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Cystic fibrosis transmembrane conductance regulator (CFTR) activity is
essential for the maintenance of airway surface liquid depth, and
therefore mucociliary clearance. Reactive oxygen species, increased
during inflammatory airway diseases, alter CFTR activity. Here, H,0,
levels in the surface liquid of normal human bronchial epithelial cultures
differentiated at the air-liquid interface were estimated, and H,0,-
mediated changes in CFTR activity were examined. In Ussing chambers,
H,0,-induced anion currents were sensitive to the CFTR inhibitors
CFTRi,h172 and GlyH-101. These currents were absent in cells from
patients with cystic fibrosis. Responses to greater than 500 oM H;0,
were transient. Cyclooxygenase inhibitors blocked the H,O, response,
as did EP1 and EP4 receptor antagonists. A multidrug-resistant protein
(MRP) inhibitor and short hairpin RNA directed against MRP4 blocked
H,0; responses. EP1 and EP4 agonists mimicked H,O, in both control
and MRP4 knockdown cells. Thus, H,O; activates the synthesis, export,
and binding of prostanoids via EP4 and, interestingly, EP1 receptors in
normal, differentiated human airway epithelial cells to activate cyclic
adenosine monophosphate pathways that in turn activate CFTR chan-
nels in the apical membrane.
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Effective airway clearance relies on the regulation of ciliary beat
frequency (CBF), adequate airway surface liquid (ASL) volume,
and correct mucus properties. Mucus hydration and thus the vis-
cosity of mucus depend, in part, on the movement of water
through the airway epithelium to the mucosal surface via the co-
ordinated activities of ion channels. An important player in this
regulation is the cystic fibrosis transmembrane conductance reg-
ulator (CFTR) that passes chloride (and other anions) while reg-
ulating the epithelial Na* channel to balance osmolarity (1).
CFTR and CBF are both regulated through increases in cyclic
adenosine monophosphate (cAMP) and protein kinase A activ-
ity (2-4). Thus, mediators that stimulate adenylyl cyclase are
expected to result in improved airway clearance by increasing
chloride secretion and CBF.
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CLINICAL RELEVANCE

This study identifies new pathways by which hydrogen per-
oxide signals in airway epithelial cells. The signaling is bene-
ficial at low hydrogen peroxide levels, but could be detrimental
at high levels. This could have implications when treating
patients with airway diseases.

Airway epithelia actively synthesize H,O, via the nicotin-
amide adenine dinucleotide phosphate-reduced (NADPH) dual
oxidases Duox1 and Duox2, as reviewed by Fischer (5), presum-
ably for the use of the lactoperoxidase host defense against
infection (6-9). Duox1 and Duox2 are regulated by cytokines
(10-12) and bacterial products (10, 13, 14) to increase H,O, syn-
thesis to high levels (10). Stimulation with interferon-y increased
H,O, synthesis levels 30-fold when measured in air-liquid inter-
face (ALI) cultures of normal human airway epithelial cells (10),
leading to 10 uM H,0, in washes used for assays. The experi-
ments presented here address ASL H,O, and show that it is
present at high concentrations.

In addition to its role in stimulating lactoperoxidase host de-
fense, H,O, may also regulate the innate defense related to muco-
ciliary clearance. In the bronchial submucosal adenocarcinoma
cell line Calu-3, CFTR activity is increased by exposure of the
airway epithelium to exogenous H,O, (15, 16). In cell lines, the
effect of H,O, on CFTR is reported to occur through increases in
transmembrane adenylyl cyclase activity and through the activa-
tion of two K* channels (15), most likely KCNQ1 and KCNN4,
which are located in the basolateral membrane. These channels
are believed to provide a driving force for apical Cl™ release (17,
18). Yet the mechanisms by which H,O, leads to the activation of
the cAMP pathway are not understood. Although both Calu-3
cells (19) and bovine tracheal epithelia (20) have been shown to
respond to isoprostanes through the activation of prostanoid
receptors, suggesting that the oxidative stress—induced formation
of isoprostanes may be a mechanism by which H,O, activates
CFTR, findings in epithelial cell lines may not adequately reflect
the processes relevant to the native human airway epithelium.

To study the H,O,-mediated activation of CFTR in primary
human airway epithelia and examine the H,O,-mediated signal-
ing cascade that leads to CFTR activation, we used redifferen-
tiated normal human bronchial epithelial (NHBE) cell cultures
and Ussing chambers to measure anion secretion in response to
exogenous H,0O,. These experiments showed that H,O, stimu-
lates cyclooxygenase (COX) and downstream autocrine prosta-
noid effects via the EP4 and EP1 receptors (the EP1 receptor
was not previously appreciated to be relevant in airway epithe-
lial cells) that depend on the activity of the multidrug-
resistant protein—4 (MRP4). A novel model of activating cAMP
production in differentiated NHBE cells is presented.
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Figure 1. Dilution assays predict airway surface liquid (ASL) [H,O,].
Normal human bronchial epithelial (NHBE) cultures were stimulated
with IFN-y for 48 hours to mimic inflammatory-related changes in dual
oxidase-2 (Duox2) activity. Apical surfaces of triplicate cultures from
two lung donors were incubated for 2 minutes with different volumes
of Dulbecco’s PBS and assayed for H,O,. Rates of H,O, production
were 3.3 + 0.2 pMoles/minute/cm? (left) and 5.0 = 0.2 pMoles/
minute/cm? (right). Plots of [H,0,] and wash volume are plotted and
are fit to dilution curves with R? > 0.98, suggesting that assays re-
flected the initial ASL H,O, levels.

MATERIALS AND METHODS
Cell Culture

Human airway epithelial cells were obtained from organ donors whose lungs
were rejected for transplant. Consent was obtained through the Life Alliance
Organ Recovery Agency of the University of Miami, according to protocols
approved by the Institutional Review Board. Epithelial cells from the lower
trachea and upper bronchi were isolated as previously described (21, 22).
Cystic fibrosis (CF) lungs were obtained from two patients undergoing lung
transplantation, with appropriate consents approved by the Institutional
Review Board. The genotypes of these lungs were AF508/R347P and
AF508/D1152H. ALI cultures were allowed to differentiate for at least 2

weeks before experimentation. All experiments were performed with date-
matched, passage-matched, and lung-matched control cultures.

Chemicals

Dulbecco’s Modified Eagle’s Medium, Ham’s nutrient F-12, and Hanks’
balanced salt solution were purchased from Gibco (Life Technologies,
Grand Island, NY). GlyH-101 was obtained from Calbiochem (San Diego,
CA). COX inhibitors and prostanoid receptor agonists and antagonists
were acquired from Cayman Chemicals (Ann Arbor, MI). All other chem-
icals, unless otherwise stated, were purchased from Sigma-Aldrich (St.
Louis, MO).

Ussing Chambers

Snapwell filters containing differentiated NHBE cells were rinsed with
Krebs-Henseleit solution (KH), and then mounted in Ussing chambers
(EasyMount Chambers; Physiologic Instruments, San Diego, CA) with
KH in apical and basolateral chambers. KH consisted of 118 mM NacCl,
25 mM NaHCOs3, 4.7 mM KCl, 1.2 mM MgSO,, 1.2 mM NaH,PO,, 1.2
mM CaCl,, and 5.5 mM glucose, pH 7.35 when gassed with 95% O,/5%
COs. Solutions were maintained at 37°C by heated water jackets, and
were continuously bubbled with a 95% 0O,/5% CO, mixture. To mon-
itor the short-circuit current (Isc), the transepithelial membrane po-
tential was clamped at 0 mV with a two-channel voltage clamp (model
VCC MC2; Physiologic Instruments), using Ag/AgCl electrodes in agar
bridges. Signals were digitized and recorded with DAQplot software
(VVI Software, College Station, PA) via a LabJack A/D converter
(LabJack Corp., Lakewood, CO). The input resistance of each filter
was measured by the application of 1-mV bipolar pulses of a 2-second
duration. After the addition of amiloride, the Isc was allowed to sta-
bilize, and then H,O, was included in the apical or basolateral perfus-
ate. Time scales were initialized at the time of mounting in the
chamber. A dose-dependent increase in Igc was observed in response
to H,O,. To explore the mechanisms responsible for this change in Igc,
cultures were incubated with pharmacological agents for 20-50 minutes
before and during exposure to H,O,.

Figure 2. H,0, stimulates apical anion secretion by primary
NHBE cells cultured at the air-liquid interface (ALI). Fully dif-
ferentiated NHBE cells were mounted in Ussing chambers in

Krebs-Henseleit (KH) buffer and stimulated with H,O, in either
the apical (a—) or basolateral (BL) (d) chamber. High con-
centrations (1 mM) resulted in a transient increase in the
short-circuit current (Isc) (a, solid trace), whereas lower con-
centrations resulted in a sustained increase in lsc (a, dashed
trace, and c). (b) Peak Isc increased with increasing apical
[H20,] to T mM. Sustained Isc (at 4 minutes) revealed a bell-
shaped curve. (d) Peak lsc increased less when H,O, was
added to the BL compartment. All experiments contained 10
wM amiloride in the apical chamber. All values represent
means = SEMs (n = 3-20 lung donors per point).
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Data Analysis

The maximum change in Igc after stimulation was normalized to baseline
values obtained after the addition of amiloride and the other inhibitors
used. Replicate cultures from each lung donor and then all donors were
averaged to give mean values for the maximum. Sustained Isc was mea-
sured 4 minutes after the addition of H,O,. When multiple treatments
were compared, changes were expressed as a fraction of date-matched and
lung-matched control samples. Mean values were compared by one-way
ANOVA, and if significant differences were obtained, mean values were
then compared by the Tukey-Kramer honestly significant difference test.
If the means were not normal, the Wilcoxon test was used (JMP Software;
SAS, Cary, NC). ECs, values were calculated according to the nonlinear
regression fit of the log of agonist concentrations versus Algc responses.

RESULTS

H,0, Accumulates in ASL

We previously showed that IFN-y—stimulated NHBE cells cul-
tured at the ALI produced high levels of H,O,, at up to 5-10
M in apical washes used for assay (10). Thus, much higher
concentrations exist in the ASL before washes were used to
collect samples (dilution). To assess whether the volume of
the apical washes influenced the [H,O,] detected and whether
assay values could be extrapolated to ASL concentrations, trip-
licate ALI cultures on 12-mm culture inserts from two individ-
ual lung donors were washed with four different volumes of
PBS and assayed for H,O, (detailed methods are provided in
the online supplement). The [H,O,] detected decreased with
higher wash volumes, almost perfectly fitting a dilution curve
(Figure 1). Therefore, the assays directly reflect the initial
[H,0,] in ASL. On NHBE cells cultured at the ALI, the ASL
is reported to be approximately 12 wm deep (23), corresponding
to a surface volume of approximately 6 pl, because of the me-
niscus at the edge of the culture surface (24). Using 6 pl as
a total volume of the apical compartment, the data predict that
the ASL [H,0;] for these donors would be 32 and 64 uM. The
extrapolation of single-volume assays from IFN-y—treated cul-
tures of other lung donors showed values as high as 150 pM.
Thus, H,O, accumulates to levels substantially higher than
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those generally believed to be present in viable cell cultures
as well as in tissues, and could exert a variety of effects not
previously appreciated.

Effect of H,O, on I

CFTR-mediated epithelial anion secretion has been shown to occur
in response to exogenous H,O, in several cell lines used as models of
airway epithelia (15, 16, 25). To clarify the effects of different
amounts of [H,O,] on anion secretion by cells most closely resem-
bling the native human airway epithelium (26) and to study the
mechanism of H,O, actions, NHBE cultures fully differentiated at
the ALI were mounted in Ussing chambers and exposed to increas-
ing concentrations of either apically or basolaterally added H,O,. In
KH buffer, the initial transepithelial voltage and resistance were
=73 = 05 mV (mean = SEM, n = 459 cultures from 50 lung
donors) and 806 *+ 64 Q/cm? (mean + SEM, n = 395 cultures from
32 lung donors), respectively. After clamping to 0 mV, treatment
with 10 pM amiloride (epithelial sodium channel blocker) de-
creased the basal Isc from 10.7 = 04 pA/em? to 7.8 = 03 pA
(mean = SEM, n = 219 cultures from 40 lung donors, P < 0.05).
Apical exposure to H,O, resulted in an increased, outward Isc
that was amiloride-insensitive. Thus, all further experiments were
performed in the presence of 10 uM amiloride to block epithelial
sodium channel. Both the amplitude and duration of the Isc in-
crease were dependent on the [H,O,] (Figure 2). At high H,O,
concentrations (> 500 uM), the change in Isc (Alsc) was transient,
whereas Algc was sustained for longer periods (> 20 min) at lower
H,0, concentrations (Figure 2a). As H,O, concentrations in-
creased, the peak Isc amplitude increased (Figure 2b), whereas
the plateau of sustained Algc (4 min after H,O, addition) was
maximal at around 100 uM H,O, (Figure 2c), suggesting that
H,0, stimulated peak Isc in a concentration-dependent manner.
On the other hand, a plateau was only sustained at lower, possibly
more physiological [H,O,], whereas higher concentrations
returned to baseline by 4 minutes. Treatment with catalase com-
pletely blocked the H,O, responses (data not shown).
Basolateral stimulation with H,O,, which was also sensitive
to CFTR inhibitors, required higher concentrations to induce

Figure 3. Functional cystic fibrosis transmembrane con-
ductance regulator (CFTR) is needed for H,O,-induced
Alsc. NHBE cells, fully differentiated at the ALI, were
mounted in Ussing chambers, and treated apically with
amiloride, followed by either apical 4,4'-dinitrostilbene-
2,2'-disulfonic acid (100 wM, n = 4 cultures from three
lung donors), apical CFTRnp-172 (5 uM, n = 5 cultures
from four lung donors), or apical GlyH-101 (10 pM, n =8
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cultures from seven lung donors), and then stimulation
with either 1T mM or 50 uM H;O; in the apical compart-
ment. (a) CFTRi,x-172 and GlyH-101 significantly blocked
the H,05-induced Alsc at T mM. CFTRjyp-172 (5 uM, n =
8 cultures from five lung donors) and GlyH-101 (10 uM,
n = 3 lung donors) also blocked responses at 50 uM (a).
(b) A representative trace with CFTRi,n-172 (5 nM, solid
line) and control trace (dotted line) at T mM H,O,. Fully
differentiated cystic fibrosis bronchial epithelial (CFBE) cul-
ture did not increase Isc after apical 1 mM H,0, treatment
(¢, bottom trace in gray). (c) CFBE not treated with H,O,
(top trace). (d) A representative trace with GlyH-101 (10
wM, solid line) and a control trace (dotted line) at 1T mM
H,0,. Values represent means = SEMs. *P < 0.05.
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similar increases in Isc when compared with apical H,O, stim-
ulation (compare Figure 2b with Figure 2d), suggesting a differ-
ence in H,O, action at the apical membrane versus the
basolateral membrane. The addition of 1 mM H,0, to the api-
cal surface induced a transient Algc, whereas the addition of the
same H,O, concentration to the basolateral side induced a sus-
tained Algc with an amplitude greater than the highest mean
sustained response obtained with any apical [H,O,]. Eliciting
a transient Al using basolateral H,O, required a concentration
greater than 2 mM (not shown).

Because lower [H,0;] did not show a transient Isc response,
the consumption of H,O, was probably not responsible for the
transient responses at high concentrations. To confirm this,
buffer in the apical chamber was assayed for H,O,, and more
than 70% remained after the return of Igc to baseline. This was
also confirmed by the transfer of the apical buffer to a new
culture in a separate chamber that responded by increasing
Isc as expected for the measured [H,O,] (see Figure E1 in the
online supplement). In addition, after stimulation with lower
[H,0,] (< 300 nM) followed by exchange to fresh KH, cultures
responded to a second H,O, treatment, although with some
degree of attenuation. Higher [H,O,] (> 500 pM) greatly di-
minished or completely obliterated any response subsequent to
the first stimulation (data not shown). Thus, high [H,O,]
appeared to alter a component needed for anion transport.

Together, these data differed from those in previous reports
using cell lines, in that high H,O, concentrations in primary,
fully differentiated human airway epithelial cells led to transient
changes in H,O,-induced CFTR anion conductance (15, 16),
similar to the results of Dazy and colleagues (25) using hydroxyl
radicals. To assess the role of the hydroxyl radical, cultures were
pretreated with deferoxamine and stimulated with H,O, in
the presence of deferoxamine. No reduction was evident in
transient peak amplitude, suggesting that hydroxyl radicals
were not responsible for the observed Isc changes (data not
shown).

Pretreatment or posttreatment with apical 5 pM CFTR;,,-172
or 10 uM GlyH-101 drastically attenuated the H,O,-induced
responses, whereas apical 100 uM 4.,4'-dinitrostilbene-2,2’-disul-
fonic acid (inhibitor of Cl~ channels other than CFTR in intact
cells, including calcium-activated chloride channels) exerted no
effect (Figure 3). These results suggest that the response to H,O,
depended on CFTR and not another Cl™ channel. This was con-
firmed by an examination of CF bronchial epithelial cell cultures
that demonstrated no increase in the H,O,-induced Isc, confirm-
ing that the responses were attributable to the stimulation of
CFTR activity and not other Cl~ channels (Figure 3c). The sus-
tained Igc responses seen at lower concentrations of H,O, were
identically sensitive to CFTR;,,-172 and GlyH-101, suggesting
that the lower [H,O,] seen in cell cultures (Figure 1) also induced
CFTR-dependent Isc changes (50 M H,0,; Figure 3a).

Role of COX in Hydrogen Peroxide Stimulation of Isc

Previous studies showed that isoprostanoids, formed by non-
enzymatic peroxidation, activated the Cl~ secretion response in
bovine tracheal epithelial cultures and Calu-3 cells (19, 20). In
contrast, we found that H,O, stimulated COX activity, resulting
in prostanoid formation, as previously described in other cells
(27). COX inhibitors were examined for their ability to block
H,0,-induced Algc. The COX-1 inhibitor SC-560 (0.5 uM) and
the specific COX-2 inhibitor ns398 (20 pM) blocked H,0,
responses (Figure 4). Although SC-560 is highly selective for
COX-1 in cell-free assays, it has been shown to lack specificity
relative to COX-2 when used with intact cells (28). Thus, the
data support the idea that COX-2 and perhaps COX-1 activity
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Figure 4. H,0O; activation of cyclooxygenase (COX) contributes to an-
ion secretion. Fully differentiated NHBE cultures were mounted in
Ussing chambers and treated with amiloride, followed by either the
COX-1 inhibitor SC-560 (500 nM, n = 9 cultures from seven donors,
a) or the COX-2 inhibitor ns398 (20 wM, n = 8 cultures from eight
donors, b) in the apical and BL compartments, and then stimulated
with 1T mM H,0, apically. Representative Isc traces show inhibitor-
treated (solid) and control (ctrl; dotted) cultures. Addition of the COX
inhibitors SC-560 and ns398 blocked the H,O, response. Values rep-
resent means *= SEMs. *P < 0.05.

is required, and that an autocrine prostanoid pathway is in-
volved in the effects of H,O, in fully differentiated NHBE cells.
Because the specific inhibitor for COX-2 (ns398) blocked virtu-
ally all of the response, these results were also in contrast with
previous reports using the Calu-3 cell line and showing that
COX-1 was primarily responsible for the effects of HO, (29).
To confirm a role for prostanoid signaling and to assess which
prostanoid receptor may be mediating the effect, receptor
antagonists were used (Figure 5a). The EP1 prostanoid receptor
antagonist SC-19220 (20 wM) inhibited approximately 75% of
the H,O, response, whereas the EP4 antagonist AH23848 (10
nM) blocked a larger fraction. Antagonists of other prostanoid
receptors did not significantly block the H,O, response, namely,
DP1 antagonist MK-0524 (5 nM), TP antagonist BM-567 (25
nM), IP antagonist Cay-10449 (30 nM), and FP antagonist
AL-8810 (3 wM). Interestingly, the specific DP2 antagonist,
Cay-10471 (10 nM), stimulated H,O, responses nearly twofold
(data not shown), suggesting a complex regulation of prostanoid
pathways in response to H,O,. To further confirm the role of
EP1 and EP4 in the H,O, stimulation of CFTR activity, the
EP1 agonist 17-phenyl trinor prostaglandin E, (PGE,) (30) or
the EP4 agonist Cay-10598 (31) was used to stimulate NHBE
cultures. Examples of traces are shown in Figure E2. Dose-
response curves showed ECsq values (Figures S5b and Sc) within
the published ranges used for stimulation by 17 phenyl trinor
PGE, (87 nM) (32-35) and Cay-10598 (61 nM) (36). Stimulation
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by either agonist was blocked by CFTR;,,-172 (not shown).
Higher concentrations of 17 phenyl trinor PGE, further stimu-
lated anion currents with an apparent ECsj in the low micromo-
lar range, suggesting that this compound also stimulated other
receptors present in NHBE cells with a lower affinity. Based on
the relative responses to the EP1 and EP4 antagonists, stimula-
tion of the EP4 receptors apparently leads to larger changes in
anion current compared with the stimulation of EP1 receptors,
reflecting the relative inhibition of the H,O, response by antag-
onists.

Because a role for EP1 has not been previously described in
bronchial epithelia, because the EP4 antagonist inhibited a larger
fraction of H,O, stimulation, and because 17 phenyl trinor
PGE; is not highly specific for EP1, the potency of the highly
specific EP1 antagonist (SC-51322) on H,O, stimulation was
measured. SC-51322 partly blocked the H,O,-stimulated Igc,
with an apparent ICsy of 50 nM (Figure 5d), comparable to
published values (37, 38), further supporting that EP1 contrib-
utes to the H,O, response.

Western blots were used to confirm the expression of EP4
(Figure 5e) and EP1 (Figure 5f) protein in multiple lung donors.
A single band corresponding to the expected EP4 molecular
mass was evident. Comparison of the EP4 signal to actin sug-
gested that different levels of EP4 were expressed in three lung
donors (Figure E4). EP1 antibodies showed two immunoreac-
tive bands, one at the expected size of approximately 42 kD,
and a second, smaller species of approximately 34 kD, possibly
representing a proteolytic fragment, because no smaller splice
variants have been reported. The relative amounts of the two
species varied between lung donors, and the lower band was the

1

Figure 5. Role of prostanoid signaling in H,O,-induced
Isc responses. Fully differentiated NHBE cultures were
mounted in Ussing chambers and treated with amiloride,
followed by receptor agonists and/or antagonists in the
apical and basolateral (BL) compartments (see REesuLTs
for target receptors and concentrations used), and then
stimulation with 1T mM H,O,. (a) The addition of EP1
(8C-19220) and EP4 (AH23848) antagonists blocked the
H,0, response (n = 4-9 lung donors). *P < 0.05, com-
pared with matched control samples. See the text for
details of other antagonists. (b) Responses to 17-phenyl
trinor prostaglandin E, (PGE;) (17-ptPGE; an EP1 agonist)
predict an ECso value of 87 nM. (c) Responses to Cay-
10598 (an EP4 agonist) predict an ECsq of 61 nM. For
b and ¢, each point represents the means = SEM (n =
4-11 lung donors). (d) SC-51322 (an EP1 antagonist)
partly inhibited the H,O,-stimulated Isc, with an ICsq of
50 nM (95% confidence limit = = 2 nM, n = 3-8 lung
donors each point). A Western blot of NHBE from three
lung donors with anti-EP4 antibodies (e) and a Western
blot of NHBE from two lung donors and of Calu-3 cells
with anti-EP1 antibodies (f) showed the expression of
bands at expected molecular sizes. EP1 antibody antigenic
peptide blocked the labeling of EP1 bands, including the
lower molecular mass band that is predominant in Calu-3
cells and less abundant in NHBE cultures.

+peptide
2 Calu

only form visible in the Calu-3 cell line that has been used by
others to study H,O,-stimulated anion currents. The preincubation
of antibody with the antigenic peptide showed that both forms
were specifically recognized by the antibodies. Thus, the data
demonstrated that both the EP1 and EP4 receptors are present
in NHBE cells and activate CFTR.

Prostanoid release from cells required for receptor activation
can occur in other cells through MRP4 (39). MKS571, a broad-
specificity inhibitor of MRPs, blocked the H,O,-induced release
of PGE, (Figure E3b) and blocked H,O,-stimulated Algc
changes (Figure 6a) when used at 20 M, suggesting that
MRP4 may play an important role. Conversely, MK571 at 1
wM, which is also a cysteinyl leukotriene antagonist at low con-
centrations (K; < 2 nM), exerted no effect (not shown), suggest-
ing that its activity as a cysteinyl leukotriene antagonist was not
responsible for the observed effect. MKS571 also blocked
responses to lower concentrations of H,O, (data not shown).
Quantitative PCR showed that, compared with glyceraldehyde
3—phosphate dehydrogenase, MRP4 is expressed in these differ-
entiated NHBE cells cultured at the ALI at a level in the same
range as CFTR (Figure 6b). To confirm the role of MRP4 in
H,0,-induced CFTR activation, undifferentiated NHBE cul-
tures were infected with a lentivirus expressing short hairpin
RNA (shRNA) directed at MRP4 (see the online supplement
for lentivirus methods). After redifferentiation, H,O,-stimulated
anion secretion was reduced (Figure 6¢) by an amount equiva-
lent to the reduction of MRP4 mRNA expression as assessed by
quantitative PCR (Figure 6d). Because MRP4 has been shown
to interact with CFTR in mouse intestinal epithelia (40), MRP4
knockdown cultures were stimulated with forskolin or EP4
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Figure 6. Multidrug-resistant protein—4 (MRP4) mediates the export of
prostanoids. (a) Fully differentiated NHBE cultures were mounted in
Ussing chambers and treated with amiloride, followed by 20 pM
MK571, an inhibitor of MRP transporters, and stimulated with T mM
H,0,. MK571 significantly inhibited H,O, responses (n = 4 cultures
from four lung donors, P < 0.05). (b) To confirm that MRP4 is
expressed in differentiated NHBE cells, RNA from three lung donors
was assessed for CFTR and MRP4 mRNA expression by TagMan assays.
MRP4 was expressed at a level similar to that of CFTR. (c) Differentiated
NHBE cultures infected with either MRP4 or nontargeted (NT) short
hairpin RNA (shRNA) expressing lentiviruses were assayed for their Isc
response to H,O,, forskolin, and Cay-10598 (an EP4 agonist). Cells
infected with MRP4 shRNA lentivirus showed a large reduction of re-
sponse to H,O,, whereas the responses to forskolin and Cay-10598
were reduced to lesser degree and were statistically significantly differ-
ent, compared with H,O, (all P < 0.05, compared with NT; n = 4-8
cultures from 4-5 lung donors). (d) Quantitative PCR of nontargeted
(NT) and MRP4 shRNA (KD)-expressing cells showed a reduction in
MRP4 mRNA (n = 5 cultures from four lung donors, P < 0.05), equiv-
alent to the reduction of H,O, response seen in c. Values represent
means * SEMs. *P < 0.05. (e) Western blot analyses of three lung
donors demonstrated a single species migrating at the expected
MRP4 molecular mass. Comparison with actin suggested variation in
MRP4 expression between donors.

agonists to confirm the signaling pathways that activate CFTR
remained intact (Figure 6c¢). Although both forskolin-stimulated
Isc and EP4 agonist-stimulated Isc were reduced compared
with nontargeting shRNA controls, the responses were significantly

different from those with H,O, treatment, and clearly showed
that the prostanoid signaling pathway was intact (Figure 6c).
Western blot analysis confirmed the expression of the MRP4 pro-
tein in NHBE cultures from three lung donors (Figure 6e), and
a comparison with actin content suggested variable expression
levels between individual donors.

The H,0;-induced release of PGE, was confirmed by mea-
suring PGE, levels (see the online supplement for PGE, assay
methods) before and after the exposure of NHBE cells to 300
M H,O, (Figure E3). H,O, induced a significant increase in
the release of PGE, (Figure E3a). This increase was inhibited
by the COX-2 inhibitor ns398, as well as the MRP inhibitor
MKS571 (Figure E3b).

Western blots demonstrated that EP1, EP4, and MRP4 were
expressed in redifferentiated NHBE cells, but that different
amounts of these proteins were expressed in different donor cul-
tures when normalized to actin. Because different individual lung
donor cultures also showed variability in the magnitude of the Isc
response to H,O,, the relative amounts of EP1, EP4, MRP4, and
CFTR expression could be responsible for these differences.
Triplicate cultures of fully differentiated NHBE cultures from
five lung donors were assayed for Igc changes in response to
H,0,, and then individual donor cultures were pooled and
extracted for protein and mRNA. EP4 and MRP4 expressions
were assessed using both quantitative PCR and Western blots
(Figure E4). CFTR and EP1 expression levels were measured
only by quantitative PCR (Figures E4e and E4f) because the
EP1 receptor is present in two forms (Figure 5), and levels of
CFTR in NHBE cells require immunoprecipitation to concen-
trate the protein (thus Western blots cannot be used for quanti-
tative comparisons). EP4 mRNA and protein levels, as well as
EP1 mRNA, showed no correlation with the Isc. Higher MRP4
(protein in particular) and CFTR expression appeared to corre-
late with higher H,O,-stimulated anion currents (Figures E4a,
E4b, and E4f), suggesting that levels of EP1 and EP4 were not
limiting. On the other hand, CFTR and MRP4 levels may explain
the variations seen between donor cultures.

DISCUSSION

The data presented here support a novel mechanistic pathway in
fully differentiated airway epithelia by which H,O, stimulates
CFTR channel activity via prostanoid synthesis, followed by re-
lease through MRP4 and the activation of EP1 and EP4 receptors,
in turn activating CFTR (Figure 7). Several new findings on the
H,0,-mediated activation of CFTR are presented in this study,
namely, the importance of MRP4 in H,O,-induced Isc increases,
the recognition that MRP4 and CFTR seem to comprise the rate-
limiting steps in this activation cascade, and the finding that EP1
receptors play a definitive role, because this receptor was not
previously described in airway epithelial cells. Finally, we not only
show that H,O, is present in ASL at higher levels than previously
thought and that H,O, can increase CFTR activity at these con-
centrations, but also that H,O, inhibits CFTR after a period of
time at high concentrations. This inhibitory effect will likely be
deleterious for ASL volume and thus mucociliary clearance.
The topic of H,0O;-induced CFTR activation is highly rele-
vant to innate airway host defense. The regulation of ASL vol-
ume is a key element in control of mucociliary clearance.
A deficit in ASL volume contributes to the pathogenesis of
CF (41), and increased ASL volumes increase mucociliary clear-
ance (42, 43). ASL volume is controlled in part by anion secre-
tion and the corresponding movement of Na® and K* to and
from the mucosal surface (1, 44). CFTR channel activity is es-
sential for the regulation of this process. Therefore, the
concentration-dependent effects of H,O, on CFTR activity will
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Figure 7. Model for H,O, activation of anion secretion by airway epi-
thelia. H,O, is proposed to activate cyclooxygenase (COX) to synthe-
size prostanoids (PG). After release from the cell via MRP4 (MRP), that
is, the first rate-limiting step (bold outline), prostanoids activate their
G-protein receptors (Pr R) and signal to adenylyl cyclase to activate the
cyclic adenosine monophosphate (cAMP) pathway leading to in-
creased CFTR activity, the second rate-limiting step (bold outline),
and increased mucociliary clearance (MCC).

lead to increased ASL and increased mucociliary clearance at
low H,0O, concentrations. High H,O, concentrations only tran-
siently increase CFTR activity and then block CI™ exit through
CFTR, a situation that could be detrimental for mucociliary
clearance and lead to a CF-like airway phenotype.

Previous studies examined the effects of H,O, on anion se-
cretion in the airway cell lines Calu-3 (15, 16) and 16HBE140—,
and in human nasal epithelia (25). These reports variously
showed [H,O,]-dependent sustained responses in Calu-3 cells
(15) or transient changes in Calu-3 cells, I6HBE140— cells, and
human nasal epithelial cells (16, 25), although the responses in
human nasal epithelial cells were ascribed to the effects of hy-
droxyl radicals (25). NHBE cells, redifferentiated at the ALI,
display both sustained and transient responses in an [H,O;]-
dependent fashion. However, hydroxyl radicals did not appear
to play a role in the effects of H;O, on NHBE cells. Further-
more, isoprostanes have been reported to stimulate CFTR ac-
tivity in cell lines (19), but the inhibition of H,O,-induced
CFTR currents by COX inhibitors in NHBE cells suggests that
isoprostanes, which are directly generated by H,O, exposure,
were not responsible for the observed effects in fully differen-
tiated airway epithelial cells.

We propose a novel role for MRP4 in H,O,-induced CFTR
activation. MRP4 was previously suggested to transport cAMP,
and a decrease in MRP4 activity was suggested to lead to an
increase in CFTR activity, attributable to the increased avail-
ability of cAMP (40). In our NHBE cells, however, MRP4
down-regulation via shRNA did not lead to a higher, forskolin-
stimulated CFTR response. Instead, forskolin stimulation was
reduced. Because MRP4 can interact with CFTR (40), these
results may have been a consequence of disrupting the CFTR
interactome (45, 46). However, low levels of CFTR expression
in fully differentiated NHBE cells prevented the reproducible
confirmation that MRP4-CFTR interactions occurred.

Duox actively produces H,O; in response to increased intra-
cellular [Ca®*] (8, 47). At lower concentrations, the H,O, stim-
ulation of CFTR to increase mucociliary clearance occurs
concomitantly with increases in CBF (2) through Ca*-mediated
and cAMP-mediated stimulation. In addition, mucins are also
likely secreted through a Ca®>"-mediated mechanism (48). It is
interesting to speculate that H,O, production by epithelial cells
contributes to the normal ASL volume increases that accompany
the Ca*"-mediated stimulation of CBF and mucin secretions in
the airways. Conversely, when H,O, is chronically elevated to
high levels, as seen in various airway pathologies (49), the effects
of H,O, may be deleterious to mucociliary clearance through
CFTR inhibition.

In conclusion, our experiments suggest a novel model for
H,O,-stimulated CFTR activity that operates through the activa-
tion of COX to synthesize prostanoids, which in turn are released
from the cell through MRP4 and bind to their cognate receptors,
including EP1 and EP4. Prostanoid receptor-mediated intracel-
lular signaling then activates adenylyl cyclases to increase cAMP
levels, and in turn increase CFTR channel activity.
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