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ABSTRACT: Interleukin (IL)-1b is a pleiotropic, pro-inflammatory cytokine that has
been importantly implicated in driving the inflammatory response and resultant changes
in airway smooth muscle (ASM) responsiveness in asthma. IL-1b belongs to a family of
molecules, known as the IL-1 axis, which exert both pro- and anti-inflammatory effects.
Since dysregulation of IL-1 axis molecules may be critical in the pathobiology of
asthma, the present study examined the expression and activation of both the inhibitory
and stimulatory IL-1 axis molecules in human ASM cells and their roles in modulating
cytokine and immunoglobulin (Ig)E immune complex (IgE cx)-mediated changes in
rabbit ASM constrictor and relaxant responsiveness.

The results demonstrate the following. 1) Pre-treatment of isolated rabbit tracheal
rings with the inhibitory IL-1 axis members, IL-1 receptor antagonist and IL-1 type-II
receptor abrogated both IL-5- and IgE cx-induced changes in ASM responsiveness. 2)
Administration of IL-5, IL-1b and IgE cxs to human ASM cells increased mRNA and
protein expressions of both stimulatory and inhibitory IL-1 axis molecules. 3) The time
course of IL-5-induced IL-1 axis molecule expression preceded that of both IL-1b and
IgE immune cxs.

Collectively, these findings suggest that modulation at the level of the interleukin-1
axis of molecules may have significant therapeutic potential in the treatment of asthma.
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Airway inflammation together with enhanced agonist-
mediated bronchoconstriction and impaired adrenoceptor-
mediated airway relaxation are characteristic features of
bronchial asthma [1, 2]. While the mechanisms underlying
these inflammation-associated changes in airway responsive-
ness remain to be elucidated, substantial recent evidence has
implicated a crucial role for CD4z T-helper (Th) type-2
cytokines in the pathophysiology of the inflammatory
response and its accompanying changes in airway respon-
siveness in asthma. In this regard, the Th2 cytokines,
interleukin (IL)-4, IL-13 and IL-5, are known to orchestrate
various humoral and cellular immune responses that are
characteristic of allergic asthma, including immunoglobulin
(Ig)E synthesis, eosinophil recruitment and activation [3–5].
These cytokines have also been shown to modulate airway
responsiveness by direct action on the airway smooth muscle
(ASM) itself [6–8].

While Th2 cytokines are known to play a critical role in the
pathophysiology of asthma, recent evidence suggests that
the altered airway response in asthma may be triggered by
the action of IgE immune complexes (IgE cxs) on the ASM.
Indeed, administration of IgE cxs to ASM has been shown to
initiate a signalling cascade that results in the induced expres-
sion and autocrine action of IL-5, which, in turn, triggers the
production of the pleiotropic, pro-inflammatory cytokine IL-
1b [9]. IL-1b is a pivotal cytokine that is centrally involved in
both local and systemic immune responses. There is evidence
that dysregulated synthesis and prolonged release of IL-1b in
chronic inflammatory conditions, such as inflammatory bowel
disease, psoriasis and rheumatoid arthritis, may contribute to

the pathogenesis of these diseases [10]. Moreover, IL-1b has
also been implicated in the early phase of both the inflam-
matory response and altered airway responsiveness of an
asthma patient, and elevated levels of IL-1b protein have been
shown to be present in the airways of patients with asthma
[11, 12]. Furthermore, there is cumulative evidence showing
that IL-1b modulates airway constrictor and relaxation
responses by direct action on the ASM itself [6, 8]. Taken
together, this evidence highlights the important role of IL-1b
in the pathophysiology of asthma.

The IL-1 type-I (IL-1RI) and type-2 (IL-1RII) receptor
molecules are two distinct receptors that bind to both IL-1a
and IL-1b [13]. The IL-1RI receptor is responsible for
producing the biological effects that are attributed to IL-1
signalling [14, 15]. In contrast, the IL-1RII receptor does not
possess a functional cytoplasmic signalling peptide, and, thus,
serves as a decoy receptor that binds to IL-1 and attenuates
IL-1 signalling [16]. In addition, the IL-1RII receptor can be
cleaved into a soluble form (sIL-1RII), which binds to IL-1b
with high affinity, further reducing the amount of available
IL-1b [17]. Accordingly, IL-1RII is capable of dampening the
IL-1 pathway by sequestering IL-1. The IL-1 receptor
antagonist (IL-1ra) is another mechanism by which IL-1
activity can be inhibited. IL-1ra has been shown to bind to
IL-1RI with an affinity approximating IL-1a and IL-1b, but
does not induce signal transduction [18]. IL-1ra pre-treatment
has also been shown to significantly reduce IL-1-mediated
inflammatory damage in various experimental models,
suggesting that these anti-inflammatory effects are receptor
specific [19, 20]. Although the IL-1 axis molecules, IL-RL1
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(also known as T1/ST2) and IL-18RI, are not directly
involved in IL-1 signalling, both are important markers of
inflammation. Increased levels of IL-1RL1 are present in the
sera of asthma patients following an acute exacerbation [21]
and IL-18 signalling is also notably upregulated. Thus,
IL-1RL1 and IL-18RI serve as markers of IL-1-mediated
inflammation in asthma.

While numerous studies have addressed the role of IL-1b in
inflammatory conditions such as asthma, there has been little
attention given to the other members of the IL-1 axis
molecules. Accordingly, the present study examined whether
the IL-1 family of molecules are differentially regulated in
pro-asthmatic-sensitised airways either at baseline or in
response to inflammatory mediators, such as IgE cxs, IL-5
and IL-1b, which have been importantly implicated in the
development of the pro-asthmatic state.

Materials and methods

Preparation of airway smooth muscle tissue, incubation
with IL-5, IgE complexes and members of the IL-1
family of molecules

A total of 14 New Zealand white adult rabbits were used in
this study, which was approved by the Biosafety, Animal
Research and the Institutional Review Board (IRB) Commit-
tees of the Joseph Stokes Research Institute at Children9s
Hospital of Philadelphia, PA, USA. The animals had no signs
of respiratory disease for several weeks before the study. The
human ASM cells were purchased from Clonetics (San Diego,
CA, USA) and their use was similarly approved by the IRB
Committees.

IgE csx, IL-1b and IL-5 were separately administered to
isolated rabbit ASM tissue in the absence and presence of the
inhibitory IL-1 family members, IL-1ra and sIL-1RII, and
changes in the tissues9 agonist-mediated constrictor and relaxa-
tion responsiveness were examined. In brief, after anaesthesia
with xylazine (10 mg?kg-1) and ketamine (50 mg?kg-1), rabbits
were sacrificed, their tracheae removed via open thoracotomy,
cleared of loose connective tissue and epithelium, and divided
into eight ring segments of 6–8 mm length. Each alternative
smooth muscle ring was incubated for 24 h at room
temperature in either: Dulbecco9s Modified Eagles Medium
(DMEM) alone, or DMEM in the presence of either IL-5
(4 ng?mL-1; R&D Systems, Minneapolis, MN, USA), IL-1b
(5 ng?mL-1) or IgE cxs, with and without 1-h pre-treatment
of either sIL-1RII (5 mg?mL-1; R&D Systems) or IL-1ra
(140 ng?mL-1; R&D Systems). The concentration of the IgE
cxs used was 15 mg?mL-1 of human IgE and 5 mg?mL-1 goat
anti-human IgE (Biodesign International, Saco, ME. USA).
The incubation media were aerated with a continuous
supplemental 95% O2/CO2 mixture during the incubation
phase. The concentrations of IgE, IL5 and IgE cxs were the
maximum effective concentrations of these molecules, as
previously described [6, 7, 9, 22, 23].

Pharmacodynamic studies

Following incubation, each tissue segment was suspended
longitudinally between stainless steel triangular supports in
siliconised Harvard 20-mL organ baths (Harvard Apparatus,
South Natick, MA, USA). The lower support was secured to
the base of the organ bath and the upper support was
attached via a gold chain to a Grass FT.03C force transducer
(Grass Instruments, Quincy, MA, USA), from which isome-
tric tension was continuously displayed on a multichannel

recorder. The tissues were bathed in modified Krebs-Ringer
solution. The baths were aerated with 5% CO2 in O2; a pH of
7.35–7.40 was maintained and the organ bath temperature
was held at 37uC. Cholinergic contractility was assessed
by cumulative administration of acetycholine (ACh; 10-10–
10-3 M). Thereafter, in separate studies, relaxation dose-
response curves to isoproterenol (10-10–10-4 M) were con-
ducted in tissues half-maximally contracted with ACh. The
relaxant responses to isoproterenol were analysed in terms of
per cent maximal relaxation (Rmax) from the active choliner-
gic contraction, and sensitivity to the relaxing agent was
determined as the negative logarithm of the dose of the
relaxing agent producing 50% of Rmax (pD50; i.e. geometric
mean dose of drug which produces 50% of its maximum
response (ED50) value).

Preparation and treatment of cultured airway smooth
muscle cells

Human ASM (HASM) cells were derived from male donors
aged 16 and 21 yrs (Clonetics), who had no evidence of
pulmonary disease, and the cells were cultured at 37uC in a
humidified atmosphere of 5% CO2 and 95% air. The cells used
in this study were at passage 5–7 and were grown to 95%
confluency in smooth muscle basal medium (SmBM), which
was supplemented with 10% foetal bovine serum insulin
(5 ng?mL-1), epidermal growth factor (10 ng?mL-1; human
recombinant), fibroblast growth factor (2 ng?mL-1; human
recombinant) and gentamycin (50 ng?mL-1), as previously
described [6, 7, 9]. After growing the cells to confluence, the
cells were starved in unsupplemented SmBM (SFM), and then
exposed, for varying durations, to either serum-free media
alone (control), IgE cxs (15 mg?mL-1 human IgE, 5 mg?mL-1

goat anti-human IgE), IL-5 (4 ng?mL-1) or IL-1b (1 ng?mL-1).
The cell media were salvaged and the cells were washed three
times in PBS buffer, and used for the various RNA and
protein experiments. All experiments were performed in
triplicate.

Determination of IL-1 axis mRNA expression

To analyse mRNA expression of the human IL-1 axis
members IL-1a, IL-1b, IL-1b converting enzyme (ICE;
caspase-1), IL-1ra, sIL-1RI, sIL-1RII, IL-1RL1, IL-1 recep-
tor accessory protein (IL-1RacP) and IL-18RI, RT-PCR was
used and human-specific primers were used, based on the
published sequences of these human genes and included the
following primer sets. For ICE: 59-primer 59-GTGCAGGA-
CAACCCAGCTAT-39, 39-primer 59-CGCTGTACCCCA-
GATTTTGT-39 (product is 250 bp); for IL-1RI: 59-primer
59-ATCGTGATGAATGTGGCTGA-39, 39-primer 59-TGA-
CCCATTCCACTTCCAGT-39 (product is 252 bp); for
IL-1a: 59-primer 59-CGGGAAGGTTCTGAAGAAGA-39,
39-primer 59-AGCAGCCGTGAGGTACTGAT-39 (product
is 235 bp); for IL-1b: 59-primer 59-GGACAAGCTGAG-
GAAGATGC-39, 39-primer 59-TCCATATCCTGTCCCTG-
GAG-39 (product is 246 bp); for IL-1RL1: 59-primer
59-TGGATATGCGAATGTCACCA-39, 39-primer 59-GGT-
GTAATCACCTGCGTCCT-39 (product is 250 bp); for
IL-1RAcP: 59-primer 59-TCTGATGGATTCTCGCAATG-39,
39-primer 59-TCTTGGAGCTGGCACTTTCT-39 (product is
253 bp); for IL-18RI: 59-primer 59-CTGCTCTGCTTTGCT-
GAATG-39, 39-primer 59-AGCCATGTCTGCTTTTCTCA-39
(product is 250 bp); for IL-1ra: 59-primer 59-GGAATC-
CATGGAGGGAAGAT-39, 39-primer 59-CCTTCGTC-
AGGCATATTGGT-39 (product is 245 bp); for IL-1RII:
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59-primer 59-TGGCACCTACGTCTGCACTA-39, 39-primer
59-TGGTCCCCCTCACACTTAGA-39 (product is 260 bp);
for RPL7: 59-primer 59-AAGAGGCTCTCATTTTCCTGG-
CTG-39, 39-primer 59-TCCGTTCCTCCCCATAATGTTCC-
39 (product is 157 bp).

The experimental values of ribosomal protein L7 (RPL7)
were used as loading controls. The cycling profile used was as
follows: denaturation at 95uC for 1 min; annealing at 52–60uC
for 1 min; and extension at 72uC for 1 min. The cycles used
were: 31–34 cycles for the IL-1 axis genes; and 26 cycles for the
RPL7 gene. The PCR reactions for the individual products
were performed using equivalent amounts of complementary
DNA (cDNA) prepared from 2.5 mg of total RNA, and equal
aliquots of each PCR reaction were then run on a 1.2%
agarose gel and each gene9s DNA levels were assayed by
Southern blot analysis using product-specific 32P-labelled
probes. Southern blots were quantitated by direct measure-
ments of radioactivity in each band using a PhosphoImager
(Molecular Dynamics, Boston, MA, USA).

Determination of IL-1 axis protein expression by Western
blot analysis

Protein expression of the IL-1 axis members IL-1RI, IL-
1RAcP, IL-1ra and IL-1RII were assayed by Western blot
analysis of membrane protein lysate samples isolated from
cultured human ASM cells following 0-, 24-, and 48-h
treatments with either SFM alone, or SFM containing
either IL-5 (4 ng?mL-1), IL-1b (1 ng?mL-1) or IgE cxs
(15 mg?mL-1 human IgE, 5 mg?mL-1 goat anti-human IgE).
The protein lysate samples were homogenised and prepared in
40 volumes of 50 mM Tris-HCl, 150 mM NaCl, 1 mM
EDTA (pH 7.4) containing 1 mM phenylmethylsulfonyl
fluoride, 5 mg?mL-1 aprotinin and 5 mg?mL-1 leupeptin.
Nuclei and large particulates were removed by centrifugation
at 1006g for 5 min. The supernatant was then recovered and
the protein concentration was measured using the Lowry
assay. Equivalent amounts (30–50 mg) of cellular protein were
fractionated in 9–11% SDS-polyacrylamide gels, followed by
transfer to nitrocellulose membranes. The membranes were
then blotted with the primary antibodies overnight at 4uC in
25 mM Tris-HCl (pH 7.5), 150 mM NaCl and 0.5% Triton-
X-100 containing 5% non-fat milk, as described previously
[22]. All primary antibodies used were mouse anti-human
monoclonal antibodies (R&D Systems) in a 1:250 dilution.
The IL-1 axis protein levels were detected using enhanced
chemiluminescence after 1-h incubation with a 1:1,000
dilution of an anti-mouse horseradish peroxidase-linked
secondary antibody in 25 mM Tris-HCl (pH 7.5), 150 mM
NaCl and 0.05% Triton-X-100 containing 0.50% non-fat
milk, and subsequent exposure to autoradiography film.

ELISA measurements of IL-1ra and sIL-1RII proteins

Protein levels of IL-1ra and sIL-1RII were measured in the
culture media of ASM cells that were exposed for both 0 and
24 h to either treatment with SFM alone or with SFM
containing either IL-5 (4 ng?mL-1) or IL-1b (1 ng?mL-1). The
IL-1ra and sIL-1RII protein levels were quantitatively
assessed using an enzyme-specific immunoassay, as previously
described [6]. The latter assay was performed using a double-
antibody sandwich strategy in which an acetylcholine-esterase
(AChE), Fab-conjugated IL-1ra- or sIL-1RII-specific second-
ary antibody is targeted to a first cytokine-captured antibody
(R&D Systems). The enzymatic activity of the AChE was

measured spectrophotometrically, and, relative to a linear
standard curve (range 0–250 pg?mL-1), the results were used
to quantify the amount of the targeted IL-1ra and sIL-1RII
present in the cell culture media. In addition, HASM cells
were also exposed to IgE immune cxs (15 mg?mL-1 human
IgE, 5 mg?mL-1 goat anti-human IgE) for 0 and 24 h in the
absence and presence of 1 h pre-treatment with a maximum
effective concentration (50 ng?mL-1) of an IL-5 receptor
neutralising antibody (IL-5ra; R&D Systems).

Statistical analyses

Statistical analyses were performed using the two-tailed
paired t-test and ANOVA with multiple comparison of
means, where appropriate. Statistical p-values v0.05 were
considered significant.

Results

Role of IL-1 axis molecules in regulating agonist-
mediated responsiveness in cytokine-and IgE immune
complex-sensitised rabbit airway smooth muscle

To examine the modulatory effects of the inhibitory IL-1
axis members, IL-1ra and sIL-1RII, on IL-5-induced changes
in airway responsiveness, agonist mediated ASM constrictor
and relaxant responses were separately compared in IL-5-
treated pairs of rabbit ASM segments in the absence and
presence of sIL-1RII or IL-1ra. As shown in figure 1, relative
to media-treated (control) tissues, the constrictor responses to
exogenously administered ACh were significantly increased in
the IL-5-treated ASM. Accordingly, the maximum tension
(Tmax) values (mean¡SEM) amounted to 81.32¡5.43 and
99.97¡6.36 g?g ASM weight-1 with corresponding ED50

values of 5.16¡0.11 and 5.26¡0.11 -log M in the control
and IL-5 sensitised tissues, respectively (pv0.005), represent-
ing an average increase in Tmax of 22.9% above the control
value in the IL-5-treated ASM. Moreover, the enhanced
constrictor response to ACh, in the IL-5-treated tissues, was
largely abrogated in tissues that were pre-treated with sIL-
1RII (fig. 1a) or IL-1ra (fig. 1b). In contrast, the constrictor
responses to ACh were unaltered in the control ASM tissues
that were treated with either IL-1ra or sIL-1RII (data not
shown).

In extended studies, during comparable levels of initial
sustained ACh-induced contractions, averaging y50% of
Tmax in control and IL-5-sensitised rabbit ASM segments,
administration of the b-adrenoceptor agonist, isoproterenol,
produced cumulative dose-dependent relaxation of the pre-
contracted tissues. As depicted in figure 2, relative to control
ASM, Rmax responses and pD50 values to isoproterenol were
significantly attenuated in the IL-5 sensitised tissues. Accord-
ingly, the Rmax values (mean¡SEM) in the IL-5 sensitised and
control ASM amounted to 55.68¡3.03 and 47.83¡4.12%,
respectively (pv0.01). The corresponding pD50 values for
isoproterenol averaged 6.39¡0.03 and 6.38¡0.03 -log M,
respectively. Moreover, the impaired Rmax response to
isoproterenol was largely prevented in IL-5-sensitised tissues
that were pre-treated with either sIL-RII (fig. 2a) or IL-1ra
(fig. 2b). In comparable experiments, neither sIL-1RII nor IL-
1ra was found to significantly affect the ASM relaxation
responses to isoproterenol in control tissues (data not shown).

Comparable experiments to those described previously
for IL-5 were also performed to determine the effects of
IgE immune cxs on rabbit ASM constrictor and relaxant
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responsiveness, both in the absence and presence of IL-1ra or
sIL-1RII, respectively. Accordingly, the Tmax values (mean¡SEM)
amounted to 83.56¡6.22 and 104.84¡7.16 g?g ASM weight-1

with corresponding ED50 values of 5.19¡0.09 and 5.30¡0.10 -
log M in the control and IgE immune cx-sensitised tissues,
respectively (pv0.01). Moreover, the enhanced Tmax and
ED50 values to ACh in the IgE immune cx-treated tissues
were largely abrogated in tissues that were pre-treated with
sIL-1RII (86.67¡7.54 and 5.22¡0.10, respectively) or IL-1ra
(87.12¡6.84 and 5.21¡0.11, respectively). Similarly, the Rmax

responses and pD50 values to isoproterenol were significantly
attenuated in the IgE immune cx-sensitised tissues. Accord-
ingly, the Rmax values (mean¡SEM) in the IgE immune
cx-treated and control ASM amounted to 57.22¡5.12 and
45.23¡5.32%, respectively (pv0.01). The corresponding pD50

values for isoproterenol averaged 6.34¡0.05 and 6.36¡0.05 -
log M, respectively. Moreover, the impaired Rmax response to
isoproterenol was ablated in IgE immune cx-sensitised tissues
that were pre-treated with either sIL-RII (54.32¡6.10) or IL-
1ra (55.87¡5.89). Similar effects on ASM contractility and
relaxation to those observed with IL-5 and IgE immune cxs
were also observed in rabbit ASM tissues that were exposed
to IL-1b, and these effects of IL-1b were abrogated with
either IL-1ra or sIL-1RII (data not shown).

Expression of stimulatory IL-1 axis molecules in human
airway smooth muscle

In light of previous evidence, together with earlier studies
showing that exposure of naive ASM to atopic asthmatic
serum induces upregulated mRNA expression and release of
IL-5, which, in turn, acts in an autocrine manner to induce
expression and release of the pro-inflammatory cytokine IL-
1b [24, 25], the present authors next examined whether
cultured HASM cells endogenously expresses mRNAs for
other stimulatory and inhibitory members of the IL-1 axis
molecules, and whether the expression pattern of these
molecules is modulated in ASM following administration of
IgE cxs, IL-5 or IL-1b. Accordingly, Southern blots were
prepared and probed with human cDNA probes that were
specific for the nucleotide sequences of the IL-1a, IL-1b, ICE,
IL-1RI and IL-1RacP genes. A 157-bp RPL7 probe was also
prepared as a control for gel loading. As shown in figure 3,
relative to untreated (control) cells, IL-1a expression was
increased in ASM cells in response to IL-1b alone. Likewise,
IL-1b mRNA expression was increased in response to IL-1b
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Fig. 1. – Interleukin (IL)-5-induced changes in rabbit airway smooth
muscle (ASM) constrictor responsiveness. Comparison of constrictor
dose-response relationships to acetylcholine (ACh) in control (&),
and IL-5-treated rabbit ASM tissues in the absence (%) and presence
(#) of either a) soluble IL-1 type-II receptor (sIL-1RII) or b) IL-1
receptor antagonist (IL-1ra). Data are presented as mean¡SEM

values. The maximum tension (Tmax) values to ACh are significantly
enhanced in tissues treated with IL-5, and these effects of IL-5 are
largely ablated in the presence of either sIL-1RII or IL-1ra. Experi-
ments were performed in triplicate.
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Fig. 2. – Interleukin (IL)-5-induced changes in rabbit airway smooth
muscle (ASM) relaxant responsiveness. Comparison of relaxation
response curves to isoproterenol in control (&), and IL-5 treated
rabbit ASM tissues in the absence (%) and presence (#) of either a)
soluble IL-1 type-II receptor (sIL-1RII) or b) IL-1 receptor antagonist
(IL-1ra). Data are presented as mean¡SEM values. The attenuated
per cent maximum relaxation (Rmax) and the negative logarithm of
the dose of the relaxing agent producing 50% of Rmax (pD50; i.e.
geometric mean dose of drug which produces 50% of its maximum
response (ED50) value) values to isoproterenol in response to IL-5 are
ablated in the presence of either sIL-1RII or IL-1ra. Experiments
were performed in triplicate. ACh: acetylcholine.
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itself, and also following 6- and 24-h exposure to either IgE
cxs or IL-5. Moreover, relative to control cells, expression of
ICE was significantly increased by all treatment conditions
(i.e. in response to IgE, IL-5 and IL-1b) at 3, 6 and 24 h.
Interestingly, in contrast to the effects of IL5 and IL-1b, both
of which increased the expression of IL-1RI at all time points,
mRNA expression of the receptor was distinctly increased
only at 24 h in response to IgE cxs. IL-1RAcP expression
showed a remarkable increase in response to IgE cxs at all
time points measured, whereas there was only a modest
increase in IL-1RAcP expression at 3 h in response to IL-5
and at 6 h in response to IL-1b.

Expression of inhibitory IL-1 axis molecules in human
airway smooth muscle

Apart from the stimulatory group of IL-1 axis molecules,
mRNA analyses of the inhibitory IL-1 family members were
also performed using Southern blots probed with human
cDNA probes specific for the human IL-1ra and sIL-1RII

genes. As shown in figure 4, relative to cells exposed to vehicle
alone, treatment with IgE cxs produced modest increases in
mRNA expression of both IL-1ra and sIL-1RII at 24 h. In
contrast, treatment with IL-5 elicited markedly increased
mRNA expression of both IL-1ra and sIL-1RII at 3 and 6 h,
with a notably attenuated expression at 24 h. Finally, IL-1b
treatment resulted in increased expression of IL-1ra at 6 h,
and sIL-1RII expression was also increased at 6 h, but
remained elevated at 24 h. Collectively, these results suggest
that ASM expresses mRNAs for all of the IL-1 axis
molecules, and that their mRNA expression is sequentially
regulated by IgE cxs, IL-5 and IL-1b. IL-5 resulted in mRNA
expression of these molecules prior to both IgE cxs and IL-1b,
suggesting that IL-5 plays a primary role in the regulation of
the IL-1 axis in ASM.

Modulatory effects of IL-5 and IL-1b on IL-1 axis
molecule protein expression in human ASM

In light of the previous observations, together with earlier
observations showing that ASM cells are capable of expres-
sing and releasing IL-1b in response to IL-5, IL-1b or IgE cxs
[9, 25], the current authors investigated the nature of the
protein expression and production of other IL-1 family
members in HASM cells in response to IL-5 and IL-1b. As
shown in figure 5, IL-1R1 protein levels detected by Western
blot analysis were markedly increased at 6 and 24 h in
response to treatment with IL-5, as well as with IL-1b. Similar
results were seen with IL-1RAcP, wherein increased protein
production was observed up to 24 h following IL-1b
treatment and up to 48 h in response to IL-5. Comparable
increases in protein expression were seen in response to
exposure of ASM cells to IgE cxs (data not shown).

Protein determination was also performed on the inhibitory
IL-1 family members, notably IL-1ra and IL-1RII. As shown
in figure 6, IL-1ra protein expression was notably increased in
response to IL-1b at 6 and 24 h, whereas IL-5 had relatively
little effect on the expression of these proteins. When IL-1RII
protein expression in response to IL-1b was examined, a band
aty37 kDa, corresponding to the soluble isoform of IL-1RII,
was detected, with enhanced expression observed at 24 h in
response to both IL-1b and IL-5 (fig. 6). IL-1RII blotting of
IL-5-treated ASM cell lysates demonstrated bands at
y68 kDa, corresponding to the membrane-bound form of
IL-1RII (mIL-1RII). Enhanced expression of mIL-1RII was
seen at 6 h with peak expression occurring at 24 h.
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Fig. 3. – mRNA expression of stimulatory interleukin (IL)-1 axis mole-
cules in human airway smooth muscle (HASM). Southern blots of IL-
1a, IL-1b, IL-1b converting enzyme (ICE), IL-1 type-I receptor (IL-1RI),
IL-1 receptor-like 1 (IL-RLI), IL-1 receptor accessory protein (RAcP),
IL-18 receptor type I (IL-18RI) mRNA expressions in cultured HASM
cells after 0, 3, 6 and 24 h of incubation in serum-free medium alone
(control) and following treatment with either immunoglobulin (Ig)E
immune complexes (IgE cxs), IL-5, or IL-1b. Expression of ribosomal
protein-L7 (RPL7) was used as a control. Relative to control cells,
exposure to IgE cxs, IL-5 or IL-1b resulted in markedly induced
expression of these stimulatory IL-1 axis molecules, and the increased
levels of expression by IL-5 preceded the induction seen with both IgE
cxs and IL-1b. Number of base pairs of the cDNA fragment is expressed
on the right of the figure. Experiments were performed in triplicate.
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Fig. 4. – mRNA expression of inhibitory interleukin (IL)-1 axis
molecules in human airway smooth muscle (HASM). Southern blots
of IL-1 receptor antagonist (IL-1ra) and soluble IL-1 type-II receptor
(sIL-1RII) mRNA expressions in cultured HASM cells after 0, 3, 6
and 24 h of incubation in serum-free medium alone (control), and
following treatment with either immunoglobulin (Ig)E immune com-
plexes (IgE cxs), IL-5 or IL-1b. Expression of ribosomal protein-L7
(RPL7) was used as a control. Relative to control cells, exposure to
IgE cxs, IL-5 or IL-1b resulted in markedly induced expression of
these inhibitory IL-1 axis molecules, and that the increased levels of
expression by IL-5 preceded the induction seen with both IgE cxs and
IL-1b. Number of base pairs of the cDNA fragment is expressed on
the right of the figure. Experiments were performed in triplicate.
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Fig. 5. – Protein expression of stimulatory interleukin (IL)-1 axis
molecules in human airway smooth muscle (HASM) cells. Western
blots of IL-1 type I receptor (IL-1RI) and IL-1 receptor accessory
protein (IL-1 RAcP) expression in cultured HASM cells in serum-free
medium (SFM) alone (NT) and following 6, 24 and 48 h of treatment
with either IL-5 or IL-1b. Note that relative to SFM, IL-1b and IL-5
treated cells exhibited markedly increased protein levels of both
IL-1RI and IL-1RAcP. Number on the right-hand side of the figure
is the molecular weight (kDa). Experiments were performed in
triplicate.
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Protein release of the IL-1 axis inhibitory molecules IL-
1ra and sIL-1RII

Given the previous results demonstrating induced upregu-
lated expression of the inhibitory IL-1 axis molecules in
response to IL-5 and IL-1b, protein levels of secreted IL-1ra
and sIL-1RII were assayed in parallel in the media of cultured
HASM cells that were exposed to IL-5 or IL-1b. Compared to
control cells, IL-1ra levels were nearly doubled at 24 h in cells
incubated with IL-5 and increased nearly 4-fold at 24 h in
response to IL-1b (fig. 7a). In contrast, whereas exposure for
24 h to SFM alone had no effect on sIL-1RII production,
cells exposed to IL-5 and IL-1b exhibited a 10- and 20-fold
increase in sIL-1RII protein levels, respectively (fig. 7b).

Finally, to determine whether the sensitising effects of IgE
immune complex in HASM cells are IL-5 dependent, the
release of IL-1b in IgE immune cx-treated HASM cells was
measured in the absence and presence of an IL-5ra. As shown
in figure 8, exposure of HASM cells to IgE immune cxs
triggered the release of IL-1b into the culture media, and this
release was markedly attenuated in the presence of IL-5ra.
These results concur with previous observations by the
present authors using atopic asthmatic serum [9].

Taken together, these results provide extended support for
the notion that the sequence of events is IgE-triggered release
of IL-5 that triggers IL-1b, wherein the latter cytokine directly
regulates the expression of both inhibitory and stimulatory
IL-1 axis molecules.

Discussion

It has been well established that IL-1 is a critical mediator
of the inflammatory process in various disease states,
including asthma [10]. The pleiotropic nature of IL-1b results
in the activation of a wide range of cells, including cells
involved in the pathobiology of asthma, such as mast cells, T-
and B-lymphocytes, epithelial cells and airway smooth muscle
cells [6, 9]. Moreover, both human and animal studies have
identified IL-1b as one of the key molecules responsible for
induction of altered airway responsiveness in experimental
asthma according to its direct action on the ASM [6, 9]. In
this regard, it is worth noting that, apart from its contractile
properties, ASM is capable of producing IL-1b as well as a
wide range of other inflammatory molecules that have been
implicated in asthma [8, 9, 26, 27]. A recent study by the
current authors also showed that when administered to ASM

cells, IL-1b is capable of modulating the expression of
hundreds of genes, of which a large number have been
previously implicated in the pathobiology of asthma [28].
These studies lend further support to the notion that apart
from its role in regulation of airway calibre, the ASM also has
synthetic functions, producing molecules that are involved in
the development of the airway inflammatory response and
induction of altered airway responsiveness in asthma.

In light of the evidence implicating a compelling role for
IL-1 in asthma, the present study examined the expression,
action and regulation of molecules responsible for IL-1
signalling in asthmatic-sensitised ASM. The results demon-
strate that: 1) ASM expresses mRNA and protein for both
stimulatory and inhibitory IL-1 axis molecules, and the
expression of these molecules is modulated in ASM cells in
the asthmatic-sensitised state; 2) the endogenously produced
inhibitors of IL-1 signalling, IL-1ra and sIL-1RII, attenuate
the observed changes in ASM responsiveness following
exposure to IL-5, IgE cxs or IL-1b; 3) treatment of ASM
with IgE cxs, IL-5 and IL-1b induces mRNA expression of
IL-1 axis molecules in a time-dependent manner consistent
with IgE-triggered release of IL-5, which results in the
production of IL-1b, and 4) IL-1 axis proteins are expressed
by ASM in a manner, consistent with the earlier temporal
pattern of mRNA expression.

In this study, the present authors have shown that

��

��

� � �� �� � �� ��
+, �)��� �)��

��

	�)��#��

��)��#��

�)����

Fig. 6. – Protein expression of inhibitory interleukin (IL)-1 axis
molecules in human airway smooth muscle (HASM) cells. Western
blots of IL-1 receptor antagonist (IL-1ra) and IL-1 type-II receptor
(IL-1RII) protein expression in cultured HASM cells in serum-free
medium (SFM) alone (NT) and following 6, 24 and 48 h of treatment
with either IL-5 or IL-1b. Relative to SFM, IL-1b and IL-5 treated
cells exhibited increased protein levels of IL-1ra, and that soluble
(s)IL-1RII and membrane (m)IL-1RII expression was also increased
following treatment with IL-1b and IL-5. Molecular weight is
expressed on the right of the figure (kDa). Experiments were
performed in triplicate.
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Fig. 7. – Protein release of inhibitory interleukin (IL)-1 axis molecules
in human airway smooth muscle (HASM) cell culture media.
Comparison of IL-1 receptor antagonist (IL-1ra) and soluble IL-1
type II receptor (sIL-1RII) protein accumulation in the culture media
of HASM cells after incubation in serum-free medium alone (control),
and following 24 h exposure to either IL-5 or IL-1b (mean¡SD).
Relative to control values, treatment with both IL-5 and IL-1b
resulted in significantly increased release of a) IL-1ra and b) sIL-1RII
protein into the cell culture media at 24 h. Experiments were
performed in triplicate.
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pre-treatment of ASM with either IL-1ra or sIL-1RII ablates
IL-5-induced changes in ASM responsiveness (figs 1 and 2).
Comparable results were observed in response to IgE immune
cx therapy. These findings are consistent with earlier reports
showing that the changes exhibited in airway constrictor and
relaxant responsiveness in atopic-asthmatic serum sensitised
ASM (i.e. serum containing high levels of IgE) were largely
ablated by pre-treatment with IL-1ra [9], thereby lending
further support to the concept that IgE-induced changes in
ASM responsiveness are attributed to the induced release and
autocrine action of IL-5 that subsequently triggers the release
of IL-1b by the ASM. Given the important role of IL-1b in
the development of altered ASM responsiveness and activa-
tion of multiple inflammatory pathways in airway cells, the
consideration is raised that the expression and action of other
IL-1 family molecule members may be involved in the
initiation and perpetuation of the pro-asthmatic phenotype,
and that perturbation in the expression and regulation of the
IL-1 axis molecules may underlie the dysregulated airway
inflammatory response in asthma. The presented data
suggests that IL-1b and other members of the IL-1 axis of
molecules are involved in initiating and propagating the
induced changes in airway responsiveness in asthmatic-
sensitised ASM.

As indicated by the mRNA expression patterns in figure 3,
administration of IL-5 induced mRNA expression of all the
IL-1 axis molecules within 3 h of exposure, with the notable
exception of: IL-1a, which did not show an altered expression
at any time; and IL-1b, which exhibited increased expression
only at 6 h. Since IL-5 is thought to be critically involved in
the inflammatory cascade in asthma, it is of particular interest
that IL-5 not only served to induce expression of IL-1b, but
induced expression of all the other IL-1 family members that
have been associated with the IL-1 receptor complex in a
time-dependent manner that precedes induction of IL-1b
expression itself. The latter observation lends support to the
notion that IL-5 may serve to "prime" the ASM for IL-1
signalling and that IL-5 is able to trigger production of the
proteins necessary for the IL-1 receptor complex prior to
inducing production of IL-1b itself. These interesting new

results provide further insight into the regulatory role of IL-5
in the development of pulmonary inflammation and airway
hyperresponsiveness exhibited in experimental asthma [23,
29], and show that the effects of IL-5 are largely attributed to
its triggering of an orchestrated IL-1 response. This concept
concurs with the findings in a previous study showing that
airway hyperresponsiveness initiated by IL-5 is insensitive to
subsequent IL-5 blockade [30]. Accordingly, administration
of IL-5 to HASM is seen to initially induce the IL-1 receptor
complex and IL-1b production, of which both are necessary
for altered agonist-mediated airway responsiveness and an
amplified inflammatory response. Given this consideration, it
follows that IL-5-directed therapeutic intervention adminis-
tered subsequent to IL-5-mediated activation of the IL-1 axis
may be insufficient to reverse IL-1b-induced changes in ASM
responsiveness, producing little therapeutic benefit on the
pro-asthmatic response, consistent with previous studies [30].
Furthermore, it can be postulated that by preventing initial
IL-5 action, the resultant IL-1-mediated signalling may be
dampened, leading to attenuated expression of the asthmatic
phenotype.

As shown in figures 3 and 4, the expression of several of the
IL-1 axis genes is increased at 3 h in response to IgE immune
cxs. However, despite the relatively early increase in expres-
sion of most of the molecules necessary for IL-1 signalling,
one notable exception is IL-1RI, which exhibits no increase in
expression until 24 h following exposure to IgE immune cxs.
Since IL-5 protein elaboration can occur as early as 3 h after
administration of IgE immune cxs, it is plausible that the
IL-1RI expression seen is secondary to IgE-mediated IL-5
production in ASM and may account for the subsequent IL-
1RI increase at 24 h. Indeed, the latter effects were ablated in
the presence of an anti-IL-5 monoclonal antibody (data not
shown).

Taken together, the above studies demonstrate that IL-1b,
IgE immune cxs and IL-5 are capable of inducing the
expression and release of a wide range of proteins necessary
for IL-1 signalling, and that all of these mediators probably
work in a concerted manner to optimise IL-1 signalling in
HASM. While the role of these mediators may vary, the
above evidence implies that IL-5 is the principal cytokine that
generates the IL-1 receptor complex, although the mechanism
by which this occurs remains to be elucidated.

Given this proposed role of IL-5 in initiating transcription
of the IL-1 receptor complex, it is interesting to note that,
among the inhibitory members of the IL-1 family, the
membrane-bound form of IL-1RII (mIL-1RII) is the major
protein product observed in response to IL-5 administration.
It can be postulated that in the presence of IL-5, IL-1
signalling is modulated at the level of the ASM itself. In
contrast to IL-5, treatment with IL-1b primarily induces
elaboration of IL-1ra and sIL-1RII proteins, as shown by
both the Western blot and immunoassay results in figures 6
and 7. sIL-1RII and IL-1ra have been shown to regulate, at
least in part, the level of IL-1b in the local environment, by
binding the cytokine and its functional receptor, respectively.
Since infiltration of inflammatory cells, notably eosinophils,
macrophages, mast cells and neutrophils, into the asthmatic
airway is known to occur during asthma exacerbation and
that these immune cells are exposed to IL-1b in the airway, a
counter-regulatory mechanism may exist in these cells that
limits an excessive immune response. Based on the preceding
evidence, it appears that, in order to prevent an excessive
immune response, IL-1b-stimulated ASM cells produce IL-
1ra and sIL-1RII, both of which are soluble proteins that
could dampen IL-1 signalling in all cell types participating in
the local airway pro-inflammatory response.

When an inflammatory response is triggered in a normal
setting, the IL-1 axis molecules, sIL-1RII, IL-1ra and IL-1b,
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Fig. 8. – Interleukin (IL)-1b release from immunoglobulin (Ig)E
immune complex sensitised human airway smooth muscle (HASM)
cells. Comparison of IL-1b protein accumulation in the culture media
of HASM cells after incubation in serum-free medium alone (control),
and following 24 h treatment with IgE immune complexes (IgE cxs)
in the absence and presence of IL-5 receptor antagonist (IL-5ra).
Relative to control values, treatment with IgE cxs resulted in
significantly increased release of IL-1b protein into the cell culture
media at 24 h, and these effects were markedly attenuated in cells
that were pre-treated with IL-5ra. Experiments were performed in
triplicate.
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have been shown to be expressed and released in a
synchronised manner that balances the immune response
[31]. Recent studies have shown that, in certain disease states,
there is an imbalance of production of IL-1b and IL-1ra. This
phenomenon may also occur in the asthmatic-sensitised state
[24, 31–33]. Accordingly, imbalance in IL-1 axis molecules
with either insufficient levels of either IL-1ra or sIL-1RII and/
or excessive levels of IL-1b could underlie the pro-asthmatic
phenotype. Although the roles that IL-5 and IL-1b play in
maintaining the proper cytokine/inhibitor balance in the
asthmatic airway remain unclear, given the ability of the
above mediators to modulate the expression of IL-1b itself
and of IL-1ra, and sIL-1RII, and various other molecules, it is
reasonable to suggest that these cytokines may, at least in
part, be responsible for a dysregulated airway inflammatory
response in asthma.

In summary, this study shows that IgE immune cxs, IL-1b
and IL-5 regulate the expression and action of multiple
molecules associated with the IL-1 receptor complex. Of
particular interest is the finding that IL-5 is capable of
inducing the production of all of the molecules participating
in the IL-1 receptor complex prior to initiation of transcrip-
tion of IL-1b itself, implicating IL-5 as a mediator that may
serve to heighten the ASM response to IL-1b. These findings
are consistent with the previously described sequential
autocrine release of IL-5 and IL-1b in response to ASM
sensitisation with atopic asthmatic serum [9]. Since the
expression of IL-5 precedes that of IL-1b in the inflammatory
cascade, the necessary components for IL-1 signalling are
upregulated by the same mediator that induces production of
the cytokine itself. Moreover, consistent with the notion that
IL-5 may provide an environment initially permissive to IL-1
signalling, a counter-regulatory mechanism may subsequently
take place by the induced, upregulated expression and action
of mIL-1RII that is aimed at dampening the IL-1 signalling
pathway. This would serve to limit IL-1b activation of the
ASM without significantly altering the amounts of IL-1b
available in the surrounding airway milieu, potentially
allowing for paracrine activation of other cells normally
involved in the inflammatory response that characterises
asthma. In contrast, IL-1b-treated ASM produces primarily
sIL-1RII and IL-1ra, which act to reduce the amount of IL-1b
available to bind to the IL-1RI receptor, a mechanism that
would serve to temper the overall immune response and ASM
activation.

In light of the collective evidence, the current authors
conclude that the IL-1 family of molecules plays an important
role in regulating airway smooth muscle responsiveness, as
well as their own receptor dynamics, and levels in the local
airway milieu. This leaves several interesting therapeutic
options at the interleukin-5 and interleukin-1b level in
asthma, some of which have been examined previously [34,
35, 36], but may need to be optimised with respect to airway
smooth muscle itself.
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