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Activation of the NADPH oxidase homolog dual oxidase 1
(DUOX1) within the airway epithelium represents a key mech-
anism of innate airway host defense, through enhanced produc-
tion of H,0,, which mediates cellular signaling pathways that
regulate the production of various inflammatory mediators.
Production of the CXC chemokine interleukin (IL)-8/CXCLS8
forms a common epithelial response to many diverse stimuli,
including bacterial and viral triggers, environmental oxidants,
and other biological mediators, suggesting the potential
involvement of a common signaling pathway that may involve
DUOX1-dependent H,O, production. Following previous
reports showing that DUOX1 is activated by extracellular ATP
and purinergic receptor stimulation, this study demonstrates
that airway epithelial IL-8 production in response to several bac-
terial stimuli involves ATP release and DUOX1 activation. ATP-
mediated DUOX1 activation resulted in the activation of
ERK1/2 and NF-kB pathways, which was associated with epider-
mal growth factor receptor (EGFR) ligand shedding by
ADAM17 (a disintegrin and metalloproteinase-17). Although
ATP-mediated ADAM17 activation and IL-8 release were not
prevented by extracellular H,O, scavenging by catalase, these
responses were attenuated by intracellular scavengers of H,O,
or related oxidants, suggesting an intracellular redox signaling
mechanism. Both ADAM17 activation and IL-8 release were
suppressed by inhibitors of EGFR/ERK1/2 signaling, which can
regulate ADAM17 activity by serine/threonine phosphoryla-
tion. Collectively, our results indicate that ATP-mediated
DUOXI1 activation represents a common response mechanism
to several environmental stimuli, involving H,0O,-dependent
EGFR/ERK activation, ADAM17 activation, and EGFR ligand
shedding, leading to amplified epithelial EGFR activation and
IL-8 production.

The respiratory tract is continuously subjected to inhaled
microorganisms and environmental pathogens that can cause
airway injury and impact on lung function, and the airway epi-
thelium that lines the respiratory tract therefore provides a
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first-line defense, by constituting a physical barrier and as a
source for various innate host defense mechanisms, including
inflammatory cytokines/chemokines and mucus proteins (1, 2).
Among the various components that include innate epithelial
host defense, tracheobronchial and alveolar epithelial cells are
capable of producing hydrogen peroxide (H,O,) in response to
cell activation, which largely originates from the NADPH oxi-
dase homolog dual oxidase 1 (DUOX1),? located primarily at
the apical surface (2-5). DUOX1-derived H,O, forms a sub-
strate for lactoperoxidase within airway secretions to facilitate
oxidation of thiocyanate (SCN™) to the highly bactericidal
hypothiocyanate (OSCN™) (3, 6). In addition to this direct host
defense mechanism, recent studies have also linked airway epi-
thelial DUOX1 to intracellular signaling pathways that are
involved in the production of various mucins, matrix metallo-
proteinase-9, and other inflammatory mediators, in response to
environmental or bacterial stimuli (7-10). Therefore, epithelial
DUOX1 appears to participate in additional host defense
actions, such as mucociliary clearance, and may contribute to
inflammatory responses and epithelial repair processes during
exogenous stress.

The respiratory epithelium is a major source of the CXC
chemokine interleukin (IL)-8/CXCL8, which plays a pivotal
role in controlling neutrophil and monocyte chemotaxis
toward sites of infection, and it may also be involved in epithe-
lial regeneration in response to injury (11). Epithelial produc-
tion of IL-8/CXCLS8 is enhanced in response to many diverse
stimuli, including bacterial and viral triggers that activate Toll-
like receptors (TLR), various environmental oxidants, and
other biological mediators such as neutrophil elastase or lipid
mediators (12—18). In many cases, IL-8 production by these
diverse stimuli was found to involve cellular oxidant produc-
tion (19-21), and extracellular oxidants such as H,O, are capa-
ble of directly promoting IL-8 production (19, 22). A central
role for cellular H,O, in airway epithelial IL-8 production in
response to various TLR ligands was recently linked to activa-
tion of DUOX1 (7, 12), although it is not yet understood how

2 The abbreviations used are: DUOX1, dual oxidase 1; ASGM1, asialo-GM1;
ADAM, a disintegrin and metalloproteinase; EGFR, epidermal growth fac-
tor receptor; ERK, extracellular signal-regulated kinase; LPS, lipopolysac-
charide; TGF-q, transforming growth factor-q; IL, interleukin; HPLC, high
pressure liquid chromatography; mAb, monoclonal antibody; PBS, phos-
phate-buffered saline; siRNA, short interfering RNA; DPI, diphenylene iodo-
nium; ELISA, enzyme-linked immunosorbent assay; GAPDH, glyceralde-
hyde-3-phosphate dehydrogenase; NS, nonspecific; TLR, Toll-like receptor;
DCFH,-DA, 2’,7'-dichlorofluorescein diacetate.
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these various diverse stimuli activate DUOX1. Activation of
DUOXI1 is known to depend on intracellular Ca®>" mobiliza-
tion, and one of the main biological mechanisms of epithelial
Ca®"* mobilization and DUOX1 activation is the activation of
P2Y purinergic receptor by ATP (6, 10). Many diverse mechan-
ical or biological stimuli, including bacterial stimuli such as
flagellin (14, 15), are known to be capable of provoking the
release of cellular ATP and activating purinergic receptor-me-
diated intracellular Ca®>* signaling (2, 6, 10). This may suggest
that cellular ATP release and activation of purinergic receptors
present a central and common pathway leading to DUOX1 acti-
vation and downstream pro-inflammatory cell signaling cas-
cades in response to various environmental and bacterial
triggers.

Epithelial production of IL-8 production is regulated by both
transcriptional and post-transcriptional mechanisms, and it
involves the activation of mitogen-activated protein kinases
and activation of the transcription factors, nuclear factor (NF)-
kB, activator protein (AP)-1, and CCAAT/enhancer-binding
protein (13, 23-26). A critical event in airway epithelial IL-8
production in response to many stimuli is the activation of
ERK1/2, associated with increased activation of the epidermal
growth factor receptor (EGFR) (12, 16, 27). In addition, EGFR
stimulation can also promote the activation of NF-«B (28). Sus-
tained EGFR activation by production of autocrine ligands such
as transforming growth factor (TGF)-«, because of the activa-
tion of sheddases such as a disintegrin and metalloproteinase 17
(ADAM17, also known as TNF-a converting enzyme) (29),
contributes to enhanced epithelial production of IL-8 and other
mediators (30, 31). Indeed, recent studies have indicated that
DUOX1 activation promotes epithelial EGER signaling by acti-
vating ADAM17 (8, 9). It has been suggested that DUOX1-
derived H,O, directly stimulates a precursor form of ADAM17
by oxidative activation of its cysteine switch at the cell surface
(8,9), although this is inconsistent with known mechanisms of
intracellular proteolytic ADAM17 processing and maturation
(32), which may be independent of the cysteine switch (33, 34).
Moreover, activation of mature ADAM17 at the cell surface is
also subject to regulation by phosphorylation and may depend
on initial EGFR/ERK activation (35-37).

In this study, we sought to determine whether ATP release
and DUOX1 activation contribute to airway epithelial IL-8 pro-
duction in response to several bacterial stimuli acting on
diverse TLR receptors. Moreover, we wished to further clarify
the mechanisms by which DUOX1 activation may be associated
with ADAM17/EGER activation in response to these diverse
stimuli. Overall, our results indicate that various TLR ligands
can promote ATP release to activate DUOX1, which contrib-
utes to IL-8 production by these stimuli. Moreover, DUOX1
participates in ATP-mediated activation of ERK1/2 and NF-«B
signaling pathways, by intracellular activation of an ADAM17-
EGEFR amplification loop.

EXPERIMENTAL PROCEDURES

Cell Culture and Treatments—Immortalized human bron-
chial epithelial (HBE1) cells were kindly provided by Drs. R. Wu
and J. Yankaskas and cultured in Ham’s F-12/Dulbecco’s mod-
ified Eagle’s medium (1:1) supplemented with insulin (5 ug/ml),
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transferrin (5 ug/ml), epidermal growth factor (10 ng/ml), dex-
amethasone (0.1 um), cholera toxin (10 ng/ml), bovine hypo-
thalamus extract (15 pg/ml), and bovine serum albumin (0.5
mg/ml) at 37 °C and 5% CO,, (38). Unless otherwise mentioned,
cells were grown to confluence in 24-well plates and starved for
24 h by reducing the concentrations of supplement to 10% or by
omitting epidermal growth factor from the growth media, prior
to experimentation. Following starvation, medium was
replaced with fresh starvation medium for 2 h, and various
pharmacological inhibitors were added 30 min before cell stim-
ulation with lipopolysaccharide (LPS from Escherichia coli; 10
pg/ml; Sigma), flagellin (from Salmonella typhimurium; 10
pg/ml; InvivoGen, San Diego), or an activating antibody against
asialo-GM1 (a-ASGM1, 1:100; Wako Chemicals, Richmond,
VA), the glycolipid receptor that mediates cell responses to
flagellin (15). For comparison, cells were stimulated with exog-
enous ATP (100 um). At various time points after stimulation,
cells or conditioned media were collected for the various assays
described below.

RNA Interference Silencing of DUOXI1 Expression—After
reaching ~80% confluence, cells were transfected with pre-de-
signed DUOX1 siRNA or nonspecific control siRNA, lacking
any significant sequence similarity to mouse, rat, or human
gene sequences (100 nvM; Ambion, Austin, TX), using Lipo-
fectamine 2000 reagent (Invitrogen) (10). After 48 h, medium
was replaced by starvation medium for an additional 24 h prior
to experimentation. Efficiency of DUOX1 silencing was con-
firmed by reverse transcription-PCR analysis of DUOX1
mRNA using the primer set 5'-GCA GGA CAT CAA CCC
TGC ACT CTC-3' and 5'-CTG CCA TCT ACC ACA CGG
AGCTGC-3".

Measurement of IL-8 Protein Levels and Gene Expression—
Upon 24 h of stimulation, medium was collected to measure
IL-8 protein levels, and cellular RNA was extracted for analysis
of IL-8 mRNA expression. IL-8 protein levels were measured
using an IL-8 ELISA kit (BD Biosciences) according to the man-
ufacturer’s manual. Total RNA was isolated using RNeasy
extraction kit (Qiagen, Valencia, CA) and reverse-transcribed
using superscript reverse transcriptase (Invitrogen). Subse-
quently, real time quantitative PCR was performed using Taq-
Man Universal PCR Master Mix (Applied Biosystems) and
primers specifically designed and validated for human IL-8 and
the housekeeping gene GAPDH. The primer set used for IL-8
amplification was 5'-CGA TGT CAT GCA TAA AGA CA-3’
and 5'-TGA ATT CTC AGC CCT CTT CAA AAA-3'. The
housekeeping gene GAPDH was amplified using the primer set
5-TTC ATT GAC CTC AAC TAC AT-3' and 5'-GAG GGG
CCATCCACA GTC TT-3'. Using a Prism 7900HT sequence
detection system (Applied Biosystems), 40 cycles of PCR were
performed using the following cycling conditions: denaturation
at 95 °C for 15 s and annealing/extension at 60 °C for 1 min. The
level of IL-8 expression was normalized to GAPDH levels, and
relative IL-8 mRNA levels were determined according to the
comparative threshold cycle (C;) method as described previ-
ously (39). In short, Cvalues were determined for all IL-8 and
GAPDH samples, after which the AC, was calculated for each
treatment by subtracting the C;. of GAPDH from that of IL-8.
Next, the AAC,-values were calculated by subtracting the AC.
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of the treated samples from the control. Finally, the AAC val-
ues were transformed into absolute values with the equation
9—AACT

Cellular H,O, Production—Production of extracellular
H,O, was monitored as described previously (10). In short, cells
were stimulated with ATP, LPS, or a-ASGM1 in Hanks’ bal-
anced salt solution for 1 h in the presence of L-tyrosine (1 mm)
and lactoperoxidase (10 ug/ml), and formation of o,0'-dity-
rosine was determined using HPLC with fluorescence detec-
tion. Production of intracellular oxidants was monitored after
cell loading with the oxidant-sensitive fluorescent probe
DCFH,-DA (Invitrogen). Cells were seeded at confluence in
96-well plates and preincubated with DCFH,-DA for 15 min,
after which media was replaced with Hanks’ buffered saline
solution, and cells were stimulated, and fluorescence was mon-
itored in a Synergy HT fluorescence plate reader (BioTek,
Winooski, VT) for up to 60 min.

Measurement of ATP Release—Cellular release of ATP
release into the medium was examined using a luciferase/lu-
ciferin bioluminescence ATP determination kit (Molecular
Probes, Eugene, OR). Upon addition of the bacterial stimuli,
medium aliquots (100 ul) were taken at different time points
and analyzed using luciferase/luciferin in a Lumat LB 9507
luminometer (Oak Ridge, TN). To confirm the presence of
ATP, cells were stimulated in the presence of apyrase (10 units/
ml). The amount of ATP released was calculated using external
ATP standards (1-500 nm).

Western Blot Analysis—For analyses of protein tyrosine
phosphorylation, or phosphorylation of ERK1/2 or IkBa, cells
were washed twice with cold PBS after stimulation and col-
lected in 100 ul of lysis buffer (50 mm Hepes, pH 7.4, 250 mm
NaCl, 10% glycerol, 1% Triton, 1.5 mm MgCl,, 1 mMm phenyl-
methylsulfonyl fluoride, 1 mm EGTA, 2 mm Naz;VO,, 10 ug/ml
aprotinin, and 10 ug/ml leupeptin) per well. Cell lysates were
kept on ice for 15 min and then collected by scraping and cen-
trifuging (14,500 rpm, 5 min) to remove cell debris. Total pro-
tein content within cell lysates was measured using the BCA
protein assay kit (Pierce), and samples containing equivalent
amounts of protein (10—15 ug) were analyzed by SDS-PAGE
and Western blotting using polyclonal antibodies (Cell Signal-
ing, Beverly, MA) against a-phosphotyrosine (4G10; 1:1000),
phosphorylated ERK (ppERK; 1:1000), total ERK1/2 (1:500),
and pIkB-a (1:500). Primary antibody binding was visualized
using horseradish-conjugated secondary antibody (Cell Signal-
ing Technology) and enhanced chemiluminescence (Pierce).

Measurement of TGF-a—HBEL1 cells were starved for 24 h
and stimulated with either ATP or a-ASGM1 for 2 h, and con-
ditioned media were collected for analysis of TGF-a protein
levels using ELISA (BD Biosciences). To avoid TGF-a binding
to EGFR, cells were in some cases pretreated with an a-EGFR
mAb (225; 4 ug/ml; Calbiochem) for 30 min prior to
stimulation.

Analysis of ADAM17 Activity—Upon starvation, cell mono-
layers were stimulated in the presence of 10 um of fluorogenic
ADAM17 Substrate II (Calbiochem) for 2 h, after which media
were collected. ADAM17 activity was analyzed using a fluores-
cence plate reader (excitation, 310 nm; emission, 400 nm) and
expressed relative to basal activity of untreated cells.
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FIGURE 1. Cellular ATP release and H,0, production by TLR-activating
stimuli. A, confluent HBE1 cells were stimulated with LPS (10 ug/ml),
a-ASGM1 (1:100), or ATP (100 um) in Hanks’ buffered saline solution contain-
ing 1 mm L-tyrosine and 10 pg/ml lactoperoxidase. H,O, production was
quantitated by HPLC analysis of dityrosine, formed due to oxidative tyrosine
cross-linking (10). CTL, control. Data (mean = S.E., n = 3) used are as follows: ¥,
p < 0.05 compared with control; #, p < 0.05 compared with the correspond-
ing stimulation in the absence of DPI (n = 3). B, HBE1 cells were stimulated
with LPS (10 wg/ml) or a-ASGM1 (1:100), and ATP release into the medium
was measured at indicated time points using a luciferase/luciferin assay. Data
are mean values of three separate experiments.

Immunohistochemical DUOX Analysis—HBE1 cells were
seeded on glass chamber slides at subconfluence, fixed with 4%
paraformaldehyde in PBS, and permeabilized with 0.2% Triton
X-100 in 1% bovine serum albumin/PBS for 20 min. After
blocking with 1% bovine serum albumin/PBS for 1 h, slides
were incubated with a-DUOX antibody (1:100 dilution; kindly
provided by Dr. Miot) for 2 h, and washed 4 —5 times with PBS.
Slides were subsequently incubated with AlexaFluor®568 goat
anti-rabbit IgG (Invitrogen; 5 ug/ml in 1% bovine serum albu-
min/PBS) for 45 min and washed 4-5 times with PBS, and
nuclei were stained with 4',6-diamidino-2-phenylindole (10
pg/ml for 15 min), washed, and mounted for analysis by confo-
cal microscopy.

Data Expression and Statistical Analysis—All experiments
were performed at least in triplicate, and data are presented as
means * S.E. Statistical analysis to compare the different treat-
ment and pro-treatment groups was performed using one-way
analysis of variance, and differences were considered significant
if p = 0.05.

RESULTS

Bacterial Stimuli Induce Cellular ATP Release and Activate
DUOXI1—We first examined whether HBE1 cell stimulation
with the TLR ligand LPS or ligation of the asialo-GM1 receptor,
which is involved in TLR5-mediated responses to bacterial
flagellin (15), resulted in enhanced extracellular H,O, produc-
tion, reflecting DUOX1 activation. As shown in Fig. 14, HBE1
cell stimulation with the DUOX1 activator ATP (6, 10) or
asialo-GM1 receptor ligation with a-ASGM1 (1:100) for 30 min
induced extracellular H,O, production. Cell stimulation with
LPS (10 pg/ml) also slightly enhanced extracellular H,O,, pro-
duction, as reported previously (40), although this did not reach
statistical significance. In each case, H,O, production was pre-
vented by pretreatment with the NADPH oxidase inhibitor
diphenylene iodonium (DPI; 1 um), suggesting the involvement
of DUOXI1 activation. DPI pretreatment also significantly
reduced basal H,O, production, indicating NADPH oxidase-
mediated H,O, production under basal conditions. Because
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FIGURE 2. ATP-mediated IL-8 expression in HBE1 cells depends on DUOX1
activation. Starved confluent HBE1 cell monolayers were stimulated with
either LPS (10 ng/ml), «-ASGM1 (1:100), or ATP (100 uwm) for 24 h, and IL-8
protein secretion was measured in the medium (A), or RNA was extracted for
analysis of IL-8 mRNA by reverse transcription-PCR (B). Cells were preincu-
bated with DUOX1 siRNA or control nonspecific (NS) siRNA for 48 h prior to
experimentation (10), and efficiency of DUOX1 silencing was evaluated by
reverse transcription-PCR (A, top panel). Data are presented as a percentage of
IL-8 protein production by unstimulated cells (A, mean = S.E, n = 4;*,p <
0.05 compared with control incubation; #, p < 0.05 compared with the corre-
sponding stimulation in the presence of NS siRNA) or relative to IL-8 mRNA
expression in unstimulated cells (B, mean of two experiments). Ct/, untrans-
fected control; Untr., untreated.

some bacterial stimuli are capable of inducing ATP release
from cells (15), we hypothesized that ATP release and puriner-
gic receptor activation might present a common mechanism of
DUOX1 activation and cell responses to diverse stimuli such as
LPS and a-ASGM1. Indeed, stimulation of the HBE1 cells with
either LPS or a-ASGM1 resulted in a rapid and transient
increase of extracellular ATP (Fig. 1B), which was abolished in
the presence of the ATPase/ADPase apyrase (10 units/ml; not
shown). Therefore, analogous to our recent studies demon-
strating ATP release and DUOX1 activation in HBE1 cells in
response to mechanical injury (10), these findings indicate that
bacterial stimuli can also promote cellular ATP release, which
subsequently may contribute to DUOX1 activation and cellular
H,O, production.

Bacterial Stimuli Induce IL-8 Expression by ATP-mediated
DUOX1 Activation—Confirming several previous reports (12,
16, 27, 41), we verified that HBE1 cell stimulation with either
LPS or a-ASGM1 resulted in increased production of IL-8 (Fig.
2 and Table 1). Moreover, stimulation with exogenous ATP also
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TABLE 1

ATP-mediated IL-8 secretion by P2Y receptor stimulation, NADPH
oxidase activation, and EGFR/ERK signaling

HBEL1 cells were stimulated with ATP (100 wm), LPS (10 pg/ml), or a-ASGM1
(1:100), and secreted IL-8 protein was measured in the media after 24 h by ELISA.
When indicated, cells were pretreated for 30 min with the NADPH oxidase inhibitor
DPI, the P2Y receptor antagonist suramin, the MEKI inhibitors U0126 and
PD98058, or the EGFR tyrosine kinase inhibitor AG1478. Data are presented as a
percentage of IL-8 production by unstimulated cells (mean * S.E.,, n = 4).

Untreated ATP LPS a-ASGM1
Control 100 = 4.4 228 = 64 238 + 45 327 = 87°
DPI (1 um) 36 = 16° 33+ 122 49+ 15° 70 + 18
Suramin (100 um) 24+ 12 34+17°  23+10° 37 = 14°
U0126 (10 um) 36 =12 28 =8 32 = 4b 38 = 9¥
PD98058 (10 M) 28 * 5 4+ 14 46+ 9 18 = 7°
AG1478 (10 um) 16 + 8¢ 17 + 8* 16 + 5% 38 + 8

“ p < 0.05 as compared with unstimulated cells.
? p < 0.05 as compared with the corresponding controls.

induced IL-8 production, albeit to a lesser extent (Fig. 24). The
increase in IL-8 secretion was in each case accompanied by an
increase in IL-8 mRNA (Fig. 2B), suggesting that these various
stimuli transcriptionally activate IL-8 expression. IL-8 produc-
tion by each of these stimuli was dramatically suppressed after
preincubation with the P2Y receptor antagonist suramin (100
um; Table 1), indicating the common involvement of ATP-de-
pendent activation of P2Y receptors (16). Analysis of dose-de-
pendent effects of ATP indicated that IL-8 production was
enhanced by as little as 3 um ATP, and responses were maximal
at 30-100 um ATP, consistent with the ability of ATP to stim-
ulate these purinoceptors. The fact that IL-8 production by
exogenous ATP was less pronounced compared with that by
LPS or a-ASGMLI is not necessarily surprising, because IL-8
production by these latter stimuli most likely involves several
concerted signaling mechanisms, some of which may be inde-
pendent of ATP. However, the dramatic inhibitory effect of
purinergic receptor blockade by suramin (Table 1) suggests
that P2Y receptor stimulation is integral to the overall induc-
tion of IL-8 by these various stimuli.

To determine whether the increased IL-8 expression by these
stimuli is associated with activation of DUOX1, we used siRNA
to silence DUOX1 expression in HBE1 cells prior to cell stim-
ulation. Consistent with our previous observations (10), trans-
fection of HBEL1 cells with DUOX1 siRNA significantly dimin-
ished DUOX1 expression (Fig. 24, top). Moreover, in contrast
to control siRNA transfection, DUOX1 siRNA-transfected
cells showed significantly less IL-8 protein (Fig. 24) and
mRNA (Fig. 2B) in response to these stimuli. Similarly, pre-
treatment with the NADPH oxidase inhibitor DPI (1 um)
also markedly suppressed IL-8 production in each case
(Table 1). Collectively, these data indicate the involvement
of ATP release and DUOX1 activation in IL-8 expression
induced by diverse bacterial stimuli.

DUOX1I Mediates IL-8 Production via Activation of EGFR,
ERK1/2, and NF-kB—Previous studies have demonstrated the
importance of the ERK1/2 in airway epithelial IL-8 production
in response to various stimuli (12, 15, 42), and epithelial IL-8
expression is also under transcriptional control of nuclear fac-
tor (NF)-«B (43, 44). The importance of ERK1/2 in IL-8 pro-
duction by ATP, LPS, or a-ASGM1 was verified by the marked
inhibition by U0126 or PD98058, two pharmacological inhibi-
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FIGURE 3. DUOX1 mediates ATP-mediated phosphorylation of ERK1/2 and IkB. Confluent starved HBE1
cells were stimulated for 10 min with either ATP (100 um), LPS (10 pg/ml), or a-ASGM1 (1:100), and harvested
for Western blot analysis of phosphorylated and total ERK1/2 (A) or phospho-I1«B (B). Where indicated, cells
were preincubated for 48 h with pre-designed DUOX1 siRNA and control siRNA (NS-siRNA) (10). Representative
blots and quantitative analysis by densitometry (n = 3) are shown. Ctr, untransfected control; Untr., untreated.
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FIGURE 4. Role of EGFR in ATP-mediated signaling. A, HBE1 were stimulated for 10 min with ATP (100 um) in
the absence or presence of the EGFR inhibitor AG1478 (10 um), and cell lysates were collected for Western blot
analysis of phosphorylated and total ERK1/2 and IkB. B, HBE1 cells were preincubated with DUOX1 siRNA and
NS siRNA and stimulated for 10 min with ATP, LPS, or a-ASGMT, as in Fig. 3, and cell lysates were analyzed for
tyrosine-phosphorylated proteins, using a-PY antibody. A representative blot of three experiments is shown.
Arrow indicates a major phosphorylated protein of 180 kDa, presumably representing EGFR. Untr., untreated.
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evaluated whether ATP as well as
LPS or a-ASGM1 promote the acti-
vation of ERK1/2 and NF-«B, and
whether this was the result of
DUOX1 activation. As shown in Fig.
3A, Western blot analysis demon-
strated significant activation of
ERK1/2 by each stimulus, which
was suppressed after cell transfec-
tion with DUOX1 siRNA but not by
control NS siRNA (Fig. 3A4). Simi-
larly, each of these stimuli also
enhanced the phosphorylation of
the NF-«B inhibitor I«B-q, illustrat-
ing their ability to activate NF-«B,
and this was again suppressed after
DUOX1 siRNA silencing (Fig. 3B).
Activation of both ERK1/2 and
NF-kB in response to several
diverse stimuli has been linked to
activation of EGFR (13, 45, 46), and
recent studies have implicated
DUOX1 in epithelial EGFR activa-
tion and IL-8 production (12, 21).
Accordingly, inhibition of EGFR
tyrosine kinase activity using
AG1478 (1 um) markedly decreased
IL-8 production induced by ATP,
LPS, or a-ASGM1 (Table 1). Simi-
larly, addition of AG1478 also sup-
pressed ATP-mediated phosphoryl-
ation of ERK1/2 and I-kBa (Fig. 4A4),
indicating the involvement of EGFR
activation in these signaling events.
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FIGURE 5. ATP-mediated DUOX1 activation promotes TGF-a shedding in
HBE1 cells. A, HBE1 cells were stimulated with either ATP or a-ASGM1 for 2 h,
in the absence or presence of a-EGFR mAb (225; 4 ug/ml), and conditioned
media were collected for analysis of TGF-«a by ELISA. B, HBE1 cells were
preincubated with NS siRNA (white bars) or DUOX1 siRNA (black bars) for
48 h and subsequently stimulated with ATP or a-ASGMT1 in the presence of
a-EGFR mAb for analysis of TGF-«. *, p < 0.05 compared with untreated
control; #, p < 0.05 compared with the corresponding stimulation in the
absence of a-EGFR mAb (A) or in the presence of NS siRNA (B, n = 4). Ctl,
untreated control.

tors of the upstream kinase MEK1 that activates ERK1/2 (Table
1). Following our recent studies showing that ATP-mediated
DUOX1 stimulation activates ERK1/2 in HBE1 cells (10), we
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Activation of EGER or related tyro-
sine kinases by these stimuli was
demonstrated more directly by Western blot analysis of tyro-
sine-phosphorylated proteins. As shown in Fig. 4B, HBE1 cell
stimulation with either ATP, LPS, or a-ASGM1 resulted in
increased phosphorylation of several proteins, including a pro-
tein of =180 kDa, most likely representing EGFR autophospho-
rylation on tyrosine residues. These increases in tyrosine phos-
phorylation were in each case attenuated after DUOX1 siRNA
silencing, but not by NS siRNA, indicating the involvement of
DUOX1 in overall protein tyrosine phosphorylation and EGFR
autophosphorylation and activation by these stimuli. Taken
together, these results indicate that ATP-mediated DUOX1
activation promotes EGFR-dependent ERK and NF-«B activa-
tion, which subsequently enhances IL-8 expression and
secretion.

ATP/DUOXI1 Activation Promotes TGF-oo Production—
Upon demonstrating an important role for EGFR in the ATP/
DUOX1-mediated IL-8 production, we assessed the potential
involvement of an EGFR ligand. Based on previous studies
implicating TGF-a in IL-8 production (12, 30), we considered
that ATP stimulation might promote TGF-a activation.
Indeed, as shown in Fig. 54, HBE1 cell stimulation with either
ATP or a-ASGM1 led to increased accumulation of TGF-« in
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FIGURE 6. ATP-mediated activation of ADAM17 by activation of DUOX1-
EGFR-ERK signaling. Confluent starved HBE1 cells were preincubated with
either NS siRNA or DUOX1 siRNA (A) or with the P2Y antagonist suramin (100
um), the MEKT inhibitor U0126 (10 wm), or inhibitors EGFR (AG1478, 10 um;
a-EGFR mADb, 4 pg/ml) for 30 min each (B), and stimulated with ATP in the
presence of a fluorogenic ADAM17 substrate (Substrate II, Calbiochem; 10
um) for up to 2 h, and media were transferred to a fluorescence microplate for
analysis of fluorescence (excitation, 310 nm; emission, 400 nm). *, p < 0.05
compared with control incubation; #, p < 0.05 compared with the corre-
sponding incubation with NS siRNA or without inhibitor (n = 4-6). Ctr, con-
trol; Untr., untreated.

the media, although this was observed only when cells were
preincubated with a neutralizing EGFR antibody. This suggests
that production of TGF-a by ATP or a-ASGM1 normally
engages in EGFR binding and activation, thereby preventing its
accumulation in the media to detectable levels. Silencing of
DUOXI1 attenuated the ATP- and a-ASGM1-induced TGF-«a
production observed in the presence of EGFR mAb (Fig. 5B),
indicating the involvement of DUOXI1 activation in ATP-in-
duced TGF-« production and EGFR activation.

DUOX1 Mediates ATP-dependent Activation of ADAMI17—
Activation of EGFR ligands such as TGF-a is commonly medi-
ated by activation of sheddases such as ADAM17, which cleave
membrane-bound forms of these ligands to promote EGFR
activation (47). We therefore evaluated whether HBE1 cell
stimulation with ATP or a-ASGMI results in activation of
ADAM17, and whether this is mediated by DUOX1 activation.
As shown in Fig. 64, both ATP and a-ASGM1 indeed resulted
in enhanced ADAM17 activity, measured by increased cleavage
of a fluorogenic ADAM17 substrate, and this was attenuated
after siRNA silencing of DUOX1 (Fig. 64) and in the presence
of the NADPH oxidase inhibitor DPI (data not shown). Thus,
our findings are consistent with previous studies indicating a
role for DUOX1 in epithelial ADAM17 activation (12, 13).

The importance of P2Y purinergic receptor stimulation in
ADAM17 activation could be demonstrated by the ability of
suramin to abolish the effects of both stimuli (Fig. 6B). Interest-
ingly, ATP-mediated ADAM17 activation was also inhibited by
blocking ERK signaling with U0126 (Fig. 6B), consistent with a
role of ERK-mediated phosphorylation in ADAM17 activation
(47, 48). Moreover, ATP-mediated ADAM17 activation was
also suppressed by the EGFR kinase inhibitor AG1478 and, to a
lesser extent, by preincubation with a-EGFR antibody (Fig. 6B),
indicating a role for EGFR in ADAM17 activation.

Role of H,0, in DUOX1-mediated ADAM17 Activation and
IL-8 Production—Based on the presence of a common “cysteine
switch” consensus motif within the prodomain of matrix met-
alloproteinases/ADAM proteases, it was recently suggested
that DUOXI1 activation promotes ADAMI17 activation by
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FIGURE 7. Effects of H,0, scavengers on ATP-mediated signaling. A and
B, confluent HBE1 cells were preincubated with catalase (2000 units/ml) or
the peroxidase mimics ebselen (10 um) or EUK134 (50 um). B, for 30 min before
stimulation with ATP for 2 hin the presence of fluorogenic ADAM17 Substrate
I for analysis of ADAM17 activity (A) or 24 h for analysis of IL-8 production by
ELISA (B). Ctl, control; Untr., untreated. *, p < 0.05 compared with control
incubation; #, p < 0.05 compared with corresponding stimulation without
antioxidant (n = 4). C, subconfluent HBE1 cells were fixed and stained with
a-DUOX (red) and 4',6-diamidino-2-phenylindole (blue) for confocal imaging.
D, HBE1 cells in 24-well plates were preloaded with DCFH,-DA (10 um; 15 min)
and washed and stimulated with ATP, and fluorescence was monitored using
a fluorescence plate reader. A typical result of three experiments is shown.

direct oxidation of the pro-ADAM17 cysteine at the cell surface
(12, 13). However, the importance of the pro-domain cysteine
switch in regulation of ADAM17 activation has recently been
questioned (34), and ADAM17 activity is also regulated by
intracellular signaling mechanisms such as EGFR/ERK-medi-
ated pathways (as indicated above) (47), which could be regu-
lated by H,O,-mediated signaling. To address the involvement
of either extracellular or intracellular H,O, in DUOXI-
dependent activation of ADAM17, we performed experiments
in the presence of catalase, which would rapidly detoxify extra-
cellular H,O,. Alternatively, cells were preincubated with two
structurally unrelated cell-permeable peroxidase/catalase
mimetics, ebselen and EUK134, to quench intracellular H,O,.
As shown in Fig. 7, addition of catalase (up to 2,000 units/ml) to
HBE1 cells failed to prevent ATP-mediated activation of
ADAM17 (Fig. 7A) and did not affect production of IL-8 (Fig.
7B). In contrast, addition of either ebselen or EUK134 signif-
icantly attenuated ATP-induced ADAM17 activation as well
as IL-8 production (Fig. 7, A and B). Similar effects of cata-
lase, ebselen, or EUK134 were observed on ADAM17 activa-
tion and/or IL-8 production in response to LPS or a-ASGM1
(data not shown). Hence, our results indicate that DUOX1-
mediated activation of ADAM17 and EGFR/ERK signaling
and production of IL-8 is primarily mediated by intracellular
H,O,. Accordingly, analysis of DUOX protein within HBE1
cells by confocal imaging revealed that DUOX is largely pres-
ent intracellularly (Fig. 7C), presumably in association with
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intracellular membrane structures of the endoplasmic retic-
ulum or Golgi. Moreover, ATP stimulation also resulted in
intracellular oxidant production, increase 2',7'-dichlo-
rofluorescein of HBE1 preloaded with DCFH,-DA, suggest-
ing intracellular production of H,O, and related oxidants
(Fig. 7D). Thus, ATP-mediated activation of intracellular
DUOX1 appears to participate in cellular signaling events
that promote ADAM17 activation and production of IL-8.

DISCUSSION

The results described in this study offer several new insights
into the functional role of the NADPH oxidase DUOX1 in epi-
thelial host defense responses. First, this study highlights a gen-
eralrole of ATP release and P2Y receptor activation in DUOX1-
dependent H,O, production in response to diverse bacterial
triggers that act on various TLR receptors (41). As demon-
strated, epithelial production of the neutrophil chemokine IL-8
in response to the TLR4 ligand LPS or activation of the glyco-
lipid receptor for bacterial flagellin, ASGM1, which associates
with TLR5 (16), involves the release of ATP and activation of
DUOXI1. Thus, in addition to recent studies indicating direct
association of TLR4 with other NADPH oxidase homologs or
MyD88-mediated phosphorylation of NOX activator proteins
in other cell types (49, 50), our studies indicate that TLR-medi-
ated activation of epithelial DUOX1 is related to release of cel-
lular ATP and P2Y receptor activation, which stimulates
DUOX1 by Ca®" -mediated signaling (6). However, the mecha-
nisms by which these triggers provoke ATP release are still
unknown (16, 51).

Second, our studies further address the mechanisms by
which P2Y receptor stimulation may lead to activation of
ADAM17-EGER signaling cascades that mediate the activation
of various host defense mechanisms, including IL-8 production
(52, 53), and establish a role for DUOX1 in this signaling path-
way. Thus, in addition to participating in innate host defense by
providing H,O, to produce antimicrobial oxidants (3), epithe-
lial DUOX1 also appears to participate in additional host
responses to infection, by mediating intracellular signaling
pathways that result in production of neutrophil chemokines
and other inflammatory mediators (7, 10).

Release of epithelial ATP in response to cell stimulation or
injury can promote a variety of epithelial responses through
activation of P2X and P2Y receptor types that are expressed on
the epithelial surface (54, 55). Although we used extracellular
ATP at up to 100 uMm to mimic these responses, which con-
siderably exceeds levels of released ATP in response to cell
stimulation with either LPS or a-ASGM1 (Fig. 1B), it is
important to note that such measurements in the bulk media
typically underestimate local concentrations of released
ATP at the cell surface that is often sufficient to activate
purinoceptors (10). Moreover, even though these concentra-
tions of exogenous ATP can activate both P2X and P2Y
receptor subtypes (54), the inhibitory effects of the P2Y-
selective antagonist suramin suggest that these responses are
due to stimulation of this receptor type. Moreover, studies in
mice deficient in P2Y,; and P2Y, purinergic receptors have
demonstrated the importance of these receptors in airway
host defense against bacterial infection (56). Furthermore,
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our previous studies (10) and recent studies by others (3, 6)
indicate that epithelial H,O, production by exogenous ATP
is primarily mediated by P2Y receptor stimulation of
DUOX1, although we cannot fully rule out the potential con-
tribution of other purinoceptors and alternative cellular
sources of H,O,. The P2Y receptors belong to the family of
G-protein-coupled receptors that mediate signaling through
intracellular Ca®>" and protein kinase C signaling (57).
Although it is not precisely understood how P2Y stimulation
activates DUOX1, both Ca®>* mobilization and protein
kinase C-activating stimuli have been shown to activate
DUOX1-dependent H,O, production in airway epithelial
cells (6, 9). Recent studies indicated that basal DUOX1 activ-
ity is suppressed by interaction with NOXA1 and that Ca**-
mobilizing stimuli promote NOXA1 dissociation from
DUOXI1, and thereby enhance its NADPH oxidase activity
(58).

In agreement with previous observations (9, 12, 13), our stud-
ies indicate that DUOX1 activation promotes the activation of
EGEFR and subsequent ERK1/2 and NF-«B signaling pathways,
both critical in mediating IL-8 expression (43, 44). Moreover,
our studies also demonstrate that DUOX1 activation contrib-
utes to the activation of ADAM17 and shedding of EGFR
ligands such as TGF-a. Although the activation of ADAM17
and TGF-a shedding may contribute to EGFR activation and
subsequent IL-8 production (12, 13), it is still unclear how
DUOX1 activation leads to ADAM17 activation, and the over-
all regulation of ADAM17 activity is still incompletely under-
stood (47). It was suggested that DUOX1 might directly medi-
ate the activation of ADAM17 at the cell surface by oxidative
disruption of the cysteine switch motif within the ADAM17
prodomain (13, 46), although direct evidence for such an oxi-
dative activation mechanisms is lacking. Moreover, this
hypothesis is also inconsistent with findings that ADAM17
maturation and proteolytic processing occur intracellularly and
do not critically depend on the prodomain cysteine switch (34).

To address the role of oxidative mechanisms in ATP-medi-
ated ADAM17 activation and subsequent IL-8 production, we
used various extracellular or cellular antioxidant strategies.
First, addition of the antioxidant enzyme catalase (up to 3,000
units/ml) completely failed to prevent DUOX1-mediated
ADAM17 activation and subsequent IL-8 production, arguing
against a role for extracellular H,O,. However, pretreatment
with the cell-permeable peroxidase mimics ebselen, and
EUK134 partially suppressed these responses, indicating the
contribution of intracellular H,O, or related oxidants in this
signaling cascade.

In accordance with recent studies indicating the critical
importance of subcellular compartmentalization of NOX-de-
rived oxidant production, and its role in EGFR activation or
NE-«B signaling (59, 60), our results suggest that DUOX1 acti-
vation not only generates extracellular H,0O, as a mechanism of
epithelial antimicrobial defense (3, 6), but it also produces
intracellular H,O, or related oxidants to mediate intracellular
signaling mechanisms involved in EGFR activation and expres-
sion of IL-8. In line with this notion, immunohistochemical
analysis of HBE1 cells revealed that DUOX1 protein is largely
detected intracellularly (Fig. 7C), consistent with studies of thy-
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rocytes indicating that the bulk of DUOX1 protein is localized
to intracellular compartments (61). Although intracellular
DUOX proteins are usually considered immature and inactive
(61), intracellular DUOX has been reported to possess some
intrinsic oxidant-producing activity (62). Accordingly, ATP
stimulation of HBE1 cells enhanced intracellular oxidant pro-
duction, as determined by 2’,7’-dichlorofluorescein fluores-
cence (Fig. 7D), indicative of intracellular DUOX1 activation.
Thus, although the innate host defense properties of airway
epithelial DUOX1 are commonly believed to depend on matu-
rated DUOXI1 protein at the cell surface (3, 6), further studies
will be required to determine the relative contribution of intra-
cellular DUOX1 in this respect.

Whereas activation of ADAM17 and EGER ligand shedding
contribute importantly to autocrine EGFR activation and sub-
sequent IL-8 production (12, 18), several reports suggest that
ligand-independent EGFR activation by various stimuli pro-
motes ADAM17-mediated shedding by ERK1/2-mediated Ser/
Thr phosphorylation of ADAM17 (36, 48, 63). Accordingly, we
observed that ATP-mediated ADAM17 activation was dramat-
ically blocked by inhibitors of ERK1/2 or EGER tyrosine kinase
activity, but not by a blocking a-EGFR antibody, thus suggest-
ing a role for ligand-independent EGFR/ERK1/2 activation in
ADAM17 activation and EGFR ligand shedding. In this regard,
various lines of evidence suggest that H,O, can enhance EGFR
activation by ligand-independent mechanisms, including oxi-
dative inactivation of protein-tyrosine phosphatases to sup-
press EGFR dephosphorylation (59) and activation of the non-
receptor tyrosine kinase c-Src, which interacts with and
phosphorylates EGFR (64 —66). Indeed, c-Src is involved in
ligand-independent activation of EGFR by several G-protein-
coupled receptors, including P2Y, purinergic receptors (67),
and mediates epithelial IL-8 production in response to pro-
tease-activated receptor stimulation (24). Therefore, we pro-
pose that DUOX1-derived intracellular H,O, mediates ATP-
dependent EGER activation by activating c-Src, analogous to its
activation by other NADPH oxidases within endosomal com-
partments, a prominent site of EGFR activation (64, 68). In
addition, observations that ADAMI17 activity may also be
directly regulated by the protein-tyrosine phosphatase PTPH1
(69) may suggest that intracellularly produced H,O, could also
more directly regulate ADAM17 activity and EGFR ligand
shedding by inactivating PTPHI.

Our collective results indicate that EGFR activation in
response to DUOX1 activation involves both ligand-dependent
and -independent mechanisms, which may be required for
amplified or prolonged EGFR activation to allow for appropri-
ate activation of transcription factors and induction of IL-8 or
other mediators (Fig. 8). Moreover, although some of these sig-
naling events may be regulated by DUOX1-derived H,O,, it
was recently reported that H,O,-mediated, ligand-independ-
ent activation of EGFR in airway epithelial cells may also
depend on intracellular oxidant generation because of
increased expression of NOX4 (70). This would tempt specula-
tion that DUOX1-mediated activation of cell signaling path-
ways might also involve indirect oxidative signaling events
because of induction and activation of NOX4. Future studies
will be necessary to specifically address the importance of these
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various oxidative signaling events in DUOX1-mediated EGFR
activation.

Because epithelial production of IL-8 forms an integral
response in innate host defense as well as repair mechanisms
in response to infection or injury, dysregulated production
of IL-8 or other mediators by inappropriate DUOX activa-
tion may adversely affect these processes and contribute to
lung disease pathology. For example, DUOX1 expression is
decreased in large airways of smokers and patients suffering
from mild or moderate chronic obstructive pulmonary dis-
ease (71), and it may be suppressed in lung cancers (72).
Conversely, DUOX1 expression can be enhanced by Th2
cytokines such as IL-13 (10, 38), which can promote
ADAM17 activation, TGF-a shedding, and subsequent epi-
thelial cell proliferation (73), and may thereby contribute to
epithelial hypertrophy and other features associated with
airway remodeling in allergic asthma.

In summary, our present results demonstrate that ATP-me-
diated activation of epithelial DUOX1 represents a general
response mechanism to diverse bacterial triggers that activate
different TLR receptors, as illustrated by enhanced IL-8 pro-
duction. Activation of epithelial DUOX1 augments pro-inflam-
matory ADAM17-TGF-a-ERK-EGFR cascades, which appears
to be initiated by H,O,-mediated, ligand-independent EGFR
activation. As such, epithelial DUOXI1 is involved in innate
immune responses in addition to direct antimicrobial extracel-
lular oxidant production.
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