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Interleukin (IL)-8 is a potent neutrophil chemoattractant that drives
the inflammatory response in cystic fibrosis (CF). Traditional ap-
proaches to the pathophysiology of this inflammation have focused
on targeting NF-kB–dependent signaling and therapy with gluco-
corticoids. We test the hypothesis that an alternative pathway,
independent of NF-kB, operates through prostaglandin E2 (PGE-2)
receptor EP-2 and stimulates IL-8 chemokine secretion. Using CF
bronchial epithelial cells (IB3-1) in vitro, exogenous PGE-2 induces
IL-8 release in a dose-dependent manner. These events are associ-
atedwithelevation intheEP-2receptors. Inhibitionofcyclooxygenase
(Cox)-2 withNS-398 was associatedwith reductions in Cox-2 (2-fold)
and IL-6 (1.3-fold) mRNA transcripts, and in IL-8 and PGE-2 che-
mokine secretion. The inhibition of Cox-2 signaling led to down-
regulation of the downstream C/EBP homologous protein (CHOP)
transcription factor, resulting in a decrease in IL-8 activation. We
confirmed the regulation of IL-8 promoter by CHOP in CF cells using
the IL-8 reporter assay. We conclude that PGE-2 stimulates IL-8
production through the CHOP transcription factor in CF cells.
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Cystic fibrosis (CF) is an autosomal recessive disorder caused
by mutations in the gene encoding the cystic fibrosis trans-
membrane conductance regulator (CFTR), a cAMP-dependent
and ATP-gated chloride channel that regulates epithelial sur-
face fluid secretion in respiratory and gastrointestinal tracts
(1). Deletion of phenylalanine at position 508 (DF508) in CFTR
is the most common CF-causing mutation, resulting in a tem-
perature-sensitive folding defect, retention of the protein in the
endoplasmic reticulum (ER), and subsequent degradation by
the proteasome (2). Patients with CF exhibit a typical pheno-
type that is characterized by persistent pulmonary infections,
leading to pulmonary failure and death. Bronchoalveolar lavage
fluid in patients with CF contains increased levels of proin-
flammatory cytokines and neutrophils. CF cells have increased
basal interleukin (IL)-8 levels (a pro-inflammatory C-X-C
chemokine) attributed to activated NF-kB (3).

Prostaglandin E2 (PGE-2) is a potent mediator of inflam-
mation produced by cyclooxgenation of arachidonic acid. PGE-
2 binds to G protein–coupled receptors, EP-1, EP-2, EP-3, or
EP-4 to trigger an inflammatory response. Expression of these
receptors is cell specific, and distinct signaling mechanisms
contribute to the biological heterogeneity of PGE-2. EP-2 and
EP-4 receptors are known to stimulate IL-8 chemokine secre-
tion (4) and intracellular cAMP formation (5). DF508 CFTR
epithelial cell lines have enhanced expression and activity of
cycloxygenase 2 (Cox-2), resulting in PGE-2 hypersecretion.

PGE-2 hypersecretion results in elevated IL-8 secretion through
unidentified signaling pathway(s). Moreover, elevated PGE-2
levels can be lowered to basal levels by re-trafficking DF508
CFTR to plasma membrane (6). It was recently demonstrated
in human T lymphocytes that PGE-2 induces C/EBP homolo-
gous protein (CHOP) transcription factor that binds to the IL-8
promoter (4). CHOP is a growth arrest– and DNA damage–
inducible gene 153 (GADD153) protein. We demonstrate here
that PGE-2 mediates the IL-8 inflammatory response in CF
cells through the CHOP transcription factor.

MATERIALS AND METHODS

Cell Culture, Transfection, and Metabolic Labeling

The IB3-1 (DF508/W1282X; low level expression of DF508-CFTR and
no W1282X protein) and CFTE (DF508-homozygous) airway epithelial
cell lines were maintained in LHC-8 media containing 100 units/ml
penicillin, 100 mg/ml streptomycin, 0.25 mg/ml amphotericin B, and
10% fetal bovine serum. LHC-8 medium was purchased from Biosource
(Camarillo, CA), and other components were purchased from Gibco
(Invitrogen, Carlsbad, CA). IL-1b (R&D Systems Inc., Minneapolis,
MN), PGE-2 (Sigma, St. Louis, MO), 4-phenylbutyrate (4PBA; Ucyclyd
Pharma, Scottsdale, AZ), PS-341 and MLN-273 (Millennium Pharma-
ceuticals, Cambridge, MA), and NS-398 (Calbiochem, San Diego, CA)
were added to IB3-1 cells as indicated. CHOP shRNA construct in
pSM2 vector (DCHOP) was purchased from Open Biosystems (Hunts-
ville, AL). The IB3-1 cells were seeded on 6-well plates and transfected
with CHOP shRNA (4 mg/well), IL-8 firefly reporter (4 mg/well), or
renilla luciferase (1 mg/well) constructs using Lipofectamine 2000
(Invitrogen).

Immunoblotting

Cells were washed three times in ice-cold PBS and lysed directly on
plates using M-PER (Pierce Biotech, Inc., Rockford, IL) protein lysis
buffer containing protease inhibitor cocktail (Pierce). The protein ex-
tracts were suspended in Laemmli’s sample buffer (30 ml; Invitrogen)
containing b-mercaptoethanol (Invitrogen), resolved by 4-10% SDS-
PAGE and transferred to a 0.45-mm (b-actin, EP-2 or EP-4) or 0.2-mm
(CHOP) pore size nitrocellulose membrane (Invitrogen). The CHOP
antibody was purchased from Affinity BioReagents Inc. (Golden, CO),
while EP-2, EP-4, and b-actin antibodies were from Santa Cruz Biotech
(Santa Cruz, CA). The anti-mouse, -rabbit, or -goat horseradish perox-
idase secondary antibodies were from Amersham (Piscataway, NJ).

RNA Extraction, cDNA Synthesis and Quantitative RT-PCR

Real-time reverse transcript PCR was performed using the ABI PRISM
7300HT Sequence Detection System (Applied Biosystems, Foster City,
CA). Total RNA (100 ng) was mixed with Superscript Platinum One-
Step qRT-PCR kit (Invitrogen) and IL-8, IL-6, or Cox-2 primers
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(Invitrogen). The real-time RT-PCR reaction was carried out as fol-
lows: 958C for 10 minutes, 40 three-step cycles: 958C for 15 seconds,
608C for 30 seconds, 728C for 30 seconds with initial 488C for 10 min-
utes for reverse transcription. The data were collected and analyzed
with Sequence Detection Software 2.0 (Applied Biosystems). The
threshold cycle difference CT 5 (CT of IL-8/IL-6/Cox-2 � CT of
GAPDH) � (Ct of IL-8/IL-6/Cox-2 no template control � CT of GAPDH
no template control). The relative expression was calculated for three
independent experiments as described before (7).

IL-8, PGE-2, and cAMP Immunoassay

The IB3-1 cells were transfected with CHOP shRNA (DCHOP) or
treated with proteasome inhibitor (PS-341 or MLN-273; Millenium
Pharmaceuticals), Cox-2 inhibitor (NS-398; Calbiochem, ibuprofen;
Sigma, or 5 mM 4PBA; Sigma) or NF-kB inhibitor (Caffeic acid
phenyethyl ester; Sigma). IB3-1 cells were induced with 1 ng/ml IL-1b

or the indicated concentrations of PGE-2. At the indicated time points,
supernatants were collected and IL-8 levels were measured using solid-
phase amplified sensitivity immunoassay (EASIA) as specified by the
manufacturer (BioSource). Standards, and high and low cytokine
controls, were included. The plates were read at 450 nm on 96-well
microplate reader (Molecular Devices, Sunnyvale, CA) using SOFT-
MAX-Pro software (Molecular Devices). The data represent the mean
of three independent experiments 6 SD. A PGE-2 high-sensitivity im-
munoassay kit (R&D Systems) was used to measure the concentration
of PGE-2 in IB3-1 cell supernatants. The cAMP levels in IB3-1 cells
were determined using cAMP immunoassay kit (R&D Systems). The
IB3-1 cells were treated with 1 ng/ml of IL-1b and/or 0.1 or 1 mM ibu-
profen (Sigma). The cells were lysed after 20 or 36 hours, and cAMP
levels were measured as described by the manufacturer. The standard
curve was used to determine the percent cAMP levels.

Chromatin Immunoprecipitation Assay

The DF508-homozygous CFTE cells were treated overnight with 10 mM
PGE-2 or 1 ng/ml IL-1b. A chromatin immunoprecipitation (ChIP)
assay kit (Upstate USA Inc., Charlottesville, VA) was used to deter-
mine the binding of CHOP to IL-8. Briefly, histones were crosslinked
to DNA by adding formaldehyde to cells and incubating at 378C for
10 minutes. Cells were washed with ice-cold PBS and incubated with
200 ml SDS cell lysis buffer for 10 minutes on ice. The cell lysate was
sonicated by three 10-second pulses on ice followed by centrifugation
at 12,000 rpm for 10 minutes at 48C. Samples were diluted 10-fold in
ChIP dilution buffer and pre-cleared by incubating with 75 ml of
Salmon Sperm DNA/Protein A agarose beads on a rocking platform
for 30 minutes at 48C. Beads were removed by centrifugation at 1,000
rpm for 10 minutes at 48C, and supernatants were incubated with 2.5 mg
of CHOP antibody at 48C on rocking platform. After 4 hours, 75 ml of
Salmon Sperm DNA/Protein A agarose beads were added to each tube
and left overnight. Samples were gently washed with low salt immune
complex wash buffer (13), high salt immune complex wash buffer
(13), LiCl immune complex wash buffer (13), and TE buffer (23)
(10 min each). Samples were eluted using 500 ml of 1% SDS 1 0.1 M
NaHCO3 by vortexing and centrifugation at 1,000 rpm for 2 minutes.
The supernatants were incubated at 658C for 4 hours with 20 ml of 5 M
NaCl to reverse histone–DNA cross links. DNA was purified by
incubating with 10 ml of 0.5 M EDTA, 20 ml 1M Tris-HCl, pH 6.5,
and 2 ml of 10 mg/ml Proteinase K for 1 hour at 458C followed by
phenol/chloroform extraction and ethanol precipitation. DNA was
dissolved in 10 ml of TE buffer and quantified using a genomic PCR.
The 2-ml DNA sample was mixed with 1 mM IL-8 forward primer
(CCCTCGAGCATACTCCGTATTTGATAAGGAAC), 1 mM IL-8
reverse primer (GGCTCTTGTCCTAGAAGCTT), and 16 ml PCR
supermix (Invitrogen). The PCR reaction was carried out as follows:
958C for 10 minutes, 28 three-step cycles: 958C for 15 seconds, 608C for
30 seconds, 728C for 30 seconds. The samples were analyzed by 2%
agarose gels containing ethidium bromide.

IL-8 Reporter Assay

IB3-1 cells were transfected with IL-8 luciferase promoter with or
without the NF-kB site (pGL-2-firefly luciferase) and renila luciferase
(internal control), or CHOP shRNA (DCHOP) constructs. Cells were

induced with 1 ng/ml IL1-b or 10 mM PGE-2, and luciferase activities
were measured after overnight treatment. Dual-Luciferase Reporter
(DLRTM) Assay System (Promega, Madison, WI) used to measure IL-8
reporter (firefly luciferase) and renila luciferace activity in IB3-1 cells.
Data were normalized with internal renila luciferase control for each
sample, and relative change in IL-8 promoter activity with CHOP in-
hibition or NF-kB mutation was calculated.

Statistical Analysis

All data are represented as the mean 6 SD of three experiments. The
one-way ANOVA with a Dunnett planned comparison was run for
each sample versus control. A P value less than 0.05 was considered to
have statistical significance.

RESULTS

PGE-2 Mediates IL-8 Chemokine Induction in CF Cells

We used two CF airway epithelial cell lines: IB3-1, bronchial
DF508/W1282X and CFTE, tracheal DF508-homozygous epi-
thelial cells to test the hypothesis that higher PGE-2 levels in
CF cells (6) result in an elevated IL-8–mediated inflammatory
response. In Figure 1, we induced IB3-1 cells with the indicated
doses of PGE-2 and challenged with 1 ng/ml IL1-b. IL-8
chemokine levels were measured using the IL-8 enzyme-linked
immunosorbent assay. PGE-2 induces IL-8 chemokine levels
in a dose-dependent manner (Figure 1A). The DF508-CFTR
epithelial cell line has enhanced expression and activity of Cox-
2, resulting in PGE-2 hypersecretion (6). Since butyrates are
known to suppress Cox-2 activation by histone deacetylase
(HDAC) inhibition (8), we used 4PBA to suppress relative
transcript levels of Cox-2 in CF cells. IB3-1 cells were treated
with 4PBA and/or 1 ng/ml IL1-b. IL-8, IL-6, and Cox-2 relative
transcript levels were measured by quantitative real-time PCR.
4PBA down-regulated IL-1b–induced relative transcript levels
of Cox-2 and IL-6 but not IL-8 (Figure 1B) mRNA. Since 4PBA
inhibited the relative transcript levels of Cox-2, we expected
that it may have some inhibitory effect on Cox-2–mediated IL-8
chemokine secretion. To explore this further, we used the highly
sensitive IL-8 EASIA system and found that 4PBA in fact
inhibits IL-1b–induced IL-8 chemokine levels in IB3-1 cells
(Figure 1C). This finding suggests that 4PBA may dampen the
excessive immune response in CF through the Cox-2 pathway.

Cox-2 Inhibition Down-Regulates PGE-2–Mediated

IL-8 Induction in CF Cells

Our results indicate that 4PBA, which (as we showed pre-
viously) can rescue DF508-mediated chloride secretion in sub-
jects with CF (9), also inhibits Cox-2 in IB3-1 cells. To confirm
these results, we compared the effect of Cox-2 inhibition by
4PBA to a specific inhibitor of Cox-2 enzyme, NS-398, by measur-
ing PGE-2 and IL-8 levels. Both 1mM 4PBA and 10mM NS-398
treatment of IB3-1 cells for 24 hours down-regulate PGE-2 levels
(Table 1). We observed a similar effect on IL-8 chemokine levels
(Table 1). The combination of 4PBA (1 mM) and NS-398 (10 mM)
had a synergistic effect on PGE-2 and IL-8 levels, indicating
PGE-2–mediated IL-8 induction through Cox-2 in IB3-1 cells
(Table 1). The protein extracts from NS-398–treated IB3-1 cells
were immunoblotted for downstream prostaglandin E2 receptor
(EP-2) and transcription factor CHOP, recently shown to acti-
vate IL-8 chemokine levels in T lymphocytes (4). We observed
that NS-398 (50 mM) down-regulates protein levels of both
CHOP and EP-2 receptor (Figure 2).

CHOP Inhibition Suppresses IL-8 Chemokine Levels in CF Cells

To further confirm the role of CHOP-mediated IL-8 secretion
in CF, we treated IL-1b–induced IB3-1 cells with a proteasome
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inhibitor, PS-341, to block the NF-kB–mediated IL-8 induction
or transfected IB3-1 cells with CHOP shRNA (DCHOP) to
inhibit CHOP-mediated IL-8 induction. We found both IL1-b
and PS-341 induce, while DCHOP suppresses, CHOP protein
levels (Figure 3A). Moreover, DCHOP down-regulates IL-1b–
induced IL-8 chemokine levels (Figure 3B). To investigate the
effect of CHOP inhibition on IL-1b–induced IL-8 levels, we
used two boronic acid dipeptide analogues, PS-341 and MLN-273
to block IkB–NF-kB activity (10). DCHOP has a synergistic
effect on inhibition of IL-1b–induced IL-8 levels by PS-341 or
MLN-273 (Figure 3C). We previously reported that PS-341–
mediated proteasome inhibition results in rescue of functional
DF508-CFTR on IB3-1 cell surfaces (10), and others have reported
that elevated PGE-2 levels can be lowered by re-trafficking
DF508-CFTR to cell surface (6). On the contrary our results
indicate that DCHOP-mediated IL-8 inhibition is independent
of proteasome inhibitor–mediated CFTR or IkB–NF-kB rescue.

In addition to inhibition of IL-1b–induced IL-8 levels,
DCHOP inhibited the PGE-2–mediated IL-8 induction (Figure
3D). To elucidate the mechanism of CHOP-mediated IL-8
induction in CF cells, we used the Chromatin Immunoprecip-
itation (ChIP) assay to detect the binding of CHOP transcrip-
tion factor to the IL-8 promoter. Since CHOP was recently
shown to regulate IL-8 transcriptional activity in T cells (4), it is
possible that CHOP binds to the IL-8 promoter in response to
pro-inflammatory stimuli in CF cells. This assay was designed to
detect CHOP-mediated mRNA transcription of IL-8. Indeed,
we found that both PGE-2 and IL-1b induce interaction of
CHOP with the IL-8 promoter in DF508-CFTR homozygous
CFTE cells (Figure 4A) as well as IB3-1 cells (data not shown).
Moreover, we further confirmed regulation of the IL-8 pro-
moter by CHOP in IB3-1 cells using IL-8 promoter reporter
assays. We observed CHOP inhibition could down-regulate
both basal and induced (IL-1b or PGE-2) IL-8 promoter ac-
tivity (Figure 4B). To rule out the role of NF-kB in this regu-
lation, we used the NF-kB mutant IL-8 promoter and again
observed the down-regulation of both basal and induced (IL-1b

or PGE-2) promoter activity (Figure 4C). In the absence of the
NF-kB site in IL-8 promoter, CHOP inhibition had a more
significant inhibitory effect on basal and PGE-2–induced IL-8
promoter activity, supporting our hypothesis that CHOP is
downstream or independent of NF-kB.

PGE-2 Mediates IL-8 Induction through an

NF-kB–Independent Pathway

We used two CF airway epithelial cell lines, IB3-1 (DF508/
W1282X bronchial) and CFTE (homozygous DF508 tracheal) to
test the hypothesis that PGE-2–mediated IL-8 induction is
independent of NF-kB. We treated IB3-1 cells with increasing

TABLE 1. COX-2 INHIBITION DOWN-REGULATES
PGE-2–MEDIATED IL-8 INDUCTION IN IB3-1 CELLS

Treatment PGE-2 6 SD (pg/ml) IL-8 6 SD (pg/ml)

Control 19.7 6 0.4 225 6 32.5

1 mM 4PBA 16.8 6 0.9* 201 6 9.8*

10 mM NS-398 16.8 6 0.9* 204.1 6 5.8*

1 mM 4PBA 1 10 mM NS-398 17.8 6 1.2* 164.3 6 5.7*

Definition of abbreviations: 4PBA, 4-phenylbutyrate; Cox, cyclooxygenase; IL-8,

interleukin-8; PGE-2, prostaglandin E2.

IB3-1 cells were treated with 4PBA or NS-398 as described in MATERIALS AND

METHODS, and PGE-2 and IL-8 levels were measured by a PGE-2 and IL-8 immuno-

assay. 4PBA and NS-398 treatment for 24 hours down-regulates PGE-2 and IL-8

chemokine levels. Data are the mean 6 SD of three independent experiments.

* P , 0.05.

Figure 1. Prostaglandin E2 (PGE-2) regulates IL-8 chemokine levels in IB3-1 cells. (A) IB3-1 cells were induced with the indicated doses of PGE-2 for

24 hours. IL-8 chemokine levels were measured using an IL-8 enzyme-linked immunosorbent assay (ELISA). PGE-2 induces IL-8 chemokine levels in
a dose-dependent manner. Data are presented as increase in IL-8 concentration (pg/ml) 6 SD of three independent experiments. *P , 0.001. (B)

IB3-1 cells were treated with 5 mM 4PBA and/or 1 ng/ml IL-1b for 24 hours. IL-8, IL-6, and cyclooxygenase (Cox)-2 mRNA transcripts were

measured by real-time PCR. 4PBA down-regulates relative transcript levels of Cox-2 and IL-6 but not IL-8. The data is shown as average (n 5 3) of

relative expression level in each sample compared with IB3-1 control. *P , 0.01. (C) IB3-1 cells were treated with 5 mM 4PBA (48 h) and 1 ng/ml
IL-1b (24 h). IL-8 chemokine levels were measured using the IL-8 ELISA in 4PBA-treated and untreated cells. 4PBA down-regulates IL-8 chemokine

levels. Data are the mean 6 SD of three independent experiments. *P , 0.05.
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concentrations of proteasome inhibitor to block NF-kB–
mediated IL-8 induction followed by treatment with equimo-
lar concentrations of PGE-2. Although PGE-2 did not have
any effect on IL-8 chemokine levels at 16 hours (data not
shown), by 36 hours PGE-2 induced IL-8 chemokine levels
(Figure 5A). The inhibition of proteasome-mediated IkB deg-
radation by increasing concentrations of PS-341 does not sup-
press the IL-8 levels in the presence of PGE-2, indicating that
PGE-2 can rescue IL-8 suppression. Our results also demon-
strate that PGE-2–mediated IL-8 signaling is either independent
or downstream of IkB–NF-kB. We confirmed these results by
using a highly specific inhibitor of NF-kB, caffeic acid (CA)
phenyethyl ester (11), and observed similar levels of PGE-2–
mediated IL-8 induction in the presence of increasing doses of
CA (Figure 5B). We observed significant down-regulation of
IL-8 chemokine levels with CA in the presence of IL-1b but not
with PGE-2, confirming our hypothesis that PGE-2–mediated
IL-8 regulation is independent or downstream of NF-kB. We
also observed that proteasome inhibitor (10 mM PS-341)
induces the expression of the CHOP protein levels (Figure
3A), thus providing an explanation for the minimal IL-8
induction by proteasome inhibitor in the presence of PGE-2
(Figure 5A). The EP-2 and EP-4 receptors stimulate IL-8
chemokine secretion (4) and intracellular cAMP levels (5).
We detected the induction of EP-2 receptor by PGE-2 but did
not observe any change in EP-4 receptor (Figure 6). IL-1b

treatment had no additional effect on EP-2 or EP-4 protein
levels (Figure 6).

Ibuprofen Inhibits IL-1b–Induced cAMP Levels in IB3-1 Cells

We next hypothesized that use of Cox-2 inhibitors to suppress
inflammation in CF will also reduce cAMP levels and hence
CFTR activation that may not only adversely affect the disease
but also the efficacy of therapeutic strategies designed to
increase CFTR expression and/or function. To test this hypoth-
esis, we analyzed the effect of the commonly used broad-
spectrum Cox inhibitor, ibuprofen, on IL-1b–induced cAMP
levels in CF cells. IL-1b (1 ng/ml) significantly induces cAMP
levels in IB3-1 cells, and ibuprofen (0.1 or 1mM) treatment for
36 hours suppresses these elevated cAMP levels (Figure 7).
Importantly, treatment with 1 mM ibuprofen for 20 hours
stimulated IL-1b–mediated cAMP induction, indicating time-
and dose-dependent effects of ibuprofen on cAMP levels in CF

cells. We observed that the broad-spectrum Cox-inhibitor
ibuprofen suppresses the IL-1b–induced cAMP levels in CF
cells. This may reduce the efficacy of other therapeutic strate-
gies used to increase CFTR expression and function in a subset
of patients with CF.

DISCUSSION

IL-8, the C-X-C chemokine, is a potent chemoattractant for
neutrophils (12) that has been implicated in a number of inflam-
matory diseases, such as CF (13), adult respiratory distress syn-
drome (14), chronic obstructive pulmonary disease, and asthma
(15). The airway epithelium is one of several sources of IL-8 in
the airway (16). The airway epithelium serves as a barrier
against invading microorganisms. Airway epithelial release of IL-8
contributes to host defense by promoting neutrophil chemotaxis
and airway inflammation. The exaggerated inflammatory re-
sponses in chronic diseases such as CF contribute to neutrophil-
driven lung destruction (17–19). Several cytokines, such as IL-1b,
TNF-a, IFN-g, and bacterial products, induce IL-8 release from
airway epithelial cells (20, 21), thus exacerbating the baseline
inflammatory milieu in CF.

In CF, infection followed by chronic inflammation is the
major factor leading to respiratory failure and death (1, 22).
Nonsteroidal anti-inflammatory drugs (NSAIDs) attenuate the
acute inflammatory reaction and impair proinflammatory events
dependent on neutrophils (23). The main mechanism of action
of NSAIDs is inhibition of Cox and thus PG biosynthesis. It
has been reported that a DF508-CFTR epithelial cell line has
enhanced expression and activity of Cox-2 resulting in PGE-2
hypersecretion. Moreover, it was also shown that elevated
PGE-2 levels can be rescued by re-trafficking DF508-CFTR to
plasma membrane (6). The effects of PGE-2 on the airways are
wide ranging, from inflammation to relaxation and inhibition
of contractile responses in airway smooth muscle (24). Much of
the PGE-2 in airways is likely to be derived from the epithelium
(25), and the stimulation of chloride secretion in airway epi-
thelial cells by proinflammatory mediators such as bradykinin
(BK) occurs through the induced release of PGE-2 (26). More-
over, BK induces IL-8 secretion in non-CF and CF human air-
way epithelia via Cox-2–derived prostanoids like PGE-2 (27). In
the present study we tested the hypothesis that CF airway epi-
thelia express a hyper-inflammatory phenotype resulting from in-
creased IL-8 release in response to PGE-2.

Figure 2. Cox-2 inhibi-

tion down-regulates EP-
2 and CHOP expression

in IB3-1 cells. IB3-1 cells

were treated with NS-
398 for 24 hours. EP-2,

C/EBP homologous pro-

tein (CHOP), and b-actin

levels were measured by
immunoblotting. Cox-2

or PGE-2 inhibition by

50 mM NS-398 sup-

pressed CHOP protein
levels. EP-2 protein levels

were also inhibited by

NS-398 treatment. Den-

sitometric quantification
of immunoblot is shown

in right-hand panel. PGE-2

mediates EP-2 and CHOP
expression in IB3-1 cells.

*P , 0.05.
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We found that PGE-2 mediates IL-8 chemokine induction in
CF epithelial cells. Since butyrates are known to both rescue
DF508-CFTR from degradation (28) and suppress Cox-2 acti-
vation by HDAC inhibition (8), we used 4PBA to suppress
relative transcript levels of Cox-2 in CF cells. We observed that
4PBA inhibited the relative transcript levels of Cox-2 and IL-6,
and IL-8 chemokine protein secretion. We further confirmed
that Cox-2 mediates IL-8 secretion in CF cells by using the
specific Cox-2 inhibitor NS-398, and found that Cox-2 inhibition
down-regulates IL-8 chemokine levels. It has been reported that
physiologic as well as pathologic concentrations up to 100 mM
PGE-2 up-regulate endogenous IL-8 expression in human
intestinal epithelial cells (29, 30) and enhance IL-8 production
in human synovial fibroblasts stimulated with IL-1b (31). We
show here that PGE-2 induces IL-8 secretion in CF airway
epithelial cells, both in the absence and presence of IL-1b.
Although PGE-2 is well known as a mediator of immune and
phlogistic responses, the role of PGE-2 in IL-8 induction in
airway epithelial cells has not been well documented. We
observed that PGE-2 significantly increased IL-8 secretion by
a novel signaling mechanism mediated by CHOP transcription
factor. We demonstrate that the signaling pathway triggered by
the EP-2 receptor is involved in this process. We postulate that
PGE-2 may enhance phlogistic responses by inducing the release
of IL-8 in CF.

We observed that IL-1b and proteasome inhibition by PS-341
(Velcade) minimally induced CHOP protein levels, resulting in
a modest increase in basal IL-8 chemokine levels. We were able
to inhibit CHOP protein levels by CHOP shRNA (DCHOP),
and observed significant down-regulation of both IL-1b– and
PGE-2–induced IL-8 chemokine levels by CHOP inhibition.
Proteasome inhibition by PS-341 or MLN-273 also down-
regulates IL-1b–induced IL-8 chemokine levels. It has been
previously shown that CHOP deletion protects cells from endo-
plasmic reticulum (ER) stress by decreasing the ER client
protein load and changing the redox conditions within the
organelle (32). The misfolded client protein, proteasome in-
hibition, or hyper-inflammatory response imposes a stress on
the ER. The cells under ER stress induce pro-apoptotic signals
mediated by CHOP (33). CHOP deletion may protect against
lethal consequences due to ER stress. Previously, we found that
a dipeptide boronic acid analogue (PS-341) can rescue DF508-
CFTR from ER-associated degradation (ERAD) and also
rescue CFTR-mediated chloride efflux (10). We predicted that
deleting CHOP will not only inhibit IL-8 induction in CF cells,
but also rescue CF cells from the unfolded protein response
(UPR) or proteasome inhibition–mediated ER stress. We ob-
served that CHOP inhibition not only suppresses the PGE-2–
mediated IL-8 induction but also has a synergistic effect on
proteasome inhibitor–mediated IL-8 suppression. We and others
observed that proteasome inhibition rescues IkB from degra-
dation and NF-kB–mediated IL-8 induction (34, 35). We were able
to overcome the proteasome inhibitor–mediated IL-8 suppres-
sion by adding PGE-2, indicating that the PGE-2–mediated IL-8
induction pathway is downstream of NF-kB. Moreover, we could
not completely suppress the IL-8 induction by NF-kB inhibition,
indicating the presence of alternate pathways for IL-8 induc-
tion or the induction of downstream components of the PGE-2–
signaling pathway by some other pathway. We also confirmed
these results with a highly specific NF-kB inhibitor, CA phenyl-
ethyl ester.

We further confirmed that PGE-2 mediates IL-8 induction
via the EP-2-CHOP pathway, and found that CHOP binds to
the IL-8 promoter in the presence of PGE-2 or IL-1b in CF
cells. A variety of transcription factors such as NF-kB, NF–IL-6,
activator protein (AP)-1, and octamer-1 have been shown to

Figure 3. CHOP inhibition suppress IL-8 chemokine levels. IB3-1 cells

were transfected with DCHOP or treated with IL-1b (1 ng/ml), PGE-2

(10 mM), PS-341, or MLN-273 (10 mM). CHOP and b-actin levels were
determinedby immunoblotting, and IL-8 chemokine levelsweremeasured

by ELISA. (A) IL-1b and PS-341 induce, while DCHOP down-regulates,

CHOP protein levels. (B) DCHOP down-regulates IL-1b–induced IL-8

chemokine levels. In the absence of IL-1b–mediated proinflammatory
response, we do not observe the inhibitory effect of DCHOP and/or PS-341

on IL-8 chemokine levels. Data are the mean 6 SD of three independent

experiments. (C) DCHOP or proteasome inhibition using PS-341 or MLN-

273 down-regulate IL-1b–induced IL-8 chemokine levels. Moreover,
proteasome inhibitionbyPS-341 orMLN-273 and DCHOPhasa synergistic

effect on inhibition of IL-1b–induced IL-8 chemokine levels. Data are the

mean 6 SD of three independent experiments. (D) DCHOP suppress the
PGE-2–mediated IL-8 induction. Data are the mean 6 SD of three

independent experiments. *P , 0.05 for all panels, and **P , 0.01 for

panel C.
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regulate the IL-8 gene transcription (36–39). To our knowledge,
there is only one report on PGE-2–induced IL-8 gene tran-
scription in human T lymphocytes via CHOP transcription
factor (4). PGE-2 has profoundly different effects on the produc-
tion of IL-8 that are dependent on cell type and environment.
We confirmed CHOP as a regulator of PGE-2 or IL-1b–mediated
IL-8 induction in CF cells using an IL-8-promoter reporter assay.
Moreover, we used the NF-kB mutant IL-8 promoter construct
to demonstrate that CHOP-mediated IL-8 regulation is in-

dependent or downstream of NF-kB. Our data describe for the
first time that CHOP functions as a transcription factor that
regulates IL-8 chemokine levels in CF cells. The NF-kB–
mediated IL-8 induction in CF is well known (40), and we show
here for the first time the presence of downstream PGE-2–
mediated IL-8 signaling via CHOP transcription factor.

The NSAID ibuprofen is known to inhibit 5-lipooxygenase
and hence leukotreine formation (41), suggesting that it may be
useful in treatment of CF. This led to clinical trials in which it

Figure 4. CHOP binds to the IL-8 promoter
region. (A) CFTE cells were treated with 10

mM PGE-2 or 1 ng/ml IL-1b. The interaction of

CHOP with IL-8 DNA sequences was evalu-
ated using a Chromatin Immunoprecipitation

(ChIP) assay. Both PGE-2 and IL-1b–induced

binding of CHOP to the IL-8 promoter region

as detected through PCR of the IL-8 promoter
from the immunoprecipitate. IL-8 could not

be amplified from the no-antibody IP negative

control, and the CFTE DNA extract is the IL-

8–positive sample. (B) IB3-1 cells were trans-
fected with the IL-8 promoter construct

tagged to reporter (IL-8 firefly luciferase) and

renilla luciferase (internal control), or CHOP
shRNA (DCHOP) constructs. Cells were in-

duced with 1 ng/ml IL-1b or 10 mM PGE-2,

and luciferase activities were measured after

overnight treatment. Data are shown as rela-
tive change in IL-8 promoter activity with

CHOP inhibition and is normalized with renilla

luciferase internal control for each sample.

The CHOP inhibition suppresses the IL-8 pro-
moter activity. (C) IB3-1 cells were transfected

with IL-8 promoter construct with deletion of

NF-kB site (NF-kB mutant IL-8 firefly lucifer-

ase) and renilla luciferase (internal control), or
CHOP shRNA (DCHOP) constructs. Cells were

induced with 1 ng/ml IL-1b or 10 mM PGE-2,

and luciferase activities were measured after
overnight treatment. Data are shown as rela-

tive change in IL-8 promoter activity with NF-

kB mutation and CHOP inhibition, and are

normalized with renilla luciferase internal con-
trol for each sample. The CHOP inhibition

suppresses basal NF-kB mutant IL-8 promoter

activity as well as IL-1b– or PGE-2–mediated

promoter activity. *P , 0.05.
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was demonstrated that ibuprofen slows the rate of loss in FEV1

in patients with CF with mild lung disease (42, 43), but did not
address the mechanism by which ibuprofen improves lung
function. However, there is evidence that use of a low dose of
ibuprofen is associated with worsening FEV1, and the best
evidence for a therapeutic benefit was in children, not adults,
with CF. We anticipated that use of ibuprofen in CF can
exacerbate the disease in individuals with partially functional
CFTR by suppressing the IL-1b– or PGE-2–mediated cAMP
induction that is requisite for CFTR activation. We observed
that ibuprofen can indeed inhibit IL-1b–induced cAMP levels
in IB3-1 cells at both higher (1 mM) and lower (0.1 mM) doses
(Figure 7). Nasal potential difference (NPD) monitoring of
individuals with CF with pancreatic sufficiency (PS) alleles, on
and off ibuprofen, might help us estimate this risk. Moreover, it
was recently reported that ibuprofen inhibits cAMP-mediated
chloride secretion in human colonic and airway epithelia by

direct inhibition of CFTR chloride channels as well as baso-
lateral membrane K1 channels (44). This may not only further
accelerate the disease, but also affect the efficacy of therapeutic
strategies designed to increase CFTR expression and/or func-
tion in patients with cell surface conductance mutations. Our
results on Cox-2/PGE-2 inhibition by 4PBA also similarly ex-
plain the differences in efficacy of 4PBA treatment in a subset of
patients with CF, with submaximal low chloride/isoproterenol
response in NPD measurements (9), due to lack of optimal
cAMP-mediated CFTR activation.

Figure 5. PGE-2–mediated IL-8 induc-
tion is NF-kB independent. IB3-1 cells

were treated with 10 mM PGE-2 for 24

hours followed by 12 hours of treatment
with increasing concentrations of PS-

341. IL-8 chemokine levels were mea-

sured by standard ELISA. (A) PGE-2 indu-

ces IL-8 chemokine levels by 36 hours of
induction. Inhibition of proteasome-

mediated IkB degradation by PS-341 does

not suppress IL-8 levels, indicating that

PGE-2–mediated IL-8 induction is inde-
pendent of IkB–NF-kB. Data are the

mean 6 SD of three independent ex-

periments. (B) PGE-2 (10 mM) or IL-1b

(1 ng/ml) induces IL-8 chemokine levels

by overnight exposures. NF-kB inhibition

by increasing caffeic acid (CA) concentra-

tion suppress IL-1b–induced IL-8 secretion
but does not suppress PGE-2–mediated

IL-8 levels, indicating that PGE-2–mediated

IL-8 induction is independent of NF-kB.

Data are the mean 6 SD of three inde-
pendent experiments. *P , 0.05.

Figure 6. PGE-2 signaling cascade in CF cells. The total protein extracts

(40 mg) from IB3-1 were immunoblotted for EP-2, EP-4, and b-actin.

EP-2 protein levels were induced by 10 mM PGE-2 treatment for 24

hours, while IL-1b treatment had no effect on EP-2 or EP-4 protein
levels. b-actin signals are equivalent, confirming equal protein loading

in each lane.

Figure 7. Ibuprofen inhibits IL-1b–induced cAMP levels in IB3-1 cells.

IB3-1 cells were induced with 1ng/ml IL1-b and treated with 0.1 or
1 mM dose of ibuprofen. Cells were lysed after 20 or 36 hours and cAMP

levels were measured using cAMP immunoassay kit (R&D Systems).

IL-1b significantly induces cAMP levels in IB3-1 cells, and both 0.1 and

1 mM ibuprofen inhibits these elevated cAMP levels in IB3-1 cells by 36
hours of treatment. Data are shown as percent cAMP levels 6 SD. *P ,

0.06; **P , 0.05.
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Overall, our study unravels the complexity of IL-8 regulation
in CF cells (Figure 8). This will not only help us in understanding
the mechanism of CF pathophysiology but also help in targeting
more specific drugs for treatment of CF lung disease. We
anticipate that the use of Cox-2 or NF-kB inhibitors in CF for
controlling inflammation may augment the progression of the
lung disease in a subset of patients with CF with mild alleles by
inhibiting other downstream pathways like EP-2/EP-4–mediated
cAMP levels (4, 44) or by switching off the proinflammatory
response altogether. They may also reduce the efficacy of other
therapeutic strategies used to increase CFTR expression and
function in these patients. We propose that sequential decipher-
ing of IL-8 regulation in CF may lead to identification of better
and more specific therapeutic target(s) to improve the overall
CF pathophysiology and lung function.
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