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We have previously shown that long-term treatment of airway
smooth muscle (ASM) cells with a combination of TNF-a and IFN-g
impaired steroid anti-inflammatory action through the up-regulation
of glucocorticoid receptor beta isoform (GRb) (Mol Pharmacol
2006;69:588–596). We here found that steroid actions could also be
suppressed by short-term exposure of ASM cells to TNF-a and IFN-g
(6 h) as shown by the abrogated glucocorticoid responsive element
(GRE)-dependent gene transcription; surprisingly, neither GRa

nuclear translocation nor GRb expression was affected by cytokine
mixture. The earlier induction of CD38, a molecule recently involved
in asthma, seen with TNF-a and IFN-g combination but not with
cytokine alone, was also completely insensitive to steroid pretreat-
ment. Chromatin-immunoprecipitation (IP) and siRNA strategies
revealed not only increased binding of interferon regulatory factor 1
(IRF-1) transcription factor to CD38 promoter, but also its impli-
cation in regulating CD38 gene transcription. Interestingly, the
capacity of fluticasone to completely inhibit TNF-a–induced IRF-1
expression, IRF-1 DNA binding, and transactivation activities was
completely lost in cells exposed to TNF-a and IFN-g in combination.
This early steroid dysfunction seen with cytokine combination could
be reproduced by enhancing IRF-1 cellular levels using constitutively
active IRF-1, which dose-dependently inhibited GRE-dependent
gene transcription. Consistently, reducing IRF-1 cellular levels using
siRNA approach significantly restored steroid transactivation activ-
ities. Collectively, our findings demonstrate for the first time that
IRF-1 is a novel alternative GRb-independent mechanism mediating
steroid dysfunction induced by pro-asthmatic cytokines, in part via
the suppression of GRa activities.
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Glucocorticoids (GCs) are the treatment of choice for chronic
inflammatory diseases such as asthma (1). When administered
in the airways, GCs may have several cellular targets that
contribute to their therapeutic effectiveness in asthma manage-
ment (2). Airway smooth muscle (ASM) has now been recog-
nized as a novel player in the pathogenesis of asthma (3, 4) and
might therefore be expected to be a prominent therapeutic
target for inhaled steroids (5). In line with this, we and others
showed that GCs were effective in abrogating the expression of

a number of pro-inflammatory mediators including cytokines,
chemokines, and adhesion molecules in ASM cells (5–10).

However, there are some circumstances in which ASM cell
responsiveness to steroids could be dramatically reduced, espe-
cially when exposed to a mixture of inflammatory cytokines. For
example, dexamethasone did not inhibit but on the contrary
significantly enhanced fractalkine secretion induced by TNF-a/
IFN-g combination in ASM cells (9). We recently demonstrated
that ASM cells treated for 24 hours with the same combination
of TNF-a with IFNs, but not with IL-1b or IL-13, dramatically
reduced steroid ability to inhibit CD38 expression (11). The
failure of steroid to suppress CD38 expression could have
clinical implications for multiple reasons. CD38 is an ectoen-
zyme that converts the cellular intermediary metabolite NAD1

to cyclic ADP ribose (cADPr), a Ca21-mobilizing second mes-
senger, and has been associated with a number of diseases (12).
Because the CD38 pathway has been involved in ASM cell hy-
perresponsiveness induced by pro-asthmatic cytokines, includ-
ing TNF-a (12), we and others proposed that abnormal CD38
activity and/or expression may represent a novel mechanism
involved in the exaggerated airway narrowing observed in pa-
tients with asthma (13, 14). This hypothesis has been recently
confirmed by Guedes and colleagues, who showed that CD38-
deficient mice have reduced airway hyper-responsiveness to
methacholine after IL-13 challenge (15). Thus, the lack of
steroid ability to suppress induction of fractalkine or CD38 by
cytokines in ASM cells is a strong experimental evidence to
indicate that steroid resistance could also develop in structural
airway cells. Together, these observations support the novel
concept that the steroid resistance reported in a subset of
individuals with asthma (2, 16–18) could result from the failure
of steroids to suppress the expression of key pro-asthmatic
molecules. Understanding the mechanisms mediating steroid
resistance at the cellular/molecular level could have a major
therapeutic relevance.

In this study, we have uncovered a novel in vitro model of
inflammation-associated steroid resistance by reporting the
failure of fluticasone to suppress CD38 expression in ASM cells
exposed to TNF-a/IFN-g for a short-term period (6 h). We took
advantage of this model of early steroid resistance to demon-
strate for the first time that activation of the transcription factor
interferon regulatory factor 1 (IRF-1) not only regulates the
transcriptional induction of CD38, but is also responsible for

CLINICAL RELEVANCE

This research uncovered a novel molecule associated with
pro-asthmatic signals involved in steroid resistance. There-
fore, our findings will likely bring new insight into the
development of novel therapeutic treatment of patients
with steroid resistance.
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cytokine-induced steroid resistance in part via the suppression
of GRa activities.

MATERIALS AND METHODS

ASM Cell Culture and Characterization

Human ASM cell culture was performed as described previously (19).
Human trachea was obtained from lung transplant donors in accor-
dance with procedures approved by the University of Pennsylvania
Committee on Studies Involving Human Beings.

Flow Cytometry Analysis

Flow cytometry was performed as described previously (14). Antibody
used for CD38 expression was purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Fluorescein isothiocyanate–conjugated secondary
antibody was bought from Jackson ImmunoResearch Laboratories
(West Grove, PA). CD38 expression was expressed as the fold increases
in mean fluorescence intensity over basal (untreated cells).

Reverse Transcription–Polymerase Chain Reaction Analysis

Total RNA was extracted from human ASM cells using RNeasy Mini Kit
(Qiagen, Valencia, CA) as previously described (11). In preliminary
experiments, we determined, for each primer pair, the melting temper-
ature and number of amplification cycles necessary to yield the appro-
priate PCR product size. The PCR of CD38, GC receptor beta isoform
(GRb), IRF-1, and b-actin was performed using previously published
primers (11, 14, 20). The semiquantitative PCR approach was performed

in parallel by investigating the b-actin mRNA level. The intensity of the
area density was analyzed using a Gel-Pro Analyzer (Media Cybernetics,
Silver Spring, MD), and the final PCR product was expressed as a ratio of
area density of CD38 and IRF-1 to b-actin (11).

SDS-Polyacrylamide Gel Electrophoresis and Western

Blot Analysis

Immunoblot analyses for GRa, GRb, and IRF-1 were performed as
described previously (21). Anti-GRa– and anti-GRb–specific anti-
bodies were purchased from Affinity BioReagents (Golden, CO).
Anti–IRF-1–specific antibody was bought from Santa Cruz Biotech-
nology. To ensure equal loading, the membranes were stripped and
reprobed with anti–b-actin antibody (Santa Cruz Biotechnology).

Figure 2. Fluticasone inhibits IRF-1 DNA binding and transcriptional
activities induced by TNF-a alone but not by TNF-a/IFN-g combina-

tion. (A) Human ASM cells were treated with TNF-a (10 ng/ml) either

alone or in combination with IFN-g (500 IU/ml) for 6 hours in the

presence or absence of fluticasone (FP) (100 nM) added 2 hours before.
Cells were then lysed and nuclear extracts were prepared and tested for

IRF-1–DNA binding activity using the TransAM/TM IRF-1 kit as de-

scribed in MATERIALS AND METHODS. *P , 0.05 compared with untreated
cells; **P , 0.01 compared with untreated cells; #P , 0.05 compared

with cells treated with TNF-a alone; NS, not significant compared with

cells treated with TNF-a and IFN-g in combination. (B) Cells were

transfected with 2 mg of IRF-1 luciferase reporter vector. After 48 hours,
growth-arrested ASM cells were treated as described above, then lysed,

and the luciferase activity was measured as described in MATERIALS AND

METHODS. *P , 0.05 compared with untreated cells; **P , 0.01

compared with untreated cells; #P , 0.01 compared with cells treated
with TNF-a alone; &P , 0.05 compared with cells treated with TNF-a

and IFN-g combination. Experiments were performed in triplicate using

three different cell lines.

Figure 1. Fluticasone inhibits interferon regulatory factor 1 (IRF-1)

expression induced by TNF-a alone but not by TNF-a/IFN-g combina-

tion. (A) Human airway smooth muscle (ASM) cells were treated with
TNF-a (10 ng/ml) either alone or in combination with IFN-g (500 IU/ml)

for 6 hours in the presence or absence of fluticasone (FP) (100 nM)

added 2 hours before. Cells were then lysed and nuclear extracts were
prepared and assayed for IRF-1 by immunoblot analysis. Results are

representative of three separate blots. (B) Scanning densitometry of

three representative immunoblots with each condition normalized over

the area density of the corresponding b-actin content. The results are
expressed as the fold increase over TNF-a–treated cell values. #P , 0.01

compared with TNF-a–treated cells; *P , 0.05 compared with TNF-a–

treated cells; NS, not significant compared with TNF-a/IFN-g–treated

cells.
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Immunocytochemistry of GRa

Immunostaining for nuclear translocation experiments was performed
as described previously (21) with the exception of the anti-GRa anti-
body (Affinity BioReagents). Isotype-matched antibodies (rabbit and
mouse IgG from R&D Systems, Minneapolis, MN) were used as nega-
tive controls. After staining, the glass coverslips were mounted onto
glass slides, examined under epifluorescence microscopy (Nikon, Tokyo,
Japan), and photographed using Olympus 1X70 (Hitech Instruments,
Inc., Edgemont, PA).

IRF-1–DNA Binding Activity

Nuclear extraction was performed as described previously (21). Ten
micrograms of nuclear extracts were tested for IRF-1–DNA binding
activity using TransAM IRF-1 kit according to the manufacturer’s
instructions (Active Motif, Carlsbad, CA). The results (optical densi-
ties measured at 450 nm) were expressed as a percentage of increase
over untreated cells (11).

Plasmid

Constitutively active IRF-1 was kindly provided by Dr. Yokosawa (Fac-
ulty of Pharmaceutical Sciences, Hokkaido University, Japan) (22).

Transfection of ASM Cells

ASM cells were transfected using Basic Nucleofector Kit for Primary
Smooth Muscle Cells according to manufacturer’s instructions using
Amaxa Nucleofector II device (program U-25) (Amaxa Biosystems,
Cologne, Germany) (11, 23). This device enabled us to reach trans-
fection efficiencies of 70% using pmaxGFP (green fluorescent protein)
vector and over 50% using constitutively active GRb–GFP construct
(11). For the different transfection experiments, we used 2 mg of con-
stitutively active constructs, 2 mg of glucocorticoid responsive element
(GRE)-dependent secreted alkaline phosphatase (SEAP) reporter
plasmid (used to monitor steroid transactivation activity) (Stratagene,
La Jolla, CA), 2 mg of IRF-1–dependent luciferase reporter plasmid
(Panomics, Inc., Fremont, CA), and 1 mg of b-galactosidase vector

(used to normalize transfection efficiency) (Promega, Madison, WI).
For all constitutively active transfection experiments, controls included
the parallel use of pcDNA3 empty vector (Stratagene).

IRF-1 Small Interfering RNA

ASM cells were transfected with 100 nM with the combination of three
different Silencer Pre-designed small interfering RNA (siRNA) IRF-1
or nonsilencing siRNA control (Ambion, Austin, TX). siRNA IRF-1
was introduced into ASM cells using siRNA Test Kit for Cell Lines
and Adherent Primary Cells according to manufacturer’s instructions
(Amaxa Biosystems).

Chromatin Immunoprecipitation

To study the ability of transcription factors or co-activators to bind
specific DNA sites in gene promoters, chromatin immunoprecipitation
(ChIP) assay was performed, using ChIP-IT kit (Active Motif) ac-
cording to the manufacturer’s instructions. One portion of the soluble
chromatin was used as DNA input control (to verify equal loading),
and the remains were immunoprecipitated with antibody against IRF-1
or isotype-matched antibodies (Santa Cruz Biotechnology). The puri-
fied eluted DNA from the immunoprecipitated complexes of antibody–
protein–DNA was then analyzed by semiquantitative PCR (22 cycles).
To examine the recruitment of IRF-1 to CD38 promoter, we used
primer pairs spanning CD38 promoter regions (GenBank accession
number: D84284) that contain IRF-1–binding sites: 59-AAATGGTG
CTGGGAAAACTG-39 and 59-CCCATGCCTATGTCCTGAAT-39.
The 175-bp resulting PCR products were resolved by 2% agarose–
ethidium bromide gel electrophoresis, visualized by ultraviolet light,
and analyzed with Gel-Pro Analyzer (Media Cybernetics, Silver
Spring, MD) (11).

SEAP, Luciferase, and b-Galactosidase Assays

The activities of SEAP, luciferase, and b-galactosidase were evaluated
using Great EscAPe SEAP detection kit (Clontech, Mountain View,
CA), luciferase, and b-galactosidase detection kits (Promega), re-
spectively, according to their manufacturer’s instructions (11, 21).

Materials and Reagents

Tissue culture reagents and primers were obtained from Invitrogen
(Carlsbad, CA). Human recombinant (r) TNF-a and rIFN-g were
provided by Roche Diagnostics (Indianapolis, IN). Fluticasone pro-
pionate (FP) was purchased from Sigma (St. Louis, MO).

Statistical Analysis

Data points from individual assays represent the mean values of tripli-
cate measurements. Significant differences among groups were as-
sessed with analysis of variance (Bonferroni-Dunn test) or by t test
analysis, with values of P , 0.05 sufficient to reject the null hypothesis
for all analyses. Each set of experiments was performed with a mini-
mum of three different human ASM cell lines.

RESULTS

IRF-1 Induction by TNF-a and IFN-g Combination in ASM

Cells Is Insensitive to Steroid Treatment

IRF-1 is an important transcriptional factor involved in the reg-
ulation of TNF-a– and IFN-inducible genes (24, 25). To date,
little is known as to whether cytokines and steroids modulate
IRF-1 expression and/or function in ASM cells. We first ex-
amined the effect of steroid on IRF-1 expression and activity in
cells treated with cytokines. Immunoblot analysis showed that
TNF-a and IFN-g used either alone or in combination for 6
hours induced a significant increase of IRF-1 expression in ASM
cells (Figure 1). IRF-1 induction was sensitive to fluticasone in
TNF-a–treated cells but not in TNF-a/IFN-g–treated cells
(Figure 1). To further confirm whether IRF-1 up-regulation is
functional, we next studied IRF-1 DNA-binding as well as tran-
sactivation activities. As shown in Figures 2A and 2B, IRF-1

Figure 3. The TNF-a and IFN-g combination induces an early inhibition
of steroid-associated glucocorticoid receptor (GR)-dependent transcrip-

tional activity. ASM cells were transfected with 2 mg of secreted alkaline

phosphatase (SEAP) reporter construct containing glucocorticoid re-

sponsive element (GRE) motifs. After 48 hours, cells were treated with
TNF-a (10 ng/ml) and IFN-g (500 IU/ml) in combination for 6 hours

and 24 hours in the presence or absence of fluticasone (FP) (100 nM)

added 2 hours before. Cells were then lysed, and the SEAP activity was
performed as described in MATERIALS AND METHODS. *P , 0.05 compared

with untreated cells; #P , 0.05 compared with cells treated with

fluticasone alone; ##P , 0.01 compared with cells treated with flutica-

sone alone. Experiments were performed in triplicate using three dif-
ferent cell lines.
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DNA binding and reporter activities were significantly enhanced

by TNF-a. Interestingly, the combination of TNF-a and IFN-g

further enhanced both IRF-1 activities, responses that were less

affected by fluticasone treatment (Figure 2). Together, these data

indicate that the TNF-a and IFN-g combination induces a ste-

roid-insensitive activation of IRF-1 in ASM cells.

The TNF-a and IFN-g Combination Induces an Early

Suppression of Steroid Transactivation Activities

Partially through IRF-1 Cellular Accumulation

We have previously shown that cytokine combination abrogates
steroid transactivation activity after 24 hours of stimulation
(11). We here investigated whether similar phenomena may

Figure 4. IRF-1 silencing restores the steroid responsiveness in cells exposed to cytokine combination. (A and B) ASM cells were transfected with

100 nM of nonsilencing small interfering RNA (siRNA) control or with 100 nM of three different Silencer Pre-designed siRNA IRF-1 oligonucleotides
for 48 hours before TNF-a (10 ng/ml) and IFN-g (500 IU/ml) were added for 6 hours. (A) Total mRNA (2 mg) was subjected to RT-PCR with b-actin

and IRF-1 primers. PCR products were separated on a 1% agarose gel and stained with ethidium bromide (top). (Bottom) Scanning densitometric of

two gels with each value normalized over the mean density of the corresponding b-actin PCR products; #P , 0.01 compared with control siRNA

transfected cell. (B) Total cell lysates were prepared and assayed for b-actin and IRF-1 by immunoblot analysis (top). (Bottom) Scanning densitometric
of two blots with each value normalized over the mean density of the corresponding b-actin bands; #P , 0.01 compared with control siRNA

transfected cell. (C) ASM cells were co-transfected with siRNA control (solid bars) or IRF-1 (shaded bars) and 2 mg of SEAP reporter construct

containing GRE motifs and treated with TNF-a (10 ng/ml) in combination with IFN-g (500 IU/ml) for 6 hours in the presence or absence of
fluticasone (FP) (100 nM) added 2 hours before. Cells were then lysed, and the SEAP activity was performed as described in MATERIALS AND METHODS. *P

, 0.05 compared with untreated cells; #P , 0.05 compared with cells treated with fluticasone alone; ##P , 0.01 compared with cells treated with

fluticasone alone. Experiments were performed in triplicate using three different cell lines.
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occur at earlier time points. In ASM cells transfected with
a reporter construct containing SEAP reporter gene driven by
GRE motifs, we found that TNF-a and IFN-g combination
significantly inhibits fluticasone-induced SEAP activity as early
as 6 hours (68%), an inhibition that was even more pronounced
at 24 hours (98% of inhibition) (Figure 3). These data suggest
that impairment of steroid transactivation activity can develop
in ASM cells exposed to cytokines for a shorter time period. We
next investigate whether steroid-insensitive activation of IRF-1
observed at 6 hours (Figures 1 and 2) was involved in the in-
hibition of steroid transactivation activity seen at this early time
point. To this end, IRF-1 was silenced by transfecting ASM cells
with 100 nM of the combination of three different Silencer Pre-
designed siRNA IRF-1 or nonsilencing, siRNA control for
48 hours before cytokines were added for another 6 hours. As
shown in Figures 4A and 4B, specific siRNA IRF-1 (but not
siRNA control) dramatically reduced TNF-a/IFN-g–induced
IRF-1 mRNA (Figure 4A) and protein (Figure 4B) contents.
Reporter promoter assays showed that fluticasone-induced GRE
reporter activity, which was completely suppressed by TNF-a
and IFN-g in siRNA control-transfected cells (Figure 4C, solid
bars), was restored by more than 48% in IRF-1–deficient cells
(transfected with siRNA IRF-1) (Figure 4C, shaded bars). The
capacity of IRF-1 to modulate steroid transactivation activity
was shown by the observation that overexpressing constitutively
active IRF-1 (Figure 5A), but not the empty vector pcDNA3,
inhibited in a dose-dependent manner fluticasone-induced GRE
reporter activity (complete inhibition was achieved at 2 mg of
constitutively active IRF-1 [Figure 5B], from 53.5 6 5.4% to
6.72 6 2.1% [percentage of increase over basal in cells trans-
fected with pcDNA3 or constitutively active IRF-1, respec-
tively]). This finding indicates that IRF-1 is an important factor
mediating TNF-a/IFN-g–induced steroid dysfunction in ASM
cells.

Steroid Treatment Failed to Repress the Expression

of IRF-1–Dependent Gene CD38 in TNF-a and

IFN-g–Treated ASM Cells

We have previously shown that steroid treatment failed to
repress CD38 expression in cytokine combination-treated ASM
cells at 24 hours of stimulation (11). We here investigated
whether similar phenomena may occur at earlier time points
(6 h). As shown in Figures 6A and 6B, while TNF-a or IFN-g
had no effect when used alone, TNF-a and IFN-g in combina-
tion induced an earlier and significant increase of CD38 protein
and mRNA contents that was completely insensitive to flutica-
sone.

Using Motif Genome Software (http://motif.genome.jp/), we
found several IRF-1–binding sites in the promoter of CD38
gene (GenBank accession number: D84284). Whether IRF-1
plays any role in regulating CD38 expression has not been
demonstrated in any cell types. Flow cytometry analyses using
anti-CD38 antibody showed that siRNA IRF-1 dramatically
reduces the ability of TNF-a and IFN-g to induce CD38 protein
expression (z 70%, Figure 7A). Of note, siRNA control had no
effect. To further confirm the direct role of IRF-1 in CD38
transcriptional induction, ChIP assay was used to assess the
in vivo binding of IRF-1 to CD38 promoter. Interestingly, IRF-
1 IPs revealed a marked enrichment of CD38 promoter DNA in
cells treated with TNF-a and IFN-g in combination for 6 hours
(175-bp fragment containing IRF-1–binding sites, Figure 7B,
lane 4) compared with untreated cells (lane 1), indicating IRF-1
binding to the CD38 promoter. Interestingly, fluticasone failed
to repress the IRF-1 binding to CD38 promoter in TNF-a/IFN-
g–treated ASM cells (Figure 7B, lane 5 versus lane 4).

Collectively, these data demonstrate that CD38 is an IRF-1–
dependent gene in TNF-a/IFN-g–treated ASM cells. These data
also suggest that steroid resistant responses (CD38 expression
and IRF-1 activation) could develop in cells exposed to cyto-
kine combination.

Early Steroid Resistance Induced by Cytokine Combination Is

Not Associated with Changes in GRa Nuclear Translocation

and Involves GRb-Independent Mechanisms

We next examined whether steroid ability to induce GRa nu-
clear translocation is altered after short-term incubation with
cytokines. Both immunoblot (Figures 8A and 8B) and immu-
nostaining analyses (Figure 8C) showed that fluticasone treat-
ment induced GRa nuclear translocation, an effect that was not
altered when the TNF-a and IFN-g combination was added for
2, 4, and 6 hours.

Figure 5. Overexpressing IRF-1 suppresses fluticasone-induced GR-
dependent transactivation activity. (A) ASM cells were transfected with

2 mg of constitutively active (CA) IRF-1 construct for 48 hours. Total cell

lysates were then prepared and assayed for b-actin and IRF-1 by
immunoblot analysis. (B) ASM cells were co-transfected with 0.5 to 2

mg of pcDNA3 empty vector (solid bars) or CA IRF-1 construct (shaded

bars) and 2 mg of SEAP reporter plasmid driven by GRE motifs. Cells

were then treated with fluticasone (FP) (100 nM) for 6 hours. After that,
cells were lysed, and the SEAP activity was performed as described in

MATERIALS AND METHODS. The results are expressed as a percentage of

control values from untreated cells. Data are representative of three

separate experiments. *P , 0.05 compared with untreated cells; #P ,

0.05 compared with pcDNA3-transfected cells treated with fluticasone;
##P , 0.01 compared with pcDNA3-transfected cells treated with

fluticasone.

Tliba, Damera, Banerjee, et al.: Modulatory Role of IRF-1 in Steroid Responsiveness 467



We previously showed that the TNF-a and IFN-g combina-
tion alters steroid responses in ASM cells after 24 hours of
stimulation by a mechanism involving the up-regulation of GRb

isoform (11). Interestingly, time course study using RT-PCR
and immunoblot analyses failed to detect expression of GRb

after short-term treatment while still being induced at later time
points (12, 24 h) (Figures 9A and 9B), suggesting that GRb-
independent mechanisms likely contribute to the development
of steroid resistance induced by TNF-a/IFN-g–treated cells
after short incubation time.

DISCUSSION

In this study, we have demonstrated that the transcription factor
IRF-1 is critical for the regulation of CD38 expression in re-
sponse to cytokines. This finding is supported by the following
observations: (1) silencing IRF-1 dramatically reduced cytokine-
induced CD38 expression, and (2) cytokine treatment signifi-
cantly increased the in vivo binding of IRF-1 to CD38 promoter.
We also found that induction of CD38 seen at early time point
after cytokine stimulation (6 h) is resistant to the suppressive
action of steroids. We also provided evidence that short-term
treatment with cytokines inhibits, in a GRb-independent man-
ner, steroid abilities to induce transactivation partially through
the cellular accumulation of IRF-1. To our knowledge, this is
the first report showing that cytokine-induced IRF-1 up-regu-
lation impairs steroid functions in any cell types.

Up-regulation of CD38 is now seen as a novel factor asso-
ciated with a number of disease states, including asthma (26–
28). Thus, a better characterization of the mediators as well as
the molecular mechanisms regulating CD38 expression could
have therapeutic applications. Earlier reports using either phar-
macologic inhibitors or IkB mutants demonstrated a major role

played by NF-kB pathway in the transcriptional regulation of
CD38 expression in different cell types such as osteoclasts and
ASM (29, 30). The early induction of CD38 in ASM cells by
cytokine combination observed here does not seem to involve
an NF-kB–dependent pathway, since we found that NF-kB
activation is dramatically inhibited in TNF-a/IFN-g–treated
cells at these time points (31). Instead, we investigated a possible
role of the transcription factor IRF-1 based on multiple indirect
lines of evidence: first, IFNs and retinoic acids, the classical
inducers of IRF members (24, 25, 32), up-regulate CD38 ex-
pression in different cell types, including ASM cells (14, 33, 34);
second, three IRF-1–binding sites are present in the 59 flanking
region of the human CD38 gene (35), although their functional
role has not yet been demonstrated in any cell types. We
previously reported that TNF-a induced an early and sustained
activation of IRF-1 in human ASM cells (21). Here, the use of
luciferase reporter construct allowed us to demonstrate that
IRF-1 activation induced by TNF-a is rapid and transcription-
ally active in regulating gene expression (Figures 1 and 2). More
importantly, using chromatin IP and silencing strategies (Figure
7), we provide the first evidence that, upon cytokine stimula-
tion, IRF-1 not only binds to CD38 promoter (TNF-a/IFN-g)
but also participates in the transcriptional induction of CD38
gene. We therefore identify IRF-1 as a novel transcription
factor mediating cytokine-induced CD38 expression.

A number of studies mostly performed in immune cells
reported that inflammatory cytokines can alter steroid cellular
responses (36–39). We recently provided the first demonstration
that a similar phenomenon occurred in airway resident cells.
Indeed, while it is well established that CD38 expression is
sensitive to steroids in ASM cells treated with TNF-a alone for
24 hours (11, 30), such expression becomes completely insen-
sitive to the suppressive action of steroids in ASM cells treated

Figure 6. The early induction CD38 gene and protein in-

duced by cytokine combination is insensitive to steroid action.

ASM cells were treated with TNF-a (10 ng/ml) either alone or

in combination with IFN-g (500 IU/ml) for 6 hours in the
presence or absence of fluticasone (FP) (100 nM) added 2

hours before. (A) Total mRNA was isolated from each condi-

tion and subjected to reverse transcriptase PCR with the
primers for b-actin and CD38. PCR products were separated

on a 1% agarose gel and stained with ethidium bromide.

Data are representative of mRNA obtained from three differ-

ent experiments. (B) CD38 protein expression was assessed
by flow cytometry as described in MATERIALS AND METHODS. Flow

cytometry histograms are representative of three indepen-

dent experiments.
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with a combination of TNF-a and IFNs for 24 hours (11). This
cellular steroid resistance seen at late time points (24 h) oc-
curred via the induction of GRb, which suppressed the tran-
scriptional activity of GRa. An increased expression of GRb

isoform has also been associated with cytokine-induced steroid
resistance in HelaS3 cells (40). The fact that cytokines suppress
GC transcriptional actions as early as 6 hours (Figure 3), times
at which GRb is expressed at low levels (Figure 9), strongly
suggests the involvement of GRb-independent mechanisms. A
defect in GRa nuclear translocation as seen in peripheral blood
mononuclear cells (PBMCs) derived from steroid-resistant in-
dividuals with asthma (41) has been proposed as a possible
mechanism responsible for steroid resistance in asthma. In
contrast, we failed to observe any change in fluticasone-induced
GRa nuclear translocation in cells treated with TNF-a and IFN-

g combination for 2, 4, and 6 hours (Figure 8), suggesting that
this early steroid resistance induced by cytokines likely occurs
at the nuclear level. An enhanced level of transcription factors
has been shown to dramatically affect steroid responsiveness
(42, 43). High levels of AP-1 were previously reported in human
PBMCs of steroid-resistant individuals with asthma (42). Sim-
ilarly, steroid resistance can be recreated in COS-1 cells by
overexpressing NF-kB subunit p65, which inhibits the ability of
steroid to induce transactivation (44, 45). Interestingly, the
suppression of steroid signaling detected at early time points
shown here was paralleled with a dramatic enhancement of
IRF-1 levels (Figure 1) and activities (Figure 2), raising
the question of whether IRF-1 could play a critical role in
mediating steroid resistance induced by short-term treatment with
cytokines.

Figure 7. IRF-1 binds to and is essential for cytokine-induced expression of CD38 gene. (A) ASM cells were transfected with 100 nM of nonsilencing

siRNA control or with 100 nM of the combination of three different Silencer Pre-designed siRNA IRF-1 oligonucleotides. After 48 hours, cells were

treated with TNF-a (10 ng/ml) and IFN-g (500 UI/ml) for 6 hours. CD38 protein expression was assessed by flow cytometry as described in MATERIALS

AND METHODS, and the results are expressed as the -fold increase in mean fluorescence intensity over basal (untreated cells) 6 SEM of three separate

experiments. *P , 0.05 compared with untreated cells; #P , 0.05 compared with control siRNA-transfected cells treated with TNF-a and IFN-g (top).

(Bottom) Representative flow cytometry histograms of siRNA IRF-1 effect on CD38 expression. (B) Confluent cultures of ASM cells were treated with

TNF-a either alone or in combination with IFN-g for 6 hours in the presence or absence of fluticasone (FP, 100 nM) added 2 hours before. Chromatin
fragments were immunoprecipitated with antibody against IRF-1 as described in MATERIALS AND METHODS. CD38 promoter region containing IRF-1

binding sites was amplified by PCR (22 cycles). The input represents PCR products from chromatin pellets prior to immunoprecipitation (top).

(Bottom) Scanning densitometric of the three ChIP assays with each value normalized over the mean density of the corresponding input. *P , 0.05
compared with untreated cells; NS, not significant compared with cells treated with TNF-a and IFN-g in combination.
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IRF-1 is an early response gene involved in a diverse set
of transcriptional regulatory processes (21, 25). Interestingly,
a strong association was found between IRF-1 polymorphism
and childhood atopic asthma (46, 47). Further, mortality
associated with injection of a lethal dose of lipopolysaccharide
was significantly reduced in IRF-1 knockout mice (48). In line
with this, using a similar model, Zhao and colleagues showed
that lipopolysaccharide-induced pro-inflammatory gene expres-
sion in the mouse lung was abolished in IRF-1(2/2) mice (49).
Together, these observations indicate the essential role of IRF-1
in modulating airway inflammation. We here found that IRF-1
is both a target and regulator of GC function in human ASM
cells. We showed that IRF-1 expression, IRF-1 DNA-binding

activities, and IRF-1 transactivation activities were steroid-
sensitive in cells exposed to TNF-a alone. We propose that
interfering with IRF-1 activation is likely one of the multiple
mechanisms underlying the anti-inflammatory action of steroid
against CD38 expression. This is a unique finding, since the
sensitivity of IRF-1 to steroid seems to be highly cell specific. In
T cells and monocytes, IRF-1 induction by IFN-g or IL-12 was
completely inhibited by dexamethasone at both mRNA and
protein levels (50–52). Conversely, in COS-1 cells, GRa over-
expression significantly enhances IRF-1 reporter activities as
well as IRF-1 protein–DNA binding activities in a dexametha-
sone-dependent manner (53). We here found that in cells
exposed to the TNF-a/IFN-g combination, steroid failed to

Figure 8. TNF-a and IFN-g

combination does not interfere
with GRa subcellular trafficking.

(A and B) ASM cells were treated

with fluticasone (FP) for 2 hours
before TNF-a (10 ng/ml) and

IFN-g (500 IU/ml) were added

for another 6 hours. Then cyto-

solic (A) and nuclear (B) extracts
were prepared and assayed for

GRa by immunoblot analysis.

Results are representative of

three separate blots. (C) ASM
cells were treated with FP for 2

hours before TNF-a (10 ng/ml)

and IFN-g (500 IU/ml) or diluent
were added for another 2, 4,

and 6 hours. ASM cells were

then fixed, permeabilized, and

assayed for GRa by immunocyto-
chemistry using rabbit anti-GRa

followed by a secondary phyco-

erythrin anti-IgG antibody. These

results are representative of three
separate experiments.
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suppress IRF-1 activation. It is possible that the dramatic
activation of IRF-1 seen in TNF-a/IFN-g–treated cells (shown
by increased protein level and transcriptional activity, Figures 1
and 2) represents one mechanism explaining how cytokine
combination reduces steroid responsiveness. This hypothesis is
supported by the facts that (1) overexpressing IRF-1 levels is
enough to suppress GRa transactivation activities, and (2) re-
ducing IRF-1 levels in TNF-a/IFN-g–treated cells partially restores
steroid responsiveness. Interestingly, while GRa overexpression
in COS-7 cells interfered with IRF-1–dependent gene expres-
sion in a dexamethasone-dependent fashion, no studies have
shown whether IRF-1 in turn modulates GC functions. Our
study is the first to suggest that IRF-1 is another transcription
factor regulating GRa function in any given cell type and
represents a novel mechanism underlying cytokine-induced
impaired steroid function. Because protein–protein interaction
between IRF-1 and GRa has been demonstrated in dexameth-
asone-treated COS-1 cells (53), it is possible that this represents
a possible mechanism by which IRF-1 suppresses steroid
function. However, further studies are needed to determine
the precise transcriptional mechanisms by which IRF-1 inter-
feres with steroid signaling in ASM cells.

To our knowledge, our report is the first to show that IRF-1
is involved in CD38 transcriptional induction, further confirm-
ing the pathogenic role of IRF-1 in modulating airway inflam-
mation. Our report also provides novel evidence that enhanced
levels of IRF-1 in cells exposed to multiple cytokines reduce
steroid responsiveness. The fact that different studies showed
that the expression of IRF-1 was largely increased after viral
infections (25, 54), combined with the suppressive effect of
IRF-1 on GC signaling (present study), may explain the reduced
steroid responsiveness seen in patients with asthma experienc-
ing viral infections (16–18). Our study opens a new area of
investigation, namely, to determine the molecular mechanisms
by which IRF-1 promotes steroid resistance in airway structural
cells.
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