using a flow rate of
100e400 ml/s.

Statistical methods
For non-parametric data, between-groups comparisons were
performed with the KruskaleWallis test (a non-parametric test
on ranks, which compares the means of three or more
unmatched groups) with the Dunn multiple comparison test
followed by the ManneWhitney U test. Correlations were
tested by Spearman rank correlation using Graph pad software
version 5.03 (San Diego, California, USA). For parametric data
the Student t test was used. If not all subjects are represented in
the graphs, these have been excluded due to technical problems
such as loss of biopsies when staining tissue or limited amount
of material. Data are presented as median values together with
the range unless otherwise stated; p values of <0.05 (*) and
<0.01 (**) denote significant levels of difference.

RESULTS
Patient characterisation and fibroblast recovery
Of the 29 individuals originally considered for the study, fibro-
blast cultures were established from 23 (11 patients with asthma
and 12 controls). Subjects with asthma were 22e38 years of age
(mean 28) and controls were 22e40 (mean 28). No differences in
FEV1 or FEV1% predicted were seen when comparing those with
asthma and controls (4.2 vs 3.9 litres and 95% vs 104%,
respectively). However, the mean FeNO50 (exhaled NO at
50 ml/s) of those with asthma was significantly elevated relative
to that of the controls (75.8 (15.8e240) ppb vs 15.4 (8.4e27.7)
ppb), p¼0.017) and relative to that of the atopic controls
without asthma (75.8 (15.8e240)) ppb vs 16.6 (9.8e27.7) ppb),
p¼0.018). For bronchial flux of NO, subjects with asthma had
levels that were sixfold higher than those of the controls (4.61
(0.68e12.4) vs 0.73 (0.38e1.28), p¼0.007) and also higher
compared with atopic controls (4.61 (0.68e12.4) vs (0.81
(0.47e1.28), p ¼ 0.024 (table 1).

Increased remodelling in tissue from distal airways in patients
with mild asthma
Distal lung biopsies were stained by trichrome staining to
visualise collagen regions in the alveolar parenchyma (exempli-
fied in figure 1A, B, black arrows). Elongated spindle-shaped
collagen areas were clearly visualised in distal biopsies especially
from patients with asthma (figure 1B). Distal lung collagen
expression was significantly elevated in patients with asthma
compared with controls (6.9 (3.6e8.1) vs 3.8 (1.42e6.2),
p¼0.007). No difference was seen between atopic and non-
atopic controls (figure 1C).

Characterisation of fibroblasts
Distal fibroblasts were all positive for the filament proteins
vimentin (figure 2A, E) and a-smooth muscle actin (figure 2B, F).
Furthermore, these cells also expressed prolyl-4-hydroxylase,
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which is a key enzyme required for the post-translational
hydroxylation of proline residues in collagen (figure 2C, G). The
cells were negative for one of the most sensitive markers of
smooth muscle cells, SM22, further supporting the idea that we

had cultured a homogenous fibroblast population (figure 2D, H).
The same pattern of staining was seen for the centrally derived
fibroblasts (data not shown), which has also been shown
previously.35

Figure 1 Collagen in distal airways in
patients with mild asthma.
Representative images of collagen in
distally derived biopsies from a control
subject (A) and a patient with asthma
(B) visualised with Masson trichrome
staining 3400 magnification. Black
arrows indicate collagen (blue) in the
parenchyma from a control and
a patient with asthma. Quantitative data
of tissue collagen content in controls
and subjects with asthma are shown in
(C). ManneWhitney tests were used to
calculate p values. Values are
expressed as collagen-positive area as
a percentage of the total tissue area.
Because of loss of biopsies (detached
from the slide) in the staining procedure
collagen was not analysed in two of the
atopic subjects and in two of the non-
atopic controls. Open circles represent
non-atopic controls (n¼5), grey circles
represent atopic controls (n¼3) and
filled circles represent subjects with
asthma (n¼7). ManneWhitney tests
were used to calculate significant
differences between controls and
patients with asthma.

Table 1 Clinical characterisation of subjects included in the study and fibroblasts successfully cultured from different locations of the lung from these
subjects

Subjects
Asthma/
control

Gender
(M/F)

Age
(years)

PD20

(mg)
Atopy
(Y/N)

FEV1
(litres)

FEV1%
predicted

FeNO50
(ppb)

Bronchial
flux (nl/s)

Alveolar
NO (ppb)

Fibroblasts
(C/D)

1 Asthma M 38 122 Y 4.43 98 239.7 12.39 5.62 C/D

2 Asthma M 22 24 Y 6.04 124 100.6 4.91 4.37 C/D

3 Asthma F 23 5 Y 3.41 92.4 109.3 5.69 3.60 C/D

4 Asthma F 31 16 Y 3.06 94.8 61.7 0.91 2.85 C/D

5 Asthma M 24 78 Y 7.31 91.8 18.9 3.55 3.64 D

6 Asthma M 24 79 Y 3.81 88 69.4 4.19 2.09 D

7 Asthma F 28 145 Y 3.16 103 15.8 0.68 2.96 D

8 Asthma M 25 134,5 Y 4.51 90 ND ND ND C

9 Asthma M 35 <0.05 Y 2.21 62 32,2 ND ND C

10 Asthma F 31 <0.05 Y 3.36 102 44 ND ND C

11 Asthma F 26 826 Y 4.57 101 ND ND ND C

12 Control M 28 >2000 Y 3.98 108.7 21.20 1.16 2.34 C/D

13 Control F 27 >2000 Y 2.98 96.3 9.80 0.47 1.74 C/D

14 Control F 37 >2000 Y 3.21 103.8 15.60 0.56 3.74 D

15 Control F 24 >2000 Y 3.21 105 13.2 0.6 2.66 C/D

16 Control M 29 >2000 Y 4.69 114.6 27.7 1.28 3.0 C/D

17 Control M 30 >2000 N 5.11 116.4 17.3 0.89 2.27 D

18 Control F 24 >2000 N 3.68 95.4 9.8 0.44 2.48 D

19 Control M 40 >2000 N 4.91 109.8 8.4 0.38 2.13 C/D

20 Control M 24 >2000 N 5.38 113.5 21.10 1.10 3.70 C/D

21 Control F 33 >2000 N 3.71 100.7 16.10 1.02 2.02 C/D

22 Control F 22 >2000 N 2.38 95.1 8.90 0.70 1.68 D

23 Control F 23 >2000 N 3.25 84.1 16.60 0.75 2.10 D

C, successful recovery of central fibroblasts; D, successful recovery of distal fibroblasts; F, female; FeNO50, exhaled NO at 50 ml/s; FEV1, forced expiratory volume in 1 s; M, male; N, no;
ND, not done; NO, nitric oxide; PD20, metacholine responsiveness (2000 mg represents the threshold); Y, yes.
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Distally and centrally derived fibroblasts from subjects with
asthma have reduced proliferation capacity
Centrally derived fibroblasts from subjects with asthma had
24% lower proliferation capacity relative to the controls, after
24 h (1.06 (0.96e1.15) vs 1.39 (1.08e1.88), p¼0.004) (figure 3A).
This was also seen with distally derived asthma fibroblasts,
which had a lower proliferation rate (23%) compared with the
corresponding controls (1.27 (1.12e1.57) vs 1.65 (1.23e2.06),
p¼0.002) (figure 3A). There was a significant increase in fibro-
blast proliferation when comparing central versus distal in both
controls and subjects with asthma (1.39 (1.08e1.88) vs 1.65
(1.23e2.06), p¼0.034, and 1.06 (0.96e1.15) vs 1.27 (1.12e1.57),
p¼0.004, respectively) (figure 3A). The same difference
in proliferation could also be measured after 48 h (data not
shown).

Central fibroblasts from subjects with asthma have more cellular
extensions than distal fibroblasts
When counting the number of cellular extensions in centrally
derived fibroblasts, cells from subjects with asthma had signifi-
cantly more (1.4 times more) cellular extensions than those from
controls (8.3 (4e20) vs 5.9 (2e20), p<0.001), figure 3B, black
arrows). Distally derived fibroblasts were more elongated and
had fewer extensions than centrally derived fibroblasts (2.6
(1e7) vs 6.6 (2e20), p<0.001).

Increased matrix production by distally and centrally derived
fibroblasts is associated with disease
Production of the large molecule versican was significantly
greater in centrally derived fibroblasts from those with asthma
than in control fibroblasts (354 (201e571) vs 96 (18e201) dpm

Figure 2 Characterisation of distal fibroblasts. Distal fibroblasts were cultured for 48 h and stained for mesenchymal and smooth muscle proteins to
investigate fibroblasts from controls and patients with asthma. Cells from control individuals (AeD) and patients with asthma (EeH) were all positive
for the mesenchymal fibroblast protein vimentin (green, Alexa 488), a-smooth muscle actin (yellow, Cy3) and prolyl-4-hydroxylase (red, Alexa 647) but
negative for the smooth muscle marker SM22 (green, Alexa 488). Staining of nuclei is visualised in blue (4’,6-diamidino-2-phenylindole (DAPI)).

Figure 3 Culture and morphological characterisation of centrally and distally derived fibroblasts. (A) Fibroblasts from central and distal locations were
seeded in 96-well plates at a density of 5000 cells/well and cultured for 24 h. Glutaraldehyde-fixed cells stained with crystal violet were lysed with 1%
Triton X-100 and the absorbance measured at 595 nm. (B) Each cell was counted for cellular extensions (black arrows). In two of the patients with
asthma, proliferation of centrally derived fibroblasts could not be measured because of a limited amount of material. Student t test was used to
calculate p values. Open circles represent non-atopic controls, grey circles represent atopic controls and filled circles represent subjects witha sthma.
*, Significant difference (p<0.05) when comparing proliferation of centrally derived versus distally derived fibroblasts from controls. **, Significant
difference (p<0.01) when comparing distally derived fibroblasts from controls versus patients with asthma, when comparing centrally control
fibroblast versus centrally asthma fibroblasts, and when comparing central asthma versus distal asthma fibroblasts.
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(disintegrations/min)/mg, p<0.01, figure 4A). Consistent with
data from the central airways, distally derived fibroblasts from
subjects with asthma also had considerably higher versican
production than control fibroblasts (210 (163e259) vs 106
(45e162) dpm/mg, p<0.001, figure 4A). In control subjects, there
was no difference between atopic and non-atopic subjects (figure
4A). Expression of the small leucine-rich proteoglycan biglycan
was studied further. We found that there was enhanced biglycan
production from centrally derived fibroblasts from those with
asthma compared with controls (163 (84e346) vs 81
(47e144) dpm/mg, p¼0.006, figure 4B). These differences could
not be detected in distal airway fibroblasts. However, biglycan
production by distally derived fibroblasts from patients with
asthma was significantly lower than from non-atopic controls
(145 (72e207) vs 349 (224e480) dpm/mg, p<0.001, figure 4B).
Interestingly, atopic controls also had significantly lower
production of biglycans than non-atopic controls (122 (40e255)

vs 349 (224e480) dpm/mg, p¼0.010) (figure 4B). The large
(>400 kDa) multidomain proteoglycan perlecan which is mainly
localised in the basement membrane was not different in
expression regardless of whether central or distal localisation or
different groups were compared (figure 4C). As observed for
distal biglycan production, decorin production in both patients
with asthma and atopic controls was significantly lower than in
non-atopic controls (127 (56e258) and 109 (66e154) vs 343
(55e476) dpm/mg; p¼0.026 and p¼0.048, respectively)
(figure 4D).

Alveolar NO was correlated to production of individual
proteoglycans in distal airways
Negative correlations were observed when comparing alveolar
NO concentrations and distal biglycan and perlecan production
by fibroblasts from patients with asthma (r¼�0.857, p¼0.033,
and r¼�0.750, p¼0.012, respectively) (figure 5A, B).

Figure 4 Proteoglycan production in
centrally and distally derived
fibroblasts. Centrally and distally
derived fibroblasts from controls and
from subjects with asthma were
analysed for proteoglycan production:
(A) versican; (B) biglycan; (C) perlecan;
and (D) decorin. Cells were grown in
35S-supplemented sulfate-poor medium,
and diethyl-aminoethyl (DEAE)-52
columns were used to extract the
proteoglycans. Quantification of
proteoglycan production was done
using a scintillation counter and is
presented as dpm/mg protein. The
individual proteoglycans were
separated further by sodium dodecyl
sulfateepolyacrylamide gel
electrophoresis (SDSePAGE).
ManneWhitney tests were used to
calculate p values.Values presented are
medians, and open circles represent
non-atopic controls (central n¼3, distal
n¼7), grey circles represent atopic
controls (central n¼4, distal n¼5) and
filled circles represent subjects with
asthma (central n¼8, distal n¼7).
**, Statistically significant difference
(p<0.01) for versican (A) and biglycan
(B) production by centrally derived
fibroblasts when comparing controls
and patients with asthma. ***, Significant difference (p<0.001) for distal versican production (controls vs asthma patients). * and #, Significant
difference (p<0.05) for central biglycan production versus distal production from controls and for distal biglycan and decorin production (non-atopic
controls vs patients with asthma (open circle vs filled circle) and non-atopic controls versus atopic controls (open circle vs grey circle)).

Figure 5 Biglycan and perlecan
production by distally derived
fibroblasts from subjects with asthma
was plotted against alveolar nitric oxide
(NO) concentration (A and B,
respectively) in subjects with asthma
(filled circle). Spearman correlation was
used to calculate the significance of the
degree of association between
proteoglycan production and alveolar
NO concentration.
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Asthma fibroblasts respond less to TGFb1 stimulation than those
from controls
TGFb1 significantly increased the production of the proteogly-
cans versican, biglycan and perlecan in both centrally and
distally derived control fibroblasts compared with unstimulated
cells (centrally derived (p¼0.016, p¼0.016 and p¼0.039, and
distally derived (p¼0.039, p<0.001 and p¼0.034), respectively)
(table 2). In centrally derived asthma fibroblasts, versican
production was increased compared with unstimulated cells
(p¼0.039). In distal airways, TGFb1 stimulation significantly
increased biglycan production from asthma fibroblasts
(p¼0.031). For individual values after TGFb1 stimulation, see the
supplementary files.

DISCUSSION
In this study we have demonstrated that both distally and
centrally derived fibroblasts from patients with asthma have an
altered cell proliferation and production of matrix molecules,
such as versican, compared with controls. We also verified distal
airway remodelling in subjects with mild asthma, as described
by increased collagen accumulation in peripheral airway tissue.
We further showed that distally and centrally derived fibroblasts
have different phenotypes, an observation that strengthens the
hypothesis that the nature of distal airway remodelling differs
from brochial remodelling. Moreover, our results also show that
production of the proteoglycans perlecan and biglycan can be
linked to alveolar exhaled NO levels.

Remodelling in distal lung
It is well established that airway remodelling and inflammation
take place in the subepithelial compartment in central airways
of subject with atopy and asthma.4 20 21 It is also known that
inflammation occurs in the distal airways and lung paren-
chyma.22 However, this is, to the best of our knowledge, the first
study demonstrating remodelling in the distal airways in
subjects with mild asthma, as shown by increased deposition of
collagen. In this context, the differences in versican production
by distal airway fibroblasts in our in vitro experiments further
strengthen the hypothesis that fibroblasts also play a role in
distal asthma pathophysiology. The present demonstration of
remodelling in the distal lung already in mild asthma may be an
important observation that possibly has implications for disease
progression since remodelling is a feature in both moderate and
severe asthma. Higher levels of versican production were only
seen in individuals with asthma, suggesting a shift in disease-
related fibroblast phenotypes. It has been proposed that due to
its high chondroitin sulfate/dermatan sulfate content, versican
is destructive for the elasticity in the lung by inhibiting elastin-
binding protein (EBP), and thus interferes with assembly of the
elastic fibres.23 Accumulation of versican in those with mild
asthma could consequently affect lung stiffness in both the

central and the distal airways, and thus directly influence lung
function.5 The negative correlation of alveolar NO concentra-
tion and the proteoglycans biglycan and perlecan suggests that
NO may also reflect the degree of remodelling. A lower perlecan
production might directly influence basement membrane integ-
rity. Furthermore, the ability of perlecan to bind cytokines and
affect epithelial adherence and function may also play an
important role in distal remodelling processes.24

Fibroblast phenotypes in distal airwaysda link to exhaled NO?
In this study, there was a correlation between the levels of
exhaled NO and proteoglycan production in distal airways. This
finding links remodelling to clinical parameters and suggests that
NO may be used as a marker for fibroblast activity. NO, which is
a mediator molecule involved in both proinflammatory and anti-
inflammatory processes, is known to be upregulated in
asthma.10 Although the production of NO in patients with
asthma is believed to be due to expression of inducible nitric
oxide synthase (iNOS) in epithelial cells, the primary source has
not been identified yet. NO has previously been suggested to be
involved in lung fibrosis and fibroblast differentiation.25 26 It is
also known that products in the NO cycle can digest glycos-
aminoglycans into biologically active fragments. This process
could possibly be controlled by fibroblasts due to their expres-
sion of iNOS, and thus be responsible for the increased NO
production in patients.27 28 Elevated levels of NO have been
shown in patients with more severe asthma, and these patients
are known to have more evidence of remodelling in the distal
airways.29 Moreover, alveolar NO has also been shown to be
elevated in those with mild asthma as compared with controls
without asthma.19

Role of small proteoglycans in airway remodelling
In this work basal biglycan production was also altered in
centrally derived asthma fibroblasts, further supporting the
hypothesis that the composition of connective tissue may be
changed in mild asthma. Notably, both biglycan and decorin
production from distally derived fibroblasts from atopic indi-
viduals with rhinitis was significantly lower than in non-atopic
controls, which indicates that these individuals have changes in
distal connective tissue composition comparable with those in
subjects with asthma. This suggests involvement of the upper
and distal airways in airway diseases such as seasonal and
chronic rhinitis. However, these observations require confirma-
tion in studies with adequate patient numbers for the analyses
to be robust. The important role of proteoglycans in asthma,
fibrosis, and chronic obstructive pulmonary disease (COPD) and
other diseases is well documented, at both the cellular and the
physiological level.2 23 30 Previously published data have shown
that the small proteoglycans biglycan and decorin induce
morphological and cytoskeletal changes in fibroblasts,
suggesting that they have a role in conversion of the resident
fibroblast to an inflammatory fibroblast phenotype promoting
wound healing processes.10 This role of biglycan has also been
discussed by others in the context of biglycan functioning as
a proinflammatory molecule involved in innate immunity.31

Expression of proteoglycans in centrally derived tissue sections
from atopic subjects and those with fatal asthma and in animal
models has previously been studied using immunohistochem-
istry, further confirming our results.6 7 32 Fibroblast production
of collagen, which is the most abundantly expressed extracel-
lular matrix molecule in the lung, was not measured in the
present study. However, some of the proteoglycans interact
individually with collagen to modulate collagen organisation

Table 2 Influence of transforming growth factor b1 (TGFb1) on
individual proteoglycan production from centrally and distally derived
fibroblasts and related to basal level production (0.4% serum)

Central controls Central asthma Distal controls Distal asthma

Versican p¼0.016 p¼0.039 p¼0.039 NS

Biglycan P¼0.016 NS p<0.001 p¼0.031

Perlecan p¼0.039 NS p¼0.034 NS

Decorin NS NS NS NS

Wilcoxon signed rank test was used to calculate the significance of increased production in
response to TGFb1.
Values of p<0.05 were regarded as significant.
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and network formation.33 One of the most potent mediators in
stimulating collagen and proteoglycan production is TGFb1, and
its role in human asthma has been extensively reviewed, but
there are contradictory results concerning its direct role. Current
evidence suggests that expression of TGFb1 is upregulated in
asthma.34 Overall, since no differences in increased proteoglycan
production were observed between groups, our results suggests
that the fibroblast changes with regard to proteoglycan
production are already present in the cells at basal levels, and
might only be enhanced by TGFb1.

In this study we also observed a shift from a proliferating cell
phenotype, as seen in centrally derived fibroblasts from controls,
to a resident matrix-producing cell in subjects with asthma,
with increased numbers of cellular extensions. This indicates the
presence of different fibroblast phenotypes in controls and
patients with asthma. It is an interesting observation that might
suggest that fibroblasts in asthma acquire a more activated
contractile phenotype, although this needs to be investigated
further.35 Furthermore, our data are in contrast to data published
by Wenzel and colleagues where no difference was observed
between those with asthma and controls except for local-
isation.1 This could be due to a different experimental set-up as
they used postmortem lung material as the source of control
tissue.

SUMMARY
In conclusion, we have shown for the first time that matrix
production by both centrally and distally derived fibroblasts is
different for those with mild untreated asthma and for controls.
In addition, remodelling in distal lung is also present in subjects
with mild asthma as visualised by increased collagen. These
differences could also be linked to exhaled NO, which suggests
an association between connective tissue composition and lung
function in those with mild asthma. In the delicate balance of
physiologically normal responses to inflammation and the
resolving processes that follow, proteoglycans may have
a pivotal role in the initiation and maintenance of pathological
remodelling in the airways. Further studies in patients with
other subtypes of asthma and comparative studies in other lung
diseases will be required to define the precise mechanisms of
matrix involvement in order to intervene and counteract this
process in the human lung.

Acknowledgements The authors thank Lena Thiman for her laboratory skills and
technical assistance.

Funding This work was supported by grants from the Swedish Research Council
(11550, 7970), the Heart and Lung Foundation, Centrala Försöksdjursnämnden (CFN),
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Subjects and sampling of tissue 

Central fibroblasts were sampled from central airways (segmental or subsegmental carina in the 

right  lower  and  upper  lobes)  and  distal  fibroblasts  were  sampled  from  parenchymal 

compartments  (alveoi)  (transbronchial biopsies  ≈ peripheral  right  lobe at a distance of  ≥  inch 

from pleura). Occasionally  small airways were detected  in  the biopsies, but  the predominant 

numbers of biopsies only tissue had alveoli. 

 
Cell culture and morphological characterization 
 
The bronchial and distal biopsies were cut and cultured  in 25 cm2  tissue culture  flasks  (Nunc, 

Roskilde,Denmark) with DMEM supplemented with 10% Fetal Clone III (Hyclone, Logan, UT, US), 

1% L‐glutamine, 0.5% gentamicin, and 5 μg/ml amphotericin. The cell cultures were kept  in a 

humidified 37ºC cell incubator with an atmosphere of 5% CO2 and were trypsinized when they 

reached confluence. Centrally‐derived fibroblasts were cultured from centrally‐derived biopsies 

taken from 15 of these 23 individuals: 8 asthma patients (8/11, 72%) and 7 controls (7/12, 58%). 

Distally‐derived biopsies were taken from 19 of 23 individuals.  Distally fibroblasts cultures were 

established from all these 19 individuals (100 % of total, Table 1). 

For  the  morphological  studies,  the  cells  were  used  at  passage  number  3–5,  fixed  in  1% 

glutaraldehyde (BDH Chemicals Ltd, City, England) for 30 minutes and stained with 0.5% crystal 

violet (Merck) for 2 hours. On 250 cells/subject cellular extensions were counted. The areas of 

cells  were  randomly  selected  and  done  in  a  double‐  blinded  manner  to  avoid  bias  when 

counting the cells. This was done using a computerized  image analysis package (Leica Q500IW 

software; Leica, Wetzlar, Germany). To characterize the fibroblasts further, cells were seeded in 



4‐well chambers  (7,000 cells/well)  for 24 hours. Paraformaldehyde  (4%)  fixed cells were  then 

washed in PBS (3 x 5 min) and subsequently blocked for 1 hour with 0.5% BSA in TBS. This was 

followed by  incubation with primary antibodies  to vimentin  (1:100; Santa‐Cruz Biotechnology, 

Santa‐  Cruz,  CA),  prolyl‐4‐hydroxylase  (P‐4‐OH)  (1:100;  Acris  antibodies,  Hiddenhauser, 

Germany), or SM22  (1:100; Abcam, Cambridge, UK)  for 1 hour.   Secondary antibodies against 

the relevant isotypes of the primary were applied for 1 hr followed by buffer wash and nuclear 

staining  (DAPI, moeluclar  probes).  Secondary  antibodies were  all  purchased  from Molecular 

Probes  (Invitrogen,  Carlsberg,  CA).  Control  experiments  were  performed  with  and  without 

primary antibody, and with and without secondary antibody. Control sections were included in 

all experiments to correct for background fluorescence. Isotype matched controls were used in 

combination and  for each  type of primary antibody  to  reduce  the  risk of detecting unspecific 

staining. All images were captured with an inverted microscope (Nikon TE200E) equipped with a 

high‐resolution camera (Nikon DXM 1200C) and merged with NIS elements software (Nikon). 

 

Trichrome staining in transbronchial biopsies 

Periodate‐paraformaldehyde‐lysine  (PLP)‐fixed  transbronchial  biopsies  from  patients  with 

asthma  and  controls  were  stained  with  trichrome  staining  for  measurement  of  collagen 

expression. The biopsies collected did not show any differences  in size, vascularity, or muscle 

content. From each  individual at  least 3 sections (each 5µm) separated by at  least 40µm were 

selected.  Total  area  analyzed  from  asthma  sections  was  4.2mm2  (0.298  (0.063‐0.7073))  vs. 

3.089mm2  (0.236  (0.031‐0.860))  for  controls  tissue.    Sections  were  photographed  using  a 

TE2000E fluorescence microscope (Nikon, Tokyo, Japan) equipped with a bright field DXM1200C 



camera  (Nikon, Tokyo,  Japan). Pictures  from each biopsy were analyzed with  ImageJ software 

(NIH) where a plug  in software application for spectral analysis was used to  identify, separate, 

and measure  blue  collagen  staining.  The  same  program was  also  used  to  calculate  the  total 

tissue  area. Collagen  areas  are presented  as % of  total  tissue  area. Middle‐size  vessels were 

excluded in the analysis in all biopsies.   

 

Proliferation assay 

Cells were plated on 96‐well plates (5,000 cells/well) and cultured in 10% serum for 6, 24, and 

48 hours. To remove non‐adherent cells, medium was removed after 6 hours and fresh medium 

was added for the remaining 24 hours.   Cells were then fixed  in 1% glutaraldehyde for 30 min 

and stained thereafter for 30 min in 0.1% crystal violet. The excess crystal violet was then gently 

removed  by washing with water.  The  cells were  then  lysed  overnight  with  1%  Triton‐X100 

(Sigma‐Aldrich) and absorbance was measured at 595 nm in a linearity way.[1] Normalization of 

the data  is unique  to every patient since data  in every experiment are normalized  to 6 hours 

incubation (6 hours = Time after harvested the cells and started the experiments). After 6 hours, 

the cells have attached to the surface but not yet started to proliferate. Every sample thus has 

its own normalization point. Cell viability has been tested with tryptan blue and less than 0.3% 

of the cells were stained. The crystal violet method has also been validated and compared with 

other proliferation assays  such as using a  cell  counter and  the  linearity has  shown  to be  the 

same. For more information see reference.[2] 

 

Proteoglycan measurement 



Cells were cultured in 35S‐supplemented (50 µCi/ml) sulfate‐poor medium for 24 hours. Labeled 

35S‐proteglycans  were  separated  on  a  DEAE‐52  cellulose  anion  exchange  resin  column  as 

previously described.[3] Unincorporated  35S was  efficiently  removed by  extensive washing of 

the DEAE‐52 column with 0.05 and 0.5M acetate in 6M Urea, pH 5.8. The PGs were then finally 

eluded by using 4 M Guanidine, 0.01M NEM, 0.01M EDTA, 1mM of PMSF and 0.05M acetate, 

pH5.8. Unspecific binding and  free  35S were  further checked by using gel chromatography on 

Sephacryl S‐500 HR on this fraction  in 4M GuHCl which showed only traces of   35S  in the total 

volume.  Furthermore,  unspecific  binding  of  35S was  further  also  controlled  by  using  specific 

degradation with protease or  lyases  followed by gel chromatography where  less than 0.1% of 

free sulphate was noted. Thus it can be eliminated that nonspecific binding of 35S does not occur.  

 

Total 35S‐labeled proteoglycan was quantified using a scintillation counter (Beckam LS‐6500TM). 

Individual proteoglycans (versican, biglycan, perlecan, and decorin) were separated on a 3–12% 

polyacrylamide gel electrophoresis and analyzed using Fuji BAS 2000TM and adjusted  for  total 

cell  protein  (BCA  protein  assay  kit;  Pierce,  Thermo  Fisher  Scientific,  MA).  For  selection  of 

proteoglycans  size  of  the macromolecules  and  size  of  the  corresponding  protein  core  after 

specific degradation  (with heparin  and/or  chondroitin ABC  lyases) of  the polysaccharide  give 

reliable  information  concerning  versican,  biglycan  decorin  and  perlecan.  The  position  of  this 

proteoglycans  have  earlier also  been  documented with western  blot  and mass  spectrometer 

identification  (MALDI‐TOF‐MS).[3‐4] Other proteoglycans such as syndecans and glypicans can 

be neglected since there is only 2‐3 % of those in the culture medium related to total amount of 

proteoglycans secreted from the fibroblasts.[5] 
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Subjects and sampling of tissue 

Central fibroblasts were sampled from central airways (segmental or subsegmental carina in the 

right  lower  and  upper  lobes)  and  distal  fibroblasts  were  sampled  from  parenchymal 

compartments  (alveoi)  (transbronchial biopsies  ≈ peripheral  right  lobe at a distance of  ≥  inch 

from pleura). Occasionally  small airways were detected  in  the biopsies, but  the predominant 

numbers of biopsies only tissue had alveoli. 

 
Cell culture and morphological characterization 
 
The bronchial and distal biopsies were cut and cultured  in 25 cm2  tissue culture  flasks  (Nunc, 

Roskilde,Denmark) with DMEM supplemented with 10% Fetal Clone III (Hyclone, Logan, UT, US), 

1% L‐glutamine, 0.5% gentamicin, and 5 μg/ml amphotericin. The cell cultures were kept  in a 

humidified 37ºC cell incubator with an atmosphere of 5% CO2 and were trypsinized when they 

reached confluence. Centrally‐derived fibroblasts were cultured from centrally‐derived biopsies 

taken from 15 of these 23 individuals: 8 asthma patients (8/11, 72%) and 7 controls (7/12, 58%). 

Distally‐derived biopsies were taken from 19 of 23 individuals.  Distally fibroblasts cultures were 

established from all these 19 individuals (100 % of total, Table 1). 

For  the  morphological  studies,  the  cells  were  used  at  passage  number  3–5,  fixed  in  1% 

glutaraldehyde (BDH Chemicals Ltd, City, England) for 30 minutes and stained with 0.5% crystal 

violet (Merck) for 2 hours. On 250 cells/subject cellular extensions were counted. The areas of 

cells  were  randomly  selected  and  done  in  a  double‐  blinded  manner  to  avoid  bias  when 

counting the cells. This was done using a computerized  image analysis package (Leica Q500IW 

software; Leica, Wetzlar, Germany). To characterize the fibroblasts further, cells were seeded in 



4‐well chambers  (7,000 cells/well)  for 24 hours. Paraformaldehyde  (4%)  fixed cells were  then 

washed in PBS (3 x 5 min) and subsequently blocked for 1 hour with 0.5% BSA in TBS. This was 

followed by  incubation with primary antibodies  to vimentin  (1:100; Santa‐Cruz Biotechnology, 

Santa‐  Cruz,  CA),  prolyl‐4‐hydroxylase  (P‐4‐OH)  (1:100;  Acris  antibodies,  Hiddenhauser, 

Germany), or SM22  (1:100; Abcam, Cambridge, UK)  for 1 hour.   Secondary antibodies against 

the relevant isotypes of the primary were applied for 1 hr followed by buffer wash and nuclear 

staining  (DAPI, moeluclar  probes).  Secondary  antibodies were  all  purchased  from Molecular 

Probes  (Invitrogen,  Carlsberg,  CA).  Control  experiments  were  performed  with  and  without 

primary antibody, and with and without secondary antibody. Control sections were included in 

all experiments to correct for background fluorescence. Isotype matched controls were used in 

combination and  for each  type of primary antibody  to  reduce  the  risk of detecting unspecific 

staining. All images were captured with an inverted microscope (Nikon TE200E) equipped with a 

high‐resolution camera (Nikon DXM 1200C) and merged with NIS elements software (Nikon). 

 

Trichrome staining in transbronchial biopsies 

Periodate‐paraformaldehyde‐lysine  (PLP)‐fixed  transbronchial  biopsies  from  patients  with 

asthma  and  controls  were  stained  with  trichrome  staining  for  measurement  of  collagen 

expression. The biopsies collected did not show any differences  in size, vascularity, or muscle 

content. From each  individual at  least 3 sections (each 5µm) separated by at  least 40µm were 

selected.  Total  area  analyzed  from  asthma  sections  was  4.2mm2  (0.298  (0.063‐0.7073))  vs. 

3.089mm2  (0.236  (0.031‐0.860))  for  controls  tissue.    Sections  were  photographed  using  a 

TE2000E fluorescence microscope (Nikon, Tokyo, Japan) equipped with a bright field DXM1200C 



camera  (Nikon, Tokyo,  Japan). Pictures  from each biopsy were analyzed with  ImageJ software 

(NIH) where a plug  in software application for spectral analysis was used to  identify, separate, 

and measure  blue  collagen  staining.  The  same  program was  also  used  to  calculate  the  total 

tissue  area. Collagen  areas  are presented  as % of  total  tissue  area. Middle‐size  vessels were 

excluded in the analysis in all biopsies.   

 

Proliferation assay 

Cells were plated on 96‐well plates (5,000 cells/well) and cultured in 10% serum for 6, 24, and 

48 hours. To remove non‐adherent cells, medium was removed after 6 hours and fresh medium 

was added for the remaining 24 hours.   Cells were then fixed  in 1% glutaraldehyde for 30 min 

and stained thereafter for 30 min in 0.1% crystal violet. The excess crystal violet was then gently 

removed  by washing with water.  The  cells were  then  lysed  overnight  with  1%  Triton‐X100 

(Sigma‐Aldrich) and absorbance was measured at 595 nm in a linearity way.[1] Normalization of 

the data  is unique  to every patient since data  in every experiment are normalized  to 6 hours 

incubation (6 hours = Time after harvested the cells and started the experiments). After 6 hours, 

the cells have attached to the surface but not yet started to proliferate. Every sample thus has 

its own normalization point. Cell viability has been tested with tryptan blue and less than 0.3% 

of the cells were stained. The crystal violet method has also been validated and compared with 

other proliferation assays  such as using a  cell  counter and  the  linearity has  shown  to be  the 

same. For more information see reference.[2] 

 

Proteoglycan measurement 



Cells were cultured in 35S‐supplemented (50 µCi/ml) sulfate‐poor medium for 24 hours. Labeled 

35S‐proteglycans  were  separated  on  a  DEAE‐52  cellulose  anion  exchange  resin  column  as 

previously described.[3] Unincorporated  35S was  efficiently  removed by  extensive washing of 

the DEAE‐52 column with 0.05 and 0.5M acetate in 6M Urea, pH 5.8. The PGs were then finally 

eluded by using 4 M Guanidine, 0.01M NEM, 0.01M EDTA, 1mM of PMSF and 0.05M acetate, 

pH5.8. Unspecific binding and  free  35S were  further checked by using gel chromatography on 

Sephacryl S‐500 HR on this fraction  in 4M GuHCl which showed only traces of   35S  in the total 

volume.  Furthermore,  unspecific  binding  of  35S was  further  also  controlled  by  using  specific 

degradation with protease or  lyases  followed by gel chromatography where  less than 0.1% of 

free sulphate was noted. Thus it can be eliminated that nonspecific binding of 35S does not occur.  

 

Total 35S‐labeled proteoglycan was quantified using a scintillation counter (Beckam LS‐6500TM). 

Individual proteoglycans (versican, biglycan, perlecan, and decorin) were separated on a 3–12% 

polyacrylamide gel electrophoresis and analyzed using Fuji BAS 2000TM and adjusted  for  total 

cell  protein  (BCA  protein  assay  kit;  Pierce,  Thermo  Fisher  Scientific,  MA).  For  selection  of 

proteoglycans  size  of  the macromolecules  and  size  of  the  corresponding  protein  core  after 

specific degradation  (with heparin  and/or  chondroitin ABC  lyases) of  the polysaccharide  give 

reliable  information  concerning  versican,  biglycan  decorin  and  perlecan.  The  position  of  this 

proteoglycans  have  earlier also  been  documented with western  blot  and mass  spectrometer 

identification  (MALDI‐TOF‐MS).[3‐4] Other proteoglycans such as syndecans and glypicans can 

be neglected since there is only 2‐3 % of those in the culture medium related to total amount of 

proteoglycans secreted from the fibroblasts.[5] 
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