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1 The release of PGE2 and nitric oxide (NO) from the respiratory epithelium may act to dampen
in¯ammation. In other tissues, oncostatin M (OSM), a potent inducer of epithelial antiproteases, has
also been shown to interact with IL-1b to stimulate PGE2 release. However, whether OSM interacts
with pro-in¯ammatory cytokines and proteases in the production of anti-in¯ammatory eicosanoids
and NO from airway epithelium is unknown.

2 The e�ect of OSM and the related cytokine leukaemia inhibitory factor (LIF) on PGE2 and NO
production by the respiratory epithelial cell line, A549 in response to pro-in¯ammatory cytokines as
well as protease-rich house dust mite (HDM) fractions and a protease-de®cient rye grass pollen
extract was examined by immunohistochemistry, cell culture, ELISA and enzyme-immunoassay.

3 Cells treated with a mixture of IL-1b, IFNg and LPS for 48 h produced a 9 fold increase in
PGE2 and a 3 fold increase in NO levels (both P50.05). Both OSM and LIF were without e�ect.
However, OSM added together with the cytokine mixture synergistically enhanced PGE2 production
(22 fold, P50.05). OSM also synergistically enhanced PGE2 production in response to a cysteine
protease-enriched, but not serine protease-enriched HDM fraction (P50.05). Rye grass extract,
neither alone nor in combination with OSM, induced PGE2 or NO production, although it did
induce the release of GM-CSF.

4 These observations suggest that OSM is an important co-factor in the release of PGE2 and NO
from respiratory epithelial cells and may play a role in defense against exogenous proteases such as
those derived from HDM.
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Introduction

The respiratory epithelium plays an important role in airway

homeostasis since it is the tissue of ®rst contact to insults from
the external environment (Folkerts & Nijkamp, 1998; Knight
et al., 1994). Rather than acting simply as a physical barrier,

the epithelium is metabolically active and has been shown to
regulate both the in¯ammatory and subsequent repair
processes characteristic of respiratory diseases such as asthma.

In this context, the epithelium releases a battery of pro-
in¯ammatory cytokines and growth factors such as IL-1, IL-6,
GM-CSF and TGFb as well as putative anti-in¯ammatory
mediators such as PGE2 and nitric oxide (NO) (Knight et al.,

1994). PGE2 is the predominant cyclo-oxygenase metabolite
produced by the epithelium and has been shown to exert a
variety of anti-in¯ammatory or protective e�ects both in vitro

and in vivo. They include protection against allergen-induced
bronchoconstriction (Gauvreau et al., 1999), the relaxation of
airway smooth muscle (Knight et al., 1995; Pavord &

Tatters®eld, 1995), inhibition of cholinergic neurotransmission
(Ito et al., 1990), inhibition of mast cell mediator release
(Peters et al., 1982) and the modulation of ®broblast
proliferation (McAnulty et al., 1997).

The mechanisms underlying the release of PGE2 and NO

from respiratory epithelium are not well understood, but a
number of stimuli have been shown to modulate epithelial
function. In this regard, proteases, released from a diverse

array of exogenous sources such as house dust mites (Winton
et al., 1998), fungi (Tomee et al., 1997) and grass pollens
(Hassim et al., 1998; Tomee et al., 1998) have been shown to

be particularly important. They have been shown to induce
apoptosis (Winton et al., 1998), increase the ¯ux of
macromolecules across sheets of airway mucosa (Herbert et
al., 1995) and induce the release of cytokines such as IL-6, IL-

8 (King et al., 1998), and IL-1b (Calderon et al., 1997; Hastie
et al., 1996; Yu et al., 1997). In other tissues, IL-1b has been
shown to be a potent inducer of COX-2 expression and PGE2

release. However, whether allergenic proteases modulate
PGE2 and NO release directly or through the release of
intermediary cytokines is unknown.

More recently, it has been shown that PGE2 release induced
by IL-1b may be augmented by concomitant exposure to the
cytokine Oncostatin M (OSM) (Bernard et al., 1999). This
cytokine, ®rst described in cells associated with in¯ammation

such as T-lymphocytes and monocyte/macrophages (Rose &
Bruce, 1991; Zarling et al., 1986), belongs to the IL-6 family of
cytokines, which also includes leukaemia inhibitory factor

(LIF), IL-11, ciliary neurotrophic factor and cardiotrophin 1
(Taga, 1997). Like all members of this cytokine family, OSM
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exhibits a variety of biological activities. To this end, we have
begun examining the localisation and role of these cytokines in
airway in¯ammation (Knight et al., 1998; 1999a, b).

In this study, we investigated the role of OSM and LIF on
the release of PGE2 and NO from the respiratory epithelial cell
line, A549. Given their association with allergic disease, we
have also investigated the role of protease-enriched fractions

isolated from the house dust mite Dermatophagoides pter-
onyssinus and a protease-de®cient extract of rye grass pollen,
on PGE2 and NO release. The data obtained show that OSM,

but not LIF, enhanced the release of PGE2 from A549 cells
exposed to either a stimulatory cytokine mix or mite proteases,
in particular, the cysteine protease enriched fraction. In

contrast, the rye grass pollen extract was without e�ect.

Methods

Cell culture

A549 cells, a human pulmonary epithelial type II cell line was
obtained from American Type Culture Collection and cultured
according to standard conditions as described previously

(Watkins et al., 1997a). Cells were seeded into 24-well tissue
culture plates (Nunc, Naperville, U.S.A.) and grown to 80%
con¯uence in Hams F-12 media supplemented with 10% (v

v71) foetal calf serum (FCS), 100 mg ml71 gentamicin and L-
glutamine (2 mM). At this time, cells were then washed in
phosphate bu�ered saline (PBS) and incubated in serum-free

medium for 16 h prior to the commencement of each
experiment. For all experiments, cells were exposed to
cytokine/LPS mix or allergen extracts for 48 h, and each
experiment was performed in quadruplicate. In the present

study, the mite protease-enriched fractions and rye grass pollen
extracts were titrated to obtain the maximum concentration
that did not induce signi®cant amounts of cell detachment. For

the mite protease fractions this concentration was determined
to be 0.5 Azocoll unit mg protein71. In contrast, the rye grass
extract did not induce signi®cant amounts of cell detachment.

At the conclusion of each experiment, supernatants were
collected and cleared by centrifugation at 12,0006g for 5 min
at 48C and then stored at 7208C until required. Cells from
each well were then trypsinized and counted using a Neubauer

haemocytometer. Viability of cells was determined by trypan
blue exclusion. For immunohistochemistry, cells were seeded
into 8-chamber culture slides (Falcon, Perth, Australia) at a

density of 36104/chamber and grown in Ham's F-12 medium
for 48 h. The cells were then washed in PBS before being ®xed
by immersion in ice-cold acetone for 20 min and processed for

immunohistochemistry.

PGE2 enzyme immunoassay

PGE2 was measured using a competitive enzyme immunoassay
according to the manufacturer's instructions (Cayman
Chemical, Ann Arbor, MI, U.S.A.). Plates were read using

an ELISA plate reader (Spectramax 250, Molecular Devices
Co., Sunnyvale, CA, U.S.A.) at 450 nm. The manufacturer's
speci®cations for this assay include an intra-assay coe�cient of

variation of 510%, cross reactivity with PGD2 and PGF2a of
less than 1% and linearity over the range of 10 ± 1000 pg ml71.

GM-CSF ELISA

GMCSF was quanti®ed by speci®c capture ELISA using
commercially available antibodies. Brie¯y, 96-well plates

(Maxisorp, Nunc) were coated with 100 ml of the capture
antibody (500 ng ml71 in 0.1 M NaHCO3/NaCO3 bu�er,
pH 9.6) and incubated overnight at 48C. After washing,

samples or standards were added to the plate and allowed to
incubate at room temperature overnight. After multiple
washes in wash bu�er (0.1% (v v71) Tween 20 in PBS), the
biotinylated 28 antibody was then added and the plate allowed

to incubate at room temperature for 1 h, after which
peroxidase-labelled streptavidin (Dako, Sydney, Australia)
was added. After 30 min, substrate (K-Blue ELISA substrate,

Elisa systems, Brisbane, Australia) was added to each well. The
reaction was terminated by the addition of 1 M phosphoric
acid and the plates read on a ELISA plate reader (Spectramax)

at 450 nm.

NO analysis

The NO content of cell culture supernatants was measured as
NO2

7 using a chemiluminescence NO analyser (Seivers model
280, Boulder, CO, U.S.A.).

Immunocytochemistry

Immunocytochemical expression of OSMR and LIFR was
investigated using a�nity puri®ed polyclonal antibodies to
OSMR and LIFR respectively. The OSMR antibody used was

speci®c for the b-chain of OSMR and does not cross-react with
the LIFR (Mosley et al., 1996). Similarly, according to the
manufacturer's speci®cations, the LIFR antibody does not

cross-react with OSM. At the completion of each experiment,
cells were ®xed in ice-cold acetone for 20 min. Non-speci®c
binding was blocked by the addition of 0.25% (w v71) casein.
Cells were then incubated with either anti-OSMR or anti-

LIFR antibodies for 1 h at room temperature at concentra-
tions of 1 and 2.5 mg ml71 respectively. All dilutions were
prepared in Tris bu�ered saline (TBS) containing 0.1% (w v71)

bovine serum albumin (BSA). Negative controls included cells
that were incubated in this bu�er but without the primary
antibody and use of irrelevant IgG ((NH4)2SO4 cut of a rabbit

anti-house dust mite) instead of the appropriate primary
antibody. Sections were then incubated for 1 h with a FITC-
conjugated secondary antibody at a concentration of
15 mg ml71 (Dako), and mounted under a glass coverslip.

Staining was observed using a Zeiss epi¯uorescence micro-
scope (Zeiss, Sydney, Australia).

Preparation of protease fractions from house dust mite
(HDM) and rye grass pollen

Cysteine protease-enriched and serine protease-enriched
fractions of whole mite media were prepared as described
previously (Winton et al., 1998). Brie¯y, spent medium from

cultures of D. pteronyssinus was extracted in ®ve volumes of
PBS and centrifuged at 48,0006g for 20 min at 48C.
Ammonium sulphate was gradually added to the supernatant
to achieve a 50% saturated solution. After further centrifuga-

tion (48,0006g, 20 min, 48C), the pellet (enriched for cysteine
protease activity), was redissolved in a minimum volume of
distilled H2O. Ammonium sulphate was then added to the

supernatant from the ®rst cut to achieve 80% saturation. This
fraction (enriched for serine protease activity) was also
resuspended in a minimum of distilled H2O. The cysteine and

serine protease fractions were dialyzed against distilled H2O
and lyophilized prior to reconstitution in Hams F-12 medium
as required. Extracts were also assayed for endotoxin using the
Limulus amebocyte lysis assay and found to be below the limit
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of detection (50.06 ng ml71). Rye grass pollen was extracted
with PBS at 10% (w v71) overnight at 48C and the resulting
di�usate was then dialyzed against PBS overnight at 48C. The
protein concentrations of the cysteine protease enriched
fraction, serine protease enriched fraction and rye grass extract
as determined by the method of Bradford (Bradford, 1976)
were 255, 140 and 450 mg ml71 respectively.

Determination of protease activity of the HDM fractions
and Rye grass extracts

Protease activities of D. pteronyssinus protease fractions and
Rye grass (Lolium perenne) pollen extract were determined

spectrophotometrically using insoluble diazotized collagen
(Azocoll) as described previously (Stewart et al., 1989) and
expressed in Azocoll unit ml71 (Table 1). To measure cysteine

proteinase activity, fractions were activated with dithiothreitol
(DTT, 1.5 mM) before assay.

Determination of Der p 1 concentration in fractionated
HDM fecal pellets

The concentrations of immunoreactive Der p 1 in the mite

proteinase fractions were determined using a capture-ELISA
as previously described (Hill et al., 1997), using commercially
obtained monoclonal antibodies.

Materials and reagents

Cell culture media and additives were purchased from Gibco
BRL (Melbourne, Australia), trypsin-versene solution was
purchased from Commonwealth Serum Laboratories (Perth,
Australia), cell culture plastic ware and disposables from

Falcon (Perth, Australia). ELISA plates were purchased from
Nunc (Naperville, U.S.A.). OSM, LIF, LIFR, and GM-CSF
antibodies were purchased from R&D systems (Minneapolis,

MN, U.S.A.). The polyclonal antibody to OSMR was
provided by Immunex Corporation (Seattle, WA, U.S.A.).
Monoclonal antibodies against Der p 1 were obtained from

Indoor Biotechnologies (Charlottesville, VA, U.S.A.). Rye
grass pollen extracts were obtained from Greer Laboratories
(Lenoir, NC, U.S.A.). All other cytokines were obtained from
Boehringer-Mannheim (Sydney, Australia). Limulus amebo-

cyte lysis assay was purchased from Endotect (ICN
Biochemicals, Melbourne, Australia). Coomassie blue was
purchased from BioRad (Sydney, Australia). K blue TMB

substrate was obtained from Elisa Systems (Brisbane,
Australia). Cell culture antibiotics and all other chemicals
were purchased from Sigma (Sydney, Australia).

Statistical analyses

Data were expressed as mean+s.e.mean. Statistical compar-

isons of mean data were performed using one-way ANOVA
with Bonferroni correction performed post-hoc to correct for
multiple comparisons. A P value of 50.05 was considered
signi®cant.

Results

Immunohistochemical detection of LIFR and OSMR in
A549 cells

Experiments were initially undertaken to determine the
presence of both LIFR (type I receptor) and OSMR (type II

receptor) on A549 cells. Figure 1 shows immunoreactive
staining for both receptors in con¯uent cultures of these cells.
Expression of OSMR was widespread, with essentially all cells
showing some degree of staining. Expression of LIFR was also

observed although the staining did not appear to be as intense
as for OSMR. In contrast, staining in the negative control
sections was not observed.

Release of OSM from A549 cells

A549 cells did not release detectable amounts of OSM
either at rest or following exposure to both the cytokine/
LPS mix and HDM protease-enriched fractions (data not

shown).

E�ect of cytokine mix, OSM and LIF on PGE2 release

The e�ect of OSM on the generation of PGE2 from A549
cells is shown in Figure 2a. Cells were exposed to either
OSM (2, 20 or 200 ng ml71) or a cytokine/LPS mix

consisting of IL-1b (1 u ml71), IFNg (100 u ml71) and LPS
(0.1 mg ml71) for 48 h. Unstimulated cells or cells exposed
to OSM alone produced little PGE2 after 48 h in culture

(Figure 2a). However, when cells were exposed to the

Table 1 Protease activity* and Der p 1 concentration of
fractionated house dust mite fecal pellets and extracts of Rye
grass

Protease
extract

Cysteine
protease
activity

Serine
protease
activity

Der p 1
concentration#

0 ± 50% (NH4)2SO4 cut 485 35 79
50 ± 80% (NH4)2SO4 cut 6 115 4
Rye grass extract 0 1.5 N/A

*Protease activity determined using Azocoll substrate and
expressed as units mg protein71. Cysteine protease activity
was determined by subtracting units mg protein71 obtained
in the absence of a reducing agent from that obtained in the
presence of reducing agent. #Der p 1 concentration was
measured by ELISA and is expressed as mg ml71.

Figure 1 Immuno¯uorescent detection of OSMR and LIFR in A549
cells. Photomicrograph of positive staining for (a) LIFR and (b)
OSMR. (c) and (d) represent corresponding negative controls for
LIFR and OSMR respectively. (Final magni®cation:6100).

Oncostatin M upregulates epithelial PGE2 release 467D.A. Knight et al

British Journal of Pharmacology, vol 131 (3)



cytokine/LPS mixture, a 9 fold increase in PGE2 production
was detected (Figure 2a; P50.05). When cells were exposed
to a combination of OSM and cytokine/LPS mixture, a

mean 22 fold increase in PGE2 production was observed
when compared to unstimulated cells (P50.01).

Treatment of A549 cells with the COX-2 selective
inhibitor nimesulide (1 mM) for 30 min prior to the

addition of the cytokine mix completely suppressed the
production of PGE2 in response to the cytokine/LPS mix
(Figure 2a).

Whether OSM was acting via the type I or speci®c type II
receptor was investigated by pretreating cells with neutralis-
ing antibodies to either LIFR or OSMR at a dilution of

1:100 for 30 min prior to the addition of the cytokine/LPS
mix (Figure 2a). Blockade of the OSMR completely
inhibited the synergistic interaction between OSM and

cytokine/LPS mixture. In contrast, selective neutralisation
of LIFR did not in¯uence PGE2 production, con®rming that
OSM was interacting with the type II receptor. As was
observed for OSM, exposure of A549 cells to LIF (5 or

50 ng ml71) for 48 h did not induce PGE2 release (Figure
2b). In contrast to OSM, concomitant addition of LIF and
cytokine/LPS mix did not result in any synergistic

interaction (Figure 2b).

E�ects of HDM protease-enriched fractions on PGE2

release

The cysteine protease and serine protease activities of the mite
protease fractions were con®rmed by the Azocoll degradation
assay (Table 1). As expected, the protease activity of the
cysteine-enriched fraction was signi®cantly enhanced following

exposure to the reducing agent DTT (1.5 mM). The Der p 1
concentration of both protease-enriched fractions is also
shown in Table 1. The concentration of Der p 1 in the cysteine

protease-enriched fraction was 15 fold higher than the serine
protease-enriched fraction.

Exposure of A549 cells to the cysteine protease-enriched

fraction induced a dose-dependent increase in PGE2 produc-
tion (Figure 3a). The e�ect on PGE2 release was signi®cantly
enhanced following activation by DTT (P50.05). A synergis-

tic interaction between the cysteine protease enriched fraction
and OSM was observed only in the presence of DTT (P50.05;
Figure 3a) and was abolished by heating allergen samples to

Figure 2 E�ect of OSM, LIF and cytokine/LPS mix alone and in
combination on PGE2 production from A549 cells. (a) E�ect of
OSM. A549 cells were treated with OSM or a mix of IL-1b, IFNg
and LPS for 48 h. Supernatants were collected and PGE2 quanti®ed
by EIA. Antibodies to OSMR and LIFR as well as the COX-2
speci®c inhibitor, nimesulide were added 30 min prior to addition of
OSM and cytokine/LPS mix. Results are expressed as means
+s.e.mean of four experiments performed in quadruplicate. (b)
E�ect of LIF. A549 cells were treated with LIF or a mix of IL-1b,
IFNg and LPS in the presence or absence of LIF for 48 h, before
supernatants were assayed for PGE2 as described in (a). Results are
expressed as mean+s.e.mean of four experiments performed in
quadruplicate. *P50.05 compared to medium control, **P50.01
compared to medium control, #P50.05 compared to cytokine/LPS
mix, gP50.05 compared to OSM+cytokine/LPS mix.

Figure 3 E�ect of protease-enriched fractions of HDM fecal pellets
on PGE2 production by A549 cells. (a) E�ect of cysteine protease-
enriched fraction. Cells were exposed to cysteine protease-enriched
fractions in the absence or presence of DTT (1.5 mM) and/or OSM
(20 ng ml71). After 48 h, cell culture supernatants were taken and
the amount of PGE2 released quanti®ed by EIA. Results are
expressed as mean+s.e.mean of four experiments performed in
quadruplicate. (b) E�ect of serine protease-enriched fraction. Cells
were exposed to dilutions of serine protease-enriched fractions for
48 h. Supernatants were assayed for PGE2 as described in (a). Results
are expressed as means+s.e.mean of four experiments performed in
quadruplicate. *P50.05 compared to medium control. **P50.01
compared to medium control.
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658C for 10 min prior to adding them to the cell cultures. The
addition of DTT alone did not signi®cantly increase the release
of PGE2 per se (Figure 3a). Exposure to the serine protease
enriched fraction also dose-dependently stimulated signi®cant

amounts of PGE2 from A549 cells (P50.05; Figure 3b).
Heating allergen samples prior to adding them to the cell
cultures also abolished this e�ect. However, when OSM was

added in combination with the serine protease enriched
fraction, a synergistic increase in PGE2 production was not
observed (Figure 3b).

E�ects of OSM and rye grass pollen extract on PGE2

release

Exposure of A549 cells to the rye grass pollen extract did not
elicit measurable quantities of PGE2 either alone or in
combination with OSM (Figure 4a). However, the extract

induced the release of signi®cant amounts of GM-CSF from
these cells (P50.05, Figure 4b). In the same experiment, OSM
also induced the release of signi®cant levels of GM-CSF

(P50.05, Figure 4b).

E�ect of cytokine/LPS mix, OSM, LIF and proteases
on NO production

Exposure of A549 cells to the cytokine/LPS mixture
signi®cantly increased NO production over the 48 h period

(P50.05; Figure 5a). This enhancement was completely
inhibited by pre-incubation of the cells with the NO synthase
inhibitor L-NAME, suggesting that inducible NO synthase

(iNOS) was being activated. As was observed for PGE2, both
OSM and LIF did not stimulate signi®cant NO release (Figure
5a). The combined addition of either OSM or LIF and

cytokine/LPS did not induce a synergistic e�ect on NO release.

In the absence of DTT, exposure of A549 cells to the mite
cysteine-protease-enriched fraction did not induce the release
of NO above control values. In contrast, following exposure to

DTT, this fraction dose-dependently enhanced NO production
(P50.05). However, synergism with OSM was not observed
(Figure 5b). Exposure to either DTT alone or a combination of
DTT+OSM did not induce NO release above control levels.

Exposure of A549 cells to the serine protease-enriched fraction
(Figure 5c) or the rye grass pollen extract (Figure 5d) did not
induce NO production, either alone or in combination with

OSM.

Discussion

This study has demonstrated that OSM synergistically

enhanced the release of PGE2 in response to pro-in¯ammatory
cytokines as well as the cysteine protease fraction-derived from
the house dust mite, D. pteronyssinus. This enhancement
appeared to involve an interaction between OSM and its

speci®c type II receptor, rather than the type I (LIFR), despite
the presence of both receptor subtypes on A549 cells. In
contrast, LIF did not in¯uence PGE2 production either alone

or in combination with protease-enriched fractions of house
dust mite fecal pellets. Neither OSM nor LIF in¯uenced the
release of NO from A549 cells per se. However, the cysteine

protease-enriched fraction induced NO release following
activation by DTT.

OSM is released by both resident structural cells as well as

in®ltrating in¯ammatory cells, suggesting that it may play an
important role in modulating the in¯ammatory and repair
processes. However, the biological e�ects of OSM in the
context of lung in¯ammation are only just beginning to be

explored. In other tissues, OSM appears to interact with
di�erent mediators to enhance cell activity. For example, OSM
alone had a negligible e�ect on PGE2 release from synovial

®broblasts, but interacted additively with IL-1 to enhance the
liberation of PGE2 (Hamilton et al., 1991). In these same cells,
OSM and IL-1 were also shown to interact synergistically to

increase the production of urokinase-type plasminogen
activator. The results of the present study extend these
observations in as much as OSM, while having no e�ect on
PGE2 release per se, induced a synergistic increase in PGE2

production from epithelial cells when added in combination
with a cytokine mixture containing IL-1b. The augmented
PGE2 release was apparently due to induction of COX-2

activity, since pretreating cells with the COX-2 selective
inhibitor nimesulide completely inhibited PGE2 release.

OSM has been shown to interact with both the LIFR (type

I) and, more recently, a second speci®c OSMR (type II)
(Heinrich et al., 1998; Mosley et al., 1996). Although both type
I and II receptors are widely distributed on a variety of

cultured cell types, assessing their distribution and role in
human airways has only recently begun (Knight et al., 1999a).
In the current study, we con®rmed the presence of both type I
and type II receptors on A549 cells. Pretreatment with a

speci®c OSMR antibody completely negated the synergism
between OSM and the cytokine/LPS mix, but neutralisation of
the LIFR was without e�ect, con®rming that in epithelial cells

OSM was working speci®cally via the type II receptor.
The observation that mite proteases stimulated PGE2

release from respiratory epithelial cells is consistent with other

data from our laboratory showing that they stimulate the
release of a variety of cytokines such as IL-6, IL-8 and GM-
CSF (King et al., 1998) from respiratory epithelial cells, as well
as causing changes in mucosal permeability (Herbert et al.,

Figure 4 The e�ect of Rye grass pollen on PGE2 and GM-CSF
release. Cells were exposed to extracts of rye grass pollen or OSM
(20 ng ml71) for 48 h. After this time, cell culture supernatants were
taken and the amount of PGE2 released quanti®ed by EIA (a), while
the concentration of GM-CSF was quanti®ed by speci®c ELISA (b).
Results are expressed as means+s.e.mean of four experiments
performed in quadruplicate. *P50.05 compared to medium control.
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1995) due to degradation of tight junction proteins (Wan et al.,
1999). In the absence of exogenous reducing agents, the

cysteine protease fraction still induced signi®cant PGE2

release, suggesting that the epithelial cells may have the
capacity to activate the latent cysteine protease activity, as has

been described in canine kidney epithelial cells (Herbert et al.,
1995). When OSM and cysteine protease-enriched fractions
were added together in the presence of DTT, a synergistic

increase in the generation of PGE2 was observed. This
interaction appeared to be dependent on the biochemical
activity of protease-enriched fractions since PGE2 liberation
was not detected following heat inactivation. Exposure to the

serine protease-enriched fraction also induced a dose-

dependent production of PGE2 from A549 cells, although the
magnitude was not as great as that for the cysteine protease-

enriched fraction.
The mechanism(s) by which house dust mite-derived

proteases augmented PGE2 production is unknown, but recent

studies have demonstrated the presence of protease-activated
receptors (PAR) in a variety of tissues, including the lung. To
date four PARs have been described (Dery et al., 1998) and

activation of PAR-2 was shown to induce the release of PGE2

from airway epithelium, which consequently inhibited con-
tractile responses of the airway smooth muscle (Cocks et al.,
1999; Lan et al., 2000). However, whether OSM in¯uences the

expression and/or function of PAR-2 is unknown. It is also

Figure 5 The e�ect of OSM, LIF, cytokine/LPS mix, protease-enriched fractions of HDM fecal pellets and protease-de®cient rye
grass pollen extracts on NO release from A549 cells. A549 cells were treated with either OSM (20 ng ml71) or LIF (5 ng ml71) and
cytokine/LPS mix or a combination of both for 48 h. L-NAME was added 30 min prior to the addition of the cytokine/LPS
cocktail. (b) The e�ect of cysteine protease-enriched fraction. A549 cells were exposed to cysteine protease-enriched fractions in the
absence or presence of DTT and/or OSM. After 48 h supernatants were assayed for NO. (c) E�ect of serine protease-enriched
fraction. Cells were exposed to dilutions of serine protease-enriched fractions for 48 h. Supernatants were assayed for NO as
described in (a). (d) E�ect of Rye grass pollen extract. Cells were exposed to dilutions of protease-enriched fractions of rye grass
pollen for 48 h. Supernatants were assayed for NO as described in (a). Results are expressed as mean+s.e.mean of four experiments
performed in quadruplicate. *P50.05 compared to medium control.
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possible that activation of PARs by mite proteases leads to the
release of speci®c cytokines that in turn induce the release of
PGE2. In this regard, we have shown that speci®c PAR agonist

peptides induce the release of this prostanoid (Thompson et
al., 1999). Interestingly, there was no such interaction between
OSM and the serine protease-enriched fraction. The reasons
for this are currently under investigation, but it is known that

OSM is a potent inducer of the serine protease inhibitors a1-
antichymotrypsin (Cichy et al., 1995) and a1-protease inhibitor
(Cichy et al., 1998; Sallenave et al., 1997). In this regard, the

latter is known to inhibit all of the known mite serine proteases
(Stewart et al., 1994). Thus, OSM may play an important role
in restricting damage to human airways due to certain classes

of exogenous proteases from sources such as HDM. To this
end, studies using individual mite proteases are currently
underway.

In addition to examining the role of OSM in PGE2

production, we also examined its e�ect on NO release. This
mediator is thought to be important in the process of airway
in¯ammation, although its precise role is unknown (Watkins et

al., 1997b). In this study, we con®rmed earlier ®ndings
demonstrating that a mixture of IL-1b, IFNg and LPS induced
NO production (Watkins et al., 1997b) and that its release was

inhibited by L-NAME suggesting the involvement of iNOS. In
contrast, neither OSM nor LIF induced NO production from
A549 cells. Whilst our data indicate that neither cytokine

appears to play a role in NO production in respiratory
epithelium, LIF has been shown to superinduce NO
production in vascular tissue (Moran et al., 1997). The reasons

for these di�erences are not known, although it may relate to a
greater contribution of endothelial NOS in the vasculature as
compared to iNOS in the airways. Interestingly, co-induction
of NO with prostaglandin production has been demonstrated

in several animal models of in¯ammation, both in vivo and in
vitro (Swierkosz et al., 1995; Vane et al., 1994) and our
laboratory has demonstrated that NO interacts with COX-2 in

human cultured epithelial cells (Watkins et al., 1997a).
However, the results from this study suggest that the two
pathways may also be independently stimulated.

Exposure of A549 cells to cysteine protease-enriched
fractions resulted in a concentration-dependent increase in
NO production that was enhanced further by activation with
DTT. However, there was no observable synergistic increase in

NO production following the addition of OSM. The reasons
for this are not understood, although it is possible that the cells
were already releasing a maximum amount of NO in response

to the allergen fraction. Exposure of cells to the serine
protease-enriched fraction at the concentrations chosen did
not evoke NO release and this was not in¯uenced by the
further addition of OSM.

In addition to examining dust mite allergenic protease
fractions, we also studied a protease-free (as judged by the
Azocoll assay) rye grass pollen extract and showed that pollen

extracts had little e�ect on PGE2 and NO release, suggesting
that protease activity per se is important in these activities.
However, the rye grass pollen extract was biologically active

since we were able to demonstrate that airway epithelial cells
release GM-CSF following exposure to this pollen extract. In
other studies (Tomee et al., 1998), the release of IL-6 and IL-8

from A549 cells in response to allergens has been documented.
Taken together, these data indicate di�erential control of the
release of cytokines and mediators such as PGE2 and NO. We
also showed that OSM alone induced the release of GM-CSF

from epithelial cells, suggesting an interaction between these
cytokines. Indeed, GM-CSF has been shown to induce the
release of OSM from neutrophils (Grenier et al., 1999),

suggesting that a positive feedback reaction may occur within
the context of allergic in¯ammation.

In conclusion, we have demonstrated that OSM acts as a

co-factor in the induction of PGE2 release from cultured
human airway epithelial cells in response to cytokine and
protease stimuli. These results suggest OSM plays a critical

role in regulating the enzyme/mediator pro®le of airway
epithelial cells and indicates a potentially important role of
OSM in the regulation of the airway response to allergic
in¯ammation.
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