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Abstract

During the formation of peribronchial fibrosis in asthma, remodeling of connective tissue is due to an increase in
deposition of extracellular matrix components like that of specific types of collagens and proteoglycans. By taking
bronchial biopsies, we were able to isolate cell cultures derived from asthmatic patients and healthy volunteers, which
provides a good model system to study differences regarding cell morphology and key connective tissue proteins in
the remodeling process. Proteomics, utilizing two-dimensional electrophoresis and modern image analysis systems
have made it possible to study protein expression and regulation of proteins in biological systems. By using this
powerful tool, it is possible to quantitatively study protein regulation and to obtain increased knowledge about the
mechanism behind the inflammatory process and formation of peribronchial fibrosis. We have optimized a proteomic
protocol enabling detailed investigation of the protein expression pattern in human lung cells. An increased expression
pattern was obtained, whereby 20 protein spots could be detected by image analysis in the B45 kDa region. Out of
these, specific regulations of four spots were found by quantitative image analysis and spots of interest were identified
by MALDI TOF-MS. This protocol enables us to study 1000–2000 proteins simultaneously and the possibility to
correlate protein expression to the physiological status of the cell culture investigated. We have found that two
proteins, actin and tropomyosin, are increased in expression due to transforming growth factor-b stimulation. These
proteins are correlated to the transformation of normal fibroblasts to myofibroblasts which are involved in the
remodeling processes observed in asthma. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Analytical technology development directed to-
wards mapping protein expression is currently in
the focus of biological understanding. Differential
display expression analysis is directed towards
events taking place in cells, tissues, and organs as
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well as in a number of biofluids [1,2]. The current
activity of mapping the human genome certainly
has a strong link to the resulting protein expres-
sion why proteomics has entered into the high-
lights of life science [1]. The key to facilitate
protein identifications and their structure that is
to be linked to the protein function all comes
back to applying high quality analytical tech-
niques and methods. Proteomics is a research area
with fast improvements in methodology as well as
new technology introductions [1]. The most effi-
cient high resolution separation technique avail-
able today for protein separations is still
two-dimensional gel electrophoresis [3,4]. The
proteins of interest are then identified by mass
spectrometry. Accuracy from modern mass spec-
trometry instruments are typically in the 5–10
ppm range which is in line with the search rou-
tines used in data base mining and data base
identifications.

By using this powerful tool it is possible to get
increased knowledge about the mechanism behind
the inflammatory process and formation of peri-
bronchial fibrosis seen in asthma. In asthma, a
profound change of the organization of the extra-
cellular matrix have been recorded, where peri-
bronchial fibrosis is a distinct feature as well as
smooth muscle hyperplasia and hyper secretion of
mucus [5]. Among the proteins that are elevated
in the diseased extracellular matrix are some of
the proteins in a group of proteins called proteo-
glycans which are substituted with carbohydrates
[6–8]. Bensadoun et al., 1997 showed that one of
the proteoglycans, versican, is one of the first
molecules seen in the formation of new extracellu-
lar matrix [9]. It is believed that versican has a
regulatory function in the formation of both nor-
mal and diseased extracellular matrix. The mecha-
nism behind these profound changes around the
bronchia in asthmatics may be related to induced
changes of proteoglycan synthesis. The effect of
this altered proteoglycan synthesis may also be
direct cell surface receptor activation, effect on
cytokine receptors, storage/inactivation or activa-
tion of cytokines and control of protease activity.
The cell responsible for the elevated proteoglycan
production is proposed to be the bronchial my-
ofibroblasts [10,11]. The pro-fibrotic cytokine

TGF-b is important for the transformation of
fibroblasts to myofibroblasts, which have in-
creased amounts of a-smooth muscle actin [12,13].
TGF-b have also been shown to alter the proteo-
glycan synthesis in normal proteoglycan synthesis
[6,7,14] and is over-expressed in an asthmatic lung
and, thus, regarded as important for the forma-
tion of fibrosis. [15–18]. In this study, we have
compared the expression patterns of TGF-b stim-
ulated and non-stimulated fibroblasts in the low
mass range of proteins. We also have an expres-
sion profile of the proteoglycans in primary hu-
man lung cells derived from human asthmatics.
Proteomics is applied to study a fibroblasts cell
line to gain understanding about the alterations in
connective tissues biology from asthmatic
patients.

2. Experimental

2.1. Cell culture

Fibroblast cultures were established from cen-
tral bronchial lung biopsies. Control cells were
normal human lung fibroblasts (HFL-1) pur-
chased from American Type Culture Collection
(ATCC). Cells were grown in 25 cm2 dishes in
Eagel’s minimum essential medium (EMEM) sup-
plemented with 10% new-born calf serum and 1%
glutamine, at 37°C in a humidified 5%/CO2/95%
air atmosphere. Confluent cultures were
trypsinized and split 1:2 before replating. They
usually became confluent after 3–4 days. The cells
were regularly checked for mycoplasma using 4,6-
diamidine-2-phenyl-dihydrochloride. Experiments
were performed on cells between passage five and
nine for fibroblasts from central lung biopsies and
between passage 15 and 21 for the HFL-1 cells.
For morphological identification, fibroblasts were
studied by light microscopy after staining with
crystal violet. The HFL-1 cells were grown in
T-75 flasks with MEM medium (Sigma, M-4655)
supplemented with 10% fetal bovine serum (FBS)
and 2 mM L-glutamine at 37°C in 5% CO2 until
confluence. The cells were stimulated with TGF-b
10 ng/ml (R&D Systems, Minneapolis, MN) or
vehicle for 24 h in same medium as above, but
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with 0.4% FBS. The adherent cells were scraped
from the tissue culture flasks, and then harvested
by centrifugation (1000×g). The cell pellets were
stored at −80°C until further use. The amount of
cells per T-75 flask was estimated to 10×106 cells
by cell counting of trypsinated cells in both con-
trol and TGF-b treated cultures.

2.2. Preparation and identification of
proteoglycans

At confluence, fibroblast cultures were labeled
with 200 mCi/ml [35S]-sulphate from ARC (St.
Louis, MO, USA) for 24 h in sulfate-poor
EMEM supplemented with 10% FBS. The culture
medium was harvested an analyzed regarding
amount and type of secreted proteoglycans.

The total amount of proteoglycans were sepa-
rated by ion exchange chromatography as previ-
ously described [19]. Briefly, the cell medium was
passaged over columns of (0.7×4 cm) DEAE-cel-
lulose DE-52 from Whatman (Madistone, UK),
which previously had been equilibrated with 6 M
urea, 50 mM acetic acid, pH 5.8, 5 mM N-ethyl-
maleimide and 5 mg/ml of ovalbumin. To remove
unincorporated radioactive precursors, the
columns were washed with 60 bed volumes of the
same solvent. Hyaluronan was eluted with six bed
volumes of 6 M urea, 500 mM acetic acid, and 5
mg/ml of ovalbumin. Finally, total proteoglycans
were eluted twice with three bed volumes of 4 M
guanidium chloride, 50 mM sodium acetate, pH
5.8, and 5 mg/ml of ovalbumin.

Proteoglycans were then identified and sepa-
rated into different types of proteoglycans by
sodium doedecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE). After ethanol precipita-
tion, electrophoresis was performed on 3–12%
polyacrylamide gradient gel (T/C=30/0.8) from
Scot Lab. (Luton, UK), and by further using a
3% stacking gel and the buffer system of Laemmli
[20], as described by Lindblom et al. [21]. The
intensity of the different bands containing versi-
can, perlecan, biglycan or decorin were further
analyzed and visualized on an image plate which
was scanned by a Fuji BAS 2000 image analyzer
(Seikagaku Kogyo, Tokyo, Japan). These proteo-
glycans have earlier been identified in earlier work

using Western blot, with specific antibodies
against the various proteoglycans [22].

2.3. Sample preparations and gel electrophoresis

2.3.1. Sample preparation
Human fetal lung cells in various passages 15–

21 were growth arrested by incubation in MEM
with 0.4% FCS for 24 h. Following stimulation
was achieved by incubation with TGF-b 10 ng/ml
(R&D Systems, Minneapolis, MN) or vehicle for
24–48 h in MEM-medium (Sigma, M-3911) sup-
plemented with 0.4% dialyzed FCS, 1 mM L-glu-
tamine and 0.5 mg/ml cold methionine (Sigma,
M-7520 St Louis, IL). The cells were washed with
Hanks buffer and then lyzed in a mixture of 8 M
urea and 2% CHAPS 40+80 ml.

2.3.2. Two-dimensional gel electrophoresis
Immobiline dry strips (180 mm, pH 3–10 NL,

Amersham Pharmacia Biotech, Uppsala Sweden)
were rehydrated in 350 ml of the solubilization
solution containing 7 M thiourea, 2 M urea, 4%
CHAPS, 10 mM DTT, and 0.5% IPG 3–10
buffer, together with the fractionated samples.

The iso electro focusing (IEF) step was per-
formed at 20°C in a IPGphor™ (Amersham Phar-
macia Biotech, Uppsala, Sweden) and run
according to the following schedule, (1) 30 V for
10 h; (2) 500 V for 1 h; (3) 1000 V for 1 h and (4)
4000 V until approximately 45 000 V h were
reached. The strips were equilibrated for 10 min
in a solution containing 65 mM DTT, 6 M urea,
30% (w/v) glycerol, 2% (w/v) SDS and 50 mM
Tris–HCl pH 8.8. A second equilibration step
was also carried out for 10 min in the same
solution except for DTT, which was replaced by
259 mM iodoacetamide. The strips were soaked in
electrophoresis buffer (24 mM Tris base, 0.2 M
Glycine and 0.1% SDS) just before the second-di-
mensional gel electrophoresis. The strips were ap-
plied on 14% homogeneous Duracryl (Genomic
solutions, Chelmsford, MA, USA) slabgel. The
strips were then overlaid with a solution of 1%
agarose in electrophoresis buffer (kept at 60°C).
Electrophoresis was carried out in an Hoefer™
DALT gel apparatus (Amersham Pharmacia Bio-
tech, San Francisco, CA, USA) at 20°C and con-
stant 100 V for 18 h.
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2.3.3. Gel staining
Gels were stained with silver according to [23]

Briefly, the gels were fixed in 50% ethanol and 5%
acetic acid and then sensitized in 0.02% sodium
thiosulfate. The staining was performed in 0.1%
silver nitrate.

2.3.4. Spot analysis
Gels were scanned using a Fluor-S™ MultiIm-

ager (Bio-Rad Laboratories, Sundbyberg, Swe-
den) and Quantity One (version 4.0.3, Bio-Rad
Laboratories, Sundbyberg, Sweden). Spot analysis
was performed using the PDQUEST (version
6.1.0) two-dimensional gel analysis system (Bio-
Rad discovery series, Bio-Rad Laboratories,
Sundbyberg, Sweden).

2.4. Mass tryptic digest and extraction of
peptides

After the image analysis Gels spots were excised
from the gel and transferred to separate Eppen-
dorf vials. Next the gel pieces were washed with
ammonium bicarbonate buffer (50 mM) followed
by acetonitrile extraction and reduction and alky-
lation. The in gel digestion of protein spots were
performed overnight with Trypsin from porcine
(Boehringer Mannheim Germany). For protein
spots not identified in this first mode, further
extraction of the gel pieces were performed using
acetonitrile and 5% formic acid.

2.5. Mass spectrometry identification

The MALDI-TOF instrument was a Voyager
DE-PRO (Perseptive Biosystems Inc., Framing-
ham, MA, USA) mass spectrometer. The instru-
ment, equipped with a delayed extraction ion
source, utilize a nitrogen laser at 337 nm and was
operated in reflectron mode at an accelerating
voltages of 20 kV. The sample probes were made
of polished stainless steel. Sample deposition of
nanoliter fractions was made on stainless steel
MALDI-target plates and on a 100 position stain-
less steel target plate (Perseptive Biosystems). The
nanoliter fractions were gained by manually elut-
ing small droplets from microextraction columns
onto the MALDI target plate according to [24].

Gel extraction prior to MALDI identifications
were made according to Shevchenko et al [23].

3. Results

Central bronchial biopsies were obtained from
asthmatic patients and healthy volunteers. From
these biopsies, cell cultures were established from
central biopsies. The cell cultures derived from the
biopsies were incubated in growth conditions fa-
voring fibroblasts. The morphology of the cells
obtained from central biopsies were typical for a
fibroblast (see Fig. 1A and B). The shapes of the
cells as well as the production of connective tissue
are typical of human lung fibroblasts. Fig. 1C
show cells from a well characterized cell line,
HFL-1, which are similar to the cells derived from
the biopsies regarding cell shape and connective
tissue production. However, it could be noticed
that the fibroblasts from the asthmatic were sur-
rounded by more connective tissue than the HFL-
1 cells (see Fig. 1). To be able to obtain sufficient
amounts of cells, the cells were grown on plastic
plates and split every week. This was repeated
until the cells had been splitted five times and,
thus, were in passage five.

The proteoglycan composition secreted from
fibroblast cultures established from central lung
biopsies, were further characterized after ion ex-
change chromatography with support material of
DEAE-cellulose. The ion exchange chromatogra-
phy was followed by SDS-PAGE where the differ-
ent type of proteoglycans are lined up according
to size (Fig. 2A). The major constituent produced
by the biopsy derived fibroblasts were perlecan,
versican, decorin and biglycan, which have been
identified in earlier work by Western blot [22].

The ratio between the connective tissue compo-
nents were approximately 6:6:4:3, respectively (see
Fig. 2B). These quantities were calculated from
the image scanned calculations. The proteoglycan
pattern was found to be stable after passage five.
Furthermore the variance between cell cultures
derived from different biopsies in proteoglycan
production is shown in Fig. 2. The interplay
between the proteoglycans and the lung fibro-
blasts is regarded important in the formation of
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peribronchial fibrosis. Therefore, we used a pro-
teomics approach to search for proteins important
for matrix formation in a diseased state. The
overall work-scheme is presented in Fig. 3 where
the main objective was to investigate the correla-
tion between the intracellular proteins and the
proteoglycan synthesis seen in the asthmatic cells.

3.1. Two-dimensional gel electrophoresis analysis

In order to make extensive protein analysis by
proteomics, a human fetal lung cell line, HFL-1
was used. By studying this human lung fibroblast
cell line HFL-1, it was concluded that a significant
number of proteins in the fibrosis process also
showed altered expression. Prior to two-dimen-
sional gel electrophoresis, the cells were treated
with TGF-b which is regarded to be important in
the development of peribronchial fibrosis [18].
The samples were run in triplicates and visualiza-
tion of the separated proteins was achieved by
silver staining according to methodology by
Shevchenko [23]. The gels were analyzed by the
PDQuest software, which assign each spot on the
gel a given integrated optical density (IOD) value.
This value was compared with the total amounts
of valid spots, which was made in order to be able
to reduce gel variations, like unequal staining or
small differences throughout the gel work. Thus,
each spot is expressed as a PPM of the total IOD
of all valid spots. Every spot on the gel from
TGF-b treated samples were compared with the
corresponding spot on the gel with the control
treated samples. The spots that had a statistically
significant difference (PB0.05) were regarded as
regulated. After image analysis, gels spots were
excised from the gel and transferred to separate
Eppendorf vials and digested overnight.

The resulting peptide mixture extracted from
the gel spots were identified by MALDI-MS. The
dry droplet MALDI crystallization technique was
applied using 1 ml of the sample. Some proteins
were identified directly after submission of the
peptide masses to the prowl search engine
(www.prowl.com). In most cases, additional clean
up and enrichment steps had to be performed
using small reversed phase microcolumns [24] and
direct elution with matrix. The amount of Trypsin
used in the digestion step was found to be of
importance in order to generate the autodigest
fragments. If lower amounts are being used, the
autodigest peaks will not appear in the spectrum,
which makes the internal calibration impossible.
External calibration in these situations will yield
less good mass accuracy. A too high amount of
Trypsin will result in strong autodigest signals

Fig. 1. Light microscopy pictures on, (a) human lung primary
lung cells derived from central biopsies; (b) the same lung
fibroblast from a central lung biopsy at a magnification of
×40; (c) human lung fibroblasts (magnification ×20). To
visualize the cells easier, cells were stained with crystal violet.
The HFL-1 cells were in passage 18 and the asthmatic cultures
in passage five.
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Fig. 2. Fibroblasts from patients with asthma were labeled for 24 h with [35S]. Total secreted amount of proteoglycans was isolated
by ion exchange chromatography. The various types of proteoglycans were further separated into different types of proteoglycans
by SDS-PAGE, shown in (A). The radioactivity in the different bands was visualized and intensity was measured by Fuji BAS 2000
image analyzer, shown in (B). For further details see Section 2.

that will suppress the ionization of the peptides
from the protein spot.

Fig. 4A shows a protein identification map of
proteins identified on a human fibroblasts cell line.
Some of the identified proteins were also signifi-
cantly regulated. By using IPG strips with a more
narrow pH 4.5–5.5 areas of interest can be studied

in detail (see Fig. 4B). By using these zoom gels,
proteins that are building blocks of the contractile
machinery in fibroblasts could be studied in detail,
regarding different isoforms and phosphorylation
forms. Different isoforms of tropomyosin was
increased by a factor of six to ten and actin was
increased by a factor of three to five.
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Fig. 3.
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4. Discussion

During formation of peribronchial fibrosis in
asthma, remodeling of connective tissue is due to
an increased deposition of extracellular matrix
components like that of specific types of collagens
and proteoglycans [25]. The increased deposition
of these components causes the subepithelial layer
to be more than double in diameter [26,27] and
this thickening correlates to the asthma severity
score [28–31]. The increased rigidity of the thick-
ened lamina reticularis reduces the basement
membrane capacity to fold during smooth muscle
contraction. This in turn results in increased air-
way responsiveness [13,32,33]. By taking central
bronchial biopsies, we were able to isolate cell
cultures derived from asthmatic patients and
healthy volunteers. These cell cultures were cul-
tured in growth medium favoring fibroblast out-
growth and, thereby, obtaining a pure population
of fibroblasts cells. These cells provide a good
model system to study differences in asthmatics
and healthy volunteers regarding cell morphology.
By the use of ion-exchange chromatography, we
were able to determine the stoichiometric relation
between the four major proteoglycans. The pro-
teoglycans are key molecules in the remodeling
process in human tissue, and are important in
peribronchial fibrosis and inflammation. The pro-
teoglycan ratio shown in Fig. 2 show a normal
proteoglycan pattern. However, in fibrotic extra-
cellular matrix perlecan which is a proteoglycan
rich in heparan sulfate side chains are increased
[34]. The heparan sulfate side chains have several
different biologically important features. Func-
tions like binding cytokines [35], proteases [36], as
well as having direct effect on the fibroblasts [37]
are known effects. An increase in perlecan is seen
in the fibrotic tissue, which mediates a different
protease and cytokine pattern within the tissue
[34]. Early in a fibrotic process or in vitro stimula-
tion with TGF-b, biglycan and collagen are in-

creased whereas decorin is decreased. This is of
special interest since decorin is considered as one
of the organizers of the collagen fibrils [38]. An
increase in collagen with a decrease in decorin
results in a large amount of unorganized collagen.
Then, when decorin is activated this usually re-
sults in a fibrotic extracellular matrix [38]. There-
fore, the ration between the component is of
importance in the formation of normal extracellu-
lar matrix.

We have optimized a proteomic protocol en-
abling detailed investigation of the protein expres-
sion pattern in human lung fibroblasts, which are
the main extracellular matrix producing cells. This
protocol enables us to study 1000–2000 proteins
simultaneously and a possibility to correlate the
protein expression to the physiological status of
the cell culture investigated. We could MS-iden-
tify three isoforms of tropomyosins and actin and,
thereby, identify the regulation when using TGF-
b as stimulus. These two proteins are important in
the formation of contractile fibers. It has also
been found that contractile proteins correlated to
the transformation of normal fibroblasts to my-
ofibroblasts [13]. The myofibroblasts are responsi-
ble to the remodeling in both normal wounds as
well as in peribronchial fibrosis. At least two actin
filament pools exist in the vertebrate cells, one
which is stable and associated with tropomyosin.
Tropomyosin isoforms organization and gene ex-
pression is responsive to alterations in actin gene
expression [39]. It has previously been docu-
mented that TGF-b upregulated both actin and
tropomyosins [40,41], however, how the different
isoforms are affected is unclear. The resolution
achieved by 2-D electrophoresis offers a possibil-
ity to view these factors at the same time. At least
three different isoforms of tropomyosin are found
to be expressed in our gels and all three of these
isoforms are statistically significant upregulated.
Current work is ongoing to identify in detail
which isoforms respond to TGF-b and which do

Fig. 3. Flowchart of the work flow. The cells are extracted from the tissue according to the experimental section and HFL-1 cells
were solubilized in a CHAPS and urea solution. The proteins are separated in the first dimension by isoelectric focusing and in the
second dimension with a SDS-PAGE gel electrophoresis. The visualization was performed with Silver and the images were analyzed
with the PDQuest software. Protein identification is determined with MALDI-TOF.
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Fig. 4. Gels were run according to the experimental section. The load was 100 mg of total cellular protein. For the second dimension,
14% duracryl gels were used. Protein identification was accomplished with mass spectrometry. Area of key interest is enlarged with
zoomgels with a narrow pH interval of 4.5–5.5.

not. The protocol that we have developed enable
us to visualize both intracellular and extracellular
proteins which all have been linked to the remod-
eling in peribronchial fibrosis. In the current study
the co-expression of these factors allows us to
search for the role of the organization of the
cytoskeleton and the remodeling of the extracellu-
lar matrix, focusing on the proteoglycans. In a
future perspective, the exact link between these
proteins can be of major importance in determin-
ing the mechanisms behind the physiological and

morphological changes induced by different ex-
ogenous stimulation.
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