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Collagen impairs glucocorticoid actions in airway
smooth muscle through integrin signalling

JV Bonacci, M Schuliga, T Harris and AG Stewart

Department of Pharmacology, The University of Melbourne, Victoria, Australia

Background and purpose: Airway wall remodelling in asthma is characterised by a number of structural changes, including
an increase in the volume of airway smooth muscle (ASM), and the abundance of the extracellular matrix (ECM) protein,
collagen, is increased. We have investigated the mechanism of collagen-induced glucocorticoid resistance of proliferation, and
migration of ASM.
Experimental approach: ASM cultured from human airways has been seeded on to either type I monomeric collagen or a
laminin pentapeptide, YIGSR. The role of a2b1 integrin in the collagen-induced glucocorticoid resistance was investigated using
a function blocking monoclonal antibody.
Key results: Culture of ASM on collagen I, but not laminin, led to a greater proliferative response that was insensitive to
regulation by dexamethasone (100 nM). The anti-migratory effects of the glucocorticoid, fluticasone propionate (1 nM) were
also impaired by contact of ASM with collagen. The impaired anti-mitogenic action of dexamethasone was associated with
a failure to reduce the levels of the rate-limiting cell cycle regulatory protein, cyclin D1. When signalling through the a2b1
integrin was reduced, dexamethasone-mediated reductions in proliferation and cyclin D1 levels were restored.
Conclusions and implications: In the collagen-rich microenvironment of the inflamed and fibrotic asthmatic airway,
integrin/ECM interactions may contribute to glucocorticoid resistance.
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Introduction

Asthma is a chronic, episodic inflammatory disorder of the

airways, involving leucocytes, lymphocytes and structural

cell types. Airway hyper-responsiveness (AHR), an exagger-

ated airway narrowing response to chemically and biologi-

cally diverse stimuli, plays a key role in the frequency and

severity of asthma symptoms (Boulet, 2003). Airway wall

remodelling (AWR) thickens the airway wall, and amplifies

airway narrowing in response to airway smooth muscle (ASM)

shortening and therefore contributes to AHR (James and

Carroll, 2000). The most important cellular changes occurring

in the remodelled airway are ASM hypertrophy and hyperplasia

(Ebina et al., 1993), which together with increased extracellular

matrix (ECM) secretion increase the volume of ASM in the

asthmatic airway. Postmortem studies show that the airways of

fatal asthmatics have a greater abundance of ASM than those of

controls or of asthmatics dying of non-respiratory causes

(Carroll et al., 1993). Analysis of biopsy specimens reveals that

patients with severe, steroid-requiring asthma have a greater

area occupied by ASM than non-asthmatics or patients with

milder asthma (Mast et al., 2003). These findings suggest that

the extent of ASM hyperplasia appears to increase with asthma

severity. Although the mechanism(s) for the increase in volume

of ASM in the airways is not clearly established, the ASM

growth-promoting actions of several factors, including the

ECM and mitogens have been implicated (Hirst et al., 2004;

Stewart et al., 2004). Furthermore, the observation that

circulating mesenchymal precursor cells migrate to the airways

following allergen challenge in both humans and mice

(Schmidt et al., 2003) has intensified the interest in cellular

migration as a mechanism for hyperplasia (Stewart, 2004).

In the remodelled airway, the ECM is expanded by the

deposition of collagen, not only in the subepithelial spaces,

but also throughout the airways (Redington, 2000). Within

the muscle bundles, the amount of ECM is increased around
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individual cells. The contraction of ASM strips is increased

significantly when the ECM surrounding ASM is degraded by

collagenase, indicating that collagen is likely to influence

ASM mechanical function (Bramley et al., 1995). Collagen

deposition not only reduces airways distensibility by in-

creasing the structural rigidity of airways, but is also likely to

play an important role in ASM proliferation via integrin/

ECM interactions (Hirst et al., 2000; Bonacci et al., 2003). In

addition, ECM proteins, including collagen type I, protect

cultured ASM cells against apoptosis induced by the protein

synthesis inhibitor, cycloheximide (Freyer et al., 2001).

Culture on monomeric collagen type I promotes growth of

several cell types, including vascular smooth muscle, bovine

ASM and human ASM (Hirst et al., 2000; Bonacci et al., 2003)

by a mechanism involving integrins (Nguyen et al., 2005).

Cells communicate with the ECM via a family of cell surface

heterodimeric receptors comprised of membrane-spanning

a and b subunits known as integrins. Different cell types

express distinct collagen-binding integrins, including the

a1b1 and a2b1 integrins, that interact with the arginine,

aspartate and glutamate residue motifs (RGD) in the collagen

chains. However, the a2b1 integrin has a greater selectivity

for type I collagen than the a1b1 integrin (Yamamoto and

Yamamoto, 1994). In human ASM, the a2 and a5 integrin

subunits are expressed in a greater proportion than are the a1

subunits, whereas the b1 is the most abundant b integrin

subunit (Freyer et al., 2001; Nguyen et al., 2005), suggesting

that the a2b1 integrin may be the dominant integrin

influencing ASM function. Nguyen et al. (2005) showed that

members of the b1-integrin family, including a2b1, a4b1 and

a5b1, contributed to the collagen type I-induced enhance-

ment of ASM proliferation, whereas the a2b1 and avb3

integrins were predominantly responsible for mediating cell

attachment to collagen type I (Nguyen et al., 2005).

Glucocorticoids reduce inflammatory cell infiltration,

increase lung function and improve quality of life in the

majority of asthmatic patients. However, a small population

of severe steroid-requiring asthmatics remain symptomatic

and are more likely to be admitted to hospital and die from

asthma, despite therapy with both inhaled and oral gluco-

corticoids (Barnes, 2004). These patients constitute the most

significant therapeutic challenge in asthma. We have

recently reported that monomeric collagen I enhanced the

proliferation of ASM and impaired anti-mitogenic actions of

glucocorticoids (Bonacci et al., 2003).

In this study, we have elucidated a mechanism by which

collagen interferes with the anti-mitogenic actions of glucocor-

ticoids. The loss of glucocorticoid efficacy was associated with a

failure to inhibit retinoblastoma protein phosphorylation and

the failure to reduce cyclin D1 protein and transcript levels,

when cells were cultured on collagen I. The growth-promoting

actions of collagen and impairment of glucocorticoid actions

were dependent on a2b1 integrin/ECM signalling in ASM cells.

Methods

Cell culture

Human ASM was cultured from macroscopically normal

bronchi (0.5–2 cm diameter), obtained from resection

specimens from lung transplant recipients. ASM was dis-

sected from the bronchial wall, enzymatically digested and

maintained in culture as described previously (Fernandes

et al., 1999).

Cell enumeration

Cells were seeded onto six-well culture plates containing

a flexible-silastic membrane, pre-coated by the manufacturer

(Flexcell Corporation, McKeesport, PA, USA) with type I

collagen (200 mg ml�1) or a laminin penta-peptide sequence

(1mg ml�1) representing the integrin receptor attachment

site. In separate experiments, cells were cultured on plastic

culture plates and treated as described below. Cells were

grown to a subconfluent density, washed with PBS and

serum-deprived for 24 h before drug treatment. In experi-

ments with a2b1 integrin-blocking antibodies (Dako,

Copenhagen, Denmark, clone P1E6), cells were incubated

with a concentration shown to interfere with integrin

signalling (1:1000) (Scaffidi et al., 2001) or negative isotype

immunoglobulin G (IgG)1 control, once seeded, and the

antibody remained in the medium for the duration of the

experiment. Cells were then incubated with a maximally

effective concentration of dexamethasone, 100 nM (Sigma,

St Louis, MO, USA) or fluticasone propionate, 1 nM (GSK,

UK) for 30 min before the addition of a maximally effective

concentration of the mitogen, basic fibroblast growth factor

(bFGF, 300 pM, Promega, Madison, WI, USA) and the growth

supplement, monomed A (CSL, Australia), comprising

insulin, transferrin and selenium. After the stimulation

period (described in each experiment), cells were detached

from plates and manually counted as described previously

(Fernandes et al., 1999).

Immunoblot analysis

Cells were cultured as described previously, serum-deprived

for 24 h and incubated for various times described in each

experiment with bFGF in the presence or absence of

dexamethasone (added 30 min before mitogen). Lysates were

prepared and assayed as described previously (Fernandes

et al., 1999) and Western analysis was performed to identify

cyclin D1 levels (Upstate Biotechnology, Charlottsville, VA,

USA, rabbit anti-human cyclin D1), retinoblastoma protein

phosphorylation (Cell Signalling, Danvers, MA, USA,

rabbit anti-human phospho-Ser780 retinoblastoma protein)

and p21cip1 (Transduction Labs, San Jose, CA, USA, mouse

anti-human p21cip1) by a protocol described previously

(Fernandes et al., 1999). Cyclin D1 levels and retinoblastoma

protein phosphorylation were measured at 20 h, whereas

p21cip1 levels were measured at 16 h. These time points

during the G1 phase of the cell cycle correspond to the times

at which there are maximum changes and when cyclin

activity is essential for S-phase entry.

RNA extraction and real-time reverse transcription-polymerase

chain reaction

To quantify gene expression, RNA was extracted from

stimulated human ASM cells, and reverse transcribed for
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real-time reverse transcription–polymerase chain reaction

(RT-PCR) analysis using TaqMan chemistry. Total RNA

isolation was performed using Qiagen RNeasy Mini-kits

(Qiagen, Australia) according to the manufacturer’s instruc-

tions. RNA was reverse transcribed into cDNA using random

primers with TaqMan reverse transcription reagents (Applied

Biosystems, Foster City, CA, USA). Levels of cyclin D1 target

transcript and 18S rRNA were assayed by real-time PCR

according to the manufacturer’s instructions and reagents

(Applied Biosystems), using the ABI Prism 7900 HT sequence

analyzer (Applied Biosystems). Assays for cyclin D1 and 18S

rRNA were performed in triplicate using Platinum qPCR

Supermix-UDG reagents (Invitrogen, Carlsbad, CA, USA) in

384-well plates. Cycle threshold (CT) values for each reaction

were determined using SDS software (Applied Biosystems).

Cyclin D1 data were normalized against 18S rRNA trans-

cript levels. The 18S rRNA levels were unaffected by drug

treatment (data not shown).

ASM migration assay

Human ASM cells were grown to confluence in 175 cm2

culture flasks, then deprived of serum for 24 h. Cells were

trypsinized, counted and 100ml of the cell suspension

was plated in the upper compartment of Costar transwell

inserts (Edward Keller, Australia) at a density of approximately

7�105 cells ml�1. Both the upper and lower surfaces of the

transwell inserts were coated overnight at 41C with 0.1% v v�1

bovine bone gelatin (Sigma, USA) before the commencement

of the assay. Six hundred microlitre of Dulbecco’s modified

Eagle’s medium (DMEM) or chemoattractant (platelet-derived

growth factor (PDGF)-BB, Sapphire Biosciences, Australia) was

then added to the lower compartments, and the cells were

allowed to incubate at 371C in an atmosphere of 5% CO2

in room air for 5 h. Cells were incubated with fluticasone

propionate (1nM) or vehicle for 30 min before plating the cells

in the upper compartment of the Transwell inserts.

In a separate experiment, cells were incubated in the upper

compartment (100 ml) at a density of 3�105 cells ml�1 for a

total of 3 days before the migration assay, initially in DMEM

supplemented with 1% v v�1 foetal calf serum (FCS), and

L-glutamine, non-essential amino acids and sodium pyruvate

to facilitate adhesion (24 h), then for a further 2 days in

serum-free DMEM. Cells were pretreated with fluticasone

propionate for 30 min before being stimulated to migrate

towards PDGF-BB (1 ng ml�1, 5 h incubation). These cells

were referred to as substrate-adherent.

Following the 5 h chemotaxis assays, the inserts were

gently washed with PBS, and cells were fixed with DiffQuick

stain (Lab Aids, Australia) according to the manufacturer’s

instructions. The membranes were cut out of the Transwell

inserts and mounted onto slides using xylene, and after

drying were visualized by light microscopy. The number

of migrated cells in five fields (at magnification �400) was

counted in triplicate.

Statistical analysis

All results are expressed as the mean7s.e.m. of n individual

cultures obtained from different donors. Differences were

determined by one-way analysis of variance (ANOVA) with

repeated measures, followed by a post hoc Bonferroni test. All

statistical analyses were performed using GraphPad Prism

(for Windows, Version 3), and differences were considered

to be statistically significant when Po0.05.

Results

Glucocorticoids inhibit proliferation of cells grown on laminin,

but not collagen type I

Dexamethasone (100 nM) inhibited bFGF-induced prolifera-

tion of cells grown on a laminin, but not collagen ECM

(Figure 1). To establish whether prolonged glucocorticoid

treatment was required to achieve anti-proliferative

efficacy on collagen, cells were enumerated after 7 days of

bFGF and glucocorticoid exposure. Under these conditions,

neither dexamethasone (Figure 1c) nor fluticasone propio-

nate (100 nM, data not shown), reduced bFGF-stimulated

increases in ASM cell number. Furthermore, an extended

pretreatment duration with dexamethasone of 24 h also

failed to prevent increases in cell number in response to

bFGF (474% inhibition, P40.05, n¼4).

Resistance to glucocorticoid anti-mitogenic actions is associated

with a failure to regulate cell cycle regulatory protein levels

The effect of dexamethasone (100 nM) on bFGF-induced

increases in cyclin D1 protein expression was examined, as

our previous studies of ASM cultured on plastic culture plates

established that glucocorticoids reduce cyclin D1 mRNA and

protein expression. Dexamethasone completely inhibited

bFGF-induced increases in cyclin D1 protein expression in

cells grown on laminin (Figure 2a, Po0.05), but was without

effect in cells grown on collagen (Figure 2c, P40.05). We

studied the expression of cyclin D1 mRNA to establish

whether the inhibition of cyclin D1 protein by dexametha-

sone was evident at the transcript level. Dexamethasone

significantly inhibited bFGF-induced increases in cyclin D1

mRNA in cells grown on laminin (Figure 2b, Po0.05), but

not on collagen (Figure 2d, P40.05). Cyclin D1 protein

levels in cells seeded on collagen were greater than the levels

in cells seeded on laminin (Po0.01, two-way ANOVA

with repeated measures). Basal levels of cyclin D1 were not

different (1.770.7-fold collagen/laminin) in cells cultured

on collagen or laminin. In the presence of bFGF, the

increase in cyclin D1 in cells cultured on collagen compared

with those on laminin (2.170.5-fold) became significant

(Po0.05, Bonferroni post hoc test) and the difference was

greater (3.770.6-fold) in cells incubated with bFGF and

dexamethasone (Po0.05, Bonferroni post hoc test).

We investigated whether dexamethasone affected the

levels of the cyclin-dependent kinase inhibitor, p21cip1.

The magnitude of the bFGF-induced reduction in p21cip1

levels was unaffected by incubation with dexamethasone

(Figure 2e, Po0.05). The propagation of cell cycle signalling

through cyclins results in the phosphorylation of the

retinoblastoma protein. In cells maintained on collagen,

bFGF-induced phosphorylation of the retinoblastoma

protein was unaffected by treatment with dexamethasone
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(Figure 2f, P40.05, n¼4), whereas retinoblastoma protein

phosphorylation was reduced by glucocorticoids when cells

cultured on laminin were treated with dexamethasone

(58716% inhibition, Po0.05, n¼4).

Reducing integrin signalling restores glucocorticoid inhibition of

cyclin D1 and anti-mitogenic actions

The role of integrin signalling in human ASM proliferation

and glucocorticoid responsiveness was investigated with a

function-blocking antibody to the a2b1 integrin, an integrin

responsible for proliferation induced by collagen I (Nguyen

et al., 2005). The negative isotype control antibody (IgG1)

did not influence the number of ASM cells maintained on

collagen. The function-blocking antibody had no effect on

the number of cells when ASM was grown on plastic culture

plates under basal conditions (plastic control 100 %, anti-

a2b1 9376%, n¼3, P40.05). However, in ASM grown on a

collagen ECM, incubation with the a2b1 function-blocking

antibody from the time of seeding (and then throughout the

experiment) reduced cell number by at least 20% (Po0.05,

n¼6, Figure 3), irrespective of the presence of mitogen.

Dexamethasone inhibited bFGF-induced proliferation when

cells were grown on collagen in the presence of the a2b1

function-blocking antibody (Po0.05, n¼6, Figure 3), but

not in cells grown in the same concentration of the negative

isotype control antibody. We investigated whether the

reversal of glucocorticoid resistance was simply due to

the blocking antibody-induced reduction in cell number

response to collagen/bFGF. For cells grown on collagen,

the proliferation of ASM induced by 30 pM bFGF, matched

the response to bFGF (300 pM) in the presence of anti-a2b1.

This matched proliferation response to 30 pM bFGF was

unaffected by pretreatment with dexamethasone (P40.05,

Table 1). In separate experiments, the effects of the function-

blocking antibody on proliferative responses of cells

seeded on laminin were investigated. The small response

to bFGF under these conditions was completely prevented

by the addition of the function-blocking antibody, so

it was not possible to ascertain what impact there was

on the anti-proliferative effects of glucocorticoids (data

not shown).

As the function-blocking antibody reversed resistance

to the anti-mitogenic effects of the glucocorticoid, we

expected that the inhibition of cyclin D1 levels would

also be restored if this action of the glucocorticoid was

important for reducing proliferation. In cells grown on

collagen in the presence of the a2b1 function-blocking

antibody, dexamethasone (100 nM) significantly inhibited

bFGF-induced expression of cyclin D1 protein (Figure 4a,

Po0.05). The inhibition of bFGF-induced cyclin D1 mRNA

expression by dexamethasone (100 nM) was also restored

(Figure 4b, Po0.05).

Regulation of ASM migration by fluticasone propionate

We investigated whether glucocorticoids were effective in

regulating the migration of ASM cells in a well-characterized

chemotaxis migration assay. PDGF-BB, when used at a con-

centration previously shown to induce migration of human

ASM cells (1 ng ml�1), significantly increased migration as

compared to unstimulated cells (Po0.05, n¼4). Pretreat-

ment with fluticasone propionate (1 nM) for 30 min resulted

in an attenuation of the PDGF-BB-induced migration

(Po0.05, Figure 5). In situ, ASM cells make direct contacts

with the ECM and other ASM cells. Therefore, the assay was

repeated with cells allowed to attach to each other and to the

gelatin-coated transwell inserts for 72 h before exposure to

fluticasone propionate or PDGF-BB. Incubation with PDGF-

BB increased ASM migration by approximately 30% over that

of unstimulated cells (Po0.05, n¼3). However, pretreatment
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Figure 1 Effect of glucocorticoids on proliferation of ASM grown
on (a) laminin and (b and c) collagen. Cells were incubated with
dexamethasone (Dex, 100 nM) for 30 min before the addition
of bFGF (300 pM) and were counted (a and b) 48 h (a and b) or
7 days (c) after the addition of the mitogen. Data are normalized
to the number of cells in the presence of bFGF for each culture
condition (a, 15.874.1�104 cells; b, 16.773.8�104 cells; c,
28.7710.4�104 cells). *Po0.05 cf. control; wPo0.05 cf. bFGF
response.
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with fluticasone propionate (1 nM) for 30 min did not inhibit

the migration of substrate-adherent ASM induced by PDGF-

BB (P40.05, Figure 5).

Discussion

Modulation of ASM proliferation may have therapeutic

benefit by regulating AWR and AHR in asthma (Stewart

et al., 1993). There is extensive evidence for a beneficial effect

of glucocorticoids on inflammatory cytokine levels (Barnes

and Adcock, 2003), but less is known about the glucocorti-

coid-responsiveness of long-term remodelling events in

asthma. Moreover, while more extensively investigated, the

impact of glucocorticoids on fibrosis remains controversial

(Redington, 2000). The development of marked ASM hyper-

plasia in patients with severe asthma (Mast et al., 2003), a

patient population that is likely to include those who have

used high doses of inhaled or oral glucocorticoid, is difficult

to reconcile with the well-confirmed and substantial inhibi-

tory effects of glucocorticoids on ASM maintained on plastic

culture plates (Stewart et al., 1995; Fernandes et al., 1999). Our

current data showing that glucocorticoids do not regulate the

proliferation of ASM in a collagen-rich ECM may partly

explain the development of ASM hyperplasia in glucocorti-

coid-treated, moderate to severe asthma.

Although type I collagen is deposited in the airways as

fibrils, the characteristic influx of inflammatory cells

into asthmatic airways results in the release of proteases

such as MMPs (Ohbayashi, 2002), which degrade fibrillar

collagen into a monomeric form. In the subepithelial space

and within muscle bundles, it is conceivable that ASM are in

direct contact with a form of degraded collagen that is

recognized in the same way as the monomeric type I

collagen used in the present study. Fibrillar and monomeric

collagen have been shown to differentially influence cell

function in vitro: monomeric collagen enhances mitogen-

stimulated proliferation of human ASM as compared to rates

of proliferation on fibrillar collagen or laminin (Hirst et al.,

2000; Bonacci et al., 2003; Nguyen et al., 2005).

Our previous finding that dexamethasone prevented

bFGF-induced proliferation of cells cultured on laminin,
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Figure 2 The effect of dexamethasone on bFGF-induced changes in cyclin D1 protein(a and c) and mRNA expression (b and d), p21cip1

protein levels (e) and retinoblastoma protein phosphorylation (f). Cells were incubated with dexamethasone (Dex, 100 nM) for 30 min before
the addition of bFGF (300 pM). mRNA levels were measured by real-time RT-PCR after 6 h and protein was measured by Western analysis after
16 (p21cip1) or 20 h (Cyclin D1, retinoblastoma protein). Cells were maintained on (a and b) laminin- or (c–f) collagen-coated plates. *Po0.05
cf. control. wPo0.05 cf. bFGF response.
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but not monomeric collagen (Bonacci et al., 2003) has been

extended by showing that neither prolonged pretreatment,

nor a longer growth period, restored the anti-mitogenic

actions of glucocorticoids on ASM grown on collagen.

Inflammatory and structural cells in the airway release

different mitogens that may contribute to ASM hyperplasia.

Our evidence suggests that the impairment by monomeric

collagen of the anti-mitogenic actions of glucocorticoids is

not mitogen specific, because it was observed when bFGF

(present study), thrombin or FCS (Bonacci et al., 2003) was

used as a mitogen.

The induction by culture on collagen of a primary

biochemical defect in glucocorticoid action is not consistent

with our earlier observation that dexamethasone inhibited

granulocyte–macrophage colony-stimulating factor (GM-CSF)

levels of human ASM cultured on collagen and laminin to

a similar extent when the cells were exposed to either

thrombin or FCS (Bonacci et al., 2003). This conclusion is

reinforced by the observation that, in ASM cultured on

collagen, the ability of glucocorticoids to induce trans-

location of the glucocorticoid receptor to the nucleus is

maintained (Bonacci and Stewart, 2006). The impairment of

glucocorticoid actions is not restricted to ASM proliferation,

as the migration of collagen-adherent ASM was also resistant

to inhibition by glucocorticoids. The resistance to some, but
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Figure 3 The effects of the function-blocking monoclonal antibody
to the a2b1 integrin (anti-a2b1, 15mg ml�1) on the proliferation
of ASM cultured on collagen type I. Inhibition of bFGF (300 pM)-
induced proliferation by the glucocorticoid, dexamethasone (Dex,
100 nM) was examined in cells grown on collagen type I in the
presence of negative isotype control or anti-a2b1 (n¼6). Cells were
counted after 72 h incubation, and data are normalized to the
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Table 1 Effect of dexamethasone on the proliferation of ASM cells
grown on collagen-coated plates and stimulated by submaximal
concentrations of bFGF

Incubation conditions Cell number (% unstimulated)

Control (unstimulated) 100
bFGF 3 pM 10674
bFGF 3 pMþDex (100 nM) 10375
bFGF 30 pM 12876*
bFGF 30 pMþDex (100 nM) 12876*

Abbreviations: ASM, airway smooth muscle; bFGF, basic fibroblast growth-

factor; Dex, dexamethasone.

Cell number data are expressed as mean 7s.e.m. percentages of the number

of cells maintained on a collagen matrix in the absence of additional mitogen.

Cells were pretreated with dexamethasone (100 nM) for 30 min before

stimulation with either 3 or 30 pM.
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by Western analysis after 20 h (n¼3) and mRNA (b) expression was
measured by real-time PCR after 6 h incubation (n¼5). *Po0.05 cf.
control; wPo0.05 cf. bFGF response.
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Figure 5 The effect of the glucocorticoid, fluticasone propionate
(FP, 1 nM), on the chemotactic migration of non-adherent and
substrate-adherent ASM cells induced by platelet-derived growth
factor (PDGF-BB, 1 ng ml�1). Cells were incubated with fluticasone
propionate for 30 min before the addition of PDGF-BB, and were
allowed to migrate for 5 h (n¼3–4). In the adherent cell experiment,
cells were allowed to attach to the gelatin-coated transwell inserts
for 72 h before pretreatment with FP and exposure to PDGF-BB.
*Po0.05 cf. control; wPo0.05 cf. PDGF-BB response.
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not other actions of glucocorticoids suggests that the

collagen ECM may influence signalling to render it resistant

to modulation by glucocorticoids, either by virtue of an

increase in signal strength or by the recruitment of new

signalling pathways that are inherently glucocorticoid-

insensitive.

In bronchial fibroblasts derived from mild asthmatics,

glucocorticoids are reported to increase DNA synthesis

(measured as 3H-thymidine incorporation) (Kraft et al.,

2001). Moreover, cultured ASM derived from asthmatics

proliferates faster than smooth muscle derived from non-

asthmatic subjects, and is considered to be unresponsive to

glucocorticoids (Johnson et al., 2001). Glucocorticoids also

fail to prevent the production of ECM proteins by ASM cells

exposed to serum from asthmatics (Johnson et al., 2000).

Thus, glucocorticoid-insensitive ECM remodelling may

promote proliferation to amplify and accelerate the devel-

opment of AWR and AHR in asthma.

When the communication between collagen and ASM was

intercepted with a function-blocking monoclonal antibody

to the collagen receptor, the a2b1 integrin, proliferation was

reduced and glucocorticoid actions were restored. These

restored glucocorticoid actions do not appear to result from

a reduced bFGF response, as collagen impairment of

glucocorticoid anti-mitogenic effects did not appear to be

related to the magnitude of the proliferation. Nguyen et al.

(2005) showed that collagen-mediated ASM proliferation was

prevented by neutralizing the activity of the a2b1 integrin,

a4b1 or a5b1 integrins (Nguyen et al., 2005). Synergy

between these integrin isoforms in enhancing proliferation

may explain why blockade of each reduces the effects of

collagen. Thus, we cannot exclude a role for a4b1 or a5b1

integrins in collagen actions on ASM. A neutralizing anti-

body to b1 integrin subunit had no effect on the collagen

response. This finding has a number of interpretations,

including the possibility that there are confounding effects

of the block of multiple b1-type integrins; the a2 subunit of

a2b1 integrin retains activity in the presence of this b1-

blocking antibody; the anti-a2b1 recognizes a2 subunits in

uncharacterized or unreported dimers with other b subunits;

the concentration used (1 mg ml�1) was inadequate. Nguyen

and colleagues used concentrations of anti-b1 ranging

from 0.1 to 10 mg ml�1 with 10 mg ml�1of anti-b1 causing

a 50% reduction in cell attachment to collagen. The use of

interventions that influence cellular attachment is likely to

confound interpretation of subsequent outcomes such as

proliferation or migration.

Glucocorticoid-mediated inhibition of ASM proliferation

is not attributable to apoptosis (Fernandes et al., 1999).

Glucocorticoids inhibited the proliferation of human ASM

cells grown on plastic in association with a reduction in

cyclin D1 mRNA and protein levels, and the phosphoryla-

tion of the retinoblastoma protein (Fernandes et al., 1999).

Cyclin D1 accumulation enables cyclin-dependent kinase

4-mediated hyperphosphorylation of the retinoblastoma

protein, leading to de-repression of E2F transcription factors

and synthesis of genes required for S-phase entry. Cyclin-

dependent kinase inhibitors, such as p21cip1, can arrest cell

cycle progression by preventing retinoblastoma protein

phosphorylation. However, glucocorticoid-mediated inhibi-

tion of thrombin- or epidermal growth factor-induced

proliferation of ASM cultured on plastic occurs indepen-

dently of an elevation in p21cip1 protein or mRNA levels.

Furthermore, the bFGF-induced reduction in p21cip1 protein

levels in cells maintained on collagen type I was unaffected

by glucocorticoids. Therefore, changes in p21cip1 levels do

not appear to offer an explanation of the anti-mitogenic

actions of glucocorticoids when cultured on plastic (Vlahos

et al., 2003), or of the impairment of action of glucocorti-

coids on collagen (current study). Dexamethasone reduced

cyclin D1 protein and mRNA levels when cells were

cultured on laminin, but not on collagen type I. Although

an elevation in the levels of cyclin-dependent kinase

inhibitors other than p21cip1 may be involved in the anti-

mitogenic actions of glucocorticoids, the observed changes

in the regulation of cyclin D1 levels offers the most likely

explanation. The resistance of the retinoblastoma protein

phosphorylation to inhibition by glucocorticoids is readily

explained by the lack of effect of glucocorticoids on growth

factor-induced cyclin D1 levels.

The interaction between the collagen ECM and integrin

receptors results in greater accumulation of cyclin D1,

providing an explanation for the enhanced proliferation

on collagen as compared to laminin. When cells maintained

on collagen were incubated with the anti-a2b1 mono-

clonal antibody, the glucocorticoid-mediated reduction in

cyclin D1 levels was restored, in parallel with the anti-

mitogenic actions. Integrin and ECM signalling can promote

the survival and proliferation of a variety of cell types

(Freyer et al., 2001). The intracellular proteins that

associate with integrins include integrin-linked kinase (ILK)

and focal adhesion kinase. Although focal adhesion kinase

activates cyclin D1 promoter activity, likely through the

activation of extracellular signal-regulated kinase (ERK)

(Zhao et al., 2001), our previous studies have excluded

ERK as a regulatory target for glucocorticoids (Fernandes

et al., 1999). Signalling through ILK increases the levels

of cyclin D1 mRNA and protein, ultimately accelerating

proliferation. Furthermore, ILK signalling inhibits

glycogen synthase kinase 3b activity, which marks cyclin

D1 for proteasomal degradation (D’Amico et al., 2000).

Regardless of the precise mechanism, the increased

strength of signalling that elevates cyclin D1 levels

when cells are grown on collagen appears to reduce the

capacity of glucocorticoids to regulate this step of cell-cycle

progression.

Cell migration may contribute to the accumulation of

ASM in the remodelled airway (Gizycki et al., 1997). In

asthmatics, allergen challenge increases the number of

fibroblasts showing a contractile phenotype. These cells

appear within 24 h, which is too soon for them to have been

the result of cell division and the numbers exceed the

number of fibroblasts within the region of the airway wall.

These observations are consistent with the myofibro-

blasts having migrated either from a pool of mesenchymal

precursor cells in the circulation/bone marrow (Schmidt

et al., 2003) or from the muscle bundle into the collagen-rich

subepithelial space (Stewart, 2001). In non-adherent cells,

fluticasone propionate halved the number of cells that

migrated in response to PDGF-BB, a finding consistent with
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those of Goncharova et al. (2003). However, the study of

substrate-adherent cells may provide more relevant insights

into the pharmacological regulation of the migration

process, as ASM in situ is in contact with other cells

and ECM. In migration studies in which ASM were adherent

to type I monomeric collagen (gelatin)-coated membranes,

the migration induced by PDGF-BB was unresponsive to

glucocorticoids. Collagen type I has not been shown to

directly influence the chemotactic response of ASM (Para-

meswaran et al., 2004). The PI3-K and p38MAPK pathways

have been implicated in the signalling of ASM migration

(Goncharova et al., 2002), the latter having recently

been shown to be sensitive to inhibition by glucocorticoids

(Tran et al., 2005). However, it is unclear as to whether

these inhibitory effects are preserved when cells are main-

tained on collagen, or in the presence of the chemoattrac-

tant, PDGF-BB.

In conclusion, a collagen-rich microenvironment renders

ASM remodelling-associated responses, such as proliferation

and migration, insensitive to regulation by glucocorticoids

in vitro. Whether the increased collagen expression in

asthmatic airways influences ASM proliferation and/or

interferes with glucocorticoid therapy is difficult to ascer-

tain. Especially since it is not known whether the fibrillar

collagen state dominates over the monomeric collagen

generated by MMP-mediated degradation.
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