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Adkins, Karissa K., Tricia D. Levan, Roger L. Mies-
feld, and John W. Bloom. Glucocorticoid regulation of
GM-CSF: evidence for transcriptional mechanisms in airway
epithelial cells. Am. J. Physiol. 275 (Lung Cell. Mol. Physiol.
19): L372-1L.378, 1998.—Inflammation plays a central role in
the pathogenesis of asthma. Glucocorticoids are first-line
anti-inflammatory therapy in the treatment of asthma and
are effective inhibitors of inflammatory cytokines. Clinical
data demonstrate that granulocyte-macrophage colony-
stimulating factor (GM-CSF) production by airway epithelial
cells may be an important target of inhaled glucocorticoid
therapy. We examined the regulatory mechanisms of GM-
CSF expression by interleukin-13 (IL-18) and the synthetic
glucocorticoid dexamethasone in the BEAS-2B human bron-
chial epithelial cell line. IL-13 stimulation resulted in a
15-fold induction of GM-CSF protein, which was associated
with a corresponding 47-fold maximal induction of GM-CSF
mRNA levels. Treatment with the transcriptional inhibitor
actinomycin D before IL-1B stimulation completely abolished
induction of GM-CSF mRNA, whereas incubation with cyclo-
heximide had no effect. Taken together, these data demon-
strate that IL-1B induction of GM-CSF is mediated through
transcriptional mechanisms. Dexamethasone treatment of
BEAS-2B cells produced an 80% inhibition of IL-1B-induced
GM-CSF protein and a 51% inhibition of GM-CSF mRNA.
GM-CSF mRNA was rapidly degraded in these cells, and
dexamethasone treatment did not significantly affect this
decay rate. We conclude that, in the BEAS-2B bronchial
epithelial cell line, IL-1B induction and dexamethasone repres-
sion of GM-CSF expression are mediated predominantly
through transcriptional mechanisms.
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THE IMPORTANCE OF AIRWAY inflammation in the patho-
genesis of asthma has been recognized during the past
decade, and there is increasing evidence that lung cells
and cytokines participate in the inflammatory process
(4). Airway epithelial cells function as a protective
barrier to the external environment but can also ini-
tiate and amplify airway inflammation by producing a
number of proinflammatory mediators such as granulo-
cyte-macrophage colony-stimulating factor (GM-CSF;
see Refs. 12, 15, 25). GM-CSF plays a significant role in
the inflammatory cascade by stimulating cell recruit-
ment, activation, and survival (9). In normal airways,
GM-CSF is expressed at low or undetectable levels but
is significantly increased in the epithelium of asthmat-
ics (24). This enhanced expression may contribute to
eosinophilia, a hallmark characteristic observed in
asthma (26, 27). In addition, clinical studies involving
segmental antigen challenge and bronchoalveolar la-
vage of allergic asthmatics have shown that GM-CSF
remains chronically elevated after challenge compared
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with other eosinophil-active cytokines (22). These data
indicate important roles for both the bronchial epithe-
lium and GM-CSF in mediating asthmatic inflamma-
tion.

Glucocorticoids are the most effective agents for the
management of chronic asthma (5). The anti-inflamma-
tory effects of glucocorticoids are attributed in part to
inhibition of cytokine production. For example, in asth-
matic patients, inhaled glucocorticoids significantly
reduced GM-CSF secretion from the lung epithelium,
and this reduction correlated with improved lung func-
tion and decreased airway hyperresponsiveness (24). In
vitro studies have shown that steroids inhibit GM-CSF
expression in human lung tissue as well as in tracheal
epithelial cells (7, 12). These data suggest that bron-
chial epithelial cells are a target for glucocorticoids and
can mediate an anti-inflammatory response in the
airways, in part through decreased expression of GM-
CSF. However, the specific mechanisms through which
glucocorticoids reduce GM-CSF expression in airway
epithelial cells or in other cell types have not been
examined.

Glucocorticoids mediate their effects by binding to a
cytoplasmic glucocorticoid receptor, forming an active
complex that can translocate into the nucleus and
regulate gene expression (5). Both transcriptional and
posttranscriptional mechanisms have been proposed
for glucocorticoid inhibition of cytokine gene expression
based on in vitro studies with other cell types. Transcrip-
tional repression by glucocorticoids may be mediated
by interaction between the glucocorticoid receptor and
transcription factors, resulting in the inactivation of
stimulatory trans-acting factors (8, 11, 16, 21), or by
glucocorticoid induction of inhibitor proteins, which
prevent translocation of transcription factors to the
nucleus, thereby preventing gene activation (3, 20).
The glucocorticoids have also been shown to destabilize
mMRNA transcripts through posttranscriptional interac-
tions (19, 28). The manner in which this destabilization
occurs is unknown. In this paper, we have addressed
whether steroids inhibit GM-CSF expression by tran-
scriptional or posttranscriptional mechanisms in air-
way epithelial cells. Our data show that interleukin-13
(IL-1B) induces GM-CSF mRNA and protein through
transcriptional activation and that glucocorticoids in-
hibit this induction by transcriptional repression of
GM-CSF.

MATERIALS AND METHODS

Cell culture. The human bronchial epithelial cell line
BEAS-2B transformed with the SV40 large T-antigen was a
gift from Dr. C. Harris (National Institutes of Health,
Bethesda, MD). Cells were maintained on collagen-fibronectin-

1040-0605/98 $5.00 Copyright © 1998 the American Physiological Society



GM-CSF REGULATION IN BRONCHIAL EPITHELIAL CELLS

coated 15-cm? intergrid tissue culture plates (Falcon; VWR
Scientific, Phoenix, AZ) in serum-free LHC-9 media (Bioflu-
ids, Rockville, MD) supplemented with 50 pug/ml each penicil-
lin-streptomycin at 37°C and 5% CO, (14). Twenty-four hours
before experimental use, the culture media were replaced
with hydrocortisone-deficient LHC-9 media. Cells were har-
vested by trypsinization (1X trypsin-EDTA; GIBCO-BRL,
Gaithersburg, MD) with 1% polyvinylpyrrolidone (Biofluids),
pelleted at 800 g, and either immediately used for experimen-
tation or quick-frozen in liquid N, and stored at —80°C.

GM-CSF protein analysis. GM-CSF protein assays were
performed in six-well tissue culture plates (Falcon) using
BEAS-2B cells seeded at a density of 150,000 cells/well in
hydrocortisone-deficient LHC-9 media 24 h before use. At the
start of each experiment, culture media were replaced with
fresh hydrocortisone-deficient LHC-9 media (1 ml). After
incubation for the periods of time indicated, culture superna-
tants were collected and pelleted at 16,000 g for 5 min to
remove cellular debris. Supernatants were stored at —20°C.
GM-CSF protein was measured in the culture supernatants
with a commercial sandwich enzyme-linked immunosorbent
assay (ELISA; Amersham, Arlington Heights, IL) using a
mouse monoclonal antibody specific for the human GM-CSF
protein and a polyclonal antibody conjugated to the horserad-
ish peroxidase enzyme. Absorption was measured at 450 nm
with a spectrophotometer, and samples were quantitated
from the linear portion of the standard curve, with detection
limits of 7.8 and 500 pg/ml.

GM-CSF probe construction. mRNA was isolated from
BEAS-2B cells stimulated with 1 ng/ml IL-1 for 8 h using the
guanidinium thiocyanate method (MicroFastTrack; Invitro-
gen, San Diego, CA). mRNA (200 ng) was then transcribed to
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cDNA with random hexamers and reverse transcriptase (200
units Superscript RT; GIBCO-BRL). The following oligonucleo-
tide primers were used for PCR amplification of cDNA
encoding the human GM-CSF gene. Oligonucleotide primers
5'-ATTGCGGCCGCCCCGCCTGGAGCTGTACAAG (sense)
and 5-ATTCTCGAGACTGGCTCCCAGCAGTCAAA (anti-
sense) were synthesized by National Biosciences (Plymouth,
MN) and corresponded to the human GM-CSF gene at
positions 1662-1682 in exon 3 and positions 2656-2675 in
exon 4 (12). Restriction sites for Not | (sense) and Xho |
(antisense) were incorporated at the 5’-terminus of each
primer and are underlined above. The PCR reaction was
performed in a 50-pl volume and contained 5 units of Taq
polymerase (Stratagene, La Jolla, CA), 1.5X Taq polymerase
buffer, 1 mM dNTPs, and 0.25 ug of each primer. Cycling
parameters consisted of an initial denaturation at 95°C for 4
min followed by 30 cycles of annealing at 59°C for 2 min,
extension at 72°C for 3 min, and denaturation at 94°C for 1
min, with a final extension at 72°C for 10 min. The GM-CSF
PCR product was cloned into the EcoR | site in the multiple
cloning region of the pCR2.1 vector by TA Cloning (Invitro-
gen). The resulting clone, pCR-GM, contained 205 bp of the
human GM-CSF gene and was used for Northern blot analy-
sis. pCR-GM was sequenced by Sanger dideoxy termination
sequencing (Sequenase; United States Biochemical, Cleve-
land, OH) to confirm identity.

mRNA extraction and Northern blot analysis. mMRNA was
extracted from BEAS-2B cells using the guanidinium thiocya-
nate method (MicroFastTrack; Invitrogen). mRNA pellets
were resuspended in diethyl pyrocarbonate-treated water,
denatured, and separated by electrophoresis on a 1% aga-
rose-7% formaldehyde gel. mMRNA was transferred by capil-

Fig. 1. A: Interleukin (IL)-1B induction of granulocyte-macro-
phage colony-stimulating factor (GM-CSF) protein. BEAS-2B
cells were stimulated with IL-18 (1 ng/ml) for the indicated times
and assayed for GM-CSF protein using an ELISA as described in
MATERIALS AND METHODS. Protein concentrations were normalized
to cell number. The degree of induction of GM-CSF protein was
calculated relative to the basal level and is shown as the mean =
SE for n 2 experiments. B: dose-dependent induction of
GM-CSF protein. BEAS-2B cells were stimulated with the indi-
cated concentrations of IL-1B ([IL-1B]) for 10 h. Culture superna-
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lary action onto a nylon membrane (Nytran; Schleicher &
Schuell, Keene, NH) and immobilized by ultraviolet cross-
linking. Membranes were prehybridized at 42°C for 2 h.
Sequential hybridization was done overnight at 42°C with
[a-32P]dCTP-labeled GM-CSF and cyclophilin cDNA probes.
Membranes were stripped between hybridizations by 15 min
of gentle boiling in stripping solution. DNA probes were
labeled by incubation with random hexamers and Klenow
fragments (Boehringer Mannheim, Indianapolis, IN). GM-
CSF was probed with the 205-bp EcoR | fragment from
pCR-GM, and cyclophilin was probed with the 103-bp Kpn
I-BamH I fragment from pTRI-Cyclophilin-Hu (Ambion, Aus-
tin, TX). Prehybridization and hybridization solution was
50% deionized formamide, 5X sodium chloride-sodium citrate
(SSC), 0.2% SDS, 50 mM KH,PO,, pH 7.0, 2X Denhardt's
solution, and 30 pg/ml salmon testes DNA (Sigma Chemical,
St. Louis, MO). Stripping solution was 0.1 M Tris-HCI, pH
8.0, 1% SDS, and 1 mM EDTA. After hybridization, mem-
branes were washed two times for 15 min in 0.1X SSC and
0.1% SDS at room temperature and exposed to Kodak Biomax
film (Scientific Imaging Systems, New Haven, CT) for 4—48 h
at —80°C. Autoradiographs were quantitated by densitomet-
ric analysis using a Bio-Rad 700 Imager (Bio-Rad, Hercules,
CA). The band density for GM-CSF was calculated in ratio to
the band density for cyclophilin to control for mRNA loading.
The ratio of GM-CSF to cyclophilin was used to calculate the
degree of induction of GM-CSF mRNA (see Fig. 2B) and the
percent inhibition of GM-CSF (see Figs. 4B and 5).

Reagents. Human recombinant IL-1p was purchased from
Genzyme (Cambridge, MA). Dexamethasone (Dex) was pur-
chased from Sigma Chemical and was solubilized in 100%
ethanol. The glucocorticoid receptor antagonist RU-486 was a
gift from Roussel-UCLAF and was solubilized in 100% ethanol.
Actinomycin D was purchased from GIBCO-BRL. Cyclohexi-
mide (CHX) was purchased from Calbiochem (La Jolla, CA).

Statistical methods. Data are presented as means = SE.
The slope variances for the data in Fig. 5 (n = 5 for each point)
representing mMRNA decay were tested with two regression
models (log linear regression and quadratic linear regression)
to determine statistical significance (10). Based on the ad-
justed r2 values and significance tests for the hypothesis of
the coefficients, the data fit a log linear regression model.
Individual experimental values for the inhibition studies
shown in Figs. 4B and 6A were compared using the one-
sample Student’s t-test. For all analysis, statistical difference
was inferred with P < 0.05.

RESULTS

GM-CSF protein expression in BEAS-2B cells. The
expression of GM-CSF protein in response to IL-1B was
examined in the BEAS-2B cell line. IL-13 was added to
each well of subconfluent BEAS-2B cells, and duplicate
wells of culture supernatants were collected at each
time point (0, 1, 2, 4, 6, 8, and 10 h) and analyzed for
GM-CSF protein by ELISA. IL-1B induced a threefold
increase in GM-CSF protein above the basal level after
2 h of stimulation (Fig. 1A). Protein levels continued to
increase in a time-dependent manner, with a 15-fold
induction observed after 10 h of stimulation. To deter-
mine if this induction was dose dependent, BEAS-2B
cells were incubated for 10 h with IL-1 concentrations
ranging from 0.001 to 10 ng/ml. A sigmoidal dose-
response curve was observed, with a 50% effective
concentration of 0.2 ng/ml (Fig. 1B). Maximal induction
of GM-CSF was observed with 1 ng/ml IL-13, and this
concentration was used for all subsequent experiments.
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IL-18 induction of GM-CSF mRNA through transcrip-
tional mechanisms. GM-CSF mRNA levels were mea-
sured by Northern blot analysis in BEAS-2B cells
stimulated with IL-18 (1 ng/ml). Basal levels of GM-
CSF mRNA were extremely low; however, after 1L-13
stimulation, GM-CSF message was rapidly induced
and detected within 30 min (Fig. 2, A and B). An
average 47 * 14-fold maximum induction of GM-CSF
MRNA over basal levels was reached at 60 min (n = 4
individual experiments). The transcript was estimated
to be 0.9 kb by size comparison with transcripts for
cyclophilin (0.7 kb) and B-actin (1.0 kb). Cyclophilin
levels were analyzed after determination of GM-CSF
levels to control for mRNA loading and were not found
to change with treatment. The mechanism of transcrip-
tional induction was examined by incubating BEAS-2B
cells with the transcription inhibitor actinomycin D (10
pg/ml) for 30 min before IL-1B stimulation. GM-CSF
MRNA transcripts were not detectable in cells pre-
treated with actinomycin D (Fig. 3A, lanes 3, 5, and 7).
To determine if de novo protein synthesis was required
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Fig. 2. IL-18 induction of GM-CSF mRNA. BEAS-2B cells were
stimulated with IL-18 (1 ng/ml) for the indicated times. mMRNA was
isolated, and Northern analysis was performed as described in
MATERIALS AND METHODS. A: representative Northern blot is shown.
B: histogram of results from Northern autoradiographs quantitated
by densitometry (see MATERIALS AND METHODS). Degree of induction of
GM-CSF mRNA was calculated relative to the basal level and
presented as the mean = SE for n = 4 experiments. For experiments
in which the basal level was undetectable by densitometry, it was
assigned a value of 0.1 for calculation purposes.
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Fig. 3. A: transcription is required for IL-18 induction of GM-CSF
mMRNA. BEAS-2B cells were stimulated with 1 ng/ml IL-18 over time
in the presence and absence of actinomycin D (Act D). Act D (10
pg/ml) was added 30 min before IL-18 stimulation. mMRNA was
isolated, and Northern blot analysis was performed as described in
MATERIALS AND METHODS. A representative Northern blot from 1 of 2
experiments is shown. B: de novo protein synthesis is not a signifi-
cant requirement for IL-18 induction of GM-CSF mRNA. BEAS-2B
cells were stimulated with 1 ng/ml IL-1 for the indicated time in the
presence and absence of cycloheximide (CHX, 10 pg/ml). CHX was
added 30 min before IL-18 stimulation. In lane 6, cells were treated
with CHX alone for the duration of the experiment. mRNA was
isolated, and Northern blot analysis was performed as described in
MATERIALS AND METHODS. A representative Northern blot from 1 of 3
experiments is shown.

for IL-18 transcriptional activation, the protein synthe-
sis inhibitor CHX (10 pg/ml) was added to the BEAS-2B
cells 30 min before IL-1B8 stimulation (Fig. 3B). GM-
CSF mRNA transcripts were not significantly reduced
in cells pretreated with CHX (Fig. 3, lanes 3 and 5).
Treatment with CHX alone did not cause significant
inhibition of GM-CSF mRNA levels (Fig. 3, lane 6).
These data show that IL-1B induction of GM-CSF
mMRNA in the BEAS-2B bronchial epithelial cells is
primarily due to transcriptional activation of the GM-
CSF gene, and de novo protein synthesis is not a
significant requirement for this activation.

Glucocorticoid inhibition of GM-CSF mRNA. The
glucocorticoid effect on GM-CSF mRNA expression was
examined by treating the BEAS-2B cells with IL-18 in
the presence and absence of the synthetic glucocorti-
coid hormone Dex. mRNA was isolated at 0.5-h inter-
vals for 2 h after treatment. Northern analysis revealed
a reduction in GM-CSF mRNA levels by 36 + 3.4, 51 =+
13, and 47 *= 13% at the 60-, 90-, and 120-min time
points, respectively, in the presence of Dex (Fig. 4, A
and B).

Glucocorticoid regulation of GM-CSF mRNA stabil-
ity. To determine if Dex inhibition of GM-CSF mRNA
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expression is a result of mRNA destabilization, we
examined the decay rate of GM-CSF mRNA in the
presence and absence of Dex. BEAS-2B cells were
stimulated with either IL-1p alone or IL-1p and Dex for
2 h before the addition of actinomycin D. mRNA was
isolated at 10-, 20-, and 30-min time points after
actinomycin D treatment for Northern analysis. No
significant effect of Dex on GM-CSF mRNA decay rate
was demonstrated by comparison of the decay curves in
the presence and absence of Dex (Fig. 5). Data were fit
to a log linear regression model (P = 0.3624).
Glucocorticoid inhibition of GM-CSF protein.
BEAS-2B cells were incubated for 10 h with IL-1B in
the presence or absence of Dex and analyzed for
GM-CSF protein expression by ELISA as described in
MATERIALS AND METHODS. The presence of Dex caused an
80% inhibition of IL-1B-induced GM-CSF protein ex-
pression (Fig. 6A, P < 0.001). The glucocorticoid recep-
tor antagonist RU-486 prevented the inhibitory effect of
Dex on IL-1B-induced GM-CSF protein, demonstrating
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Fig. 4. Glucocorticoid inhibition of IL-1B-induced GM-CSF mRNA.
BEAS-2B cells were treated with 1 ng/ml IL-18 in the presence and
absence of dexamethasone (Dex; 106 M) as indicated. mMRNA was
isolated at the time points indicated, and Northern analysis was
performed as described in MATERIALS AND METHODS. A: representative
Northern blot from n = 4 experiments. B: histogram of Northern
autoradiographs quantitated by densitometry. Percent GM-CSF
mRNA represents the amount of GM-CSF mRNA from cells treated
with both IL-18 and Dex divided by the amount of GM-CSF mRNA
from cells treated with IL-1B alone. Data represent means * SE for
n = 4 experiments. *P < 0.05.
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Fig. 5. Glucocorticoid effect on GM-CSF mRNA decay rate. BEAS-2B
cells were treated with either IL-1B (1 ng/ml) or both IL-18 and Dex
(1078 M) for 2 h. After this treatment, Act D (10 pg/ml) was added to
stop transcription (time = 0), and mRNA was isolated at the
indicated time points for Northern blot analysis (see MATERIALS AND
METHODS). Autoradiographs were quantitated by densitometry. The
percent of GM-CSF mRNA present was calculated relative to the
amount at time = 0 (100%). Data are presented as means * SE for
n = 5 experiments (P = 0.3624).

the involvement of the glucocorticoid receptor (Fig. 6A).
RU-486 alone did not have a significant inhibitory
effect on GM-CSF protein (P > 0.1). BEAS-2B cells
were also incubated with Dex at selected time points
before and after IL-13 treatment to examine the kinet-
ics of glucocorticoid inhibition (Fig. 6B). Addition of Dex
1 h before IL-1B stimulation resulted in equivalent
inhibition to Dex added simultaneously with IL-18 or
1 h after IL-1B stimulation. Later addition of Dex
significantly reduced the ability of glucocorticoids to
inhibit IL-1B-induced GM-CSF protein.

DISCUSSION

Inflammatory cytokines such as GM-CSF are impor-
tant in initiating and amplifying the airway inflamma-
tory response characteristic of asthma. In this report,
we examined the molecular mechanisms of GM-CSF
expression in the BEAS-2B bronchial epithelial cell
line. The BEAS-2B cells are immortalized human bron-
chial epithelial cells that maintain phenotypic and
genotypic characteristics of normal human bronchial
epithelial cells such as expression of keratin, normal
doubling time, sensitivity to serum, and lack of tumori-
genicity (18). Previous work done in our laboratory has
shown the BEAS-2B cells to have a similar number of
glucocorticoid receptors and a similar binding affinity
for Dex to explanted cultures of primary human bron-
chial epithelial cells (unpublished data). GM-CSF pro-
tein levels in these primary cultures were shown to
increase in response to IL-1B stimulation and decrease
with Dex treatment (unpublished data). These observa-
tions led us to believe the BEAS-2B cells would be an
excellent model for analysis of GM-CSF regulation.

In the absence of stimulation, the BEAS-2B cells
secrete extremely low levels of GM-CSF. The proinflam-
matory cytokine IL-1 is found in elevated concentra-
tions in the airways of asthmatics and has been shown
to stimulate GM-CSF expression in bronchial epithelial
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cells (6, 15). In the BEAS-2B cells, we observed a
significant induction of GM-CSF protein and mRNA
levels in response to IL-13 stimulation (Figs. 1 and 2).
Transcripts were detected by Northern analysis within
30 min of stimulation, suggesting that IL-18 was
affecting GM-CSF expression through direct transcrip-
tional activation or posttranscriptional mMRNA stabiliza-
tion. Other studies have examined the regulation of
GM-CSF by IL-1 and found evidence for both mecha-
nisms, depending on the cell type. In fibroblasts and
glioblastoma cells, IL-1 induced GM-CSF mRNA levels
through transcriptional induction, as demonstrated by
activation of GM-CSF promoter constructs (13, 17). In
contrast, in B lymphocytes, IL-1-induced GM-CSF
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Fig. 6. A:glucocorticoid inhibition of IL-13-induced GM-CSF protein.
BEAS-2B cells grown in hydrocortisone-deficient LHC-9 media were
treated for 10 h with IL-18 (1 ng/ml), Dex (10-¢ M), and RU-486 (106
M) as indicated. Culture supernatants were collected and assayed for
GM-CSF protein using an ELISA as described in MATERIALS AND
METHODS. GM-CSF protein concentrations were normalized to cell
number. The percentage of GM-CSF protein was calculated relative
to the level of protein present after 10 h of stimulation with IL-18
alone (protein = 100%). Percent GM-CSF protein is presented as the
mean = SE for n = 5 experiments. *P < 0.001. B: kinetics of
glucocorticoid inhibition of IL-1B-induced GM-CSF protein. BEAS-2B
cells were stimulated with 1 ng/ml IL-18 and Dex (10-% M) at times
1 h before the IL-18 (—1 h), with the IL-18 (+0), and 1-8 h after the
IL-1B. Culture supernatants were collected after 10 h of IL-18
stimulation and assayed for GM-CSF protein by ELISA as described
iNn MATERIALS AND METHODS. Concentrations were normalized to cell
number. The percentage of GM-CSF protein was calculated relative
to the level of protein present after stimulation with IL-13 alone
(protein = 100%). Percent GM-CSF protein is presented as the
mean * SE for n = 2 experiments.
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MRNA levels were a result of increased mRNA stability
(). Little is known about mRNA stabilization mecha-
nisms in mammalian cells, but in studies examining
mMRNA instability, there is evidence that adenosine-
uridine (AU)-rich sequences found in the 3’-untrans-
lated regions of several genes, including GM-CSF, are
involved in mediating mMRNA degradation (19, 23). In
our study, we found that IL-1B induction of GM-CSF
expression was primarily due to direct transcriptional
activation. Treatment of BEAS-2B cells with the tran-
scription inhibitor actinomycin D before IL-1B stimula-
tion completely abrogated the ability of IL-13 to induce
GM-CSF mRNA levels (Fig. 3). The complete lack of
any detectable GM-CSF transcripts in the cells pre-
treated with actinomycin D indicates that IL-1B does
not have a significant stabilization effect on existing
GM-CSF mRNA in these cells but does not completely
rule out this possibility.

We also investigated whether the induction of GM-
CSF by IL-1B required de novo protein synthesis. We
found that, in cells pretreated with CHX, there was not
asignificant reduction in IL-1B-induced GM-CSF mRNA
transcripts at the time points tested (Fig. 3B), suggest-
ing that there was not a requirement for protein
synthesis. However, there was an induction in mRNA
levels observed at the 2-h time point when cells were
treated with both IL-1p and CHX. We feel that this can
be explained by studies done in fibroblasts, which show
that CHX can increase levels of GM-CSF RNA through
posttranscriptional stabilization (2). From these re-
sults, we cannot conclusively state that de novo protein
synthesis is not required for IL-13 induction of GM-
CSF because the induction of mRNA levels above that
of cells treated with IL-1 alone is not seen at the 1-h
time point. We feel that we can conclude that de novo
protein synthesis is not a significant requirement for
the initial induction of GM-CSF by IL-13 or a signifi-
cant inhibition of mMRNA transcripts would have been
observed at the 1-h time point. If these transcripts were
due entirely to the effect of CHX, we would have
expected to see detectable transcripts in lane 6 of Fig.
3B in which cells were treated with CHX alone for 2.5 h.

Glucocorticoid therapy effectively relieves asthmatic
airway inflammation and inhibits inflammatory cyto-
kine production in the cells of the lung (5). Studies have
shown that glucocorticoids inhibit GM-CSF expression
in both tracheal epithelial cells and human lung tissue
(7, 12), but these studies have not addressed the
mechanisms by which this inhibition occurs. In this
study, we observed that simultaneously treating
BEAS-2B cells with IL-18 and Dex resulted in a 50%
decrease in GM-CSF mRNA levels and an 80% decrease
in secreted protein levels (Figs. 4 and 6). Glucocorti-
coids produce their effects by binding and activating
cytoplasmic glucocorticoid receptors. The activated glu-
cocorticoid receptors can increase gene transcription by
forming a homodimer, translocating into the nucleus,
and binding to DNA consensus sites termed glucocorti-
coid response elements (5). However, in genes down-
regulated by glucocorticoids, glucocorticoid response
elements are generally absent, indicating that glucocor-
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ticoids may function through other mechanisms to
inhibit expression of target genes. Glucocorticoids have
been shown to act through posttranscriptional mecha-
nisms to decrease mMRNA stability. Zitnik et al. (28)
showed that glucocorticoids caused a 95% decrease in
lung fibroblast interleukin-6 production, and this was
attributed in part to a significant decrease in the
half-life of the interleukin-6 mMRNA. In a study on
regulation of the cyclooxygenase-2 gene, Ristimaki et
al. (19) found that glucocorticoids changed the half-life
of cyclooxygenase-2 mRNA from 1 to 0.4 h in human
synovial fibroblasts. The cyclooxygenase-2 gene con-
tains a conserved 3' AU-rich sequence similar to GM-
CSF that may be involved in cyclooxygenase-2 mRNA
destabilization (19). We examined the decay rate of
GM-CSF mRNA in the BEAS-2B cells and found that it
was not significantly affected by glucocorticoid treat-
ment (Fig. 5). This indicates that the inhibition of
GM-CSF protein and mRNA levels in these epithelial
cells is a result of transcriptional repression rather
than posttranscriptional mMRNA instability.

We conclude that IL-18 induction and glucocorticoid
repression of GM-CSF gene expression in airway epithe-
lial cells is mediated predominantly through transcrip-
tional mechanisms. Future studies to identify these
transcriptional mechanisms will be important in defin-
ing the molecular role of glucocorticoids in the treat-
ment of asthma.
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