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Protease-activated receptor (PAR)-independent growth and
pro-inflammatory actions of thrombin on human cultured
airway smooth muscle
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1 Thrombin, a mitogen for human cultured airway smooth muscle (HASM), has many actions that
have been attributed to activation of protease-activated receptor (PARs). However, the role of PARs
in the proliferative action has not been clearly identified. Moreover, thrombin elicits cytokine
production in a number of cell types, but these effects have not been characterized in human ASM.

2 Thrombin (0.03—-3 U ml')-stimulated increases in the levels of the pro-inflammatory and
fibrogenic cytokine, granulocyte-macrophage colony-stimulating factor (GM-CSF) were observed
over the same concentration range observed for thrombin-stimulated mitogenesis.

3 Inhibition of thrombin proteolytic activity, with either D-phenylalanyl-L-prolyl-L-arginine
chloromethyl ketone (PPACK)- or hirudin-treated thrombin (0.3 U ml~') or in the presence of
the thrombin serine protease-selective inhibitor, SDZ 217-766 (0.15 uMm), reduced the thrombin-
stimulated GM-CSF levels by 91+3, 65+12 and 83+9% (n=8, P<0.05), respectively. PPACK
treatment, hirudin and SDZ 217-766 inhibited thrombin-stimulated increase in cell number by 70 +8,
63+ 11 and 69 +8%, respectively.

4 PAR-selective peptides SFLLRN (PARI1; 10 um), SLIGKV (PAR2; 10 um), GYPGQV (PAR4;
100 uM) or the combination of SFLLRN and GYPGQYV elicited mitogenic responses of only 15% of
that to thrombin and surprisingly, had no effect on GM-CSF levels (n=8). Nevertheless, inhibition
of thrombin responses by pertussis toxin (50 ng ml~') suggests that the PAR-independent actions
also involve a G-protein-coupled receptor.

5 PARI receptor expression was evident by immunohistochemistry and these receptors were
coupled to increases in intracellular calcium, but not to the phosphorylation of ERK or the increases
in cyclin D1 protein levels that are essential for cell proliferation. Cross-desensitization of
intracellular calcium increases by thrombin and the PARI1-selective peptide provides evidence that
the PAR1 receptor responds to both ligands.
6 The failure of PAR-selective peptides to mimic thrombin responses together with the inhibition
of thrombin responses by serine protease inhibitors suggest the involvement of novel proteolytic
receptor targets for thrombin-induced mitogenesis and cytokine production.
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Introduction

Thrombin is a serine protease generated from prothrombin as
a result from the activation of the coagulation cascade
(Grand et al., 1996). The role of thrombin was initially
thought to be restricted to regulating haemostasis and
thrombosis. However, this protease is now known to elicit
a vast array of cellular responses: being chemotactic for
inflammatory cells such as macrophages, monocytes and
neutrophils; stimulating cell rounding; initiating bone cell
resorption and neuronal proliferation (Grand et al., 1996).
Thrombin is also implicated in vascular remodelling diseases
such as atherosclerosis through pro-aggregatory actions and
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by directly stimulating smooth muscle proliferation (Tappar-
elli et al., 1993).

Smooth muscle cell hyperplasia contributes to the airway
wall remodelling (AWR) that is associated with asthma
(Ebina et al., 1993; Stewart et al., 1993). Our studies and
those of several other groups have established that thrombin
is a mitogen for human airway smooth muscle (HASM)
(Panettieri et al., 1995; Tomlinson et al., 1994), but the
receptor-dependence of this action has not been delineated.
Elevated levels of thrombin are found in the bronchoalveolar
lavage fluid (BALF) of asthmatics (Gabazza et al., 1999).
Thus, thrombin has the potential to contribute to acute and
chronic airway inflammation and remodelling, which are
important pathological characteristics of asthma.
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Eosinophil-derived mediators contribute to bronchospasm,
acute and chronic inflammation and AWR. In vitro and in
vivo studies show that granulocyte-macrophage colony-
stimulating factor (GM-CSF) promotes the differentiation,
proliferation, function, migration and survival of eosinophils
(Lopez et al., 1986; Park et al., 1998). BALF GM-CSF levels
in asthmatics are twice as high as those detected in healthy
volunteers (Mattoli et al., 1991). In the context of AWR,
GM-CSF can also stimulate collagen deposition by mesench-
ymal cells (Plenz et al, 1999). In epithelial cells and
keratinocytes, serine proteases such as house dust mite
allergens and tryptase have been shown to stimulate GM-
CSF production (Sun et al., 2001; Vliagoftis et al., 2001;
Wakita et al., 1997). Thus, we have explored the possible
stimulatory effects of thrombin on GM-CSF production by
HASM.

In smooth muscle cells, thrombin elevates intracellular
calcium and activates the mitogen-activated protein kinase
family (MAPK), particularly extracellular signal-regulated
kinases 1 and 2 (ERK 1/2). Activation of ERK is followed by
increases in cyclin D1 protein levels that are important in the
mitogenic signalling required for entry of cells into the S
phase of the cell cycle (Ravenhall ez al., 2000; Stewart, 2001).
A number of other signalling mechanisms have been
implicated in thrombin-mediated mitogenesis, including PI3-
kinase and p70% (Stewart, 2001). However, there is little
known about the signalling pathways by which serine-
proteases such as thrombin elicit cytokine production by
mesenchymal cells.

Many of the responses to thrombin have been attributed to
its ability to activate a specific type of G-protein-coupled
receptor, the protease-activated receptor (PAR). Nevertheless,
there is evidence that fibroblast, monocyte and macrophage
mitogenic responses are independent of thrombin proteolytic
activity (Bar-Shavit er al., 1983; 1990). There are four
genetically distinct subtypes of the PAR family (Macfarlane
et al., 2001), of which thrombin predominantly activates
PARI through proteolytic cleavage of the N-terminal domain
of the receptor. The nascent N-terminus functions as a
‘tethered ligand’ that activates the receptor. Thrombin is less
active on PAR3 and PAR4 and does not appear to activate
PAR2 (Macfarlane et al., 2001). The two sites important for
thrombin activity are its catalytic site and the anion binding
site (Grand et al., 1996). The anion binding site co-ordinates
the binding of thrombin to PARs or to specific, negatively
charged substrates, such as fibrinogen. In human lung
fibroblasts (Bar-Shavit ez al., 1986), vascular smooth muscle
cells (Herbert et al., 1992) and umbilical vein endothelial cells
(Herbert et al., 1994), mitogenic responses to thrombin
require serine-protease activity. However, the extent to which
these thrombin responses are mimicked by PAR-selective
peptides remains controversial, since substantial differences in
cellular responses to thrombin and PAR-selective peptides
have been observed. For example, bovine coronary artery
smooth muscle proliferation induced by thrombin is not
mimicked by PARI-selective peptide (SFLLRN) (Bretsch-
neider et al., 1997).

The main purpose of this study was to compare the effects
of thrombin and PAR-selective peptides on functional
responses of HASM, because definition of the importance
of PARs in these responses is essential to any attempts to
block the inflammation and remodelling actions of thrombin.

Methods
Cell culture

HASM cell cultures were generated from bronchi (0.5—
2 cm diameter) obtained from lung resected from heart—
lung transplant recipients. ASM was micro-dissected (with
the aid of a binocular operating microscope) and
enzymatically digested with elastase (0.5 mg ml~') and
collagenase (1 mg ml~") (Worthington Biochemical Cor-
poration, Lakewood, NJ, U.S.A.) to generate cell suspen-
sions that were then cultured in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% w v~' foetal
calf serum (FCS), as previously described (Stewart et al.,
1995). Cells were passaged weekly at a 1:4 split ratio by a
10 min exposure to 0.5% w v~! trypsin (CSL, Victoria,
Australia) (in phosphate buffered saline (PBS, Oxoid,
Hampshire, U.K.) containing 1 mM EDTA) generating a
cell density of 1x 10*cells per cm? Cell passage numbers
4—-14 were used for experiments; a period in which there is
no relationship between cell passage number and respon-
siveness to growth factors or inhibitors and the expression
of smooth muscle «-actin is maintained (Stewart et al.,
1995).

HASM cells were plated into 6-well plates and allowed
to grow to 70-80% monolayer confluency in complete
DMEM. Subsequently, the cells were incubated with
serum-free DMEM for 24 h to arrest growth. Drug
treatments were added 30 min before stimulation for
48 h  with thrombin in the presence of the growth
supplement Monomed A (1% v v~', containing insulin,
tranferrin and selenium, CSL). When the incubation
period was complete, cell supernatants were removed and
stored at —20°C until required for GM-CSF determina-
tion, whilst the cells were harvested as described below to
determine cell number.

Cell number determination

After incubation with thrombin for 48 h, the cells were
washed twice with PBS and then dislodged with 300 uL of
0.5% wv~' trypsin (CSL) for 5-10 min. PBS (500 uL)
containing 2% FCS, was then added to neutralize the activity
of trypsin and the cells were collected into 1.5 ml plastic
tubes and centrifuged (760 x g, 5 min at 4°C). Supernatants
were discarded and pellets were resuspended in 200 ul. of
PBS containing 2% FCS and the cells counted using a
haemocytometer. Trypan blue exclusion was used to identify
non-viable cells.

Measurement of GM-CSF levels

Levels of GM-CSF were quantified using enzyme-linked
immunosorbent assays (ELISA). ELISA plates were coated
with rat anti-human GM-CSF monoclonal coating antibody
(1 pygml~', Endogen, MA, U.S.A)); in 0.1 M sodium
carbonate buffer, pH 9.4-9.8) and then left to incubate
overnight at room temperature. The plate was washed three
times with buffer (PBS containing 0.1% Tween-20, PBS-T)
before incubation with a blocking buffer (PBS containing 4%
FCS) for 1 h. Biotin-labelled, rat anti-human GM-CSF
antibody (0.25 ug ml~', Endogen) diluted in PBS was
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incubated with samples or human recombinant GM-CSF
standards (ranging from 0-1000 pg ml~!, Endogen) for 2 h
at room temperature before extensive washing. The signal
was generated during a 30 min incubation with poly HRP-
streptavidin solution (Endogen) and the substrate, 3,3',5,5'-
Tetramethylbenzidine (BD PharMingen, San Diego, CA,
U.S.A.) according to methods supplied by the manufacturer
(Endogen) and absorbance was determined at 450 nm (Victor
1420 Multilabel Counter, Wallac).

Preparation of PPACK-treated thrombin

The preparation of D-phenylalanyl-L-prolyl-L-arginine chloro-
methyl ketone (PPACK)-treated thrombin was based on a
modification of a previously described method (Greco et al.,
1990). Briefly, thrombin was incubated with 10-fold molar
excess of PPACK (Biomol, PA, U.S.A.) for 1 h at room
temperature. Excess unbound PPACK (3 ml) was dialyzed
against 0.38 M NaCl, 0.36 mm NaPQO,, pH 7.4 for 48 h with
four changes of fresh buffer (250 ml). As a control, thrombin
was incubated with PBS and dialyzed under the same
conditions (treatment condition labelled as sham-thrombin).
To determine whether all of the thrombin had reacted with
PPACK, the preparation was tested for its fibrinogen clotting
activity and in a fluorogenic thrombin serine protease activity
assay (see below).

Measurement of protease activity using fibrinogen
clotting assay and fluorogenic assay

The level of thrombin protease inhibition produced by
PPACK, SDZ-217-766 (gift from Sandoz) and hirudin
(Sigma) was determined by measuring effects on both
fibrinogen clotting activity and fluorogenic activity.

Fibrinogen clotting assay In a 96-well plate, 20 uL of
thrombin (0.3 U ml~' final concentration) treated with
PPACK, SDZ-217-766 (0.15 or 1.5 uM), or hirudin
(0.3 Uml™ ') was added to 180 uL fibrinogen (4 mg ml—',
Sigma) in PBS. Changes in opacity (resulting from
thrombin catalytic activity) at 560 nm were measured after
a 5 min incubation using a microplate reader (Victor 1420
Multilable Counter, Wallac), and absorbance was compared
against a thrombin (0.003-3 U ml~') concentration-re-
sponse curve.

Fluorogenic assay 140 ul. PBS was added to 96-well plate.
20 uL of PPACK treated-thrombin (0.3 U ml~'), SDZ-217-
766 treated-thrombin (0.3 Uml~') or hirudin treated-
thrombin (0.3 U ml~') was added to the appropriate wells.
A further 20 uL PBS was added to all wells. To start the
reaction, 20 ulL of the fluorogenic thrombin substrate III
(0.1 mM, Benzoyl-Phe-Val-Arg-AMC, diluted in 100%
dimethylsulphoxide, DMSO, Calbiochem, San Diego,
U.S.A.) was added (total volume of 200 uL). The plate
was incubated at 37°C in 5% CO, for 48 h. Hydrolysis of
the substrate by thrombin was monitored following the
change in absorbance (355—-460 nm) using a microplate
reader (Victor 1420 Multilable Counter, Wallac). We
confirmed that PPACK, SDZ 217-766 and hirudin caused
more than 96% inhibition of the protease activity of
thrombin (data not shown).

Immunoblot analysis

Cells were grown in 6-well plates under the same conditions
described for the cell counting. Thrombin or one of PARI-
selective peptides was added to appropriate wells for 6 h
(ERK1/2) or 20 h (Cyclin D1). These incubation times have
been shown in our laboratory to be appropriate for the
measurement of ERK phosphorylation and cyclin D1 in
relation to cell-cycle progression (Ravenhall er al., 2000;
Stewart et al., 1999). Following the incubation, the cells were
washed twice with ice-cold PBS and lysed for 20 min on ice
with 300 uL lysis buffer (containing 100 mM NaCl, 10 mMm
Tris-HCL, pH 7.5; 2 mM EDTA, 0.5% w v~' deoxycholate,

1% vv' triton-X 100, 1 mM phenylmethylsulphonyl
fluoride, 10 mm MgCl,, 100 IU ml~' aprotinin, 100 um
orthovanadate). The cells were scraped, transferred to

1.5 ml plastic tubes, centrifuged at 760 x g for 5 min, and
the supernatant collected and stored at —20°C. Aliquots
(7 uL) were taken from the supernatants and protein content
was determined using Bio-Rad protein assay (BioRad, New
South Wales, Australia). The samples were then denatured by
boiling for 4 min in a ratio of 1:1 with loading buffer
(62.5 nMm Tris-HCI, pH 6.8, 20% glycerol, 2% sodium
dodecylsulphate, SDS). Samples (60 ug protein per lane)
were separated electrophoretically on a 12% SDS-polyacry-
lamide gel and proteins were transferred onto nitrocellulose
membranes (Hi-Bond C, Amersham, Cardiff, U.K.) for
Western blotting. Membranes were blocked with 5%
(w v™") skim milk in TBS-T (cyclin D1) or PBS (ERK1/2)
for 1 h at room temperature, and then incubated overnight at
4°C with ERK1/2 antibody (rabbit polyclonal IgG, 1:1000,
New England Biolabs Inc., Beverly, MA, U.S.A.) or cyclin
D1 antibody (rabbit polyclonal antibody IgG, 1:1000,
Upstate Biotechnology, Lake Placid, NY, U.S.A.). The
membranes were then incubated for 1 h at room temperature
with the secondary antibody (horseradish peroxide (HRP)
conjugated anti-rabbit IgG, 1:1000 dilution, Silenus labora-
tories, Victoria, Australia; 1:2000 dilution, New England
Biolabs Inc., respectively) and visualized with an enhanced
chemiluminescence kit (Amersham). Scanning and quantifica-
tion of the relative levels of phosphorylated ERK1/2 and
cyclin D1 was performed using the Kodak image station
440CF (Perkin Elmer Wallac) equipped with Kodak ID
image analysis software (Eastman Kodak company, Roche-
ster, NY, U.S.A)).

Measurement of intracellular Ca’”" levels

Glass coverslips were sterilized in 70% (v v~') ethanol and
then rinsed with DMEM before being placed on the bottom
of the 6-well culture plates. The cells were seeded as described
in the cell culture method section. Once confluent, the
medium was replaced with DMEM containing 1 uM of the
calcium-sensitive dye, FURA-2 acetoxy methyl ester (FURA-
2AM, Molecular Probes, Eugene, U.S.A.) as described in our
previous studies (Stewart et al., 1994; Tomlinson et al., 1995).
Briefly, the cells were left to incubate at room temperature in
a shaker apparatus (60 strokes min—') for 40 min. The
medium was replaced with Tyrode buffer (pH 7.4, Sigma)
containing 0.25% (w v~') BSA (Sigma) and incubated for
15 min at 37°C. The measurement of intracellular calcium
was carried out using an F-2000 fluorescence spectro-
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photometer (Hitachi, Japan) equipped with filters, magnetic
stirring, and heating (37°C). The emission wavelength was set
at 510 nm and the excitation wavelengths alternated at 0.5 s
intervals between 340 and 380 nm. Basal and agonist-
stimulated elevations in intracellular calcium were assessed
from the fluorescence ratio (340 and 380 nm) and have been
expressed as a percentage of the response to the initial
agonist.

The compounds added to the cells were prepared and
warmed to 37°C. Drug additions were made approximately
50 s after placement of the slide in the cuvette. For
desensitization experiments, the agonists were added sequen-
tially (without any separate washes between treatments) when
calcium levels returned to baseline or to a new steady state
level. Endothelin-1 (100 nM) was added at the end of the
protocol to ascertain responsiveness to a ligand with no
relationship to PAR or thrombin mechanisms.
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Figure 1 Effect of increasing concentrations of thrombin on airway
smooth muscle (a) GM-CSF levels and (b) cell number. Quiescent
cells were stimulated for 48 h with increasing concentrations of
thrombin (0.003-3 U ml~"). Data represent the mean and s.e.mean
of the level determined from four different cell cultures. GM-CSF
level are expressed as fmol per 10° cells and the basal levels of GM-
CSF were below the detection limit of the assay (<1 fmol). Cell
number data are expressed as fold increment over the number of
unstimulated cells (basal). ***P <0.001 compared with basal. NS, not
significant 0.3 U ml™! compared with 3 Uml~'. The average
number of unstimulated cells at the end of the 48 h incubation was
1.6440.3 x 10° cells per well.

Immunohistochemistry

Immunohistochemistry was carried out using methods based
on a modification of those previously described (Stewart et
al., 1997). Cells were cultured into 8-well glass chamber slides
and allowed to grow to confluence. After washing in PBS, the
cells were fixed in ice-cold acetone for 2 min, cells were
incubated for 20 min at room temperature with 1.5% normal
horse serum (NHS, using a Vectastain Elite ABC kit) to
prevent non-specific secondary antibody binding, then
incubated with the primary mouse monoclonal antibody for
human PARI antibody (ATAP2, 5 ug ml~'; obtained from
initial investigation of optimal PARI1 antibody dilution) or
isotype control, mouse IgG1 (Dako, Copenhagen, Denmark);
overnight at room temperature. After two 5 min washes in
PBS, the cells were exposed to a horse Biotinylated anti-
mouse IgG secondary antibody (diluted in 1.5% v v—' NHS)
for 45 min, at room temperature. Endogenous peroxidase
activity was blocked by immersion in methanol containing
0.12% (v v~ ") hydrogen peroxide for 10 min. Following
washing in PBS, cells were incubated for 45 min at room
temperature with the avidin-biotin complex (Vectastain Elite
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Figure 2 Effect of PPACK-treated thrombin on (a) GM-CSF levels
and (b) cell number. Quiescent human ASM cells were stimulated for
48 h with either thrombin (0.3 U ml~") or PPACK-treated thrombin
(03U ml™"). ***P<0.001, NS=not significant compared with
basal, 1P<0.001 compared with Sham-Thr, n=8. The average
number of unstimulated cells (basal) at the end of the 48 h
stimulation was 2.1+0.2 x 10° cells per well.
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ABC kit; 0.5% final; diluted in 1.5% NHS). Immunoreac-
tivity was visualized by addition of the metal enhanced
diaminobenzidine (Immunopure® Metal Enhanced DAB
substrate kit). All slides were counter-stained with haemo-
toxylin, and observed by light microscopy. The cellular
composition of the HASM cultures were also concurrently
examined using primary mouse monoclonal antibodies to
smooth muscle a-actin (Dako; 1:25 dilution in PBS contain-
ing 0.25% BSA), or smooth muscle myosin (1:1000, Dako)
as in previous studies (Stewart et al., 1997).

Drugs

The PAR peptides (SFLLRN, SLIGKYV and GYPGQYV) were
synthesized with carboxy-terminal amidation and purified to
>95% via HPLC by Auspep (Victoria, Australia). Stock
solutions of SDZ 217-766 and thrombin fluorogenic substrate
III were prepared in 100% v v-' DMSO. The highest
concentration of vehicle DMSO (0.01%), was well below the
threshold concentration for influencing HASM DNA syn-
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Figure 3 Effect of SDZ 217-766 or hirudin on (a) GM-CSF levels
and (b) cell number. Quiescent cells were stimulated for 48 h with
thrombin (0.3 U ml~") in the presence or absence of the thrombin
protease inhibitor, SDZ 217-766 (0.15 um, was added 30 min prior to
stimulation with thrombin). Thrombin was incubated for 30 min with
hirudin (1:1) separately prior to being added to the cells. Sham-
treated thrombin (Sham-Thr) was subjected to the same protocol
except that hirudin was omitted from the incubation. ***P<0.001,
**P<0.01 compared with basal, n=6-8. 1P <0.05, compared with
sham-Thr. The average number of unstimulated cells (basal) at the
end of the 48 h incubation was 1.740.3 x 10° cells per well.

thesis (0.3%) (Fernandes et al., 2000). Stock solutions of
thrombin (Sigma) were prepared in 0.25% BSA in PBS. All
other drugs were prepared in distilled water. Intermediate
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Figure 4 Effect of PAR-selective peptides on (a) GM-CSF levels
and (b) cell number. Quiescent cells were stimulated for 48 h with
either thrombin (0.3 U ml~') or one of the PAR-selective peptides
(SFLLRN, PARI, 10 um; SLIGKV, PAR2, 10 um; GYPGQV,
PAR4, 100 um). **P<0.01 and ***P<0.001 compared with basal,
n=8. tP<0.05, compared with Thr. The average number of
unstimulated cells (basal) at the end of the 48 h incubation was
2.04+0.3x 10° cells per well.

Table 1 Effect of higher concentrations of PAR-selective
peptides on ASM cell number and increases in GM-CSF
level

Cell number
(fold increment
over basal)

GM-CSF level

Treatment (fmol x 107¢ cells)

Basal ND 1
Thrombin (0.3 U ml™}) 111.9428.9* 1.54+0.1*
SFLLRN (30 um) 14+14 1.2+0.1
SLIGKYV (30 um) 1.9+1.7 1.1+0.1
GYPGQV (300 um) ND 1.24+0.1
SFLLRN +GYPGQV 53422 1.2+0.1

Values are expressed as mean +s.e.mean from three different
cell cultures, *P<0.05 compared to basal. ND, not
detectable.
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dilutions of stock solutions were made in 0.25% BSA-
containing DMEM.

Statistical analysis of results

Supernatants collected for GM-CSF assay were assayed in
duplicate. All results are expressed as mean +standard error
of mean (meand+s.e.mean); n represents the number of
different cell cultures obtained from different donors.
Differences were determined by one-way analysis of variance
(ANOVA) with repeated measures, followed by post-hoc
Bonferroni test, where appropriate. Data for levels of GM-
CSF are expressed as fmol per 10° cells. Cell number was
expressed as fold increment over basal. Graphpad Prism for
Windows (version 3) was used for all of the statistical
analyses. Differences were considered to be significant when
the probability was less than 0.05 (P<0.05).

Results

Thrombin concentration-dependently stimulated increases
in the levels of GM-CSF

Incubation of quiescent ASM with increasing concentrations
of thrombin (0.003-3 U ml~") for 48 h caused a marked
increase in the levels of GM-CSF (Figure 1a) over the basal
level of GM-CSF that was close to or below the detection
limit of the assay (<1 fmol). The concentration of thrombin
(0.3 U ml~") that produced maximum levels of GM-CSF and
increases in cell number (Figure 1b) was used throughout the
study.

Effect of thrombin proteolytic activity on increases in
GM-CSF levels and cell proliferation

To examine whether proteolytic activity of thrombin was
required for thrombin-stimulated increases in GM-CSF levels
and cell number, three types of thrombin inhibitors were
used: PPACK; SDZ 217-766; and hirudin (Tapparelli et al.,
1993). Inhibition of thrombin protease activity by pretreat-
ment with PPACK reduced the level of GM-CSF to close to
the detection limit of the assay, whereas mitogenesis was
reduced by approximately 70% (Figure 2). Pre-incubation
with SDZ 217-766 (0.15 uMm), which inhibited thrombin
(0.3 U ml~")-stimulated increases in DNA synthesis (Fer-
nandes & Stewart, unpublished observations), significantly
reduced thrombin-stimulated increases in GM-CSF levels by
73+9%, and mitogenesis by 66+8% (Figure 3). SDZ 217-
766 alone had no effect on unstimulated cell number or GM-
CSF levels (data not shown). There was no further inhibition
of either the GM-CSF level or cell number following a 10
fold higher concentration of SDZ 217-766 (1.5 uM, data not
shown). Increases in both GM-CSF levels and cell number
were inhibited by hirudin (65+12% and 63 +11% inhibition,
respectively, Figure 3).

Effect of PAR-selective peptides on GM-CSF level

To determine whether the thrombin-stimulated increase in
GM-CSF level was mediated via PARs in human ASM,
peptides selective for PAR1 (SFLLRN), PAR2 (SLIGKYV) or

PAR4 (GYPGQYV) were incubated with ASM for 48 h, after
which time the level of GM-CSF was determined (Figure 4a).
The concentrations of PAR ligands are based on those

Table 2 Effect of re-addition of PAR-selective peptides
after 24 h on ASM cell number and increases in GM-CSF

level

Cell number

GM-CSF level (fold increment

Treatment (fmol x 107 cells) over basal)
Basal ND 1
Thrombin (0.3 U ml~") 153.6 +74.3* 1.6+0.1%*
SFLLRN (10 um) 11.0+8.0 1.0+0.2
SLIGKYV (10 um) 11.949.1 0.740.1
GYPGQV (100 um) 8.7+4.5 1.1+0.1
SFLLRN + GYPGQV 15.24+10.2 1.14+0.1

Values are expressed as mean +s.e.mean from three different
cell cultures, *P<0.05 compared to basal. ND, not
detectable.
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Figure 5 Effect of pertussis toxin (PTx) on (a) GM-CSF level and
(b) cell number. Quiescent cells were stimulated for 48 h with
thrombin (0.3 U ml™') in the presence or absence of the Gy
inhibitor, pertussis toxin (50 ng ml~'). Pertussis toxin was added
30 min prior to stimulation with thrombin. ***P<0.001, NS=not
significant compared with basal, n=8. +P<0.05 compared with Thr.
The number of cells (basal) at the end of the 48 h incubation in the
absence of mitogen was 1.5+0.3 x 10° cells per well.
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Figure 6 Western blot analysis showing the effect of PARI1-selective peptide on (a) phosphorylated ERK1/2 and (b) cyclin D1
protein expression. Cells were stimulated for 6 or 20 h respectively with 0.3 U ml~' thrombin or 10 uM PARI-selective peptide,
SFLLRN. Grouped data represent results obtained from five different cultures. P <0.05, compared with Thr. ***P <0.001,

NS =not significant compared with unstimulated cells (basal).
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Figure 7 Localization of PARI1 immunoreactivity. (a) Isotype
control, (b) smooth muscle a-actin, (c) PARI.

previously determined to be maximally effective in several
different cell types (Hollenberg, 1999). None of the PAR-
selective peptides alone mimicked the effect of thrombin-
stimulated increases in GM-CSF level. Given that PAR4 is

also activated by thrombin (Hollenberg, 1999), it was possible
that both PAR1 and PAR4 could be required to increase
GM-CSF levels. Incubation of ASM with peptides selective
for PAR1 and PAR4 in combination did not significantly
(P>0.05) increase GM-CSF levels (Figure 4a). Higher
concentrations of each of the PAR-selective peptides were
also examined (Table 1), but no significant responses were
observed. To account for the possible degradation of the
PAR-selective peptides over the 48 h incubation period,
PAR-selective peptides were also re-added after 24 h (Table
2). The level of GM-CSF remained indistinguishable from the
detection limit of the assay (<1 fmol).

Effect of PAR-selective peptides on cell number

PARI1- and PAR4-selective peptides alone or in combination
caused a modest increase in cell number (Figure 4b).
However, these responses were significantly less than those
to thrombin. No increase in cell number was observed
following stimulation with the PAR2-selective peptide.
Furthermore, the effects of the PAR2-selective peptide on
increases in cell number following the addition of both
PARI1- and PAR4-selective peptides were neither synergistic
nor additive.

Effect of pertussis toxin on thrombin-stimulated increases
in GM-CSF level and cell number

To examine the potential role of G proteins on thrombin-
stimulated increase in GM-CSF and cell number, cells were
stimulated with thrombin in the presence or absence of the
G,, inhibitor, pertussis toxin (Figure 5). Thrombin-stimulated
increases in GM-CSF level were attenuated in the presence of
pertussis toxin (54+12% inhibition), whereas cell number
increases were completely inhibited (Figure 5). To ascertain
whether the effects of pertussis toxin were selective for the
thrombin responses, its effects on basic Fibroblast Growth
Factor (bFGF) were investigated. bFGF (300 pMm)-stimulated
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increases in cell number were not significantly (P>0.05)
altered by pertussis toxin pretreatment (bFGF 1.85+0.14
increase in cell number; bFGF + pertussis toxin 1.64+0.11;
n=28). Similarly, bFGF-induced increases in GM-CSF levels
were also unaffected (P>0.05) by pertussis toxin pre-
treatment (bFGF 52.7413.3 fmol x 10~ cells; bFGF + per-
tussis toxin, 38.4+9.1, n=8).

ERK and cyclin DI protein expression

We examined the effects of thrombin and PARI1 on two
important signalling proteins involved in cell proliferation,
ERK1/2 phosphorylation and cyclin D1 levels (Figure 6).
Previous studies have established that although ERK1/2
phosphorylation is increased up to 20 h after addition of
mitogen, the addition of the ERK inhibitor, PD98059 has no
effect when added 8 h or more after mitogen, indicating that
during the first 8 h of exposure to mitogen ERK1/2 activity is
essential to cell cycle progression (Fernandes et al., 1999;
Fernandes & Stewart, unpublished observations). We there-
fore chose the 6 h time point for evaluation of ERKI1/2
phosphorylation in the present study. Previous time-course
studies of the increases in expression of cyclin D1 indicate
that protein expression is increased at 20 h and is
accompanied by phosphorylation of retinoblastoma protein
(Stewart et al., 1997), indicating that this is a suitable time
point to evaluate cyclin D1 protein levels. As expected, both
ERK1/2 phosphorylation and cyclin D1 protein levels
significantly increased following a 6 or 20 h stimulation with
thrombin (0.3 U ml™"), respectively, as compared to basal
levels. In contrast, addition of PARI1-selective peptide for 6
or 20 h was without effect on levels of phosphorylated
ERK1/2 or cyclin DI protein.

PARI receptor expression by HASM

To verify the presence of PARI receptors on HASM,
immunohistochemical localization of PAR-1 was carried out
(Figure 7) and functional effects of the PAR1 on intracellular
Ca?* levels were measured (Figure 8). Specific immunor-
eactivity for PAR1 was observed in HASM (Figure 7). PARI1
expression was predominantly cytoplasmic and perinuclear.

a b

Calcium response Calcium increase

(fluorescence ratio)

Endothelin-1
3.5 (100 nM) 200
SFLLRN SFLLRN
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3.0F 100}

S0F

2.5L L
L L L 1 L ) Thrombin
0 50 100 150 200 250 (0.3 U mi")

Time (seconds)
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As expected, thrombin (0.3 U ml™") induced a significant
increase in intracellular calcium level with an increment in
fluorescence ratio (340 and 380 nm) of approximately 0.5
units. Calcium levels were maximal within 10 s and declined
to basal or steady state levels within 1 min. Stimulation with
PARI-selective peptide (10 um) also increased calcium levels
(Figure 8), confirming that the peptide was biologically
active. To confirm that PARI was present on HASM,
desensitisation studies were carried out. Re-exposure to the
same agonist, SFLLRN or thrombin, resulted in a reduction
in the increase in calcium level (Figure 8). Stimulation with
PARI-selective peptide following pre-exposure to thrombin
attenuated the increase in the level of calcium by 70+ 19 and
100% desensitization was observed when the order of ligand
addition was reversed. Endothelin-1 was added at the end of
all desensitization experiments to ensure that the desensitiza-
tion responses were related to thrombin and PARs and not
due to depletion of the releasable calcium pool. Endothelin-1-
stimulated increases in intracellular calcium levels were intact.

Discussion

The two major findings in this study were that thrombin: (i)
increased levels of GM-CSF over the same concentration
range that stimulated proliferation; (ii) effects on GM-CSF
levels and mitogenesis appear to be independent of known
PARs. Our data suggest the involvement of novel proteolytic
receptor target(s) for thrombin-induced cytokine production
and mitogenesis.

Thrombin-stimulated increases in GM-CSF levels were
completely dependent on proteolytic activity, consistent with
a PAR-mediated mechanism. However, none of the PAR-
selective peptides that were examined in this study increased
GM-CSF levels. The trivial mitogenic responses induced by
PAR-selective peptides by comparison with those to
thrombin also suggest a role for non-PAR mechanisms in
the mitogenic actions of thrombin. The lack of activity of
peptides cannot be ascribed to metabolism, as neither re-
addition after 24 h incubation, nor a 3 fold increase in
concentration increased either the GM-CSF or mitogenic
responses. The PAR2 peptide has been shown to increase

[

Calcium increase
{% SFLLRN pretreatment)

NS 2001
150}
100
50 Li
t ﬁ
Thrombin  Endothelin-1 SFLLRN SFLLRN  Endothelin-1
(0.3UmI"y (100 nM) (10 uM) (10 uM) (100 nM)

Figure 8 Desensitisation of PAR1-stimulated increase in intracellular Ca®* levels. Cells were exposed to the indicated agonists at
intervals of 1 min without intervening washes. (a) A trace representative of four different cell culture preparations. Grouped data
(n=4) showing desensitization of (b) thrombin- or (¢) SFLLRN-induced increase in calcium levels. NS, not significant, P <0.05,

compared with original response.
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[*H]-thymidine uptake at the same concentration used in the
present study (Chambers et al., 2001). PAR1 receptors were
expressed in HASM as evidenced by immunohistochemical
localization and by intracellular Ca?* responses. These
receptors were functionally active and showed cross-desensi-
tization with thrombin. However, they were not linked to the
persistent activation of ERK and increases in cyclin D1 levels
that are known to be essential for the HASM proliferative
response (Ravenhall et al., 2000). In rat cultured microglial
cells, the PARI-selective peptide also failed to mimic
thrombin-stimulated increases in NF-xB activation (Ryu et
al., 2000), a transcription factor that is essential for
regulation of GM-CSF expression (Cakouros et al., 2001).

Although PAR?2 is also present in HASM (Knight et al.,
2001; Schmidlin et al., 2001), PAR2-selective peptides failed
to increase cell proliferation (present study) and evoked only
modest increases in thymidine incorporation (Chambers et
al., 2001). Thus, thrombin-induced cell proliferation is not
likely to be mediated by PAR2 activation. Our studies do not
directly exclude a role for PAR3, as PAR3 may function as a
cofactor for PAR4 (Macfarlane et al., 2001). Nevertheless, as
PAR3 is thought to function as a co-factor for the activation
of PAR4 and the PAR4 peptide was inactive, it seems
unlikely that the effects of thrombin could be mediated by
PAR3, which in any case is not a high affinity substrate for
thrombin (Ayala et al, 2001). Clearly, PAR-selective
antagonists would be useful in studying the roles and
interactions of these PARs. However, there are still problems
with the selectivity and potency of current PAR antagonists
(Macfarlane et al., 2001). Current substituted peptide
compounds have been shown to inhibit PARI-selective
peptide stimulation, but have not been shown to be effective
against thrombin stimulation (Macfarlane ef al., 2001).

The difference between thrombin and PAR peptide
responses may be explained by the low efficiency of
presentation or binding of the selective peptides as compared
to the natural tethered ligand produced from thrombin
cleavage (Chambers et al., 2001). Thus, a relatively high
concentration of the free PAR-selective peptide required to
cause receptor activation may be necessary to compensate for
the lack of covalent tethering in the vicinity of the active site
of the PAR. However, the contrast between the PAR
peptides and thrombin as ligands is unlikely to explain our
findings, as these peptide concentrations were sufficient to
stimulate increases in intracellular calcium. Moreover,
concentrations as high as 30 uM (SFLLRN and SLIGKYV)
or 300 uM (GYPQYV) failed to elicit significant cytokine or
mitogenic responses, whereas one-third these concentrations
elevated intracellular Ca®>" and showed cross-desensitization
with thrombin. The use of concentrations higher than those
in the current study would be inappropriate, since there
would be a high likelihood of unspecific action. In addition,
this would take the concentration range well outside that
which has been required in other bioassays for the peptides to
mimic the actions of thrombin or other serine proteases (e.g.
Hauck et al., 1999).

Our observations suggest that there are additional
‘receptors’ that mediate thrombin-induced mitogenesis and
GM-CSF production. The bradykinin (BK) receptor can also
be activated by proteases such as trypsin in CHO, HEK 293
and MDCK cells, suggesting that the BK receptor may
belong to a new group of serine protease-activated receptors

(Hecquet et al., 2000). However, BK lacks mitogenic actions
in HASM (Ammit er al, 1999) making BK receptor
activation by thrombin an untenable explanation of the
current findings. The GPIba subunit of GPIb-IX-V, which
has a well-characterized role in von Willebrand factor-
mediated platelet adhesion, also has affinity for thrombin
and may initiate transmembrane signalling itself, or may
serve as a cofactor for PAR1 activation by thrombin or other
surface proteins (De Candia et al., 2001). GPIba is highly
expressed on megakaryocytes, platelets and endothelial cells
(Wu et al., 1997), but its expression on HASM is unknown.

Serine proteases such as trypsin, tryptase, and the house
dust mite protease allergens, Der p3 and Der p 9 increase
GM-CSF levels in human keratinocytes and epithelial cells,
suggesting a PAR2-mediated mechanism of action (Sun et al.,
2001; Vliagoftis et al., 2001; Wakita et al., 1997). Although
the mitogenic actions of thrombin in HASM are well
established, this is the first study to show that thrombin is
a potent stimulator of increases in GM-CSF levels.
Thrombin-stimulated increases in GM-CSF levels were
markedly reduced by pertussis toxin, suggesting that Gy,
proteins are implicated in the non-PAR signalling. As GM-
CSF has both pro-inflammatory and fibrogenic actions that
can contribute to AWR, HASM production of GM-CSF in
response to growth factors, in addition to established stimuli,
such as TNFo and IL-1o, may be important in perpetuating
inflammation and remodelling in asthma.

The PAR-independence of thrombin-stimulated increase in
GM-CSF level and HASM mitogenesis is in accordance with
a recent study showing that the tryptase-stimulated increase
in HASM proliferation was mediated via non-PAR mechan-
isms (Brown et al., 2002). The thrombin-induced mitogenesis
is partly independent of its enzymatic activity, as thrombin-
stimulated increases in cell number were not fully inhibited
by concentrations of hirudin, PPACK or SDZ 217-766 that
completely prevented the action of thrombin on fibrinogen
and on a thrombin fluorogenic substrate. Nevertheless, the
residual effect of thrombin in the absence of proteolytic
activity is modest (~30%). Mannose receptors may mediate
the non-proteolytic action of tryptase in stimulating mitogen-
esis as tryptase contains several glycosylated residues on its
surface (Brown et al., 2002). In addition, various mannosyl-
rich glycoproteins are mitogenic for bovine ASM (Lew et al.,
1994). Thrombin also has a site that may be glycosylated
(Grand et al., 1996).

Our findings indicate that attempts to therapeutically target
the contribution of thrombin to chronic inflammation and
tissue remodelling should consider inhibition of serine
protease activity as a primary strategy, since there appear
to be multiple defined and undefined protease activity-
dependent ‘receptors’ for thrombin.
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