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Abstract

Mutations in cystic fibrosis transmembrane conductance regulator (CFTR) protein cause cystic fibrosis, a disease
characterized by exaggerated airway epithelial production of the neutrophil chemokine interleukin (IL)-8, which results in
exuberant neutrophilic inflammation. Because activation of an epidermal growth factor receptor (EGFR) signaling cascade
induces airway epithelial IL-8 production, we hypothesized that normal CFTR suppresses EGFR-dependent IL-8 production
and that loss of CFTR at the surface exaggerates IL-8 production via activation of a pro-inflammatory EGFR cascade. We
examined this hypothesis in human airway epithelial (NCI-H292) cells and in normal human bronchial epithelial (NHBE) cells
containing normal CFTR treated with a CFTR-selective inhibitor (CFTR-172), and in human airway epithelial (IB3) cells
containing mutant CFTR versus isogenic (C38) cells containing wild-type CFTR. In NCI-H292 cells, CFTR-172 induced IL-8
production EGFR-dependently. Pretreatment with an EGFR neutralizing antibody or the metalloprotease TACE inhibitor
TAPI-1, or TACE siRNA knockdown prevented CFTR-172-induced EGFR phosphorylation (EGFR-P) and IL-8 production,
implicating TACE-dependent EGFR pro-ligand cleavage in these responses. Pretreatment with neutralizing antibodies to IL-
1R or to IL-1alpha, but not to IL-1beta, markedly suppressed CFTR-172-induced EGFR-P and IL-8 production, suggesting that
binding of IL-1alpha to IL-1R stimulates a TACE-EGFR-IL-8 cascade. Similarly, in NHBE cells, CFTR-172 increased IL-8
production EGFR-, TACE-, and IL-1alpha/IL-1R-dependently. In IB3 cells, constitutive IL-8 production was markedly increased
compared to C38 cells. EGFR-P was increased in IB3 cells compared to C38 cells, and exaggerated IL-8 production in the IB3
cells was EGFR-dependent. Activation of TACE and binding of IL-1alpha to IL-1R contributed to EGFR-P and IL-8 production
in IB3 cells but not in C38 cells. Thus, we conclude that normal CFTR suppresses airway epithelial IL-8 production that occurs
via a stimulatory EGFR cascade, and that loss of normal CFTR activity exaggerates IL-8 production via activation of a pro-

inflammatory EGFR cascade.
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Introduction

The potent neutrophil chemokine interleukin (IL)-8 [1] is
produced and secreted in the airways as part of innate immune
responses to inhaled “invaders” (eg, bacteria, viruses, cigarette
smoke). In cystic fibrosis (CF), a disease caused by mutations in the
CF transmembrane conductance regulator (CFIR) protein [2,3],
exaggerated airway epithelial IL-8 production [4-6] leads to
persistent neutrophilic inflaimmation, a serious and presently
untreated feature of CI airway disease [7]. There is growing
evidence that exaggerated IL-8 production may be an intrinsic
property of airway epithelial cells lacking normal CFIR. For
example, increased levels of IL-8 and neutrophils have been
observed in the airways of infants with CF in the absence of
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detectable infection [8], and in sterile CF fetal tracheal grafts
explanted under the skin of immunodeficient mice compared to
non-CF controls [9]. In addition, airway epithelial cells that
contain mutant CFTR have been shown to produce more IL-8 in
response to bacterial products [10-12] and to IL-1 [13], and to
produce more IL-8 in the constitutive state [10,11,14-16], than
isogenic cells corrected with wild-type CFTR. Finally, treatment of
airway epithelial cells that contain normal CFIR with CFIR-
selective inhibitors has been shown to induce IL-8 production [17
19]. Together, these findings suggest that loss of normal CFITR
function exaggerates airway epithelial I11.-8 production.
Activation of an epidermal growth factor receptor (EGFR)
signaling cascade has been implicated in airway epithelial IL-8
production [20-22]. The airways of healthy adult humans express
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EGFR and EGFR ligands only sparsely [23]. Expression of EGFR
and its ligands is increased in the airways of subjects with CF [24].
Autocrine activation of an EGFR signaling cascade involves
proteolytic cleavage of membrane-anchored EGFR pro-ligands at
the cell surface by metalloproteases such as TNF-alpha converting
enzyme (TACE; [25,26]) and subsequent binding of the mature
soluble ligand to EGFR. Subauste and Proud first showed that
treatment of airway epithelial cells with EGFR ligands results in
IL-8 production [22]. Since then, multiple stimuli have been
shown to induce airway epithelial IL-8 production via activation of
a surface TACE-EGFR cascade [20,21,27-30], suggesting that
this cascade is a convergent pathway for airway epithelial IL-8
production.

Because loss of normal CFTR function and activation of a
TACE-EGFR cascade both lead to airway epithelial IL-8
production, here we hypothesized that loss of normal CFIR
function removes the inhibitory role of CFIR and thus
exaggerates 11.-8 production via activation of a pro-inflammatory
TACE-EGFR cascade. We tested this hypothesis using two
complementary approaches. In the first approach, the effects of
a CFTR-selective inhibitor on IL-8 production were examined in
airway epithelial cells that contain normal CFTR. We chose the
CFTR-selective inhibitor CFTR-172 [31] because CITR-172 has
been shown to induce IL-8 production in airway epithelial cells
containing normal CFTR [17-19], and because Perez et al.
reported no off-target effects of CFIR-172 in airway epithelial
cells containing mutant CFTR [17]. We chose human airway
epithelial (NCI-H292) cells because they contain normal CFTR
[32], and because these cells are a well characterized and widely
used model system of IL-8 production [20,29,30]. Normal human
bronchial epithelial (NHBE) cells were used to confirm findings
described in the NCI-H292 cells. In the second approach, the
effects of CF'TR on constitutive IL-8 production were examined in
airway epithelial cells containing mutant CFTR (IB3 cells; [33])
and in isogenic cells complemented with wild-type CFIR (C38
cells; [34]). We chose the IB3 and C38 cells because they have
been widely used to examine the effects of CFTR on IL-8
production [10,12,15,16,35-37].

Consistent with our hypothesis, here we show that loss (or
removal) of CFTR function exaggerates airway epithelial IL-8
production via activation of a pro-inflammatory TACE-EGFR
cascade. Further, we show that binding of IL-lalpha to IL-1R
activates the TACE-EGFR cascade in airway epithelial cells
lacking normal CFTR function, exaggerating IL-8 production in
these cells.

Materials and Methods

Materials

The CFTR inhibitor CFTR-172 [31] was provided by Dr. Alan
Verkman at the Univ. of California San Francisco. AG1478,
AG1295, TAPI-1, EGFR neutralizing antibody (Ab-3), TNFR
neutralizing antibody (Ab-1), and cycloheximide were purchased
from Calbiochem (LaJolla, CA). Neutralizing antibodies against
IL-1R, IL-lalpha and IL-lbeta were purchased from R&D
Systems (Minneapolis, MN).

Cell culture

Cells containing normal CFTR: A) Human airway epithelial
(NCI-H292) cells [38], which express wild-type CFTR [32], were
purchased from American Type Culture Collection (Manassas,
VA), and were grown in RPMI 1640 medium containing 10%
fetal bovine serum, penicillin (100 U/ml), streptomycin
(100 pcg/ml), and 25 mM HEPES at 37°C in a humidified 5%
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CO2 water-jacketed incubator as described previously [30]. NCI-
H292 cells have been shown to contain the intermediate filament
protein keratin [38], confirming the epithelial origin of these cells.
Because cell lines such as NCI-H292 show variability in their
responses to stimuli and inhibitors at different passages, all
experiments were performed with cells from passages 80-90. B)
Normal human bronchial epithelial (NHBE) cells were purchased
from Lonza (Walkersville, MD) or were isolated from human
tracheas provided by the Pacific Northwest Transplant Bank as
described previously [39]. In brief, tracheas were incubated in
Ca**- and Mg"*-containing DMEM supplemented with 0.5%
pronase, penicillin (100 U/ml), streptomycin (100 mcg/ml), and
amphotericin B (0.25 mcg/ml) overnight at 4°C. After overnight
incubation, airway epithelial cells were detached from the stroma
by gentle agitation, digestion was stopped by the addition of fetal
bovine serum to a final concentration of 20%, and the cells were
collected by centrifugation at 300 g for 10 min. NHBE cells were
grown in immersed culture in bronchial epithelial growth
medium (BEGM; Lonza) as described previously [30]. NHBE
cells were grown in immersed culture instead of air-liquid
interface to maintain culture conditions similar to those for the
NCI-H292 cells. NHBE cells have been shown to produce IL-8 in
immersed culture [30]. Experiments with NHBE cells were
performed with passages 2-4 to limit variable responses.

Cells containing mutant CFTR versus isogenic cells corrected
with wild-type CFIR: Human airway epithelial (IB3) cells
expressing mutant CFTR (deltaF508/W1282X; [33]) and isogenic
airway epithelial (C38) cells complemented with wild-type CFTR
[34] were purchased from American Type Culture Collection, and
were grown in LHC-8 medium (Invitrogen, Grand Island, NY)
containing 5% fetal bovine serum, penicillin (100 U/ml), and
streptomycin (100 mcg/ml) at 37°C in a humidified 5% CO2
water-jacketed incubator. Experiments with the IB3 and C38 cells
were performed with passages 5—15 to limit variable responses.

In experiments utilizing NCI-H292 or NHBE cells, confluent
cultures were serum-starved (NCI-H292) or incubated with EGF-
free BEGM (NHBE) for 2 h before the addition of CFTR-172.
Chemical inhibitors and neutralizing antibodies were added 30
min before (“0 h”) or at various times after stimulation with
CFTR-172. Cell lysates and supernatants were harvested at
various times up to 24 h after stimulation for measurement of IL.-8,
EGFR-P, and IL-1alpha. In experiments utilizing the IB3 and C38
cells, confluent cultures were washed and incubated with serum-
free medium in the presence or absence of chemical inhibitors and
neutralizing antibodies. Cell lysates and supernatants were
harvested at various times up to 24 h for measurement of IL-8
and at 1 h for measurement of EGFR-P and IL-lalpha. The 1 h
time point was chosen for measurement of EGFR-P and IL-1alpha
because EGFR-P was maximal at this time point (data not shown)
and because IL-lalpha binding to IL-1R contributed to EGFR-P
at | h (see Results).

siRNA preparation and transfection of cells

TACE siRNA knockdown and confirmation of specific TACE
silencing were performed as described previously [26]. In brief,
subconfluent (approximately 50%) NCI-H292 cells, IB3 cells, or
(€38 cells were transfected with TACE siRNAs (SMARTpool L-
003453; Dharmacon, Lafayette, CO), or non-targeting control
siRNA (Non-targeting pool D-001810; Dharmacon) using Lipo-
fectamine 2000 (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions.
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Measurement of IL-8, EGFR-P, and IL-1alpha

IL-8 in cell culture supernatants, EGFR-P in cell lysates, and IL-
lalpha in cell culture supernatants were measured by sandwich
ELISA kits according to the manufacturer’s instructions (DuoSet
I1C; R&D Systems). IL-8, EGFR-P and IL-lalpha results were
expressed as pg of product per mcg of total protein in the cell
lysate.

Immunoblotting

To examine TACE, lysates from NCI-H292, IB3, or C38 cells
were prepared and equal amounts of protein were separated by
7.5% SDS-PAGLE, transferred to polyvinylidene difluoride mem-
branes (Biorad, Hercules, CA), and blotted with a mouse
monoclonal antibody against human TACE (Santa Cruz Biotech-
nology, Santa Cruz, CA). Bound antibody was visualized with
enhanced chemiluminescence (Amersham, Piscataway, NJ). Im-
munoblots for TACE were scanned, and band intensities were
quantified with NIH Image 1.63 software (developed at the
National Institutes of Health and available for free download at
rsbweb.nih.gov).

Statistical analysis

All data are expressed as means * standard error (SE). One-
way ANOVA and unpaired Student’s ¢ test were used to determine
statistically significant differences between groups (P<<0.05 for the
null hypothesis).

Results

Studies in airway epithelial cells containing normal CFTR

CFTR-172 induces IL-8 production in NCI-H292 cells
EGFR- and TACE-dependently. The CIFTR-selective inhibi-
tor CFTR-172 has been reported to induce IL-8 production in
airway epithelial cells that contain normal CFTR [17-19].
Because multiple stimuli have been shown to induce IL-8
production in airway cells via activation of an EGFR signaling
pathway [20,21,29,30], we hypothesized that CFTR-172-induced
IL-8 production occurs EGFR-dependently. We tested this
hypothesis in human airway epithelial (NCI-H292) cells, which
contain normal CFTR [32]. The addition of CFTR-172 induced
IL-8 production at 24 h in NCI-H292 cells dose-dependently (Fig.
1A). Pretreatment with the EGIFR-selective inhibitor AG1478
prevented the IL-8 production induced by CFTR-172 completely
(Fig. 1B), whereas pretreatment with the platelet-derived growth
factor receptor inhibitor AG1295 had no significant effect on IL-8
production (Fig. 1B). In addition, pretreatment with an EGFR
neutralizing antibody (which prevents ligand binding to EGFR)
inhibited the IL-8 production induced by CFIR-172 completely
(Fig. 1B). Together, these results implicate ligand-dependent
EGFR activation in IL-8 production induced by CFTR-172.

Because the metalloprotease TACE has been shown to cleave
EGFR pro-ligands, thus activating EGFR [25,26], we examined
whether TACE plays a role in CFTR-172-induced IL-8 produc-
tion in the NCI-H292 cells. Pretreatment with TAPI-1 [40], a
relatively selective inhibitor of TACE, prevented CFIR-172-
induced IL-8 production completely (Fig. 1B). TACE siRNA
knockdown (Fig. 1C) reproduced the inhibitory effect of TAPI-1
on IL-8 production induced by CFTR-172 (Fig. 1D), whereas
transfection with a non-targeting siRNA control had no significant
effect on the IL-8 response (Fig. 1D). Together, these results
implicate metalloprotease TACE-dependent EGFR  pro-ligand
cleavage in CFTR-172-induced IL-8 production.

A late phase of EGFR-P induced by CFTR-172 leads to IL-
8 production. Because the production and release of IL-8
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induced by CFIR-172 was delayed, occurring almost entirely
between 12 and 16 h after CFTR-172 addition (Fig. 2A), we
examined the effects of CFITR-172 on EGFR phosphorylation
(EGFR-P) over time. CFTR-172 induced a late phase of EGFR-P
that peaked at approximately 12 h and then declined to control
levels by 14 h (Fig. 2B). Next, we examined the effect of this late
EGFR-P on CFIR-172-induced IL-8 production. When the
EGFR-selective inhibitor AG1478 was added up to 9 h after
treatment with CFTR-172 (ie, before the onset of EGFR-P, see
Fig. 2B), IL-8 production was inhibited completely (Fig 2C). When
AG1478 was added 12 h after CFTR-172 (ie, at the peak of
EGFR-P, see Fig. 2B), IL-8 production was inhibited partially (Fig.
2C). When AG1478 was added 16 h after CFTR-172 (ie, after
EGFR-P had occurred, see Fig. 2B), IL-8 production was not
inhibited significantly (Fig. 2C). Together, these results indicate
that the late phase of EGFR-P induced by CFTR-172 leads
promptly to IL-8 production.

Next we examined whether EGFR-P induced by CFTR-172
involves TACE-dependent EGFR pro-ligand cleavage. Pretreat-
ment with AG1478, with an EGFR neutralizing antibody, or with
TAPI-1, or TACE siRNA knockdown, prevented CFIR-172-
induced EGFR-P completely (Fig. 2D). Further, pretreatment with
the protein synthesis inhibitor cycloheximide also prevented
CFTR-172-induced EGFR-P (Fig. 2D). Together, these results
mmplicate TACE-dependent EGFR pro-ligand cleavage in CFTR-
172-induced EGFR-P, and they show that this EGFR-P requires
new protein synthesis.

IL-lalpha binding to IL-1R contributes to CFTR-172-
induced EGFR-P and IL-8 production. Because IL-1R
blockade has been shown to suppress IL-8 production in CF
airway epithelial cells [41], we examined whether proteins in the
IL-1R signaling pathway contribute to IL-8 production in NCI-
H292 cells treated with CFTR-172. Pretreatment with an IL-1R
neutralizing antibody (which prevents ligand binding to IL-1R)
inhibited the IL-8 production induced by CFIR-172 markedly
and dose-dependently, whereas a TNFR neutralizing antibody
had no significant effect on the IL-8 response (Fig. 3A), implicating
ligand binding to IL-1R in CFTR-172-induced IL-8 production.
To identify the IL-1R ligand responsible for the IL-8 response to
CFTR-172, we pretreated NCI-H292 cells with neutralizing
antibodies to the IL-1R ligands IL-lalpha or IL-1beta. Neutral-
ization of IL-lalpha but not IL-lbeta inhibited CFIR-172-
induced IL-8 production markedly and dose-dependently (Fig.
3B), implicating IL-1alpha in the IL-8 response. Pretreatment with
the IL-1R or IL-lalpha neutralizing antibodies, but not with the
IL-1beta neutralizing antibody, inhibited CFTR-172-induced
EGFR-P markedly (Fig. 3C). Together, these results suggest that
binding of IL-lalpha but not IL-1beta to IL-1R leads to CFTR-
172-induced EGFR-P and to subsequent IL-8 production.

Next we measured IL-lalpha released into the medium at
various times after CFTR-172 addition. CFTR-172 had no
significant effect on IL-lalpha levels at 1, 3 or 6 h, whereas at
12 h (the peak of EGFR-P, sce Fig. 2B), IL-lalpha levels were
increased markedly (Fig. 4A). Further, pretreatment with the
protein synthesis inhibitor cycloheximide markedly suppressed the
increase in IL-lalpha levels induced by CFIR-172 (Fig. 4B).
Together, these results indicate that CFIR-172 induces the
production and release of IL-lalpha protein.

CFTR-172-induced IL-8 production in NHBE cells involves
EGFR, TACE, and IL-lalpha binding to IL-1R. To confirm
that CFTR-172-induced IL-8 production was not limited to NCI-
H292 cells, we examined NHBE cells. CFTR-172 induced IL-8
production in the NHBE cells markedly (Fig. 5A). Pretreatment with
AG1478, with an EGFR neutralizing antibody, or with TAPI-1
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Figure 1. CFTR-172-induced IL-8 production involves EGFR and TACE. A. IL-8 was measured in NCI-H292 cells incubated for 24 h with
medium alone (0 mcM CFTR-172; control) or with various concentrations of CFTR-172 (2, 5, 10, and 20 mcM). B. IL-8 was measured in NCI-H292 cells
incubated for 24 h with medium alone (CONT) or with added CFTR-172 (20 mcM). Inhibitors were not added (-) or the EGFR-selective inhibitor
AG1478 (10 mcM), the PDGFR-selective inhibitor AG1295 (10 mcM), an EGFR neutralizing antibody (5 mcg/ml), or the TACE inhibitor TAPI-1 (30 mcM)
was added 30 min before treatment with CFTR-172. C. TACE was measured by immunoblot in NCI-H292 cells treated with Lipofectamine 2000 alone
(-; control) or transfected with TACE siRNA (100 nM) or non-targeting siRNA (100 nM; NON). A blot representative of three independent experiments
is shown. Band intensities were quantified, and the intensity of the control band was set arbitrarily to 1. D. IL-8 was measured in NCI-H292 cells
treated with Lipofectamine 2000 alone (-) or in NCI-H292 cells transfected with TACE siRNA (100 nM) or nontargeting siRNA (100 nM; NON) and
incubated for 72 h before addition of medium alone (CONT) or CFTR-172 for 24 h. A-D. Values are means * SD; n=5, except for C (n=3). P<0.05
compared with control (¥). P<<0.05 compared with CFTR-172 alone (#).

doi:10.1371/journal.pone.0072981.g001

prevented the IL-8 production induced by CFTR-172 completely
(Fig. 5A), implicating the TACE-EGFR cascade in the IL-8
response in NHBE cells.

In NHBE cells, pretreatment with an IL-1R neutralizing
antibody inhibited the IL-8 production induced by CFTR-172
markedly, whereas a TNFR neutralizing antibody had no
significant effect on IL-8 production (Fig. 5B), implicating ligand
binding to IL-1R in the IL-8 response. Pretreatment with an IL-
lalpha neutralizing antibody but not an IL-lbeta neutralizing
antibody inhibited CFIR-172-induced IL-8 production in the
NHBE cells markedly (Fig. 5B), implicating IL-1alpha in the IL-8
response. These results indicate that binding of IL-1alpha to IL-1R
leads to CFTR-172-induced IL-8 production in the NHBE cells.

Studies in airway epithelial cells containing mutant CFTR

versus wild-type CFTR

The lack of normal CFTR exaggerates IL-8 production in
IB3 cells compared to C38 cells TACE- and EGFR-
dependently. Based on the results in airway epithelial cells
containing normal CFTR treated with CIF'TR-172, we hypothe-
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sized that an IL-1R-TACE-EGFR pathway could exaggerate IL-8
production in CF airway epithelial cells. To test this hypothesis, we
examined constitutive IL-8 production in CF airway epithelial
(IB3) cells, which express mutant CFIR [33], and in isogenic C38
cells, which are IB3 cells corrected with wild-type CFTR [34]. The
IB3 cells produced markedly more IL-8 at all time points
examined (1, 2, 4, 6, and 24 h) than the C38 cells (Fig. 6A),
indicating that the IB3 cells produce IL-8 constitutively and in
excess of the C38 cells, similar to previous reports [15,16].
Pretreatment with AG1478 inhibited IL-8 production in the IB3
and C38 cells completely (Fig. 6B), whereas pretreatment with
AG1295 had no significant effect on IL-8 production in either cell
type (Fig. 6B), implicating EGFR activation in the exaggerated IL-
8 production in the IB3 cells.

We hypothesized that removal of CFTR from the epithelial
surface activates TACE, resulting in cleavage of EGFR pro-
ligands, which then bind to and activate EGFR, causing IL-8
production. Consistent with this idea, in the IB3 cells, pretreat-
ment with an EGFR neutralizing antibody inhibited approxi-
mately one-half of the IL-8 response (Fig. 6B). The TACE
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Figure 2. A late phase of EGFR-P leads directly to CFTR-172-induced IL-8 production. A. IL-8 was measured in NCI-H292 cells incubated for
various times (3, 6, 12, 16, and 24 h) with medium alone (-; control) or with added CFTR-172 (+). B. EGFR-P was measured in NCI-H292 cells incubated
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in NCI-H292 cells incubated for 24 h with medium alone (CONT) or with added CFTR-172 (20 mcM). The EGFR inhibitor AG1478 (10 mcM) was not
added (-) or was added 0, 3, 6, 9, 12, or 16 h after CFTR-172 treatment. The arrow denotes the peak of EGFR-P at 12 h. D. EGFR-P was measured in
NCI-H292 cells incubated for 12 h with medium alone (CONT) or with added CFTR-172 (20 mcM). Inhibitors were not added (-) or the EGFR inhibitor
AG1478 (10 mcM), an EGFR neutralizing antibody (5 mcg/ml), the TACE inhibitor TAPI-1 (30 mcM), or the protein synthesis inhibitor cycloheximide
(10 mcg/ml; CHX) was added 30 min before treatment with CFTR-172 (left panels). For siRNA experiments (right panels), NCI-H292 cells were treated
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before addition of medium alone or CFTR-172 for 12 h. A-D. Values are means = SD; n=5. P<<0.05 compared with control (*). P<0.05 compared with
CFTR-172 alone (#). P>0.05 (ns).

doi:10.1371/journal.pone.0072981.g002

production only slightly (Fig. 6B), and TACE siRNA knockdown
had no significant effect on IL-8 production (Fig. 6D).

inhibitor TAPI-1 similarly inhibited IL-8 production in the IB3
cells (Fig. 6B). TACE siRNA knockdown, which markedly

decreased TACE protein in IB3 cells and in C38 cells (Fig. 6C),
reproduced the inhibitory effects of TAPI on IL-8 production in
the IB3 cells (Fig. 6D), confirming that TACE was involved in the
exaggerated IL-8 response in the IB3 cells. In contrast, in the C38
cells, an EGFR neutralizing antibody or TAPI-1 decreased IL-8

PLOS ONE | www.plosone.org

Next we examined EGFR-P in the IB3 and C38 cells. In the
steady state, the IB3 cells contained approximately 3.2-fold more
EGFR-P than the C38 cells (Fig. 6E), and pretreatment with
AG1478 decreased EGFR-P to very low levels in both cell types
(Fig. 6E). In the IB3 cells, an EGFR neutralizing antibody
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ml) were added 30 min before treatment with CFTR-172. A-C. Values are means * SD; n=5. P<<0.05 compared with control (*¥). P<<0.05 compared
with CFTR-172 alone (#). P>0.05 (ns).

doi:10.1371/journal.pone.0072981.9003
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supernatants of NCI-H292 cells incubated for 12 h with medium alone (CONT) or with added CFTR-172. Inhibitors were not added (-) or the protein
synthesis inhibitor cycloheximide (10 mcg/ml; CHX) was added 30 min before treatment with CFTR-172. A, B. Values are means = SD; n=3. P<0.05
compared with control (¥). P<<0.05 compared with CFTR-172 alone (#).

doi:10.1371/journal.pone.0072981.9g004
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(Fig. 6E), TAPI-1 (Fig. 6E), or TACE siRNA knockdown (Fig. 6F)
inhibited EGFR-P markedly, whereas, in the C38 cells, these
treatments inhibited EGFR-P only slightly (Figs 6E, 6F). Together,
these results suggest that greater TACE-dependent EGFR-P in the
IB3 cells than in the CG38 cells exaggerates IL-8 production in the
IB3 cells.

Notably, when added to IB3 cells, the CFTR inhibitor CFTR-
172 (20 mcM) did not increase IL-8 production at 24 h
significantly relative to control (0.61 = 0.10 vs. 0.56 * 0.07 pg
IL-8/mcg protein; p>0.05; n=13), suggesting that CFIR-172-
induced IL-8 production in NCI-H292 cells (Fig. 1A) and NHBE
cells (Fig. 5A) occurs via CFTR inhibition and not via off-target
effects.

IL-1alpha binding to IL-1R exaggerates EGFR-dependent
IL-8 production in IB3 cells but not in C38 cells. Because
IL-1R signaling is known to activate the TACE-EGFR cascade
[42,43] and to stimulate IL-8 production [44], we reasoned that
exaggerated IL-8 production in CF airway epithelial cells could
occur via IL-1R-dependent activation of the TACE-EGFR
cascade. Consistent with this idea, in the IB3 cells, pretreatment
with an IL-1R neutralizing antibody decreased EGFR-P (Fig. 7A)
and IL-8 production (Fig. 7B) markedly, whereas, in the C38 cells,
IL-1R blockade had no significant effect on these responses (Figs.
7A, 7B). An IL-lalpha neutralizing antibody had a similar
suppressive effect on EGFR-P (Fig. 7A) and on IL-8 production
(Fig. 7B) in the IB3 cells but had no significant effect on these
responses in the C38 cells (Figs. 7A, 7B). An IL-1beta neutralizing
antibody had no effect on EGFR-P (Fig. 7A) or on IL-8 production
(Fig. 7B) in either cell type. In addition, there was markedly more
IL-1alpha in the supernatants of IB3 cells than of C38 cells (Fig.
7C). Together, these results suggest that binding of IL-1lalpha to
IL-1R exaggerates TACE-dependent EGFR-P and subsequent IL-
8 production in the IB3 cells but not in the C38 cells.

Discussion

Exuberant airway neutrophilic inflammation is a serious and
presently untreated feature of CF airway disease [7]. There is
growing evidence that exaggerated production of the neutrophil
chemokine IL-8 may be an intrinsic property of airway epithelial
cells lacking normal CFTR function [8-19,35], suggesting that
normal CFTR may suppress signals leading to IL-8 production.
Because EGFR activation induces IL-8 production [20-22], in the
present study we examined the novel hypothesis that loss of
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normal CFIR function exaggerates airway epithelial IL-8
production via activation of an EGFR signaling cascade. To test
this hypothesis, we utilized two complementary approaches. First,
we examined the effects of the CFIR-selective inhibitor
CFTR-172 [31] on IL-8 production in airway epithelial (NCI-
H292, NHBE) cells containing normal CFTR [32]; and second,
we examined the effects of CI'TR on constitutive IL-8 production
in airway epithelial (IB3) cells containing mutant CFTR [33] and
in 1sogenic (C38) cells complemented with wild-type CFTR [34].
We found that CFTR-172 induces IL-8 production in airway
epithelial cells containing normal CFIR and that IB3 cells
produce markedly more IL-8 than C38 cells in the constitutive
state, consistent with previous studies utilizing CFTR-172 [17-19]
and IB3 cells and C38 cells [15,16]. Both CFTR-172-induced IL-8
production in airway epithelial cells containing normal CFTR and
exaggerated IL-8 production in IB3 cells versus C38 cells were
suppressed by the EGIR-selective inhibitor AG1478 and by
pretreatment with an EGFR neutralizing antibody (which prevents
ligand binding to EGFR), implicating ligand-dependent EGFR
activation in the exaggerated IL-8 responses. This is the first study
to show that loss of normal CFTR function exaggerates IL-8
production via activation of an EGFR cascade.

Metalloproteases cleave EGFR pro-ligands and release soluble
ligands, making them available for binding to EGFR [25]. Among
the metalloproteases known to cleave EGFR pro-ligands on the
airway epithelial surface is TACE [26]. In NCI-H292 cells, TAPI-
1, a metalloprotease inhibitor with relative selectivity for TACE,
and TACE siRNA knockdown prevented EGFR activation and
IL-8 production induced by CFIR-172 completely. In NHBE
cells, TAPI-1 also prevented EGFR-dependent IL-8 production
induced by CFTR-172, implicating TACE-dependent EGFR pro-
ligand cleavage in CFTR-172-induced IL-8 production in multiple
cell types. Notably, in response to CFTR-172, NCI-H292 cells
produced markedly more IL-8 than NHBE cells. The reason for
this difference is unknown but may involve the presence of
feedback mechanisms that activate the TACE-EGFR-IL-8 cascade
in NCI-H292 cells but not in NHBE cells [30]. Further, in IB3
cells, TAPI-1 and TACE siRNA knockdown suppressed exagger-
ated EGFR-P and IL-8 production markedly, whereas in C38
cells, the effects of TACE inhibition on these responses were
minimal, indicating that TACE-dependent EGFR activation
contributed to the exuberant IL-8 response in IB3 cells. EGFR
and EGFR pro-ligands have been shown to be increased in the
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Figure 6. IB3 cells produce more IL-8 than C38 cells EGFR- and TACE-dependently. A. IL-8 was measured in C38 cells (open bars) and in IB3
cells (hatched bars) incubated with medium alone for the times indicated. B, E. IL-8 (B) or EGFR-P (E) was measured in C38 cells (open bars) and in IB3
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alone (-; control) or transfected with TACE siRNA (100 nM) or non-targeting siRNA (100 nM; NON). A blot representative of three independent
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* SD; n=5. P<0.05 compared with the C38 cells (*; A) or compared with control (*; B-F).

doi:10.1371/journal.pone.0072981.9g006
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doi:10.1371/journal.pone.0072981.9g007

airways of subjects with CI [24,45], suggesting that autocrine or
paracrine activation of a surface EGFR cascade occurs in CF.
Consistent with this idea, the present findings indicate that loss of
normal CFTR function exaggerates IL-8 production via TACE-
dependent EGFR activation.

How does the absence (or removal) of normal CFTR function
activate a TACE-EGFR-IL-8 cascade? To address this question,
we examined NCI-H292 cells treated with CFTR-172 because of
the robust IL-8 response in these cells and because the addition of
CFTR-172 at the beginning of the experiment enabled us to
examine signaling over time. We found that the production and
release of IL-8 in response to CFIR-172 is delayed, occurring
between 12 and 16 h after treatment. Because direct activation of
the EGFR by its ligand TGF-alpha led to IL-8 production and
release between 2 and 4 h after stimulation (data not shown), the
relative delay in CFTR-172-induced IL-8 release suggests that the
EGFR-P leading to the IL-8 response is similarly delayed. Indeed,
we found that CFTR-172 induces a late TACE-dependent phase
of EGFR-P peaking at 12 h, and we found that this EGFR-P is
prevented by pretreatment with cycloheximide, implicating
protein synthesis in the late phase of EGFR-P. In other studies,
CFTR-172 has been reported to increase reactive oxygen species
[46], to increase mitogen-activated protein kinase activity [46],
and to increase nuclear factor-kappa B activity [18,19], raising the
possibility that such signals may be involved upstream of the late
phase of EGFR-P induced by CFTR-172. Characterizing early
signals downstream of CFTR-172 will be an important subject of
future studies. Interestingly, Perez et al. reported that IL-8
production in NHBE cells is increased by five days of treatment
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with CFTR-172 [17], suggesting that a long delay between the
addition of CFTR-172 and IL-8 production may also have been
present in their study.

Multiple endogenous epithelial cell products have been shown
to activate the TACE-EGFR cascade [30,47]. We focused on IL-1
for several reasons: First, IL-1 is a well known stimulus of IL-8
production [44]; second, binding of IL-1 to IL-1R activates the
TACE-EGFR cascade [42,43]; third, proteins in the IL-1R
signaling pathway are upregulated in CF airway epithelial cells
[15,41]; and fourth, IL-1R blockade has been previously reported
to suppress exaggerated IL-8 production in CF airway epithelial
cells [41]. A role for EGFR in IL-1R-dependent IL-8 production
was not examined in that study. In the present study, we found
that, in NCI-H292 cells, neutralizing antibodies against IL-1R or
its ligand IL-1alpha, but not its ligand IL-1beta, markedly suppress
EGFR-P and IL-8 production induced by CFIR-172. In NHBE
cells, blockade of IL-1R or IL-lalpha, but not of IL-1beta, also
suppressed CFTR-172-induced IL-8 production, implicating
binding of IL-lalpha to IL-1R in IL-8 production induced by
CFTR-172 in multiple cell types. In IB3 cells, blockade of IL-1R
or IL-lalpha, but not of IL-1beta, markedly suppressed exagger-
ated EGFR-P and IL-8 production, whereas in C38 cells, blockade
of IL-1R or its ligands had no effect on these responses. In NCI-
H292 cells, CFTR-172 induced the release of IL-1alpha between 6
and 12 h after treatment, temporally consistent with binding of IL-
lalpha to IL-1R contributing to the late phase of EGFR-P at 12 h
and to downstream IL-8 production. Further, in IB3 cells,
constitutive IL-1alpha levels were higher than in C38 cells. These
findings strongly suggest that loss of normal CFTR function
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corrected with wild-type CFTR, exaggerated IL-8 production occurs via
IL-1alpha-IL-1R-dependent activation of the TACE-EGFR cascade.
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exaggerates IL-8 production via activation of an IL-lalpha IL-1R
TACE EGFR cascade and that the presence of normal CFTR
function suppresses this cascade (shown as a schematic in Fig. 8).

Notably, blockade of IL-1alpha, but not of IL-1beta, suppressed
IL-8 production in airway epithelial (NCI-H292, NHBE) cells
treated with CFTR-172 and in IB3 (CF) cells. In NCI-H292 cells,
the addition of exogenous IL-1beta (20 ng/ml) markedly increased
IL-8 levels at 4 h TACE- and EGFR-dependently (data not
shown), indicating that binding of IL-1beta to IL-1R activates the
TACE-EGFR-IL-8 cascade. This result suggests that IL-lbeta
may not be released in response to CFTR blockade. Indeed, unlike
IL-1alpha, we could not find IL-1beta in the supernatants of NCI-
H292 cells treated with CFTR-172 or in the supernatants of IB3
cells in the constitutive state (lower limit of detection approxi-
mately 4 pg/ml), similar to a recent study that reported no IL-
Ibeta production in CF airway epithelial cells in the constitutive
state or after exposure to Pseudomonas products [48]. Olaru and
Jensen reported that 10-fold more IL-lalpha than IL-lbeta is
produced in human keratinocytes stimulated with Toll-like
receptor (I'LR)-2 ligands [49], suggesting that greater production
of IL-1lalpha than IL-1beta may be a common feature of epithelial
cells. These authors also reported that TLR-2-dependent IL-8
production occurs via an autocrine cascade involving IL-lalpha
but not IL-lbeta [49]. Previously, we showed that TLR-2-
dependent IL-8 production occurs via activation of the TACE-
EGFR cascade [29], leading us to speculate that IL-lalpha
binding to IL-1R may activate the TACE-EGFR-IL-8 cascade
downstream of TLR-2. Further, blockade of IL-1alpha, but not of
IL-1beta, has been reported to suppress airway neutrophilic
mnflammation induced by cigarette smoke in mice [50], and to
suppress production of an IL-8 homolog in rat alveolar epithelial
cells [51]. Thus, there is mounting evidence that IL-lalpha is an
important epithelial-derived stimulus for IL-8 production.

There is controversy over whether exaggerated IL-8 production
is an intrinsic property of airway epithelial cells lacking normal
CFTR [18,52] or whether it is the result of impaired mucociliary
clearance [53] and bacterial infection [54]. Our study was not
designed to address this issue but rather to test the idea that loss of
normal CFTR activates an airway epithelial TACE-EGFR-IL-8
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signaling pathway in available model systems of CFTR deficiency.
We chose the CFTR inhibitor CFTR-172 because CFTR-172 has
been shown to induce IL-8 production in airway epithelial cells
containing normal CFTR [17-19]. Similarly, IB3 cells containing
mutant CFTR have been consistently reported to produce more
IL-8 than isogenic C38 cells complemented with wild-type CFTR
[10,12,15,16,35-37]. However, these model systems have limita-
tions. CFTR-172 has been reported to have possible off-target
effects [55] and immortalized CF cell lines are subject to clonal
variation and genetic drift [52]. This may explain why some
immortalized CF airway cells have been reported to produce
equal, or even lesser, amounts of IL-8 compared to wild-type
CFTR-complemented cells after exposure to bacterial products,
viral products, or in the constitutive state [56-60]. Thus, there is
serious concern that immortalized CF cells may have little
relevance to primary airway tissues from CF subjects.

On the whole, when grown in vitro, primary airway epithelial
cells from CF subjects have not been reported to produce more IL-
8 in the constitutive state or in response to inflammatory stimuli
than primary airway cells from subjects without CF [16,56,61,62].
However, under certain culture conditions (eg, early after
establishment of air-liquid interface culture [61], in the presence
of serum [62], or before introduction of wild-type CFTR [52]),
primary CF airway cells have been reported to produce more IL-8
than their non-CF counterparts. The reasons for these variable
results are uncertain but could be due to genetic differences not
related to CFTR, to epigenetic modifications of the IL-8 gene in
primary airway epithelial cells from CF subjects [63], or to
differences in cell culture conditions [16]. Clearly, further studies
in primary CF versus non-CF airway cells are needed to determine
whether pro-inflammatory EGFR signaling is increased in CF
cells.

In the present study, we addressed possible off-target effects of
CFTR-172 as a potential confounder. In IB3 cells containing
mutant CFTR, CFTR-172 did not increase IL-8 production at 24
h significantly, similar to a previous study reporting that CFIR-
172 did not increase IL-8 production in immortalized CI airway
cells or in primary CF airway cells [17]. Together, these findings
suggest that CFTR-172-induced IL-8 production in NCI-H292
cells and NHBE cells occurs via inhibition of wild-type CFTR and
not via off-target effects. We also addressed the presence of serum
as a potential confounder. We found that longer periods of serum
starvation (eg, overnight) decreased the amount of IL.-8 produced
by NCI-H292 cells treated with CFTR-172 and by IB3 cells in the
steady state (data not shown), similar to previous studies reporting
that the presence of serum in culture medium increases
constitutive IL-8 production in airway epithelial cells containing
mutant CFTR but not in isogenic cells containing wild-type
CFTR [12,15,35]. For this reason, in the present study, NCI-
H292 cells and NHBE cells were cultured in serum-free (or EGF-
free) medium for only 2 h before CFTR-172 treatment, while
responses in IB3 cells and C38 cells were measured beginning only
1 h after the switch from serum-containing medium to serum-free
medium. Because serum contains EGFR ligands, and because
EGFR ligands have been reported to upregulate expression of
EGFR pro-ligands [64,65] and of EGFR [64], we speculate that
serum may increase expression of components of the surface
EGFR cascade, which can be subsequently activated by removal
of the constraining effects of CFTR.

In summary, we show that the CFTR-selective inhibitor CFTR-
172 induces IL-8 production in human airway epithelial (NCI-
H292, NHBE) cells containing normal CFTR via metalloprotease
TACE-dependent activation of an EGFR cascade. Further, we
show that a TACE-EGFR cascade exaggerates constitutive IL-8
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production in human airway epithelial (IB3) cells containing
mutant CFTR but not in isogenic C38 cells containing wild-type
CFTR. Binding of IL-1alpha to its receptor stimulated the TACE-
EGFR-IL-8 cascade in airway epithelial (NCI-H292, NHBE) cells
treated with CFTR-172 and in IB3 cells, but not in C38 cells,
exaggerating IL-8 production only in the airway cells lacking
normal CFTR function. Thus, we conclude that normal CFTR
suppresses airway epithelial IL-8 production that occurs via a
stimulatory EGFR cascade, and that loss of normal CFTR activity
exaggerates IL-8 production via activation of a pro-inflammatory
EGFR cascade. The present findings suggest that components of
this signaling cascade such as IL-1alpha and EGFR could be novel
therapeutic targets for exuberant neutrophilic inflammation in CF
airways.
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