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Abstract

Cystic fibrosis (CF) is a genetic disease caused by mutations of the gene encoding a cAMP-activated Cl� channel, the cystic fi-
brosis transmembrane conductance regulator (CFTR). CFTR modulator therapies consist of small-molecule drugs that rescue mu-
tant CFTR. Regimens of single or combinations of CFTR modulators still rely on endogenous levels of cAMP to regulate CFTR
activity. We investigated CFTR activation by the natural mediator prostaglandin E2 (PGE2) and lubiprostone (a Food and Drug
Administration-approved drug known to target prostaglandin receptors) and tested the hypothesis that receptor-mediated CFTR
activators can be used in combination with currently available CFTR modulators to increase function of mutant CFTR. Primary-
cultured airway epithelia were assayed in Ussing chambers. Experimental CFTR activators and established CFTR modulators
were applied for 24 h and/or acutely and analyzed for their effect on CFTR activity as measured by changes in short-circuit cur-
rent (ISC). In non-CF airway epithelia, acute application of lubiprostone and PGE2 activated CFTR to the levels comparable to for-
skolin (Fsk). Pretreatment (24 h) with antagonists to prostaglandin receptors EP2 and EP4 abolished the ability of lubiprostone to
acutely activate CFTR. In F508del homozygous airway epithelia pretreated with the triple combination of elexacaftor, tezacaftor,
and ivacaftor (ELEXA/TEZ/IVA; i.e., Trikafta), acute application of lubiprostone was able to maximally activate CFTR. Prolonged
(24 h) cotreatment of F508del homozygous epithelia with ELEXA/TEZ/IVA and lubiprostone increased acute CFTR activation by
�60% compared with the treatment with ELEXA/TEZ/IVA alone. This work establishes the feasibility of targeting prostaglandin
receptors to activate CFTR on the airway epithelia and demonstrates that cotreatment with lubiprostone can further restore mod-
ulator-rescued CFTR.

CFTR modulator; cystic fibrosis; prostaglandin; Trikafta

INTRODUCTION

Cystic fibrosis (CF) is an autosomal recessive genetic dis-
ease caused by mutations of the gene encoding a cAMP-
activated Cl� channel, the cystic fibrosis transmembrane
conductance regulator (CFTR) (1). In the lung, CFTR-medi-
ated Cl� secretion is critical for maintaining balanced air-
way surface fluid and facilitating proper mucociliary
clearance and lung function. Dysfunctional CFTR leads to
a dehydrated lung surface that is unable to properly clear
mucosal secretions, causing chronic infection, inflamma-
tion, and progressive lung disease.

Recent progress in the treatment of CF rests on the discov-
ery of small-molecule drugs to aid in folding and trafficking
(“correctors,” “enhancers,” and “amplifiers”) and channel
gating (“potentiators”) of mutant CFTR (2–5). The most
effective combination of CFTRmodulators, the triple combi-
nation of tezacaftor, ivacaftor, and elexacaftor (marketed in
the United States as Trikafta), has had remarkable clinical

success, yet still only partially restores lung function and air-
way CFTR activity in individuals with themost commonmu-
tant of CFTR (F508del) (3, 5). Pharmacological “activators” of
CFTR such as forskolin (Fsk) or 3-isobutyl-1-methylxanthine
(IBMX), which achieve maximal CFTR activity by raising in-
tracellular cAMP levels are highly effective at increasing
CFTR activity in vitro, yet are not clinically safe for use in
vivo. Treatments with currently available CFTR modulators
still rely on endogenous levels of intracellular cAMP to regu-
late CFTR activity. Some G protein-coupled receptors
(GPCRs) have been investigated for their ability to activate
CFTR (6), but no GPCR activation pathway has shown much
promise as an addition to CFTRmodulator treatment.

Here, we sought to investigate a new class of CFTR modu-
lators, prostones (bicyclic fatty acids derived from prosta-
glandins), that could serve as in vivo CFTR activators. Our
lead compound in this study was lubiprostone (Amitiza),
which is a Food and Drug Administration-approved drug
originally developed as a chloride channel 2 (CLCN2)
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activator to treat constipation by increasing intestinal fluid
transport (7, 8). Since its discovery, the CLCN2-mediated
mechanism of action of lubiprostone in the intestine and air-
way has been disputed (9). Whereas some studies have
reported evidence that lubiprostone increases CLCN2-medi-
ated, CFTR-independent ion transport (10–14), others have
indicated that lubiprostonemay have off-target effects on in-
testinal CFTR or that CFTR is the sole target of lubiprostone
altogether (9, 15–19). In these latter works, it is suggested
that lubiprostone binds to a G protein-coupled prostaglandin
E2 (PGE2) receptor 4 (EP4) on the lumenal intestine surface,
which stimulates adenylate cyclase and increases intracellu-
lar cAMP, thereby activating CFTR and increasing intestinal
fluid transport.

The activating action of lubiprostone on CFTR has been
interpreted as having little to no relevance in treating CF
because it could not aid in correcting the structural and
functional deficiencies of mutant CFTR which underlie CF
(17). We interpret the potential CFTR-mediated action of
lubiprostone differently; our rationale for the present study
was that if experimental CFTR activators (such as forskolin)
can increase CFTR-mediated ion transport to maximal levels
in vitro, then perhaps there is a class of CFTR activator (such
as prostones) that could achieve the same result in vivo. We
tested the hypothesis that lubiprostone, when used in com-
bination with currently available structure-correcting CFTR
modulators, can further restore modulator-rescued CFTR
function. Using functional electrophysiological assays, we
investigated the efficacy and mechanism of action by which
lubiprostone, as well as the endogenous prostaglandin E2,
regulate CFTR activity in non-CF and CF airway epithelia.

METHODS

Cell Expansion and Maintenance

Human nasal epithelial cells were obtained under writ-
ten informed consent by nasal brushings from non-CF
individuals and individuals homozygous for F508del or
heterozygous for G551D/R117H CFTRmutations. This protocol
has been approved by the Institutional Review Board of
National Jewish Health (HS-2832). Primary-derived human
airway epithelial (HNE) cells were expanded on an irradiated
NIH 3T3 feeder layer in the presence of the Y-27632 r-kinase
inhibitor, then seeded at 2.5 � 105 cells·cm�2. All cells were
plated on bovine collagen-coated 0.33-cm diameter cell cul-
ture inserts (Corning Costar Snapwell Inc., Kennebunk, ME)
and kept at 37�C with culture media changes three times per
week. For the first 2 days after seeding, cells were submerged
in PneumaCult-EX Plus Medium (Stem Cell Technologies,
Vancouver, BC, Canada). After 2 days, an air-liquid interface
(ALI) was established by removing the apical solution and
replacing the basolateral solution with PneumaCult-ALI
Medium (Stem Cell Technologies). Cells were raised at ALI for
21–28 days before experimentation.

Fisher rat thyroid (FRT) cells expressing normal CFTR
(CFTR-FRT) were a gift from Dr. Eric J. Sorscher (Emory
University, Atlanta, GA). The media used to culture CFTR-
FRT cells was a modified Ham’s F-12 media supplemented
with 10% fetal bovine serum, 1% penicillin/streptomycin,
and 0.2% hygromycin. CFTR-FRT cells were seeded on

uncoated inserts at 1.5 � 104 cells·cm�2 and maintained sub-
merged inmedia for 7–10 days before experimentation.

Electrophysiological Analyses and Drug Treatment

During pretreatment, cells were incubated with CFTR
modulators for 24 h before electrophysiological analyses.
The CFTRmodulators used during 24 h drug treatment were
tezacaftor (VX-661; 3 mM), ivacaftor (VX-770; 100 nM), elexa-
caftor (VX-445; 3 μM), lubiprostone (1 μM), and/or PGE2 (1
μM). The PGE2 receptor antagonists (20 μM) used during 24
h drug treatment were [�]EP1: SC-51089; [�]EP2: TG6-10-1;
[�]EP3: L-798,106; [�]EP4: L-161,982 (Cayman Chemical Co.,
Ann Arbor, MI). These receptor antagonists are advertised as
“selective” or “highly selective” for their target receptors by
the manufacturer. Our preliminary validations indicated
that a 20 mM concentration of these compounds achieved a
saturating antagonism of a single receptor.

Electrophysiological analyses were carried out in an
Ussing chamber apparatus (VCC MC8 and MC6; Physiologic
Instruments, San Diego, CA). Before each experiment, the
Ussing chamber was mounted with cell-free inserts and pre-
warmed to 37�C with identical Ringer’s solution in the apical
and basolateral baths and the offset potential and fluid re-
sistance between electrodes were corrected to zero. The
Ringer’s solution was 120 mM NaCl, 10 mM D-glucose, 3.3
mMKH2PO4, 0.83 mMK2HPO4, 1.2 mMMgCl2, 1.2 mM CaCl2,
saturated with 95% O2-5% CO2, pH 7.4. Cells on inserts were
taken directly from culture and mounted onto the Ussing
chamber. Transepithelial voltage was allowed to stabilize
under an open circuit before beginning a run under voltage
clampmode (±5mV pulses every 5 s).

Human nasal epithelial (HNE) cultures are inherently
polarized epithelia, so all electrophysiological experiments
with HNE cells were performed under symmetrical chloride
conditions [see Bratcher et al. (20)]. In contrast, FRT cells do
not form polarized epithelia, and the presence of a chloride
gradient is required to establish directionality of chloride
transport across the FRT epithelia. Therefore, experiments
using FRT cells were performed under basolateral-to-api-
cal chloride gradient conditions (chloride-free in apical
bath). The chloride-free Ringer’s solution was 115 mM Naþ

gluconate, 5 mM Ca2þ gluconate, 10 mM D-glucose, 3.3
mM KH2PO4, 0.83 mM K2HPO4, 1.2 mM MgSO4, saturated
with 95% O2-5% CO2, pH 7.4.

During electrophysiological experiments on HN8E cells,
the test compounds that were acutely applied were DMSO
(volume-matched); amiloride (100 μM; apical); ivacaftor (VX-
770; 1 μM; apical); forskolin alone (dose curve; apical and baso-
lateral), forskolin (20 μM) and 3-isobutyl-1-methylxanthine
(100 μM) (Fsk/IBMX or F/I; apical and basolateral); lubipro-
stone (dose curve, 100 nM, or 1 μM; apical and basolateral);
PGE2 (dose curve or 1 μM; apical and basolateral); Cact-A1
(dose curve; apical and basolateral); CFTRinh-172 (10 μM; api-
cal); adenosine triphosphate (ATP; 100 μM; apical). For elec-
trophysiological experiments using FRT cells, all test
compounds were applied to both surfaces using the concen-
trations listed above. Together, Fsk and IBMX increase intra-
cellular cAMP by activating adenylate cyclase (Fsk) and
inhibiting phosphodiesterases (IBMX). Cact-A1 is a cAMP-inde-
pendent activator of CFTR (21).
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Integrity of HNE cultures for electrophysiological analy-
ses was assessed using the presence of mucosal secretions,
beating cilia, and an adequate transepithelial resistance
(>100 X cm�2) as indicators of fully differentiated, electri-
cally tight epithelia. Electrophysiological recordings were
obtained using Acquire and Analyze 2.3 software (Physio-
logic Instruments, Inc.).

Intracellular cAMP Determination

A commercial ELISA Kit (ADI-900-163, ENZO Life Sciences)
was used to determine intracellular cAMP following the man-
ufacturer’s protocol. HNE cultures were exposed for 30min to
Fsk, lubiprostone, PGE2, or Cact-A1 (all 10 μM), then removed
from culture media and lysed in manufacturer-provided
buffer. Cell lysates were spun down and the supernatant was
analyzed for cAMP concentration. Intracellular cAMP levels
were calculated based on a standard curve and expressed as
pmol cAMP mg protein�1. Protein content was determined
using the Pierce BCA Protein Assay (Thermo Fisher Scientific,
Rockford, IL).

Gene Expression Analysis

Using the TRIzol method following manufacturer’s proto-
col (Molecular Research Center Inc.), total RNA was isolated
from frozen cells. Total RNA was assessed for purity (A260/
A280 > 1.9) and quantified using a NanoDrop spectrophotom-
eter (ND-1000; NanoDrop Technologies). First-strand cDNA
was synthesized using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems Inc.) following the
manufacturer’s protocol. Quantitative polymerase chain
reaction (RT-PCR) was performed using a StepOnePlus sys-
tem (Applied Biosystems). Individual RT-PCR reactions were
carried out in 10 μL volumes containing 20 ng of cDNA, 150
nM forward and reverse primers, and 1X SYBRselect master
mix (Thermo Fisher Scientific), following the manufacturer’s
protocol. The thermal profile of the reactions was 2 min at
50�C, 2 min at 95�C (holding and activation), 40 cycles of 15 s
at 95�C, 30 min at 60�C, 30 s at 72�C (cycling). A melt curve
analysis cycle from 60�C to 95�C was used to confirm a single
product in each reaction. The comparative method (2�DDCT)
(22) was used to calculate relative mRNA expression using
a-tubulin (ATUBA1A) as a reference gene. Nucleotide sequen-
ces of primer pairs for PGE2 receptors have been previously
published (23). CFTR primer pairs were as follows: CFTR for-
ward, 50-GGA GAG CAT ACC AGC AGT GAC T-30; CFTR
reverse, 50-TTC CAAGGAGCCACAGCA CAA C-30.

Western Blotting

Frozen monolayers were lysed with 1� radioimmunopre-
cipitation assay (RIPA) lysis and extraction buffer (Thermo
Fisher Scientific). Equal amounts of protein (20 μg) were
loaded for SDS-PAGE in an 8% gel prepared following manu-
facturer’s protocol (ProtoGel, National Diagnostics). After
electrophoretic separation, protein was transferred on to
nitrocellulose membrane (Bio-Rad). Blots were subsequently
blocked with 5% nonfat dry milk (LabScientific) in PBS-T
(phosphate-buffered saline with 0.05% Triton X-100) for 1 h
at room temperature. Blots were probed with primary anti-
bodies (1:1,000 dilution) at 4�C overnight. The antibodies
used were as follows: a-tubulin (DSHB Hybridoma Product

12G10; mouse monoclonal; antibody registry ID: AB_1157911);
EP2 (Alomone Labs Cat. No. APR-064; rabbit polyclonal;
antibody registry ID: AB_2341058); EP4 (Alomone Labs Cat.
No. APR-066; rabbit polyclonal; antibody registry ID: AB_
2756762). After primary incubation, blots were washed with
PBS-T then incubated in horseradish peroxidase (HRP)-con-
jugated secondary antibodies (1:10,000 dilution) for 1 h at
room temperature: goat-anti mouse (R&D Systems); goat
anti-rabbit (Cell Signaling Technology). After secondary
incubation, membranes were washed again in PBS-T and
subjected to chemiluminescent detection (ECL Plus Western
Blotting Substrate; Pierce). Antibodies for a-tubulin, EP2,
and EP4 each detected bands at �50 kDa, which was the
expected molecular mass for each target protein. EP2 and
EP4 band densities were normalized to a-tubulin and quanti-
fied using ImageJ software (NIH).

Calculations and Statistical Analyses

As indicated in the figure captions, statistical analyses of
experiments were made using one- or two-sample t tests or
one-way ANOVA with Tukey’s post hoc analyses. An a-value
of 0.05 was selected to denote statistical significance. All
data are presented as means ± standard error. Figure as-
sembly and all statistical analyses were completed using
GraphPad Prism 6.0 software (GraphPad Software, La
Jolla, CA).

RESULTS

Lubiprostone Activates CFTR in the Airway

In our electrophysiological experiments, we observed
rapid changes in ISC in response to acute drug application
that were quick to stabilize, indicating that the epithelial
cultures were differentiated and of adequate integrity.
Predictably, amiloride and CFTRinh-172 resulted in rapid
decreases in ISC, and forskolin and ATP resulted in rapid
increases in ISC (Fig. 1A). Acute lubiprostone (100 nM)
resulted in an equivalent CFTR-mediated DISC as Fsk/
IBMX (Fig. 1, A and B). The concentration of lubiprostone
necessary achieve a half-maximal DISC (EC50) in non-CF
HNE was <1 nM (0.90 ±0.09 nM) and saturating at >100
nM (Fig. 1, C and D).

In the single donor tested, it appeared that the ISC response
to lubiprostone was similar whether administered to the api-
cal or basolateral sides of the epithelia (Supplemental Fig. S1;
all Supplemental Material is available at https://doi.org/
10.6084/m9.figshare.17315174). Acute CFTR activation by for-
skolin, lubiprostone, PGE2, and Cact-A1 were compared in
HNE cells with a single non-CF donor (Supplemental Fig. S2).
Lubiprostone, PGE2, and Cact-A1, all appeared to achieve a
similar or greater maximal DISC as compared with forsko-
lin, indicating that CFTR could be activated by each com-
pound. Some apparent differences between compounds
were observed in both maximum DISC and sensitivity
(EC50) (Supplemental Fig. S2).

The cAMP stimulating effects of lubiprostone and forskolin
in non-CF HNE cells were compared. Both compounds signif-
icantly increased intracellular cAMP above the DMSO control,
but no difference was detected between lubiprostone and
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forskolin in the magnitude of cAMP stimulation achieved
(Fig. 1E).

Non-CF HNE cultures were pretreated with prolonged (24
h) exposure to lubiprostone to examine whether prolonged
CFTR activation by lubiprostone would limit acute respon-
siveness to the drug. The CFTR-mediated DISC from acute
lubiprostone application increased with increasing concen-
trations of lubiprostone pretreatment; the EC50 of lubipro-
stone pretreatment was 83.2±2.7 nM (Fig. 1F). Pretreatment
with 1 mM lubiprostone was saturating and increased acute
lubiprostone-responsiveness by �twofold (Fig. 1F). In the
single donor tested, it appeared that prolonged pretreatment
PGE2 also increased the acute responsiveness of CFTR

activation, similar to the effect of pretreatment with lubipro-
stone (Supplemental Fig. S3).

Prostaglandin E2 Receptor EP2 Regulates Ion Transport
across the Airway Epithelium

Using molecular probes for PGE2 receptors EP1–4 (gene
names: PTGER1–4), we detected the presence of PTGER1,
PTGER2, and PTGER4 in non-CF primary-derived nasal
(HNE) and bronchial epithelial cultures (Fig. 2A). In non-CF
HNE cells, mRNA of PTGER2 and PTGER4 were present in
significantly higher abundance than PTGER1 and the mRNA
expression of PTGER2 and PTGER4 did not differ between
non-CF and F508del/F508del HNE epithelia (Fig. 2B).

To examine whether EP2 and/or EP4 affect constitutive
ion transport across HNE cells, we pretreated non-CF HNE
cells for 24 h with selective antagonists to EP2 and/or EP4
and then analyzed the ISC at baseline and after ENaC inhibi-
tion by amiloride, and compared the DISC upon CFTR inhibi-
tion by CFTRinh-172 (Fig. 2, C–F). Antagonism of EP2, but not
EP4, significantly reduced baseline and postamiloride ISC
across HNE cells (Fig. 2, D and E). Likewise, the CFTRinh-172-
inhibited DISC was significantly reduced by antagonism of
EP2 but not EP4 (Fig. 2F).

CFTR Activation by Lubiprostone Is Mediated through
Prostaglandin Receptors EP2 and EP4

To identify whether and which PGE2 receptors weremedi-
ating CFTR activation by lubiprostone, we pretreated non-
CF HNE cells for 24 h with selective antagonists to EP1, EP2,
EP3, and/or EP4. Blockade of EP1 or EP3 had no effect on
CFTR activation by lubiprostone compared with the DMSO
control, whereas blockade of either EP2 or EP4 significantly
reduced the CFTR-mediated DISC by lubiprostone (Fig. 3, A
and B). Blockade EP2 or EP4 resulted in a �50% decrease in
CFTR activation by lubiprostone, and simultaneous block-
ade of EP2 and EP4 abolished CFTR activation by lubipro-
stone altogether (Fig. 3, C andD).

Cotreatment with Lubiprostone Increases Modulator-
Rescued CFTR Function in CF Airway Epithelia

Lastly, we investigated the therapeutic potential of target-
ing the prostaglandin signaling pathways to improve mutant
CFTR function. We tested the hypothesis that cotreatment
with lubiprostone alongside established CFTR modulators
would increase CFTR-mediated ion transport. In HNE cells
derived from six individual donors homozygous for F508del-
CFTR, 24 h cotreatment with lubiprostone and the triple
combination of elexacaftor/tezacaftor/ivacaftor significantly
increased baseline ISC and acute lubiprostone-activated DISC
compared with the cells treated only with the triple combi-
nation (Fig. 4, A–C). Cotreatment with lubiprostone did
not have a significant effect on CFTRinh-172-inhibited DISC
(Fig. 4D). Additionally, in an experiment from a single donor
heterozygous with G551D/R117H-CFTR, 24 h cotreatment
with lubiprostone and ivacaftor significantly increased
CFTR-mediated ISC compared with the ivacaftor-only control
(Supplemental Fig. S4).

We investigated whether 24 h pretreatment with lubipro-
stone and/or the triple combination affects EP2 or EP4 abun-
dance. Western blotting detected the presence of EP2

Figure 1. Lubiprostone activates CFTR in primary-derived human nasal
epithelia. A: representative electrophysiological tracing for non-CF HNE
after 21 days in culture demonstrating acute short-circuit current (ISC)
responsiveness to pharmacological activation and inhibition. Compounds:
amiloride (Am; 100 μM; apical), forskolin (Fsk; 20 μM), and 3-Isobutyl-1-
methylxanthine (IBMX; 100 μM) (Fsk/IBMX; apical and basolateral), lubipro-
stone (Lubi; 100 nM; apical and basolateral), CFTRinh-172 (172; 10 μM; api-
cal), ATP (100 μM; apical). B: comparison of acute CFTR activation by
lubiprostone and Fsk/IBMX (n = 4 donors). C and D: dose-response curve
for acute activation of CFTR by lubiprostone (n = 4 donors). E: stimulation
of intracellular cAMP by forskolin and lubiprostone (1 μM) (n = 3 donors). F:
dose-response curve for the effect of prolonged (24 h) treatment with lubi-
prostone on the acute lubiprostone responsiveness (n = 3 donors). For
clarity, individual donors are presented as different symbols. Data are pre-
sented as means ± SE. �Significant differences (one- or two-sample t test;
�P < 0.05, ����P < 0.0001). CFTR, cystic fibrosis transmembrane con-
ductance regulator; CF, cystic fibrosis; HNE, human nasal epithelia.
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and EP4, but the abundances of these receptors were
unchanged by any treatment (Fig. 4, E and F). Likewise, no
changes in CFTR, PTGER2, or PTGER4 transcript abundance
compared with the vehicle control were observed (Suppleme-
ntal Table S1).

DISCUSSION

The aim of the present work was to investigate whether
the prostaglandin signaling pathway can be targeted to
increase CFTR-mediated ion transport in non-CF and CF
human airway epithelia. We demonstrated that lubiprostone
and PGE2 can stimulate CFTR-mediated ion transport.
Although only the PGE2 receptor EP2 appeared to be impor-
tant in regulating constitutive CFTR activity on the airway
epithelium, lubiprostone activation of CFTR occurred via
the agonism of both EP2 and EP4. Importantly, the present
study is the first investigation of GPCR activation of CFTR
wherein prolonged treatment with GCPR stimulation did not
affect the protein abundance of target receptors and actually
enhancedmodulator-rescuedmutant CFTR function.

Our results in human airway epithelia showing that
lubiprostone and PGE2 activate CFTR at nanomolar con-
centrations reflect similar findings in other model epithe-
lia. Less than 1 mM lubiprostone is sufficient to increase
ISC across T84 cell cultures (16, 17) as well as nonhuman
mammalian native tracheal and intestinal tissue (17–19,
24). In the present study, all prolonged lubiprostone
treatments of cells in culture were to the basolateral side
and all acute exposures in the Ussing chamber were to
both the basolateral and apical sides. In previous studies
with lubiprostone, changes in ISC were slower to reach
maximum values when lubiprostone was added to the ba-
solateral surface compared with much more immediate
responses in ISC when lubiprostone was added to the apical
surface (16, 18, 19). The apical bias in the sidedness of lubipro-
stone action observed in these previous studies in gastrointes-
tinal tissue could have two possible explanations: 1) that
lubiprostone is directly interacting with ion channels that are
predominantly expressed on the apical surface, such as CFTR
or CLCN2; 2) that lubiprostone is activatingmembrane-bound
receptors that are predominantly expressed on the apical

Figure 2. PGE2 receptor EP2 regulates ion transport across
the airway epithelium. Representative banding (A) and rela-
tive gene expression (B) of PGE2 receptors EP1–4 (PTGER1–
4) in non-CF and F508del/F508del HNE (n = 6 donors).
Representative trace (C) of ISC across non-CF HNE cells af-
ter 24 h pretreatment with DMSO or antagonists to EP2
and/or EP4 then acute inhibition of ion transport by amilor-
ide and CFTRinh-172. Donor-normalized baseline ISC (D),
postamiloride ISC (E), and CFTRinh-172-inhibited DISC (F). For
clarity, individual donors are presented as different symbols
(n = 3 donors). Data are presented as means ± SE. Asterisks
(one-sample t test) and letters (ANOVA with Tukey’s post
hoc) indicate significant differences between groups (�P <
0.05, ��P < 0.01, ���P < 0.001). ATUBA1A, a-tubulin; CFTR,
cystic fibrosis transmembrane conductance regulator; CF,
cystic fibrosis; HNE, human nasal epithelia; ISC, acute short-
circuit current; PGE2, prostaglandin E2.
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surface. In an anecdotal experiment using a single donor,
we observed that the side of the epithelium to which lubipro-
stone is acutely applied may not change the responsiveness
or magnitude of the resulting DISC. We know CFTR has a
prominent role in epithelial ion transport and that CFTR
expression is confined to the apical surface. Therefore, given
the apparent lack of sidedness of lubiprostone action in our
HNE cells, it seems unlikely that lubiprostone is directly acti-
vating CFTR. Likewise, the classically proposed target of lubi-
prostone, apically located CLCN2, is unlikely to be a direct
target of lubiprostone or simply does not have a prominent
role in ion transport in our HNE cells, compared to in gastro-
intestinal epithelia. It is possible that prostaglandin receptors
are expressed on both surfaces of the airway epithelial cul-
tures and this is the reason for the lack of sidedness of lubi-
prostone action in our studies. It is also possible that
absorption of lubiprostone occurs across airway epithelial cul-
tures, unlike in gastrointestinal tissue where lubiprostone is
not absorbed (2). Both the immunolocalization of target
receptors of lubiprostone and the possible absorption of lubi-
prostone across native airway epithelia and airway epithelial
cultures should be examined in future studies.

Prostaglandins are a large group of naturally occurring,
bicyclic fatty-acid compounds that target an array of trans-
membrane, G protein-coupled prostaglandin receptors with
varying specificity and cross-reactivity (25). Acute apical or
basolateral exposure to PGE2 has been shown to stimulate
CFTR-dependent and independent ISC in model airway epi-
thelial cells 16-HBE14o-, CFBE41o-, and Calu-3 in the micro-
molar range (26, 27), a finding that we corroborate in the
present work. There are four primary receptors to PGE2 (EP1-
4) and these receptors can be distinguished by their G

protein associations: EP1 is a contractile type receptor, which
activates Gaq and stimulates intracellular Ca2þ ; EP2 and EP4
are relaxant type receptors, which activate Gas and stimulate
intracellular cAMP by adenylate cyclase; and EP3 is an inhib-
itory type receptor, which activates Gai and inhibits cAMP
production by adenylate cyclase. The relatively high expres-
sion of EP2 and EP4 that we observed in non-CF and CF
HNE cells, and apparent lack of EP3 expression, corresponds
well with our observations of cAMP- and ISC-stimulating
effects of both lubiprostone and PGE2 in airway epithelial
cells.

It is rather interesting that antagonism of EP2, but not
EP4, appeared to affect constitutive (i.e., lubiprostone-inde-
pendent) CFTR-mediated ion transport across the airway ep-
ithelium. One possibility for this is that EP2 is expressed in
greater abundance on the membrane surface in CFTR-rich
cells. Although our receptor transcription and protein abun-
dance data show similar expression levels in crude homoge-
nate preparations, it is possible that the receptor subtypes
differ in their subcellular localization or colocalization with
CFTR, which warrants future studies on this. Another, per-
haps more likely, possibility is that EP2 and EP4 differ in
their G protein associations in airway epithelial cells. For
instance, it has been shown in other systems that, in addi-
tion to coupling to Gas, EP4 can also associate with Gai (28,
29). Where this is the case, cAMP stimulation by PGE2-acti-
vated EP2 is less transient than by PGE2-activated EP4. If it
is the case in airway epithelial cells that EP2 and EP4 differ
their G protein associations in this way, then it is conceivable
that constitutive regulation of cAMP, and thus CFTR activity,
is under greater control by EP2. Future analyses of potential
differences in EP2 and EP4 G protein interactions and the

Figure 3. Lubiprostone activates CFTR on the airway epithe-
lium via PGE2 receptors EP2 and EP4. Acute CFTR activa-
tion by lubiprostone in non-CF HNE after 24 h pretreatment
with DMSO or antagonists to EP1, EP2, EP3, and/or EP4.
Receptor antagonists were applied individually (A and B) or
in combination (C and D), as indicated in panel legends and
x-axes. For clarity, individual donors are presented as differ-
ent symbols (n = 3 donors). Data are presented as means ±
SE. Asterisks (one-sample t test) and letters (ANOVA with
Tukey’s post hoc) indicate significant differences between
groups (�P < 0.05, ���P < 0.001, ����P < 0.0001). CFTR,
cystic fibrosis transmembrane conductance regulator; CF,
cystic fibrosis; HNE, human nasal epithelia; ISC, acute short-
circuit current; Lubi, lubiprostone.
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transience or longevity of EP2 and EP4 stimulation in airway
epithelial cells is warranted. Importantly, the cyclooxygen-
ase-mediate synthesis and regulation of PGE2 and its role in
mediating ion currents in airway epithelia should be
investigated.

We sought to investigate the receptor-mediated mecha-
nism of action of lubiprostone further. We used a widely
used approach of pharmacologically blocking PGE2 recep-
tors (17, 19, 26, 27, 30, 31) to identify the receptor targets of
lubiprostone in HNE cells. From our studies, it was apparent
that lubiprostone acts through both the EP2 and EP4 recep-
tors to stimulate CFTR-dependent ISC. Here, it appeared that
EP2 and EP4 each mediate �50% of the action of lubipro-
stone—when both EP2 and EP4 where blocked, lubiprostone
action was abolished. Our findings here differ from work in
intestinal epithelia wherein it has been shown that lubipro-
stone action was mediated primarily or solely by EP4 (9, 17,
31). The primary role of EP4 in mediating ISC stimulation by
lubiprostone was also observed in the ovine airway (19).
More work in primary-derived human airway epithelial is
needed to further characterize the cell types in which EP2
and EP4 are expressed, and importantly, in which cells EP2
and/or EP4 are colocalized with CFTR.

Previous attempts at identifying receptor-mediated CFTR
activators for use in vivo have been unsuccessful. Albuterol,

a b2 adrenergic receptor (b2AR) agonist that increases intra-
cellular cAMP, has been tested for its efficacy in activating
CFTR. However, prolonged treatment with albuterol was
found to downregulate cell-surface b2AR and reduce intrin-
sic cAMP generation in airway epithelia (6). Importantly,
prolonged albuterol treatment was shown to decrease forsko-
lin-responsive CFTR-mediated ISC across the airway epithe-
lia. The results in the present manuscript demonstrating
that prolonged exposure to lubiprostone increased CFTR-
mediated ISC indicates that albuterol-induced CFTR-dys-
function is not an inherent property of all G protein-coupled
receptor-mediated pathways to activate CFTR. That is,
GPCR-mediated CFTR activation involving EP2/EP4 must be
meaningfully different from other GPCR-mediated, CFTR-
activating pathways.

In the present manuscript, we were unable to deliver a
mechanistic explanation for how prolonged treatment with
lubiprostone increases acute responsiveness to lubiprostone
(Fig. 1F) or other CFTR activators such as Fsk/IBMX
(Supplemental Fig. S3). A simple explanation for this would
be that prolonged exposure to lubiprostone increases the
expression of CFTR, EP2, and/or EP4. However, we observed
that prolonged lubiprostone exposure did not affect gene
expression of CFTR, PTGER2, or PTGER4, or protein expres-
sion of EP2 or EP4. Another possibility is that in addition to

Figure 4.Cotreatment with lubiprostone increases CFTR ac-
tivity in modulator-rescued F508del/F508del nasal epithe-
lia. A: Representative trace of acute CFTR activation by
lubiprostone in F508del/F508del HNE after 24 h pretreat-
ment (24 h) with vehicle (DMSO), lubiprostone (1 mM), the tri-
ple combination of elexacaftor (3 μM), tezacaftor (3 μM), and
ivacaftor (100 nM) (Tri), or the triple combination and lubipro-
stone (T þ L). Donor-normalized baseline ISC (B) and lubi-
prostone-activated (C) or CFTRinh-172-inhibited DISC (D; n =
6 donors). E and F: Western blot analysis of EP2, EP4, and
a-tubulin (n = 3 donors). Data are presented as means ± SE
(each circle indicates an individual donor). Asterisks (one-
sample t test) and letters (ANOVA with Tukey’s post hoc)
indicate significant differences between groups (�P < 0.05,
����P < 0.0001). Am, amiloride; a-Tub; a-tubulin; CFTR,
cystic fibrosis transmembrane conductance regulator; HNE,
human nasal epithelia; ISC, acute short-circuit current; Lubi,
lubiprostone; Veh, vehicle.
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activating EP2 and EP4, prolonged exposure to lubiprostone
and PGE2 is increasing the open probability of CFTR (32, 33),
thereby resulting in the increased Fsk/IBMX-induced DISC
observed. Future studies should investigate possible mecha-
nistic explanations for the apparent benefit of prolonged
EP2/EP4 stimulation on CFTR-mediated ion currents.

The clinical success of CFTR modulator therapy, notably
the recent introduction of elexacaftor and the triple combi-
nation therapy, has been remarkable, particularly regarding
improvements to lung function (as measured by forced ex-
piratory volume; FEV1). However, FEV1 in patients with CF
on the triple combination therapy is still well below age-re-
spective predicted levels (3, 5) and pulmonary fungal and
bacterial infections remain concerning (34–37). It seems
likely that additional pharmacological intervention to fur-
ther increase mutant CFTR function nearer to normal CFTR
levels could translate to additional clinical improvement.
Thus, we sought to investigate the use of lubiprostone as
an additional CFTR modulator in restoring ion transport
function to CF epithelia. Our results with cotreatment with
lubiprostone alongside established CFTR modulators in
F508del/F508del and G551D/R117H human nasal epithelia
demonstrate the therapeutic potential of the prostaglan-
din signaling pathway in the airway as a means to treat
CFTR dysfunction. It has been shown that lubiprostone
and PGE2 stimulate mucin release in the small intestine
(38). Therefore, future studies applying lubiprostone or
other PGE2 derivatives to the airway epithelium should
investigate physiological responses other than ion cur-
rents, such as airway surface liquid depth, ciliary beat fre-
quency, and mucociliary clearance.

Prospective

An additional drug to improve CFTR function with a dis-
tinct mechanism-of-action compared with currently pre-
scribed CFTR modulators, such as a receptor-mediated
CFTR activator as presented in this study, is intriguing given
the proven approach of combination drug therapy to treat
cystic fibrosis. Theoretically, CFTR activation as a form of
treatment could be applied to treat any class defects in
CFTR. This would include class II, III, and IV mutations in
CFTR, which have known structural deficiencies that cause
CF. Importantly, this would also include class V and VI
mutations of CFTR, which are characterized by low or less
stable CFTR expression and cannot be treated with currently
available structure-correcting CFTR modulators. Finally,
although class I CFTR mutations (characterized by incom-
plete protein synthesis) are unable to be clinically targeted
by CFTR modulators until a successful read-through agent
emerges (39, 40), much work is already being conducted to
screen currently available CFTR modulators for their abil-
ity to enhance function of CFTR read-through products
(41–44). It would stand to reason that a CFTR activator
could be yet another useful tool in increasing function of a
CFTR read-through product. In conclusion, we have dem-
onstrated that lubiprostone and PGE2 stimulate CFTR-
mediated ion transport in primary-derived human airway
epithelia. Importantly, we show for the first time, to our
knowledge, that GPCR activation of CFTR can enhance
modulator-rescued mutant CFTR function, even under

prolonged treatment regimens. The work presented here
may inspire future work using gene-specific approaches to
more completely understand the importance of PGE2 sig-
naling via EP2 and EP4 in regulating ion transport proc-
esses across the airway epithelium.
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