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ABSTRACT

BACKGROUND

Increased proliferation of bronchial smooth-muscle cells may lead to increased mus-
cle mass in the airways of patients with asthma. The antiproliferative effect of gluco-
corticoids in bronchial smooth-muscle cells in subjects without asthma is mediated
by a complex of the glucocorticoid receptor and the CCAAT/enhancer binding pro-
tein o (C/EBPa). We examined the signaling pathway controlling the inhibitory effect
of glucocorticoids on cell proliferation and interleukin-6 synthesis in bronchial smooth-
muscle cells of subjects with asthma and those without asthma.

METHODS

Lines of bronchial smooth-muscle cells were established from cells from 20 subjects
with asthma, 8 subjects with emphysema, and 26 control subjects. Cell proliferation
was determined by means of cell counts and [3H]thymidine incorporation. Signal trans-
duction was studied by means of an electrophoretic DNA mobility-shift assay, a super-
shift electrophoretic-mobility assay, immunoblotting, use of C/EBP« antisense oligo-
nucleotides, and use of a human C/EBP« expression vector. Interleukin-6 release was
determined by means of an enzyme-linked immunosorbent assay.

RESULTS

Glucocorticoids activated the glucocorticoid receptor and inhibited serum-induced se-
cretion of interleukin-6 in bronchial smooth-muscle cells from both subjects with
asthma and those without asthma; however, glucocorticoids inhibited proliferation
only in bronchial smooth-muscle cells from subjects without asthma. C/EBP« protein
was detected by immunoblotting in all bronchial smooth-muscle cells from subjects
without asthma but not in those with asthma, whereas the protein was expressed in
lymphocytes from both groups of subjects. C/EBP« antisense oligonucleotides or the
glucocorticoid-receptor inhibitor mifepristone reversed the antiproliferative effect of
glucocorticoids in bronchial smooth-muscle cells from subjects without asthma. When
bronchial smooth-muscle cells from subjects with asthma were transiently transfected
with an expression vector for human C/EBPe«, two forms of the protein were expressed,
and subsequent administration of glucocorticoids inhibited cell proliferation.

CONCLUSIONS
We hypothesize that a cell-type—specific absence of C/EBP« is responsible for the en-
hanced proliferation of bronchial smooth-muscle cells derived from subjects with asth-
ma and that it explains the failure of glucocorticoids to inhibit proliferation in vitro.
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STHMA IS CHARACTERIZED PATHOLOG-

ically by an increased mass of bronchial

smooth muscle,-2 apparently as a result
of the enhanced proliferation of bronchial smooth-
muscle cells.3# Bronchial smooth-muscle cells are
thus considered a major target for antiasthma treat-
ments such as glucocorticoids.’

Glucocorticoids down-regulate the secretion
of several inflammatory cytokines by various types
of cells resident in the human lung,° and this
process is thought to be mediated by the ligand-
activated glucocorticoid receptor.®** On activa-
tion, the glucocorticoid receptor migrates to the
nucleus, where it binds to its specific DNA consen-
sus sequence, the glucocorticoid-responsive ele-
ment,®** or interacts with other transcription fac-
tOrS.10‘12‘13

CCAAT/enhancer-binding proteins (C/EBPs)
are involved in cell proliferation. The activation of
C/EBP« and C/EBPe, which are antiproliferative
transcription factors, leads to cell differentia-
tion.***” In contrast, C/EBPB and C/EBPS seem to
drive cell-cycle progression.*®*® C/EBPy forms
complexes with C/EBP« and C/EBPS, thereby mod-
ulating their function.>” C/EBP{ is a relatively re-
cently identified isoform with various synonyms
(e.g., Ig/lEBP and Gadd153) and may play a specif-
ic role in the function of the endoplasmic reticu-
Ium.17,20

Glucocorticoids down-regulate the prolifera-
tion of airway smooth-muscle cells®* by decreas-
ing the expression of cyclin D1 and the phosphory-
lation of retinoblastoma protein®? and by activating
p21Waf1/Cip1) 23 Tn human-lung fibroblasts and
pulmonary vascular and bronchial smooth-muscle
cells from patients without asthma, glucocorti-
coid treatment rapidly induces the activation of
glucocorticoid receptors and C/EBPe, and subse-
quently the expression of the p21Waf1(Cip1) gene is
faster than predicted on the basis of animal mod-
els.?3728 Furthermore, transcriptional activation of
the p21Waf1(Cip1) gene by glucocorticoids does not
require the glucocorticoid-receptor—mediated syn-
thesis of C/EBPa in lung fibroblasts, pulmonary
vascular smooth-muscle cells, or bronchial smooth-
muscle cells.?>2® Because of the importance of
glucocorticoid treatment in asthma, we investigat-
ed whether the pathways outlined above are opera-
tive in bronchial smooth-muscle cells obtained
from subjects with asthma. Furthermore, we as-
sessed whether the modulation of cytokine release
by glucocorticoids involves the same signaling cas-

cade in bronchial smooth-muscle cells from sub-
jects with asthma as in those from subjects without
asthma.

METHODS

CELL CULTURE
Primary cultures of bronchial smooth-muscle cells
were established from airway-muscle bundles ob-
tained from 26 control subjects (14 who were un-
dergoing lung resection for a tumor, 4 who were
undergoing transplantation for cystic fibrosis, and
8 who were healthy), 8 subjects with emphysema,
and 20 subjects with asthma. Cells were grown as
described previously in Dulbecco’s minimal essen-
tial medium containing 10 percent fetal-calf se-
rum, a 1 percent minimal essential medium-vita-
min mix, and 20 mM HEPES.3 The characteristics
of the subjects are summarized in Table 1. All ex-
periments were performed between passages 3 and
6. In addition, peripheral-blood lymphocytes were
isolated from 10 ml of blood from four subjects
with asthma and four controls according to stan-
dard procedures with the use of a Ficoll gradient.
Approval for the experiments was provided by
the human ethics committee of the University of
Sydney and by the Central Sydney Area Health Ser-
vice. All patients provided written informed consent.

CELL COUNTING AND DNA SYNTHESIS
Cells were seeded at a density of 104 cells per square
centimeter in 24-well cell-culture plates in growth
medium (Dulbecco’s minimal essential medium
containing 5 percent fetal-calf serum) for 24 hours
to allow adherence. The medium was replaced by
low-serum medium (Dulbecco’s minimal essential
medium containing 0.1 percent fetal-calf serum)
for one day and then exchanged with growth medi-
um, with or without a single or repeated doses of
budesonide, dexamethasone, prednisolone, or hy-
drocortisone (10712 to 10-8 M). Cell proliferation
was assessed after three and five days of treatment
with 5 percent fetal-calf serum; cells were washed
twice with ice-cold phosphate-buffered saline and
then treated with trypsin and EDTA (1 mM and 0.05
percent, respectively) for one minute. The trypsin
solution was removed, and the cells were resus-
pended in 0.5 ml of phosphate-buffered saline. Cells
contained in 0.01 ml of phosphate-buffered saline
were counted in duplicate for each well with the use
of a Neubauer improved hemocytometer.>>>

The incorporation of [3H]thymidine was mea-
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Table 1. Characteristics of the 20 Subjects with Asthma, the 8 Subjects with Emphysema, and the 26 Controls.*

Group and Sex Diagnosis or Health Status
Subjects with asthma

Male Asthma
Male Status asthmaticus
Male Asthma
Male Asthma
Female Asthma
Male Asthma
Male Asthma
Female Asthma
Male Asthma
Male Asthma
Male Asthma
Female Asthma
Female Asthma
Male Asthma
Female Asthma
Female Asthma
Female Asthma
Male Asthma
Female Asthma
Female Asthma
Mean +SD

Subjects with emphysema

Female Emphysema
Male Emphysema
Female Emphysema
Male Emphysema
Male Emphysema
Female Emphysema
Male Emphysema
Male Emphysema
Mean +SD

Age FEV, Drugsy

yr percent

33 76 Glucocorticoid, B,-agonist
15 NA NA

50 NA NA

52 58 NA

37 67 Glucocorticoid, B,-agonist
78 75 Glucocorticoid

30 NA Glucocorticoid, B,-agonist
44 109 Glucocorticoid, B,-agonist
33 NA NA

58 92 Glucocorticoid, B,-agonist
46 60 Glucocorticoid, B,-agonist
30 64 Glucocorticoid, B,-agonist
42 58 Glucocorticoid, B,-agonist
25 79 Glucocorticoid, B,-agonist
49 84 Glucocorticoid, B,-agonist
33 NA NA

43 85 None

40 47 Glucocorticoid, B,-agonist
20 75 Glucocorticoid, B,-agonist
18 82 None

41.3+17.3 74.1+15.7

52 NA NA
57 NA NA
56 NA NA
55 NA NA
44 NA NA
52 NA NA
61 100 NA
48 NA NA
53.1+5.4

sured according to standard protocols. Cells were
prepared as they were for cell counts but were cul-
tured for 24 hours only after stimulation and the
addition of 5 pCi of [3H]thymidine per milliliter
during the last 6 hours of culture. Thymidine in-
corporation was determined by liquid scintillation,
with counting performed in triplicate.?>2%28

TREATMENT
Mifepristone (10~7 or 10~¢ M) was used to inhibit
glucocorticoid-receptor-dependent cell responses.

Sulfonated antisense C/EBP« oligonucleotide (5'G-
AAGGCCGCGGCGCTGCTGGGCGCGT3', MWG
Biotech) was used to down-regulate C/EBP« pro-
tein,*”*®2> and a scrambled sulfonated oligonucle-
otide (5’AGCTCGGATGCATGGAGGAG3', MWG
Biotech) was used as a negative control.

C/EBPa EXPRESSION VECTOR

The C/EBPa expression vector was constructed
from the total RNA of human peripheral-blood lym-
phocytes with the use of RNeasy (Qiagen). One mi-
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Table 1. (Continued.)

Group and Sex Diagnosis or Health Status
Controls

Male Tumor
Female Tumor
Female Tumor
Male Healthy
Male Healthy
Female Healthy
Female Cystic fibrosis
Male Healthy
Male Tumor
Male Healthy
Male Healthy
Male Cystic fibrosis
Female Tumor
Male Tumor
Male Cystic fibrosis
Female Tumor
Male Tumor
Male Healthy
Female Healthy
Male Cystic fibrosis
Male Tumor
Male Tumor
Male Tumor
Male Tumor
Male Tumor
Male Tumor
Mean +SE

Age FEV, Drugs
yr percent
59 90 NA
47 NA NA
73 66 NA
28 100 None
52 NA None
61 98 None
24 NA NA
43 NA None
62 94 NA
36 87 None
57 NA None
34 NA NA
56 NA None
66 60 None
50 NA NA
76 NA None
58 95 None
53 100 None
21 NA None
25 NA NA
73 NA None
66 NA None
74 130 None
57 79 Glucocorticoid, B,-agonist
69 90 None
78 90 None
53.8+17.8 92.1+16.8

* FEV, denotes forced expiratory volume in one second as a percentage of the predicted value, and NA not available.
T The drugs are those that were being taken within six weeks before tissue sampling.

crogram of total RNA was reverse-transcribed by
means of SuperScript II (Invitrogen), and the en-
tire coding sequence of C/EBP« was amplified with
Pfx polymerase enzyme (Invitrogen) by means of
the polymerase chain reaction (PCR) under the fol-
lowing conditions: primary denaturation at 98°C
for 2 minutes was followed by 55 cycles of dena-
turation at 98°C for 30 seconds, annealing at 61°C
for 30 seconds, elongation at 68°C for 100 seconds,
and elongation at 68°C for 7 minutes. The C/EBP«
primers were 5’'CACCATGGAGTCGGCCGACT-
TCT3' and 3'TCACGCGCAGTTGCCCATGS'. Af-
ter electrophoresis on a 5 percent agarose gel, the
C/EBPa DNA band was isolated with the use of Nu-

cleoSpin extract (Macherey-Nagel) and was cloned
into a pvDNA3.1D/V5-His6-TOPO vector (Invitro-
gen) by mixing 4 pl of CEBPa DNA extract with 1 pl
of salt solution (1.2 M sodium chloride and 0.06 M
magnesium chloride) and 1 pl of the TOPO vector.
The mixture was incubated for five minutes at room
temperature, and 2 pl of C/EBPa vector was trans-
fected into Escherichia coli. The success of transfec-
tion was confirmed on the basis of the response
to ampicillin. Transfected cells were assessed for
C/EBPa DNA, which was sequenced with the use of
an automated sequencer (MWG Biotech).

Cells were transiently transfected with the
C/EBPa expression vector or a green fluorescent
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protein vector for one hour in serum-free medium
containing 1.0 ng of either vector per microliter in
Tfx50 reagent (Promega) (ratio of Tfx50 to DNA, 3:
1). Transfected cells were then incubated in growth
medium for 24 hours in the presence or absence of
drugs. The transfection rate was measured in tran-
siently transfected bronchial smooth-muscle cells
with the use of a green fluorescent protein vector —
that is, a cytomegalovirus-epidermal growth fac-
tor promoter—driven vector (p-d2EGFP-N1, Clon-
tech). Transfection was carried out with the use
of 1 ug of DNA per milliliter and Tfx50 (ratio, 1:2 to
1:4) for one hour in serum-free medium. Five per-
cent fetal-calf serum was then added to the medi-
um for 24 hours before confocal microscopy of the
living cells was performed (model LSM 510, Zeiss).
The laser excitation wavelength was 488 nm; fluo-
rescence was detected between 505 and 550 nm
with the use of a pinhole aperture of 106 pm. Auto-
fluorescence was not detected between 560 and
615 nm with the use of a wavelength of 543 nm.

NUCLEAR AND CYTOSOLIC EXTRACTS

AND ELECTROPHORETIC MOBILITY-SHIFT ASSAY
Nuclear and cytosolic extracts were prepared from
cultures that were 80 percent confluent, as de-
scribed previously.>> Bronchial smooth-muscle
cells were scraped off 175-cm? flasks and centri-
fuged at 5000xg for 2 minutes at 4°C, and the pel-
let was resuspended in 80 pl of low-salt buffer
(20 mM HEPES [pH 7.9], 10 mM potassium chlo-
ride, 0.1 mM sodium vanadate, 1 mM EDTA, 1 mM
EGTA, 0.2 percent NP-40, 10 percent glycerol, and
complete protease inhibitor [Roche Diagnostics])
and incubated for 10 minutes at 4°C. After centri-
fugation at 13,000xg for one minute at 4°C, the
supernatant (the cytosolic fraction) was collected.
The remaining pellet was dissolved in 50 pl of
high-salt buffer (420 mM sodium chloride, 20 mM
HEPES at pH 7.9, 10 mM potassium chloride,
0.1 mM sodiumvanadate, 1 mM EDTA, 1 mM EGTA,
20 percent glycerol, and complete protease inhibi-
tor), kept on ice for 30 minutes, and centrifuged
at 13,000xg for 5 minutes at 4°C. The supernatant
collected was considered the nuclear fraction.?>2%®
The protein level was determined with the use of
the Bradford assay.

IMMUNOBLOTTING

Proteins were fractionated according to size, as
follows: 5 pg of total protein was applied to a poly-
acrylamide—sodium dodecyl sulfate gel with a gra-

dient of 4 to 15 percent and transferred to polyvi-
nyledine fluoride membranes (Millipore) according
to standard protocols; transfer was confirmed by
Ponceau’s staining.'”>> Membranes were blocked
by the addition of 5 percent skim milk in 10 mM
TRIS, 150 mM sodium chloride, and 0.05 percent
Tween 20 for 1 hour; incubated for 12 hours at4°C
with a primary monoclonal antibody specific for
the glucocorticoid receptor (sc-100X), C/EBP«
(sc-61X), or c-Fos/activator protein-1 (AP-1)
(sc-253X) (all Santa Cruz Biotechnology); washed
three times in blocking solution; and then incu-
bated with a secondary antirabbit antibody conju-
gated with horseradish peroxidase (sc-2054, Santa
Cruz Biotechnology) for 1 hour. Membranes were
washed three times with blocking buffer and once
with phosphate-buffered saline, and protein bands
were visualized by means of chemiluminescence
(ECL, Pierce).

DNA-binding proteins were characterized by
means of an electrophoretic mobility-shift assay
with the use of a 32P-labeled glucocorticoid-respon-
sive element or CCAAT-binding oligonucleotide
(sc-2545 and sc-2525, respectively; Santa Cruz
Biotechnology) as described previously.2> We also
used a 32P-labeled p21(Wafl/Cipl) promoter frag-
ment containing the C/EBP-binding sites (a gift
from Dr. B. Vogelstein, Johns Hopkins University,
Baltimore),2° which has been used by others to
characterize the glucocorticoid receptor-C/EBPa
DNA consensus sequence of the p21(Wafl/Cip1) pro-
moter,23:2427 and which we have previously used
to show the formation of the glucocorticoid recep-
tor—C/EBPa complex.® Supershift assays (defined
by a mobility shift of the p21 promoter fragment)
were performed by incubating nuclear extracts with
one of the above antibodies (1 mg per milliliter)
specific for the glucocorticoid receptor, C/EBPa«,
or the transcription factor AP-1 overnight at 4°C;
DNA-protein complexes and supershifts were an-
alyzed on a nondenaturing 4 percent polyacryla-
mide gel exposed to x-ray films. The specificity of
the observed DNA—protein complexes was charac-
terized by preincubating the extracts with 10 times
the normal amount of competitive, unlabeled glu-
cocorticoid-responsive element or CCAAT oligo-
nucleotides.?>26:28

COIMMUNOPRECIPITATION
OF THE GLUCOCORTICOID RECEPTOR OR C/EBP-a

Coimmunoprecipitations were performed as de-
scribed previously.?> Extracts of nuclear protein
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(20 pl) were incubated overnight at 4°C with anti-
body against C/EBP« (1 pg per milliliter) or against
glucocorticoid receptor (1 pg per milliliter, Santa
Cruz) and then incubated for one hour with protein
A Sepharose (1 mg per milliliter) in phosphate-buff-
ered saline at 37°C. After centrifugation at 5000xg
for five minutes, the precipitate was washed twice
with 2 ml of phosphate-buffered saline and then
resuspended in Laemmli buffer and analyzed by
means of immunoblotting.?®

INTERLEUKIN-6 ENZYME-LINKED
IMMUNOSORBENT ASSAY

Cell-culture medium was collected 0, 6, 12, and
24 hours after stimulation of cells with 5 percent
fetal-calf serum in the presence or absence of drugs
or antisense oligonucleotides. The release of inter-
leukin-6 was detected by means of an enzyme-linked
immunosorbent assay (Quantikine, R&D Systems).

STATISTICAL ANALYSIS

Analysis of variance and an unpaired Student’s
t-test were used to assess the data for cell counts
and [3H]thymidine incorporation. Results were
considered significant if the two-sided P value was
less than 0.05.

RESULTS

The clinical characteristics of all 54 study subjects
from whom we obtained cells for bronchial smooth-
muscle cell cultures are shown in Table 1. There
were 35 males and 19 females. Owing to the wide
range of ages among subjects with asthma, the
mean age of this group did not differ significantly
from that of the other two groups (Table 1).

Figure 1A shows a representative time course
of budesonide-induced (10-8 M) translocation of
glucocorticoid receptor from the cytosol to the
nucleus in bronchial smooth-muscle cell lines from
subjects with asthma and those with emphysema.
Budesonide activated the glucocorticoid receptor
within 30 minutes, with levels peaking at 1 hour
and declining thereafter. Similar time courses were
observed for dexamethasone, prednisolone, and hy-
drocortisone at concentrations ranging from 102
to 10-¢ M. As summarized in Figure 1B, the time
course of the activation of the glucocorticoid re-
ceptor by budesonide was similar among bron-
chial smooth-muscle cell lines from 10 controls,
8 subjects with emphysema, and 12 subjects with
asthma, and the time course of the accumulation of

glucocorticoid receptors in the nucleus was simi-
lar for all four glucocorticoids, with no significant
differences in efficacy (data not shown). A second,
minor band appeared soon after glucocorticoid
treatment (Fig. 1A). This band may represent the
B isoform of the glucocorticoid receptor but repre-
sents only a small proportion of the total.

The activation of the glucocorticoid receptor
by glucocorticoids and its binding to a glucocorti-
coid-responsive element oligonucleotide were con-
firmed by electrophoretic mobility-shift assays in
bronchial smooth-muscle cells from subjects with
asthma (Fig. 1C) and those without asthma (Fig.
1D). Similar results were obtained in all other lines
of bronchial smooth-muscle cells (six asthma cell
lines and six nonasthma cell lines).

To determine the antiinflammatory effect of glu-
cocorticoids, we analyzed the cell-culture medium
of the above experiments for the presence of inter-
leukin-6. After adjustment for the cell numbers, the
level of secretion of interleukin-6 induced by the
addition of 5 percent fetal-calf serum after 24 and
48 hours was similar between bronchial smooth-
muscle cells from 10 subjects with asthma and
bronchial smooth-muscle cells from 10 subjects
without asthma (Fig. 2A). All glucocorticoids sig-
nificantly inhibited the serum-induced secretion of
interleukin-6 (P<0.001).

To characterize the effect of the inhibitory sig-
naling pathway of glucocorticoids on the secre-
tion of interleukin-6, we treated cells with either
the glucocorticoid-receptor inhibitor mifepristone
(10-7 M) or a C/EBP« antisense or sense oligonu-
cleotide. The addition of 1.0 pM C/EBPa« antisense
oligonucleotide resulted within 24 hours in the
down-regulation of serum-induced C/EBP« protein
expression in total cell-protein extracts in bron-
chial smooth-muscle cells from subjects without
asthma (Fig. 2B).

When cells were pretreated for one hour with
10-7 M mifepristone, the inhibitory effect of the glu-
cocorticoids on the secretion of interleukin-6 was
substantially reduced (Fig. 2C). However, prein-
cubation for 24 hours with 1 yM C/EBP« antisense
oligonucleotides did not significantly alter the in-
hibitory effect of the glucocorticoids on the se-
rum-induced secretion of interleukin-6.

Previously, we reported that a single dose of
10-8 M budesonide led to a mean (+SE) maximal
decrease of 21+4 percent in the serum-induced pro-
liferation of bronchial smooth-muscle cells from
subjects without asthma.?® In the present study, we
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Figure 1. Immunoblotting, Densitometric Analysis, and Electrophoretic Mobility-Shift Assays in Bronchial Smooth-Muscle Cells
from Subjects with Asthma and Those without Asthma.
Panel A shows a representative immunoblot of the distribution of the glucocorticoid receptor (GR) in the cytosol and the nucleus of bronchial
smooth-muscle cells from a subject with asthma and a subject with emphysema in the presence of 10-8 M budesonide. a and 8 denote the
a and B isoforms of the GR. Panel B shows a densitometric analysis of the nuclear location of the GR over time in the presence of 108 M
budesonide in bronchial smooth-muscle cells from 10 controls, 8 subjects with emphysema, and 12 subjects with asthma. Bars represent
the mean +SE. Panels C and D show the time course of budesonide-induced binding of the GR to the glucocorticoid-responsive element
(GRE) in a representative electrophoretic mobility-shift assay of bronchial smooth-muscle cells from one subject with asthma and one with-
out asthma, respectively.

566

observed a similar inhibition of fetal-calf serum—
stimulated cell proliferation after three days of
culture in the presence of any one of the four glu-
cocorticoids studied after a single treatment on day
1 (Fig. 3A). In bronchial smooth-muscle cells from
10 subjects, 10~8 M budesonide reduced the se-
rum-dependent proliferation of cells by 28+4 per-
cent (P<0.01 by an unpaired Student’s t-test),
108 M dexamethasone reduced proliferation by
21+4 percent (P<0.01), and 108 M prednisolone
reduced proliferation by 24+3 percent (P<0.01),

whereas 10~8 M hydrocortisone did not inhibit
proliferation significantly (Fig. 3A). A compari-
son of Figures 3A and 3B shows that bronchial
smooth-muscle cells from 15 subjects with asthma
grew about 1.5 times as fast as bronchial smooth-
muscle cells from subjects without asthma, a find-
ing that is similar to our previous findings.> Sur-
prisingly, none of the glucocorticoids inhibited
the proliferation of bronchial smooth-muscle cells
from subjects with asthma (Fig. 3B).

To investigate whether the absence of antipro-
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Figure 2. Effect of Glucocorticoids on Serum-Induced
Secretion of Interleukin-6.

In Panel A, bronchial smooth-muscle cells were stimulat-
ed with 5 percent fetal-calf serum (FCS) for 24 hours
alone and in combination with a glucocorticoid, and in-
terleukin-6 levels in the cell-culture medium were deter-
mined by ELISA. Bars represent the mean (+SE) values in
bronchial smooth-muscle cells from 10 subjects with
asthma and 10 without asthma. Panel B shows a repre-
sentative immunoblot of the time course of serum-
induced expression of C/EBPa protein in bronchial
smooth-muscle cells from a subject without asthma
and its inhibition by transient transfection with 1.0 yM
C/EBPa« antisense oligonucleotide. In Panel C, pretreat-
ment of the cells for 1 hour with 10-7 M mifepristone
substantially reduced the inhibitory effect of the gluco-
corticoids on serum-induced interleukin-6 secretion,
whereas pretreatment with 1 yM C/EBPa« antisense oli-
gonucleotide for 24 hours had no significant effect. Bars
represent the mean (+SE) values in bronchial smooth-
muscle cells from 10 subjects with asthma and 10 con-
trols.

liferative action of glucocorticoids on bronchial
smooth-muscle cells from subjects with asthma
could be overcome by long-term treatment, we ex-
changed the culture medium and drugs daily over
a period of three days. In bronchial smooth-muscle
cells from 8 subjects without asthma, long-term
treatment resulted in a stronger antiproliferative
effect of the glucocorticoids than did a single treat-
ment, but it had no significant effect on bronchial
smooth-muscle cells from 10 subjects with asthma
(Fig. 3C). The absence of an antiproliferative ef-
fect of glucocorticoids was confirmed by assessing
[3H]thymidine incorporation in the two groups of
smooth-muscle cells (Fig. 3D).

Given our previous results, we assessed
the role of C/EBP« in glucocorticoid-inhibited pro-
liferation of bronchial smooth-muscle cells. As
shown in a set of representative immunoblots (Fig.
4A), bronchial smooth-muscle cells from 20 sub-
jects with asthma did not express C/EBP«, whereas
serum-starved bronchial smooth-muscle cells from
8 subjects with emphysema and 15 controls ex-
pressed the 46-kD C/EBPa protein. The expression
of C/EBPa could be induced by 5 percent fetal-calf
serum within 24 hours in all bronchial smooth-
muscle cells from subjects without asthma (Fig.
2B and 4A). However, bronchial smooth-muscle
cells from 4 of the 20 subjects with asthma ex-
pressed a smaller protein that reacted with the anti-

25,26
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Figure 3. The Antiproliferative Efficacy of Glucocorticoids in Bronchial Smooth-Muscle Cells from Subjects with Asthma
and Those without Asthma.
Subconfluent cultures of bronchial smooth-muscle cells from 10 subjects without asthma (Panel A) and 15 subjects with
asthma (Panel B) were incubated for three days in the presence of 5 percent fetal-calf serum (FCS) in the presence and
absence of a single dose of a glucocorticoid on day 1, and then the absolute numbers of cells were determined. In Panel
C, the antiproliferative effect of three days of treatment with glucocorticoids was evaluated in bronchial smooth-muscle
cells from five subjects without asthma and six with asthma. In Panel D, the antiproliferative effect of the four glucocor-
ticoids was confirmed on the basis of [3H]thymidine incorporation in bronchial smooth-muscle cells from five subjects
without asthma and six with asthma. Bars represent means +SE.

body against C/EBP« antibody (Fig. 4A). However,
to visualize these smaller protein bands, we had to
double the duration of exposure of the immuno-
blots.

To determine whether the absence of C/EBPa
is a pathophysiological characteristic present in
cell types other than bronchial smooth-muscle

cells, we isolated peripheral-blood lymphocytes
from four subjects with asthma and four without
asthma. We detected C/EBP« protein in all the sam-
ples (Fig. 4B).

To overcome the absence of C/EBP« in bron-
chial smooth-muscle cells from subjects with asth-
ma, we transiently transfected three such cell lines
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with an expression vector for the human C/EBP«
isolated from bronchial smooth-muscle cells from
subjects without asthma. Immunoblotting revealed
a time-dependent increase in the expression of
C/EBP« within 24 and 48 hours after transfection
(Fig. 4C). The smooth-muscle cells expressed two
proteins that reacted with the antibody against
C/EBPa (Fig. 4C). According to the molecular-
weight markers, the upper band appeared at the
expected size for C/EBP«, whereas the smaller band
was similar to the second C/EBP«a band that was
observed in nontransfected bronchial smooth-mus-
cle cells from subjects with asthma (Fig. 4A and 4C).
The rate of transfection was controlled with the use
of a cytomegalovirus epidermal growth factor pro-
moter—driven vector; the level of expression of epi-
dermal growth factor by bronchial smooth-muscle
cells was 62 percent 24 hours after transfection
(Fig. 4D).

The absence of C/EBP« in bronchial smooth-
muscle cells from subjects with asthma was con-
firmed with the use of a supershift electrophoretic
mobility-shift assay with a p21Waf1/Cip1) promoter
fragment containing the glucocorticoid receptor—
C/EBPa complex binding site?3-2527:29 as the target
for C/EBP« proteins, in the presence and absence of
antibodies specific for C/EBP« or the glucocorti-
coid receptor; antibodies against c-Fos/AP-1 protein
served as a negative control. As shown in Figure
4E, incubation of the p21(Waf1/Cip1) promoter frag-
ment with nuclear-protein extracts that were ob-
tained from bronchial smooth-muscle cells from
subjects without asthma in the presence of 10-8 M
budesonide for three hours resulted in a defined
signal that could be abrogated by incubation with
10 times the normal amount of cold CCAAT oligo-
nucleotide overnight at 4°C. When the complex
formed by the p21(Waft/Cip1) promoter fragment
and the nuclear-protein extracts of budesonide-
treated bronchial smooth-muscle cells was further
incubated with antibodies specific for C/EBP«, the
level of the complex increased and its migration was
further delayed (Fig. 4E, lane 4). A similar super-
shift was observed when the p21(Waf1/Cip1) promot-
er fragment formed a complex with the nuclear-
protein extract of budesonide-treated bronchial
smooth-muscle cells from subjects without asth-
ma and was incubated with antibodies specific
for the glucocorticoid receptor (Fig. 4E, lane 6),
whereas no such supershift was detected when we
used antibodies against c-Fos/AP-1 (lane 8). In con-
trast, the nuclear-protein fraction obtained from

budesonide-treated bronchial smooth-muscle cells
from subjects with asthma did not produce any
clear signal when they were incubated with the
p21Waf1/Cip1) promoter fragment (Fig. 4E, lanes 5,
7,and 9).

To further assess the role of C/EBP« in bron-
chial smooth-muscle cells from subjects with asth-
ma, we transiently transfected subconfluent cul-
tures with an expression vector for human C/EBP«
or the empty vector as a control (Fig. 5A). The level
of the C/EBPa« protein in nuclear extracts of bron-
chial smooth-muscle cells from subjects with asth-
ma increased within 48 hours in the presence of
budesonide (Fig. 5A, lanes 1 and 2), preincubation
with 10 times the normal level of unlabeled CCAAT
oligonucleotide diminished the signal (Fig. 5A,
lane 3), and no signal was observed when the cells
were transfected with the empty control vector for
48 hours (Fig. 5A, lane 4). When the extract was
subsequently incubated with antibodies specific for
C/EBP«, migration of the DNA-protein band was
retarded (Fig. 5A, lane 5), whereas there was no sig-
nal when the cells were transfected with the emp-
ty control vector (Fig. 5A, lane 6). We observed no
supershifts when the same extracts were incubat-
ed in the presence of antibodies against c-Fos/AP-1
(Fig. 5A, lane 7), whereas a supershift was observed
in the presence of antibodies against glucocorti-
coid receptor (Fig. 5A, lane 8). Bronchial smooth-
muscle cells transfected with an empty vector did
not show a supershift in the presence of antibodies
against the glucocorticoid receptor (Fig. 5A, lane 9).

To investigate whether, in asthmatic bronchial
smooth-muscle cells from subjects with asthma,
transient transfection with the human C/EBP« ex-
pression vector reestablished the formation of the
glucocorticoid receptor-C/EBPa complex previ-
ously noted in bronchial smooth-muscle cells from
subjects without asthma,?>2° we performed coim-
munoprecipitation experiments with the use of
nuclear extracts of bronchial smooth-muscle cells
that had been incubated with 10-8 M budesonide
for three hours (Fig. 5B). Western blot analysis of
the coimmunoprecipitates showed a clear band for
C/EBPa when we used an antibody against the glu-
cocorticoid receptor for immunoprecipitation and
for the glucocorticoid receptor when an antibody
against C/[EBP-« was used. In contrast, nontrans-
fected bronchial smooth-muscle cells from sub-
jects with asthma did not show any signal for either
C/EBP« or the glucocorticoid receptor. However,
when these bronchial smooth-muscle cells were
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transfected with a human C/EBP« expression vec-
tor 48 hours before stimulation with budesonide
and nuclear extracts were prepared 3 hours after the
addition of the drug and subsequent coimmuno-
precipitation, we observed a band for C/EBPa when
an antibody against the glucocorticoid receptor was
used, as well as a band for the receptor when an
antibody against C/EBP« was used (Fig. 5B).

We obtained further evidence of the function of
the transfected C/EBP« expression vector in bron-
chial smooth-muscle cells from subjects with asth-
ma by counting cells. The numbers of cells in five
such nontransfected cell lines doubled within three
days in the presence of 5 percent fetal-calf serum,
and daily treatment with budesonide (10-8 M) did
not significantly alter cell growth (Fig. 5C). Tran-
sient transfection with an expression vector for
human C/EBP« significantly slowed the prolifer-
ation of smooth-muscle cells in the presence of
fetal-calf serum (by 30£4.9 percent, P<0.01 by an
unpaired Student’s t-test), on the basis of the in-
crease in the numbers of cells from day 1 to day 3
in the presence of 5 percent fetal-calf serum. Trans-
fection with the empty vector did not inhibit pro-
liferation. In contrast, transfected cells treated dai-
ly with 10-8 M budesonide had a further reduction
of proliferation, as compared with transfected cells
that were not treated with budesonide (Fig. 5C).
The additional effect of the glucocorticoid on the
inhibitory effect of the C/[EBP« expression vector
was significant (P<0.01) in bronchial smooth-
muscle cells from five subjects with asthma and
was significantly different (P<0.01) from the ef-
fect achieved with the C/EBP« vector alone. The
presence of the empty vector together with budeso-
nide did not inhibit the proliferation of bronchial
smooth-muscle cells from subjects with asthma.

DISCUSSION

Our data indicate that the proliferation of airway
smooth-muscle cells in patients with asthma may
result from an absence of C/EBP«. The absence of
C/EBPa also explains why the antiproliferative ac-
tion of glucocorticoids on these cells was absent,
while the glucocorticoid-induced suppression of
interleukin-6 was not affected. Since peripheral-
blood lymphocytes had normal levels of C/EBP«,
we propose that the absence of C/EBP-« is cell-
type—specific.

Hypertrophy and hyperplasia are characteristic
of the bronchial smooth-muscle bundles in asth-

Figure 4 (facing page). Expression of C/EBP«
in Bronchial Smooth-Muscle Cells from Subjects
with Asthma and Those without Asthma.

Panel A shows four immunoblots of bronchial smooth-
muscle cells representative of the findings in 8 subjects
with emphysema and 20 subjects with asthma. Sub-
confluent cultures of bronchial smooth-muscle cells
were incubated with 0.1 percent fetal-calf serum (FCS)
for 24 hours and then stimulated with 5 percent FCS.
C/EBPa expression was determined in total cell lysates.
Panel B shows representative immunoblots of the ex-
pression of C/EBPa in total-protein extract isolated from
peripheral-blood lymphocytes in four subjects with asth-
ma and four without asthma. Panel C shows representa-
tive immunoblots of C/EBPa expression in bronchial
smooth-muscle cells from three subjects with asthma
that were transiently transfected with an expression vec-
tor containing the complementary DNA encoding human
peripheral-blood lymphocyte—derived C/EBP«. Cells
were transiently transfected in the presence of 5 percent
FCS with 1 ng of C/EBPa expression vector DNA per mi-
croliter for 24 and 48 hours. Panel D shows the efficacy
of transient transfection on immunofluorescence. The
arrows indicate the cells that express the green fluores-
cent protein and that therefore have been successfully
transfected. Panel E shows a representative electropho-
retic mobility-shift assay of p21(Waf1/Cip1) promoter—
binding proteins with the use of nuclear extracts from
bronchial smooth-muscle cells treated for three hours
with 10-8 M budesonide. Lane 1 shows the p21(Waf1/Cip1)
promoter fragment alone, lane 2 the promoter with nu-
clear extracts of budesonide-treated bronchial smooth-
muscle cells from subjects without asthma, lane 3 the
same extract as in lane 2 but with 10 times the normal
amount of cold CCAAT oligonucleotides, lane 4 antibody
against C/EBPa and nuclear extracts of bronchial smooth-
muscle cells from subjects without asthma, lane 5 anti-
body against C/EBPa and nuclear extracts of bronchial
smooth-muscle cells from subjects with asthma, lane 6
antibody against the glucocorticoid receptor (GR) and
nuclear extracts from bronchial smooth-muscle cells
from subjects without asthma, lane 7 antibody against
GR and nuclear extracts of bronchial smooth-muscle
cells from subjects with asthma, lane 8 antibody against
c-Fos/AP-1 and nuclear extracts of bronchial smooth-
muscle cells from subjects without asthma, and lane 9
antibody against c-Fos/AP-1 and nuclear extracts of bron-
chial smooth-muscle cells from subjects with asthma.

matic airways, and this increased layer of bronchial
smooth muscle may explain the hyperresponsive-
ness of asthmatic bronchi.»»** It may also explain
the local recruitment of immunocompetent cells
into the smooth muscle, leading to chronic inflam-
mation.>>* Glucocorticoids are potent suppres-
sors of this chronic inflammation and are the main-
stay of therapy for moderate and severe asthma.>**
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Impaired expression of the glucocorticoid re-
ceptor or a mutation in it has been linked to asth-
ma but has never been proved to play a causative
role.3°32 The expression of the receptor has been
assumed to be faulty in patients with asthma, but
no significant differences between patients with
asthma and those without asthma have been found
in the tissue distribution of the glucocorticoid re-

N ENGL J MED 351;6  WWW.N

ceptor in lung-biopsy specimens.3? Some data have
suggested that the receptor has two isoforms, « and
B, resulting from differential splicing of the same
messenger RNA.33 Both isoforms bind to the same
DNA consensus sequence. Because the consensus
sequence has a higher affinity for the 8 isoform, it
has been assumed that this isoform inhibits bind-
ing of the « isoform,3? but a link between overex-
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A Figure 5. The Glucocorticoid Receptor (GR)-C/EBP«
12 34 567 829 Complex and Its Antiproliferative Function in Bronchial
Smooth-Muscle Cells from Subjects with Asthma.
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smooth-muscle cells. Therefore, distinct signaling
pathways mediate the antiproliferative and the in-
terleukin-6-blocking effects of glucocorticoids.
However, the latter effect may include the interac-
tion of the receptor with other transcription fac-
tors, including nuclear factor-«B, AP-1, and sig-
nal transducers and activators of transcription
(STATs).10,12,13,35-38

The observed failure of glucocorticoids to in-
hibit cell proliferation in bronchial smooth-mus-
cle cells from subjects with asthma could not be
explained by an absent or defective glucocorticoid
receptor. Several studies have shown that the anti-
proliferative effect of glucocorticoids is mediated
by the receptor and C/EBPa,**%3%> and both active
transcription factors are required to induce the
synthesis of p21(Waf1/Cip1) 24,2527 Moreover, in hu-
man cells, including lung fibroblasts, pulmonary
and bronchial smooth-muscle cells, and periph-
eral-blood lymphocytes, the glucocorticoid recep-
tor forms a complex with C/EBP«, which then
binds to the CCAAT DNA consensus sequence in
the p21Waf1/Cip1) promoter.25:27:28 We found that
this complex was absent in budesonide-treated
bronchial smooth-muscle cells from subjects
with asthma, but that it could be reestablished by
transfecting the cells with a human C/EBP« ex-
pression vector. Furthermore, transfected cells had
a slower rate of proliferation than nontransfected
cells, and their proliferation could be inhibited by
glucocorticoids. These findings indicate that the
absence of C/EBP«a in bronchial smooth-muscle
cells from patients with asthma may account for
their increased rate of proliferation.? In addition,
direct protein—protein interaction with the glucocor-
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