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Abstract

Cigarette smoking causes acquired cystic fibrosis transmembrane
conductance regulator (CFTR) dysfunction and is associated

with delayed mucociliary clearance and chronic bronchitis.
Roflumilast is a clinically approved phosphodiesterase 4 inhibitor
that improves lung function in patients with chronic bronchitis. We
hypothesized that its therapeutic benefit was related in part to
activation of CFTR. Primary human bronchial epithelial (HBE)
cells, Calu-3, and T84 monolayers were exposed to whole cigarette
smoke (WCS) or air with or without roflumilast treatment. CFTR-
dependent ion transport was measured in modified Ussing
chambers. Airway surface liquid (ASL) was determined by confocal
microscopy. Intestinal fluid secretion of ligated murine intestine
was monitored ex vivo. Roflumilast activated CFTR-dependent
anion transport in normal HBE cells with a half maximal effective
concentration of 2.9 nM. Roflumilast partially restored CFTR
activity in WCS-exposed HBE cells (5.3 * 1.1 pA/cm® vs. 1.2 *
0.2 wA/cm?® [control]; P < 0.05) and was additive with ivacaftor,
a specific CFTR potentiator approved for the treatment of CF.
Roflumilast improved the depleted ASL depth of HBE monolayers
exposed to WCS (9.0 = 3.1 pmvs. 5.6 = 2.0 wm [control]; P < 0.05),
achieving 79% of that observed in air controls. CFTR activation by
roflumilast also induced CFTR-dependent fluid secretion in murine
intestine, increasing the wet:dry ratio and the diameter of ligated

murine segments. Roflumilast activates CFTR-mediated anion
transport in airway and intestinal epithelia via a cyclic adenosine
monophosphate-dependent pathway and partially reverses the
deleterious effects of WCS, resulting in augmented ASL depth.
Roflumilast may benefit patients with chronic obstructive
pulmonary disease with chronic bronchitis by activating CFTR,
which may also underlie noninfectious diarrhea caused by
roflumilast.
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Clinical Relevance

Roflumilast activates cystic fibrosis transmembrane
conductance regulator (CFTR) by elevating cAMP levels and
mitigates acquired CFTR dysfunction caused by cigarette
smoke, providing a potential mechanism by which it confers
therapeutic benefit among patients with chronic obstructive
pulmonary disease and chronic bronchitis. Roflumilast also
activates CFTR in intestinal epithelia, which may contribute to
noninfectious diarrhea, a known side effect of the drug.
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Chronic obstructive pulmonary disease
(COPD) is the third leading cause of death
in the United States and shares many
pathologic features with cystic fibrosis (CF)
airway disease (1, 2). This is particularly
true for individuals who exhibit chronic
bronchitis, which occurs in the majority of
individuals with COPD (3). CF is caused
by defects in the CF transmembrane
conductance regulator (CFTR), a cyclic
adenosine monophosphate (cAMP)-
regulated anion transporter expressed on
the apical surface of epithelial cells in
multiple tissues, including the lung and
intestine (4). Due to the absence of
functional CFTR in patients with CF,
airway surface liquid (ASL) depletion
results (5), contributing to delayed
mucociliary clearance (MCC), bacterial
colonization, and respiratory decline (4).
Patients with COPD also exhibit delayed
MCC and mucus retention, which are
independently associated with increased
mortality (6) and accelerated disease
progression (7).

Recently, a number of laboratories have
shown that acquired CFTR dysfunction may
cause delayed MCC even in the absence
of congenital CFTR mutations (2, 8, 9).
Cigarette smoke has been shown to reduce
CFTR expression (9), to increase CFTR
internalization (10), and to disrupt CFTR
ion channel function in airway epithelial
monolayers (9). Cigarette smoke also
acutely decreases CFTR activity in the nasal
airway, inducing rapid cellular
internalization (10). The net effect is
severely reduced CFTR-mediated fluid
transport, depletion of the ASL, and
delayed MCC (2). Clinical studies using
nasal potential difference show that
cigarette smoking is associated with
reduced CFTR activity in healthy smokers
and in smokers with COPD even in the
absence of CFTR mutations (2, 8), a finding
recapitulated in the lower airway (11).
Reduced CFTR function in the nose and
lung were also associated with chronic
bronchitis (2, 11), suggesting that CFTR
could represent a potential therapeutic
target.

Cyclic nucleotide phosphodiesterase
(PDE) inhibitors increase cellular cAMP
and/or cyclic guanosine monophosphate
(12). The cAMP-selective PDE4 family
is a major isoform found in respiratory
epithelia and in resident immune cells of
the lung (13, 14). Roflumilast is a PDE4-
selective inhibitor that improves lung
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function and the number of pulmonary
exacerbations in patients with COPD,
although this effect is seen only in patients
with chronic bronchitis and frequent
exacerbations (15). Why roflumilast
improves this specific patient subphenotype
remains unknown, and its effect on ion
transport has not been characterized. Given
that PDE inhibitors are known to strongly
increase the chloride transport activity of
CFTR (16), which would be expected to
augment MCC, we hypothesized that
roflumilast may ameliorate acquired CFTR
dysfunction by inducing protein kinase
(PK)A-mediated CFTR phosphorylation
of residual CFTR, augmenting epithelial
function in individuals with chronic
bronchitis. CFTR-dependent fluid secretion
could also be the basis of noninfectious
diarrhea commonly associated with
roflumilast treatment (17). Using epithelial
monolayers and murine tissues, we
determined the effects of roflumilast after
whole cigarette smoke (WCS) exposure.
Our studies demonstrate that roflumilast
activates CFTR-dependent chloride
secretion and abrogates the deleterious
effects caused by WCS while contributing
to gastrointestinal fluid secretion in

a CFTR-dependent fashion. These results
suggest that roflumilast confers clinical
benefit in patients with COPD by activating
CFTR and reiterate the importance of

this pathway in COPD therapeutics.

Materials and Methods

Procurement and Growth of

Epithelial Cells

The use of primary human bronchial
epithelial (HBE) cells and tissues was
approved by the Institutional Review Board.
HBE cells were obtained from lung explants
and garnered from normal donors and
were confirmed to lack CFTR mutations
(2, 18, 19). First- or second-passage cells
were grown until terminally differentiated
(2, 18, 19). Calu-3 and T84 monolayers
were grown at the air-liquid interface (16).

WCS Exposure

Cells were subjected to 3R4F (University
of Kentucky) WCS exposure levels via an
inExpose cigarette pump system (Scireq-
USA, Tempe, AZ) at 3 L/min using
flexiWare6 (Scireq-USA) software.
Machined containers were used to expose
monolayers to WCS for 10 for 30 minutes.

Air control monolayers were placed in
a clean air current chamber replica.

Voltage Clamp Studies in

Ussing Chambers

Short-circuit current (Isc) was measured
under voltage clamp conditions using
MCS8 voltage clamps and P2300 Ussing
chambers (Physiologic Instruments, San
Diego, CA) as previously described (2, 19).
Chambers were maintained at 37°C and
5% CO,. The mucosa of intact bronchus
were examined similarly (2).

cAMP Quantitation and CFTR
Regulatory Region Phosphorylation
cAMP was measured in Calu-3 cells with an
EIA kit (Cayman Chemical Co., Ann Arbor,
MI). R-region phosphorylation was
performed in COS7 cells as described (20).
COS7 cells were transfected transiently with
a plasmid encoding the CF R-region
(amino acids 635-836) with an N-terminal
HA epitope tag. After 24 hours of
treatment, lysates were immunoblotted
with an anti-HA monoclonal antibody
(R+D Systems, Minneapolis, MN) to detect
R-region phosphorylation.

ASL Depth

The apical surfaces of HBE cells were stained
with Texas red dye (20 pL at 2 mg/ml

in Fc70), and cells were labeled with 5-
chloromethylfluorescein diacetate (100
wM) approximately 4 hours after imaging.
ASL depth was imaged with a confocal
microscope and XZ scans. Values for each
monolayer were derived from four regions
of interest (2).

Intestinal Secretion Assay

Adult AJ mice were killed, and the small
intestine was removed and bathed in
modified Eagle medium. Intestines were
flushed with saline solution to remove fecal
deposits, and sequential 10-cm segments
were ligated. Intestinal segments were then
placed in media with roflumilast (30 nM),
forskolin (20 wM), or vehicle at 37°C and
95% 0O,/5% CO, for 3 hours. Weight and
diameter measurements were taken before
the addition of compounds and hourly
thereafter. After completion, segments were
desiccated to calculate the wet/dry ratio,
and data were normalized by experimental
day. Diameters were calculated by image
analysis by an investigator blinded to
treatment assignment.
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Western Blot Analysis of

CFTR Expression

CFTR expression in primary HBE cells
treated with DMSO vehicle control

or 30 nM of roflumilast was performed
according to previously published
protocols (2, 21).

Unitary Conductance Tracings
Single-channel currents were recorded
from inside-out patches of primary HBE
cells expressing wild-type CFTR treated
with PKA + ATP alone or PKA +

ATP + roflumilast, and open probability
was calculated as reported previously
(21, 22).

Reagents

Roflumilast (FW 403.21) was obtained
from Santa Cruz (cat. #208313; Dallas,
TX) and dissolved in DMSO at 1,000-
fold stock concentration. H89 was from
Enzo (Farmingdale, NY). All other
agents were obtained from Sigma-
Aldrich (St. Louis, MO). CSE was
prepared as described (2).

Statistics

Inferential comparisons were made using
Student’s t test or ANOVA as appropriate.
Post hoc tests for multiple comparisons
were calculated using Fisher’s least
significant difference. All statistical tests
were two-sided and were performed at a 5%
significance level using GraphPad Prism
(La Jolla, CA). Error bars in the figures
designate SEM unless indicated otherwise.

Results

Cigarette Smoke Decreases CFTR-
Dependent lon Transport in HBE Cells
In vitro WCS exposure represented
physiologically relevant concentrations of
particulate matter that were comparable
to those observed in smokers (23)

(further details are provided in the online
supplement). To characterize the dose-
dependent effects of WCS-induced lung
injury, we tested various levels of exposure
on forskolin-stimulated transepithelial
chloride transport in non-CF HBE
monolayers. WCS caused a significant and
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dose-dependent reduction in CFTR-
dependent ion transport (Figures 1A and
1B) that was similar in magnitude to
previous studies using cigarette smoke
extract (CSE) (2). Transepithelial resistance
(TER) of HBE monolayers was not
affected after 10- and 20-minute exposure
durations, although TER was reduced by
WCS exposure after the highest (30 min)
exposure intensity (Figure 1C). Because
the CFTR-dependent ion transport
decrement observed at 10- and 20-minute
WCS exposures resembled that seen in vivo
(2, 8, 24), these exposures were used for
subsequent studies while avoiding the
nonspecific epithelial injury (e.g., decreased
TER) seen with longer durations of
exposure.

Roflumilast Activates CFTR-
Dependent Anion Transport by
Increasing cAMP and

R-Region Phosphorylation

To quantify the effects of roflumilast on
CFTR function, we established the dose
dependence of roflumilast on anion

10 20 30
Minutes of Cigarette Exposure

Figure 1. Dose-dependent effects of whole cigarette smoke (WCS) on ion transport function. Well-differentiated non—cystic fibrosis (CF) primary human
bronchial epithelial (HBE) cells were exposed to varying amounts of WCS or air control and then studied in Ussing chambers under short-circuit current
(Isc) conditions. (A) Representative Isc tracing of HBE cells exposed to WCS for 0, 10, 20, or 30 minutes. The experiment included serial additions of
amiloride (100 wM), chloride secretory gradient with amiloride, the cyclic adenosine monophosphate (CAMP) agonist forskolin (20 wM), and CFTR,-172
(10 uM) to confirm CF transmembrane conductance regulator (CFTR) dependence. (B) Forskolin-stimulated change in Isc is shown for each cigarette
smoke exposure level. *P < 0.05; **P < 0.005 (n = 4 per concentration). (C) Transepithelial resistance (TER) of HBE monolayers at the start of the

experiment. **P < 0.005; *P < 0.05 (n = 4).
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transport in primary HBE monolayers
(Figures 2A and 2B). Roflumilast activated
cAMP-dependent CFTR anion transport
in primary non-CF HBE monolayers with
a half maximal effective concentration
(ECsp) of 2.9 nM, reaching a maximal
current of 38.9 * 6.2 wA/cm? at 30 nM.
Based on these results, we used 30 nM
roflumilast, a concentration expected to
occur in humans (25) while conferring
activity of at least 90% of the maximal
effective concentration. Roflumilast also
activated CFTR-dependent currents in
freshly excised human bronchi derived
from a healthy donor (ECsy = 10.6 nM)
(Figures 2C and 2D) in a fashion similar to
epithelial monolayers. Roflumilast (30 nM)
had no effect on CF HBE cells derived
from a F508 del homozygote with no
detectable surface CFTR expression (2.5 =
0.7 wA/cm? [roflumilast] vs. 4.3 + 0.9 pA/
cm? [vehicle]). Roflumilast activated
CFTR in a mechanism that was similar
toforskolin, an adenylate cyclase activator
that also increases cellular cAMP levels.
Roflumilast did not produce any additional
Isc stimulation over that conferred by
maximal forskolin addition (20 wM), and
the two compounds did not exhibit additive
effects on CFTR-dependent anion transport
in Calu-3 monolayers (Figures 2E and 2F).
As expected, roflumilast increased
intracellular cAMP (0.30 = 0.16 pmol/ml
[roflumilast] vs. 0.10 = 0.02 pmol/ml
[control]; P < 0.05) (Figure 3A), consistent
with its function as a PDE4 inhibitor.

To further identify the mechanism of
action, we tested the effects of roflumilast
on the phosphorylation of isolated CFTR
Regulatory Region (R-R). We have shown
previously that this assay is a sensitive
measure of the phosphorylation of the
CFTR R-R by the cAMP-dependent PKA
(20). Roflumilast induced robust
phosphorylation of isolated CFTR R-R in
a dose-dependent fashion that was sensitive
to the PKA inhibitor H89 (Figure 3B).
The ECsq for phosphorylation in this assay
was at a concentration similar to the ICs,
of enzyme inhibition, indicating that the
pharmacologic action of roflumilast was
consistent with enzyme inhibition.

Because increased Isc could also be
the result of increased surface expression
or a direct effect on CFTR open channel
probability, we tested whether roflumilast
altered the expression of CFTR or had any
direct effects on the channel function by
Western blot analysis and unitary
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conductance tracings, respectively. In HBE
cells treated with roflumilast for 24 hours,
CFTR expression remained comparable to
what was found in cells treated with
vehicle control (Figure E2 in the online
supplement). In addition, single-channel
studies with isolated membrane patches
from HBE cells indicate that roflumilast
does not alter the open channel probability
of CFTR (Figure E3). In combination,
these results indicate that roflumilast
activates CFTR by elevating cAMP, thereby
inducing phosphorylation of R-R through
a PKA-dependent pathway without
significantly altering surface expression.

Roflumilast Ameliorates Smoke-
Induced CFTR Dysfunction

To evaluate whether roflumilast could
ameliorate the deleterious effects of WCS
on CFTR activity, we subjected HBE
monolayers to WCS and evaluated the
effect of roflumilast in Ussing chambers.
Roflumilast significantly increased Isc
compared with vehicle control in
monolayers exposed to WCS for 10 minutes
(5.3 = 1.1 pA/cm? [roflumilast] vs. 1.2 *
0.2 p,A/cm2 [control]; P < 0.05); when
expressed as a fraction of maximal CFTR
stimulus induced by forskolin, roflumilast
activated Isc to 47.3 and 30.2% in air- and
WCS-exposed monolayers, respectively
(Figure 4A). Similar beneficial effects were
observed after 20 minutes of WCS exposure
(Figure 4B). Roflumilast caused a 6.6 * 2.2
pA/cm® stimulation in anion transport in
WCS-exposed cells compared with 0.5 +
1.2 pA/cm? in vehicle-treated cells (P <
0.05), which was equivalent to 33.9% of
the maximal forskolin response in smoke-
exposed cells. The CFTR potentiator
ivacaftor (formerly VX-770) has also been
reported to ameliorate the deleterious
effects of WCS exposure on anion transport
(2). As opposed to roflumilast, activation
of CFTR by ivacaftor is cAMP independent
(26), providing an alternative mechanism
by which acquired CFTR dysfunction could
be addressed. To test for additive benefit,
we evaluated these agents alone and in
combination. In WCS-exposed HBE cells,
roflumilast and ivacaftor augmented CFTR-
dependent ion transport to similar levels
but had an additive effect when combined
(Figure 4C). Taken together, these studies
demonstrated that roflumilast significantly
mitigated WCS-induced CFTR dysfunction
in a cAMP-dependent fashion, warranting

further evaluations to detect downstream
effects of roflumilast on epithelial function.

Roflumilast Increases ASL Depth in
WCS-Exposed Cells

Because CFTR secretes chloride ions to
regulate ASL depth, an important determinant
of normal MCT (27), we evaluated whether
roflumilast augmented ASL depth in WCS-
exposed monolayers using confocal
microscopy. Consistent with previous
observations (2, 10), WCS decreased ASL
depth compared with control monolayers
(5.6 = 2.0 pm [WCS] vs. 114 * 4.1 pm
[air control]; P < 0.05). Roflumilast
treatment significantly mitigated WCS-
induced reductions in ASL depth (9.0 * 3.1
pm [roflumilast] vs. 5.6 * 2.0 wm [vehicle];
P < 0.05), reaching 79% of the ASL depth
found in normal HBE monolayers (Figure 5).

Roflumilast Increases CFTR Activity
of Intestinal Monolayers In Vitro and
Intestinal Segments Ex Vivo

Roflumilast therapy is associated with
noninfectious diarrhea; the cause for this
adverse reaction has not been determined.
Because CFTR is highly expressed in gut
epithelia and because its activation can
contribute to diarrhea, we hypothesized
that roflumilast might cause diarrhea by
augmenting CFTR-dependent fluid
secretion. Roflumilast significantly increased
CFTR-dependent anion transport of T84
intestinal epithelial monolayers compared
with vehicle (1.5 * 0.4 wA/cm? [roflumilast]
vs. —1.0 = 0.7 wA/cm? [vehicle]; P < 0.05)
(Figures 6A and 6B). In isolated murine
intestinal segments, roflumilast increased
fluid secretion, as reflected by an increased
wet:dry ratio (6.4 * 0.8 [roflumilast] vs.
5.6 = 0.7 [vehicle]; P < 0.005) (Figures 6C
and 6D) and by a change in intestinal
diameter (0.10 = 0.01 mm [roflumilast]

vs. 0.06 = 0.01 mm [vehicle]; P < 0.05)
(Figure 6E). No effect of roflumilast was
observed in ligated intestine derived from
CFTR(—/—) mice (congenic Cftr'™ V<))
(Figures 6D and 6E). These data illustrate
that CFTR activation in intestinal epithelia
by roflumilast could underlie the
noninfectious diarrhea observed during
roflumilast therapy.

Discussion

Emerging data from several laboratories
indicate that cigarette smoke causes CFTR
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Figure 2. Activation of CFTR by roflumilast. (A) Representative Isc tracing of well differentiated non-CF primary HBE cells studied in Ussing chambers
under Isc conditions. The experiment included serial additions of amiloride (100 wM), chloride secretory gradient with amiloride, increasing
concentrations of roflumilast or vehicle control, and CFTR;,-172 (10 wM). (B) Summary data of that shown in A. The half maximal effective
concentration was 2.9 nM (n = 4). (C) Representative Isc tracing of a normal human bronchus analyzed for CFTR-dependent ion transport under Isc
conditions. The experiment included serial additions of amiloride (100 wM), roflumilast (30 nM), or vehicle control followed by CFTR;jn-172 (10 wM).

(D) Summary data of that shown in C. *P < 0.05 (n = 4). (E) Representative Isc tracing of differentiated Calu-3 cells studied in Ussing chambers under
Isc conditions. The experiment included serial additions of amiloride (100 wM), chloride secretory gradient with amiloride, roflumilast (30 nM) or

vehicle control, and increasing concentrations of forskolin (1 nM to 10 wM) and CFTR,-172 (10 wM). (F) Summary data of that shown in E, depicting
change in Isc in response to increasing forskolin exposure. *P < 0.05; ***P < 0.0005.
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dysfunction in vitro and in vivo even in
the absence of inherited CFTR mutations.
This has been suggested to contribute to
COPD pathogenesis by causing

a predisposition to epithelial dysfunction
(2, 9, 21, 24), mucus retention (2, 21, 28),
and chronic bronchitis (2, 11, 21), resulting
in a phenotype that resembles mild CF.
Our studies are consistent with this
hypothesis and demonstrate a 30 to 40%
reduction in CFTR activity after WCS
exposure without significant deleterious
effect on TER or other indicators of cellular
toxicity. This is similar to published
studies using CSE (2, 8, 9) and WCS (24,
29) and resembles the magnitude of CFTR
decrement detected in the upper (2, 8)
and lower airway (11) of cigarette
smokers. CFTR inhibition by WCS was
dose dependent, providing additional
confidence in the causative nature of CSE.
Furthermore, particulate analysis of the
10- and 20-minute WCS exposures
demonstrate a clinically relevant exposure
intensity. The degree of CFTR inhibition by
WCS was sufficient to reduce ASL depth,
which is known to decrease the efficiency of
MCT (30). Because the severity of the ion
transport and ASL abnormalities was
intermediate compared with the defect
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observed in CF epithelial cells, it seems
likely that this decrement is sufficient to
initiate a cascade of mucus retention and
infection in vivo, particularly if present
over multiple years and combined with
enhanced mucus expression also caused
by cigarette smoking (2, 31).

Recent studies have shown agents
that activate CFTR, such as the CFTR
potentiator ivacaftor, augment ASL depth,
and consequently accelerate MCC,
pharmacologically reversing acquired
CFTR dysfunction (2). Alternatively,
hypertonic saline, which compensates for
CFTR-dependent ASL decrements, also
restores ASL volume by osmotic forces (24)
and reduces mucus obstruction in a mouse
model of chronic bronchitis (32). Because
PDE4 inhibitors are known to increase
intracellular levels of cAMP and to activate
CFTR in airway epithelia (33-38), we
hypothesized that roflumilast could act
similarly and ameliorate acquired CFTR
dysfunction conferred by CSE. As shown
in our studies, roflumilast efficiently
activated CFTR in primary HBE cells and
in intact human tissues, two models highly
faithful to the ion transport properties of
human airway epithelia in vivo (2, 26). In
cells and in tissues, the maximal effective

concentration of roflumilast-mediated
CFTR activation was approximately 30 nM
and exhibited a broad therapeutic plateau
without signs of cellular toxicity or
rundown. These concentrations are
therapeutically relevant and are routinely
achieved in humans prescribed roflumilast
for therapeutic purposes, suggesting that
wild-type CFTR activation could be readily
achieved by therapeutic doses of roflumilast
in vivo (25). The effects of roflumilast on
CFTR function were also observed in
epithelial cells exposed to WCS, indicating
that acquired CFTR dysfunction is

a relevant therapeutic target that can be
addressed with roflumilast. Roflumilast
robustly activated CFTR after low and
moderate CSEs. Consequently, reduced
ASL depth conferred by WCS exposure was
significantly ameliorated by cotreatment
with roflumilast. By enhancing ASL depth
by CFTR-mediated fluid secretion,
improved MCT is anticipated (2, 30), which
could enable a more robust host defense in
the COPD airway.

Roflumilast reduces the frequency
of COPD exacerbations in patients who
exhibit chronic bronchitis and have
a history of frequent exacerbations (39).
However, the mechanisms of its
therapeutic properties are not completely
understood. Roflumilast and other PDE4
inhibitors exhibit antiinflammatory
properties, including the reduction of
matrix metalloproteinase activity and
TGF-B1 release after lung injury (17, 40).
Although these mechanisms may
confer benefit in patients with COPD, it
is not clear why patients who have
emphysema, and consequently significant
inflammation even in the absence of
chronic mucus hypersecretion, are not
affected by this cAMP-mediated
mechanism of inflammation. Conversely,
two previous studies in distinct patient
cohorts demonstrated that CFTR
dysfunction among patients with COPD
was associated with chronic bronchitis (2,
11). Because roflumilast activates residual
CFTR function and because there is
a strong association between CFTR
abnormality and bronchitis (2, 11), it is
likely that CFTR activation may be
partially responsible for the therapeutic
efficacy of roflumilast. Further studies
are warranted to confirm this hypothesis
and may also benefit from animal models
of chronic bronchitis to address these
questions.
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Figure 4. Roflumilast increases Isc in primary HBE monolayers exposed to WCS. (A and B) Non-CF HBE monolayers were exposed to WCS and studied
under Isc in the setting of amiloride (100 wM) and a chloride secretory gradient. The change in anion transport was measured after the addition of
roflumilast (30 nM) or vehicle control and is plotted as a fraction of forskolin (20 wM)-mediated activation in air-exposed cells. The agonist-mediated
change in Isc is plotted for cells exposed to 10-minute (A) and 20-minute (B) WCS exposure times. “P < 0.05; **P < 0.005 (n = 8 per condition). (C)
Change in forskolin-dependent Isc in HBE cells exposed to 10 minutes of WCS and activated with roflumilast (Rofl.) (30 nM), ivacaftor (lvac.) (10 wM), or
a combination of the two under conditions shown in A. *P < 0.05; **P < 0.005; ***P < 0.001 (n = 4 per condition).

Our data indicate a mechanistic prominently in the intestine, CFTR has
basis underlying noninfectious diarrhea long been postulated to have an active role
associated with roflumilast therapy. As in secretory diarrhea (41). Although CFTR
a cAMP-activated Cl™ channel expressed probably does not contribute to nausea
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Figure 5. Effect of roflumilast and WCS exposure on airway surface liquid (ASL) depth. (A)
Representative confocal Z-scan image of well-differentiated non-CF HBE cells exposed to air
control or to WCS (10 min) and treated with roflumilast (30 nM) or vehicle (Veh.) to the basolateral
compartment for 24 hours before the assay. (B) Summary data of ASL depth across experiments.
*P < 0.05 (n = 6 monolayers per condition).
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caused by roflumilast, which is likely related
to inhibition of PDE4D in neurons that
regulate nausea (42), our studies
demonstrate that roflumilast strongly
activates CFTR in the distal intestine,
leading to fluid secretion into the lumen.
Studies in CFTR knockout mice confirmed
that this reaction was CFTR dependent
and establish that CFTR contributes to
intestinal secretion when activated. Because
CFTR inhibitors are being developed
for the treatment of diarrhea (19, 43), it
may be possible to abrogate the undesirable
effects of roflumilast on the lower
gastrointestinal tract by coadministering
oral CFTR inhibitors that are not
systemically absorbed. This strategy is
worthy of further exploration as
a therapeutic approach to minimize the
adverse effects of roflumilast while allowing
maximal benefit in the lung to be achieved.
Roflumilast activated CFTR by
increasing levels of cAMP, resulting in
a PKA-dependent phosphorylation of
CFTR, a crucial step toward activating
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Figure 6. The effect of roflumilast on CFTR-mediated intestinal fluid secretion. (A) Representative Isc tracing of differentiated T84 intestinal epithelial cells
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(n = 6 per condition). (C) Representative photograph of ligated CFTR+/+ mouse intestine after 3 hours of incubation with roflumilast (30 nM) or
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assignment. *P < 0.05 (n = 6 per condition).

CFTR-mediated anion transport (20, 25,
34). As such, roflumilast activates CFTR
in a fashion similar to forskolin, which
explains why roflumilast did not potentiate
maximal forskolin activity. Furthermore,
its effects are dependent on residual CFTR
at the membrane despite smoking-induced
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lung injury because it does not alter the
levels of CFTR at the membrane. Several
studies demonstrate that sufficient CFTR
(nearly 50-60%) is present at the cell
surface in patients with COPD and thus
could serve as a therapeutic target in
this way (2, 10, 21, 44). In contrast to

roflumilast, ivacaftor potentiates CFTR
activation by uncoupling ATPase activity
from channel gating (26, 45, 46) and
exhibits the most efficient pharmacological
potentiation of wild-type CFTR in the
setting of submaximal forskolin
preactivation (2). This explains why

American Journal of Respiratory Cell and Molecular Biology Volume 50 Number 3 | March 2014



ORIGINAL RESEARCH

roflumilast-mediated CFTR activation

was additive to ivacaftor because the
mechanisms of these agents are distinct and
complementary. Combination treatment
could represent a potential approach to
maximize CFTR activation among patients
with deficient CFTR function, including
those with acquired abnormalities of CFTR
activity. Whether this could be helpful in
individuals with partially active CFTR
alleles localized to the cell surface deserves
further exploration.

Although the data provide evidence
supporting CFTR activation as a basis
for the beneficial effects of roflumilast,
important limitations of the study should
be noted. Although WCS has been
frequently used to model smoking-related
lung disease (24, 29) and the reduced
CFTR function observed here is
consistent with prior studies (2, 9, 24, 29),
the experiments conducted rely on acute
CSE and are unlikely to capture
the complexity of the airway environment
in patients with COPD, such as airway
inflammation, disrupted proteolytic
balance, and ER stress (3, 31, 47, 48).
Although the conclusion that CFTR
activation by roflumilast contributes to

therapeutic benefit in patients with
chronic bronchitis is supported by
specificity controls, as an efficacious
activator of intracellular cAMP,
roflumilast may also improve the function
of surface epithelia via other pathways.
For example, cAMP is known to stimulate
CFTR trafficking to the membrane (49)
and to inhibit MUC5AC expression (50)
and is an important stimulus of ciliary
beating (51), which could augment
MCC. Moreover, roflumilast has strong
antiinflammatory effects, including
inhibition of p38 MAP kinase (17, 52)
and oxygen radical production (53) as
well as suppression of the proliferation
and cytokine release from CD4",CD8™"
lymphocytes that may be involved in

the inhibition of the proinflammatory
transcription factor NF-kB (52). Murine
intestines are frequently used models for
CFTR biology in the intestine and provide
an important specificity control regarding
the effects of roflumilast; however, it is
plausible that other cAMP-mediated ion
channels contribute to secretory diarrhea
induced by roflumilast in humans. Further
studies, including the coadministration of
specific CFTR inhibitors in more sophisticated

animal models, may help rule out this
possibility.

In summary, acquired CFTR
dysfunction caused by WCS can be
ameliorated by roflumilast-mediated
activation ofcAMP/PKA-dependent CFTR
activation, resulting in improved epithelial
function. CFTR activation may underlie
the beneficial effects of roflumilast in
patients with COPD with chronic bronchitis
and may contribute to secretory diarrhea
by hyperactivation of the same pathway.
Additional studies to define the role of
CFTR activation by roflumilast are needed
in COPD and could result in improved
therapeutic strategies to address acquired
CFTR dysfunction in smoking-related
lung disease while blocking its undesirable
adverse effects. l
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